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Project Overview

Timeline Partners
* Project Start Date: 4/21/2015 e NREL: Dr. Bryan Pivovar (Co-PI)

Project End Date: 4/200/2017 e 3M: Dr. Krzysztof Lewinski(Vendor)
* Percent Complete: 50% « ORNL: Dr. Karren More (collaborator)
Budget
* PhasellB Barriers Addressed

- Total Project Value: $999,926 ., High platinum group metal (PGM)
- Total Funding Spent: $ 519, 006*  |oading (Ir loading >2mg/cm?)

* Cost Share Percentage: -Low catalytic activity for oxygen
0% (SBIR) evolution reaction (OER)

*as of 3/31/15 * Low system efficiency

Giner Researchers - Significant anode over-potential

Brian Rasimick, Shuai Zhao, Zach * High PEM electrolysis cost
Green and Bob Stone



Relevance

* DOE H, Production Target for Electrolysis

Technical Targets: Distributed Forecourt Water Electrolysis’

Giner Status
Characteristics Units 2015 | 2020 (2013)
Hydrogen Levelized Cost? $/kg-H, 3.90 <2.30 3.643 (5.11)*

Electrolyzer Cap. Cost $/kg-H, 0.50 0.50 1.30 (0.74)°
> System %LHV 72 75 65
_GC_J (kWh/kg) (46) (44) (51)
L% Stack %LHV 76 77 74
(kWh/kg) (44) (43) (45)

12012 MYRDD Plan. 2Production Only. 3Utilizing H2A Ver.2. 4Utilizing H2A Ver.3 (Electric costs increased to $0.057/kW
from 0.0398/kW) . 5 Stack Only

* Phase 2 Accomplishments

= Giner and 3M developed two OER catalysts, Ir/W,TiO,, and Ir-NSTF, respectively , which lowered
anode PGM loading by a factor of 5-8 while retaining the baseline performance (3 mg PGM/cm?)
- Both catalysts successfully passed 1000-hour test with 20 mV voltage decay

* Objectives
- Scale-up and commercialize low PGM loading OER catalysts using Giner electrolyzer platform
- Evaluate the impact of newly developed catalysts on the PEM electrolyzer efficiency and cost



Phase IIB Project Task and Milestones

Large MEA Building and testing
Processibility Low PGM sub-MVV Stack
(Giner and 3M) (Gimer+MREL)

Catalyst Production Single Cell Materials and System
Scalability Durability test Econo_mchnalysm
(Giner and 3M) (Giner and NREL) (Giner +3M)
Year 1 Year 2
Completion D Task Name M2 M4 M6 ME MIO MI1Z IMI14 [MI16 [MIE M20 M2 [M24
1|Task 1: Scale up the Production of Selected Catalysts >
2 Ir/W-TiO2 synthesis scale-up >
3 IrNSTF synthesis scale-up >

Demonstrate the capability of producing 30g catalyst/batch with
comparable performance to Giner standard: 1.75V at 2A/cm”®

100% M1.1

‘Task 2: Fabrication of Composite Electrolytes
Ir/W-TiO2 based MEA fabrication
IrNSTF based MEA fabrication >
Demonstrate the capability of fabricating full-sized MEAs (1400
cmz) with reproducing performance from batch to batch
90% M2.2 Deliver 10 m® IRNSTF based CCMs to Giner >
Task 3: Extend durability Tests of Selected Catalysts
AST via Voltage Cwcling
Electrolvzer Endurance Test
Obtain < 30 mV performance decay (at 2 Al/cm2) after 30,000
cvcles during AST
Obtain < 50 mV performance (at 2 A/em2) after 4,000 hours
during electrolvzer testing
10|Task 4: Build low-PGM loading sub-MW stack (Giner)

A AES

90% M21

~1

=]

=)

70% M3.1

40% M3.2

0% M4 1 Complete the construction of sub MW unit
11|Task 5: Evaluate and D rate sub-MW Electrolyzer
0% MS5.1 Obtain sub-MW unit 2,000 hours data

12|Task 6: Perform Catalyst and System E

Analvze cost of catalyst materials and electrolvzer to reach 5% to
10% stack cost reduction by using the developed catalyst
Program M.

20% M6.1




Accomplishment 1: Ir/W_TiO,_, Scale-Up
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At Start-up, 80C, Giner N115, 0.4 mg Ir/cm2

FCT 50cm? hardware
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* the catalyst scaled up from 0.5 g/batch to 5 g/batch
* Scaled-up catalyst demonstrates higher activity than small batch one



Short Stack Design of 50cm? MEA

End Cell
—4— Cell1: Giner standard Anode
Group 1 {
-@- Cell2: Giner standard Anode
Group 2

-4 Cell3: 0.5mg/cm2 Ir black

—=  Cell4: 0.25mg/cm2 Ir/W-TiO2

1

Celb: 0.25mg/cm2 IrfW-TiO2

¢

Cell6: 0.25mg/cm2 IrfW-TiO2
End Cell

-

i TSI

Anode DM MEA (50cm?) Current Collector

Giner proprietary 50cm? hardware



1.85
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Voltage (V)
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Performance and Durability of MEA

End Cells:

- stamdardam—

Cell 6 (new anode):

Middle Cells:
Cell2 (standard), 4 and 5 (new anode):

End Cell

Cell1: Giner standard Anode

Cell2: Giner standard Anode

Cell3: 0.5mg/cm2 Ir black

Cell4: 0.25mg/cm2 Ir/lW-TiO2

Cell5: 0.25mg/cm2 Ir/lW-TiO2
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Cell6: 0.25mg/cm2 Ir/lW-TiO2
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MEA Instability Analysis

* Low PGM loading MEA more vulnerable to environmental oscillation
e (Catalyst structure changes partially due to scale-up of catalyst production
(catalyst anchoring, catalyst morphology particle size)

e Particle Size ~ 1
nm and Ir atoms

* |solated Ir nano —
particles (NPs)

e Particle Size ~ 2-3 nm
* |r NPs form a “chain-like”
network of interconnected NPs

Small particle size starts with high activity but end up with poor durability



Precise Controlled Catalyst Synthesis

1. Factors leading to Catalyst Instability of New Batches of Catalysts

Large-batch Synthesis
* Heating ramp cannot be precisely :i IO
controlled 1.20
 pH condition is a limiting factor
e Poor anchoring of Ir on the support 060

2. Path-forwards o _/

n Johnson Matthey Iridium Black

1.00
0.80

Current (A/mg Ir)

* Purchase of a well-controlled reactor 13 o :1-: ey 19 21
oltage (V vs
- Jacketed reactor for well-controlled
1.80
cooling and heating 160 - W/WTO..  after 1000 cyces

1.40
= IffWTi0,,  after 200 cycles

- Electrical rotator for uniform mixing
 Decayed MEAs to be characterized by Dr.
Karren More

1.20

1.00 InfW.TiO,,  initial

0.80

Current (A/mg Ir)

0.60
0.40
0.20

3. New batches of catalyst demonstrated 000
high activity and good stability in RDE

13 15 1.7 149 21
Voltage (V vs RHE)



Accomplishment 2: 3M Ir-NSTF Scale-up

Sample unloading box

Sample loading box

e Roll-to-roll production of Ir-NSTF has been successfully completed

10



Decals or CCMs Provided by 3M

Anode (Ir) | Cathode (Pt) | Membrane Comment
(mg/cm?) (mg/em?)

0.25 0.25 Decal only
2 0.50 0.25 Nafion 115 m?tri;:tzecdr cr);zcr)r‘:l::ane
s oso o35 Jswm NenMacessewr
4 0.50 0.25 ggﬂ];\?\? a :ci)t?é:tzecdr?;secr}:s:ane

Giner standard cells: Ir loading 2-3 mg/cm?, N115 membrane

Single Cell performance test

- Crossover mitigation (Giner)
Hydrogen crossover measurement
Short stack tests

All these tests were performed at Giner Inc.

11



Cell Voltage (V)

Performance of 3M Decals/CCMs

20 _ 17
)
1.9 ‘%;
///// 1.6
13 % ~_AIr-NSTFon S
' % /./'<\ low EW E;; 16
membrane ©
. /é el £
/// ~e-Giner Standard Cell '>U
Q
1.6 = ==3Mdecal Giner N115 °
g
-+3M decal Giner N115 Mitigated o
1.5 + “3MNLI5 CCM E
=#-3M 100 um PFSA CCM
114 | T T T T T T T T T T T 1 4
0 500 1000 1500 2000 2500 '

Current Density (mA/cm2)

r-NSTF on
- low EW

15 o

1.5 -

membrane

| ~*-Giner Standard Cell |

- ==3M decal Giner N115 |

- ~~3M decal Giner N115 Mitigated

==3VI N115 LLM

<#-3M 100 um 3M PFSA C;CIVI

0 500 1000 1500 2000 2500
Current Density (mA/cm?)

* Ir-NSTF on low EW 100 um PFSA demonstrated the best performance, in part due to
lower membrane resistance (0.1 Ohm-cm? vs 0.125 Ohm-cm? for N115 );

* |R-corrected performance comparable to that of standard cell with much higher Ir
loading (2-3 mg/cm?)

12



H, Crossover Testing

Afem?2 mol% H2 in 02
0.1 >4%

05 >4%

1 3.88%

2 2.36%
e

Afcm?2 mol% H2 in 02
0.1 <0.10%
05 <0.10%

1 <0.10%

2 <0.10%

1 <0.10%

1 <0.10%
0.5 <0.10%
0.25 <0.10%
0.1 0.16%

NSTF decal on unmitigated N115 80 °C

In-situ H, crossover at various conditions measured at Giner
H2 crossover significantly reduced after using mitigated membrane

Cell vV
1.544
1.663
1.766
1.947

Cell V
1.536
1.656
1.756
1.925
1.763
1.771
1.779
1.677
1.564



Voltage (V)

Performance and Durability of Short Stack

——Cell #1, 3M - 100um CCM
—Cell #3, 3M - 100um CCM

==l #1, IM-100um-COM =l #2, 3M-100um-CCM —Cell #65, Std. N-115, Non - Mitigated

——Cell #2, 3M - 100um CCM
—Cell #4, Std. N-115, Mitigated
Cell #6, Std. N-115, Non - Mitigated

—a—Cell #3, IM-100um-COM —~—Cell #4, N-115 Std. miligated Current —TemeiC
2.00 105
——Cell #5, N-115 Std, non-mitigated  —e—Call #6, N-115 Std. non-mitigated
22
195 ik 100
aq Standard Cell : Anode Ir loading:
2.5 mg/cm2, N115 mem. * 1.90 CD=2A/cm? o
1.85 114 Hour PalScan —— 241 Hour Pol Scan —
1.9 4 —_ 90
Z 180 i |
1.8 | ' W |'. 10 curPOll_SNCar:_f) "}'I'I*UM“AW‘V"!“ FW‘ 396 HourPoIScan Ly ».lf\‘ ' \ ald
g bl ol WW w | 85
E 1.75 “‘Mm‘m ‘ [ il w-umn f Tl
1.7 fM W‘ i umn'*’if* i STF Cells
M m T
18 ES ‘ NSTF on 100 um anode |I‘ 1.70 ‘u]l“ ||mull nl| ““‘l\“lhu mk “."ll L|l ” M MW'J UH hl |.| 1l | LIy 80
a T \ P ’
7 |Oading: 0.5 mg/cmz | Shut Down S:uwt(iO\:;
15 8 165 ' powertoss ——>] [0 ) 75
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| I Replaced DIResin__|
Before StartUp
14 - ' ' ' ' ' 1.60 : ; : . ; 70
0 1000 2000 3000 4000 5000 6000 0 100 200 300 400 500 600
Current Density ( mAfecm?) Run Time ( Hours )
Active Area: 50 cm? @ Ambient Pressure and ~ 80 °C
[ ]

Low Ir loading NSTF cells exhibit good performance and durability

14
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Accomplishment 3: Ir ECS Protocol Development
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* Mass activities (solid lines) of 0.1, 0.2, and 0.4 A mg, !
e Loss of ECA after voltage hold
 Mass activity decreases after voltage hold
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Accomplishment 4: MEA
Degradation Studies

Anode Catalyst ___| _IrBlack M) _| __Ir/W.Ti, 0,

Fresh MEA v v
Voltage cycling 1.4Vto2.0V 1.4Vto1l8V
(> 10, 000 cycles) 14t01.8V
Constant voltage hold 20V 1.8V
(48 hours)
Long-term durability test 2 A/cm? 1.5 A/cm?
(1000-h test)
Ir Loading (mg/cm?) 2,0.4,0.1 2,0.4,0.1

* Polarization curves acquired after individual stress tests
* MEA characterized at ORNL to elucidate microstructural changes

Correlation between electrochemical stability and microstructural changes?

17



Anode Ir; cathode Pt/C;

membrane: Nafion® 115
Fresh MEA

Anode: 0.4 mg/cm? Ir
Cathode: 0.4 mg/cm? Pt

LT

membrane
(no Irin membrane)

appear rough)

Ir black layer comprised nm-sized, agglomerated Ir particles
Some IrO, identified on the surfaces of Ir particles
* No Pt or Ir particle in the membrane

18



Aged MEA : Near Anode

1.4V (30 sec.) to 2.0 V (3.0 sec.), 10, 000 cycles,

. Anode: 0.4 mg/cm? Ir
Cathode: 0.4 mg/cm? Pt

membrane

membrane

 Significant Ir oxidation occurs at anode/membrane interface and within anode pores
* Spherical nanoparticle agglomerates clearly formed in the membrane(red arrows)

19



Aged MEA : Near Cathode

* Ir migrated from anode across membrane to cathode that can lead to electrical
shorting of the membrane-catastrophic !
* No distinct Pt particles in membrane adjacent to cathode 20



Project Summary

Both Giner Ir/W,Ti,; ,0, and 3M Ir-NSTF anode catalysts have been scaled up
and tested in short stacks (5-6 cells, 50 cm?)

Giner scale-up Ir/W Ti, O, catalyst based anode demonstrated superior
performance to standard anode, but fast performance decay:

- Catalyst morphology structure changes upon scale-up (Ir particle size, Ir
dispersion)
- Precisely-controlled catalyst synthesis helped to stabilize the catalyst

3M scale-up Ir-NSTF on 100 pM low EW membrane demonstrates great
performance

- Lower over-potential than Giner Standard Cells
- Excellent durability upon constant current test at 2 A/cm?

Catalyst durability AST protocol investigated on cohesive collaboration
between NREL and Giner and a variety of OER catalysts have been
characterized.



Collaborations

Giner Inc. (Giner) Prime, oversees the project; Ir/W,Ti; O,

Hui Xu (P1), Brian Rasimick, Allison Stocks, and catalyst scale-up; single and short stack tests,

Michael Smith cell tests, cost analysis; catalyst and MEA test
protocol

National Renewable Energy Laboratory Subcontractor; fundamental studies of MEA

(NREL) degradation; standard protocol establishment

Bryan Pivovar, Shaun Alia, K. C. Neyerlin

3M Company (3M) Vendor; IrNSTF based catalyst development,

Krzysztof Lewinski, Sean Luopa short production, cost analysis

Oak Ridge National Laboratory (ORNL) Collaborator: catalyst and MEA structure

Karren More characterization

Great team with complementary expertise leads to project success!

22



Future Research

* Identify and resolve durability issue of Ir/ W, Ti,_ O,
catalyst upon scale-up;

 Complete AST durability test protocols and correlate
with real performance test

* Complete 5000-h Stack durability of selected Giner
and 3M catalysts

 Select catalysts for Giner sub-MW electrolyzer stack
construction
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AST of 3M N115 Decals

Anode: Ir-NSTF (Ir: 0.25 mg/cm?); Cathode: standard, 80 ° C, Nafion ® 115

IR-Corrected Voltage (V)

165 4 1.85 4
' -~ 18 -
: o 175 1
(1]
g 17
1.55 4 g 1.65 - —Start-Up
—Start-Up 2 16 . 1500 Cycles
| - e
1.5 1500 Cycles 156 ~5700 Cycles
«5700 Cycles '
15 + 11800 Cycles
1.45 +11800 Cycles ] —
20000 Cycles 1.45 " ik
1.4 - R TTIT T 1 e T e e
10 100 1000 10000 0 500 1000 1500 2000
Current Density (mA/cm2) Current Density (mA/cm2)

AST: voltage cycling from 1.4 V to 2.0V, 30 min for each voltage, square wave

Good durability demonstrated in a single cell test after initial conditioning
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Performance Upon Durability Tests

Ir Black: 1.4-2.0V Cycled MEA Ir Black: 2.0 V-hold MEA
2
185 —s==(nitial (0.17250hm*cm2) -
19 ~&~24 Hours {0.175 Ohm*cm?2) /
_.-"’.
s 175 48 Hours (0.1675 Ohm*cm2) "'
*g 1.8 )
S 165
e —a— Initial (0,145 17
E Ohm*cm2)
g 155 —— 1500 Cycles [0.115 -
5 Ohm®*cm2) !
—d— 3000 Cycles {0.115
1.45 Ohm*cm2) 15
i 10000 Cycles (0.11 !
Ohm*cm2) i
1.35 + i f 14 ¥
0 500 1000 1500 2000 2500 0 <00 1000 1500 2000
Current Density (mA/cm2) Current Density (mA/em2)

MEA degradation due to Ir agglomeration and migration/deposition does NOT MANIFEST
in electrochemical performance - More aggressive stress protocols
High Ir loading (0.4 mg/cm?) obscures the catalyst degradation nature?
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Durability Tests w/ Extreme Low Ir Loading
Anode: 0.1 mg/cm? Ir black; Cathode: 0.4 mg/cm? Pt

1.75 -
2.10 - ] 2
] » 1.70 | ¢ Start-up o
2.00 — : S | m1440 Cycles AT
] S 165 | ~4320Cycles -
__ 190 - ¥ 1 ©10200 Cycles
E o S 160 ] * 23115 Cycles
g f g -+-Start-up 3 :
2 170 | #1440 Cycles g 1994
] 44320 Cycles S - ]
1.60 1— 10200 Cycles x
1.50 ] —18675 Cycles 1.45 +
+-23115 Cycles ]
1-40 T T T T 1-40 -i LI | 1 1 ! I
0 500 1000 1500 2000 10 100 1000
H 2
— Current Density (mA/cm?)
1.68 Y= 556E-06x + 161E+00 & * Electrochemical performance
R?*=9.47E-01 o
S 166 = loss clearly observed at 0.1
g.'ln 164 - =4.2;;l:-0&x.+ 1.59E+00 2 .
g R? = 9.62£.04 mg/cm? loading !
S 162 - .
T 1eo 4 - Sample to be characterized
g 1.58 -
S 156 T +16 A/em? « While increasing Ir loading to
154 0.8 A/cm? 2
: 0.4 Afom? 2.0 mg/cm?, no apparent
152 - : : - - | ]
0 5000 10000 15000 20000 25000 performance decay again

Number of Cycles 28



O map

 Significant Ir oxidation within porous regions of anode (red arrows);
* Migration of Ir/IrO, into membrane forming agglomerates
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Answers to Reviewers’ Comments

The  milestones might have been originally written to be lax.
Answer: the millstones were discussed with DOE SBIR Program Manager and considered
reasonable. In the Phase Il B project, we have re-polished the milestones to make them
more specific and measurable

The graph on slide 19 for the Ir NSTF approach shows a polarization curve that deviates
from the shape of the other catalyst curves. This should be explained. The error bars on
slide 19 are considerable and obscure comparisons between the catalysts. While
perhaps this amount of potential error is unavoidable, consideration should be given to
how this might be improved.

Answer: These data represented initial tests that may need to be repeated . This aspect
has been improved in this new presentation. A better comparison can be seen from
new data on Slide 12 (single cell) and Slide 14 (stack) in this presentation.

A project weakness is the lack of an approach to gain a fundamental, molecular-level
understanding of the catalyst surface and its effect on performance.

Answer: We tried to understand our catalyst in a fundamental and molecular level. Due
to the SBIR project nature, however, we did not have much time and resource to
complete this goal . Despite this , we collaborated with Dr. Karren More at ORNL to gain
the understanding of our catalysts via high resolution TEM images.



