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Introduction to SOFCIntroduction to SOFC

Cathode Reaction:   OCathode Reaction:   O22 + 4e+ 4e-- →→ 2O2O22--

Overall Reaction:     2HOverall Reaction:     2H22 + O+ O22→→ 2H2H22OO
CHCH44 + 2O+ 2O22 →→ 2H2H22O + COO + CO22

Anode Reaction:     2HAnode Reaction:     2H22 + 2O+ 2O22-- →→ 2H2H22O + O + 4e4e--

CHCH44 + 4O+ 4O22-- →→ 2H2H22O + COO + CO2 2 + 8e+ 8e--

, CH4, CH4 •• Why intermediateWhy intermediate--
temperature temperature SOFCsSOFCs??
–– Higher efficiency Higher efficiency 
–– EnvironmentEnvironment--

friendlinessfriendliness
–– Modular constructionModular construction
–– Fuel flexibilityFuel flexibility
–– Reduced cost and Reduced cost and 

improved durabilityimproved durability



Electrical Contacts in SOFC stacksElectrical Contacts in SOFC stacks

•• Electrical contact layers are used to reduce the electrode/ Electrical contact layers are used to reduce the electrode/ 
interconnect interfacial resistance by compensating for the interconnect interfacial resistance by compensating for the 
corrugations present on their respective surfacescorrugations present on their respective surfaces

•• NiNi--paste in combination with Nipaste in combination with Ni--mesh is widely used to establish mesh is widely used to establish 
electrical contact between interconnect and electrical contact between interconnect and Ni+YSZNi+YSZ anode.anode.

•• Finding a suitable material for electrical contact between the Finding a suitable material for electrical contact between the 
cathode and interconnect is challengingcathode and interconnect is challenging
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Criteria for Cathode/Interconnect Contact MaterialsCriteria for Cathode/Interconnect Contact Materials

•• Sufficiently high electrical conductivity over SOFC lifetimeSufficiently high electrical conductivity over SOFC lifetime
•• Reasonable match in coefficient of thermal expansion Reasonable match in coefficient of thermal expansion 

(CTE) with other cell components(CTE) with other cell components
•• Chemical stability under high current conditionChemical stability under high current condition
•• Stability with both the interconnect and cathode under Stability with both the interconnect and cathode under 

oxidizing environment, especially negligible effects on the oxidizing environment, especially negligible effects on the 
formation of protective oxides on interconnect alloyformation of protective oxides on interconnect alloy

•• High High sinterabilitysinterability at the SOFC operating temperaturesat the SOFC operating temperatures
•• Ability to buffer the interactions between interconnect Ability to buffer the interactions between interconnect 

oxide (usually Croxide (usually Cr--containing) and electrode oxidecontaining) and electrode oxide
•• Tolerance to thermal cycleTolerance to thermal cycle--induced damage (possible selfinduced damage (possible self--

healing if thermal cyclehealing if thermal cycle--induced cracking occurs in the induced cracking occurs in the 
contact layer) contact layer) 



StateState--ofof--thethe--Art Contact Materials Art Contact Materials 

•• Noble MetalsNoble Metals

–– Pt, Pd, and Au (high cost)Pt, Pd, and Au (high cost)

–– Ag (relatively low cost)Ag (relatively low cost)

•• Low MeltingLow Melting--Point CeramicsPoint Ceramics

–– PerovskitesPerovskites based on (La,Sr)(Mn,Ni,Co,Fe)Obased on (La,Sr)(Mn,Ni,Co,Fe)O33

•• Noble MetalNoble Metal--Ceramic CompositeCeramic Composite

–– AgAg--ceramic compositeceramic composite

One major drawback of One major drawback of 
Ag is its tendency to Ag is its tendency to 
evaporate at SOFC evaporate at SOFC 
operating temperaturesoperating temperatures

The goal of this project is to develop AgThe goal of this project is to develop Ag--perovskiteperovskite composites composites 
with reduced Ag evaporation, ability to absorb Cr from the with reduced Ag evaporation, ability to absorb Cr from the 
interconnect, and damageinterconnect, and damage--tolerance for interconnecttolerance for interconnect--cathode cathode 
contact application.contact application.



Ag Evaporation and AgAg Evaporation and Ag--Base Alloy Design Base Alloy Design 



Ag Evaporation and Striation FormationAg Evaporation and Striation Formation

•• The phenomenon has been known since the The phenomenon has been known since the 
turn of the century.turn of the century.

•• Numerous studies have been carried out on Numerous studies have been carried out on 
the change of both topography and weight the change of both topography and weight 
after thermal exposure.after thermal exposure.

•• No solid conclusions have been reached on No solid conclusions have been reached on 
the mechanism of Ag evaporationthe mechanism of Ag evaporation

•• No systematic data on Ag evaporation under No systematic data on Ag evaporation under 
the SOFC working conditions are available.the SOFC working conditions are available.



Sample Preparation & Testing ConditionsSample Preparation & Testing Conditions

•• Preparation of Ag samplesPreparation of Ag samples
–– Commercial 99.95% Ag plate, 1200Commercial 99.95% Ag plate, 1200--grit finish, ultrasonic cleaninggrit finish, ultrasonic cleaning
–– AgAg--base alloys were prepared by powder or ingot metallurgybase alloys were prepared by powder or ingot metallurgy

•• Testing conditions Testing conditions 
–– Evaporation temperature/timeEvaporation temperature/time
–– Exposure environment (air, Ar+5%HExposure environment (air, Ar+5%H22 w or w/o 3%Hw or w/o 3%H22O)O)
–– Gas flow rateGas flow rate

•• The sample weight before and after exposure was measured with a The sample weight before and after exposure was measured with a 
highhigh--accuracy balance; surface morphologies were observed with SEMaccuracy balance; surface morphologies were observed with SEM
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Effect of Exposure Time on EvaporationEffect of Exposure Time on Evaporation

Mass loss of Ag at 900°C in both stagnant air 
and flowing air with a flow rate of 1.5 cm.s-1
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Evaporation of Ag: Effect of Air Flow RateEvaporation of Ag: Effect of Air Flow Rate

•• With low air flow, Ag evaporation rate increased linearly with With low air flow, Ag evaporation rate increased linearly with 
the flow ratethe flow rate

•• The air flow rate did not affect the Ag evaporation at > 1.0 cm/The air flow rate did not affect the Ag evaporation at > 1.0 cm/ss
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Effect of Temperature on Ag EvaporationEffect of Temperature on Ag Evaporation

•• Activation energy is Activation energy is close to the heat of atomization for pure Agclose to the heat of atomization for pure Ag
•• The bonding between the Ag atoms mainly determines the The bonding between the Ag atoms mainly determines the 

evaporation rate of Agevaporation rate of Ag
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AtmosphereAtmosphere Flow RateFlow Rate
(cm.s(cm.s--11))

Temperature (Temperature (°°C)C) Evaporation RateEvaporation Rate
(x10(x10--99 g.cmg.cm--22.s.s--11))

Ar+5%HAr+5%H22+3%H+3%H22OO 1.51.5 900900 7.127.12

Ar+5%HAr+5%H22 1.51.5 900900 7.067.06

Air+3%HAir+3%H22OO 1.51.5 900900 7.227.22

AirAir 1.51.5 900900 7.117.11

The exposure atmospheres showed no measurable influence on the 
evaporation rate of Ag at 900°C.
The essentially same evaporation rate in different environments 
indicates that the exposure atmosphere is not involved in the 
critical step that controls the Ag evaporation kinetics.
The effect of atmosphere on Ag evaporation at lower temperatures
are currently being evaluated.

Effect of Atmosphere on Ag EvaporationEffect of Atmosphere on Ag Evaporation



Different surface morphologies were observed after Different surface morphologies were observed after 
evaporation test in oxidizing and reducing environmentsevaporation test in oxidizing and reducing environments

900°C 850°C

750°C 900°CAr+5%H2, 50 h
Air, 50 h



Plausibility of Ag as CathodePlausibility of Ag as Cathode--Interconnect ContactInterconnect Contact

•• At 800At 800°°C and air flow rate of 1.1 cm/s, the evaporation rate C and air flow rate of 1.1 cm/s, the evaporation rate 
of pure Ag is 4x10of pure Ag is 4x10--1010 g.cmg.cm--22.s.s--11

•• Considering the SOFC target lifetime of 40,000 h, this Considering the SOFC target lifetime of 40,000 h, this 
value is too high (0.06 g.cmvalue is too high (0.06 g.cm--22 or 60 or 60 µµm)m)

•• Since Ag evaporation is determined by the bonding of Ag Since Ag evaporation is determined by the bonding of Ag 
atoms, alloy design should focus on identifying:atoms, alloy design should focus on identifying:
−− Alloying elements that drastically affect the bonding in Alloying elements that drastically affect the bonding in 

AgAg
−− SurfaceSurface--active elements that block the surface Ag sitesactive elements that block the surface Ag sites

While binary alloys with large difference in melting point 
between the two elements are made by powder metallurgy, 
other alloys are made by arc-melting and  drop-casting.



Effect of Noble Metal Additions on Ag EvaporationEffect of Noble Metal Additions on Ag Evaporation

•• With the addition of 25%Pt, With the addition of 25%Pt, 
Au, and Pd, some reduction Au, and Pd, some reduction 
in Ag evaporation rate in the in Ag evaporation rate in the 
range of 10range of 10--30% was 30% was 
observed for all the alloying observed for all the alloying 
elements.elements.

•• As the Pd content increased As the Pd content increased 
in the alloys, the Ag in the alloys, the Ag 
evaporation rate dropped evaporation rate dropped 
consistently.consistently.

•• Additions of the noble Additions of the noble 
metals (Pt, Au, and Pd) were metals (Pt, Au, and Pd) were 
not practical due to high not practical due to high 
cost of the raw materials cost of the raw materials 
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Effect of Other Metal Additions on Effect of Other Metal Additions on 
Ag EvaporationAg Evaporation

•• MicroMicro--alloying with nonalloying with non--noble noble 
elements Cu, elements Cu, CeCe, and Y turned out , and Y turned out 
to have very little effect on the to have very little effect on the 
evaporation of Ag.evaporation of Ag.

•• All these Ag alloys exhibited a All these Ag alloys exhibited a 
very similar weight loss, which very similar weight loss, which 
was close to that of pure Ag. The was close to that of pure Ag. The 
Ag alloys with Ag alloys with CeCe and Y additions and Y additions 
even showed a slightly larger even showed a slightly larger 
weight loss than pure Ag. weight loss than pure Ag. 

•• With the additions of Y and With the additions of Y and CeCe, , 
very fine metal oxide particles very fine metal oxide particles 
were formed on the surface of the were formed on the surface of the 
Ag alloys, while the CuAg alloys, while the Cu22O O 
particles formed on the Agparticles formed on the Ag--Cu Cu 
alloys were much larger in size. alloys were much larger in size. 

•• About 20 new alloys have been About 20 new alloys have been 
prepared and are being studied.prepared and are being studied.

Weight losses of Ag-base alloys after 
thermal exposure at 850°C for 40 hours in 
air with a flow rate of 1.5 cm.s-1

Alloy Composition Alloy Composition 
(wt.%)(wt.%)

Weight LossWeight Loss
(mg.cm(mg.cm--22) ) 

AgAg 0.280.28
AgAg--0.5%Cu0.5%Cu 0.300.30
AgAg--2%Cu2%Cu 0.300.30

AgAg--0.02%Ce0.02%Ce 0.290.29
AgAg--0.05%Ce0.05%Ce 0.350.35

AgAg--0.1%Y0.1%Y 0.330.33
Ag-0.01%Y Ag-2%Cu



AgAg--PerovskitePerovskite Composites as SOFC Composites as SOFC 
Contact MaterialsContact Materials



Why AgWhy Ag--PerovskitePerovskite Composite as Contact Material?Composite as Contact Material?

•• AgAg--perovskiteperovskite composites might combine the attributes of composites might combine the attributes of 
the the perovskiteperovskite phases (e.g. phases (e.g. the Crthe Cr--absorbing characteristicsabsorbing characteristics
particularly for the Coparticularly for the Co--containing containing perovskitesperovskites) and Ag (e.g. ) and Ag (e.g. 
the excellent electrical and mechanical properties, and the excellent electrical and mechanical properties, and 
relatively low cost). For this initial evaluation,relatively low cost). For this initial evaluation,
−− Ag will be used as the noble metal component of the Ag will be used as the noble metal component of the 

composite material. Ag does have a tendency to migrate composite material. Ag does have a tendency to migrate 
through the cell at operating temperatures, but with through the cell at operating temperatures, but with 
alloying additions this evaporation might be mitigated. In alloying additions this evaporation might be mitigated. In 
addition, this effect may be less pronounced when used addition, this effect may be less pronounced when used 
in a composite.in a composite.

−− The The perovskiteperovskite chosen for use in the composite is chosen for use in the composite is 
(La(La0.60.6SrSr0.40.4)(Co)(Co0.80.8FeFe0.20.2)O)O33 (LSCF). This material is chosen (LSCF). This material is chosen 
for its good sintering characteristics at low temperature, for its good sintering characteristics at low temperature, 
good conductivity at low temperatures, etc. good conductivity at low temperatures, etc. 



Experimental DetailsExperimental Details

•• A number of AgA number of Ag--LSCF composites with the Ag contents of 0, 25, 50, 75, LSCF composites with the Ag contents of 0, 25, 50, 75, 
and 100% (in volume) in the composite have been processed and and 100% (in volume) in the composite have been processed and 
interconnect/contact/cathode test cells with the Aginterconnect/contact/cathode test cells with the Ag--perovskiteperovskite
composites as contact material have been constructed.composites as contact material have been constructed.

•• The test cells were placed in the springThe test cells were placed in the spring--loaded alumina rig to apply a loaded alumina rig to apply a 
small compressive load throughout testing, of small compressive load throughout testing, of ~0.2 kg/cm~0.2 kg/cm22..

•• The change in areaThe change in area--specific resistance (ASR) was recorded as a specific resistance (ASR) was recorded as a 
function of exposure time and thermal cycling. Data collection wfunction of exposure time and thermal cycling. Data collection was as 
achieved using the fourachieved using the four--point method with the four Pt leads. point method with the four Pt leads. 
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Experimental Details (ContExperimental Details (Cont’’d)d)

•• Using another set of cells, the Using another set of cells, the 
adhesive strength of the contact adhesive strength of the contact 
layer was determined. After a 10 layer was determined. After a 10 
hour sintering treatment at 850hour sintering treatment at 850°°C C 
and a 100 breakand a 100 break--in period at 800in period at 800°°C, C, 
the cells are thermally cycled 10 the cells are thermally cycled 10 
times between 800times between 800°° (with a holding (with a holding 
time of 10 hours) and 250time of 10 hours) and 250°°C. C. 

•• The cells were carefully bonded to The cells were carefully bonded to 
customcustom--built mounts and then built mounts and then 
pulled apart.pulled apart.

•• The force required to accomplish The force required to accomplish 
this was recorded and the this was recorded and the 
adhesion strength was calculated.adhesion strength was calculated.

Pull Test Fixture



As Ag content increased in the composite, the ASR As Ag content increased in the composite, the ASR 
decreased correspondinglydecreased correspondingly

ASR change during thermal cycling (initial 
firing of 850ºCx10h; “break-in” of 
800ºCx100h; 40 cycles with 800ºCx10h 
holding plus furnace cooling to 250ºC) 
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With the increase of LSCF in the contact layer, Cr With the increase of LSCF in the contact layer, Cr 
migration to the cathode was reducedmigration to the cathode was reduced

Porous LSMPorous LSM

LSMLSM

Ag+ (LaAg+ (La0.60.6SrSr0.40.4)(Co)(Co0.80.8FeFe0.20.2)O)O33
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The The perovskiteperovskite phase in the contact layer acted as a phase in the contact layer acted as a 
““spongesponge”” to absorb the migrating Cr speciesto absorb the migrating Cr species

Cross-Sectional View and EDS Line 
Scanning of Cr Content

0%Ag
75%Ag

100%Ag



Pull Test ResultsPull Test Results

•• As the Ag content increased in the contact layer, the As the Ag content increased in the contact layer, the 
adhesion strength increased correspondingly due to the adhesion strength increased correspondingly due to the 
high ductility of Ag and its ability to accommodate high ductility of Ag and its ability to accommodate 
thermal stresses.thermal stresses.

Contact Material Adhesion Strength (MPa) Failure Location
100%Ag-0%LSCF 3.1 Cathode/contact 

interface
Cathode/contact 

interface
Both interfaces

Interconnect/contact 
interface

Interconnect/contact 
interface

75%Ag-25%LSCF 2.01

50%Ag-50%LSCF 0.2
25%Ag-75%LSCF Fractured during 

mounting
0%Ag-100%LSCF Fractured after cycling

Adhesion Strengths of Different Contact Materials



Concluding RemarksConcluding Remarks

•• The effects of various experiment conditions such as The effects of various experiment conditions such as 
exposure temperature/time, air flow rate, and exposure temperature/time, air flow rate, and 
exposure atmospheres were investigated. Based on exposure atmospheres were investigated. Based on 
the experimental results, the evaporation of Ag was the experimental results, the evaporation of Ag was 
mainly determined by the bond strength between the mainly determined by the bond strength between the 
Ag atoms.Ag atoms.

•• Pure Ag is not suitable for SOFC contact application Pure Ag is not suitable for SOFC contact application 
because of its excessive evaporation. However, because of its excessive evaporation. However, 
alloying with other elements might reduce its alloying with other elements might reduce its 
evaporation rate.evaporation rate.

•• The AgThe Ag--LSCF composite materials offer the potential LSCF composite materials offer the potential 
to combine the attributes of Ag and the to combine the attributes of Ag and the pervoskitepervoskite
phase, therefore deserving further evaluation.phase, therefore deserving further evaluation.
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