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FC-PAD Overview & Cross cutting thrusts

oElectrocatal sts 9 9Ionomers,GDL, ObjECﬁve Of ThrUStS 4-6
y Electrode Layer
I and Supports Bipolar Plates
valldaticn * Develop and implement
e._ FC-PAD characterization
perando . .
Evaluation Fuel Cell Consortium for techniques and models
@g:mponem Performance and Durability to improve performance
aracterization ol
and durability of fuel
Office of Research ce I IS

Science p Organizations
Industry + Academia

* Highly integrated into
Thrusts 1-3

* Operando evaluation and durability is focus of this presentation
e Supported by modeling and characterization not specific to
individual components
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Overview - Relevance

Timeline Barriers
Project start date: 11/20/2015 * Durability of PEMFC stacks, which
Project end date: 09/30/2020 must include tolerance to impurities

and chemical and mechanical
integrity, has not been established

e Sufficient durability of fuel cell

e ANL, LANL, LBNL, NREL, and ORNL systems operating over automotive
drive cycles has not been

demonstrated

 Development and implementation of
accelerated stress tests (ASTs) are

National Labs

External Collaborators
e |IRD, New Mexico

* Umicore, Germany needed to shorten the time required
e GM, USA to address durability issues
e W. L. Gore, USA * MEA Targets:
e lon Power, USA * 300mA @ 0.8V
» Tanaka Kikinzoku Kogyo (TKK), Japan  1W/cm? @ rated power
e National Physical Laboratory, United e 5000 hour durability
Kingdom
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Overview - Approach (Operando Evaluation/Durability)

= Refine ASTs

* Proposed new membrane and electrocatalyst ASTs

= Evaluate durability of Pt-alloy catalyst based MEAs and propose
methods to improve durability
* Operando evaluation, Characterization and Modeling

" |mpurity effects on fuel cell performance
* Reversible/Recoverable degradation (membrane degradation fragments)
* Sulfate anion poisoning

= Benchmark SOA MEA
* Obtained MEA with membrane from Gore and SOA catalyst from GM

= Develop/Apply advanced electrochemical characterization
techniques
» Reference electrodes
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Accomplishments : Adoption of Membrane AST

Severe degradation of DuPont No degradation of DuPont Degradation of DuPont XL®
XL® after 307 hours @ OCV XL® 20098 RH Cycles 9934 RH Cycles in OCV

20 v F > HV mag WD pres e
7mm| 4.0 JDO72 esting A 0 #4 R g_AS 00 kV |2 000 x| 9.7 mm | 1.06e- orr | ETD Dupont 2

- Mechanical : RH cycling @ 80 °C,

. ' 25

30sec ‘:et amli . . Air (saturated = 2mins, dry =

4isef' ry cyciesin E 20 == Nechanical 2mins)

H2/Air ?E" 1s ——Chemical Target = 1333 hours (20,000 cycles)
e Similar RH stresses E ambined Chemical: OCV hold at 90 °C,

as determined by 3 1° 30%RH

4 Target = 500 hours
HFR g °
- Pt Combined : RH cycling @ 90°C;

* Cycling time needs
to be adjusted
based on HFR
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0 500 1000 15'.;.., H,/Air (saturated = 30s, dry = 45s)
Target = 500 hours (24,000 cycles)

Time (hours)

See additional slide for FCTT adopted AST




Accomplishments : Adoption of Electrocatalyst AST

0.6 to 1.0V cycles 0.6 to 0.95V cycles

* New AST 20X faster than old
i AST and 100X faster than
- JUUULL FCTT durability protocol

Voltage (V)
o e o B R -
n 94 b Rk W in
o
-
15
| ;
o
w
o
Itage (V)

o 10 20
Time (s) Time (s)

Target = 133 hours Target = 50 hours Higher N2 flow rates
(200sccm vs 75sccm)

80 80

70 - 70 -
@ 60 - S 60 - ——FCTT : Drive cycle
3 o0 - = FCTT : Drive cycle 3 50 - —&—New AST (100X)
< 40 - —i—New AST < 40 - ~8—New AST (100X)
8 30 - —<—New AST 8 30 - —m—New AST (100X)
IT} —&-New AST L —8-0Id AST (5X)
2 20 —8-0Id AST X 20 - —e—0ld AST (5X)

10 —e—0Id AST 10 —B—-0Id AST (5X)

0 . . ——OId AST _ 0

0 20000 40000 60000 80000 100000 0 1000 2000 3000 4000 5000 6000
# of Potential Cycles Time (hrs)

$ CPAD See additional slide for FCTT adopted AST
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Accomplishments : Refined catalyst AST

[0
o
|

80 1 0.15mg.Pt/cm? of Pt/C-HSA Pt/C @ 0.15mg.,,/cm?
707 4.9nm to 5.4nm 707
60 - 60 7
8 s >0 1
< a ——FCTT : Drive cycle: TEC10E20E
A 40 - 4.3nm to 4.6nm S 40
2 < 30 —=—0Id AST (5X): TECLOE20E
R 30 1 =#—New AST (1-serp) ] —@—New AST (25X) : TEC10E20E
20 - —e—Modified Old AST (0.6V to 0.95V) 1-serp &% 20
—#—New AST Low flow 4-serp (25X) : TEC10E20E
10 —4—New AST (4-serp) 10
== New AST (4-serp, high flow) 0 —&— New AST High flow 4-serp (100X) : TEC10E20E
0 . . . T w w \ |
0 50 100 150 0 1000 2000 3000 4000 5000
Time (hrs) Time (hrs)
* Acceleration factor can be increased with increasing N, flow rate
* High N, flow (200 sccm) results in 100X acceleration while low N,
flow (75 sccm) results in 25X acceleration
e Spatial variation in degradation is greater at the higher flow rate
* Use 75sccm N,: 5X acceleration over old AST
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Accomplishments : Alloy catalyst durability

50
40
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20 o
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0 B
-10 §
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T 40 ol Conditioned 607 =]
50 - Conditioned
S5.5nm

30 3| =
825 8|, .|

40 L

ECSA (m2/gm)

# Particle
# Particles

30 30 L

=—&—|RD Spongy Pt

30,000
cycles
9.5 nm

10 20 |

—&—Umicore/NREL 5
-20 \ \ 0

0 5000 10000 15000 20000 25000 30000 0
# Cycles

20

Particle Size (nm) Particle Size (nm)

* The 3 alloy catalysts tested met the BOL mass activity criteria
(Thrust 2)
e Surface area and beginning catalyst particle sizes are different
* The smaller particle size catalysts grew from 4.4nm to 5.5nm
* The larger particle size catalyst showed no increase (5.5nm) after AST
e ECSA loss of 40% can be met by starting with larger catalyst particle (>

4.5 nm)
Note: Loading not identical

$ Cp@Ap RD = 0.21mg,,/cm? and Umicore/NREL = 0.1 mg,/cm?
ruec ceu rerrormance -




Accomplishments : Alloy catalyst durability

1.00

VIR @ 80°C, 100%RH, 275kPa

Oxygen IR-Free-VIR @ 80°C, 100%RH, 150 kPa

0.95
esimenmicore/NREL (BOT)

=08 = el Umicore/NREL (EOT)
g _ Ea;o,go ] as|RD (BOT)
%0.7 emmmn micore/NREL (BOT) g «=@=IRD (EOT)
= el Umicore/NREL (EOT) >°
0.85 -
0.6 -| e=m==|RD (BOT)
«=@=|RD (EOT)
0-5 T T T I 1 0-80 T T | T 1
0 0.2 04 06 0.8 1 0 1 25003
Current Density (A/cm?) Mass Activity (A/mg.p,)
_. 120 - Impedance —=— Umicore/NREL (BOT : 0.91V)
E: Umicore/NREL (BOT : 0.88V)
* Fuel cell performance decreases Eioo eomwem i
even though ECSA can be Eo,so Before/After AST —e—IRD (EOT : 0.92V)
constant 2 0.60
o . £
e Kinetic losses observed and seem 3 0.0
to be independent of ECSA losses g 020
" 0.00

* Losses >30mV @ 0.8 A/cm?
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Accomplishments : Alloy catalyst durability

1400

1200 -

ESrom Il -/ \DF-STEM image”
| 2 g : et

DL032816-membrane | ‘

1000 - Co Ko peak
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cathode

800 -

Raw Counts

600 -

400 -

200

ol .

membrane

I 1 l l 1
6.6 6.8 7 7.2 74
Energy (keV)

* Loss in fuel cell performance mainly due to de-alloying of Co from the
PtCo electrocatalyst

* Significant and uniform Co present across entire membrane thickness
(no Co in anode)

* Pt enrichment at Cathode Catalyst Layer(CCL)/membrane interface (1.5
um in CCL) and large Pt particles form in the membrane
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Accomplishments : Alloy catalyst durability

Umicore
90:10

Pt:Co Ratio

4 L

Umicore

-

PtCo/HSAC PtCo CCL PtCo CCL
powder AST

* Co loss uniform across CCL thickness

* Average Co content in CCL decreases by =
60-70%

e Separated Pt and Co formed in the CCL
during AST

* Significant and separate Pt and Co

EHD present in membrane

AND DURABILITY
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Accomplishments : Modeling

1.00 Cathode half-cell model extending
Impedance @ 1.6 A/cm?  —=jir (80T : 0.35v) from gas channel to CCL

0.80 Before and After Catalyst AST—®-Air (80T :0.16V)
=t==HelOx (BOT: 0.50V)

0.60 =#—HelOx (EOT: 0.39V)

- Imaginary Impedance (Qcm?)
o
'
o

050 . GDL
' | MPL
i ' ' ccL
0.00 :
bm Membrane
0.00 0.50 1.00 1.50 2.00 +
Real Impedance (©2cm?) »
3-D Differential Cell Model 8 | Under Chanel 30 | «— oo Menbrane >
14
Model Parameters to be - 25 S
Determined from Limiting L T A ol oLine 1
Current Density 5 R,= Ry20 3 ’, e
.= 08 oLine 1 = 15 o
. oOline 2 ‘
=GDL resistance to O, transport 06 | . iies Under Land ol o
: o0 0 000000006000 ) ° o
=CCL pore resistance to O, 04 rees ®oo, “Poghe
transport 02 | «— eDL Membrane ——> 0 P00 600000
3 . 0.0 0.0
=lonomer film resistance to O, 00 02 04 06 08 10 00 02 04 06 08 10
transport ™ v
Nearly uniform ORR flux in Non-uniform ORR flux in

h’ CPAD CCL for R/R, = 0.05 CCL for R/R, =5
ruec ceu rerrormance T O




Accomplishments : Modeling

O, Transport Resistances in
Saturated Alloy catalyst =
Rg: Gas channel resistance

Assumptions
O, transport in GDL is by molecular diffusion: diffusivity is inversely
proportional to pressure

R4: GDL resistance = O, transport in 20-100 nm CCL macros is by Knudsen diffusion: diffusivity
R.: Combined resistance of weakly dependent on P
CCL pores and ionomer = O, transport in ionomer film and micro pores is independent of pressure
R.: CCL pore resistance = Water breaks through GDL because gas channel RH is 100%: R, = Ry(P, i)
< : = Jonomer is saturated with water and CCL pores contain liquid water : R =
R;: ionomer resistance ,
Rcf(')
150 [ 150
I T: 80°C; @: 100%; Air: 3 slpm; Hy: 1 slpm ' P:1.5atm
; . | ravc Cathode catalyst
1?5 | Transport Resistances L o 100% R and R;
100 2.5 atm 100 | Air:3slpm Iayer pore
I Rd | Hy:1slpm ]
Bl : resistance and GDL
€ | T © | i
s0 | 1.1 atm Rer 50 | resistance are
25 R primary
T 0 — contributors at
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
Current Density, A.cm2 Current Density, A.cm2

high current
density (100% RH)
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Recoverable Degradation

. 1
* From various developers and notable #'s of Fuel Cell Test
presentations (e.g. ECS), interest is increasing in  oes, — 120 o
: . 063 Bkw te | {1 §
understanding recoverable degradation _ o611 | Voage decar |11 €
. . ~ 0. | l105 O
* Losses noted during long periods of un- §,§Z? ? N\‘ o
. . = < 8
interrupted operation'-? S oo Vot ece = 5
8 os1+ . DRSS LRPSPIESIT. [ L
0.49 180 &
Known and suggested mechanisms: U A — =3
° Pt-OX format-ion and Pt red UCﬁOﬂ 0'4753'50}5'00‘76'\;:'0 7800 7950 8100 8250 8400 8550 8700 8850 9000
Time / hours
. . 1,2
¢ (e.g. Pt-.Ox have reduced kinetics) OCV Test3
e Adsorbed species 1
 Cathode!?—SOx / membrane fragments | |
* Anode!— CO or other adsorbed species 2 \\\\\\
* Transport ;
* Flooded catalyst layer/GDL!

o

20 a0 60 80
Time (hrs)

1S.).C. Cleghorn, et al, Journal of Power Sources, 158, 1, 2006, 446—454
2T, D. Jarvi, et al, Recoverable Performance Losses in PEM Fuel Cells, Abstracts of ECS (2003)
3 J. Zhang, B. A. Litteer, F. D. Coms, and R. Makharia, J. Electrochem. Soc., 159(7), F287-F293 (2012)
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Accomplishments — Sulfate ORR Inhibition (Ex situ)

% Pt-Vul 20% PtCo-Vul 20% Pt-Vul
20% Pt-Vulcan 0 o-Vulcan o Pt-Vulcan
0.0 1 0.0 1 ”
. — Initial
— — Initial_0 mM HSO, 0.002 ——  +10 MM HSO4-
~_ 05 | —*— Initial ~_ 205 ] - - - - post-removal of HSO4-
5 —e— Initial + 10 mM HSO4- E +10 mM HSO, <
E 01 | post-removal of HSO4- % 101 . .- post removal of HSO,’ ‘8‘ 0.001 -
2 > 5
B 151 2 g 0.000 |
8 ® 2
[a)] = .
= -2.01 o ] ] Sl
é £ e S -0.001
S5 25 = ] o o
o 3 A
30 ] -0.002 1
0.2 0.4 0.6 0.8 1.0 ' ' ' 1'0 0.0 f 0.4 0.6 0.8 1.0 1.2
E, V vs. RHE E, V vs. RHE

ORR inhibition
and recovery

Shift in onset of Pt-Ox

* Noticeable poisoning effect by sulfates in RDE

* PtCo alloy catalyst shows a larger decrease in performance with sulfate anions
10 mV shift for Pt/C ; 30 mV shift for PtCo/C

* Pt and PtCo alloy catalyst show full recovery after removal of the anions

* Onset of OH ads. shifts to higher potentials

* ORRinhibition affected by scan rate and direction (anodic vs cathode scan)

@ CPAD
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Accomplishments — Sulfate Anion Contamination (In situ)

ion: 2, . 2 .
10 mM Hkso. Infusion; 0.6 Alcm”; Catalyst: 0.1 mg Pt/cm Dry Pol Curve; Station TD3; MEA: 8420
10— 7 N LA L N 1.0 10 Cell Size 50 cma; Run #10, 28, 38; 14 Current Setpoints 10
—— iR Corr. Voltage [V] . T T L
Voltage [V]? —&— Before Infusion
0.8 b ——HFR [fiem’] Jos8 —a— After Infusion 4

— — -Base Fit % 0.8 —a— After CV Recovery {8 -
L | & ] A
P - g \-‘.\__\H i
ED.E = 106 “g e @
= 06} — " Hﬁ:‘a:. 406 o
& g 3 —i= £
8 o 2 1]
g 0.4 Baseline Infusion Infusion| Self-induced 0.4 % § %
Recovery £ 0.4 - qo4 &
S . =
' 0
0.2 - 0.2 2

1
e
[~

L 0.2 -
e F " |
1Y) P S S L b 0.0 , , -\_ ,

0.0
0 24 48 72 96 120 0.0 0.5 1.0 1.5

0.0

Time [hr] Current Density [Alem®]

 Sulfate infusion causes degradation in fuel cell performance at 0.6 A/cm? when
the cathode loading is 0.1 mg,,./cm? (no effect at 0.2 A/cm? and 0.4 mg,,/cm?)

* The adsorption of sulfate anions on the cathode catalyst resulted in
performance loss of AV, =24 mV

 Membrane resistance (HFR) was not affected by sulfate contaminant

* Voltage loss not recovered when infusion was stopped (AV, = 28 mV).

* Sulfate caused degradation appears to be reversible after potential cycling
recovery step.
Low voltages and high RH’s have been reported to result in recovery

[ ]
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Accomplishments — Sulfate Anion Contamination (recovery)

Infusion recovery . after infusion, Pt CV shows a decrease in ECSA
Cathode O ot Staton To3: Nows, 015 lcycles o After several CVs from low (0.085V) to high (1V)
) potentials, ECSA was partially recovered and
performance almost fully recovered

< * Recovery potential needs to be <= 0.3V for sulfate
E.[
3 anions
S ot
% * Cathode environment irrelevant between: N, or Air
i — - -
o svoremronon ] — Bofore nfusion | * Liquid water injection observed to hurt recovery
TV i, ) = Aer oy mecove
8 I R S i ey
0.0 0.2 0.4 0.6 0.8 1.0
Potential vs. HRE [V] Ocv tESts
Recovery in H,-N, at 0.4V Recovery in H,-N, at 0.2V
1.00 1.00
| . [ —Cet-Vol
3.32 | —Coivaines >g.zz 2 mV/hr el Voltage
.2_0.94 | 094 F"‘ \u, Kq
@092 - 11 mV/hr @ 0.92
Y |f— 80( 90
@ 0.90 .E
X088 5 0.88
g 0.86 - > 0.86
0.84 0.84
0'82 _ 0.82
0'80 0.80

1

0 1 2 3 4 5 6
ané/hﬂ s Recovery Time / hr

@ EPHD of Pt-Ox
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Accomplishments —Recoverable Degradation

1.2 Cell Voltage during consecutive 1-hour OCV holds o Degradaﬁon effect
S W 10 uVi/hr decreases with increasing
R W B —MEA#1  |evels of membrane
E 08 1 :mﬁzg chemical stabilization and
3 cathode catalyst loading
0.6 5.1mV/hr 1.2 mV/hr e Greater effect at outlets

0 5 20 25

1'I'oime (hoursl)5
MEA 1: Membrane with no additives : = 0.04mg;,/cm?
MEA 2: Membrane with no additives : 0.4mg,,./cm?

MEA 3: Chemically stabilized membrane : 0.4mg;,/cm?

Current density distribution at 0.1 Alcm?

0.115

0.11

0.105

0.1

0.095

0.09

© 0o ~N o g »~ W0 N =

0.085

1 2 3 4 5 6 7 8 9 10 11 12
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Benchmarking

* W. L. Gore provided 18 um membrane to GM

* GM applied SOA catalyst layer of 0.1mg,./cm?
@ cathode

* MEA meets DOE BOL Mass activity target (FC
137)

* Will be used in durability protocol, membrane
AST protocols, and catalyst/support AST
protocols to benchmark SOA MEA




Accomplishments : Spatially distributed Reference Electrodes

Anode outlet
_—

Centre for YN
Carbon A&

Natiul;al E'lysiul Laboratory Measurement

Luis Castanheira, Gareth Hinds iode et

o Nafion salt bridge contacts
directly the anode catalyst

1.0 A.cm2 50 ppm CO

0.9 —Potential V cell
layer through small holes S tanrivhest
in the GDL 0.8 —Eoien:a:xgz
oy e —Fotentia

o 6 of the 9 RE positions 0.7 —Potential V/ RE4
. > R .

were used (numbered in 0.6 Potential V RES

—Potential V RE6

o 3 unused holes were
sealed with a PEEK rod
(diameter 0.9 mm) inside
the PTFE tubing

N

w
direction of hydrogen flow) & 0.

&

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
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Collaborations

FC-PAD Consortium ANL, LBNL, ORNL, LANL, NREL

Umicore, TKK Supply SOA catalysts for evaluation

IRD, lon Power Supply SOA catalysts and/or MEAs for evaluation
GM/W.L. Gore Supply SOA MEA for Benchmarking

NPL

Reference electrode Setup

AND DURABILITY




Proposed Future Work

* Plans for the remainder of FY16
o Complete durability evaluation of PtCo alloy catalyst based MEAs
o Complete development of reference electrode setup

o Systematically evaluate effect of sulfate infusion as a function of potential
and during durability cycling protocol

o Quantify effect of reversible degradation under durability cycling protocol

* Plans for FY 17
o Evaluate durability of PtNi and advanced carbon based MEAs

o Use segmented/reference cell to evaluate effect of operating parameters
on durability

o Model durability of MEAs under both AST and durability cycling protocols

o Benchmark durability of SOA MEA (durability cycling , membrane AST, and
support AST)

o Adopt a differential cell for single cell durability testing
Evaluate effect of system contaminants on low loaded SOA MEAs

AAAAAAAAAAAAA




Summary

* Relevance: Evaluate durability of SOA MEAs, determine degradation mechanisms,
propose mitigation strategies to meet DOE 2020 durability targets for MEAs that
can meet the DOE 2020 Pt loading and BOL performance targets. Refine ASTs to
evaluate the durability of MEAs.

* Approach: Our approach involves developing advanced diagnostics, modeling
and characterization techniques to evaluate SOA MEAs and provide insights to
improve the durability of the MEA components to meet DOE 2020 performance
and durability targets.

* Accomplishments and Progress: 2 new ASTs have been adopted by the DOE.
Durability studies of SOA MEAs meeting BOL targets have been initiated.
Benchmarking of SOA MEA initiated. Reference electrode setup being developed
for durability studies.

* Future work: Identify all degradation mechanisms in SOA alloy catalysts and
qguantify voltage losses (especially in the mass transport region). Develop
mitigation strategies. Complete the development of advanced tools and models.
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New Catalyst AST (Square Wave)

Table A1 Electrocatalyst Cycle and Metrics

Cycle Square wave cycle: steps between 0.6 V (3 s) and 0.95 V (3 s) with rise
time of ~0.5 s or less; run polarization curve and ECSA at specified
intervals. Single cell 25-50 cm’

Number 30,000 cycles
Cycle time 6s
Temperature 80°C
Relative Humidity Anode/Cathode 100/100%
Fuel/Oxidant Hydrogen/N, (H, at 200 sccm and N, at 75 sccm for a 50 cm” cell)
Pressure Atmospheric pressure

Metric® Frequency Target
Catalytic Mass Activityb At beginning and end of test <40% loss of initial catalytic

minimum activity

Polarization curve from | After 0, 1k, 5k, 10k, and 30k cycles | <30 mV loss at 0.8 A/cm2
0to>1.5 A/cm” -
ECSA/Cyclic After 10, 100, 1k, 3k, 10k, 20k and | <40% loss of initial area
Voltammetry 30k cycles

a. A protocol such as the one in Table A9 should be used to recover reversible losses prior to measurement of
metrics.

b.  Mass activity in A/mg @ 150 kPa abs backpressure at 900 mV iR-corrected on H,/O,, 100% RH, 80°C, anode
stoichiometry 2; cathode stoichiometry 9.5. A minimum hold time of 15 min is recommended, with the mass
activity calculated based on the average current during the last 1 min. Multiple points should be measured at
low current, and the 0.9 V iR-free potential should be determined based on these measurements. Measured
ORR current may be corrected for I crossover. Based on the protocol published by Gasteiger et al., Applied
Caralysis B: Environmental, 56 (2005) 9-35.

c.  Polarization curve per protocol in Table A6.
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New Membrane AST (Combined Chemical/Mechanical)

Table A5 Membrane Chemical/Mechanical Cycle and Metrics (Test Using a MEA)

Cycle 'cle 0% RH (30 s) to 90°C dewpoint (45 s), single cell 25-50 cm*

Total time Until crossover >15 mA/cm’ or 20,000 cycles

Temperature 90°C

Relative Humidity Cycle from 0% RH (30 s) to 90°C dewpoint (45 s)*

Fuel/Oxidant H,/Air at 40 sccm/cm’ on both sides

Pressure Ambient or no back-pressure

Metric Frequency Target

F~ release or equivalent for | Atleastevery 24 h No target — for monitoring

non-fluorine membranes

Hydrogen Crossover | Every 24 h <15 mA/cm®

(mA/cm?)®* -

ocve Continuous Initial wet OCV = 0.95 V, <20%
OCV decrease during test

High-frequency resistance Every 24 h at 0.2 A/cm’ No target — for monitoring

Shorting resistance® Every 24 h >1,000 ohm cm’

a.  Step durations of 30 s dry and 45 s wet were selected in testing at LANL so that the HFR at the end of the dry
step was 2.5 times the HFR at the end of the wet step, which is approximately equal to the HFR ratio that occurs
when running the mechanical test (Table A4). Depending on hardware used, these step times may need to be
adjusted to achieve the same HFR variation.

b. Tested in MEA on H,, 80°C, fully humidified gases, 1 atm total pressure. See M. Inaba, et. al. Electrochimica

Acta, 51,5746, 2006. Crossover recorded after 2 min of drying under 0% RH conditions.
c.  Hydrogen crossover and OCV tatgets should be achieved at 0 kPa pressure differential and at 50 kPa anode

ovetpressure, providing sensitivity to global membrane thinning and to hole formation, respectively.

d. A protocol such as the one in Table A9 should be used to recover reversible losses at least once every 24 h and
prior to each measurement of metrics.

e. Measured at 0.5 V applied potential, 80°C, 100% RH N,/N,. Compression to 20% strain on the GDL.
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