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I.  Introduction

Competitive Innovation:  
Accelerating Technology Development 

The Administration’s Offi ce of Management and 
Budget recently cited the Solid State Energy Conversion 
Alliance (SECA) program as leading the way in 
Government-industry partnerships.  

“The SECA program leverages private-sector 

ingenuity by providing Government funding to Industry 

Teams developing fuel cells, as long as the Teams 

continue to exceed a series of stringent technical 

performance hurdles. This novel incentive structure 

has generated a high level of competition between the 

Teams and an impressive array of technical approaches. 

The SECA program also develops certain core 

technologies that can be used by all the 

Industry Teams to avoid duplication of effort. 

The program exceeded its 2005 performance 

targets, and it is on track to meet its goal for 

an economically competitive technology 

by 2010.”

The U.S. Department of Energy 
(DOE) Offi ce of Fossil Energy, through 
the National Energy Technology 
Laboratory (NETL) and in collaboration with the Pacifi c 
Northwest National Laboratory, is forging government/
industry partnerships under SECA to reduce the cost 
of fuel cells and to develop fuel cell coal-based systems 
for clean and effi cient central power generation.  These 
goals equate to removing environmental and climate 
change concerns associated with fossil fuel use while 
simultaneously establishing a foundation for a hydrogen-
based economy and a secure energy future in the United 
States.  With the successful completion of the fi rst 
cost reduction phase in fi scal year (FY) 2006, SECA is 
one step closer to realizing its vision of cost-effective, 
near-zero-emission fuel cell technology for commercial 
applications.

Launched in 2000, SECA is an inventive 
collaboration between government, the private 
sector and the scientifi c community to accelerate the 
development of modular, low-cost, fuel-fl exible solid 
oxide fuel cell (SOFC) systems that can operate on coal 
gas, natural gas, bio-fuels, diesel fuel and hydrogen.  This 
approach will facilitate deployment into the marketplace 
by making SOFCs fuel fl exible and an affordable option 
for energy generation.  SECA’s DOE mission is to have 

its fuel cell systems ready for FutureGen, soon to be the 
world’s cleanest coal-fueled power plant.  

The SECA cost reduction goal is to develop and 
design SOFCs capable of manufacture at $400 per 
kilowatt (kW) by 2010.  Concurrently, SECA coal-based 
systems will scale and integrate SECA SOFC technology 
for delivery to FutureGen in 2011.  Development of large 
(greater than 100 megawatts) SOFC power blocks will 
enable affordable, effi cient, and environmentally-friendly 
electrical power from coal.  Key system capabilities to be 
proven by 2015 include 50 percent or greater integrated 
gasifi cation combined cycle (IGCC) plant effi ciency in 
converting the energy contained in coal (higher heating 
value, HHV) to grid electrical power; the capture of 90 
percent or more of the carbon contained in the coal fuel 

(as CO2); elimination of NOx to well below levels 
of environmental concern; and a cost of $400/kW 
for the fuel cell power block, exclusive of the coal 
gasifi cation unit and CO2 separation subsystems.

The alliance is comprised of three groups: 
Industry Teams, Core Technology program 
participants, and federal government 
management.  The Industry Teams design 
the fuel cells and handle most hardware 
and market penetration issues.  The 
Core Technology program is made up 
of universities, national laboratories, 
small businesses, and other R&D 

organizations and addresses applied technological issues 
common to all Industry Teams.  Findings and inventions 
under the Core Technology program are made available 
to all Industry Teams under unique intellectual property 
provisions that serve to accelerate development.  The 
federal government management facilitates interaction 
between Industry Teams and the Core Technology 
program, as well as establishes technical priorities and 
approaches.

Across the United States, SECA Core Technology 
participants are working on dozens of fuel cell 
projects, led by the brightest minds from leading 
universities, national laboratories and businesses.  These 
competitively selected projects work together to provide 
vital R&D and testing in support to the Industry Teams.  

In the same spirit of healthy competition, the 
Industry Teams leverage the collective ingenuity of 
the Core Technology participants to independently 
pursue innovations in fuel cell design that can be mass-
produced at lower cost.  Focusing on Cost Reduction 
and Coal-Based Systems, the Industry Teams are 
working to solve the challenges of fuel cell technology, 
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each using different design and manufacturing 
approaches.  As a result, the SECA program is rich in 
innovation, allowing it to reach its goals much faster.

Annual Report Sections

The Offi ce of Fossil Energy and NETL are pleased 
to present this FY 2006 Offi ce of Fossil Energy Fuel Cell 
Program Annual Report, a compilation of abstracts from 
the fuel cell projects managed through these offi ces.  
These abstracts are divided into sections as detailed 
below. 

SECA Cost Reduction: To achieve cost targets, 
Industry Teams are engaged in refi ning and validating 
advanced technology in 3-10 kW SOFC modules that 
can be mass produced, aggregated, and scaled to meet a 
broad range of applications.  This development activity 
is blending established manufacturing processes with 

state-of-the-art fuel cell technology advancements in 
order to leverage the advantages of economies of high-
volume production.  It also requires reaching a full 
spectrum of large markets, such as auxiliary power units 
(APUs) for trucks and recreational vehicles.  SOFC-
based APUs provide on-board power while the vehicle 
engine is off, addressing the challenges of anti-idling 
legislation enacted in many states while at the same 
time establishing production capacity to reduce cost and 
enable delivery of large SECA systems to FutureGen 
and the new breed of coal plants that follow.  Additional 
markets include residential-commercial-industrial 
power, a wide range of distributed power generation, 
and specialized applications for the military.  Producing 
a common module for these vast markets will create the 
opportunity for the high-volume production required to 
reduce cost to the necessary level. 

SECA R&D: The Core Technology program 
provides comprehensive applied research support in fi ve 
focus areas.  This structure and the provisions in place 
reduce cost by leveraging resources so that all Industry 
Teams do not engage in separate applied research 
programs paying multiple times for the same research 
done once in the Core program.  This approach also 
ensures that only major issues are addressed.  SECA 
R&D’s goal is to raise the technology bar in large strides 
rather than small steps.  Core program areas are also 
funded by special topics under Science Initiatives, Small 

SECA CORE TECHNOLOGY & ADVANCED RESEARCH PARTICIPANTS
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Business Innovative Research, Basic Energy Sciences, 
University Coal Research, and Historically Black 
Colleges and Universities.  The Core Technology focus 
areas include the following:

Materials and Manufacturing – Research focuses 
on improved reliability, improved performance, 
ability to tolerate any fuel or air contaminants, and 
reducing cost;

Fuel Processing – Develop fuel processing 
technologies that will meet application requirements 
such as zero water addition, space and volume 
constraints, and transient capability;

Power Electronics – Optimizes fuel cell power 
system effi ciency and cost in conversion of fuel 
cell output to usable DC (direct current) and AC 
(alternating current) power;

Modeling and Simulation – Creates design models 
to determine a reliable operating space and guide 
manufacturing; and

Balance of Plant – Focuses on high temperature 
heat exchangers and blowers to enable achieving 
high effi ciency, low cost, and a simple system.  

SECA Fuel Cell Coal-Based Systems: To address 
the issue of scalability and incorporation into IGCC 
plants, DOE integrated the SECA Cost Reduction 
activities with the SECA Coal-Based Systems program.  
The goal of this program element is to develop and 
demonstrate the fuel cell technology required for central 
power stations and provide a power block to FutureGen.  
It leverages the advances made in SOFC cost reduction 
and technology under the SECA program by extending 
that technology to large central power generation.  Three 
Industry Teams will transition their SECA cost reduction 
projects into SECA coal-based systems projects and 
develop systems for fuel cell incorporation into an 
IGCC plant.  All SECA Industry Teams will continue 
SECA cost reduction activities through 2010 with the 
best fuel cell stacks available for delivery to FutureGen.  
It is anticipated that the best technology from any 
Industry Team will be available for incorporation into 
one or more of the SECA coal-based systems projects in 
preparation for operation at FutureGen.  

Fuel Cell Systems: The Hybrids program has 
provided research advances in fuel cell systems by 
linking technologies in a common system to generate 
electricity from coal syngas at high effi ciencies.  Power 
systems that contain a combination of high-temperature 
fuel cells and integrated heat recovery devices (e.g., gas 
turbines, steam generators, and Stirling engines) have the 
potential for ultrahigh effi ciency in converting fossil fuels 
to electricity.  The total effi ciency of a hybrid system can 
in principle be raised to greater than 70 percent (55% 
demonstrated in small size), while NOx emissions are 
essentially eliminated.  Carbon dioxide reduction is also 

•

•

•

•

•

facilitated through increased effi ciency and capture.  The 
inherent ability to keep the fuel and air streams of the 
fuel cell separated while producing power makes carbon 
capture a particularly simple process.

Advanced Research: The High Temperature 
Electrochemistry Center (HiTEC) was formed in 2004 
to provide crosscutting, multidisciplinary research 
that leads to advanced electrochemical technologies 
minimizing the environmental consequences of using 
fossil fuels in energy generation.  HiTEC supports 
future advances in the SECA and Offi ce of Fossil 
Energy Coal and Power programs by developing novel 
electrochemical energy-conversion and integrated 
technologies that advance the effi ciency, reliability, 
and cost goals of fuel cell systems beyond what can be 
accomplished in the next fi ve to ten years.

FY 2006 Key Program Accomplishments

SECA Cost Reduction: The Power of a Goal

The SECA program’s Industry Teams are hard 
at work on the design and manufacture of a variety 
of low-cost fuel cell prototypes.  Recent testing of 
these prototypes has demonstrated giant leaps made 
toward fuel cell commercialization.  Manufactured 
with a scalable mass-production technique, these 
SOFC prototypes have exceeded all of SECA’s Phase 
I targets for availability, effi ciency, endurance, and 
cost.  Representative data include an availability of 90 
percent, over and above the SECA Phase I target of 80 
percent, and an effi ciency of 41 percent in a 5.4 kW 
system, surpassing the fi rst SECA target of 35 percent.  
The demonstrated superior effi ciency in this small size 
confi rms the ability to achieve much higher effi ciencies 
in larger systems.  And most signifi cant of all, the $746/
kW system cost is well on its way to $400/kW by 2010. 

2006 Annual SECA Workshop and Peer 
Review Held in Philadelphia, Pennsylvania

The SECA program held its annual workshop, 
including a peer review, during September 12-14, 2006, 
in Philadelphia, Pennsylvania.  Principal Investigators 
of 26 projects provided presentations/oral briefi ngs.  
A panel of independent technical experts covering 
all aspects of fuel cell technologies conducted peer 
reviews of all the presented projects.  The fi ndings and 
recommendations of the peer reviewers will be used by 
the project managers to guide their future work and by 
the Technology Development Manager at DOE to make 
programmatic and funding decisions for the upcoming 
fi scal years.  The workshop proceedings and the peer 
review report will be found on the program’s website at 
http://www.netl.doe.gov/seca/.  
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Summary

SECA has surpassed its fi rst set of cost reduction 
targets providing strong confi dence in the 2010 
$400/kW goal.  By developing fuel cells to operate cost-
effectively on coal gas as well as natural gas, 
bio-fuels, diesel, and hydrogen, it is building a bridge 
to the hydrogen economy while solving today’s 
environmental, climate change, and fuel availability 
issues.  The once distant vision of using clean, low-cost 
fuel cell technology for everyday applications is now 
within reach.

As these progress reports show, the SECA program 
is on track to meet its goals of producing effi cient, 
affordable, low-emission, and robust fuel cells that are 
able to operate using the current fuel production and 
distribution infrastructure.  The combination of basic 
R&D and application of the new technologies developed 
by the Industry Teams is proving to be highly effective.  
The fuel cell technology being developed by SECA 
has application to residential and commercial power, 
industrial combined heat and power, transportation 
APUs, and the primary goal of mega-watt scale units for 
advanced power plants using coal with high effi ciency, 
carbon capture, and very low emissions.  These advances 
will permit the production of power from coal in any 
state in the U.S. without environmental concern, 
ensuring a secure and economical energy future. 
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Objectives

Design of a common low cost generator to meet all 
chosen markets.

Development of an anode supported micro-tubular 
cell capable of twice the power density presently 
achieved.

Design, build, and test an inverter with 94% 
effi ciency for conversion of DC to AC electricity.

Prototype testing of a natural gas fueled unit 
meeting and exceeding SECA Phase I goals.

Accomplishments

Successful Fabrication and Testing of a Closed 
End Isopressed Anode Tube: Anode tubes, 
presently fabricated by extrusion, have been 
manufactured through isostatic pressing containing 
an integral closed end.  Successful completion 
of this development allows the reduction in the 
number of steps required to make an anode tube 
from four to one signifi cantly decreasing cost.  This 
process also decreases the total manufacturing 
operation by removing the need for a metallic braze 
cap presently used to form a closed end.

Exceed 250 mW/cm2 on Multiple Interconnection 
Cells:  A number of multiple interconnection cells 
have been manufactured achieving >250 mW/cm2.  
This increases the average value from 120 mW/cm2 
thereby cutting the required number of cells in half 
for the same power level as well as cutting cost in 
half.  

Demonstrate a Tubular SOFC Achieving 
>60 W/tube:  Further advancements in larger 
diameter tube technology and multiple take-off 
connections have been integrated into a single 
cell design.  Previous advancements in isopressing 
technology have also been incorporated.  These 
advancements take the single cell power from 
5 W/tube at the start of the SECA program to 
>60 W/tube.

•

•

•

•

•

•

•

Cell Testing Exceeds 13,000 hours of Operation:  
Cells that have been on test for 12,253 hours 
(59 thermal cycles) and 13,429 hours (70 thermal 
cycles) have been taken off test for analysis.  These 
cells operated at or above 75% fuel utilization for 
the entirety of the test achieving high effi ciency.  
The results of this post-test analysis will be used to 
enhance further generations of anode supported 
SOFCs.

Ceramic Interconnection Stack Test Exceeds 
2,400 hours of Operation:  The fi rst small stack 
test incorporating ceramic interconnections has 
exceeded 2,400 hours of operation and completed 
thirteen thermal cycles.  To date, there has been no 
noticeable power degradation.  

Prototype Assembly:  A prototype system has 
been partially fabricated to complete SECA Phase 
I testing.  This system incorporates the latest cell 
technology advancements as well as generator and 
balance of plant (BOP) enhancements.  The unit 
will be tested in the next few months according to 
the outlined SECA test plan.

Introduction

The Acumentrics SECA project has focused on 
the design and manufacture of micro-tubular SOFC 
power systems approaching twice the power density 
now achieved from state-of-the-art anode supported 
tubular designs.  Based upon DOE funding and a 
focused research effort, these cells are now very near 
to achieving this goal.  These units will be capable of 
entry into the telecommunication, remote residential, 
and military markets.  Operation on fuels including 
natural gas and propane will be developed for the 
telecommunication and remote residential markets.  
Operation on liquid fuels, including diesel and JP-8, will 
be developed for the military markets.

Working with Acumentrics to defi ne market 
segments and market requirements are a number of key 
investors that are strategic players in their respective 
markets.  They include:

Chevron Texaco for remote markets and liquid fuels.

General Dynamics for liquid fuels as well as military 
operations.

Northeast Utilities and NiSource for integration in 
the natural gas and electricity infrastructure.

Sumitomo Corporation of Japan for introduction 
and product defi nition into the Japanese market.

•

•

•

•
•

•

•

II.1  Development of a Low Cost 10 kW Tubular SOFC Power System

 Norman Bessette
Acumentrics Corporation
20 Southwest Park
Westwood, MA  02090
Phone: (781) 461-8251; Fax: (781) 461-8033
E-mail: nbessette@acumentrics.com

DOE Project Manager:  Heather Quedenfeld
Phone: (412) 386-5781
E-mail: Heather.Quedenfeld@netl.doe.gov
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Approach

To achieve the fi nal SECA goal of a manufactured 
unit cost of less than $400/kW, work can focus on 
increasing cell power thereby decreasing the number 
of cells per kilowatt or decreasing the cost of each 
component.  With such an aggressive goal, work 
must focus on both paths.  To increase cell power, 
work is centered on improved materials as well as 
enhancements in geometry.  Cells with increased anode 
conductivities to decrease electrical bus losses are being 
investigated.  Improved conductivity of cathodes is 
also being investigated to decrease the potential loss 
associated with the electrochemical reaction on the air 
side.  Increases in cell tube diameter as well as multiple 
contact points along the length are also being studied.

For subsystem cost reductions, the machine 
is divided into four major sub-systems: the SOFC 
generator, the control system, the power conditioning 
system, and the fuel and airfl ow system.  In the SOFC 
generator, advanced materials and manufacturing 
techniques are being investigated including metal 
injection molding (MIM) as well as metal stampings.  
Vacuum cast insulation to near net shape is also being 
considered.  For the control system, a controller area 
network bus (CANBUS) architecture is being developed 
as well as integration of control of all valves and 
power electronics.  For the power electronics sub-
system, the focus is on improving the overall DC/AC 
conversion effi ciency to avoid excessive losses which 
compromise overall system effi ciency and require more 
cells and therefore more cost.  In the air and fuel sub-
system, removal of redundant components as well as 
qualifi cation of equivalent components at lower cost is 
the path chosen.

Results

Single Cell Power

In the past fi scal year, substantial advancements 
have been made in increasing individual cell power.  
To achieve the Phase III SECA goal of <$400/kW, 
continual strides must be made in cell power to reduce 
the number of cells as well as overall size of the 
machine.  By decreasing size and weight, there is a direct 
relationship with overall cost at high volumes.  Figure 
1 shows the progress in increasing the power/tube 
from the Acumentrics anode supported cell.  The lower 
curves, achieved in the 2002 to 2003 timeframe, show 
a cell with a peak power of 7-15 W/tube.  In the late 
2005 timeframe, power was enhanced to >60 W/tube 
representing a 4-8x increase in power from a single tube.  
What is also worth noting is that the same number of 
manufacturing steps is required for the 7 W tube as those 
needed for a 60 W tube.

Performance stability of these latest high power 
cells has also been improved from those of the 2002 
pre-SECA stage.  Figure 2 shows a voltage versus time 
plot for a group of fi ve cells from the latest generation of 
multiple interconnection cells.  The plot shows that for 
operating times exceeding 1,500 hours, the degradation 
of these cells is well below the SECA Phase I and II 
goals of <2% and <1%/500 hours and approaching 
that of <0.1%/500 hours for Phase III.  What should 
be noted is that these operating times are nearing the 
requirements for stand-by or peaking generators which 
would be needed for 100 kW+ machines to offset high 
demand loads.  Cells of this vintage have now been 
tested for >4,000 hours with very stable performance 
and will continue to validate the requirements of 40,000 
hours for continuous duty machines.   

Stack Performance

In addition to substantial strides in cell 
performance, signifi cant progress has been made in 
stack performance.  To complete the SECA Phase I 
machine testing, the unit must complete >1,500 hours 
of operation with >80% availability, >35% effi ciency, 
and <4%/1,000 hours degradation.  To validate the 
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Acumentrics design, a 24-cell stack was tested under the 
Phase I test conditions to assure that these conditions 
could be met.  Figure 3 shows the performance timeline 
for this stack for a greater than 2,000-hour run.  As can 
be seen in the fi gure, the unit ran for greater than 1,900 
hours and achieved an availability of >88%.  A peak 
effi ciency of 35.2% was achieved and a degradation 
of 1.2%/1,000 hours was achieved.  Based upon these 
results, Acumentrics is confi dent in their ability to pass 
the SECA Phase I performance goals.

Generator Design

Work has continued in cost reduction of the 
generator design with the goal of a simple system to site 
and operate requiring a minimal amount of site services.  
Figure 4 shows the existing system capable of achieving 
>5 kW electrical output.  This system is mounted in a 
NEMA 3R cabinet for outdoor installation with two 
separate cabinet spaces: one for the fuel cell generator 
and gaseous balance of plant components and the 
other for the electrical and control devices.  Progress 
has been made in advancing both metallic and ceramic 

recuperators for thermal recovery on the SOFC stack 
side as well as cost and power reduction on the valve 
and blower components.  All of these improvements 
reduce the parasitic load thereby increasing the overall 
net electrical output.  On the electrical side, the 
integration of a >98% effi cient DC/DC converter as well 
as a >94% DC/AC inverter has been progressing.  This 
unit will be packaged and integrated into the existing 
machine in the next fi scal year.

Conclusions and Future Directions

Continual advancements have been made 
toward the SECA cost and performance targets in the 
Acumentrics’ SOFC project.  These advancements can 
be summed as:

Cell power densities exceeding 250 mW/cm2 or 2x 
greater than previous technology.

Individual cell power exceeding 60 W/tube or 4-8x 
previous limits.

Stack stabilities with slightly over 1%/1,000 hour 
degradation or only 30% of the SECA allowable 
target.

Generator design with signifi cant size and weight 
reductions over pre-SECA designs well suited for 
mass production.

The following activities are planned to futher 
advance progress toward the SECA targets:

Complete SECA Phase I Generator Performance 
Testing:  The SECA Phase I generator is nearing 
completion of manufacture.  The test plan is near 
fi nal review between Acumentrics and the DOE 
project manager.  The unit will then be tested 
according to this plan.

Complete 95% Effi cient Inverter Development:  
By demonstrating the integration of an inverter 
capable of over 95% effi ciency versus the market 
standard of 82-90%, overall system effi ciencies 
can rise by nearly 5 percentage points.  This 
improvement in overall effi ciency can be taken as 
fuel savings to reduce the overall cost of electricity 
(COE).  Another option is to operate the fuel cell 
stack at a lower cell voltage point thereby increasing 
the individual cell power requiring fewer fuel cells 
and less overall capital cost.

Complete Preliminary Testing on Liquid Fuels 
and Integration with an SOFC Stack:  Preliminary 
tests on liquid fuel delivery to single SOFC 
tubes has been completed in the past with good 
success.  To further evolve to a complete machine, 
existing reformer technology for liquid fuels will 
be integrated with an SOFC stack to determine 
issues such as thermal balance, fl ow distribution, 

•
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and potential carbon formation.  These results will 
be used to successfully design a complete system 
capable of operation on commercially available 
liquid fuels.  

FY 2006 Publications/Presentations

1.  “Status of the Acumentrics SOFC Program”, 
N.F. Bessette, Presented at the 2005 Fuel Cell Seminar, 
Palm Springs, CA, November 16, 2005.
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II.  SECA Cost ReductionDaniel Norrick

Objectives 

Demonstrate SOFC stacks that achieve target 
performance, stability, and cost.

Develop a waterless catalytic partial oxidation 
(CPOX) or zero net water autothermal reforming 
process that effi ciently and cost effectively converts 
ultra-low sulfur diesel fuel (ULSD) into a hydrogen-
rich synthesis gas for mobile applications.

Develop a SOFC hot box (an insulated enclosure 
containing SOFC stacks, manifolds, heat 
exchangers, start-up burner, and reformer) design 
that is compact and can be mass-produced at a cost 
meeting the SECA Phase 1 cost target.

Design and develop a SOFC system balance of plant 
(BOP), including air and fuel supply systems, that 
meets the cost and reliability targets.

Demonstrate a control system to manage the SOFC 
power system, including regulation of fuel and air 
fl ows, management of electrical power generation, 
and load sharing.  The control system must operate 
in conjunction with an energy storage system 
through start-up, steady-state and transient loads, 
and shut-down including emergency shut-down 
without damage to the SOFC stack. 

Demonstrate an effi cient electrical power 
conditioning system to convert DC voltages and 
invert to produce useable AC output.

Accomplishments 

Redox tolerance of a cell has been improved as 
compared to a standard cell through the use of 
modifi ed materials and thermal processing.  This 
reduces redox degradation by more than 50%.

A sulfur-tolerant anode was proposed, constructed 
and tested with target levels of  H2S addition with 

•

•

•

•

•

•

•

•

promising results.  Further investigation will be 
conducted to confi rm the mechanism and validate 
the results.

A baseline compressive seal has been reformulated 
to improve compliance in stack assembly.  These 
improved seals achieved compression targets as the 
design intended, and have been tested with single 
cell, short and tall stacks with positive results. 

Control hardware and software have been 
developed to provide steady-state and transient 
control of a SOFC system. 

The Phase 1 deliverable prototype BOP, including 
air and fuel supply systems, is nearing completion 
and scheduled to begin testing in August.

Signifi cant progress in identifying, characterizing, 
and applying cost-effective BOP utilizing high 
volume, low cost, mass production components 
from industrial and automotive sources.

Introduction 

Solid oxide fuel cell power systems offer the 
potential to generate electrical power from hydrogen or 
hydrocarbon fuels cleanly, quietly, and effi ciently.  The 
objective of the Cummins Power Generation (CPG)-
Versa Power Systems (VPS) project is to design and 
develop a 3-10 kW SOFC-based power system that can 
be competitive with existing small diesel generating 
systems in terms of cost and package size, but offer 
signifi cant benefi ts in effi ciency, emissions, and lower 
noise and vibration.  Achieving these objectives requires 
advancement in fi ve major areas:

1. Cell, interconnect, and SOFC stack performance 
and robustness.

2. Optimized manufacturing processes for production 
of cells, interconnects, and stack assemblies.

3. System design, thermal integration, and packaging 
of the hot components and sub-systems including 
stacks, fuel reformer, heat exchangers, and 
insulation system.

4. Control system for regulating air and fuel fl ows 
to the stacks in proportion to electrical load and 
operating temperatures, and for managing electrical 
load distribution between the fuel cell and batteries 
during steady-state and transient loading.

5. Electrical power conditioning, including DC voltage 
boosts (converters) and DC to AC power (inverter).

•

•

•

•

II.2  10 kW Solid Oxide Fuel Cell Power System Commercialization

 Daniel Norrick 
Cummins Power Generation
1400 73rd Avenue NE
Minneapolis, MN  55432
Phone: (763) 574-5301; Fax: (763) 528-7229
E-mail: Daniel.a.norrick@cummins.com 

DOE Project Manager:  Heather Quedenfeld
Phone: (412) 386-5781
E-mail: Heather.Quedenfeld@netl.doe.gov

Subcontractors:
Versa Power Systems, Inc., Denver, CO
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The team has made signifi cant progress in all fi ve 
areas during 2006 and is on plan to meet the Phase 1 
objectives of the SECA program.

Approach

The CPG-VPS approach coordinates development 
in a number of major areas, including the development 
of planar solid oxide fuel cells, metallic interconnects, 
and stacks as well as parallel development in planar 
SOFC manufacturing and scale-up for economic 
manufacturing.  Parallel work will focus on development 
of a diesel fuel reforming system compatible with 
application requirements, fuel cell BOP, fuel cell and 
power electronics system controls, and electronic power 
conditioning.

Specifi cally, the CPG-VPS team is conducting work 
to develop and evaluate advanced solid oxide fuel cells 
that provide the required performance and durability 
using ULSD reformate.  Part of that development 
requires conducting a progressive sequence of SOFC 
stack tests to validate development of materials and 
assembly methods for useable stacks that can achieve 
high fuel utilization and low degradation rates.  In 
order to support the proposed application, we will 
develop a diesel reforming process and scale-up the 
reformer to system sized units, design and develop a hot 
box subsystem which can be integrated into complete 
SOFC power systems, and develop control hardware 
and software required to regulate system operation.  
Finally, we will integrate the BOP components, hot 
box subsystem, and controls into a working deliverable 
prototype, initiate prototype operation with stack 
simulators to shakedown the system, install fully 
operable SOFC stacks and conduct operation of the full 
prototype through the SECA Phase 1 test sequence.

Results 

Development work has continued to improve 
cell performance, primarily through the development 
of sulfur tolerant electrodes and cells with good 
performance at reduced methane levels.

CPG demonstrated a high-effi ciency inductor-based 
DC-DC boost system which will be used to control 
current fl ow and voltage supply to the inverter section 
from the fuel cell stacks.  The effi ciency characteristics 
of the boost as confi gured for the Phase 1 deliverable 
unit are shown in Figure 1.  A second transformer-based 
DC-DC bi-directional boost is developed to provide and 
regulate a mix of energy fl ows from the fuel cell and the 
system’s battery pack.  

Redox tolerance of a cell has been improved as 
compared to a standard cell through the use of modifi ed 
materials and thermal processing.  Redox induced 

degradation has been reduced more than 50% as 
compared to a standard cell.

A sulfur-tolerant anode was proposed, constructed 
and tested at 1 ppm and 5 ppm by volume H2S 
concentration with promising results.  Further 
investigation will be conducted to confi rm the 
mechanism and validate the results.

A baseline production compressive seal has been 
reformulated to improve compliance in the stack 
assembly.  These improved seals achieved compression 
targets as the design intended and have been tested in 
single cells, short and tall stacks with positive results. 

Conclusions and Future Directions

Conclusions drawn from work to date include 
revised cells that exhibit improved tolerance to sulfur.  
A fully integrated SOFC prototype system is on schedule 
to demonstrate SECA Phase 1 metrics by the end 
of 2006.  A fully controllable DC-DC boost can be 
provided at high effi ciency consistent with cost targets, 
and a preliminary commercialization requirements 
document for SOFC APUs in recreational vehicle and 
truck applications has been written.

Future directions include work to defi ne and test 
a solution to allow system start-up, shutdown and 
operation without purge gas and without stack damage.  
Work to defi ne and test a solution to allow stacks to run 
reliably and with low degradation on diesel reformate 
with up to 5 ppm by volume hydrogen sulfi de equivalent 
in the fuel stream will be conducted, and seals and 
assembly methods, including cost-effective methods of 
manufacture, will be developed.  Part of that work will 
involve development of a robust and self-contained stack 
clamping solution demonstrating progress consistent 
with mobile applications.  Instrumented short stacks 
and ongoing optimization of materials and stack design 
will be used to assemble stacks that demonstrate target 
performance and power degradation rates at design 
conditions for reformate supply and power.

FIGURE 1.  Fuel Cell Boost
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The team will complete the fi nal tailoring and 
development of the DC boosts for the fuel cell and 
battery system, and complete the development and 
integration of the control system with the fuel cell, BOP, 
and power electronics.

Culmination of 2006 work will be the SECA Phase 
1 evaluation test including steady-state and transient 
evaluations and reporting results to NETL before 
making the unit available to NETL, Morgantown for 
evaluation.

FY 2006 Publications/Presentations 

1.  Cummins Power Generation SECA Program Phase 1 
Results and Experience, Presentation given at the Fuel Cell 
Seminar 2005, Palm Springs, CA.  
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Objectives 

Develop a 3-5 kW SOFC power system for a range 
of fuels and applications.

Develop and demonstrate technology transfer 
efforts on a 3-10 kW stationary distributed power 
generation system that incorporates endothermic 
reforming of methane, and then natural gas.

Initiate development of a 3-5 kW system for future 
mass-market transportation auxiliary power unit 
applications, incorporating endothermic reforming 
of diesel and gasoline.

Accomplishments 

Peak Power Performance-Delphi’s SECA 
demonstration system produced peak power of 
4.24 kW on methane, achieving the SECA Phase I 
goal of 3-10 kW.

Peak Effi ciency-Delphi’s system demonstrated a 
peak effi ciency of 37 percent, exceeding the SECA 
Phase 1 goal of 35 percent.

Power Degradation-Delphi’s demonstration system 
matched the SECA Phase I durability goal with 
power degradation of just 7 percent over 1,500 
hours of operation.

Factory Cost-Delphi met the SECA Phase I goal of 
$800.00 per kW by achieving an estimated $770 per 
kW.

Successful fabrication, integration and testing of 
30-cell stacks in the SECA Phase I demonstration 
system.

Development of a capable reformer was 
substantially accomplished as the SECA 
demonstration system reformer design underwent 

•

•

•

•

•

•

•

•

•

signifi cant systems level durability testing with 
minimal degradation.

Delphi’s BOP component hardware was 
fabricated and tested for SECA Phase I.  With 
the commencement of system durability testing, 
BOP design efforts focused on supporting system 
hardware builds and maintaining hardware 
currently on system test.  Supplier sourcing activity 
during this period included identifying future 
prototype and production suppliers for process 
air manifolds, and cast integrated component 
manifolds.

Introduction 

Delphi has been developing SOFC systems since 
1999.  After demonstrating its fi rst generation SOFC 
power system in 2001, Delphi teamed with Battelle 
under the SECA program to improve the basic cell 
and stack technology, while Delphi developed the 
system integration, system packaging and assembly, 
heat exchanger, fuel reformer, and power conditioning 
and control electronics, along with other component 
technologies.  Compared to its fi rst-generation system in 
2001, the Delphi-led team has reduced system volume 
and mass by 75 percent.  By January 2005, the Delphi 
team was able to demonstrate test cells to DOE with 
power density more than required to meet the SECA 
2011 goals.  

In addition to its compactness, another key 
advantage of the SOFC is its high system fuel-effi ciency, 
particularly when its high temperature co-product heat 
can be used in combination with its high electrical 
output.  For example, SOFCs can be teamed with 
gas turbines driven by the SOFC’s co-product heat 
to potentially generate power at 55 percent to 80 
percent thermal effi ciency (depending on scale and fuel 
used).  This is signifi cantly more effi cient than today’s 
typical coal-fueled power plant thermal effi ciency of 35 
percent to 40 percent.  By co-generating power on-site 
at industrial facilities, commercial businesses, or even 
residences, the SOFC’s high-grade co-product heat 
will enable up to 90 percent effi ciency in distributed, 
combined heat and electrical power (CHP) generation.  
Similarly, heavy-duty trucks will be able to utilize SOFC 
auxiliary power systems for both heat and electrical 
power when parked, to save 85 percent of the fuel that 
today they consume when idling their main engine, and 
likewise reduce idling emissions.  

•

II.3  Solid State Energy Conversion Alliance

 Steven Shaffer
Delphi Automotive Systems
5725 Delphi Drive
Troy, MI  48098-2815
Phone: (585) 359-6615; Fax: (585) 359-6061
Website: www.delphi.com

DOE Project Manager:  Heather Quedenfeld
Phone: (412) 386-5781
E-mail: Heather.Quedenfeld@netl.doe.gov

Subcontractors:
Battelle/Pacifi c Northwest National Laboratory, 
Richland, WA
Electricore, Inc., Valencia, CA
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While size and effi ciency advantages are important 
for many potential applications, the SOFC’s most 
signifi cant advantage overall is its very broad applicability 
due to its inherent fuel-fl exibility.  With relatively small 
changes, SOFC systems can potentially operate on a full 
range of conventional and alternative fuels.  

Approach 

Delphi utilized a staged approach to develop a 
modular solid oxide fuel cell (SOFC) system for a range 
of fuels and applications including:

Develop and test major subsystems and individual 
components as building blocks for applications in 
targeted markets.

Integrate major subsystems and individual 
components into a “close-coupled” architecture for 
integrated bench testing.

Integrate major subsystems and individual 
components into a stationary power unit (SPU) for 
the stationary market.

Integrate major subsystems and individual 
components into an auxiliary power unit (APU) for 
the transportation market.

Results 

To achieve the objectives of DOE/SECA Phase I, 
the Delphi effort focused on the performance testing 
and fi nal system development to support Delphi’s 
SECA Phase I demonstration tests.  The SECA Phase 
I demonstration system was able to produce 4.2 kW 
net electric power output at greater than 35% fuel-to-
electric system effi ciency.  The system met the 1,500 
hour durability target including one full-thermal cycle 
at better than 99% operational availability.  Delphi was 
also able to meet the cost target for Phase I of $800 
per kW by achieving an estimated $770 per kW.  All of 
these deliverables were achieved with a highly integrated 
system design weighing in at 85 kg (39 kg/kW), and with 
a package volume of 65 liters (30 liters/kW).  Achieving 
these Phase I deliverables was the result of system design 
and integration efforts performed during Phase I, most 
notably:

Delphi demonstrated cell power density in a 30-cell 
stack assembly of 700 mW/cm2 at greater than 
0.7 V/cell at operating conditions of 750°C nominal 
stack temperature, and simulated natural gas 
reformate fuel with greater than 60% utilization 
resulting in total power of 2.2 kW for the 30-cell 
stack.  The complete stack assembly has a mass of 9 
kg and volume of 2.5 liters for a mass specifi c power 
density of less than 4 kg/kW and volumetric power 
density of more than 0.9 kW/l.

High effi ciency fuel reforming strategy encompassing 
both internal reforming of methane gas in the SOFC 

•

•

•

•

•

•

stack and anode tail-gas recycle.  This provided 
effi cient thermal management of the SOFC stack, as 
well as effective fuel processing effi ciencies which 
resulted in high system effi ciencies.

High reliability fuel reformer, SOFC stack, process 
air blower, electronic controller and electronic 
subsystems, sensors and actuators were developed.  
Delphi’s dedication to integration and leverage of 
reliable automotive technology allowed for excellent 
durability performance.

MATLAB/Simulink-based control software with 
rapid auto-code generation capability was utilized 
to enable a rapid software development process and 
the opportunity for many design iterations allowed  
for deployment and optimization of new technology 
in an effi cient manner.

The SOFC system development effort during Phase 
I benefi ted from the experience and lessons-learned from 
several design generations of hardware.  The current 
design is shown in Figures 1-3.

•

•

FIGURE 1.  Delphi SOFC Uncovered with Insulation

FIGURE 2.  Delphi SOFC Covered Complete
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One of the key achievements in stack development 
has been the successful fabrication and testing of 
30-cell stack modules for integration into the system.  
The 30-cell stacks have produced power greater than 
2 kW each.  Figure 4 shows the Delphi 30-cell stack.  

With the commencement of system durability 
testing, BOP engineering efforts focused on supporting 
system hardware builds and maintaining hardware 
currently on test.  Supplier sourcing activity during 

this period included identifying future prototype 
and production suppliers for process air manifolds, 
cast integrated component manifolds, composite 
insulation shells, and a new generation mass air fl ow 
sensor.  Coating tests for cathode heat exchangers 
were completed and resulted in the optimization of the 
Vapor Phase Aluminizing process at Delphi’s coating 
supplier.

A multi-point fuel delivery system for gaseous fuels 
was refi ned and produced in small quantities in order 
to execute system level testing.  Further development of 
the endothermic reformer was carried out resulting in 
initial recycle-based reforming performance that met 

system requirements.

Conclusions and Future Directions

Phase I SECA objectives have been met for power 
rating, effi ciency, durability and cost.

Improvements to reformer substrate and washcoat 
thermal stability permitted rigorous durability tests 
to surpass 2,500 hours of operation.

Develop capability to operate using pipeline natural 
gas with fuel desulfurizer.

Work on Phase II SECA requirements has begun.

Continue materials development for improving cells, 
interconnects and seals.

Continue work on increasing durability and 
capability to withstand more thermal cycles.

Ultimately, the SECA Phase III goals are to deliver 
an SOFC power system capable of 40 percent or 
greater effi ciency at a factory cost of $400 per 
kilowatt.

Special Recognitions & Awards/Patents 
Issued 

1.  Patents issued: The US Patent Offi ce Grant Numbers:  
7008709, 7025903, 6984466, 6974646, 7001682, 1376725, 
6967064, 7008715, 6989211, 1387427, 7001685, 7008716

FY 2006 Publications/Presentations 

1.  November 2005: 2005 Fuel Cell Seminar in Palm 
Springs, CA., SOFC Stack and System Development: Latest 
Results, Steven Shaffer, Dr. Subhasish Mukerjee, Sean Kelly, 
Delphi Corporation.

•

•

•

•
•

•

•

FIGURE 3.  Delphi SOFC Uncovered with Application Interface Module

FIGURE 4.  Delphi 30 Cell Stack
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Objectives

Specifi c cost-related objectives for this project 
include:

Scale up existing SOFC cell area and stack size 
(number of cells) within a building block unit and 
stack tower to minimize cost.

Scale up existing manufacturing infrastructure and 
capabilities for SOFC cell and stack production on a 
cost-effective basis.

Increase SOFC cell and stack performance to 
maximize power and effi ciency for reduced cost on 
a per kilowatt basis. 

Power block unit system cost goal is to be 
<$400/kW.

Approach

The project is organized in three phases according 
to schedule, technical and cost objectives.  Following is a 
short description of the approach as it relates to cost:

Phase I of the DOE-managed SECA program will 
focus on cell and stack development activities.  This 
will include scale up of existing SOFC cell area 
and stack size (number of cells) and performance 
improvements.  The Phase I deliverable for the 3-10 
kW development project will be test demonstration 
of a 3 kW power block system that meets all DOE 
performance and cost metrics.  This includes 
demonstration of system peak power performance 
that will be used as the basis for cost.  The DOE 

•

•

•

•

•

specifi ed metric for the Phase I 10 kW system 
factory cost must be less than $800/kWe.  The 
Phase I deliverable for the Coal-Based, large-scale 
SOFC project will be a test demonstration of a 
representative SOFC stack building block unit on 
simulated coal syngas.  The system cost, exclusive of 
the coal gasifi cation and CO2 separation subsystems, 
must be $600/kWe or less at the end of the Phase I 
project.

Phase II of the Coal-Based project will focus on 
modularization of the Phase I stack building block 
units into MW-size modules.  Detailed design 
engineering and analysis for multi-MW power plant 
systems will be conducted.  The Phase II deliverable 
will be a test demonstration of a MW-size 
representative SOFC stack module on simulated 
coal syngas.  Phase II system cost, exclusive of the 
coal gasifi cation and CO2 separation subsystems, 
must be $400/kWe or less at the end of Phase II, 
and is applicable to both the baseline (>100 MWe) 
system and the proposed Phase III proof-of-concept 
system.  The cost estimate must establish and 
fully justify a reasonable estimate of the number 
of systems and their respective size that must be 
manufactured per year to support this cost goal.  An 
independent audit of the Phase II cost report will be 
required.  

Phase III of the Coal-Based project will focus 
on design and fabrication of a proof-of-concept 
multi-MW power plant including turbine for high 
effi ciency and CO2 separation for low emissions.  
Phase III system cost objectives are the same as in 
Phase II.  The Phase III deliverable will be long-
term testing of a multi-MW size power plant at a site 
selected for FutureGen.

Accomplishments

Increased SOFC cell area and number of cells 
per stack building block unit resulting in ~5-fold 
increase in stack volumetric power output from 
early generation stacks units.

Completed SECA Phase I 3 kW SOFC stack and 
system test demonstration validating performance 
of the scaled-up components.  This test validation 
included successful demonstration at the peak 
power performance used to calculate system cost. 

Developed preliminary factory cost bill-of-materials 
(BOM) for stack and 3 kW system for DOE third 
party audit validation.  Estimated stack and system 
costs for the 3 kW unit meets DOE metric for the 
Phase I project.

•

•

•

•

•

II.4  SECA Solid Oxide Fuel Cell Power Plant System Cost Reduction

Jody Doyon
Vice President, Government Programs Administration
Fuel Cell Energy, Inc.
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Introduction

Fuel Cell Energy, Inc. (FCE) has been engaged 
in a Department of Energy (DOE)-managed SECA 
Phase I project to develop a 3-10 kW SOFC power 
plant system since April, 2003.  FCE has recently been 
selected by DOE to participate in a multi-phase project 
for development of very effi cient coal to electricity, 
large scale (multi-MW) power plants with near zero-
emissions.  This new project’s technical objectives will 
be merged with the existing 3-10 kW project’s Phase 
I technical objectives based on similarities for cell 
and stack development.  The primary objectives of 
these projects are to develop affordable, SOFC based 
power plant systems with high effi ciency that are cost 
competitive with other power generating technologies of 
similar capacity without incentive funding support.  In 
order to be cost competitive with other power generating 
technologies of similar capacity without the need for 
incentive funding programs, signifi cant SOFC stack 
and system cost reduction must occur from the current 
low volume development level to high volume, mass 
production prices.  The achievement of the program 
cost targets is a key facet of the SECA projects.  FCE 
is ideally suited for these projects based on experience 
with cost reduction successes for their commercial 
fuel cell power plants now being installed worldwide.  
FCE will use the cell and stack design of their SOFC 
technology partner, Versa Power Systems, Inc (VPS) 
as the basis for these projects.  VPS has been actively 
engaged in cost effective SOFC manufacturing process 
research and development since 1998 and has well 
establish processes, quality procedures and equipment 
for the manufacture of small to intermediate size cells 
and stacks as depicted in Figure 1.  The DOE-specifi ed 
metric for the fi nal program system cost determined to 
be competitive with other power generating technologies 
of similar capacity without incentive funding is 
<$400/kW for a multi-MW power plant, exclusive of 
coal gasifi cation and CO2 separation subsystem costs.

Approach

The path forward for development of cost 
competitive SOFC power block systems includes a multi-
faceted approach for both SOFC stack module design 
as well as system balance-of-plant (BOP) development.  
The technical approach consists of an innovative fuel 
cell stack confi guration, fabrication of scaled-up cells, 
newly developed fuel cell seals, novel implementation of 
a fuel cell clustering concept and integration of SOFC 
clusters with a gas turbine.  The future development 
plans include investigation of both fabrication and 
operational issues related to scale-up of the fuel cell 
active area.  For the Coal-Based project, an innovative 
and patented power cycle will be utilized to achieve very 
high effi ciencies by integration of the fuel cell with an 
indirectly heated gas turbine.  The power plant design is 
projected to have a factory cost of $400/kW, based on a 
production capacity of about 1.4 GW/year or twelve 120 
MW power plants per year.  This cost is very competitive 
with today’s cost of combined cycle technologies. 

The project is organized in three phases according 
to schedule, technical and cost objectives.  Details for 
the three phases are as follows:

Phase I (2-3 years):

Scale up SOFC cell area and stack height 
(number of cells) and improve performance.

Design a baseline system that meets the project 
technical objectives.

Ensure stack and power plant designs are 
consistent with a projected cost of $800/kW for 
the 10 kW development project, and $600/kW 
for the large scale Coal-Based project. 

Fabricate and validation test representative 
stack building block units under simulated 
commercial operational conditions.

Phase II (2 years):

Develop a detailed design and cost analysis for 
the proposed power plant system that meets 
project objectives.

Ensure stack and power plant design are 
consistent with a projected cost of $400/kW 
for a multi-MW system (exclusive of coal 
gasifi cation and CO2 separation subsystem 
costs) for the Coal-Based project. 

Fabricate and validation test a representative 
fuel cell module building block unit for the 
multi-MW power plant on simulated coal 
syngas.

Phase II (5 years):

Complete detailed design for multi-MW power 
plant system that meets project performance 
and cost objectives.  Cost objectives are the 
same as in Phase II.

•
–

–

–

–

•
–

–

–

•
–

FIGURE 1.  Versa Power Systems SOFC Manufacturing
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Procure and fabricate SOFC stack and system 
components and assemble proof-of-concept 
multi-MW power plant system including gas 
turbine (>1 MW).

Locate coal gasifi er site and integrate multi-MW 
power plant.

Conduct long-term (~25,000 hours) test 
demonstration of multi-MW power plant system 
on coal based syngas meeting project technical 
objectives for performance (power, effi ciency), 
durability (load transients and thermal cycles), 

degradation and cost.

Results

FCE has been engaged in a DOE-managed SECA 
Phase I project to develop a 3-10 kW SOFC power plant 
system since April, 2003.  Much progress has been made 
in the SECA Phase I project on cell and stack scale-up, 
increased performance and cost reduction.  A detail 
factory cost estimate analysis and report for a 
3-10 kW stack and system was submitted and audited by 
DOE selected auditors.  Results indicate the total 3-10 
kW system cost estimated to be $773/kW based upon an 
annual production rate of 50,000 units and a peak power 
rating of 5.37 kW.  This is less than the SECA Phase I 
metric of $800/kW using the same assumptions.  As 
shown in Figure 2, the stack accounts for ~16% of the 
total system cost, while the BOP components account 
for ~73% of the cost.  The remainder of the system cost 
(~11%) is associated with building, commissioning 
and testing (BC&T) of the power block unit.  The low 
cost associated with the stack refl ects the many years 
of process development and cost reduction activities 
at VPS.  The current cell manufacturing process has 
three major fabrication operations for anode-supported 

–

–

–

planar cells: tape casting, screen-printing and co-fi ring 
(TSC) as shown in Figure 1.  The TSC process is a fully 
integrated cell manufacturing process.  Major process 
improvements have resulted in reduced process steps 
(number of sinter fi rings) with an associated reduction in 
costs.  Figure 3 shows that such process improvements 
have resulted in ~65% cost reduction while overall 
yields have improved by ~40%.  All major manufacturing 
and process steps have been demonstrated to be cost-
effective by the semiconductor packaging and multi-layer 
capacitor industries.  The TSC process can be further 
engineered into repeatable mass manufacturing modules 
for additional product cost savings.  Economies of scale 
and automation will provide the greatest effect on cell 
equipment cost.  Scale-up of SOFC cell area and number 
of cells per building block unit was continued in the 
SECA Phase I project, culminating in an approximate 
5-fold increase in stack volumetric power density as 
shown in Figure 4.  Technology developments that 
result in decreased material usage have also contributed 
signifi cantly to reduced cell component cost.  Figure 5 
shows a 51% cost savings attributed to decreasing the 
thickness of the SOFC active cell component.  While the 
majority of the system cost is associated with the BOP, 

BC&T
11%

STACK
16%

BOP
73%

FIGURE 2.  SECA Phase I 3-10 kW SOFC System Costs Breakdown

FIGURE 3.  SOFC Cell Manufacturing Process Improvements

FIGURE 4.  SOFC Scale-Up SECA Phase I Program Accomplishments
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this is the area that presents the greatest opportunity 
for further cost reduction.  Greater than 75% of the 
BOP costs are procured components.  Once a design 
confi guration is stabilized to enable volume pricing, 
multiple vendor sourcing is established and value-
engineering programs are in play, it is anticipated that 
signifi cant cost savings (>50%) will be realized.  As the 
power plant size becomes larger, the BOP and associated 
costs will also diminish proportionally on a cost-per-
kilowatt basis.  This provides the greatest cost reduction 
opportunity for the Coal-Based, multi-MW sized power 
plants to be developed in the new program.  Finally, 
technology improvements focused on enhanced cell 
power output will be a major driver in reducing power 
plant system costs.  Figure 6 presents improvements 
in cell power density output on a normalized basis 
developed by VPS over the years and continued in the 
SECA Phase I project.  As can be seen, ~2-fold increase 
in power density is expected over the current state-of-
the-art technology for the pre-commercial power block 
units.  This peak power performance operation was 
demonstrated with the SECA phase I, 3 kW system test.  
The high power density operation was executed at the 
end of the 3-1 system test period, with stacks that had 
operated for greater than 2,000 hours including multiple 

load transients and thermal cycles providing confi dence 
in achieving this milestone performance goal.

Summary

FCE has been engaged in a DOE-managed SECA 
Phase I project to develop a 3-10 kW SOFC power 
plant system since April, 2003.  FCE has recently 
been selected by DOE to participate in a multi-
phase project for development of very effi cient, large 
scale (multi-MW) coal to electricity power plants 
with near zero-emissions with similar SOFC cell 
and stack development and cost objectives.

The primary objectives of these projects are 
to develop affordable, SOFC-based power 
plant systems with high effi ciency that are 
cost-competitive with other power generating 
technologies of similar capacity without incentive 
funding support.

FCE is ideally suited for these projects based on 
their cost reduction experience with commercial 
fuel cell power plants now being installed worldwide 
and the successes of their SOFC technology partner, 
VPS, with SOFC cell and stack manufacturing 
development and operational performance.

Accomplishments in FCE’s SECA 3-10 kW 
development Phase I project include expanded 
manufacturing process capabilities, scale-up of 
SOFC cell area and stack height and improved 
performance resulting in ~5-fold increase in 
volumetric power density. 

Completed SECA Phase I 3 kW SOFC test 
demonstration of a system that contained scaled-
up cell and stack units as fi nal validation of the 
scale-up process and components.  Peak power 
performance was demonstrated that will be used for 
the cost of electricity basis.

The FCE team developed a preliminary factory cost 
bill-of-materials (BOM) for stack and 3 kW system 
to be audited by DOE third party expert.  Stack 
and system costs are below SECA Phase I program 
requirements.

FY 2006 Publications/Presentations

1.  “Coal Based Large SOFC/T Systems”, H. Ghezel-Ayagh, 
J. Doyon, Fuel Cell Energy Inc.  Paper presented at the 2006 
Fuel Cell Seminar on November 13-17, 2006, Honolulu, 
Hawaii.

2.  “Development of Solid Oxide Fuel Cells at Versa Power 
Systems”, B. Borglum, E. Tang, M. Pastula, J. Kelsall, 
R. Petri, Versa Power Systems.  Paper and presentation 
at the 2006 Fuel Cell Seminar on November 13-17, 2006, 
Honolulu, Hawaii.

3.  “SOFC Development Status at Versa Power Systems, 
Inc.”, B. Borglum, Versa Power Systems.  Presentation at the 
2006 Lucerne Fuel Cell Forum, July 4, 2006.

•

•

•

•

•

•

FIGURE 5.  SOFC Cell Thickness and Material Reduction

FIGURE 6.  SECA 3kW SOFC Cell Performance Improvement
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Objectives 

Develop a fuel-fl exible and modular solid oxide fuel 
cell (SOFC) system (3 to 10 kW) that can serve 
as the basis for confi guring and creating low-cost, 
highly effi cient, and environmentally benign power 
plants tailored to specifi c markets.

Demonstrate a prototype system of the baseline 
design with desired cost projections and required 
operating characteristics (Phase I); assemble and 
test a packaged system for a selected specifi ed 
application (Phase II); fi eld test a packaged system 
for extended periods (Phase III).

Approach 

Phase I

Establish a baseline system concept and analyze its 
performance characteristics.

Perform a cost study to estimate system costs.

Develop a robust, reliable high-performance 
SOFC stack technology amenable to low-cost 
manufacturing.

Develop a fuel processor as a pre-reformer for 
processing a variety of fuels.

Evaluate system thermal management to establish 
a suitable recuperation scheme for the system.

Develop and implement a fl exible control structure 
incorporating required sensors.

Identify a fl exible low-cost power management 
subsystem.

Evaluate component integration.

Design, assemble and test a prototype system to 
demonstrate performance meeting the program 
requirements.

•

•

•

•
•

•

•

•

•

•
•

Phase II

Deliver and test Phase I prototype at NETL.

Conduct a market study to identify and defi ne 
a specifi ed application for Phase II.

Perform system design and analysis to defi ne 
system confi guration and packaging for the selected 
application.

Design, manufacture, test, and validate system 
components and component integration.

Conduct cost estimate and Design-to-Cost to 
establish a system cost that meets the Phase II cost 
goal.

Assemble and operate a packaged system under 
required conditions and demonstrate operational 
characteristics meeting the Phase II requirements.

Continue technology, engineering, and 
manufacturing developments for SOFC stacks and 
balance of plant (BOP) to improve system cost, 
performance, life, and reliability.

Accomplishments 

The major accomplishment is the successful 
completion of the Phase I prototype testing with the 
demonstrated performance meeting or exceeding the key 
Phase I requirements.

An extensive system build and integration process 
was conducted to verify/validate/assess the various 
components and integrated prototype system before 
the fi nal demonstration testing.

Demonstration testing was carried out for 
the prototype.  The system demonstrated the 
performance that met/exceeded the key Phase I 
minimum requirements.  The prototype achieved 
an effi ciency of 41% (vs. 35% requirement) and a 
degradation rate of 1.8% per 500 hours (vs. <2% 
per 500 hours requirement).  The system operated 
for 1,720 hours (vs. 1,500 hours requirement) 
with three thermal cycles (vs. one thermal cycle 
requirement) and 15 power cycles (vs. nine power 
cycle requirement).  A projected high-volume cost 
for the system is $724/kW (vs. $800/kW target).

Phase II of the project has been initiated.  Detailed 
plans and key activities have been developed for 
Phase II work.

•
•

•

•

•

•

•

•

•

•

II.5  Solid State Energy Conversion Alliance (SECA) 
Solid Oxide Fuel Cell Program
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19310 Pacifi c Gateway Drive
Torrance, CA  90502-1031
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Future Directions

Continue activities defi ned in the Phase II project 
plan.

Deliver a Phase I unit to DOE/NETL.

Conduct various technology improvement/
advancement activities on the SOFC and the BOP 
to improve system cost, performance, life, and 
reliability.

Design, assemble and test a packaged system under 
required conditions and demonstrate performance 
meeting the Phase II requirements. 

Introduction 

This project focuses on developing a low-cost, high-
performance solid oxide fuel cell (SOFC) system suitable 
for a broad spectrum of power generation applications.  
The overall objective of the project is to demonstrate 
a fuel-fl exible, modular 3-10 kW system that can be 
confi gured to create highly effi cient, cost-competitive, 
and reliable power plants tailored to specifi c markets.  
The key features of the SOFC system include a fuel-
fl exible pre-reformer, a low-cost, high-power-density 
SOFC stack, integrated thermal management, and 
suitable control and power management subsystems.  
When fully developed, the system is expected to meet 
the projected cost of $400/kW.

Approach 

The SOFC system is a stationary power module 
(3-10 kW) capable of operating on different fuels.  The 
system consists of all the required components for a self-
contained unit, including fuel cell stack, fuel processing 
subsystem, fuel and oxidant delivery subsystem, thermal 
management subsystem, and various control and 
regulating devices.

The SOFC is a compact of anode-supported cells 
(fabricated by the GE HPGS tape-calendering 
process) and metallic interconnects.  The 
stack design is based on an advanced concept 
that maximizes cell active area and minimizes 
sealing.  The fuel cell can operate directly on light 
hydrocarbon fuels and incorporates materials 
for high performance at reduced temperatures 
(<800°C).   These characteristics provide a low-cost, 
fuel-fl exible fuel cell suitable for operating under 
various conditions.  The tape calendering process 
for manufacturing thin-electrolyte, anode-supported 
cells is a potentially low-cost, mass-customization 
technique suitable for high-volume production and 
automation using available commercial equipment.

•
•

•

•

The fuel processor is a catalytic reactor that 
functions as a pre-reformer.  The system employs 
an integrated thermal management approach to 
utilize byproduct heat and reduce heat losses, and, 
consequently, increase the overall system effi ciency.  
The system also has a fl exible control structure 
that can be modifi ed or optimized for different 
applications.

The project consists of three phases.  Phase I of the 
project focuses on developing system components having 
the required operating characteristics, resolving critical 
technological issues, and demonstrating a prototype 
system.  The Phase I work concentrates on system design 
and analysis, cost study, stack technology development, 
fuel processing development, controls and sensors, 
power electronics, and system prototype assembly and 
testing.  Phase II will demonstrate a packaged system 
selected for a specifi ed application and further improve 
technology and assess system cost.  Phase III will extend 
the Phase II effort to fi eld test a packaged system for 
extended periods to verify all the required performance, 
cost, reliability, and lifetime for commercial uses.

Results 

A prototype system was constructed to demonstrate 
system performance as required in the Phase I project 
objectives.  This prototype system intended to be 
fl exible and robust to accommodate design changes 
throughout the entire system integration process.  The 
assembly process began with specifi cations for various 
components fl owing down from the systems and 
controls designs via scorecards so that components 
could be sourced.   A computer model and drawing 
package of the system geometry was also used to guide 
construction.  Although many items were standard 
components, a number were developed, modifi ed or 
designed specifi cally for the program.

The prototype system that was tested can be seen 
Figure 1.  There was an extensive system build and 
integration process leading to the fi nal testing of the unit 
which was comprised of the following major steps:

Component tests to verify basic operation of 
components in stand-alone testing, develop 
component performance maps, and support 
component selection process.

Cold tests (operation of system with only nitrogen/
air and without fuel cell stacks) to validate basic 
operation of components integrated in system and 
verify plumbing and electrical wiring. 

Hot tests (operation of system on methane without 
fuel cell stacks) to verify and tune control system 
hardware and software, combustor operation and 
temperature controls, integrated operation of fuel 

•

•

•

•
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processor, and thermal mapping of system and 
improved insulation.

Gen 1 System Test (operation of integrated system 
without power electronics due to half-sized stacks) 
to verify system operation including stack operation, 
integrated operation of stacks with fuel processor, 
thermal self sustaining operation and thermal 
management, and startup and shutdown strategies.

Gen 2 System Test (operation of integrated system 
with power electronics) to demonstrate system 
operation with performance meeting the Phase I 
requirements.

The Gen 2 System Test is the fi nal prototype 
system demonstration test for Phase I.  The timeline 
test sequence for this test is shown graphically in Figure 
2.  Figure 3 shows the average cell voltage, gross DC 

•

•

power, and net DC power of the prototype system over 
the entire test period (note that the peaks in the fi gure 
are those relating to various transient events during the 
test).  The prototype system achieved a peak effi ciency of 
41%, a peak power of 5.4 kW, and a degradation rate of 
1.8% per 500 hours.  The system met/exceeded all of the 
key Phase I minimum.  A summary of the Phase I results 
versus the requirements are given in Table 1.

TABLE 1.  Summary of Prototype System Demonstration Test Results

Performance Parameter Requirements Results

DC Effi ciency 35% 41%

Estimated Cost <$800/kW $724/kW

DC Peak Power 3-10 kW 5.4 kW

Steady State Degradation <2% per 500 hrs 1.8% per 500 hrs

Thermal Cycle 1 3

Power Cycle 9 15

Cycle Degradation <1% 1.8%

Availability 80% 90%

Test Time 1,500 hrs 1,720 hrs

Conclusions and Future Directions

SECA Phase I was successfully completed.  During 
Phase I, major advances in SOFC technology were 
made in the areas of performance, degradation/life, 
stack design, manufacturing, and scaleup.  Supporting 
technology such as fuel processing, controls, power 
electronics, and thermal management were also 
developed/matured for integration in an SOFC power 
system.  Phase I culminated in the system test that 
tied all of these advances in technology together in a 
prototype system that was able to meet or exceed the 
key SECA minimum requirements.  The system achieved 
a peak effi ciency of 41% (vs. 35% requirement) and a 
degradation rate of 1.8% per 500 hours (vs. <2% per 

FIGURE 1.  SECA Phase I Prototype System

FIGURE 3.  Average Cell Voltage, Gross DC Power, and Net DC Power of 
Prototype System (Average Operating Temperature 800°C)
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500 hours requirement).  The system operated for 1,720 
hours (vs. 1,500 hours requirement) with three thermal 
cycles (vs. one thermal cycle requirement) and 15 power 
cycles (vs. nine power cycle requirement).  A projected 
high-volume cost for the system is $724/kW (vs. 
$800/kW target).

Phase II of the project has been initiated.  Phase 
II focuses on delivering a Phase I prototype to DOE/
NETL, advancing SOFC and BOP technologies to 
improve system cost, performance, life, and reliability, 
and demonstrating a packaged system for a selected 
application.   

FY 2006 Publications/Presentations 

1.  N. Q. Minh, “Solid Oxide Fuel Cell Based Power System 
Development” 2005 Fuel Cell Seminar Extended Abstracts, 
Courtesy Associates, Washington, DC, 2005.

2.  N. Q. Minh, “Solid Oxide Fuel Cell Technology: Status 
and Future Direction” Plenary Presentation at the Third 
International Symposium on Solid Oxide Fuel Cells 
Materials and Technology” Cocoa Beach, FL, 
January 20-26, 2006.
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Objective 

To develop a commercially viable 5-10 kWe solid 
oxide fuel cell power generation system that 
achieves a factory cost goal of $400 per kWe.

Accomplishments 

Demonstrated 90% higher power density (W/cm2) 
and more than 2.5 times more power per cell for 
Delta9 cells compared to tubular cells.  

Demonstrated over 3,000 hours voltage stability for 
Delta9 cells at 1,000°C and 80% fuel utilization.  

Developed an alternate cathode composition with 
10% lower cost and 50% higher conductivity (at 
900°C) than present cathode composition.

Completed assembly of a prototype system.  

Introduction 

The objective of this project is to develop a standard 
high-performance, low-cost SOFC system that can 
be manufactured in high volume for application in a 
number of different end uses, including residential and 
as auxiliary power units in commercial and military 
transportation applications.  The proposed project is 
a 10-year, three-phase project with prototype SOFC 
systems being tested at the end of every phase, the fi rst 
of which will be completed this year.  Performance and 
cost improvements made during each phase will be 
incorporated in each prototype, and products based on 
each prototype will be made ready for market entry as 
they become available.

•

•

•

•

•

Approach 

We have identifi ed key technical issues that must be 
resolved to achieve low-cost commercial SOFC systems.  
We will focus on cost reductions and performance 
improvements to transform today’s SOFC technology 
into one suitable for low-cost mass production of small 
systems for multi-market applications.  The key advances 
identifi ed are:

Improved cell performance through design and 
materials innovations to more than double the 
power and thus reduce cost/kWe

On-cell reformation of natural gas fuel to eliminate 
high-cost internal reformer components

Use of low-cost insulation and containment vessels 
by lowering the system operating temperature

Use of net shape cast components to reduce 
machining costs

Simplifi cation of stack and balance of plant (BOP) 
designs to lower parts count 

High effi ciency (95%) power conditioning systems 
to improve overall system electrical effi ciency

In addition to the key advances noted above, 
adoption of more automated, mass production 
techniques for cell, module and BOP manufacturing will 
ensure overall SOFC system cost effectiveness.

Results 

Prior to the start of the project, it was recognized 
that Siemens’ seal-less tubular cell design would not be 
able to meet the cost and performance targets of the 
project.  A need to develop a cell with higher power 
density and compact design was identifi ed.  
A new design that combined the seal-less feature and 
a fl attened cathode with integral ribs was chosen.  This 
new design, referred to as a high power density (HPD) 
cell, has a closed end similar to the tubular design.  The 
ribs reduce the current path length by acting as bridges 
for current fl ow.  The ribs also form air channels that 
eliminate the need for air feed tubes.  This cell design, 
due to its shorter current path, has lower cell resistance 
and hence higher power output than tubular cells.  
A variation of the HPD design, Delta9, has a corrugated 
surface which signifi cantly increases the active area of 
the cell, yielding higher power per cell.  Figure 1 shows 
the tubular and Delta9 cells. 

During FY 2006, Delta9 cells produced 90% higher 
power density and more than 2.5 times more power 
per cell than tubular cells at 0.65 V, 900ºC operating 

•

•

•

•

•

•

II.6  Small-Scale Low-Cost Solid Oxide Fuel Cell Power Systems
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temperature and 85% fuel utilization.  Figure 2 shows 
the voltage versus current density comparison for 
tubular and Delta9 cells.  Figure 3 shows the voltage 
versus current for tubular and Delta9 cells.

Delta9 cells were fabricated and tested for voltage 
stability.  Figure 4 shows voltage stability of a Delta9 cell 
over approximately 3,000 hours of operation at 1,000ºC 
and 80% fuel utilization.  There was no noticeable 
voltage degradation for the Delta9 cell when tested 
at conditions described above.  This exceeds SECA 
program goals for voltage stability. 

Computational modeling of thermal and electrical 
fi elds initiated in FY 2005 to optimize the cell and stack 
design for maximum power and mechanical stability 
from thermal stresses during stack operation continued 
during FY 2006.  Efforts were also directed towards the 
development of cell-to-cell connections to bundle cells.  

An alternative cathode composition was developed 
and evaluated through cell testing. Initial results show 
acceptable cell properties and performance, with 

material costs approximately 10% lower than that of 
present compositions.  This is very signifi cant because 
over 95% of the cell material is the cathode. 

Assembly of a prototype system for residential 
applications was completed.  Figure 5 shows the fl ow 
schematics of this system.  The primary objective of the 
system is to demonstrate operation of HPD cells in a 
generator environment.  The system will run on natural 
gas; fuel reformation will be internal to the cell stack.  

Conclusions and Future Directions

Fabrication processes for Delta9 cells were 
established, and electrical testing showed signifi cant 
improvement in power density over tubular cells. 

Developed a new low-cost cathode composition.

Constructed prototype system to run on internally 
reformed natural gas.

We will optimize cell and stack design for maximum 
power and reliability.

•

•
•

•

FIGURE 1.  Tubular and Delta9 Cells

FIGURE 2.  Voltage versus Current Density Comparison for Tubular and 
Delta9 Cell

FIGURE 3.  Voltage versus Current Comparison for Tubular and Delta9 
Cell

FIGURE 4.  Voltage versus Time Plot for Delta9 Cell
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We will evaluate and develop automated mass 
production processes for cell, module and BOP 
components.

FY 2006 Publications/Presentations 

1.  S. D. Vora, “Development of High Power Density 
Seal-less SOFCs”, Presented at the 2005 Fuel Cell Seminar, 
November 14-18, 2005, Palm Springs, CA.

2.  G. Zhang, “New Cathode and Interlayer Materials 
Development at Siemens Power Generation”, Presented at 
209th Electrochemical Society Meeting, May 7-12, 2006, 
Denver, CO. 

3.  A. Iyengar, G. DiGiuseppe, N.A. Desai, S. D. Vora and 
L. A. Shockling, “Computational Modeling of Thermal and 
Electrical Fields of a High Power Density Solid Oxide Fuel 
Cell”, Presented at the ASME Fuel Cell Conference 2006, 
June 19-21, Irvine, CA.

4.  K. Huang, “Cell Power Enhancement via Materials 
Selection”, Proceedings of the 7th European Fuel Cell 
Forum, July 4-7, 2006, Lucerne, Switzerland.

•

FIGURE 5.  Flow Schematics of Prototype Residential System
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III.A  SECA Research & Development / Materials and ManufacturingJames M. Rakowski

Objectives 

Evaluate complex interconnect structures based on 
metallic substrates, including, but not limited to, clad 
and coated systems and SOFC sub-cell structures.

Demonstrate the production of complex 
interconnect structures and systems.

Evaluate the interactions of simple and complex 
interconnect systems with simulated local SOFC 
environmental conditions, including atmospheres 
and materials of construction expected to be in 
contact with interconnects.

Quantify performance of simple and complex 
interconnect systems, particularly in the areas of 
electrical properties (ALC/Pitt) and layer adhesion 
(CMU/WVU).

Accomplishments  

ATI Allegheny Ludlum / University of Pittsburgh

Successfully produced multi-layered clad 
interconnect structures and tested in simulated 
anode gas and dual atmosphere exposures, with 
initial results showing promise.

•

•

•

•

Applied novel processing to common ferritic 
stainless steels, resulting in the production of desired 
structures.

Melted and processed novel stainless steel 
compositions.

Exposed E-BRITE alloy (Fe-26Cr-1Mo) and 
model alloy RV 2103 (Fe-22Cr) specimens in 
simulated cathode gas environments for indentation 
spallation studies at Carnegie Mellon University.  
The exposures were designed to simulate actual 
exposures of up to 40,000 hrs at 800°C.

Provided Type 430 substrates to Arcomac Surface 
Engineering for application of their coating systems.

Carnegie Mellon University

Performed macro-scale indentation spallation tests 
on E-BRITE alloy (Fe-26Cr-1Mo) and model alloy 
RV 2103 (Fe-22Cr) specimens exposed by Allegheny 
Technologies, Inc. (ATI) in simulated cathode 
gas.  Tracked spallation densities as a function of 
exposure time.

Initiated macro-scale indentation tests on coated 
Type 430 specimens from Arcomac Surface 
Engineering (with substrates from ATI).

Performed proof-of-concept nanoindentation 
tests on exposed E-BRITE alloy specimens from 
ATI.  Identifi ed cracking geometries needed for 
nanoindent modeling work.

Initiated nanoindentation modeling to relate crack 
size measurements from tests to stress intensity 
factors and energy release rates.

West Virginia University

Identifi ed and tested several silver cermets as 
contact paste materials for SOFCs.

Completed the study of evaporation characteristics 
and microstructure changes of sterling silver and 
pure silver under high-temperature exposure 
conditions.

Introduction 

The interconnect is a critical part of planar solid 
oxide fuel cells (SOFCs).  The interconnect serves 
to separate the fuel and oxidant gas streams and 
also collects the electrical output of the SOFC.  A 
shift from relatively inert ceramic interconnects to 
metallic structures has been driven primarily by cost 
considerations.  Interconnect alloy selection has been 
identifi ed as one of two primary issues impeding the 
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commercialization of SOFCs [1].  High-temperature 
degradation due to surface oxidation is the primary 
form of attack.  Oxides in general have poor electrical 
conductivity, leading to increased contact resistance as 
they form and get thicker.  This degrades the output of 
the fuel cell over time and should be minimized.

In addition, oxides can spall due to high 
compressive residual stresses at room temperature, 
increases in oxide thickness, and/or changes in scale 
adhesion to the substrate.  Chromia scales, which 
have higher conductivities than other oxides, can also 
experience evaporation at high temperature, with 
evaporated chromium degrading cathode performance.  
Successful low-temperature SOFC interconnect systems 
will have to address these concerns while minimizing 
cost.

Approach

The approach in this project is to address the 
evaluation of new ferritic stainless steel-based SOFC 
interconnect systems in an integrated way, using 
expertise from each of our four project participants.  
Allegheny Ludlum is studying new interconnect alloys 
and surface treatments to achieve optimal combinations 
of reduced chromia scale growth, spallation resistance 
and reduced chromia scale evaporation, while 
minimizing cost.  This includes the development of novel 
clad systems and interactions with DOE laboratories 
and industrial collaborators developing interconnect 
coating systems.  The University of Pittsburgh is 
performing dual atmosphere tests on clad systems 
from ALC and providing support for microstructural 
studies.  Carnegie Mellon is testing interconnects for 
chromia scale spallation resistance using macro-scale 
and nano-scale indentation tests.  The goal of these 
tests is to accelerate the evaluation of new interconnect 
systems and to understand mechanisms leading to 
premature interconnect failure by spallation.  Tests 
include bare alloys from ALC and coated systems from 
DOE laboratories and industrial partners, using ATI 
alloy substrates.  West Virginia University is studying 
silver cermet pastes to enhance the contact between 
interconnects and cathode materials.  Fundamental 
studies of the performance of different paste 
compositions will be followed up by studies of paste/
alloy combinations using alloys from ALC.

Results

ATI Allegheny Ludlum / University of Pittsburgh

Clad panels were produced using a variety of 
alloys which are expected to be inert in the anode 
environment, notably nickel 201 (UNS N02201), 
oxygen-free copper (UNS C10100), and a commercially 
produced Ni-32Cu alloy (UNS N04400).  Some panels 

were also clad on the cathode side with oxidation-
resistant nickel-base superalloys.  Examples of two as-
processed clad panels are shown in Figure 1.  A test plan 
was formulated to determine the resistance to oxidation 
in simulated anode gas (SAG) and dual atmospheres, 
along with the effects of thermal cycling.

Testing in SAG resulted in a signifi cant reduction 
in weight gain as compared to a Type 430 stainless 
steel control sample, attributable to the cladding 
side exhibiting little to no oxidation.  This can be 
seen visibly in Figure 2 for a nickel-clad stainless 
steel sample.  Some accelerations in the rate of 
weight gain were noted, which is due to mixed oxide 
nodule formation on exposed Type 430 surfaces.

Initial dual atmosphere results indicated that T430 
stainless steel clad with copper or nickel resulted in 
no oxidation on the anode side.  There was evidence 
of hydrogen migration to the air side, resulting in the 
formation of mixed oxide nodules and oxide blade-
type features (Figure 3).  The samples clad with the 
Ni-32Cu alloy formed a thin, adherent manganese 
oxide layer on the SAG side.  Evidence of hydrogen 
migration on the air side is much reduced to a few 
scattered blade-like oxide grains (Figure 4).  It is 
hypothesized that the MnO scale is helping to block 
transport of hydrogen across the interconnect.

The thermal cycling tests indicated that differential 
thermal expansion between the clad outer layers 

•

•

•

FIGURE 1.  As-processed Clad Panels (light optical micrographs of 
polished metallurgical cross-sections): Bi-Layer Type 430 Stainless Steel 
Clad with Copper 101 Alloy on the Anode Side (left), Tri-Layer Type 430 
Stainless Steel Clad with Ni-32Cu Alloy on the Anode Side and Ni-Base 
Superalloy 600 on the Cathode Side (right)

FIGURE 2.  Example of a Clad Sample Exposed for 1,371 Hours at 800°C 
in SAG (Ar-4%H2-3%H2O): Type 430 Stainless Steel Substrate (left) and 
Nickel Cladding (right)
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and the inner core is not negligible.  Some of the 
samples, notably the two-layer ones clad with 
Ni-32Cu, exhibited some curling.

Post-process treatments are being investigated in an 
attempt to improve the performance of typical ferritic 
stainless steels in the SOFC environment by mitigating 
the formation of electrically resistive oxides of aluminum 
and silicon at the scale/alloy interface.

Samples of AL453 alloy, a Fe-22Cr-0.5Al alloy, 
were treated in an attempt to sequester aluminum 
in the form of stable particles.  The initial results 
were successful.  Measurements and calculations 
indicate that nominally all of the aluminum initially 
present in the substrate has been sequestered with a 
benefi cial effect on ASR (Figure 5).

Samples of Type 430 stainless steel (Fe-16.5Cr-
0.3Si) were treated in an attempt to remove silicon 
from the surface without removing other elements, 

•

•

notably chromium.  The intent is to leave behind 
silicon-depleted metal.  The initial results were 
successful, with scanning Auger microprobe analysis 
(SAM) indicating that silicon was depleted at the 
surface by a nominal factor of 40.  Calculations 
indicate that the treatment as-applied is capable of 
removing approximately 40% of the total silicon in 
a 0.5 mm thick substrate.  The effect is likely to be 
magnifi ed near the surface due to the presence of a 
silicon depletion gradient.  The effect on ASR was 
benefi cial (Figure 6).

Base alloy development is progressing at ALC.  
Several heats have been melted, cast, and processed to 
fl at rolled plates.  Some surface issues were encountered 
and were bypassed by machining the plates after rolling.  
Testing is ongoing, with results expected by the end of 
September 2006 for monolithic samples and samples 
coated with oxidation-resistant layers and/or cathode 
contact paste.  Two primary alloy compositions are being 
investigated:

A superferritic stainless steel based on a modifi ed 
E-BRITE composition.  The goal is to produce 

•

FIGURE 3.  Oxide Scale as Formed on the Air Side of a Type 430 
Stainless Steel Sample Clad with Nickel during a 100 Hour Dual 
Atmosphere Exposure at 800°C (surface SEM micrographs; stainless 
steel side exposed to air, nickel-clad side exposed to Ar-4%H2-10%H2O)

FIGURE 4.  Oxide Scale as Formed on a Type 430 Stainless Steel 
Sample Clad with Ni-32Cu Alloy during a 100 Hour Dual Atmosphere 
Exposure at 800°C (surface SEM micrographs): Ni-32Cu Cladding (left, 
as exposed to Ar-4%H2-10%H2O), Type 430 Stainless Steel (right, as 
exposed to air)

FIGURE 5.  Effect of Surface Treatment on Relative ASR of AL453 Alloy

FIGURE 6.  Effect of Surface Treatment (Three Variants) on Relative ASR 
of T450 Stainless Steel
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an alloy with the benefi cial qualities of E-BRITE 
alloy, while improving the resistance to oxide scale 
evaporation and sigma formation.

A Fe-Cr-Al alloy family containing a high level of 
rare earth metals.

Carnegie Mellon University

ATI is providing CMU with interconnect alloy 
specimens that have undergone exposures simulating 
800°C for times up to 40,000 hours.  Most exposures are 
being performed in lab air at 900°C.  Specimens tested 
thus far are E-BRITE, having composition 
Fe-26Cr-1Mo-0.2Si, and RV 2103, a 21.8Cr-0.033Mn 
alloy with Ti, C, N, Ce, La, Al and Si in percentages 
of 0.02 or less.  Specimens of RV 2103 were provided 
to yield a comparison between 26Cr and 22Cr alloys.  
Specimens were in the as-rolled condition, with ground 
fi nish rolls used for the fi nal rolling operation.  This 
yields a surface Ra of approximately 8 μin.

A macro-scale indentation test has been developed 
by the principle investigator J. Beuth and his students 
(under DOE and National Science Foundation support) 
for measuring the fracture toughness of interfaces 
between oxide scales and metallic substrates [2-4].  The 
test consists of indenting a coated or uncoated oxide/
alloy system with a Brale type conical indenter.  The 
indenter penetrates the brittle coatings (if present) and 
oxide layer and plastically deforms the metallic substrate 
below.  This plastic deformation induces compressive 
radial strains in the substrate.  Because these strains 
are transferred to the oxide, they can act to drive its 
debonding.  As illustrated in Figure 7 (as viewed from 
above), indentation induces a radial distribution of 
fl aking-type spalls of the chromia scale.  Systems with 
poor adhesion between the chromia and interconnect 
alloy exhibit a higher density of debonds and a larger 
radial extent of debonding.  Image analysis allows the 
percentage of indentation-induced debonding to be 
quantifi ed as a function of radial distance from the 
indent. 

Each of the specimens sent to CMU has been 
subjected to macro-scale indentation testing.  Results 
of debond density vs. radial distance from the indent 
center are still being analyzed.  However, some initial 
observations and trends in the results are worth noting.  
First, E-BRITE specimens with short exposure times 
showed no debonding at all.  In contrast, RV 2103 
specimens subjected to the same exposures showed clear 
debonding, with the density of debonding increasing 
with exposure.  It is clear that the E-BRITE alloy is 
much more resistant to spallation at early exposure times 
than the RV2103 alloy.  Indentation tests on 
E-BRITE specimens exposed for extended exposure 
times have shown progressive increases in debond 
density with exposure time.  Further analysis of these 
tests is underway. 

•

Macro-scale indent tests have also been performed 
on coated specimens from Arcomac Surface Engineering.  
These tests in the as-processed state will be followed 
up by exposures at ATI and indentation tests at CMU.  
A nano-scale indentation test is under development 
for use in combination with the macro-scale test, to 
probe toughnesses of chromia scales and chromia/
alloy interfaces on a local scale.  The test involves 
nanoindentation of the scale region of cross-sectioned 
samples.  Nanoindents induce cracks in the scale or 
at the interface, and the length of the cracks can be 
related to the scale or interface toughness.  This test is a 
means of measuring toughness directly, independent of 
scale residual stress and thickness which have a strong 
infl uence on toughness measurements on the macro scale. 

West Virginia University

The experimental procedure for this research 
involved creating an environment similar to what the 
material would be exposed to in a real functioning fuel 
cell.  This was accomplished using a simple tube furnace 
setup, illustrated in Figure 8.  The tube furnace was 
maintained at 800°C, and air fl ow rate was controlled at 
approximately 3 l/min.  The samples for this experiment 
were small sterling silver and pure silver plates.  The 
main property of concern is the thickness reduction of 
the sample during exposure.  Each week the samples 
were weighed, and the mass of the samples was taken as 
the average of several measurements.  Samples were also 
evaluated using scanning electron microscopy (SEM) 
to evaluate microstructure changes taking place on the 
surface of the samples.

The evaporation characteristic of the sterling 
silver samples during high-temperature exposure was 
a relatively constant loss of mass over a duration of 
27 weeks.  Both types of pure silver samples (50 and 
700 micron thickness) exhibited similar evaporation 
characteristics, with the rate of evaporation decreasing 
over time until a relatively constant rate was reached.  
A plot of the rates for the exposed samples is shown in 
Figure 9.

FIGURE 7.  Indentation of E-BRITE specimens, as viewed from above.  
White areas indicate spalls induced by indentation strains.  Image 
analysis yields a plot of debond percentage vs. normalized radius.
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It can be seen in Figure 9 that the sterling sample 
evaporates the fastest, roughly 1 micron per week, 
while the pure samples evaporate much slower, roughly 
0.4–0.5 microns per week.  SEM analysis of the samples 
showed dramatic differences in the faceting behavior 
of the silver in the samples.  Figure 10 illustrates the 
differing surface microstructures of the pure silver and 
sterling silver samples.

The faceting of the silver in the pure silver samples 
is much more dramatic than that of the sterling silver 
samples.  It appears that through high-temperature 
exposure, the surfaces of the samples change until the 
surface eventually reaches an orientation that is not 
favorable to evaporation.  It appears that the copper 
oxide in the sterling silver samples may inhibit the 
surface silver’s ability to reach the desired orientation, 
whereas this is not the case in pure silver samples.  
Therefore, the sterling silver samples continue to lose 

mass at a higher rate, while the pure silver sample’s rate 
of evaporation is able to further decrease. 

The evaporation test results and the follow-
up SEM analyses indicated that copper oxide may 
be volatile when used as a protective oxide due to 
migration and agglomeration of the oxide particles.  
Figure 11 illustrates the behavior of the copper-oxide 
particles during long-term high-temperature exposure.  
Experiments were also carried out utilizing silver cermet 
with lanthanum strontium manganese oxide (LSM) to 
examine the volatility of LSM during high-temperature 
exposure.  Figure 12 shows the SEM results for the 
samples.  The LSM appears much more stable over long-
term high-temperature exposure than copper oxide.  For 
this reason as well as the evaporation characteristics of 
sterling silver, the focus of our future research will be on 
samples fabricated utilizing silver/LSM or silver/CeO.

FIGURE 9.  Comparison of Evaporation Rate for Various Samples

FIGURE 10.  Comparison of Faceting of Sterling Silver and Pure Silver 
after High-Temperature Exposure

FIGURE 11.  Time-Series SEM Backscatter Images of a Sterling Silver 
Sample

FIGURE 8.  Experimental Setup for Exposure of Samples

FIGURE 12.  Time-Series SEM Backscatter Images of a Ag/LSM Sample
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Conclusions and Future Directions

ATI Allegheny Ludlum / University of Pittsburgh

Cladding appears to be a viable means of mitigating 
anode-side oxidation.  Certain alloys may also be 
benefi cial in reducing hydrogen migration.

Novel post-processing appears to be capable of 
removing aluminum and silicon from fi nished 
stainless steel.

Future laboratory evaluation will focus on electrical 
characterization of clad and post-processed 
materials, novel compositions, and complex sub-cell 
systems.

Carnegie Mellon University

Macro-scale indent results are sensitive enough 
to show a clear difference in spallation behavior 
between 22Cr and 26Cr alloys at very short 
exposure times.  This suggests that the test could be 
used for quick screening of new alloy systems for 
spallation resistance.

Macro-scale indent tests performed on E-BRITE 
have shown a progressive increase in spallation 
density with exposure.  The tests appear to be 
able to track progressive loss of debond resistance 
with exposure, for exposure times that would 
not yield any spontaneous spallation in standard 
thermogravimetric analysis tests. 

Macro-scale tests also appear well-suited for 
tracking debond resistance in coated specimens.

Nano-scale indent tests have shown the ability to 
induce cracks in grown chromia scales, allowing the 
direct quantifi cation of scale or interface toughness.  
These tests are under development. 

Fracture analyses of macro-scale tests will 
be performed to link test results to fracture 
toughnesses, for predicting times to spallation in 
alloy specimens.

Coated specimens will be exposed and tested using 
the macro-scale test.

Nano-scale testing will proceed on specimens 
subjected to a wide range of exposures to determine 
directly if scale or interface toughness is changing 
with exposure. 

West Virginia University

Surface orientation of silver appears to play an 
important role in the evaporation rate of any 
potential silver cermet materials.

Due to migration and agglomeration of copper 
oxide particles at high temperature, silver cermet 
containing copper oxide particles is volatile 
when used as a contact paste material in a SOFC 
environment. 
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Objectives 

Enable the use of inexpensive metallic alloys as 
planar SOFC interconnects (ICs) via protective 
coatings. 

Develop and demonstrate novel, cost-effective 
deposition processes to establish dense and uniform 
protective and functional coatings on metallic 
substrates.

Evaluate protective coatings during exposures 
relevant to SOFC ICs.

Optimize deposition process parameters to 
maximize SOFC metallic IC performance and 
ultimately reduce cost.

Accomplishments 

Developed and tested new, hybrid surface 
engineering technologies combining large area 
fi ltered arc deposition (LAFAD), electron beam 
physical vapor deposition (EBPVD), unbalanced 
magnetron (UBM) and thermal evaporation to 
deposit dense and defect-free protective coatings in 
an economically favorable manner.

Reduced metallic alloy oxidation rate by an 
order of magnitude.  Rutherford backscattering 
spectroscopy (RBS) results indicate stainless steel 
samples with nanolayered CrN/AlN coatings 
exhibit an order of magnitude increase in oxidation 
resistance compared to uncoated counterparts. 
Further improvement of diffusion/oxidation 
barrier properties is achieved by newly developed 
nanolayered and/or nanocomposite MCrAlYO 
oxicermet coating were M=Co, Ti, Mn, or Ni.

Developed two-segment coating architecture with 
bottom oxidation barrier MeCrAlO nanocomposite 
oxicermet segment, deposited by the LAFAD 
process, followed by a (Mn,Co)3O4 spinel, Cr 

•

•

•

•

•

•

•

retaining, cathode compatible segment, deposited 
by the hybrid fi ltered arc deposition (FAD)-EBPVD 
process. 

Signifi cantly reduced Cr volatility.  Coated samples 
of commercially-available 430 stainless steel 
exhibited over a thirty-fold decrease in Cr volatility 
compared with their uncoated counterparts.  
Effectively complete blocking of Cr volatility is 
expected, as uncoated portions of these samples 
were exposed during this testing.

Demonstrated over 1,000 hours of low (<10 
mΩ•cm2) and stable area specifi c resistance 
(ASR) values with coated stainless steel samples.  
Negligible chemical or physical changes were 
observed in sample post-mortem analyses.

Developed thermochemical modeling of 
multielemental high temperature oxicermet coatings.

Introduction 

The Arcomac Surface Engineering, LLC (ASE) 
SECA project has focused on the development of 
protective and functional coatings to enable the use of 
inexpensive metallic alloys as SOFC ICs.  Currently, 
the IC components of planar SOFC systems account 
for a dominant portion of the overall SOFC stack 
cost.  Inexpensive ferritic stainless steels are under 
consideration for these components.  However, when 
exposed to the typical SOFC operation environment, 
metallic alloys form blanketing oxide scales, which 
dramatically degrade SOFC performance and limit 
device lifetime.  To date, deleterious issues with Cr 
volatility, electrical resistance, and thermal-mechanical 
and chemical incompatibilities have restricted the use of 
metallic alloys as ICs in planar SOFC systems.  ASE has 
developed advanced coating deposition technologies, 
which show promise for resolving these issues in an 
economically-viable manner.       

Approach 

To achieve the SECA cost and performance 
goals, the use of inexpensive ferritic stainless steels 
as IC components is under investigation.  ASE is 
developing advanced, hybrid vapor plasma deposition 
technologies to establish protective coatings on 
commercially available alloys of interest as SOFC 
ICs.  These coatings are aimed at inhibiting thermally 
grown oxide scale formation and outward Cr diffusion 
while retaining low area electrical resistivity at 750ºC 
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in air during long-term exposures.  Desired coating 
compositions and architectures are determined through 
thermodynamic and transport modeling in addition to 
prior art.  Appropriate deposition materials are acquired 
and deposition processes are designed and executed 
using ASE equipment.  Coated samples are evaluated 
under exposures simulating SOFC IC operation, and 
sample coupon performance is analyzed.  Results 
are employed to assist in developing new coating 
deposition process formulations.  Promising coating 
systems from preliminary testing are then subjected 
to more prototypical SOFC IC conditions for further 
assessments.  Concurrently, economic evaluations of 
coating process and interconnect component fabrication 
are ongoing.

Results 

The patented fi ltered arc plasma source ion 
deposition (FAPSID) system developed by ASE 
utilizes two dual fi ltered cathodic arc LAFAD sources 
in conjunction with two UBM sputtering sources, 
two EBPVD evaporators and a thermal resistance 
evaporation source in one, universal vacuum chamber 
layout as illustrated in Figure 1 [1,2].  This system has 
demonstrated the capability to deposit nanocomposite, 
nanolayered coatings with a wide variety of 
compositions and architectures.   

The present ASE two-segment hybrid coating 
approach is shown schematically in Figure 2.  Filtered 
arc deposited, nanostructured coatings from the 
MCrAlYO system (where M = Co, Ti, Mn or Ni), are 
being investigated to comprise a lower, oxidation-
resistant, adhesion-promoting bond coating segment.  
This layer is designed to function as an effective 
barrier, blocking both inward and outward diffusion of 
oxidizing species, while acting as an adhesion system 
to the upper coating segment.  The transition metal 
dopants are selected to increase high temperature 
electronic conductivity by forming nanolaminated 
and/or nanocomposite thermistor-like oxicermets. 
Thermochemical modeling, using newly developed 
“TERRA” thermodynamic equilibrium calculation 
code is developed to estimate phase composition of 
multielemental oxicermet coatings and its interaction 
with SOFC IC operating environments.  A matrix of 
these lower segment coatings have been successfully 
deposited with excellent adhesion to metallic substrates 
under consideration for SOFC interconnects.  A 
(Mn,Co)3O4 spinel coating deposited by the hybrid FAD-
EBPVD process comprises an electrically conductive, 
Cr-retentive and SOFC cathode-compatible upper 
coating segment.  Other hybrid deposition methods, 
employing fi ltered arc assisted thermal resistance 
evaporation are also being explored to deposit the upper 
segment coating.  A matrix of upper segment coatings 
has been successfully deposited in combination with 

and apart from the matrix of lower segment coating 
compositions.   

SOFC IC-related behavior of coated and uncoated 
samples, i.e. high temperature oxidation, ASR, and 

FIGURE 1.  Schematic Illustration of the FAPSID Surface Engineering 
System, Showing (a) Top View and (b) Side View

(a)

(b)

FIGURE 2.  ASE’s Two-Segment, Hybrid Coating Concept   
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Cr volatility have been investigated in collaboration 
with researchers at Montana State University, Pacifi c 
Northwest National Laboratory, Lawrence Berkeley 
National Laboratory and NASA-Glenn Research Center.  
Cross-section scanning electron microscopy (SEM) 
images in Figure 3 illustrate the thermal stability of the 
coating system.  Figures 3a and 3b are of a two-segment 

coating on 430 stainless steel before and after 300 hours 
exposure to 800°C air (throughout several thermal 
cycles), respectively.  Figure 4 displays a summary of the 
ASR and Cr volatility results.  Low ASR values, excellent 
adhesion, oxidation stability and promising Cr volatility 
data suggest the effi cacy of the ASE two-segment coating 
approach.

Conclusions and Future Directions

ASE has developed advanced coating deposition 
processes, which may enable the use of inexpensive 
metallic alloys as interconnect components in planar 
SOFC systems.  Multilayered nanostructured oxicermet 
coatings, deposited by hybrid fi ltered arc assisted 
techniques are being investigated to meet SECA SOFC 
IC performance and cost requirements.  A large-scale 
FAPSID surface engineering process, offering favorable 
economics through high yield and advanced hybrid 
design, is under investigation for deposition of protective 
coatings on SOFC ICs.  Future work is dedicated 
to optimizing the composition and architecture of 
nanocomposite oxicermet coatings on prototype-size 
SOFC ICs made of ferritic stainless steels to further 
improve its thermal-chemical and mechanical stability, 
barrier properties and reduced ASR during long-term 
SOFC IC operation.
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Objectives

Explore the effects and mechanisms of chromium 
migration in SOFCs.

Approach

Operate cells with E-Brite current collectors and 
determine voltage degradation rates.

Identify chromium deposits in cathodes.

Accomplishments

It was shown that direct contact of a metallic 
interconnect with the cathode paste/cathode leads 
to more rapid voltage degradation than expected 
from the oxyhydroxide mechanism. 
In such cells, a manganese chromium spinel was 
found near the metal interface, and chromium oxide 
near the electrolyte. 

It appears that a volatile chromate species, 
perhaps potassium dichromate, contributes to the 
degradation. 

Future Directions

The second volatile species will need to be 
unambiguously identifi ed. 

Methods for diminishing the chromium migration 
will be explored. 

Introduction

Chromium contamination of SOFC cathodes 
has been observed by several groups of researchers 
developing cells with metallic bipolar plates.  Hilpert 
et al. have attributed the chromium transport to the 
formation of a volatile oxyhydroxide species that forms 

•

•

•

•

•

•

•

•

when chromium-containing steels are exposed to oxygen 
and water at elevated temperatures [1,2].  The volatile 
oxyhydroxide CrO2(OH)2 can form either by reaction 
of the surface oxide with oxygen and water, or by direct 
reaction of metallic chromium [3].  It has also been 
shown that CrO2(OH)2 is the dominant species in the gas 
phase when water is present [4], and that the cathode 
acts as a nucleation site for the deposition of chromium 
[5].  Quadakkers et al. provide an overview of this and 
other issues related to metallic-based interconnects [6].  
There is also work that indicates that both the cathode 
and electrolyte composition can play a role in chromium 
poisoning [7,8]. 

As discussed by Hilpert and others [9,10], the 
chromium oxyhydroxide is presumed to be reduced to 
chromium trioxide at the triple phase boundaries in the 
cathode as shown:

 2CrO2(OH)2 + 6e– + 3V.. = Cr2O3 + 2H2O + 3O2–

The oxide deposits block the access of oxygen to the 
electrochemically active sites and cause the performance 
decay of the cell.  However, the magnitude of the effect 
varies greatly between cells and stacks from various 
organization.  To better defi ne the quantitative relations, 
DOE set up a task force between General Electric, the 
Pacifi c Northwest National Laboratory, and Argonne.  
Our role was to experimentally determine the cell 
degradation rates in cells with current collectors made of 
E-Brite, an alloy made by Allegheny Ludlum.

Approach

A new experimental apparatus was jointly 
developed by the three parties that would simulate the 
fl ow fi eld geometry of a typical planar stack.  As shown 
in Figure 1, the fuel cell housing is a two-piece circular 
structure made of a machinable ceramic (MACOR) that 
contains a 2.5-cm2 metal current collector with fi ve fl ow 
channels.  Under the channels is a fuel cell consisting of 
a lanthanum manganite cathode, a zirconia electrolyte 
and a nickel/zirconia anode.  These cells were purchased 
from InDec.

All the team members used identical fi xtures and 
cells and operated them at 250 mA/cm2 and air fl ow 
rates of 70 standard cubic centimeters per minute.  
Argonne ran three types of experiments.  In the fi rst, 
a current collector made of E-Brite was used.  In the 
second the current collector was gold, and in the third, 
the current collector was E-Brite with the ribs covered 
with a gold foil.  In the fi rst set, chromium oxyhydroxide 
was expected to form on the channel surfaces and under 
the ribs.  In the second, no oxyhydroxide was expected 
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to form, and in the third, oxyhydroxide formation was 
expected only in the channels, where direct contact 
between E-Brite and cathode is avoided.

Post-test analyses were conducted on the cathodes 
by scanning electron microscopy and wide-angle X-ray 
beam spectroscopy using the Advanced Photon Source 
at Argonne National Laboratory.

Results

Cell Tests

A summary of various electrochemical cell tests is 
shown in Figure 2.  The dark line represents a 1000-hour 
run with the gold current collector, showing virtually 
constant performance.  In contrast, the cell potential 
declined rapidly when an E-Brite current collector was 
used.  In that test, a small amount of a yellow deposit 
was noticed in the exit tube and on the cell after 
shutdown and disassembly.  This yellow deposit was 
identifi ed as K2Cr2O7.

As discussed below, the potassium seems to 
have come from the MACOR fi xture, and to prevent 
this interference, the MACOR housing was coated 
with alumina.  The lighter trace shows a more stable 
performance of a cell with an E-Brite current collector in 
the alumina-coated housing.  Finally, a short light trace 
represents a cell with an E-Brite current collector that 
had the ribs covered by a gold foil.

Post-test Analyses

Figure 3 shows the distribution of chromium in 
the cathode.  Note that the cathodes consisted of two 
distinct regions.  The layer closest to the electrolyte, 
labeled as “lower cathode” in the fi gure contained 
zirconia to enhance the electrochemical performance, 
while the “upper cathode” was single-phase strontium-

doped lanthanum manganite.  The fi gure reveals 
unambiguously identifi ed Cr2O3 deposits (by two 
distinct X-ray peaks) that are found mostly near the 
electrolyte but also distributed to some extent in the 
zirconia-containing part of the cathode.  The manganese 
chromium spinel MnCr2O4, that has been observed 
by others, is found primarily near the interconnect 
interface, and to a lesser extent, throughout the upper 
cathode.  A small rise is noticeable near the electrolyte, 
as will be discussed further.

Discussion

Our chromium profi les across the cathode clearly 
show chromium oxide deposits at the electrolyte 
interface, which is consistent with the mechanism 
proposed by Hilpert, where the chromium oxyhydroxide 
is electrochemically reduced to chromium oxide and 
affects the cell performance.  Our profi le also confi rms 
that a manganese-chromium spinel forms at the interface 
of the cathode and the metal.  This spinel is the result 

FIGURE 1.  Schematic of the Cell Test Stand
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of a chemical reaction between the chromium oxide 
covering the metal and the cathode:

7.5 Cr2O3 + 5 La.8Sr.2MnO3 = 4 LaCrO4 + 5 MnCr2O4 + SrCrO4 + 1.5 O2

The spinel is confi ned to the structural part 
of the cathode and would not seem to affect the 
electrochemistry.  One should note the small amount 
of spinel near the electrolyte, which, in our view, is 
formed by the chromium oxide deposits at the electrolyte 
reacting with the cathode as shown above.

We did not fi nd the spinel phase in cells where the 
interconnect ribs had been covered with gold foil.

The amount of chromium oxide near the electrolyte 
was 3-4% in cells that were run in the MACOR fi xture 
and that were rapidly deteriorating.  A mass balance 
calculation that is beyond the scope of this report reveals 
that the oxyhydroxide mechanism cannot account for 
the amount of chromium oxide that was detected in the 
MACOR cells.  Since we found potassium dichromate in 
the exit tube of these cells, we suspect that the latter did 
contribute to the chromium transport. 

We believe it is important to note this fi nding 
because potassium oxide is present in many cements, 
sealants, and glass/ceramic components.  If the 
potassium dichromate can contribute to the chromium 
migration it could explain the wide range of cell 
degradation rates reported in the literature.

Conclusions and Future Directions

It appears that the oxyhydroxide mechanism is 
valid but may have only an insignifi cant effect on 
long-term cell performance.  Other volatile species 
such as potassium and/or strontium dichromates 
seem to contribute to the chromium transport.  Future 
experiments will focus on these compounds. 
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Objectives 

Fabricate and test a thin, supported lanthanum 
gallate electrolyte based solid oxide fuel cell stack.

Determine operating characteristics of the stack in 
the intermediate temperature range.

Approach

Develop fabrication process for thin, supported 
lanthanum gallate electrolyte.

Verify performance of thin cells in button cell 
confi guration.

Evaluate low temperature cathode materials using 
symmetric cells.

Test the new cathode material in short stacks.

Accomplishments 

Button cells were fabricated using the tape 
lamination technique.

Preliminary cathode half-cell evaluation was 
conducted using new cathode compositions.

Future Directions

Conduct round robin evaluation of cathode 
half-cells.

Select promising cathode compositions and develop 
cathode application process.

Fabricate and test short stacks.

•

•

•

•

•

•

•

•

•

•

•

Introduction 

Reducing the operating temperature of solid oxide 
fuel cells (SOFCs) offers several benefi ts: improvement 
in long-term stability by slowing physical and chemical 
changes in the cell materials, lower cost systems by the 
use of less expensive balance-of-plant components, 
compatibility with hydrocarbon reformation process 
allowing partial internal reformation which in turn 
reduces the heat exchanger duty, and fi nally, the 
potential to improve thermal cycle capability.  In 
addition, the use of stainless steel interconnects is also 
facilitated by the lower operating temperature.  
A temperature range of 600°C to 700°C is ideally suited 
to derive the performance stability, system integration 
and cost benefi ts. 

In order to derive the advantages of the lower 
operating temperature, two factors that limit the cell 
performance, namely the electrolyte resistance and 
electrode polarization must be addressed.  Lanthanum 
gallate compositions have shown high oxygen ion 
conductivity when doped with Sr and Mg.  Unlike 
other oxygen ion conductors, such as ceria and bismuth 
oxide, that are potential candidates for lowering cell 
operating temperature, the Sr and Mg doped lanthanum 
gallate (LSGM) compositions are stable over the oxygen 
partial pressure range of interest.  The combination of 
stability in a fuel gas environment and the high oxygen 
ion conductivity makes the LSGM material a potential 
choice for intermediate temperature SOFCs.  However, 
challenges in the development of electrode materials and 
thin cell fabrication processes need to be overcome to 
make use of the potential of the LSGM electrolyte.

Approach

Tape cast process development was performed 
to cast LSGM tape of various thicknesses to provide 
sintered electrolyte thicknesses ranging from 50 to 200 
microns.  The process variables included: powder surface 
area, organic content in the tape slip, and sintering 
temperature.  The primary objectives of the activity 
were to achieve sintered electrolyte density and fl atness 
required for stacking.  Single cells and symmetric cells 
with 2.5 cm2 active area were tested for performance 
characteristics.

While lanthanum cobaltite cathode has good 
intermediate temperature catalytic activity, the primary 
issues related to the use of cobaltite cathode are 
excessive diffusion of Co into LSGM causing phase 
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destabilization of the electrolyte, and the high coeffi cient 
of thermal expansion of cobaltite compositions.  Two 
alternative cathode compositions were evaluated in half-
cell tests at the two universities. 

Results 

Thin electrolyte single cells were fabricated using 
the tape lamination technique.  Both anode and 
cathode structures were evaluated as the support for the 
electrolyte.  The performance of a cathode-supported 
cell is shown in Figure 1.  The thin, 75 micron LSGM 
electrolyte cells showed an area specifi c resistance of 
0.5 ohm-cm2 at an operating temperature of 700°C.  
The long-term performance of selected cells is shown 
in Figure 2.  Similar performance and stability results 

were also obtained using cells with the anode-support 
confi gurations.  Thus, the performance benefi ts of 
using high conductivity LSGM electrolyte and the 
stability improvement by using the modifi ed anode were 
established in single cell tests. 

Sintering process development for fabricating 
10 x 10 cm electrolytes was conducted.  Initial trials with 
thick electrolyte defi ned the sintering process to achieve 
fl at, dense electrolyte.  Fabrication development of thin 
cell structures has been initiated.

Conclusions 

Thin, supported cells meet the performance target of 
0.5 ohm-cm2 resistance at 700°C.

Long-term tests of single cells show stable 
performance.

Alternative cathode materials show low cathode 
polarization at temperatures < 700°C.

•

•

•

0.00

0.20

0.40

0.60

0.80

1.00

1.20

0.00 0.50 1.00 1.50 2.00 2.50

Current Density, A/cm2

Vo
lta

ge
, V

0.00

0.20

0.40

0.60

0.80

1.00

1.20

Po
w

er
 D

en
si

ty
, W

/c
m

2

Voltage Voltage Power Density, W/cm2 800 C Power Density, W/cm2

ASR 0.3 ohm-cm2

800°C
ASR 0.55 ohm-cm2

700°C

FIGURE 1.  Performance of a Cathode Supported LSGM Cell; Electrolyte 
Thickness of 75 Microns Was Used

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 500 1000 1500 2000 2500 3000

Time, Hours

Vo
lta

ge
, V

Cell 126
Cell 134

Cell 126: 400 mA/cm2

Cells 134: 750 mA/cm2

FIGURE 2.  Long-Term Stability of Cathode Supported Cells at an 
Operating Temperature of 700°C



S. (Elango) ElangovanIII.A  SECA Research & Development / Materials and Manufacturing

48FY 2006 Annual Report Offi ce of Fossil Energy Fuel Cell Program 

Objectives 

Select a surface treatment process for commercial 
ferritic stainless steel to reduce oxide scale growth 
rate.

Optimize treatment process condition to provide a 
stable, conductive scale.

Measure the scale properties in SOFC relevant 
conditions.

Evaluate treated metal interconnects under SOFC 
stack conditions.

Approach

Select a heat treatment process to achieve a thin, 
dense scale of a conductive oxide composition.

Measure scale conductivity in air at target operating 
temperature.

Measure air-side scale conductivity when the 
opposite side is exposed to fuel conditions (dual 
atmosphere test condition).

Evaluate scale morphology under fuel cell operating 
conditions.

Evaluate the effect of surface treatment on 
chromium volatility.

Measure interconnect repeat unit resistance under 
stack operating conditions.

Accomplishments 

The surface treatment was found to reduce the scale 
growth rate as determined by thermogravimetry 
at 750oC.  The treated metal coupons showed a 
parabolic rate constant of 5 x 10-9 gm2/cm4/hr 
compared to 7 x 10-8 gm2/cm4/hr of uncoated 
coupons.  The low oxidation rate of treated 
interconnects will enable achieving the target fuel 
cell operating life of 40,000 hours.

•

•

•

•

•

•

•

•

•

•

•

Scale resistance was 10 millohm-cm2 in air at 750oC 
and less than one milliohm-cm2 in humidifi ed 
hydrogen.

Scale morphology was characterized as a function 
of treatment process and test conditions relevant to 
fuel cell operation.

Stable, low air-side resistance was demonstrated 
under dual atmosphere test conditions.

Signifi cant reduction in chromium evaporation was 
observed with treated metal coupons.

No detectable reactivity of treated metal and 
potential cell joining perovskite compositions.

Future Directions 

Verifi cation of performance improvement in fuel cell 
stack tests.

Introduction 

Interconnects perform essential functions in a 
fuel cell stack, namely, electrical connection between 
adjacent cells and separation of air and fuel.  In many 
cases they also provide structural support for the stack.  
The use of commercial alloy offers the potential for low-
cost interconnect components.  This allows for achieving 
the DOE target of low cost, modular fuel cell stacks.

The SOFC interconnect must simultaneously satisfy 
several functional requirements.  These functions require 
materials with high electronic conductivity for the series 
connection of individual single cells, gas impermeability 
to separate fuel and oxidant gases, and chemical stability 
and conductivity over a large oxygen concentration 
range in order to maintain integrity in both the fuel and 
air atmospheres.  Thermal expansion match with the 
rest of the cell elements is desired.  Metal interconnects 
are very desirable from the viewpoints of manufacturing 
cost in addition to other functional requirements, 
provided that the high conductivity can be maintained 
at the operating conditions.  It also lends itself to ease 
of fabrication of gas channels and greater control over 
dimensions to help improve the conformity as well as 
uniform reactant distribution to ensure uniform current 
density, high fuel utilization and high fuel effi ciency.  
The use of thin metallic sheets will also reduce 
overall weight in the fuel cell system.  High thermal 
conductivity of metal interconnects will help distribute 
the heat generated during the operation of the cell, 
thereby reducing the cooling air requirement as well as 
eliminating thermal stress failure of ceramic components 
caused by sharp thermal gradients. 

•

•

•

•

•

•
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The principal requirements of metal interconnects 
can be summarized as follows: 1) thermal expansion 
match with other cell components, 2) oxidation 
resistance in air and fuel at the operating temperature, 
3) conductive interface (scale) in air and fuel 
atmospheres, 4) prevention of reactivity with electrode 
materials to form insulating compounds, 5) low volatility 
of major or minor constituents that poison electrode 
activity, 6) compatibility with anode and cathode 
environments, 7) uniformity in contact with the cells, 
8) thermal cycle capability, and 9) cost.  The present 
work focuses on the development and evaluation of 
conductive oxide scale on commercial ferritic stainless 
alloys. 

Approach 

A commercial stainless steel alloy was selected.  The 
surface oxide scale was modifi ed using an appropriate 
coating and heat treatment process to provide a dense 
conductive oxide scale.  A second treatment layer 
was applied to provide a low chromium activity in 
the surface.  Process development to achieve both 
treatments in a single step was completed.  The growth 
rate, resistivity, and morphology of the scale were 
determined as a function of time for the various surface 
treatment conditions.  The evaluations were made both 
in single atmosphere (air or fuel) or dual atmosphere (air 
and fuel on the opposite sides) conditions.  Comparison 
of chromium evaporation characteristics of treated 
and untreated metal coupons was made using alumina 
powder as the chromium getter.

Results 

Thermogravimetry of a 400-series commercial 
stainless steel was performed.  Both untreated and 
treated coupons were evaluated.  Two types of 
treatments were done.  The fi rst one was to heat treat 
the coupon to grow a controlled, dense oxide scale 
layer (treatment 50C940).  In a second variation, an 
additional treatment was done to provide a stable 
chromium oxide composition as the outer layer 
(treatment MI2).  The comparison of the oxide scale 
growth, via weight gain, is shown in Figure 1.  The pre-
grown oxide layer was found to reduce the scale growth 
signifi cantly while the second treatment provided an 
additional reduction in scale growth rate.

The resistances of the coupons were measured 
after they were surface treated.  Two coupons were 
sandwiched using a conductive perovskite (e.g., Sr-
doped lanthanum cobaltite) as the contact paste.  The 
change in measured resistance values of the coupon 
couples at 750oC in air is shown in Figure 2.  The 
coupons were subjected to several thermal cycles.  
Similar measurements were also made in humidifi ed 
hydrogen using nickel paste as the contact layer, 

shown in Figure 3.  In both atmospheres, the resistance 
values were below 10 milliohm-cm2, meeting the target 
interconnect resistance.

Earlier work showed that the oxide scale on the 
air-side is disrupted when the opposite side is exposed 
to hydrogen at the target cell operating temperature.  
In order to evaluate the effect of dual atmosphere 
exposure, resistance of coupon couples were measured 
when one coupon is exposed to dual atmosphere.  The 
test arrangement and the results of a test using the 
graded scale composition are shown in Figures 4a and 
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4b, respectively.  The low resistance measured under 
realistic exposure conditions is encouraging.  The scale 
microstructure after the 1,000-hour test is shown in 
Figure 5.  Both the sandwich area with the current fl ow 
in and away from the sandwich area show thin 
(~3 micron) oxide scale, thus confi rming the 
effectiveness of the treatment under a dual atmosphere 
exposure.

Chromium evaporation characteristics of the 
untreated and treated metal coupons were evaluated 
using an alumina getter.  A schematic of the test 
arrangement is shown in Figure 6.  Various coupons 
were exposed to the getter material at 750°C for 300 
hours.  A signifi cant reduction in chromium content was 
noted for the treated coupons as shown in Table 1.

Mixtures of treated and untreated stainless steel 
powder and perovskite powder were heat treated to 
evaluate the reactivity.  The treated metal powder did 
not show any evidence of new phases based on x-ray 
diffraction analysis.

A resistance stack consisting of a series of 
interconnects with different treatments was tested to 
simulate the dual atmosphere stack conditions.  Initial 
results showed low resistance for some segments.  
Additional tests are required to obtain statistical 
information on the performance variations.

TABLE 1.  ICP Analysis of Al2O3 Powder (ppm by weight)

Cr

Baseline powder < 0.5

Powder exposed to untreated coupon 250

Powder exposed to treated coupon 140

Powder exposed to treated and LSCo thermal sprayed 
coupon

4.1
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FIGURE 5.  Scale Microstructure after the 1,000-Hour Test

FIGURE 6.  Test Confi guration for Chromium Evaporation Assessment

Conclusions 

Surface treatment to commercial ferritic stainless 
steel is shown to reduce the oxidation rate in air at 
SOFC operating temperatures.

The resistance values of the stainless interconnect 
meet the target.

The surface treatment provides improved stability 
to the scale under dual atmosphere exposure 
conditions.

A signifi cant reduction in chromium evaporation 
rate demonstrated.

The treatment also suppresses reactivity of metal 
with cell joining perovskite materials.

•

•

•

•

•
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Objectives 

Examine the feasibility of using different precursor 
species to impregnate lanthanum strontium 
manganite (LSM) into porous yttria-stabilized 
zirconia (YSZ) using fewer steps.

Determine whether the addition of Co species could 
be used to enhance performance of LSM-based 
cathodes.

Assess the stability of impregnated lanthanum 
strontium ferrite (LSF)-YSZ cathodes.

Compare the fabrication cost of impregnated 
cathodes to one made by screen printing.

Accomplishments 

We showed that similar results were obtained when 
using various LSM precursors to produce LSM-YSZ 
cathodes.

We showed that enhanced performance could be 
achieved by adding LSCo to LSM-YSZ cathodes.

We have preliminary results showing that there is 
a slow deactivation with LSF-YSZ cathodes.

Introduction 

While the performance of conventional Sr-doped 
LaMnO3 (LSM)-YSZ cathodes is adequate at high 
temperatures, LSM-YSZ composites exhibit only modest 
performance at 700ºC and poor performance at lower 
temperatures.  Since there is a move towards operation 
at lower temperatures, cathodes with properties superior 
to LSM-YSZ are clearly needed.  In fact, cathode 

•

•

•

•

•

•

•

performance can be improved dramatically by replacing 
LSM with other perovskites, such as Sr-doped LaFeO3 
(LSF) or LaCoO3 (LSCo) [1,2].  Unfortunately, it is not a 
simple matter to substitute these alternative perovskites 
for LSM.  The conventional fabrication of LSM-YSZ 
composites involves a high-temperature calcination 
of LSM-YSZ mixtures to the electrolyte in order to 
establish good connectivity between the electrode and 
electrolyte.  With LSM, calcination can be performed 
at 1,250ºC, a temperature that is suffi ciently high 
to sinter the YSZ in the electrode to the YSZ in the 
electrolyte, thus forming a good three-phase boundary.  
Unfortunately, it is not possible to calcine LSF-YSZ and 
LSCo-YSZ mixtures at high temperatures due to the fact 
that these oxides will undergo solid-state reactions.

An alternative approach to preparing composite 
cathodes involves eliminating high-temperature sintering 
of LSF (or LSCo) with YSZ.  It has been pointed 
out that the driving force for reaction between the 
perovskites and YSZ disappears below 900˚C.  This 
implies that the problem of interfacial reactions may 
be primarily associated with processing the composite 
electrode, rather than fuel-cell operation, although 
interfacial reaction could also occur because of the 
reducing conditions associated with the electrode-
electrolyte interface. 

Approach 

One way to form an oxide composite that is well 
connected to the electrolyte, while avoiding the high-
temperature co-fi ring of YSZ and perovskite, involves 
adding the perovskite to a porous matrix of the YSZ that 
has already been sintered to high temperatures.  The 
porous YSZ matrix can be produced by simple methods, 
such as tape casting or tape calendaring with pore 
formers.  The tapes with pore formers can be laminated 
onto electrolyte tapes in the green state and co-fi red 
together with the green anode.  Finally, the perovskite is 
incorporated into the porous YSZ by infi ltration. 

Results 

A.  SOFC Cathodes Prepared by Infi ltration with 
Various LSM Precursors

The cathode properties of LSM-YSZ composites 
formed by infi ltration of porous YSZ with aqueous 
salt solutions, with LSM nano-particles, and with 
molten salts are essentially identical.  The relatively 
high mobility of LSM on YSZ, associated with surface 
interactions between LSM and YSZ, causes the 
fi nal composite structures to be essentially the same, 
independent of how the LSM is added.  Figure 1 shows 

III.A.6  Novel Cathodes Prepared by Impregnation Procedures
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SEM images of a) the porous YSZ before impregnation, 
b) LSM-YSZ composite made by impregnation of 
LSM nano-particle suspension, and c) LSM-YSZ 
composite prepared by impregnation of the LSM 
molten salt.  Figure 2 shows fuel cell performance 
data for impregnated LSM cathode cells made by 
impregnation of a) aqueous salt solutions, LSM-YSZ 
(aq), b) molten salt, LSM-YSZ (molten), and c) nano-
particle suspension, LSM-YSZ (nano).  Based on 

previous work, we have estimated that the Co-ceria-
YSZ anode in these cells contributes an impedance 
of approximately 0.2 Ω.cm2, independent of current 
density.  The resistance associated with the electrolytes 
in each of the cells is predicted to be above 0.3 Ω.cm2, in 
reasonable agreement with the observed high-frequency 
impedance between 0.35 and 0.40 Ω.cm2 observed in 
Figure 2b.  Therefore, it is straightforward to extract the 
performance of the cathodes from these data, namely in 
the range of 0.4 to 0.5 Ω.cm2.

B.  Stability Studies of LSF-YSZ Electrodes

This work is still ongoing but recent data obtained 
with a “symmetric” cell appears to be the most reliable 
information we have on the stability of the LSF-YSZ 
electrodes.  This data is shown in Figure 3.  The data 
shows that the ohmic resistance of the cell does not 
appear to be changing over a period of 1,300 h.  That 
is very encouraging, since any solid-state reactions at 
the interface between the electrolyte and the electrode 
would be expected to form insulating layers that would 

FIGURE 1.  SEM images of a) the initial porous YSZ matrix; b) the 
LSM-YSZ composite prepared by infi ltration of the LSM nano-particle 
suspension; c) the LSM-YSZ composite prepared by impregnation of 
LSM molten salts.

FIGURE 2.  Fuel-cell data for cells operating in humidifi ed H2 (3% H2O) 
at 973 K with LSM-YSZ cathodes prepared using different impregnation 
methods, followed by calcination at 1,323 K: a) V-I Polarization curves; 
b) Cole-Cole plots of impedance data measured in humidifi ed H2 (3%H2O) 
at 973 K at 300 mA/cm2. ( ) LSM-YSZ (aq); ( ) LSM-YSZ (nano); 
( ) LSM-YSZ (molten).
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result in an increased ohmic resistance.  However, 
signifi cant increases have occurred in the polarization 
losses.  While it is possible that these could be due 
to diffusion through the Ag contact paste, we suggest 
that something else is causing the increase.  We are 
still attempting to identify the mechanism for this 
deactivation. 

Conclusions and Future Directions

The cathode properties of LSM-YSZ composites 
formed by infi ltration of porous YSZ with aqueous 
salt solutions, with LSM nano-particles, and with 
molten salts are essentially identical.  The relatively 
high mobility of LSM on YSZ, associated with 
surface interactions between LSM and YSZ, causes 
the fi nal composite structures to be essentially 
the same, independent of how the LSM is added.  

•

Infi ltration of the molten salt allows for the fewest 
number of infi ltration steps, as few as two steps, 
while infi ltration with nano-particles required as 
many as 40 steps.

We have preliminary results on the deactivation 
of LSF-YSZ electrodes at 973 K.  Ohmic losses 
appear to be stable after 1,300 h.  However, we are 
observing an increase in the polarization losses after 
this period of time.  We are presently working to 
identify the deactivation mechanism.
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FIGURE 3.  Results from a "symmetric" cell, using one of the LSF-YSZ 
electrodes as a support.  One of the LSF-YSZ electrodes is 300 microns 
thick, while the other is 50 microns.  The electrolyte is approximately 
70 microns thick. The data in the fi gure shows the total ohmic and 
polarization resistances, divided by two to account for the two 
electrodes.
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Objectives 

Investigate the atomic/electronic structures of 
various cathode materials using quantum chemical 
calculations.

Predict the oxygen reduction mechanism on the 
surfaces of these cathode materials in a solid oxide 
fuel cell (SOFC). 

Accomplishments 

The geometrical and electronic structures of the 
possible O2 adsorption on the modeled surfaces 
of silver and CeO2-supported silver have been 
predicted using density function theory (DFT) 
calculations.  Results indicate that the adsorption of 
peroxide O2

2- is more stable than that of superoxide 
O2

- on silver surfaces.

The mechanisms of O2 reduction and oxygen ion 
transport on the modeled surfaces of silver and 
CeO2-supported silver have been predicted from the 
computed potential energy surface (PES).  Results 
suggest that oxygen reduction is more energetically 
favorable on the CeO2-supported silver surface than 
on unsupported silver surfaces.

The effective charges of the intermediate oxygen 
species on different silver surfaces have also been 
estimated from DFT calculations.  

Introduction 

The interaction of oxygen molecules with oxide-
supported metal surfaces is considered as one of the 
modern classics of heterogeneous reactions for fuel 
cell and catalytic applications [1,2].  The reduction 

•

•

•

•

•

processes of oxygen molecules on the metal/oxide 
interface, which correspond to the electrode/electrolyte 
system, are the key reactions in the cathode region of 
SOFCs.  The oxygen reduction process may occur via 
three parallel reaction routes, depending on the ionic 
and electronic transport properties of the cathode and 
electrolyte materials [3,4].  In the fi rst route, oxygen 
molecules are adsorbed on the triple-phase boundary 
(TPB), where the electrolyte, electrode, and oxygen gas 
meet, and the reduced oxygen ions can directly combine 
with oxygen vacancies in the electrolyte.  In the second 
route, oxygen molecules are adsorbed and dissociated 
on the cathode surface, which is a two-phase boundary 
(2PB), followed by the transport of the dissociated 
oxygen ions through the cathode to the electrolyte or 
along the surfaces of the cathode to the TPB.  In the 
third route, oxygen molecules are adsorbed and/or 
dissociated on the electrolyte 2PB surface, followed by 
the transport of the adsorbed/dissociated oxygen ions 
along the surfaces of the electrolyte to the TPB, where 
they are reduced and incorporated into the electrolyte.  
For SOFCs with metallic electrodes, it is generally 
believed that oxygen reduction occurs predominantly at 
the TPB since metal electrodes are electronic conductors 
rather than ionic conductors.  Nevertheless, the detailed 
mechanism of oxygen-metal/oxide interaction is still not 
well understood, and many fundamental concepts at the 
microscopic level remain unclear. 

Approach 

The electronic calculation to identify the 
intermediate and transition states in the oxygen 
reduction process on the 2PB and TPB is optimized by 
the spin-polarized DFT with the projector-augmented 
wave method (PAW) [5,6].  The exchange-correlation 
function is treated with the generalized gradient 
approximation (GGA) of PW91 formulation [7] for the 
total energy calculations.  The Brillouin zone is sampled 
by the Monkhorst-Pack scheme [8].

The 2PB is modeled by Ag(111) and Ag(110) 
surfaces, which are constructed by 6-layer (111) and 
(110) slabs.  Both the (111) and (110) slabs have 2×2 
surface cells with 4 Ag atoms.  The Monkhorst-Pack 
k-points, applied for the super cells of Ag(111) and 
Ag(110) surfaces, are set as 8×8×1 along (11 2) x 
(110) x (111) and 8×4×1 along (110) x (001) x (110) 
directions, respectively.  The cutoff energy and vacuum 
space are kept at 400 eV and 10 Å, respectively.  The 
top three layers are relaxed and the bottom three layers 
are fi xed at the computed lattice constant during the 
structure optimization.  The TPB is modeled by one Ag 
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monolayer covered on Ce- or O-terminated CeO2(111) 
surfaces.  The CeO2(111) surface is constructed by a 
p(2x2) 9-layer slab with 12 [CeO2] units.  The top three 
layers are relaxed, the Monkhorst-Pack k-points are 
set as 3×3×1 along (211) x (011) x (111) directions, 
and a 10-Å vacuum space is presented along the (111) 
direction during the calculation.

Results 

O2 Adsorption:  Calculations of adsorption energy 
suggest that the adsorptions on atop sites are less 
stable than those on 3-fold hollow sites, which can 
be rationalized from their bonding structures.  Each 
adsorbed O2 at the atop position forms one chemical 
bond with a single Ag atom; in contrast, the adsorbed 
O2 at the 3-fold hollow site forms more bonds with 
nearby Ag atoms.  The calculations also suggest that 
the side-on adsorbed O2

2−(a) is more stable than the 
end-on adsorbed O2

−(a).  In the end-on adsorption of 
superoxide, only one O atom bonds with the surface, 
while in side-on adsorption of peroxide, both O atoms 
bond with the surface Ag atoms.  The trends are 
consistent with the results of previous experimental 
observations [9,10].

The analysis of the bond lengths indicates that, fi rst, 
all adsorbed O2(a) has longer bond lengths than that 
in the gas phase, 1.236 Å; second, the adsorbed O2(a) 
with longer bond lengths has higher adsorption energies 
because the adsorbate can donate more electrons and 
form stronger Ag–O bonds to stabilize the whole system.  
Therefore, the overall stability can be attributed to the 
energy produced by forming strong Ag–O bonds, which 
is more than the energy consumed by partially breaking 
the O–O bond.

The vibration frequencies of the most stable 
superoxide and peroxide on the modeled TPB, atomic 
Ag covered on Ce- and O-terminated CeO2(111) 
surface, were computed.  The adsorptions of superoxide 
forms with shorter O–O bonds have higher vibration 
frequencies (1003–1079 cm−1) than those of peroxide 
forms (750–916 cm−1).  The O–O vibrations on 
the modeled TPB are closer to the experimental 
observations of O2(a) on the pure CeO2(111) surface, 
O2

−(a): 1127–1135 cm−1 and O2
2−(a): 831–877 cm−1 

(11), than to those of O2(a) on metal surfaces, O2
−(a): 

870–1020 cm−1 and O2
2−(a): 610–660 cm−1 [12].  This 

implies that the Ag-covered CeO2 surfaces still retain 
the surface properties of CeO2(111) rather than those of 
silver surfaces.

O2 Reduction:  The reduction process is related 
to the O-O dissociation process from the most stable 
O2(a) adsorption.  On the modeled TPB of Ag-covered 
O-terminated CeO2(111) surface, the transition state of 
the O2 reduction process has a 0.43-eV reaction barrier 
when the O-O bond is extended to ∼2 Å.  The resulting 
product of the two dissociated O(a) prefers being 

adsorbed on the two nearest 3-fold hollow sites with an 
exothermicity of -0.44 eV.  On the other modeled TPB 
of Ag-covered Ce-terminated CeO2(111) surface, the O2 
reduction process has a 0.28-eV reaction barrier.  The 
dissociated O atoms prefer bonding with subsurface 
Ce compared to surface Ag atoms with a much higher 
exothermicity of 4.70 eV because the adsorption energies 
on atop sites of O–Ce (5.55 eV) are much higher than 
that of O–Ag (1.99 eV).  The potential energy surface 
(PES) with Bader charge [13] analysis of this process is 
shown in Figure 1.  As a result, the reduction processes 
on the two modeled TPBs have low reaction barriers 
and are highly exothermic.

On the other hand, the reduction processes on the 
modeled 2PB of Ag(111) and Ag(110) surfaces have 
0.85-eV and 0.60-eV reaction barriers, respectively.  
The PES of the O2 dissociation process on the Ag(111) 
surface with Bader charge analysis, for example, is 
shown in Figure 2.  Unlike the TPB cases, the reduction 

FIGURE 1.  PES and geometrical structures of O2(a)  2O(a) 
dissociation processes on a Ag-covered, Ce-terminated, CeO2(111) 
surface.  The black numbers are the relative energies referenced to 
O2(g)/surfaces (= 0).  The red numbers are the Bader charges of the 
adsorbed O.

FIGURE 2.  PES and geometrical structures of O2(a)  2O(a) 
dissociation processes on a Ag(111) surface.  The black numbers 
are the relative energies referenced to O2(g)/surfaces (= 0).  The red 
numbers are the Bader charges of the adsorbed O.
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processes on the modeled 2PB are endothermic, 0.54 eV 
on Ag(111) and 0.25 eV on Ag(110) surfaces.  Therefore, 
from the mechanism calculations, the O2 reduction 
process is energetically more favorable to occur on the 
TPB than on the 2PB since the process has a lower 
reaction barrier and higher exothermicity on the TPB.

Oxygen Ion Transport:  The O ion transport refers 
to the motion of the dissociated O(a) from one stable 
site to another on the surface.  Compared with surface 
morphology, the separation between the stable sites on 
the TPB is larger than that on the 2PB.  Compared with 
the electronic structure, the subsurface atoms of the TPB 
have stronger interaction with surface O(a) than those of 
the 2PB.  Therefore, the transport process near the TPB 
of Ag supported by the O-terminated CeO2(111) surface 
has a higher energy barrier (~0.59 eV) than on the 2PB 
of silver: the Ag(111) surface has a barrier of 0.37 eV 
and the Ag(110) surface has a barrier of 0.17 eV.  On the 
other modeled TPB of Ag supported by Ce-terminated 
CeO2(111) surface, the O ions transport from the surface 
Ag layer directly to the subsurface Ce without any 
barrier and with a high exothermicity of -3.56 eV.  This 
result suggests that any dissociated O at the TPB will 
be dragged into the unsaturated Ce3+ in the electrolyte 
quickly.

These calculations predict that the TPB of Ag 
supported by the Ce-terminated CeO2(111) surface 
has the lowest energy barrier for O2 reduction, and the 
dissociated O ions can directly transport to the CeO2 
bulk without any energy barrier, implying that the TPBs 
are the most active sites for oxygen reduction.  This 
result agrees well with the experimental observation that 
cell performance can be enhanced by increasing the TPB 
area [14,15].

Conclusions and Future Directions

Oxygen-reduction mechanisms on silver-based 
cathodes have been examined by spin-polarized DFT 
calculation with the PAW method.  The stepwise 
reactions occurring on a silver-based SOFC cathode can 
be described as 

O2(g) (+ e)   O2
- (+ e)  O2

2-  2O2- (+ ••
oV )  x

oO
where ••

oV represents an oxygen vacancy in the 
electrolyte and x

oO corresponds to an oxygen ion at a 
regular oxygen site in the electrolyte. 

The computed energies of these reactions, as 
summarized in Figure 3, show that the cathodic 
reactions in an SOFC, the O2 adsorption, dissociation, 
and reduction as well as the combination of the 
dissociated O ions with oxygen vacancies in the 
electrolyte are energetically more favorable to take 
place in the TPB region where subsurface Ce atoms 
are present (together with oxygen vacancies).  This 
prediction is consistent with the experimental 

observations that the effi ciency of a SOFC can be 
enhanced by increasing the TPB areas. 

Future studies are briefl y outlined as follows:

Predict O2 reduction mechanisms on different 
cathode materials using similar approaches.

Take into consideration the effect of temperature 
and pressure in the calculations to predict the 
catalytic activity of different cathode materials under 
various conditions.

Take into consideration the effect of an applied 
direct current polarization in the calculations to 
simulate practical SOFC operating conditions.
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FIGURE 3.  The stepwise reaction mechanisms of oxygen reduction 
processes on Ag(111) and Ag(110) surfaces and at a TPB, silver-
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represent the reaction barrier, Ea, in eV.
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Objectives

Elucidate the mechanism of the oxygen-reduction 
reaction using in situ vibrational spectroscopy and 
ab initio analysis.

Develop micro-impedance spectroscopy system 
to discern the reaction mechanisms for oxygen 
reduction and to elucidate the effect of electrode 
geometry on overall performance of SOFCs.

Complete the construction of an ultra high vacuum 
(UHV) system for temperature programmed 
desorption (TPD) and sticking probability 
measurements relevant to O2-cathode interactions.

Analyze the kinetics of oxygen-reduction reactions 
occurring at charged mixed ionic-electronic 
conductors (MIECs) using two-dimensional finite 
volume models with ab initio calculations.

Determine oxygen permeation rate through dense 
silver membranes to estimate the oxygen transport 
rate under SOFC operating conditions.

Accomplishments 

Two distinct oxygen bands appeared at 825 and 
1131 cm-1, corresponding to peroxo- and superoxo-
like species, respectively, when partially reduced 
CeO2 was exposed to 10% O2.  Periodic density 
functional theory (DFT) calculations aided the 
interpretation of spectroscopic observations.

A lanthanum strontium manganese (LSM) 
microelectrode (ME) generated from a patterned 
LSM electrode was used to examine the 
electrode-geometry effect using micro-impedance 
spectroscopy.

A UHV system has been built for fundamental 
study of cathode materials under well-controlled 
conditions.

•

•

•

•

•

•

•

•

A numerical finite volume scheme was devised 
to solve a nonlinear DC polarization problem for 
mixed conductor thin films in two dimensions, 
including the effect of sheet resistance.

Oxygen permeation through dense silver membranes 
was determined to follow an Arrhenius relation with 
an activation energy of 0.94 eV (21.7 kcal mol-1).  
The effective leaking current density was calculated 
to be 0.0146 mA cm-2 at 750°C.

Introduction 

This project has centered on elucidating the 
reaction mechanism of oxygen reduction on SOFC 
cathode materials using experimental measurements in 
conjunction with advanced theoretical tools  
(i.e., quantum-chemical calculations and continuum 
modeling).  Accelerating the oxygen-reduction rate is 
imperative to reduce the cathode/electrolyte interfacial 
polarization resistance, which can be achieved by 
understanding the elementary steps of the oxygen-
reduction reaction.  The elementary steps of oxygen 
reduction on cathode materials generally include:  
(1) molecular and dissociative adsorption of oxygen 
species, (2) dissociation of adsorbed oxygen species 
along with charge transfer, (3) diffusion of adsorbed 
molecular or dissociated oxygen species to the cathode/
electrolyte interface, and (4) incorporation of partially 
charged oxygen ions into the electrolyte lattice.

Approach 

Experimental methods along with theoretical 
analyses have been carried out to guide the design of 
functionally graded cathode materials in SOFCs.  In situ 
vibrational spectroscopy in conjunction with advanced 
ab initio surface modeling was applied to measure 
surface oxygen species at various metal-oxide surfaces.  
Micro-impedance spectroscopy has been utilized to 
elucidate the reaction mechanism of oxygen reduction 
and to better discern the effect of electrode geometry 
on the cathode materials.  A TPD system has been 
set-up to study adsorbed oxygen species on cathode 
materials while concurrently running in situ vibrational 
spectroscopy.  To examine the surface mechanism of 
LSM thin films, we have produced a model of direct 
current (DC) response in thin films.  The inert properties 
of silver over a wide temperature range could prove 
it a strong candidate for intermediate-temperature 
SOFC interconnect applications.  Therefore, the oxygen 
permeation rate through dense silver was measured in 

•

•
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order to determine the effective leaking current density 
under SOFC operating conditions.

Results 

Interactions between O2 and CeO2 were examined 
experimentally by in situ Raman spectroscopy 
and theoretically by density functional slab model 
calculations.  The ceria studies were carried out as a 
way to test our quantum-chemical calculation methods 
since the structure of ceria is simpler than the mixed 
conducting oxide perovskites used for SOFC cathodes.  
As illustrated in Figure 1(a), when partially reduced 
CeO2 was exposed to 10% O2, two distinct oxygen 
bands appeared at 825 and 1131 cm-1, corresponding to 
peroxo- and superoxo-like species, respectively.  In order 
to verify the peaks were indeed an oxygen-containing 
species, another Raman spectrum was recorded by 
exposing the sample to 10% 18O2 and observing any 
shift in peak position.  Periodic DFT calculations 
based on the surface mode shown in Figure 1(b) aided 
the interpretation of spectroscopic observations and 
provided energetics and geometrical information for the 
dioxygen species adsorbed on CeO2.  The O2 adsorption 
energies on unreduced CeO2 surfaces are endothermic 
(0.91 < ΔEads < 0.98 eV), while those on reduced surfaces 
are exothermic (–4. 0 < ΔEads < –0.9 eV), depending on 
other relevant surface processes such as chemisorption 
and diffusion into the bulk.  Partial reduction of 
surface Ce4+ to Ce3+ (together with the formation of 
oxygen vacancies) can alter geometrical parameters 
and, accordingly, lead to a shift in the vibrational 
frequencies of adsorbed oxygen species compared to 
those on unreduced CeO2.  Moreover, the location of 
oxygen vacancies affects the formation and subsequent 
dissociation of oxygen species on the surfaces.  DFT 
predictions of the adsorption energetics support the 

experimental observation that oxygen adsorption and 
reduction is energetically more favorable on reduced 
ceria surfaces than on unreduced surfaces.

To examine adsorbed oxygen species on cathode 
materials, nanoparticles of the desired mixed oxides 
(LSM, lanthanum strontinum cobalt [LSC], and 
samarium strontium cobalt [SSC]) were deposited 
on a yttria-stabilized zirconia (YSZ) substrate 
using combustion CVD (CCVD).  To generate a 
surface enhanced Raman signal (SERS) effect, silver 
nanoparticles were deposited simultaneously with the 
cathode material.  Besides having a greater intensity, 
the SERS spectrum also has more distinct peaks.  The 
key to observing adsorbed oxygen peaks in the Raman 
spectra – besides having a high exposed surface area – 
is having a surface suffi ciently clear of surface hydroxyl 
groups and other unwanted adsorbants before exposing 
the sample to oxygen.  We are currently testing various 
evacuation regiments at different temperatures to fi nd 
a method that cleans the cathode surface suffi ciently 
enough to generate a detectable adsorbed oxygen 
species signal. 

Shown in Figures 2(a) and 2(b) are typical SEM 
images of a tungsten carbide (WC) tip used for current 
collection and an LSM microelectrode generated from 
a patterned LSM electrode using an electrochemically 
etched tungsten-carbide tip, respectively.  The height 
and width of the LSM patterned electrode and the 
space between two adjacent LSM electrodes are 0.8, 
11.5, and 20 μm, respectively.  The rest of the patterned 
LSM electrodes were used as the counter electrode 
(CE).  By controlling the position of the LSM ME, we 
can separate the ME and CE by a single YSZ grain 
boundary, or put the ME and CE onto a single YSZ 
grain.  Shown in Figure 2(c) is the effect of the LSM 
ME perimeter on LSM-YSZ interfacial impedance at 
650°C.  It was found that the Ohmic portion of the 
impedance decreased as the perimeter of the LSM 
ME was increased.  In addition, we found that the 
product of the ME perimeter and the Ohmic portion 
of the impedance also decreased with an increase 
of the ME perimeter.  The product should remain 
constant if triple-phase boundaries (TPBs) are single 
lines around the ME.  It seems that the small ME has 
a larger perimeter specifi c resistance as compared to 
the larger perimeter MEs.  A possible explanation is 
that some unobservable delamination caused by the 
scratching process has occurred.  The smaller the 
ME, the higher the relative percentage of delaminated 
area and thus, the larger the Ohmic portion of the 
impedance resistance.  The proposed delamination 
issue could be resolved by scratching the patterned ME 
before the annealing process.  Specifi cally, after the 
patterned electrode was fabricated by the sputtering 
process, the ME would be scratched, and then annealed 
at higher temperature.  Another observation was an 

FIGURE 1.  (a) A representative surface model with nine layers for the 
O2-CeO2(111) interactions.  (b) Typical Raman spectra of CeO2 sample 
treated by 5% H2 at 673 K before 298 K exposure to (1) Ar, (2) 10% 16O2, 
and (3) 10% 18O2 atmospheres (all mixtures are diluted with Ar).
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increase in the impedance with increased DC bias, 
suggesting the electrode reaction is mass transfer limited.  
Application of DC bias should not change the shape of 
the impedance spectrum, as the DC bias should only 
infl uence the non-ohmic component.  After applying 
DC voltage, the impedance was collected without DC 
bias again.  No signifi cant change was found indicating 
that application of DC bias did not damage or alter the 
ME.  More detailed studies to interpret the experimental 
observations with an electrochemical modeling are in 
progress.

We have developed a model to predict the 
electrochemical response of thin-fi lm and patterned 
electrodes, which we then used to account for sheet 
resistance in 60 nm thick LSM thin fi lms with current 
collectors 50 μm apart.  We found that electrical 
potential increases along the length of the fi lm between 
current collectors due to sheet resistance.  Shown in 
Figure 3 is a simulated, normalized cathodic current 
density-voltage curve for the fi lm.  Note the Tafelian 
behavior in Figure 3.  The semi-log scale in the left-
hand plot of the fi gure refl ects the shape of a co-limited 
process.  In this case, the limiting factors are ionic 

transport at low overpotentials, and sheet resistance at 
high overpotentials.  The reason for the switch is that the 
vacancy transfer at the interface is potential-dependent, 
with an exponential response to potential changes 
(hence the Tafelian profi le), while bulk electronic 
transport is only linearly responsive to potential.  
A greater concentration of vacancies in the bulk leads to 
higher ionic conductivity, in turn leading to greater sheet 
resistance losses.  The problem is a diffi cult one to solve, 
since consideration of sheet resistance obviates the 
common assumption of ambipolar diffusion in MIECs, 
which simplifi es the mathematics considerably but 
will not always be true for thin fi lms.  In addition, the 
problem is in two dimensions and is nonlinear.  
A numerical fi nite volume scheme was devised to solve 
the problem.  The scheme used is time-dependent (even 
though the model results prior to steady-state are not 
reliable), which enables the use of a linear solver.  This 
scheme works quite well at low overpotentials, however 
at cathodic overpotentials above 500 mV, the method 
slows down and ultimately becomes unstable.  However, 
the instability in the numerical solver we have found 
so far is limited to high potential regions in which the 
material itself would not be chemically stable in reality.

As illustrated in Figure 4, oxygen permeation 
through dense silver membranes was determined to 
follow an Arrhenius relation with an activation energy 
of 0.94 eV (21.7 kcal mol-1), which is comparable to 
literature values.  The quantitative oxygen permeation 
and fl ux were also in agreement with reported values 
from the literature.  Though oxygen permeation rates 
increased with temperature, the effective leaking current 
density generated at high temperatures (0.0146 mA cm-2 
at 750°C) is still minimal enough to allow silver to meet 
the gas separation requirements for SOFC materials.  

FIGURE 2.  (a) An SEM image of a WC tip used for current collection 
of ME.  (b) An LSM microelectrode generated from a patterned LSM 
electrode fabricated onto YSZ with large grains.  (c) Impedance plots of 
the LSM microelectrode on YSZ at 650°C.  The different plots correspond 
to the different ME perimeters listed in the plot.  Note the decrease in 
overall impedance with increased the ME perimeter. 

FIGURE 3.  Current density-voltage curve for a 60 nm thick LSM fi lm 
with current collectors 50 μm apart.  Both linear ( ) and semilog (Δ) 
plots are shown.
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Similar to what has been found in previous literature, 
degradation of the silver surface was observed to occur 
at the grain boundaries after only a few hours.  A silver 
layer of about 12 µm (deposited by DC sputtering) 
was suffi cient to prevent a quantifi able oxidation front 
within the Ni-YSZ anode after 8-hour exposure to SOFC 
operating conditions, nevertheless signifi cant surface 
porosity was still observed.  As silver theoretically makes 
a viable SOFC interconnect material for intermediate- 
and low-temperature SOFCs, the study on the grain 
boundary degradation will be examined in more detail 
for successful application.

Conclusions and Future Directions

In the past year, we made important progress 
in elucidation of the reaction mechanism of oxygen 
reduction on cathode materials for SOFCs by means 
of experimental and computational approaches.  The 
combination of in situ Raman microscopy with ab 
initio calculations has provided detailed molecular-level 
information about surface adsorbed oxygen species.  
A model for electrochemical response was established 
to account for the effect of sheet resistance in LSM thin 
fi lms using a numeric fi nite volume scheme.  Silver was 
evaluated as a potential intermediate-temperature SOFC 
interconnect by measuring the oxygen permeation rate 
through dense silver membranes, which were determined 
to follow an Arrhenius relation with an activation energy 
of 0.94 eV (21.7 kcal mol-1).  Future studies are briefl y 
outlined as follows. 

Suitable methods for application of noble metal 
nano-particles onto cathode materials, which result 
in acceptable surface enhanced Raman signals, need 

•

to be developed.  Once a method has been found 
that can generate a strong surface signal, we will use 
the mapping feature of our Raman spectrometer to 
explore the presence of this signal near and around 
the TPBs of our micropatterned electrode samples.  
In addition, advanced ab initio modeling will be 
carried out to interpret the surface adsorbed species 
detected by SERS.

TPD and sticking probabilities for O2-MIEC 
interactions will be conducted to identify surface 
adsorbed oxygen species and their desorption rates 
including the kinetics of adsorption and desorption.

We plan to devise a steady-state scheme (not time-
dependent) to model the DC response of MIEC 
thin fi lms, which will require a nonlinear solver but 
should be much faster at high overpotentials.  After 
combing the model with DFT calculations, it will be 
compared with experiments.
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Objectives

Characterize the effect of sulfur poisoning on solid 
oxide fuel cell (SOFC) performance and its recovery 
process under various operating conditions.

Investigate the detailed mechanisms for sulfur 
poisoning of nickel-based anodes in SOFCs.

Establish scientifi c principles for rational design of 
sulfur tolerant anodes.

Explore new sulfur tolerant anode materials to meet 
SECA program objectives.

Accomplishments

Revealed the effects of cell operating conditions 
[including temperature, hydrogen sulfi de (H2S) 
concentration, cell voltage/current density, etc.] on 
sulfur poisoning and recovery of nickel-based anode 
in SOFCs.

Demonstrated experimentally that sulfur poisoning 
of nickel-yttria stabilized zirconia (Ni-YSZ) anodes 
is not due to formation of conventional nickel 
sulfi des.  

Characterized in real time the nickel sulfi de 
formation process on the surface of a Ni-YSZ 
electrode and the corresponding morphology change 
as the sample was cooled in H2S-containing fuel.  

Predicted sulfur tolerance and catalytic activity 
towards hydrogen oxidation for various transition 
metals/alloys.

Fabricated new anode materials that exhibit 
excellent tolerance to H2S and promising cell 
performance.

•

•

•

•

•

•

•

•

•

Introduction

One of the unique advantages of SOFCs over other 
types of fuel cells is the possibility of direct internal 
reforming of commercial hydrocarbon fuels, thereby 
eliminating the need for a separate fuel processing 
subsystem.  However, all fossil fuels contain some sulfur 
compounds, which are converted to gaseous H2S in 
the reforming process.  Current SOFC anodes have 
very limited tolerance to H2S.  As a result, the H2S 
concentration in the feed fuel must be reduced to less 
than 1 ppm (by volume) for optimum performance, 
which increases the complexity of the system and the 
cost of operation.  Although considerable efforts have 
been devoted to the development of sulfur-tolerant 
anode materials, a detailed understanding of the sulfur 
poisoning process and its mechanism is still lacking, and 
there is no anode material that is both sulfur-tolerant 
and compatible with current cell materials/fabrication 
techniques.  The design of new materials largely 
proceeds via trial-and-error, without much theoretical 
guidance.

In view of these defi ciencies, this project focuses 
on (i) investigating the poisoning process of Ni-
based anodes by H2S in SOFCs and understanding 
the poisoning mechanism, (ii) developing new anode 
materials that have better sulfur tolerance and 
comparable performance with current Ni-based anodes, 
and (iii) establishing scientifi c principles that may 
guide the selection of candidate sulfur resistant anode 
materials for SOFCs.  

Approach

The cell current at a constant voltage was monitored 
continuously when H2S gas (at the ppm level) was 
introduced and removed from the fuel fl ow under 
different conditions (temperature, H2S concentration 
and cell current density/voltage, etc.).  The impedance 
responses of the cell under open-circuit conditions 
were also measured in fuels with and without H2S to 
determine the contributions from the electrolyte and 
different interfaces.  The sulfur–anode interaction 
was investigated by characterizing the chemical and 
structural changes on the surface of dense Ni-YSZ 
composites.  This includes in situ Raman spectroscopy, 
in which the Raman signal and structure at elevated 
temperatures were obtained on a real-time basis when 
H2S was introduced and removed from the Raman 
cell.  The results from in situ Raman spectroscopy were 
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also correlated with other ex-situ techniques such as 
scanning electron microscopy (SEM), energy dispersive 
x-ray (EDX), and x-ray diffraction (XRD), etc. to study 
the sulfur-anode interaction.

Meanwhile, quantum-chemical calculations were 
used to predict the adsorption energy and bond length 
for sulfur and hydrogen atoms on various metal surfaces.  
The results were used to predict sulfur tolerance and 
anode activity toward electrochemical oxidation of H2 
fuel for those different materials.  An impregnation 
method was used to introduce the precursors for sulfur-
resistant anodes into a porous YSZ layer bonded onto a 
dense YSZ electrolyte.  The anode was reduced in-situ 
and tested in fuels with H2S under various conditions.

Results

Sulfur poisoning of the Ni-YSZ cermet anode 
for SOFCs consists of two stages.  The fi rst is a rapid 
degradation within a few minutes that causes the 
majority of the decrease in performance, followed by a 
gradual degradation that occurs over several hours or 
even days.  The extent of degradation is infl uenced by 
cell voltage (or, alternatively, the cell current density).  
The higher the cell current density (or the lower the 
cell operating voltage), the lower the extent of sulfur 
poisoning.  The recovery of the poisoned anode can 
be realized by continuous fl owing of sulfur-free fuel, 
and the recovery is faster when the cell current density 
is higher [Figure 1(a)].  Impedance studies show that 
the degradation in cell performance was caused by 
a large increase in anode interfacial resistance while 
there is no signifi cant change in bulk resistance [Figure 
1(b)].  The anode interfacial resistance increases as H2S 
concentration increases [Figure 1(c)].  Correspondingly, 
at certain temperature and cell voltage, the extent 
of sulfur poisoning increases with increasing H2S 
concentration until saturation is reached.  With the same 
concentration of H2S, the extent of sulfur poisoning 
increases dramatically with decreasing temperature.  The 
lowest tolerable H2S level also decreases dramatically 
with decreasing temperature [Figure 1(d)].  

In situ Raman spectroscopy experiments show no 
sign of conventional nickel sulfi de formation on the 
surface of the Ni-YSZ composite and there is also no 
signifi cant change in surface morphology when the 
sample is exposed to fuels containing 50 ppm H2S at 
high temperatures (>~500oC).  However, when the 
Ni-YSZ composite sample was cooled down in H2S-
containing fuels, conventional nickel sulfi de (e.g., 
Ni3S2) gradually forms on the Ni surface, accompanied 
by dramatic change in surface morphology [Figures 
2(a) and 2(b)].  When the sample is cooled down 
completely, the surface of Ni particles is full of ball-

FIGURE 1.  (a) Infl uence of cell voltage on sulfur poisoning and 
regeneration for Ni-YSZ cermet anode at 800°C; (b) change in impedance 
spectrum for a cell measured at OCVs using 2-electrode confi guration in 
fuels with and without 1 ppm H2S; (c) change in impedance spectrum 
for the anode/electrolyte interface measured at OCV using 3-electrode 
confi guration in fuels with different concentration of H2S; (d) infl uence 
of H2S concentration on the extent of sulfur poisoning for Ni-YSZ anode 
at different temperatures.  Rb represents the ohmic resistance of the cell 
and Z’-Rb the anode polarization resistance of the cell.
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like and/or edge-like structures as shown in Figures 
2(c) and 2(e).  The Raman spectra give sharp peaks 
corresponding to NixSy.  The distribution of sulfur on the 
Ni-YSZ composite is confi ned to the Ni region [Figures 
2(e) – 2(f)].  This preliminary study indicates that the 
fundamental reasoning for sulfur poisoning is most likely 
sulfur adsorption on the anode.  Cooling of the anode in 
H2S-containing fuel (even in the ppm range) should be 
avoided since it causes formation of bulk nickel sulfi des 
and irreversible morphology changes.

Quantum-chemical calculations have been used 
to estimate the adsorption energy of sulfur species and 
hydrogen on different transition metal surfaces.  Figure 
3 shows the normalized adsorption energy for H2S and 
H2 on various transition metals surfaces obtained from 
quantum-chemical calculations.  According to the study, 
the adsorption of sulfur on metals such as Ag, Cu, V, 
Cr and Mo is signifi cantly weaker compared with Ni, 
suggesting possible sulfur tolerance for these materials.  
New sulfur-resistant anodes have been prepared using 
impregnation methods.  They demonstrate acceptable 

cell performance and excellent sulfur tolerance or 
even sulfur enhancement behavior in fuels with H2S 
concentration up to 50 ppm, as shown in Figure 4.

Conclusions and Future Directions

The sulfur poisoning and recovery for SOFC Ni-YSZ 
anodes is strongly infl uenced by operating parameters 
such as temperature, H2S concentration, and cell current 
density/voltage.  Generally, sulfur poisoning is more 
severe at lower temperature, higher H2S concentration 
or lower cell current density (higher cell voltage).  The 
in situ Raman spectroscopy experiment suggests that 
sulfur poisoning is not likely to be caused by formation 
of conventional sulfi de.  However, bulk sulfi des do form 
at lower temperature (<400oC) in fuels with H2S in the 

FIGURE 2.  Optical microscopy image (a) and corresponding Raman 
spectrum from the Ni region (b) for the Ni-YSZ composite in in 
situ Raman experiment at 216°C in a fuel with 50 ppm H2S; optical 
microscopy image (c), corresponding Raman spectrum taken from the 
Ni region (d), SEM image (e), S elemental map (f) and Zr element map 
(g) for the Ni-YSZ composite heated treated at 600°C in 50 ppm H2S/50% 
H2/1.5% H2O/48.5% N2 for 20 h.

FIGURE 3.  Comparison of Predicted Molecular Adsorption Energies for 
H2S (open circle) and Dissociative Adsorption Energies for H2 (closed 
square) on Modifi ed Ni Surfaces

FIGURE 4.  Change of Current Density versus Time for Cells with New 
Anode When 50 ppm H2S Was Introduced into and Removed from the 
Fuel
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ppm range, also causing dramatic morphology changes 
at the Ni surface.  Quantum-chemical calculations 
suggest that some metals such as Ag, Cu and Mo 
have lower sulfur adsorption energy and are potential 
candidate materials for sulfur resistant anodes for 
SOFCs.  Based on the theoretical calculations, new 
anodes have been prepared using impregnation methods.  
Initial testing indicates that the new anode materials 
display reasonable activity and excellent sulfur tolerance 
(or even sulfur enhancement) in fuels containing up to 
50 ppm of H2S.

Future work is briefl y outlined as follows:

Improve the sensitivity of detecting specifi c 
adsorbed sulfur species on Ni anodes using in situ 
Raman spectroscopy.  Characterize the depth profi le 
of sulfur in the anode surface layer after exposure to 
H2S for different periods of time.

Determine the time evolution of surface reactive 
sites, surface species, and anode microstructure 
during long-term (>103 hours) exposure to H2S 
contaminated fuel. 

Use the experimentally observed correlations and 
deduced mechanisms of sulfur-anode interactions 
to predict the long term stability of Ni/YSZ anodes 
when exposed to low level H2S contamination 
(<10 ppm).

Establish an effective operational window (in terms 
of temperature, H2S concentration, cell voltage, etc.) 
for SOFCs fed with sulfur-containing fuels.

Suggest possible modifi cations to the baseline 
Ni-YSZ anode materials set that might increase the 
performance stability and lifetime tolerance to sulfur 
contaminated fuels.

Develop new sulfur-resistant anode materials with 
better sulfur tolerance and long-term stability.

•

•

•

•

•

•
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Objectives 

Develop in-situ chemical mapping techniques 
to measure the accumulation of chromium (Cr) 
chemical species at the cathode of an operating solid 
oxide fuel cell (SOFC).

Prepare SOFC cathode samples with controllable 
amounts of electrode and electrolyte surfaces as 
well as cathode-electrolyte interfaces that are easily 
accessible to in-situ electrochemical and optical 
(Raman) characterization techniques.

Correlate Cr contamination delivered by 
vapor phase Cr-containing molecules and the 
electrochemical charge transfer resistance of the 
cathode.

Deduce the mechanism for Cr poisoning of the 
SOFC cathode. 

Accomplishments 

Measured the Raman detection limit of Cr2O3 thin 
fi lms on the surface of a lanthanum strontium 
manganese (LSM) cathode.  Without additional 
enhancement methods, accumulations as thin as 
10 nm can be detected.

Created LSM/gadolinia-doped ceria (GDC) 
composite electrode samples with quantifi able 
cathode/electrolyte interfaces suitable for our in 
situ Raman measurements.  Also fabricated samples 
with micron-scaled patterned LSM electrodes (with 
precise geometries) deposited on yttria-stabilized 
zirconia (YSZ) substrates. 

Generated a surface enhanced Raman signal 
(SERS) effect on LSM and Cr2O3 fi lms by co-
depositing silver nanoparticles within the fi lm using 
combustion chemical vapor deposition (CCVD).  

•

•

•

•

•

•

•

Signal enhancement factors between 5 and 1000 
were obtained.

Fabricated silver-coated atomic force microscopy 
(AFM) tips with diameters as small as 30 nm to 
be used for generating tip enhanced Raman signal 
(TERS) effects to obtain sub-micron resolution of 
surface Raman mapping.

Introduction 

One primary suspected cause of long-term 
performance degradation of SOFCs is the accumulation 
of Cr species at or near the cathode/electrolyte interface 
due to reactive Cr molecules originating from Cr-
containing components (such as the interconnect) in 
fuel cell stacks.  To date, considerable efforts have been 
devoted to the characterization of cathodes exposed 
to Cr sources; however, little progress has been made 
because a detailed understanding of the chemistry 
and electrochemistry relevant to the Cr-poisoning 
processes is still lacking.  This project applies multiple 
characterization methods – including various Raman 
spectroscopic techniques and various electrochemical 
performance measurement techniques – to elucidate 
and quantify the effect of Cr-related electrochemical 
degradation at the cathode/electrolyte interface.  Our 
chosen methods and unique experimental setup 
allow for direct spectroscopic observation of the Cr 
poisoning process while simultaneously monitoring 
performance degradation of an operating cell.  The study 
will establish the scientifi c basis for achieving rational 
design of Cr-tolerant cathode materials and structures 
for low-temperature SOFCs with Cr-based interconnect 
materials.

Approach 

This project centers around coupling standard 
electrochemical performance measurements with our 
unique in situ Raman spectroscopy experimental setup 
to map the concentration of Cr-containing species on 
the electrode surface as a function of cell operating 
conditions.  Raman spectroscopy identifi es the various 
chemical species in the system by measuring the way in 
which the sample scatters an incident laser light signal.  
By using a microscope and motorized stage to direct the 
laser light, we can map the chemical environment on 
and around the cathode/electrolyte interface.  To more 
easily probe this interface, composite cathode surfaces 
(primarily GDC/LSM) are constructed with dense, 

•
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well-defi ned surface structures, and the boundary length 
vs. surface area are quantifi ed with scanning electron 
microscopy (SEM).  The performance of the cathode 
under different operating conditions is measured using 
electrochemical impedance spectroscopy (EIS) while 
simultaneously monitoring the distribution of Cr species 
deposited on the cathode surface using Raman mapping.  
The kinetics of Cr mass transport and deposited surface 
structures will be determined relative to its effect on 
electrochemical performance at various temperatures, 
polarizations, and atmospheres. 

In order to detect extremely small amounts of 
Cr species on the surface, the Raman signal can 
be enhanced through either deposition of metal 
nanoparticles on the cathode surface (surface enhanced 
Raman signal, or SERS) or by bringing a nano-sized 
metal scanning tip near the cathode surface (tip 
enhanced Raman signal, or TERS).  The increased 
sensitivity through SERS or TERS methods will allow 
for earlier detection of deposited Cr species on the 
sample.  The in situ Raman data will be verifi ed using 
various ex situ characterization methods including 
scanning Auger mapping (SAM), X-ray photoelectron 
spectroscopy (XPS), and further Raman measurements. 

Results 

The fi rst round of Raman measurements involved 
demonstrating the utility of normal Raman spectroscopy 
(measurements without signal enhancements) with 
respect to Cr contamination of an LSM cathode.  As 
shown in Figure 1, the Raman signals from possible 
chromium containing contaminants are different from 
that of the LSM cathode, meaning Raman spectroscopy 
can indeed distinguish between the multiple species 
present.  For example, the sharp peaks at 350 cm-1 and 

550 cm-1 in the spectrum of Cr2O3 can be used as a 
marker in contrast with the relatively fl at spectrum of 
the LSM.  For each desired species, an algorithm has 
been created to quantify the intensity of the Raman 
signal from the specifi c species so that Raman maps 
can be created from our samples that plot the Raman 
signal from the species as a function of position.  Figure 
2 shows an example of a Raman map of Cr2O3 from a 
sample containing a mixture of Cr2O3 and LSM.  The 
spatial resolution of the map is on the order of 2 μm2.

The sensitivity of the Raman microscope to the 
presence of Cr2O3 was then determined by sputtering 
thin Cr2O3 fi lms of varying thicknesses onto LSM 
samples and measuring the Raman signal.  Films as 
thin as 10 nm could be detected, even without signal 
enhancements.  Further, a calibration curve was 
obtained to correlate the Raman signal from the Cr2O3 
fi lm to its thickness.  To detect extremely thin layers of 
Cr2O3 (< 10 nm), we have attempted incorporation of 
Ag or Au nanoparticles into the cathode, which has been 
shown to increase the Raman signal from the volume 
around the nanoparticles through a phenomenon 
known as the SERS effect.  The nanoparticles have been 
introduced so far through two different methods:  (1) the 
evaporation of Ag or Au colloids placed on the cathode 
surface, leaving behind the nanoparticles within the 
colloid, and (2) the co-deposition of Ag nanoparticles 
with the cathode upon an electrolyte substrate using 
CCVD.  Both of these methods have produced varying 
degrees of success, increasing the Raman signal 
from LSM or Cr2O3 by a factor between 5 and 1000, 
depending on the technique and the material.  Specifi c 
peaks within a given Raman spectrum are enhanced 
by different amounts, and previously undetected peaks 
have also appeared with the addition of the metal 
nanoparticles.  Figure 3 shows the SERS effect generated 
from a Cr2O3 fi lm that was prepared by CCVD with and 
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FIGURE 1.  Raman spectrum of LSM cathode compared to those of 
Cr2O3 and Mn1.5Cr1.5O4 powders.

FIGURE 2.  Raman map (overlaid on top of an optical micrograph) 
showing the presence of Cr2O3 on the surface of a dense LSM cathode.  
A brighter shade of green indicates a stronger Cr2O3 signal.
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without the presence of Ag nanoparticles.  Ongoing 
experiments and theoretical calculations are being 
undertaken to standardize the methods used to generate 
the SERS effects and to account for the presence of new 
peaks in the spectra.

Work has also been completed towards increasing 
Raman sensitivity through the TERS effect.  Instead 
of placing metal nanoparticles directly on the cathode 
surface, a silver-coated AFM tip is brought within a 
few nanometers of the cathode surface, close enough 
to obtain a signal enhancement effect.  To this end, 
we fi nalized a process for manufacturing silver-coated 
tungsten tips with diameters ranging from 30 to 300 nm.  
We are currently integrating the AFM control apparatus 
with our Raman experimental chamber so that we can 
measure the ability of these tips for creating a signifi cant 
TERS effect.

To perform Raman mapping around the cathode/
electrolyte interface, we created samples consisting of 
GDC/LSM composites with dense samples surfaces 
consisting of regions of LSM and GDC large enough to 
be able to effectively distinguish between the two phases 
within the spatial resolution of our Raman microscope.  
The triple phase boundary (TPB) per unit area between 
the LSM, GDC, and air has been quantifi ed statistically 
using SEM micrographs.  Figure 4 shows a typical 
composite sample surface.  These composite samples 
are currently being used in our ongoing in situ Raman 
mapping experiments.  The samples are subjected to 
normal SOFC operating conditions and exposed to Cr-
containing vapor while simultaneously monitoring the 
performance of the sample and collecting Raman spectra 
from the surface.

Conclusions 

Even without signal enhancement, Raman mapping 
of Cr-containing species can be performed on SOFC 
cathodes for deposits thicker than 10 nm.

A SERS effect from LSM and Cr2O3 can be 
generated by depositing silver nanoparticles on the 
sample surface.

Raman spectroscopy (including SERS and TERS) 
has the potential for in situ probing and mapping 
of Cr species deposited on cathode surfaces in 
a functional SOFC under practical operating 
conditions.

Future Directions

Continue in situ Raman mapping experiments 
to measure deposition of Cr species around the 
cathode/electrolyte interface.

Incorporate TERS measurements into in situ and 
ex situ characterization of Cr-contaminated cathode 
surfaces to increase the sensitivity of our Raman 
measurements.

Correlate the distribution of Cr species (as 
determined by Raman mapping) with the 
electrochemical performance (as determined by 
impedance spectroscopy) of cathodes in operating 
SOFCs to understand the mechanism of Cr 
poisoning.

Design and fabricate cathodes of improved 
tolerance to Cr contamination.

•

•

•

•

•

•

•

FIGURE 3.  Raman spectra from Cr2O3 fi lms deposited by CCVD with and 
without Ag nanoparticles onto an LSM substrate.

FIGURE 4.  SEM micrograph of LSM/GDC composite surface.  The red 
lines indicate the TPB between the GDC, LSM, and air.  Grains labeled 
with an ‘L’ are LSM.
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Objectives 

Improve low temperature performance of the air 
electrode using catalyst infi ltration technology 
developed at Lawrence Berkeley National 
Laboratory (LBNL).  Three approaches are being 
evaluated for eventual transfer to industrial teams:

Dispersed catalyst infi ltration on functional 
air electrodes (i.e. yttria-stablized zirconia/
lanthanum strontium manganate [YSZ/LSM]).

Continuous islands of nano-particle electrode 
coated on functional air electrodes.

Electronically connected nano-particle assembly 
coated onto porous ionically conductive 
network.

Determine degradation rate of commercial air 
electrode structures with and without catalyst 
infi ltration.

Engineer performance of interconnect alloys 
through control of oxide scale growth and 
conductivity.

Minimize Cr vaporization from stainless steel alloys.

Transfer technology to industrial teams where 
appropriate.

Approach

Develop low-cost metal salt infi ltration technology 
to boost the performance of the air electrode, 
particularly at temperatures below 700oC.  The 
three approaches involve the use of simple catalyst 
impregnation to yield dispersed nano-particles, or 
a viscous catalyst precursor is vacuum impregnated 
into porous structures to yield a connected 
catalyst network.  Vacuum impregnation can be 
accomplished with a porous electrolyte structure or 
an electrode/electrolyte (LSM/YSZ) network.

•

–

–

–

•

•

•
•

•

Measure the baseline performance and long-term 
stability of commercially produced air electrodes 
with and without infi ltrated catalyst.

Determine oxidation rates and Cr vaporization 
rates of commercial and specialty alloys under 
consideration for interconnect plates.

Determine Cr vaporization coated alloys to 
determine quality of coating for minimization of 
Cr loss.

Analyze Cr vaporization data to understand 
fundamental limits of coatings.

Accomplishments 

Refi nement of infi ltration technology:  The 
LBNL infi ltration technology has undergone 
continual refi nement over the past 12 months, 
and we are now able to infi ltrate a variety of 
complex microstructures including conventional 
air electrodes and porous electrolyte networks.  
In one approach the LBNL team infi ltrates a 
dispersed catalyst using simple nitrate precursors.  
We are now collecting data on commercial air 
electrodes with and without infi ltration to see the 
effect of instantaneous performance and long-term 
degradation.  In another approach we impregnate 
a wide variety of microstructures with electrode 
catalysts using vacuum infi ltration.

Successful determination of Cr vaporization rates 
for a number of coated and uncoated stainless 
steel alloys in humidifi ed air:  The LBNL group 
has been very successful in determination of Cr 
vaporization from coated and uncoated stainless 
steel samples in humidifi ed air, including coated 
samples provided from industrial developers such as 
Arcomac.  The LBNL team has shown that although 
the Cr vaporization rate from uncoated ferritic steel 
is unacceptably high, the addition of a relatively 
simple coating as developed at LBNL can minimize 
this problem while simultaneously improving 
resistance to high temperature oxidation.

Demonstration of long-term suppression of Cr 
vaporization from coated ferritic steel:  The LBNL 
group developed simple, cost-effective coatings for 
ferritic steel that greatly improve stability towards 
high temperature oxidation, signifi cantly decrease 
the Cr vaporization rate in humidifi ed air, and 
maintain negligible Cr vaporization for at least 
1,000 hours. 

•

•

•

•

•

•

•
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Future Directions

Determine long-term stability of infi ltrated 
electrodes:  The LBNL group is presently 
conducting a study of baseline degradation of 
symmetrical LSM/YSZ/LSM and LSCF-CeO2/
YSZ/CeO2-LSCF cells supplied to us by InDec/
H.C. Starck.  The LBNL group will determine 
the performance and degradation rate of the cells 
in air at 650oC for 1,000 hour tests, after which 
the electrodes will be infi ltrated with appropriate 
catalysts and the test will be repeated.  In this way 
the long-term stability of infi ltrated electrodes can 
be separated from the long-term stability of the 
standard electrodes.  The LBNL team will run 
tests on both electrode types, and with multiple 
infi ltration species, and will do post-mortem studies 
on the electrode morphology.

Optimize infi ltration technology:  The LBNL team 
is continually refi ning the technology for catalyst 
infi ltration to accommodate a wide range of air 
electrode compositions and microstructures.  This 
capability allows industrial teams to adapt the 
LBNL approach to their specifi c need.  We will also 
use the results from the long-term stability studies 
to refi ne the composition and process of infi ltration 
to ensure long-term performance improvement at 
reduced SOFC operating temperatures.  

Use of analytical focused ion beam (FIB) and 
transmission electron microscopy (TEM) at the 
National Center for Electron Microscopy (NCEM):  
The LBNL team continues to develop infi ltration 
technologies to assist the industrial teams in 
improving the low-temperature performance of 
the SOFC air electrode.  A key aspect of this work 
is determination of the long-term benefi t of this 
technology and elucidation of the mechanism(s) of 
degradation of the air electrode over time.  Limited 
studies with NCEM are quite promising, and we 
hope to expand this effort with the ultimate goal of 
working with industrial teams on problems specifi c 
to their SOFC stacks.

Technology transfer:  The LBNL development of 
coating technology for ferritic steel interconnects 
is effectively complete and is ready for technology 
transfer.  We anticipate that the LBNL infi ltration 
technology will be ready for transfer to the industrial 
teams at the end of this 12-month period.

Introduction 

Among the most challenging hurdles to the 
commercialization of SOFC technology is the need to 
manage cost such that SOFCs are competitive with 
entrenched power generation technologies.  The LBNL 

•

•

•

•

group has long maintained that the key to a cost-
effective SOFC solution is to develop systems operating 
in the 650 to 700oC range.  A number of SECA industrial 
teams are now pursuing that goal as well.  In order 
to achieve the 40,000-hour life needed for distributed 
generation, it is clear that stainless steel interconnects 
will have to be maintained at temperatures below 800oC.  
Since electrode kinetics (and electrolyte conductivity) 
are thermally activated, it is not a trivial task to maintain 
SOFC performance as the operating temperature is 
lowered.  The LBNL group has developed several 
infi ltration techniques whereby standard LSM electrodes 
can be modifi ed to perform well at temperatures as low 
as 650oC.  Electrode modifi cation can be as simple as 
infi ltrating a metal nitrate such as Co(NO3)2, involve a 
mixture of precursors to form a known electrocatalyst 
such as Sm0.6Sr0.4CoO3-δ (SSC), or use the newly 
developed LBNL technique of vacuum impregnation 
of porous structures with connected nano-particle 
architectures.  The LBNL group has also performed 
extensive investigations into high temperature corrosion 
of stainless steel alloys for interconnects, determined the 
Cr vaporization rates for steels in humidifi ed air, and 
developed low-cost coating technologies that reduce Cr 
vaporization to negligible levels while simultaneously 
improving oxidation behavior.  The LBNL team has 
initiated measurement of degradation rates of infi ltrated 
and non-infi ltrated air electrodes produced in-house 
and by commercial suppliers.  We are also conducting 
FIB and TEM studies to aid in the elucidation of 
fundamental mechanisms for air electrode degradation 
and failure.  

Approach 

In order to achieve SECA commercialization 
targets, a number of SOFC developers are targeting 
reduced operating temperatures as a means of 
controlling cost.  The LBNL effort is aligned with that 
goal through the use of electrode infi ltration technology 
to boost the performance of the air electrode.  The 
LBNL team has now expanded its infi ltration technology 
to cover 3 basic types of infi ltration: (1) infi ltration of 
simple metal nitrates to form dispersed nano-particle 
catalyst on the surface of functional air electrodes in 
order to boost low-temperature performance, (2) single-
step infi ltration into porous electrolyte networks to 
form a continuous nano-structured electrode surface, 
and (3) single-step infi ltration of nano-particulate 
electrodes onto functional air electrodes such as YSZ-
LSM.  The 1st infi ltration technique is the simplest to 
implement and would not require signifi cant change 
of SOFC processing by the industrial teams.  It is clear 
that this technique results in a fairly dramatic boost in 
low-temperature air electrode performance.  The LBNL 
group is now investigating the effects of infi ltration on 
long-term performance and air electrode degradation.  
If the performance enhancement persists for several 
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thousand hours, it may be possible to re-infi ltrate the 
air electrode later in SOFC stack life by injection of 
metal nitrates into the air inlet.  We are now conducting 
1,000-hour tests on symmetric LSM-YSZ/YSZ/LSM-
YSZ air electrodes provided to us by InDec, both 
infi ltrated and non-infi ltrated.  The results of this testing 
will be used to make recommendations to the SECA 
vertical teams.  The 2nd infi ltration technique is quite 
different in concept from traditional SOFC design in 
that a porous electrolyte structure is co-fi red with a 
dense electrolyte fi lm at temperatures suffi cient to fully 
densify the electrolyte.  This technique allows the SOFC 
developer to use air electrode materials that are too 
reactive for conventional co-fi ring methodology.  It also 
enables the use of porous metal supports and/or co-
fi ring of electrolyte structures onto metal interconnects 
in reducing atmospheres; then the air electrode is 
infi ltrated in a single-step and fi red at low temperature 
in air.  Such single-step infi ltrated air electrodes have 
shown good performance and excellent stability 
for at least 500 hours at 700oC.  The 3rd infi ltration 
technique developed by the LBNL team represents a 
modifi cation to the 2nd technique in that the single-step 
infi ltration has been altered to allow infi ltration of a 
highly connected nano-structure onto an existing air 
electrode network.  For example, a nano-structured LSM 
feature can be added to the surface of a conventional 
LSM-YSZ air electrode.  We initiated this work with 
in-house prepared LSM-YSZ air electrodes but will soon 
shift to commercial suppliers.  This technique is more 
complex that the 1st infi ltration technique but can also be 
adapted by the industrial teams, and may offer a higher 
performing and more stable structure.

Our work on high-temperature oxidation and Cr 
vaporization from coated and uncoated stainless steel is 
nearing completion.  This has been a highly successful 
effort as we have shown that although Cr vaporization 
from stainless steel samples exposed to humidifi ed air 
is unacceptably high, it can be reduced to negligible 
levels through the use of simple and inexpensive coating 
developed by the LBNL group.  In the past 12 months 
we have also determined the Cr vaporization rate from 
coated and uncoated steel samples over a period of 
several weeks to ensure that the benefi cial properties of 
the coatings are long lasting.

Results 

The LBNL group fabricated a transpiration 
apparatus (Figure 1) and has used this equipment to 
successfully determine the Cr vaporization rate from 
a variety of Cr containing samples.  As can be seen 
from the data illustrated in Figure 2, the rate of Cr loss 
is unacceptably high for uncoated ferritic steel, but is 
reduced by 2 orders of magnitude through the simple and 
inexpensive technique of aerosol spray-coating the steel 
surface with perovskites such as La0.65Sr0.3MnO3-γ (LSM), 

La0.6Sr0.3Co0.8Fe0.2O3MnO3- γ (LSCF), and MnCo2O4 

(MCO).  Another remarkable benefi t of such simple 
coating technology is a factor of 10 decrease in oxidation 
rate leading to a lower area specifi c resistance (ASR) for 

FIGURE 1.  Chromium Transpiration Apparatus

FIGURE 2.  Cr transport Rate for Coated and Uncoated Steel Samples 
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the interconnect.  The benefi ts of simple aerosol coating 
are therefore:

Decrease oxidation rate  >10x

Decrease Cr vaporization by 10-100x

Decreases spallation (thermal cycling)

Decreases contact resistance

The LBNL team decided to examine the long-
term effect of coatings on the Cr vaporization rates 
and the results of this study are shown in Figure 3.  It 
is clear that coating the steel surface with a simple 
perovskite such as LSM lowers the Cr transpiration rate 
signifi cantly and this benefi t persists over time.  This is 
certainly good news for SOFC developers, and the use 
of a LSM coating as an effective barrier for Cr transport 
provides an additional incentive for its use as a contact 
paste.

As described above, the LBNL group has developed 
several unique approaches to catalyst infi ltration 
for high performance air electrodes.  In Figure 4, 
LBNL researchers use an FIB to etch a trench into 
the infi ltrated SOFC exposing a cross-section of the 
cell.  Given that the infi ltration technique produces 
a nano-particulate covering on the porous YSZ 
framework, a logical study would be the long-term 
stability of such a high surface area material at the cell 
operating temperature.  As can be seen in Figure 5 the 
infi ltrated structure exhibits excellent microstructural 
stability, at least for a period of 500 hours at the 
cell operating temperature.  The LBNL team is also 
investigating the suitability of silver as an air electrode 
material and contact paste.  The high mobility of Ag 
at operating temperatures above 600oC is a concern, 
but work at LBNL has shown that co-infi ltration of 
LSM with Ag actually improves the performance of 
both materials as an air electrode and leads to good 
long-term stability (Figure 6).  The LBNL group is also 

•
•
•
•

developing a technique for single-step infi ltration of 
connected nano-structure on an existing air electrode 
such as conventional LSM-YSZ.  The result of such 
an infi ltration is shown in Figure 7; we have not yet 
tested the performance of such a structure.  In the next 
performance period we will refi ne this technology to 
infi ltrate connected nano-structures into commercially 
supplied air electrodes from InDec, and test their short-
term and long-term performance.

FIGURE 3.  Chromium Transport Rate over Time for Coated and 
Uncoated Stainless Steel

FIGURE 4.  FIB Trench Showing Cross-Section of Single-Step LSM 
Infi ltrated Thin-Film SOFC

FIGURE 5.  FIB Cross-Section Showing Intact Nano-Particle 
Superstructure on Porous YSZ Network after 500 hours Continuous 
Operation at 650oC



Steven J. ViscoIII.A  SECA Research & Development / Materials and Manufacturing

76FY 2006 Annual Report Offi ce of Fossil Energy Fuel Cell Program 

The LBNL group is monitoring the long-term 
stability of infi ltrated electrodes by running 1,000-hour 
tests on commercially produced symmetric air electrode 
cells (i.e. LSM-YSZ/YSZ/LSM-YSZ) with and without 
infi ltration of dispersed catalyst (type 1) and single-
step connected nano-structures (type 3).  In addition to 
determination of the voltage profi le over time at constant 
current, we are doing pre- and post-mortem studies of 
the air electrode microstructure as well as analytical 
studies of the interfaces by FIB and TEM techniques.  
The LBNL team has initiated work with the user 
facilities of the National Center for Electron Microscopy 
(NCEM).  Using the high resolution TEM we been able 
to observe changes in electrode structure after testing 
at the interface between the infi ltrated catalyst and 

electrolyte.  We will continue to expand the relationship 
between NCEM and the LBNL SOFC group with the 
aim of providing industrial teams with the ability to 
analyze their cell microstructures.  We believe that the 
analysis of cells before and after testing will allow us 
to study regions with high probability of failure and 
aid us in providing solutions for the improvement of 
these regions.  In Figure 8, a TEM image is shown of 
an LSM single-step infi ltrated cathode.  In Figure 9 an 
EDX spectroscopy line scan is highlighted which was 
taken between the backbone electrolyte particle and 
the catalytic LSM particle of an infi ltrated cell that was 
operated continuously for 500 hours.  A defi ciency of 
oxygen that was not seen before testing was found at this 
boundary, suggesting that this is the “active” region of 
the electrode (see Figure 10).  We are currently probing 
the “active” regions of infi ltrated cells and have found 
some initial signs of a correlation between the surface 
energy between electrode components and electrode 
stability; we are optimistic that these studies will provide 
mechanistic information to further improve conventional 

FIGURE 7.  Improvement of Ag Electrode Performance through 
Co-Infi ltration of Ag and LSM 

FIGURE 8.  Single-Step Infi ltration of LSM Nano-Particles into 
Conventional LSM-YSZ (1:1 wt%) Electrode; Sintered at 1300oC for 
4 Hours 

FIGURE 9.  TEM of an LSM Single-Step Infi ltrated Cathode  (EDX line 
scan taken between backbone electrolyte particle and the catalytic 
LSM particle of an infi ltrated cell that was operated continuously for 
500 hours)

FIGURE 6.  Performance and Long-Term Stability of SOFC Having Single-
Step Infi ltrated LSM Air Electrode
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and single-step infi ltrated electrodes for long-term SOFC 
operation.

Conclusions 

The use of simple and inexpensive coating 
technology developed at LBNL affords excellent 
protection of stainless steel components used in SOFC 
stacks against high temperature corrosion, spallation, 
and chromium vaporization in humidifi ed air; such 
coating improve oxidation resistance by an order of 
magnitude and Cr vaporization rates are decreased by 
almost 2 orders of magnitude.  The LBNL group has 
completed long-term testing of the coated steel samples 
and concluded that the benefi cial effect of coatings in 
minimization of Cr vaporization is maintained, for at 
least 1,000 hours.  The LBNL project has succeeded in 
refi ning its infi ltration technology to allow infi ltration 
of dispersed catalysts into conventional air electrodes 
to boost low temperature performance, or introduce an 
interconnected nano-particulate superstructure on the 
surface of conventional air electrodes.  In all cases tested 
so far, the introduction of a dispersed catalyst improves 
air electrode performance at temperatures below 800oC; 
we are nearing completion of 1,000-hour tests and will 
report on the long-term stability shortly.  Although 
single-step infi ltrations of perovskite electrodes into 
porous YSZ have demonstrated excellent performance 
and stability (up to 500 hours of testing), we have not 
yet tested conventional electrodes with single-step 
infi ltrated catalysts.  The LBNL group has also initiated 

FIB and TEM analytical studies of air electrodes prior 
to and after long-term testing in an effort to elucidate 
the mechanism(s) for performance degradation over 
time; initial results are promising in that anomalies in 
oxygen concentration have been detected at the interface 
between the LSM electrode and YSZ electrolyte after 
500 hours of SOFC operation.
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Objectives

Develop a robust process for producing yttrium-
stabilized zirconia (YSZ) powder that can be 
tailored to meet the SECA industry team needs.  

Produce YSZ powder in 5-10 kg batches, and 
demonstrate reproducibility of the process.

Demonstrate the advantages of tailoring YSZ 
powder characteristics to specifi c requirements of 
fabrication processes used in SOFC manufacture. 

Demonstrate the process provides YSZ powder at 
low manufacturing cost.

Approach

Use of chemical precipitation methods to produce 
hydroxide precursors that can be converted into 
crystalline YSZ via thermal treatments.

Use of ball milling and attrition milling methods to 
reduce particle size of YSZ powders to below one 
micron.

Use of uniaxial and isostatic pressing methods 
followed by sintering to fabricate ceramic samples 
for density and ionic conductivity measurements. 

Accomplishments 

Established a homogeneous precipitation process 
for preparing an yttrium-zirconium hydrous oxide 
precursor, which can be converted to crystalline 
YSZ via calcination.

Established calcination and milling methods to 
prepare YSZ powders with controlled surface area 
and particle size distribution. 

Demonstrated that YSZ powder produced by the 
process can be sintered to densities greater than 
98 percent theoretical at temperatures less than 
1,400ºC.

•

•

•

•

•

•

•

•

•

•

Demonstrated sintered YSZ ceramics with 
high ionic conductivity (>0.04 S/cm at 800ºC), 
equivalent to the best values reported in the 
literature.

Demonstrated a high surface area and fi ne particle 
size grade of YSZ powder that can be sintered at 
low temperatures (1,200°C to 1,250°C).

Provided samples of low-temperature sintering 
grade YSZ electrolyte powder to one of SECA’s 
industry team leaders.

Demonstrated that the manufactured cost of YSZ 
powder produced using the process will be less than 
$27 per kilogram at large production volumes.

Introduction

One of the current barriers to reducing the 
manufacturing cost of SOFCs is the high cost of some 
of the critical raw materials.  The availability of a 
low-cost, highly reliable and reproducible supply of 
engineered raw materials is needed to assure successful 
commercialization of SOFC technology.  The yttrium- 
stabilized zirconia (YSZ) electrolyte material is a 
primary ingredient for two of the three layers comprising 
an SOFC element:  the dense electrolyte layer and the 
porous nickel-based cermet (Ni/YSZ) anode layer.  In 
addition, YSZ often is used as a performance-enhancing 
additive to lanthanum strontium manganite (LSM) 
based cathode layers.  In practice, the same YSZ raw 
material is used for each of the component layers, even 
though different fabrication processes are used for 
each layer.  Signifi cant opportunities for performance 
optimization and cost reduction would be possible if 
the YSZ raw material is tailored for each component 
layer.  This project focuses on the development of YSZ 
powder synthesis technology that is “tailored” to the 
process-specifi c needs of different SOFC designs being 
developed under DOE’s Solid-State Energy Conversion 
Alliance (SECA) program.  

Approach

NexTech’s approach to developing a low-cost 
YSZ electrolyte powder production process is based 
on the following principles:  (1) the process must be 
scaleable to low-cost, high-volume production; (2) the 
process must be suffi ciently versatile so that powder 
characteristics can be tailored to a specifi c customer’s 
requirements; (3) the process must be reliable, providing 
consistent batch-to-batch quality; and (4) the process 
must provide a relatively pure YSZ powder that meets 
performance criteria relative to particle size, surface 

•

•

•

•

III.A.12  Continuous Process for Low-Cost, High-Quality YSZ Powder
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area, sintering activity, and ionic conductivity.  With the 
homogeneous precipitation process that was developed 
in this project (see Figure 1), the pH and solids content 
remain constant throughout the process, which is the 
key to achieving uniformity and reproducibility of the 
fi nished product.  Another attribute of the homogeneous 
precipitation process is that it can be made continuous 
with constant replenishment of the feed solutions.  This 
provides considerable cost and reliability advantages, 
relative to current chemical synthesis processes.

In the project, synthesis studies are being conducted 
to identify optimum precipitation conditions for 
producing hydrous oxide precursors.  These precursors 
then are processed into YSZ powders by washing and 
drying of the precipitates, calcination of the dried 
precursor to form a crystalline YSZ powder with 
targeted surface area (~10 m2/gram), and milling of 
the calcined YSZ powder to sub-micron particle size.  
The YSZ powders are subjected to a comprehensive 
characterization protocol, involving x-ray diffraction, 
chemical analyses, particle size distribution, surface 
area measurements, and sintering studies.  Performance 
of sintered YSZ ceramics are being assessed by density 
measurements, ionic conductivity measurements, 
mechanical property measurements, and scanning 
electron microscopy.

Results

In this project, NexTech has demonstrated 
a laboratory-scale continuous (homogeneous) 
precipitation process for YSZ electrolyte powder with 
equivalent, and in some ways superior performance 
to YSZ powder that is commercially available from 
non-domestic suppliers.  Key results of the project are 
discussed below: 

The initial precipitation conditions were shown to 
have a profound effect on the performance of fully 
processed (calcined and milled) YSZ powders.  
After optimization of precipitation conditions, YSZ 
powders produced by NexTech’s baseline process 

•

sinter to high densities (>98 percent theoretical) at 
temperatures of 1,300ºC and higher.  The NexTech 
powder also exhibits improved low-temperature 
sinterability, compared to commercial powder 
(Tosoh, TZ-8Y) with similar surface area (see 
Figure 2).  

NexTech demonstrated reproducibility of its 
synthesis process by producing three separate 
batches of YSZ powder, and characterizing these 
powders through all stages of processing.  Particle 
size distribution measurements (see Figure 3) 
indicated average particle sizes of 0.30, 0.27 and 
0.31 microns, and surface areas of the three powders 
ranged from 13.9 to 14.5 m2/gram.  Sintering 
performance (see Figure 4) and ionic conductivity 
(see Figure 5) were identical for the three batches 
(within experimental error of the measurements).

NexTech demonstrated improved densifi cation 
through doping with alumina (Al2O3), nickel oxide 
(NiO), manganese oxide (Mn2O3) and cobalt 
oxide (CoO) dopants, especially at low sintering 
temperatures (less than 1,300ºC).  NiO and 
Mn2O3 dopants resulted in signifi cant depression 
of ionic conductivity, whereas this effect was 
less pronounced with Al2O3 and CoO dopants 
(depending on the dopant amount and method 
of incorporation).  Results obtained with CoO 
dopants are presented in Figures 6 and 7.  With a 
0.1 wt% addition of CoO, the sintering temperature 
was reduced by about 50°C, with little change 
in ionic conductivity at 800°C.  With increased 
cobalt doping (1 wt%), the sintering performance is 
further improved, but with a signifi cant loss of ionic 
conductivity.

NexTech’s synthesis process also was demonstrated 
for scandium-stabilized zirconia (ScSZ) electrolyte 
compositions, both partially stabilized ScSZ-6 
and fully-stabilized ScSZ-10 compositions.  The 

•

•

•

FIGURE 1.  Homogenous Precipitation Process for YSZ Powder
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FIGURE 3.  Particle Size Distributions of YSZ Powder from Three 
Separate Batches

FIGURE 4.  Sintering Performance Data for YSZ Powders from Three 
Separate Batches
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FIGURE 5.  Ionic Conductivity Data for YSZ Ceramics Prepared from 
Three Separate Batches

FIGURE 6.  Effect of Cobalt Doping on Sintering Performance of YSZ 
Powder
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increased conductivity of ScSZ electrolytes was 
confi rmed (see Figure 8).

A manufacturing cost analysis confi rmed that YSZ 
powder prepared by NexTech’s homogeneous 
precipitation process could be manufactured for 
a cost of $27 per kilogram (see Figure 9).  This 
analysis was based on a production volume of 
500 metric tons per year, which is a fraction of the 
volume necessary when SOFC are in full-scale 
production.

Conclusions

In this project, NexTech Materials developed 
a low-cost and fl exible homogeneous precipitation 
process for production of high quality YSZ electrolyte 
powders required for the manufacture of solid oxide 
fuel cells.  Work on the project involved development, 
refi nement and scale-up of the powder synthesis 

•

process, along with comprehensive characterization 
by particle size distribution measurements, surface 
area analyses, sintering performance evaluations, and 
ionic conductivity measurements.  The two primary 
advantages of the YSZ powder produced by the process, 
compared to commercially available YSZ electrolyte 
powders, included tailorability of particle size and 
surface area and low temperature sintering capability.  
Specifi c conclusions from the work on this project are 
provided below:

The homogeneous precipitation process developed 
on this project provides a hydrous oxide 
precursor that can be processed into high quality 
YSZ electrolyte powder.  The process involved 
simultaneous pumping of an acidic solution 
containing yttrium and zirconium salts and a 
basic solution containing ammonium hydroxide 
to form a slurry of yttrium-zirconium hydroxides 
(or hydrous oxides).  The precipitation process is 
controlled so that the pH and solids content of 
the hydrous oxidize precursor is maintained at a 
constant level throughout the precipitation process.  
Specifi c variables of the precipitation process that 
are important to achieving high performance of 
the resulting YSZ powder include precipitation 
pH, dilution levels of the starting acid and base 
solutions, and the pump fl ow rates of the starting 
acidic and basic solutions.

Processing of the hydrous oxide precursor into YSZ 
electrolyte powder involves the steps of washing of 
the precipitated slurry (to remove residual salts), 
modifi cation of the slurry, either by addition of 
surfactants or solvent exchange with isopropyl 
alcohol, to minimize unwanted agglomeration 
during drying, drying of the hydrous oxide precursor 
into an amorphous powder, calcination of the 
precipitate to form a crystalline YSZ powder, and 
milling of the YSZ powder to a targeted surface 
area (10-15 m2/gram) and particle size (<0.5 µm).  
It was found that all of these processing steps had 
an impact on the sintering performance of the YSZ 
powder.

The milling step in the process was found to be 
critically important for producing high performance 
YSZ electrolyte powder.  In particular, high 
energy milling processes were required to achieve 
optimized particle size distributions and enhanced 
sintering performance.  The elimination of particles 
greater than one micron in size led to signifi cant 
improvements in sintering performance, especially 
at temperatures of less than 1,300°C.  The use of 
milling aids was found to help the milling process, 
and two especially suitable milling additives were 
identifi ed.

Calcination and milling methods were established 
for controlling surface area and particle size of 
YSZ powders within the targeted surface area 

•

•

•

•

FIGURE 8.  Ionic Conductivity of Yttrium Stabilized and Scandium 
Stabilized Zirconia Ceramics 
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FIGURE 9.  Results of Manufacturing Cost Analysis
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and particle size ranges (10-15 m2/gram and 0.3 
to 0.4 microns, respectively).  The synthesis and 
processing methods were further refi ned to produce 
YSZ powders with improved low-temperature 
sinterability and equivalent ionic conductivity 
compared to commercially available YSZ powder.  
The process provides a YSZ powder that can be 
sintered to high density (>95 percent theoretical) at 
temperatures as low as 1,250ºC.  

A number of oxide additives were evaluated and 
found to improve sintering performance of YSZ 
electrolyte powders produced by the process.  
Nickel, manganese, and aluminum oxide dopants 
(at levels of 0.1 to 1.0 wt%) all were found to 
be effective for increasing sintered densities and 
reducing sintering temperatures.  However, these 
dopants led to signifi cant reductions in ionic 
conductivity, even at low dopant levels.  Cobalt 
oxide dopants, on the other hand, were found to 
improve sintering performance without negative 
impacts on ionic conductivity when added in 
suffi ciently low levels (~0.1 wt%). 

•

All of the unit operations associated with the 
synthesis and processing of YSZ powders by the 
homogeneous precipitation process were scaled 
up at NexTech to allow YSZ powder production 
at 10-20 kilogram batch sizes.  A number of 
processing studies were performed to characterize 
each step of the process to aid identifi cation and 
specifi cation of manufacturing scale equipment 
for full-scale production.  A manufacturing cost 
analysis was performed, which confi rmed that YSZ 
powder produced by the continuous precipitation 
process would have an estimated production cost 
of about $27/kg for a 500-ton per year production 
rate.  Opportunities for further cost reduction were 
identifi ed.

FY 2006 Publications/Presentations 

1.  S.L. Swartz, et al., Continuous Process for Low-Cost, 
High-Quality YSZ Powder, DOE Contract Number:  
DE-FC26-02NT41575, Final Report (March 31, 2006).

•
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Objectives 

Fabricate a compliant seal that is hermatic at solid 
oxide fuel cell (SOFC) operating conditions.

Achieve target leak rates with minimum 
compressive loading.

Ιdentify a glass composition that is chemically 
compatible with a metal interconnect and does not 
support chromium migration or silicon degradation.

Accomplishments 

Identifi ed powder characteristics for glass and 
zirconia powders to formulate dense and low 
shrinkage composite at 850°C.

Fabricated glass-ceramic composite seal that 
demonstrates a leak rate below 0.094 sccm/cm 
with seal area pressurized to 13.8 kPa with helium. 
Seal was measured from 650-850°C at 0.55 MPa 
compressive load.

Demonstrated stable seal performance for over 50 
hours with multiple pressurization cycles.

Introduction 

Many planar SOFC designs have been proposed 
using a number of sealing materials, with mixed 

•

•

•

•

•

•

degrees of success.  The simplest methods have been 
single composition glass seals, which have been 
compositionally designed to melt at relatively low 
temperature and yet maintain suffi cient viscosity at 
the operating temperature to provide a robust seal 
[1,2].  More complex approaches have attempted to 
use multiple glass phases in layers or to add a minority 
fraction of ceramic particles to the mixture to fulfi ll the 
seal requirements [3,4].

These experiments focus on the development of a 
composite sealing system for intermediate-temperature 
solid oxide fuel cells (600-800oC).  These two-
phase glass/ceramic mixture structures are targeted 
to provide high durability, low cost and scalability 
for manufacturing.  The proposed seals combine a 
crystalline ceramic phase that will provide a skeletal 
structure to the seal, and a glass matrix that will improve 
wetting at the seal interfaces and allow the seal to 
densify at lower operating temperatures.  The composite 
structure is also anticipated to provide a degree of 
compliance to the stack at the operation temperature.

Approach 

Two approaches have been evaluated—the 
development of isotropic seal materials, in which 
equiaxed ceramic powders have been added to a glass 
matrix, and the development of textured seal materials, 
in which anisotropic ceramic particles have been 
oriented in a glass matrix.  Examples of the resultant 
structures are shown in Figures 1 and 2.  In both cases, 
it is expected that the majority crystalline phase will 
dominate the thermal expansion behavior and present 
a tortuous path for gas species with the possible added 
benefi t of the textured seals in improved fracture 
toughness and creep resistance.  

A range of particulate materials and glass 
compositions have been evaluated to determine those 
best suited for SOFC sealing applications.  This paper 
documents the development of isotropic seal materials 
and their validation testing.

Results 

Figure 1 shows the results of the sintering study for 
the composite mixtures of the selected seal material 
and zirconia powder at 850°C.  The surface area of the 
seal material and zirconia powder was 4 m2/g and 
1.5 m2/g, respectively.  The two powders were mixed in 
varying ratios by ball milling mixtures of the glass and 
zirconia powder.  The study showed that the composites 
with seal material content of less than 50% saw little 
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Temperature SOFCs

Matthew M. Seabaugh (Primary Contact), 
Kathy Sabolsky, Gene B. Arkenberg,
Jerry L Jayjohn
NexTech Materials, Ltd.
404 Enterprise Drive
Lewis Center, OH  43035 
Phone: (614) 842-6606; Fax: (614) 842-6607
Website: www.nextechmaterials.com

DOE Project Manager:
Ayyakkannu Manivannan
Phone: (304) 285-2078
E-mail: Ayyakkannu.Manivannan@netl.doe.gov 

Consultant:  Dr. Dick Brow
University of Missouri – Rolla, Rolla, MO
Phone: (573) 341-6812
E-mail: brow@umr.edu

Subcontractors:  Dr. John Lannutti
The Ohio State University, Columbus, OH



Matthew M. SeabaughIII.A  SECA Research & Development / Materials and Manufacturing

84FY 2006 Annual Report Offi ce of Fossil Energy Fuel Cell Program 

to no improvement in density over the pure zirconia 
samples.  The composites with seal material content 
greater than 70% achieved over 95% density with 
shrinkage over 14%.  The pure glass material sample 
achieved 100% density at 850°C with approximately 13% 
shrinkage.  Based on this assessment, for this mixture of 
powders, a high glass content was selected.  Alternative 
formulations (particularly those using higher surface 
area glasses) use higher concentrations of the crystalline 
component. 

Figures 2 and 3 provide composite seal performance 
data obtained using the 70% glass formulations identifi ed 
in Figure 1.  In Figure 2, a screening test of short term 
performance, the calculated leak rate for two composites 
utilizing similar compositions to that described in 
Figure 1 but with varying glass formulations is 
compared.  Both seals perform well below the targeted 
leak rate of 0.094 sccm/cm at all temperatures and 
below reported values for seals tested under similar 
conditions [5,6].

The seal test target leak rate was calculated based 
upon the metric of 1% fuel loss.  A fuel fl ow rate of 376 
sccm was calculated based upon a fuel cell with the 
following specifi cations: area of 81 cm2, current density 
of 0.5 A/cm2, and 75% fuel utilization.  The amount of 
fuel loss was then determined to be 3.76 sccm.  The seal 
length (40 cm) is the perimeter of a 10 cm square seal.  
Finally, the target seal leak rate of 0.094 sccm/cm is 
obtained by dividing the fuel loss by the seal length.  

Figure 3 shows pressure decay curves for a 
promising seal material, demonstrating stable seal 
performance over 50 hours with multiple pressurization 
cycles.  The pressure decay data has been analyzed to 
determine the leak rate over several hours, before the 
pressure was again raised to the starting value on a 
periodic basis.  Based on the pressure decay data, it is 

clear that the seals retain their hermeticity over the 
50-hour test.  Ongoing evaluations are being performed 
to determine the applicability of the reported seals 
during fuel cell operation. 

Conclusions and Future Directions

Using a combination of glass formulations and 
crystalline materials, a range of seal materials have 
been developed.  Using in situ measurements of seal 
performance, materials offering good hermeticity have 
been identifi ed.  Continuing evaluations of performance 
under fuel cell operation are underway.

Special Recognitions & Awards/Patents 
Issued 

1. Best Commercial Presentation, “Composite Seals for 
Intermediate Temperature SOFCs,” ASM International 
Conference on Joining of Advance and Specialty Materials 
VII, October 18-20, 2004, Columbus, OH.

FIGURE 1.  Impact of Glass Content on Composite Densifi cation and 
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Objectives 

To support the SECA industrial teams towards the 
development of reliable and durable SOFCs.

To support SECA Core Technology Program (CTP) 
modeling efforts by establishing material property 
databases.

To establish failure criteria for SOFC materials and 
components associated with thermal fatigue and 
other degradation mechanisms.

To determine the fracture behavior of SOFC 
materials and their interfaces.

Approach

Standardized test methods were employed to 
determine the thermal and mechanical properties of 
SOFC materials.

Scanning electron microscopy and spectroscopic 
techniques were used to characterize the evolution 
of the microstructure and the composition of SOFC 
materials when subjected to thermal cycling and 
thermal aging.

The fracture behavior of SOFC materials and their 
interfaces was investigated by the load relaxation 
in double-torsion and by the four-point bending of 
bi-material notched test specimens with symmetrical 
interfacial cracks. 

Focused ion beam micromachining techniques were 
used to prepare test specimens to determine the 
fracture toughness of interfaces in SOFC material.

Accomplishments 

Developed methodologies and experimental 
facilities to assess the resistance of SOFC materials 
to thermal cycling and thermal aging.

•

•

•

•

•

•

•

•

•

Determined the thermal properties of Ni-YSZ as a 
function of temperature and porosity. 

Characterized the microstructure of Ni-YSZ 
materials after thermal cycling and thermal aging.

Developed microfabrication techniques to prepare 
bimaterial notched four-point bending test 
specimens with symmetrical interfacial cracks for 
the determination of interfacial toughness.

Introduction 

The durability and reliability of SOFCs are not only 
defi ned in terms of their electrochemical performance, 
but also by the ability of their components to withstand 
mechanical stresses that arise during processing and 
service.  Specifi cally, the mechanical reliability and 
durability of the SOFC is determined by the stress 
distribution to which its components are subjected and 
by their distribution of strengths.  The stress distribution 
is a complex function of several parameters that 
include the geometry of the SOFC, the properties of its 
components, the temperature distribution and external 
mechanical loads.  The determination of the stress 
distribution in SOFC materials and components requires 
the use of computational tools (e.g., computational fl uid 
dynamics and fi nite-element stress analyses), which in 
turn require knowledge of their physical and mechanical 
properties.  The stochastic distribution of strengths of 
SOFC materials is primarily determined by the type and 
distribution of strength-limiting fl aws, which are intrinsic 
to the material or that are introduced during processing 
and/or manufacturing.

During normal operation SOFC materials and 
components will experience large-amplitude low-
frequency thermal cycles as a result of start-ups and 
shutdowns, and small-amplitude high-frequency 
thermal cycles during transients that are intrinsic to the 
operation and control processes of the SOFC.  Under 
such operational conditions, the long-term reliability 
(durability) of SOFCs will be dictated in great measure 
by the resistance of the SOFC materials and components 
to degradation mechanisms that become activated during 
thermal cycling and thermal aging.  These degradation 
mechanisms, which include creep deformation, thermal 
fatigue and slow-crack growth will not only affect the 
distribution of strengths of the material with time, but 
they will also affect the distribution of stresses to which 
these are subjected, including residual stresses.

•

•

•
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Therefore, the development of reliable and durable 
SOFCs requires that the mechanisms responsible for 
the degradation of their materials and components be 
identifi ed and characterized.

Approach 

The Ni-based materials used in this investigation 
were prepared from a powder mixture of 75 mol% NiO 
and ZrO2 stabilized with 8 mol% Y2O3 (YSZ).  Different 
amounts of organic pore former (0, 15 or 30 vol% rice 
starch) were added to the powder mixture to obtain test 
specimens with different levels of porosity.  Green test 
specimens were prepared by tape casting four 250-μm 
thick layers, which were subsequently laminated.  A 
15-µm thick layer of YSZ was screen-printed over some 
of the NiO-YSZ test specimens to obtain bi-layers.  
Mono- and bi-layer discs were sintered at 1,400oC in air 
for 2 hours and subsequently reduced in a 4%H2+96%Ar 
gas mixture at 1,000°C.  The weight of the test specimens 
was determined before and after reduction to confi rm 
that NiO had been completely reduced to metallic 
Ni.  The porosity of all test specimens was determined 
by alcohol immersion.  A technique was developed to 
metallographically prepare thin bi-layer test specimens 
without having to embed them in a medium (e.g., 
epoxy).  This became necessary to allow for the 
periodic microstructural examination of test specimens 
after they had been subjected to a predetermined 
number of thermal cycles or thermal aging time.  
The microstructure of bi-layer test specimens was 
characterized using scanning electro microscopy while 
energy dispersive x-ray spectroscopy (EDXS) was used 
to perform chemical analyses and to obtain elemental 
map distributions.  Quantitative image analysis was used 
to assess microstructural changes in SOFC materials. 

The fracture toughness, KIC, and slow-crack growth 
behavior of SOFC materials were determined using 
the double torsion test method.  Double torsion test 
specimens consisted of rectangular plates (20 mm in 
width, 40 mm in length) with notches 1 mm in width 
and 12.5 mm in length that were cut into one side of the 
test specimen using a circular diamond blade.  The notch 
tip was machined such that the thickness of the test 
specimen at the notch tip tapered from very thin to the 
full thickness.  The fracture tests were performed using 
a fi xture fabricated out of alumina.  Prior to testing, all 
notched test specimens were pre-cracked by loading 
the test specimen at a rate of 0.01 mm/min in a double 
torsion fi xture.  The reduction in the thickness at the 
notch tip facilitated the formation of a sharp pre-crack 
at relatively low loads, well below that required to cause 
fast fracture of the test specimen.

The slow crack growth behavior of SOFC materials 
was determined using the load relaxation version of the 
double torsion test confi guration.  According to this test 
procedure, a pre-cracked double-torsion test specimen is 

fast loaded at a constant displacement rate of 2 mm/min 
up to a load equivalent to 95% of the load associated 
with the fracture toughness of the material at particular 
temperature.  At that point, the crosshead displacement 
of the mechanical testing machine is arrested and the 
load is monitored and recorded as a function of time.  
Under those conditions, cracks propagate in a stable 
manner, resulting in the relaxation of the load.  

Focused ion beam and laser micromachining 
techniques were used to prepare notches in test 
specimens for the determination of the fracture 
toughness of Ni-YSZ/YSZ and YSZ/LSM interfaces 
according to a test method in which bi-material notched 
test specimens with symmetrical interfacial cracks are 
subjected to four-point bending.

Results 

During FY 2005 work was carried out to quantify 
the effect of thermal cycling on the properties of 
Ni-YSZ and YSZ/Ni-YSZ bi-layers.  These test 
specimens were subjected to thermal cycles between 
100°C and 800°C under a constant fl ow rate (100 
cc/min) of a gas mixture of 4%H2 and 96%Ar.  To 
distinguish between the effects of thermal exposure at 
800°C from those that could result from thermal cycling 
on the physical and mechanical properties of these 
materials, thermal aging tests were carried-out at 800°C.  
Changes in the curvature of test specimens suggested 
that the residual stresses in bi-layer test specimens relax 
rapidly after a few cycles, or short periods of aging time, 
and that subsequently these stresses remain more or 
less constant.  It had also been found that while the 
porosity and elastic modulus of YSZ/Ni-YSZ bi-layers 
do not change signifi cantly with the number of thermal 
cycles or thermal aging time, their characteristic strength 
decreased by as much as 20%. 

During FY 2006, these studies were continued 
and efforts were focused to identify relationships 
among the observed changes in the state of residual 
stress and mechanical properties of YSZ/Ni-YSZ 
bi-layers and any microstructural changes that might 
have occurred in these materials as a result of thermal 
cycling or thermal aging.  The microstructure of these 
materials was characterized by scanning electron 
microscopy.  To determine if any changes had occurred 
in the microstructure of these materials, a fi xed region 
of the test specimen was analyzed periodically after a 
predetermined number of thermal cycles or thermal 
aging time.  To facilitate monitoring potential changes 
at different scales, a collage of high-magnifi cation 
images was obtained in each case.  Figure 1 shows a 
scanning electron micrograph of a Ni-YSZ/YSZ bi-layer 
test specimen in which a 30% volume fraction of pore 
former had been used.  The region of the test specimen 
that was used to monitor the occurrence of potential 
microstructural changes has been identifi ed.  Also shown 
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in Figure 1 is the backscattered electron image (BSE) of 
this region.  

Figure 2 shows a collection of BSE images obtained 
for this test specimen after 0, 5, 12.5 and 25 hours 
at 800°C.  Although the brightness in BSE images 
is directly proportional to the atomic number of the 
material being analyzed, the use of EDXS elemental 
maps became necessary to complement information 
provided by the BSE images, which in some cases can’t 
be used to distinguish among the various phases in 
these materials.  In each case elemental maps for nickel, 
oxygen and zirconium were obtained using EDXS.  The 
images associated with the distribution of these elements 
for a Ni-YSZ/YSZ bi-layer test specimen in which a 
30% volume fraction of pore former had been used, after 
25 hours at 800°C are shown in Figure 3.  To provide 
a uniform criterion to assess microstructural changes, 
a quantitative analysis of these images was performed 
using a commercial computer program as illustrated 
in Figure 4.  In this analysis, each particle, grain or 
pore is identifi ed and its dimensions are recorded and 
monitored as a function of aging time.  Similar analyses 
have been performed for test specimens that have 
been subjected to thermal cycling.  At the time of the 
preparation of this report, this work was in progress.

Slow crack growth is a phenomenon in which 
cracks grow in a material assisted by stress and the 
environment.  It is known that hydrogen and water 
vapor, which are environments that are present in 
SOFCs, can induce slow-crack growth in materials that 
are being used to manufacture SOFCs.  Therefore, the 
determination of the propensity of SOFC materials to 
embrittlement by hydrogen or water vapor is necessary 
to develop durable SOFCs.

The fracture toughness and slow-crack growth 
resistance of Ni-YSZ in a gas mixture of 4% H2 and 
96% Ar were found to decrease signifi cantly with 
temperature.  Figure 5 presents data for the fracture 
toughness of Ni-YSZ test specimens (30% volume 
concentration of pore former).  Analysis of the fracture 
surfaces of these test specimens revealed the existence 
of Ni ligaments bridging the wake of the main crack 
(Figure 6).  The plastic deformation of Ni grains at 
the crack tip is probably responsible for the tougher 
behavior of Ni-YSZ compared to NiO-YSZ.  However, 
the concentration of plastically deformed Ni ligaments 
decreased with test temperature.  To assess the sensitivity 
of these materials to hydrogen embrittlement, the 
fracture toughness Ni-YSZ test specimens was evaluated 

FIGURE 2.  Backscattered Electron Images of Ni-YSZ/YSZ Bi-Layer Test 
Specimen (30% pore former) after Various Periods of Aging Time at 
800°C

FIGURE 1.  Scanning electron micrograph of Ni-YSZ/YSZ bi-layer test 
specimen (30% pore former).  The red frame identifi es the region that 
was characterized to track microstructural changes.  Also shown is the 
backscattered electron image.

FIGURE 3.  Elemental Maps for Nickel, Oxygen and Zirconium for a Ni-
YSZ/YSZ Bi-Layer Test Specimen (30% pore former) after 25 Hours Aging 
at 800°C
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at 600 and 800°C in pure argon and it was found that 
a reducing environment with up to 4% hydrogen does 
not affect the fracture behavior of Ni-YSZ at these 
temperatures (Figure 5).  It was also found that the 
threshold stress intensity factor for the onset of slow-
crack growth decreases with temperature and with the 
porosity of the material and while the slow-crack growth 
exponent decreases with increasing temperature it 
decreases with porosity.   

Delamination between the different layers in 
a SOFC has been identifi ed as a potential damage 
mechanism that could affect the electrochemical 
performance of cells.  During FY 2006, work was 
initiated to identify and implement test methods to 

determine the fracture toughness of these interfaces.  
Subsequently, the occurrence of changes in interfacial 
fracture toughness as a result of thermal cycling and 
thermal aging will be investigated.  A bi-material 
notched four-point bending specimen with symmetrical 
interfacial cracks was selected to determine the fracture 
toughness of SOFC interfaces.  Although this test 
method has been used successfully to evaluate the 
interfacial properties of several engineering systems, 
its applicability of test specimens that are a few 

FIGURE 4.  Quantitative Analysis of Elemental Map for a Ni-YSZ/YSZ 
Bi-Layer Test Specimen (30% pore former) after 25 Hours Aging at 800°C

FIGURE 5.  Fracture toughness of Ni-YSZ as a function of temperature.  
Data are presented from tests performed in a gas mixture of 4%H2+96% 
Ar or in 100% Ar.

FIGURE 6.  Scanning Electron Micrographs Illustrating Ni Ligaments 
in the Wake of a Crack after Fracture Toughness Tests for (a) and (b)  
Ni-YSZ (0% pore former) at Room Temperature, (c) Ni-YSZ (30% pore 
former) at 600°C and (d) Ni-YSZ (30% pore former) at Room Temperature
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micrometers in thickness, such as those being analyzed 
here, poses signifi cant challenges.  Both focused ion 
beam and laser micromachining techniques have been 
used to prepare these specimens as shown in Figure 
7 in order to meet the requirements of a sharp notch 
that would initiate an interfacial crack.  At the time this 
report was prepared, this work was in progress.

Summary

The development of models to predict the reliability 
and durability of SOFCs requires knowledge of the 
physical, electrochemical and mechanical properties of 
the SOFC materials and components and how these 
properties change with time under the infl uence of 
factors such as stress, temperature and environment.  
During FY 2006, work continued towards the goal of 
supporting the development of models to predict the 
reliability and durability of SOFCs.  For example, it 
was found that while the fracture toughness of Ni-YSZ 
decreases both with temperature and with the porosity 
of the material, it was not affected by the presence of H2 
(up to 4% concentration) in the environment.  During 
normal operation SOFC materials and components 
will experience large-amplitude low-frequency thermal 
cycles as a result of start-ups and shutdowns, and 
small-amplitude high-frequency thermal cycles during 
transients that are intrinsic to the operation and control 
processes of the SOFC.  The effect of thermal cycling 
and thermal aging on the physical and mechanical 
properties of SOFC materials was investigated and work 

is in progress to establish relations between potential 
changes in the microstructure of these materials and 
the changes that have been observed in their properties.  
Work will continue to support the activities of the SECA 
Core Technology Program and the SECA industrial 
teams towards the design and demonstration of reliable 
and durable SOFCs.
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FIGURE 7.  Scanning Electron Micrographs Illustrating Notches Made 
with Laser and Focused Ion Beam to Prepare Test Specimens for the 
Determination of Interfacial Fracture Toughness
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Objectives 

Investigate the mechanism for deterioration of solid 
oxide fuel cell (SOFC) anodes operating at the 
H2: H2S: CO ratios found in coal syngas.

Molecular modeling of the anode materials 
interacting with chemical species.

Validate the theoretical model with experimental 
data.

Accomplishments 

Established the detrimental infl uence of H2S on 
H2 oxidation at anode material from quantum 
chemistry calculations; binding energy for H2 was 
reduced from -80.1 kcal/mol to -21.6 kcal/mol in 
the presence of H2S gas molecules.

Molecular dynamics calculations confi rm that H2S 
gas molecules slow the diffusion of H2 molecules 
towards anode material.

Analyzed the impact of CO on the mixture of H2 
and H2S; CO decreased the diffusion coeffi cient of 
H2S.

Introduction 

Coal syngas is the gas produced from the burning 
of coal and has a good amount of hydrogen along 
with other chemical species as such as CO and CO2.  
However, coal syngas also contains H2S at high 
concentrations between 0.5-5% depending on where the 
coal is mined [1].  Of the different types of fuel cell, the 
solid oxide fuel cell (SOFC) is the most viable option to 
use coal syngas as its fuel supply because it operates at 
850-1000°C.  It is also known that SOFCs can handle 

•

•

•

•

•

•

CO and CO2 as contaminants in the H2 supply because 
of its high operating temperature.  But the presence 
of H2S in the fuel stream will deteriorate the anode 
material.  Most of the research has been focused on 
developing new anode materials for SOFCs rather than 
studying the cause of the anode deterioration due to 
H2S.  In this project, we propose to use a systematic 
approach to understanding the effect of H2S from syngas 
on the anode materials (Ni-YSZ, Ni-CeO2-YSZ) with 
molecular modeling computations, and to perform 
experiments to validate the models.

Approach 

In this study, molecular modeling is used to 
understand the interaction of H2S with anode materials 
(Ni-YSZ, Ni-CeO2-YSZ).  Molecular modeling consists 
of fi rst principle quantum chemistry (QC) calculations 
using Gaussian 03 software to optimize the structure of 
each compound and the systems consisting of anode and 
different chemical species.  Physical properties, such as 
diffusion coeffi cient of the chemical species and their 
interactions with anode material, are calculated using 
molecular dynamics (MD) simulations with Cerius2 
(v 4.8) software.  Finally, an experimental set-up will be 
constructed to perform SOFC experiments with different 
anode materials and validate the mathematical models.

Results 

Molecular modeling of different SOFC anode 
material chemical species was studied.  First, the 
electrolyte of SOFC, yttria-stabilized zirconia (YSZ), 
was optimized by QC calculations using Gaussian 
03 software.  NiO was added to the optimized YSZ 
structure to form Ni-YSZ, the anode material.  All 
the possible systems consisting of Ni-YSZ (anode), 
H2, H2S and CO were constructed and quantum 
calculations were performed.  The binding energies for 
each system are shown in Table 1.  The binding energy 
for each system has a negative value which means the 
oxidation of the components on the Ni-YSZ surface is 
thermodynamically feasible.  In case of single molecules, 
oxidation of H2 is favored more than oxidation of H2S 
and CO because the binding energy for H2 (-80.1 
kcal/mol) is lower than H2S (-21.4 kcal/mol) and CO 
(-23.9 kcal/mol).

The binding energy for the system where H2S is 
combined with H2 (-21.6 kcal/mol) is higher than the 
system with only H2, which means H2 oxidation on the 
Ni-YSZ surface is obstructed by the presence of H2S 
molecules.  But when CO is mixed with H2, the binding 
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energy (-155.5 kcal/mol) is far less than the binding 
energy for the CO+H2S system (-134.6 kcal/mol), 
which suggests that oxidation of both CO and H2 on 
the surface of Ni-YSZ anode is more favored than the 
CO+H2S system.

The computational chemistry model was extended 
and MD calculations were performed to understand the 
interactions between the atoms in the anode and the 
chemical species (H2, H2S and CO) in its environment.  
The radial distribution function (RDF) was used to 
determine the packing and orientation of the chemical 
species and anode material.  The RDF plot gives the 
interaction of each chemical species with different atoms 
in the anode as a function of distance from the surface 
of the anode.

One of the RDF plots for the H2 system at 25°C 
showed that H2 has a higher affi nity for the Ni atom in 
the anode than other atoms (Y, Zr and O), which means 
H2 oxidizes at Ni sites in the Ni-YSZ anode.  Figure 1 
shows the RDF plot for the Ni-H2 pair at 850°C in the 
presence of H2S and CO molecules.  The pure H2 system 
has the highest peak value, which decreases with the 
addition of H2S and CO to the mixture.  This proves 
again that oxidation of H2 at Ni sites are slowed down 
by the presence of H2S and CO molecules.  In addition, 
one can observe the position of the Ni-S pair from the 
H2/H2S system, which is farther away from the anode 
surface as compared to the Ni-H2 pair.  This confi rms 
that H2 is more likely to get oxidized at Ni sites than the 
H2S molecule.  Interaction of H2S with different atoms 
in the anode and H2 molecules at 850°C is shown in 
Figure 2.  The RDF plot shows that S forms a pair with 
Ni and H2 rather than with any other atoms.  The Ni-S 
pair is slightly farther away from the anode than the Ni-
H2 pair.

Other than the RDF plot, MD calculations can 
be used to fi nd the diffusion coeffi cient of each gas 
molecule.  In Table 2 the diffusion coeffi cients for H2, 
H2S and CO in various systems are listed.  Diffusivity for 
pure H2 was found to be 1.35 x 10-4 cm2/s, but when H2S 

gas was mixed with H2, the diffusion coeffi cient of H2 
was lowered by 20% to 1 x 10-4 cm2/s.  This observation 
agrees with QC calculations that in a H2+H2S mixture, 
oxidation of H2 takes place at a slower pace due to 
transport limitations.  Now with the addition of CO to 
H2 gas, the H2 diffusivity has been dropped to 5 x 10-6 
cm2/s, which is 96% lower than the pure H2 system.  In 
the case of a H2+H2S(2%)+CO(2%) mixture, CO slows 
down both the diffusion of H2 (9 x 10-6 cm2/s) and also 

H2S (2 x 10-9 cm2/s).
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TABLE 1.  Binding Energies for Various Combinations of Gas 
Components

Systems Binding Energy (kcal/mol)

H2 -80.1

H2S -21.4

CO -23.9

H2 + H2S -21.6

H2 + CO -155.5

H2S + CO -134.6

TABLE 2.  Diffusivities of the Gas Components at 850° C for Different 
Systems

Systems H2 
Diffusivity 

(cm2/s)

H2S 
Diffusivity 

(cm2/s)

CO 
Diffusivity 

(cm2/s)

H2 1.35 x 10-4 – –

H2 + H2S (2%) 1 x 10-4 1 x 10-5 –

H2 + CO (2%) 5 x 10-6 – 3 x 10-7

H2 + H2S (1%) + CO (1%) 2 x 10-5 8 x 10-9 6 x 10-9

H2 + H2S (2%) + CO (2%) 9 x 10-6 2 x 10-9 6 x 10-9



93Offi ce of Fossil Energy Fuel Cell Program FY 2006 Annual Report

III.A  SECA Research & Development / Materials and ManufacturingGerardine Botte

Conclusions and Future Directions

Quantum chemistry calculation proves oxidation of 
pure H2 is more thermodynamically favored on the 
Ni-YSZ surface than pure H2S and CO.

RDF plots for H2 indicate that H2 has a greater 
affi nity for the Ni atom than any other atoms in the 
anode material.

Diffusion of H2 was slowed down in the presence of 
H2S and CO, but when all the three gases are mixed, 
CO reduces the diffusion coeffi cient of H2S.

In the future, we would like to include N2 and H2O 
(moisture) atoms to the anode environment and 
perform QC and MD calculations.

Perform molecular modeling with another anode 
material – Ni-CeO2-YSZ.

Design and construct a SOFC experimental set-up 
to verify the theoretical model.

•

•

•

•

•

•
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Objectives 

Develop cost effective seals for SOFC stacks that 
offer low leak rates and desired reliability during 
long-term isothermal and thermal cyclic operation.

Develop a scientifi c understanding of the 
degradation processes affecting performance and 
integrity of seals, including intrinsic materials 
degradation in SOFC environment and interactions 
with adjacent SOFC components.

Accomplishments 

Synthesized and characterized new “refractory” 
sealing glass compositions.

Fabricated sealed joints for leak testing (anode-
supported electrolyte/glass/ferritic stainless steel).

Performed leak tests on joined coupons followed by 
microstructural characterization.

Identifi ed promising glass seal compositions with 
improved coeffi cient of thermal expansion (CTE) 
match and reduced interfacial reactivity for further 
evaluation and testing.

Introduction 

Planar SOFC stacks require adequate seals between 
the interconnect and cells in order to prevent mixing 
of the oxidant and fuel gases, and to prevent leaking 
of gases from the stack.  In addition, the seals must 
also allow the stack to be thermally cycled repeatedly 
(between ambient conditions and the operating 
temperature). Several different approaches to sealing 
SOFC stacks are available, including rigid, bonded seals 
(e.g., glass-ceramics), compliant seals (e.g., viscous glass), 
and compressive seals (e.g., mica-based composites).  
Rigid seals typically soften and fl ow slightly during 
stack fabrication (at a temperature above the operating 

•

•

•

•

•

•

temperature) but then become rigid (to avoid 
excessive fl ow or creep) when cooled to the operating 
temperature.  The thermal expansion of rigid seals 
must be closely matched to the other stack components 
in order to avoid damaging the stack during thermal 
cycling.  Compliant seals attempt to simultaneously 
perform the sealing function and prevent thermal stress 
generation between adjacent components.  Compressive 
seals typically utilize materials such as sheet-structure 
silicates that do not bond adjacent SOFC components; 
instead, the sealing material acts as a gasket and gas-
tightness is achieved by applying a compressive force to 
the stack.    

Approach 

Candidate glass-ceramic sealing compositions 
were prepared by melting and casting of appropriate 
oxide constituents.  Structural, thermal, and mechanical 
properties were evaluated utilizing x-ray diffraction, 
scanning electron microscopy (SEM), energy dispersive 
x-ray spectroscopy, dilatometry, and optical microscopy.  
Seal quality of joined interconnect/anode-supported 
electrolyte coupons was evaluated through room 
temperature leak testing following isothermal and/or 
thermal cycling heat treatment.

Results 

The main emphasis of glass seal development work 
at PNNL is to identify, synthesize, characterize, and 
validate sealing glass formulations (glass-ceramics) with 
desired thermal, mechanical, electrical, and chemical 
properties for long-term SOFC applications.  The current 
approach is based on a “refractory” sealing glass-ceramic 
concept.  The refractory sealing glasses are designed to 
have a higher sealing temperature (e.g., 900-1,050oC), 
compared to a state-of-the-art glass (e.g., G18, a 
Ba-Ca-Al-B silicate glass) which typically seals at ≤850oC 
for operation at ~750oC.  The potential advantages of 
refractory sealing glasses are long-term thermal stability 
(particularly coeffi cient of thermal expansion, CTE), 
minimal interfacial reaction with metallic interconnects, 
and stronger bonding at cell/interconnect interfaces 
due to a higher stack fabrication temperature.  The glass 
system under investigation is similar to G18 but contains 
a different primary glass modifi er, i.e., Sr instead of Ba.  
Three glass systems were evaluated:

1. YS series: Sr-Ca-Al-Y-B-Si

2. YSO series: Sr-Ca-Y-B-Si

3. YSP series: Sr-M-Y-B-Si (M=Mg, Ca, Sr, Ba)

The fi rst glass series investigated was the YS series 
based on Sr-Ca-Al-Y-B-Si.  In order to increase the 
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sealing temperature, the glass composition was tailored 
by varying the B2O3 content from 9.5 to 3.5 mole% in 
seven glasses, and the lower bound of B2O3 content for 
forming a homogeneous glass was established.  These 
glasses did appear to be more refractory, as evidenced 
by their higher softening points (for example, see the 
dilatometric plots for glass G18 (Figure 1) and for 
glass YS-1 (Figure 2) after short-term crystallization).  
Hermetic sealing was obtained for anode-supported 
electrolyte/ferritic stainless steel joins in the as-sealed 
condition and was maintained after 10 thermal cycles 
in air, or 10 thermal cycles in a reducing environment.  
However, the YS glasses had a lower CTE than G18, and 
also, like G18, exhibited a trend of decreasing CTE after 
aging for 1,000 h and 2,000 h.  The decrease in CTE was 

likely due to the formation of a low CTE celsian phase 
similar to the BaAl2Si2O8 formed in G18 glass.  

The second glass series (YSO series) was developed 
by removing Al2O3 from the YS series; eight glasses were 
batched with varying SrO (42.5% to 47.5%), varying 
B2O3 (7.5% to 9.5%), varying Y2O3 (6% to 10%) content, 
and/or La2O3 (6%).  Adding La2O3 to 6% or Y2O3 to 
10% resulted in poor glass-forming behavior, i.e, bulk 
crystallization during the glass making process.  The 
other glasses typically had a softening point >720°C 
and the CTE appeared stable over 1,000 h or 2,000 h 
aging with values ~11.5x10-6/°C.  Glass YSO-1 was 
selected for further investigation of sealing properties 
and interfacial microstructure development.  Results 
from SEM analysis showed undesirable SrCrO4 
formation along the glass/metal interface for samples 
sealed at lower temperatures (900-950°C, see Figure 
3).  At higher sealing temperatures (1,000-1,050°C), 
however, no chromates were found, as shown in Figure 
4.  Thermodynamic calculations indicated that formation 
of chromates is favorable for Ba- or Sr-containing glasses 
if oxygen is available, but such reaction was apparently 
avoided when oxygen was excluded from the interfacial 
region by rapid densifi cation of the glass at the higher 
sealing temperatures.  The CTEs of both chromates 
phases were also experimentally determined and were 
found to be undesirably high (~21-22 x10-6/°C), indicating 
that a protective layer may be required to minimize the 
formation of these interfacial phases.  Both in-house 
developed (Mn,Co)3O4 spinel coatings and commercial 
Al2O3 coatings are under investigation.  Concerning 
electrolyte/glass interfaces, the refractory sealing glasses 
exhibited improved chemical compatibility compared to 
G18, as no interfacial reaction phases were observed.  

The fi nal glass series (YSP) involved partial 
substitution of Sr with Mg, Ca, and Ba; several glasses 

FIGURE 1.  Linear Thermal Expansion of G18 Sealing Glass after 
Short-Term Crystallization in Air (850°C for 1 hour followed by 750°C for 
4 hours)

FIGURE 2.  Linear Thermal Expansion of YS-1 Sealing Glass after 
Short-Term Crystallization in Air (850°C for 1 hour followed by 750°C for 
4 hours)

FIGURE 3.  Interfacial microstructure of glass (YSO-1) at the glass/metal 
(Crofer22APU) interface.  Sealed at 950°C/2 h in air.  Note undesirable 
formation of SrCrO4 near the interface (arrow).   
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were identifi ed with CTE in the ~12.3x10-6/°C range.  
However, again it was apparent that the issue of 
chromate formation must be addressed.  Candidate 
sealing glasses were also tested in dual environments; 
some YSO series glasses survived four deep thermal 
cycles and aging up to 1,000 h at 850°C.  

Conclusions and Future Directions

Refractory glass seals have been developed, which 
offer excellent, stable CTE matching to other SOFC 
stack components.  Hermetic seals have been 
obtained which survived isothermal and thermal 
cycle heat treatments.  These compositions also 
exhibit improved interfacial stability compared 
to other SOFC sealing glasses, although further 
interfacial optimization (such as interconnect 
coatings) may be required to mitigate formation of 
undesirable, high CTE phases.

Future work will focus on continued optimization 
of refractory glass seal compositions as well as 
larger scale testing (e.g., 4.5 inch x 4.5 inch), 
including isothermal and thermal cycle tests in dual 
environments (e.g., air/70% H2-30% H2O).

•

•
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FIGURE 4.  Interfacial microstructure of glass (YSO-1) at the glass/metal 
(Crofer22APU) interface.  Sealed at 1,000°C/2 h in air.  No chromate 
formation was observed for the higher sealing temperature, likely due to 
exclusion of oxygen from the interface. 
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Objectives 

Develop and optimize SOFC cathode electrode 
materials and microstructures offering low 
polarization losses and long-term stability at 
intermediate SOFC operating temperatures 
(650-800ºC).

Improve understanding of mechanisms affecting 
cathode performance, including both intrinsic (e.g., 
composition, microstructure) and extrinsic factors 
(e.g., Cr poisoning).

Accomplishments 

Electrically tested and characterized lanthanum 
strontium cobalt ferrite (LSCF) cathodes and 
developed underlying degradation mechanisms. 

Developed LSCF/Ag composite cathode material 
and architecture intended for SOFCs operating at 
~650ºC.

Participated in a joint study with General Electric 
and Argonne National Laboratory (ANL) 
investigating Cr-related degradation in LSM 
cathodes.

Introduction 

Minimization of cathodic polarization losses 
represents one of the greatest challenges to be overcome 
in obtaining high, stable power densities from SOFCs.  
Cathodic polarization typically exhibits high activation 
energy relative to other internal power losses, so 
the need to improve cathode performance becomes 
increasingly important as the targeted SOFC operating 
temperature is reduced.  The severe environmental 
conditions experienced by the cathode during operation 
limit the number of likely candidate materials.  In 

•

•

•

•

•

particular, the cathode material must be stable at the 
SOFC operating temperature in air; and it must have 
high electronic conductivity, high catalytic activity for 
the oxygen reduction reaction, and a thermal expansion 
compatible with the SOFC electrolyte.  Chemical 
interactions with the electrolyte and interconnect 
materials must be minimal.  In addition, the cathode 
material must have a stable, porous microstructure so 
that gaseous oxygen can readily diffuse through the 
cathode to the cathode/electrolyte interface.  

For high-temperature SOFCs operating at around 
1,000ºC, the preferred cathode material is A and B site 
doped lanthanum manganite, which offers adequate 
electrical conductivity and electrocatalytic activity, 
reasonable thermal expansion, and stability in the 
SOFC cathode operating environment.  For SOFCs 
operating at substantially lower temperatures, such 
as 650-800ºC, alternative cathode materials may 
be required.  Alternative perovskite compositions 
- typically containing La on the A site, and transition 
metals such as Co, Fe, and/or Ni on the B site - have 
received attention.  In general, they offer higher oxygen 
ion diffusion rates and exhibit faster oxygen reduction 
kinetics at the electrode/electrolyte interface than 
lanthanum manganite, but are subject to degradation of 
performance over time.  

Approach 

Selected candidate cathode materials were 
evaluated using a number of techniques including x-ray 
diffraction (XRD), scanning electron microscopy (SEM), 
energy dispersive spectroscopy (EDS), transmission 
electron microscopy (TEM), and x-ray photoelectron 
spectroscopy (XPS).  The electrochemical performance 
was measured by sintering the cathode material onto 
anode-supported YSZ membranes with a samarium-
doped ceria (SDC) interlayer.  After attachment of 
current collectors, the resulting cells were placed into 
test fi xtures and their current-voltage characteristics 
were evaluated using dc and impedance spectroscopy 
measurements.  Cells were tested in air vs. moist (~3% 
H2O) hydrogen at low fuel utilizations.  After cell tests 
were completed, the cells were analyzed by SEM/EDS, 
and other techniques as appropriate.  

Results 

LSCF Cathode Degradation

While LSCF-6428 cathodes typically provide 
signifi cantly higher power densities compared to 
LSM-based cathodes (particularly in the 600-800ºC 
temperature range), LSCF is subject to long-term 

III.A.17  SOFC Cathode Materials Development at PNNL

Steve Simner (Primary Contact), 
Mike Anderson, Jeff Stevenson
Pacifi c Northwest National Laboratory (PNNL)
P.O. Box 999, MS  K2-44
Richland, WA  99352
Phone: (509) 375-4577; Fax: (509) 375-2186
E-mail: steven.simner@pnl.gov

DOE Project Manager:  Travis Shultz
Phone: (304) 285-1370
E-mail: Travis.Shultz@netl.doe.gov



Steve SimnerIII.A  SECA Research & Development / Materials and Manufacturing

98FY 2006 Annual Report Offi ce of Fossil Energy Fuel Cell Program 

instability (see Figure 1).  Analysis of pre- and post-
tested samples indicated that segregation of Sr at the 
LSCF cathode interfaces may be at least partially 
responsible for the observed degradation of LSCF.  For 
example, XPS data from the cathode/current collector 
interface, before and after testing, is presented in Table 
1.  It indicates signifi cant Sr enrichment after testing.  
Though the Sr-rich phase may not be pure SrO, it is 
interesting to note that the conductivity of SrO at 750oC 
is very low: ~5 x 10-5 S/cm [1].  Hence, thin fi lms of 
SrO formed at cathode/current collector and cathode/
electrolyte interfaces could result in signifi cant increases 
in ohmic resistance, and might also increase non-ohmic 
polarization by de-activating TPB reaction sites. 

LSCF/Ag Composite Cathodes

Recently, PNNL developed a novel oxide-Ag 
composite cathode morphology consisting of silver 
spherical cores up to ~50 μm in diameter coated with 
a ~1 micron layer of LSCF-6428 powder.  The primary 

purpose for applying the oxide coating (via a dry 
coating technique known as “mechanofusion”) was the 
reduction of silver diffusivity and/or volatility.  Figure 
2 shows cross-sections of processed LSCF-coated Ag 
spheres; it should be noted that signifi cantly smaller 
particles can be equally well coated using this technique.  

Figure 3 shows >2,000 hours of data for a cell 
conditioned at 750 hours for 50 hours and then operated 
at 700ºC.  The cell exhibited additional conditioning up 
to 650-700 hours, and then relatively stable performance.  
However, degradation was observed for this cell, 
and a drop of ~4.9% in power density (at 0.7 V) was 
measured between 660 and 2,270 hours (~3% power 
drop per 1,000 hours).  Phenomena responsible for the 
conditioning and degradation characteristics of these 
materials have not been conclusively established, though 
it appears that increased contact of the coated spheres 
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0.7 V, or Held at OCV Except for Brief Intermittent Testing at 0.7 V (for 5 
minutes every 24 hours)

TABLE 1.  XPS results for LSCF cathode surface at cathode/current 
collector interface.  Note that Sr enrichment is greater and deeper 
in tested cell compared to untested or thermally annealed (but 
undischarged) cell.

Surface 5 nm below surface
(Ar+ ion 

sputtering)

Pre-Tested 29% La, 32% Sr, 
35% Fe, 4% Co

45% La, 16% Sr, 
36% Fe, 3% Co

Annealed 
(750ºC/500h)

30% La, 30% Sr, 
36% Fe, 4% Co

45% La, 17% Sr, 
35% Fe, 3% Co

Tested 
(750ºC/0.7V/500 h)

11% La, 68% Sr, 
21% Fe

19% La, 52% Sr, 
29% Fe

FIGURE 2.  Cross-Sectional Micrograph of Silver Spheres Coated with 
LSCF-6428 Predominantly Indicating Excellent Coating Adhesion
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99Offi ce of Fossil Energy Fuel Cell Program FY 2006 Annual Report

III.A  SECA Research & Development / Materials and ManufacturingSteve Simner

along the electrolyte surface due to diffusion may play 
a role by increasing the cathode-electrolyte contact 
area.  It is anticipated that optimization of the oxide 
composition and composite morphology may lead to 
improved stability.  One fi nal factor worth consideration 
is cost.  Preliminary estimates indicate that the cost of 
the coated Ag-spheres is approximately 2x the cost of a 
typical perovskite cathode material.  However, it should 
be noted that the use of these materials has the potential 
of removing two high temperature-sintering steps.  First, 
it may be possible to sinter the cathode in situ during 
stack fabrication/sealing, thereby eliminating a separate 
sintering step at temperatures >1,000ºC.  In addition, 
preliminary results indicate that an SDC interfacial layer 
(and its separate sintering step) may not be required if 
detrimental zirconate formation is avoided at the low 
cathode sintering temperature (~800ºC).  For example, 
cells without the protective SDC-20 interlayer exhibited 
maximum power densities of ~650 and 500 mW/cm2, 
at 750 and 700ºC, respectively (tested at 0.7 V).  These 
results are promising in that they suggest that a 
protective ceria layer may not be required. 

Chromium Degradation Experiments

A joint study to assess Cr-related poisoning effects 
on standard LSM-YSZ anode-supported SOFCs 
was performed by a task force consisting of three 
organizations: PNNL, GE, and ANL.  Three main 
types of experiments (cell performance tests with Cr 
vapor dosing only (Au interconnect), steel interconnect 
with ribs covered, and bare steel interconnect) were 
conducted by the task force using identical test vehicles 
and components.  The results showed stable cell 
performance without chromium dosing and ~3%/1,000 
hours with Cr vapor species dosing at 800oC.  Much 
higher cell performance degradation rates were observed 
when the cells were in direct contact with stainless 
steel interconnects.  Species such as (Cr,Mn)3O4, Cr2O3, 
and MnCr2O4 were identifi ed in the cathode and near 
cathode/electrolyte interfaces. 

Conclusions and Future Directions

Degradation of SOFC with LSCF cathodes may be 
related to Sr segregation at cathode interfaces.

LSCF/Ag composite cathodes show promising 
behavior at relatively low SOFC operating 
temperatures (e.g., 650-700ºC).

Cr vapor species in cathode air streams can have 
adverse effects on cell performance.

Future work in the short term will focus on 
continued optimization of LSCF/Ag composite 
cathodes and the investigation of degradation 
mechanisms in alkaline earth-doped perovskite 
cathodes.

FY 2006 Publications/Presentations 

Publications

1.  S.P. Simner, M.D. Anderson, G.-G. Xia, Z. Yang, and 
J.W. Stevenson, “Long-Term SOFC Stability with Coated 
Ferritic Stainless Steel Interconnect,” in Proc. 29th 
International Conference on Advanced Ceramics and 
Composites - Advances in Solid Oxide Fuel Cells (Ceramic 
Engineering and Science Proceedings, Volume 26, Issue 4), 
p. 83 (2005).

Presentations

1.  “SECA Core Technology Program: Materials 
Development at PNNL,” J.W. Stevenson, Y.S. Chou, 
O.A. Marina, S.P. Simner, K.S. Weil, Z. Yang, and 
P. Singh, SECA Core Technology Program Review Meeting, 
Lakewood, CO, October 25-26, 2005.

2.  “State of the Art of SOFC Cathodes,” J.W. Stevenson, 
S.P. Simner, M.D. Anderson, and P. Singh, U.S. Department 
of Energy Workshop: Fundamental Mechanisms of SOFC 
Cathode Reactions, Cocoa Beach, FL, January 22-27, 2006.

3.  “Long-Term Behavior of La(Sr)Fe(Co)O3 SOFC 
Cathodes,” S. Simner, M. Anderson, and J.W. Stevenson, 
30th International Conference & Exposition on Advanced 
Ceramics and Composites, Cocoa Beach, FL, January 22-27, 
2006.
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Objectives 

Prioritize technology development needs and 
develop R&D plan. 

Coordinate SECA Core Technology Program (CTP) 
activities.

Develop materials, designs and systems-based 
solutions to meet SECA cost and performance 
targets. 

Execute experimental plan, summarize technical 
fi ndings and develop topical reports, and 
disseminate technical information and technology 
transfer to SECA industrial teams.

Participate and organize technical and topical 
meetings and workshops.

Publish and present technical papers and reports.

Approach

Hold technical meetings to identify key technology 
gaps and barriers, and review technology 
background and present technical fi ndings.

Organize topical area workshops and exchange 
technical information.

Transfer technologies to industries.

Provide quarterly, annual and topical technical 
reports.

Meet with industrial participants on regular basis.

Lead and organize technical society meetings.

Accomplishments 

Held SECA CTP workshop in Golden, Colorado.

Held workshops on SOFC interconnection stability 
and Cr evaporation.

Provided coating and glass seal materials to SECA 
industrial teams for evaluation and developed an 
integrated “on-anode” reforming and cell stack 
temperature simulation task for optimized thermal 
management.

•

•

•

•

•

•

•

•

•
•

•
•

•
•

•

Published quarterly progress reports and topical 
reports. 

Presented invited lectures at technical societies, 
universities, and industries.

Organized MST 06, AcerSoc Cocoa-Beach meetings 
on SOFC technology.

Future Directions 

Continue technology prioritization in consultation 
with SECA participants.

Provide technical and CTP progress reports to 
SECA participants.

Organize technical society meetings to exchange 
technical information.

Hold SECA CTP meetings and topical workshops.

Introduction 

The overall objectives of the Solid-State Energy 
Conversion Alliance Core Technology Program 
(SECA CTP) at PNNL are to:

a. Coordinate technology development activities 
at universities, national laboratories, and other 
research organizations.

b. Identify technology gaps, and prioritize technology 
development needs for meeting the cost and 
performance targets of the SECA SOFC power 
generation systems.

c. Develop, test and implement component- and 
system-based technology solutions. 

d. Promote technology transfer and dissemination of 
technical information to SECA industrial teams.

PNNL works closely with SECA participants in 
identifying and prioritizing the technology gaps in 
areas related to the long-term stability, reliability, and 
cost reduction of modular SOFC power generation 
systems.  Technical fi ndings in areas related to materials, 
design and balance-of-plant are integrated to develop 
scientifi c and engineering solutions for operational and 
systems related issues.  Technology activities at PNNL 
include advanced cell and stack component materials 
development and testing with a focus on improving 
performance stability, development of computational 
tools and techniques for electrical performance 
optimization and improved reliability, and hydrocarbon 
fuel processing technologies for achieving multi-fuel 
capability in SOFC systems.  Technical fi ndings and 
results, generated under the core program, are provided 

•

•

•

•

•

•

•
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to industrial teams in a timely manner.  PNNL provides 
topical and technology development status reports to 
SECA participants. 

Approach

Our approach and methodology for meeting the 
overall SECA cost and performance targets not only 
include the timely development and optimization of 
the cell and stack component technologies but also 
the development and implementation of systems-
based solutions.  The core technology focuses on 
coordinating the development activities at universities, 
national laboratories and industries as well as leveraging 
technologies being developed by other government 
agencies and related organizations.  Technical fi ndings 
are rigorously analyzed and presented at workshops and 
technical meetings.  Topical reports are published for 
the timely dissemination of information.  Approaches 
include:

Discuss and present results and technical fi ndings to 
SECA participants.  Summarize the technical status 
and provide topical reports. 

Publish program required quarterly and annual 
progress reports describing the progress.

Provide topical reports after completion of the task.

Organize SECA annual and SECA CTP meetings.

Present technical work at national/international 
meetings and workshops. 

Organize and participate in topical workshops, 
assess development status and provide future 
direction. 

Participate and lead technical forums related to 
SOFCs.

Coordinate the program activities with the National 
Energy Technology Laboratory.

Results 

The SECA Core Technology Program at PNNL 
identifi es and prioritizes the technology development 
needs and conducts research to develop integrated 
science- and engineering-based solutions to meet 
the cost and performance targets of SECA.  The 
program focuses on the development of advanced 
component materials, modeling and design tools, and 
fuel processing techniques, as well as coordinates 
technology development activities at universities, 
national laboratories, and industries.  CTP management 
disseminates technical information gained through 
workshops and meetings to SECA participants on a 
frequent basis through topical and technical reports.  
Workshops are held to ensure and update the progress, 
exchange technical information, as well as identify 
and prioritize technical needs.  Technology transfer 

•

•

•
•
•

•

•

•

and implementation of cost reduction schemes are 
highlighted.  Related technical work at other government 
agencies is examined and technical experts are invited 
for information exchange. 

In FY 2006, the SECA CTP held a workshop in 
Golden, CO to review the status of materials technology, 
modeling and simulation, fuel processing and balance-of-
plant.  PNNL held a topical workshop (in collaboration 
with General Electric and Argonne National 
Laboratory) on chromia transport.  Findings based on 
computational simulation of integrated “on-anode” 
reforming, tailoring of the hydrocarbon reformation rate, 
and thermal management, in both small and large stacks, 
were discussed with SECA industrial teams. 

Technology development activities at PNNL, in 
concert with the overall SECA program priorities 
remain focused on the selection, optimization, testing 
and characterization of cell-to-cell interconnection 
bulk materials and surface coatings, novel gas sealing 
concepts and seal materials, and high performance 
cathode electrodes and electrode poisoning [1].  Topical 
reports covering the fi ndings and results have been 
prepared and published.  Computational design and 
simulation activity is targeted towards the development 
of multi-physics-based tools for structural, thermal, and 
electrical analysis of single cells and multi-cell stacks.  
Current activity focuses on the optimization of gas 
fl ow, partial hydrocarbon utilization, and cell footprint 
for thermal management and electrical performance 
optimization.  Our efforts are also targeted towards the 
identifi cation of cell failure mechanisms in conventional 
and larger cell footprints.  Fuel processing activity 
evaluates both external and “on-anode” reforming with 
emphasis on the later for effi cient thermal management.

Conclusions and Future Directions 

PNNL has identifi ed and prioritized technology 
development needs and has developed advanced 
materials, cell and stack designs for improved reliability 
and performance stability, as well as integration of 
fuel processing with thermal management.  Technical 
fi ndings have been presented at meetings and SECA 
workshops, along with publications of topical reports 
and technical papers.  Highlights include: 

Development of advanced cell anodes for 
tailoring reformation rate to manage localized 
cell temperature and cell-to-cell temperature 
distribution.

Development of cell and stack thermal, structural, 
and electrical performance model, highlighting the 
role of “on-anode” reformation on temperature 
distribution.

Development of a suite of computational tools 
for cell and stack design analysis and reliability 
prediction.

•

•

•



Prabhakar SinghIII.A  SECA Research & Development / Materials and Manufacturing

102FY 2006 Annual Report Offi ce of Fossil Energy Fuel Cell Program 

Testing and validation of interconnection coatings 
for improved corrosion resistance and Cr transport 
barriers; development of modifi ed glass formulations 
and surface coatings for high temperature rigid 
seals, and prevention of interface reaction and Cr 
dissolution; and development of composite cathode 
electrodes for improved electrical performance and 
performance stability.

Participation in technical society meetings (ASM 
International, AcerSoc, TMS, Gordon Research 
Conference).

Dissemination of technical information through 
topical reports, technical publications, and program-
required documents.

Transfer of technology to SECA industrial teams.

•

•

•

•

FY 2006 Publications/Presentations 

1.  “Corrosion in Fuel Cells”, Singh, P., Yang, Z., ASM 
Handbook, Vol. 13C.

2.  “Application of Vacuum Deposition Methods to Solid 
Oxide Fuel Cells”, Pederson, L., Singh, P., Zhou, X.D., 
Review paper, Vacuum (Accepted for publication).

3.  “SOFC Technology Status Review”, Surdoval, W., 
Singh, P., 30th International Conference on Advanced 
Ceramics and Composites, American Ceramic Society, 
January 2006.

4.  “SOFC Power Generation Systems: Technology Status 
and R&D Needs”, Singh, P., presented at University of 
Cincinnati, 2006.

5.  “Overview of SOFC Power Generation Systems”, 
Singh, P., Sprenkle, V., presented at IBM, Fishkill, 2006.
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Objectives 

Develop and optimize cost-effective materials 
for intermediate temperature SOFC interconnect 
and interconnect/electrode interface contact 
applications.

Develop, characterize, and validate materials 
degradation processes in SOFC operating 
environments. 

Utilize the basic understanding in the development 
of advanced alloys and surface coatings with 
adequate bulk and interface corrosion tolerance. 

Accomplishments 

Compiled structural, electrical, and chemical 
properties of (Mn,Co)3O4 spinels.

Synthesized, tested, and characterized spinel 
coatings on ferritic stainless steel (FSS) substrates.

Completed the evaluation of Mn-modifi ed Ni-base 
alloys under SOFC operating conditions.

Initiated dual atmosphere oxidation tests on selected 
FSS alloys using simulated reformate fuel.

Introduction 

With the reduction in SOFC operating 
temperatures, low-cost high-temperature oxidation 
alloys have become promising candidates to replace 
lanthanum chromite, a ceramic that can withstand 
operating temperatures in the 1000°C range.  To improve 
the understanding of the advantages and limitations 
of alloy interconnects, PNNL has been engaged in 
systematic evaluation and development of candidate 
materials.  Challenges to be overcome include chromia 

•

•

•

•

•

•

•

scale evaporation, scale electrical resistivity, oxidation/
corrosion under interconnect dual exposure conditions 
and scale adherence, and compatibility with adjacent 
components, such as seals, electrodes and/or electrical 
contact materials.

Approach 

Oxidation behavior of candidate alloys is being 
investigated under dual atmospheres (simultaneous 
exposure to an oxidizing and reducing environment) 
conditions typical of SOFC interconnect operation 
conditions.  Studies are being performed in both 
air/hydrogen/steam and air/simulated-reformate 
environments in the 600-800°C temperature range.  
Bulk modifi cations, as well as surface coatings, are being 
investigated to provide long-term oxidation resistance, 
mitigate Cr evaporation and facilitate electronically 
conducting interface formation.  

Results 

(Mn,Co)3O4 spinel coatings have been successfully 
fabricated onto Crofer22APU FSS substrates.  Recently, 
spinel coatings were successfully applied to two other 
ferritic stainless steels, E-brite and 430, by slurry coating 
followed by heat treatment in a reducing environment 
and then oxidation in air.  Figure 1 shows a scanning 
electron microscope (SEM) micrograph of a coated 
430 sample after the initial heat treatment (reduction 
in Ar/3%H2O/2.75%H2 at 800oC).  At this stage, the 
spinel phase was reduced into a porous mixture of Co 
and MnO.  During subsequent oxidation in air at 800ºC, 
the MnO and Co reacted with oxygen to re-form the 
spinel phases, as confi rmed by x-ray diffraction (XRD) 
analysis.  A cross-section SEM image (Figure 2) after the 
oxidizing heat-treatment shows that the spinel layer was 
well bonded to the 430 substrate via an ~1.5 μm thick 
scale.  Some residual porosity is present in the spinel 
layer.  The partial densifi cation of the spinel layer from 
the highly porous layer of MnO and Co is attributed 
to a sintering process that is enhanced by the spinel 
formation reactions occurring during the oxidizing heat 
treatment.  As no obvious boundary was discernible 
between the scale and the spinel coating, it appears that 
the Mn-Co spinel and the native oxide scale grown on 
430 are mutually compatible.  Also, energy dispersive 
spectroscopy (EDS) analysis on the cross-section 
indicated that no detectable chromium penetration into 
the spinel layer had occurred after 100 hours at 800oC.  
The same approach was also successfully used for 
coating of E-brite samples.  As in the case for 430, the 
protection layer acted as an effective Cr barrier during 
the 100 hours of heat treatment.
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Mn1.5Co1.5O4 spinel coating has been found 
to substantially improve the electrical behavior of 
simulated interconnect/cathode interfaces.  In recent 
tests, enhanced electrical performance was also observed 
for the other FSS substrates when spinel coatings 
were applied.  Figure 3 shows the contact area-specifi c 
resistance (ASR) for coated 430 and E-brite, measured 
as a function of time during tests in air at 800oC.  The 
contact ASR between the coated E-brite and cathode 
was as low as 7 mohm-cm2 in the early stages of the test 
and increased only slightly with time during the 400 
hours measurement.  Thus, E-brite behaved similarly to 
Crofer22APU.  In comparison, the coated 430 exhibited 
a higher ASR, which substantially increased over time. 

After the ASR measurements, SEM analysis on the 
cross-sections of the tested samples indicated that the 
spinel coatings were well-bonded to the ferritic substrate 
and free of spallation or cracks.  In the case of the 
coated E-brite, a scale about 1.0 μm thick grew between 
the metal substrate and the Mn1.5Co1.5O4 coating.  EDS 
analysis did not fi nd evidence of Cr penetration through 
the spinel coating into either the contact paste or the 
cathode.  Figure 4 shows an SEM cross-section of 
the coated 430.  After ~400 hours at 800oC in air, a 
scale about 2.0~2.5 μm thick grew between the ferritic 
substrate and the coating.  Both point and line EDS 
analyses indicated no penetration of Cr through the 
coating into the contact paste or the cathode.  The 
EDS line scan did, however, fi nd segregation of Si, 
likely in form of silica, at the interface between the 

FIGURE 3.  Contact ASR between LSF Cathode and a 430 or E-brite 
Current Collector with Mn1.5Co1.5O4 Spinel Protection Layer 

FIGURE 4.  SEM Image of Cross-Section of 430 with Mn1.5Co1.5O4 
Protection Layer after Contact ASR Measurement at 800oC in Air for 
~400 Hours

FIGURE 1.  SEM Image of Cross-Section of Protection Layer on 430 
Stainless Steel after Heat Treatment at 800oC in 2.75%H2/bal. Ar

FIGURE 2.  SEM Image of Cross-Section of Protection Layer on 430 
Stainless Steel after Re-Oxidation at 800oC in Air



105Offi ce of Fossil Energy Fuel Cell Program FY 2006 Annual Report

III.A  SECA Research & Development / Materials and ManufacturingZhenguo “Gary” Yang 

scale and the metal substrate, due to residual Si in the 
430 substrate.  This silica layer is the likely cause of the 
relatively high ASR observed for the coated 430 test.  
Additionally, the higher growth rate of the scale beneath 
the spinel coating would be another contributor to the 
high ASR.  Fe was also observed in the scale and the 
spinel coating, indicating Fe outward migration from the 
metal substrate.  It is known that, with ~17% Cr, 430 
forms a scale that contains Fe during high temperature 
exposure in air and grows faster than the scale grown on 
ferritic substrates with a higher Cr concentration.  For 
example, Crofer22APU and E-brite, containing 23% and 
27% Cr, respectively, exhibit a lower scale growth rate, 
i.e. a higher oxidation resistance, than 430.  The scales 
grown on Crofer22APU and E-brite in air are comprised 
of (Mn,Cr)3O4 + Cr2O3 and Cr2O3, respectively, with 
negligible Fe.   

Conclusions and Future Directions

Mn1.5Co1.5O4 spinel composition demonstrates 
excellent electrical conductivity, thermal and 
structural stability, and thermal expansion match to 
selected ferritic stainless steel interconnects.

Thermally grown surface coatings of Mn1.5Co1.5O4 
not only decreases the interconnect/cathode contact 
resistance, but also acts as (a) an anionic transport 
barrier to inhibit scale growth on the stainless steel 
and (b) barrier for the penetration of Cr through the 
coating.

Future work on the development and optimization 
of protective coatings will focus on tailoring 
the spinel coating composition as well as the 
development of cost-effective fabrication techniques 
for near net shape application.  Additional activities 
will include oxidation and corrosion tests of alloys 
and coatings in air/simulated reformate dual 
atmospheres and development of optimized contact 
materials for cathode/interconnect interfaces. 

FY 2006 Publications/Presentations 

Publications

1.  Z. Yang, G.G. Xia, P. Singh, and J.W. Stevenson, 
“Electrical Contacts between Cathodes and Metallic 
Interconnects in Solid Oxide Fuel Cells,” J. Power Sources, 
155, 246 (2006).

2.  Z. Yang, G. Xia, S.P. Simner, and J.W. Stevenson, 
“Thermal Growth and Performance of Manganese Cobaltite 
Spinel Protection Layers on Ferritic Stainless Steels SOFC 
Interconnects,” J. Electrochem. Soc, 152, A1896 (2005).
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3.  Z. Yang, G.-G. Xia, S.P. Simner, and J.W. Stevenson, 
“Ferritic Stainless Steel SOFC Interconnects with Thermally 
Grown (Mn,Co)3O4 Spinel Protection Layers,” in Proc. 
29th International Conference on Advanced Ceramics and 
Composites - Advances in Solid Oxide Fuel Cells (Ceramic 
Engineering and Science Proceedings, Volume 26, Issue 4), 
p. 201 (2005).

4.  Z. Yang, G.-G. Xia, and J.W. Stevenson, “Electrical 
Contacts between Cathodes and Metallic Interconnects 
in Solid Oxide Fuel Cells,” in Proc. 29th International 
Conference on Advanced Ceramics and Composites - 
Advances in Solid Oxide Fuel Cells (Ceramic Engineering 
and Science Proceedings, Volume 26, Issue 4), p. 217 
(2005).

Presentations

1.  “Conductive Protection Layers on Ferritic Stainless 
Steels for SOFC Interconnect Applications,” Z.G. Yang, 
S.H. Li, G.D. Maupin, S.P. Simner, and G.G. Xia, 
International Conference on Metallurgical Coatings and 
Thin Films, San Diego, CA, May 1-5, 2006.

2.  “Development of (Mn,Co)3O4 Protection Layers 
on Ferritic Stainless Steels for SOFC Interconnect 
Applications,” Z.G. Yang, G.G. Xia, G.D. Maupin, X. Li, 
P. Singh, J.W. Stevenson, 135th Annual TMS Meeting, San 
Antonio, TX, March 12-16, 2006.

3.  “High Temperature Corrosion Behavior of Metals and 
Alloys under Infl uence of a Hydrogen Gradient,” Z.G. Yang, 
G. Coffey, D.M. Paxton, P. Singh, J.W. Stevenson, and 
G.G. Xia, 135th Annual TMS Meeting, San Antonio, TX, 
March 12-16, 2006.

4.  “High Temperature Corrosion Behavior of Oxidation 
Resistant Alloys under SOFC Interconnect Exposure 
Conditions,” Z. Yang, G. Coffey, P. Singh, J.W. Stevenson, 
and G. Xia, 30th International Conference & Exposition 
on Advanced Ceramics and Composites, Cocoa Beach, FL, 
January 22-27, 2006.

5.  “Properties of (Mn,Co)3O4 Spinel Protection Layers 
for SOFC Interconnects,” Z. Yang, S. Li, G. D. Maupin, 
P. Singh, S.P. Simner, J.W. Stevenson, and G. Xia, 30th 
International Conference & Exposition on Advanced 
Ceramics and Composites, Cocoa Beach, FL, January 22-27, 
2006.

6.  “Manganese-Cobalt Mixed Spinel Oxides as Surface 
Modifi ers for Stainless Steel Interconnects of SOFCs,” 
G. Xia, Z. Yang, G.D. Maupin, S.P. Simner and 
J.W. Stevenson, 208th Meeting of The Electrochemical 
Society, Los Angeles, CA, October 16-21, 2005. 
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Objectives 

Develop reliable, cost-effective sealing techniques 
for solid oxide fuel cells (SOFCs).

Determine performance-limiting features of sealing 
methods.

Optimize seal properties.

Determine seal degradation mechanisms and predict 
useful seal lifetimes.

Approach

We are making glass matrix composite seals with a 
wide range of chemical and mechanical properties.

The composite approach allows glass and fi ller 
properties to be optimized independently.

Seal thermal and mechanical strains are reduced by 
selecting glass compositions with glass transition 
temperatures (Tg) below the SOFC operating 
temperature.

Viscosity, coeffi cient of thermal expansion (CTE), 
and other seal characteristics can be tailored by 
adding unreactive powder.

The volume fraction of the glass phase can be 
reduced to a minimum for the seal, which reduces 
reactivity with fuel cell materials.

Accomplishments 

We have made over 30 different glass compositions 
with potential for the composite seal approach and 
measured their physical properties.

We have modifi ed our glass compositions to provide 
better control over fl ow and thermal expansion 
properties.

A new high temperature optical-mechanical 
measuring instrument (TOMMI) allowing in-
situ video recording of specimens at elevated 
temperatures (to 1,700°C) has been purchased and 

•

•

•
•

•

•

•

•

•

•

•

•

set up and is being used to measure glass viscosities 
and to determine the effect of additive powder 
composition, size, and aspect ratio on composite 
seal fl ow and adhesion.

A series of 2,000-hour tests at 750°C in air of two 
glass-ceramic compositions on two ferritic SS alloys 
(Ebrite and Crofer), on YSZ, and on anode material 
have been completed.

One of our glass compositions (Glass 14A:  40% 
B2O3, 10% Al2O3, 10% BaO, 20% MgO, 20% CaO) 
was studied for reactivity with SS alloys (Crofer and 
410 SS).

Future Directions

Conduct additional 2,000-hour tests to demonstrate 
long-term stability of the glass ceramic seals. 

The 2,000-hour test protocol will be expanded to 
include effects of water vapor on seal performance 
at 750°C.

Develop screening test for adhesion of different seal 
compositions and processes.

Conduct thermal cycling tests of anode-interconnect 
seals to improve long-term stability.

Refi ne reaction studies of sealants with SOFC 
components.

Perform more fundamental mechanical tests on 
composite seal materials at operating temperatures; 
e.g., fl exural strength and fracture toughness.

Introduction 

Developing reliable methods for sealing solid 
oxide fuel cell stacks presents the most challenging set 
of performance criteria in the entire fi eld of ceramic 
joining.  For SOFC applications, the requirements on the 
sealing method include:

Adhesion of the sealing material to fuel cell 
components from room temperature to as high as 
1,000°C.

Ability to provide a leak-tight seal at the SOFC 
operating temperature.

Ability to maintain a seal while accommodating 
strains from SOFC components with different 
coeffi cients of thermal expansion (CTEs).

Lack of adverse reaction between the sealing 
material(s) and the fuel cell components.

Chemical and physical stability of the sealant 
at temperatures up to 1,000°C in oxidizing and 
reducing atmospheres.

•

•

•

•

•

•

•

•

•

•

•

•

•
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Thermal shock tolerance

Electrically insulating for some SOFC designs

All of the above properties must be maintained for 
SOFC operating lifetimes of up to 40,000 hours.  The list 
is written in approximate order of decreasing stringency.  
That is, no matter what the SOFC design, the seal must 
be adherent and leak-tight.  On the other hand, some 
stack designs may require joining only similar materials 
and, thus, a matched CTE seal may be suffi cient.  Note 
also that the requirements may be contradictory.  
For example, being leak-tight and adherent at high 
temperatures suggests a refractory, stiff sealant, which 
may work against the requirement for thermal strain 
accommodation.  Such situations are common, and 
seal developers know that seal design is specifi c to a 
particular component geometry and usually requires 
compromises among competing requirements.

Approach

Under DOE sponsorship, this project is developing 
an approach to sealing SOFCs that can be tailored 
to the specifi c requirements of the vertical teams 
in the DOE/SECA (Solid State Energy Conversion 
Alliance) program.  The technique combines extensive 
capabilities in ceramic joining and composites that have 
been developed at Sandia over the past 20 years.  In 
our judgment, relief of thermal expansion mismatch 
stresses will require SOFC seals to incorporate either a 
ductile metal or a high-viscosity glass that can relieve 
stresses through viscous creep.  Other design and 
operational constraints on SOFCs, which as discussed 
above frequently are in opposition, severely restrict 
the options for seal materials.  Based on our prior 
experience in ceramic joining and on results obtained 
so far on this project, we believe we have greatest 
design fl exibility using ceramic-fi lled glasses and metal-
fi lled glass composites.  We have demonstrated that 
we can control properties such as glass transition 
temperature and thermal expansion coeffi cient by 
varying the compositions, amounts, and microstructures 
of the different phases.  The choices are guided by 
thermochemical and composite microstructural models 
that allow us to target specifi c seal properties for a given 
design.  Several seal systems are showing promise in 
functional tests.

Results 

We have made over 30 different glass compositions 
with potential for the composite seal approach and 
measured their physical properties.  Our glasses exhibit 
a range of glass transition temperatures (Tg), coeffi cients 
of thermal expansion (CTE) and viscosities, potentially 
applicable to a wide range of properties that may be 
appropriate for different SOFC component materials. 

•
•

Our approach to SOFC sealing techniques consists of 
engineering ceramic-fi lled glass composites, metal-fi lled 
glass composites, and/or ceramic-fi lled metal composites 
that can meet SOFC requirements. 

Glass composite seal materials were made using 
both zirconia (ZrO2) and silver particles suspended in 
a glass composition previously found not to react with 
solid SOFC components including the YSZ electrolyte, 
the Ni-YSZ anode, and several potential stainless steel 
interconnect materials.  The effects of the particle 
phases on the viscosity of the resulting composites 
were determined using a new high temperature 
optical-mechanical measuring facility (TOMMI) 
that allows in-situ video recording of specimens at 
elevated temperatures (up to 1,700oC).  A parallel plate 
viscometer setup (Figure 1) was used to determine the 

FIGURE 1.  Parallel Plate Viscometer Setup Used for Viscosity 
Measurements; (a) Parallel Plate Viscometer; (b) Furnace Setup
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effect of additive powder composition, size, and aspect 
ratio on composite seal fl ow and adhesion. 

Composite viscosity was found to increase with an 
increased volume fraction of either metal or ceramic 
particles.  The added particles increased the available 
surface area for wetting by the glass and helped retain 
the glass in the composite seal material.  The effect of 
the YSZ fi ller was compared to that of Ni additions to 
the glass.  We have shown that YSZ fi llers have a greater 
effect on viscosity than added Ni because the YSZ 
nucleates glass crystallization (Figure 2). 

The addition of ceramic particles also altered 
the glass crystallization behavior.  The crystallization 
kinetics of the pure glass and the metal and ceramic 
composites were studied using differential thermal 
analysis.  It was found that the ceramic particles had a 
much greater effect on the crystallization of the glass 
than the metal additives.  The crystallization of the glass 
resulted in an increased volume fraction of refractory 
particles in the glass seal and a corresponding increase 
in the seal viscosity beginning at the onset of the 
crystallization.  

The viscosity results were fi t using classical 
suspension rheology models.  The viscosity data, coupled 
with the suspension rheology models, gave us an 
increased understanding of the effects of added particles 
on the viscosity of the composite seal materials.  A wide 

range of temperature-viscosity behaviors can be attained 
using the glass composite approach, and the constraints 
imposed by a pure glass seal approach can be overcome 
with the selective addition of a solid particle phase.

Having gained an understanding of how to engineer 
glass-ceramic viscosity, the reactivity and long-term 
stability of the composites was addressed.  A series of 
2,000-hour tests at 750°C in air of two glass-ceramic 
compositions (Glass 14a and Glass 14a +10% YSZ) on 
two ferritic SS alloys (Ebrite and Crofer) and on anode 
material have been completed.  A detailed microprobe 
analysis of the samples was performed to determine 
the long-term stability of the composite seal and the 
substrates (Figure 3).  Complex borate, Ca/Al, and Mg 
phases were identifi ed in both glass compositions on 
the three different substrates.  Ni diffusion was not 
observed along the interface in any case.  The absence 
of appreciable reactions and Ni diffusion indicate long-
term stability of the glasses at 750°C.  

One of our glass compositions (Glass 14A:  
40% B2O3, 10% Al2O3, 10% BaO, 20% MgO, 20% CaO) 
was studied for reactivity with SS alloys (Crofer and 
410 SS).  Testing conditions were (1) 850°C for 
5 hours and (2) 850°C for 5 minutes and 750°C for 
24 hours.  Microprobe analysis shows the formation 
of a Cr2O3 layer along the glass/metal interface, the 
occurrence of complex boron phases in the bulk glass, 

FIGURE 2.  Glass-ceramic composite viscosity increases with increasing volume fraction of fi llers.  YSZ fi llers have a greater effect on viscosity than 
added Ni because YSZ nucleates glass crystallization.
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and Fe migration into the glass.  This suggests that the 
glass-ceramic/SS combination is not stable for longer 
exposure time at higher temperatures. 

Conclusions and Future Directions

Our work has demonstrated that glass composites 
are a favorable method for joining solid oxide fuel cell 
components.  We have shown that seal properties can be 
varied to satisfy design criteria and materials constraints 
in SOFCs by varying the compositions, volume 
fractions, and microstructures of the different phases.  
Properties can be targeted using models that incorporate 
thermophysical data that are being obtained as part 
of the project.  Long-term tests under representative 
SOFC operating conditions that are presently underway 
are providing compatibility data that will be used to 
decide whether seal compositions need to be tweaked 
to improve high temperature stability.  Future work 

will be directed to detecting possible reactions, 
elucidating degradation mechanisms, and optimizing 
the seal system to ameliorate them.  We also plan to 
test additional glasses and powder additives to qualify 
composite combinations with an even wider range of 
seal properties.

FY 2006 Publications/Presentations 

1.  R.E. Loehman, B. Gauntt, A. Ayala, and E. Corral, 
“Development of Glass-Ceramic Composites for Sealing 
Solid Oxide Fuel Cells”, Invited speaker, 30th Meeting of 
the American Ceramic Society (Cocoa Beach), January 25, 
2006.

2.  R.E. Loehman, A. Ayala, M. Brochu, and B. Gauntt, 
“Sealing Solid Oxide Fuel Cells with Glass-Matrix 
Composites,” 3rd International Brazing & Soldering 
Conference (IBSC) (ASM International), April 23-26, 2006, 
San Antonio, TX. 

FIGURE 3.  Electron microprobe analysis shows that glass 14A in contact with 410 SS forms Cr2O3 layer at interface and complex boron oxide phases 
in the bulk glass.
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Objectives

Synthesize fi ne, homogeneous, phase pure 
perovskites in the form of bulk (powders) and thin 
fi lms to be used as components for developing zero-
emission SOFCs capable of operating at reduced 
temperatures (≈800oC).

Study of the effect of composition on the 
microstructure (grain size, grain boundaries, surface 
texture), magnitude of oxygen permeation, O2 
exchange rates and long term stability.

Measure the impedance at higher temperatures and 
investigate the effect of electrical conductivity on the 
electronic structure using x-ray absorption near edge 
spectroscopy (XANES) and extended absorption 
fi ne structure spectroscopy (EXAFS).

Assemble an all-perovskite-based SOFC made from 
a dense ceramic electrolyte membranes 
(La0.8Sr0.2Ga0.875Mg0.125O3-x) sandwiched between 
porous electrodes (based on Ni as anode and 
electronically conducting LaNi0.6Fe0.4O3 and/or 
La0.8Sr0.23CoO3 ceramic cathode).

Evaluate cost, performance, power generation 
capabilities, and emissions, while optimizing 
the reduced dimensionality structures needed to 
demonstrate a zero-emission demonstrator unit by 
the end of the three-year period.

Create interest among undergraduate and graduate 
African American students to develop theses related 
to the development of all-perovskite-based anode-
supported intermediate temperature solid oxide fuel 
cells (IT-SOFCs).

•

•

•

•

•

•

Approach 

To make solid oxide fuel cells (SOFCs) 
commercially viable for environment-friendly energy 
generation, it is of considerable interest to develop 
new synthetic techniques for large-scale, cost-effective 
preparation of perovskite-based multicomponent 
materials for applications as cathodes, anodes and 
electrolyte.  We are developing inexpensive oxygen-
permeable, dense and high surface area membranes 
in the form of bulk and highly oriented thin fi lms 
using soft solution chemical routes and pulsed laser 
deposition techniques for fabricating natural gas fueled, 
anode-supported all-perovskite planar intermediate 
temperature SOFCs.  Figure 1 shows the schematic of 
an all-perovskite anode-supported planar SOFC system, 
under progress at the Solid State Ionics Laboratory of 
Southern University.

We are investigating the infl uence of preparation 
techniques on the microstructure, grain-size and 
consequently on the electrical transport properties of 
the ABO3 structured materials used as electrodes and 
electrolytes in all-perovskite IT-SOFCs.  Wet chemical 
methods like metal-carboxylate gel decomposition, 
hydroxide co-precipitation, sonochemical and the 
regenerative sol-gel process followed by microwave 
sintering of the powders, have been used.  Microwave 
sintering parameters were optimized by varying sintering 
time, and temperature to achieve higher density of 
pellets.  Nano-crystalline perovskites with multi-element 
substitutions at A- and B-sites achieve physico-chemical 
compatibility for fabricating zero-emission all-perovskite 
IT-SOFCs.

During this year 2005-2006, we have been 
investigating the following systems:

III.A.21  Dense Membranes for Anode Supported All-Perovskite IT-SOFCs
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1. Hydroxy apatites.  Ca10(PO4)6(OH)2, stoichiometry 
and off-stoichiometry compositions prepared by 
(i) urea combustion, (ii) ball-milling, 
(iii) hydrothermal, and (iv) Sonochemical reaction.  
Mg and Sr substitution at the Ca site has also 
been carried out.  Structural and phase behavior 
investigations are in progress.

2. Gd1-xCaxCoO3 systems as novel electrodes for 
SOFCs and optimization of substitution to fi nd its 
phase stability and solid solubility of aliovalent and 
isovalent ions in these matrixes.  The glycine nitrate 
method is used to prepare these compositions.

3. LaCr1-xMxO3, M = Mn, Mg, Co, Fe, x = 0.1 as 
interconnect materials and catalytic applications.  
Phase stability and structural transformation due 
to substitution on the Cr site.  The glycine nitrate 
method is used to prepare these materials.

4. LaNi1-xFexO3, x = 0.1 –0.9, cathode materials and 
sensor applications.  The glycine nitrate method is 
used to prepare these materials. 

5. SrCe1-xMxO3  M = Dy, Er, Eu, Tb, x = 0.1 as proton 
conducting perovskites and its phase stability with 
respect to the rare earth substitution. 

Results

To date, the following electrocerceramic 
materials were prepared in the form of bulk and thin 
fi lms using innovative wet chemical processing methods 
and pulsed laser deposition techniques:  
1) nanocrystalline (La,Sr)(Ga,Mg)O3 (LSGM) 
electrolyte, 2) La0.9Sr0.1Co0.9M0.1O3 (M = Fe, Ni, 
Mn) cathode, 3) Ni-based perovskite cermet or 
(La,Sr)(Ga,Mn)O3 (LSGMn) anode, 4) LaCrO3 
interconnect, and 5) ceria-based anodic catalyst 
materials.  The exceptional structural and chemical 
compatibility of LSGM with La0.9Sr0.1Co0.9M0.1O3 
(M = Fe, Ni, Mn) as a perovskite-based cathode, and 
anode, makes it a unique electrolyte for all-perovskite-
based IT-SOFCs.  To produce submicron LSGM 
powders for high-quality membrane fabrication, the 
combustion technique via aqueous solutions is usually 
preferred to the conventional solid-state mixed-oxide 
method.  The solution route provides many advantages, 
for example, molecular homogeneous precursors, 
reduced sintering temperature for obtaining dense 
ceramics, and controllability of uniform superfi ne 
grain size.  One major disadvantage of LSGM is the 
high cost of the gallium containing precursors.  Once 
LSGM materials are used as electrolytes commercially, 
regeneration of LSGM will be a cost-effective effort.  
Based on this concern, we have explored the possibility 
of regenerating the LSGM ceramics to be aqueous 
solution precursor.  Although the solid Ga2O3 remains 
insoluble, our experiments have shown the LSGM 

ceramics are completely soluble in an acidic solution.  In 
addition, the regenerative route is also cost-effective and 
time-saving for in-lab researchers who usually prepare 
large amounts of LSGM samples, for example, to tailor 
effects of composition or synthesis conditions on the 
properties of LSGM. 

The sintering behavior of the materials prepared 
from the various routes was examined by scanning 
electron microscopy (SEM) shown in Figure 2.  The 
pellets prepared by the regenerative sol-gel technique 
produces nano-crystalline powders which have better 
sintering properties as indicated in Figure 2a-b and 
Figure 2c-d.

Recently, the synthesis of and electrical property 
measurements on nano-crystalline ceria and 
Gd-doped ceria have been done in our lab.  The X-ray 
diffraction (XRD) and transmission electron microscopy 
(TEM) results are given in Figure 3 (top and bottom), 
respectively.

Simultaneously, we have also investigated dense 
proton conducting (PC) perovskite membranes such 
as SrCeO3, and SrCe1-xMxO3 that were synthesized by 
sonochemical treatment followed by the hydrothermal 
method and sintering done by microwave heating.  
Figure 4 shows the electrical conductivity measurements 
of SrCeO3.

Also, an investigative study was performed for 
developing materials to fabricate a natural gas fueled 
SOFC hybridized to a gas turbine (SOFC-GT) to 
enhance power production and maximum utilization of 
resources in Trinidad.

FIGURE 2.  SEM Micrographs of La0.8Sr0.2Ga0.85Mg0.15O2.825 (LSGM-2015) 
and LaGaO3 Heated at 1,400°C/8h; (a) Solid-State Route (SSR) Pellet 
of LSGM-2015; (b) RSG Pellet of LSGM-2015; (c) SSR Pellet of LaGaO3; 
and (d) RSG Pellet of LaGaO3 
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1.  Novel wet-chemical synthesis and characterization of 
nanocrystalline CeO2 and Ce0.8Gd0.2O1.9 as solid electrolyte 
for intermediate temperature solid oxide fuel cell (IT-SOFC) 
applications, B.Rambabu, Samrat Ghosh and Hrudananda 
Jena, J. Mater. Sci. (in press, 2006).

2.  An exploratory study on solution assisted synthetic 
routes to prepare nano-crystalline La1-xMxGa1-yNyO3 
(M=Sr, N=Mn,Mg) for IT-SOFC applications. Hrudananda 
Jena and B. Rambabu, Mater. Chem. Phys. (in Press, 2006).

3.  Innovative processing of dense LSGM electrolytes for 
IT-SOFC’s, B. Rambabu, Samrat Ghosh, Weichang Zhao 
and Hrudananda Jena, J. Power Sources (Accepted), 2006.

4.  Effect of sonochemical, regenerative sol gel, and 
microwave assisted synthesis techniques on the formation of 
dense electrolytes and porous electrodes for all perovskite 
IT-SOFCs, Hrudananda Jena, and B. Rambabu, Journal of 
Fuel Cell Science and Technology, 2006.

5.  Proton Transport in Nanocrystalline Hydroxy apatite 
(Ca10(PO4)6(OH)2, Hrudenanada Jena, and B. Rambabu, 
Accepted for publication in the Journal of Materials Science, 
(in press 2006).
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Objectives 

Elucidation of the mechanism of Ag evaporation at 
elevated temperatures.

Alloy design of new Ag-based alloys with 
signifi cantly reduced Ag evaporation/migration.

Optimization of the processing and the 
microstructures of Ag alloy/perovskite composites.

Demonstration/assessment of performance of the 
new contact materials. 

Accomplishments 

Elucidated the Ag evaporation mechanism based 
on the experimental evaluation of various factors 
affecting the evaporation rate of pure Ag.

Identifi ed the optimal conditions for evaluating 
the Ag evaporation of Ag-based alloys as contact 
material: exposure environment — fl owing air; 
air fl ow rate — 1.5 cm.s-1; exposure temperature 
— 850°C; exposure time — 40 hours. 

Synthesized a well-distributed Ag+La0.8Sr0.2CoO3 
composite with an average particle size of less than 
1 µm via a glycine nitrate combustion process.

Introduction 

To reduce the electrode/interconnect interfacial 
resistance in SOFC stacks, electrical contact layers are 
often applied between the interconnect and electrodes 
during construction of an SOFC stack by compensating 
for the corrugations present on their respective 
surfaces.  Three major criteria for SOFC contact 
materials are (1) suffi cient high electrical conductivity 

•

•

•

•

•

•

•

over the SOFC lifetime; (2) chemical stability under 
high current condition and compatibility with other 
cell components, especially negligible effects on the 
formation of protective oxides on interconnect alloy; 
and (3) reasonable match in coeffi cient of thermal 
expansion (CTE) with other cell components.  Because 
of the stringent criteria, fi nding a suitable material for 
the interconnect-cathode contact is very challenging, 
particularly in the intermediate temperature (600-800°C) 
SOFCs where high-temperature oxidation-resistant 
alloys are used as interconnect material. 

The materials currently under consideration for 
cathode/interconnect contact application include low 
melting-point ceramics (such as doped LaCoO3), noble 
metals (e.g. Ag or Pt), and their composites [1-3].  Pt, 
Au, and Pd are not desirable for this application because 
of their high raw material cost.  However, Ag is an 
exception due to its relatively low price.  Ag-ceramic 
composite is one of the very promising candidates 
for SOFC contact due to the inherent properties of 
Ag, such as high chemical stability, high electrical 
conductivity, high ductility, and relatively low melting 
point.  The perovskite component in the composite is 
expected to provide a more desirable CTE match and 
act as a Cr absorbent and/or a barrier for Cr migration 
to the cathode.  One major drawback of Ag as SOFC 
interconnect/cathode contact material is its tendency 
to evaporate at the SOFC operating temperatures 
and subsequent migration to other cell components, 
potentially causing the cell performance degradation.  
To date, the evaporation behavior of Ag under SOFC 
operating conditions has not been systematically 
investigated, even though numerous studies have 
been carried out on thermal etching of Ag at elevated 
temperatures [4-6].

Approach 

Ag would be a wonderful contact material if its 
evaporation/migration can be reduced.  Alloying with 
other elements such as noble metals, surface-active 
elements, or certain transition metals might reduce 
the evaporation/migration of Ag.  What is desired 
of the alloying elements is to effectively reduce Ag 
evaporation/migration without signifi cantly altering 
the overall properties of Ag.  To provide guidelines 
for the selection of alloying additions, fundamental 
studies on the evaporation mechanism of Ag at elevated 
temperatures are being conducted.  Based on the 
mechanistic understanding, alloy design and physical 
metallurgy principles will be employed for developing a 
series of new Ag-base alloys with signifi cantly reduced 
Ag evaporation rates.  These alloys will be evaluated 
under realistic SOFC operating conditions; furthermore, 
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Ag alloy/perovskite composites will be synthesized 
and the performance of the composite materials as 
interconnect/cathode contacts will be assessed.

Results 

The effects of a number of exposure parameters 
such as time, temperature, and air fl ow rate on Ag 
evaporation were investigated.  For all evaporation 
experiments, a linear relationship was observed between 
the weight loss of Ag and the duration of thermal 
exposure.  As illustrated in Figure 1, the weight loss 
of pure Ag after 50-hour exposure at both 900°C and 
850°C initially increased linearly with air fl ow rate and 
then reached a plateau at a fl ow rate of about 1.0 cm.s-1; 
further increase in air fl ow rate had no effect on the 
Ag evaporation, i.e. a plateau was observed.  The loss 
of weight at the fl ow rate above 1.0 cm.s-1 was about 
2.6 times of that in stagnant air for both exposures at 
900°C and 850°C.  It is concluded that when Ag vapor 
pressure is below a critical point, the evaporation rate of 
Ag is controlled by both evaporation from the surface of 
solid Ag and back-condensation of Ag vapor.  Therefore, 
the net evaporation rate is the difference of these two 
processes.  If the vapor pressure of Ag drops below 
that critical value, the evaporation of Ag is essentially 
controlled by the evaporation process alone.

To determine the effect of temperature on Ag 
evaporation rate, a relatively high air fl ow rate of 1.5 
cm.s-1 was selected as a standard fl ow rate and the test 
temperature was varied from 750ºC to 925ºC.  It was 
found that the evaporation rate of pure Ag increased 
signifi cantly with exposure temperature.  An exponential 
relation was obtained between the weight loss of Ag 
and the reciprocal of temperature, as shown in Figure 

2.  The heat of Ag evaporation, calculated from the slope 
of the fi gure, was equal to 280 KJ.mol-1.  The heat of 
evaporation was very close to the heat of atomization for 
pure Ag, which is 284.09 KJ.mol-1.  This implies that the 
evaporation of Ag under these conditions is essentially 
controlled by breaking of the bond between Ag atoms 
in the solid state.  Several evaporation experiments 
were carried out in the presence of various vapor phase 
constituents, such as air, air+3%H2O, Ar+5%H2, or 
Ar+5%H2+3%H2O.  The results indicate that none of the 
exposing atmospheres had a measurable infl uence on 
the evaporation rate of Ag, i.e. the Ag evaporation rate 
is essentially the same in both reducing and oxidizing 
atmospheres.

The surface morphological features of pure Ag 
after thermal exposure were also observed with a 
scanning electron microscope (SEM).  As is clear from 
Figures 3(a)-(c), the samples exposed to air developed 
a striation structure (parallel ledges) after thermal 
exposure at temperatures from 750°C to 900°C.  The 
space between the ledges increased with the increase 
in exposure temperature.  However, very smooth 
surfaces only with some grain boundary grooves were 
observed after thermal exposure in both Ar+5%H2 and 
Ar+5%H2+3%H2O (Figure 3(d)).

This study indicates that with typical SOFC 
operating conditions, such as an air fl ow rate of 1.1 
cm.s-1 at 800°C in air, the evaporation rate of Ag is 
4x10-10 g.cm-2.s-1.  This value is very high considering 
the targeted SOFC operation time of 40,000 hours.  
Therefore, pure Ag is not suitable for this application due 
to its excessive evaporation during service.  However, 
since the evaporation of Ag is determined by breaking of 
the bond between Ag atoms in the solids, alloying with 
other elements that increase the bonding energy might 
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decrease the evaporation of Ag.  The effects of various 
alloying elements, such as other noble metals which 
can form solid solution and surface-active elements 
which segregate to the alloy surface, on reducing the 
evaporation rate of Ag is under investigation in the 
PI’s lab.  The fundamental study on the evaporation of 
pure Ag has also helped defi ne the optimal exposure 
conditions for evaluating the effect of alloying additions 
on Ag evaporation.  The parameters for the exposure 
experiments in evaluating the Ag evaporation of Ag-
based alloys as contact materials have been identifi ed 
as follows: exposure environment — fl owing air; air 
fl ow rate — 1.5 cm/s; exposure temperature — 850°C; 
exposure time — 40 hours.  These parameters are being 
used in the systematic study of the effects of alloying 
additions on the Ag evaporation.

Conclusions and Future Directions

The following conclusions can be drawn based on this 
study:

The evaporation of Ag initially increased linearly 
with air fl ow rate and then reached a plateau at a 
fl ow rate of about 1.0 cm.s-1; further increase in air 
fl ow rate had no effect on the Ag evaporation.

The exposing atmosphere has no noticeable 
infl uence on the Ag evaporation rate, although 
different surface morphologies developed after 
thermal exposure.

•

•

The heats of evaporation were very close to the heat 
of atomization for pure Ag.

Alloying Ag with other elements, which can increase 
the bonding energy, might decrease the evaporation 
of Ag.

The future directions for this project are listed below:

A number of binary and ternary Ag alloys will be 
prepared and the evaporation rate of these alloys 
with various alloying additions will be measured and 
potential alloying elements which can signifi cantly 
reduce the Ag evaporation will be identifi ed. 

A series of Ag+ perovskite composites with different 
particle sizes and different volume ratios of Ag/
perovskite will be synthesized and the sintering 
behavior of these composites will be studied. 

The performance of the contact materials will 
be evaluated including their interaction with 
interconnect and cathode materials and their 
effectiveness on blocking Cr migration from the 
interconnect alloy to the cathode.

FY 2006 Publications/Presentations 

1.  “Evaporation and Thermal Etching of Pure Ag at 
Elevated Temperatures”, Z.G. Lu and J.H. Zhu (manuscript 
to be submitted to J. Electrochem. Soc.).
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FIGURE 3.  Surface morphological features of polycrystalline Ag 
developed after thermal exposure with a gas fl ow rate of 1.5 cm.s-1: 
(a) 900°C, air, 50 hours; (b) 800°C, air, 50 hours; (c) 750°C, air, 50 hours; 
and (d) 900°C, Ar+5%H2, 20 hours.
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Objectives 

Develop a series of new Fe-Ni based alloys without 
Cr or with low Cr for intermediate temperature solid 
oxide fuel cell (SOFC) interconnect application. 

Demonstrate suitable oxidation resistance, oxide 
scale area specifi c resistance (ASR), and coeffi cient 
of thermal expansion (CTE) for these new alloys.

Achieve low Cr evaporation rates for these alloys 
without surface coatings.

Accomplishments 

Over 200 alloys have been made by arc melting and 
drop casting, with various alloying elements added 
to narrow down some promising compositional 
ranges for further alloy development.  Several 
strategies have been identifi ed to improve oxidation 
resistance of low-Cr Fe-Ni-based alloys.

A new low-Cr Fe-Ni-based alloy system has been 
identifi ed.  The oxidation resistance of the new 
low-Cr Fe-Ni-based alloy is much better than that of 
Fe-60Ni and comparable to that of Crofer22 APU.  
Furthermore, the new alloy also exhibits excellent 
resistance to cyclic oxidation.

A low oxide scale ASR has been demonstrated for 
the new developmental low-Cr Fe-Ni-based alloy. 

The Cr evaporation rate of the new developmental 
alloy is much lower than that of Crofer22 APU 
under similar exposure conditions.

•

•

•

•

•

•

•

Introduction 

Solid oxide fuel cells (SOFCs) have attracted 
signifi cant attention due to their benefi ts of 
environmentally benign power generation with fuel 
fl exibility.  However, the main hurdle thwarting the 
SOFC commercial introduction is lack of appropriate 
interconnect materials, which is of key importance for 
SOFC development.  There has been recent interest 
in Cr2O3-forming alloys for SOFC interconnect 
applications because of the reduction in SOFC 
operating temperature.  However, volatile Cr species 
generated from Cr2O3 in oxidizing atmospheres (on 
the cathode side) can cause severe degradation of the 
long-term performance of SOFCs because of cathode 
poisoning [1,2].  This SECA project has focused on the 
development of new low-Cr Fe-Ni-based interconnect 
alloys with low CTE and scale ASR, suitable oxidation 
resistance, and reduced Cr evaporation, which is 
expected to resolve the Cr poisoning issue for SOFC 
stacks.

Approach 

Using alloy-design principles, we have developed a 
series of new low-Cr Fe-Ni-based alloys.  These 
low-Cr Fe-Ni-based alloys with 6 wt.% Cr maximum 
are expected to develop a double-layer oxide scale 
consisting of a Cr-free, electrically-conductive (Fe,Ni)3O4 
spinel outer layer to act as a surface seal for blocking 
Cr evaporation from the alloy surface atop a protective,  
electrically-conductive Cr2O3 inner layer.  This 
project is being carried out as an interdisciplinary and 
collaborative endeavor with the involvement of two 
universities and one national laboratory.

So far, we have demonstrated the feasibility of 
thermally growing the double-layer oxide structure 
on the low-Cr Fe-Ni-based alloys.  We have also 
characterized the isothermal and cyclic oxidation 
resistance, oxide scale ASR, and Cr evaporation rate of 
these low-Cr Fe-Ni-based alloys.

Results 

Through a systematic alloy design effort, a low-Cr 
Fe-Ni-based alloy with drastically improved oxidation 
resistance has been developed.  A preliminary evaluation 
of this alloy is summarized here.  It should be noted 
that further alloy composition modifi cations are being 
pursued to optimize its overall performance.
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Long-term isothermal oxidation testing at 800°C 
in air indicates that the oxidation resistance of the new 
low Cr Fe-Ni-based alloy was much higher than that of 
Fe-60Ni, and comparable to that of Crofer22 APU.  As 
shown in Figure 1, after the fi rst week, the weight gain 
of this low-Cr alloy increased slightly with time and its 
oxidation rate was similar to that of Crofer22 APU.  The 
initially larger weight gain during the fi rst week exposure 
for this alloy over Crofer22 APU is actually desirable, 
as it is due to the formation of a surface spinel outer 
layer.  Compared to the binary Fe-60Ni alloy, an order of 
magnitude reduction in weight gain was achieved.  The 
improved oxidation resistance of this new alloy resulted 
from the formation of a continuous, dense Cr2O3 inner 
layer between the Cr-free spinel layer and the substrate 
alloy as shown in Figure 2, which is the a cross-sectional 
view of this alloy after oxidation for 12 weeks at 800°C 
in air.  The Cr2O3 inner layer acts as a barrier against 

the oxidation process.  From Figure 2, some internal 
oxidation was apparent and we are currently continuing 
our alloy design efforts to reduce/eliminate the internal 
oxidation problem.

The ASR of the oxide scale formed on this alloy 
after oxidation for 12 weeks is shown in Figure 3.  The 
oxide scale ASR of this alloy was lower than that of 
Crofer22 APU after similar exposure.  The low ASR of 
the oxide scale thermally grown on this alloy should be 
attributed to the high electrical conductivity of the spinel 
outer layer.

Cyclic oxidation tests were conducted to determine 
the adherence of the oxide scales formed on the new 
low-Cr Fe-Co-Ni-based alloy.  Each cycle consisted of 
holding at 800°C in air for 25 hours followed by cooling 
to room temperature in air.  No spallation was observed 
after 80 cycles with a cumulative exposure time of 2,000 
hours, indicating good adhesion between the oxide 
scales and the alloy substrate.  The mass gain of the 
low-Cr Fe-Ni-based alloy was signifi cantly lower than 
that of the Fe-50Ni alloy, as shown in Figure 4.  The 
adequate resistance to spallation resulted from the CTE 
match between the oxide scale and the substrate alloy.

Initial work was conducted by PNNL to evaluate 
the Cr volatility of the new low-Cr Fe-Co-Ni base alloy 
in moist air at 800°C for 500 hours with an air velocity 
of 1.1 cm·s-1.  The Cr transport rate was 5.7×10-12 
kg·m-2·s-1 for this new alloy.  For purpose of comparison, 
under identical conditions a value of 3.3×10-11 kg·m2·s-1 for 
Crofer22 APU was obtained.  Therefore, the Cr volatility 
for the new low-Cr alloy was about a factor of almost 
six lower than that of Crofer22 APU.  This is mainly due 
to the formation of the Cr-free spinel outer layer that 
blocks the Cr evaporation from the chromia inner layer.

FIGURE 1.  Isothermal Oxidation Kinetics of the Low-Cr Fe-Ni-Based 
Alloy in Air at 800°C

FIGURE 2.  Cross-Section of the Low-Cr Fe-Ni-Based Alloy after 
12-Week Oxidation in Air at 800°C

FIGURE 3.  Comparison in Scale ASR of the Low-Cr Fe-Ni-Based Alloy 
with Crofer22 APU after 12-Week Oxidation in Air at 800°C
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Conclusions and Future Directions

The formation of an electrically conductive, 
Cr-free spinel outer layer atop a protective, electrically 
conductive oxide inner layer on the metallic 
interconnects is highly desirable to mitigate the Cr 
poisoning problem in the SOFC stack.  Our preliminary 
results indicate that a double-layer oxide structure with 
an electrically conductive, Cr-free spinel outer layer and 
a protective Cr2O3 inner layer could be thermally grown 
on a new low-Cr Fe-Ni-based alloy with drastically 
improved oxidation resistance, low scale ASR, and CTE 
match with other cell components.  While additional 
alloy design and production scale-up is clearly needed, 
this study has demonstrated that it is feasible to develop 
a low-Cr Fe-Ni alloy with balanced properties for SOFC 
interconnect application.  This alloy system contains 
signifi cantly less Ni than Ni-based superalloys and much 
less Cr than ferritic steels, while their manufacturability 
is similar to ferritic steels.  Therefore, the cost-effective 
new alloy interconnects will be very attractive for 
reducing the overall cost and improving the durability of 
SOFC stacks.

Future directions for this project are listed below:

Further optimization of the composition range 
of the new Fe-Ni base alloys.  The composition 
range of these alloys will be further narrowed down 
with special attention paid to reduce/eliminate the 
internal oxidation zone between the Cr2O3 inner 
layer and the alloy substrate after thermal exposure 
in air.

Characterization of oxidation/corrosion behavior 
in both single and dual-atmosphere condition.  
The oxidation behavior of the low-Cr Fe-Ni-based 

•

•

alloys will be studied at 700-900ºC in both air 
(cathode environment) and Ar+4%H2+3%H2O 
which corresponds to the anode environment.  In 
addition, selected alloy coupons will also be exposed 
to dual atmospheres (one side air and the other side 
H2+3%H2O) at 800°C.  The oxide scale features 
formed after the dual-atmosphere exposure will be 
compared to those formed in single atmosphere 
alone. 

Compatibility and in-cell performance evaluation.  
The interaction and compatibility of the new 
interconnect alloys with the contact and cathode 
materials will be conducted using screen-printed 
interconnect/contact/cathode couples.  After 
thermal exposure of the couple, ASR measurement 
will be conducted to get the overall resistance of 
the couple and possible formation of insulating 
phase(s) at the interface and Cr migration into the 
cathode will be identifi ed.  The effect of the new 
interconnect alloys on the cell performance will 
be conducted with a SOFC test stand.  The cell 
performance with different interconnect alloys will 
be compared and the Cr volatility of the new Fe-Ni 
alloys will be assessed. 

Special Recognitions & Awards/Patents 
Issued 

1.  An invention disclosure on the new low-Cr Fe-Ni alloys 

has been completed.
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FIGURE 4.  Cyclic Oxidation Kinetics of the Low-Cr Fe-Ni-Based Alloy 
and the Fe-50Ni Alloy in Air at 800°C
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Objectives 

Select self-healing glasses for functionality as seals 
for SOFCs.

Demonstrate functionality of the self-healing seals 
by leak tests.

Measure stability of the self-healing glass in SOFC 
environments.

Develop approaches to toughening self-healing 
glasses as seals for SOFCs.

Survey commercial glasses suitable for making seals 
for SOFCs.

Approach

Select glasses suitable for self-healing and expansion 
matching, measure thermophysical properties, 
prepare seals with SOFC components, and test seals 
over a range of temperatures including thermal 
cycles.

Determine thermal stability of the glasses in SOFC 
environments, measure thermal properties after 
annealing, and fabricate seals for leak testing at cell 
operating conditions.

Develop approaches for toughening sealing glasses 
through the reinforcing phase, select a reinforcing 
fi ber, fabricate reinforced glasses, and incorporate 
toughened glasses into seals and seal tests.

Perform literature search on glasses suitable for 
seals in SOFC.

Accomplishments 

Demonstrated ability of a self-healing glass in 
sealing SOFC components through leak tests over a 
range of temperatures between 25-800°C.

Achieved ~300 thermal cycle between 25-800°C 
without leak of a self-healing glass and accumulated 
~3,000 hours of hermetic cell performance at 800°C.

•

•

•

•

•

•

•

•

•

•

•

These results provide great promise towards meeting 
SECA goals of seals for SOFCs.

Introduction 

A functioning SOFC requires seals that prevent 
electrode leakage and internal gas manifold leakage 
if internal gas manifolds are utilized.  The seals must 
prevent the mixing of fuel and oxidant streams as well as 
prevent reactant escape to the surrounding environment.  
The seal material must be electrically isolating and be 
mechanically and chemically stable in contact with 
interfacing cell components in humid dual reducing 
and oxidizing conditions.  Particular importance is the 
ability to seal between metallic and ceramic components 
with differing coeffi cients of thermal expansion (CTE), 
and do so while exposed to temperature transients 
over a range from room temperature up to SOFC 
operating temperature (≈800ºC).  This project is 
developing innovative sealing concepts for both short- 
and long-term functionality of SOFCs, addressing the 
aforementioned issues.

Approach 

A novel concept of in situ crack healing by glasses 
is pursued in Phase I of the project.  The fundamental 
idea underlying this concept is based on the fact that a 
glass with suitable low viscosity can heal cracks created 
by thermal expansion mismatch between materials 
that are being joined by a glass seal in a SOFC.  The 
functionality of this innovative sealing approach based 
on in situ crack healing by a glass is demonstrated and 
quantifi ed.  Toughening and strengthening of the glass by 
fi bers/particulates is pursued to minimize or eliminate 
bulk cracking of the seals.  These concepts are pursued 
further in Phase I to address sealing capabilities and 
durability issues related to a functioning seal for a SOFC.

Results 

Self-healing glasses were selected, fabricated, and 
used for making seals.  A test fi xture was constructed 
for leak testing and leak tests under appropriate SOFC 
test conditions were performed.  The assembled system 
was successful in meeting the project goals of testing 
seals at both room and high temperatures.  The results 
demonstrated self-healing behavior of seals with a 
signifi cant capability for thermal cycles between 25 and 
800°C.  These results are very promising for meeting 
some of the goals of the SECA program for SOFCs.  The 
details on these activities are given in the following.

•
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In order to develop seals suitable for joining 
electrolyte (yttria-stabilized zirconia [YSZ]) to 
a metal using a glass that can show self-healing 
behavior requires selection of glasses with appropriate 
thermophysical properties and expansion match with 
YSZ and metals.  A number of glasses were considered 
and synthesized.  Samples of glass powders were used 
for x-ray diffraction studies to insure that the starting 
materials are indeed amorphous in crystal structure.  
The glass and YSZ powders were processed to fabricate 
samples for measurements of properties and testing.  
Expansion behaviors of all the samples, glasses, metals, 
and YSZ were measured between 25-1,000°C in a 
high-temperature dilatometer.  The stability of glasses 
against crystallization was measured using an x-ray 
diffractometer after annealing samples in air and SOFC 
testing environments over extended time periods.  
Figure 1 shows the expansion behavior of a glass used 
in self-healing study and effect on annealing for 500 
hours indicating insignifi cant change in the expansion 
behavior.  The x-ray diffraction from annealed samples 
of glass indicated no crystallization, which is consistent 
with the expansion behavior.

The diffusion processes at high temperatures 
can heal cracks in ceramics and glasses.  Crystalline 
ceramics require higher temperatures for healing than 
some of the glasses because of the thermally activated 
nature of the diffusion process responsible for healing.  
The self healing behavior was studied by heating the 
glass to desired temperatures between 25-1,000°C and 
observing the surface of the glass sample with cracks 
by a video camera (in a unique facility) for detecting 
the temperature-time history of the self-healing process 
to begin and end.  These data were used for selecting 
the processing temperatures for making the seals and 

appropriate conditions required for demonstration of the 
self-healing behavior.

The leak test fi xture developed was used for leak 
tests at room temperature and high temperatures.  A 
seal was made using Crofer metal, Glass 4, and YSZ.  
The YSZ was sealed to Crofer by this glass and then 
the Crofer metal was welded to 304 SS housing.  The 
inside of the SS 304 housing was connected to high-
pressure side of the seal and the outside of the SS 304 
housing was maintained at the atmospheric pressure.  
During the test the seal assembly was heated to the 
desired temperature inside a furnace and the seal was 
pressurized from inside for leak testing via monitoring 
the pressure as a function of time.  The leak tests 
were performed at room temperature and at various 
temperatures during heating as well as during cooling.  
In addition, during the course of the leak testing the seal 
developed a small leak but the leak was repaired in situ 
in each case by keeping the seal at the test temperature.  
The seal has been tested further for its durability against 
thermal cycles and the results in Figure 2 show that the 
seal remained hermetic even after 271 thermal cycles 
and 2,900 hours of seal test at 800°C.  The seal test 
was terminated after ~3,000 hours and 300 thermal 
cycles of testing and the post-test data showed that 
the glass remained amorphous even after such a long 
test indicating the potential of the glass for making self 
healing seals. 

These results on thermal-cycle-ability of SOFC seals 
are quite promising for developing seals to meet the 
SECA goals for SOFCs.
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Conclusions and Future Directions 

Glasses were selected for demonstration of self-
healing behavior and potential for making seals 
that display self-healing response.  The thermal 
properties, densifi cation behavior, and wetting 
behavior of glasses with YSZ electrolyte, Crofer, 
SS 430, and Nickel metals were determined for 
suitability of making seals.

A new methodology based on video imaging of 
cracks was applied to characterize self-healing 
behavior of all the selected glasses and glass-
ceramics as a function of temperature and time.  
Generally, glass-ceramics showed slower self-
healing kinetics than the glassy state but the exact 
kinetics were dependent on the specifi c glass or 
glass-ceramics.

Reinforced glasses were fabricated using alumina 
fi bers.  The effect of fi ber addition to glass properties 
was characterized by dilatometer.  Strengthening of 
the reinforced glass was demonstrated. 

Seals incorporating self-healing glasses were 
fabricated.  Effect of up to ~300 thermal cycles 

•

•

•

•

between 25 and 800°C and ~3,000 hours at 800°C 
on hermeticity of the seals was demonstrated.  
Self-healing behaviors of the leaking seals were 
also demonstrated.  These results are important for 
achieving the SECA goals of SOFC sealing systems.

Plans are to pursue (in Phase II of the project) 
long-term stability of the self-healing glasses, 
reinforced glasses, and seals made thereof to further 
demonstrate long-term performance, stability, and 
applicability of the self-healing glass seals to SOFCs.
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Objectives 

Investigate the effects of the ceramic layer on the 
chemical stability of the composite seal

Investigate the mechanical failure and strength of 
the composite seal

Accomplishments 

Proved that the ceramic layer in the composite 
seal effectively isolates the chemical interaction 
of certain reactive fi ller glass and stainless steel 
substrates

Observed the failure modes and quantifi ed the 
strength of the composite seal

Introduction 

Previous work [1] reported by the author has 
demonstrated an integrated composite seal concept for 
SOFCs.  The composite seal samples were fabricated and 
tested for leak performance at steady state and thermo-
cycling conditions.  The composite seal sample with one 
combination of constituents has demonstrated a leak 
rate of 0.017 sccm/cm (2 psig helium) and survived over 
60 thermo-cycles from 150ºC to 650ºC at 5ºC/min.  

If placed in direct contact, glass and glass-ceramic 
materials may chemically interact with Fe-Cr-based 
stainless steel at high temperature.  For example, 
barium-calcium-aluminosilicate (BCAS) based 
sealing glasses seem to be susceptible to this form of 

•

•

•

•

interactions, especially when used in combination 
with high-chromium-content stainless steels.  Under 
prolonged exposure to high temperature, the chromium 
in the steel combines with Barium in the glass to form 
BaCrO4 at the edges where air is available to supply 
oxygen [1,2].  In the sample interior, chromium dissolves 
into the glass to form solid solutions and produce 
porosity at the interface.  Such interactions compromise 
the hermetic sealing and bonding strength of the seal.  
In the composite seal concept, an inert ceramic layer 
is disposed in between the fi ller (e.g. glass) and the 
substrate [1].  By eliminating direct contact between 
the glass and the Fe-Cr alloy, the ceramic layer in the 
composite seal was expected to help reduce adverse 
chemical interactions between the glass fi llers and the 
metal substrates, thus improving long-term stability and/
or mechanical bonding strength of the seal.  And it was 
the purpose of this work to prove such advantages of the 
composite seal structure.

Approach 

Experimental studies were carried out to compare 
seal samples made with and without the ceramic layer.  
The stability study utilized metal-glass-metal and metal-
ceramic-glass-ceramic-metal sandwich specimens made 
from Fe-Cr stainless steel with and without a ceramic 
interlayer.  Alloy strips without the ceramic layer were 
cut into 10 mm x 10 mm squares, then ground and 
polished using 600-grit SiC paper.  The samples were 
then ultrasonically cleaned in ethanol for 10 minutes 
and rinsed using acetone to eliminate contamination.  
A thin layer of G18 sealing glass was applied in the form 
of green tape.  The samples were then transferred to a 
high temperature oven for curing under a small dead 
load pressure, approximately 7 kPa.  The cured samples 
were subjected to a constant temperature of 800°C for 
a week (168 hours) and then cooled down at 1°C/min.  
After aging, the specimens were mounted in epoxy, 
sectioned and polished to a surface fi nish of 1 micron 
for SEM and electron micro probe analysis.  Standard 
tensile adhesion tests (ASTM C633-01) were conducted 
on plasma sprayed ceramic coatings to evaluate 
mechanical pull-out strength of the coating itself and 
then sandwich samples with a glass interlayer were 
made and tested in the same pull out setup to gauge 
bond strength.  Samples were bonded with FM1000 
epoxy adhesive from Cytec Engineered Materials, Inc. 
to the pull-out bars, which were connected through two 
universal joints to an Instron servo hydraulic loading 
frame.  The samples were pulled apart with a cross head 
speed of 0.015 mm/sec.  A minimum of fi ve samples was 
tested for each material combination.
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Results 

For the sample without an atmospheric plasma 
spray (APS) ceramic buffer layer, the interaction 
between the Fe-Cr substrate and the G18 glass is 
apparent.  A back scattered electron (BSE) image 
and electron probe micro analysis (EPMA) elemental 
mappings after aging are shown in Figure 1.  Notably, 
Cr and Ba inter-diffused and probably formed a reaction 
layer.  

A BSE electron image and EPMA elemental 
mappings for samples with APS coating after aging are 
shown in Figure 2.  For samples with an APS buffer 
layer, no trace of chemical interaction between the glass 
and the Fe-Cr substrate was identifi ed.  However, Fe-Ni 
inter-diffusion occurred between the bond coat of the 
APS coating and the Fe-Cr substrate.

Tensile adhesion test results, shown in Table 1, show 
that the APS ceramic layer has signifi cant contribution 
to the adhesion strength of the glass seal.  The average 
failure stress of the Fe-Cr/G18 increased from 2 MPa 

to about 17 MPa.  This is likely due to the elimination 
of the weak reaction layer between G18 and the Fe-Cr 
substrates and better chemical compatibility of the G18 
glass and the APS ceramic layer (Al2O3 and YSZ).

 TABLE 1.  Tensile Adhesion Test Results

APS Coat 
Only

APS Coat 
with Glass

No Coat 
with Glass

Failure Stress 
(MPa)

41.52 11.27 0.35

21.88 23.50 3.26

30.19 25.90 *N/A

34.07 12.96 2.35

27.19 11.27 *N/A

Mean 30.97 16.98 1.99

Standard 
Deviation

7.39 7.13 1.49

* Sample failed during handling

Conclusions and Future Directions

The work clearly showed the advantages of the 
composite seal in (1) avoiding adverse chemical 
interaction between reactive glass and the Fe-Cr stainless 
substrate and (2) improving the bonding strength due to 
the ceramic interlayer.
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Objectives 

Develop a fundamental understanding of 
heterogeneous electrocatalytic phenomena at the 
surface of ion conducting ceramics.

Fabricate high surface area SOFC cathodes with 
controlled microstructure and porosity. 

Develop cathodes for low to intermediate 
temperature SOFCs.

Accomplishments 

Optimized high performance Ag-erbia-stabilized 
bismuth oxide (ESB) cathode with low area specifi c 
resistance (ASR).

Demonstrated stability issues of Ag-ESB composite 
cathodes.

Improved stability of Ag-ESB composite cathodes 
by addition of 10-15 vol% nano-scale yttria-
stabilized zirconia (YSZ) powder.

Synthesized nano-sized bismuth ruthenate 
(Bi2Ru2O7), lead ruthenate (Pb2Ru2O7) and 
praseodymium-doped yttrium ruthenate 
(Y2-xPrxRu2O7) powders via co-precipitation method 
and a novel wet chemical route.

Developed higher conductivity Y2-xPrxRu2O7 
resulting in lower ASR cathodes.

Determined the effects of microstructure and 
thickness on ASR of Bi2Ru2O7-ESB composite 
cathodes.

Developed high performance Bi2Ru2O7-ESB 
composite cathodes with an ASR of 0.03 Ωcm2 
at 700°C.

•

•

•

•

•

•

•

•

•

•

Introduction 

For extensive deployment of SOFCs into industrial 
and consumer markets to become a reality, further 
performance optimization is necessary.  Currently 
cathode overpotential is the most signifi cant drag on 
total SOFC electrochemical performance.  A signifi cant 
increase in cathode performance would enable higher 
power densities at lower temperature, which would 
mean lower cost and therefore greater commercial 
viability.  Towards that end, we are in the process 
of developing high performance cathodes for use in 
conventional and intermediate to low temperature 
SOFCs.

Approach 

We have focused our cathode research on 
pyrochlore ruthenates because of two reasons.  First, the 
pyrochlore structure has proven to have very tunable 
conductivity.  Depending on the characteristics of the 
A- and B-site cations, pyrochlores can be designed to be 
insulating, ionically conducting, semi-conducting or even 
metallic conducting (~103 S/cm).  Second, ruthenium 
oxide is known to be catalytic active towards oxygen 
reduction so it can be expected that these ruthenates will 
have low activation polarization when used as SOFC 
cathodes. 

To develop pyrochlore ruthenates for SOFC 
cathodes two approaches were used: (1) compositional 
optimization to maximize electrical conductivity and 
(2) microstructural optimization to minimize the ASR.  
The results of these efforts are described below.   

Results 

1.  Compositional Development and Processing of 
Pyrochlore Ruthenates.  

Lead ruthenate, Pb2Ru2O6.5 (PRO), has been 
studied and reported in the literature as a potential high 
performance cathode material [1].  Our studies of PRO 
have been focused on making nano-sized powders for 
use in composite electrodes.  Through novel processing 
we have been able to achieve our goals and were able to 
produce nano-sized lead ruthenate crystallites.  This was 
discussed in greater detail in our previous report.   
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Yttrium ruthenate, Y2Ru2O7 (YRO) has been 
evaluated as a candidate IT-SOFC cathode because of 
its stability in a wide range of temperature and its lack of 
reactivity in contact with yttria-stabilized zirconia and 
gadolinia-doped ceria [2].  We prepared, nanocrystalline 
powders of YRO by a co-precipitation method.  Phase 
and morphology were studied by x-ray diffraction 
(XRD) and fi eld emission scanning electron microscope 
(FE-SEM), showing a particle size of about 100 nm.  
The nanocrystalline particle size makes the powder 
amenable for the triple phase boundary tailoring in order 
to minimize ASR. 

The electronic behavior of ruthenium pyrochlores 
is explained in terms of the Mott–Hubbard mechanism 
of electron localization, which shows high electrical 
(metallic) conductivity when their structure allows a 
Ru–O–Ru bond angle larger than 133˚ [3].  Moreover, 
since the Ru–O–Ru angle increases with increasing size 
of the A cation, Pr was chosen as an A-site dopant in 
order to increase the electrical conductivity of yttrium 
ruthenate. 

X-ray diffraction studies confi rmed that the doped 
powders were single pyrochlore phase, and SEM-EDS 
measurements confi rmed the presence of the dopant in 
the pyrochlore structure.  The electrical conductivity was 
measured at several temperatures by the d.c. 4-probe 
method, for a range of 5-25% dopant concentration, in 
a range of 473-1,073 K.  Our results, Figure 1, show that 
doping with Pr signifi cantly increases the conductivity of 
yttrium ruthenate.  

Figure 1 shows a comparison of the total electrical 
conductivity of bismuth ruthenate, lead ruthenate, and 
Pr-doped yttrium ruthenate as a function of reciprocal 
temperature.  In general, it shows that bismuth 
ruthenate and lead ruthenate are signifi cantly more 

conductive than the yttrium ruthenates.  Moreover, 
bismuth ruthenate and lead ruthenate display metallic-
type conductivity while the yttrium ruthenates are 
semiconducting.  

Figure 1 also shows the effect of doping yttrium 
ruthenate with Pr.  As the Pr content increases so does 
the overall conductivity.  Our studies on the conductivity 
dependence of praseodymium-doped yttrium ruthenate 
on oxygen partial pressure (PO2

) showed insensitivity 
to PO2

 changes.  This suggests the observed increase 
in conductivity over undoped yttrium ruthenate is due 
mainly to the size effect of Pr increasing electronic the 
conductivity through the aforementioned Mott–Hubbard 
mechanism of electron localization.  More tests will 
be conducted to confi rm this inference.  Nevertheless, 
Pr-doped yttrium ruthenate shows potential for use as a 
high performance SOFC cathode on YSZ.

2.  Microstructural Optimization of Bismuth 
Ruthenate 

Phase-pure Bi2Ru2O7.0 (BRO) and Er0.4Bi1.6O3 (ESB) 
were obtained by conventional solid-state synthesis.  
Leaching with HNO3  was required to remove the Bi-
rich sillenite phase from the BRO powders.  Powders 
were then crushed and sieved.  A portion of these 
powders were then vibratory milled to reduce particle 
size.  Particle size distributions were narrowed using 
sedimentation.  Powders containing large-size particles—
those which have been sieved but not vibratory milled—
are designated with a subscript “S”.  Powders containing 
small-size particles—those which have been vibratory 
milled—are designated with a subscript “VM”.

Electrode ink slurries were prepared by combining 
a 50-50 wt% mixture of BRO and ESB powders with 
appropriate organic vehicles.  Four different inks were 
prepared, using the different particle size combinations—
BROS-ESBS, BROS-ESBVM, BROVM-ESBS, and BROVM-
ESBVM.  The inks were applied to both sides of dense 
ESB pellets, dried, and fi red at 800˚C for 2 h.  The 
symmetrical cells were then electrochemically tested 
using impedance spectroscopy.

An Arrhenius plot of the electrode ASR for the four 
different microstructures is shown in Figure 2.  Both 
composites containing coarse BRO particles have the 
highest ASRs while both composites containing fi ne 
BRO particles have the lowest ASRs.  The composite 
composed of fi ne particles of both phases has the lowest 
ASR (0.074 Ωcm2 at 650°C and 0.048 Ωcm2 at 700˚C).

For comparison, the two lowest-ASR cathode 
systems prepared without sedimentation are also plotted 
in the fi gure (BROVM-ESBVM and BROVM-ESBS).  These 
two systems exhibit the lowest ASR after sedimentation, 
but the order is reversed, and the values are signifi cantly 
lower (50-85% reduction in ASR).  The reduced particle 
size distribution translates into a larger number fraction 

FIGURE 1.  Comparison of Temperature-Dependent Conductivity of 
Ruthenate Pyrochlores



Eric D. WachsmanIII.A  SECA Research & Development / Materials and Manufacturing

128FY 2006 Annual Report Offi ce of Fossil Energy Fuel Cell Program 

of sub-micron sized particles in the vibratory milled 
phase.  This in turn translates into longer three-phase 
boundary (TPB) lines between the oxidant (air), the ion-
conducting phase (ESB) and the electron conducting 
pages (BRO).  The fact that the BROVM-ESBVM system 
(where both phases are composed of vibratory-milled 
powder) exhibits the most dramatic reduction in ASR 
after sedimentation gives credence to this argument.

In order to improve the connectivity of the two 
phases in the composite and reduce lateral resistance, 
the thickness of the electrodes was increased.  
Additional layers were added after drying of the previous 
layers.  For each microstructurally distinct electrode 
system, cells having one, two, and four coats of electrode 
material were tested.  Additionally, for each of the four 
systems, a pure BROS current collector was added to a 
pellet coated twice with the electrode ink.  Just before 
testing the samples, a multimeter was used to ensure the 
lateral resistance of each was at or below 1 Ω. 

The results of these studies are shown in Figure 
3.  For the composite system shown (and for all other 
systems), ASR decreased with number of coatings.  The 
addition of a pure BROS current collector to these 
cathode systems results in a more dramatic reduction 
in ASR than changes in thickness alone.  A minimum 
ASR was achieved for the BROVM-ESBS system, with a 
value of 0.054 Ωcm2 at 650˚C and 0.034 Ωcm2 at 700°C.  
Further improvement is expected with the BROVM-ESBVM 
system.

This particular system exhibits the lowest ASR 
produced to date by our research group, and is 
compared against a literature survey as well as some 
of our group’s earlier results in Figure 4.  Shown is a 
comparison between the ASR vs. 1/T profi les for 

(i) an optimized Ag-ESB system, (ii) pure BRO (no 
ESB phase), (iii) a compositionally-optimized BRO-
ESB system without any microstructural considerations 
(initial), the lowest ASR BRO-ESB system obtained to 
date (current best) and a composite literature survey 
from C. Xia, et. al [4], as well as the results from Z. Shao 
and S.M. Haile [5] for Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) 

cathodes which exhibit the lowest ASR reported to date 
in the literature.

FIGURE 2.  Ahhrenius Plot of Nominally-Similar BRO-ESB Cathodes 
Containing Different Microstructures for Powders with Sedimentation 
(closed symbols) and without Sedimentation (open symbols)

FIGURE 3.  Ahhrenius plot of ASR for the BROVM-ESBS system at various 
thicknesses with no current collector (open symbols).  Also shown is 
the same system with two coats of the electrode ink and a pure BROS 
current collector (closed symbols).

FIGURE 4.  Ahhrenius plot of ASR for the current optimized cathode 
system with some previous results.  Also shown is the BSCF system, 
overlaid on a recent literature survey of composite cathode systems.
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The current microstructurally optimized BRO-ESB 
composite is approaching those values reported for 
barium strontium cobalt ferrite (BSCF).  Additionally, 
the lower activation energy of BRO-ESB (~1.04 eV) 
compared to that of BSCF (~1.20 eV) should translate 
to better performance at lower temperatures.  Initial 
long-term stability studies on the BRO-ESB cathode 
system under fuel cell operating conditions show it to be 
very stable, with a rise in cathode polarization of only a 
few percent over 500 h at 625°C.  We have not been able 
to achieve similar stability with the BSCF system.    

Conclusions and Future Directions

Synthesized nano-sized Bi2Ru2O7, Pb2Ru2O7 and 
doped Y2Ru2O7 powders via co-precipitation and a 
novel wet chemical route.

Increased Y2Ru2O7 conductivity by 20% by doping 
with 15 mol% Pr.

Developed stable, low ASR Bi2Ru2O7-ESB 
composite cathodes.

Optimized the microstructure of Bi2Ru2O7-ESB 
composite cathodes with an ASR of 0.03 Ωcm2 at 
700°C.
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Objectives 

Evaluate LaxPr2-xNiO4+δ (x = 0-2) compositions as 
cathodes for intermediate temperature (500-800°C) 
SOFCs. 

Investigate other perovskite phases, for example, 
LnBaCo2O5.5+δ (Ln = rare earth element), as 
cathodes for intermediate temperature SOFCs.

Develop model systems based on oxide thin fi lms 
to investigate surfaces, interfaces and triple phase 
boundaries using isotope exchange and depth 
profi ling.

Deposit patterned combinatorial oxide layers on 
single crystal and ceramic substrates to investigate 
the role of composition on the activation and 
transport of oxygen.

Accomplishments 

Completed the evaluation of the performance of 
La2NiO4+δ and Pr2NiO4+δ as cathode materials: 
the resistance of these electrodes was measured in 
half cells and compared with previous results for 
symmetric cells using ceria electrolytes.

Studied impedance of dense polycrystalline 
thin fi lms of La2NiO4+δ: measured and analyzed 
impedance data for symmetric cells with single 
crystal yttria stabilized zirconia (YSZ) as the 
electrolyte and dense La2NiO4+δ electrodes.

Prepared thin fi lms of PrBaCo2O5.5+σ on different 
substrates by pulsed laser deposition: developed 

•

•

•

•

•

•

•

synthesis conditions for deposition of oriented and 
epitaxial fi lms on YSZ, strontium titanate (STO), 
and lanthanum aluminate (LAO) single crystal 
substrates.

Measured the surface exchange rate on thin fi lms 
by isotope exchange and depth profi ling (IEDP) 
and electrical conductivity relaxation (ECR).  The 
surface exchange and the interface transfer rate on 
YSZ and gadolinium doped ceria (CGO)/YSZ were 
measured by IEDP. 

Measured oxygen transport in bulk PrBaCo2O5.5+δ 
cathodes by IEDP and ECR.

Demonstrated low area specifi c resistance (ASR) 
(0.15 ohms-cm2) for PrBaCo2O5.5+δ cathodes in 
symmetric cells.

Introduction 

The objectives of the project are to discover new 
oxide cathode materials that meet a performance target 
of 1.0 W/cm2 at 0.7 V in combination with YSZ at 
700°C and with CGO electrolytes at 600°C.  The target 
area-specifi c resistance of the cathode is 0.15 Ωcm2.  
An ancillary objective of the project is to increase 
fundamental understanding of the intrinsic transport 
properties of mixed electronic ionic conducting oxides 
and oxide-oxide interfaces that can be used to accelerate 
further progress in the development of cost effective high 
performance solid oxide fuel cells.  

Approach 

The rates of oxygen activation and transport are key 
factors in determining cathode performance.  The rates 
are described by the oxygen surface exchange coeffi cient, 
kex (also denoted as kO), and the oxygen bulk diffusion 
coeffi cient, DO.  We use the ECR technique combined 
with composition data from thermo-gravimetric analysis 
and IEDP to obtain these two coeffi cients.  The research 
strategy is to investigate both established classes of 
materials and new candidates as cathodes and to 
use model systems based on thin fi lms to investigate 
surfaces, interfaces and triple phase boundaries.  The 
fundamental performance parameters such as bulk 
diffusion, surface reactivity and interfacial transfer, are 
coupled to performance in single cell tests.  The real 
performance data is then used to design new systems 
that meet the overall performance targets. 

•

•

•
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Results 

Evaluation of the Performance of La2NiO4+δ (LNO) 
and Pr2NiO4+δ (PNO) as Cathode Materials

Sintering studies were carried out at Pacifi c 
Northwest National Laboratory (PNNL) to determine 
the optimum temperatures for electrode preparation 
on CGO.  LNO and PNO electrodes were prepared for 
2 h at 1,200°C and 1,150°C, respectively.  A reference 
electrode was inserted from the anode side to within 
less than 1 mm of the other surface.  The samples were 
tested at 850, 750, 650 and 600°C in fl owing air and 
oxygen.  The electrochemical response was determined 
by cyclic voltammetry at 1 mV/sec scan rate and with 
potential limits that kept the current under about 1.5 
Amps.  Current interrupt with a 27 µs time delay was 
used to remove the series resistance usually associated 
with the electrolyte resistance.  AC impedance spectra 
were also obtained using a 10 mV input stimulus at zero 
potential bias.  The results in general are consistent with 
the ASR measurements on symmetric cells though for 
LNO the cyclic voltammetry and the impedance gave 
values at 600°C (5 and 3.5 ohm-cm2) that are somewhat 
higher than previously measured on symmetric cells 
(1 ohms-cm2).  For PNO at 750°C and above, all the 
results are in good agreement and indicate a very 
low electrode resistance (< 0.1 ohm-cm2).  At lower 
temperature, the ASR increases very rapidly for reasons 
that are not yet understood.  A higher activation energy 
for PNO compared with LNO is observed in the ASR 
results but the increase is much smaller than observed 
in half cell measurements.  In conclusion, PNO shows 
low reactivity with ceria electrodes and low electrode 
resistances at 750°C.  Further work to understand the 
lower temperature behavior is warranted.

Isotope Exchange and Depth Profi ling of Thin 
Films of PrBaCo2O5+x (PBCO)

In a continuation of the thin fi lm studies of 
PrBaCo2O5+x the surface exchange rate and interface 
transfer rates were determined for a PBCO/CGO/YSZ 
fi lm sample by isotope exchange and depth profi ling.  
The sample was prepared by pulsed laser deposition 
on a single crystal of YSZ.  Initially half the sample 
was masked and CGO deposited and then PBCO 
deposited over the whole sample to give the structure 
shown schematically in Figure 1.  The sample was 
exposed to 18O at 0.2 atm at 700°C for 120 s and then 
rapidly quenched.  The 18O profi le in both regions of the 
sample was then analyzed by time-of-fl ight secondary 
ion mass spectroscopy (ToFSIMS) using an ION-TOF 
IV with Ga gun.  The sample was sputtered with Cs+ at 
20 keV in “burst” mode (multiple primary ion pulses) 
to avoid saturation in the 16O signal.  The surface 
exchange coeffi cient was determined from the oxygen 
concentration.  The ion signals from the PBCO layer 

(PrO- and CoO2
-), the CGO (CeO- and GdO-), and from 

YSZ (YO- and ZrO2
-) are shown in Figure 1 and indicate 

sharp interfaces.  The fraction of 18O is uniform across 
the fi lm and the PBCO/CGO and CGO/YSZ interfaces.  
The fall off into the YSZ itself is not apparent on this 
length scale.  Under these conditions, no resistance 
to oxygen transfer is observed.  The surface exchange 
coeffi cient determined from these measurements 
and the earlier results on STO and the ECR thin fi lm 
measurements are all in good agreement. 

Oxygen Transport in Bulk PrBaCo2O5.5+δ Cathodes 
by IEDP and ECR

The total conductivity (see Figure 2) was measured 
on a rectangular bar of PrBaCo2O5+x (1.3×0.19×0.15 
cm).  Near ambient temperature, the conductivities 
reaches 2,000 Scm-1 and as the temperature is increased, 
the conductivity begins to decrease at ~150ºC due to the 
loss of oxygen atoms from the lattice and reduction of 
Co(IV) to Co(III).  The values of the oxygen transport 
parameters DO derived from the ECR data using the 
measured values of the thermodynamic factor for 
oxygen ions (ΓO) are shown in Figure 3.  A value of 
D obtained directly from the IEDP measurements is 
also shown in Figure 3.  The DO values from the two 
techniques are in good agreement.  By contrast, the kO 
values from IEDP and ECR differ substantially.  The 
surface activation rates can depend critically on subtle 
variations in sample preparation and pretreatment 
which, in turn, affect such important parameters as 
surface roughness and the surface density of defect sites 
and sample-to-sample variability in kO is a common 
feature of similar studies on both ceramic and thin-
fi lm materials.  The central role of surface defects in 
the oxygen activation rate has been clearly shown on 
high quality thin fi lms of cobaltite perovskite materials 
[1].  The role of surface defects is further illustrated 
by the much higher values of kO measured on these 
ceramic samples than those measured on high-quality 
PrBaCo2O5.5+x thin fi lms [2].

FIGURE 1.  Depth Profi le of a Thin Film PBCO/CGO/YSZ Structure
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Impedance Measurements of PrBaCo2O5.5+x 
Electrodes in Symmetric Cells

CGO powder containing 10% gadolinia was 
purchased from Rhodia.  The CGO-powder was cold 
isostatically pressed into pellets at 40,000 psi and 
sintered in air at 1,350°C for 10 h.  The pellet density 
was greater than 96% of the theoretical value.  Films 

with the compositions 50 to 50 and 75 to 25 (PBCO 
to CGO) were made by tape-casting (Transionics 
Company) and used to fabricate symmetrical 
PBCO+CGO/CGO/PBCO+CGO cells with 1 cm2 
active area.  The electrodes were sintered at 1,100°C 
in air for 2 h.  Instead of using Pt, which is known to 
catalyze the oxygen reduction reaction, gold gauze was 
used as the current collector on both electrodes.  The 
symmetrical PBCO+CGO/CGO/PBCO+CGO cell and 
the Au gauzes were pressed together physically with 
spring loading.  Electrochemical impedance spectra 
were obtained using a Solatron 1260 frequency response 
analyzer.  The applied frequency ranges from 2 MHz to 
0.01 Hz and operating temperature ranges are 400 ≤  T 
≤  650ºC.  An electrical perturbation (30 mV amplitude) 
was used throughout the impedance measurements.  The 
results for the area specifi c resistance as a function of 
temperature are shown in Figure 4.  At 600ºC the lowest 
area specifi c resistance observed was 0.15 ohm-cm2.

Conclusions and Future Directions

The oxygen transport kinetics of the oxygen 
defi cient double perovskite PrBaCo2O5.5+x were studied 
with the electrical conductivity relaxation (ECR) 
technique and by isotope exchange and depth profi ling.  
Despite some uncertainties in the surface exchange 
rate, it is clear that these double perovskite materials 
exhibit unusually high activity for oxygen activation 
and mobility.  The solid lines in Figure 3 represent the 
average values of several measurements by different 
groups on La2NiO4 [5-8] and ECR measurements on 

FIGURE 3.  Comparison of the Values of DO Measured by ECR for 
Ceramic Samples [5-8]; The Open Square Is the IEDP Result

FIGURE 4.  Area Specifi c Resistances for Three Symmetric Cells 
PBCO/CGO/PBCO

FIGURE 2.  Total Conductivity of PrBaCo2O5.5+x at 0.01 (■) and 0.21 (●) 
atm; Open and Closed Symbols Correspond to Measurements on Cooling 
and Heating
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La0.5Sr0.5MO3-x (M= Fe, Co) [3,4].  Initial tests of the 
performance of PBCO as a cathode material were 
carried out in symmetric cells.  Composite electrodes 
of PBCO/CGO were used and gave ASR values as low 
as 0.15 ohm-cm2 at 600°C.  Further electrode studies 
are in progress to verify the performance of PBCO as a 
cathode under fuel cell operating conditions.

Special Recognitions & Awards/Patents 
Issued 

1.  A provisional patent application on A site ordered 
perovskites was converted in 8/06 to a PCT application.

FY 2006 Publications/Presentations

1.  N. Bayani, C. A. Mims, A. J. Jacobson, and 
P. A. W. van der Heide, “Modes of surface exchange in 
La0.2Sr0.8Cr0.2Fe0.8O3-d” Solid State Ionics (2005) 176(3-4) 
319-323.

2.  Huang, D. X.; Chen, C. L.; Jacobson, A. J. “Interface 
Structures and periodic fi lm distortions induced by substrate 
surface steps in Gd-doped ceria thin fi lm growth,” Journal of 
Applied Physics (2005), 97(4), 043506/1-043506/5. 

3.  Kim, G.; Wang, S.; Jacobson, A. J.; Yuan, Z.; Donner, 
W.; Chen, C. L.; Reimus, L.; Brodersen, P.; Mims, 
C. A. “Oxygen exchange kinetics of epitaxial PrBaCo2O5+δ 
thin fi lms,” Applied Physics Letters 88, 024103 (2006). 

4.  Kim, G.; Wang, S.; Jacobson A. J.; Chen, C. L. 
“Measurement of Oxygen Transport Kinetics in Epitaxial 
La2NiO4+δ Thin Films by Electrical Conductivity 
Relaxation,” Solid State Ionics in press.

5.  The Oxygen Non-stoichiometry and Electrical 
Conductivity of La0.7Sr0.3Cu0.2Fe0.8O3-δ  Park, C. Y.; 
Azzarello, F.; Jacobson, A. J., J. Mat. Chem. in press. 

6.  “Some Insights from Studies of Thin Film Cathode 
Materials for Solid Oxide Fuel Cells,” Allan J. Jacobson, 
C. A. Mims, DOE Workshop Cocoa Beach, Florida, January 
26, 2006.

7.  “Oxygen Non-stoichiometry and Transport Properties 
of Mixed Conducting Oxides,” New Directions in Materials 
Chemistry, Allan J. Jacobson, University of Liverpool, June 
7, 2006. 

8.  “Fast Oxygen Ion Diffusion and Surface Exchange 
Kinetics in the Oxides LnBaCo2O5+x (Ln = Pr, Nd) with 
Perovskite Related Structures and Ordered A Cations,” 
G. Kim, S. Wang, A. J. Jacobson, L. Reimus, P. Brodersen, 
C. A. Mims, Electrochem. Soc. Meeting, Los Angeles, 
October 16, 2005.

9.  “Oxygen Exchange Kinetics of PrBaCo2O5.5+δ Thin Films 
Prepared by Pulsed-Laser Deposition,” G. Kim, S. Wang, 
A. J. Jacobson, Z. Yuan, W. Donner, C. L. Chen, L. Reimus, 
P. Brodersen, and C. A. Mims, Electrochem. Soc. Meeting, 
Los Angeles, October 16, 2005. 

References 

1.  X. Chen, S. Wang, Y. L. Yang, L. Smith, N. J. Wu, 
B.-I. Kim, S. S. Perry, A. J Jacobson, A. Ignatiev, Solid State 
Ionics 146/3-4, 405 (2002).

2.  G. Kim, S. Wang, A. J. Jacobson, W. Donner, C. L. Chen, 
L. Reimus, P. Brodersen, C. A. Mims. Appl Phys. Lett. 88, 
2006, 024103.

3.  S. Wang, A. Verma, Y.L. Yang, A.J. Jacobson, Ben Abeles, 
Solid State Ionics 140 (2001) 125-133.

4.  J. Yoo, A. Verma, S. Wang, A. J. Jacobson, J. Electrochem. 
Soc. 152, 2005, A497.

5.  J. A. Kilner and C. K. M. Shaw, Solid State Ionics 
154-155, 2002, 523.

6.  F. Mauvy, J. M. Bassat, E. Bohem, P. Dordor, J. P. Loup, 
Solid State Ionics 158, 2003, 395.

7.  E. Boehm, J.-M. Bassat, M. C. Steil, P. Dordor, F. Mauvy, 
J.-C. Grenier, Solid State Sciences 5, 2003, 973.

8.  J. M. Bassat, P. Odier, A. Villesuzanne, C. Marin, 
M. Pouchard, Solid State Ionics 167, 2004, 341.



Richard K. BrowIII.A  SECA Research & Development / Materials and Manufacturing

134FY 2006 Annual Report Offi ce of Fossil Energy Fuel Cell Program 

Objectives 

Develop silicate-based glasses with requisite 
properties to be used for hermetic seals for solid 
oxide fuel cells (SOFCs).

Characterize the properties of composite sealing 
materials prepared by adding fi llers to base sealing 
glasses.

Demonstrate hermeticity and materials compatibility 
for seals under SOFC operational conditions.

Accomplishments 

Formulated new alkaline earth silicate glass–ceramic 
compositions with requisite thermal properties, 
including sealing temperatures at or below 900ºC 
and coeffi cients of thermal expansion (CTE) in the 
range 10-12x10-6/ºC.

Developed processing procedures for preparing 
composite SOFC sealing materials (tapes and 
pastes), with and without ceramic and metallic fi ller 
materials to modify CTE behavior.

Developed new differential thermal analytical 
(DTA) techniques to characterize the effects of fi ller 
materials on glass crystallization kinetics.

Produced seals between SOFC components 
using new materials that remain hermetic after 
ten thermal cycles between 800ºC and room 
temperature.

Introduction 

Reliable hermetic sealing technologies must be 
developed in order to achieve the high power densities 
possible for solid oxide fuel cells (SOFC) stacks.  For 
the past decade, considerable effort has gone into the 

•

•

•

•

•

•

•

development of glasses and glass-ceramics for these seals 
(see Fergus, [1], for a recent review).  Compositions 
with the requisite thermal properties for seals have 
been developed, but questions about long-term 
property stability, deleterious interfacial reactivity, and 
component volatility make the development of new, 
reliable sealing materials a priority.

One concern with the use of ‘rigid’ glass or 
glass-ceramic hermetic SOFC seals is the brittle 
nature of the materials and the consequences of 
their mechanical failure.  Lacking the ‘resiliency’ of 
polymers or metals, rigid glasses must be engineered 
with tight CTE tolerances to avoid the development of 
catastrophic thermal stresses during thermal cycling.  
The use of composite materials could enhance the 
fracture toughness of the seals, and the development 
of compositions with a stable glassy (viscous) phase 
with a glass transformation temperature (Tg) below the 
operational temperature could provide a means (i.e., 
viscous fl ow) for ‘healing’ cracks that form in the seal 
as a result of thermal stresses. These approaches are 
presently under study by various groups supported 
by the DOE (e.g., University of Cincinnati/Raj Singh, 
NexTech/Matt Seabaugh) and similar ideas were also 
explored in the present project.

Approach 

The glasses developed at the University of Missouri-
Rolla (UMR) have relatively low silica contents (<45 
mole%) with molecular-level structures that are much 
less connected than conventional silicate glasses, 
allowing the melts to readily fl ow at relatively low 
temperatures before crystallizing to form glass-ceramic 
phases with the desired thermal properties.  Some 
compositions were designed to fully-crystallize to form 
rigid glass-ceramic seals, and others were designed 
to retain a signifi cant fraction of a glassy phase after 
crystallization to allow viscous relaxation of thermal 
stresses.  Base glasses were mixed with fi ller materials 
(metal and ceramic powders) to tailor CTE and to 
modify the mechanical behavior of the sealing material.

Results 

Over fi fty glass compositions have been prepared 
and evaluated.  Many of the compositions have 
the requisite thermal properties required for SOFC 
seals (e.g., CTE match to SOFC components and 
sealing temperatures at or below 900ºC) and have 
received closer examination for their suitability as 
potential sealing materials.  Figure 1 shows how one 
compositional variation affects the CTE of crystallized 
sealing glasses.  In this case, increasing the relative 
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ZnO content of the base glass decreases the CTE of the 
crystallized material, through the formation of lower 
expansion Zn-silicate phases, including Zn2SiO4.  Glass 
27 is fully crystallized after several hours at 850ºC, 
whereas a signifi cant residual glassy phase remains in 
glass 36, as indicated by the break in CTE near 700ºC 
(the glass transition temperature, Tg, of the residual glass) 
and the dilatometric softening behavior near 800ºC.  
Evidence for residual glass remains in monolithic 
samples of glass 36 after four weeks at 750ºC.

The presence of an apparently stable residual 
viscous phase makes glass 36 an interesting candidate 
as a base composition for composite seal formulations.  
A variety of different fi ller materials with different 
expansion coeffi cients and elastic moduli were added 
(10 vol%) to the base glass by a ball-milling/mixing 
technique and these mixtures were sintered to form 
dense samples that were then evaluated.  Figure 2 shows 
the CTE curves for composites made with Ni, SiC and 
304 stainless steel powders.  The ‘bulk’ CTE of the 
composite material can be tailored over a range of values 
with the use of different fi ller materials.

The effects of fi ller materials on the crystallization 
behavior of composite sealing materials were studied 
by a differential thermal analysis technique developed 
at UMR [2].  By considering changes in the areas of 
crystallization exothermic peaks from DTA analyses of 
glass samples following isothermal heat treatments, the 
fraction of glass crystallized can be measured.  Figure 3 
shows the DTA responses of glass 27 with and without 
6 or 10 vol% Ni.  Increasing Ni-contents cause the 
crystallization exotherm to shift to lower temperatures, 
an indication for enhanced crystallization kinetics. This 
is confi rmed by a quantitative DTA crystallization study, 
the results of which are summarized in Figure 4.  This 
fi gure shows, for example, that at 800ºC, glass 27 with 

10 vol% Ni is completely crystallized after two hours, 
whereas ‘pure’ glass 27 is only about half-crystallized 
after 12 hours in the absence of this fi ller phase.

Rapid crystallization of composite sealing materials 
occurred for all glasses studied.  For example, the CTE 
data for glass 36 in Figure 2 shows that the Tg and 
dilatometric softening points for the composite materials 
are much less evident (or nonexistent) compared with 
the pure glass after similar sintering treatments.  These 
results indicate that the long-term stability of a residual 
viscous-phase in a composite seal will be diffi cult to 
achieve, at least in the glass-forming systems under 
investigation.  As a result, the UMR program has 
concentrated on the development of optimized ‘rigid’ 
glass-ceramic sealing materials.

FIGURE 1.  Coeffi cient of Thermal Expansion (CTE) Curves for Several 
UMR Sealing Glass-Ceramics as a Function of Relative ZnO-Contents

FIGURE 2.  CTE Curves for Glass 36 Composites Made with 10 vol% of 
Ni, SiC, and 304 Stainless Steel Powders, Compared with the CTE Curve 
of Glass 36 Sintered at 864ºC for One Hour

FIGURE 3.  DTA Traces from Glass 27 with up to 10 vol% Ni Powder 
Added
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One promising sealing composition is glass 50.  This 
ZnO- and BaO-free glass crystallizes to form Sr2Al2SiO7 
and CaSrSiO4 major phases in a material with a CTE 
of 11.5x10-7/ºC that does not change after 100 days at 
800ºC.  A series of simple seals have been fabricated 
using glass 50 and their hermeticity has been tested at 
room temperature using helium gas.  The seals were 
fabricated using glass tapes (PVB binder, 10 μm glass 
particles) fi red in air to 850-900ºC, between 430SS as 
the interconnect material and either YSZ (electrolyte) 
or Ni-YSZ (anode) substrates.  These test samples were 
heated to 800ºC at 2ºC/minute in different atmospheres, 
held for 24 hours, then cooled to room temperature 
(-2ºC/minute) where they were tested for hermeticity 
using helium gas at 2 psig.  Samples that did not leak 
(hold 2 psig for four hours) were reheated for another 
800ºC/24 hour heat treatment, and cycled back to room 
temperature for another hermeticity measurement.  Table 
1 summarizes the results of some of these tests. Glasses 
fabricated both at UMR and by a commercial vendor 
have been evaluated.

TABLE 1.  Summary of thermal cycling/hermeticity tests on sealed 
components.  All tests were done using helium at room temperature, 
following the thermal treatment indicated. 

Sealing 
materials

Test 
conditions

Number 
of cycles

Notes

430SS/
glass 
50/YSZ

800ºC, 24 
hours, wet 
forming gas

10 Still on test; glass 
prepared at UMR

430SS/
glass 
50/Ni-YSZ

800ºC, 24 
hours, wet 
forming gas

4 Still on test; glass 
prepared at UMR

430SS/
glass 
50/Ni-YSZ

800ºC, 24 
hours, air

10 Still on test; glass 
prepared at UMR

430SS/
glass 
50/YSZ

800ºC, 24 
hours, air

9 Failed after ninth cycle; 
glass prepared by 
commercial vendor

430SS/
glass 
50/Ni-YSZ

800ºC, 24 
hours, wet 
forming gas

4 Failed after fourth 
cycle; glass prepared 
by commercial vendor

Conclusions and Future Directions

Promising sealing glass compositions have been 
developed and evaluated.

Hermetic seals have been fabricated and tested 
at room temperature after thermal treatments at 
operational temperatures.

Glass crystallization kinetics have been evaluated 
using new DTA techniques.

Optimize glass compositions for commercial 
suppliers and commercial processing techniques.

•

•

•

•

Characterize viscosity and creep properties of 
sealing glasses.

Complete characterization of long-term, high 
temperature interfacial reactions between glasses 
and SOFC components.

Produce and characterize ‘at temperature’ hermetic 
seals between SOFC component materials using 
new glasses.
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•

•
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FIGURE 4.  Crystallization Kinetic Isotherms for Glass 27 with and 
without 10 vol% Ni Added
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Objectives 

Develop ‘invert’ glasses with requisite properties and 
chemical stability for hermetic seals for solid oxide 
fuel cells (SOFCs).

Develop processing techniques to fabricate hermetic 
seals for SOFC components.

Demonstrate hermeticity and materials compatibility 
for seals under SOFC operational conditions.

Accomplishments 

Developed alkaline earth/zinc silicate glasses 
that form glass-ceramics with requisite thermal 
properties, including sealing temperatures at or 
below 900ºC and coeffi cients of thermal expansion 
(CTE) in the range of 10-12x10-6/ºC.

Demonstrated stability of promising sealing 
materials under SOFC operational conditions; 
e.g., stable CTE and low material volatility at 
temperatures up to 800ºC, for up to 100 days, in air 
and in wet forming gas.

Produced hermetic seals between interconnect 
alloys and SOFC components, including Y-stabilized 
zirconia (YSZ) electrolytes and Ni-YSZ anodes, that 
pass He-leak tests after at least ten thermal cycles 
between 800ºC and room temperature.

•

•

•

•

•

•

Introduction 

Solid oxide fuel cells (SOFCs) are multi-layered 
structures formed primarily from high-purity metal oxide 
components, including an ionic conducting electrolyte, 
which generate electricity from the electrochemical 
oxidation of a fuel source.  Within the SOFC stack, an 
effective seal must have a thermal expansion match 
to the fuel cell components, must be electrically 
insulating and must be thermochemically stable under 
the operational conditions of the stack.  The seal 
should exhibit no deleterious interfacial reactions 
with other cell components, should be stable under 
both the high temperature oxidizing and reducing 
operational conditions, should be created at a low 
enough temperature to avoid damaging other cell 
components (under 900ºC for some materials), and 
should not migrate or fl ow from the designated sealing 
region during sealing or cell operation.  In addition, 
the sealing system should be able to withstand thermal 
cycling between the operational temperature and room 
temperature.  That is, thermal stresses that develop 
because of mismatches in the thermal contraction 
characteristics of the different SOFC materials must 
either be reduced to well below the failure strengths 
of the materials or must be relieved in some fashion.  
Finally, the sealing material should not adversely react 
with other SOFC components, to avoid producing 
deleterious interfacial reaction products or to volatilize 
and contaminate components elsewhere in the cell.

There have been many attempts to develop seals for 
planar SOFCs using a wide variety of glass and glass-
ceramic compositions; see the review by Fergus [1] for 
many compositional examples.  Most materials have 
drawbacks, including thermal expansion mismatches, 
excessive sealing temperatures, and long-term interfacial 
reactivity with other fuel cell materials.  Thus, the seal 
has become a critical need for meeting the long-term 
operational milestones of the DOE fuel cell programs.  
The materials developed in the present project have 
unusual structural characteristics that contribute to a 
desirable set of thermal and chemical properties required 
for SOFC seals.

Approach 

The glasses developed at the University of Missouri-
Rolla (UMR) have relatively low silica contents (<45 
mole%) and so possess molecular-level structures that 
are much less connected than conventional silicate 
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glasses. These depolymerized structures contribute to 
desirably low viscosities at the sealing temperatures 
(900ºC), and lead to the formation of crystalline phases 
that possess relatively high CTEs and good thermal 
stabilities when the seals are crystallized to form glass-
ceramics.  The glass compositions are designed to 
avoid the formation of deleterious interfacial reaction 
products, like the Ba-chromates that form when BaO-
containing glasses are sealed to ferritic interconnect 
alloys [2].

Results 

Over fi fty glass compositions have been prepared 
and evaluated.  Many of the compositions have the 
requisite thermal properties required for SOFC seals 
(e.g., CTE match to SOFC components and sealing 
temperatures at or below 900ºC) and have been 
included in long-term materials stability experiments.  
The properties of two representative compositions are 
summarized in Table 1.  Glass 27 has a CTE match to 
YSZ and glass 50 has a CTE that is intermediate to 
Cr-containing ferritic steel interconnect alloys and YSZ.  
Both glasses can be sealed and crystallized at or below 
900ºC.

Of particular concern for SOFC seals is the 
long term stability of the properties of the sealing 
glasses.  Figure 1 shows that the average CTE (over the 

temperature range from room temperature to 600ºC) of 
glass 27 and of glass 50 does not change with time at 
800ºC for up to several months.  X-ray diffraction studies 
(not shown) of the materials reveal that the dominant 
crystalline phases present in these glass-ceramics (Table 
1) do not change with time at temperature.  This phase 
stability is necessary if these glasses are to fulfi ll the fuel 
cell program requirements for functional SOFC lifetimes 
in excess of 10,000 hours at operational temperatures 
(700-800ºC).

Seals between YSZ and ferritic interconnect 
alloys have been prepared with the glasses developed 
in this project.  Sealing materials include tapes and 
pastes prepared using materials and techniques based 
on commercial processes.  Figure 2 shows a scanning 
electron micrograph of the interface between a glass 
27 tape and a Cr-ferritic steel substrate after the seal 
was held at 750ºC for 100 hours.  The crystalline 
microstructure of the glass-ceramic is evident in the 
micrograph, and there are no obvious heterogeneities 
at the glass/metal interface that indicate deleterious 
interfacial reactions.  Ron Loehman (Sandia National 
Labs, Albuquerque, NM) has performed detailed 
analytical electron microscopic studies of interfaces 
between glass 27 and different SOFC component 
materials, including YSZ electrolytes, Ni-YSZ anodes, 
and several different Cr-containing ferritic interconnect 
alloys, and reports good wetting and good chemical 
compatibility of the glass with these different materials.  
For example, little Ni or Cr diffuses from the anode or 
the interconnect alloy, respectively, into the sealing glass 
after several days at elevated temperatures.

A series of simple seals have been fabricated and 
their hermeticity has been tested at room temperature 
using helium gas (2 psig).  Figure 3 shows a photograph 
of one of these samples; this sample is about 25 mm 
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FIGURE 1.  CTE for UMR Sealing Glass-Ceramics as a Function of Time 
in Air at 800ºC

FIGURE 2.  Scanning Electron Micrograph of the Interface of a Glass 27 
(right)/Crofer APU 22 Seal after 100 Hours at 750ºC

TABLE 1.  Characteristics of UMR Sealing Glass-Ceramics

Major crystalline 
phases

Sealing 
conditions

CTE after 
sealing

Glass 27 CaSrAl2SiO7, 
Ca2ZnSi2O7

850ºC/2 hours 10.0x10-6/ºC

Glass 50 Sr2Al2SiO7, 
CaSrSiO4

900ºC/5 min, then 
800°C/2 hrs

11.5x10-6/ºC
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in diameter.  The seals were fabricated using glass 
tapes (PVB binder, 10 μm glass particles) fi red in air 
to 850-900ºC, between 430SS as the interconnect 
material and either YSZ (electrolyte) or Ni-YSZ (anode) 
substrates.  These test samples were heated to 800ºC, at 
2ºC/minute, in different atmospheres, held for 24 hours, 
then cooled to room temperature (-2ºC/minute) where 
they were tested for hermeticity using helium gas at 2 
psig.  Samples that did not leak (hold 2 psig for four 
hours) were reheated for another 800ºC/24 hour heat 
treatment, and cycled back to room temperature for 
another hermeticity test. Table 2 summarizes the results 
of some of these tests. Glasses fabricated both by UMR 
and by a commercial vendor have been evaluated.

TABLE 2. Summary of thermal cycling/hermeticity tests on sealed 
components.  All tests were done using helium at room temperature, 
following the thermal treatment indicated. 

Sealing 
materials

Test conditions Number 
of cycles

Notes

430SS/glass 
50/YSZ

800ºC, 24 hours, 
wet forming gas

10 Still on test; glass 
prepared at UMR

430SS/glass 
50/Ni-YSZ

800ºC, 24 hours, 
wet forming gas

4 Still on test; glass 
prepared at UMR

430SS/glass 
50/Ni-YSZ

800ºC, 24 hours, 
air

10 Still on test; glass 
prepared at UMR

430SS/glass 
50/YSZ

800ºC, 24 hours, 
air

9 Failed after ninth 
cycle; glass 
prepared by 
commercial vendor

430SS/glass 
50/Ni-YSZ

800ºC, 24 hours, 
wet forming gas

4 Failed after fourth 
cycle; glass 
prepared by 
commercial vendor

Quantitative studies of SOFC glass crystallization 
behavior have been performed using differential thermal 
analysis (DTA) techniques developed at UMR [3].  By 
considering changes in the areas of crystallization 
exothermic peaks from DTA analyses of glass samples 
following isothermal heat treatments, the fraction of 

glass crystallized can be determined.  An example of 
these analyses is shown in Figure 4 for glass 27 particles 
about 100 μm in diameter.  These experiments have 
provided useful processing related information used to 
optimize sealing times and temperatures.  In addition, 
these experiments have shown the effects of glass 
particle size on crystallization kinetics, and have shown 
how the addition of a second phase, intended to modify 
CTE, also affects crystallization kinetics.

Conclusions and Future Directions

Promising ‘invert’ sealing glass compositions have 
been developed and evaluated.

Hermetic seals have been fabricated and tested 
at room temperature after thermal treatments at 
operational temperatures.

Glass crystallization kinetics have been evaluated 
using new DTA techniques.

‘Invert’ glass compositions for commercial suppliers 
and commercial processing techniques will be 
optimized.

Viscosity and creep properties of sealing glasses will 
be characterized.

We will complete characterization of long-term, high 
temperature interfacial reactions between glasses 
and SOFC components.

We will produce and characterize ‘at temperature’ 
hermetic seals between SOFC component materials 
using new ‘invert’ glasses.

Special Recognitions & Awards/Patents 
Issued 

1.  R.K. Brow, S. T. Reis, G. M. Benson, “Glass and glass-
ceramics for solid oxide fuel cell hermetic seals,” US Patent 
Application, UM Disclosure No. 04UMR023 entitled “Glass 
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FIGURE 3.  Optical Image of a Seal Couple Used for Helium Hermeticity 
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FIGURE 4.  Crystallization Kinetics Curves for Glass 27 Obtained by 
Isothermal DTA Analyses
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and Glass-Ceramic Sealant Compositions,” fi led January 
2005.
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Objectives 

Develop mechanism-based evaluation procedures 
for the stability of SOFC interconnect materials 
and use these procedures to study and modify a 
group of alloys, which have already been identifi ed 
as candidate interconnect materials, i.e., ferritic 
stainless steels.

Study fundamental aspects underlying the 
thermomechanical behavior of interconnect 
materials and develop accelerated testing protocols.  
(CMU Subcontract)

Investigate the potential for the use of “new” metals 
as interconnect materials.

Develop a durable, conductive ceramic/metal 
(cermet) material, suitable for long-term use as a 
contacting material in the cathode chamber of a 
SOFC.  (WVU Subcontract)

Accomplishments 

Determined that even very small concentrations of 
Al or Si in ferritic alloys (on the order of tenths of 
a percent) result in the formation of internal fi lms 
with high electrical resistivity.

Discovered that exposure under some fuel cell 
operating conditions (e.g., water vapor) accelerates 

•

•

•

•

•

•

sigma phase formation in some ferritic stainless 
steels.  Alloy purity is also important for retarding 
sigma phase formation.

Discovered that it is possible to modify a ferritic 
stainless steel to form an overlayer of TiO2 which 
suppresses the evaporation from the underlying 
chromia scale.

Determined that the growth rate of chromia on 
ferritic alloys can be greatly suppressed by surface 
doping with CeO2.

Found that the growth rate of NiO can be slowed 
signifi cantly by surface doping with SrO or CeO2.

Found that, unlike ferrous alloys, the oxidation of 
Ni is not altered signifi cantly under dual atmosphere 
conditions.

Showed that Ni interconnects containing Ag 
conduction paths are feasible.

Developed an image analysis technique for 
analyzing indentation-induced chromia scale 
fl aking failures for interconnects exposed in wet air 
[simulated cathode gas (SCG)].  

Exposed 26 Cr Ferritic alloy specimens to a range 
of short-term SCG exposures at 900°C, performed 
indentation tests, and tracked the evolution of 
fl aking-type spallation failures with exposure.  

Completed three M.S. theses and six Senior Projects. 

Introduction 

Solid oxide fuel cells provide a potential way 
to generate electricity with high effi ciency and low 
pollution.  The operating principles of fuel cells have 
been known for over 100 years, and low-temperature 
fuel cells provided the electric power on all the Gemini 
and Apollo spacecraft.  However, fuel cells have not 
achieved widespread commercial use for a number of 
economic and technical reasons.

One of the most important technical challenges for 
solid oxide fuel cells, which operate in the temperature 
range 700°-900°C, is the design of interconnects 
(current collectors).  These components, in addition to 
electrically connecting individual cells in a stack, must 
separate the anode compartment of one cell from the 
cathode compartment of the adjacent cell.  This means 
that one side of an interconnect is exposed to the fuel, 
typically hydrogen or hydrocarbons in which the oxygen 
partial pressure is low, and the other side is exposed to 
the oxidant, which is typically air with some amount 

•

•

•

•

•

•

•

•
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of water vapor.  Metallic alloys have many attractive 
features as potential interconnect materials.

Oxidation resistant alloys are designed to form one 
of three protective oxides:  alumina, silica, or chromia.  
Of these, the electrical resistivities of alumina and silica 
are much too high for interconnect applications.  For 
metallic interconnects, interconnect system resistance 
can be greatly increased by oxide layer thickening 
and spallation.  For chromia formers, evaporation 
of the chromia scale can severely degrade cathode 
performance.  Thus, chromia scale growth, scale 
spallation and scale evaporation are the three principal 
“failure mechanisms” for interconnects forming chromia 
scales on their surfaces.  Because the mechanisms are 
coupled, alloy changes to address one failure mechanism 
can affect one or more of the other failure mechanisms, 
making alloy design a complex task.  

Approach 

The project consists of four major tasks aligned with 
its four objectives.  

Task 1.  Mechanism-based Evaluation Procedures

A variety of chromia-forming interconnect alloys are 
being subjected to thermal cycling in air, in simulated 
anode gas (Ar-H2-H2O) and with simultaneous exposure 
to air on one side and simulated anode gas on the 
other.  Combined exposures have been shown at Pacifi c 
Northwest National Laboratory to often yield different 
behavior than exposures with the same gas on both sides 
of the specimen.  Exposure temperatures range from 
700°C to 900°C.  Oxidation kinetics is being tracked 
by mass change measurements, and corresponding 
changes in oxide scale resistances are being measured.  
Exposed specimens are being examined in cross-section 
by scanning electron microscopy (SEM) to document 
changes in structure with exposure.  

Methods are being studied to slow the growth of 
chromia scales on Cr and Ferritic alloys with exposure, 
to decrease the contribution of the scale to interconnect 
resistance.  The effect of alloying additions (e.g., Mn, Ti) 
to ferritic steels to reduce harmful CrO3 and CrO2(OH)2 
evaporation by forming a sealing outer layer over the 
chromia scale is being evaluated.  The ability of chromite 
coatings to reduce evaporation from chromia-forming 
interconnect alloys is also being investigated.  

Task 2.  Fundamental Aspects of 
Thermomechanical Behavior (CMU)

Understanding the resistance of growing 
chromia scales to spallation requires a fundamental 
understanding of the mechanics of chromia adhesion.  
From a fracture mechanics standpoint, the adherence 
of protective oxide scales to alloy substrates is governed 

by 1) the stored elastic energy in the scale, which drives 
delamination, and 2) the fracture toughness of the 
alloy/oxide interface, which quantifi es the resistance to 
fracture.  

The stored elastic energy in the scale is increased by 
increases in the scale thickness (which can be measured 
by cross-section SEM) and increases in the residual 
stress in the scale.  In this task, x-ray diffraction (XRD) 
is being used to measure stresses in chromia fi lms 
formed on pure chromium and chromia-forming alloys 
after the exposures described for Task 1.  

An indentation test is also being used to quantify 
the fracture toughness of chromia/alloy interfaces for 
the same exposures.  In the test, the chromia scale is 
penetrated by the indenter, and the plastic deformation 
of the underlying substrate induces compressive radial 
strains in the substrate.  These strains are transferred 
to the scale, and the associated scale stress drives scale 
spallation.  Scales can spall as intact coatings, with 
an interface crack propagating radially outward, or 
spallation can occur as the debonding of small fl akes, 
with the density of fl aking decreasing with distance 
from the indent.  The interfacial toughness can be 
estimated from the results of a mechanics analysis of the 
indentation problem and a measurement of the extent of 
the delamination failures.  

Task 3.  Alternative Material Choices

Metallic materials other than chromia-formers are 
being considered for use as low-temperature SOFC 
interconnects.  Experiments similar to those described 
for Task 1 are being performed on pure Ni.  Its only 
oxide, NiO, has no vapor species with high partial 
pressures and has a higher electrical conductivity than 
chromia.  Also, NiO should not even form in the anode 
gas.  The doping of the NiO scale with SrO or CeO2 
is being investigated as a way to slow the growth rate.  
Finally, the use of Ag conducting paths through Ni 
interconnects is being studied.

Task 4.  Development of Durable Contacting 
Material (WVU)

At present, candidate cermets have been developed 
by ball-milling of various oxide powders with silver 
or silver-oxide powders, followed by dry-pressing and 
sintering in a high-temperature furnace.  The cermets 
are evaluated by SEM to determine the compatibility 
of silver with the candidate oxide materials, as well as 
the dispersion of silver throughout the cermet.  The 
cermets are also tested for hardness/ductility using 
Vickers hardness testing.  At this time, conductivity is 
evaluated using a simple multimeter test to evaluate the 
resistance of the cermet.  A thermomechanical analyzer 
is also used to evaluate the coeffi cient of thermal 
expansion of the materials to verify compatibility with 
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other SOFC components.  Lastly, cermets are placed in 
a high-temperature furnace to be exposed to the SOFC 
operating temperature (~800˚C), while a high-volume air 
fl ow is introduced to simulate the cathode environment 
of the SOFC. 

All measurements—conductivity, hardness, and 
mass—are taken before and after exposure to the 
simulated cathode environment in order to make a 
determination of the effects on the cermet material.

Results

Task 1.  Mechanism-based Evaluation Procedures

In attempts to reduce the growth rate of chromia 
and, therefore, the electrical resistance, E-Brite 
samples have been doped with CeO2 using pulsed laser 
deposition.  Oxidation experiments for 100 hours at 
800°C in air show that the doping drastically reduced 
the thickness of the chromia scale.

Sigma phase was observed to form at 700°C in the 
alloys with higher chromium concentrations, e.g., 26 Cr 
Ferritic and E-BRITE.  Sigma phase is promoted in these 
alloys by the presence of Mo.  (Additions of W would 
have a similar effect.)  It was also found that impurity 
elements, such as Si, accelerated the formation of the 
sigma phase, e.g., 26 Cr Ferritic developed this phase 
more rapidly than did E-BRITE.  A previously unknown 
result was that sigma phase formation was dramatically 
accelerated in atmospheres containing water vapor.  
Sigma phase must be avoided since it is very brittle and 
tends to crack.

It was found that even small amounts of Al or 
Si (less than 0.5 wt %) in ferritic steels result in the 
formation of continuous alumina or silica fi lms, which 
greatly increases the area specifi c resistance.  Therefore, 
future alloy development should hold these elements to 
the minimum values possible.

A major problem with chromia-forming alloys is 
oxide volatility as CrO3, particularly in the cathode gas, 
since the CrO3 partial pressure increases with oxygen 
partial pressure.  The volatile species are reduced at 
electrochemically active sites on the cathode during 
SOFC operation, which inhibits the required oxygen 
reduction.  Analysis of the Cr vapor species indicates 
that water contents above about 0.1% in air result in 
partial pressures of CrO2(OH)2 which exceed the partial 
pressure of CrO3 and result in cathode poisoning.  There 
are three potential solutions to this problem:

1. Develop cathode materials that are not affected by 
Cr contamination.

2. Suppress the evaporation of Cr species from ferritic 
alloys.

3. Develop Cr-free materials with suitable interconnect 
properties.

The latter two approaches are being pursued in this 
research.  Approach 3 is described in Task 3 below.

An ideal approach to suppressing Cr volatility would 
be to develop an alloy which forms a Cr-free oxide 
overlayer.  Experiments on Ni-base superalloys indicated 
that Ti additions might provide such a layer.  Four heats 
of novel Fe-Cr-Ti alloys with Ti contents varying between 
1 and 4 wt% and one Ti-free control heat were produced 
in a vacuum induction melting furnace in the form of 
fi fty-pound ingots at ATI Allegheny Ludlum.  Isothermal 
and cyclic oxidation experiments indicate that indeed 
these alloys can form a continuous TiO2 overlayer, 
and this layer is very effective in reducing chromia 
evaporation.  A patent disclosure has been fi led, and this 
alloy system is being vigorously pursued.  

Task 2.  Fundamental Aspects of 
Thermomechanical Behavior (CMU)

Previous reports have described the indentation 
fracture testing of ferritic stainless steel alloys exposed to 
simulated anode gas (SAG) Ar/H2/H2O environments.  
Indented chromia scales formed in SAG debond as an 
intact coating, and the radial extent of the debonding 
observed in short-term exposures has been used to 
estimate the long-term exposure time when spallation 
can occur.  Previous reports also presented indentation 
results for ferritic stainless steels exposed in air with 
0.1 atm H2O, representing a moist SCG environment.  
When indented, those specimens exhibited a fl aking type 
of debonding with a decreasing density of fl aking with 
radial distance from the indent.  Results for both types of 
tests are summarized in the paper by Dhanaraj et al. [1].

In this past year, an image analysis technique has 
been developed to analyze the failures seen in SCG-
exposed interconnects.  In these specimens, bonded 
areas are black or dark grey, which is the shade of the 
chromia scale.  Areas of spallation appear white or 
very light grey due to the exposed metal substrate.  The 
imaging technique involves quantifying the distribution 
of white/grey/black pixels in a single image in regions 
far from the indentation.  The distributions of greys in 
5-7 rings around the indentation are also determined.  
The percentage of debonding in a ring is determined 
by subtracting the distributions of grey from that ring 
from the far-fi eld image distribution.  The result from 
the analysis of multiple rings is a plot of the percentage 
of debonding scale vs. radial distance from the debond.  
Results from images taken after different exposures allow 
the tracking of debonding vs. radius as a function of 
exposure.  

Figure 1 gives an example of results from this type 
of analysis.  In the fi gure, images from indentation of 
a 26 Cr Ferritic alloy exposed in SCG from 10 to 200 
hours have been analyzed.  Images at 10 and 200 hours 
are included in the fi gure, as is a plot of the percentage 
of debonding vs. R/a for different exposures.  R is the 
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radial distance from the indentation and a is the radius 
of the indentation.  The images taken in these tests 
show a fairly consistent decrease in debonding density 
with radius and an increase in debonding density with 
exposure.  Plots of debond percentage vs. R/a from the 
image analyses are consistent with these qualitative 
observations.  As exposures are increased, the curves 
of percentage debonding rise, but the increases in 
debonding stop at 100-200 hours of exposure.  At this 
point, some amount of debonding is observed even at 
radial distances where the strains due to indentation are 
almost zero.  

The conclusion from these results is that after 100-
200 hours of exposure in SCG at 900°C, spontaneous 
spallation (spallation that can occur without the 
use of indentation) has begun to occur.  At this 
point, spontaneous spalls (and perhaps some scale 
evaporation) act to keep the average thickness of the 
chromia scale more or less constant, so that plots of 
debond percentage vs. R/a reach a steady-state.  This is 
consistent with weight gain measurements performed 
as part of Task 1 of this project.  Weight gains in these 
specimens stop after 100 hrs of exposure, and specimen 
weight remains constant from that point on.  

Task 3.  Alternative Material Choices

Experiments are being carried out on pure Ni as 
a possible alternative interconnect material since the 

oxygen partial pressure in the anode gas is too low 
to oxidize Ni.  The primary challenge in making Ni 
perform satisfactorily as an interconnect is to reduce the 
electrical resistance of the thermally grown oxide that 
forms on the cathode side during fuel cell operation.

Efforts to decrease the electrical resistance of the 
interconnect oxide are twofold.  First, we are trying to 
reduce the scale thickness by the use of surface dopants.  
Pulsed laser deposition is used to deposit thin fi lms of 
SrO and CeO2 onto the surface of nickel.  Our tests have 
shown that CeO2 decreases the thickness of NiO by a 
factor of 4 (Figure 2) and SrO doping decreases it by a 
factor of 2.  Area specifi c resistance is proportional to 
scale thickness, and the resistance decreases accordingly.  
These dopants can be deposited by inexpensive 
techniques once the optimum dopants are identifi ed.

Finally, the resistance introduced by the thermally 
grown oxide is being by-passed by the use of high-
conductivity pathways.  Silver is not considered as 
a possible interconnect material due to the high 
permeability of hydrogen and oxygen in silver, which 
causes water nucleation and mechanical instability.  
However, silver may be able to provide a high-
conductivity pathway through another material.  Systems 
in which silver wires are passed through nickel and 
silver powder is melted into holes drilled in nickel are 
being examined.  Figure 3 shows the cross-section of a 
Ni specimen where Ag has been melted in a hole drilled 
in the Ni.  After exposure there is some porosity in the 
silver, and it appears the grain boundaries are delineated 
with pores far into the silver.  Importantly, despite the 
porosity, the specimen had resistance values typical of 
a metal when measured at room temperature following 
exposure.  In this confi guration, the Ni provides the 
physical integrity of the interconnect and the silver only 
provides the conduction path through the scale.

Task 4.  Development of Durable Contacting 
Material (WVU)

Samples have been fabricated using various 
compositions of silver and differing oxides such as 
lanthanum strontium manganese oxide (LSM) and 
copper oxide.  The samples were fabricated by dry 
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pressing followed by sintering at high temperature for 
various periods of time.  It was determined that this 
method did not result in samples that were robust 
enough for use in the high-temperature evaporation 
experiments.  In order to fabricate samples that were 
durable enough for testing, it was decided that the 
method of fabrication be modifi ed.  Instead of the ball-
milling/pressing/sintering method previously used, it was 
decided that the oxidation of specifi c alloys would be a 
simpler method to produce reliable samples. 

Sterling silver has been identifi ed as a candidate 
for use as a contacting material due to its favorable 
composition and low cost.  Upon oxidation, the copper 
in the sample becomes copper oxide, which is meant to 
act as a barrier against evaporation of the silver in the 
sample, extending the usable life of the cermet.  Sterling 
silver is currently being tested in high-temperature 
exposure alongside pure silver to gain an understanding 
of the performance of copper oxide in protecting against 
silver evaporation.  Early results are shown in Figure 4.

It appears that all samples exhibit similar 
evaporation behavior very early on; however, after 
several weeks, it appears that the rate of loss for the pure 
silver samples is lower than that for the sterling silver 
sample.  Samples are also regularly examined for surface 
changes due to high-temperature exposure.  Examples 
of SEM micrographs for exposed samples are shown in 
Figure 5.  

The sample surfaces exhibit clearly different 
behavior which may affect the evaporation rates of 
the samples.  Future work will continue to examine 
the evaporation of sterling silver over long-term high-
temperature conditions to evaluate the effect of copper 
oxide on silver evaporation rate as well as examine 
surface microstructure changes of the sample.

FIGURE 3.  Silver Via, 800°C, 100 hours, exposed under dual 
atmospheric conditions.  The upper surface was exposed to dry air 
while the lower surface was exposed to simulated anode gas of 
Ar-10%H2O-4%H2.
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Another method of fabrication utilizing ball-milling/
pressing/hot-pressing is also being developed to fabricate 
samples composed of Ag/LSM and Ag/cerium.  The hot-
pressing technique is meant to aid in better dispersion 
of oxide in the sample as well as make the sample more 
suitable in terms of robustness for the long-term high-
temperature testing.

Conclusions and Future Directions

The project is currently operating under a no-cost 
extension with an end-date of June 30, 2006.  The 
remaining activities will be completion of a study of 
methods to seal cracks in LaCrO3 coatings on ferritic 
alloys and the preparation of the fi nal report.

Special Recognitions & Awards/Patents 
Issued 

1.  Provisional patent application: “Iron-chromium-titanium 
Alloys that Restrict Evaporation of Chromium-containing 
Vapor Species at Elevated Temperatures”
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Objectives

To synthesize and characterize coating materials 
with ultra-low oxygen diffusion coeffi cient, that are 
electronically conducive using site-specifi c doping 
and through fundamental understanding of defect 
chemistry, for application on metallic interconnect 
in intermediate temperature (800°C) solid oxide fuel 
cells (SOFCs).

To apply the coatings on low thermal expansion, 
relatively inexpensive stainless steels and other 
alloys, and investigate oxidation kinetics in air and 
fuel atmospheres.

To conduct a preliminary short stack (4-cell) test, 
using 5 cm x 5 cm active area cells to validate ex-
situ results.

To initiate work on the development of low-cost 
processes for the deposition of coatings on metallic 
interconnects.

To offer coated interconnect foils to SECA vertical 
teams under suitable confi dentiality agreements.

Approach

Conduct literature search on the identifi cation of 
suitable perovskite and nonperovskite materials 
exhibiting high electronic conductivity but very low 
oxygen ion conductivity.  Non-perovskite materials 
of interest include spinels and bronzes.

Synthesize perovskite oxides with transition element 
on the B-site, with site-specifi c doping to suppress 
oxygen vacancy concentration.

Fabricate sintered bars and discs of the materials.  
Sintered bars are to be used for the measurement 
of total conductivity as a function of temperature.  
Discs are to be used for measuring ionic 
conductivity using electron blocking electrodes.

•

•

•

•

•

•

•

•

Deposit thin coatings of the materials on stainless 
steels and nickel-based alloy foils, and investigate 
oxidation kinetics.

Conduct theoretical analysis of oxidation kinetics of 
coated and pristine alloys.

Develop a method for the measurement of area 
specifi c resistance (ASR), and apply it to the foils 
oxidized under various conditions.

Accomplishments

Identifi ed a number of materials with low oxygen 
ion conductivity (possibly lower than 10-7 S/cm at 
800°C) by taking into account ionic size effect.

Fabricated LaMnO3 and LaCrO3-based materials 
with dopant levels as high as 20% on the B-site to 
suppress oxygen ion conductivity.

Measured total conductivity over a temperature 
range from room temperature to 800°C; and 
measured oxygen ion conductivity at 800°C.

Sputter-deposited 1 and 3 micron coatings of 
various materials on Haynes 230, Inconel 718, and 
SS 430.

Conducted oxidation studies in air up to 180 days at 
800°C for samples having a LaMnO3 based coating.

Conducted oxidation studies in fl owing 10% 
H2/90% N2 gas with 5% humidity up to 90 days for 
samples having a LaCrO3 coating.

Examined oxide scale formed and measured its 
thickness on coated and pristine materials for 
oxidation times up to 180 days.

Developed a theoretical model for oxidation kinetics 
and the experimental oxidation thickness data was 
verifi ed with this model.

Measured total ASR of the coated and pristine 
samples after oxidation for 45 days at 800°C.  It 
was observed that the pristine samples exhibited 
signifi cant oxidation.  However, even samples with 
as small as 1 micron coating were highly resistant to 
oxidation.

Carried out dip coating of LaMnO3 based coatings 
on SS430 foils.

Future Directions

Conduct a short stack test with the best coating 
material, as determined by ex situ oxidation studies.

Conduct Hebb-Wagner measurements on YSZ/
perovskite/YSZ sandwiches made by tape-casting. 

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•
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Introduction

Planar SOFC stacks are preferred over their tubular 
counterpart due to compact design, higher power and 
energy density, and projected lower cost.  However, 
planar SOFC stacks require interconnect or bipolar 
plates which keep fuel and oxidants separate, and 
electrically connect adjacent cells.  From the standpoint 
of cost and ruggedness, metallic interconnects are 
preferred.  However, metallic interconnects of choice are 
stainless steels or nickel-chromium-based alloys, which 
are prone to oxidation.  The oxide scale formed increases 
the ASR, which adversely affects the SOFC performance 
and efficiency, and thus in balance also adversely affects 
the cost.  The potential remedy is the development of 
either baseline alloys that are oxidation-resistant, or 
suitable coating materials which can suppress oxidation 
kinetics.  From the standpoint of cost and practicality, 
the preferred approach is the development of suitable 
coating materials.  

To date, several coating materials have been tried, 
with varying degrees of success.  The approach, however, 
has not been systematic, and has relied on trial and 
error.  As a result, most of the coatings used to date were 
very thick (several or several tens of microns).  This 
increases the potential for spalling, which is undesirable.  
The approach selected in this work is based on the 
fundamental chemistry of materials, which has the 
potential to develop coatings that are adherent and very 
thin (typically less than 5 microns, and may be as thin 
as 1 micron), and yet can suppress oxidation kinetics to 
greater than 40,000 hours of operating life.

Approach

Possible coating materials are perovskites with a 
transition metal, capable of exhibiting multiple valence 
states.  An example is LaMnO3.  The approach involves 
doping a material such as LaMnO3 (LM) with suitable 
elements, which tend to suppress oxygen vacancy 
concentration, without significantly reducing electronic 
defect concentration.  Powders of various coating 
materials, doped appropriately, are made.  Samples 
of the materials are made by sintering.  Two types of 
electrical tests are performed:  (a) measurement of total 
electrical conductivity; (b) measurement of oxygen ion 
conductivity using blocking electrodes.  Thin coatings 
(1 to 5 microns) are then deposited on foils of various 
alloys.  For the initial investigation, Haynes 230, Inconel 
718, and SS 430 were the alloys selected.  The coated 
and uncoated foils are subjected to air and fuel, for 
various periods of time and over a range of temperatures, 
up to ~800°C.  Samples are oxidized for various periods 
of time, up to a maximum of six months.  The oxide 

scale thickness is measured using scanning electron 
microscopy (SEM).  The observed kinetics of oxidation 
is compared with the theoretical models developed.  The 
ASR of the samples is also measured as a function of 
time of oxidation, with measurements conducted over 
a range of temperatures.  Finally, a short stack will be 
tested using coated interconnects exhibiting the best 
properties.

Results

1. Identified a number of possible perovskite and 
non-perovskite materials with potential for good 
electronic conductivity and low oxygen ion 
conductivity.  This was achieved using crystal 
chemistry considerations.  Criteria based on ionic 
size were used to identify materials with low 
oxygen vacancy mobility.  Criteria based on defect 
chemistry were used to identify materials with low 
oxygen vacancy concentration.

2. Samples of perovskite and non-perovskite structures 
were fabricated in the form of discs and bars.  Total 
electrical conductivity, which is mainly electronic, 
was measured over a range of temperatures using 
the four probe DC method.  Figure 1 shows the total 
conductivity measured as a function of temperature 
(Arrhenius plot) on several prospective coating 
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materials.  The total conductivity is predominantly electronic, with 
oxygen ion conductivity orders of magnitude lower.
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materials.  The lowest measured value was ~4 S/cm, 
which shows that the ASR is expected to be low 
using any one of the coatings.  Thus, the one with 
the lowest oxygen ion conductivity is preferred 
since this will be the most effective in suppressing 
oxidation kinetics.

3. Experiments were conducted on the measurement of 
oxygen ion conductivity using blocking electrodes at 
800°C.  Results showed that the blocking electrodes 
function successfully.  It was decided to use a three 
electrode confi guration (with guard electrode) to 
eliminate the effects of surface conductivity.  Lower 
values of conductivity were obtained for the sputter 
coated YSZ/perovskite couple as compared to the 
co-pressed sandwich structure.  This was attributed 
to better equilibration to steady state in the thinner 
(sputter deposited) samples.  The lowest value of 
conductivity was 2.0 x 10-7 Scm-1 and was obtained 
for titanium-doped LaMnO3 (LMT).  Experiments 
are under way to carry out measurements on tape-
cast YSZ/perovskite/YSZ sandwich structures 
which will have stronger interfaces and thinner YSZ 
layers.

4. Successfully deposited a number of coating 
materials on several alloy foils.  The thickness of the 
coating was varied between 1 and 3 microns.

5. Oxidation in fl owing air was conducted at 800°C 
on the coated metal foils (LM, LMT and LSM) 
for durations up to 4,320 hours (180 days).  The 
oxidized samples were characterized by XRD and 
SEM.  The oxidation products were identifi ed and 
the oxidation kinetics ascertained by measuring 
the thickness of the oxide layer as a function of 
time.  The results demonstrated that the LMT 
coating was the most effective and strontium-doped 
LaMnO3 (LSM) least effective in suppressing the 
oxidation kinetics of the alloys (Figures 2 and 3).  
The results were verifi ed by a theoretical model and 
demonstrated that the LMT coating was the most 
protective.

6. Oxidation in fl owing 10% H2/90% N2 gas with 5% 
humidity was conducted on the coated metal foils 
(LaCrO3 and Nb-doped LaCrO3) for durations up 
to 2,160 hours (90 days).  The oxide layer thickness 
was determined as a function of time.  A 1 µm thick 
LaCrO3 based coating was effective in decreasing 
the oxidation kinetics by more than an order of 
magnitude.

7. A spring loaded fi xture was used to measure the 
ASR of the oxidized foils.  Conductive paste was not 
used for these measurements as this could permeate 
the porous oxide layer and lead to an under-
estimation of the ASR value.  The ASR of the coated 

FIGURE 2.  Cross sectional SEM micrographs of coated and uncoated metal foils oxidized at 800°C in air for 45 days.  The thickness of the oxide layer 
is smaller for LMT coated foils as compared to LSM coated foils for H230 as well as INC718.
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foils was compared with that of the uncoated foils.  
The ASR on the coated (1 micron) and uncoated 
foils showed that after 1,080 hours (45 days) in air 
at 800°C, the ASR of the coated foils was typically 
smaller by about half (Figure 4).

8. LSM and LMT were dip coated on to 2” x 2” SS430 
foils.  The coatings were cured at 1,000°C for 1 to 
5 hours.  The samples were characterized by SEM.  
The coatings were about 5 to 10 µm thick and 
showed excellent adherence.

Conclusions

1. Defect chemistry plays a major role in oxygen ion 
transport through oxides, and thus determines the 
suitability of a given material as a coating.  Coating 
materials based on LaMnO3 (perovskite) and TiO2 
(non-perovskite) were successfully made.  It was 
demonstrated that perovskite coating is an order of 
magnitude superior to spinel coating.

2. Electronic and ionic conductivities of coating 
materials are in accord with defect chemistry, and 
that defect chemistry provides a scientifi c basis for 
the design of oxidation-resistant coatings.

3. High quality, strongly adherent coatings can be 
sputter deposited.  The resulting foils exhibit 
improved oxidation resistance over the baseline 
foils.  Even after several days at 800°C, the coating 
continues to remain well-bonded.

4. Coated foils also exhibit much lower ASR as 
compared to pristine foils.
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Objectives 

Use three-dimensional printing (3DP) technique to 
build a shape memory alloy (SMA) skeleton for the 
seal on the seal-interconnect side.

Use glass to fi ll the meshed SMA structure and 
transition into pure glass seal on the electrolyte side.

Provide gradient coeffi cient of thermal expansion 
(CTE) to greatly reduce the thermal stress.

Further reduce the thermal stresses in the seal by 
SMA phase transformation toughening.

Provide self-healing of cracks by SMA shape 
recovery during SOFC thermal cycling. 

Accomplishments 

Fabricated SMA by arc-melting.

Homogenized and conducted DSC characterization 
of  SMA.

Developed multiple AutoCAD drawings of wire 
structure and 3D printed multiple confi gurations of 
the wire structure.

Refi ned 3DP technique by modifying the print layer 
thickness, binder solution, and particles sizes used 
in the 3DP.

Fabricated glass by mixing reagent grade oxides, 
high temperature homogenization, and quenching.

Future Work

Measure the CTE of SMA and glass.

Examine the glass microstructure.

Further refi ne the SMA microstructure and shape 
memory effort.

Integrate SMA and glass.

•

•

•

•

•

•
•

•

•

•

•
•
•

•

Quantify the integrated seal thermal properties and 
stability.

Composite seal performance testing.

Introduction 

SOFC seals have a demanding set of imposed 
performance criteria.  Of particular importance is the 
ability to seal between metallic and ceramic components 
with differing CTEs, and do so while being electrically 
insulating and exposed to temperature transients from 
room temperature up to 950ºC.  A major roadblock to 
long-term SOFC operation has been gas leakage through 
the seal caused by multiple heating and cooling cycles 
(thermal cycling).  The gas seal cracks because the metal 
and ceramic components that are sealed together shrink 
and expand differently (CTE mismatch), causing high 
stresses in the seal.  

A host of seal materials has been explored, such 
as FeCrAlY, DuraFoil, Si-C-N polymers, ceramic and 
metallic fi llers, mica, and glass-ceramic fi bers (1-6).  
However, interdiffusion and durability of some of these 
materials in the oxidizing environment of SOFC are 
unknown.  Some of these seals require compressive 
loads or have unknown leakage protection capability.  
An improved glass matrix should be selected to avoid the 
above problems.  Also, cracking during thermal cycling 
can be avoided by the integration of a second phase 
which is a better match to the thermal expansion of the 
metallic interconnect.  A SMA has a CTE close to that 
of the interconnect and presents the possible benefi t of 
crack healing because of the shape memory behavior 
when heated. 

Approach 

The SMA ingot is being fabricated by arc-melting 
with the desired alloy composition.  After the SMA is 
fabricated, the microstructure and the shape memory 
effect are characterized.  After that, the SMA alloy is 
broken into small particles and 3D printed into a wire 
structure.  The printed structure is thermally cured 
and sintered into strengthened wire mesh.  Three-
dimensional printing allows for the creation of wire 
diameters between 100-1000 µm and printing layers that 
are 25-100 µm thick.  Sintering densifi es the wire mesh 
and reduces the wire diameter further.  

The glass is made by mixing the exact oxide 
compositions as designed and high temperatures melt 

•

•
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the mixture for composition homogenization.  The glass 
melt can be directly infi ltrated into the wire mesh to 
make the fi nal seal or by fi lling the wire mesh with glass 
powder and sintering the glass powder and the wire 
mesh together.  

Seal performance testing will be conducted in a 
bilayer fi xture where the top and bottom layers are 
commercial cell interconnect and electrolyte.  The 
gas composition that passes through the bilayer 
structure will be varied and samples will be thermally 
cycled in the bilayer fi xture.  Seals will be evaluated 
by microscopy, adherence testing, and residual stress 
measurements.  At the end of each test, interfacial and 
bulk characterization of the seal will be performed.  
From these electrochemical, chemical and thermo-
mechanical measurements, the overall stability and 
electrical performance of the seal will be assessed. 

Results 

The SMA microstructure and the composition 
have been analyzed by scanning electron microscopy 
and energy dispersive spectroscopy.  The SMA shows 
dendritic structures, which indicates small composition 
variation (Figure 1).  Based on this, the SMA is being 
homogenized at 1075°C for 24 hrs and ramped to 
1150°C for 48 hrs with the goal of improving its 
composition homogeneity and shape memory effect.  
The ingot is being broken down into powder by cold 
rolling and milling.  Cold-rolling strips off the alloy 
ingot and coldworks the alloy until cracks form and the 
alloy breaks into ~0.5 cm size pieces.  After the alloy 
is broken into small pieces, it can be milled by ball 
milling or spex milling to break the pieces into powder.  
Characterization of the shape memory effect and the 
CTE are being conducted through DSC and dilatometry, 
respectively.

Metallic wire meshes have been 3D printed from 
stainless steel and Ni powders with wire thicknesses of 
500 µm and 1 mm, and layer thicknesses of 25 µm – 100 
µm.  Stainless steel and Ni particles are used to select 
the optimum printing variables before the SMA is used.  
Three-dimensional printing with Ni has shown that a 
binder solution with a higher content of poly-acrylic acid 
is necessary for Ni based alloys.  Figure 2 shows a wire 
mesh printed from nickel with wire thickness of 500 µm.   

Glass material has been fabricated by using >99.9% 
pure oxides.  First, the oxides are milled by a roller mix 
for homogenization and reducing the size of individual 
oxide particles.  The mixture is then heated in a box 
furnace for melting and formation of glass.  After 
homogenizing at 1400°C for 2 hrs, the melt is water 
quenched.  A SEM micrograph of the glass material is 
shown in Figure 3.  Currently, the glass microstructure 
and the CTE are being characterized.

FIGURE 1. SEM Micrograph of the SMA Alloy

FIGURE 2. 500 µm Wire Diameter Nickel Mesh

FIGURE 3.  SEM Micrograph of the Glass
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Conclusions

SMA has been fabricated by arc-melting.

SMA has been homogenized by heat treatment.  
DSC characterization has been conducted.

AutoCAD drawings of wire structures have been 3D 
printed.

Glass has been fabricated by mixing reagent grade 
oxides, high temperature homogenization, and 
quenching.

Future Work

Measure the CTE of SMA and glass.

Examine the glass microstructure.

Further refi ne the SMA microstructure and shape 
memory effect.

Integrate SMA and glass.

Quantify the integrated seal thermal properties and 
stability.

Composite seal performance testing.
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Objectives

Improve the sulfur tolerance of diesel reforming 
catalysts.

Determine long-term stability.

Determine effects of polyaromatics on catalyst 
activity.

Approach

Synthesize and characterize perovskites that are 
stable in hydrogen and oxygen and have redox 
chemistry on the “B” site.

Verify that the doped catalysts are chemically and 
thermally stable and relatively unaffected by sulfur 
containing fuel.

Determine reforming effi ciency of fuels with sulfur 
and polyaromatics.

Accomplishments

The new perovskite catalysts were shown to 
maintain their activity over 1000 hours in reducing 
and oxidizing environments.

Polyaromatics were shown to deactivate the 
catalyst to some extent and may require alternative 
treatment.

Future Directions

Explore materials or engineering improvements to 
deal with polyaromatics.

Assist vertical teams to address reformer engineering 
issues.

•

•
•

•

•

•

•

•

•

•

Introduction

Auxiliary power units (APUs) for heavy-duty 
vehicles could reduce emissions and conserve fuel on 
the North American continent, where engines are kept 
running while drivers rest.  An APU must have enough 
power to keep the cabin cooled or heated in hot or cold 
climatic conditions, respectively, and may have to also 
supply electricity for refrigeration of cargo.  The amount 
of fuel needed will be signifi cant and drivers may resist 
having to refuel the APU with anything other than the 
diesel fuel used for the engine.

Converting diesel fuel into a hydrogen-rich gas that 
is suitable for solid oxide fuel cells is more challenging 
than converting gasoline because of the multi-cyclic 
aromatics and the aromatic sulfur compounds in 
diesel fuel.  The sulfur in the fuel adsorbs or reacts 
with the metal catalyst, deactivating it.  Similarly, the 
poly-aromatics adsorb on the catalyst, and because 
the kinetics of breaking the H-C and C-C bonds in 
polyaromatics are slower than in paraffi ns and olefi ns, 
the catalyst becomes less active.  Also, the unreacted 
aromatics tend to form coke.  To mitigate these issues, 
the operating temperature of the reformer must be 
raised, but this causes the presently used nickel or 
rhodium catalysts to agglomerate and evaporate.

Approach

At Argonne, we have been actively exploring 
alternative catalysts that could reduce the material 
cost yet maintain or improve catalytic activity.  In the 
last two years, we actively engaged the investigation of 
perovskites as diesel reforming catalyst material due 
to their propensity to form oxide ion vacancies and 
electron conductivity.  Perovskite is a combination of 
metal oxides with a typical formulation of ABO3, where 
A and B are the elements from alkaline, alkaline earth, 
and transitional metal groups.  The A site ion occupies 
a dodecahedral interstice coordinated with 12 O, 
which in turn belongs to eight BO6 octahedra sharing 
the corners.  The stability is attributed primarily to the 
Madelung energy of the stacking of rigid BO6.  Both A 
and B sites in perovskite can be partially exchanged to 
form A1-xA’xB1-yB’yO3, resulting in mixed valance states 
and enhanced mobility of oxygen in the lattice.  In our 
study, we found that the exchange of the B site can often 
lead to signifi cant improvement in catalytic reforming 
activity.  For example, we have successfully exchanged 
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ruthenium in LaCrO3 and found the catalyst provides 
excellent hydrogen yield, reforming effi ciency, and sulfur 
tolerance during the autothermal reforming study.  To 
further prove that perovskite can be indeed used as 
the practical catalyst for commercial applications, a 
series of experiments need to be carried out to test 
the performance with real commercial diesel and at 
extended operating duration. 

Results

Commercial diesel fuel is a complicated mixture 
of a variety of hydrocarbons and sulfur containing 
compounds.  The key composition of diesel fuel includes 
paraffi ns, napthenes, and mono- and multiple ring 
aromatics.  The catalytic chemistry of each component 
could be signifi cantly different.  More importantly, the 
cross-interference between different components can 
signifi cantly complicate the overall reforming chemistry 
and effi ciency.  We conducted a systematic study to 
address the infl uence on reforming performance from 
each main group represented by the fuel blend of 
dodecane (DDN), butylcyclohexane, decalin, butyl-
benzene, tetralin and 1-methylnapthlene (1MN).  We 
found that the reforming effi ciency and COx selectivity 
under identical reaction conditions follow the order 
of paraffi ns ≈ cycloparaffi ns > mono-aromatics >> 
poly-aromatics whereas the formation of residual 
hydrocarbons mainly in the form of fragmented C2, 
C3, etc., follows the reversed order.  We interpret this 
trend as the result of rate difference in hydrocarbon 
decomposition.  Aromatics, especially heavy aromatics, 
have extended π-orbital conjugation and C=C bond is 
more diffi cult to be cleaved than alkanes and olefi ns.

To understand the synergetic effect from different 
fuel components, we also formulated a simulated 
diesel containing all aforementioned hydrocarbons, in 
addition to a representative organic sulfur compound, 
dibenzothiophene (DBT) with an equivalent sulfur 
content of 50 ppm by weight.  The simulated diesel has 
a composite molecular formula of C10.7H20.4 and heat of 
combustion is 6453 kJ/mole.  For comparison, we also 
acquired a low-sulfur distillate, JP8, from a commercial 
source which contains about 60 ppm S by weight.  The 
catalytic reforming study was carried out at 800°C with 
an oxygen-to-carbon ratio of O2/C = 0.5 and steam-
to-carbon ratio of H2O/C = 1.  The ATR reaction was 
performed at a gaseous hourly space velocity of 100,000 
hr-1 for the better differentiation on the reaction kinetics.  
Figure 1 shows the total reforming effi ciency and the 
selectivity towards COx for different fuel surrogates, 
simulated diesel and commercial JP8.  We found that, 
with 5% 1MN in a dodecane mixture, the reforming 
effi ciency is clearly affected by the cross-interference 
from the polyaromatic compound.  The simulated diesel, 

with 3% 1MN but added with 7% monoaromatics, has 
reached somewhat better effi ciency possibly due to the 
sensitivity towards polyaromatics.  A very encouraging 
observation is that our catalyst performed respectably for 
the commercial JP8 with reforming effi ciency in the 70% 
range and COx selectivity of near 90%, considered that 
the study was conducted at the kinetic differential region 
with low steam content.  The performance will obviously 
improve signifi cantly in an actual catalytic reactor which 
operates with slower space velocity.

Signifi cant progress was also made to complete the 
1000-hour aging study for our benchmark perovskite 
catalyst.  Under ATR reactions, the catalyst is subject 
to interaction with both a strong reductant such as 
fuel, and oxidant such as air in the reformate stream.  
One of the major concerns is the stability of the active 
center during the repeated swing between reducing 
and oxidizing environments which could lead to 
bleaching of atomically dispersed ions such as Ru out 
of the perovskite lattice.  To experimentally address this 
issue, we conducted two parallel durability tests where 
LaCr0.95Ru0.05O3 catalyst was subjected to the treatments 
under either humidifi ed air or simulated reformate 
containing H2, CO, CO2, CH4, N2 and 26% H2O.  The 
aging was carried out at 800°C and a fraction of the 
sample was taken out in every 200 hours to be tested 
with various simulated fuel and JP8 at near differential 
fl ow conditions.  Shown in Figure 2 are the total 
reforming effi ciencies with each fuel at different stages 
of aging.  The general observation suggests that slight 
degradation occurs although the rate depends on the 
type of the fuel tested.  The reforming effi ciency for our 
chromite catalyst held to about 10% deactivation at the 
end of test cycle.

FIGURE 1.  Reforming Effi ciency and COx Selectivity of LaCr0.95Ru0.05O3 
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Conclusion

The reforming chemistry of the main hydrocarbon 
representatives in diesel was investigated.  The 
cross-interference from the heavy polyaromatics to 
the overall reforming effi ciency was identifi ed.

ATR reforming on commercial JP8 was studied and 
relatively good performance was observed with 
Argonne’s perovskite catalyst.

Two 1000-hour aging studies in both oxidative and 
reductive gas fl ow were carried out and our catalyst 
showed relatively good durability. 

•

•

•
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Objectives 

Reform a real diesel fuel containing 50 parts per 
million sulfur under minimum recycle conditions 
using a low-cost (hence nickel-based) sulfur 
resistant catalyst to produce hydrogen and carbon 
monoxide for use in solid oxide fuel cells.

Determine conditions that cause catalyst 
deactivation and ascertain the effectiveness of radio 
frequency coke suppression in prolonging catalyst 
activity.

Measure the effect of frequency and fi eld strength 
of the applied radio frequency fi eld on suppressing 
coking of sulfur resistant reforming catalyst.

Accomplishments 

Demonstrated that a low-cost nickel-based catalyst 
can autothermally reform a 50 ppm S diesel fuel 
with 20% recycle gas for at least 500 hours without 
catalyst deactivation, which is a major step towards 
developing a 5,000 to 10,000 hour stable reforming 
catalyst.

Determined that coking is the major form of catalyst 
deactivation and can be controlled through proper 
catalyst formulation, introduction of turbulence into 
the fl ame front, and by possible application of radio 
frequency coke suppression.

Determined that the radio frequency coke 
suppression effect appears to be linearly dependant 
upon fi eld strength but is independent of frequency 
between 50 kHz to 13.56 MHz.

Introduction 

For diesel, jet or gasoline to be used in a fuel cell, 
the liquid hydrocarbon fuel must fi rst be reformed 

•

•

•

•

•

•

into hydrogen and carbon monoxide.  Typically, the 
hydrocarbon fuel is fi rst mixed with a limited amount 
of air, and in some systems a small amount of off-gases 
from the anode of the fuel cell stack to supply steam.  
The resulting mixture is then passed over a nickel or 
platinum group metal catalyst to produce hydrogen and 
carbon monoxide, which are then sent to the fuel cell 
stack to produce electricity.  Reformer catalysts based on 
low-cost nickel are preferred, because they are cheaper 
to manufacture and more durable than platinum group 
metal catalysts.  Unfortunately, even sub part per million 
levels of sulfur in the fuel can poison most reformer 
catalysts, resulting in a product stream with a high 
concentration of partially reformed hydrocarbons that 
will coke or foul the anode catalysts used in solid oxide 
or other type of fuel cell stack.

Chevron, Argonne National Laboratory, and 
the National Energy Technology Laboratory at 
Morgantown are developing Ni-based (low-cost) 
reforming catalysts that can tolerate the levels of sulfur 
found in reformulated gasoline or in low sulfur diesel 
fuel.  Developing a sulfur resistant reforming catalyst 
is a far better approach than trying to adsorb complex 
sulfur compounds found in the fuel in a separate system 
prior to reforming, since most adsorbents for branched 
dibenzothiophenes have low capacities and are often 
pyrophoric.

Approach 

We have found that the most serious problem with 
the development of a sulfur resistant reforming catalyst 
is coking, and that Ni-based catalysts tend to coke more 
than platinum group metal based catalysts.  However, 
Ni-based catalysts are preferred not only because they 
are signifi cantly cheaper, but they are also more durable.  
Both of these issues are critical in ultimately developing 
a viable low-cost auxiliary power unit for less than 
$400/kW.  Not only does coke block catalytic sites 
leading to the production of undesirable heavy 
hydrocarbons that will foul anode catalysts, we have 
also found that coking leads to aging of the reformer 
catalyst due to metal stripping.  Another problem with 
both platinum group metal and Ni-based reformer 
catalyst is that they require periodic regenerations every 
8 to 100 hours or so to remove built-up carbon deposits.  
This can be easily accomplished when the auxiliary 
power unit is turned off, simply by stopping the fl ow of 
hydrocarbon feed over the catalyst before cutting off the 
fl ow of air.  Normally, the coke on the catalyst is burned 
off in 1 to 3 minutes.  The Chevron catalyst is formulated 
to remain active following air regenerations.
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We tested the Chevron catalyst under autothermal 
reforming conditions fi rst with a simulated recycle rate 
of 20% at an oxygen to carbon mole ratio of 1.0 with a 
steam to carbon mole ratio of 0.2.  The purpose of the 
recycle stream from the SOFC anode is to provide a 
source of steam to prevent coking.  However, late in the 
project we discovered that it was possible to operate the 
reformer with just air and diesel fuel alone, particularly 
if severe turbulence is deliberately introduced into the 
fl ame front.  This can be achieved by reactor/catalyst 
geometry and space velocity or by “chopping” or 
“pulsing” the air supply.  The majority of this project was 
focused on understanding the role radio frequency coke 
suppression plays in suppressing metal catalyzed coking 
and thus decrease reformer catalyst deactivation.

Results 

We have demonstrated that a 50 ppm S diesel fuel 
can be autothermally reformed to produce hydrogen and 
carbon monoxide for use in a solid oxide fuel cell over a 
low-cost Ni-based catalyst for more than 500 hours with 
no major sign of catalyst deactivation provided that 
(1) the catalyst is reformulated to avoid free surface Ni, 
and/or (2) radio frequency (RF) coke suppression is 
applied.  Figure 1 shows the activity of the catalyst 
reforming a 50 ppm S diesel fuel as a function of 
time.  In the base case, the activity of the catalyst 
rapidly decreased after approximately 200 hours due to 
excessive coking.  When a radio frequency fi eld of 50 
kHz at 92 V/cm or 350 kHz at 98 V/cm is applied to the 
catalyst, the coking rates of the catalyst is substantially 
reduced in these runs.  Without RF, the catalyst would 
require a periodic regeneration or a burn lasting 20 to 
30 minutes (under the same fl ow of air used to reform 
the fuel); yet under RF coke suppression, the catalyst 
was regenerated in 5 to 8 minutes for a 10-hour run.  
Thus, application of a radio frequency electromagnetic 
fi eld reduced coking by a factor of approximately 4.  As 
a consequence, catalyst activity was stabilized for at 
least 500 hours.  Since the coking rate of diesel drops 
dramatically with sulfur content and that diesel fuels 
in Europe and the United States will contain less than 
15 ppm sulfur, we anticipate that this catalyst should 
survive substantially longer than in these “rapid” aging 
trials.

In Figure 1, we also see in the RF runs that the 
activity of the catalyst fi rst decreases and then improves 
before lining out after approximately 125 hours on line.  
This activation of the catalyst is due to the reaction of 
“free” Ni or NiO on the surface with the underlying 
support.  The original Ni-based catalyst was formulated 
to leave “green” free NiO on the surface.  It was thought 
that this “free” nickel on the surface would adsorb sulfur 
in the front part of the catalyst bed, thereby allowing the 
back part of the catalyst bed to steam reform the fuel.  
However, we quickly discovered that the sulfur resistant 

reforming activity continued long after the catalyst quit 
adsorbing sulfur.  Thus, we discovered that the sulfur 
resistance is due to the incorporation of nickel into the 
support to produce a blue colored catalyst of Ni+3 in an 
octahedral site.  In fact, this is the same mechanism of 
sulfur resistance fi rst proposed by Michael Krumpelt at 
Argonne National Laboratory in their perovskite based 
catalysts [1,2], and also imparts the sulfur resistance to 
the “hexaaluminate” series of catalysts being developed 
by David Berry and co-workers at the National Energy 
Technology Laboratory at Morgantown, WV [3].  
Thus, in the “RF-on runs”, a portion of the Ni on the 
surface dissolves into the support to develop the sulfur 
resistance of the catalyst, which is seen as a gradual 
increase in catalytic activity over time in the fi rst 125 
hours.

However, we also discovered that if the catalyst 
is either calcined at a higher temperature during 
preparation or as we serendipitously discovered that 
if the catalyst is run at an O to C ratio higher than 1.0 
for even a short period of time, then the coking rate 
can be reduced to the same level as was seen in the RF 
coke suppression runs.  By operating at a higher O to C 
ratio (of 1.1), the higher temperature drives the entire 
free surface Ni into the structure to produce a lower 
coking catalyst.  This fi rst occurred quite by accident 
during the repeat base case run in Figure 1 (dotted black 
line).  As a result of a crack in the central quartz RF 
antenna well, extra air was pulled into the reactor for 
the fi rst 172 hours because the test apparatus was under 
a slight vacuum.  As a result of the higher temperature, 
the catalyst turned blue.  However quite surprisingly, 
even after the quartz reactor was repaired, this modifi ed 
catalyst now showed no signs of catalyst deactivation 
even though no RF was applied, and had the same low 
coking rate as occurred under RF coke suppression.  
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Clearly, if the catalyst is formulated and heat treated 
so that no free Ni remains on the surface, the coking 
rate on the catalyst can be reduced by a factor of 
approximately 4.  Figure 2 compares the color of the two 
catalyst beds showing that RF coke suppression prevents 
nickel stripping.  Thus, after 380 hours on line, the 
catalyst is still green due to supported NiO, whereas in 
the repeat RF off case (due to extra air in the beginning) 
the catalyst is blue.

Figures 3 and 4 show the effect of fi eld strength (at 
13.56 MHz) and frequency (at 60 V/cm fi eld strength) 
on coking rate of the reforming catalyst.  Figure 3 shows 
that the coking rate decreases linearly with increasing 
fi eld strength, whereas Figure 4 quite surprisingly shows 

that varying frequency over a range of 50 to 460 kHz has 
no impact on coking rate.  In subsequent experiments 
covered in the fi nal report, the RF coke suppression 
effect is shown to be independent of frequency over the 
range of 50 to 13.56 MHz [4].

Finally, we discovered that diesel fuel could be 
reformed over the catalyst with no additional steam if 
the oxygen to carbon mole ratio was increased to 1.1.  
Furthermore, it was subsequentially discovered that 
the coking rate could be substantially reduced under 
the higher O to C mole ratio conditions to extremely 
low levels, if turbulence is introduced into the fl ame 
front.  This was achieved again, quite serendipitously, 
by an inadvertent arrangement of reactor geometry 
and gas space velocity, which caused the fl ame front to 
rapidly pulsate.  As a result, the coking rate dropped by 
a factor of 4.  In the “real” world, the same effect can be 
obtained if the air supply would be pulsed to create local 
environments were the O to C mole ratio would change 
from about 1.0 to 1.2.  When turbulence was used to 
reduce coking, RF coke suppression reduced coking only 
an additional 20%.  Thus, turbulence is a better tool to 
suppress coking than is RF coke suppression.

Conclusions and Future Directions

It was demonstrated that a low-cost Ni-based 
catalyst can reform a 50 ppm S containing diesel fuel 
with or without recycle gas.  In addition, if coking on 
the catalyst is controlled by proper catalyst formulation, 
introduction of turbulence into the fl ame front, and 
by possible application of a RF electromagnetic fi eld, 
catalyst deactivation can be avoided for at least 500 
hours of operation.  This is a good step towards 
developing a long term stable catalyst capable of 
reforming ultra low sulfur diesel fuel for at least 5,000 to 
10,000 hours.

FIGURE 2.  Comparison of Chevron’s Ni-based Catalysts at the End of 
Run, Showing that RF Maintains the “Green” Color of Supported NiO 
(right), While the Base Case Is Blue Due to Incorporation of Ni into the 
Structure (left)
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Objectives 

Develop reliable, cost-effective diesel fuel injection 
and mixing concepts for use with auto-thermal 
reformer (ATR) and catalytic partial oxidation 
reformer (CPOX) in SOFC auxiliary power 
generation units (APUs).

Determine operation and performance limitations 
of four different injection and mixing concepts for 
diesel fuel reforming applications.

Optimize the most promising injector/mixer for 
diesel fuel reformers to operate with minimal steam/
water usage and air supply pressure.

Accomplishments 

Completed the design and fabrication of four 
different fuel injection concepts for a comparative 
study, including a multipoint impingement injector, 
a gas-assisted simplex injector, a piezoelectric 
injector and a preheating simplex injector.

Conducted detailed computer analysis and 
characterization of fuel mixture for all four injector 
concepts using phase Doppler interferometry, 
Raman spectroscopy, laser extinction tomography 
and thermocouple measurements.

Down-selected the most promising injector/mixer 
and established operation/performance correlation 
using the statistical design of experiments technique.

Submitted two patent applications entitled “Fuel 
Injection and Mixing Systems and Methods of Using 
the Same” and “Fuel Injection and Mixing Systems 
Having Piezoelectric Elements and Methods of 
Using the Same.”

•

•

•

•

•

•

•

Introduction 

Fuel reformers are a very important component 
of SOFC systems, enabling them to compete with 
conventional auxiliary power units in remote stationary 
and mobile power generation markets.  Current state-
of-the-art fuel reformers are limited to using gaseous 
fuels, such as natural gas, hydrogen and liquefi ed 
petroleum gas (LPG).  In the near term, however, liquid 
hydrocarbon fuels and renewable fuels are the preferred 
choice for SOFC power systems because of their 
availability and existing distribution networks.

Currently, liquid fuel processing technology is not 
yet viable for commercial applications in SOFC systems.  
One of the major technical barriers for liquid fuel 
processing is reactor durability.  The performance of the 
reforming catalysts in the reactor quickly deteriorates as 
a result of carbon deposition, sulfur poisoning and loss 
of precious metals due to sintering or evaporation at 
high temperatures.  To mitigate these problems, research 
efforts are being conducted to optimize catalyst materials 
and to improve fuel reactor design/operation. 

Approach 

One engineering approach that could alleviate 
problems associated with liquid fuel reactors is 
improvement of feed stream preparation.  Proper feed 
stream preparation can signifi cantly improve reactor 
durability and minimize problems of inadequate fuel 
atomization, wall impingement, mixture recirculation 
and non-uniform mixing.  These problems can easily 
lead to local conditions that favor carbon deposition, 
auto-ignition and formation of hot spots in the reactor.  
Because liquid fuels are extremely diffi cult to reform, 
a proper understanding and selection of injection and 
mixing systems for feed stream preparation plays an 
essential role in the development of reliable and durable 
liquid fuel reformers.

Several promising fuel injection and mixing chamber 
concepts were proposed for a thorough evaluation using 
both computational and laser diagnostic techniques.  
The key performance parameters included in the 
evaluation were fuel atomization, droplet evaporation 
and mixing, uniformity of mixture temperature, velocity 
and concentration, wall impingement, fl ow recirculation, 
carbon deposits, feed stream supply pressure, power 
consumption, complexity and reliability of injector 
design/operation.

III.B.3  An Innovative Injection and Mixing System for Diesel Fuel Reforming

Chien-Pei Mao
Goodrich Turbine Fuel Technologies
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Results 

Four injector/mixing chamber concepts have 
been designed and fabricated for a comparative study, 
including a multipoint impingement injector, a gas-
assisted simplex injector, a high-energy piezoelectric 
injector and a preheating simplex injector.  Based on the 
experimental and analytical results, relative merits were 
identifi ed for all injector concepts relating to diesel fuel 
reforming applications.

Computational fl uid dynamics (CFD) was utilized 
to help predict fl ow rates, pressure drops and fl ow 
non-uniformities associated with design modifi cations 
in order to reduce development iterations and cost.  
CFD was also utilized to simulate the overall fl ow-fi eld 
structure and potential mixing capabilities, helping to 
provide a qualitative assessment of the injector/mixer 
performance under the actual reformer operating 
conditions.  The computation domain contains a fl ow 
path from the feed stream inlets through the injector 
circuits and the mixing chamber, terminating at the 
76.2 mm diameter at the entrance of the catalytic 
reactor.  The grid system for the fl ow path consists 
of over 1.8 million tetrahedral and prismatic cells, 
with clustering tailored to regions of expected high 
gradients.  The solutions were obtained using FLUENT 
6.1 software to solve the unsteady, Reynolds-averaged 
Navier-Stokes equations, with the RNG k-ε turbulence 
model, wall-functions and differential viscosity models.  
Figure 1 shows a comparison of time-averaged steam 
mass fraction in a vertical plane between a gas-assisted 
injector and a preheating injector.  CFD predictions 
indicated that the preheating injector design produces 
more uniform temperature and species distributions than 
the other injector concepts.

For fuel atomization evaluation, detailed 
measurements were made for all four injector sprays 
at various operating conditions using phase/Doppler 
interferometry.  Two different measurement methods 
were utilized to obtain droplet size information: a 
continuous traverse method and a point-to-point 
method.  The continuous traverse method provides mean 
droplet diameters that represent the entire spray, and the 
point-to-point method offers detailed local distributions 
of droplet size, velocity and fuel volume fl ux.  This 
information is extremely important to help determine the 
spray dynamic structure and identify differences between 
injector concepts.  Figure 2 presents a comparison of 
the radial distribution of Sauter mean diameter (SMD) 
for the impingement injector, gas-assisted injector and 
piezoelectric injector at a simulated maximum load 
condition.  The SMD values for the preheating injector 
are very small, in the sub-micron range, and are not 
included in Figure 2 for a comparison.

For high-temperature evaluation, the injector/
mixer systems were delivered to NASA Glenn Research 
Center for detailed species measurements using the 

(a) Gas-

-

assisted Injector

(b) Preheating Injector

FIGURE 1.  A Comparison of Time-Averaged Steam Mass Fraction in a 
Vertical Plane between a Gas-Assisted Injector and a Preheating Injector
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Raman spectroscopy instrument.  Distributions of fuel, 
steam and nitrogen were plotted against the radial 
distances across the fl ow fi eld to reveal the infl uence 
of fuel properties, operating conditions and mixing 
chamber confi gurations on feed stream preparation and 
mixture uniformity.  Species measurements were made 
at an axial distance 65 mm below the mixing chamber 
exit.  The radial distributions of various species were 
established by making point measurements in 5-mm 
increments to cover 70 mm of the 75 mm diameter 
across the fl ow fi eld.  The Raman spectra acquired at 
various radial locations were processed to determine the 
area under the Raman peak of each species for signal 
counts.  These signal counts are linearly proportional 
to the mole fraction of the species detected at the laser 
probe volume.  The higher the signal counts, the higher 
the species’ relative molar fraction is in the fl ow fi eld.  
Figure 3 shows the measured species concentration for 
a preheating simplex injector operating with 0.63 g/s 
commercial diesel fuel, 1.26 g/s steam at 230°C and 
3.15 g/s airfl ow at 400°C.  Compared with the other 
injector designs, the preheating injector showed the 
most uniform distribution of species and excellent signal 
repeatability.  During tests, it was observed that the 
quartz window remained very clean and free of carbon 
deposits.

Conclusions and Future Directions

Feed stream preparation and injector selection are 
extremely important in improving the performance 
and durability of liquid fuel reformers.

Extremely fi ne droplets are required for successful 
liquid fuel reforming.  A SMD value of 15 µm or 
less may be needed for injector sprays to achieve 
complete evaporation inside the mixing chamber, 
in order to mitigate downstream carbon and soot 
formation.

The preheating simplex injector appears to be the 
most promising concept for diesel fuel processing to 
further the development of SOFC auxiliary power 
units in commercial diesel truck applications.

Several operational and technical issues still need 
to be resolved before incorporating the preheating 
simplex injector into a practical fuel processing 
system.  These issues include the improvement of 
injector coking, startup response, fuel fl uctuation 
during load transition and minimizing power 
consumption.

Special Recognitions & Awards/Patents 
Issued 

1.  “Fuel Injection and Mixing Systems and Methods of 
Using the Same,” Patent Pending, April 12, 2006.

2.  “Fuel Injection and Mixing Systems Having Piezoelectric 
Elements and Methods of Using the Same,” Patent Pending, 
December 22, 2005.
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2.  “Development of Fuel Injection and Mixing Systems 
for Diesel Fuel Processing,” NETL SECA Fuel Processing 
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3.  “Integrated Injection and Mixing Systems for Diesel Fuel 
Reforming,” U.S. Department of Energy, Offi ce of Fossil 
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Objectives for Phase I

Develop low-cost catalysts for use in catalytic 
membrane reactors for the near complete 
conversion of commercial diesel fuel into H2 and 
CO.

Demonstrate catalyst tolerance to sulfur contained 
in commercial diesel fuel at levels of 200 ppm by 
mass. 

Demonstrate long-term catalytic activity 
(>1,450 hours) at 1,000°C for reforming commercial 
diesel fuel. 

Approach

Operate catalysts under conditions which 
thermodynamically favor formation of H2 and CO 
and which completely suppress formation of carbon.

Choose catalytic materials which do not form 
thermodynamically stable bulk sulfi des under 
desired reactor operating conditions.

Develop perovskite-based catalysts for catalytic 
membrane reactor walls and for catalyst beds which 
provide highly mobile and reactive oxygen in a 
dissociated form. 

Accomplishments 

Synthesized and tested over 40 catalyst 
formulations.

Demonstrated 80-99% conversion of diesel fuel at 
1,000°C into H2, CO, CO2 and CH4 for the most 
active perovskite-based catalysts.

Demonstrated stable diesel fuel reforming catalytic 
activity at 1,000°C for two months for one preferred 
perovskite-based catalyst formulation using 
commercial diesel fuel containing 200 ppm by mass 
sulfur.

•

•

•

•

•

•

•

•

•

Future Directions for Phase II and Beyond

Will incorporate catalysts onto walls of catalytic 
membrane reactors to form self-cleaning systems 
for the elimination of carbon build-up on reactor 
walls in the cool zones (250 to 950°C) of diesel fuel 
reformers.

Will further optimize perovskite-based catalysts for 
high temperature stability (1,000°C) as well as for 
use on reactor walls operated in the cooler reactor 
regions in which the diesel fuel is injected and 
heated to the preferred reaction temperature.

Introduction 

It is desired to convert the hydrocarbons of 
commercial diesel fuel into a mixture of hydrogen 
and carbon monoxide which can be used to power 
solid oxide fuel cells.  Thermodynamic calculations 
summarized in Figure 1 predict that this can be 
accomplished for stoichiometric mixtures containing 
one mole of atomic oxygen for each mole of carbon in 
the diesel fuel if the system is brought to equilibrium at 
temperatures near 1,000°C.  If catalysts are to be used 
to increase rates of reaction, then the catalysts must 
be capable of adsorbing and dissociating molecular 
oxygen into highly active atomic oxygen in order to 
oxidize the more stable aromatic components of diesel 
fuel.  Catalysts must be stable to at least 1,000°C.  
Furthermore, catalysts must be tolerant to the sulfur 
present in commercial diesel fuel. 

Thermodynamics also predicts (see Figure 1) that 
formation of carbon will be highly favored at lower 
temperatures (300-950°C).  A major issue in diesel fuel 
reformers is the deposition of carbon onto reactor walls 
as the diesel fuel is heated from ambient temperatures to 
the desired reforming temperature.  The carbon, growing 
on reactor walls and deposited onto catalyst beds, can 
rapidly plug fuel reformers.  Formation of carbon can 
be suppressed by addition of steam, CO2, hydrogen or 
excess oxygen, but these options lead to reduction of 
overall fuel cell system effi ciencies.  

Approach 

To eliminate carbon deposition onto the reactor 
walls in the cool zones of the diesel fuel reformer, 
without adversely lowering the overall system effi ciency 
by adding excess oxygen, a catalytic membrane reactor 
is proposed.  In such a device (see Figure 2), walls 

•

•
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of the reformer are catalytic and locally provide very 
high concentrations of atomic oxygen for suppression 
of the deposition of carbon.  The novel feature of the 
technology is that the reactor walls are essentially self-
cleaning, diffusing and effusing oxygen from the outer 
reactor wall to the inner reactor wall.  Oxygen is kept 
at very high local concentrations near the inner reactor 
walls, where it is needed to suppress formation of carbon 
at low temperatures, while the overall concentration of 
oxygen in the reactor system is kept close to the 1 to 1 
ratio of carbon to oxygen required by thermodynamics 
and for high overall system effi ciency. 

The catalytic membrane reactor requires very active 
catalysts for the dissociation of molecular oxygen and for 
the transport of atomic oxygen into the cool zones of the 
reactor.  Very stable catalysts operating at 1,000°C in the 
hot zone of the fuel reformer are also required.

Results 

Some 40 catalyst formulations were fabricated and 
tested for activity and stability in reforming commercial 
diesel fuel containing approximately 200 parts per 
million by weight sulfur.  A number of catalysts with 
the perovskite crystal structure were designed for high 
mobility of dissociated oxygen both in the bulk and on 
the catalyst surface.  The perovskite catalysts contained 
low-cost transition metals which were predicted not to 
form thermodynamically stable bulk metal sulfi des under 
desired fuel reforming operating conditions.  A number 
of perovskite-based oxidation catalysts showed excellent 
diesel fuel reforming activity (see Figure 3), exceeding 
that of Pt-Rh catalysts supported on YSZ.  

FIGURE 1.  Results of thermodynamic calculations predicting that diesel 
fuel can be converted into the desired hydrogen and carbon monoxide 
if one mole of oxygen is added for each mole of carbon in the fuel and 
if the system is brought to equilibrium near 1,000°C.  Calculations 
also predict formation of carbon as diesel fuel is heated to the desired 
reforming temperature.

FIGURE 2.  Schematic showing the concept of a catalytic membrane 
reactor in which walls of the reformer are catalytic and provide 
dissociated oxygen for suppression of deposition of carbon in the reactor 
cool zones.  Reactor walls are self-cleaning.

FIGURE 3.  Percent of commercial diesel fuel converted into CO, CH4 and 
CO2 for various catalysts operated at 1,000°C.  A number of perovskite-
based catalysts showed activity superior to Pt-Rh supported on yttria-
stabilized zirconia.
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Theoretical analysis indicated that a platinum-
rhodium gauze would form a near-ideal catalyst in the 
hot zone.  Molecular oxygen is readily adsorbed and 
dissociated on Pt-Rh surfaces, providing very reactive 
atomic oxygen.  Wire gauzes exposed to diesel fuel and 
oxygen can operate well above 1,000°C (white-hot) at 
temperatures for which thermodynamics overwhelmingly 
favors formation of H2 and CO and at which sulfi des 
of platinum and rhodium are not stable.  However, the 
cost of platinum-rhodium gauze is prohibitive for most 
non-military commercial applications.  Finely dispersed 
Pt-Rh supported on yttria-stabilized zirconia (in which 
the oxides support provides mobile dissociated oxygen 
as in solid oxide fuel cells) functioned well as a diesel 
reforming catalyst, but was not stable in long-term tests 
at 1,000°C due to sintering of the Pt-Rh crystallites (see 
Figure 4). 

The more active perovskite-based catalysts appear 
to be adequate for use in the cool zones of catalytic 
membrane reactors (see Figure 3).  The preferred 
perovskite-based catalyst showed stable diesel fuel 
reforming activity for two months at 1,000°C for 
commercial diesel fuel containing 200 ppm by mass 
sulfur (see Figure 4), and should be adequate for use in 
the catalyst bed of the reformer hot zone. 

Conclusions and Future Directions

Catalysts were developed, based upon oxides with 
the perovskite crystal structure, which showed high 
catalytic activity for reforming high-sulfur (200 ppm 
by mass) commercial diesel fuel into H2 and CO at 
1,000°C.  Incorporation of these catalysts into catalytic 
membrane reactors will allow development of fuel 

reformers with novel self-cleaning reactor walls 
suffi cient for suppression of deposition of carbon in 
reactor cool zones while minimizing addition of oxygen 
and maximizing overall system effi ciency desired for 
solid oxide fuel cells.  In future work, the catalysts will 
be incorporated into the walls of catalytic membrane 
reactors and used for reforming of commercial diesel 
fuel and JP-8. 

FY 2006 Publications/Presentations 

1.  “Oxygen Membrane Catalytic Fuel Reforming,” NETL 
SECA Fuel Processing Workshop, December 6, 2005, 
Pittsburgh, Pennsylvania. 

FIGURE 4.  Long-term test (>1,450 hours) at 1,000°C, with commercial 
diesel fuel containing 200 ppm by mass sulfur, showing superior stability 
of a perovskite-based catalyst relative to Pt-Rh supported on yttria-
stabilized zirconia. 
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Objectives 

Perform fundamental research in developing non-
thermal plasma technology using model fuels.

Optimize the plasma reactor’s operating parameters 
for increased synthesis gas (syngas) yield and 
methane content in the reformate.

Conduct validation tests for converting the organic 
sulfur compounds in diesel fuel to hydrogen. 

Approach 

Determine the effect of plasma reactor type, 
residence time, applied power, and carrier gas on 
diesel conversion.

Determine the sulfur conversion using optimized 
reactor conditions.

Accomplishments 

Obtained a three-fold increase in fuel conversion 
using a plasma reformer.

Obtained a six-fold increase in hydrogen sulfi de 
(H2S) concentration in the reformer effl uent gas 
stream.

Future Directions 

Maximize the fuel conversion in the plasma 
reformer.

Maximize the sulfur conversion to H2S in the 
plasma reformer.

•

•

•

•

•

•

•

•

•

Introduction 

The Solid State Energy Conversion Alliance has 
targeted Class 8 diesel trucks as a strong early market 
for 3 to 5 kW solid oxide fuel cell (SOFC) auxiliary 
power units (APUs).  In order to make these units 
commercially viable by 2010, however, a breakthrough 
technology is required for processing liquid diesel fuel 
into a fuel cell grade feed.  Our goal in this project is to 
develop an innovative fuel processing/desulfurization 
technology, based on the application of silent discharge 
plasma. 

Various catalytic technologies are under 
consideration for the reforming of diesel fuel.  These 
processes include auto-thermal reforming (ATR), 
catalytic partial oxidation (CPOx) and steam reforming 
(SR) [1].  Catalytic steam reforming is the conventional 
method for converting heavy petroleum-based distillates 
to a methane-rich gas.  However, the reforming and 
fuel cell catalysts are highly prone to poisoning by the 
organic sulfurous compounds found in the distillate 
fuel [2].

Figure 1 shows a schematic of the proposed fuel 
processing system integrated with a SOFC APU.  Diesel 
fuel and water are vaporized, and sent to the plasma 
reactor.  The plasma reactor converts the diesel fuel to 
hydrogen, methane and light hydrocarbons.  The sulfur 
compounds in diesel fuel are also converted to hydrogen 
sulfi de in the plasma reactor, and then absorbed in a 
ZnO bed.  The plasma reforming system has a number 
of key benefi ts when compared to conventional catalytic 
fuel processing systems: it is compact and desulfurization 

III.B.5  Diesel Plasma Reformer
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FIGURE 1.  SOFC APU Plasma Reformer and ZnO Desulfurization Unit 
Schematic
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and reforming are combined in one reactor.  There are 
no catalysts, therefore reaction rates are not limited 
by catalyst active surface area.  Reliability is increased 
with no deactivation due to sulfur.  There is also the 
cost consideration; cost is reduced since there are no 
precious metals.  Coking of the diesel fuel is an issue 
with conventional catalytic technologies but may be 
unlikely in the plasma reactor due to the presence of 
steam and the absence of catalytic surfaces.

The term “plasma” is defi ned as a region in space 
that has an equal number of positively charged ions and 
negatively charged electrons.  In a non-thermal plasma, 
energy is channeled into the electrons which may 
reach temperatures in the range of tens to thousands 
Kelvin, while the ions and neutrals remain at nearly 
room temperature.  The ions that are created in the 
plasma region are extremely reactive, and may form 
intermediate species with diesel fuel in a fashion similar 
to conventional catalysis.  The goal of this project is to 
optimize the plasma operating conditions to achieve 
conversion of diesel fuel into a high methane content 
syngas and to also convert the organic sulfur compounds 
to H2S.  

Approach 

Fundamental research is required to gain an insight 
into how plasma affects diesel fuel.  Parametric tests 
were conducted to optimize diesel fuel conversion to 
methane, hydrogen and carbon oxides.  The effect of 
plasma reactor design, residence time, feed composition 
and power input were quantifi ed in terms of fuel 
conversion.  The fuel conversion was determined via a 
carbon balance based on the chromatographic analysis 
of the exit gas stream.  The main goal of the parametric 
study is to increase the concentration of methane in 
the exhaust stream as polymerizing or cracking the fuel 
could cause an increase in hydrogen concentration.  A 
“non-reactive” carrier gas with a known fl ow was used 
to quantify the results.

Results 

The parametric tests of the plasma reformer were 
conducted using dodecane, a sulfur-free model fuel to 
simulate diesel fuel.  The purpose of using the model 
fuel was to be able to analyze the data with a greater 
degree of accuracy.  The goal of this study was to 
investigate how the external system parameters affect 
the reformation process in the plasma reactor.  We 
investigated the effect of total fl ow rate, steam to carbon 
ratio, and power input on the performance of the plasma 
reactor.

Of all the parameters tested, changing the steam to 
carbon ratio had the greatest effect on fuel conversion 
to methane.  Fuel conversion and methane production 

doubled when the steam to carbon ratio also doubled.  
The power output of the plasma was also investigated 
and found to have little effect on conversion rate when 
the power output tripled (from 100 W to 300 W).   

The effect of these parameters on dodecane 
conversion was considered low, and therefore testing 
continued using JP-5.  JP-5 contains aromatics that may 
provide active sites for the plasma, which the straight 
chain dodecane lacked.  Here we looked at the carrier 
gas type and reactor design.  We investigated three types 
of carrier gas: argon, nitrogen and air.  We saw a three-
fold increase in fuel conversion by introducing air as 
the carrier gas and conducting some partial oxidation in 
the plasma reformer.  This is evidenced by an increase 
in carbon monoxide concentration using air (4.6%) 
compared with argon (0.6%).  Runs conducted using air 
but without the plasma produced no carbon monoxide.

We also investigated plasma reactor designs.  There 
were two types of reactors used in the testing: a coaxial 
dielectric barrier discharge (C-DBD) and a parallel-plate 
dielectric barrier discharge (PP-DBD).  The coaxial 
dielectric barrier discharge reactor generates plasma 
in the space between an inner conductor rod (at high 
voltage) and an outer stainless steel tube (at ground 
potential).  Vaporized fuel, steam and carrier gas fl ows in 
space between the inner rod and the tube.  The plasma 
fi eld is generated when high voltage AC power (up to 
20 kV at 15–40 kHz) is applied to the inner rod.

The parallel-plate DBD reactor is shown in Figure 2.  
The stainless steel frame is the grounded electrode and 
a quartz plate forms the dielectric barrier.  A removable 
copper plate is placed on top of the quartz and acts as 
the high potential conductor.  The vaporized fuel, steam 
and carrier gas fl ows in a 1 mm fi eld between the frame 
and the quartz plate. 

Fuel conversion was comparable with either reactor.  
The parallel plate design easily lends itself to scale-up 
and is slightly more robust than the coaxial design.

FIGURE 2.  Parallel-Plate Dielectric Barrier Discharge Device
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The effectiveness of hydrogenating sulfur 
compounds in JP-5 was determined by measuring the 
sulfur compounds present in the gas stream.  The JP-5 
sulfur content was initially 1,100 ppm, much higher than 
the 50 ppm specifi cation.  The higher content was used 
to insure an appreciable concentration in the effl uent.  
Sulfur content in the gas stream was determined using 
an Agilent 6890 gas chromatograph equipped with 
a thermal conductivity detector, a fl ame ionization 
detector and a Cevers 355 sulfur chemiluminescence 
detector.  We investigated the effect of carrier gas type 
and plasma power on the concentrations of sulfur 
compounds in the reactor exhaust and the results are 
very encouraging.  The total sulfur found in the stream 
containing the nitrogen purge is roughly equivalent to 
the sulfur associated with the converted fuel (1.2 ppm in 
the gas stream).  By using air as the carrier gas, however, 
a 30-fold increase in the sulfur levels was realized 
(36.6 ppm).  Partial oxidation is responsible for some 
of this increase, but the plasma contributes a 6-fold 
increase in sulfur levels compared to the no plasma run 
on air.

We also measured the sulfur content in the 
condensed liquid after the plasma reformer.  The sulfur 
content dropped ~33% in the liquid, from 1,100 ppm 
to 740 ppm.  This illustrates the possibility of using the 
plasma reformer as a pretreatment for sulfur containing 
fuel.

Conclusions and Future Directions

The results achieved under Phase 1 were very 
encouraging.  This project showed a three-fold 
increase in fuel conversion using a plasma reformer 
and demonstrated the feasibility of sulfur removal by 
plasma.  More work remains in fully developing the 
plasma reformer to become a stand alone component 
in reforming and desulfurizing diesel fuel.  This future 
work is broken into six tasks, the fi rst being overall 
project management.  The second task is to develop a 
fuel delivery system that produces a steady fl ow of steam 
and vaporized diesel fuel to the plasma reactor with 
accuracy at both 1 kW and 5 kW feed levels.  The third 
task focuses on optimizing a plasma reactor to achieve 
maximum hydrocarbon conversion effi ciency and 
investigating the use of commercially available plasma 
systems.  The fourth task will investigate plasma-assisted 
catalytic reforming.  The fi fth task encompasses both 

additional parametric testing and computer modeling.  
Long-term testing is planned for the sixth task.   

FY 2006 Publications/Presentations 
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Objectives 

Search for long-duration reforming catalysts in the 
development of auxiliary power units.

Investigate the role of oxygen-conducting supports 
in reforming of diesel fuel compounds and their role 
in decreasing carbon formation and/or increasing 
sulfur tolerance.

Approach

Conduct catalyst characterization and evaluate 
catalytic hydrocarbon reforming activity for ceria-
based catalysts utilizing the partial oxidation of 
methane (POM).

Obtain carbon formation trends as a function of 
oxygen/carbon ratio and fi nd correlation with ionic 
conductivity.

Perform mechanistic studies in order to investigate 
the role of lattice oxygen during the POM.  These 
tests include:

Catalyst labeling with 18O2.

Conducting the POM reaction over 18O2 labeled 
catalysts.

Performing prior and post reaction experiments 
by nuclear reaction analysis (NRA) to 
complement the isotopic studies and obtain 
18O concentration profi les and total oxygen 
concentration in the catalysts.

Accomplishments 

Demonstrated that catalysts with higher ionic 
conductivity generated less carbon and catalysts 
with higher reducibility showed higher conversion.

•

•

•

•

•

–

–

–

•

Confi rmed by isotopic studies and by NRA that 
lattice oxygen oxidizes methane to generate CO and 
H2 during POM. 

Future Directions 

Compare results obtained for ceria-based catalysts 
with those of mixed ionic-electronic oxide-based 
catalysts.

Introduction  

The U.S. Department of Energy is sponsoring 
development of high temperature fuel cell power systems 
based on solid oxide technology through its Solid State 
Energy Conversion Alliance (SECA) program.  The 
program is geared at mass manufacturing of fuel cells 
for high volume markets and multiple applications.  The 
fuel processor is a critical component of this system and 
must be able to provide a clean, tailored synthesis gas 
to the fuel cell stack for long-term operation.  There are 
several barrier issues that must be overcome to achieve 
these characteristics.  Carbon formation, particularly 
upon startup, must be minimized to avoid coking of the 
catalysts in the reformer and downstream fuel cell.  

Ceria-based catalysts are being investigated in this 
work in order to fundamentally understand the role 
of oxygen-conducting supports in reforming of diesel 
fuel compounds and their role in decreasing carbon 
deposition.  Ceria-based catalysts have shown ability 
to decrease carbon formation during partial oxidation 
of hydrocarbons [1,2].  It has been speculated that 
this property is due to their high oxygen ion mobility.  
In this project, this assumption is investigated to 
elucidate a reaction mechanistic scheme to get a better 
understanding of carbon formation and mitigation.

Approach

Several metal-deposited catalysts were prepared 
for this study.  Catalyst variables included metal type 
(Pt, Ni, Rh), support type (Al2O3 and CeO2), dopant 
type (La, Gd, Zr) and dopant concentration (Gd 10%, 
Gd 30%).  Characterization of ceria-based catalysts 
included ionic conductivity, temperature programmed 
reduction profi les, surface areas and catalyst phases.  
Catalytic activity and stability were determined.  Carbon 
formation trends as a function of ionic conductivity 
and O/C ratio were obtained.  Isotopic studies with 18O 
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labeled catalysts were performed to study the reaction 
mechanism of the partial oxidation of methane.  Tests 
by NRA were conducted to investigate the nature of 
the oxygen species participating in the POM reaction.  
Methane was utilized to minimize complexity of 
reforming operations and analysis of results. 

Results

Results for the fi rst two years of this project were 
already included in previous reports.  A brief summary is 
included here.  Catalyst characterization was conducted 
in order to determine the effect of dopant addition to 
a ceria lattice.  Ionic conductivity, catalyst reducibility 
and crystal phases were determined.  Specifi cally, the 
addition of gadolinium to the ceria lattice showed 
a signifi cant ionic conductivity enhancement.  For 
example, at 700°C, pure ceria and gadolinium-doped 
ceria with 10% gadolinium concentration (GDC10) 
showed 2.41E-04 and 5.19E-02 S/cm, respectively.  
Ceria reducibility was also remarkably improved by 
dopant addition.  Particularly, zirconia addition caused 
an increase in the bulk oxygen reducibility.  Relative to 
CeO2, the maximum reduction rate appeared at much 
lower temperature, about 350°C.  X-ray diffraction 
(XRD) characterization showed peaks at 2θ~28° 
and 33° characteristic of cubic ceria for most of the 
cataysts.  In the case of zirconia-doped ceria with 50% 
zirconia concentration (ZDC50), this material showed 
broader peaks at 23° and 33.5°, indicating traces of a 
tetragonal phase.  Catalytic activity as a function of 
temperature from 350 to 850°C illustrated that the light-
off temperature for all catalysts was about 550°C.  Above 
750°C, products showed a H2/CO ratio of about 2, and 
methane conversion was about 90%.  Carbon deposition 
of several catalysts with different ionic conductivities 
was tested as a function of O/C ratio during the partial 
oxidation of methane at 700°C.  Our results indicated 
that at low O/C ratios, the amount of carbon deposited 
on the surface catalyst increased.  For example, at 
O/C=0.6, Pt/CeO2 and Pt/ZDC50 generated 0.5 and 0.3 
mg (carbon)/g catalyst, respectively.  On the other hand, 
Pt/GDC30 and Pt/GDC10 generated about the same 
amount of carbon, 0.1 mg (carbon) /g catalyst.  These 
results led to the conclusion that Pt/GDC10 and Pt/
GDC30 are more resistance to carbon deposition due to 
their high ionic conductivity.  Data regarding the effect 
of O/C feed ratio on the CH4 conversion (%) during the 
POM reaction illustrated that for Pt/ZDC50, decreasing 
O/C ratio from 0.88 to 0.57 caused a decrease in CH4 
conversion of 20%.

This year, isotopic experiments were performed.  
Only the main results are presented here.  For these 
tests, we preferred to use 18O labeled catalysts to follow 
the participation of oxide oxygen in the gaseous products 
rather than using isotopic gaseous reactants.  Briefl y, 
catalyst labeling consisted of exposing a pre-reduced 

catalyst to several doses of 18O2 at 700°C.  Results in 
Figure 1 show the mass spectrometer signal for the three 
oxygen species 16O16O, 18O16O and 18O18O at the gas exit 
of the reactor.  Similar results have been reported in 
the literature for oxygen isotopic exchange experiments 
with ion-conducting materials [3,4,5,6].  Based on the 
proposed reaction mechanisms and our results, it is 
suggested that the formation of 16O18O and 16O16O at the 
catalyst surface occurs as written below:

 [18O2]g  +  [16O]c   ↔    [18O16O] g  +   [18O]c  (1)

 [18O2]g  +  2[16O]c    ↔    [16O16O] g  +  2 [18O]c  (2)

Equation 1 describes the formation of [16O18O]g, 
where c indicates catalyst and g, gas phase.  The 
formation of 16O18O occurs with the participation of 
one 18O from the gas phase and one 16O atom from 
the support through the oxygen exchange reaction 
defi ned as simple heteroexchange.  Regarding 16O16O, 
it is generated through the combination of a dioxygen 
molecule and two oxide oxygen atoms, defi ned as 
multiple heteroexchange (2).  In similar experiments 
performed with Ce0.63Zr0.37O2 as a function of 
temperature, between 30 and 600°C, Madier et al. [7] 
suggested that not only surface oxygen participates 
during the isotopic exchange reaction, but bulk oxygen 
atoms also are exchanged to generate the oxygen 
products.  In a similar publication, Bedrane et al. [8] 
have reported that conversely to ceria, where oxygen 
storage capacity is only due to the surface, for zirconia-
doped ceria oxides, bulk oxygen has an important role. 

Experiments with 18O2 were conducted to study the 
nature of oxygen species participating in the reaction 
of methane with oxygen to produce H2 and CO during 
POM.  This reaction was conducted isothermally at 
700ºC over 18O labeled Pt/ZDC50 with a mixture of 
O2 (2.5 vol%) and methane (5.0 vol%) as a function of 
time.  Figure 2 shows results; it is observed that there are 
two types of carbon monoxide generated, the isotopic 
C18O and the “normal” CO.  Interestingly, the rate of 
C18O formation is higher than that of CO formation 
at the beginning of the reaction.  These results led 

FIGURE 1.  Distribution of Oxygen Species During Catalyst “Labeling” 
with 18O2 Doses
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to the conclusion that CO formation does not occur 
in the gas phase, and there is strong evidence of the 
participation of oxygen originating from the catalyst.  It 
is worth mentioning that the H2/CO product ratio was 2 
during the complete test (the concentration of H2 is not 
included in this graph). 

Spent catalysts from the POM reaction were 
analyzed by nuclear reaction to determine 18O 
oxygen concentration as a function of depth profi le.  
Specifi cally, 18O labeled Pt/ZDC50 samples prior- and 
post-POM reaction were tested by using the 18O(p,α)15N 
nuclear reaction.  In this experiment, the samples were 
bombarded with 0.74 MeV H+ ions.  The energy of α 
particles generated by the nuclear reaction was 3.25 
MeV, and the surface barrier detector at 135° scattering 
angle was used to measure the α particles generated.  
Results are presented in Figure 3 for catalysts prior- and 
post-POM reaction.  It is immediately obvious that the 
concentration of 18O in every channel is signifi cantly 
lower in the post-POM sample than in the fresh (prior-
POM) sample.  This result is strong evidence that the 
oxygen specie from the lattice reacts with methane to 
generate CO18 and is replenished from the molecular 16O 
oxygen initially present with the incoming methane in 
the gas phase. 

Temperature-programmed isotopic exchange 
reactions with 18O labeled Pt/ZDC50 were performed.  
Specifi cally, these reactions were conducted between 
16O in the gas phase and the labeled catalyst.  Results 
showed that below 150°C, the oxygen exchange was 
negligible.  At higher temperatures, the exchange rate 
increased steadily, showing a single maximum peak 
(530°C) for the formation of the main product, 16O18O, 
as illustrated in Figure 4.  The formation of 16O18O is a 
function of the dissociation, incorporation, and diffusion 
steps.  Since the 16O18O molecule occurs only after the 
dissociation of the oxygen molecule, we believe that the 
dissociation step is faster than the incorporation and 
migration of surface oxygen to the catalyst bulk.

Conclusions

Dopant addition signifi cantly enhanced the 
reducibility and ionic conductivity of pure ceria.

Catalysts with higher ionic conductivity mitigate 
carbon deposition.

Catalysts with higher reducibility showed higher 
catalytic activity. 

Isotopic studies and post reaction tests by nuclear 
reaction analysis revealed that CO formation does 
not occur directly with oxygen in the gas phase 
during the partial oxidation of methane and that 
lattice oxygen is the oxygen specie participating in 
this reaction.  Lattice oxygen is replenished from the 
gas phase. 
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Objectives 

The development of a durable, low-cost catalyst to 
reform middle distillate fuels.

Evaluate the activity and selectivity of transition 
metal-doped hexaaluminate-type catalysts.

Evaluate the effect of GDC10 (10 wt% gadolinium-
doped cerium oxide) addition to the surface of 
hexaaluminate-type catalysts as a method of 
controlling carbon deposition.

Further elucidate the effect of space velocity on 
carbon deposition and the presence of olefi ns.

Approach

Synthesize and characterize noble metal-doped 
hexaaluminate-type catalysts.

Evaluate catalyst activity and selectivity with No. 2 
diesel fuel (DF-2).

Synthesize BaNi0.4Al11.6O19-δ catalysts with 1, 2 and 
3 wt% GDC10 supported on the surface.  Test and 
evaluate the effect of O2-ion fi lm addition on carbon 
deposition. 

Accomplishments 

Demonstrated 25 hours of stable operation on DF-2 
at a gas hourly space velocity (GHSV, at 1 atm and 
273.15 K) of 25,000 cm3g-1h-1.

Synthesized 20 different hexaaluminate-type catalyst 
formulations. 

Performed catalyst characterization by x-ray 
diffraction, temperature-programmed reduction and 
temperature-programmed oxidation (TPO).

Evaluated the activity and selectivity of synthesized 
hexaaluminate samples using DF-2.

•

•

•

•

•

•

•

•

•

•

•

Evaluated the effect of adding 1, 2 and 3 wt% 
GDC10 to the surface of BaNi0.4Al11.6O19- δ on the 
formation of carbon.

Evaluated the effect of GHSV on catalyst selectivity 
and the formation of olefi n compounds and carbon 
deposition. 

Future Directions

Improved catalyst activity:

Evaluate activity and selectivity of platinum 
group metal-doped hexaaluminate catalysts.

Improved carbon formation resistance:

Continue to evaluate the effect of O2-ion 
conducting surface treatments and the use of 
O2-ion conducting bed packing materials.

Improved sulfur resistance:

Evaluate the effects of high temperature 
operation on sulfur resistance.

Introduction 

Reforming middle distillate fuels for distributed 
fuel cell power is a very attractive source of H2 and 
CO.  However, these fuels contain heavy hydrocarbons 
that are prone to coking and contain organ-osulfur 
compounds which are not easily removed.  The simplest 
reforming technology employs a catalyst to reform 
the fuel into H2 and CO and to convert the organo-
sulfur compounds into more easily removed H2S.  This 
approach necessitates the development of a catalyst 
which does not deactivate under these conditions.

For this application, the National Energy 
Technology Laboratory (NETL) is developing a new 
class of catalysts based on transition metal-doped 
hexaalumina.  The use of hexaalumina is of growing 
importance in catalysis due to its refractory nature [1,2].  
The thermal stability of hexaalumina is attributed to its 
structure, which has proven useful in retaining the large 
surface area necessary for catalytic reaction [2].  In this 
project, catalytically active metals are doped directly 
into the hexaalumina lattice resulting in an atomically 
dispersed catalyst system that has been shown to possess 
carbon deposition resistance [3,4].

Approach 

At high temperatures, carbon deposition onto the 
surface of a reforming catalyst occurs predominately 
through pyrolytic and dehydrogenation reactions.  The 

•
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•
–

•
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selectivity of hydrocarbons toward dehydrogenation into 
coke occurs when hydrocarbons are adsorbed strongly 
to the surface of the catalyst [5, 6].  It is, therefore, 
desirable to design catalyst systems which limit strong 
hydrocarbon adsorption tendencies and reduce the 
residence time of the hydrocarbon intermediates on the 
surface of the catalyst.

The aim of the present study has been to minimize 
the formation of large ensembles of active sites that are 
responsible for strongly adsorbing hydrocarbons and 
sulfur compounds onto the surface of a catalyst.  The 
approach examined here was to substitute catalytically 
active metals into the framework lattice of a solid oxide.  
For this application hexaalumina was selected due to 
its refractory properties.  A series of catalysts based on 
transition metal-doped hexaalumina were prepared 
by co-precipitation from nitrate salt precursors.  The 
stability of one of the catalysts was assessed over 25 
hours of continuous operation on DF-2.  Catalyst activity 
and selectivity were investigated as a function of GHSV.  
The carbon deposition resistance of BaNi0.4Al11.6O19- δ 
treated with 1, 2 and 3 wt% GDC10 was also evaluated.

Results 

The effect of adding O2-ion conducting fi lms to 
the surface of hexaaluminate catalysts was evaluated 
as a potential method to mitigate carbon deposition.  
GDC10 fi lms of 1, 2 and 3 wt% were applied to the 
surface of a BaNi0.4Al11.6O19- δ reforming catalyst.  The 
effect of carbon deposition was evaluated by reforming 
n-tetradecane for 5 hours over the catalysts at a 
GHSV = 50,000 cm3g-1h-1, an O/C = 1.2, a T = 850°C 
and a P = 2 atm followed by TPO of the carbon deposits.  
The TPO results are given in Figure 1.  From this fi gure, 
a low temperature burn-off peak centered at 350°C was 
observed for all catalysts.  This peak is associated with 
carbon deposited onto the catalytically active metal 

site [7].  Higher temperature carbon burn-off was also 
observed for all four catalysts.  Carbon burn-off at higher 
temperatures is associated with carbon deposited onto 
the catalyst support.  From this fi gure it is observed that 
as the GDC10 concentration is increased, the amount 
of carbon deposited onto the surface of the catalyst 
was reduced.  This indicates that the addition of O2-ion 
conducting materials to hexaaluminate catalysts may be 
an effective approach to reduce carbon deposited onto 
the catalyst surface.

The partial oxidation performance of a noble metal 
doped hexaaluminate-type catalyst (HEXM-1) was 
evaluated by the partial oxidation of DF-2.  The catalytic 
performance of HEXM-1 catalyst is given in Figure 2.  
The composition of the DF-2 fuel tested is given in Table 
1.  The reaction conditions investigated were a GHSV 
= 25,000 cm3g-1h-1, an O/C = 1.2, a total inlet fl ow rate 
of 450 sccm (with 50 sccm N2 diluent) a fuel pre-heat 
temperature of 350°C, T = 900°C and P = 2 atm.  

TABLE 1.  DF-2 Composition

Constituent Concentration (wt%)

Sulfur 9 ppmw

Aromatic 18

Paraffi n 38

Naphthenes 44

The fi rst 5 hours of the run were performed on n-
tetradecane (TD) to condition the catalyst and baseline 
catalytic performance.  During this time period the 
catalyst exhibited some changes in selectivity and CO 
and H2 yields.  The hydrocarbon feed was then switched 
to DF-2 which resulted in an immediate change in 
selectivity as well as H2 and CO yields.  This change in 
catalyst performance is attributed to strongly adsorbing, 
less reactive feed constituents present in the DF-2.  
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CO2 and hydrocarbon slip concentrations increased 
only marginally indicating that catalytic reactions were 
occurring predominately over gas phase reactions.  The 
catalyst was then run for another 25 hours on DF-2 
where it exhibited stable performance.

Also examined was the effect of varying the catalyst 
space velocity on the partial oxidation performance of 
HEXM-1 with DF-2.  In this study, the O/C = 1.2 was 
kept constant with a total inlet fl ow rate of 450 sccm 
(with 50 sccm N2 diluent), a fuel pre-heat temperature of 
350°C was utilized, the temperature was kept isothermal 
at T = 900°C and the pressure was kept constant at 
P = 2 atm.  The space velocity of the reactor was varied 
from 6,250 to 100,000 cm3g-1h-1.  The data points were 
taken after 2 hours into the experimental run.  From 
Figure 3 it is observed that as space velocity is increased, 
the H2 and CO concentrations both decreased.  With the 

steepest decrease in H2 and CO concentration occurring 
as GHSV was increased from 12,500 and 25,000 
cm3g-1h-1.  Correspondingly, CO2 concentration increased 
with GHSV indicating that gas phase chemistry was also 
increasing.

From Figure 4, increasing the space velocity also 
increased the hydrocarbon slip through the catalytic bed.  
Both methane and ethane concentrations were observed 
as sharply increasing from 6,250 to 25,000 cm3g-1h-1.  
Benzene and residual olefi ns became observable at space 
velocities in excess of 12,500 cm3g-1h-1.

Conclusions 

The carbon deposition resistance of a 
BaNi0.4Al11.6O19- δ catalyst treated with 1, 2 and 3 wt% 
GDC10 fi lms was examined.  Carbon deposition 
onto the catalyst surface was shown to decrease with 
increasing concentration of the GDC10 fi lm.  A series of 
catalysts based on noble metal doped onto hexaalumina 
were also synthesized.  One of the catalysts exhibited 
excellent stability over 25 hours of continuous operation 
on DF-2.  The activity and selectivity of this catalyst 
were examined over a range of space velocities.  At 
space velocities exceeding 12,500 cm3g-1h-1 gas phase 
reaction became more pervasive as well as hydrocarbon 
slip.  
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Objectives 

Investigate the effects of sulfur present in diesel fuel 
on reforming properties.

Examine the role of support as well as metal catalyst 
in carbon formation for reforming reactions.

Study the effects of polynuclear aromatics on 
reforming properties.

Accomplishments 

Investigated three different catalysts (Rh/
Ce0.56Zr0.44O2, Pt/Ce0.56Zr0.44O2) to understand the 
role of support as well as metal catalyst in carbon 
formation in the presence of sulfur and aromatics.

Studied the effects of sulfur on catalytic fuel 
reforming by introducing a hydrocarbon feed 
containing 50 ppm or 1,000 ppm sulfur in the form 
of dibenzothiophene.  

Examined the effects of polynuclear aromatics on 
reforming properties by feeding a 5 wt% 
1-methylnaphthalene containing hydrocarbon feed 
to the reactor.

Catalyst recovery after sulfur as well as polynuclear 
aromatics removal was also assessed for three 
catalysts studied.

Introduction 

The U.S. Department of Energy is sponsoring 
development of high-temperature fuel cell power systems 
based on solid oxide technology through its Solid State 
Energy Conversion Alliance program.  The program 
is geared at mass manufacturing of fuel cells for high 
volume markets and multiple applications.  One of 
those markets/applications is a diesel-fueled auxiliary 
power unit for long-haul truck transportation.  The 
fuel processor is a critical component of this system 
and must be able to provide a clean, tailored synthesis 

•

•

•

•

•

•

•

gas to the fuel cell stack for long-term operation.  Key 
characteristics desired for the processor (and the system) 
include low cost, high effi ciency, maximum thermal 
integration, low maintenance intervals, and acceptable 
startup and transient response.  There are also several 
barrier issues that must be overcome to achieve these 
characteristics.  Carbon formation, particularly upon 
startup, must be minimized to avoid coking of the 
catalysts in the reformer and downstream fuel cell.  Fuels 
containing sulfur can poison both the reforming catalysts 
and the fuel cell anode.  This, coupled with the high 
aromatic content present in diesel-like fuels, decreases 
the rate of reforming of other fuel components, such as 
paraffi ns, because the aromatics are strongly adsorbed to 
the active metal active sites.  Therefore, it is particularly 
important to develop a catalyst which is stable and 
active for the reforming of diesel-like fuels into a 
hydrogen-rich gas for transportation as well as military 
applications.

Recently, the use of oxygen-conducting catalyst 
supports have garnered increasing interest due to their 
higher resistance to carbon formation, particularly 
for methane reforming [1-3], and resistance to sulfur 
poisoning as compared to traditional alumina-based 
supports.  A recent review [4] shows that the rate 
of carbon deposition on nominally similar catalysts 
(primarily Ni-based) varies by several orders of 
magnitude, depending on the support.  Ceria and 
zirconia were found to be effective, with a mixed ceria-
zirconia support being superior to either in one case 
[5].  A temperature-dependent mechanism is postulated 
involving dissociative adsorption of oxygen on the metal 
and spillover to the support [6].  However, it is not clear 
if this mechanism would be applicable under conditions 
present in the reforming of liquid fuels [7].

In this study, the relationship between catalyst 
support, metal type, and deactivation was studied for 
three catalysts (Rh/Ce0.56Zr0.44O2, Pt/Ce0.56Zr0.44O2, and 
Pt/Al2O3) in a fi xed bed catalytic reactor using a mixture 
of n-tetradecane (TD) and dibenzothiophene (DBT) or 
1-methylnaphthalene (MN) to simulate diesel-like fuels.  
Reforming tests were conducted with TD to establish a 
baseline performance, while DBT (50 or 1,000 ppmw) or 
MN (5 wt% of feed) was added and removed throughout 
the test to observe their effect on reforming performance.  
A comparison of these three catalyst confi guration is 
presented.

Approach 

TD was used as a model diesel fuel compound to 
screen catalysts for activity and selectivity.  The sulfur 
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tolerance of the catalysts was assessed through partial 
oxidation of TD containing 50 or 1,000 ppmw sulfur 
as DBT.   MN (5 wt% of feed) was used as a model 
compound for polynuclear aromatics present in diesel 
fuel.  These experiments were carried out by fi rst running 
TD for one hour.  Then, TD with 50 or 1,000 ppmw 
sulfur as DBT or 5 wt% MN was introduced as a step 
function and run for two hours.  The samples were 
then switched back to the feed containing only TD to 
examine recovery.  Catalyst tests were carried out in a 
fi xed bed continuous-fl ow reactor.  Nitrogen and air 
feed gases were delivered by mass fl ow controllers and 
the liquid feed was delivered by a high accuracy HPLC 
pump.  Experiments were conducted at an O/C = 1.2, a 
GHSV = 50,000 h-1, and 850°C.  The catalyst was diluted 
with 5/1 quartz sand-to-catalyst ratio (by weight) to 
avoid preferential gas fl ow paths and hot spots.

The gases (N2, O2, CO, CO2, and CH4) were 
analyzed using a Thermo Onix mass spectrometer.  The 
gaseous hydrocarbon products (C1-C6 paraffi ns, C2-C6 
olefi ns, and benzene) were analyzed using a HP5890 
gas chromatograph equipped with a fl ame ionization 
detector.  Yield of product A (H2, CO, and CO2) is 
defi ned as:

reactorthetofednhydrocarboofmolesxN
100 x producedAofMoles(%)AofYield =

Where, N is the number of moles of hydrogen per 
mole of hydrocarbon for H2 yield and is the number of 
carbons in hydrocarbon fuel for yields of other products.  
The conversion of hydrocarbons is defi ned as:

reactor the tofedhydrocarbonofmoles x N

100x)HiCCO(CO
(%)Conv
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i
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Three catalysts used in this study were 1 wt% 
Pt/γ-Al2O3 (SA 198 m2/g), 1 wt% Pt/ Ce0.56Zr0.44O2-x, 
(SA 70 m2/g), and Rh/Ce 0.56Zr0.44O2-x (SA 69 m2/g).  
Zirconia-doped ceria (ZDC), Ce0.56Zr0.44O2-x, for the Pt 
and Rh catalysts were prepared by NexTech Materials 
(Worthington, OH) using a proprietary hydrothermal 
method.  Oxygen-ion conductivity of ZDC material 
at 800°C was 4.3 mS/cm.  Additional catalytic 
characterization such as x-ray diffraction (XRD), ion 
conductivity, and temperature programmed reduction 
can be found in a different publication [8].  Pt/γ-Al2O3 
was used as a baseline catalyst and compared with 
Pt/ Ce0.56Zr0.44O2-x to see the effect of support on the 
reforming properties in the presence of sulfur.  Pt/ZDC 
and Rh/ZDC were used to study the effect of metal 
catalyst on the reforming properties in the presence of 
sulfur.

Temperature programmed oxidation (TPO) of the 
spent catalyst was used to determine the amount of 
carbon formed during reforming reactions.

Results 

Catalytic partial oxidation (CPOX) of n-tetradecane

Yields of H2, CO, CO2, and unsaturates (olefi ns 
+ benzene); TD conversion; and amount of carbon 
formed for three catalysts are given in Table 1.  All three 
catalysts studied showed very stable behavior during 
CPOX of TD for 5 hours.  TD conversion to gaseous 
products was always more than 95%.  Pt-based catalysts 
formed a signifi cant amount of unsaturates and, thus, 
produced a higher amount of carbon compared to 
Rh/ZDC (no olefi ns or benzene formed from Rh/ZDC 
(see Table 1).

TABLE 1.  Yields of H2, CO, CO2, and Unsaturates; TD Conversion; and 
Amount of Carbon Formed from Three Catalysts Studied

Equilibrium Pt/Al2O3 Pt/ZDC Rh/ZDC

H2 yield (%) 87 81 70 81

CO yield (%) 89 81 73 84

CO2 yield (%) 10 17 20 15

Unsaturates 
yield (%)

0 0.8 1.5 0.0

Conversion (%) 100 >99 97 >99

Amount of carbon 
formed 
(g/g of catalyst)

0 0.85 0.69 0.21

A signifi cant difference observed between these 
three catalysts was the formation of unsaturates, which 
are known coke precursors [9].  No unsaturates were 
observed from CPOX of TD only feed over the Rh/
ZDC, whereas a signifi cant amount of unsaturates was 
formed from Pt-based catalysts.  The TPO of carbon 
deposited on the three catalysts studied is shown in 
Figure 1.  It is obvious from Table 1 and Figure 1 that 
the amount of carbon deposited on the catalyst during 
CPOX reforming was directly related to unsaturates 
formation.  The Rh/ZDC catalyst produced the least 
amount of carbon whereas Pt/alumina produced the 
highest amount of carbon, as expected from unsaturates 
formation on these catalysts.  The ZDC-supported 
catalysts yielded a lower amount of carbon compared to 
the alumina-supported catalyst, most likely due to their 
oxygen-ion conductivity properties.  The high oxygen-
ion conductivity of oxygen-ion conducting supports 
such as ZDC may increase the rate of oxidation of 
adsorbed carbon species by reactive oxygen species [3].  
Consequently, lower carbon deposition on the catalyst 
surface is observed from reforming reactions over 
oxygen-ion conducting supported metal catalysts.
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Two peaks were observed in the TPOs of the 
Pt-based catalysts as shown in Figure 1.  The low 
temperature peak can be assigned to carbon deposition 
on metal sites [10] which can be gasifi ed easily at 
low temperatures because metal catalyzes the carbon 
gasifi cation.  The low temperature peak on Pt/ZDC 
appeared at a much lower temperature than Pt/alumina 
– likely due to metal support interactions or different 
kinds of carbon formation on metal supported on 
oxide-ion conducting supports.  The high temperature 
peak comes from the carbon deposited on the support.  
Interestingly, the high temperature peaks of all three 
catalysts appear at about 700°C, suggesting that this 
carbon is qualitatively similar for all these catalysts—and 
is assigned to the carbon deposited on the support.  
Both ZDC-supported catalysts showed almost similar 
peaks.  However, there is undoubtedly more carbon of 
this type on the alumina than on the ZDC, which is 
certainly due to the oxygen-conducting properties of the 
ZDC.  Furthermore, the TPO of used Rh/ZDC catalysts 
showed only a single peak at 700°C, suggesting that no 
carbon is formed on the Rh catalyst at the condition 
studied.

The nature of the metal catalyst also plays an 
important role in partial oxidation reactions of higher 
hydrocarbons.  Rhodium supported on an oxygen-ion 
conductive material showed higher activity and lower 
carbon formation than platinum supported on the same.

CPOX of n-tetradecane in the presence of sulfur

The effects of 50 ppm sulfur as DBT in the feed on 
H2 and CO production are shown in Figures 2 and 3, 
respectively, for all catalysts studied.  The concentrations 
stabilized after 30 minutes online.  H2 and CO 
concentrations dropped upon introducing 50 ppmw 
sulfur in the feed for all three catalysts studied.  However, 
the decline in H2 and CO concentrations was more 
drastic for the Pt-based catalysts compared to 

Rh/ZDC.  For the Rh catalyst, H2 and CO 
concentrations dropped from 20 and 19 vol%, before the 
step DBT input, to 18 and 18 vol% respectively, after the 
introduction of DBT.  Furthermore, H2 concentrations 
continued to decline after introduction of DBT for the 
Pt-based catalysts while H2 concentrations dropped to a 
near-stationary level for the Rh catalysts.  Interestingly, 
CO concentrations dropped to a stationary level after 
introduction of DBT for all three catalysts studied, 
suggesting preferential poisoning of the sites responsible 
for H2 formation.

However, the higher concentrations (1,000 
ppmw) of sulfur signifi cantly affect the performance, 
particularly of Pt-based catalysts (Figures 4 and 5).  By 
introducing 1,000 ppmw sulfur in the feed, the drop in 
H2 concentrations was considerable over time compared 
to CO or CO2 concentrations.  The H2/CO ratio before 
sulfur introduction was >1, while it became <1 (<0.5 
for Pt-based catalysts) after sulfur introduction.  Also, 
selectivity to unsaturates increased as selectivity to 
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syngas decreased.  This was more signifi cant for the 
Pt-based catalysts, suggesting more gas phase chemistry 
occurs when the catalyst is deactivated.  Consequently, 
more carbon formation was observed during the 
reforming of a sulfur-containing feed (Table 2).  TD 
conversion decreased to 70-80% (depending on the 
catalyst) in the presence of sulfur.

TABLE 2.  Amount of Carbon Formed (g/g of catalyst)

TD TD + 50 
ppm S

TD + 1,000 
ppm S

TD + 5% 
MN

Pt/Al2O3 0.85 0.92 2.44 2.88

Pt/ZDC 0.69 - 1.46 1.45

Rh/ZDC 0.21 0.56 0.95 0.89

Catalyst activity was nearly restored for H2 and CO 
after removing the sulfur from the feed for the ZDC-
based catalysts, but not for the Pt/alumina catalyst, 

which only partially recovered.  Catalyst activity 
recovery after sulfur removal from the feed for Rh/ZDC 
and Pt/ZDC suggests that the sulfur is weakly adsorbed 
on the surface of those catalysts so it can be removed 
easily afterwards.  It was not clear whether sulfur causes 
deactivation directly by sulfur poisoning or indirectly 
by excessive carbon formation.  However, this kind of 
catalytic activity drop can be overcome by decreasing 
the space velocity (to balance the less available surface 
caused by occupied sulfur) or increasing the temperature 
to weaken the sulfur-metal interactions.

CPOX of n-tetradecane in the presence of 
5 wt% MN

Effects of 5 wt% MN in the feed on reforming 
activities were similar to 1,000 ppmw sulfur in the feed.  
H2 and CO concentrations dropped upon introducing 
5 wt% MN in the feed, less signifi cantly for Rh/ZDC 
compared to Pt-based catalysts.  For the Rh catalyst, H2 
and CO concentrations dropped from 21 and 20 vol%, 
before the step MN input, to 16 and 17 vol% respectively, 
after the introduction of MN.  Similar to sulfur results, 
H2 concentrations declined continuously over time after 
introduction of MN for the Pt-based catalysts while H2 
concentrations dropped to a stationary level for the Rh 
catalysts.  CO concentrations dropped to a stationary 
level after introduction of MN for all three catalysts 
studied.  Also, by introducing aromatics in the feed, the 
drop in H2 concentrations was considerable over time 
compared to CO or CO2 concentrations.  The H2/CO 
ratio before MN introduction was >1, while it became 
<1 (<0.5 for Pt-based catalysts) after MN introduction.  
However, catalyst activity was almost completely 
restored for H2 and CO after removing the MN from 
the feed for the Rh/ZDC, but not for the Pt-based 
catalysts, which only partially recovered.  More carbon 
formation was observed during the reforming of a MN 
containing feed compared to reforming of TD only feed.  
Also, hydrocarbon conversion decreased to 70-80% 
(depending on the catalyst) in the presence of aromatic 
compound in feed.

Conclusions and Future Directions

The effects of 1,000 ppmw sulfur and 5 wt% 1-MN 
in the CPOX of TD include decreased H2 and CO 
yields, kinetic inhibition, and reversible deactivation.

The activity was partially restored after removing the 
sulfur or aromatics from the feed.

The Rh/ZDC catalyst showed less kinetic inhibition 
than either Pt/ZDC or Pt/Al2O3.

The higher oxygen-ion conductivity of the ZDC 
support appears to improve the resistance to carbon 
formation in the CPOX of TD. 

Sulfur effects are very catalyst sensitive.
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Rate of carbon formation increased with S in the 
feed.

GHSV has to be adjusted to accommodate a 
decrease in kinetics due to the presence of aromatics 
or sulfur in the feed.
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Objectives 

Study the effects of recycle streams on reforming 
properties.

Evaluate anode versus reformer recycle 
confi guration.

Delineate the effects of individual components 
present in recycle streams.

Accomplishments 

Evaluated the effects of anode recycle ratios of 0 
to 0.5 on reforming properties (yields of H2, CO, 
CO2, and unsaturates, hydrocarbon conversion, 
and carbon formation).  A similar study was also 
completed for the reformer recycle stream.

Studied the effects of individual components present 
in the recycle streams (H2, CO, CO2, H2O, and N2) 
on reforming properties.

Introduction 

The U.S. Department of Energy is sponsoring 
development of high-temperature fuel cell power systems 
based on solid oxide technology through its Solid State 
Energy Conversion Alliance (SECA) Program.  The 
program is geared at mass manufacturing of fuel cells for 
high volume markets and multiple applications.  One of 
those markets/applications is a diesel-fueled auxiliary 
power unit (APU) for long-haul truck transportation.  
The fuel processor is a critical component of this system 
and must be able to provide a clean, tailored synthesis 
gas to the fuel cell stack for long-term operation. Key 
characteristics desired for the processor (and the 
system) include low cost, high effi ciency, maximum 
thermal integration, low maintenance intervals, and 
acceptable startup and transient response.  There are 
also several barrier issues that must be overcome to 
achieve these characteristics.  Carbon formation must 
be minimized to avoid coking of the catalysts in the 
reformer and downstream fuel cell.  Water can help 

•

•

•

•

•

suppress carbon formation, allow for better thermal 
integration and system effi ciency, and possibly inhibit 
temperature rise and catalyst sintering.  However, the 
National Energy Technology Laboratory (NETL) is 
promoting “dry” systems to reduce cost and complexity 
of overall fuel cell systems.  On-board water storage is 
not an attractive option for many applications including 
APUs.  Therefore, in this study, we explored two possible 
confi gurations (see Figure 1) to incorporate higher water 
concentrations in a “waterless” system: (1) recycle from 
the reformer exit and (2) recycle from the anode exit 
back to the reformer inlet.  A comparison of these two 
confi gurations in terms of reforming properties (yields of 
H2, CO, CO2, paraffi ns, and unsaturates [C1-C6 olefi ns 
and benzene], hydrocarbon conversion, and carbon 
formation) is presented.  The effects of individual recycle 
components (H2, CO, CO2, N2, and H2O) on reforming 
properties are also reported.

Approach 

NETL’s SECA Fuel Cell Program requires that the 
fuel reformer must operate without any onboard water 
storage to reduce costs as well as overall complexity of 
the fuel cell system.  However, the presence of water in 
the feed to the reformer is critical in reducing carbon 
formation on the catalyst surface.  Steam facilitates 
cleaning of the carbon as it forms (Reaction 1) and thus 
helps in reducing carbon formation on the catalyst.

   C + H2O = CO + H2   (1)

Water is a main product along with CO2 on the 
fuel cell anode.  Therefore, recycling a portion of the 
anode exhaust stream to the reformer can be a potential 
onboard source of water.  Additionally, CO2 present in 
the exhaust stream can be benefi cial too.  The presence 
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of CO2 in the system can help in reducing carbon 
formation by the Boudouard reaction:

   C + CO2 = 2CO   (2)

In addition to coke inhibition, CO2 and H2O 
can serve as oxidants for reforming reactions and, 
thus, increasing hydrocarbon conversion through dry 
and steam reforming, respectively, of unconverted 
hydrocarbons in the reformer.  Consequently, a lower 
O/C ratio can also be used. Overall, water can help 
suppress carbon formation, allow for better thermal 
integration and system effi ciency, and possibly inhibit 
temperature rise and catalyst sintering.

The reformer recycle stream was also studied as a 
potential source of water.  In this confi guration, a part of 
the reformer exhaust – consisting mainly of CO, H2, N2, 
some water, CO2, and unconverted lower hydrocarbons 
– is recycled back to the reformer.  It is speculated 
that H2 in this stream may check the hydrocarbon 
dehydrogenation on the catalyst surface, which is 
believed to be a coke forming reaction.

A mixture of 40 wt% tetradecane, 20 wt% t-
butylbenzene, 18 wt% t-butylcyclohexane, and 22 wt% 
decalin was used as a surrogate diesel fuel for this 
study.  A simulated stream of 24% CO2, 18% H2O, 3% 
H2, 3% CO, and 52% N2 was used as anode recycle 
stream whereas a composition of 24% CO, 22% H2, 
5% H2O, 1% CO2, and 48% N2 was used as a reformer 
recycle stream.  These compositions were estimated 
using equilibrium calculation based on the surrogate 
diesel fuel.  Also, 80% conversion of syngas in the 
fuel cell was assumed for the anode recycle stream.  
However, higher water composition than calculated was 
used for the reformer recycle stream since it was not 
possible to pump the water accurately with lower fl ow 
rates.  Simulated recycle stream and air feed gases were 
delivered by mass fl ow controllers and the liquid feeds 
were delivered by a high accuracy high performance 
liquid chromatograph (HPLC) dual pump.  A recycle 
ratio range of 0-0.5 was studied for both confi gurations.  
These runs were carried out in a fi xed bed continuous-
fl ow reactor.  Experiments were conducted at an O/C 
of 1.0, a gas hourly space velocity (GHSV) of 50,000 
h-1, and 850°C.  γ-Alumina supported rhodium (0.5 
wt%) catalyst (surface area 100 m2/g) was used in this 
study as a base catalyst.  The catalyst was diluted with 
5/1 quartz sand-to-catalyst ratio (by weight) to avoid 
preferential gas fl ow paths and hot spots.  Temperature 
programmed oxidation (TPO) of the spent catalyst was 
used to determine the amount of carbon formed during 
reforming reactions.

The gases (N2, O2, CO, CO2, and CH4) were 
analyzed using a Thermo Onix mass spectrometer.  The 
gaseous hydrocarbon products (C1-C6 paraffi ns, C2-C6 
olefi ns, and benzene) were analyzed using a HP5890 
gas chromatograph equipped with a fl ame ionization 

detector.  Yield of product A (H2, CO, and CO2) is 
defi ned as:

reactorthetofedhydrocarbonofmolesxN
100xproducedAofMoles

(%)AofYield =

Where, N is the number of moles of hydrogen/
mole of hydrocarbon for H2 yields and is the number of 
carbons in hydrocarbon fuel for yields of other products.  
The conversion of hydrocarbons is defi ned as:

reactorthetofedhydrocarbonofmolesxN

100x)HiCCO(CO

(%)Conv

7-1i

i
ri2 ∑

=

++

=

Results 

Effects of Anode Recycle Stream

Yields of H2, CO, CO2, lower paraffi ns and saturates 
for anode recycle ratios 0 to 0.5 are shown in Figure 
2.  H2 and CO yields increased with increasing anode 
recycle ratio.  However, yields of CO2, paraffi ns, and 
unsaturates (C2-C6 olefi ns + benzene) generally 
decreased with increasing anode recycle ratio.  Negative 
CO2 yields (or CO2 conversion) and >100% CO yields 
at an anode recycle ratio of 0.2 and above suggest that 
high concentrations of CO2 present in the system at 
higher recycle ratios facilitate the reverse water gas 
shift reaction (CO2 + H2 = CO + H2O).  However, 
H2 yields increased instead of decreasing as expected 
from the reverse water gas shift reaction because lower 
hydrocarbons which were signifi cantly observed at 
lower recycle ratios were converted in the presence of 
additional oxidants such as water (steam reforming) 
and CO2 (dry reforming) in the feed, thus contributing 
to increasing H2 yields as well as to lowering yields of 
lower hydrocarbons.  Liquid hydrocarbon conversion to 
gaseous products was always close to 100%.

One signifi cant performance difference observed for 
different recycle ratios was the carbon formation on the 
catalyst.  The amount of carbon deposited on the catalyst 
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is given in Figure 3 for different recycle ratios used in 
this study.  Interestingly, the carbon formation can be 
related to unsaturates yield, which generally decreased 
with increasing anode recycle ratio.  The TPOs of carbon 
deposited on the catalyst at different recycle ratios are 
shown in Figure 4.  Mainly, two peaks were observed in 
the TPOs of the catalyst used for different recycle ratios.  
The low temperature peaks (~600°C) can be assigned 
to carbon deposition on rhodium metal sites, which can 
be oxidized easily at low temperatures [1].  The high 
temperature peaks (~800°C) can be attributed to carbon 
deposited on the support.  There was not a certain 
trend observed for the low temperature peaks with 
recycle ratio.  However, the highest area under the low 
temperature peak was observed when no recycle stream 
was used, and the lowest area under the low temperature 
peak was observed when the recycle ratio was 0.5.  On 
the other hand, the size of the high temperature peaks 
signifi cantly decreased with increasing anode recycle 
ratio and only a small hump was observed for anode 
recycle ratios of 0.4 and 0.5.  This suggests that the 
amount of carbon deposited on the support which is 
more refractory in nature can be reduced in the presence 
of a recycle stream.

Effects of Reformer Recycle Stream

Yields of H2, CO, CO2, lower paraffi ns, unsaturates, 
and liquid hydrocarbon conversion for reformer recycle 
ratios 0 to 0.5 are shown in Figure 5.  Effects of reformer 
recycle which was mainly comprised of CO and H2 
were signifi cantly different than the anode recycle.  
Contrary to anode recycle, H2 and CO yields and liquid 
hydrocarbon conversion considerably decreased upon 
introduction of a reformer recycle while the yields of 
lower paraffi ns, unsaturates, and CO2 increased in the 
presence of the reformer recycle.  Carbon formation was 
not affected much by introducing a reformer recycle 
stream (Figure 3).

Effects of Individual Components

Components present in both recycle schemes were 
the same, but with completely different compositions.  
Therefore, some of those components may have 
detrimental effects on the reforming properties while 
others may have positive effects.  To delineate the effects 
of each recycle component, experiments were conducted 
to examine the effect of individual components (N2, H2, 
CO, H2O, CO2) present in the either of recycle streams 
on the performance of fuel reforming catalyst.  These 
runs with individual components were conducted using 
a fl ow rate equivalent to the recycle ratio of 0.4 and 
the composition of the simulated recycle stream was 
21 vol% of individual components balanced by N2.  In 
the case of N2, the whole stream was comprised of 
only N2 and this inert stream was used as a baseline for 
comparison proposes.

The effect of individual components on carbon 
formation is shown in Figure 6.  The presence of CO2 
and H2O in the recycle stream signifi cantly decreases 
carbon formation compared to N2 only in the recycle 
stream.  As mentioned earlier, the presence of CO2 in the 
system helps in reducing the catalyst carbon formation 
by Boudouard reaction (C + CO2 = 2CO), whereas the 
carbon can be steam-cleaned as it forms in the presence 
of water in the system (C + H2O = H2 + CO) and, hence, 
reducing the amount of carbon formed.  The presence 
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of CO only in the recycle stream considerably increased 
the amount of carbon formed compared to N2 only in 
the recycle stream.  Higher CO concentrations facilitate 
the Boudouard carbon formation and, thus, produce 
more carbon.  Also, the presence of CO may poison the 
active metal sites and, hence, produce higher amounts of 
unsaturates due to enhanced gas phase chemistry which 
results in higher amounts of carbon on the catalyst 
surface.  However, H2 in the recycle stream has no 
effects on carbon formation.

Conclusions

This study was conducted to evaluate the effect 
of the addition of a recycle stream (from anode 
and reformer) on the performance (conversion, 
selectivity, deactivation, etc.) of the fuel reforming 
catalyst.

H2 and CO yields increase while carbon formation 
decreases with increasing anode recycle ratio.

H2 and CO yields, as well as hydrocarbon 
conversion, decrease with increasing reformer 
recycle ratio while carbon formation does not 
change signifi cantly.

Effect of individual components (CO, CO2, H2, 
and H2O) present in the recycle stream on the 
reforming properties compared to N2 only in the 
recycle stream: H2 – no effect, CO – negative effect, 
CO2 and water – similar positive effect on carbon 
formation.  CO in the recycle stream enhances 
carbon formation.

•

•

•

•
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Objectives 

Quantify methane steam reforming activity of 
Ni-yttria-stabilized zirconia (YSZ) anode as a 
function of processing and operating conditions and 
pre-treatment.

Develop methods to adjust and control Ni-YSZ 
anode activity to provide good thermal management 
and effi ciency for methane on-anode reforming.

Determine the activity and thermal profi le of Ni-
YSZ anode wafers under steam methane reforming 
and compare results with previous powder test 
results and computational modeling calculations.

Measure effect of anode formulation on 
susceptibility toward carbon formation as a 
function of S/C ratio and concentration of higher 
hydrocarbons in natural gas.

Accomplishments 

Measured kinetic activity of Ni-YSZ anodes. 

Utilized transmission electron microscopy (TEM) 
methods to display the formation and sintering 
of small Ni crystallites present in Ni-YSZ anodes 
following reduction and steam reforming.

Designed and constructed new reactor system for 
anode wafer testing for methane steam reforming. 

Validated thermogravimetric analysis (TGA) method 
as a viable approach for quantifying and comparing 
catalysts for carbon formation as function of catalyst 
composition and reaction conditions. 

•

•

•

•

•
•

•

•

Demonstrated the tolerance to carbon formation 
at low S/C ratios through MgO addition to Ni-YSZ 
anodes.  

Introduction

During FY 2006, the SECA Core Technology 
program in Fuel Reforming at Pacifi c Northwest 
National Laboratory (PNNL) continued its work on 
Ni/YSZ anodes and the topic of on-anode reforming of 
methane and natural gas.  A major focus was to quantify 
anode activity and activity maintenance and to bring this 
in balance with electrochemical (H2 and CO oxidation) 
activity.  A second focus was to quantify the potential 
of MgO addition to Ni-YSZ to reduce the propensity 
of carbon formation, allowing operation at low S/C 
ratios.  Both efforts are aimed at promoting the thermal 
effi ciency of operation of the fuel cell.  

One area of concern is the fact that our Ni-YSZ 
samples showed signifi cant deactivation during methane 
steam reforming powder tests at high space velocities.  
We have substantial evidence that this is a result of 
Ni sintering under reaction conditions.  This sintering 
behavior must be understood and controlled in order 
to establish reproducible anode activity.  With this in 
hand, we can proceed to determine if this activity is too 
high or too low relative to what is required for proper 
thermal management of the anode, and determine 
what steps need to be taken to bring this activity in 
line with requirements.  This activity measurement 
needs to be supplemented with tests of formed anodes, 
in order to include effects of heat and mass transport 
on performance and to measure thermal profi les.  
This work is just initiating, and we describe progress 
in reactor design and construction.  Because of the 
potential confusion between sintering and carbon-
based catalyst deactivation, we have initiated studies 
using thermogravimetric methods to quantify carbon 
deposition as a function of operating parameters.  
Representative results are also reported.  

Approach 

Our approach has been to study the performance 
of anode formulations for methane steam reforming 
in the absence of electrochemical activity, in order to 
determine the “open circuit” contribution to overall 
performance as a result of surface structure and 

•
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composition.  Ni-YSZ formulations have been tested 
as diluted powders in fl ow-through tests at high space 
velocities in order to obtain kinetic information.  
Because of signifi cant activity declines observed with 
the freshly reduced Ni-YSZ anodes, we initiated a series 
of TEM, x-ray diffraction (XRD), and chemisorption 
studies to look for evidence of nickel metal sintering 
and/or carbon formation on a series of Ni-YSZ samples, 
including freshly sintered, following reduction, and 
following reaction.  The next phase, just initiated, will 
look at testing formed pieces under fl ow-by operation 
and much lower space velocities.  In the latter case, we 
will be measuring thermal profi le along the fl ow axis of 
the Ni-YSZ plate.  This will provide critical information 
on what treatments will be necessary to optimize the 
reforming activity to match the electrochemical activity 
and avoid thermal gradients.

To measure resistance to carbon formation, our 
approach has been a combination of TGA studies 
coupled with reactor testing.  TGA analysis carried out 
under reaction conditions allows measurement of weight 
gain, which can be attributed to carbon formation.  
Reactor testing provides additional information on 
longer term performance.  

Results 

Ni-YSZ Activity and TEM Measurements

Our reforming tests with Ni-YSZ as powders have 
shown an initial decline in activity, lining out at some 
fi nal value after several hours on-stream.  Figure 1 
shows a typical activity profi le for a Ni-YSZ sample 
for methane steam reforming.  The material was fi rst 
reduced at 700oC for 1 hour, followed by reaction at 
700oC with a feed comprising H2O/CH4/H2 = 3/1/1.  
A decrease in activity by approximately 80% can be 
observed relative to the fresh catalyst activity.  We 

have consistently seen this type of result over many 
runs.  TEM measurements were carried out on both the 
fresh (following reduction) and spent (after 65 hours 
on-stream) samples obtained from the run displayed in 
Figure 1.  The TEM photos are shown in Figures 2 and 
3.  What we observe with the freshly reduced sample is 
a large quantity of small Ni crystallites on the surface of 
the YSZ.  The size is typically in the range of 5-20 nm.  
Following reaction, some crystallites remain, but they 
have increased in size to typically 20-50 nm.  We do 
not see evidence of carbon on this sample.  The change 

FIGURE 2.  TEM of Ni-YSZ after 1 Hour Reduction at 700°C Showing 
Appearance of Small Ni Crystallites Attached to the Surface of the YSZ 
Particle

FIGURE 3.  TEM of Ni-YSZ after 65 Hours SMR at 700°C, S/C=3, 
Showing Signifi cant Nickel Particle Sintering

FIGURE 1.  Deactivation of Ni-YSZ during Methane Steam Reforming at 
700°C, GHSV = 200K, H2O/CH4/H2 = 3/1/1
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in crystallite size of the Ni particles is due to sintering, 
facilitated by steam in the presence of hydrogen [1].  The 
decrease in reforming activity with time is consistent 
with loss of surface area due to sintering of the Ni 
crystallites.  The lined-out activity refl ects that a steady 
state has been reached, and that further sintering is 
minimal on the time scale of the experiment.  Clearly, 
if there were no small crystallites present, the activity 
could be signifi cantly lower, and we have confi rmed that 
by intentionally sintering the sample to the point where 
no small crystallites are observed.  In that case, activity 
is decreased by at least an additional order of magnitude.  

TGA Analysis and Carbon Deposition

We have found that deposition of carbon on 
Ni-YSZ during steam methane reforming (SMR) is 
not necessarily refl ected in measured catalyst activity 
with time.  Moreover, deactivation due to Ni sintering 
provides an additional complication, in terms of activity 
profi le, that precludes directly correlating carbon 
deposition with a decline in activity.  Although post-
analysis of spent samples by microscopy (TEM) is 
an effective method to qualitatively measure carbon, 
this method is not quantitative and does not provide 
information regarding the rate of carbon formation as 
a function of conditions.  We have implemented TGA 
analysis to provide a better direct measurement of 
carbon deposition as the reaction proceeds.  Table 1 
summarizes the results of TGA measurements of Ni-YSZ 
exposed to methane steam reforming at three different 
S/C ratios: 3/1, 2/1, and 1/1.  The table also includes 
results for a Ni-MgO-YSZ sample at 1/1 S/C ratio.  
MgO- modifi ed Ni-YSZ anode material was synthesized 
by the glycine nitrate process.  In this case, diluted feeds 
were utilized because of specifi c laboratory safety 

TABLE 1.  Effect of S/C Ratio on Carbon Deposition with Ni-YSZ and 
Ni-MgO-YSZ at 700°C

Catalyst S/C ratio Weight gain after 20 
hours in SR conditions

Ni-YSZ (40% Ni), calcined at 
1,375°C

1 ~10.6%

Ni-YSZ (40% Ni), calcined at 
1,375°C

2 ~3.0

Ni-YSZ (40% Ni), calcined at 
1,375°C

3 0.2-0.3%

Ni-MgO-YSZ prepared by 
glycine nitrate, calcined at 
800°C

1 0.9

Ni-MgO-YSZ prepared by 
glycine nitrate, calcined at 
1,400°C

1 1.0

precautions and regulations.  The results demonstrate 
a clear effect of S/C ratio on carbon deposition, and it 
appears that a value of 3 is necessary to maintain carbon 
to very low levels.   On the other hand, very low carbon 
is deposited with the Ni-MgO-YSZ anode material 
even at S/C = 1, demonstrating the increased tolerance 
generated by addition of the MgO.  This is consistent 
with previously reported results by Singh et. al. [2].

Testing of Ni-YSZ Anode Plates

The actual operation of the fuel cell under on-anode 
reforming conditions will be substantially different from 
conditions of our Ni-YSZ powder tests.  In addition 
to fl ow-by rather than fl ow-through conditions, the 
porosity of the formed anode will generate diffusion 
resistances so that the full thickness of the anode might 
not be utilized.  In addition, it is known that the rate of 
electrochemical oxidation of H2 and CO is signifi cantly 
lower than the rate of methane steam reforming with 
nickel, hence the concern regarding the possibility of 
generating large endotherms at the front edge of the cell.  
To move toward more practical operation of the Ni-YSZ 
anodes for on-cell reforming, we have constructed a 
reactor that allows testing of the bulk anode for methane 
steam reforming and allows obtaining thermal profi les 
both along the fl ow path and across the anode.  The 
reactor will allow accommodation of different plate 
thicknesses and lengths in order to determine the depth 
of penetration of the reacting gases and to determine the 
extent of reaction along the length of the anode plate.  A 
photograph of the reactor is provided in Figure 4.  

FIGURE 4.  Ni anode plate reactor designed to operate under realistic 
fl ow conditions and to monitor temperatures at several points on the 
Ni-YSZ plate during reaction.  Holes on sides are for cartridge heaters.  
Tubing extending from the reactor provides access of thermocouples to 
surface of plate at various locations.
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Conclusions and Future Directions 

Ni-YSZ under powder testing with fl ow-through 
operation shows initial activity decline followed by 
leveling of activity after tens of hours of operation.  As 
confi rmed by TEM results, deactivation is caused by 
the sintering during reaction of small nickel particles 
that are sitting on the surface of YSZ particles.  These 
particles likely initially form as nickel evolves from 
the YSZ matrix (present as NiO) during reduction 
pretreatment.  By controlling this sintering behavior, it 
appears possible to control the anode activity toward 
methane steam reforming.  

TGA analysis has shown to be effective in measuring 
the extent of carbon formation during steam reforming 
reactions over Ni-YSZ.  Preliminary results indicate 
that S/C ratios of 3 may be required to maintain carbon 
deposition at a low level. 

Future directions include:

Quantify effect of time/temperature/steam 
concentration on sintering of Ni particles present in 
reduced Ni-YSZ samples.

Determine if intentional sintering of Ni-YSZ under 
controlled conditions provides a viable approach 
to adjusting catalytic activity for proper thermal 
management of the cell.

•

•

Obtain activity data, thermal profi les, and activity 
maintenance data with anode plates in new reactor 
and quantify amount of thermal gradients formed.

Evaluate various methods to add Cu to Ni-YSZ to 
control catalyst activity, and demonstrate the best 
method using a formed anode in the thermal profi le 
reactor test.

Compare addition of MgO and CeO2 to Ni-YSZ for 
resistance to carbon formation at low S/C ratios, 
and develop the best synthetic method to implement 
this material modifi cation.
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Objectives 

Develop easily regenerated, stable and high sulfur 
capacity sorbent for desulfurization of jet fuels 
containing high sulfur concentrations.

Develop a solvent regeneration technique assisted 
by ultrasound in addition to thermal regeneration.

Accomplishments

Developed a stable and high sulfur capacity sorbent 
of PdCl2/AC (palladium chloride/activated carbon) 
that exhibits excellent selective adsorption capability 
for sulfur-containing compounds from a model jet 
fuel (400 ppmw-S).  More than 20 ml of the model 
jet fuel was desulfurized to below 1.0 ppmw-S per 
gram sorbent.

For the spent PdCl2/AC sorbent, about 65 wt% 
sulfur can be desorbed in 30 minutes using 
ultrasound at 50°C.  This result indicates that 
the spent PdCl2/AC sorbent could be effectively 
regenerated by ultrasound.

Introduction 

Liquid-phase sulfur removal from jet fuels is a key 
area which will help enable the fuel cell program.  A 
new, novel technology of adsorptive desulfurization is 
explored in this project.  In the refi neries, desulfurization 
is accomplished by hydrodesulfurization (HDS), which 
is a catalytic process using high-pressure hydrogen 
(40-100 atm) and high temperatures (300-340°C) over a 
NiMo/alumina catalyst.  The adsorptive desulfurization 
technology being explored involves a simple one-step 
process under ambient temperature and pressure.  If 
successful, the new technology would replace the 

•

•

•

•

conventional technology for desulfurization of petroleum 
products, and it could also be used for desulfurization 
as a polishing step for fuel cell applications.  At a 
minimum, new results will be generated from this project 
that will advance the fi eld of sorbent development for 
environmental applications.

Approach 

As described below, a number of sorbents were 
prepared for this work.  The sorbents were prepared 
by standard incipient wetness impregnation and 
thermal dispersion methods.  The selective adsorption 
experiments using different sorbents were performed 
in vertical custom-made quartz adsorbers as described 
elsewhere [1-3].  The fuels collected during the 
experiments were analyzed using a gas chromatograph 
equipped with a fl ame photometric detector.  The 
spent PdCl2/AC sorbent was regenerated by desorption 
of sulfur compounds in a solvent with heating and 
ultrasound technique.

Results

After in situ activation of the adsorbent, the fuel 
was allowed to contact the bed, and the sulfur contents 
in the effl uent samples were monitored periodically.  
Breakthrough adsorption curves were generated by 
plotting the transient sulfur concentration normalized 
by the feed versus cumulative fuel volume normalized 
by total bed weight.  The sulfur adsorption amounts 
(normalized by adsorbent weight) were obtained after 
integration of the area above the breakthrough curves.

Figure 1 shows the breakthrough adsorption of total 
sulfur during desulfurization of a model jet fuel with the 
PdCl2/Al2O3, CuCl/AC and PdCl2/AC adsorbents.  The 
model jet fuel was prepared to simulate the commercial 
jet fuels, and it contained 150 ppmw-S benzothiophene 
(BT), 250 ppmw-S methyl benzothiophene (MBT) and 
700 ppmw naphthalene, in 19.75 wt% benzene + 80 
wt% n-octane.  It is clear that all of the sorbents are 
capable of removing benzothiophene and 
2-methylbenzothiophene.  For the same feed, PdCl2/AC 
showed the highest capacities among the adsorbents 
studied.  The breakthrough and saturation capacities for 
total sulfur were 0.126 and 0.187 mmol/g respectively, 
indicating strong interactions with benzothiophene 
and 2-methylbenzothiophene molecules.  It was 
found that more than 20 ml of the model jet fuel was 
desulfurized to below 1.0 ppmw-S per gram sorbent on 
the fresh PdCl2/AC.  From the breakthrough curves, it 
was also found that the PdCl2/AC sorbent has higher 

III.B.11  Desulfurization of High-Sulfur Jet Fuels by Adsorption and 
Ultrasound-Assisted Sorbent Regeneration

Ralph T. Yang (Primary Contact), Yuhe Wang
Department of Chemical Engineering 
University of Michigan
3074 H.H. Dow, 2300 Hayward Street
Ann Arbor, MI  48109
Phone: (734) 936-0771; Fax: (734) 764-7453
E-mail: yang@umich.edu

DOE Project Manager: 
Ayyakkannu Manivannan
Phone: (304) 285-2078 
E-mail: Ayyakkannu.Manivannan@netl.doe.gov



Ralph T. YangIII.B  SECA Research & Development / Fuel Processing

194FY 2006 Annual Report Offi ce of Fossil Energy Fuel Cell Program 

sulfur capacity than CuCl/AC sorbent has.  Since the 
amount of PdCl2 salt (1.31 mmol·g-1) on activated 
carbon is similar to the amount of CuCl (1.11 mmol·g-1) 
on activated carbon, it is reasonable to conclude that 
the metal salt PdCl2 contributed signifi cantly toward 
adsorption of the sulfur-containing compounds.

To compare the sulfur capacity of PdCl2 on different 
supports, desulfurization by PdCl2/Al2O3 was tested 
under the same feed conditions.  From the breakthrough 
curves, the PdCl2/AC sorbent adsorbed almost twice 
as much sulfur compared with PdCl2/Al2O3.  This 
showed that the activated carbon is a more effective 
support than Al2O3 for the PdCl2 supported sorbents for 
desulfurization of fuel containing benzothiophene and 
substituted compounds.

From the above results, it is concluded that the 
metal ion Pd2+ is stronger for π-complexation than Cu+, 
and the activated carbon is a more effective support than 
Al2O3.

Figure 2 shows the results of desulfurization 
of model jet fuel over the PdCl2/AC sorbent.  The 
results show that the sorbent can remove 0.069 and 
0.091 mmol of benzothiophene sulfur per gram at 
breakthrough and saturation, respectively, while the 
sorbent was capable of removing 0.126 and 0.187 
mmol of methylbenzothiophene sulfur per gram at 
breakthrough and saturation for the same model jet fuel, 
respectively.  Figure 2 shows that the PdCl2/AC had a 

selectivity towards heavier, substituted benzothiophene 
over the nonsubstituted one.

After saturation by the model jet fuel, the spent 
sorbent was regenerated at 20°C and 50°C in a static 
bath of solvent.  Figure 3 shows the results of desorption 
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FIGURE 1. Breakthrough of total sulfur in a fi xed-bed adsorber with fresh 
PdCl2/Al2O3 ( ), CuCl/AC ( ) and PdCl2/AC ( ), for model jet fuel 
(150 ppmw-S BT and 250 ppmw-S MBT in 19.75 wt% benzene + 
80 wt% octane containing 700 ppmw naphthalene) at room temperature.  
Ci is the total sulfur concentration of the feed at fl ow rate 1 cm3/10 min 
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FIGURE 2. Breakthrough of BT and MBT sulfur in a fi xed-bed adsorber 
with fresh PdCl2/AC, for model jet fuel (150 ppmw-S BT and 250 ppmw-
S MBT in 19.75 wt% benzene + 80 wt% octane containing 700 ppmw 
naphthalene) at room temperature.  Ci is the total sulfur concentration of 
the feed at fl ow rate 1 cm3/10 min (S.V. = 4.6 h-1).
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in the mixture of 30 wt% benzene and 70 wt% n-octane.  
The amount of sulfur desorbed depends on the time 
and temperature.  Figure 3 shows that approximately 
35 wt% of the total sulfur in the sorbent was desorbed 
at 20°C and approximately 45 wt% of the total sulfur in 
the sorbent was desorbed at 50°C after 30 minutes in the 
solvent.

In our previous study [3], it was found that 
ultrasound is an effective technique for regenerating 
spent CuCl/Al2O3 sorbent.  In this work, the ultrasound 
technique was also applied to regenerate the spent 
PdCl2/AC sorbent at 50°C.  Figure 4 shows the results 

of desorption with ultrasound and without ultrasound 
at 50°C.  The amount of sulfur desorbed was higher 
with ultrasound, 65 wt% desorption vs. 45 wt% without 
ultrasound.  This result indicates that the spent 
PdCl2/AC sorbent could be effectively regenerated by the 
ultrasound technique.

Conclusions and Future Directions

PdCl2/AC sorbent showed a high desulfurization 
capacity for removing sulfur-containing compounds 
from a model jet fuel.  More than 20 ml of the 
model jet fuel can be desulfurized to below 1.0 
ppmw S per gram of sorbent on the fresh PdCl2/AC.

It was found that the spent PdCl2/AC sorbent could 
be effectively regenerated by ultrasound.  For the 
spent PdCl2/AC, about 65 wt% of adsorbed sulfur 
can be desorbed in 30 min using ultrasound at 50°C.

Special Recognitions & Awards/Patents 
Issued 

Two US Patents were issued as a result of previous work 
that led to this work:

1.  U.S. Patent 7,029,574, “Selective adsorbents for 
purifi cation of hydrocarbons.” (April, 2006).

2.  U.S. Patent 7,053,256, “Selective adsorbents for 
purifi cation of hydrocarbons.” (May, 2006).
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Objectives 

Utilize hybrid experimental/theoretical framework, 
combining quantum Density Functional Theory 
(DFT) calculations and various state-of-the-art 
experimental tools, to formulate carbon-tolerant 
hydrocarbon reforming catalysts.

Employ DFT calculations to develop molecular 
insights into the elementary chemical 
transformations that lead to carbon poisoning 
of Ni catalysts.

Utilize DFT calculations to identify potential 
carbon-tolerant alloy catalysts.

Test the alloy catalysts in steam reforming of 
methane, propane and isooctane.

Characterize the tested catalysts.

Accomplishments 

We deduced molecular mechanisms that govern 
carbon poisoning of Ni catalysts during steam 
reforming of hydrocarbons.

We identifi ed, using DFT quantum calculation, a 
Sn/Ni alloy as a potential carbon-tolerant reforming 
catalyst.

We tested a Sn/Ni alloy in steam reforming of 
methane, propane, and isooctane.  We demonstrated 
that the alloy catalyst is carbon-tolerant under 
nearly stoichiometric steam-to-carbon ratios.  Under 
these conditions, monometallic Ni catalysts are 
rapidly poisoned by sp2 carbon deposits.

We utilized various characterization techniques to 
characterize the tested catalysts.

•

•

•

•

•

•

•

•

•

Introduction 

The envisioned shift to a hydrogen economy driven 
by rapidly evolving fuel cell technology will require 
an energetically feasible and environmentally friendly 
conversion of fossil, synthetic, and bio-renewable fuels 
into hydrogen.  To realize this vision, major advances 
in catalysis are required.  Improved hydrocarbon 
reforming, water gas shift, and preferential CO oxidation 
catalysts need to be formulated and synthesized.  These 
catalysts need to perform the desired reactions with 
utmost effi ciencies, at reduced costs, and with improved 
durability.  Even though there is a tremendous incentive 
to develop more effi cient catalysts, these materials are 
currently formulated using ineffi cient trial-and-error 
experimental approaches.  In this document, we describe 
a novel hybrid experimental/theoretical effort aimed 
towards a bottom-up, knowledge-based formulation of 
carbon-tolerant reforming alloy catalysts. 

Our objective is to utilize the hybrid experimental/
theoretical framework, combining quantum DFT 
calculations and various state-of-the-art experimental 
tools, to formulate and develop carbon-tolerant 
hydrocarbon reforming catalysts.  Unlike current state-
of-the-art catalysts, which are often monometallic Ni 
particles adsorbed on oxide supports, oxide-supported 
metallic alloy catalysts are the focus of this work.  These 
catalysts could be utilized for hydrogen production from 
hydrocarbons and as robust solid oxide fuel cell (SOFC) 
anodes for direct internal reforming. 

Approach 

We have employed quantum DFT calculations, 
catalyst synthesis, catalyst testing, and catalyst 
characterization to identify potential carbon-tolerant 
reforming alloy catalysts. 

DFT calculations allow us to obtain, from fi rst 
principle and with high accuracy, the ground state 
geometries and energies of relevant reactants, products, 
and transition states involved in elementary chemical 
reactions on catalyst surfaces. [1] 

Reactor testing and various characterization 
techniques are applied to test the predictions of DFT 
calculations.
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Results 

One critical issue in hydrocarbon reforming is that 
current reforming catalysts, such as Ni, facilitate the 
formation of carbon structures which deactivate the 
catalyst. [2]  The formation of carbon deposits can be 
partially suppressed by an introduction of steam (steam 
reforming).  Metallic Ni is often used as a catalyst for 
steam reforming, and generally very high concentrations 
of steam are required to prevent carbon poisoning of 
the catalyst. [3]  However, a high steam concentration 
is not desirable because it lowers the energy density of 
the products.  It is imperative to design carbon-tolerant 
reforming catalysts that can operate with low steam 
concentrations. 

To illustrate the problem of carbon poisoning, Figure 
1a shows the results of experimental studies where the 
deactivation of Ni catalyst supported on YSZ during 
CH4 steam reforming was investigated.  It is observed 
that the catalyst activity decreases as a function of the 
time on stream.  The deactivation was a consequence 
of the formation of large deposits of sp2 carbon 
networks.  Transmission electron microscopy (TEM), 
energy dispersive x-ray spectroscopy (EDS), and x-ray 
diffraction (XRD) experiments were utilized to identify 
the sp2 carbon deposits on the Ni catalyst (Figure 1b 
shows TEM results).  Even more dramatic poisoning of 
Ni catalysts is observed for other hydrocarbon fuels. 

We have utilized DFT calculations to calculate, from 
fi rst principles, the elementary step reaction energies for 
methane steam reforming on Ni(111).  The DFT results 
demonstrate that thermodynamically, the most stable 
state of carbon on Ni(111) is a graphene sheet adsorbed 
on the surface.  DFT calculations also showed that 
carbon atoms, created in the process of hydrocarbon 
decomposition on Ni, can be removed from the surface 
by oxidation, which is accompanied by the formation of 
CO.  The DFT studies suggest that the long-term stability 
of reforming catalysts is governed by their ability to 
selectively oxidize carbon (form C-O bonds) and remove 
it from the surface, while preventing the formation of 
C-C bonds (see Figure 2).

Motivated by these insights, we have utilized DFT 
to investigate the elementary steps associated with C-C 
and C-O bond formation on Ni.  In order for C-C bonds 
to form on a catalyst surface, C atoms need to diffuse 
on the surface and collide with each other.  Similarly, 
oxidation of carbon atoms requires collisions between C 
and O atoms on the surface.  We have employed DFT to 
calculate activation barriers for C and O atom diffusion 
and the activation barriers for C-O and C-C bond 
formation.  Figure 3a depicts the potential energy surface 
for C-O and C-C bond formation on Ni(111).  We fi nd 
that on Ni(111), the chemical pathways leading to C 
atom oxidation (C-O bond formation) have comparable 
overall activation barriers as those for C-C bond 
formation.  Similar activation barriers associated with 

C-O and C-C bond formation on Ni suggest that this is 
not an ideal reforming catalyst.  Simply stated, the rate 
of C-C bond formation is too high to ensure the long 
lifetime of Ni catalysts. 

The DFT calculations presented in Figure 3b show 
that on a Sn/Ni surface alloy, the relative kinetics of 
C-O and C-C bond formation is signifi cantly different 
than on Ni.  The dramatic Sn-induced increase in the 
diffusion barriers suggests that over Sn/Ni, C and O 
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atom diffusion becomes kinetically limiting for the 
respective C-C and C-O bond formation.  The DFT 
calculations suggest that on the alloy surface, the rate 
of C oxidation is much greater than the rate of C-C 
bond formation.  Furthermore, DFT calculations show 
that a Sn/Ni surface alloy is the most stable phase 
thermodynamically, with lower formation energy than 
Sn bulk alloys or pure Sn and Ni phases. 

The predictions of these calculations were examined 
in experimental studies.  Pure Ni and Sn/Ni alloy 
catalysts were synthesized and tested in steam reforming 
of methane, propane, and isooctane.  The results of 
steam reforming of methane and isooctane over Ni 
and Sn/Ni catalysts, obtained in our fl ow reactor, are 
shown in Figure 4a.  The Sn/Ni alloy catalyst contained 
1% Sn by weight with respect to Ni.  Methane steam 
reforming was performed with a steam-to-carbon ratio 
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of 0.5, while isooctane reforming was performed at a 
steam-to-carbon ratio of 1.5.  Figure 4a illustrates that 
Sn/Ni is much more stable than monometallic Ni.  For 
example, we observed that in isooctane steam reforming, 
a monometallic Ni catalyst deactivates within a few 
minutes.  The deactivation is accompanied by a large 
pressure drop across the reactor, which is a consequence 
of a rapid buildup of carbon deposits.  X-ray 
photoelectron spectroscopy (XPS), shown in Figure 4b, 
demonstrates that the Ni catalyst is completely covered 
by carbon deposits.  In post-reaction XPS analysis of 
Sn/Ni, no carbon electronic fi ngerprint was measured, 
indicating that the catalyst is carbon-tolerant.  Post 
SEM, TEM and XRD experiments also showed no signs 
of carbon formation on Sn/Ni, unlike the Ni catalyst 
which was completely poisoned by carbon deposits.

Conclusions and Future Directions

We have utilized DFT quantum calculations to 
develop molecular insights into the mechanism of 
carbon poisoning. 

We have identifi ed C-atom diffusion and C-C bond 
formation as two critical elementary processes that 
lead to the formation of extended sp2 carbon networks, 
which deactivate Ni catalysts.  We have also determined 
that the long-term stability of steam reforming catalysts 
is governed by their capacity to selectively oxidize 
carbon atoms while suppressing C-C bond formation. 

DFT studies demonstrated that Sn/Ni is more 
effi cient in oxidizing and removing carbon atoms than 
Ni. 

The reactor studies conclusively demonstrated that 
a Sn/Ni catalyst is much more robust than monometallic 
Ni for various hydrocarbons.  

Post reaction SEM, TEM, EDS, XPS, and XRD 
characterization studies showed that the main reason for 
the stability of the alloy catalyst is that small amounts of 
Sn atomically dispersed in the Ni surface layer prevent 
the formation of extended sp-2 carbon networks.  

Future work will involve exploring alloy catalysts as 
potential internal reforming anodes for SOFCs.  

We also plan to explore the reforming activity of the 
alloys in the limit of lower loading and smaller particle 
size.  Preliminary DFT studies indicate that the step and 
edge sites on our alloy catalyst should be more active for 
C-H bond activation. 
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2.  Best Paper Competition, “Controlling Carbon Chemistry 
via Alloying: Hybrid Experimental/Theoretical Approach”, 
University of Michigan Engineering Competition 2006, Ann 
Arbor, MI, March 2006.
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Objectives

Determine the operating specifi cations for the 
energy converter.

Determine optimum power designs to meet the 
system specifi cations derived during the fi rst task.

The third objective will be to determine the control 
components and algorithms needed to optimize the 
performance of the power hardware, maximizing 
performance and minimizing power losses and other 
undesirable byproducts.

Introduction

Presently, many electrical power distribution circuits 
have areas that are supplied with substandard power.  
This may take the form of voltages being out of tolerance 
and/or circuits being overloaded.  These problems result 
from the impedance (real or reactive) between the 
generating plant and the load being higher than what 
is desired.  If the problem is severe enough, failures 
in the distribution circuit will occur.  These problems 
can be reduced, but not substantially eliminated, by 
increasing the size of components in the distribution 
circuit.  An alternative to increasing the size of the 
distribution circuits is to add distributed generation 
throughout the system.  Relatively small generating 
sources can be located close to signifi cant loads.  These 
generating sources will need to provide reactive power 
compensation (60 Hz reactive current and harmonic 
current cancellation) as well as real power injection into 
the distribution circuit.

A distributed generation unit consists of three major 
components as shown in the one line diagram of Figure 
1.  The fuel cell converts fuel to DC power.  An energy 
converter converts the DC power from the fuel cell to 
3-phase AC power that is synchronous with the power 
in the distribution circuit.  Besides being able to inject 

•

•

•

real power generated by the fuel cell into the distribution 
circuit, the energy converter must also be capable of 
generating a substantial reactive power component.  
Finally, the output of the inverter is physically connected 
to the distribution circuit via a transformer.  A single 
energy converter that is capable of providing real power, 
60 Hz reactive power, and harmonic reactive power 
is less costly and considerably more effi cient than 
providing separate units for these functions.

Approach

Working with a utility consultant, Mesta will 
develop an accurate set of specifi cations for the 
energy converter.  From this information, the 
following items will be defi ned:

Range of real power (MW) and reactive power 
(MVA) that energy converters should cover to 
correct existing and potential future problems in 
distribution circuits.  Regarding reactive power, 
a breakdown of 60 Hz and harmonic current 
correction needed will be derived.

Range of distribution circuit voltages that the 
energy converter may need to interface with.  It 
is assumed that 12.7 kV will predominate, but 
planning for other voltages at this early stage 
may widen the demand for such systems.

Range of fuel cell voltage and power capabilities 
needed.  This will defi ne the interface or range 
of interfaces needed between the fuel cell and 
the energy converter.

Physical size and weight restraints that might 
enable easier movement and/or installation of 
equipment.

Operating conditions such as temperature, 
humidity, elevation, etc. that will affect 
packaging and cooling methods.

Environmental concerns that could put 
limitations on audible noise, electrical noise 
(RF), etc.

•

–

–

–

–

–

–
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Safety concerns that will affect construction 
(such as preventing accidental exposure of 
dangerous voltage, etc. to personnel) or control 
safeguards (such as preventing “islanding” from 
occurring should there be a loss of power in the 
distribution circuit).

A communications interface and protocol to 
enable energy converters to be networked to a 
central control site where their status may be 
monitored and their control parameters may be 
altered. 

This set of specifi cations will be used to guide the 
design process.  The fi rst part of the design will 
be to identify major components that will make 
up the energy converter.  A block diagram of the 
energy converter is shown in Figure 2.  At the heart 
of the energy converter is a DC-to-AC converter, 
commonly referred to as an inverter.  The inverter 
converts DC power originally generated by the fuel 
cell into 3-phase AC power that is synchronous with 
the voltage on the electrical distribution circuit.  
The inverter can pull power from the distribution 

–

–

•

circuit by producing a voltage slightly lower than the 
distribution circuit voltage.  This power is stored in 
the capacitance across the DC side of the inverter.  
If the voltage produced by the inverter is slightly 
out of phase with the distribution circuit voltage, 
reactive power is transferred between the energy 
converter and distribution circuit.  The converter 
can generate either a leading or lagging reactive 
power, as needed by the system.  In a similar 
manner, the converter can also produce harmonic 
currents that “cancel” harmonic currents fl owing in 
the distribution circuit.  

During Phase I, Mesta will use portions of several 
Mesta existing product designs to produce a 
conceptual design for an energy converter.

The transformer that interfaces the energy converter 
with the distribution circuit will need to be 
characterized.

The control components and algorithms needed to 
optimize the performance of the power hardware 
will be studied.

Mesta will be able to test portions of the new 
conceptual design in a lab environment using actual 
hardware during Phase I.

A fi nal report will then be written summarizing 
fi ndings during this phase, including system 
specifi cations, conceptual designs of the energy 
converter, budgetary cost estimates to produce the 
conceptually designed equipment, and test results 
performed to date.

Results

This is a newly initiated project (awarded 6/28/06).  
It will proceed for the remainder of the calendar year 
2006 and the fi rst quarter of 2007.

•

•

•

•

•

FIGURE 2.  Energy Converter
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Objectives 

Simulate an existing AC distribution system.

Convert the existing AC distribution system to a DC 
distribution system.

Investigate the merits of using fuel cell direct current 
as a power source for a DC distribution circuit 
replacing an already existing AC distribution circuit.

Accomplishments 

Had a kick-off meeting for the DC distribution 
study.

Decided on an actual AC distribution system to be 
modeled.

Initiated the modeling of the AC distribution system 
to be used in the study.

Introduction 

Deployment of DC fuel cell power assets creates 
a DC distribution circuit with highly effi cient DC-AC 
inverters installed to provide AC power.  The fuel cell 
power plants may be deployed in a central and/or 
distributed scheme.  The DC-AC inverters can be 
deployed at each facility, inside the meter, and/or at a 
regional level such as a neighborhood.  Use of inverter 
technology will enable integration of numerous functions 
in addition to power management.  

Approach 

DC distribution concepts devised and studied in 
this project shall consider the merit of including the 
following functions and capabilities into the inverter:

•
•

•

•

•

•

Remote digital meter reading

Smart energy management and control

Demand-side management and load-shedding 
strategies

Real-time price signal decision analysis and load 
control

Emergency and casualty power management and 
control

Dual power (AC and DC) facility circuits

Reactive power management

Energy storage power management

Integration of local/site power generation 
management

Other capabilities

Results 

Presently, the project is in the modeling and 
simulation stage.  Results will be obtained after the 
models are complete and the distribution systems have 
been simulated.

Conclusions and Future Directions

1. Build system simulation models (October 2006) of 

— An AC distribution system (possibly obtained 
from a utility)

— A DC distribution system similar to the AC 
distribution system above

— A DC distribution system with distributed 
generation

2. Compare the DC and AC distribution systems using 
the models (September 2007) with respect to 

— Cost

— Energy effi ciency

— Reliability

— Power quality

— Pollution emissions

— Losses

— Net energy consumption

— Fuel savings

3. Consider the impact of daily, seasonal, weekend, 
and holiday/special event load variations 
(September 2007). 

4. Consider the availability to maintain the various 
fuel cell power modules during light load periods as 
a means to improve availability performance (June 
2007). 

•
•
•

•

•

•
•
•
•

•
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5. Assess operational and control changes needed to 
implement a DC distribution system (March 2007). 

6. Answer the following questions (January 2007):

— What value can be derived by using the third 
phase wire of a legacy AC circuit for high 
bandwidth data and communication services?  

— Does having this wire available expand the 
variety and number viable concepts for circuit 
status/health monitoring and control? 
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Objectives 

Develop a low-cost DC-DC converter for low- to 
high-voltage power conversion as the standard 
interface between the SOFC source and the load-
side DC-AC inverter.   

Develop a low-cost 5 kW DC-AC inverter with a 
minimum energy effi ciency of 99% operating with 
>400 VDC input.

Develop power management control strategies and 
demonstrate the ability to supply and consume 
reactive power while simultaneously supplying 
active power to the utility grid.

Develop sensory and control logic to enable 
autonomous/semi-autonomous response to aid 
supporting grid voltage and frequency needs without 
nuisance tripping or disconnection of the fuel cell 
system.

Accomplishments 

Demonstrated a new soft-switching DC-AC inverter 
with effi ciency of 99% at 425 V input voltage and 5 
kW output power condition.  With inclusion of fi lter 
components, the overall effi ciency achieves 98% at 
full load.  

Demonstrated the low input voltage SOFC power 
conditioning system with a system-level effi ciency of 
94% at full-load.  

Developed a universal power conditioning system 
that allows standalone load and grid-tie using digital 
phase-lock loop technique.

•

•

•

•

•

•

•

Introduction 

The Virginia Tech SECA project has been focusing 
on high-effi ciency low-cost power conversion for 
the solid oxide fuel cell (SOFC) power conditioning 
systems.  In our Phase I effort, an interleaved soft-
switching DC-DC converter has been successfully 
developed and demonstrated 97% peak effi ciency.  The 
focus of this past year was to develop a highly effi cient 
DC-AC inverter as the subsequent stage.  Our design 
target for the DC-AC inverter is to reach near perfect 
conversion of 99% effi ciency.  This inverter can be 
connected through an inductor-capacitor (LC) fi lter to 
the standalone household AC loads or a large inductor 
to the utility grid interconnection.  

The DC-DC converter and DC-AC inverter are 
integrated as the complete power conditioning system 
(PCS) for SECA SOFC testing to verify the effi ciency 
and to show power fl ow control capability between fuel 
cell and utility grid.  Through a number of iterations 
and design optimization, our inverter has successfully 
demonstrated the 99% effi ciency target.  Together with 
the early developed, highly effi cient DC-DC converter 
and an output stage fi lter, which consumes 1% power, 
the entire PCS has reached 94% effi ciency at the 5 
kW full-load condition.  For the same input voltage 
and output power, our SECA Industrial Team partner, 
Siemens-Westinghouse, reported only 80% effi ciency 
with the PCS purchased from their supplier.  A recently 
developed 48 V input voltage, 1 kW output power state-
of-the-art PCS only achieved 88.5% effi ciency [1].  With 
the superior effi ciency achieved by the proposed all soft-
switching PCS, the signifi cance to the SECA program 
and SOFC design is a substantial savings on power 
loss that allows the fuel cell manufacturer to reduce 
the size of the fuel cell stack and the reduction of fuel 
consumption.   

Approach 

Major loss components of the state-of-the-art DC-
AC inverter are device conduction and switching losses.  
The only way to reduce conduction loss is to add as 
much silicon as possible.  However, the device that has 
been widely used in DC-AC inverters is the insulated 
gate bipolar transistor (IGBT), which has a fi xed 
junction voltage drop that can never disappear.  Our 
approach is to replace the IGBT with power MOSFET, 
which is a pure resistive loss device, so its conduction 
loss can be reduced to less than 1% given suffi cient 
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Cells
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silicon area.  However, the power MOSFET has a body 
diode, which generates a large reverse recovery loss 
when it is turned off.  Thus, the power MOSFET has 
never been used in high-voltage high-power DC-AC 
inverters.  To solve the power MOSFET switching loss 
problem, the proposed approach is to use the advanced 
soft-switching technique to eliminate the switching 
loss associated with the MOSFET body diode reverse 
recovery.  

Figure 1 shows the proposed soft-switching inverter 
circuit.  The power MOSFET switches S1, S2, S3, and 
S4 are the main switching devices, and the small IGBT 
switches Sx1, Sx2, Sx3, and Sx4 are the auxiliary switches.  
Small resonant inductors Lra and Lrb resonate with 
the capacitors across the main switching devices to 
produce zero voltage before the switch is turned on, thus 
avoiding diode reverse recovery loss.  The soft-switching 
principle and control design methodology are described 
in detail in references [2] and [3].  

A circuit diagram of the PCS power stage and 
control design of the PCS for utility grid-tie are shown 
in Figure 2.  For a standalone PCS, the output only 
needs to be fi ltered by inductor Lo1 and capacitor Lo2.  
For the grid-tie inverter, an additional inductor Lo2 is 
needed to reduce the output current ripple content.  
A circuit breaker (CB) is also needed to connect and 
disconnect the PCS.  A digital signal processor (DSP) 
based controller has been developed for the power 

fl ow control.  We designed a phase lock loop (PLL) to 
obtain the grid synchronization signal and to produce 
the in-phase or orthogonal sine waves.  These sine 
waves are multiplied with the real power command 
Pref and reactive power command Qref to obtain the 
reference control current iref.  A proportional-integral 
(PI) controller Hi(s) is designed to obtain the duty cycle 
signal d(t) and to produce the desired pulse-width-
modulation (PWM) signals for the DC-AC inverter 
switches. 

Results 

Using the commercially available devices and 
components, our initial soft-switching inverter design 
achieved 97.5% effi ciency at 5 kW, which was better 
than most state-of-the-art inverters, but not enough to 
meet our effi ciency goal.  We then contacted the power 
MOSFET manufacturer to solicit a donation of high 
voltage, high power MOSFET dies for the development 
of a new soft-switching device module.  We received the 
donation of 100 dies from Infi neon and worked with 
Advance Power Technology to package the phase-leg 
module to eliminate the parasitic component associated 
losses.  Our second version achieved the design target of 
99% effi ciency.  Under the full-load 5 kW condition, the 
device steady-state temperature rise is around 20°C with 
only natural convection heat sinking.  Such a “cool” 
operating condition can ensure long-term reliability of 
the PCS.  

The newly developed soft switching inverter 
has been integrated with the high-effi ciency DC-DC 
converter for the PCS system-level test.  Figure 3 shows 
the circuit diagram and photograph of the entire PCS 
effi ciency measurement.  The fuel cell source voltage Vfc 
is obtained from the SOFC simulator, which consists 
of a power supply and a source resistance.  To ensure 
accurate reading, a current viewing shunt resistor is 
connected in between the SOFC simulator and the 
PCS prototype.  The total source resistance including 
SOFC internal resistance and shunt resistance is 

FIGURE 1.  Circuit Diagram of the Proposed Soft-Switching Inverter

FIGURE 2.  Control System of a Grid-Tie SOFC Power Conditioning 
System

FIGURE 3.  The PCS Effi ciency Measurement Circuit Diagram and 
Photograph of Test Setup
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22.423 mΩ.  The output of the PCS is connected to 
a resistive load bank through an LC fi lter.  The load 
bank sits underneath the bench.  The simulator, current 
shunt, and the PCS hardware prototype along with 
the measurement instrumentation are shown in the 
photograph.   

The system-level effi ciency profi les with SOFC 
simulator as the source are shown in Figure 4.  The no-
load simulator output voltage in this case is 32 V.  With 
the total source resistance of 22.423 mΩ, the converter 
input voltage at 6 kW drops to about 25 V.  This new 
PCS is the only reported all soft switching PCS in the 
world.  The soft switching is not only applied to the 
DC-DC converter, but also the DC-AC inverter.  The 
DC-AC inverter effi ciency ηDC-AC including output fi lter 
stage peaks at 98% at near full-load condition.  This 
implies that without the output stage LC fi lter, the power 
stage DC-AC inverter effi ciency peaks at 99%.  The 
DC-DC converter effi ciency ηDC-DC peaks at 97% at 
about half load.  The overall system effi ciency ηSystem 
peaks at 94% in the load range from 70% to 90%.  
The test has been extended to 6 kW, or 20% overload 
without forced-air cooling.  The temperature rise of the 
heat sink is less than 20°C at the full-load condition.  It 
can be foreseen that the unit will be very reliable in long-
term operation.  

Figure 5 shows measured PCS input and output 
voltage and current waveforms at the full-load condition.  
The input voltage Vin contains a high-frequency 
switching ripple, and the input current Ifc contains a 
120 Hz low-frequency ripple, which can be reduced 
by the active ripple cancellation technique.  The soft-
switching inverter was originally designed for better 
effi ciency, but a better waveform quality was also 
achieved, as indicated in the lower traces of output 
voltage Vo and current Io waveform.  The major reason 
for the high-quality sinusoidal waveform is substantial 
reduction of electromagnetic interference (EMI) 
emission with the proposed soft-switching technique. 

Conclusions and Future Directions

A highly effi cient soft-switching DC-AC inverter 
has been successfully developed.  The inverter achieves 
a near perfect power conversion effi ciency of 99%.  
Together with the previously developed highly effi cient 
DC-DC converter and an output LC fi lter, the entire 
power conditioning system has been integrated as 
the fi rst reported all soft-switching PCS in the world.  
The unit has been tested using an SOFC simulator as 
the source.  The output stage can be connected to a 
standalone load as well as the utility grid through an 
additional inductor and a circuit breaker.  Our next step 
is to test the unit with a Siemens-Westinghouse SOFC 
under grid-tie condition.  The system will include real 
and reactive power fl ow control.  New sensory and 
control strategies will incorporate the input from the 
utility partner – Southern California Edison.  Major 
anticipated accomplishments through future work are 
listed as follows. 

Develop power management control strategies and 
demonstrate the ability to supply and consume 
reactive power while simultaneously supplying 
active power to the utility grid.

Develop sensory and control logic to enable 
autonomous/semi-autonomous response to aid 
supporting grid voltage and frequency needs without 
nuisance tripping or disconnection of the fuel cell 
system. 

Test the entire PCS at EPRI-Solutions to show the 
performance of EMI and power quality under grid-
tie control conditions.

•

•

•

FIGURE 4.  The Soft-Switched PCS Effi ciency Profi les under the SOFC 
Simulator Test

FIGURE 5.  The Soft-Switched PCS Input and Output Voltage and Current 
Waveforms at Full Load
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Special Recognitions & Awards/Patents 
Issued 

1.  A U.S. patent entitled Multiphase Soft Switched 
DC/DC Converter and Active Control Technique for Fuel 
Cell Ripple Current Elimination was fi led in November 
2005.  The patent was originally fi led as U.S. Provisional 
Application Ser. No. 60/654,332 in February 2005. 

2.  The pending patent has been licensed to PEMDA Corp., 
Knoxville, Tennessee. 

FY 2006 Publications/Presentations 

1.  S. Moon, S. Park, C. Liu, and J.S. Lai, “Solid Oxide Fuel 
Cell Current Ripple Impact and Reduction Techniques,” 
Proceedings of IEEE PESC, Jeju, Korea, June 2006, 
pp. 2037–2042.

2.  Junhong Zhang and Jih-Sheng Lai, “A Synchronous 
Rectifi cation Featured Soft-Switching Inverter Using 
CoolMOS,” Proceedings of IEEE APEC, March 2006, 
pp. 810–815.

3.  C. Liu, A. Johnson, Jih-Sheng Lai, “A novel three-phase 
high-power soft-switched DC/DC converter for low-voltage 
fuel cell applications,” IEEE Transactions on Industry 
Applications, December 2005, pp. 1691–1697.

4.  Jih-Sheng Lai, Changrong Liu, and Donald Collins, 
“Active Control Technique for Fuel Cell Ripple Current 
Elimination,” Poster presentation at 2005 Fuel Cell Seminar, 
Palm Spring, CA, November 2005.
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Objectives 

Generate new scientifi c and engineering knowledge 
to better enable SECA industry teams to develop 
low-cost solid-oxide fuel cell power generation 
systems. 

Create technology breakthroughs to address 
technical risks and barriers that currently limit 
achievement of the SECA performance and cost 
goals for solid-oxide fuel cell systems.

Transfer new science and technology developed in 
the Core Technology Program to the SECA industry 
teams. 

Accomplishments 

Developed and implement a suitable failure effects 
analysis (FEA) tool for analysis of fracture failure 
in the context of various pre-existing fl aws within 
SOFC cells under various operating conditions.  The 
program Fracture Mechanical Analyzer (FMA) was 
developed and transferred to SECA.

Developed higher order (second and third) 
analytical model of the SOFC heating/cooling 
during start-up/shut-down in the limit of optically 
thin anode-electrolyte-cathode (PEN) layers 
assembly and local thermal equilibrium between the 
layers. 

Introduction 

It is well known that thermal transients and 
gradients impose states of stress within SOFC cell 
materials that may result in crack initiation, propagation 
and subsequent structural failure or performance 
degradation in short-term operation; furthermore, due to 
a variety of mechanisms, performance may signifi cantly 
decrease over time.  The commercial viability of SOFC 

•

•

•

•

•

power generation systems is dependent upon making 
signifi cant progress in the durability and reliability 
of cell and stack structures.  However, no systematic 
study of the causes or physical drivers of cell failure 
and degradation have been conducted; as a result, no 
coherent degradation or useful life prediction modeling 
methodology is currently available.  A new modeling 
methodology could signifi cantly contribute to effi cient 
development of SECA SOFC system performance 
requirements.

Additionally, previous modeling attempts to 
characterize SOFC failure modes have been limited 
because of simplifi ed transport models.  One 
dimensional, “bulk” electrochemical and thermal 
models have been applied, and these models have 
been decoupled (i.e., interdependency between 
electrochemistry and thermal transport neglected).  In 
order to create greater fi delity within thermomechanical 
failure analysis models, interdependency between 
structural issues and electrochemical/thermal transport 
phenomena must be characterized.  This requires a 
multi-physics modeling approach as demonstrated in this 
research.  

Approach 

The recent shift of SOFCs to anode-supported 
structures, in which a thin fi lm electrolyte is sintered 
onto the anode support, has further hampered structural 
modeling due to the large aspect ratio between the 
anode/electrolyte layers and cell length.  Yet due to 
thermal mismatch between these layers and the cell 
operating conditions, signifi cant thermal stresses are 
created within the cell structure, which may eventually 
lead to failure, making fracture analysis a critical part 
of thermomechanical modeling of SOFCs.  Specifi cally, 
simulation tools are needed to obtain fracture mechanics 
parameters, such as the stress intensity factors (SIFs), 
and to understand the infl uence of thermal gradients on 
crack behavior.    

To meet this need, a computer program called 
Fracture Mechanical Analyzer (FMA) was developed to 
calculate the SIFs of 3-D cracks, including interfacial 
cracks in the PEN structure subjected to combined 
mechanical and thermal loadings [1-3].  The FMA 
program, written in MatLab language, is essentially an 
“add-on” to any commercial fi nite element software.  It 
computes the energy release rate and the individual SIFs 
based on the crack-tip displacement fi elds computed 
from any commercial fi nite element software.  

Additionally new models were developed to analyze 
the thermal behavior in SOFCs and transient modeling 
of the SOFC unit cell is a prerequisite to mitigating 

III.D.1  An Integrated Approach to Modeling and Mitigating SOFC Failure
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thermo-mechanical failure caused by thermal gradients 
and cycling at start-up/shut-down.  At start-up, it is 
desirable to heat the cell as quickly as possible under 
the constraint of some maximum allowable temperature 
gradient.  Thermal modeling focused on correlating the 
heating rate and the observed temperature gradients, 
and was presented in a manner that easily yields this 
information for the cell designed. 

Three models of increasing complexity and accuracy 
were developed.  The fi rst two models assume that the 
cell is thermally thin, that is, the cell materials have high 
thermal diffusivity so thermal fi eld development in the 
solid intimately follows that in the heating air.  The third 
model relaxes this assumption and gives consideration 
to the thermal resistance and latency (thermal energy 
storage) of the cell materials.  Results from these models 
were compared to the transient solution obtained by 
the fully 3-D transient Fluent model to identify the 
“best” model featuring the least degree of complexity 
and computational expense yet resulting in suffi cient 
accuracy of simulation results.

Results 

The 3-D structural analysis was separated into two 
steps:  a global cell model and a local fracture model.  
The global–local modeling technique extrapolated the 
boundary displacements and temperature fi elds from 
a location in the full-scale model to the smaller local 
fracture model.  This fracture model would be able 
to incorporate a higher density of nodes at the crack 
edge over that of a full-scale model featuring a crack.  
Fracture parameters were then determined by using the 
FMA program.  

Figure 1 is a diagram of the global model used for 
analysis, Figure 2 is an example of the normalized stress 
curve seen in the model for a given set of boundary 
conditions, and Figure 3 is a plot of the SIF of a vertical 
penny crack in the anode versus differing electrolyte 
heights.  The stress intensity factor plotted is KI which 
means a tensile stress is seen in the anode during cool 
down from operation such that if the temperature 
change was high enough the crack would grow upwards 

to the electrolyte.  This model assumed a temperature 
drop of 200ºC which was not suffi cient for crack growth.

In the thermal analysis after reviewing the results 
and analysis of the simplifi ed analytical transient 
heating models and the numerical, 2-equation, non-
equilibrium model, guidance was provided concerning 
model selection and limits of applicability.  Thermal 

FIGURE 1.  Model Confi guration for PEN Layer

FIGURE 2.  In-Plane Stress for Positive Temperatures versus PEN Height

FIGURE 3.  Mode I SIF for Crack in Anode for Different Electrolyte 
Heights with Crack Center at (2.5, 0.6, 0)
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modeling efforts thus far have focused on correlating 
the heating rate and the observed temperature gradients 
in a unit cell heated by fl owing hot air into the oxidizer 
channel.  The linear rate of temperature rise, K, and 
mean velocity, U, of the heating air are design variables 
that can be controlled in maintaining temperature 
gradients below a given threshold while minimizing 
heating time requirements.  In the analysis of each 
simplifi ed model, the predictions of heating time and 
maximum temperature gradient developed in the cell 
were compared to results from 3-D, computational fl uid 
dynamics (CFD) Fluent model simulations.  Thus, we 
assessed the capability of these models to predict these 
global quantities while making no judgment concerning 
the ability of the models to accurately predict detailed 
time-varying temperature fi elds.

The model predicts heating time and temporal 
temperature gradient to a high degree of accuracy (~2% 
error) compared to CFD results.  Model predictions 
of maximum spatial temperature gradient (along the 
fl ow direction) are less precise (< 20% error).  For the 
values of K and U given, the 1st and 2nd order models 
yield almost identical results and outside this range 
the 2nd order model does not improve accuracy except 
in the case of predicting temperature gradients at very 
low velocity (< 1 m/s) and K < 0.1 ºC/s .  The 3rd order, 
2-equation model is also not an improvement over the 
1st model, and, in fact, has limited ability to predict 
temperature gradients due to its strong dependence on 
the solid-gas heat transfer coeffi cient in the air channel.

Figure 4 is a design map, based on this research, for 
the specifi c unit cell geometry and materials described 
in the March 2004 report.  One way to use the map is to 
draw a horizontal line corresponding to the maximum 
allowable temperature gradient.  Values of K and U 
below this line can be selected such that the heating 
time (horizontal axis) is minimized.  This gives some 
fl exibility in choosing K and U but these parameters 
may be limited by other system considerations such 
as pumping power, or heater size.  Alternatively, the 
heating time requirement could be imposed, and 
then K and U selected such that temperature gradient 
is minimized.  Use of the map in this way gives 
approximate values of K and U, which are an excellent 
starting point for performing CFD simulations of the 
heating/cooling process if detailed results are required.

Conclusions and Future Directions

The FMA program was used in conjunction with 
the ANSYS commercial software to demonstrate 
a method to study structural failure in the PEN 
despite issues with the aspect ratios of the material 
layers and diffi culties in performing a complex 
fracture analysis.

•

For the global model studied, failure would most 
likely occur in the anode as crack growth towards 
the electrolyte during cooling. 

If details of the 3-D time-varying temperature fi elds 
are desired, then transient CFD modeling is required 
(at signifi cant computational expense), but 2nd and 
3rd order analytical models were not signifi cantly 
improved over the 1st order model.  

The 1st order model may safely be used within 
the range of validity that was established and for 
the purpose of predicting total heating time, and 
maximum temperature gradients developed during a 
heating/cooling process.

Several future possibilities for structural analysis 
include the study of thermal fatigue as the anode 
cycles between tension and compression and 
incorporating the impact of mechanical constraints 
into the failure analysis.

FY 2006 Publications/Presentations 

1.  Johnson, Janine and Jianmin Qu. Three-Dimensional 
Numerical Simulation Tools for Fracture Analysis in Planar 
Solid Oxide Fuel Cells (SOFCs). 2006. Cocoa Beach, FL, 
United States: American Ceramic Society, Westerville, OH 
43086-6136, United States.

2.  Johnson, Janine and Jianmin Qu, An interaction integral 
method for computing the stress intensity factors of planar 
cracks in non-uniform temperature fi elds. Engineering 
Fracture Mechanics, submitted May 2006.

•

•

•

•

FIGURE 4.  Design map showing maximum temperature gradient 
vs. heating time for various values of K and U.  Given the maximum 
allowable temperature gradient, K and U can be selected such that 
heating time is minimized.  This map is specifi c to the unit cell geometry 
and materials under consideration, and a temperature rise of 600ºC from 
ambient to operating temperature.
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Objectives 

Quantify the effect of varying the percentage of 
the steam-methane reformation reaction occurring 
on-cell on the thermal, electrical, and mechanical 
performance of a generic SOFC stack design.

Determine the optimal on-cell reformation 
percentage.

Demonstrate - with simulations of stack operation 
- how the optimal methane fuel mixture can be used 
to improve stack performance. 

Accomplishments 

Discovered that at least 40% of the steam-methane 
reformation reaction could be performed on-cell for 
cross-fl ow and counter-fl ow stacks of 10x10 cm and 
20x20 cm cell sizes.  

Identifi ed that at least 80% of the steam-methane 
reformation reaction could be performed on-cell 
for co-fl ow confi guration stacks because the stack 
performance improved continuously with increasing 
percent on-cell reformation.

Demonstrated that the thermal and mechanical 
performance could be manipulated with on-cell 
reformation without adverse effects to the electrical 
performance of the stack.

Introduction 

The solid oxide fuel cell (SOFC) industry 
continues to develop larger, more powerful cell 
stacks for stationary power applications, and thermal 
management remains a critical issue for the reliable 
operation of these stacks.  On-cell steam-methane 

•

•

•

•

•

•

reformation is an effective means of removing excess 
heat generated within large SOFC stacks.  The 
endothermic reformation reaction, when employed 
directly on the anode, immediately removes excess heat 
generated by the electrochemical oxidation reactions.  
Thus on-cell reformation (OCR) is attractive because 
of the decreased thermal load it can provide as well 
as the cost benefi ts of decreased reformer and heat 
exchanger size.  The challenge presented by OCR is 
related to the rapid kinetics of the reformation reaction 
on a standard Ni-YSZ anode.  With increasing percent 
OCR, the resultant endotherm can cause a signifi cant 
local temperature depression near the fuel inlet on the 
anode.  Cooling near the fuel inlet and subsequently 
increased heating downstream due to increased 
hydrogen concentration and electrical current density 
can create a large difference between the minimum and 
maximum temperatures on the cell (ΔT).  Along with the 
cell ΔT there can be an increase in the thermal stresses 
on the anode creating an unreliable condition for cell 
operation.  This study was performed to analyze the 
effect of various percent OCR on the thermal, electrical, 
and mechanical performance of typical planar SOFC 
designs with 10x10- and 20x20-cm active cell areas.

Approach 

A computational modeling tool for simulating 
the multi-physics of SOFC operation was used in 
this study.  The PNNL-developed SOFC-MP code 
solves the equations for mass transport, energy, and 
electrochemistry required to predict the fl uid fl ow, 
temperature, species, and current density distributions in 
a three-dimensional SOFC geometry [1,2,3].  The 
3-dimensional model geometries and boundary 
conditions were similar to those of earlier work by 
this group [4].  The electrochemistry model used was 
described by Chick et al. [5], calibrated for application to 
planar stack simulations [6,7], and updated to provide an 
improved anode concentration polarization model [8].  
The steam-methane reformation model was described 
by Recknagle et al. [9] and revised to include a 1st order 
Arrhenius rate expression derived experimentally at 
PNNL [10].

In the study it was assumed the unreformed fuel 
mixture containing methane, steam, and nitrogen passed 
through a fuel stream pre-heater to an external reformer 
where various percentages of the methane were reacted 
using excess steam in a steam-to-carbon ratio of 2.  The 
anode input gas mixture was then determined based on 
the water-gas-shift reaction equilibrium at 750°C.  This 
study examined fuels with compositions representing 
0 to 80% OCR as summarized in Table 1.

III.D.2  Analysis of Percent On-Cell Reformation of Methane in Solid Oxide 
Fuel Cell Stacks: Thermal, Electrical, and Stress Analysis
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TABLE 1.  Molar Compositions of Fuel Mixtures Supplied from External 
Reformer to the Stack

% OCR H2 CO H2O CO2 CH4 N2

0 0.538 0.127 0.181 0.052 0.000 0.101

20 0.465 0.096 0.232 0.059 0.039 0.109

40 0.376 0.064 0.295 0.062 0.084 0.118

60 0.264 0.033 0.377 0.058 0.137 0.129

80 0.118 0.008 0.488 0.042 0.202 0.142

In the simulations, the iterative solutions for 
all cases were well converged with respect to mass, 
momentum, energy, chemistry, and electrochemistry.  
For these analyses, the electrochemical performance of a 
cell operating on the fully pre-reformed fuel was taken to 
be 0.60 A/cm2 at 0.68 volts and 75% fuel utilization, at 
an average cell temperature of 750°C.  All solutions used 
adjustable infl ow temperature and cell voltage to achieve 
an average cell temperature of 750°C and current density 
of 0.6 A/cm2, respectively.  Because all cases simulated 
stack operation at the same average temperature and 
current density except for variations in the output power, 
the differences in net heat load were attributable to 
the heat removed by OCR.  Subsequently, the thermal 
performance of each stack could be compared directly.  
Two air fl ow rates were used to examine the air cooling 
effect at 30% and 15% air utilization.

After the electrochemical-thermal solution was 
obtained, the resulting temperature profi le was used 
as the thermal load in the subsequent structural 
analysis to calculate stresses in the cell.  The maximum 
principal stress of the anode was then obtained for each 
of the cases.  For the structural evaluation, minimal 
displacement support boundary conditions were used 
at the bottom of the cell.  These simplifi ed boundary 
conditions do not constrain the unit cell model as 
completely as if it was within a full stack, and are 
suitable for direct case-to-case comparisons of the stress 
in a trend analysis as is presented here.

Results 

Figure 1 shows the cell ΔT (triangular icons), and 
the maximum principal stress (S1) in the anode (red 
square or green “x” icons) for the 10x10-cm counter-
fl ow stack as a function of percent OCR.  The scale for 
the cell ΔT is on the left of the fi gure and the scale for 
the stress on the right.  With 30% air utilization, cell 
ΔT for this stack varied between 45° and 85°C with 
a minimum at 40% OCR.  The anode stress followed 
the trend of ΔT closely also reaching a minimum value 
at 40% OCR for 30% air use.  As shown by the green 
curve in Figure 1, when more air was supplied to the 
stack (15% air use) the variation of stress was decreased, 

but the magnitude of the stress was not decreased 
substantially.  For both air utilizations, the anode stress 
was at least 14 MPa.  

Table 2 summarizes cases for each stack 
confi guration and cell size with 30% and 15% air use, 
and the percent OCR in which the anode stress was 
minimum, including the data point representing the 
10x10 cm counter-fl ow stack described in Figure 1.  
The 10x10-cm cross-fl ow stack results were similar to 
the counter-fl ow results featuring a minimum anode 
stress and ΔT at intermediate OCR (50%) with 30% 
air use.  With more cathode air (15% air use) neither 
the maximum temperature nor the anode stresses were 
signifi cantly reduced.  The 10x10-cm co-fl ow stack 
results, with 30% air use, showed little change to the 
magnitude of ΔT and a slight decrease of anode stress for 
increasing percent OCR.  The co-fl ow stack also showed 
a benefi t from increased cathode air (15% air use) in 
the form of decreased ΔT and stress over the full range 
of percent OCR.  Stresses in the anode were similar in 
magnitude to those predicted for the counter- and cross-
fl ow stacks with a minimum value of approximately 15 
MPa.  Gross electrical power density of 0.4 W/cm2 was 
virtually unaffected for each of the 10x10-cm stacks.

Cell ΔT and anode stresses were substantially larger 
in the 20x20-cm stack simulation results than those of 
the 10x10-cm cases.  Similar to the 10x10-cm cases, the 
anode stresses were minimum values at intermediate 
percent OCR for 30% air use in cross- and counter-fl ow 
confi gurations.  With 15% air use the cross and counter-
fl ow stacks benefi ted most from 0% OCR while the 
co-fl ow stack had decreased stress, ΔT, and maximum 
temperature at 80% OCR.  In each 20x20-cm case the 
electrical power density deviated little from the nominal 
value of 0.4 W/cm2.

FIGURE 1.  Cell Temperature Difference (ΔΤ) and Maximum Principal 
Stress (S1) versus % OCR for 10x10-cm Counter-Flow Cases
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Conclusions

The analyses showed that the anode stress achieved 
local minima along with the temperature difference 
on the cell with 40 to 50% OCR in counter-fl ow and 
cross-fl ow stacks of 10x10-cm size.  

Unlike the cross-fl ow and counter-fl ow stacks, the 
co-fl ow stack showed substantial thermal benefi t 
due to increased air fl ow (15% air utilization) as the 
anode stress and cell temperature difference was 
decreased over the full range of OCR. 

Within the 20x20-cm cases the co-fl ow 
confi guration stack had the smallest anode stresses 
and cell temperature difference, both of which were 
continuously decreased with increasing OCR. 

Gross electrical power density of 0.4 W/cm2 was 
virtually unaffected for each 10x10-cm case; little 
power density variation was predicted in the 20x20-
cm cases as well. 

For the conditions and particular generic stacks of 
this study, the results suggest 40 to 50% reformation 
on-cell should be considered for cross-fl ow and 
counter-fl ow stacks, and OCR as high as 80% with 
at most 15% air utilization should be desirable in 
co-fl ow stacks.  

Future Directions

Modeling will be performed in support of 
experiments to modify anode material providing 
optimal anode activity for thermal performance.

Optimize the thermal, mechanical, and electrical 
performance of stacks of larger size and varying 
design.

•

•

•

•

•

•

•
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Objectives 

Develop and validate the multi-physics solid oxide 
fuel cell (SOFC) modeling tool to simulate the 
coupled SOFC stack performance.

Utilize computational techniques for the mitigation 
of performance degradation and optimization of 
modular SOFC stack and systems design.

Obtain necessary materials properties to support 
the development and optimization of SOFC designs 
through modeling.

Disseminate/transfer modeling tool to all SECA 
industry teams and appropriate Core Technology 
Program (CTP) participants.

Accomplishments

Implemented fi nite element SOFC electrochemistry 
module (SOFC-Multi Physics, SOFC-MP) fully 
compatible with the MARC fi nite element mesh 
and modeling capabilities to solve the coupled fl ow, 
electrochemistry, and heat transfer solution in the 
fuel cell under steady state conditions. 

Demonstrated a stack design tool for structural 
analysis from MSC Software called Mentat-FC, 
based on the SOFC-MP modeling capability for 
electrochemical, fl ow, and thermal analyses of 
SOFCs.

Established a methodology to assess glass-ceramic 
seal failure and developed a continuum damage 
mechanics model based on the experimental stress/
strain response for G18 sealing glass.  The damage 
model was implemented in MSC MARC and was 
used for SOFC stack stress analysis to predict 
accumulated damage and failure of the seals under 
thermal-mechanical loading. 

•

•

•

•

•

•

•

Conducted a comprehensive training program 
covering the full suite of SOFC modeling tools at 
the SECA Modeling Workshop.

Developed a probabilistic-based component design 
methodology for SOFC stacks.  This method takes 
into account the randomness in SOFC material 
properties as well as stresses arising from different 
manufacturing and operating conditions.  

Developed an integrated modeling/experimental 
framework to predict the life of SOFC interconnect 
materials.  The effects of interconnect oxide growth 
on its structural integrity upon isothermal cooling 
have been studied using fi nite element analyses.  

Introduction 

In order to effi ciently develop and optimize planar 
SOFC stacks, it is desirable to experiment numerically 
with the effects of stack component mass, geometry, 
fl ow rates of the gaseous reactants, electrical loading, 
and simulated aging.  The computation of representative 
baseline cases, validated by experimental data, has 
been used to develop better understanding of the stack 
behavior while avoiding costly and time-consuming 
experiments.  In order to model the multi-physics 
associated with an SOFC stack, a simulation tool, 
SOFC-MP was developed.  This modeling tool combines 
the versatility of a commercial multi-physics code 
and a validated electrochemistry calculation routine.  
Its function is to predict the fl ow and distribution of 
anode and cathode gases, temperature and current 
distributions, and fuel utilization.  The fundamental 
building blocks of modeling and simulation tools 
are electrochemical models, fl uid fl ow simulations, 
computational mechanics and experimental data.  

The multi-physics modeling tools developed were 
then used in studying the full range of design criteria 
as well as in material development and degradation 
modeling.  On the stack level, a probabilistic-based 
component design methodology was developed.  This 
method takes into account the randomness in SOFC 
material properties as well as stresses arising from 
different manufacturing and operating conditions.  For 
SOFC materials development and degradation study, 
different degradation mechanisms for different SOFC 
components, i.e., seal and interconnect, have been 
considered in order to predict the useful operating 
time for the stack.  Detailed seal and interconnect 
degradation mechanisms have been modeled and their 
infl uences on stack performance have been quantifi ed. 

•

•

•
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Approach 

Maintain and enhance the integrated modeling 
tools developed under the SECA core program for 
evaluating fuel cell stack design concepts by the 
industrial teams. 

Investigate the effects of materials degradation on 
cell performance and cell life.

Investigate the effects of cell geometric design, 
material property distributions and operating 
condition on SOFC reliability.

Results 

Coarse Methodology – Finite Element Approach 

An evaluation of the Mentat-FC and SOFC-
MP modeling procedure was performed by studying 
temperature and stress predictions for a realistic planar 
design.  The objective was to compare the predicted 
results from the highly effi cient fi nite element model 
(generated with the Mentat-FC parametric graphical 
user interface (GUI) and solved by the SOFC-MP 
solver) with pre-existing results from a highly detailed 
but computationally expensive computational fl uid 
dynamics (CFD) model.  Results from the CFD model 
were available for an anode-supported planar cross-
fl ow model with six fuel and air inlets/outlets.  These 
results consisted of three cases that modeled i) pre-
reformed fuel, ii) fuel with methane content for on-cell 
reformation, and iii) on-cell reformation using a lower 
activation energy to simulate a reduced reaction rate.  
The cell design and the operating conditions were 
replicated using the parametric build option in the 
Mentat-FC GUI to construct a highly similar geometry.  
There were minor features that differed between the 
two models (e.g. rounded outer corners, bolt holes), but 
all the essential geometric features of sizes, thicknesses, 
heights, and fl ow areas and all the operating conditions 
for fuel composition, inlet temperatures, velocities, and 
electrochemistry options were identical.  The resulting 
temperature and stress distributions were presented 
and compared (Figure 1).  In general, the temperature 
predictions were well matched for the geometry both 
qualitatively and quantitatively.  Differences in the peak 
temperatures were noted and thermal distributions on 
the stack exterior were slightly different.

Coarse Methodology – Design Sensitivity Study

A probabilistic-based component design 
methodology has been developed for SOFC stacks.  This 
method takes into account the randomness in SOFC 
material properties as well as stresses arising from 
different manufacturing and operating conditions.  The 
purpose of this work is to provide the SOFC designers 
a ‘coarse’ design methodology such that the desired 

•

•

•

level of component reliability can be achieved with 
deterministic design functions using an equivalent 
safety factor to account for the uncertainties in material 
properties and structural stresses.  Component failure 
probabilities for the current design were then calculated 
under different operating conditions. 

Seal Property Measurement, Prediction and 
Degradation Modeling

The glass-ceramic sealant G18 was expected to 
exhibit stress relaxation at elevated temperatures due to 
the viscoelastic response of the residual glass content. 
This would be important to include in SOFC stress 
analyses to better capture the stress state of the stack 
components.  The continuum damage mechanics model 
for the glass-ceramic material developed previously 
was extended to include a viscoelastic response at 
high temperatures.  A Maxwell-type model was used to 
capture the stress relaxation and used viscosities for the 
G18 material experimentally obtained at temperatures 
of 700-800°C (Figure 2).  The response of the material 
model was demonstrated to capture the effect of 
viscosity and loading strain rate.  The model was 
demonstrated in a single cell stack and compared 
to results using the previous elastic damage model 
(Figure 3).  The stress relaxation made the cell more 
compliant and showed benefi cial relaxation of the anode 
stresses through two thermal cycles.

Interconnect Degradation and Spallation Study

The effects of various oxide scale thickness on 
bulk and interface stresses are predicted for the 
ferritic stainless steel interconnect material, Crofer 22 
APU, under isothermal cooling condition and micro-
indentation.  The goal of the study is to utilize the 

FIGURE 1.  Typical SOFC-MP Modeling Results
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measurement methodology and the associated quantifi ed 
interfacial strength developed by other SECA team 
members in predicting possible scale spallation for 
different scale thickness, therefore indicating the possible 
interconnect life under isothermal cooling conditions 
(Figure 4).

Conclusions and Future Directions

Continue to validate the model and to transfer the 
modeling tools technology to the SECA industry 
teams and work with them to increase utilization of 
the tools.

Continue to add improved material models and 
numerical procedures to the modeling tools.

Quantify bond strength of oxide/substrate for ferritic 
stainless steel to predict interconnect life under 
normal operating temperatures.

Evaluate creep of glass-ceramic seals during thermal 
cycling operations.

Develop seal property predictions via 
homogenization methods to identify desirable 
composite seal structures for stacks.

•

•

•

•

•

Develop analytical methods to evaluate the 
time-dependent mechanical behavior (creep, 
thermal fatigue, loss of interconnect contact) of 
fuel cell stacks/components and infl uence on 
electrochemical performance.
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Objectives 

Advance the fundamental understanding of the 
continuum-level electrochemistry of oxide mixed 
ionic-electronic conductors (MIECs) in relation to 
their performance in SOFCs.

Obtain fundamental constants required for 
implementing the continuum-level electrochemical 
model from experiment. 

Extend the models to multilayer structures and 
incorporate microstructural effects.

Verify the models through experiment.

Develop a transient version of the continuum-level 
electrochemical model.

Obtain time constants for various transport 
processes from electrical impedance spectroscopy 
to examine the effects of transients on SOFC 
performance.

Develop and deliver software modules 
for incorporation of the continuum-level 
electrochemical model into SOFC failure analysis 
software used by National Energy Technology 
Laboratory, Pacifi c Northwest National Laboratory, 
Oak Ridge National Laboratory, and the SECA 
industrial teams.

Accomplishments 

Completed a continuum-level electrochemical 
model (CLEM) for steady state conditions, using 
potential dependent boundary conditions and non-
linear Galvani potential.

Completed a CLEM for transient conditions, using 
potential dependent boundary conditions and a 
linear Galvani potential.

Compiled software modules for vacancy 
concentration and electron concentration in n-type 
and p-type MIECs.

•

•

•

•
•

•

•

•

•

•

Extended the CLEM to thermo-mechanical and 
thermo-chemical properties of MIECs.

Extended the CLEM to YSZ/LSM (YSZ/lanthanum 
strontium manganate) and YSZ/LSCF 
(YSZ/lanthanum strontium cobalt ferrite) bilayers.

Measured the thermal expansion of ceria 
and acceptor-doped ceria in air and reducing 
atmospheres.  Results concur with model 
predictions.

Obtained time constant for equilibration of material 
after a change in PO2

 during chemical expansion.

Measured the elastic moduli of ceria, gadolinia-
doped ceria (GDC) and YSZ in reducing (H2) and 
oxidizing atmospheres (air) using nondestructive 
and (nanoscale) destructive techniques; both 
showed that reducing conditions cause a ~30% 
decrease in the elastic modulus relative to air.  
Results concur with model predictions.

Evaluated polycrystalline elastic modulus of ceria 
after heat treatment in air and in hydrogen using 
4-point bending test—results are consistent with 
nanoindendation results and model.

Measured the fracture toughness of ceria and GDC 
in reducing (H2) and oxidizing atmospheres (air); 
results show that reducing conditions cause a ~37% 
increase in the fracture toughness relative to air.

Deconvoluted transport processes for optimally 
sintered LSM and LSCF, with time constants 
ranging from 10-10 (charge transfer) to 105 seconds 
(gas diffusion).

Established a relationship between electrochemical 
and microstructural properties:  dissociative 
adsorption polarization resistance increases as 
pore surface area decreases and charge transfer 
polarization resistance increases as triple phase 
boundary length increases.

Introduction 

For extensive deployment of SOFCs into industrial 
and consumer markets to become a reality, some key 
hurdles need to be cleared.  Three of these hurdles are 
(i) mechanical, (ii) chemical and (iii) transient stability 
of SOFCs.  In our research we are tackling these hurdles 
by developing models to relate point defect population 
distribution and microstructure to the electrochemical 
and mechanical properties of SOFC components, 
which are then the actual determinants of the thermo-
mechanical, thermo-chemical and transient stability of 

•

•

•

•

•

•

•

•

•
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SOFCs.  These fundamental-level models can then be 
incorporated into system-level models to predict and 
analyze SOFC performance and response to various 
inputs.

Approach 

To develop models for the relationship between 
point defect population distribution and microstructure 
to the electrochemical and mechanical properties of 
SOFC components, fi rst we modeled the generation 
of point defects in oxide MIECs as a function of 
atmosphere (PO2

) and temperature.  Next we modeled 
the transport and distribution of defects in an MIEC 
in a PO2

 gradient, by solving the Nernst-Planck, mass 
conservation and charge conservation equations for 
Laplacian and non-Laplacian potential distributions.  
These two steps produced a CLEM that relates point 
defect concentration to operating conditions and 
material properties.  Hence, by modeling or applying 
relationships between point defects and indices for 
thermo-mechanical, thermo-chemical and transient 
stability, secondary relationships between these indices 
and the SOFC operating conditions and material 
properties can be derived.  Finally, experiments have 
been conducted to confi rm the predictions of the models 
as well as to give more insight into the factors and 
mechanisms that play a role in the performance of the 
SOFC components and the overall stability of the SOFC.   

Results 

CLEM—Defect Thermodynamics.  To obtain defect 
concentration dependence on PO2, equations that are 
continuous across at least two regimes were derived [1].  
Excellent results were obtained when these equations 
were fi tted to experimental data [1].  The ability to 
predict defect concentration as a function of PO2

 then 
allows us to model various MIEC properties that depend 
on PO2

 such as conductivity, chemical expansion ad 
elastic modulus.

CLEM—Defect Transport.  To model defect 
transport in MIECs we solved the Nernst-Planck, 
material balance, and current density equations with 
potential-dependent boundary conditions and without 
assuming a linear, i.e., Laplacian, potential distribution 
[2].  Our results predict the transport properties of the 
MIEC components and SOFC performance.  Assuming 
a linear potential ignores the effi ciency sapping effects of 
mixed conduction and using fi xed boundary conditions 
lessens the effects of concentration gradients; together 
they lead to overestimation of cell performance.   

Figure 1 shows a comparison of our results 
compared with that of Kim et al [3] for modeling the 
current-voltage (I-V) characteristics of a Ni-YSZ/YSZ/
LSM cell.  We modeled cell performance with similar 

accuracy to Kim et al.  However, less fi tting parameters 
(3 vs. 10) were used in our model.  Moreover, because 
our model does not assume a uniform vacancy 
concentration, it is amenable for modeling cells with 
alternative electrolytes, e.g., GDC.

CLEM—Chemical Expansion.  To extend the CLEM 
to chemical expansion of MIECs, a relationship for 
chemical expansion was derived, as follows  
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where T is temperature, Δl/l0 is expansion and β is 
a material constant related to lattice structure.  This 
allows us to predict the chemical expansion of various 
SOFC components and associated stresses caused by 
mismatches between components or PO2

 gradients.  
Figure 2a shows an excellent fi t between model and 
experimental data and that there is signifi cant chemical 
expansion in ceria and GDC, which correlates to the 
onset of mixed conduction [1]. 

CLEM—Mechanical Properties.  To extend 
the CLEM to mechanical properties of MIECs, a 
relationship between defect population and elastic 
modulus, E, was derived by considering that the 
bond energy, U, between atoms in a crystal, may be 

approximated by U = A/rn − B/rm; where r is the inter-
atomic distance, and A, B, n and m are empirically 
determined constants [4].  Thus, the elastic modulus for 
a perfect crystal, E ≈ 1/r0(d

2U/dr2)r = r0
 [4]; or

 ( ) ( )31 +−∗ +θ≈ n
V xcExE )()(   (2) 

     

where cV is vacancy concentration, θ is an empirically 
determined constant, and E* is the stoichiometric elastic 
modulus.  

Using a triboindenter, we measured the elastic 
modulus of individual grains of ceria, GDC and YSZ 
samples annealed in a range of PO2

’s between air and 
H2.  The results, Figure 2b, show good fi ts of the model 
to experiment.  Therefore, we can predict how the 
mechanical properties of SOFC components will change 
as a function of PO2

. 

Comparisons of the elastic modulus for 
polycrystalline samples with nanoindentation results 
(intrinsic elastic modulus) for both ceria and YSZ are 
shown in Figure 3.  Although the samples experienced 
the same thermo-chemical treatment, a lower modulus 
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was obtained from the 4-point bend test compared to 
the intrinsic modulus.  The reasons for this observed 
difference stem from the different nature of the 
experiments as well as the effects of pores/microcracks 
in the polycrystalline sample, which were caused by 
processing and heat treatment.

More importantly, however, Figure 3b shows that 
the relative change in elastic modulus as a function 
of PO2

, obtained from either test is the same and is 
exactly predicted by the model.  This is an emphatic 
validation of the model’s correctness and indicates that 
oxygen vacancies play an important role in the thermo-
mechanical properties of polycrystalline ceramics.

The effects of lattice vacancy concentration on 
fracture toughness (KIC) of ceria were measured using 
Brazilian disc samples loaded under mode I conditions 
[5].  Fracture toughness test results are shown in Table 1.  
The sample heat treated in air has a room temperature 
KIC value of 0.96 MPa.m1/2.  Surprisingly, KIC increased 
as much as 30-40% for the samples heat treated under 
reducing conditions.

TABLE 1.  Fracture Toughness (KIC) of Ceria

Heat 
Treatment

# of Samples 
Tested PO2

, atm. KIC, MPa.m1/2

H2 2 4.5 x 10-22 1.32±0.04

H2 /H2O 2 1.5 x 10-20 1.40±0.01

N2 1 4.5 x 10-6 0.92

Air 3 0.21 0.96±0.05

As-sintered 1 ------ 0.91

Fracture toughness can also be expressed in terms 
of the critical elastic energy release rate, GC, as: KIC = 
√(GCE).  In brittle materials, GC is proportional to the 
energy released in creating new surfaces.  Since elastic 
modulus, E, decreases with decreasing PO2

, this indicates 
that exposure to low PO2

 increases GC and that there 
is some relationship between GC and oxygen vacancy 
concentration.

To understand the higher toughness values for the 
samples heat treated in PO2

’s, the fracture surface was 
studied using scanning electron microscopy (SEM), 
which revealed that the sample heat treated in air has 
a relatively smooth fracture surface, but the sample has 
a notably rougher fracture surface when heat treated 
in H2, which is consistent with the higher KIC value.  
Possible factors for the rough fracture surface are, 
pore-crack interactions, microcrack formation, internal 
stresses and phase transformation.

We have identifi ed the primary contributions to 
the impedance of LSM cathodes on YSZ electrolyte 
substrates for conventional SOFCs.  The processes 

and their related time constants are shown in Figure 4 
and Table 2.  This now enables cathode developers to 
correctly assess how changes in cathode parameters [e.g., 
triple-phase boundary (TPB), porosity, etc.] affect each 
transport process.  Moreover, knowing the time constant 
for each process helps in predicting SOFC response in 
transient conditions. 

Chemical-Stability.  The CLEM was applied to 
the chemical stability of LSM/YSZ and LSCF/YSZ 
interfaces, including electrode microstructure.  The 
results provide the PO2

 at the interface, and thereby the 

FIGURE 4.  Deconvolution of LSM/YSZ/LSM symmetric cell impedance 
from AC-Impedance Spectroscopy.  The transport process corresponding 
to each number is given in Table 2.

TABLE 2.  Deconvolution of AC-Impedance Spectra for LSM/YSZ/LSM 
Symmetrical Cells

Process
“m” in

log R ∝ 
mlog PO2

Activation 
energy, Ea 

(eV)

Time 
constant, 
τ (s) @ 
800°C

1. Ionic diffusion through
    electrolyte bulk

0.0084 1.10

2. Ionic diffusion across 
    electrolyte grain 
    boundary

-0.022 1.04

3. Charge transfer of O2- 
    from TPB into YSZ

-0.046 0.97 8.5 x 10-5

4. O2 dissociation and 
    surface diffusion on 
    LSM

-0.15 1.2 0.18

5. Gas diffusion through 
    porous electrode

-1.1 ~0.04 5.9
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interfacial stability, as a function of operating conditions 
(more detail may be obtained from previous reports).  

Transient Response.  The CLEM has been extended 
to transient conditions (more detail may be obtained 
from previous reports).  To obtain solutions, we assumed 
a linear potential distribution.  This assumption is best 
applied to predominantly ionic conductors, e.g., YSZ or 
predominantly electronic conductors, e.g., LSM.  

Software Development.  The development of 
software modules for the CLEM is in progress.  At this 
point, the program for the steady-state CLEM for defect 
generation and transport has been completed.  Two 
languages were used, C++, because it is the industry 
standard, and PHP, because of its web oriented features. 

Conclusions and Future Directions

A continuum-level electrochemical model has been 
developed that improves on preceding efforts by 
including a non-linear potential distribution and by 
including potential dependent boundary conditions.

The continuum-level electrochemical model has 
been extended to describe thermo-mechanical, 
thermo-chemical and transient stability in MIECs.

Experimental results concur with the predictions 
of the continuum-level electrochemical model for 
electrical conductivity.

Nanoindentation (intrinsic) tests on ceria, GDC and 
YSZ with different level of oxygen concentration 
revealed that the elastic modulus of ceria and GDC 
decreases considerably as the oxygen lattice vacancy 
concentration increases.  The elastic modulus of 
YSZ within the studied PO2 and temperature range 
was insignifi cantly changed due to the small number 
of lattice vacancy produced.  GDC and ceria 
showed very similar trends. 

Four-point bend (polycrystalline) tests on ceria, 
GDC and YSZ with different levels of oxygen 
concentration revealed that the elastic modulus 
of ceria and GDC decreases considerably as the 
oxygen lattice vacancy concentration increases 
and the elastic modulus of YSZ within the studied 
PO2

 and temperature range was insignifi cantly 
changed due to the small number of lattice vacancy 
produced. 

The PO2
 dependence obtained from nanoindentation 

(intrinsic) and 4-point bend (polycrystalline) 
tests are both consistent with each other and the 
model.  This indicates that oxygen vacancies play an 
important role in the thermo-mechanical properties 
of polycrystalline ceramics.

In order to separate the effects of oxygen 
vacancies on K1C, future work on high temperature 
microstructure/fracture surface analysis and 
molecular dynamic simulations is needed.

•

•

•

•

•

•

•

The continuum-level electrochemical model has 
been validated through experiment for thermo-
mechanical properties (elastic modulus and thermo-
chemical expansion).

The steady-state version of the continuum-level 
electrochemical model has been written in C++ and 
PHP.
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Objectives 

Comprehensive experimental validation and 
parametric study of the effects of electrical 
feedbacks on PSOFC and PSOFC stack. 

Design of optimal and reliable power-management 
control system for mitigation of electrical-feedback 
effects on PSOFC and to maximize the effi ciency.

Balance-of-plant subsystem (BOPS) parametric 
optimization for optimal start-up, steady-state, and 
transient performance.

Investigation of the impacts of the electrical 
feedback on the long-term degradation of the SOFC 
stack. 

Accomplishments 

Completed experimental validation of several 
electrical feedback effects, such as, the load 
transients, multiple load transients, low-frequency 
ripple, etc.

Conducted comprehensive parametric analysis of 
the effects of the load transient, low-frequency (LF) 
ripple, power factor, and harmonic distortion on the 
performance and effi ciency of the stack.

•

•

•

•

•

•

Developed a ripple-mitigating highly effi cient PES, 
which can be used for experimental validation of 
modeling data by integrating with an experimental 
PSOFC stack.

Development of power-management control 
strategies for PES and BOPS to enhance the 
performance and life of the PSOFC.

Introduction 

Planar solid oxide fuel cell stacks (PSOFCSs), in 
PSOFC based power-conditioning systems (PCSs), are 
subjected to electrical feedbacks due to the switching 
power electronics and the application of loads.  These 
feedbacks (including load transient, current ripple due 
to load power factor and inverter operation, and load 
harmonic distortion) affect the electrochemistry [1-5] 
and the thermal properties [6] of the planar cells thereby 
potentially deteriorating the performance and reliability 
of the cells.  Therefore, a comprehensive spatio-temporal 
simulation model of the SOFC PCS is essential to 
investigate the potentially degrading impacts of such 
electrical feedbacks on the PSOFC.  To ascertain the 
effi cacy of any such model, and for accurate prediction 
of the impacts of the electrical feedbacks, experimental 
validation of the models both in steady state and 
transience is required.

The parametric study of these electrical feedbacks 
can only predict the short-term degrading impacts on 
the PSOFCS.  However, for the PSOFC PCS to meet 
the lifetime specifi cations, a long-term study needs 
to be conducted which can predict the deteriorating 
impact of some of the effects in the long term.  Since it is 
impossible to conduct long-term (order of 1,000 hours) 
study of the large-scale simulation model of the PSOFC 
PCS, this study needs be conducted experimentally.

The slow response time of the BOPS mechanical 
system as compared to the fuel-cell electrochemistry and 
the PES has been a major concern for fuel cell system 
designers [7-8].  To avoid the low reactant condition, 
energy buffering devices like a battery, which would 
provide the additional energy immediately to the load 
during the load transient, is needed in conjunction with 
the fuel cell stack [7].  To optimize the size and response 
of the battery while eliminating the degrading impacts of 
the load transient on the stack, a control strategy needs 
to be developed which would control the energy fl ow 
between the energy generator (fuel cell stack) and the 
energy buffering device (battery).

•

•
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Approach 

A detailed study is conducted on the electrical-
feedback effects (including load transients, current 
ripple variations due to load power factor and 
inverter operation, and load harmonic distortions) 
that have an impact on the electrochemistry and the 
thermal properties of the SOFC, thereby affecting the 
performance and reliability of the cells.  Subsequently, 
detailed experimentation is carried out to validate the 
simulation data on interaction analyses. 

The test bed consists of a stack prototype with the 
power electronics system, as shown in Figure 1.  The 
stack consists of 25 planar cells in series.  In the stack, 
all the planar cells are mounted in a single manifold.  
Each cell has an electro-active area of 64 cm2.

Using this validated model, parametric analyses on 
the impacts of transience, power factor, and distortion 
of the application load as well as LF current ripple is 
conducted.  The study clearly establishes that sizing 
of the SOFC stack needs to take into account ripple 
magnitude and input-fi lter design simultaneously. 

To study the effect of two of the important electrical 
feedbacks in the long term, two sets of experimental 
test beds are built using the similar cells used for the 
transient experiment.  The degradation study of ripple 
is conducted on a 5-cell stack connected to a boost 

converter, and a 5-cell stack connected to the constant 
load.  The duty ratio of the switch of the boost converter 
is modulated sinusoidally at 60 Hz.  The average current 
drawn from both the stacks are kept at approximately 
13 A.  The open circuit voltage of the 5-cell stack 
is 5.087 V.  Similarly, for the study the long-term 
degradation effect due to the load transient, a 25-cell 
planar stack is connected to a programmable DC-DC 
converter followed by a load resistance.  The DC-DC 
converter is programmed to draw 13 A current for fi rst 
20 minutes and 2.2 A for the next 10 minutes in every 
half an hour.  Therefore, the average current drawn from 
the stack is 9.4 A.  The open circuit voltage (Voc) of the 
stack is 24.75 V.  For the 5-cell stacks, the fl ow rates of 
H2, N2 and air are 1.9 slpm, 0.33 slpm and 7.65 slpm, 
respectively.  The air inlet temperature is kept at 800oC 
and the core temperature is 850oC.

Based on the electrical-feedback analyses, a 
novel patent-pending topological power-management 
controlling strategy and architecture for a SOFC PCS 
has been designed.  This improves steady-state energy 
effi ciency of the PES (almost fl at effi ciency across the 
power range as compared to progressively drooping 
effi ciencies as in conventional case) and hence the 
PCS by optimizing the fuel utilization in the stack in 
the steady-state.  Further, using a multi-loop feedback, 
the control also integrates to a battery-buffer control to 
mitigate the effect of the load transient on the SOFCS 
(e.g., fuel utilization).  A new methodology has also been 
developed to systematically relinquish the control of the 
battery (after transience phases out) at a rate governed 
by the control bandwidth of the BOPS.

To determine the optimal synthesis/design and 
dynamic operation of the SOFC system, a parametric 
system optimization is conducted.  This requires the 
optimal synthesis/design and dynamic operation of 
each of the BOPS subsystems to be carried out in an 
integrated fashion, leading to the establishment of a 
feasible system super-confi guration which provides 
high effi ciency and reliability.  The results of the 
parametric studies based on the super-confi guration 
were used to determine the most promising subset of 
this super-confi guration based on system response, fuel 
consumption, capital cost, operational constraints, etc.  
The resulting reduced super-confi guration was subjected 
to a large-scale synthesis/design optimization while 
taking into account its effects on system operation, i.e., 
on the dynamic response of the system.  The parametric 
studies showed this confi guration to provide adequate 
fuel effi ciency.

Results 

Figures 2a and 2b show the drop in the output 
voltage of the stack model and the experimental stack 
prototype, respectively, due to the subjected load FIGURE 1.  Experimental Setup of the 25 Cell PSOFC Stack with the PES
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transient of 2 A to 12 A.  This also leads to an increase 
in the mean temperature of the stack.  

The effect of the ripple is validated using a 
sinusoidally modulated bidirectional DC-DC converter 
connected across the stack.  The current drawn from 
the stack contains LF ripple with frequency (120 Hz) 
twice that of the sinusoidal AC (60 Hz) output.  Figures 
3a and 3b show the effect of a LF (120 Hz) ripple on 
the 1-D stack model and the experimental prototype, 
respectively. 

To achieve very high effi ciency, the stack must be 
operated at a particular current level (this corresponds 
to the maximum operable fuel utilization) as shown in 
Figure 4.  However, due to the presence of LF ripple in 
the stack current, the operating mean stack current has 
to be decreased, to avoid zero-reactant condition, as 
illustrated in Figure 4.  

Due to non-unity power factor of the load, the 
ripple in the stack current increases.  This ripple further 
depends on the output capacitance connected across 

(a)

(b)

FIGURE 2.  (a) Effect of Load Current Transient (2.2 A to 12 A) on the 
Voltage of the Stack Model; (b) The Experimental Validation of Its Effect 
on the Planar Stack; Scope Channel 1 (10 V /div) and Channel 4 
(2 A/div) Measure the Stack Voltage and Current, Respectively

(a)

(b)

FIGURE 3.  (a) Effect of 40 Percent Current Ripple on the Stack Voltage 
of 1-D Model; (b) Experimental Validation of the Ripple Effect on Planar 
SOFC Stack; Scope Channels A and D Show the Stack Voltage and 
Current, Respectively

FIGURE 4.  Effect of LF Ripple on the Performance and Effi ciency of the 
Stack
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the DC bus.  Figure 5 shows the effect of load power 
factor variations on the stack current ripple at various 
capacitances and at a constant active power drawn by 
the load.  Therefore, a decrease in the load power factor 
decreases the effi ciency of the stack.  However, the 
increase in the mean temperature is minimal.

An increase in the harmonic distortion of the AC 
load increases the distortion in the output ac current 
due to increase in the magnitude of the harmonic 
components as well their phase.  This distortion in the 
AC current also introduces distortion in the current 
drawn from the planar stack.  At a fi xed power factor 
of the fundamental current, the ripple in the stack 
current decreases with an increase in the total harmonic 
distortion (THD) of the load. 

Figure 6 shows the percentage degradation of 
the ASR (area specifi c resistance) in the stacks after 
approximately 900 hours of study due to the load 
transient and the LF ripple.  This shows that, the 
degradation of the ASR due to the load transient is very 
high as compared to the stack carrying constant current.  
Similarly, increase in the ASR of the stack with LF 
ripple current is higher as compared to the stack feeding 
constant current. 

Finally, the response of the designed power 
management system is investigated.  The PCS is 
subjected to a load transient at time t = 0.02 second.  As 
a result, the stack output current increases to meet the 
new load demand.  However, the increase in the battery 
current prevents the surge in the stack current, and 
stabilizes the stack voltage close to its nominal value.  
Figure 7a shows the response of the battery current after 
the load transient with BOPS fl ow adjustments.  Since 
the current drawn from the stack is independent of the 
load current, the fuel utilization of the stack remains 
unaltered as shown in Figure 7b.  Hence, this completely 
alleviates the effect of the load transient on the fuel cell 
stack.

FIGURE 6.  Comparison of Long-term ASR Degradation Due to LF Ripple, 
Constant Current and Load Transient

FIGURE 5.  Effect of Power Factor of the Load on the Magnitude of Stack 
Current Ripple

FIGURE 7.  (a) Response of the Battery Current to a Sudden Load 
Transient Which Is Followed by the Flow Adjustment of BOPS; 
(b) Response of the Bus Voltage and Fuel Utilization to a Sudden Load 
Transient Which Is Followed by the Flow Adjustment of BOPS

(a)

(b)
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Conclusions 

A comprehensive investigation of several different 
electrical feedbacks induced due to the power 
electronics subsystem (PES) and the application load 
(AL), which may potentially affect the performance and 
durability of planar solid-oxide fuel cell stack (PSOFCS), 
was conducted.  The accuracy of the model and their 
ability in determining the effects of several electrical 
feedbacks on PSOFC during the transient and in the 
steady state were experimentally validated.  Using the 
validated model, accurate estimations of the impacts of 
several electrical feedback effects on the performance 
and durability of the PSOFC PCS were conducted using 
parametric study.  An experimental degradation study 
was done to estimate the long-term effects of the load 
transient and the ripple on the performance of the stack.  
Specifi cally, the following conclusions were drawn:

The no-load to full-load transient increases the 
current density in the planar fuel cell abruptly and 
immediately.  The higher level of current density 
increases the fuel utilization and the polarization 
voltage leading to a drop in the cell voltage.  This 
change in the fuel utilization is detrimental to the 
cell performance and effi ciency. 

The load transient not only increases the mean 
temperature but also changes the spatial distribution 
of stack temperature.  This variation depends 
on the magnitude of the current transient and is 
independent of the slew rate of the transient.  The 
load transients accelerate the degradation of the 
ASR of the planar cell.  Therefore, they deteriorate 
the effi ciency of the stack.  To prevent this, suitable 
energy buffering techniques should be available to 
eliminate the effect of the load transient from the 
stack. 

The higher ripple current magnitude in the stack 
current forces a decrease of the operating fuel 
utilization of the stack, and hence, lowers the stack 
effi ciency.  However, this has negligible impact on 
the stack temperature.  In the long-term, the ripple 
current accelerates the degradation of the ASR, 
deteriorating the effi ciency of the stack.   

Lower power factor of the load increases the 
magnitude of current ripple drawn from the 
stack, and this reduces the effi ciency of the stack.  
The effect of the load power factor on the stack 
temperature is minimal. 

Higher THD of the AC load decreases the magnitude 
of current ripple drawn from the stack.  However, it 
has negligible impact on the stack temperature.

The parametric study provided a detailed insight 
into the effects of several electrical-feedback effects on 
the planar solid-oxide fuel cell (PSOFC) stack and the 
PSOFC power conditioning system (PCS) as a whole.  
This facilitates the design of control and optimization of 

•

•

•

•

•

PSOFC PCS parameters towards the achievement of a 
highly-effi cient and reliable power system. 

Determination of the optimal synthesis/design of 
the BOPS was done using optimal synthesis/design and 
dynamic operation of each of the auxiliary power unit 
subsystems in an integrated fashion.  For the individual 
subsystems, the proposed dynamic iterative local-global 
optimization approach provides optimal confi gurations 
even in the strictest of the transients, optimizing the 
system cost and performance. 

The effi ciency of the power converter system 
was maximized using effi cient power sharing.  The 
control strategy completely eliminates the effect of the 
load transient on the fuel cell stack by providing the 
additional load current from the battery.  Secondly, in 
the steady-state it maximizes the effi ciency of the system 
by optimizing the fuel utilization in the stack.  Based on 
the strategy designed here, a planar solid-oxide fuel cell 
based power conditioning system shows a remarkable 
increase in effi ciency.  
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Objectives 

Develop microelectrodes for improved isolation and 
measurement of the SOFC cathode overpotential 
(resistance) on cells having a thin electrolyte 
membrane.

Develop nonlinear electrochemical impedance 
spectroscopy (NLEIS) for use in identifying what 
steps limit SOFC cathode performance.

Generate a more detailed understanding of the 
electrochemistry governing SOFC cathodes, 
facilitating discovery and design of improved 
cathode materials and microstructures.

Accomplishments

Developed microelectrode techniques to better 
isolate the electrochemical response of SOFC 
cathodes under realistic fabrication and operating 
conditions.

Measured the i-V characteristics, impedance, and 
NLEIS of porous and thin-fi lm La1-xSrxCoO3-δ (LSC) 
electrodes on rare-earth-doped ceria, including 1st, 
2nd, and 3rd harmonics.

Developed 1-D models for the harmonic response 
of porous and thin-fi lm LSC electrodes, allowing 
interpretation of harmonic data. 

Identifi ed dissociative adsorption as a critical step in 
O2 reduction on electron-rich materials such as LSC, 
with consequences for new catalyst development. 

Introduction 

Many promising new cathode materials for solid 
oxide fuel cells incorporate mixed conducting ceramics 

•

•

•

•

•

•

•

(materials which carry both oxygen ions and electrons) 
in order to substantially enhance oxygen reduction at 
reduced temperature [1].  For example, 
La1-xSrxCo1-yFeyO3-δ (LSCF) cathodes utilize a signifi cant 
portion of the electrode material surface, extending 
the reaction up to 10 microns from the electrode/
electrolyte interface [2].  While these electrodes have 
proven promising in early exploratory research, they 
are only empirically understood [3], far from optimized 
[4,5], and can react unfavorably with the electrolyte 
[6,7].  Signifi cant modifi cation of these materials, or 
development of new materials, is required to bring this 
type of electrode to commercial fruition.

In order to address these issues, we believe a new 
generation of diagnostic tools is required to accelerate 
screening, fabrication, optimization, and long-term 
performance evaluation of cathode materials. The 
role of this project has been twofold.  First, we have 
developed a technique involving microelectrodes (made 
using standard materials and fabrication techniques) 
that offers improved accuracy, faster throughput, and 
broader screening capabilities.  Secondly, we have 
developed an extension of electrochemical impedance 
spectroscopy (EIS) that involves perturbation and 
detection of nonlinear electrode response.  This 
technique, called nonlinear electrochemical impedance 
spectroscopy (NLEIS) [8,9], provides much higher 
resolution in terms of identifying rate-determining steps, 
separating anode and cathode response, and potentially 
improved prediction cell performance based on half-cell 
measurements.

Approach 

Figure 1 shows a schematic of the microelectrode 
cell design we are currently pursuing.  The light area 
on the electrolyte surface is a mask layer that regulates 
where the working and reference electrodes make 
contact to the electrolyte.  In this way, the ohmic losses 
are well defi ned, and confi ned to a region close to the 
working electrode (cathode) of experimental interest.  
Numerical simulations of this arrangement suggest that 
it provides a high degree of accuracy and frequency 
isolation.  The mask layer is currently fabricated by 
screenprinting and fi ring a MgO/spinel mixed powder 
ink onto a dense (fi red) tape of Sm-doped ceria (SDC) 
electrolyte.  The electrodes are subsequently processed 
onto the cell under the same conditions as any ordinary 
cell.   Electrochemical measurements are then made, 
and performance normalized to the actual area of the 
working electrode. 
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Figure 2 outlines how we conduct a typical 
NLEIS experiment.  The cell is placed in a controlled 
atmosphere chamber within a furnace, and interfaced 
to a potentiostat using spring-loaded gold (Au) current 
collectors.  A sinusoidal current perturbation of 
variable amplitude is applied to the cell.  Voltage and 
current data are synchronously digitized, and Fourier 
transformed to obtain frequency domain signals, from 
which the 1st harmonic (impedance) and higher order 
harmonics can be readily quantifi ed.  This technique has 
the ability to identify very small nonlinearities (~10-3 of 
the main signal), and naturally fi lters out non-periodic or 
asynchronous signals, including small performance drifts 
or noise.  More details regarding the acquisition and 
processing of NLEIS data are given elsewhere [8].

Results 

Microelectrodes.  Figure 3 shows the measured 
impedance of three cells.  The fi rst cell consists of a 
Sm-doped ceria (SDC) electrolyte, coated on one side 
with a full-sized (1 cm2) porous La0.3Sr0.7CoO3-δ (LSC-
37) electrode, and on the other with a full-sized porous 
La0.8Sr0.2CoO3-δ (LSC-82) electrode.  The other two cells 
are microelectrode half-cells, consisting of LSC-37 and 
LSC-82 working electrodes, respectively, on SDC.  Both 
half-cells have a 1 cm2 LSC-82 counterelectrode.  With 
the exception of the mask layer, the microelectrode 
half-cells were processed identically to the cell with full 
sized electrodes.  Due to differences in composition 
and processing temperature, the LSC-37 and LSC-
82 electrodes have very different characteristics; the 
impedance magnitude of the LSC-82 electrode is about 
10 times larger than the LSC-37 electrode, and it has a 
characteristic frequency approximately 100 times higher.

As shown in Figure 3, the impedance of the 
LSC-37/SDC/LSC-82 cell consists of two arcs, 
which presumably represent contributions of the two 
electrodes, respectively.  In contrast, the microelectrode 
half-cells show only one arc, which differ from each 
other in resistance and frequency response.  After 
area normalization, the impedance of the two half-
cells were added, yielding a “calculated” impedance 
spectrum for a LSC-37/SDC/LSC-82 cell, assuming 
the same ohmic membrane resistance as the actual 
cell.  The data lie nearly on top of each other, which is a 
testament to both the accuracy and frequency isolation 
of the microelectrodes, as well as the reproducibility of 
fabrication in this case.

NLEIS.  As shown by Kawada [10], the traditional 
impedance (EIS) response of a dense thin fi lm LSC 
electrode can be used to isolate and quantify the oxygen 
exchange reaction at the surface.

However, other than telling us the PO2 dependence 
of the oxygen exchange rate, there is nothing 
distinguishing about the EIS signal that reveals anything 
about the mechanism itself.  The EIS response of 

FIGURE 3.  Impedance of LSC/SDC Cells in Air at 750°C 

FIGURE 1.  Cell Confi guration of a Microelectrode Half-Cell

FIGURE 2. Schematic of NLEIS, as applied to SOFC cathodes. 
(a) Experimental set-up.  (b) Current input and voltage response at 10 Hz 
for a symmetric cell of La0.6Sr0.4FeO3-d on SDC at 750°C in air.  (c) Fourier 
transform of current signal.  (d) Voltage signal.
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this type of electrode is almost perfectly semicircular, 
exhibiting no changes in shape with T or PO2. 

In contrast, Figure 4(a) shows Nyquist plots of the 
2nd and 3rd harmonic responses, U22 and U33, of a dense 
LSC thin fi lm made by Kawada’s group.  The size, shape, 
and phase of the higher harmonics vary strongly over 
the small range of PO2 conditions.  The shape changes 
are specifi c, including a nullifi cation (change in sign) in 
the second harmonic at low frequency.  The phase of the 
higher harmonics rotate in a distinct pattern as the PO2 
is decreased.  Figures 4(b) and 4(c) show simulations of 
the higher harmonics based on two different models for 
the O2 exchange reaction.  In Figure 4(b), we consider 
the reaction to be limited by an energetic barrier to O2 
dissociation, as is often assumed in the literature.  In 
Figure 4(c), the reaction is limited by the low probability 
of dissociative adsorption (entropy barrier).  While 
both models predict exactly the same EIS response (a 
semicircle), the fi rst model (energy barrier) is completely 
inconsistent with the higher harmonic data.  Numerous 
other models that assume various rate-limiting steps 
(including molecular adsorption, or ion incorporation 
into the bulk) also fail.  Only the model that assumes 
dissociative adsorption as limiting appears to explain our 
data.  The model is consistent in magnitude, sign, and 
phase rotation with PO2, and this PO2 dependency can be 
explained quantitatively in terms of the thermodynamic 
properties of the fi lm.

If our interpretation is correct, it suggests that the 
strong Arrhenius dependence seen by workers in the 
exchange rate vs. temperature is not a true activation 
barrier.  Rather, the strong temperature dependence 
arises from a large negative enthalpy of dissociative 
adsorption.  At higher temperatures more sites on 
the surface become available, causing an increase in 

the dissociative adsorption rate.  This result raises 
the question about whether researchers in this area 
are barking up the wrong tree.  If oxygen reduction is 
governed by dissociative adsorption, and the adsorption 
sites are already maximized in terms of concentration, 
efforts to more easily break the O2 bond will not help.  
Useful alternative strategies might include a) increasing 
the stability of reduced diatomic intermediates at 
high temperature, thereby increasing their lifetime 
on the surface, or b) enhancing surface diffusion 
of oxygen vacancies, thereby decreasing the time 
between collisions with unstable short-lived diatomic 
intermediates.  In contrast, strategies attempting to 
decrease the energetic barrier to O2 dissociation could 
actually backfi re, since any thermodynamic stabilization 
of monatomic oxygen might lower surface site 
concentrations.

Conclusions and Future Directions

Microelectrodes potentially offer an easy, low-
cost way to isolate the performance of a particular 
electrode, while maintaining the composition, 
microstructure, and processing of that electrode as 
closely as possible to the real thing.

NLEIS appears to be a very useful and powerful 
new technique, which provides higher resolution 
than traditional linear impedance for distinguishing 
specifi c mechanisms governing electrode response.

Oxygen reduction on mixed conducting perovskite 
surfaces appears to be limited by site availability for 
dissociative adsorption rather than scission of the 
O2 bond.  Developers of new catalysts may wish to 
consider this in developing new materials strategies. 

Special Recognitions & Awards/Patents 
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Spectroscopy”, U.S. and Foreign Patent applications (2006).
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FIGURE 4.  (a) 2nd and 3rd harmonic responses U22 and U33 of a dense 
thin-fi lm La0.6Sr0.4CoO3-δ electrode on samaria-doped ceria as a function 
of PO2 at 725°C.  The data have been scaled relative to the 1st harmonic.  
The marked lines are phasors indicating the phase of the data where 
the frequency is an indicated fraction of the measured characteristic 
frequency σ0.  (b) and (c) Predicted response based on models 
discussed in the text.
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Objectives 

Design and fabricate a three-pass, cross fl ow heat 
exchanger utilizing metallic materials for the fi rst 
and second pass and ceramic material for the high 
temperature third pass.

Further develop molds and casting techniques to 
produce a ceramic monolith with the necessary heat 
transfer surface. 

Characterize the performance of the hybrid 
recuperator and evaluate its ability to withstand 
thermal shock.

Accomplishments 

Contractual details were completed and work on 
this project was initiated on June 28, 2006.  

Acumentrics’ recuperator test stand was upgraded to 
allow for separate control of the air side and exhaust 
side gas streams.  A new furnace plenum will also 
permit higher exhaust side recuperator pressure 
drops to be tested.

Introduction 

Solid oxide fuel cells (SOFCs) are one of the most 
effi cient and cleanest power generating systems being 
developed.  SOFCs can operate on presently available 
fossil fuels and do not require precious metal catalysts 
which can be prohibitively expensive.  SOFCs achieve 
this, in part, by operating at relatively high temperatures 
in the range of 800 to 1,000 degrees Celsius.   Although 
these operating temperatures are well within the range 
of standard ceramic and refractory materials, where 

•

•

•

•

•

metals are required, expensive high alloy materials must 
be utilized.

A key component in the SOFC generator is the 
cathode air heat exchanger or recuperator.  The function 
of the recuperator is to ensure that the cathode air, and 
thereby the cells, are at suffi cient temperature to permit 
ion mobility, and to improve overall SOFC system 
effi ciency by reducing stack losses.  Since the heat 
capacities of the gases on each side of the recuperator 
are essentially the same and high heat exchange is 
essential, the recuperator requires a large heat transfer 
area.  To date metallic recuperators have been utilized 
and the state-of-the-art metallic recuperator is estimated 
to cost around $200/kW assuming volume production.  
This is a signifi cant portion of the overall generator cost 
which must be between $400 and $1,000/kW to achieve 
commercial viability.  This work is aimed at developing 
a low-cost recuperator through the use of a combination 
of low-cost ceramic and metallic materials along with 
low-cost manufacturing techniques.

Approach 

The work to be conducted will focus on the 
development and demonstration of a “hybrid” 
recuperator which combines a high temperature ceramic 
section with a low temperature metallic section to 
reduce the overall cost of the unit while achieving the 
high effectivenss and long life required by an SOFC 
generator.  This arrangement will take advantage of the 
high temperature, low fouling capability of a ceramic 
heat exchanger core while allowing lower grade metallic 
materials, with high extended surface area, to be used in 
medium to low temperature regions.  By incorporating 
the ceramic and metallic sections into a single unit, 
costly interconnect ducting and fi ttings along with 
associated support structure and insulation will not 
be required, signifi cantly reducing the cost over non-
integrated solutions.  Figure 1 shows an exploded view 
of the concept.

Results 

Previous to the award of this SBIR grant, 
Acumentrics (as part of its Solid State Energy 
Conversion Alliance grant) and Blasch Precision 
Ceramics, (co-funded by New York State Energy 
Research and Development Authority) designed, 
manufactured and tested a three pass, cross fl ow 
ceramic monolith recuperator.  Although signifi cant 
strides were made in manufacturing the monolith and 
establishing simple methods of attaching inlet and 
outlet plenums,  the heat exchange effectiveness of the 
unit (approximately 67%) was below that required for 

III.E.1  Hybrid Ceramic/Metallic Recuperator for SOFC Generator
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effi cient operation of the SOFC generator (>80%).  The 
low effectiveness is in part a result of utilizing a low-
cost, “net” shape casting technique which does not 
require costly machining.  The casting technique requires 
relatively large wall thickness to achieve a structurally 
sound, leak-free monolith and limits the incorporation of 
extended surface area (fi ns).  Figure 2 shows an example 
of the three-pass, cross fl ow ceramic monolith.

Additionally, Acumentrics has worked with a 
third party heat exchanger manufacturer in the design 
and testing of three-pass, cross fl ow and counter fl ow 
metallic recuperators which can meet the SOFC goals 
but require the use of high alloy materials to withstand 
the relatively high inlet exhaust temperatures (950°C) 
and corresponding high air preheat temperature (800°C) 
of the SOFC application.  As shown in Figure 3, the 
metallic recuperator utilizes a fi n core technology.  The 
fi n core consists of rectangular tubes with corrugated, 
fi n material within the tubes and sandwiched between 
tubes.

Testing of recuperators has been performed in 
a dedicated recuperator test stand which simulates 
Acumentrics’ SOFC generator geometry as far as 
the cathode air fl ow and temperature conditions are 
concerned.  This facility was upgraded to permit separate 
control of the air side and exhaust side gas streams.  A 
new furnace plenum was also designed and built which 
will permit testing of recuperators with higher exhaust 
side pressure drops.

Conclusions and Future Directions

The work to be conducted under this Phase I SBIR 
grant will prove the technical viability of the “hybrid” 
cross fl ow recuperator.  The specifi c Phase I technical 
objectives are:

1. Perform thermal modeling to determine the required 
geometries of the individual passes to achieve the 
desired fi nal and intermediate gas and material 
temperatures. 

2. Defi ne acceptable operating temperatures for 
candidate tube, fi n and plenum materials.

3. Design and test a suitable attachment method to 
seal and support the ceramic monolith within the 
recuperator framework.

4. Design and fabricate a mold capable of forming the 
prototype single pass ceramic monolith.

5. Fabricate ceramic monoliths of oxide bonded silicon 
carbide and alumina oxide.

6. Determine the heat exchange characteristics of the 
individual ceramic and metallic sections.

7. Determine the performance of the integrated, 
“hybrid” recuperator.  Conduct both long-term 
steady state and cyclic testing.

FIGURE 2.  Three-Pass, Cross Flow Ceramic Monolith

FIGURE 3.  Metallic, Fin Core Geometry
FIGURE 1.  Exploded View of the Hybrid Heat Exchanger Concept
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The successful accomplishment of these objectives 
will answer the following questions:

1. Can a ceramic monolith be successfully integrated 
into a multi-pass, cross fl ow recuperator?  

2. Can adequate gas sealing be maintained at the 
metallic/ceramic interface?

3. Can the differential thermal expansions of the 
materials be dealt with to avoid stress build up on 
the components?

4. Can greater than 80% effectiveness be obtained in 
this “hybrid” approach?
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Objectives

Develop a new product line of low-cost, alumina-
based, silica-free, net-shape insulation materials for 
SOFC systems.

Optimize materials processing to achieve low 
thermal conductivity in CERamic CAstable 
NAnoMaterial (CERCANAM) materials.

Demonstrate long-term stability (>2,000 hours) 
of gallate SOFC button cells with selected 
CERCANAM compositions in the fuel and air sides.

Accomplishments

CERCANAM was successfully tested for over 5,000 
hours in a gallate SOFC button cell test apparatus.

Developed a scaled-up process to increase the slip 
batch size from 200 gm (in Phase I and early Phase 
II) to 5 kg.

Demonstrated examples of making thick and thin 
sections of net-shape insulation using CERCANAM 
(scaled up the thickness of cast specimens from 
<1/8” [<12.5 mm] to 2” [50 mm]).

Developed several complementary production-
friendly processes to successfully fabricate insulation 
parts:  (i) dry powder pressing, (ii) tape casting, and 
(iii) slip casting process.

Presented a business plan at the DOE 
Commercialization Assistance Program (CAP) 
Forum based on CERACANAM technology for 
SOFC insulation and high temperature applications.

•

•

•

•

•

•

•

•

Introduction

The goal of this project is to develop a low-cost 
insulation material for SOFCs.  Most commercially 
available insulation materials contain silica (5-100%).  
The presence of silica in the SOFC insulation is 
detrimental to the performance of the SOFC.  Further, 
most insulations are available in the form of sheets, 
blocks, or panels which then have to be machined to 
get the desired fi t around the fuel cell stack.  Often, the 
machining cost can be a signifi cant portion of the overall 
SOFC insulation installation cost.  Thus, manufacturing 
techniques that produce appropriately shaped silica-free 
insulation parts without extensive machining and post-
processing are very attractive for SOFC insulation.

Approach

A new castable alumina (silica-free) insulation has 
been developed that utilizes the benefi ts of having fi ne 
porosity and high total porosity (low density) in order 
to obtain low thermal conductivity.  The proposed 
technology is based on reaction bonding between 
alumina and a phosphate containing compound.  
This idea has led to the development of a new family 
of materials called CERCANAM.  The reaction bonding 
approach eliminates the need for high temperature 
sintering and allows one to obtain net-shape 
components by casting or pressing the slip into the 
desired mold, followed by a low temperature (~900oC) 
fi ring.

Results

Two different versions of CERCANAM-based 
insulation material have been developed for different 
applications within the SOFC system.  These versions 
are called low density (<1.0 g/cc) and high density 
(>1.5 g/cc), respectively.  The low density insulation 
would be the primary insulative (front face) component 
for the active fuel cell.  The high density version will 
be suitable for applications where high temperature, 
structural load-bearing capability is required (like rails, 
guide posts, or bottom support panels).  The properties 
of these two types of insulation are listed in Table 1 
below.

An array of ceramic processes has been developed 
to enable low-cost manufacturing of this insulation: 
(i) dry powder pressing (isostatic or uniaxial - for 
making complex shapes like tubes, etc.); (ii) tape casting 
(for thin, wrap-around insulation sheets); and (iii) slip 
casting (for making thick panels or complex parts). 

III.E.2  Advanced Net-Shape Insulation for Solid Oxide Fuel Cells
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TABLE 1.  Properties of CERCANAM-based SOFC Insulation

Low Density
CERCANAM*

High Density
CERCANAM*

Density Range (g/cc) 0.6 – 1.0 g/cc 1. 5 – 3.0 g/cc

4-pt Flexural 
Strength (MPa)

< 1 MPa 10 – 70 MPa

Thermal Conductivity 
at 800°C (W/mK)

0.2-1.0 W/mK 1-5 W/mK

Thermo-Chemical 
Stability

Stable at high 
temperature in air, 
CO, CO2, H2, H2O, 
JP-8, Diesel vapor, 
Methanol vapor - 
No wt. loss

Stable at high 
temperature in air, 
CO, CO2, H2, H2O, 
JP-8, Diesel vapor, 
Methanol vapor - 
No wt. loss

Coeffi cient of 
Thermal Expansion

~8 ppm ~8 ppm

* Depending on the end requirements, the starting raw ingredients and 
slip composition can be appropriately chosen to achieve a specifi c density, 
fl exural strength, and thermal conductivity value.  Hence, a range of 
values is provided instead of absolute values.  For example, a 0.7 g/cc low 
density CERCANAM may have a fl exural strength of <1 MPa and thermal 
conductivity of 0.2 W/mK.  For the high density CERCANAM (after 900°C 
fi ring), a wide range of density-fl exural strength combinations can be 
designed into the material: 1.7 g/cc – 10 MPa; 2.0 MPa – 20 MPa; 
2.4 g/cc – 40 MPa; and 2.7 g/cc – 70 MPa.  When compared to 
commercially available insulation for structural applications, these are the 
highest reported strengths (for comparative density values) seen in product 
literature, as published by competitive insulation providers.  The pore sizes 
range from nano to sub-micron to micron (<100 µm) sizes. 

Figures 1 and 2 give examples of various products 
made using these different manufacturing techniques.  
In Figure 1, CERCANAM tape was used to encapsulate 
Saffi l fi ber-based mat insulation (95-97% alumina, 3-5% 
silica).  Saffi l mat insulation has a density of 0.35 g/cc 
and a thermal conductivity of 0.18-0.28 W/mK between 
600°C – 800°C.  The inner and outer CERCANAM 
lining (100 mil thick) provides added mechanical, 
thermal, and chemical protection to the Saffi l insulation.  
The Saffi l fi ber-based insulation, by itself, does not 
have any structural integrity.  However, the fi nal fi red 
composite structure shown in Figure 1 is easy to handle, 
is workable, and can take very small loads.  In this 
way, the Saffi l insulation can be fully enclosed within 
CERCANAM layers (including the top and bottom 
areas – not shown in Figure 1).  Since the cost of Saffi l 
mat and blanket insulation is $100 and $280 per cu. ft., 
respectively, this could be a very cost effective alternative 
approach for insulating SOFC systems.  In Figure 2, 
an example of a 1.5” thick CERCANAM insulation is 
shown along with a second example of a net-shaped 
(rectangular picture frame) insulation made via a 
casting route.  In the past, casting > 1/8” thick samples 
had been a signifi cant challenge which has now been 
overcome by using a proprietary mixing process that 
allows for making high solids loading slips.

To test the CERCANAM insulation for its affect 
on SOFC performance over a long-term period, 
CERCANAM samples were introduced into the air and 

FIGURE 1.  CERCANAM Tape Used to Encapsulate Saffi l Fiber-Based 
Insulation for Added Mechanical and Thermal Protection

FIGURE 2.  Examples of Thick, Net-Shape Insulation Samples Made 
Using CERCANAM
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fuel (H2) streams on the cathode and anode sides of 
the gallate button cell, and the fuel cell performance 
was monitored for over 5000 hours at 850°C.  No cell 
degradation was seen, suggesting excellent thermo-
chemical stability of this material (Figure 3).

A complete business plan for CERCANAM-based 
insulation was developed under the DOE project with 
feedback from Dawnbreaker Inc.  This helped us to 
understand what kinds of issues (technology or business 
oriented) we need to solve, what kinds of risks we 
should expect, and what kinds of strategies we ought 
to develop in order to commercialize CERCANAM 
materials.  The business plan was presented at the DOE 
CAP Forum in Falls Church, Virginia, in October 2005.

Future work will involve (i) developing a detailed 
cost analysis for producing products in a (future) 

manufacturing-type set-up and (ii) completing a SOFC 
system cost-benefi t analysis to understand the complete 
system impact (material and installation cost) and 
compare the results with conventional approaches 
currently used for SOFC insulation.

Conclusions

Successfully demonstrated long-term compatibility 
of CERCANAM insulation in SOFC systems.

Developed several complementary fabrication 
processes for low-cost manufacturing.

Scaled up the sample thickness of cast specimens 
from 1/8” to 2” (16x improvement).

Developed and presented a business plan at the 
DOE CAP Forum.

Special Recognitions & Awards/Patents 
Issued

1.  A provisional patent was fi led in Oct 2005 on this 
technology.  A full utility patent is due to be fi led in July 
2006.
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Oct 24-25, 2005.
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FIGURE 3.  Gallate button cell performance test (up to 5300 hours) with 
CERCANAM samples on cathode and anode sides (CERCANAM samples 
were inserted into the anode and cathode sides at the 380th and 668th 
hour, respectively).
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Objectives 

The overall project goal is to develop advanced and 
intelligent control algorithms for hybrid fuel cell/gas 
turbine (FC/T) power plants.  The specifi c objectives are:

Establish a dynamic modeling environment to 
facilitate simulation studies, as well as development 
and testing of control algorithms. 

Increase reliability and availability to extend service 
life of the components in the hybrid FC/T power 
plant.

Develop robust controllers that maintain stable 
operation and high performance in the presence of 
disturbances.

Develop optimal control strategies to improve 
performance and to accommodate fast response 
during rapid transients.

Accommodate measurement errors, as well as 
sensor and actuator faults to reduce the number of 
unplanned shutdowns.

Integrate robust and optimal controllers into an 
overall supervisory framework.

Accomplishments 

Completed development of modular dynamic 
models for internally reforming carbonate fuel cell 
(Direct FuelCell®, DFC®) and solid oxide fuel cell 
(SOFC) as well as balance-of-plant equipment 
including a micro-turbine generator.  
The models were based on the MATLAB®/
Simulink® programming environment. 

•

•

•

•

•

•

•

Completed integration of sub-MW hybrid DFC/T® 
and SOFC/T simulation programs. 

Developed control strategies for fuel cell stack 
temperature, gas turbine operation, and fuel feed 
rate during start-up and power ramps.

Completed input/output pairing ensuring stable 
plant operation and minimal interactions among 
control loops. 

Designed and validated decentralized multi-loop 
feedforward/feedback control structure. 

Completed off-line optimization studies for eighteen 
ramp and step load profi les while maximizing 
effi ciency.

Developed an inferential control strategy 
for adjusting fuel fl ow rate via estimation of 
disturbances in fuel composition. 

Introduction 

The control system for Fuel Cell/Turbine hybrid 
power plants plays an important role in achieving 
synergistic operation of subsystems, improving reliability 
of operation, and reducing frequency of maintenance 
and downtime.  The control strategy plays a signifi cant 
role in system stability and performance as well as 
ensuring the protection of equipment for maximum plant 
life.  Figure 1 shows a simplifi ed process diagram of an 
internally reforming SOFC/T system, which is being 
studied for development of advanced control algorithms.  
The system is based on an indirectly heated Brayton 
cycle.  The anode exhaust, which contains unreacted 
fuel, is mixed with the cathode exhaust in a catalytic 
oxidizer, where oxidation of fuel is completed.  The 
oxidizer exhaust passes through a heat recovery unit in 
which it preheats the compressed air before entering the 
turbine.  The hot compressed air is expanded through 
the turbine section, driving an electric generator.

•

•

•

•

•

•

III.E.3  Advanced Control Modules for Hybrid Fuel Cell/Gas Turbine Power 
Plants
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FIGURE 1.  Conceptual Process Flow Diagram for the SOFC/T System
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Dynamic simulation has proven to be a powerful 
design tool to study the transient behavior of fuel 
cell/gas turbine hybrid systems.  Development of an 
advanced control strategy is facilitated by using a 
dynamic model both as a simulation test bed and as part 
of the controller itself.  Components of the advanced 
control module include a neural network supervisor, 
robust feedback controllers, and predictive system 
models.  These advanced control components are used 
in the development and demonstration of an innovative 
algorithm that optimally and robustly controls hybrid 
power systems.  The algorithm can easily be adapted to 
the type of fuel used, whether natural gas, coal gas, or 
digester gas.  

Approach 

The advanced control module shown in Figure 2 is 
based on a feedforward/feedback structure.  It consists 
of a combined robust controller and a neural network 
supervisor that together manipulate the actuators 
to optimally control the hybrid system during load 
ramps.  The feedforward controller will provide optimal 
dynamic scheduling based on the prescribed load profi le 
and trends.  Because the optimization routines are 
computationally too intensive for real-time application, 
they are carried out off-line.  The resulting data is 
then used to train a neural network supervisor.  The 
feedforward controller performance depends strongly 
on the accuracy of the model employed to tune it.  A 
feedback control strategy is utilized to compensate for 
setpoint deviations caused by imperfect feedforward 
control moves and to counteract process disturbances 
such as variations in fuel composition and ambient 
temperature.  The feedback controller will be designed to 
be robust to modeling errors and process disturbances.

Results 

Integrated system dynamic models were developed 
for both SOFC/T and DFC/T systems based on the 
principles of conservation of mass and energy.  The 
architecture of the computer models in MATLAB/
Simulink allows for fl exibility in development of 
integrated system models via interconnection of 

component models.  The dynamic model of the 
integrated SOFC/T system was utilized to investigate 
improvements in control strategies related to the 
operation of the power plant.  The study resulted in 
simple and cost effective approaches for operation of 
the SOFC/T system over a wide range of power output.  
The addition of supplementary fuel to the oxidizer 
and deployment of micro-turbines with variable speed 
capabilities were shown to be among the preferred 
thermal management strategies.   

Analyses of the relative gain array of the system 
at several operating points have given insight into 
input/output pairing for decentralized control [1].  To 
control the stack temperature during transient load 
changes, a cascade control structure was developed to 
accommodate the large time constant of the fuel cell 
stack in rapid load following applications.  Inferential 
sensing of the fuel composition was implemented using 
voltage as an indicator of varying fuel concentrations.  
This algorithm was implemented to manipulate the fuel 
fl ow, which resulted in making SOFC/T systems robust 
to varying fuel compositions.

The resulting system control approach is shown 
to have transient load-following capability over a 
wide range of power, ambient temperature, and fuel 
concentration variations.  The results in Figure 3 
demonstrate the robustness to ambient temperature 
variation by maintaining both fuel cell temperature and 
system power close to their setpoints.

A nonlinear programming framework has been 
developed to determine optimal operating policies for 
hybrid FC/T power systems.  The approach consists 

FIGURE 2.  Advanced Control Module Comprising the Neural Network 
Supervisor and Robust Feedback Controller
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of a dynamic model of the system, reformulated as a 
set of index 1 differential algebraic equations [2].  The 
system model was discretized with an implicit Runge-
Kutta method and formulated in the AMPL modeling 
environment.  This allowed for the straightforward 
solution of a dynamic optimization problem using large-
scale nonlinear programming solvers; the IPOPT solver 
was used for this project [3].  The computer model was 
utilized in the optimization of operating trajectories, 
including ramping the entire power range at various 
speeds as well as local stepping studies at various 
power levels.  Optimization studies were performed and 
feedforward control moves and setpoints were provided 
to Matlab/Simulink to visualize and interpret the 
results.  Eighteen case studies showed that the dynamic 
optimization could be performed quickly with excellent 
results.

The optimization problem was augmented by an 
effi ciency measure.  Because of its built-in fl exibility, 
the program was easily adapted to maximize effi ciency.  
The ramping and stepping studies were repeated, with 
higher effi ciencies achieved while tracking the desired 
profi les.  Results show that it is possible to operate the 
power plant as desired while simultaneously enhancing 
effi ciency.  Figure 4 shows the achieved effi ciency 
improvement for a load stepping study by comparing the 
results with and without the inclusion of the effi ciency 
measures in the optimization’s objective function.  

Conclusions and Future Directions

Summary and conclusions of results obtained this 
year include:

A thorough control design study resulted in a system 
design suited for control over a wide range of 
operating powers.

Optimal input/output pairings for minimal 
interactions in a multi-loop feedback structure were 
identifi ed via a relative gain array analysis. 

The feedback control structure was augmented by 
advanced control elements including feedforward 
look-up tables to ensure robust control in light of 
process uncertainty.

The developed control system is capable of 
responding to rapid changes in load demand while 
simultaneously being able to reject disturbances in 
ambient temperature and fuel composition.

The dynamic optimization framework facilitated 
studies of both power ramps at varying rates and 
stepping studies at various power levels while 
maximizing plant effi ciency.  This data will be 
utilized for neural network training.  

The optimization framework’s applicability to 
parameter estimation and inferential control was 
demonstrated.  Case studies, using the developed 
algorithms, verifi ed that accurate estimation of 
variations in fuel composition is feasible, allowing 
for compensation of fuel fl ow and resulting in 
increased reliability of operation. 

Overview of future work includes:

Develop a centralized linear quadratic regulator 
including state estimation via Kalman fi ltering and 
determine whether it can improve robustness of the 
decentralized multi-loop controller. 

Develop a neural network framework suitable 
for online control supervision.  Train the neural 
network with results from the control optimization 
studies.

Develop fuzzy logic fault detection and fault 
accommodation techniques.

Integrate the individual control strategies into the 
simulation environment for extensive testing of the 
algorithms for their stability and robustness.
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FIGURE 4.  Trajectory Planning for Step Profi le with and without the 
Inclusion of Effi ciency in the Objective Function
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Objectives

Develop confi guration that can pump anode gas at 
850°C.

Develop thermal choke design and component test 
at full temperature (850°C).

Verify bearing/seal selection and design.

Integrate and evaluate controller/motor.

Develop low-cost integrated assembly to provide 
required performance and offer low cost in high 
volume.

Accomplishments

Completed bearing selection and design process; 
selected grease-for-life bearing with greater than 
40,000 hours of life.

Identifi ed candidate pump head materials to ensure 
40,000 hours of reliable high-temperature blower 
operation.

Performed detailed thermal/structural analysis of 
the HARB prototype blower to optimize design 
confi guration for proper thermal response and 
structural robustness.

Completed detailed cost analysis of the prototype 
blower for DOE and SECA review.

Manufactured test rig hardware to verify thermal 
choke effectiveness.  

Demonstrated the successful performance of the 
thermal choke through laboratory experimentation.  
Tests were completed to nearly 600°C.

•

•

•
•
•

•

•

•

•

•

•

Introduction 

This effort involves the development of a robust, 
low-cost, high-temperature anode recirculation blower 
(HARB) for use with solid oxide fuel cell (SOFC) 
systems (see Figure 1).  SOFC system designers believe 
considerable improvements are achievable in water 
management, fuel utilization, stack operating effi ciency, 
or system controllability if an anode recirculation pump 
is employed.  The opportunity here is to develop a low-
cost pump that can provide this function.  

The challenge is to develop a pump that is durable 
and can survive in a very harsh environment.  Unlike 
proton exchange membrane fuel cell (PEMFC) systems, 
SOFC systems operate at very high temperatures 
(~850°C).  Depending on system architecture, the 
proposed pump may very well be exposed to these 
extreme conditions.  Yet, the electric motor, controller, 
and bearings in the system must be kept at much 
cooler temperatures than the process fl ow.  Therefore, 
the focus of this project is to develop an innovative 
approach to pump this hot process fl ow while providing 
cool temperatures for the sensitive pump components.  
Additionally, innovation is required to provide this 
capability and maintain low costs in high-volume 
production.  

III.E.4  Hot Anode Recirculation Blower (HARB) for SOFC Systems

Dr. Mark C. Johnson (Primary Contact), 
Dr. Dan S. McGuinness
Phoenix Analysis and Design Technologies (PADT)
ASU Research Park
7755 S. Research Dr., Suite 110
Tempe AZ  85284-1803
Phone: (480) 813-4884; Fax: (480) 813-4807
E-mail: mark.johnson@padtinc.com

DOE Project Manager:  Magda Rivera
Phone: (304) 285-1359
E-mail: Magda.Rivera@netl.doe.gov

FIGURE 1.  Phase I HARB Prototype Blower
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Approach 

The approach used to develop this pump 
emphasizes design iterations with a reduction to 
working prototypes in rapid succession.  In Phase I, the 
major pump confi guration and material selection were 
achieved with the aid of fi nite element modeling (FEM).  
FEM was done for all critical components to understand 
their temperature and stress situation.  Many computer 
iterations were done.  In particular, the thermal choke 
approach was confi rmed and refi ned analytically. 

After material selection and pump confi guration 
were completed, CAD modeling and detailed drawings 
were done.  The resulting design was procured and 
tested to verify performance and temperature levels.  
The testing confi rmed the analysis and showed excellent 
correlation with prediction (see results section). 

Results 

The most important result from recent effort is the 
temperature data that was obtained from testing the 
prototype blower.  The temperature data is shown in 
Figure 2 and is compared to an analytical prediction.  
This test shows surface temperatures on the outside of 
the thermal choke when the unit was run with ~600°C 
inlet temperature gas fl ow temperatures.  The test rig 
that was used to create this data is shown in Figure 3.  

A full view of the temperatures inside the machine, 
while operating at 850°C, is shown in the cross-sectional 
view of Figure 4. 

Additionally, a cost study was completed for high-
volume production of the blower shown in Figure 1.  We 
found that the costs were too high, even in high volume, 

because of the size and materials used in the prototype.  
Therefore, based on the Phase I test results, a Phase II 
blower has been designed which meets long-term cost 
objectives.  This is the most important result of our 
efforts to date, and the proposed design is shown in 
Figure 5.
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FIGURE 2.  Thermal Choke Temperature Distribution (comparison 
between measured and analytical)

FIGURE 3.  Phase I Laboratory Test Rig

FIGURE 4.  Analytical Temperature (F) Predictions for the HARB Blower

FIGURE 5.  Cross-Section and Isometric View of Reduced-Cost Phase II 
Blower
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Conclusions and Future Directions

Based on the work completed to date, a low-cost 
blower has been designed which will be undergoing 
development during Phase II.  The major objectives for 
this effort are shown in Table 1.

TABLE 1.  Phase II Primary Technical Objectives

OBJECTIVE DISCUSSION

1 Complete 
details of 
reduced-cost 
design

Figure 5 presents a look at the cost-reduced 
confi guration.  However, it’s necessary to 
fi nish this work by completing analyses and 
detailed drawings.  

2 Characterize 
850°C 
operation

The Phase I effort verifi ed the thermal 
management design at part temperature 
(~600°C).  In Phase II, hardware will be 
procured and a new blower constructed 
based on the Phase II reduced-cost concept.  
It will be tested at full temperature under a 
wide variety of conditions. 

3 Demonstrate 
forward 
bearing life

In Phase I the forward bearing confi guration 
was designed to survive at high temperatures 
(150°C).  In Phase II several bearing tests will 
be conducted to verify this life and adjust the 
bearing approach accordingly.  

4 Develop low-
cost motor and 
controller

PADT has designed motors and controllers 
in the past.  This application de-emphasizes 
performance in exchange for cost.  Controller 
may be available off-the-shelf, or a prior PADT 
design will be modifi ed. 

5 Develop and 
integrate novel 
pump head 
aerodynamics

PADT is proposing a modifi ed regenerative 
pump head which allows for a much reduced 
impeller cost.  This is accomplished by using 
a technology that develops high pressure with 
a small wheel with relatively low tip speed. 

6 Integrate 
improvements 

Now we can integrate the low-cost motor 
design, improved pump head, best bearings 
tested to date, the sensorless controller, cast 
components, and any other lessons learned 
from the characterization and early endurance 
testing of objective 2, into the HARB design.  

7 Validate design Procure hardware and build three (3) 
HARB Phase II blowers.  Conduct a bank of 
validation tests.  A fi nal low-cost version 
of the pump will be tested on a 5,000 
hour endurance test at full power and high 
temperature.  This will fl ush out any design 
fl aws or issues and prepare us for low-volume 
production for SOFC demonstration projects.
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Objective 

Design a foil-bearing supported high-speed 
centrifugal cathode air blower (CAB) meeting all the 
technical requirements of SECA members and develop 
a process to reduce the manufacturing cost of CABs 
to $100 per unit based upon a production volume of 
50,000 units/year.

Accomplishments

The project is in the early stages of CAB design.

Initial CAB design point performance calculations 
were made.  

Introduction

The goal of the Solid State Energy Conversion 
Alliance (SECA) is to develop commercially-viable 
($400/kW) 3 to 10 kW solid oxide fuel cell (SOFC) 
systems by year 2010.  SOFC power generation 
systems are attractive alternatives to current 
technologies in diverse stationary, mobile, and military 
applications.  SOFC systems are very effi cient, from 
40 to 60 percent in small systems and up to 85 
percent in larger cogeneration applications.  The 
electrochemical conversion in a SOFC takes place at 
a lower temperature (650 to 850ºC) than combustion-
based technologies, resulting in decreased emissions 
– particularly nitrogen oxides, sulfur oxides, and 
particulate matter.  These systems all offer fuel fl exibility, 
as they are compatible with conventional fuels such as 
hydrogen, coal, natural gas, gasoline, or diesel.  Despite 
these advantages, advances in balance of plant (BOP) 
component design must be developed before the SECA 
program goal can be realized.

•
•

SOFC systems require blowers to provide 
motive force to incoming atmospheric air, in order 
to overcome the pressure drop in the various valves 
and heat exchangers, and in the fuel cell stack.  The 
energy required to drive this component is typically 
one of the largest parasitic loads for the SOFC system; 
consequently, high blower effi ciency is paramount to 
high system effi ciency.  Furthermore, blower reliability is 
critical to ensure safe long-term system operation.    

Approach 

In Phase I, a CAB will be concepted and designed 
based on a previously developed fuel processor 
blower.  A process will be developed for reducing 
the manufactured cost of CABs to $100 per unit, 
based upon a production volume of 50,000 units per 
year. 

In Phase II, a detailed design of the CAB will be 
completed and a prototype manufactured and tested 
using cost reduction techniques identifi ed in Phase I. 

Phase III will start the commercialization phase 
of the project.  CAB fi eld demonstrations will be 
initiated with SECA members and other potential 
original equipment manufacturers.  Distributors will 
be identifi ed and contacted. 

Results

A preliminary design has been performed.  The CAB 
has been designed as a centrifugal compressor running 
at 80,500 rpm.  In order to meet high reliability, the 
rotating assembly will be supported on foil air bearings.  

The proposed CAB will be driven by a brushless 
permanent magnet DC motor or switched reluctance 
motor.  Such motors have shown high effi ciency and 
high reliability for the power range required for the CAB.   

The cathode air blower will be similar to a 
previously designed, manufactured and successfully 
tested proton exchange membrane fuel processor system 
(FPS) air blower, which was built by R&D Dynamics for 
UTC Fuel Cells under a DOE-funded project.  The FPS 
blower is shown in Figures 1 and 2.  It is foil-bearing 
supported and is of a high-speed centrifugal type design.  
The CAB will be affordable, effi cient, reliable, small, 
lightweight, and meet turndown requirements.  

The FPS rotating assembly, shown in Figure 3, is 
made up of the impeller, journal bearing shaft, motor 
rotor, thrust bearing shaft and hall magnet assembly.  
The shaft components are held together in compressive 
preload by a tie rod that runs through the center of 
the shaft.  The resulting rotating assembly is extremely 
lightweight and rigid.

•

•

•

III.E.5  Foil-Bearing Supported High-Speed Centrifugal Cathode Air Blower

Giri Agrawal (Primary Contact), Bill Buckley, 
Dennis Burr, Sam Rajendran 
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Phone: (304) 285-5432
E-mail: Charles.Alsup@netl.doe.gov  
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CAB Technical Requirements

Specifi c blower performance requirements are 
dependent upon the design of the SOFC system with 
which it is associated; nevertheless, the following 
representative nominal requirements, in lieu of design-
specifi c data, will be addressed: 

Fluid Type Atmospheric Air

Pressure Ratio 1.1 to 1.2

Peak Airfl ow 1,500 SLPM

Speed Control Variable Speed

Turn-Down Ratio 5:1 

Overall Effi ciency ≥60%

Design Life >40,000 hours @ 100% Duty 
Cycle

Maintenance Interval >10,000 hours

Target Cost <$100 per unit based on 50,000 
units/year

Noise <70 dBA

Contamination of Process Air None desired

Preliminary Performance of CAB Blower 
(Design Point)

Type Centrifugal

Impeller Diameter 1.67 inches

Inlet Pressure 14.7 psia

Inlet Temperature 68°F

Outlet Pressure 17.64 psia

Outlet Temperature 103.7°F

Pressure Ratio 1.2

Mass Flow Rate 3.98 lbm/min

Adiabatic Effi ciency 79%

Speed 80,500 rpm

Conclusions and Future Directions

The project has encountered no technical or 
manufacturing cost barriers to date which would prevent 
the objectives from being met.

FIGURE 2.  Actual FPS Blower

FIGURE 3.  FPS Blower Rotating Assembly

FIGURE 1.  Cut Away View of FPS Blower
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Objective 

Demonstrate the feasibility of using a foil gas 
bearing supported high-speed centrifugal anode gas 
recycle blower (FBS-AGRB) to help SECA members 
meet their SOFC goal of higher effi ciency and lower 
overall system cost.

Accomplishments 

Designed a prototype FBS-AGRB having the 
following features: 

– Low-cost design which met “design for 
manufacturing and assembly” (DFMA) concepts

– High-temperature capability >850°C

– Oil-free gas bearings 

– No gas leakage out of the blower

– No sulfur leakage into the fuel stream from 
blower components 

– No free silica exposure into the fuel stream 

– No heavy metal leakage into the fuel stream 

– No parasitic cooling required 

– >40,000 hour lifetime

– Maintenance free

– High-effi ciency high-speed motor and 
centrifugal rotor  

– High-temperature and hostile environment 
capability  

– Scalability to larger sizes

Demonstrated the conical foil gas bearing key 
technology with breadboard testing 

•

•

Introduction

The goal of the Solid State Energy Conversion 
Alliance (SECA) is to develop commercially-viable 
($400/kW) 3 to 10 kW solid oxide fuel cell (SOFC) 
systems by year 2010.  SOFC power generation systems 
are attractive alternatives to current technologies in 
diverse stationary, mobile, and military applications.  
SOFC systems are very effi cient, from 40 to 60 percent 
in small systems and up to 85 percent in larger co-
generation applications.  The electrochemical conversion 
in a SOFC takes place at a lower temperature (650ºC to 
850ºC) than combustion-based technologies, resulting in 
decreased emissions – particularly nitrogen oxides, sulfur 
oxides, and particulate matter.  These systems offer fuel 
fl exibility, as they are compatible with conventional fuels 
such as hydrogen, coal, natural gas, gasoline or diesel 
fuel.  Despite these advantages, advances in balance-of-
plant components must be developed before the SECA 
program goal can be realized. 

SOFC systems that incorporate some recycling of 
the anode exhaust gas, which is mixed with incoming 
fresh fuel prior to entering the pre-reformer, have a 
higher effi ciency and offer the potential for lower overall 
system cost.  An anode gas recycling blower (AGRB) is 
an attractive solution to perform this task. 

Approach 

A foil bearing supported high-speed centrifugal 
anode gas recycle blower was selected to meet the 
requirements of SOFC systems because of its potential 
for:

Low-cost using simple design and less material

Highest blower effi ciency via high speed centrifugal 
impeller

High-temperature capability using foil gas bearings, 
switched reluctance (SR) motor and sensor-less 
controller

Contamination-free using oil-free foil gas bearings 
and hermetically sealed blower

High reliability from foil gas bearings and SR motor

Results

The blower was designed for an inlet gas 
temperature of 600 to 850ºC, atmospheric pressure, 
pressure rise of 4 to 10 inches of water, and a fl ow of 100 
standard liters per minute (slpm), which is nominally 

•
•

•

•

•

III.E.6  Foil Gas Bearing Supported High Speed Centrifugal Anode Gas 
Recycle Blower
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composed of 46 slpm H2O, 27 slpm CO2, 20 slpm H2, 
and 7 slpm CO.  Overall effi ciency meets or exceeds 
40% under the aforementioned operating conditions.  
The unit has a variable speed control with a fl ow 
turndown ratio of 5 to 2.  The blower unit will have a 
design life of >40,000 hours, with a 100% duty cycle and 
10,000 hour maintenance interval.  The unit will be able 
to tolerate at least 30 thermal cycles, between operating 
and room temperatures, over its design life.  The unit 
cost of the blower for production rates of >50,000 units 
was estimated to be less than $100.  Additional design 
requirements listed below were also addressed:

Design for scalability

No gas leakage 

No sulfur leak into the fuel stream 

No free silica exposure into the fuel stream 

No heavy metal leakage into the fuel stream 

No cooling required from the system other than 
from the process fl uid  

No purge gas required

Blower shaft temperature was estimated to be below 
water dew point

Mechanical type seals were not required

Design explosion-proof 

No corrosion/carbon deposition 

Design points for the FBS-AGRB were as follows:

Shaft Speed >90,000 rpm

Pressure Ratio 1.025

Pressure Rise 25.4 cm of water (10” of water)

Inlet Pressure 1.01 bar (14.69 psia)

Outlet Pressure 1.08 bar (15.06 psia)

Inlet Temperature 850ºC (1,562ºF)

Outlet Temperature 857.3ºC (1,575.2ºF)

Gas Constant 0.369 J/kg ºC (68.64 ft-lbf/lbm R)

Specifi c Heat Ratio 1.274 

Mass Flow 1.54 g/s (0.204 lbm/min)

Volume Flow 100 slpm

Impeller Isentropic 
Power 15.6 Watt

A cut-section view of the blower is shown in Figure 1.

Key technologies were incorporated into the blower 
design, including state-of-the-art aerodynamics, conical 
gas bearings, SR motor, and sensor-less controller.  
Design analysis included, critical speed analysis, thermal 
analysis and stress analysis.  The conical bearings 
were a ground breaking technology best suited for 
this application and testing was done to confi rm their 
feasibility and applicability to support both radial and 
thrust loads.  An exploded view of a conical bearing is 
shown in Figure 2. 

•
•
•
•
•
•

•
•

•
•
•

A breadboard conical bearing test rig was built 
and is shown with conical test bearing hardware in 
Figures 3 and 4, respectively.  The test rig is capable of 
testing many combinations of conical bearings at loads 
and speeds while measuring bearing friction.  The rig 
is comprised of three major sections: the upper section 
is the housing of the turbine, the mid section is the 
housing of the journal and thrust bearings, and the lower 
section is the housing of the conical test bearing and a 
piston.  A fi xture was also designed and manufactured 
for separately measuring breakaway torque and load 
on the conical bearing.  The conical bearing lifted off 
steadily at different loads and the torque was low, which 
means power loss is very low.  The bearing showed no 
signs of being stressed.  The testing proved the technical 
feasibility of using conical bearings.

FIGURE 2.  Exploded View of Conical Bearing

FIGURE 1.  Cut-Section View of FBS-AGRB
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A cost analysis of the blower was performed by two 
methods.  The fi rst method was based on historical data, 
past experience at R&D Dynamics and discussions with 
vendors.  The second method was based on automobile 
standards where cost of existing equipment was scaled 
to new equipment by varying weight and quantity.  Both 
methods assumed a 50,000 unit production rate per year.  
Production blower cost varied from $95 to $114 per unit.  
This represents a cost target that is very favorable to 
meeting overall SOFC system cost goals. 

Conclusions and Future Directions

Key blower technologies were proven by extensive 
design and analysis.

The high-temperature blower design evolved to be a 
successful design which can achieve the SECA goal.

Conical bearing breadboard testing proved the 
technical feasibility of conical bearings.

The blower cost was estimated to be less than $100 
at a production volume of 50,000 units/year.

Phase I is complete.  Work needs to be continued in 
Phase II as follows:

Develop a prototype blower

Test at high-temperature condition

Incorporate rigorous “design for manufacturing and 
assembly” techniques to reduce cost

Demonstrate blower to SECA members

Test blowers at SECA member’s fuel cell systems

FY 2006 Publications/Presentations 

1.  “Foil Bearing Supported High-Speed Centrifugal Blower,” 
SECA Core Technology Program Peer Review, October 
25-26, 2005, Lakewood, CO.

•

•

•

•

•
•
•

•
•

FIGURE 3.  Breadboard Conical Bearing Test Rig

FIGURE 4.  Conical Test Bearing Hardware
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Objectives 

Design a counter fl ow heat exchanger for cathode 
preheat of solid oxide fuel cells.

Develop a computational model to accurately 
predict the effectiveness of heat exchangers.

Demonstrate a process of forming ceramic 
composite heat exchangers using rapid prototype 
tooling and a proprietary near-net-shape powder 
forming process.

Optimize the heat exchangers for high effectiveness 
and low pressure drop using computational fl uid 
dynamic (CFD) simulation.

Validate the CFD simulations with experimental 
data collected from the heat exchangers under 
actual operating conditions.

Accomplishments 

Designed, fabricated, and validated experimentally 
to within 3% a 62% effective, computationally 
modeled heat exchanger operating at 900oC and 
a 5 kW fl ow rating.

Designed an 83% effective computational heat 
exchanger model.  

Manufactured a 15 cm x 35 cm one-piece complex 
Si-SiC prototype using rapid prototype tooling and 
a near net shape forming process (see Figure 1).

Tested a 73% effective 15 cm x 55 cm one-piece 
prototype at 980oC and a 5 kW fl ow rating.

Developed a methodology for accurately modeling 
and simulating the effects of geometry changes 

•

•

•

•

•

•

•

•

•

•

computationally to achieve an effectiveness between 
70% and 90% while maintaining a pressure drop of 
less than 10” w.c.

Introduction 

Without a low-cost high-temperature heat 
exchanger, the solid oxide fuel cell system (SOFC) may 
not meet the electric conversion effi ciency goal of 60% 
and installation cost of $400/kW.  Because it operates 
at temperatures near 750oC, exhaust gases exceeding 
this temperature may remove a substantial amount of 
the energy supplied to the fuel cell.  Capturing this high 
quality energy and preheating the fuel cell’s cathode air 
is a promising method to improve SOFC effi ciency.

One method of capturing high quality energy is 
through the use of heat exchangers.  Traditional alloy-

III.E.7  Low-Cost/High-Temperature Heat Exchanger for SOFCs Using 
Near-Net-Shape Ceramic Powder Forming Process

Tom Briselden (Primary Contact), 
Christopher Wyant, Nathan Lang 
Spinworks, LLC.
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Suite 207
Erie, PA  16510
Phone: (814) 899-4871; Fax: (814) 314-0288
Website: www.spin-works.com

DOE Project Manager:  Magda Rivera
Phone: (304) 285-1359
E-mail: Magda.Rivera@netl.doe.gov
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FIGURE 1.  Prototype Heat Exchanger
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based and ceramic heat exchangers have a prohibitive 
life cycle cost impact on the SOFC due to high initial 
costs and material limitations such as creep, thermal 
shock, and sulfi dation attack.  An opportunity exists 
for a low-cost, high-temperature cathode air SOFC 
heat exchanger that can operate under the following 
challenging conditions:

750°C to 1,000°C 

11.7 kg air/kW hr

32°C/cm temperature gradient

50 ppm sulfur

70% to 90% effectiveness

< 5” w.c. pressure drop on the hot side

< 10” w.c. pressure drop on the cold side

Withstand over 2,000 thermal cycles from ambient 
temperature to maximum operating temperature

40,000 hours life

10,000-hour maintenance interval

Minimal Si or Cr carryover to eliminate membrane 
contamination

< 10% impact on the overall installation cost of the 
SOFC

Approach 

The approach taken was to develop a system in 
which a heat exchanger can be optimized for any SECA 
member’s specifi cations, the necessary tooling rapid 
prototyped from that optimized shape, and fi nally the 
heat exchanger formed and tested under actual operating 
conditions.  This system allows full mass customization 
of the heat exchangers while keeping the forming and 
fi ring process essentially the same for manufacturing. 

A commercially available, low-cost Si-SiC material 
was used to manufacture a highly effective (between 70% 
to 90%) heat exhanger.  The material has a proven life 
history greater than 100,000 hours in high temperature 
natural gas and air environments with severe thermal 
shock.  Minimal Si carryover into the fuel cell membrane 
is estimated.  Complex helical shaped heat exchangers 
were designed in three dimensions and computationally 
modeled.  A rapid prototype tool was used to facilitate 
a near-net-shape, patented, ceramic powder formed, 
one-piece component.  It is estimated that the one-
piece method will result in a low-cost (< 10% of SOFC 
system cost), high-temperature heat exchanger with a life 
expectancy that meets the goals of SECA members.

Results 

The fi rst step of this process was to validate the 
computational analysis.  To accomplish this, simulations 
of four simple counter-fl ow heat exchangers were 
analyzed computationally.  At the same time, the 

•
•
•
•
•
•
•
•

•
•
•

•

four heat exchangers were manufactured and tested 
experimentally. The initial fl ow and wall surface 
characteristics were set as a result of these four simple 
heat exchanger tests.  These fl ow and wall characteristics 
were then used as the inputs into all successive 
simulations.

A computational study was then conducted to 
determine the change in effectiveness that varying the 
inlet conditions and the geometry of the heat exchangers 
(including the number of fl ow channels, the twist rate, 
and differing mass fl ow rates) would have (see Figure 
2).  The end result of this study was a 50% effective heat 
exchanger that fi ts the SECA inlet and pressure drop 
requirements. 

A theoretical analysis was then performed to 
optimize each fl ow channel in the heat exchanger.  The 
optimization was done in regards to a heat transfer 
“Figure of Merit” (maximizing the surface heat transfer 
coeffi cient for a given pressure drop).  This resulted in a 
12% increase in effectiveness with no additional pressure 
drop in the same size heat exchanger. 

The tooling required to manufacture this 62% 
effective heat exchanger was then rapid prototyped 
and the heat exchanger was manufactured.  The testing 
on the heat exchanger was performed on a 5 kW 
heat exchanger test rig developed in house.  This test 
rig simulates the effl uents coming off of a 2.5 to 6.25 
kW fuel cell in operation.  The mass fl ow rate and 
temperature of the effl uents, as well as the incoming 
preheat air, are monitored and controlled.  The pressure 
drop and outlet temperature of each channel can also 
be monitored.  The computational results, using the 
fl ow and wall characteristics developed in the validation 

FIGURE 2.  Heat Exchanger Geometry
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stage of the project, were validated to within 3% in 
effectiveness (59% effective in experiment).  Further 
simulations and tests were performed using mass fl ow 
rates simulating effl uents from 2.5 to 6.25 kW fuel cells 
at 800°C and one special case which was a 3.0 kW 
equivalent operating at 725°C.  This data was then used 
to validate the CFD simulations (see Figure 3).

Upon proving that the computational analysis 
accurately predicts the effectiveness of the heat 
exchangers with varying geometries and inlet conditions, 
heat exchangers have been computationally designed 
with an effectiveness range as high as 83%; however, 
these heat exchangers were outside the current 
manufacturing capabilities.  Concurrently, heat 
exchangers were formed, fi red, and tested for 5 kW 
fuel cells with as high as 73% effectiveness and at inlet 
temperatures as high as 980°C. 

Conclusions and Future Directions

By using a patented near-net-shape ceramic powder 
forming process and supplementing it with the ability 
to fully optimize the design for any inlet conditions 
and any operating constraints (size, pressure drop, 
manifolding, etc.) and easily prototype the tooling 
required for forming, fully functional and optimized heat 
exchangers can be produced for costs within the SECA 
requirements.

The future plans for this project are to:

Using computational analysis, identify the key 
variables that maximize effectiveness and minimize 
component volume for a 3 kW to 10 kW SOFC 
helical fl uent channel heat exchanger.  

Using advanced 3-D modeling, rapid prototyping, 
and near-net-shape powder forming, design and 
manufacture one-piece helical fl uent channel 
prototypes with an effectiveness between 70% and 
90%.  

Test the prototypes under simulated SOFC 
conditions between 650°C to 1,000°C to validate 
performance and manufacturing integrity.  

Utilizing input from SECA members, market 
data, and the performance map, design custom 
ThermCorTM prototypes and ceramic and ceramic/
metallic manifolds to interface with SOFC systems.  

Using the HeatCor™-Industrial pilot manufacturing 
plant (11,000 units/year at $400/unit-5 kW) as a 
benchmark, implement design for manufacturing 
build to order, mass customization, and other key 
technical upgrades to design a 50,000 unit/year 
plant to produce a $250/unit, 5 kW heat exchanger.

Produce and test “commercial ThermCor™ 
prototypes” for SOFC systems.  

•

•

•

•

•

•
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Objectives

Design of thermally stable nano-cermets using radio 
frequency magnetron sputtering techniques

Synthesis of nano-cermets with a narrow particle 
diameter distribution 

Probe Au nanoparticle surface plasmon resonance 
(SPR) properties and Pd-YSZ (yttria-stabilized 
zirconia) optical properties as a function of 
temperature and chemical exposure

Approach

Synthesis of Au-YSZ nano-cermets using physical 
vapor deposition techniques 

Characterize Au nanoparticles using optical and 
microstructural analytical techniques

Testing of thermal stability (500-1000°C) of nano-
cermets and their corresponding optical properties

Determine the thermal and chemical stability 
(CO, NO2, hydrogen) of nano-cermets and the 
corresponding optical properties

Accomplishments

The detection of CO using all-optical techniques 
was demonstrated at an operating temperature of 
500°C in the presence of an air carrier gas

Future Directions

Evaluate the long term stability of the Au-YSZ fi lms 
towards both temperature and CO exposures  

Characterize the CO sensing capabilities of the 
Au-YSZ fi lms as a function of oxygen background 
pressure, temperature and Au content

Evaluate the sensing properties of the Au-YSZ 
tailored nanocomposite fi lms for the detection of 
sulfur compounds, H2 and NO2  

•

•

•

•

•

•

•

•

•

•

•

Introduction

The DOE-NETL Innovative Concepts Phase 
II Program is investigating the feasibility of harsh 
environment compatible chemical sensors based on 
monitoring the surface plasmon resonance (SPR) 
bands of metal nanoparticle doped YSZ nano-cermets, 
as a function of fuel concentrations, impurities e.g. 
CO and temperature (500-900°C).  In particular, Au 
nanoparticles exhibit a strong SPR band whose shape 
and spectral position is not only highly dependent on the 
refractive index of the host medium but also on chemical 
reactions at the interface between the metal and the 
surrounding environment.1 

In this report, the operational range of Au 
nanoparticle based sensing of CO was extended 
up to 500°C through the use of a materials system 
comprised of Au nanoparticles embedded in an yttria-
stabilized zirconia (YSZ) matrix.  A reversible change 
in the optical properties of this nanocomposite is 
observed upon exposure to gas cycles of air and an 
air/CO mixture.  The sensing mechanism has been 
attributed to high temperature interfacial charge transfer 
chemical reactions, occurring at the perimeter of the 
Au nanoparticles, which inject charge into the Au 
nanoparticle causing changes in both the position and 
shape of the SPR band.  These reactions are presumed 
to be associated with the reduction of the YSZ matrix 
and the oxidation of CO, via a charge transfer reaction 
between YSZ bound oxygen anions, formed through the 
dissociative adsorption of oxygen molecules on YSZ at 
high temperatures, and the Au nanoparticles.

Approach

The Au-YSZ nanocomposite fi lms are deposited 
using dual target confocal physical vapor deposition, 
with the metal and metal oxide sputtering gun 
deposition rates tuned to achieve the desired metal-
to-metal oxide composition.  Thermal annealing in 
argon at temperatures above their respective operating 
temperatures is used both to thermally stabilize the 
fi lms and also to grow nanoparticles of a given size.  
Materials characterization of the fi lms using scanning 
electron microscopy (SEM), Auger spectroscopy, 
Rutherford backscattering spectroscopy (RBS) and 
x-ray diffraction (XRD) analyses is used to determine 
the microstructural and composition properties.  Ex 
situ optical characterization using ultraviolet to 

III.E.8  Feasibility of a SOFC Stack Integrated Optical Chemical Sensor

Michael A. Carpenter 
College of Nanoscale Science and Engineering
University at Albany – SUNY
Albany, NY  12203
Phone: (518) 437-8667; Fax: (518) 437-8603
E-mail: mcarpenter@uamail.albany.edu

DOE Project Manager:  Magda Rivera
Phone: (304) 285-1359
E-mail: Magda.Rivera@netl.doe.gov 1Kreibig, U.; Vollmer, M.; Optical Properties of Metal Clusters; 
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visivle (Uv-Vis) absorption spectroscopy and spectro-
ellipsometric analysis is used to correlate the material 
properties with the resulting optical properties.  In situ 
Uv-Vis spectroscopy utilizing a charge-coupled device 
(CCD)-based detection system as a function of both 
temperature and chemical exposure is used to determine 
the gas sensing properties with a time resolution on 
the seconds scale.  Test gases include, CO, NO2 and 
hydrogen which will provide a range of reducing and 
oxidizing environments whose absorption spectra 
effects combined with theoretical calculations will help 
deconvolute changes in both the dielectric and the 
chemical environment surrounding the bimetallic and 
metallic nanoparticles.

Results

Figure 1a displays the absorption spectrum along 
with a corresponding Lorentzian fi t to the data for 
a representative Au-YSZ fi lm in the spectral region 
between 470 and 920 nm at 500°C in an air background.  
Noise levels at the longer wavelength limit of the 
spectrum become rather pronounced due to the 
incomplete removal of the Xe lines from the absorption 
spectrum.  The SPR band peaks at approximately 600 
nm and was fi tted to a Lorentzian curve, with an R2 
value of 0.998, in the region between 560 and 800 nm, 
to extract the changes in the spectrum upon exposure to 
the air/CO mixture.  This fi tting range was dictated at 
the shorter wavelengths by the Au interband transitions 
which have an onset at approximately 520 nm, while 
wavelengths longer than 800 nm were ignored due to 
the pronounced noise levels.  Figure 1b displays the 
absorption spectra of the Au-YSZ nanocomposite for 
both the air and an air/CO (1 vol.%) gas mixture.  In 
both cases, a SPR absorption band at approximately 
600 nm was observed.  However, upon exposure to 
CO, the SPR band slightly blue shifts and becomes 
narrower, with no measurable change in the baseline of 
the spectrum at the short and long wavelength limits.  
The inset of Figure 1b displays the difference spectrum 
obtained by subtracting the fi tted air and air/CO 
absorption spectra.  The CO sensing signal is defi ned as 
the peak to peak difference between points A and B on 
the difference spectrum.

Figure 2 displays the resulting CO sensing signal as 
a function of time for the Au-YSZ fi lm upon exposure 
to 1, 0.75, 0.5, 0.25 and 0.1 vol.% CO concentrations in 
air at 500°C.  The change in the absorption spectra upon 
exposure to CO was reversible, and the sensing signal 
increased with increasing CO concentration.  
A background signal of approximately 0.04 is observed 
during each of the air cycles and is attributed to the 
incomplete subtraction of the fi tted spectra due to the 
noise levels observed in the raw data.  The response 
time, i.e., the time required for the sensing signal to 

obtain its maximum value upon exposure to CO, was 
approximately 40 s at all CO concentrations, with 
recovery in the subsequent air pulse displaying a two-
stage mechanism comprised of a fast, approximately 
60 s, initial stage, followed by a slower, approximately 
1000 s, stage.  

Figure 3 reports the change in sensing signal, 
normalized to that observed for the 1 vol.% CO 
exposures, plotted versus CO concentration at 500°C.  
The data in Figure 3 were obtained from three individual 
runs and indicate a reproducible response towards CO 
at this temperature.  The increase in signal was nearly 

FIGURE 1.  a) Absorbance spectra of the Au-YSZ nanocomposite fi lm in 
air at 500°C with a corresponding Lorentzian curve fi t (red line).  
b) Absorption spectra for air and 1 vol.% CO in air exposures at 500°C.  
The inset displays the difference spectrum obtained by subtracting the 
fi tted data resulting from the air and the air/CO exposures.
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linear over a CO concentration range between 0.1 and 
1 vol.%.  While this initial data set is promising for the 
potential development of an optical-based method for 
the detection of CO under harsh operating conditions, 
a complete set of reliability tests will be required and 
are underway to determine the long term operating 
characteristics of this nanocomposite material.

This behavior of the SPR band, upon exposure 
to CO, was not observed when using nitrogen as the 
carrier gas, indicating an oxygen dependent reaction 
mechanism.  Additionally, the SPR band showed no 
measurable signal change upon exposure to CO at 
temperatures below approximately 400°C.  The oxygen 
and temperature dependent characteristics, coupled with 
the oxygen ion conduction properties of the YSZ matrix 
are indicative of charge transfer reactions occurring 
at the 3-phase boundary region between oxygen, Au 
and YSZ, which result in charge transfer into the Au 
nanoparticles.  These reactions are associated with 
the oxidation of CO, and a corresponding reduction 
of the YSZ matrix.  The chemical reaction induced 
charge injection into the Au nanoparticles results in the 
observed blue shift and narrowing of the SPR band.

Conclusions

The nanocomposite fi lms exhibited an SPR 
absorption band around 600 nm, which upon 
exposure to CO in an air ambient at 500°C 
underwent a reversible blue shift and a narrowing of 
the full width half maximum.

The change in the SPR band increased linearly with 
increasing CO concentration in the range between 
0.1 to 1 vol.%.  

The presence of O2 and suffi ciently high 
temperatures for oxygen ion transport in YSZ were 
confi rmed to be essential elements for the sensing 
mechanism.

The behavior of the SPR band upon exposure 
to CO in the presence of air, was attributed to 
changes both in the free electron density of the Au 
nanoparticles and in the interfacial chemistry due to 
reactions associated with the reduction of the YSZ 
matrix and oxidation of CO.

FY 2006 Publications/Presentations

1.  “Development and Characterization of Au-YSZ Surface 
Plasmon Resonance Based Sensing Materials: High 
Temperature Detection of CO”, George Sirinakis, 
Rezina Siddique, Ian Manning, Philip H. Rogers, 
Michael A. Carpenter, accepted to J. Phys. Chem. B.

2.  “All-optical Detection of CO and NO2 at High 
Temperatures by Au-YSZ Nanocomposites”, G. Sirinakis, 
R. Siddique, P. H. Rogers, I. Manning, M. A. Carpenter, 
Materials Research Society Meeting, Spring 2006.
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FIGURE 3.  Normalized sensing signal change versus CO concentration 
at 500°C averaged over three separate exposure experiments.  The 
signal at 1 vol.% CO in air was normalized to be unity.
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Objectives 

Verify corrosion resistance of machinable ceramic 
for SOFC recuperator application.

Design and fabricate a proof-of-concept recuperator 
core.

Demonstrate proof-of-concept recuperator core 
performance and durability when exposed to SOFC 
recuperator operating conditions.

Accomplishments 

This project has been selected for award of a Phase 
I SBIR grant.  

Introduction 

Achieving low system cost for SOFC technology 
requires novel approaches to the materials used for the 
air preheat recuperator.  The recuperator is needed to 
heat up large quantities of air (~6 to 7 times in excess 
of stoichiometric requirements).  The cost of existing 
recuperator designs is high primarily because of the high 
cost of the materials used.  Heat resistant metal alloys 
tolerant of gas temperatures up to 1,000°C such as the 
Inconel-series metal alloys are typically used.  These 
alloys are expensive, diffi cult to machine, and cannot be 
cast into near-net shape, leading to bulky heat exchanger 
designs.  Further, the recuperator surfaces exposed to air 
need to be aluminized to prevent chromia poisoning of 
the cathode.  The aluminizing further increases cost.

A new class of machinable, easily fabricated ceramic 
materials with good high temperature properties has 

•

•

•

been discovered (see Figure 1).  Examples of this 
material class that are particularly well suited for the 
recuperator application are Ti3SiC2 and Ti3AlC2.  The 
high temperature mechanical and thermal properties, 
the high temperature stability, and the manufacturability 
make this class of ceramics an ideal material for high 
temperature recuperators, specifi cally for air preheaters 
for SOFC.

Approach 

TIAX will develop an approach for fabrication of 
SOFC recuperators with machinable ceramic using 
crossfl ow and counterfl ow plate-fi n heat exchanger 
confi gurations.  During the Phase I work, we will fi rst 
verify the machinable ceramic’s corrosion resistance 
when exposed to SOFC exhaust products at 1,000°C 
operating temperature.  In addition, a small proof-of-
concept recuperator core will be designed, fabricated, 
and tested.  Testing will include heat transfer 
performance testing, maximum-temperature endurance 
testing, and thermal cycling.  This work will establish the 
feasibility of the material for the intended use in a SOFC 
recuperator.

III.E.9  Low-Cost, High-Temperature Recuperators for SOFC Fabricated from 
Machinable Ceramic (Ti3AlC2)

Detlef Westphalen (Primary Contact), 
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FIGURE 1.  Examples of Fabricated and Machined Ti3SiC2 and Ti3AlC2
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IV.  SECA Fuel Cell Coal Based SystemsJody Doyon

Objectives

The objective of the Coal-Based Solid Oxide Fuel 
Cell (SOFC) Power Plant Development program is 
to develop a cost-competitive, highly efficient, multi-
MW SOFC power plant system to operate using coal-
derived syngas with near-zero emissions.  This project 
is being merged into an existing FuelCell Energy (FCE) 
SECA Phase I project with similar SOFC cell and stack 
development objectives.  Specific program technical 
objectives are as follows:

Scale up existing SOFC cell area and stack size 
(number of cells) for large-scale, multi-MW power 
plant systems.

Increase SOFC cell and stack performance to 
maximize power and efficiency operating on coal-
derived fuels.  Achieve a minimum 50% overall 
system efficiency (based on higher heating values) 
from coal-derived fuels.

Design, build and test proof-of-concept multi-MW 
SOFC power plant system including gas turbine  
(>1 MW) for high efficiency with 90% CO2 
separation for carbon sequestration.  The testing will 
be conducted at FutureGen.

Achieve system cost of <$400/kW for a multi-MW 
power plant, exclusive of coal gasification and CO2 
separation subsystem costs.

Approach

The project is organized in three phases according 
to schedule and technical objectives:

Phase I of the project will focus on cell and stack 
development activities.  This will include scale-up of 

•

•

•

•

•

existing SOFC cell area and stack size (number of 
cells) and performance improvements.  Preliminary 
design engineering and analysis for multi-MW 
power plant systems will also be conducted.  The 
Phase I deliverable will be a test demonstration of 
a representative SOFC stack building block unit on 
simulated coal syngas.

Phase II of the project will focus on modularization 
of the Phase I stack building block units into MW-
size modules.  Detailed design engineering and 
analysis for multi-MW power plant systems will also 
be conducted.  The Phase II deliverable will be a test 
demonstration of a MW-size representative SOFC 
stack module on simulated coal syngas.

Phase III of the project will focus on design and 
fabrication of a proof-of-concept multi-MW power 
plant including an indirectly heated turbine for high 
efficiency and CO2 separation for low emissions.  
The Phase III deliverable will be long-term testing of 
a multi-MW size power plant at FutureGen.

Accomplishments

Increased SOFC cell area and number of cells 
per stack building block unit resulting in ~5-fold 
increase in stack volumetric power output (SECA 
Phase I accomplishment).

Completed SECA Phase I 3 kW SOFC stack test 
demonstration.  The 121-cm2 area, 112-cell tall 
stack and system was operated for over 2,000 hours, 
including seven load transients, two thermal cycles 
and peak power demonstration. 

Developed preliminary factory cost bill-of-materials 
for stack and 3 kW system for DOE third party 
audit validation.

Introduction

FuelCell Energy has been selected by the 
Department of Energy (DOE) to participate in a multi-
phase project for development of very efficient coal 
to electricity power plants with near-zero emissions.  
This project is being merged into an existing FCE 
SECA Phase I project with similar SOFC cell and 
stack development objectives.  As illustrated in Figure 
1, FCE is ideally suited for this project based on their 
experience in various DOE-managed projects to develop 
commercial large-scale, MW size fuel cell power plants; 
high-efficiency hybrid fuel cell–turbine systems; and 
SOFC cells and stacks with their SOFC technology 
partner, Versa Power Systems (VPS).

•

•

•

•

•

IV.1  Coal-Based Solid Oxide Fuel Cell Power Plant Development
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The primary objective of the project is to develop 
an affordable, multi-MW size SOFC based power 
plant system for utilization of synthesis gas (syngas) 
from a coal gasifier.  One of the key objectives is the 
development of fuel cell technologies, fabrication 
processes, manufacturing infrastructure and capabilities 
for scale-up of SOFC stacks for large multi-megawatt, 
base-load power generation plants.  FCE will use 
the VPS SOFC cell and stack design currently being 
developed in an FCE SECA Phase I project as the basis 
for this project.  VPS has well-established processes, 
quality procedures and equipment for the manufacture 
of small to intermediate size cells and stacks as depicted 
in Figure 2.  This serves as a solid basis for cell area and 
stack size scale-up to be conducted in this project.  The 
other key objective is implementation of an innovative 
system concept in design of a multi-MW power plant 
with anticipated efficiency approaching 60% of the 
higher heating value of coal.  Figure 3 shows a simplified 
process flow diagram (PFD) for the proposed power 
plant system.  Combined with existing carbon dioxide 
separation technologies, the power plant is expected 
to achieve greater than 50% overall efficiency while 
emitting near-zero levels of emissions of SOx, NOx, and 
greenhouse gases to the environment.

Approach

The path forward for development of coal-based 
multi-MW power plants includes a multi-faceted 
approach for both SOFC stack module design as well 
as development of a hybrid fuel cell/gas turbine system.  
The technical approach consists of an innovative fuel 
cell stack configuration, fabrication of scaled-up cells, 
newly developed fuel cell seals, novel implementation of 
a fuel cell clustering concept and integration of SOFC 
clusters with a gas turbine.  The future development 
plans include investigation of both fabrication and 

operational issues related to scale-up of the fuel cell 
active area.  An innovative and patented power cycle 
will be utilized to achieve very high efficiencies by 
integration of the fuel cell with an indirectly heated gas 
turbine.  The power plant design is projected to have a 
factory cost of $400/kW, based on a production capacity 
of about 1.4 GW/year or twelve 120 MW power plants 
per year.  This cost is very competitive with today’s cost 
of combined cycle technologies. 

The project is organized in three phases according 
to schedule and technical objectives.  Details for the 
three phases are as follows:

Phase I (2-3 years)

Scale up SOFC cell area and stack height (number 
of cells) and improve performance for a multi-kW 
stack building block unit.

Design a baseline system that meets the program 
technical objectives.

Ensure power plant design is consistent with a 
projected cost of $600/kW for a multi-MW system 
(exclusive of coal gasification and CO2 separation 
subsystem costs). 

•

•

•

Figure 1.  Coal-Based, Multi-MW SOFC Power Plant Development

Figure 2.  Versa Power Systems SOFC Manufacturing

Figure 3.  Coal-Based, Hybrid SOFC-Turbine Simplified System PFD
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Fabricate and validation test a representative stack 
building block unit on simulated coal syngas.

Phase II (2 years)

Develop a detailed design and cost analysis for the 
proposed power plant system that meets program 
objectives.

Ensure power plant design is consistent with a 
projected cost of $400/kW for a multi-MW system 
(exclusive of coal gasification and CO2 separation 
subsystem costs). 

Fabricate and validation test a representative fuel 
cell module building block unit for the multi-MW 
power plant on simulated coal syngas.

Phase II (5 years)

Complete detailed design for multi-MW power plant 
system that meets program objectives.

Procure and fabricate SOFC stack and system 
components and assemble proof-of-concept multi-
MW power plant system including gas turbine (>1 
MW).

Locate coal gasifier site and integrate multi-MW 
power plant.

Conduct long-term (~25,000 hours) test 
demonstration of multi-MW power plant system 
on coal-based syngas meeting program technical 
objectives for performance (power, efficiency), 
durability (load transients and thermal cycles), 
degradation and cost.

Results

FCE has been engaged in a DOE-managed 
SECA Phase I project to develop a 3-10 kW SOFC 
power plant system since April, 2003.  FCE has been 
asked to re-scope this project’s technical objectives 
to merge with the Coal-Based SOFC Power Plant 
Development program objectives.  This request is based 
on similarities of the technical objectives for cell and 

•

•

•

•

•

•

•

•

stack development in both programs, as well as FCE’s 
experience with commercial MW size fuel cell power 
plant development, high-efficiency hybrid fuel cell–
turbine systems and SOFC cell and stack development 
with VPS (see Figure 1).  Much progress has been made 
in the SECA Phase I project on cell and stack scale-
up and increased performance.  As shown in Figure 4, 
increased SOFC cell area and number of cells per stack 
building block unit has provided an approximate 5-fold 
increase in stack volumetric power output.  The FCE 
team recently completed a 3 kW test demonstration as 
part of the SECA program requirement with a stack 
tower configuration containing five of these scaled-up 
SOFC stack building block units.  Figure 5 shows results 
of this milestone performance test that included seven 
load transients, two full thermal cycles and peak power 
demonstration.  Initial data analysis indicates the test 
exceeded all SECA program performance requirements.  
Results are being compiled for DOE review and audit by 
a third party expert.  A stack factory cost estimate has 
been developed for DOE auditors to review.  The stack 
cost estimate is better than that required by the SECA 
program metric. 

Summary

FuelCell Energy (FCE) has been selected by the 
Department of Energy (DOE) to participate in a 
multi-phase project for development of very efficient 
coal to electricity power plants with near-zero 
emissions.  This project is being merged into an 
existing FCE SECA Phase I project with similar 
SOFC cell and stack development objectives.  

The primary objective of the project is to develop 
an affordable, highly efficient, multi-MW size SOFC 
based power plant system for utilization of syngas 
from a coal gasifier.

FCE is ideally suited for this project based on their 
experience with commercial MW size fuel cell 
power plant development, high-efficiency hybrid 

•

•

•

Figure 4.  SOFC Scale-up in SECA Phase I Project
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Figure 5.  SECA 3 kW SOFC System Performance
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fuel cell–turbine systems and SOFC cell and stack 
development with their technology partner, Versa 
Power Systems.

Accomplishments in FCE’s SECA Phase I project 
synergistic with this project include expanded 
manufacturing process capabilities and scale-up  
of SOFC cell area and stack height, resulting in  
~5-fold increase in volumetric power density. 

A SECA Phase I 3 kW SOFC stack test 
demonstration of a system containing scaled-up 
stack units was completed as final validation of the 
scale-up process and components.

The FCE team developed a preliminary factory 
cost bill-of-materials for the stack and 3 kW system 
to be audited by a DOE third party expert.  Initial 
assessment indicates stack and 3 kW system 
costs meet or exceed SECA Phase I program 
requirements.

•

•

•

FY 2006 Publications/Presentations

1.  “Coal Based Large SOFC/T Systems”, H. Ghezel-Ayagh, 
J. Doyon, Fuel Cell Energy Inc; Paper presentation at the 
2006 Fuel Cell Seminar on November 13-17, Honolulu, 
Hawaii.

2.  “Development of Solid Oxide Fuel Cells at Versa Power 
Systems”,   B. Borglum, E. Tang, M. Pastula, R. Petri,  Versa 
Power Systems; Paper and presentation at the 2006 Fuel 
Cell Seminar on November 13-17, Honolulu, Hawaii.
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Objectives 

Develop and optimize a design of an integrated 
gasifi cation fuel cell (IGFC) power plant 
incorporating a solid oxide fuel cell (SOFC)/gas 
turbine (GT) hybrid system that will produce highly 
effi cient, environmentally benign and cost-effective 
electrical power from coal.

Defi ne and design a proof-of-concept system (POC) 
derived from the IGFC design and demonstrate 
operation with required performance characteristics.

Resolve identifi ed barrier issues concerning the 
SOFC and develop and demonstrate a SOFC 
building block for multi-MW system applications.

The project consists of three phases.  Phase I of the 
project focuses on designing and estimating the cost 
of the IGFC system as well as the proof-of-concept 
system and resolving barrier issues relating to the SOFC, 
culminating in the demonstration of a fuel cell stack 
having the features suitable for use in a building block 
stack for multi-MW applications.  Phase II involves 
optimizing and fi nalizing the IGFC and proof-of-
concept designs and costs and testing a fuel cell module 
under hybrid conditions as a demonstration of the 
building block stack for the IGFC.  Phase III aims at 
fi eld-testing of a proof-of-concept system for extended 
periods to validate integration and demonstrate required 
performance characteristics.

Approach 

Phase I

Establish a baseline design of an IGFC system.

Defi ne a POC system.

Identify the requirements of the systems, develop 
suitable system design, model and analyze the 

•

•

•

•
•
•

systems to evaluate performance and compare 
system performance with requirements for gap 
closure and system optimization.

Conduct a cost estimate study to assess system costs.

Evaluate a suitable stack design for operation under 
hybridized coal gas conditions using the Solid State 
Energy Conversion Alliance (SECA) technology as 
the baseline.

Address critical technological issues concerning 
SOFC fabrication/manufacturing, scaleup, 
hybridized coal gas operation, and life/degradation.

Build and test a stack having the features suitable 
for incorporation into a SOFC/GT system for IGFC 
applications.

Accomplishments 

Phase I of the project was initiated in October 
2005, and the key accomplishments achieved to date are 
summarized below.

Sixteen system design options for an IGFC plant 
were identifi ed and evaluated.  Two concepts were 
selected as the main go-forward options, with two 
other identifi ed as viable risk-mitigation approaches.

Initial IGFC analyses indicate that 50% higher 
heating value (HHV) effi ciency with 90% CO2 
isolation is achievable.

Product requirements for an IGFC plant 
were defi ned based on market data and DOE 
requirements.

Key parameters that determine sintering behavior of 
large cells were identifi ed.

Future Directions

Continue activities defi ned in the Phase I project 
plan, including:

Develop and evaluate IGFC and POC system design 
concepts.

Develop methodologies and models and conduct 
cost estimate of baseline IGFC system.

Fabricate large-area cells.  Modify and optimize 
fabrication process parameters for producing large-
area cells.  

Measure SOFC performance maps over pressure 
and fuel composition ranges of interest.

Establish baseline SOFC degradation rate in coal-
based hybrid conditions and develop mitigation 
plan.

Build and operate stacks incorporating large-area 
cells with simulated coal gas. 

•
•

•

•

•

•

•

•

•

•

•

•

•

•

IV.2  Solid Oxide Fuel Cell Coal-Based Power Systems
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Introduction 

This project aims at developing a highly effi cient, 
environmentally benign, and cost-effective multi-
MW solid oxide fuel cell (SOFC) based power system 
operating on coal.  The project will be a critical step 
towards the overall goal of realizing large (>100 MW) 
fuel cell power systems that will produce electrical 
power at greater than 50% overall effi ciency (HHV) 
from coal to AC power, including CO2 separation 
preparatory to sequestration.  The overall approach 
for this project is to integrate the SOFC with a gas 
turbine (GT) in a SOFC/GT hybrid power island.  This 
power island is the primary power generation section 
of an overall IGFC coal-based power plant.  This 
hybridization approach will provide a step-change 
improvement in performance over today’s technology 
and a system effi ciency greater than that achievable 
by either a simple cycle SOFC IGFC or an integrated 
gasifi cation combined cycle (IGCC).  The project 
consists of three phases and the key features of each of 
the phase are summarized in Figure 1.  

Approach

The project is structured around three phases 
to address the system design of a cost-effective >100 
MW IGFC system; advancement of SOFC fuel cell 
technology needed to meet the system requirements; 
validation of the technology through early component 
tests; and a proof-of-concept (POC) demonstration 
testing.

The focus of Phase I of the project is to develop 
the design of an IGFC power plant based on SOFC/
GT hybrids and a proof-of-concept of that system, to 
resolve critical technological issues of the SOFC, and 
to demonstrate a fuel cell stack having the features 
required for multi-MW IGFC applications.  To support 
this objective, the Phase I work concentrates on two 
main areas: system/product development and stack 
technology development.

System design development.  This work aims to 
establish a baseline design of an IGFC system and 
to defi ne a proof-of-concept system.  The effort 
will focus on identifying the requirements for 
the systems, developing suitable system designs, 
modeling and analyzing the systems to evaluate 
performance, and comparing system performance 
with requirements for gap closure and system 
optimization.  A cost estimate study will be 
conducted to assess system costs.

Stack technology development.  This work aims to 
develop a high-performance, low-cost SOFC stack 

•

•

suitable for hybridization with a GT for multi-MW 
IGFC systems.  The effort will involve evaluating a 
suitable design for the stack under hybridized coal 
gas conditions and addressing critical technological 
issues concerning fabrication/manufacturing 
scale-up, hybridized coal gas operation, and life/
degradation.  A stack having the features suitable 
for incorporation into a SOFC/GT system for IGFC 
applications will be fabricated and tested. 

Results

System Design Development

A survey of IGFC systems reported in the 
literature was conducted to establish the background 
for developing potential conceptual designs in this 
project.  From the survey and brainstorming sessions, 
sixteen system design options for an IGFC plant were 
identifi ed.  In order to evaluate the system effi ciency 
and CO2 isolation performance potential of the 
concepts, simplifi ed ASPEN models were created for 
several concepts.  These models did not encompass the 
gasifi cation system but used it as an interface (i.e., syngas 
and steam fl ows); therefore, certain assumptions had to 
be made.  The results of the models indicate that 50% 
HHV effi ciency with 90% CO2 isolation is achievable 
for several IGFC designs.  Based on these preliminary 
results, two concepts were selected as the main go-
forward options, with two others identifi ed as viable 
risk-mitigation approaches.  The requirements for the 
IGFC conceptual system design have been established:

600 MW net power

50% HHV effi ciency

90% CO2 isolation

< $400/kW for power producing blocks

Bituminous coal, 10% moisture

•
•
•
•
•
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Stack Technology Development

The tape calendering process has been used to 
fabricate SOFC cells.  Using this process, cells sizes 
up to 40 cm have been successfully demonstrated 
(Figure 2).  In terms of scale-up, a critical issue in 
manufacturing large-area cells by tape calendering is 
controlling the failure rate (yield) during the critical 
fi ring step.  During the fi ring step, as the tape changes 
from the plastic to the brittle state, the probability of 
failure increases with increase in cell size.  During 
fi ring, major causes for cell cracking include thermal 
gradients and stresses in the sintering tape; frictional 
forces between the sintering tape and non-sintering 
setter plate; and changes in the strength of the tape as a 

function of temperature.  An improved understanding of 
the infl uence of these parameters is very important for 
process design and optimization for successful large-
area cell fabrication.  A list of key factors affecting the 
fi ring behavior of tapes has been compiled.  Several 
parameters were subsequently identifi ed based on 
ease of experimentation, and a screening design of 
experiments to understand the infl uence of these factors 
on fi ring yield was developed. 

Conclusions and Future Directions

In the system development area, IGFC system 
concepts have been identifi ed that are capable of 
meeting the DOE requirements of 50% HHV effi ciency 
and 90% CO2 isolation.  These concepts are similar in 
nature to previously evaluated IGFC designs.  Near-term 
system work focuses on developing detailed conceptual 
designs of the IGFC system and conducting preliminary 
system cost estimates.

In the stack development area, key factors affecting 
cell manufacturing scale-up by tape calendaring were 
identifi ed, and a screening design of experiments was 
initiated.  Near-term SOFC stack work focuses on 
developing a suitable stack design for IGFC system 
applications, optimizing the tape calendering process for 
manufacturing large-area cells, making cells and stacks 
and testing performance and degradation in pressurized 
coal-gas conditions.

FIGURE 2.  Large-Area SOFCs 
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Objectives 

Optimization of the Siemens DELTA-N solid oxide 
fuel cell (SOFC) and scale-up of its dimensions for 
pressurized operation.

Verifi cation by test of cell, stack, and module on 
coal-derived syngas.

Corroboration of the technical and economic 
feasibility of a >50% effi cient SOFC-based large 
capacity (>100 MWe) coal-fueled baseline power 
plant. 

Test on coal syngas of a fully functional 50% 
effi cient proof-of-concept (POC) unit of lesser 
multi-MWe capacity.

Approach

Analytical modeling to optimize the DELTA-N cell 
for pressurized operation.

Develop a viable cell manufacturing processes and 
fabricate cells.

Verify by parametric testing cell performance and 
durability.

Analyze, design, and develop a fuel cell stack.

Prepare the preliminary design of a module 
aggregating fuel cell stacks.

Test a thermally self-sustaining fuel cell stack on 
simulated coal syngas at the power system operating 
pressure.

Identify and analyze cycle concepts.

Select a baseline system cycle.

Prepare the conceptual design for the baseline 
system.

Corroborate via independent audit the technical and 
economic feasibility of the baseline system.

Develop the conceptual design, performance 
analysis, and cost analysis for the POC system.

•

•

•

•

•

•

•

•
•

•

•
•
•

•

•

Accomplishments 

Evaluated eight baseline system candidate cycle 
concepts.

Developed a fi gure-of-merit system with which the 
candidate systems are to be compared.

Identifi ed a preferred cycle confi guration and a 
back-up cycle confi guration.

Modeled nine cell cross section designs and solved 
for temperature and thermal stress fi elds.

Identifi ed and initiated the evaluation of multiple 
stack designs and confi gurations. 

Future Directions 

Defi ne baseline cycle.

Execute cell and stack performance test.

Select cell confi guration.

Complete the conceptual design for the module.

Introduction 

Siemens Power Generation Stationary Fuel Cells 
(SFC) will develop a MWe-class pressurized solid 
oxide fuel cell/gas turbine (PSOFC/GT) hybrid power 
system to operate on coal-derived synthesis gas and 
demonstrate operation at greater than 50% electrical 
effi ciency (basis: higher heating value [HHV] of coal) 
with greater that 90% CO2 capture.  The system will 
be scalable to sizes greater than 100 MWe output and, 
when offered in commercial quantities, will have a target 
cost of $400/kWe including any extraordinary costs of 
integration to the balance-of-plant.  Corroboration of 
the technical and economic feasibility of the PSOFC/
GT hybrid power system will be achieved through the 
conceptual design of a large (>100 MWe) baseline 
power plant and the subsequent design, development, 
fabrication, and test of a proof-of-concept (POC) system.  
The POC will have an identical cycle, be of multi-MWe 
capacity, and demonstrate an electrical effi ciency >50% 
(coal HHV).

The proposed cycle concept couples an oxygen-
blown coal gasifi cation system with an ion transfer 
membrane (ITM).  Chosen for performance and 
simplicity, the candidate cycle uses a high-pressure ratio 
gas turbine to supply air to multiple SOFC modules.  
The ITM processes remove oxygen from the SOFC 
cathodes to supply it for power plant needs.  The SOFC 
modules will be based upon SFC’s DELTA-N cell design, 
developed under its SECA program.  The cell geometry 
will be optimized for operation at elevated pressure.  

•

•

•

•

•

•
•
•
•

IV.3  Coal Gas Fueled SOFC Hybrid Power Systems with CO2 Separation
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Cell and stack performance and durability will be 
verifi ed via performance testing at elevated pressure.

Approach 

Several candidate cycle confi gurations will be 
developed that could be implemented at the >100 MWe 
PSOFC/GT power system level.  Each confi guration will 
be modeled to estimate electrical effi ciency of the system 
and values of key operating parameters (e.g. mass fl ow 
rate, temperature, and pressure) for major components.  
Also to be considered in addition to system effi ciency are 
cost as refl ected by system complexity and the potential 
for POC testing at lesser multi-MWe capacity.  

SFC is developing under the SECA program a new 
cell and stack design that combines the seal-less stack 
feature and a cell with a fl attened multi-connected 
tubular cathode with integral ribs.  This new design has 
a closed end similar to the Siemens circular tubular 
design.  Analytical modeling will be utilized to optimize 
the number and dimensions of ribs for maximum power, 
the distribution of fuel fl ow and air fl ow, and structural 
stability against thermal stresses during operation from 
atmospheric to elevated pressure.  Additionally, active 
length and width will be optimized based on practical 
limitations for cell fabrication and generator utility.  The 
pressure optimized DELTA-N cells will be bundled into 
an array or bundle (stack) of electrically connected fuel 
cells forming a monolithic structure.  A typical stack 
will consist of bundles connected in series arranged 
in parallel rows.  The proposed SOFC stack concept 
is based on technology that has been developed and 
proven as part of previous generator design and testing 
programs, a series of atmospheric and pressurized 
bundle tests, and the 220 kWe pressurized SOFC 
generator designed, built and operated in the pressurized 
PSOFC/GT hybrid power system.  Further innovation 
will be required, particularly in the development of 
low-cost ceramic materials, net shape component 
fabrication, and a high power density stack confi guration 
to reduce the overall cost of the system.  Cell and 
stack performance at elevated performance will be 
characterized via a series of single and multi-cell tests.

Results 

Eight candidate cycles for the baseline system have 
been identifi ed and evaluated.  A fi gure-of-merit system 
for selecting the preferred candidate was developed and 
employed in a rigorous down-selection process.  
A preferred baseline system confi guration along with 
a backup cycle confi guration was identifi ed.  The 
preferred baseline system, shown in Figure 1, meets the 
effi ciency objective, employs the seal-less SOFC cell and 
module confi guration, and has the potential to use a low 
temperature, low complexity polymer membrane CO2 
separation system.  

Nine cell cross-sections were modeled and solved 
for temperature and thermal stress fi elds.  Potential 
causes for stress concentration were identifi ed for the 
internal up-down air fl ow confi guration.

A number of different SOFC stack confi gurations 
were developed and are under evaluation.  These 
concepts include once-through, up-down, and DELTA-N 
cells with air feed tubes, respectively.  These respective 
concepts, in the early stages of development, include 
a number of innovative features aimed at reducing 
the manufacturing and assembly costs and providing 
increased power density.

Conclusions 

Systems analysis indicates the performance 
objectives (>50% electrical effi ciency, net ac/coal HHV) 
can be achieved by a system employing the separated 
anode-cathode streams or the seal-less confi guration.  
The traditional seal-less stack confi guration will utilize 
a less complex balance-of-plant, which is expected to 
translate into lower system cost.  
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Objectives 

The overall project goal is to develop ultra-high 
effi ciency power plants based on Direct FuelCell/
Turbine® (DFC/T®) technology.  The specifi c objectives 
are:

Develop the conceptual design of multi-megawatt 
(MW) hybrid DFC/T systems with effi ciencies 
approaching 75% (natural gas fuel), and with sulfur 
and nitrogen oxide emissions < 0.01 lb/million BTU.

Verify commercial viability of the DFC/T systems 
for near-term deployment.

Design a packaged sub-MW DFC/T system for 
distributed power generation.

Verify the potential benefi ts of hybrid technology 
and show its readiness for commercialization by the 
grid-connected fi eld demonstration of a sub-MW 
DFC/T power plant at a customer site. 

Accomplishments

Completed preliminary design of a 40-MW DFC/T 
hybrid system, including site plan and fuel cell 
module layouts.  Estimated plant capital cost and 
performance characteristics of the 40-MW power 
plant.

Completed detailed design of the sub-MW class 
DFC/T (Alpha) unit, including equipment and 
piping layouts (isometric drawings), structural 
supports, process instrumentation, DC-to-AC power 
conditioning, and power distribution drawings.

Developed the process control system design 
and software, including details of microturbine 
operation, power plant start-up/shutdown strategies, 

•

•

•

•

•

•

•

safety alarms, human machine interface (HMI) 
display screens, programmable logic controller 
(PLC) program codes, and the control philosophy 
for operation of the Alpha DFC/T unit.  

Completed fabrication of the Alpha DFC/T unit 
by integration of a full-size 250 kW DFC stack 
with a Capstone C60 microturbine.  Performed 
conditioning and checkout tests of the fuel cell stack 
module, and the acceptance tests of the key balance-
of-plant (BOP) equipment.  Integrated the fuel cell 
stack module with the balance-of-plant equipment.

Completed factory acceptance testing (in grid-
connect mode) of the Alpha DFC/T packaged 
power plant in FuelCell Energy, Inc. (FCE) facilities 
in Danbury, CT, achieving 323 kW net AC output at 
56% electrical effi ciency (lower heating value, LHV-
based).  Conducted emission tests showing that the 
Alpha unit met California Air Resources Board’s 
(CARB) 2007 standards/requirements.

Completed installation and commissioning of the 
Alpha unit at the Montana demonstration site.  
Initiated the operation of the unit at Billings Clinic, 
which is a large regional hospital in Billings, MT. 

Introduction 

FCE’s DFC/T hybrid system concept is based on 
integration of the company’s Direct FuelCell® with a 
gas turbine.  A simplifi ed process fl ow diagram of the 
DFC/T system is shown in Figure 1.  The power plant 
design utilizes a heat recovery approach for extraction 
of heat from the BOP.  The fuel cell plays the key role 
by producing the larger share of the power (>80%).  The 
gas turbine is utilized for generation of additional power 
by recovering the fuel cell byproduct heat in a Brayton 
cycle, as well as for providing the air for the fuel cell 
operation. 

•

•

•

V.1  Direct Fuel Cell/Turbine Power Plant
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FIGURE 1.  DFC/T® Ultra High Effi ciency System Concept
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Features of the DFC/T system include electrical 
effi ciencies approaching 75% on natural gas (60% 
on coal gas), direct reforming internal to the fuel 
cell, minimal emissions, reduced carbon dioxide 
release to the environment, simple design, and cost 
competitiveness with existing combined cycle power 
plants.

Approach 

The DFC/T system concept was initially 
implemented in a power plant test facility (pre-Alpha 
power plant) by integration of a 250 kW DFC stack and 
a Capstone microturbine.  The focus of the pre-Alpha 
testing was the verifi cation of the DFC/T concept, 
development of critical system components, and 
acquisition of design information for development of 
power plant products.  The results from the proof-of-
concept tests established the foundation for the design of 
the packaged sub-MW units.  

The hybrid technology development plan includes 
the design, construction, and testing of two sub-MW 
DFC/T units.  The tests will demonstrate grid-connected 
operations and help assess the effi ciency potential of 
the sub-MW plants, while providing valuable data on 
integration and operation of DFC/T power plants.  
The fi rst unit, “Alpha”, was factory tested at FCE 
headquarters in Danbury, CT and later shipped to a 
demonstration site in Montana.  The test results and 
experience from the Alpha unit are being used to refi ne 
the design for the “Beta” unit, which will undergo six 
months of demonstration testing at a demonstration site 
to be selected.  

Results 

Multi-MW Power Plant Design: 

The preliminary design of a 40 MW power plant 
hybrid system concept was completed.  An overall 
layout/plot plan of the 40 MW plant is shown in Figure 
2.  The site is approximately 273 ft x 325 ft in size.  The 
design is based on a scalable approach using FCE’s 
existing M-10 (MW-scale) fuel cell modules in a cluster 
arrangement.  The fuel cell cluster design has fi ve M-10 
modules in a cluster with common distribution piping 
for the fuel and oxidant gases.  Based on the scalable 
overall plant design concept, the plant is arranged 
in three sections (power blocks) in addition to the 
centralized equipment.  Each power block consists 
of two clusters of fuel cell modules together with 
supporting equipment.  The centralized equipment, 
which supports all three sections, includes a gas turbine, 
an anode gas oxidizer and other common site equipment 
such as a fuel clean-up subsystem and a water treatment 
subsystem.  The gas turbine incorporated in the 40 MW 

plant design is a Man Turbo Model 1304-11 (MAN 
Turbomachinery, Inc.).  Key characteristics of the gas 
turbine include: pressure ratio of 8 and turbine inlet 
temperature of about 1800ºF.

Sub-MW Power Plant Design And Demonstrations:  

Fabrication of the Alpha sub-MW DFC/T hybrid 
power plant, based on the detailed design developed, 
was completed.  The Alpha unit consists of three main 
sections: 1) mechanical BOP, 2) DFC stack module, and 
3) electrical BOP; all three sections are transportable as 
separate units.  The modular design of the power plant 
sections allows for ease of installation and service.  The 
power-conditioning module of the Alpha unit includes 
a DC-to-AC inverter and a tie-in connection for the 
microturbine.  Fabrication of a 250 kW stack module for 
integration in the Alpha DFC/T was completed at FCE’s 
Torrington (CT) manufacturing plant.  The conditioning 
and checkout tests of the fuel cell stack module were 
performed prior to its integration with the BOP 
equipment, including a 60 kW Capstone microturbine.

Factory testing of the Alpha unit was conducted 
in FCE’s Danbury (CT) facility.  The factory testing 
included grid-connected operation, validation of plant 
performance, and emission tests.  The Alpha DFC/T 
hybrid power plant achieved a power generation level 
of over 320 kW at 56% fuel effi ciency based on the 
lower heating value (LHV) of natural gas.  Figure 
3 shows a computer screen shot taken during the 
power plant operation and documenting the plant 
performance.  Preliminary tests indicated that the Alpha 
unit successfully met CARB 2007 emission standards for 
NOx, carbon monoxide, and volatile organic compounds 
(VOC) at rated power.  Table 1 presents a summary of 
the emission test results.  Upon successful completion of 
the factory testing, the Alpha power plant was shipped 
to the Montana demonstration site.
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TABLE 1.  Alpha DFC/T Packaged Power Plant Met California Air 
Resources Board’s 2007 Emission Standards

lb/MW-hr

NOx VOC CO

DFC/T * 0.004 0.002 0.075

CARB-’07 weighted emission limit 0.07 0.02 0.1

* Tests on 02/21/06, Average 307 kW

The Alpha unit was then installed at Billings Clinic 
in Montana for fi eld demonstration tests (Figure 4).  The 
unit continues to generate power at high effi ciency for 
the Billings Clinic.  Design of the second sub-MW DFC/
T unit, “Beta”, has been initiated.  Design input based on 
operational data, and lessons learned during Alpha unit 
factory tests and operations at Montana demonstration 
site are being incorporated into the design of the Beta 
power plant.

Conclusions and Future Directions

The fabrication of the Alpha hybrid power plant 
based on the detailed design developed, and factory 
testing at FCE’s Danbury facilities were completed.  The 
factory tests were performed for more than six months, 
including the initial performance and control checkout 
tests.  During the grid-connected operation, the Alpha 
unit achieved 323 kW net AC output at 56% electrical 
effi ciency (based on natural gas LHV) – a record-setting 
performance in a sub-MW class power plant.  The 
Alpha unit also met CARB 2007 emission standards 
in preliminary emission tests.  The Alpha power plant 
was shipped to the Montana demonstration site.  It was 

installed at Billings Clinic, restarted and successfully 
placed in operation. 

A scalable approach for the multi-MW plant design 
based on fuel cell clusters of the existing 1-MW (M-10) 
modules has been developed.  Preliminary design of a 
40-MW hybrid system for near term deployment was 
completed.

The following future activities are planned under the 
project: 

Analyze Alpha unit data and implement design 
improvements based on the Alpha unit operational 
data and performance, in the second sub-MW 
DFC/T (Beta) unit.

Complete demonstration site selection, review and 
site preparation for the Beta unit.

Fabricate the Beta DFC/T unit (including 
fabrication, conditioning and acceptance tests of 
the fuel cell module), perform factory tests of the 
integrated Beta unit, and conduct six-month fi eld 
demonstration test of the unit at the selected site.
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1.  Hossein Ghezel-Ayagh, S. Tobias Junker, Dilip 
Patel, Fred Michelson, Jim Walzak, and Hansraj Maru, 
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Power Plant”, Presented at Fuel Cell Seminar 2005, Palm 
Springs, CA, November 14-18, 2005.

2.  Direct Fuel Cell/Turbine Power Plant, Semi-Annual 
Technical Progress Report (November 1, 2005 through 
April 30, 2006), submitted to DOE by FCE, Contract No. 
DE-FC26-00NT40798.

3.  H. C. Maru and H. Ghezel-Ayagh, “Direct Carbonate 
Fuel Cell – Gas Turbine Combined Cycle Power Plant”, 
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FIGURE 3.  Alpha Sub-MW DFC/T® Power Plant Performance Achieved 
during Factory Tests in FCE’s Danbury (CT) Facility

FIGURE 4.  Alpha DFC/T® Unit after Installation at Billings Clinic, the 
Montana Demonstration Site
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Objective 

To complete the development of tubular SOFC 
technology to the point of acceptable risk for private 
sector commercialization.

Approach

Verifi cation of cell performance and durability.

Development, qualifi cation, and implementation of 
cell manufacturing processes at rates commensurate 
with commercial production.

Development, qualifi cation, and implementation of 
lower cost bundling techniques.

Development of a reduced-cost module.

Design of cost effective balance-of-plant systems and 
components.

Design, fabrication, and operation of pre-
commercial SOFC power systems.

Accomplishments 

Established the SFC200 as the market entry 
product.

Achieved more than 10,000 hrs of operation with 
minimal degradation for an atmospheric plasma 
spray (APS)-manufactured SOFC.

Completed more than 10 thermal cycles with 
negligible voltage loss for an APS-manufactured cell.

Optimized the design and reduced the cost of 
certain module components including air feed tubes, 
stack reformer boards, and high purity insulation.

Developed, optimized, and designed advanced, cost-
effective balance-of-plant concepts.

Completed cell and bundle production for the fi rst 
two SFC200 SOFC power systems.

Completed fabrication of the fi rst SFC200 SOFC 
power system.

•

•
•

•

•
•

•

•

•

•

•

•

•

•

Initiated the factory acceptance test for the fi rst 
SFC200 SOFC power system.

Successfully restarted the SFC100.

Future Directions 

Develop a lower-cost air electrode tube making 
process.

Identify and qualify low-cost cell materials.

Qualify the plasma spray cell manufacturing 
processes and equipment.

Demonstrate control and reproducibility of the 
bundling process.

Qualify lower-cost bundling processes.

Defi ne and evaluate advanced module design 
concepts.

Complete the fi rst SFC200 factory acceptance test.

Deliver, install, and operate at the customer site the 
fi rst SFC200.

Introduction 

The objective of the Cooperative Agreement 
between the U.S. Department of Energy (DOE) and 
Siemens Power Generation Stationary Fuel Cells (SFC) 
is to complete the development of SFC’s tubular solid 
oxide fuel cell (SOFC) to the point of acceptable risk for 
commercialization.  Our efforts are focused primarily 
on cost-reduction activities in order to drive down the 
cost of the SFC200 to commercially acceptable levels.  
In support of this commercial focus our technology 
development and cost-reduction efforts are categorized 
into fi ve main areas; cells, bundles, the SOFC module, 
balance-of-plant (BOP), and systems.  Within each of the 
main areas, we have prioritized our development efforts 
to focus on those activities that have the greatest impact 
on product cost and have a high potential for success 
without compromising system performance, reliability, 
or safety.  

The Cooperative Agreement will culminate in the 
fi eld test at the customer site of a SOFC combined heat 
and power system (identifi ed as the SFC200).

Approach 

The goal of achieving commercially competitive 
SOFC power systems requires low-cost cell 
manufacturing, and cost effective fabrication and 
assembly of SOFC bundles, modules, and BOP 
systems.  Activities under the cell manufacturing and 

•

•

•

•
•

•

•
•

•
•

V.2  High Temperature Solid Oxide Fuel Cell Development
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development task are directed to improve and optimize 
the raw materials, simplify cell processing conditions, 
and develop and qualify lower cost manufacturing 
techniques.  New materials and the latest manufacturing 
techniques and processes are qualifi ed via a series of 
electrical performance and mechanical stability tests. 

In the bundling area, our efforts are focused 
on the development of commercially viable cell-to-
cell and bundle-to-bundle connections, respectively, 
that are amenable to automation.  Qualifi cation and 
verifi cation of the latest cell and bundle connections, 
improved bundling processes and process conditions, 
and enhanced bundling techniques are accomplished via 
multi-cell and bundle tests, respectively.

Our SOFC module design process ensures that all 
objectives related to the functionality and performance, 
cost, ease of assembly, and serviceability are 
incorporated early in the design process.  Extensive use 
of computational fl uid dynamics is employed to validate 
the designs, and where appropriate, the latest module 
design concepts are incorporated into and validated via 
bundle tests.

Many of the components in the SFC200 power 
system BOP have unique functional requirements that 
often require a one-of-a-kind component or subsystem.  
These items are considered to be strategic because 
an SOFC power system cannot be viably confi gured 
without them.  When strategic equipment items are 
identifi ed and/or developed, we verify by test their 
functionality and cost implications on the SFC200.

Lastly, the implementation of the latest cell and 
module technology and the most recent cost reduction 
features are incorporated into fully integrated SOFC 
power system fi eld tests for verifi cation and validation.

Results 

Our market entry was defi ned to be a 125 kWe 
combined heat and power system (SFC200).  At its 
nominal rating, the SFC200 will deliver a net 125 kWe 
AC to the grid at an electrical effi ciency of ~45% (lower 
heating value).  Thermal output in the form of hot water 
is anticipated to be ~100 kWt, thus achieving an overall 
effi ciency of ~80%.  In support of this, our development 
and cost reduction efforts are categorized into fi ve areas: 
cells, bundles, the SOFC module, balance-of-plant, and 
systems.

Signifi cant progress in the cell manufacturing 
and development area was made in the past year as 
evidenced by the following:

The air electrode tube extrusion process was 
simplifi ed resulting in a reduced rejection rate and 
thus an improved tube-making yield rate.

•

Specifi cations and preparation techniques for lower 
cost plasma spray electrolyte and plasma spray fuel 
electrode powders, respectively, were developed, 
tested, verifi ed, documented, and implemented into 
the cell manufacturing process.

Cells manufactured using these latest specifi cations 
and techniques demonstrated electrical performance 
equal or superior to cells manufactured via the 
electrochemical vapor deposition (EVD) process.  The 
cell manufacturing campaign for the fi rst two SFC200s 
was successfully completed.

In the bundling area, efforts were directed to 
the development of cell-to-cell and bundle-to-bundle 
connections, respectively, that are amenable to 
automated production.  These efforts resulted in:

The development of a second generation cell-to-cell 
connection.

The successful demonstration, via multi-cell and 
bundle tests, of the mechanical and structural 
integrity of the new cell-to-cell connection.

The development of an advanced bundle-to-bundle 
welding technique that shows great promise for 
future automation.

The bundles for the fi rst two SFC200s were 
successfully fabricated using the latest manufacturing 
and production techniques.

The design of the SOFC module for the SFC200 
was successfully competed.  The module for the fi rst 
SFC200 was assembled and assembly of the module for 
the second SFC200 is underway. 

Numerous innovative concepts that will result in a 
lower cost, more reliable module were tested in a series 
of 5 kWe bundle tests.  They include reduced-cost air 
feed tubes; lower cost, high purity insulation; optimized 
stack reformer boards; enhanced designs of the fuel, air, 
and exhaust plena, respectively; stack support structures; 
and the fuel feed system.  In particular, a 5 kWe 
bundle test, incorporating the latest cell manufacturing 
processes and bundling techniques successfully operated 
for more than 8,000 hours with no evidence of cell 
degradation.  Included in this period of operation are 
more than 5,000 hours of operation at an independent 
facility where the system’s performance was verifi ed.  
A second 5 kWe generator test, operated solely at a 
customer facility has accumulated more than 1,700 hours 
of operation.  A third 5 kWe generator test, using cells 
manufactured with a composite interlayer operated for 
more than 1,100 hours and produced the highest power 
density achieved to date for a tubular SOFC. 

•

•

•

•
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Many of the components in the SFC200 power 
system BOP have unique functional requirements that 
often require a one-of-a-kind component or subsystem.  
These items are considered to be strategic because 
an SOFC power system cannot be viably confi gured 
without them.  The integration of these components and 
subsystems within the balance-of-plant and with the 
SOFC module requires optimization of the interfaces 
between the two systems.  The functional specifi cations 
of the BOP subsystems and components were revised 
based on the design of the SOFC module.  Other 
accomplishments with the BOP area include:

Defi nition of a safe, cost-effective, and functional 
BOP.

Optimization of the orientation of the BOP relative 
to the SOFC module. 

Conceptual and detailed designs of the respective 
systems, subsystems, and components comprising 
the BOP.

Development of advanced system and subsystem 
concepts that enable elimination of previously 
required components.

Identifi cation of low-cost, high-performance 
desulfurizing reagents.

Validated by bench testing new components and 
BOP subsystems.

•

•

•

•

•

•

The fabrication of the fi rst SFC200 SOFC power 
system was completed and is being readied for its factory 
acceptance test (FAT).  Upon successful completion of 
the FAT, the SFC200 will be shipped to the customer site 
for continued operation.  A second SFC200 is currently 
being fabricated.  Lessons learned from the fabrication 
of the fi rst SFC200 have resulted in cost reductions in 
module assembly labor.

The stability and reliability of Siemens’ tubular 
SOFC technology continues to be demonstrated with 
the successful re-start and operation of the SFC100.  
This system was installed at the customer site and has 
operated at the site for more than 8,800 hours with an 
availability exceeding 99.5%.  Total operating time for 
the 100 kWe system at all three sites now exceeds 
29,000 hours, with no evidence of voltage degradation.

Conclusions 

Our continued and increased efforts to reduce 
the cell, module, and BOP costs are well defi ned and 
progressing according to schedule.  The implementation 
of the latest cell, module, and BOP technology and the 
most recent cost-reduction features were incorporated 
into the fi rst SFC200. 



289Offi ce of Fossil Energy Fuel Cell Program FY 2006 Annual Report

VI.  ADVANCED RESEARCH



290FY 2006 Annual Report Offi ce of Fossil Energy Fuel Cell Program 



291Offi ce of Fossil Energy Fuel Cell Program FY 2006 Annual Report

VI.  Advanced ResearchS. (Elango) Elangovan

Objectives 

Identifi cation of dopant type and concentration in a 
perovskite host to achieve high proton conductivity 
and high protonic transference number under SOFC 
operating conditions.

Selection of dopant type and concentration in a 
perovskite host to provide resistance to reactivity 
towards CO2 and H2O.

Evaluation of electrode materials using symmetric 
cells and full cells in button cell confi guration.

Test button cells using syngas as fuel for cell 
performance and endurance.

Approach

Select an appropriate B-site dopant in a perovskite 
matrix by evaluating protonic conductivity and 
transference number in SOFC relevant atmospheres.

Investigate stability of compositions in syngas.

Select a composition and evaluate in button cell 
tests.

Accomplishments 

The project is in the initial stages of compositional 
evaluation.

Future Directions 

Selection and verifi cation of compositions for high 
protonic conductivity, transference number, and 
stability in syngas.

Evaluation of performance in button cell tests.

•

•

•

•

•

•
•

•

•

•

Introduction 

One of the prime attractions of fuel cells is the 
possibility of realizing energy conversion effi ciencies 
much higher than possible with the thermal cycle 
systems.  The basis of this difference is that thermal 
cycle system effi ciencies are bounded by Carnot cycle 
thermodynamics, whereas fuel cell effi ciencies are 
determined by chemical equilibrium thermodynamics 
and non-equilibrium force-fl ux relationships that 
govern charge, mass, momentum and energy transport.  
Materials have been developed which function as high 
temperature solid electrolytes in fuel cell applications.  
Two of the most widely considered materials are yttria 
stabilized ZrO2 (YSZ) which transports oxygen ions and 
gadolinium doped BaCeO3 which transports protons [1].

The thermodynamic difference between proton 
and oxygen ion cells is manifest in reversible potential 
variation with reactant utilization as a function of 
product water location.  Excess air fl ow, used to remove 
the heat generated by cell operation, results in a lower 
water concentration in the cathode stream of a proton 
cell than in the anode stream of an O2- cell.

Reversible potential variation with fuel utilization 
is shown for both proton and oxygen ion cells in Figure 
1.  The proton cell has a substantially higher reversible 
potential across the full range of fuel utilization.  An 
interesting observation is that steam ratios greater than 
stoichiometric (S/C=2) increase the high utilization 
potential of a proton cell while oxygen ion cell potentials 
are uniformly higher with sub-stoichiometric steam 
ratios.  This is due to the use of carbon monoxide via 

VI.1  Proton Conducting Solid Oxide Fuel Cell
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FIGURE 1.  Comparison of Reversible Cell Potential
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the shift reaction.  The oxygen ion cell generates water 
in the anode stream so inlet compositions can be water 
deficit (high potential) and still have sufficient water 
to drive the shift reaction as utilization increases.  The 
proton cell, on the other hand, must have sufficient or 
even excess water at the inlet to drive the shift reaction 
at high utilizations.  However, water in the anode stream 
does not directly enter in the calculation of proton cell 
potentials and thus has little effect on the potential until 
higher utilizations where shift produced hydrogen is 
important.  Thus, high temperature proton conductors 
have a thermodynamic advantage over oxygen ion 
conductors. 

Comparable electrolyte ionic conductivities 
are required to take practical advantage of the 
thermodynamic benefit.  Applications driven by 
maximizing efficiency at the expense of power density 
would favor proton cells.  Thus, the opportunity for 
very high efficiency operation is one of the primary 
motivating factors for investigating proton conducting 
solid oxide fuel cells (P-SOFC).  However, to date the 
research work on P-SOFC has lagged far behind the 
well-known YSZ-based oxygen conducting solid oxide 
fuel cells (O-SOFC).  The challenges that have been 
encountered in P-SOFC systems are discussed below.

Proton Conductivity

As mentioned earlier, the differences in electrolyte 
ionic conductivity may be greater than differences in 
driving force and must be included in any comparison 
of an operating cell at a fixed current density.  In 
general, the protonic conductivity of commonly known 
perovskite materials such as doped SrCeO3 and BaCeO3 
are considerably lower than the oxygen ion conductivity 
of YSZ.  The proton conductivity ranges from 5 x 10-3 to 
2 x 10-2

 S/cm at 800°C [2,3,4,5,6].  While the high end of 
this range is comparable to the oxygen conductivity of 
8-YSZ, the perovskite materials also possess some level 
of oxygen ion conductivity and electronic conductivity 
at various temperatures.  Thus, the protonic transference 
number varies as a function of temperature.  While the 
doped BaCeO3 composition functions as an effective 
electrolyte, an increase in hydrogen conductivity is 
preferable to fully exploit the benefit of high efficiency 
with high power density.

Stability

One of the biggest technical challenges lies in 
maintaining the chemical stability of the perovskite in 
the presence of CO2 and moisture; both are present 
in a typical hydrocarbon fuel.  Numerous studies have 
confirmed the instability of the perovskite compositions.

It has been shown [7] that partial replacement of 
the B-site dopant with Zr completely eliminates this 
reaction.  A similar improvement in stability in moist 

conditions was also reported with Zr substitution [8].  
However, the stability improvement is at the expense 
of protonic conductivity.  The proton conductivity was 
found to decrease monotonically with increasing Zr 
content [9,10,11]. 

Thus, what is required for successful development 
of a P-SOFC is an electrolyte material that has high 
proton conductivity to achieve a low area specific 
resistance, high protonic transference number relative 
to oxygen transference number to realize high efficiency, 
and stability in CO2 and H2O without compromising 
protonic conductivity for cell operation using practical 
hydrocarbon fuels.

Approach

Perovskite compositions that are known to exhibit 
protonic conductivity will be evaluated for dopant 
study.  The B-site dopants, typcially rare earth metals, 
have been shown to increase the proton conductivity 
of perovskites such as BaCeO3.  Several dopants and 
dopant levels will be screened to identify compositions 
that have high conducivity and stability.  The best 
composition will be evaluated in button cell tests using 
hydrogen and syngas fuels.

Results

Materials synthesis is in progress.
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Objectives 

Investigate photoactivation as a means of 
deconvoluting the role of charge transfer from other 
rate limiting steps controlling electrode kinetics in 
SOFC structures. 

Evaluate the potential for reduced temperature 
operation with improved conversion effi ciencies, 
extended life, simplifi ed fabrication and reduced 
cost.

Accomplishments 

Demonstrated reduction in electrode impedance of 
a SrTi1-xFexO3 (x = 0.35) model electrode by 73% 
under low intensity illumination.

Completed design and construction of high 
temperature Kelvin probe for in situ work-function 
and surface photovoltage spectroscopy.

Introduction 

Fuel cells convert the chemical energy stored in 
hydrogen or hydrocarbon fuels to electrical energy 
via electrochemical reactions at the anode and 
cathode.  They offer higher effi ciency and reduced 
emissions of greenhouse gases, such as CO2, compared 
to conventional combustion processes.  SOFCs, in 
particular, offer unrivaled energy conversion effi ciency 
and fuel fl exibility and therefore are expected to play 
a key role in the forthcoming hydrogen economy 
era.  At present, however, SOFCs are too expensive 
for commercial applications.  The high cost of this 
technology is largely due to the use of expensive 
refractory materials that need to operate at temperatures 
as high as 1,000°C in conventional SOFC designs.  These 
high temperatures are required to reduce the ohmic 

•

•

•

•

resistance of the oxygen-ion electrolyte (typically yittria-
stabilized zirconia, YSZ) in large-scale SOFCs.  The 
use of thinner electrolytes (~10 µm) in intermediate 
temperature (IT)-SOFCs and thin fi lm electrolytes 
(<< 1 µm) in micro-SOFCs, currently being examined 
as alternative power sources for portable electronic 
devices, however, ensure short diffusion paths and 
correspondingly low ohmic resistances, thereby putting 
the burden of performance largely on the electrodes.  
Finding methods to increase the electrochemical 
performance of the electrodes is thus a key enabling 
technology for high performance micro-SOFCs designed 
to operate at moderate temperatures.  Achieving 
improvements in electrode kinetics is important, as 
well, for increasing the power output of IT-SOFCs of 
traditional size scales.  Unfortunately, despite many 
years of research, much remains unclear regarding 
the dominant loss mechanisms and limiting reaction 
steps at the electrodes.  Therefore, it has been diffi cult 
to develop new electrodes that meet the demands for 
high electrochemical performance at reduced operation 
temperatures.

Approach 

This research aims at exploring the use of light as 
a means of deconvoluting the role of charge transfer 
from other steps involved in the electrode kinetics.  In 
addition, thin fi lm electrodes with well defi ned patterns, 
obtained by lithography and etching techniques, are 
used to overcome limitations related to the complex 
microstructures achieved at the electrode/electrolyte 
interface following powder processing and sintering 
routes typically used in conventional SOFC designs. 
Success along these lines is expected to lead to improved 
understanding of the electrode reaction mechanism and 
the rate limiting step(s) in SOFC and provide guidelines 
to design new electrodes with enhanced electrochemical 
performance.

In this study, illumination is utilized in several 
important ways.  First, illumination is a means for 
generating excess electron-hole pairs and thereby 
investigating the role that minority electronic charge 
carriers play in the charge transfer reaction.  The 
changes induced by illumination in the magnitude of 
the electrode impedance, and the activation energy 
which characterizes it, will provide direct evidence 
for the role of specifi c electronic charge carriers in 
controlling electrode kinetics.  Second, the wavelength 
dependence of illumination serves as a powerful tool 
in investigating the role of localized versus delocalized 
states in the electronic band structure of the model 
electrode system, SrTi1-xFexO3 (STF), in which the band 
structure as well as the level of mixed ionic-electronic 
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conduction can be manipulated by controlling the 
fraction of Fe substitution for Ti [1].  Further insight is 
obtained by carrying out spectroscopic measurements 
using monochromatic light to probe surface states 
(e.g., ionized oxygen adions) and correlating the 
surface exchange kinetics with their energy levels with 
respect to the band structure of the cathode material.  
This is achieved with the use of surface photovoltage 
spectroscopy (SPS) measurements [2].

Results 

SrTi1-xFexO3 targets with x = 0.05 (STF05) and 0.35 
(STF35) were prepared by a conventional solid-state 
reaction method using commercial SrCO3, TiO2, and 
Fe2O3 powders.  The powders were mixed in appropriate 
amounts to obtain the desired compositions, ball milled 
for 2 h, and subsequently calcined in air at 1,200°C for 
15 h.  Phase and chemical compositions were examined 
by x-ray diffraction (XRD) and x-ray energy dispersion 
spectroscopy (EDS).  Subsequently, the STF powders 
were pressed into 1-inch pellets and sintered in a tube 
furnace at 1,400°C in air for 10 h.  The pellets’ density 
was about 93% of the theoretical density. 

Thin fi lm (fi lm thickness between 65 and 230 
nm) electrodes of STF35 were deposited by pulsed 
laser deposition (PLD) on YSZ solid electrolyte (SE) 
substrates (double-side polished, 100 direction, oriented 
crystals, 15×15×0.5 mm3) as shown in Figure 1a.  STF35 
electrodes of different area and triple phase boundary 
(TPB) length were prepared in order to examine the 
reaction path of the oxygen reduction reaction (ORR) in 
the dark and under illumination.  The small area micro-
electrodes ensure that their resistance dominates the 
overall resistance of the electrochemical test structures 
depicted in Figure 1b wherein the resistance of the 
counter electrode at the bottom of the SE substrate is 
negligible due to the respective size ratio.  The STF35 
fi lms were shown via XRD to be polycrystalline and 
of the expected perovskite structure.  Some degree of 
preferential orientation along the (100) direction was 
observed.  The chemical composition of the fi lms was 
examined using Rutherford Backscattering Spectrometry 
(RBS) and it was found to be commensurate with the 
composition of the target material (STF35).

The electrode resistance of the STF35 shown in 
Figure 1a was measured by electrochemical impedance 
spectroscopy (EIS) using electrochemical test structures 
as depicted in Figure 1b.  These measurements were 
carried out in a unique microprobe system equipped 
with gas, temperature, and illumination controls that 
was recently constructed in our laboratory.  The system 
comprises a stainless steel vacuum chamber with 
a temperature controlled stage capable of reaching 
up to 1,200°C in air or other gas atmospheres.  The 
chamber is equipped with four micro-manipulators for 

making contact to micro-patterned electrodes, with 
~1 µm spatial resolution.  State-of-the-art equipment 
is available to carry out a wide variety of electrical 
and electrochemical measurements in the DC and 
AC domains.  An illumination system consisting of a 
100 W quartz-tungsten-halogen (QTH) light source, 
monochromator, and fi ber optics (Oriel) enables sample 
illumination for investigating the effect of photons on the 
electrode resistance and other electrochemical properties 
of the sample.  The wavelength and intensity of the 
incident light can be varied in a controlled manner.  
A picture of the system is shown in Figure 2. 

An exemplary impedance spectrum with the large 
STF35 (65 nm thick) electrode as the working electrode 
(WE) and porous Pt electrode as counter electrode (CE) 
is shown in Figure 3.  This measurement was carried 
out in the dark, at 400°C, under fl ow of 400 sccm of dry 
air.  No DC polarization was applied between the WE 
and the CE.  The different contributions to the overall 
impedance response of the samples were analyzed using 
the equivalent circuit model shown in the inset of Figure 
3.  This model circuit includes contributions from the 
series resistance of the electrodes and electrical leads 
(R1), the SE impedance (R2 and CPE2), the constriction 
impedance of the SE (R3 and CPE3), and the CE and 
WE electrodes impedances (R4 and CPE4 and R5 and 
CPE5). 

FIGURE 1.  (a) STF35 Thin Film (65 nm) Electrodes on YSZ Substrate 
(15×15 mm2); (b) Schematic Diagram of the Electrochemical Test 
Structure

(a)

(b)
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Figure 4 compares the impedance response, under 
anodic bias of 100 mV applied to the STF electrode 
(the WE), in the dark and under full (broadband) 
illumination of the light source (no fi lters or grids were 
used in this measurement).  Note that the illumination 
power is considerably reduced from the source (100 W) 
to sample.  We expect the reduction in power intensity 
to be at least 90-95%.  On top of that, the illuminated 
area is ~1,000 mm2, whereas the STF electrode area is 
only ~60 mm2.  Thus, the effective illumination power 
is estimated to be approximately 300-600 mW, which 
includes the entire spectral bandwidth (between 200 and 
2,000 nm).  We expect that only a small fraction of this 
bandwidth in the UV range (~200-400 nm) is effectively 
absorbed by the STF electrode, further reducing the 
effective illumination power to ~30-60 mW or less.  Yet, 
the electrode impedance was reduced by 73% under 
illumination, as shown in Figure 4.  

Conclusions and Future Directions

Illumination of a model electrode-electrolyte 
interface demonstrated the ability to modulate 
electrode impedance; future work to further 
characterize this phenomenon includes:

Examining compositions (x) of the model 
electrode SrTi1-xFexO3  in which the band 
structure as well as the level of mixed ionic-
electronic conduction can be manipulated by 
controlling fraction of Fe substitution for Ti.

Carrying out spectroscopic measurements 
using monochromatic light to probe surface 
states and correlating surface exchange kinetics 
with their energy levels achieved with use 
of surface photovoltage spectroscopy (SPS) 
measurements.

Modeling the role of photogenerated carriers in 
controlling charge transfer limited processes. 
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FIGURE 3.  Impedance spectrum with the large STF35 electrode (cf. 
Figure 1a) serving as the WE, at T = 400°C, in air (fl ow rate = 400 
sccm), under dark condition, with no DC polarization applied between 
the WE and CE.  The inset shows the equivalent circuit and the resultant 
values of the circuit elements.   

FIGURE 2.  Photograph of the Microprobe Characterization System FIGURE 4.  Impedance spectra with the large STF35 electrode (cf. 
Figure 1a) serving as the WE, at T = 400°C, in air (fl ow rate = 400 
sccm), under anodic polarization of 100 mV applied between the WE (+) 
and CE (-).  The response under dark is shown in black, the response 
in low-power broadband light conditions shown in red.  The inset table 
shows the respective electrode resistances R4 and R5. 
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Objectives 

Develop an energy storage device based on an alkali 
metal ion conducting beta” alumina solid electrolyte 
(BASE) (high temperature battery).

Investigate materials for suitable electrochemical 
couples.

Fabricate both tubular and planar BASE possessing 
high strength, high conductivity, and high 
moisture-resistance. 

Design and construct an optimized planar battery. 

Evaluate the charge-discharge capability of batteries 
at elevated temperatures.  

Accomplishments 

Fabricated Na-BASE tubes by MSRI’s patented 
vapor phase process.

Constructing a battery tester with controlled 
temperature and atmosphere.

Identifi cation of suitable materials for 
electrochemical couples. 

Introduction 

A solid oxide fuel cell (SOFC) is an energy 
conversion device, which effi ciently converts the 
chemical energy in hydrocarbon fuels directly into 
electricity at a high effi ciency without the need for 
moving parts, except those for auxiliary pumps and 
blowers.  As an electricity generator, its most effi cient, 
practical and realistic use is in combination with 
an effi cient energy storage device for electric-power 

•

•

•

•
•

•

•

•

generation and distribution application, particularly 
for utility load leveling and peak shaving.  However, 
the associated energy storage devices of the integrated 
energy conversion-storage system must be capable of a 
very high roundtrip effi ciency.  Suitable batteries and 
reversible SOFC (solid oxide electrolysis cell – SOEC) 
could be the candidates serving as the energy storage 
devices in different energy forms, which are electrical 
energy and chemical energy carried by hydrogen.  
Due to the inherent limitations, such as hydrogen gas 
storage and parasitical losses, the SOEC doesn’t have 
enough high roundtrip effi ciency.  Instead, load leveling 
batteries, which have been under development widely 
outside of the U.S., are capable of achieving a high 
roundtrip effi ciency.  An advanced high-temperature 
energy storage battery, based on an alkali metal ion 
conducting beta” alumina solid electrolyte (BASE) 
and a non-corrosive metal salt, is proposed and will 
be developed to demonstrate a roundtrip effi ciency in 
excess of 90%. 

A liquid alkali metal-BASE battery (ALL-BASE) 
is comprised of an alkali metal ion conducting BASE 
sandwiched between a liquid alkali metal as the 
anode and a metal salt as the cathode.  At elevated 
temperatures during discharge, the alkali metal is 
oxidized at the anode forming metal ions, which 
migrate through the BASE and react with metal salt at 
the cathode.  During charge, the above processes are 
reversed.  In addition to the inherent advantage of the 
high roundtrip effi ciency, the high-temperature ALL-
BASE battery proposed can be thermally integrated 
with intermediate temperature SOFC (IT-SOFC) stacks, 
forming an economical, compact, lightweight hybrid 
system with very high system effi ciency.  

Approach

This project is directed toward the development of a 
high temperature (400~650oC) secondary storage battery 
based on ALL-BASE technology.  Two types of high 
temperature batteries, sodium-based and potassium-
based, will be developed. 

The fi rst type of battery, a sodium-based ALL-
BASE, is based along similar lines to the one used in 
the ZEBRA batteries [1], but differs in three important 
aspects.  They are: (a) The cathode uses salts which are 
not corrosive.  Thus, inexpensive metallic materials can 
be used for the container, also facilitating the design 
and fabrication of compact, planar batteries.  (b) Allows 
operation over a wider temperature range, making it 
possible to thermally integrate with a SOFC in a single 
thermal enclosure.  (c) The batteries will be based on 
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ultra-high strength, non-water sensitive, BASE [2-5].  
This also allows for the fabrication of compact, planar 
cells, which can be readily integrated with a planar 
SOFC stack in a single thermal enclosure, as shown 
schematically in Figure 1.  

The second type, which is a potassium-based ALL-
BASE battery, is analogous to the sodium BASE battery, 
wherein the sodium ion is replaced by the potassium 
ion.  Although the potassium BASE (K-BASE) has a 
lower ionic conductivity at 300oC than Na-BASE, the 
conductivity is still orders of magnitude higher than a 
typical oxygen ion conductor, such as yttria-stabilized 
zirconia (YSZ) used in a SOFC.  At temperatures above 
400oC, K-BASE is still an excellent K-ion conductor.  
In addition to possessing the three important aspects 
listed for the fi rst type of battery, the K-BASE has three 
other unique prospectives: (1) With typical chlorides 
as cathodes, a potassium anode exhibits higher open 
circuit voltage (OCV) than sodium.  For example, with a 
Na anode and Na-BASE, and CuCl2 as the cathode, the 
OCV at 800 K (527°C) is 2.857 V, while with a K anode 

and K-BASE, the OCV is 3.19 V.  (2) The density of 
potassium is 0.86 g/ml vs. 0.98 g/ml for sodium.  Thus, 
it offers an advantage from the standpoint of weight and 
specifi c energy.  (3) MSRI’s patented process allows for 
easy fabrication of K-BASE, which is not feasible using 
the conventional process [2-5].  

Results 

This project has barely started, and the 
accomplishments up-to-date are briefl y described in 
what follows. 

Identifi cation of Suitable Electrochemical Couples

Identifi cation of suitable electrochemical couples 
for the ALL-BASE battery is being performed.  The 
prospective electrochemical couples should be 
suffi ciently energetic, lightweight, not corrosive, not 
too volatile, and capable of forming a stable, porous 
metal structure in the cathode upon discharge.  Since 
the anode is either liquid sodium or liquid potassium, 
the possible candidates for the cathode can be several 
metal salts.  The metals, whose salts are used in the 
cathode, should be considerably more noble than 
sodium or potassium.  This ensures a large enough 
free energy change upon discharge.  The maximum 
amount of electrical energy that can be derived is |ΔGo| 
(with ΔGo < 0), where the ΔGo  is the free energy of 
the reaction between sodium (or potassium) and the 
salt to form sodium (or potassium) salt and metal.  The 
corresponding OCV is thus given by E = -ΔGo/(nF), 
where n is the number of electrons participating the 
overall reaction and F  is the Faraday constant 
(96,487 C/mol.).  Table 1 lists the preliminary OCV 
calculations for a few potential candidate salts for the 
cathode. 

As shown in Table 1, from the several possibilities 
for the electrochemical couples, the preferred ones (from 
the standpoint of specifi c energy) are the CuCl2/Na and 
CuCl2/K couples, with OCVs of 2.857 V for Na and 
3.19 V for K, respectively.  The AgF/Na and AgF/K 

FIGURE 1.  Proposed Thermally Integrated SOFC and Secondary Storage 
Battery System

TABLE 1.  A Material List of Possible High Temperature Electrochemical Couples

Electrochemical 
couple Na/Salt or 

K/Salt

ΔGo for the reaction 
in kJ/mol. at 800 K

Open circuit voltage 
(OCV) (V)

Specifi c energy for 
the couple at 90% 

discharge effi ciency 
in Wh/mol.

Specifi c energy for 
the couple in Wh/kg 

at 90% effi ciency

Molar mass of the 
couple in kg

Na/CuCl2 -551.357 2.857 137.8 763 0.1804

K/CuCl2 -615.665 3.19 153.9 724 0.2126

Na/AgCl -250.897 2.508 62.72 377.1 0.1663

K/AgCl -274.237 2.842 68.56 377.9 0.1814

Na/AgF -332.682 3.447 83.17 554.8 0.1499

K/AgF -327.639 3.396 81.91 493 0.1660
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couples are attractive from the standpoint of high 
open circuit voltage (about 3.4 V).  Another attractive 
possibility is the use of AgF2 as the cathode.  At this 
point, no data regarding free energy are available.  
However, it is known that AgF2 is quite stable and melts 
at 690oC [6].  The use of AgF2 affords the possibility 
of increasing the specifi c energy since two atoms of 
fl uorine are tied up with one atom of silver.  Thus, upon 
discharge, two molecules of NaF (or KF) are formed.  In 
addition, there are other possibilities.  However, relevant 
thermodynamic data are not readily available.  A 
detailed survey of the available thermodynamic data of 
other prospective electrochemical couples is continually 
being conducted in this project.  If electrochemical 
couples superior to those given in Table 1 are identifi ed, 
preliminary experiments will be conducted using the 
identifi ed couples. 

Fabrication of Tubular Na-BASE by MSRI’s 
Patented Vapor Phase Process

The conventional process for the fabrication of 
Na-BASE involves sintering compacts of calcined 
powder containing BASE (and other sodium aluminates 
including NaAlO2) at elevated temperatures (~1,600oC) 
in enclosed MgO containers to suppress vapor phase 
loss of Na2O [7].  The necessity of using containers 
increases cost.  Also, as some NaAlO2 always remains 
along the grain boundaries, BASE made by the 
conventional process is susceptible to moisture and CO2 
attack from the atmosphere.  In addition, the fracture 
strength of BASE made by the conventional process is 
generally low — on the order of 200 MPa or less.  Also, 
the conventional approach cannot be used to make 
K-BASE since it does not form by a high temperature 
reaction.  

MSRI has developed a novel process based on 
the concept of coupled transport, which has many 
advantages over the state-of-the-art [2-5].  The novel 
process for the fabrication of BASE by the vapor phase 
method developed at MSRI is described in what follows, 
and is used to fabricate both Na-BASE and K-BASE 
samples. 

BASE Fabrication Process

(1) A slurry of a powder mixture of α-Al2O3 and 
tetragonal zirconia (3 mol.% Y2O3 + ZrO2) is made.  
(2) The slurry is cast to form a tape of the desired 
thickness (~200 to 300 microns).  (3) The tape is cut 
into square pieces of the desired dimensions (7 cm x 
7 cm), or circular in shape for circular cells.  (4) The 
cut pieces are sintered in air at ~1,400oC.  The actual 
temperature will depend on the quality of powders.  It 
can be as low as ~1,350oC.  This leads to the formation 

of a fully dense (>99% of theoretical density) two phase 
material containing α-Al2O3 + tetragonal zirconia 
polycrystal.  (5) The sintered pieces are then placed in 
a ceramic crucible surrounded by BASE powder as the 
source of Na2O (or K2O).  This packing powder is made 
by conventional calcination, but is reused numerous 
times, each time simply replenishing the Na2O (or K2O) 
content by adding Na2CO3 (or K2CO3).  The crucible 
is then heated to ~1,400oC and maintained at 1,400oC 
for about 15 to 20 minutes.  Thereafter, the furnace is 
turned off.  Upon cooling, highly conductive, strong and 
moisture/CO2-resistant BASE results, ready for use in 
battery applications.  

Figure 2 shows a photograph of several BASE tubes 
made by the MSRI patented vapor phase process, which 
also readily allows for the fabrication of thin, fl at BASE 
plates, not feasible by the conventional process due to 
the warpage associated with liquid phase sintering in the 
conventional process.  Typical BASE tubes fabricated by 
the conventional process for use in Na-S batteries are 
well in excess of 1 to 1.5 mm in thickness leading to a 
high ohmic area specifi c resistance (ASR).  In contrast, 
the BASE made by this novel, patented process exhibits 
excellent properties, unmatched by BASE made using 
conventional processes.  

Conclusions and Future Directions

Several Na-BASE tubes with thin wall thickness 
have been fabricated using MSRI’s patented vapor 
phase process.  The tubes made are moisture 
resistant. 

Several suitable materials for high temperature 
electrochemical couples have been identifi ed.  Those 
couples will be further evaluated by measuring the 
OCVs.  

K-BASE tubes and square samples will be fabricated 
applying the same process as for making Na-BASE. 

•

•

•

FIGURE 2.  Photograph of Several Na-BASE Tubes Made (about 15 cm 
in length) by MSRI’s Patented Vapor Phase Process
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ALL-BASE batteries will be constructed and 
tested in a controlled environment at elevated 
temperatures from 400oC to 650oC.  The discharge 
depth and voltage vs. current characteristics will be 
evaluated. 
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Objectives 

Measure conductivity of K-doped and Y-doped 
BaZrO3 (KBYZ) in H2-H2O and air-H2O containing 
atmospheres over a range of temperatures from 400 
to 700°C.

Fabricate KBYZ thin fi lm, Ni + KBYZ anode-
supported button cells (at least 2 cm² active area) 
with a two phase, composite mixed ionic electronic 
conducting (MIEC) perovskite cathode, comprising 
a proton conductor (KBYZ) and an electronic 
conductor.

Conduct electrochemical tests on button cells with 
humidifi ed H2 as fuel and air as oxidant over a range 
of temperatures from 400 to 700°C.

Accomplishments 

The chemical stability of BaZrO3 over BaCeO3 was 
confi rmed from thermodynamic calculation.

The procedure for powder preparation using 
planetary milling was established.

Experimental test and analysis systems were set up.

Introduction 

The key attribute of an oxygen ion-conducting 
electrolyte for the solid oxide fuel cell (SOFC) has 
one signifi cant and unavoidable shortcoming, namely 
fuel dilution.  Since water vapor (and CO2 if CO is in 
the fuel) are formed at the anode, the fuel continually 
becomes depleted, which is undesirable.  Fuel dilution 
can be avoided provided a proton conducting solid 
electrolyte is used, since in such a case the water vapor 

•

•

•

•

•

•

is produced at the cathode where it mixes with excess air 
and does not signifi cantly lower the cell voltage.  Since 
fuel dilution can be avoided, at all times during cell 
operation, the pressure of hydrogen can be maintained 
at a value near the feed composition, which leads to 
little anode concentration polarization and relatively 
low anode activation polarization due to high hydrogen 
partial pressure.  These advantages are expected to 
facilitate more effi cient operation of the SOFC based 
on proton conducting membranes.  A fuel cell based 
on high temperature proton conductor (HTPC) has 
other important attributes such as thermal integration 
capabilities and no CO poisoning which allows the use 
of non-precious metal catalysts.

High temperature proton conductors are based on 
perovskite type materials (ABO3) containing oxygen 
vacancies.  Such materials can absorb water vapor 
and become proton conductors.  Of the materials 
investigated to date, doped BaCeO3 exhibits the 
highest proton conductivity.  Thus, much work has 
been conducted on this material and another ceria-
based material, SrCeO3 which also exhibits high proton 
conductivity.  The very low stability of these cerates, 
however, has been a problem [1].  It was experimentally 
shown that BaCeO3 decomposes in the presence 
of liquid water [2].  Studies have also shown that 
BaCeO3 and SrCeO3 are not stable in CO2-containing 
atmospheres below 800°C [3,4].  Even though fuel 
cells made using these materials may not present a 
signifi cant problem for limited periods of time at higher 
temperatures, their long term stability is problematic on 
repeated thermal cycling and especially when used in a 
thin fi lm form as required for an SOFC.  Other materials 
of interest from the standpoint of conductivity are rare 
earth oxide doped BaZrO3 and Ba3Ca1+xNb2-xO9-δ (BCN), 
although these materials exhibit lower conductivity than 
BaCeO3 and SrCeO3.

Approach 

In addition to the ability to dissolve water vapor 
into the lattice and transport protons, the stability of the 
material in water vapor must be demonstrated.  Work 
done to date has demonstrated that unlike BaCeO3 
and SrCeO3, materials such as BaZrO3 or BCN are 
stable in water.  Their stability has been demonstrated 
by heat-treating them in an autoclave at temperatures 
as high as 500°C and water vapor pressures as high as 
180 bars [5].  Somewhat lower proton conductivity 
of BaZrO3-based HTPC compared to BaCeO3 and 
SrCeO3 is related in part to the lower overall basicity.  
For proton conduction, it is necessary that a suffi cient 
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amount of H2O dissolve into the perovskite lattice.  The 
affi nity towards water vapor can be described in terms 
of basicity of the material.  It is known that for the A-
site of perovskite materials (ABO3), basicity increases 
in the order Sr → Ba, and for the B-site it increases in 
the order Zr → Ce.  The lower proton conductivity of 
BaZrO3 thus in part is attributed to its lower basicity.

The suggested approach is to start with a material 
of proven stability, such as BaZrO3, but then add 
other elements (dopants) to enhance its basicity.  The 
most basic ions are the alkali ions such as sodium and 
potassium.  At 1,000 K, the partial pressure of H2O for 
the formation of Ba(OH)2 is ~0.45 atm, while that for 
the formation of KOH (alkali earth metal hydroxide) is 
only ~3×10-7 atm.  Thus, the incorporation of potassium 
into the perovskite lattice should signifi cantly increase 
affi nity for H2O, and thus should enhance protonic 
conductivity.  Doping on the B-site with an alkali 
ion, however, will not be feasible due to the large 
difference in electrical charge (+1 vs. +4) and also due 
to the larger size of alkali ions, with the exception of 
lithium, compared to the typical B-site ion.  However, 
the ionic sizes of divalent alkaline earth ions (Ba, Sr, 
etc.) are comparable to monovalent alkali ions (Na, K, 
etc.).  Thus, the suggested approach is to dope on the 
A-site with an alkali ion instead of the usual B-site to 
create oxygen vacancies.  In addition, a small amount 
of yttrium is doped on the B-site for the purpose of 
preventing possible microcracking associated with 
tetragonal to monoclinic phase transformation if a 
small amount of ZrO2 precipitates form.  The resultant 
material (KxBa1-xYyZr1-yO3-δ) should have higher affi nity 
towards water uptake (due to the presence of potassium 
in the lattice), but at the same time, the material should 
be stable by virtue of the presence of BaZrO3 as the 
major constituent.

Results 

From a chemical equilibrium point of view, the 
stability of BaCeO3 and BaZrO3 under typical SOFC 
conditions can be compared by calculation of the free 
energy changes for the following reactions with (M) = 
Ce or Zr.  Thermodynamic data were obtained from the 
literature [6,7].

 Ba(M)O3  BaO + (M)O2

 Ba(M)O3 + H2O  Ba(OH)2 + (M)O2

 Ba(M)O3 + CO2  BaCO3 + (M)O2

The calculation of the standard free energy changes 
for these reactions shows that in all cases the reactions 
of BaZrO3 require larger values of ΔGº than BaCeO3 
(Figure 1).  Therefore BaZrO3 is less likely to react under 
the SOFC conditions than BaCeO3.

Powders and samples are currently being 
processed for experimental tests.  Powders of K2CO3, 
BaCO3, Y2O3, and ZrO2 are mixed in the requisite 
ratio, and ball-milled.  The target K-contents are 10% 
(K0.1Ba0.9Y0.04Zr0.96O3-δ) and 20% (K0.2Ba0.8Y0.04Zr0.96O3-δ).  
The powder mixture is calcined at 1,250°C for 2 hours 
in a covered zirconia crucible.  The calcined powder 
(which forms doped-BaZrO3) is ground to nano-size by 
planetary milling.  The planetary mill equipment (Retsch 
PM-100) has been set up and ready for use (Figure 2).

The past preliminary test did not produce nano-size 
powders, and the reasons were identifi ed: (a) too much 
solvent, (b) single-step milling process, and 
(c) inappropriate size of milling media.  The conditions 
will be improved by adjusting and optimizing media 
sizes, a ratio of solvent/powder/media, milling time, and 
rotation speed.  A multi-step processing with different 
media (from large to small) will be employed.

Anode-supported fuel cells will be fabricated by 
sintering thin KBYZ fi lm on a porous structure of Ni and 
KBYZ.  In order to lower the sintering temperature and 
minimize the loss of volatile potassium compounds, an 
average powder size of 250 nm is required.  The target 
sintering temperature is 1,450°C.  A porous structure 
of an electronic conductor and KBYZ as cathode will 
be printed.  The fabricated cell will be tested at 400-
700°C for current-voltage characteristics.  The test 
system was prepared and set up as shown in Figure 3.  
Current interruption tests and measurement of complex 
impedance spectra will be carried out to evaluate 
the ohmic resistance and the various polarization 
contributions.  The system for these analyses was 
set up using an oscilloscope (Agilent 54622A), an 

FIGURE 1.  Comparison of the Standard Free Energy Changes of BaCeO3 
and BaZrO3 for Several Reactions: Decomposition, Hydrolysis, and 
Reaction with CO2 [Thermodynamic data from Reference (6) for BaCeO3 
and Reference (7) for other compounds]
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electrochemical interface (Solatron SI 1287), and an 
impedance analyzer (Solatron SI 1260), as shown in 
Figure 4.

Conclusions and Future Directions 

One of the challenges is to prepare nano-size KBYZ 
powders that can keep the sintering temperature at or 
below 1,450°C.  The current primary approach is to 

use the planetary mill.  Alternative approaches based 
on chemical methods such as combustion synthesis or 
sol-gel processing will also be considered in the future if 
necessary.
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Objectives 

Develop thin corrosion resistant coatings on steel 
interconnect plates that are (1) good electron 
conductors, (2) thermally stable, (3) good barriers 
to outward diffusion of Fe and Cr from the 
interconnect plate, and (4) good barriers to inward 
oxygen diffusion and growth of oxide scale.

Characterize the behavior of SOFC interconnect 
material systems under relevant exposures to 
develop understanding of essential interfacial 
chemistry and transport mechanisms. 

Investigate Cr poisoning processes in SOFCs 
through quantitative measurements of (1) Cr 
volatility rates from coated/uncoated steel surfaces, 
and (2) oxygen diffusion and surface exchange rates 
for electrolyte and cathode materials with surface 
impurities.

Investigate the possibility of engineering pore 
structures and determine their impact on SOFC 
performance.

Determine the effects of interfacial strain from 
lattice mismatch at interfaces of technologically 
relevant SOFC materials.

Investigate potential for brazed seals for SOFCs.

Create an x-ray-compatible electrochemical cell to 
study the SOFC structural and electronic properties 
under operational conditions.

Fabricate and characterize proton conducting 
ceramics for use in hydrogen separation membranes, 
intermediate-temperature solid oxide fuel cells, 

•

•

•

•

•

•
•

•

hydrogen pumps, water electrolyzers, and hydrogen 
sensors.  

Measure and analyze anode gas fl ow and tortuosity 
for various anode structures. 

Develop a physically-based dynamic model for a 
solid oxide fuel cell stack.

Develop a fuel cell model reference simulator.

Demonstrate modular power electronics that can be 
used with transient recognition control (TRC) and 
develop and demonstrate TRC for fuel cell systems 
in a fi eld programmable gate array (FPGA) system.

Develop a DC/DC converter of $40/kW cost and 
97% effi ciency for the fuel cell powered residential 
power system.

Develop a load sharing control method for 
paralleled DC/AC converters in fuel cell power 
plants that can ensure the load sharing error is 
less than 10% in both steady-state and transient 
conditions.

Accomplishments 

Demonstrated a rapid, quantitative process using 
ion beam analysis (Rutherford backscattering 
spectroscopy, RBS) to measure the evolution in time 
of Cr volatility for steel surfaces with and without 
protective coatings. 

Measured oxygen diffusion and surface exchange 
coeffi cients for CoMnO coatings deposited on 
430 SS, and for surfaces of crystalline YSZ, using 
nuclear reaction analysis.

Demonstrated the superior oxidation resistance for 
short times (<100 hrs) for homogeneous, sputtered 
CrAlN coatings as compared to multilayered 
CrN/AlN coatings.

Developed protective coatings on ferritic steels 
which demonstrate excellent SOFC interconnect 
performance, i.e., long-term surface stability, high 
electronic conductivity and low Cr volatility.

A vacuum brazing system was designed and 
constructed and a custom synthesized braze was 
fabricated at Montana State University (MSU) to 
improve characteristics of the commercial vehicle in 
which the successful removal of undesirable silicon 
components was achieved.  

The Freeze-Tape Casting system is now set up and 
operational in addition to the freeze drying system 
for fabrication of graded porous electrode tapes.

Identifi ed a novel mechanism that may be a serious 
bottleneck to SOFC performance whereby the strain 
energy at an SOFC interface is accommodated 
and distributed over a larger volume (thickness) by 
modifying the chemical construction of the SOFC 

•

•

•
•

•

•

•

•

•
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material to improve the lattice mismatch.  This 
new interfacial region has reduced oxygen vacancy 
mobility. 

Created an x-ray-compatible electrochemical 
cell and initiated measurements of temperature-
dependent structural changes for SOFC materials.

Optimized fabrication and sintering processes 
to obtain dense Y-doped Ba(Ce, Zr)O3 proton-
conducting ceramics and dense Ni/ceramic cermets 
with homogenous Ni distribution.

Achieved good proton conductivities of Ba0.98(Ce0.65

Zr0.15Y0.2)O3 ceramics at intermediate temperatures 
(500º-700ºC), such as 4.37×10-3 W-1cm-1 at 500ºC, 
7.23×10-3 W-1cm-1 at 600ºC, and 1.01×10-2 W-1cm-1 
at 700ºC.

Analyzed anode gas fl ow results in literature and 
showed that they indicate tortuosity in the 2 to 4 
range.

Developed a physically-based dynamic model for 
a 5-kW SOFC stack in the widely used MATLAB/
SIMULINK simulation environment.  

Developed and tested circuits for driving fuel cells 
and/or short stacks with scaled load currents with 
bandwidths in excess of 100 kHz.

Demonstrated fi xed-point TRC control methods, 
including transient overlap.

Implemented TRC at the register transfer level in a 
Xilinx FPGA.

Developed a modular power electronics printed 
circuit board setup using off-the-shelf converters.

Developed a new DC/DC converter for the fuel 
cell residential power system.  Built both the power 
circuit and the control circuit of the DC/DC 
converter.  Tested the energy conversion capability 
of the power circuit and the interleave control 
functionality of the control circuit.

Developed and simulated a new load sharing 
control method for paralleled DC/AC inverters 
in fuel cell power plants.  The simulation results 
showed that the method could achieve accurate 
d-q current sharing among all inverters and high-
performance zero sequence current control for each 
of the inverters.

Introduction 

MSU-HiTEC is pursuing multiple sub-projects 
related to the performance, degradation, basic science, 
and power system engineering relevant to solid oxide 
fuel cells and electroceramics.  These can broadly be 
categorized into two major groups: 1) materials studies 
and 2) power electronics and control studies.

•

•

•

•

•

•

•

•

•

•

•

Materials Studies

The requirements of low cost and high-temperature 
corrosion resistance for bipolar interconnect plates 
in SOFC stacks have directed attention to the use of 
steel plates with more oxidation resistant compositions.  
However, volatile Cr species from the chromia-based 
oxide scales on these steels fi nd their way to the triple-
phase boundary, leading to rapid degradation of fuel 
cell performance.  Coatings can serve not only to slow 
oxidation rates on steel surfaces, but also as diffusion 
barriers for the Cr-derived species from the steel, 
slowing the SOFC stack degradation process.  We have 
characterized the oxidation resistance and diffusion 
behavior of steel plates with coatings of CrAlON and 
CoMnO, deposited using rf magnetron sputtering 
and fi ltered arc deposition techniques.  We have also 
developed a relatively quick, quantitative procedure 
using Rutherford backscattering spectroscopy (RBS) to 
measure the time evolution of Cr vaporization rates.  

SOFCs are layered devices.  The interfacial stress 
can lead to changes in the electronic, chemical, and 
structural properties of the materials in the interfacial 
region that can impact ion transport and other 
mechanisms that affect fuel cell performance.  We have 
developed a suite of element and site-specifi c x-ray 
spectroscopy and x-ray scattering techniques that probe 
these buried interfacial region properties.

The development of dense and chemically 
stable proton conducting ceramics with high proton 
conductivity is critically important for applications of 
hydrogen separation membranes, proton-conducting-
based solid oxide fuel cells, hydrogen pumps, water 
electrolyzers, and hydrogen sensors.  The present work 
optimized fabrication and sintering processes to obtain 
dense and stable Y-doped Ba(Ce, Zr)O3 ceramics with 
high proton conductivities.

Anode-supported solid oxide fuel cells require 
careful design of the relatively thick anode so fuel gas 
fl ow through the anode to the solid electrolyte is not 
excessively impeded.  Experimental work on freeze-
tape casting methods to develop graded pore structures 
is now underway.  Detailed analysis of the fl ow of the 
fuel gas, and the exhaust gas generated at the anode-
electrolyte interface, has been initiated.

Power Electronics and Control Studies

Solid oxide fuel cells are advanced electrochemical 
energy conversion devices operating at a high 
temperature, converting the chemical energy of fuel 
into electric energy at high effi ciency.  They perform 
in a fundamentally different fashion than most power 
systems in wide-scale deployment today.  As a result, 
there is need to develop power electronics, control 
systems, and system tools that will allow the electrical 
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engineering community to begin development of systems 
before SOFC stacks are commercially available.  

SOFC dynamic modeling is of interest for predicting 
SOFC performance and controller design for different 
applications, e.g., for SOFC load transient mitigation 
and distributed power generation applications.

We are developing a fuel cell reference simulator 
that will mimic the electrical terminal characteristics 
of a single cell or short stack but at relevant (kilowatt) 
power levels.   This instrumentation will accelerate 
development of control systems and power electronics 
by allowing electrical engineers to work with small, 
laboratory prototype fuel cells to develop full-scale 
balance of plant and systems.

Fuel cells are highly effi cient but respond slowly 
to load transients.  Additionally, large transients may 
result in localized heating within the fuel cell and result 
in degradation of the stack.  We are developing novel 
transient recognition control schemes that will allow 
intelligent control of fuel cells in multi-source systems.  
We are also investigating methods of making control 
systems modular to match the SECA goal of modular 
fuel cells.  Without this, power electronics would require 
redesign when different numbers of SECA modules are 
ganged together.  

Approaches 

Coatings were deposited on 430 and Crofer steel 
coupons using rf magnetron sputtering at MSU and 
fi ltered arc deposition at Arcomac Surface Engineering, 
Inc.  Nitrogen and oxygen gasses were added to the 
Ar sputtering gas during the growth processes.  For 
sputtered coatings, the Cr/Al composition ratio in the 
coatings was varied in a combinatorial approach.  The 
coatings were subsequently annealed in air for up to 
100 hours at 800°C.  The composition of the 
coated plates, elemental diffusion, and oxidation 
were characterized using RBS and non-Rutherford 
backscattering analysis for lighter elements. 

In collaboration with coating providers, our group 
investigates a wide variety of coating techniques, 
compositions and architectures on different ferritic steels 
of interest for SOFC interconnects.  We subject coated 
and uncoated materials to SOFC relevant environments 
and characterize material behavior using an array of 
analytical techniques and tools, including area specifi c 
resistance measurements, indentation testing, surface 
and cross-section optical and scanning electron 
microscopy, energy dispersive x-ray spectroscopy, 
electron backscattered diffraction, x-ray diffraction, 
Cr volatility measurements using transpiration, and 
induction-coupled plasma mass spectrometry.

For the Cr volatility measurements, Cr-containing 
vapors from the steel coupons in a tube furnace at 

800ºC were transported with various fl ow rates of 
humid air to a Si wafer at ~110ºC near the end of the 
quartz tube in the furnace, where the vapors adsorbed 
on the Si surface.  The Si wafers were subsequently 
analyzed for Cr surface concentrations using Rutherford 
backscattering.  Separate experiments with Cr2O3 
powder as the Cr vapor source established the 
quantitative reliability of this approach.

The SOFC interfacial stress is controlled by either 
depositing SOFC fi lms (La0.5Sr0.5CoO3, or LSCO, and 
La2/3Ca1/3MnO3, or LCMO) grown by pulsed laser 
deposition on appropriate substrates of known lattice 
mismatch or by capping thick SOFC structures with 
wedges of overlayers of known lattice mismatch.  This 
latter method allows for control of the total stress energy 
with wedge thickness.  We have used element and site-
specifi c x-ray spectroscopy and x-ray scattering to study 
the electronic, chemical, and structural properties of the 
as-grown systems.  Furthermore, fi lms will be similarly 
studied at operational conditions by using an x-ray 
compatible electrochemical cell.

By using an optimized Glycine-Nitrate process and 
investigating the sintering at a series of temperatures 
and various atmospheres, dense Y-doped Ba(Ce, Zr)O3 
ceramics can be obtained.  By using the impedance 
spectroscopy technique, the proton conductivities 
of grains and grain boundaries were investigated at 
different temperatures and atmospheres. 

The Stefan-Maxwell equation provides a set of 
differential equations for analyzing fl ows of each of 
several gas constituents.  Under the condition of fuel 
gas starvation at the anode-electrolyte interface, these 
equations can be solved for the anode pore average 
tortuosity if other experimental parameters are known.

A dynamic model for a 5-kW tubular SOFC stack 
has been developed based on the SOFC thermodynamic 
and electrochemical properties and on the mass and 
energy conservation laws with emphasis on the fuel 
cell electrical (terminal) characteristics.  The SOFC 
model mainly consists of an electrochemical sub-
model, a thermodynamic sub-model, and an electrical 
circuit model representing the double-layer charging 
effect.  The effect of internal temperature and pressure 
inside the SOFC on the steady-state V-I (output 
voltage vs. current) and P-I (output power vs. current) 
characteristics, and on SOFC response to sudden load 
changes, were evaluated.  

The approach for the fuel cell reference simulator is 
to develop instrumentation that will mimic the electrical 
terminal characteristics of a short stack or single cell 
at power levels.  This instrumentation will accelerate 
development of control systems and power electronics 
by allowing electrical engineers to work with prototype 
fuel cells and stacks in full-scale systems.
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The approach for transient recognition control is 
to build a model that recognizes the long-term demand 
of incoming load transients and controls the fuel cell 
portion of a multi-source system to meet the long-term 
demand. 

The idea for modular fuel cell power electronics is 
to investigate a power electronics design paradigm that 
complements the scalability advantages of fuel cells.

In the DC/DC converter project, we use active 
switches to control the voltage and therefore the current 
of the leakage inductance of the transformer and use 
interleave control to reduce the cost and improve the 
effi ciency of the converter.  In the load sharing control 
project, we drop the d-q voltage with the d-q current 
in each of the paralleled inverters and control the zero 
sequence current of each inverter with a newly proposed 
synchronized pulse-width modulation method.

Results 

Signifi cantly improved SOFC interconnect 
performance has been realized using protective coatings 
developed by our group.  This includes a dramatic 
improvement in long-term surface stability, increased 
electronic conductivity, and substantial Cr volatility 
reduction.  Quantifi ed results include the essential 
absence of physical or chemical changes within the 
coating for over 1,000 hours at 800°C in air through 
several thermal cycles; stable area specifi c resistance 
values of <10 mΩ·cm2 for over 1,000 hours in air at 
800°C; and a 32-fold reduction in Cr volatility versus 
uncoated 430 stainless steel.  For sputtered CrAlON 
coatings, we observed that Al-rich coatings are more 
susceptible to oxidation than Cr-rich coatings and that a 
Cr/Al ratio of 0.9 provides good oxidation resistance. 

We contrasted the early time evolution of Cr 
volatility for 430 SS and for CroferAPU22, the latter 
with and without a CoMnO spinel coating deposited 
using a combination of fi ltered arc and rf magnetron 
sputtering processes.  The coated materials showed a 
signifi cant reduction in Cr volatility indicating that such 
coatings may be a viable strategy for prevention of Cr 
poisoning of SOFCs (Figure 1).  

By using polarization dependent x-ray absorption 
spectroscopy (XAS), we have examined the chemical 
state of different elements of La2/3Ca1/3MnO3 (LCMO) 
and La0.5Sr0.5CoO3 (LSCO) at room temperature as 
a function of the stress within the fi lms created by 
the substrate or overlayer lattice mismatch on which 
the fi lm is grown.  We have found that as the stress 
is changed from compressive to tensile stress, the 
chemical state of the Co in the interfacial region changes 
dramatically, although the structure of the fi lm remains 
essentially unchanged.  The SOFC fi lms were grown in 
a series of thicknesses (up to 2500 Å) on various single 
crystal substrates [strontium titanate - SrTiO3 (STO), 

neodymium gallium oxide - NdGaO3 (NGO), strontium 
ruthenate - SrRuO3 (SRO), and lanthanum aluminum 
oxide - LaAlO3 (LAO)].  Representative of the results 
are the XAS spectral shifts of LSCO as the thickness 
of an LAO overlayer is increased (Figure 2).  The stress 
response is for the SOFC to create a compositional 
gradient to distribute the stress energy over a larger 
volume (fi lm thickness).  The compositional gradient 
region represents a region where the transition metal ion 
valence is changing and the oxygen vacancy diffusion is 
far from optimum.  In some extreme cases, the oxygen 
vacancy diffusion may become negligible, compromising 
SOFC performance.

We optimized the fabrication processes of Y-doped 
Ba(Ce, Zr)O3 ceramics and Ni/ceramic cermets.  Proton 
conductivities of the grains and grain boundaries in 
the ceramic samples were investigated by impedance 
spectroscopy in different atmospheres (3% H2/97% He 
with saturated water vapor, air, and air with saturated 
water vapor).  Figure 3 shows the conductivity Arrhenius 
plot of Ba0.98(Ce0.65Zr0.15Y0.2)O3 ceramics at temperatures 
100º-800ºC.  The activation energy changes near 600ºC, 
which may indicate a conduction mechanism change.  
Coors and Readey [1] fi rst observed a marked change of 
proton conductivity activation energy in Ba(Ce0.9Y0.1)O3 
ceramics at ~250ºC.  Accordingly, our substitution 
of Ce with Zr signifi cantly increased this transition 
temperature.  The activation energies in our samples 
(0.29 and 0.58 eV) are very close to those (0.26 and 0.56 
eV) of Coors and Readey.  Good proton conductivities 
of Ba0.98(Ce0.65Zr0.15Y0.2)O3 ceramics at intermediate 
temperatures (500º-700ºC) were obtained, such as 
1.01×10-2 Ω-1cm-1 at 700ºC.    

Literature results for anode saturation current 
density for various combinations of fuel and diluent 
input gases were analyzed to calculate the average anode 

FIGURE 1.  Cr Vaporization Rates of Coated and Uncoated Steels as a 
Function of Time at 800°C in Humid Air
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pore tortuosity.  Physically reasonable tortuosity values 
of 2 to 4 were calculated, much lower than some values 
in the literature.  Detailed understanding of anode gas 
fl ow as infl uenced by tortuosity and other factors is 

required to optimize anode design in anode-supported 
SOFCs.

The voltage and power output of the SOFC stack 
model depend on conditions including fuel composition, 
fuel fl ow, oxidant fl ow, anode and cathode pressures, cell 
temperature, load current and the electrical and thermal 
properties of the cell materials.  There is a time constant 
associated with the SOFC stack output voltage due 
to the double-layer charging effect (in the millisecond 
range), one due to the internal pressure (in the second 
range), and one due to temperature (in the minute 
range).  Figure 4 (top) shows the V-I characteristics of 
the SOFC stack model (developed at MSU) at different 
temperatures, and Figure 4 (bottom) shows the same 
characteristics from the SECA model for a single cell 
provided to us. 

Challenges for the fuel cell reference simulator 
addressed in this last year’s work included developing 
high-performance analog electronics to drive current on 
the fuel cell side of the system, and high power voltage 
output amplifi ers to drive the load side of the system.  
We assembled the voltage amplifi er by paralleling three 
off-the-shelf amplifi ers.  The fuel cell side current source 
required custom design, and a printed circuit board 
was fabricated and modifi ed to achieve acceptable 
performance.  A working prototype design has been 
fi nalized and tested in the loop using a dry cell as a 
substitute for the fuel cell.  Preliminary results show that 
this system mimics the dynamic response of the small 
power source (such as a button-cell SOFC) with high 
fi delity, but amplifi es power levels to the several kilowatt 
range.

For the modular power electronics demonstration, 
we were able to use six Synqor power electronics 
modulars to create a multisource converter that could 
be used in conjunction with TRC.  Unfortunately, the 
proposed scheme for controlling current on the fuel 
cell of this converter did not work due to the design of 
Synqor’s current sharing.  We were able to develop an 
alternative strategy but have not yet tested it.

An implementation of TRC in a Xlinix FPGA was 
accomplished.  Although this implementation lacks some 
of the refi nements needed for production use, it does 
demonstrate the feasibility of using transient recognition 
control for real-time mitigation of fuel cell/transient 
interactions. 

The power circuit of the DC/DC converter can 
successfully boost a 25 V DC voltage to a 350 V 
one.  The control circuit of the DC/DC converter can 
successfully produce proper control signals to implement 
the interleave control.

Simulation results showed that the proposed load 
sharing control method could achieve even load sharing 
among all inverters and control the zero sequence 
current of each inverter.  

FIGURE 2.  Co L2,3 edge XAS spectra for LSCO thin fi lms capped with 
LAO shown as a function of overlayer thickness (increased induced 
stress in the LSCO fi lms).  Also shown are spectra for pure SCO and pure 
LCO.
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Conclusions and Future Directions

We have explored a wide variety of coating 
techniques, compositions and architectures to enable 
the use of inexpensive ferritic steels as interconnects 
in SOFCs operating at 800°C.  A combination of a 
fi ltered arc deposited adhesion-promoting, electronically 
conductive diffusion barrier CrAlYO bottom segment 
coating, followed by a fi ltered arc-assisted electron beam 
evaporated Cr-retentive and cathode compatible CoMnO 

top segment coating demonstrates excellent SOFC 
interconnect operating characteristics on commercially 
available 430 stainless steel.  Future work will focus on 
optimizing coating composition and architecture and 
evaluating material systems under more prototypical 
SOFC exposures.  Measurements of corrosion resistance 
with structured coatings, e.g., substrate/bondcoat/
topcoat, to achieve good coating adhesion are planned.  
Measurements of oxygen transport in coatings and the 
effects of Cr surface contamination on oxygen exchange 
at cathode/electrolyte surfaces are underway.  Growth 
of thin, dense YSZ fi lms on porous YSZ anode material 
is currently under investigation for fabrication of thin 
SOFCs with reduced operating temperatures.

We will conduct similar X-ray experiments for other 
candidate SOFC materials such as La0.5Sr0.5FeO3 and 
under operating fuel cell conditions.

Simulation results from the dynamic SOFC model 
developed compare well with the data provided to us 
from the SECA Excel model and in the SOFC research 
literature.  The model is implemented in MATLAB/
SIMULINK, a common modeling package used by the 
electrical engineering community and should help that 
community develop familiarity with SOFCs.

The fuel cell reference simulator development 
is making good progress.  It is an important tool for 
allowing development of power electronics and control 
for SOFCs in parallel with the SOFC development.  We 
need to complete whole system testing of the simulator.

We need to revise our proposed method for testing 
the interleaved modular power electronics and integrate 
this with TRC.  

Special Recognitions & Awards/Patents 
Issued 

1.  TRC patent is pending.

2.  S.R. Shaw received a National Science Foundation 
Career award.
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Objectives 

Evaluate DOE-sponsored SOFC systems.

Measure response of SOFCs to coal contaminates 
and develop analysis tools to understand SOFC 
performance on coal syngas.

Assess the dynamic performance of SOFC 
components and systems (e.g., hybrid and simple 
cycles), and determine control requirements for 
these advanced systems. 

Develop new coating methods for low-cost fuel cell 
metallic components.

Accomplishments 

Installed and operated the SECA Phase I prototype 
unit made by Delphi into the DOE Fuel Cell Test 
Facility to verify performance vs. SECA Phase I 
requirements. 

Measured the effect of hydrogen chloride, 
potentially one of the greatest (by volume) trace 
contaminate species after hydrogen sulfi de, on 
SOFC performance, and developed detailed 
transport models to predict SOFC performance on 
coal syngas.

Experimentally quantifi ed the control response of 
hot and cold by-pass fl ows on hybrid operation, 
and obtained experimental validation of thermal 
gradient induced current recirculation within an 
SOFC cell following load loss.

Advanced electrophoritic coating methods to allow 
application of manganese-cobalt and iron-nickel 
thin fi lm coatings on SOFC metallic components.

Introduction 

The U.S. DOE is supporting the development of 
solid oxide fuel cells through the Solid State Energy 

•
•

•

•

•

•

•

•

Conversion Alliance (SECA) program so that future 
coal-based power plants will achieve the highest possible 
fuel effi ciency while protecting our environment.  The 
goal of the SECA program is to provide low-cost fuel 
cell systems for multiple markets (e.g., stationary and 
automotive) as a stepping stone to low-cost coal-based 
plants.  While several industry teams are currently 
developing SOFC systems for near-term markets, 
to achieve future coal-based operation will require 
new and innovative SOFC design and analysis tools, 
materials, and test and evaluation capability.  The work 
performed here accomplishes all these by: 1) developing 
test capability for the evaluation of SOFC systems and 
components; 2) measuring the effects of coal syngas 
on cell performance; 3) applying advanced analysis 
tools for the purpose of understanding solid oxide fuel 
cell operation on coal syngas; and 4) developing low-
cost manufacturing options for metal materials used in 
SOFCs.

Approach 

Systems Test and Evaluation Capability—Last 
year, the U.S. Department of Energy National Energy 
Technology Laboratory completed construction of a 
fuel cell test facility for evaluating the performance of 
prototype fuel cell systems developed by government 
sponsored fuel cell developers, Figure 1.  The facility is 
confi gured to handle fuel cell systems running on natural 
gas or methane with a nominal power rating of 3 to 10 
kW.  As reported below, in FY 2007 this facility was used 
to evaluate two SECA prototype units.

Dynamic System and Component Studies—Both 
model and experimental studies are used to investigate 
the performance of fuel cell components and systems 
under real-world dynamic conditions.  For systems 
studies, the focus is on hybrid systems, which is a key 
technology anticipated for future coal-based power 
plants.  Here we employ a ‘hardware-in-the-loop’ 
approach whereby an experimental gas turbine is 
coupled to necessary hardware components (i.e., pipe 
volumes) that simulate the presence of a fuel cell via 
a real-time dynamic model.  For component studies, 
the focus has been on fuel cell dynamics, and our 
approach is applying models to resolve conditions 
that exist when large load changes occur (events not 
commonly covered in the literature).  Such conditions 
are of particular interest for SOFC operation given their 
relative sensitivity to increased thermal gradients that 
might arise, and it is important that models accurately 
predict the fuel cell response.  In prior work, it was 
shown that these large transients induce conditions 
within the cell that result in current reversal, Gemmen 
and Johnson, (2005).  To validate these results, this 
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project experimentally studied reverse current conditions 
induced by temperature variations.

Coal Syngas Operation—This year, we have begun 
investigating the effect of trace syngas elements (e.g., Cl, 
As, Cd, Hg, P) on SOFC operation.  Our approach is to 

individually inject such elements in the forms that they 
exist under post syngas clean-up conditions into the fuel 
gas passing over an SOFC button cell.  Because future 
cleanup systems have not been fully identifi ed, these 
tests are performed over a range of temperatures and 
specie concentrations.  Finally, plans are now under way 
to support a short term test at a U.S. gasifi cation facility 
to directly assess SOFC operation on today’s gasifi er and 
cleanup technology.

Coatings for Metallic SOFC Components—There 
is a need to identify low-cost coating methods for the 
low-cost iron alloy steels used in SOFCs.  The approach 
taken in this portion of our work is to investigate 
electrophoritic deposition methods.  Such methods 
have an advantage in regards to their ability to deposit 
coatings on potentially intricate metallic components 
(components that have machined or stamped features 
to allow improved operation of the fuel cell).  The goal 
of the tests performed this past year is to determine 
the proper liquid electrolyte compositions that provide 
the desired phase formations in the deposited coating.  
Systems studied thus far are Mn-Co and Fe-Ni coating 
systems.

Results 

Systems Test and Evaluation Capability—This year, 
two SECA prototype units are to be independently tested 
by NETL.  The fi rst, by Delphi Corporation, has already 
completed testing, and analysis of the data is underway.  
Preliminary results show an average DC output 
effi ciency of 31% over a 1-hour test.  No measurable 
degradation (to within experimental resolution) was 
determined over the fi rst 10-day portion of testing 
analyzed as of this writing.  The second unit, by FuelCell 
Energy and Versa Power Systems Corporations, is 
currently being installed and testing should be completed 
by the end of the fi scal year.

Dynamic System and Component Studies—The 
hybrid simulation facility experimentally investigated 
the effect of cathode air bypass control on plant 
response.  Two cases were investigated: (1) constant 
inlet temperature control via a combustor; (2) constant 
fuel input to the cathode inlet combustor.  The work 
was published in the proceedings of the 2006 ASME 
Fuel Cell Conference, Tucker et al. (2006).  Results 
showed that the initial plant response was due to fuel 
cell thermal energy output response which was lowered 
following a drop in cathode fl ow, Figure 2.  As Figure 
2 also shows, there is an immediate associated drop in 
turbine speed as well.  This result was the same for both 
cases studied (albeit less for the case where fuel input 
was held fi xed).  The conclusion is that control of inlet 
combustor temperature cannot be used to manage short 
term changes in gas turbine response due to cathode air 
fl ow changes.

FIGURE 1.  Photos and Layout of the DOE Fuel Cell Test Facility
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Finally, regarding fuel cell component dynamic 
load studies, experimental results confi rmed model 
predictions that show how thermal gradients result in 
internal current circulation upon loss of load, Gemmen 
et al. (2006).  It is concluded that applications of models 
to study large load loss conditions, such as may be done 
to predict failure and degradation responses of fuel cells, 
will need to include electrolysis capability to achieve 
accurate predictions of the cell response. 

Coal Syngas Operation—Both theoretical and 
experimental work has been performed to identify trace 
components that are reactive to nickel-based anodes.  
Because there is very little information regarding 
gas and solid phase components emitted from the 
gasifi er and cleanup systems, detailed thermodynamic 
studies, using the FactSage software, were performed 
to guide the experimental work.  Findings from the 
study showed that many of the trace species in the coal 
syngas will not likely interact with the SOFC anode.  
The elements Be, Cr, K, Na, V, and Z were all found to 
form condensed phase species under warm gas cleanup 
system conditions.  Hence, it is likely that these species 
will not pose any great threat to SOFC anode operation 
except for potential gasifi er/cleanup upset conditions.  
Finally, the thermodynamic evaluations showed that 
Sb, As, Cd, Hg, Pb, P, and Se vapor phase forms were 
found in the coal syngas at warm gas cleanup conditions 
which would allow the species to travel to the SOFC 
module and potentially interact with the SOFC anode.  
Hence, these components will be the focus of further 
thermodynamic and experimental work.

Coatings for Metallic SOFC Components—The 
electrophoritic research, Johnson et al. (2006) 
determined that saccharin addition to the deposition 
solution acts as a leveling agent, leading to much 
smoother fi lms, Figure 3.  It is also necessary to adjust 

the deposition potentials of the Mn/Co solution by 
complexation of the Co2+ ion with ethylenediamine 
tetraacetic acid (EDTA) and control of the Mn 
deposition species by adjusting the pH of the solution.  
In the case of the Ni/Fe solution, the relatively close 
standard reduction potentials for Ni and Fe means that 
chelation of the Ni2+ cation by EDTA suffi ces to adjust 
the deposition potential for the alloy solution.  For the 
Mn/Co alloy deposition, it is important to take care not 
to drive the water splitting reaction so fast that localized 
pH levels cause hydroxide formation on the work 
piece.  We have begun studying the oxidation process 
for the deposited alloys, and thus far spinel phases 
have been detected by x-ray diffraction after the alloy 
coated samples.  It is not clear at this time what specifi c 
spinel has formed, and further analysis by scanning 
electron microscopy (SEM) and energy dispersive x-ray 
spectroscopy will be accomplished.

Conclusions and Future Directions

The DOE Fuel Cell Test Facility has begun 
independently evaluating SECA prototype units, and will 
be providing results to the SECA Program Management 
for their evaluation and assessments regarding progress 
being made in meeting SECA goals.  Two Phase I units 
were tested in FY 2006, and the remaining four units 
will be tested in FY 2007.  Beginning in FY 2007, the 
major level of future work will be in investigating coal-
based fuel cell systems, and in particular the effects of 
trace species on fuel cell operation.  Tests for the effects 
of Sb, As, Cd, Hg, Pb, P, and Se based compounds on 
fuel cell performance remains to be completed.  While 
these studies will be the main focus, we also anticipate 
the need to improve our understanding of these future 
coal-based systems via steady and dynamic modeling 
investigations in order to be assured that proposed 
hybrid systems will operate safely.  Finally, progress is 
still needed to achieve low-cost metallic components 

FIGURE 2.  Cathode Air Inlet Flow, Turbine Rotational Speed and Total 
Fuel Cell Thermal Output Energy as a Function of Time Following Hot Air 
By-Pass Change

FIGURE 3.  SEM images of deposits of Co on metallic substrates.  The 
image on the left is of a deposit of Co from a simple solution of CoSO4, 
and the image on the right shows the same deposition product, except 
that 0.0025M saccharin has been added to the solution.
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suitable for SOFC conditions.  Hence, continued work 
at developing low-cost coating methods will continue so 
that suffi ciently dense and uniform thin fi lm protective 
coatings, for both coal-based and non-coal-based SOFC 
systems, can be achieved.
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of Fuel Cell/Gas Turbine Hybrid Systems,” Paper No. 
GT2005-68466, ASME Turbo Expo 2005, Power for Land, 
Sea, and Air, June 6-9, 2005, Reno, NV.
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1.  Gemmen, R., C. Johnson, “Effect of Load Transients on 
SOFC Operation—Current Reversal on Loss of Load,” 
J. Power Sources, 144 (2005), pp. 152-164.

2.  Gemmen, R., C. Johnson, “Thermal Gradient Induced 
Current Recirculation on Load Change in Solid Oxide Fuel 
Cells” Paper No. FUELCELL2006-97187, Proceedings of 
the Fourth International Conference on Fuel Cell Science, 
Engineering and Technology, June 19-21, 2006, Irvine, CA.

3.  Gemmen, R., J. Trembly, “On the Mechanisms and 
Behavior of Coal Syngas Transport and Reaction within the 
Anode of a Solid Oxide Fuel Cell,” submitted to J. Power 
Sources, 2006.

4.  Johnson, C., R. Gemmen, C. Cross, “Alloy Films 
Deposited by Electroplating as Precursors for Protective 
Oxide Coatings on Solid Oxide Fuel Cells Metallic 
Interconnect Materials,” to be presented at the Material 
Science and Technology Conference and Exposition, 
October 15-19, Cinergy Center, Cincinnati, OH.

5.  Trembly, J.P., R.S. Gemmen, and D.J. Bayless, “The Effect 
of Coal Syngas with Hydrogen Chloride on the Performance 
of a Planar Solid Oxide Fuel Cell,” 31st International 
Technical Conference on Coal Utilization & Fuel Systems, 
Clearwater, FL, May 21-25, 2006.

6.  Trembly, J.P., R.S. Gemmen, and D.J. Bayless, “A Study of 
the Transport of Coal Syngas Species through a Solid Oxide 
Fuel Cell Anode,” The 23rd International Pittsburgh Coal 
Conference, Pittsburgh, PA, September 25-28, 2006.

7.  Tucker, D., L. Lawson, T. Smith, C. Haynes, “Evaluation 
of Cathodic Air Flow Transients in a Hybrid System Using 
Hardware Simulation,” Paper No. FUELCELL2006-97107, 
Proceedings of the Fourth International Conference on 
Fuel Cell Science, Engineering and Technology, June 19-21, 
2006, Irvine, CA.

8.  Tucker, D., L. Lawson, J. VanOsdol, J. Kislear, 
A. Akinbobuyi, “Examination of Ambient Pressure Effects 
on Hybrid Solid Oxide Fuel Cell Turbine System Operation 
Using Hardware Simulation” Paper No. GT2006-91291, 
Proceedings of the ASME Turbo Expo 2006, May 8-11, 
2006, Barcelona, Spain.
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Objectives 

Demonstrate p-SOFC performance of ≥125 
mW/cm2 at 600°C, using scalable manufacturing 
approaches and improved cell electrodes. 

Demonstrate enhanced cell electrode performance 
through compositional and microstructural tailoring.  
Demonstrate (cathode + anode) contributions of 
<0.5 Ω-cm2 to cell area specifi c resistance (ASR) at 
600°C.

Establish tape casting and sintering routes to 
produce conventional electrolyte components at the 
button cell and 10 x 10 cm cell size.  Minimize cell 
membrane thickness, with a target of ASR of <1.0 
Ω-cm2.

Produce of Zn-modifi ed BYZ Ba(Zr1-XYX)O3-δ 
electrolyte powders at the 600 g batch size, using 
scalable preparation routes, and demonstrate that 
these powders in tape cast forms can be sintered to 
densities of more than 95% ρth at temperatures of 
less than 1,400°C.

Accomplishments 

Demonstrated solid state synthesis route as a 
promising route for production of the proton 
conducting electrolyte material. 

Densifi ed BaZr0.85Y0.15O3 with ZnO doping (BYZ-
Zn) material to 94% theoretical density at 1,550°C.

•

•

•

•

•

•

Introduction 

Protonic solid oxide fuel cells (p-SOFCs) offer 
unique characteristics compared to competing 
technologies.  In a p-SOFC, protons diffuse from the 
anode to the cathode through a thin membrane layer, 
generating power from the electrochemical reaction.  
P-SOFCs are characterized by their potential for high 
fuel utilization without steam diffusion limitation, 
and their intermediate operating temperatures (450-
600°C).  P-SOFCs avoid steam formation at the 
anode (experienced by SOFCs), maintaining high 
fuel concentration over the anode, allowing high fuel 
utilization and high-effi ciency operation.  The cells 
operate at temperatures that increase the reaction 
kinetics compared to PEM fuel cells, but are low enough 
to offer the potential for metal interconnects without 
corrosion.  If operating temperatures can be kept at 
the lower end of this range (using thin membranes and 
effi cient electrodes) conventional high temperature 
seals may become practicable, avoiding a design issue of 
SOFC systems.   

To date, p-SOFC development has been hampered 
by processing diffi culties associated with ceramic 
proton-conductors.  In this project, NexTech and 
Caltech will collaboratively advance the materials 
science and manufacturing technology for ceramic 
p-SOFCs.  Using materials processing strategies for 
Ba(Zr0.8Y0.2)O3 identifi ed by Caltech, NexTech will 
fabricate its thin-membrane electrolyte-supported cells 
using proprietary designs well suited to the BYZ material 
set.  This demonstration will require the transition of 
demonstrated laboratory processes to commercially 
viable approaches.  Caltech will assist this transition and 
use the resultant cell platform to optimize 
p-SOFC electrodes.  The successful completion of this 
project will shift p-SOFC development from electrolyte 
development to electrode optimization and the large cell 
demonstration.  

Approach 

Researchers at Caltech have developed a chemical 
approach in which a sintering aid is used to enhance 
grain growth and enable densifi cation at reduced 
temperatures [1].  From a comprehensive screening of 
transition metal oxides, it was determined that ZnO 
enhances sintering without generating deleterious 
intermediate phases or introducing excessive electronic 
conductivity. 
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NexTech has developed cost-effective manufacturing 
processes for a range of state-of-the-art SOFC cell 
designs.  These efforts have revealed the manufacturing 
and performance strengths and weaknesses of various 
cell manufacturing approaches.  Based on this 
experience, NexTech developed target specifi cations 
for an optimized solid oxide fuel cell, a planar cell 
component with a thin (≤50 µm) electrolyte, a 30-50 µm 
thick anode (to improve fuel oxidation kinetics) and a 
30-50 µm thick cathode (to minimize oxygen diffusion 
limitations).  The cell should be mechanically robust and 
have a dense periphery to simplify sealing.  

The cell developed by NexTech offers an excellent 
demonstration platform for protonic electrolyte and 
fuel cell research.  The principal manufacturing steps 
for the cell platform are tape casting and co-sintering.  
The processing routes developed at Caltech have been 
demonstrated with glycine-nitrate produced powders 
having surface area values (5-8 m2/g), ideal for tape 
casting approaches.  In this project, NexTech will tailor 
this process for scaled-up powder production and 
validate its utility in tape casting and cell fabrication 
experiments. 

Results 

ZnO-doped BaZr0.85Y0.15O3 (BYZ-Zn) material was 
synthesized by the solid state route, producing powder 
with 11.4 m2/gm surface area, reasonable for the tape 
casting approach.  The solid state synthesis route was 
selected due to its scalability and high throughput. 

Figures 1 and 2 show the results of the dilatometry 
and the sintering study for BYZ-Zn synthesized by the 
solid state route.  The dilatometry data shows that the 
material starts to sinter around 1,100°C and completes 
its shrinkage by 1,500°C.  The sintering study shows that 
BYZ-Zn sinters to 94% theoretical density at 1,550°C, 
confi rming that the solid state synthesis is a promising 
route for production of the BYZ-Zn material.   

Conclusions and Future Directions

The solid state synthesis route is a promising route 
for production of the BYZ-Zn material and fabrication 
of dense electrolyte components at reasonable 
sintering temperatures.  The ongoing work focuses on 

development of tape casting formulations using the 
synthesized powder for production of thin electrolyte 
substrates for fuel cell evaluations.

References 
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FIGURE 1.  Dilatometry Data for BYZ-Zn Synthesized by Solid State 
Route
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FIGURE 2.  Sintering Study for BYZ-Zn Synthesized by Solid State Route
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Objectives 

Determine the thermal self-sustainability, 
temperature gradients, electrical output, product 
composition, effi ciency, and syngas productivity of 
a methane electrochemical partial oxidation (EPOx) 
reactor.

Develop methods to avoid coking, and prove that 
excellent stability against coking can be achieved 
during long-term operation.

Explore the use of alternative anode materials in 
order to eliminate coking with methane and other 
hydrocarbons and also allow redox cycling.

Evaluate the technical and economic viability 
of the proposed technology based on the above 
information.

Accomplishments 

We have shown that a change in the gas 
fl ow geometry of the SOFC tests yields an 
improvement in methane conversion to syngas from 
approximately 70% to over 90%.  This is signifi cant 
because it proves the EPOx SOFC reactors can 
provide very high conversion to syngas.

Modeling results (in collaboration with Professor 
Robert Kee at Colorado School of Mines) have 
shown that adding an anode barrier layer can 
keep the Ni-YSZ anode completely outside of the 
thermodynamic coking range.  This is important 
because it demonstrates that this geometry can be 
expected to provide stable operation over long time 
periods. 

Substantial increase in the cell stability parameter 
range (critical current decrease by a factor of 
approximately 2 times) was demonstrated by adding 

•

•

•

•

•

•

•

small amounts (approximately 20%) of air or CO2 to 
the methane fuel feed. 

Introduction 

In the fi rst year of this Phase I project, we have 
demonstrated the feasibility of combined chemical 
and electricity cogeneration using solid oxide fuel 
cells (SOFCs).  Suitable operating conditions were 
established for doing electrochemical partial oxidation 
of natural gas that produced maximum electrical 
power output while providing maximum conversion 
of the fuel to synthesis gas (H2+CO).  The problem of 
coke formation on the SOFC anodes was addressed, 
with a new barrier layer approach and changes in fuel 
composition shown to increase the parameter range for 
stable coke-free operation.

This approach has signifi cant potential economic 
advantages.  That is, when SOFCs become cost effective 
for electricity generation, the syngas becomes a low-
cost by-product.  This could provide an important new 
route to low-cost hydrogen and gas-to-liquid fuels.  From 
another perspective, the ability to sell both electricity 
and chemicals increases the value of the SOFCs, 
improving their prospects for commercialization.

Approach 

Extensive electrical testing of anode-supported 
SOFCs with methane fuel was done in combination 
with gas chromatograph and mass spectrometer 
measurements of reaction products for a range of 
conditions.  While these were single-cell tests, the cell 
area and current were large enough to achieve partial 
oxidation stoichiometry (O2-/CH4 ≈ 1) for reasonable 
fuel fl ow rates.  Cell stability was tested versus operating 
conditions, additions of H2O/CO2 to the methane, and 
catalyst/barrier layers.  Successful testing for over 300 
hours was also carried out.  These experiments provided 
the experimental proof that SOFCs can act as effective 
devices for cogenerating electricity and syngas.

Detailed modeling was carried out in collaboration 
with Colorado School of Mines, providing detailed 
predictions of gas composition gradients within the 
anode and anode fl ow fi eld.  The work focused on 
the effect of anode barrier layers on overall cell/stack 
performance and changes in the gas composition within 
the Ni-YSZ anode that infl uence anode coking.  Most 
model input parameters were quantitatively established 
by structural evaluation of the SOFCs and barriers 
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combined with calibration experiments on the SOFCs 
prior to methane testing.  These experiments provided 
a compelling explanation for how direct-methane 
SOFCs can work without coking, and also a means for 
predicting conditions for stable SOFC operation.

Results 

Extensive cell electrical testing showed results as 
expected for anode-supported SOFCs operated with 
methane fuel [1].  For example, at 750oC and 0.7 V, the 
current density was 0.8 A/cm2 and the power density 
was 0.57 W/cm2.  Differentially pumped mass spectra 
from the SOFC anode gas stream (Figure 1) showed 
a decrease in methane-related (mass 16) peaks and 
an increase in hydrogen (mass 2) and CO (mass 28) 
with increasing SOFC current density.  (Note that the 
methane fl ow rate was fi xed such that the ratio 
O2-/CH4 was proportional to the current density.)  
H2 and CO reached maximum values at O2-/CH4 ≈ 0.7 
before decreasing with further increases in O2-/CH4.  
The CO2 content (mass 44) remained low at low 
O2-/CH4 but then increased more rapidly when O2-/CH4 
increased above 0.7. 

These trends agree with the equilibrium 
thermodynamic prediction, except that CH4 did not 
decrease to zero at large O2-/CH4, and the peak H2 and 
CO content appears well below the predicted value 
O2-/CH4 = 1.  Both these differences can be explained 
if a fraction of inlet CH4 fl ow does not react, possibly 
due to the fl ow geometry of our SOFC test.  In order to 
test the above idea, we did additional experiments with 
an altered geometry where all the CH4 fl owed over the 
full radius (approximately 1 cm) of the anode.  Figure 
2 shows schematically the original and new geometries 
and plots the methane utilization versus 
O2-/CH4 for both cases.  The methane utilization 
saturates at approximately 70% for the original geometry, 

but for the altered geometry increases continuously to 
approximately 90% with increasing O2-/CH4 to 1.  In 
the new geometry, the H2 and CO mass spectrometer 
peaks increase continuously with increasing O2-/CH4 in 
this range, in better agreement with the thermodynamic 
prediction.  The maximum measured syngas production 
rate estimated based on mass spectrometer sensitivities 
was approximately 20 sccm cm-2.  

Taken together, the above results demonstrate that a 
direct-methane SOFC can work very effectively for both 
producing electricity and converting methane to syngas.

In order to maintain thermal balance in an EPOx 
SOFC, it may be useful to operate at voltage (V) values as 
low as 0.4 V.  Electrical test results show the low voltage 
actually provides higher power density than 
V = 0.7 V.  Another advantage of lower V is that 
decreasing from a typical SOFC V = 0.7 V to 0.4 V 
approximately doubles J.  That is, the oxygen ion current 
density and the syngas production rate are approximately 
doubled.  However, this way of operating a SOFC, with 
pure methane fuel, low V, and high current density, 
is unusual, so it is important to demonstrate that the 
cells can operate stably.  Endurance tests carried out 
on a number of cells showed stable operation.  Figure 
3 shows an example of a SOFC life test conducted for 
over 300 hours.  The test was carried out with an anode 
catalyst layer using dry methane at 30 sccm, O2-/CH4 = 
0.82, V ≈ 0.4 V, and 750°C.  The SOFC showed a slight 
performance decrease during the fi rst 150 hours (which 
is not unusual for SOFCs), followed by stable operation 
for the fi nal 200 hours.  Subsequent scanning electron 
microscopy-energy dispersive x-ray spectroscopy 
observations showed that no carbon was present 
on the anode. 

We have been fortunate to develop a collaboration 
with Professor Robert Kee at Colorado School of Mines, 
who has well-developed models that account for the 

FIGURE 2.  Comparison of Methane Utilization versus Oxygen to 
Methane Ratio for Two Gas Flow GeometriesFIGURE 1.  Product Gas Composition versus Oxygen to Methane Ratio
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details of fl ow, reactions, and electrochemistry within 
the anode compartment of a SOFC.  Detailed structural 
information (e.g., layer thicknesses, porosities) measured 
from the specifi c SOFCs, along with known reaction 
rates on Ni-YSZ anodes, are input in order to make the 
results more quantitative.  Further model calibration 
of gas transport within the anode microstructure was 
achieved by matching the calculations to experimental 
cell calibration measurements in different hydrogen-
steam mixtures. 

The simulation was then applied to methane 
operation, using the above anode information as well as 
prior data on reforming reaction rates within Ni-YSZ 
anodes.  Some of the results are shown in Figure 4, 
which compares a case of a conventional Ni-YSZ anode 
(Figure 4a) with a Ni-YSZ anode with a 0.3 mm thick 
zirconia barrier layer (Figure 4b) [2].  The fi gures show 
the gas composition profi le from the gas fl ow side (top) 
to the electrolyte (bottom).  In Figure 4a, the decrease 
in CH4 content approaching the electrolyte side is seen, 

along with an increase in the products H2O and CO2. 
With the barrier layer, the methane content within the 
Ni-YSZ portion is substantially decreased, whereas 
the products H2O and CO2 tend to be trapped in the 
anode.  The overall result is that the fuel composition 
in the Ni-YSZ anode is kept outside of the equilibrium 
coking range.  This is an important result helping to 
explain how direct-methane SOFCs can maintain stable 
operation.

Experiments have been done to determine the 
effects of adding small amounts (approximately 20%) of 
air or CO2 to the methane fuel.  Initial results suggest 
that the additions increase the parameter range for stable 
coke-free operation.  

Conclusions and Future Directions

The above cell test and mass spectrometer results 
demonstrate that direct-methane SOFCs can effectively 
produce electricity and convert methane to syngas.  Cell 
stability testing has continued to help delineate the 
stable operation range for SOFCs with methane fuel.  
Model calculations of the anode compartment in SOFCs 
have also been important for understanding how anode 
barrier layers allow stable operation by keeping the Ni-
YSZ anode outside of the equilibrium coking range.  

In future work, we will continue ongoing work 
on cell stability, including effects of barrier layers and 
modifi cations of the fuel composition (i.e., adding small 
amounts of air, steam, or CO2).  Note that the work with 
air will also serve to show the effects of contamination 
in natural gas.  We will also conduct tests with simulated 
natural gas containing realistic amounts of ethane and 
propane.  Other experiments will include testing of 
ceramic anode SOFCs, more long-term testing, and 
testing of larger-area devices.

Simulation work will continue in order to obtain 
more accurate predictions of gas composition and 
temperature gradients within the anode, as well as 
overall stack performance.  The simulations will also be 
carried out with air addition to methane, suitable for 
improving thermal balance in stand-alone reactors, and 
with steam/CO2 addition, suitable for use in tandem 
with a source of heat and steam/CO2 such as a coal 
gasifi er.  Decisions will be made as to the best operating 
conditions for free-standing devices versus devices 
operated with an external source, and the best catalyst/
barrier layer combination will be selected.

FY 2006 Publications/Presentations 

1.  Zhongliang Zhan, Yuanbo Lin, Manoj Pillai, Ilwon 
Kim, Scott A Barnett, “High-Rate Electrochemical Partial 
Oxidation of Methane in Solid Oxide Fuel Cells,” J. Power 
Sources, in press.

FIGURE 3.  SOFC Stability Test during Methane EPOx Operation

FIGURE 4.   Calculated Gas Composition versus Position during Direct-
Methane SOFC Operation within the Ni-YSZ Anode (a) and a Ni-YSZ 
Anode with a 0.3 mm Thick Barrier Layer (b)



321Offi ce of Fossil Energy Fuel Cell Program FY 2006 Annual Report

VI.  Advanced ResearchScott A. Barnett

2.   Huayang Zhu, Andrew M. Colclasure, Robert J. Kee, 
Yuanbo Lin, Scott A. Barnett.  “Anode Barrier Layers for 
Tubular Solid-Oxide Fuel Cells with Hydrocarbon Fuel 
Streams,” J. Power Sources, in press, 2006.

3.  Robert J. Kee, Huayang Zhu, Andrew M. Colclasure, 
Yuanbo Lin, and Scott A. Barnett, “Tubular Solid-Oxide 
Fuel Cells Using Either Anode Recycle or Barrier Layers,” 
Proceedings of the 7th European Fuel Cell Forum, 
Ulf Bossel, Editor, Paper Number B074, 2006.

4.  Robert J. Kee, Huayang Zhu, Andrew M. Colclasure, 
Yuanbo Lin, and Scott A. Barnett, “Tubular Solid-Oxide 
Fuel Cells Using Either Anode Recycle or Barrier Layers,” 
Presented at 7th European Fuel Cell Forum, Lucerne, 
Switzerland, July 3-7, 2006.

5.  Scott A. Barnett, “Energy Applications of Solid Oxide 
Fuel Cells,” 2006 Taiwan – Midwest-USA Symposium on 
Science and Engineering, Evanston, IL, June, 2006.

6.  Scott A. Barnett, “Solid Oxide Fuel Cells:  New Materials 
and New Applications,” Montana State University, 
Bozeman, MT, March, 2006.

7.  Yuanbo Lin, Zhongliang Zhan, Ilwon Kim, Scott 
A. Barnett, “Co-Production of Hydrogen/Syngas and 
Electricity by Direct-Methane Solid Oxide Fuel Cells,” 
American Ceramic Society Meeting, Cocoa Beach, January, 
2005.

8.  Scott A. Barnett, “Solid Oxide Fuel Cells:  New Materials 
and New Energy Alternatives,” Carnegie-Mellon University, 
Dept. of Materials Science colloquium, December, 2005.

9.  Scott A. Barnett, “Solid Oxide Fuel Cells and the 
Hydrogen Economy,” Colorado School of Mines, Chemical 
Engineering Department, December, 2005.

References 

1.  Y. Lin, Z. Zhan, J. Liu, and S.A. Barnett, “Direct 
Operation of Solid Oxide Fuel Cells with Methane Fuel,” 
Solid State Ionics, 176, 1827-1835 (2005).

2.  Y. Lin, Z. Zhan, and S.A. Barnett, “Improving the 
Stability of Direct-Methane Solid Oxide Fuel Cells Using 
Anode Barrier Layers,” Journal of Power Sources, In Press.



L.R. PedersonVI.  Advanced Research

322FY 2006 Annual Report Offi ce of Fossil Energy Fuel Cell Program 

Objectives 

The High Temperature Electrochemistry Center 
provides crosscutting, multidisciplinary research 
that supports the Offi ce of Fossil Energy’s mission to 
improve the effi ciency and minimize the environmental 
consequences of electrical power generation from fossil 
fuels.

Develop reversible solid oxide fuel cell technology 
capable of effi ciently producing hydrogen in an 
electrolysis mode as well as producing electrical 
power from stored hydrogen in the fuel cell mode.

Develop energy storage concepts that utilize 
electrochemical processes at high temperatures.

Develop oxide-based thermoelectric materials and 
forms that can be used to produce electricity from 
waste heat available from fuel cell systems.

Investigate how the performance of solid oxide fuel 
cells may be affected by contaminants present in 
coal gas.

Accomplishments 

Electrode ineffi ciencies in reversible fuel cells have 
been established as a function of temperature, 
steam, and hydrogen partial pressure.  Nickel-based 
hydrogen electrodes show higher activity in the fuel 
cell than electrolysis direction, while the opposite 
was found for titanate/ceria hydrogen electrodes.  
Interfacial depletion of oxygen vacancies for mixed 
conducting oxygen electrodes resulted in limiting 
currents in the electrolysis direction.  Full reversible 

•

•

•

•

•

fuel cell stacks showed higher resistances in the 
electrolysis versus fuel cell direction, consistent with 
electrode studies.

An n-type oxide material has been developed that 
exhibits a thermoelectric fi gure of merit more than 
three times higher than that of any other known 
n-type bulk oxide and is stable to high temperatures.  
When coupled with high-yield p-type oxides, these 
new n-type materials will enable the development 
of effi cient thermoelectric generators capable of 
generating electricity from waste heat available from 
fuel cell systems. 

Densifi cation of lanthanum strontium manganite 
oxygen electrode materials at substantially lowered 
temperatures was achieved by both thermal and 
oxygen partial pressure cycling.  Enhanced sintering 
occurred in the 700-1000°C range, hundreds 
of degrees cooler than the usual processing 
temperature for lanthanum manganites.  This 
behavior is the result of a super-stoichiometric 
oxygen content, which leads to high metal vacancy 
concentrations in the perovskite lattice.

Introduction 

The High Temperature Electrochemistry Center 
(HiTEC) brings together researchers from national 
laboratories and universities to address topics of 
relevance to solid oxide fuel cells (SOFCs) operating on 
fuels derived from coal, in support of DOE’s Solid State 
Energy Conversion Alliance (SECA) program.  Research 
performed under HiTEC is intended to be generally of 
longer term and more fundamental in nature than that 
conducted by the SECA core technology or industry 
teams.  The National Energy Technology Laboratory, 
Montana State University, The University of Florida, 
and the Pacifi c Northwest National Laboratory (PNNL) 
currently are contributors to HiTEC.  

Specifi c research topics in energy conversion 
and storage being addressed by the overall program 
include high temperature steam electrolysis/reversible 
fuel cell development, interaction of fuel cell anodes 
with coal-based contaminants, fundamental studies of 
reactions at the cathode/electrolyte interface, advanced 
x-ray studies of buried interfaces, the development of 
corrosion-inhibiting multilayer fi lm technology, modeling 
and simulation of ion transport processes, waste heat 
recovery with oxide-based thermoelectrics, and fuel cell 
diagnostics and controls.  Research conducted by HiTEC 
will help guide the development of advanced fuel cell 
materials with superior performance, thereby leading to 
improved SOFC performance when operated on coal-
derived fuels.

•

•
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Approach 

Research activities being conducted at PNNL 
include topics relevant to reversible fuel cells, high 
temperature thermoelectric generators to convert 
waste heat to electricity, energy storage concepts, and 
investigations of hydrogen electrode interactions with 
coal-based contaminants.  Reversible fuel cells offer 
the capability of producing hydrogen fuel from steam 
during periods of excess grid capacity, and converting 
that hydrogen to electricity during later periods of high 
demand.  Research has been focused on understanding 
electrode activity and stability issues in high steam 
partial pressures and other conditions unique to this 
approach.  Limits of stored charge and energy in 
electrochemical cells with composite electrodes are 
being investigated as a possible means of improving 
fuel cell load management.  New oxide compositions 
exhibiting high thermoelectric fi gures of merit are being 
developed for possible use in thermoelectric generators 
capable of operating at high temperatures typical of 
fossil energy conversion devices.  Layered structures are 
being emphasized as a means of limiting the thermal 
conductivity while maintaining high thermoelectric 
yields and high electrical conductivity.  Also being 
investigated are interactions of the hydrogen electrode 
with contaminants known to be present in coal gas.  
This research will help establish criteria for cleanup of 
coal gas intended as fuel for SOFCs.

Research at PNNL is conducted in collaboration 
with Montana State University and the University 
of Florida.  Joint research activities emphasize the 
development of a fundamental understanding of 
reactions and processes that occur at the electrode-
electrolyte-gas interface, critical to the operation of a 
wide range of electrochemical technologies including 
fuel cells, electrolyzers, sensors, and gas separation 
membranes.  Joint research includes the development 
of simulation methods, which provide insight on ion 
and electron transport mechanisms; the structure and 
thermodynamic properties of vacancy clusters; and 
oxygen reactions at surfaces and interfaces.

Results 

Reversible Fuel Cell Studies.  Reversible fuel cells 
offer a potentially attractive means of energy storage, 
allowing hydrogen fuel production during periods of 
excess grid capacity and enabling that chemical energy 
to be converted to electricity during periods of greater 
need.  Reversible fuel cell stacks were produced from 
anode-supported cells with a Ni/YSZ anode, a cathode 
composed of La0.60Sr0.40Co0.20Fe0.80Ox, and 7 micron-
thick YSZ electrolyte, and tested in both fuel cell and 
electrolysis modes at various steam partial pressures.  
Losses were consistently higher in the electrolysis than 
fuel cell mode, as shown in Figure 1, but were largely 

independent of the steam partial pressure until greater 
than 90% conversion.  

Half-cell measurements performed for several 
hydrogen and oxygen electrodes showed inherent 
differences in performance in the fuel cell and 
electrolysis directions.  The activity of the Ni/YSZ 
hydrogen electrode was clearly higher in the fuel 
cell mode, as shown in Figure 2.  Current-voltage 
characteristics are consistent with charge transfer 
as the rate-limiting step in the fuel cell direction, 
whereas mass transfer contributions were signifi cant 
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and reaction at 750°C.  The anode was composed of Ni/YSZ, while 
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in the electrolysis direction.  Titanate-ceria composite 
hydrogen electrodes were also evaluated and were found 
to be more active than standard Ni/YSZ compositions 
for steam electrolysis, whereas the two electrodes show 
similar activity as the anode in a solid oxide fuel cell.  
Oxygen electrodes consistently gave higher activity in 
the fuel cell direction, especially for compositions that 
exhibit substantial mixed electron and ion conductivity.  
An example of this behavior is given in Figure 3 for 
a substituted lanthanum copper ferrite composition.  
Under cathodic polarization, currents rose more rapidly 
than expected for charge transfer control, while limiting 
currents were attained under anodic polarization.  
This behavior is attributed to the production of 
oxygen vacancies under cathodic polarization and 
to the depletion of oxygen vacancies at the interface 
under anodic polarization.  Oxygen electrodes such 
as lanthanum manganite are not mixed conductors 
and give much more symmetric anodic and cathodic 
polarization losses.  Though somewhat more resistive 
in the electrolysis than fuel cell direction, reversible fuel 
cells appear to be an attractive option for energy storage.  
If operated above the thermal neutral potential of 
approximately 1.3 volts per cell, the overall electrolysis 
reaction is exothermic and the stack can be operated 
without supplemental heat.

Oxide-Based Thermoelectric Material 
Development.  The thermoelectric properties of 
layered perovskite materials are being investigated, 
focusing on p-type alkaline earth cobalt oxides and 
on n-type substituted indium oxides.  Research on 
thermoelectric materials involves developing novel 
synthetic routes to anisotropic materials; determining 
oxygen nonstoichiometry, particularly associated with 
transition metal-oxygen planes; and understanding 
fundamental physics related to anisotropic properties of 

thermoelectrical power, electrical resistivity, and thermal 
conductivity.  Unlike traditional thermoelectric materials, 
these oxides are compatible with high temperatures 
produced in fossil energy conversion systems.

A new n-type material consisting of substituted 
indium oxide has been developed that exhibits a 
thermoelectric yield more than three times higher 
than that of any other known bulk oxide.  Figure 4 
provides fi gure of merit results for the new material 
as well as literature results for substituted manganese 
oxides, which are the best performing n-type oxides 
reported previously.  The substituted indium oxide 
composition shows exceptionally high, metal-like 
electrical conductivity, greater than 1200 S/cm at 
1000°C, and a Seebeck coeffi cient greater than 110 V/K 
at that temperature.  A small thermoelectric generator 
consisting of 10 p-n junctions was constructed by 
coupling this new n-type material with p-type layered 
cobaltites.  Such devices would allow waste heat from 
fuel cells and other fossil energy conversion systems to 
be converted to electricity.

Enhanced Sintering of Lanthanum Manganite 
Oxygen Electrodes.  In collaboration with the University 
of Missouri-Rolla, anomalous shrinkage behavior of 
porous Sr-doped lanthanum manganite (La1-xSrxMnO3+δ 
or LSM, where x = 0.0 to 0.4) has been studied as a 
function of thermal cycling, oxygen partial pressure, 
and Sr dopant concentration.  Densifi cation has been 
observed at temperatures hundreds of degrees lower 
than the sintering temperature.  LSM is an unusual 
material in that there exists excess oxygen in the lattice 
in air, actually expressed as an increased number of 
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FIGURE 4.  Thermoelectric fi gure of merit versus temperature for n-type 
bulk oxides.  Results for substituted manganese oxides are from Cong et 
al., Physica B – Cond. Matt. 353, 18 (2004).  A new n-type material has 
been developed with a fi gure of merit more than three times higher than 
that of any other known bulk oxide.
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metal vacancies.  That excess oxygen disappears under 
conditions possible with cathodic polarization, at 
about 10-3 atm oxygen partial pressure.  When cycled 
between high and low oxygen partial pressures, defects 
are either created or annihilated to maintain a Schottky 
equilibrium, resulting in the formation of microscopic 
voids.  These voids can coalesce, eventually leading to 
densifi cation.  This research is pertinent to both the 
electrochemical and thermal cycling of fuel cells that 
utilize manganite-based oxygen electrodes.

Conclusions and Future Directions

Area specifi c resistances of a reversible fuel cell 
operating in the electrolysis direction are higher 
than those in the fuel cell direction, largely due 
to the performance of the oxygen electrode.  
Especially for mixed conducting oxygen electrode 
compositions, depletion of interfacial oxygen 
vacancies under anodic polarization resulted in 
lower electrode activity.  Nickel-based hydrogen 
electrodes also showed higher activity in the fuel 
cell than electrolysis direction, though the opposite 
was found for titanate/ceria hydrogen electrodes.  
Future research will focus on electrode and 
interfacial stability, including those changes induced 
by repeated changes in the operational mode of a 
reversible fuel cell.

A new n-type oxide has been identifi ed that exhibits 
a thermoelectric fi gure of merit more than three 
times higher than that of any other known n-type 
bulk oxide and is stable to high temperatures.  
Previously, only p-type oxides with comparable 
properties had been known.  Such materials 
would enable waste heat available in fossil energy 
conversion systems to be effi ciently converted to 
electricity.  Future research will focus on modifying 
both the composition and microstructure of this 
n-type material to further enhance its thermoelectric 
properties.

Thermal and oxygen partial pressure cycling 
has been shown to lead to low temperature 
densifi cation of lanthanum strontium manganite 
oxygen electrode.  This behavior is the result of 
a super-stoichiometric oxygen content and thus 
high metal vacancy concentrations unique to the 
manganite perovskites.  Thermal and oxygen partial 
pressure cycling created temporal gradients in the 
metal vacancy concentrations, leading to enhanced 
mobility.  Future research on oxygen electrodes will 
be directed towards the rare earth nickelates, which 
are unusual in that they contain interstitial oxygen 
not possible in the perovskite structure.

Gasifi ed coal contains minor and trace constituents 
that could impact the stability and performance of a 
fuel cell system.  Investigations will be performed to 
determine the sensitivity of nickel-based hydrogen 

•

•

•

•

electrodes to various coal gas constituents, which 
will aid in establishing cleanup standards for coal 
gas intended to supply fuel cells.

Fundamental studies of the limits of stored charge 
in high temperature electrochemical cells with 
composite electrodes will be conducted.  Initial 
studies have achieved capacitances greater than 20 
farads per gram and greater than 15 joules per gram 
active material.  Such phenomena may prove useful 
as a means of electrical energy storage in fuel cell 
systems.  Future studies will include how electrode 
composition and structure affect stored charge, 
charge and discharge kinetics, and mechanisms of 
self-discharge.

Special Recognitions & Awards/Patents 
Issued 

1.  PC Rieke, GW Coffey, LR Pederson, OA Marina, JS 
Hardy, P Singh, and EC Thomsen.  Patent Application: 
US03036800, “Copper-Substituted Perovskite Compositions 
for Solid Oxide Fuel Cell Cathodes and Oxygen Reduction 
Electrochemical Devices.”

2.  OA Marina and LR Pederson.  Patent Application 
US20050250000, “Novel Composite Solid Oxide Fuel Cell 
Anode Based on Ceria and Strontium Titanate.”
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Objectives 

Determine the sensitivity of solid oxide fuel cell 
performance to trace level contaminants present in 
coal-derived gas streams.

Assess the catastrophic damage risk and long-term 
cumulative effect of trace level contaminants.

Assess the life expectancy of solid oxide fuel cell 
systems fed with coal-derived gas streams.

Accomplishments 

Conducted a critical review of literature which 
indicated that Ni-cermet-based solid oxide fuel 
cells (SOFC) are vulnerable to degradation in the 
presence of contaminants that are expected to be 
present in a coal-derived fuel gas stream.

Performed thermodynamic calculations to determine 
the speciation of various contaminants at SOFC 
operating temperatures.

Assembled and tested several Ni-cermet SOFCs 
under varying conditions with select contaminants 
in a simulated coal-derived gas stream.

Introduction 

SOFCs have high fuel-to-electricity conversion 
effi ciency, environmental compatibility (low NOx 
production), and modularity.  They operate in the 
temperature range 600°C-1,000°C and can use fuel 
streams containing both H2 and CO.  Thus, they are 
ideal candidates to be integrated with a gas stream 

•

•

•

•

•

•

from an advanced coal gasifi er.  However, impurities 
containing virtually every element in the periodic 
table are present in coal (Clarke and Sloss, 1992) 
and many become constituents of coal-derived gas.  
The distribution of trace level contaminants between 
gaseous and solid phases depends on the individual 
gasifi cation processes.  The contaminants associated 
with the gaseous phase have deleterious effects on the 
performance and lifetime of coal-derived gas fed SOFCs.  

The well-known impurities in the coal-derived 
gas stream include H2S, NH3, and HCl vapors; metal 
impurity species of alkali metals such as Na and K; 
volatile metals such as Zn, Cd, and Hg; metalloids 
such as As, Se, and Sb; and transition metals such as 
Ni, Cr, Mn, and V (Pigeaud and Helble, 1994).  The 
concentrations of the trace elements in coals vary widely 
from sub-ppm levels to 0.1% depending on the coal rank 
and location of the deposit.  Some of these contaminants 
such as H2S are removed by several methods.  This 
program addresses effect of the key impurities such 
as HCl, methyl chloride, zinc, mercury, arsenic, 
phosphorous on the effi ciency and lifetime of SOFCs.

Approach 

The research program includes a literature review, 
thermodynamic calculations, and a comprehensive 
experimental and analytical study to assess the impact of 
trace contaminants on SOFC performance.  

1. A review of the scientifi c literature provided a 
preliminary assessment of the effect of trace level 
contaminants on the performance of the SOFC.  

2. Thermodynamic equilibrium calculations allow the 
identifi cation of the chemical nature of the trace 
contaminants as they pass through the gas cleanup 
system from the coal gasifi er and enter the SOFC 
anode. 

3. A well-defi ned experimental program is designed to 
substantiate the preliminary assessment based on 
thermodynamic calculations and literature data.  

In this program, the SOFC anodes (Ni-cermet) are 
exposed to a simulated coal gas containing individual 
contaminants at the operating temperature range of the 
SOFC (800°C to 1,000°C) for an extended period of 
time.  During such exposure, the electrical performance 
of the SOFC is monitored and compared with another 
cell that is exposed to a clean simulated coal gas stream 
to determine the performance degradation.  After 
the exposure period, the anodes are analyzed for the 
accumulation of the contaminants by the well-known 
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methods including inductively coupled plasma-atomic 
emission, and graphite furnace-atomic absorption 
spectroscopies.  

Results 

We reviewed the information available in the 
literature relating to the effect of trace element 
contaminants on the SOFC performance and nickel 
reforming catalysts and performed thermodynamic 
equilibrium calculations to determine the chemical 
nature and abundance of relevant trace element species 
as a function of temperature in the range expected in a 
coal gasifi cation system and SOFC operating conditions.  

Of the limited number of investigations that have 
been conducted to determine the effect of contaminants 
in the coal-derived gas on the performance of SOFC, 
H2S has received most attention followed by NH3 and 
HCl vapor (EG & G Technical Services, 2002).  At 
1,000°C, NH3, at about 5,000 ppm levels, did not have a 
measurable effect.  HCl at 1 ppm level did not affect the 
performance of the SOFC either, although higher levels 
may have a long-term effect.  H2S at 1 ppm level showed 
an immediate degradation, but then it stabilized with 
no long-term effect.  Higher levels of H2S and HCl and 
lower operating temperatures can lead to a signifi cant 
degradation of SOFC performance (Singhal and Kendall, 
2003).  Studies of nickel reforming catalysts have also 
shown that the presence of 1 ppm of As2O3 in the feed 
steam will impair the performance of the reformer in a 
matter of few days and the effect is irreversible (Twigg, 
1996).  

We performed thermodynamic equilibrium 
calculations using gas streams representative of 
an oxygen-blown slagging gasifi er.  Based on their 
abundance in coal, volatility during gasifi cation, and 
their potential effect on the SOFC performance, the 
components likely to contribute to degradation when 
the SOFC anode is operated with coal gas stream are 
metalloids such as As, Sb, and Se; vaporizable metals 
such as Zn, Cd, Hg, and Pb; transition metals such as 
Fe, Cr, and V; and chlorine compounds such as   HCl 
and CH3Cl.  For these calculations, we assumed that 
the system pressure will be 10 atm and the components 
will be initially present at 10 ppm level.  We calculated 
the most likely species that will be present at SOFC 
operating temperatures.  

Figure 1 shows a representative thermodynamic 
calculation performed for arsenic.   During coal 
gasifi cation, arsenic is converted into a hydride, most 
likely in the form of AsH3(g).  We calculated the fate 
of AsH3(g) in the gas stream as it is being heated to the 
SOFC operating temperature and the results are shown 
in Figure 1.  At these temperatures, the predominant 
species is As2(g).   Similar to As, Sb is predominantly to 
be present as Sb2(g).

The promising sorbent for reducing H2S level in the 
coal gas stream at elevated temperatures contains zinc 
compounds (e.g., zinc titanate or zinc aluminate).  In 
the coal gas streams and HCl levels, zinc can be present 
as Zn or ZnCl2 vapors.  Similarly, cadmium is likely 
to be present as Cd(g) or CdCl2(g).  Under gasifi cation 
conditions, Hg is present mainly as Hg(g).  The most 
likely form of Pb species are Pb(g), PbCl(g) and PbCl2(g).  
The actual concentrations of these species will depend 
on the type of coal used.

HCl(g) is a known contaminant in the coal derived 
gas stream and it is thought to be present in the range 
10 to 300 ppm.  Although the preliminary results 
indicate that HCl may not be a serious poison at levels 
of about 1 ppm, HCl(g) can transport other impurities 
such as Fe, Cr, Zn, and Pb as volatile chloride species.  
In desulfurization systems using organic solvents such 
as monoethyl amine (MEA), HCl can react with the 
solvent to form CH3Cl species at low temperatures.  Our 
calculations indicate the trace levels of CH3Cl will be 
converted to CH4 and HCl gases.

In parallel to literature review and thermodynamic 
calculations, we initiated an experimental program using 
solid oxide Ni-cermet fuel cell samples from InDec B. V., 
Netherlands (4.5 cm2 active area).  They have electrolyte 
layer of dense YSZ of 4 to 6 µm in thickness, porous 
anode layer of 5 to 10 µm, porous anode support layer of 
520 to 600 µm, and a porous LSM-YSZ cathode layer of 
30 to 40 µm thick.  The cells were operated at 750ºC to 
850ºC with syngas (30% CO, 30.6% H2, 11.8% CO and 
27.6% H2O) under 1 A load.  The select contaminants 
(10-50 ppmv) were added to the feed gas stream.

After stabilization in the simulated coal-derived 
gas mixture without known contaminants, the cell 
was exposed to a low level of select contaminants 

FIGURE 1.  The Equilibrium Level of Arsenic Species (Inlet Level 10 ppm) 
as a Function of Temperature at 10 atm in a Gas Stream Representative 
of an Oxygen-Blown Slagging Gasifi er
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(10-50 ppmv) by adding them into the simulated gas 
mixture.  Figure 2 shows the performance of this cell 
(#6) in the gas mixture containing approximately 40 
ppm HCl for 100 hours.  An examination of the data 
shows that a gradual performance degradation in the 
presence of the HCl vapor.  In a similar test, we exposed 
another cell (#7) to approximately 40 ppm CH3Cl 
(another potential contaminant in coal-derived fuel 
gas streams) in the simulated coal-derived gas mixture.  
Figure 3 shows the exposure testing data of this cell to 
CH3Cl during a period of 100 hours.  

In the 100-hour test period at 800ºC, cell 
performance was degrading at 0.0006 mW/cm2 per hour 
for HCl, and 0.05 mW/cm2 per hour for CH3Cl.  If the 
degradation continues, it may be a signifi cant loss over 
the 30,000-hour expected operating life of the SOFC.

Conclusions and Future Directions

A review of the available literature indicates that 
Ni-cermet-based SOFCs are vulnerable to 
degradation in the presence of contaminants that 
are expected to be present in a coal derived fuel gas 
stream.  Whereas the effect of some contaminants 
such as H2S, NH3 and HCl has been studied, 
the effect of other contaminants has not been 
ascertained.

The literature relating to the catalytic activity of 
Ni-based catalysts indicated that many of the 
potential contaminants could have a deleterious 
activity of Ni-based SOFCs.  S, Cl, P, As, and Bi-
containing compounds reduced the chemisorption 
of H atoms or CO on nickel surfaces leading to a 
reduction in the catalytic activity that involves H2 or 
CO, as would be the case in a SOFC anode.

•

•

A slow degradation of in the power density of the 
SOFC cell was observed with HCl and CH3Cl 
contaminants during the test period of 100 hours at 
800ºC (0.0006 mW/cm2 per hour for HCl, and 0.05 
mW/cm2 per hour for CH3Cl).  Experiments are in 
progress for other test conditions.

We will expose the SOFC cells to additional 
contaminants such as PH3, AsH3, Hg, and Zn in 
the range of 1 to 10 ppm levels for a minimum 
of 100 hours at 700°C to 900°C and characterize 
the changes in the performance of fuel cells by 
monitoring current-voltage characteristics.
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1.  Effect of Coal Contaminants on Solid Oxide Fuel System 
Performance and Service Life,  Quarterly Technical Progress 
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2.  Effect of Coal Contaminants on Solid Oxide Fuel System 
Performance and Service Life, Quarterly Technical Progress 
Report 2 covering the period January 1, 2006 through 
March 31, 2006.
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FIGURE 2.  The Performance of Cell #6 at 800°C at 1A Load with 
Simulated Coal-Derived Gas (100 cc/min) Containing Approximately 
40 ppm of HCl Vapor 

FIGURE 3.  The Performance of Cell #7 at 800°C at 1A Load with 
Simulated Coal-Derived Gas (100 cc/min) Containing Approximately 
40 ppm of CH3Cl vapor.
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Objectives 

Phase I

Create innovative integrated SOFC-Thermoelectric 
(TE) technical concepts meeting the requirements of 
65% electric effi ciency and $400/kWe.

Develop techno-economic models to assess the 
feasibility of the created concepts using trade 
studies.

Phase II

Propose development and risk-mitigation tasks for 
inserting the proposed technology into a coal-based 
power plant.

Accomplishments 

Generated 10 component and system technical 
concepts.

Benchmarked the TE-material technologies, 
emphasizing power generation using SOFC exhaust 
heat.

Developed system level performance and cost 
modeling tool.

Identifi ed a pressurized SOFC with TE power 
generation as the optimal system confi guration.

Future Directions 

Complete the optimization in design and operating 
envelopes.

•

•

•

•

•

•

•

•

Evaluate the barriers and enablers in terms of 
technology and cost.

Create Phase II development plan.

Introduction 

A thermoelectric (TE) material can generate power 
directly when it is conducting heat from a hot fl uid to 
a cold one, known as Seebeck Effect.  In a solid oxide 
fuel cell (SOFC), the exhaust fl uid leaving the stack 
and its afterburner typically has a high temperature of 
around 800oC.  In today’s SOFC designs, the exhaust 
heat is usually recovered in a heat exchanger, or 
preheater, to preheat the fuel or air entering the stack.  
A TE generator can be used for the same heat recovery 
purpose and also for converting part of the heat to 
electricity directly.  The additional electricity increases 
the system power generation effi ciency, and has the 
potential to meet the SECA power effi ciency goal of 
65%.

The major issue in a SOFC-TE hybrid power 
generation system is the trade-off between the gain 
in effi ciency and the associated cost.  Major factors 
affecting system performance and cost include SOFC 
pressurization, exhaust heat temperature and fl ow rate, 
TE size, material cost, and TE power effi ciency under 
exhaust heat conditions, among others such as blower 
effi ciency.  This study is concerned with the trade-off 
between the performance and cost in reaching the 
overall system performance and cost target. 

Approach 

The proposed approach is tailored to 10 kWe 
SOFC-TE modules with the prospect of studying the 
impact of capacity ranging from 5 kWe to 200 kWe 
power plants.  In-depth system/component techno-
economic models will be developed and verifi ed for 
the proposed SOFC-TE integrated system.  The models 
will be exercised to explore the design and operating 
techno-economic envelopes (trade-offs).  Several 
existing TE-material technologies will be evaluated and 
benchmarked in support of the selection of strategic 
partner(s) for Phase II.  Product requirements and 
specifi cations (system/components) will result from 
the techno-economic analysis.  An evaluation of the 
critical barriers/enablers will lead to the creation of a 
development plan for Phase II.

•

•
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Results 

TE Material Benchmarking

A list of close to 30 TE materials studied or 
commercialized in America, Asia and Europe was 
reviewed varying from manufacturing processes to 
material structure.  TE materials at high and medium 
temperature range were the focus for power generation 
from SOFC exhaust.  TE materials with a thermoelectric 
fi gure of merit (ZT) around 1 at medium temperature 
levels have achieved fair commercialization with high 
technology readiness levels [1].  Higher ZTs of 3.2 
have been achieved at Lincoln Lab [2] but, to our best 
knowledge, all reported TE materials with high ZTs 
today have technology readiness level below or equal 
to 4.

Concept Generation

Ten concepts were generated to integrate the two 
subsystems, SOFC and TE, considering the system 
effi ciency and cost targets.  Among these concepts, 
three are in terms of system confi guration, for which the 
number of TE generators and the TE relative positions 
with respect to the SOFC components are proposed.  
Another three concepts are related to the design of new 
components or the performance and cost tradeoffs for 
certain components.  The rest of the concepts are for 
power conditioning system integration.

The pros and cons of the above concepts were 
analyzed qualitatively from confi guration and 
practicality standpoints.  Trade studies using physics-
based models were used for the analysis of the other 
remaining concepts. 

System Modeling Analysis

Cost and physics-based models are used to compare 
the systems and to support the concept selection process. 

One of the system concepts mentioned above has 
been identifi ed as the best system to meet the 65% 
system electrical effi ciency at a cost of $432/kWe 
assuming a ZT of 2 for the TE generator.  It consists 
of one TE generator integrated in a pressurized SOFC 
system that has a stack pressure of approximately 4 atm 
and uses a separate air blower for the TE generator, as 
shown in Figure 1.  The baseline (used for comparison) 
ambient pressure SOFC system in this study has an 
effi ciency of 43% (based on lower heating value).  Using 
two TE generators, the system effi ciency can increase up 
to approximately 55%.  To reach 65% system effi ciency, 
a pressurized SOFC integrated with a Brayton cycle is 
necessary.  In such a confi guration, however, the TE 
module tends to generate less power than in an ambient 
pressure SOFC.  The reasons for this are summarized 
hereafter.  The exhaust gas from the SOFC afterburner 

fi rst passes through a turbine and its temperature is 
lowered after the expansion process.  In addition, the 
cooling air for the high-stage TE generator has a higher 
temperature due to compression than in an ambient 
SOFC.  These combined effects reduce the amount of 
energy available for the TE generator and also reduce 
the temperature difference between the hot and cold 
fl uids across the TE generator.   

An alternative to increase the TE generator 
performance is to feed the ambient “cold” air fi rst to 
the TE and then to the air compressor.  However, the 
gain on the TE power generation is outweighed by the 
additional compression work to compress the “hot” air 
and results in lower system effi ciency. 

The system effi ciency as a function of the system 
pressurization ratio is shown in Figure 2.  System 
effi ciency shows a peak around a pressure ratio of 
4.  At pressure ratio ~4, the TE generator contributes 
approximately 2 percentage points to the system 
effi ciency of 63%.  At higher pressure ratios, the drop 
in system effi ciency is dominated by the turbine-
compressor module.  Additional investigation and 
system optimization is underway to reach 65% system 
effi ciency.

The air preheater in Figure 1 can be used as another 
TE generator to produce additional power.  However, 
as shown in Figure 3, as this TE generator size becomes 
larger, i.e., the number of parallel elements increases 
from 0 to 18,000, the system cost increases from 
$510/kW to $560/kW but the effi ciency increases only 
~1%.  This TE generator therefore does not seem to be 
cost-effective.  In addition, the heat transfer capability 
using TE materials is reduced compared to a metal heat 
recovery device.  This means that a higher heat transfer 
area is required to achieve the same performance than a 

FIGURE 1.  TE Generator and SOFC Integration Scheme
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pressurized SOFC-TE with only one TE power generator 
module as depicted in Figure 1. 

As the TE effi ciency is a function of ZT, the system 
effi ciency with different ZTs is modeled with a SOFC 
pressure ratio of 4, as shown in Figure 4.  When the ZT 
changes from 1 to 3.5 [3], the TE generator effi ciency 
increases from 0.06 to 0.14.  Because TE power 
generation is only a small portion of the system power, 
the system effi ciency increases by only less than 2 
percentage points. 

Conclusions

The TE contribution to the system is small due to 
system thermodynamic constraints.

The best system confi guration is a pressurized SOFC 
with a bottoming TE power generation module. 

In the pressurized SOFC-TE systems, the TE power 
generator module contributes approximately 2% 
(absolute) of the system effi ciency. 

The maximum system effi ciency obtained to date is 
63% and further system optimization is underway to 
meet the performance and cost targets.
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FIGURE 2.  System Effi ciency at Different SOFC Pressure Ratios

FIGURE 3.  Power Cost When Using Air Preheater as a TE Generator
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Objectives 

Apply computational approach to develop 
fundamental understanding of ionic transport and 
heterogeneous electrocatalysis in SOFCs.

Develop high resolution characterization techniques 
to quantify electrode microstructures.

Combine heterogeneous catalysis, electrochemistry, 
and microstructure characterization techniques to 
de-convolute contributions to electrode polarization.

Accomplishments 

Utilized ab initio and molecular dynamic 
simulations to calculate defect and defect cluster 
formation energies and effect on ionic transport. 

Computationally and experimentally 
determining thermo-mechanical properties based 
on fundamental thermodynamic/bond-energy 
constants.

Used atomic-level simulation methods to elucidate 
the effects of non-stoichiometry and temperature on 
the elastic properties of CeO2-x.

Determined adsorption and absorption energies for 
O on and in LaFeO3 (110) using fi rst principles, and 
electronic structure calculations.

Developed high resolution focused ion beam 
(FIB) - scanning electron microscopy (SEM) 
characterization technique and applied to SOFC 
cathodes to quantify 3-D microstructure.

Developing unique electrocatalytic techniques to 
determine fundamental oxygen exchange kinetics 
(k/D) on cathode surfaces based on O-isotope 
exchange as a function of applied voltage/current.

•

•

•

•

•

•

•

•

•

Introduction 

To fully achieve the tremendous socio-economic 
benefi ts of electrochemical energy conversion and 
power generation, fundamental scientifi c breakthroughs 
in the transport of ionic species through electrolyte/
membranes and reaction rates at electrode surfaces 
are necessary.  Therefore, the mission of the University 
of Florida High Temperature Electrochemistry Center 
(HiTEC) is to develop a fundamental understanding of 
ionic transport in, and electrocatalytic (electrochemical 
catalysis) phenomena on the surface of, ion-conducting 
materials.  The research spans the range from fi rst-
principles calculations and molecular dynamic 
simulations of ionic transport and gas-solid interactions 
of novel ion-conducting materials and electrocatalysts 
to development of advanced technology devices for 
effi cient energy utilization:

SOFCs – Increasing the ionic conductivity and 
electrode reaction rates results in higher power density 
cells at lower operating temperature.  These higher 
power density cells will dramatically reduce the cost of 
fuel cell technology, thus, overcoming the fi nal hurdle 
(cost) to widespread commercial deployment.  

Membranes – Membrane reactors are a major 
component of the FutureGen Initiative.  Improving the 
transport of ions through the membrane and reaction 
rates at the membrane surface will help achieve dramatic 
breakthroughs in industrial energy effi ciency and cost of 
hydrogen production. 

Sensors – By developing a fundamental 
understanding of the gas-solid reactions that occur on 
sensor electrodes we will be able to develop sensors 
that are highly sensitive and selective to specifi c gaseous 
pollutants.  These sensors will allow more accurate 
control of combustion resulting in greater fuel economy 
and reduced air pollution. 

Approach 

Our computational research focuses fi rst on 
gaining insight into mechanisms of ion transport and 
heterogeneous electrocatalysis, and then on applying this 
fundamental knowledge to the design of new materials.  
Using electronic structure calculations and large-scale 
atomic-level simulation on cluster parallel computers 
we are elucidating the fundamental processes of ion 
transport in various electrolyte and electrode materials.  
Among the effects being explored are defect clustering 
on ionic transport and the use of doping to increase 
ionic transport.  The effect of grain boundary interfaces 

VI.12  High Temperature Electrochemistry - University of Florida
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is being determined from simulations of ionic transport 
in polycrystalline materials.  The insights gained from 
these simulations will help guide the development of 
higher conductivity electrolyte and electrode materials.  

In addition, we are using similar calculations to 
develop a fundamental understanding of heterogeneous 
electrocatalytic phenomena at the surface of ion-
conducting ceramics.  Because cathode polarization 
limits the performance of SOFCs at low temperature, 
the insights gained from this study will lead to the 
development of lower polarization SOFC cathodes at 
lower temperatures.  In addition, these computational 
methods will be used to determine the mechanisms 
responsible for the cathode performance degradation.

We are developing high-resolution, quantitative, 
microstructural characterization techniques based on a 
FIB-SEM.  This includes development of mathematical 
techniques to create a 3-D reconstruction of the 
entire porous electrode structure as well as to quantify 
electrode microstructural features (e.g., triple phase 
boundary length, porosity and tortuosity).  In addition, 
we are using the FIB-SEM to prepare samples for high 
resolution transmission electron microscope (HRTEM) 
analysis of specifi c interfaces for analysis of issues such 
as tertiary phase formation, cathode degradation, etc.

Finally, using heterogeneous catalysis techniques: 
temperature programmed desorption (TPD), temperature 
programmed reaction (TPR), and oxygen-isotope 
exchange; combined with electrochemistry techniques: 
impedance spectroscopy, current-voltage (I-V), and 
conductivity relaxation; and the microstructural 
characterization and computational approach (above); 
we are de-convoluting the various contributions to 
electrode polarization to obtain a more fundamental 
understanding, and develop a methodology to design 
improved performance electrodes in the future.  

Results 

Computational - The thermal and mechanical 
properties of CeO2-x were simulated by molecular 
dynamics (MD), with interatomic interactions described 
by a conventional Buckingham potential plus Coulombic 
interactions.  The lattice parameter expanded with 
both increasing temperature and oxygen vacancy 
concentration (non-stoichiometry, x), consistent 
with experimental observations as shown in Figure 
1a.  The coeffi cient of thermal expansion for different 
compositions was also calculated.  A detailed study of 
the mechanical properties was performed with the MD 
simulation.  The elastic constants C11, C12, and C44 were 
calculated as a function of composition (0 ≤ x ≤ 0.3) and 
temperature (0 - 1500 K).  These values were used to 
obtain the bulk modulus, Young’s modulus, and shear 
modulus for the corresponding compositions and were 
found to be in agreement with experimental values.  

The comparison between temperature and composition 
effects on Young’s modulus (Figure 1b) indicates a 
greater effect due to oxygen vacancy concentration 
than temperature.  Simulations on the oxygen vacancy 
diffusion mechanism are underway.

In addition, we optimized the conditions under 
which fi rst principles, electronic structure calculations of 
LaFeO3 should be carried out - density functional theory 
(DFT) calculations within the generalized gradient 
approximation (GGA) as implemented by Perdew, 
Burke, and Ernzerhof (PBE), including the projector 
augmented wave (PAW) approximation with the 
Vienna Ab-initio Simulation Package (VASP).  In our 
optimizations, the supercell shape and volume was free 
to change and all the ions were free to move to lower 
their total energy and decrease the forces on the atoms.  
The calculated values are in good agreement with 
experimental values and predict that LaFeO3 undergoes 
a rhombohedral, Jahn-Teller-induced distortion in 
agreement with experimental data.
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The energy of oxygen adsorption on the LaO-
terminated LaFeO3 (110) surface and absorption in 
bulk LaFeO3 were calculated (Figure 2).  In the case of 
absorption, the defect formation energy of the oxygen 
interstitial is determined to be 2.26 eV.  The energy of 
adsorption is predicted to be -3.65 eV for a La-La bridge 
site and -3.13 eV for a La-O bridge site.  Therefore, 
for the (110) surface the preferential mechanism is 
for oxygen to adsorb on a La-La bridge site.  These 
calculations are continuing for the FeO-terminated 
surfaces. 

Microstructural Characterization – The FIB-SEM 
was used to evaluate LSM and LSCF cathodes on YSZ.  
The ion beam is rastered across the region of interest 
(ROI) to remove material while the SEM fi eld emission 
gun is utilized to image the freshly milled surface with 
a secondary electron detector down to a 3 nm lateral 
resolution (Figure 3a).  After the SEM image has been 
acquired a subsequent section of material is ablated 
with the FIB and the serial process continues to the 
desired depth.  This serial process allows us to create 

a fully interactive 3-D reconstruction of the electrode 
microstructure (Figure 3b). 

The resultant 3-D microstructure is then 
qualitatively and quantitatively analyzed.  For example, 
Figure 3c shows the pore, LSCF and YSZ volume 
fractions as a function of distance from the electrode/
electrolyte interface (x=0).  Moreover, using this 
technique on LSM/YSZ samples sintered at various 
temperatures we can quantify the decrease in TPB length 
(Figure 4a) and increase in pore size (Figure 4b) as a 
function of sintering temperature.

The dual beam FIB-SEM also expedites TEM 
sample preparation.  This is done by utilizing the FIB 
to micromachine and micropolish sectional HRTEM 
samples, allowing for pinpointing ROIs such as the 
cathode/electrolyte interface.  This was done across 
the LSM/YSZ interface using an HRTEM with EDS to 
determine nano-scale compositional changes (Figure 5) 
and with electron diffraction (Figure 6) to differentiate 
the crystal structures as a function of sintering.

Deconvolution of Electrode Polarization - Finally, 
we are using heterogeneous catalysis techniques (TPD/

FIGURE 2.  Calculated LaFeO3 Bulk and Surface Confi gurations
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FIGURE 3.  FIB-SEM serial sectioning and imaging of LSCF, conducted at 
~20 nm intervals.  (a) The resulting two-dimensional (2-D) images are 
stacked and aligned with the aid of fi ducial marks.  
(b) 3-D reconstruction of the serially sectioned region of interest.  
(c) The reconstruction is then manipulated to quantify microstructural 
properties of the porous cathode such as average particle size, average 
pore size, closed porosity, open porosity, tortuosity, surface area, 
interface area, and porosity grading.
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TPR and oxygen-isotope exchange) combined with 
electrochemistry techniques (impedance spectroscopy, 
I-V, and conductivity relaxation) and the microstructural 
characterization and computational approaches to 
obtain a more fundamental understanding of the various 
contributions to electrode polarization.  

We have set up a high sensitivity (ppb) mass 
spectrometer and have performed TPD and TPR 
experiments on LSF-based cathode materials.  This has 
been modifi ed to incorporate O18 exchange experiments.  
We have fabricated a sample holder that allows us to do 
these experiments in situ under applied potentials and 
currents.  In addition, we have set up and validated a 
conductivity relaxation apparatus and are modifying it to 
allow in situ sampling with the mass spec.  The resulting 
apparatuses are unique in their ability to separate out 
surface exchange (k) and diffusion (D) coeffi cients and 
the effects of potential/current on the electrocatalytic 
phenomena of activation polarization.

Using impedance spectroscopy we have separated 
out the various contributions to polarization of LSM, 
LSF, and LSCF cathodes.  The same samples were then 
analyzed with the FIB-SEM to quantitatively relate 

microstructure to polarization (e.g., Figure 7).  As can be 
seen, there is a direct correlation between the impedance 
we attribute to dissociative adsorption and pore surface 
area (normalized to the cathode volume).  Similar trends 
have been observed for charge transfer resistance and 
TPB length.

FIGURE 4.  TPB Length (a) and Pore Size (b) of LSM Cathode as a 
Function of Sintering Temperature

(a)

(b)

FIGURE 5.  LSM/YSZ interface by high resolution STEM.  Interface 
region (~350 Å wide) is distinguishable by intensity contrast.  EDS 
analysis relates the contrast differences to changes in composition 
showing La diffuses into the YSZ region forming a LaxZryYz type interface 
phase.
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Conclusions and Future Directions

Demonstrated that computational simulations of 
thermo-mechanical properties are consistent with 
experimental results, and show the importance of 
oxygen vacancy concentration on lattice expansion. 

Computationally determined adsorption and 
absorption energies for O on/in LaFeO3 (110) 
cathodes.  Results indicate preference for La-
La surface sites. Calculations to continue on Fe 
terminated surfaces.

•

•

Developed high resolution FIB-SEM 
characterization technique and applied it to SOFC 
cathodes.  Demonstrated that results can be used 
to produce 3-D reconstructions.  Quantifi cation of 
LSM, LSF, and LSCF cathode microstructures is 
underway.

Developing unique electrocatalytic techniques 
to determine fundamental oxygen exchange 
kinetics (k/D) on cathode surfaces.  The resultant 
experimental data combined with computational 
results will be used to design improved cathode 
materials.

Combined microstructural characterization of LSM 
cathodes with impedance spectroscopy results to de-
convolute polarization mechanisms and quantify the 
effect of microstructure on electrode polarization.  
These experiments will continue and we will apply 
to LSF and LSCF cathodes.
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FIGURE 6.  TEM diffraction patterns of YSZ and LSM are distinctly 
different.  The diffraction pattern of the transition region is the same 
as that of the YSZ region.  Similarity in the crystal structure between 
YSZ and the interface region suggests that the interface is formed by 
the diffusion of La from the LSM region into YSZ forming the transition 
region.
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Objectives 

Phase I

To synthesize planar, thin, strong BASE using a 
patented vapor phase process.

To fabricate metal end caps and the associated 
hardware for the construction of planar BASE-
based electrochemical energy storage systems.

To construct electrochemical cells comprising of a 
sodium anode, BASE, and selected cathodes.

To electrochemically test cells (discharge-charge) 
over a range of temperatures and up to the highest 
possible depths of discharge.

To conduct theoretical analysis of the 
electrochemical energy storage system from the 
standpoint of maximum possible capacity, effi ciency, 
and integrability with power generation systems. 

Phase II

To construct a planar stack of ten Na/BASE/
optimized cathode cells.

To operate a stack for a minimum of 100 charge-
discharge cycles.

To thermally cycle the stack between the operating 
temperature and room temperature.

To disassemble the stack and conduct post mortem 
analysis.

Approach

Fabricate BASE discs by the method of die pressing 
or tape casting and BASE tubes by the method of 
slip casting using a vapor phase process. 

•

•

•

•

•

•

•

•

•

•

Measure the conductivity of BASE tubes by 
assembling a symmetric cell with zinc chloride 
– sodium chloride eutectic mixture. 

Construct tubular electrochemical cells that could 
be assembled in three different states: discharged 
state, charged state, and partially charged at eutectic 
composition. 

Conduct experiments to test the electrochemical 
working of tubular cells and to analyze the voltage 
response of the charge-discharge cycles.

Construct planar cells and to test the 
electrochemical working of the same by analyzing 
the voltage response of the charge-discharge cycles.

Conduct several freeze-thaw cycles on the planar 
cells and test the performance of the same after 
undergoing thermal cycles.

Test the stability of BASE as electrolyte with zinc 
chloride as the cathode.

Accomplishments

BASE discs were successfully fabricated by tape 
casting, sintering and vapor phase treatment.

BASE tubes were successfully fabricated by slip 
casting, sintering and vapor phase treatment.

BASE was shown to be stable in aqueous media (no 
NaAlO2 at grain boundaries).

Electrochemical cells were designed, constructed, 
and tested.

No incorporation of zinc within the BASE structure 
was observed, suggesting that BASE is stable in the 
battery environment.

A tubular electrochemical cell with a zinc chloride 
cathode was successfully discharged at 2 V.

Planar cells were designed and assembled.

Freeze-thawing of planar cells was done a couple 
of times followed by several charge-discharge cycles 
without failure of the electrolyte.  These tests were 
conducted at an operating temperature of 350°C.

Future Directions 

Assemble a planar stack of fi ve Na/BASE/ZnCl2 
cells and test the electrochemical working of the cell 
stack.

Construct and test electrochemical cells comprising 
of a sodium anode, BASE, and alternative cathodes.

Integration of the high temperature energy storage 
system based on BASE with a power generation 
system.

•

•

•

•

•

•

•

•

•

•

•

•

•
•

•

•

•
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Introduction 

The demand for electricity varies depending upon 
the time of the day: low demand during night and high 
demand during day.  All power plants are designed for 
peak power which leads to the underutilization of excess 
capacity during off peak periods.  One of the main 
reasons for the emergence of electrochemical energy 
storage devices, such as batteries, is that power plants 
can be designed for average demand.  This will augment 
the capacity of power plants as the excess energy during 
off peak periods will be stored for use later during high 
peak demands.  This strategy is expected to lower capital 
costs.

Sodium beta” alumina solid electrolyte, commonly 
referred to as BASE, is an excellent conductor of 
sodium ions at 300°C.  This cell has liquid sodium as 
the anode, BASE as the electrolyte and liquid ZnCl2  as 
the cathode.  During charging and discharging, sodium 
ions pass through the BASE electrolyte from cathode 
to anode and anode to cathode, respectively.  The 
current applications of this solid electrolyte include 
the Na-S battery, the Zebra battery and the sodium 
heat engine.  The Na-S battery has a demonstrated life 
of greater than 7 years in a 500 kW size.  This shows 
that BASE has outstanding stability in rather corrosive 
environments – far superior than any other solid 
electrolyte being considered for active electrochemical 
devices.  Work to date shows that BASE is the only 
known solid electrolyte with such a wide range of 
applicability (from as low as ~ 100°C to over 1,000°C), 
and excellent stability in strongly reducing and oxidizing 
environments. 

Approach 

BASE discs were fabricated using the method of 
tape casting of alumina + zirconia followed by vapor 
phase conversion (Figure 1).  The dispersant used was 
KD1.  BASE tubes were fabricated by the method of 
slip casting with Darvan C as the defl occulent.  The 
conductivity of BASE tubes was measured by assembling 
symmetric cells.  A eutectic mixture of NaCl-ZnCl2 
was used as both the electrodes in the symmetrical 
cell.  The cell was then cycled at constant current 
mode supplying 500 mA for 50 hours.  The operating 
temperature was 350°C.  A few BASE samples were 
put in an aqueous solution of NaOH (40(w/v) %) 
and boiled for 5 hours.  This test was conducted to 
make sure that the samples would survive in a basic 
aqueous environment.  The x-ray diffraction patterns 
and microstructures of the samples after treating with 
NaOH were taken and analyzed.  Experiments were 

conducted to test the electrochemical working of the 
tubular cells assembled in the discharged state, charged 
state and partially charged state at eutectic composition.  
Planar cells were designed and assembled using the 
tape cast BASE discs.  The working of planar cells was 
tested at the constant current mode and the cells were 
thermally cycled between the operating temperature 
and room temperature.  The performance of the planar 
cells was monitored after several freeze-thaw cycles.  
An experiment was conducted to test the stability of 
BASE in a zinc chloride environment.  BASE tubes 
were soaked in molten zinc chloride at a temperature of 
430°C for 22 hours.  The samples were weighed before 
and after the treatment with ZnCl2.  Then, the samples 
were analyzed using scanning electron microscopy 
(SEM).  Chemical line scan was done on the samples 
using SEM for analyzing the composition of the samples.  
The next step is to design and assemble a planar stack of 
fi ve cells.

FIGURE 1.  Microstructures of (a) As-Sintered Tape Cast 
Sample and (b) BASE Tape after Vapor Phase Conversion
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Results 

1. The voltage response of the symmetrical cell was 
analyzed.  There was no evidence of an increase in 
resistance with time.  From the values of voltage and 
current obtained from the experiment, the resistance 
of the overall cell was calculated to be 0.15 Ω.  This 
includes the resistance of the BASE tube, molten 
salts and the polarization resistance. 

2. The x-ray diffraction pattern of the sample which 
was treated with NaOH solution was analyzed.  
The analysis of peaks showed no difference from the 
BASE before treating with NaOH solution.  There 
was no signifi cant difference in the surface of the 
samples other than the sample was slightly etched.

3. A number of tubular cells were assembled and 
tested to study the electrochemical working at an 
operating temperature of 350°C.  The analyses of 
the voltage response of the cells showed a fairly 
constant discharge voltage of about 2.0 V when 
operated under the constant current mode (Figure 
2).  The last cell assembled in the fully charged state 
was discharged for about 20 hours with a constant 
discharge voltage of 1.9 V. 

4. A planar cell was assembled in the partially 
discharged state at eutectic composition (Figure 3).  
Voltage responses of the charge-discharge cycles of 
the planar cells were analyzed (Figure 4).  The cell 
was operated for about 2 hours after each freeze-
thaw cycle (Figure 5).  The open circuit voltage 
obtained was about 2.35 V.  The cell was operated at 
a constant current of 100 mA and at a temperature 
of 350°C. 

5. Stability of BASE in a ZnCl2 environment was 
tested by soaking BASE samples in molten zinc 
chloride.  The samples were weighed before and 
after the experiment and no change in weight was 
observed. 

FIGURE 3.  Assembled View of the Planar Cell

FIGURE 2.  Voltage response of the discharging and charging 
of tubular cell assembled in the fully charged state.  This 
shows that a tubular cell can be successfully discharged and 
charged.
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FIGURE 5.  Voltage Response of the Charging and 
Discharging of the Planar Cell after Two Freeze-Thaw 
Cycles
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FIGURE 4.  Voltage response of the charging and discharging 
of the planar cell assembled in the partially charged state.  
This shows that a planar cell could be subjected to repeated 
charge-discharge cycles. 
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Conclusions 

1. Thin BASE discs were fabricated by tape casting 
and BASE tubes were successfully made by slip 
casting.

2. An electrochemical cell using ZnCl2 electrodes 
showed that there is no increase in resistance, even 
after repeated cycling, suggesting that the BASE is 
stable in the atmosphere, and the proposed concept 
is viable.

3. Preliminary work shows that a complete cell could 
be assembled in the discharged state, and could be 
charged with a sodium anode.

4. Stability of BASE in an aqueous medium was 
demonstrated.  This BASE has little affi nity for 
water unlike the state-of-the-art BASE. 

5. Electrochemical cells were successfully discharged.

6. Planar cells were assembled and tested to study the 
working of the same.  From the voltage response it 
could be inferred that the planar cells can withstand 
several freeze-thaw cycles without any electrolyte 
failure.

7. The displacement reaction does not take place 
between ZnCl2 and the BASE as there was no 
change in weight of the samples when treated with 
molten zinc chloride.
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Objectives

Identify the fundamental mechanisms of carbon 
deposition and sulfur poisoning on anodes.

Develop novel materials to minimize the impact of 
contaminants on fuel cell performance.

Characterize the effects of major trace contaminants 
found in coal syngas.

Propose remedies for adverse effects of 
contaminants on fuel cell performance.

Accomplishments

This project has been selected for funding under 
the DOE EPSCoR (Experimental Program to Stimulate 
Competitive Research) State Implementation Grant 
Award Program and will begin conducting research in 
the fall, 2006.  There are no accomplishments to report 
at this time.

Introduction

This project is supported under the DOE EPSCoR, 
a program designed to enhance the capabilities of 
EPSCoR states in energy research and economic 
development through the support of advanced research 
at academic institutions.  Our vision is to establish an 
internationally recognized, sustainable fuel cell research 
center for coal-based clean power generation which 
serves as a technology resource for the emerging fuel 
cell industry in West Virginia.  Our strengths are in 

•

•

•

•

applying nano-technology to develop and fabricate 
materials for advanced coal-based fuel cells; establishing 
a state-of-the-art material characterization and fuel 
cell testing laboratory; and modeling fuel cells from 
atomistic to continuum scales using high performance 
computing.  We have formed a multidisciplinary team 
of eleven research professionals who have worked 
together for several years and have strong credentials in 
their respective areas of expertise.  Under the present 
proposal, we will develop a laboratory infrastructure, 
solidify interactive working relationships, and attain 
national recognition for the work conducted by the 
center in the area of coal-based clean power generation 
via fuel cells.  Our project will be conducted in 
collaboration with the National Energy Technology 
Laboratory (NETL).  This project is to be funded for a 
3-year effort.

Approach

The focus areas for the proposed research project 
are the modeling, manufacture, and testing of anode 
materials for solid oxide fuel cells (SOFCs) operating 
on coal syngas (CSG).  The objectives are to identify 
the fundamental mechanisms of carbon deposition and 
sulfur poisoning on the anode, and to develop novel 
materials to minimize the impact of these contaminants 
on fuel cell performance.  We shall also characterize the 
effects of major trace contaminants found in CSG and 
propose remedies for adverse effects.  

DOE EPSCoR requires that research funded under 
the State Implementation Grant Program be conducted 
as a coordinated effort involving clusters of investigators 
focusing on specifi c projects.  An overview of the cluster 
program is shown in Figure 1.  The research cluster 
is based on a multi-scale, multi-disciplinary approach 
conducted by nine faculty members in four departments 
at West Virginia University (WVU).  The work is 
organized under four integrated projects: (1) anode 
material development and experimental characterization 
of fuel cell anodes, (2) sub-micro-scale modeling, (3) 
multi-scale continuum modeling, and (4) laboratory 
testing of individual fuel cells and fuel cell systems.  

The strength of the research cluster is in the 
integration of knowledge obtained from experiments 
(Projects 1 and 4) with multi-scale computational 
models (Projects 2 and 3).  At all stages, information, 
predictions, and data will be exchanged between 
researchers in the projects.  

At the end of three years, we anticipate 
four outcomes.  First, we will have identifi ed the 
fundamental processes characterizing the operation of 

VI.14  Direct Utilization of Coal Syngas in High Temperature Fuel Cells

Richard Bajura, WV DOE EPSCoR Principal 
Investigator, Ismail Celik, Technical Principal 
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SOFC anodes from the atomic level to the level of the 
operating fuel cell.  Second, strategies will be developed 
for constructing SOFCs that exhibit stable operation 
with coal syngas.  Third, the research infrastructure 
(equipment for analysis and for fabrication, computers 

for modeling) and collaborations across disciplines 
and departments at WVU will be well developed for 
future research on fuel cells.  Fourth, a program of 
educating and training future energy researchers will be 
established.  

WV DOE EPSCOR
R. Bajura (Administrative Manager)

Research Program
I. Celik (Technical Manager)

Project Integration (Celik, Kang, Smirnov, Zondlo)

Internship Program
T. Wafle (Manager)

Administrative Support
(NRCCE)

Project 1:
Anode Materials /
Experimental
Characterization
Project Leader - Kang

. Material Selection

. Half Cell Fabrication

. EIS and CV Testing

. In-Situ FTIR

.In-Situ Interferometry

Project 2:
Sub-Micro-Scale
Modeling
Project Leader -
Smirnov

. Atomistic Modeling

. Nanoscale Modeling

Project 3:
Multi-Scale
Continuum Modeling
Project Leader - Celik

. Microscale
Modeling
. Electrochemistry
. Chemical Kinetics
. Multi-Component
Modeling

Project 4:
Cell and System
Laboratory Testing
Project Leader -
Zondlo

.Component Testing

.Single Cell Testing
Experimental
Input &
Validation

Theoretical
Prediction

Parameter
Input

Theoretical
Prediction

Experimental
Input &
Validation

Advisory Board
M. Williams (NETL)
A. Khaleel (PNNL)
R. Judkins (ORNL)
K. Litzinger/R.George
(S-W)
S. Chuang (Univ. Akron)
N. Patton (SARA)
E. Cilento (WVU)

FIGURE 1.  Flow Chart of the Research Program and Organizational Structure.
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°C Degree(s) Celsius

°C/min Degree(s) Celsius per minute

°F Degree(s) Fahrenheit

2PB Two-phase boundary

1-D One-dimensional

3-D Three-dimensional

3DP Three-dimensional printing

A Ampere(s)

Å Angstrom(s)

ABO3 Perovskite type materials

A/cm2  Amp(s) per square centimeter

AC  Alternating current

AC  Activated carbon

AcerSoc American Ceramic Society

ACS American Chemical Society

AFM Atomic force microscope

Ag Silver

AgF2 Silver difl uoride

AGRB Anode gas recycle blower

Al Aluminum

AL Application load

ALL-BASE A liquid alkali metal beta alumina solid 
electrolyte battery

Al2O3 Alumina, aluminum oxide

AMPL  A Mathematical Programming Language

ALC  Allegheny Ludlum Technical and 
Commercial Center

ANL  Argonne National Laboratory

APS  Atmospheric plasma spray

APU  Auxiliary power unit

Ar  Argon

As  Arsenic

As2  Diatomic arsenic

AsH3  Arsenic hydride

As2O3  Arsenic oxide

ASE  Arcomac Surface Engineering, LLC

ASM  ASM International, formerly American 
Society for Metals

ASME  American Society of Mechanical 
Engineers

ASR  Area specifi c resistance

ASTM  American Society for Testing and 
Materials

ASU  Arizona State University

ATI  Allegheny Technologies, Inc.

atm  Atmosphere(s)

ATR  Auto thermal reformer

Au  Gold

A.U.  Arbitrary units

AZ  Arizona

B  Boron

B2O3  Boron (III) oxide

Ba  Barium

BaO  Barium oxide

BaCeO3  Barium cerate

BASE  Beta alumina solid electrolyte

BaZrO3  Barium zirconate

Be  Beryllium

BCAS  Barium-calcium-aluminosilicate

BCN  Ba3Ca1+xNb2-xO9-δ

BOP, BoP  Balance of plant

BOPS  Balance of plant subsystem

BSE  Back scattered electron

BT  Benzothiophene

BTU  British thermal unit

BYZ  Barium zirconium yttrium oxide

BYZ-Zn  Zinc oxide doped barium zirconium 
yttrium oxide

C  Carbon

C++  A computer program language

Ca  Calcium

CaO  Calcium oxide

CA  California

CAB  Cathode air blower

CAD  Computer aided design

CANBUS  Controller area network bus

CAP Commercialization Assistance Program

CARB California Air Resources Board

CB Circuit breaker

CCVD Combustion chemical vapor deposition

Cd Cadmium

CdCl2 Cadmium chloride

C-DBD Coaxial dielectric barrier discharge

Ce Cerium

CE Counter electrode

CeO2 Ceric oxide

CERCANAM Ceramatec Castable Nano Material

CFD Computational fl uid dynamics

CH4  Methane
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CHP  Combined heat and electrical power

Cl  Chlorine

CLEM  Continuum-level electrochemical model

cm  Centimeter(s)

cm2/s  Square centimeter(s) per second

cm2  Square centimeter(s)

cm3  Cubic centimeter(s)

CMU  Carnegie Mellon University

CO  Carbon monoxide

CO  Colorado

Co  Cobalt

CO2  Carbon dioxide

COE  Cost of electricity

CoO  Cobalt oxide

COx  Oxides of carbon (e.g., CO, CO2)

CPG  Cummins Power Generation

CPOX  Catalytic partial oxidation

Cr  Chromium

Cr2O3  Chromic oxide

CrO3  Chromium trioxide (chromic acid)

CT  Connecticut

CTE  Coeffi cient of thermal expansion

CTP  Core Technology Program

Cu  Copper

CuCl  Copper (I) chloride

CuCl2  Copper (II) chloride

CVD  Combustion chemical vapor deposition

dBA  Decibels

DBD  Dielectric barrier discharge

DBT  Dibenzothiophene

DC  Direct current

DC  District of Columbia

DC/AC  Direct current to alternating current

DDN  Dodecane

DF-2  Number 2 diesel fuel

DFC  Direct Fuel Cell

DFC/T®  Direct Fuel Cell/Turbine®

DFMA  Design for manufacturing and assembly

DFT  Density functional theory

DOE  U.S. Department of Energy

DSC  Differential scanning calorimetry

DSP  Digital signal processor

dT  Temperature difference

DTA Differential thermal analysis

EBPVD Electron beam physical vapor deposition

E-BRITE Fe-26Cr-1Mo alloy

EDS Energy dispersive x-ray spectroscopy

EDTA  Ethylenediamine tetraacetic acid

EDX Energy dispersive x-ray

EDXS Energy dispersive x-ray spectroscopy

EIS  Electrochemical impedance spectroscopy

EMI  Electromagnetic interference

EPOx  Electrochemical partial oxidation

EPRI  Electric Power Research Institute

eV  Electron volts

EVD  Electrochemical vapor deposition

EXAFS  Extended x-ray absorption fi ne structure 
spectroscopy

F  Farad (capacitance unit)

F  Fluorine

FAD  Filtered arc deposition

FAPSID  Filtered arc plasma source ion deposition

FAT  Factory acceptance test

FB-ARGB  Foil gas bearing anode gas recycle blower

FBS-AGRB  Foil gas bearing supported anode gas 
recycle blower

FC  Fuel cell

FCE  FuelCell Energy, Inc.

FC/GT  Fuel cell gas turbine

FC/T  Hybrid fuel cell/gas turbine

Fe  Iron

FE  Failure effects analysis

FEM  Finite element modeling

FIB  Focused ion beam

FL, Fl.  Florida

FMA  Fracture mechanical analyzer

FPGA  Field programmable gate array

FPS  Fuel processor system

FSS  Ferritic stainless steel

ft  Foot (feet)

Ft-lbf/lbm  Foot-pound force per pound mass

FY  Fiscal year

(g)  Gas

g  Gram(s)

ΔG  Enthalpy; free energy

Ga  Gallium

GA  Georgia

g/cc, g/cm3  Gram(s) per cubic centimeter

Gd  Gadolinium

GDC  Gadolinia-doped ceria

GDC10  Ten weight % gadolinium doped cerium 
oxide

GE  General Electric
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GGA  Generalized gradient approximation

GHSV  Gas hourly space velocity

gm  Gram(s)

GPa  Gigapascal(s)

g/s  Gram(s) per second

GT  Gas turbine

GUI  Graphical user interface

GW  Gigawatt(s)

h  Hour(s)

H2  Diatomic hydrogen

HARB  High-temperature anode recirculation 
blower

HC  Hydrocarbon

HCl  Hydrogen chloride

HDS  Hydrodesulfurization

He  Helium

HEXM-1  Hexaaluminate-type catalyst

Hg  Mercury

HHV  Higher heating value

HI  Hawaii

HiTEC  High Temperature Electrochemistry 
Center

HMI  Human machine interface

H2O  Water

H2S  Hydrogen sulfi de

HPD  High power density

HPGS  Hybrid Power Generation Systems 
(General Electric)

HPLC  High performance liquid chromatograph

HRTEM  High resolution transmission electron 
microscope

hr  Hour(s)

hrs  Hours

HTPC  High temperature proton conductor

HTR  High temperature reduction

Hz  Hertz

I  Current

IC  Interconnection, interconnect

ICP  Inductively coupled plasma

IEA  International Energy Agency

IEEE  Institute of Electrical and Electronics 
Engineering

IGBT  Insulated gate bipolar transistor

IGCC  Integrated gasifi cation combined cycle

IGFC  Integrated gasifi cation fuel cell

IL  Illinois

in  Inch(es)

IPOPT  Interior Point OPTimization

IT-SOFC  Intermediate-temperature solid oxide fuel 
cell

ITM  Ion transport membrane

i-V, I-V  Current-voltage

J  Joule(s)

J/kg  Joule(s) per kilogram

JP-5  A kerosene-based jet fuel

JP-8, JP8  A kerosene-based jet fuel

K  Kelvin

K  Potassium

K-BASE  Potassium-based beta alumina solid 
electrode

KBYZ  Potassium-doped and yttrium-doped 
barium zirconate

kcal/mole  Kilocalories per mole

K2CO3  Potassium carbonate

KD1  A polyester/polyamine condensation 
polymer, used as a dispersant

KF  Potassium fl uoride

kg  Kilogram(s)

kg/s  Kilogram(s) per second

kg/kW  Kilogram(s) per kilowatt

kHz  Kilohertz

kJ  Kilojoule(s)

KOH  Alkali earth metal hydroxide

kPa  Kilopascal(s)

kV  Kilovolt(s)

kW  Kilowatt(s)

kΩ  1000 ohms

kW/l  Kilowatt(s) per liter

kWe  Kilowatt(s) electric

kWh  Kilowatt-hour(s)

l  Liter(s)

La  Lanthanum

LA  Louisiana

LaAlO3  Lanthanum aluminum oxide

LaCoO3  Lanthanum cobalt oxide

LaCrO3  Lanthanum chromite

LAFAD  Large area fi ltered arc deposition

LaFeO3  Lanthanum iron oxide

LaMnO3  Lanthanum manganite

LAO  Lanthanum aluminum oxide

lb  Pound(s)

lbm  Pound mass

lbm/min  Pound mass per minute

LC  Inductor-capacitor
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LCMO  Lanthanum calcium manganese oxide 
(La2/3Ca1/3MnO3)

LF  Low-frequency

LHV  Lower heating value

LLC  Limited Liability Company

LM, LaMnO3 Lanthanum manganite

LMT  Titanium doped lanthanum manganite

LPG  Liquefi ed petroleum gas

LSC  Lanthanum strontium cobaltite 
(lanthanum strontium cobalt oxide)

LSC-37  La0.3Sr0.7CoO(3-δ)

LSC-82  La0.8Sr0.2CoO(3-δ)

LSC50  La0.5Sr0.5CoO(3-δ)

LSCF  Lanthanum strontium cobalt ferrite

LSCO  La0.5Sr0.5CoO3

LSCo  Strontium doped lanthanum cobalt oxide 

LSF  Lanthanum strontium ferrite

LSGM  Lanthanum strontium magnesium 
gallate (lanthanum strontium gallium 
magnesium oxide)

LSM  Lanthanum strontium manganite 
(lanthanum strontium manganese oxide)

LTR  Low temperature reduction

m  Meter(s)

m2  Square(s) meter

m2/g  Square meter(s) per gram

MA  Massachusetts

mA  Milliampere(s)

mA/cm2  Milliampere(s) per square centimeter

MACOR  Machinable ceramic

MBT  Methylbenzothiophene

MD  Molecular dynamics

ME  Microelectrode

MEA  Monoethyl amine

METC  Morgantown Energy Technology Center

MeV  Mega-electron volt(s)

mg  Milligram(s)

mg/cm2  Milligram(s) per square centimeter

Mg  Magnesium

MgO  Magnesium oxide

μg  Microgram(s)

MgO  Magnesium oxide

MHz  Megahertz

MIEC  Mixed ionic electronic conductors, mixed 
ionic electronic conducting

MIM  Metal injection molding

min  Minute(s)

ml  Milliliter(s)

μm  Micrometer(s), micron(s)

mm  Millimeter(s)

mm/min  Millimeter(s) per minute

mm/sec  Millimeter(s) per second

mmol  Millimole(s)

1MN, MN  1-methylnapthlene

Mn  Manganese

MN  Minnesota

MnCr2O4  Manganese chromium spinel

MnO  Manganese oxide

Mn2O3  Manganese oxide

Mo  Molybdenum

MΩ  Milli-ohm(s)

mOhm.cm2, 

   mΩ·cm2  Milli-ohm square centimeter

mol%  Molar percent

MOSFET  A pure resistive loss device

MPa  Megapascal

ms  Millisecond

MSRI  Materials and Systems Research, Inc.

MT  Montana

mV  Millivolt(s)

MW  Megawatt(s)

mW  Milliwatt(s)

mW/cm2  Milliwatt(s) per square centimeter

N2  Diatomic nitrogen

Na  Sodium

NaAlO2  Sodium aluminate

NaF  Sodium fl uoride

Na-BASE, 

   Na/BASE  Sodium-based beta alumina solid 
electrolyte

NaOH  Sodium hydroxide

NASA  National Aeronautics and Space 
Administration

Nd  Neodymium

NdGaO3  Neodymium gallium oxide

NETL  National Energy Technology Laboratory

NGO  Neodymium gallium oxide

NH3  Hydrogen nitride (ammonia)

Ni  Nickel

NiMo  Nickel molybdenum

NiO  Nickel monoxide, nickel oxide

Ni-YSZ  Nickel-yttria-stabilized zirconia

NLEIS  Nonlinear electrochemical impedance 
spectroscopy

nm  Nanometer(s)
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NM  New Mexico

NO2  Nitrogen dioxide

NOx  Oxides of nitrogen

NRA  Nuclear reaction analysis

NV  Nevada

O2  Diatomic oxygen

O/C  Oxygen to carbon ratio

OCR  On-cell reformation

OH  Ohio

ORNL  Oak Ridge National Laboratory

ORR  Oxygen reduction reaction

P  Phosphorous

P  Pressure

PO2  Partial pressure of oxygen

P-SOFC  Proton conducting solid oxide fuel cells

Pa  Pascal(s)

PA  Pennsylvania

PADT  Phoenix Analysis and Design 
Technologies

PAW  Projector-augmented wave

Pb  Lead

PbCl2  Lead chloride

PbCl4  Lead chloride

PBE  Perdew, Burke and Ernzerhof

PCS  Power conditioning system

Pd  Palladium

PdCl2  Palladium chloride

PEN  Positive-electrolyte-negative 
(cathode-electrolyte-anode)

PES  Potential energy surface

PEM  Proton exchange membrane

PEMFC  Proton exchange membrane fuel cell

PFBC  Pressurized fl uidized-bed combustion

PFD  Process fl ow diagram

PHP  A computer programming language

P-I  Power versus current

PI  Proportional-integral

PI  Principal investigator

Pitt  University of Pittsburgh

PLC  Programmable logic controller

PLD  Pulsed laser deposition

PLL  Phase lock loop

PNNL  Pacifi c Northwest National Laboratory

POC  Proof-of-concept

POM  Partial oxidation of methane

PP-DBD  Parallel-plate dielectric barrier discharge

ppm  Part(s) per million

ppmv  Part(s) per million by volume

ppmw  Part(s) per million by weight

psi  Pound(s) per square inch

psia  Pound(s) per square inch absolute

psig  Pound(s) per square inch gauge

p-SOFC  Protonic solid oxide fuel cell

PSOFC  Planar solid oxide fuel cell

PSOFC/GT  Planar solid oxide fuel cell gas turbine

PSOFCS  Planar solid oxide fuel cell stack

Pt  Platinum

Pt/Al2O3  Platinum alumina

PT/ZDC  Platinum zirconia doped ceria

PVB  Polyvinyl butyral

PWM  Pulse-width-modulation

QC  Quantum chemistry

QTH  Quartz-tungsten-halogen

R  Rankine

R&D  Research and development

RBS  Rutherford backscattering spectroscopy

RDF  Radial distribution function

RF  Radio frequency

Rh  Rhodium

Rh/ZDC  Rhodium zirconia doped ceria

ROI  Region of interest

Ru  Ruthenium

s  Second(s)

S  Sulfur

S1  Maximum principal stress

SAG  Simulated anode gas

SAM  Scanning Auger mapping or scanning 
Auger microprobe analysis 

Sb  Antimony

Sb2  Diatomic antimony

SBIR  Small Business Innovation Research

S/cm  Siemen(s) per centimeter

SC  South Carolina

ScSZ  Scandium-stabilized zirconia

ScSZ-10  Fully stabilized ScSZ: 90 mol% ZrO2, 10 
mol% Sc2O3

ScSZ-6  Partially stabilized ScSZ: 94 mol% ZrO2, 
6 mol% Sc2O3

sccm  Standard cubic centimeter(s) per minute

sccm/cm  Standard cubic centimeter(s) per minute 
per centimeter

SCG  Simulated cathode gas

SDC  Samaria-doped ceria

Se  Selenium
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sec  Second(s)

SE  Solid electrolyte

SECA  Solid State Energy Conversion Alliance

SEM  Scanning electron microscopy

SERS  Surface-enhanced Raman signal

SFC  Stationary Fuel Cells (Siemens Power 
Generation)

SF100  A solid oxide fuel cell system

SF200  A solid oxide fuel cell combined heat and 
power system

Si  Silicon

SiC  Silicon carbide

SIF  Stress intensity factor

SLPM, slpm  Standard liters per minute

SMA  Shape memory alloy

SMD  Sauter mean diameter

Sn  Tin

SO2  Sulfur dioxide

SOFC  Solid oxide fuel cell

SOFC-MP  Solid oxide fuel cell multi physics

SOFC/T  Solid oxide fuel cell/turbine

SOFC-TE  Solid oxide fuel cell thermoelectric

SOx  Oxides of sulfur (e.g., SO2)

SPR  Surface plasmon resonance

SPU  Stationary power unit

SR  Steam reforming

SR  Switched reluctance

Sr  Strontium

SrCeO3  Strontium cerate

SrO  Strontium oxide (strontia)

SRO  Strontium ruthenate

SrRuO3  Strontium ruthenate

SrTiO3  Strontium titanate

SS  Stainless steel

SSC  Strontium samarium cobalt

STF  SrTi1-xFexO3

STF05  SrTi1-xFexO3with x=0.05

STF35  SrTi1-xFexO3with x=0.35

STO  Strontium titanate

S.V.  Space velocity

T  Temperature

ΔT  Temperature difference

TD  n-Tetradecane

TE  Thermoelectric

TEM  Transmission electron microscopy or 
tunneling electron microscopy

TERS  Tip-enhanced Raman scattering

Tg  Glass transition temperature

THD  Total harmonic distortion

Ti  Titanium

TiO2  Titanium dioxide

TMS  The Metallurgical Society

TN  Tennessee

TOMMI  Temperature optical-mechanical 
measuring instrument

TPB  Triple-phase boundary, three-phase 
boundary

TPD  Temperature-programmed desorption

TPO  Temperature-programmed oxidation

TPR  Temperature-programmed reaction

TRC  Transient recognition control

TX  Texas

UHV  Ultra high vacuum

UK  United Kingdom

ULSD  Ultra-low sulfur diesel

UMR  University of Missouri - Rolla

UBM  Unbalanced magnetron

US, U.S.  United States

USPTO  United States Patent and Trademark 
Offi ce

UT  Utah

UTC  United Technologies Corporation

UV  Ultraviolet

UV-VIS  Ultraviolet to visible

V  Vanadium

V  Volt(s)

VA  Virginia

VASP  Vienna Ab initio Simulation Package

V-I  Voltage-current

V/cm  Volt(s) per centimeter

VDC  Volt(s) direct current

VOC  Volatile organic compound(s)

vol  Volume

vol%  Volume percent

VPS  Versa Power Systems

W  Watt(s)

W/cm2  Watt(s) per square centimeter

Wh  Watt hour(s)

W  Tungsten

WA  Washington

WE  Working electron

Ω  Ohm(s)

WC  Tungsten carbide

W/cm2  Watt(s) per square centimeter
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We  Watt(s) electric

W/m-K  Watt(s) per meter-Kelvin

wt  Weight

wt%, wt.%  Weight percent

W/tube  Watt(s) per tube

WV  West Virginia

WVU  West Virginia University

XANES  X-ray absorption near edge spectroscopy

XAS  X-ray absorption spectroscopy

Xe  Xenon

XPS  X-ray photoelectron spectroscopy

XRD  X-ray diffraction

Y  Yttrium

Y2O3  Yttrium oxide (yttria)

YSZ  Yttria-stabilized zirconia

Zn  Zinc

ZnCl2  Zinc chloride

ZnO  Zinc Oxide

ZDC  Zirconia-doped ceria

ZDC50  Zirconia doped ceria with 50% zirconia 
concentration

Zr  Zirconium

ZrO2  Zirconium dioxide (zirconia)

ZT  Thermoelectric fi gure of merit

Ω  Ohm(s)

Ωcm2  Ohm(s) centimeter squared
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