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FC-PAD: Consortium to Advance Fuel Cell
Performance and Durabilit

Approach Objectives
Couple national lab capabilities with funding * Improve component stability and durability
opportunity announcements (FOAs) for an influx of e Improve cell performance with optimized
innovative ideas and research transport

EPHD * Develop new diagnostics, characterization
tools, and models
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Consortium fosters sustained capabilities  Structured across six component and cross-

and collaborations cutting thrusts
Core Consortium Team* oElectrocatalysts 9Electrode Laver 9Ionomers, GDL,
,"\l . e and Supports 4 Bipolar Plates
l:f reeer 1 M d I‘ d
argonme™ A — -
NATENALRENEWAELE ENERGY LABCRATORY é %ﬂ Evaluation F u e | Ce | | CO n SO rtl u m fo r

O component  Performance and Durability

Characterization

Prime partners added in 2016 by DOE solicitation
(DE-FOA-0001412) Foundational Research

Science Ind ia Organizations
% United Technologies VLT~
Research Center

Lead: Rod Borup (LANL)

ﬂ PH I ' Deputy Lead: Adam Z. Weber (LBNL) -Afm e
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FC-PAD Organization @ [CPAD

DOE Program
Management:

Greg Kleen
D. Papageorgopoulos

Cocrrdfator FC-PAD Steering Committee

Director: Rod Borup * Couple national lab capabilities

U.S. Drive/FCTT

plus appropriate
advisory panels

Associate Steering

Committee Members i : Ad b .
g -— with future FOAs to foster
0001412 Component Cross-Cut Area » . .
Area Leads Leads innovative ideas and new research
Electrocatalysts Modeling and . .
and Supports Validation e Other collaborations continue
Deborah Myers Rajesh Ahluwalia .
S outside the FOA process
Electrode Layers Evaluation . . .
K.C. Neyerlin R. Mukundan * Steering committee input
lonomers, GDLs, :::’;:;:::ﬂ:: o Achieve consensus for no-cost, non-
pr—e— Karren Hore FOA collaborations from FC-PAD Core
2\ o Input on AOP (Annual Operating Plan)
Tore Teams tasks and milestones

Technology ANL LANL  ORNL
Transfer/Agreements | [ Data Team
Team LEML MREL

@ CPAD
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FC-PAD Thrusts, Coordinators, and NL Roles

DOE:

Dimitrios Papageorgopoulos Director: Rod Borup
Greg Kleen Deputy Director: Adam Weber
Thrust Areas Coordinator

Electrocatalysts and
Supports

Electrode Layers

lonomers, Gas Diffusion
Layers, Bipolar Plates,
Interfaces

Modeling and Validation

Deborah Myers (ANL)

K.C. Neyerlin (NREL)

Ahmet Kusoglu (LBNL)

Operando Evaluation:
Benchmarking, ASTs, and
Contaminants

Component
Characterization and
Diagnostics

Moderate
Activity

e Coordination between thrusts

Rajesh Ahluwalia (ANL)

Rangachary Mukundan
(LANL)

Karren More (ORNL)

* Thrusts do not stand alone; standardization of materials

* Input from DOE, associate steering committee members, FCTT, AMR reviews
e Support to FOA projects

@ CPAD
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FC-PAD Consortium - Overview & Relevance

Timeline Barriers
Project start date: 10/01/2015 Cost: 540/kW system;

Project end date: 09/30/2020 514/kW, o MEA
e Performance @ 0.8 V: 300 mA / cm?
Budget e Performance @ rated power: 1,000
FY18 project funding: ~ $4,000,000 mW / cm? (150 kPa abs)
As proposed: 5-year consortium with e Durability with cycling: 5,000 (2020)
quarterly, yearly milestones & Go/No-Go — 8,000 (ultimate) hours, plus 5,000
Total Expected Funding: Dependent upon SU/SD Cycles

budget allocation L
e Mitigation of Transport Losses

Partners/Collaborations  Durability targets have not been met
(To Date Collaborations Only) without system mitigation
* Partners added by DOE DE-FOA- _ e The catalyst layer is not fully under-
0001412 (GM, 3M, UTRC, Vanderbilt) stood and is key in lowering costs by
e See list at end of slides, no-cost meeting rated power.
collaborations e Rated power@ low Pt loadings
reveals unexpected losses
9 CPAD 5
o




FC-PAD Consortium — Relevance & Objectives

Overall Objectives:
 Advance performance and durability of polymer electrolyte
membrane fuel cells (PEMFCs) at a pre-competitive level

e Develop knowledge base for more durable and high-performance
PEMFC components
Understand science of component integration

- e.g.lonomer interactions with carbon/interfaces between electrodes and
GDL or membranes

Improve high current density performance

« Improved electrode structures
« Reduced mass transport losses

e Improve component durability (e.g. membrane stabilization, self-
healing, electrode-layer stabilization)

e Provide support to DOE Funded FC-PAD projects from FOA-1412




Approach: Overview

. Develop knowledge base and optimize structures for more '
durable and high-performance PEMFC components
e Structured in 6 Thrust areas

o Understand Electrode Layer Structures
— Advanced characterization techniques
— Testing and diagnostics
— Macroscale and Microstructure modeling
o Defining/Measuring Degradation Mechanisms
— Membrane: cation migration
— Catalyst: Pt-alloy dissolution, carbon corrosion
o Novel Electrode Layer Design and Fabrication

— Ordered array electrode
— Other concepts being investigated (not ready to report on)

AAAAAAAAAAAA



Approach: Overview

FC-PAD Presentation: (One combined presentation)
— Overview, Framing, Objectives, Approach, Milestones
— Characterization of Commercial Components
— Durability: Membrane, Catalyst, Carbon Corrosion
— Performance — Novel MEA construction
— Thin film characterization
— Microstructural modeling

e FOA-1412 Projects
e FC155 (3M)
¢ FC156 (GM)
e FC157 (UTRC)
e FC158 (Vanderbilt)




FY2018 Q1, Q2 Milestone Status

Progress Measures, Milestones, Deliverables Comments
Macroscale modeling converged for polarization behavior using scaled f Completed
Q1 | ANL, LBNL | up properties from microstructural model. (LBNL, ANL) [From Q2 v Dataincluded in
originally] AMR
v' Completed
Q1 LANL Carbon corrosion by direct CO, measurement comparison of ‘identical’ . .
Pt/C and PtCo/C and comparison with thermal analysis stability v Data included in
AMR
v' Completed

Measurement of the effect of break-in processes on Pt/HSC, Pt/GrC and
Q1 | NREL, ORNL | state-of-the-art PtCo/C activity, performance and resistance as well as v' Data included in
catalyst layer morphology (NREL, ORNL, LANL, ANL) AMR

lonomer/solvent ink properties with 3M ionomer measured with three
solvents of different dielectric constants and correlated to as-cast

ANL, _ , _ , ,
Q2 LBNL membrane film properties. Determine effects of three solvent v" Dataincluded in
ORNL’ compositions and sonication time of PtCo catalyst-ionomer inks on Co AMR

loss from catalyst, changes in catalyst atomic structure, and ink

agglomerate structure. (ANL, LBNL, ORNL).

Deliver/Deposit Pt by preferential CVD on at least three electrode

Q2 LANL, templates (fabricated using electrospun nanofibers) to LANL from NREL. v
NREL Characterize performance, access to active sites and local transport

(NREL, LANL).
AND DURABILITY
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FY2018 Q3, Q4 Milestone Status

QTR Lab(s) Progress Measures, Milestones, Deliverables Comments
Establish correlation between in situ and ex situ examinations of cation
effect on transport; quantify how applicable ex situ measurements are
for in situ performance. Water uptake (ellipsometry), morphology v

ANL, LBNL, In Progress/on
(GISAXS and NR), and oxygen transport (microelectrode) measured :
Q3 | LANL, NREL, . . o . track
ORNL (All for 2 different Nafion thin film thicknesses (between 10 and 150 % ) )
nanometer) with 2 different Ce and Co doping levels determined by Data included in
leaching rates and verified by microscopy. Measure O, and H, limiting AMR
current at 3 different RHs 25, 50, 100%. (LANL, ORNL, ANL, LBNL, NREL)
Definition of the allowable cation contaminant level (e.g. Ce or Co) to
v" In Progress/on

ANL, LBNL, | limit performance degradation to 10% due to reduction of either proton

Q4 | LANL, NREL, | conduction or oxygen transport from the cation/ionomer track
ORNL (All) | interactions. Provide a method to keep cation related performance v’ Data included in
reduction to 10%. (LANL, ORNL, ANL, LBNL, NREL) AMR

AND DURABILITY




Approach

»)
Approach: Durability

Results intended to guide component, cell, and stack development efforts to
improve durability by identifying degradation mechanisms

MEA durability is primary concern,
— Durability of other stack components, including bipolar plates......

e Materials-based solutions to decrease degradation

 Component microstructure stability in three-phase region of reactant gas,
electrolyte, and catalyst and impact of microstructure on durability

e Catalyst layer stability, including support stability, and methods to decrease
support corrosion and compaction while maintaining appropriate pore structures

* Durability/aging and evolution of transport properties and phenomena
e Characterization of degradation phenomena in state-of-the-art membranes

e Identifying and characterizing degradation mechanisms associated with
contaminants (e.g. Co leaching from alloy catalysts)
o Membrane/catalyst — cation migration (Co/Ce)
o Catalyst — particle grown/alloying agent leaching/kinetic and transport losses
o Catalyst support — alloying effect on carbon corrosion

Q CPAD
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PtCo Alloy Catalyst Degradation

Accomplishments

S

—e—BOL — 700 - 50
=pe=15,000 cycles oo 600
—&-30,000 cycles + Recovery E - 40
—4—15,000 cycles + Recovery < 500 - €
6 1 ; > 400 - 0%
4 - 2 300 - 0 £
02 - &m’ 200 | =@=Mass Activity (A/mgPt) é
80 °C, 100% RH, 150 kPa @ 100 - - 105
0.0 . . . . . . b~ =8-ECSA (m2/gm)
0.0 0-3 1.0 1> 2.0 23 30 i 0 10600 20(I)00 3ocl)oo 4000(;)
H 2
Current Density (A/cm?) # of catalyst AST cycles
Small losses in low current region * ECSA loss due to particle size increase
Larger losses in high current region * Mass activity loss due to Co leaching
2 .
5 — =e=B0L (Air) 80 °C, 100%RH
£0.6 - =&=BOL (HelOx) 150 kPa, 2A/cm?
_15 - y=11.2x+ 0.053 %o g «=@=30,000 cycles (Air)
E | 20_4 | =m=30,000 cycles (HelOx)
‘r; 1 4 _,-""‘:i‘f;'}@ g’_
= e A £
S x - >0.2 -
o
0.5 - £ 30,000 cydes g
- X
h _g 0.0 - T T |
o - . : 0.0 0.2 0.4 0. 0,8 1.0
o 0.05 0.1 0.15 Real Impedance?ﬂ.cm )
BOL 1/R.F. e BOT:75% MT losses recoverable in HelOx

°__ Local transport resistance increases  «  EQT : 40% MT losses recoverable in HelOx

CPAD
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Accomplishments

PtCo Alloy Catalyst Degradation

15k cycles + recovery 30k cycles + recovery

= ad

e Minimal CL thickness change
e Minimal CL porosity change
* Pt in membrane increases with cycles; ~2um Pt-depleted zone after 30k cycles
* PtCo catalyst size (4.4nm vs. 5.5nm)
e Overall CL composition (Co:Pt 0.14 vs. 0.11)

Mass activity loss due to Co leaching - partially recoverable

$ CPAD
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Accomplishments

[Effect of Electrocatalyst Alloying on Carbon Corrosion

@ 120 7 co, during AST: 1 to 1.5V (600 cycles)
(1]
- ] —30% PtCo/C
c £100 o/ 0.8
‘s O
© 580 - e=730% Pt/C —
o 2 20.6
o L ——50% PtCo/C o
c S 60 - ° oo
o ¥ o]
'r% ~ 20 | 50% Pt/C (450 §0.4
o e cycles)

20 - 0.2

0 *—_——J‘ I

0 1000 2000 3000 4000 0

Time (s)

e Corrosion rate of Pt/C and PtCo/C are identical
e Corrosion rate of 50%Cat/C < 30%Cat/C — 250
e Rate adjusted for total carbon is similar in 30% and %200

g

50% £ 150
e Alloy catalyst loses more performance than Pt ‘T

catalyst even though corrosion rate is similar § 100

e Mass transport limitations of alloy catalysts are _§ 50
worse than Pt catalysts at BOL =

* Exacerbated by C-corrosion © 0

& CPAD All carbons HSAC
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30% Pt/C (EOL) °
®=30% PtCo/C (BOL) ™
30% PtCo/C (EOL) 80 °C,

eie=50% PtCo/C (BOL) 100%RH,
«te=50% PtCo/C (EOL) 275kPa

0 0.5 1 1.5 2 2.5

Current Density (A/cm2)

e=—30% Pt/C
e=50% PtCo/C
50% Pt/C (450 cycles)

—

1 to 1.5V (600 cycles)
I I

0 1000 2000 3000 4000

Time (s)




Accomplishments

Catalyst Comparison during Carbon Corrosion

60 1 : . : 1 . : T
_ = PtCo/HSAC PtCo/HSAC o cor Pt/HSAC
50 E EPt/HSAC 08 § ‘. m z0cyes 1 0.8 m 500 Cycles
g = Pt/LSAC > ‘Q A..A me R 522;320'5'5 > ‘0 4 -A » A 1000Cyeles
= = - 1 cles
& 40 E% % g 06 | ‘0 A:.-. ' ' ‘_é 06 “ A A- o @ 2000 Cycles
> E =] — z * Ame g . A me
T E == = g ¢ A, e * A me
E 30 | E= EEE _= g o4 | % Ame Soal % A, mo
< = = = = ¢ A mo * A meo
9 = = = 3 . ame + s Tmwe
W 20 | E= === E = 02 . RRe o2 L4 A =
EE EE E E 0 0.5 1 15 2 0 05 1 15 P
EE EE E E Current Density, A cm -’ urrent Densi om 2
10 EE g% § % - Current Density, A
= E== SE== E= = Pt/HSAC is more stable than PtCo/HSAC over 1000 cycles
0 LE= == == E= =
BOT 200 500 1000 2000 5000
600 Number of Cycles
Distributed ORR oxide coverage kinetic model
500 % #PtCo/HSAC = Pt/HSAC * For Tafel kinetics, the ORR and CCL Ohmic
a g overpotentials are separable
2 400 | E Pt/LSAC 5,
< E _ Ne =N+ IR; (5)
S = = w0 anF_ ¢
2 300 |E=2 E= ;g U omT M
3 = £ L =igAp(1—6)e RTF, e”RTE
4 200 |EE E= = 3
s E E E= osses after 1000 AST Cycles
E = = E PtCo/HSAC 52 71
o — — — Pt/HSAC 50 49
100 500 1000 2000 5000 Pt/LSAC 21 3
AST Cycles

Q EPHD Triangle Wave (1-1.5 V, 500 mV/s) *Molar composition of Co in Catalyst: BOT / EOT
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Changes in Electrode Microstructure

Accomplishments

CCL Thickness

Pt/HSAC

Pt/LSAC

@ CPAD
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Pore Diameter, nm

175 225 275 325

Particle Size Distribution
60
BBOL <dp>=4.0 nm BBOL <dp>=3.5nm
50 B1000 Cycles <dp>= 4.8 nm E2000 Cycles <dp>=4.2 nm
g
= 40
g PtCo/HSAC Pt/HSAC
(O]
S 30
O
o
L 20
10
0 — = | | [=] = HESE | | — —
111927344249576572 111927 344249576572
Particle Diameter, nm Particle Diameter, nm
90
0 E S in catalyst particle
- 0| E Pore size distribution ize in HSAC
% =  PtCo/HSAC size in
e S0 = electrode after
5| = = 1000 cycles, but
“ 0| EE larger secondary
20| EE = pores have
VIEEE = collapsed
N— -




Accomplishments

Mass activity and Performance Losses

500 50 - Impedance for @ 0.2 A/cm2
«==PtCo/C 2.50 —6—PtCo/C (BOL)
- 450 ~ —=—Pt/C (BOL)
o € —#—Pt/LSAC (BOL)
*éb 400 =e=Pt/C éz‘oo —@—PtCo/C (1000 cycles)
£ 350 ot /LSAC.C < —#—Pt/C (2000 cycles)
g 300 Pt / - 5150 —— Pt/LSAC (5000 cycles)
Z 250 3
£ 200 E1.00
; 150 §
S 100 M ?E.Po.so
50 - rivy, 0"
0 0.00 : . . .
0 2000 4000 0.00 0.50 1.00 1.50 2.00 2.50
# of 1 to 1.5V cycles Real Imped. (Z) ohm-cm?
e ECSA loss tracks tracks particle size increase for * Kinetic Resistance @ BOL : Pt/LSAC > Pt/C >
Pt/C (3.5 to 4.2nm) and PtCo/C (4 to 4.8nm) PtCo/C (Open symbols)
e Mass activity loss of PtCo is a lot higher dueto Co ¢ Kinetic resistance @ EOL: Pt/C (2000 cycles) >
leaching (Pt:Co changes from 76:24 to 84:16) PtCo/C (1000 cycles) > Pt/LSAC (5000 cycles)

e Mass transport @ BOL PtCo/C > Pt/C > Pt/LSAC

* Kinetic region: PtCo/C has much higher resistance after corrosion experiment
e Mass transport region: Similar result but even at BOL Pt/C is better than PtCo/C

& CPAD
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Breakdown of Electrode Losses

Accomplishments

120

100 |

, uAcm Pt

0

S

Kinetic Losses

I I I PtCo/I—I|SAC
Pt/HSAC
Pt/LSAC

¢

80 |

60 |

40 |
)

o s

0 200

L
600

:

1000

400 800

Number of Cycles

Kinetic losses during carbon corrosion due to Co
leaching from active catalyst

Increased local transport resistance due to loss in
surface area (ECSA)

Pt and PtCo HSAC show additional transport
losses

Porosity as function of AST cycle estimated
assuming constant carbon corrosion rate and
knowing initial and final CCL thickness/porosity

CPAD
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Mass-Transport Losses

PtCo/HSAC

15 L

Pt/HSAC

05 L

Closed symbols: 100% RH
Open symbols: 42% RH

20

10

30

2 cm

Pt

Porosity Loss During Corrosion

B!

0.4 L

40
-2

50

Roughness, cm

_——____~
-
-~
-~

€

0.3 L

0.2 L

Porosity,

0.1 L

10 2

10
AST Cycles




Accomplishments

Modeling of lonomer Film Resistance (R;)

Total Resistance, s cm™!

N

3.5 T T T
@ Pt/LSAC Catalyst Support AST
B PtCo/HSAC Electrocatalyst AST P
3 e
. _e”
—\|=276scm™! _go—
i od
2.5 (Dﬂz) - 2.82 atm
2F e L 17
- — = 15.8scm
3 -1 Dy — A
Ry1 + R4 =179s5cm Z' T
1.5 -
- 1.7 atm
Orp*Rp=t085em
0 0.01 0.02 0.03 0.04 0.05
2 -2
1ISPt, cm® cmg,

Assume small changes in CCL thickness in
catalyst AST and support AST for Pt/LSAC

d Film resistance controls O, transport in CCL:
R¢ > R,

4FC
%:7%:%+&+&

R =27.6 scm™ PYLSAC; 15.8 s cm™! PtCo/HSAC

] GDL has remained stable
Ry1+Rai  Rgz + Raz

CPAD

FUEL CELL PERFORMANCE]
AND DURABILITY

=63.5scm tatm™?!

PDe., ©® &

;;/ i) €S
S @) @ &

) < & K

® f@ﬂ9@’§
@ @ @ RCf @% 8 R{ 02
) D & |-

@ @ Il Carbon

Electrode resistance from 1D macro-
homogenous model for O, transport in CCL

— (Be p ot ). p - [k
Rep = (ﬁ)wthﬁ i Re = (Dgz)’Rf (Dgzspt)

J— RC
>

R. = Pore resistance

R¢ = Film resistance [s cm™]
I = Catalyst/film thickness [cm]

C,

D, = Pore/film diffusivity [cm? s1]




Approach: Electrode Layers and Optimization

¢ Dispersions
* Interactions & pH
e lonomer thin films

SRRPSIRURIN © Impact of cations

Characterization \ Electrode

Formation and
Design

..............................................

* Preferentia

..............................................

e Formation process
e Specific designs &
components

| pathways

Component

e Limiting current
e Water & thermal

management

e Multiscale modeling

e ASTs

Characterization
& Diagnostics

Cell
Performance

Optimization
and
Understanding

and
Diagnostics

; e Visualization :

e Microstructural modeling

: e Catalyst & alloy '
characterization
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Accomplishments

Ordered Array Electrode

Array Electrode

Array Electrode Nanowire Electrode

H* H* Nanowire Electrode

| 1‘\‘ i M \l "‘I
-Carbon -Pt -Ionomer *not to scale “::s'f “c“" f'
N

i
® Meso-structured electrode relies on vertically aligned %3
ionomer channels for long-distance H+ transport '

® Catalyzed elements can have reduced ionomer

21



Ordered Array Electrode

Accomplishments

Array Electrode

«— 15 Celltemperature 30 °C -#’ - ““ V
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c 51 g 2 et
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P T e
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0.9 —A—Pillar-81/C 0.5 7
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S

00 02 04 06 08 10 12 14 16 18
Current Density (A cm™)

Loading (A/C) = 0.08/0.1 mg cm-2, Catalyst:

TEC10ES50E, Temperature: 80 °C, Pressure:150 kPa abs

PA
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Current Density (mA cm?)

5.0

2.54

0.04

-2.5

-5.0

-7.5

Nanowire Electrode

—— No Filler

Cell temperature: 30 °C
Scan rate: 100 mV st

FlIIer XC72 I/C O 28

04 06 0.8

Voltage (V)
—u— 100 % RH

0.9 —4A—50%RH

0.8 Miam. Open - No Filler
—~ 1A Solid - Filler XC72 1/C 0.28 |
> UA [ |
=074 N\ T~ ]
)] 0O A ]
2 I ou T~

[m] A |
% 0.6 _‘A \D \A \ ]
|

= -lA \D \A \-

0.54) N N\ ~, .

1l / AN ™~
O A |
0.4/ N, L Ny
03 T T T T T T T T T T T T T T T
00 02 04 06 08 10 12 14 16
Current Density (A cm™)
Loading (A/C) = 0.1/0.15 mg cm-2, Catalyst: TEC10E50E,

Temperature: 80 °C, Pressure:150 kPa abs




Approach: Establish SOA Commercial Components

Toyota Mirai Components Provided by USCAR

Analysis - inform current SOA material set in terms of composition, structure, performance,
and durability. Set current benchmark that new materials can be compared with and may
provide information about materials not previously explored in open literature.

e Cell sections provided by USCAR
— 300 hr operation (not “fresh”) :
— 3000 hr operation (“real-world” drive) &

e Task 1: Materials Analysis
— Task 1a: Catalyst and support
— Task 1b: Electrode layer
— Task 1c: Membrane and lonomer
— Task 1d: GDL/MPL
— Task 1e: Metal Bipolar Plate

membrane

anode

e Task 2: Performance Analysis
— Task 2a: Water management in flowfield
— Task 2b: Material durability performance

@ CPAD
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Accomplishments

Mirai: A case study in FC-PAD Characterization Capabilities

Techniques Component Material Data/Information
SEM/EDAX MEA MEA dimensions, composition, structure
TEM-cross-sections MEA MEA dimensions, composition, structure, ionomer mapping
TEM-Particle size distributions MEA Catalyst particle distribution, size

XRF MEA Elemental quantitation

XRF Mapping MEA Elemental mapping

XCT MEA MEA structure

TGA-MS Catalyst Layer catalyst wt %/ 1/C ratio

SAXS Catalyst catalyst particle distribution

EXAFS Catalyst Pt-Pt, Pt-Co bonding distances

XRD Catalyst catalyst particle distribution

FTIR Membrane Membrane composition

NMR Membrane/lonomer [Membrane composition/eq. wt

Titration Membrane Membrane equivalent weight

Testing - O2/Air Polarization MEA Catalyst layer performance

Testing - Catalyst AST Catalyst Catalyst durability

Testing - Carbon Corrosion AST

Catalyst Support

Catalyst support durability

NDIR- Carbon Corrosion

Catalyst Support

Carbon corrosion measurements

MIP GDL/MEA Component porosity

BET GDL/MEA Component surface area/pore-size distribution
Contact Angle - Sessile Drop GDL/Bipolar Plate Component Hydrophobicity

Contact Resistance Bipolar Plate Contact Resistance

XPS Bipolar Plate Bipolar plate elemental analysis

XPS - Depth profiling Bipolar Plate Bipolar plate coating structure

CPAD
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Accomplishments

Mirai: MEA Component Summary

e Cathode
— PtCo/C: Pt = 87mole%, 0.315 mg,,/cm?
— Cathode layer ~ 10um
— GDL separates from catalyst layer
e Anode
— Anode layer ~ 2.3 um; 0.050 mg;,/cm?
— GDL does not separate from catalyst layer
e GDLs
— Anode: ~ 150 um total with ~ 60 um MPL
— Cathode: ~ 160 um total with ~ 40 um MPL
— High concentration of CeO, particles in
MPLs; ~ 60 ug/cm? on cathode; ~ 120
ug/cm? on anode
e Membrane

— ~10-10.5 um reinforced with ePTFE; Nafion side chain
— EW of the membrane ionomer ~ 901 £ 1 g/meq by acid-base titration

e Bipolar Plate

— Cathode Ti foil with Ti porous mesh; ~ 80 nm carbon coating by XPS depth profile
— Anode serpentine; ~ 80 nm carbon coating by XPS depth profile

h’ FUEL CELL PERFORMANCE]|
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Accomplishments

Mirai: MEA Component Summary - CCL

HAADF-STEM

¢ e = CCL observations after 300hr:
e el o Cathode CL ~ 9-10 um thick and relatively dense
e lonomer distribution non-uniform within CL
e Localized regions of highly agglomerated PtCo/C
» Agglomerated PtCo/C not well infiltrated by ionomer
e Rough CL/membrane interface

-

membrane
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Mirai: MEA Component Summary - Electrocatalyst

80

701

60 L

50t

40 |

30+

# Pt-Co Particles

20}

Pt-Co Diameter (nm) ' { :
e Carbon support is acetylene black (AB) ot . % s

ﬁ > ‘39"' g
: W s M . ,ﬁ * " .,
e Smaller Pt-Co particles on “inside” of AB R e

- typically ~2-3 nm ' -

e Larger Pt-Co particles on “surface” of AB | &* —

- particles range in size from 5-10 nm

- large particles decorate surfaces of
secondary pores

EPHD Average Pt-Co nanoparticle diameter = 4.7nm
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Accomplishments

Mirai:

*&f _%EX i

e Avg. equivalent secondary pore diameter =
75 nm

e Green outlined regions show two “dense”
Pt-Co/AB agglomerates that exhibit smaller
pore sizes

e Larger secondary pores are between
agglomerates (with most of ionomer)

@ CPAD
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Accomplishments

‘Mirai: MEA Component Summary — Interface

e Rough CL/membrane interface (~1 um)
* Pt-Co/AB agglomerate protrusions extend into
membrane
e Very large ~20 nm dia. “Pt-only nanoparticles”
present at interface but do not form a
continuous layer Uniform, continuous enrichment of F
at CL/membrane interface ~100nm thick

"-l‘H

NLTE

{&RAD
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eral Component Summary: Bipolar Plate/GDL

Accomplishments

oy

> “‘ ?Cathode Plate/Foil

Depth Profile of Bipolar Plate

Ti
1001 ‘= O-Ti (x5)
80 N-Ti (x5)
= == N-surf (x5)
60

—C

Composition (at.%)

------
-
----------------------

Q EPHD e
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100 Cathode GDL Porosity
2 go ™ 29BC m 300 hrs 3000 hrs
~ Small pores <5 um
B 60 Large pores >5 um
g : I I II
O 20 I
(o

.l |
Small Large Total
Porosity
C 1s XPS

C-C

Profile
Depth

88 nm

T2 nm

288 286 284 282 280
Binding Energy (eV)



Accomplishments

Mirai: Catalyst/Catalyst-Support ASTs

No changes to structure or chemistry observed 1 300 hr
(catalyst, support, ionomer, membrane) observed j: 3000 hr
after 3000 hr “real-world driving” 6]

30k cycles

Mitigation strategies implemented were successful

Co (at.%

DOE FCTT-recommended durability protocols applied © ,:
to assess stability under more aggressive conditions: 2

e (Catalyst AST (0.6 — 0.95V square wave) ]
— Loss of ~ 25% of ECSA; CL thinning to 6um o o o . - o n
— VIR performance loss of ~ 25 mV at 1.0 A/cm? dameter (0m)
— XRD/TEM show particle growth and loss of Co
— Particle growth from 4.7 to 6.7 nm

e (Catalyst Support AST (1.0 — 1.5V cycle)

— ~50mV loss at 1200 cycles (HSAC shows large
performance loss at this point)

—e—BOT (300 hrs)
—e—1200 cycles
5000 cycles

Voltage / V

— Little performance remaining after 5000 cycles
— ECSA 60% loss at 5000 cycles; particle growth
from 4.7nm to 5.3nm

CL thinning from ~ 10 to 3um Current Density / A/cm2

Q EPHD
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Accomplishments

Mirai: Catalyst/Catalyst-Support ASTs

No changes to structure or chemistry observed (catalyst, support, ionomer,
membrane) observed after 3000 hr “real-world driving”
Materials are not stable during DOE FCTT-recommended durability protocol ASTs

30

120 ; . T I @® Back
——— 5-20 3000hr
——6-20 300hr P
100 75 Mid
i i e ® Front
w)
5 20 ® DepletedZone
S el 1
& = = Cathode Average
3 32 [ Y L] B
)

s 60| ] B 15 e ¢
B 8 LY
2 ® ®
g 40 L i 10 °
= ® g F o

20 5 fo‘

0w t [ ]
0 = == 1 0 T T T T T L] 1
0 2 4 6 8 10
0 5 10 15 20 25 30

PtCo Particle Diameter (nm)

300 hr Catalyst AST Catalyst-support AST
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Accomplishments

Conditioning: Testing Protocol

Anode Cathode

) ¢ Time Vollge R R
(sec) Volts

, 150 kPa, 0. —
10x  Open Circuit - 30 seconds 40 OoCcv 100 100
SLPM 0.900 V - 4 minutes 180 0.900
0.600 V - 4 minutes 240 0.600
ECSA: H,/N END CYCLE
—ZLZ e 20 mV/s (0-0.6 V,0-1.2V) 0.7V Hold forRH change 180 0700 32 32
(0] ) = _ 5x Open Circuit - 30 seconds 40  OCV 32 32
30 C' 150 kPa’ 100% RH * 50 mV/s (0 =0.6V, 0-1.2 V) 0.900 V - 4 minutes 180  0.900
. 0.600 V - 4 minutes 240 0.600
nlnngoltage END CYCLE
A ¢ 2 hour 0.7 VHold for RH change 180 0.700 100 100
'(ﬂgM 0.1V 10x  Open Circuit - 30 seconds 40  OCV 100 100
[ J .
o ) . 0.900 V - 4 minutes 180  0.900
50/150% RH; 150/1 0.600 V - 4 minutes 240 0.600

ﬂ;og Polarization Curves

* Constant Voltage : 0.750 — OCV (Anodic)
e Constant Voltage : OCV - 0.750 (Cathodic)

ﬂ> _2|r oarlzatlon urves

80°C, 150 kPa O,, 100% RH

° : « 100% RH
80°C, 150 kPa Air .« 80%RH
1.5-0.05A/cm, e 40%RH

ECSA: H,/N,
- « 20 mV/s (0-1.6 V,0—1.2 V)
ORI UERGZLUEY . 50 mv/s (0-1.2 V, 0-1.6 V)

H, Crossover
80°C 100% RH

@ CPAD 150 kPa H,/N,
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Accomplishments

Conditioning: Cathodic Mass Activities

50 wt% Pt/HSC TKK
50 wt% Pt/Vulcan TKK 5 0.05 HO0.10 0.15

0.05 mO0.10 0.15

General Conclusions:

o
N
o
o

Rigorousness of conditioning
required to reach maximum
performance does not
appear to depend
exclusively on generic nature
of carbon support or
presence of an alloy

o

H

(7
o
'S

o
w

o
=
o

[
i

o
N

o

o

u
=
=

Mas Activity, i %V (A mg;,?)
Mas Activity, i,,.%°Y (A mg,, )

s

T EETT IS TTITEF
(T TITITITTTI
LA L el

=

FFFFFTTFFFFFIFEy

o

o

o
o
(=]

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 Superficial observation
would be that variables
30 wt % Pt/HSC Umicore 30 wt % PtCo/HSC Umicore during the catalyst synthesis
07 — E0.05 M0.10 N0.15
7 £0.05 W00 [§O0.15 1.4 process may play a role
w 0.6
E
< 0.5
3 0.4 . :?.: : 3 A :i "4 : When compared to higher
'-503 . N | s i s S B | ";-.: loadings, lower loadings
> 0. i P I NE : N - : . .
£ N | s s | s § s E exhibit their largest disparity
;3 02 HN | § N \ : B § . in performance in first
8% [N | NN | - § : IR conditioning cycle
200 NI ¢ NE- N +- 1 NN |

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7

I”

CPAD Up to 2-3x variation between “initial” and peak i 22V
e ceecornan
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0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/HSC TKK



Anodic

		





Anodic

		0.2000775624		0.2208115747		0.2068655815		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.2235292362		0.2457323724		0.2152969053		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.2366218824		0.2342889206		0.2050641017		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.2314500817		0.2239719533		0.1959703452		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.2295005233		0.2194723774		0.1821020109		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.2283790746		0.2139002672		0.1888531874		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.2223337532		0.2057626053		0.1807746611		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1899835991		0.1644567447		0.144198229		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK



Cathodic

		0.3054583283		0.3320119853		0.4038528047		0.044710277		0.044710277		0.0110669969		0.0110669969		0.0393270113		0.0393270113

		0.3842417113		0.417663292		0.4415600162		0.0075836274		0.0075836274		0.0182256788		0.0182256788		0.0222207704		0.0222207704

		0.3962916814		0.4398656736		0.4444492534		0.0280406599		0.0280406599		0.0246480347		0.0246480347		0.0260707451		0.0260707451

		0.389848493		0.4253954768		0.4273687893		0.0448563298		0.0448563298		0.0304387644		0.0304387644		0.0304723471		0.0304723471

		0.3871185615		0.4104974642		0.395085992		0.0534687152		0.0534687152		0.0123969087		0.0123969087		0.0358713577		0.0358713577

		0.350622808		0.3837298413		0.3881511896		0.0608820858		0.0608820858		0.0128101059		0.0128101059		0.0282509338		0.0282509338

		0.3244920564		0.3690239001		0.3697357096		0.0555207058		0.0555207058		0.0168922396		0.0168922396		0.0301873605		0.0301873605

		0.2924969031		0.3621525262		0.3486884912		0.0496638384		0.0496638384		0.0264918886		0.0264918886		0.0344738578		0.0344738578



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/HSC TKK



Sheet1

		0.2362741506		0.250322747		0.3403845596		0.0356737854		0.0356737854		0.0228436238		0.0228436238		0.0450130449		0.0450130449

		0.3399106963		0.3246193718		0.3910630677		0.0168829031		0.0168829031		0.03882674		0.03882674		0.0466379862		0.0466379862

		0.3973810163		0.3730783823		0.415513352		0.0283395872		0.0283395872		0.0453741654		0.0453741654		0.0386266967		0.0386266967

		0.4245473579		0.4147832444		0.4470517324		0.0333414731		0.0333414731		0.0564532537		0.0564532537		0.0404045628		0.0404045628

		0.4603626864		0.4883151068		0.4738756642		0.0336574776		0.0336574776		0.1070546353		0.1070546353		0.0436115312		0.0436115312

		0.4773545919		0.4793611907		0.4886877126		0.0315766279		0.0315766279		0.0960371018		0.0960371018		0.0365231612		0.0365231612

		0.4646806502		0.5012985629		0.5095569633		0.0170835639		0.0170835639		0.0947652885		0.0947652885		0.0407592799		0.0407592799

		0.4763514346		0.4892586842		0.4980727863		0.0150993033		0.0150993033		0.0888615992		0.0888615992		0.0454801474		0.0454801474



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % Pt/HSC Umicore



		0.3828487072		0.7706632811		0.6095415299		0.0992614395		0.0992614395		0.0731884522		0.0731884522		0.0487241284		0.0487241284

		0.7294707566		1.0177260769		0.8040866162		0.0262580726		0.0262580726		0.0638674408		0.0638674408		0.0338502465		0.0338502465

		0.9224384182		1.1323775782		0.927642949		0.0338535098		0.0338535098		0.0414766647		0.0414766647		0.0460320511		0.0460320511

		1.0944950049		1.2168858618		0.9789301257		0.0338856078		0.0338856078		0.0436640017		0.0436640017		0.0310811023		0.0310811023

		1.165383454		1.2313405409		0.9590436941		0.0593045082		0.0593045082		0.1000128402		0.1000128402		0.0808021507		0.0808021507

		1.2240816918		1.1995025866		0.9905522091		0.0775132119		0.0775132119		0.1028374854		0.1028374854		0.061031321		0.061031321

		1.2255300392		1.2253091016		0.967409597		0.1175886291		0.1175886291		0.0977553646		0.0977553646		0.0442427813		0.0442427813

		1.2178972403		1.2267311935		0.9605314594		0.1309706754		0.1309706754		0.098483613		0.098483613		0.0316572048		0.0316572048



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % PtCo/HSC Umicore



		





		0.1869135568		0.1857451654		0.1618607041		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.202888148		0.1911407761		0.1611872163		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.2102071197		0.1848680533		0.1529914798		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.2082484945		0.1791974256		0.1452768061		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.2083810889		0.1659923194		0.1331104208		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.2049229549		0.1623124065		0.117695324		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.1898754956		0.157578712		0.1391430518		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1654632397		0.1295990449		0.1038375892		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK



		0.2392225937		0.2846964277		0.339171862		0.044710277		0.044710277		0.0110669969		0.0110669969		0.0393270113		0.0393270113

		0.3072889233		0.3468520758		0.3654615005		0.0075836274		0.0075836274		0.0182256788		0.0182256788		0.0222207704		0.0222207704

		0.3054929077		0.3499331057		0.3495948439		0.0280406599		0.0280406599		0.0246480347		0.0246480347		0.0260707451		0.0260707451

		0.3060582687		0.3481802345		0.3326216906		0.0448563298		0.0448563298		0.0304387644		0.0304387644		0.0304723471		0.0304723471

		0.2888335582		0.3450125031		0.3185803654		0.0534687152		0.0534687152		0.0123969087		0.0123969087		0.0358713577		0.0358713577

		0.265915527		0.3286691112		0.3109195128		0.0608820858		0.0608820858		0.0128101059		0.0128101059		0.0282509338		0.0282509338

		0.2406411951		0.3043432571		0.2927376959		0.0555207058		0.0555207058		0.0168922396		0.0168922396		0.0301873605		0.0301873605

		0.214114227		0.2893461074		0.2748113235		0.0496638384		0.0496638384		0.0264918886		0.0264918886		0.0344738578		0.0344738578



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/HSC TKK



		0.2154797626		0.2383693286		0.3202414645		0.0356737854		0.0356737854		0.0228436238		0.0228436238		0.0450130449		0.0450130449

		0.3054145929		0.3012161303		0.3686604705		0.0168829031		0.0168829031		0.03882674		0.03882674		0.0466379862		0.0466379862

		0.3521010273		0.3447179732		0.3970432865		0.0283395872		0.0283395872		0.0453741654		0.0453741654		0.0386266967		0.0386266967

		0.3740717436		0.369533725		0.4116614802		0.0333414731		0.0333414731		0.0564532537		0.0564532537		0.0404045628		0.0404045628

		0.3999797012		0.436583645		0.4450416918		0.0336574776		0.0336574776		0.1070546353		0.1070546353		0.0436115312		0.0436115312

		0.4049845031		0.4391693623		0.4341013711		0.0315766279		0.0315766279		0.0960371018		0.0960371018		0.0365231612		0.0365231612

		0.3948624954		0.4461177009		0.4532840379		0.0170835639		0.0170835639		0.0947652885		0.0947652885		0.0407592799		0.0407592799

		0.3844792485		0.4427579182		0.4514432842		0.0150993033		0.0150993033		0.0888615992		0.0888615992		0.0454801474		0.0454801474



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % Pt/HSC Umicore



		0.3364624433		0.6589572869		0.53639339		0.0992614395		0.0992614395		0.0731884522		0.0731884522		0.0487241284		0.0487241284

		0.6058228581		0.8534452095		0.7082718114		0.0262580726		0.0262580726		0.0638674408		0.0638674408		0.0338502465		0.0338502465

		0.7478908122		0.9598193034		0.8078106613		0.0338535098		0.0338535098		0.0414766647		0.0414766647		0.0460320511		0.0460320511

		0.7933422295		1.000843665		0.8398170196		0.0338856078		0.0338856078		0.0436640017		0.0436640017		0.0310811023		0.0310811023

		0.8506648254		1.0728323956		0.8915497745		0.0593045082		0.0593045082		0.1000128402		0.1000128402		0.0808021507		0.0808021507

		0.890206395		1.0873563453		0.9071442628		0.0775132119		0.0775132119		0.1028374854		0.1028374854		0.061031321		0.061031321

		0.9058293364		1.0733114838		0.9579059255		0.1175886291		0.1175886291		0.0977553646		0.0977553646		0.0442427813		0.0442427813

		0.9142279591		1.0762002609		0.9330232895		0.1309706754		0.1309706754		0.098483613		0.098483613		0.0316572048		0.0316572048



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % PtCo/HSC Umicore



		





		0.2000775624		0.2208115747		0.2068655815		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.2235292362		0.2457323724		0.2152969053		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.2366218824		0.2342889206		0.2050641017		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.2314500817		0.2239719533		0.1959703452		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.2295005233		0.2194723774		0.1821020109		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.2283790746		0.2139002672		0.1888531874		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.2223337532		0.2057626053		0.1807746611		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1899835991		0.1644567447		0.144198229		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK, Anodic



		0.1869135568		0.1857451654		0.1618607041		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.202888148		0.1911407761		0.1611872163		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.2102071197		0.1848680533		0.1529914798		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.2082484945		0.1791974256		0.1452768061		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.2083810889		0.1659923194		0.1331104208		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.2049229549		0.1623124065		0.117695324		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.1898754956		0.157578712		0.1391430518		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1654632397		0.1295990449		0.1038375892		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK, Cathodic



		0.0656105588		0.0949767734		0.106339303		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.0818385142		0.1012348896		0.1056959451		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.0899583972		0.0955844419		0.0979700947		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.088237258		0.0905367089		0.0905876606		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.087774678		0.0841312836		0.0850818868		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.0843507281		0.0802441674		0.070004366		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.0785755083		0.0748485965		0.058432769		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.0650657749		0.0510726959		0.0565731086		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK, Cathodic H2 Cross over corr



		0.0847633711		0.1256859231		0.1475352726		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.1066863438		0.1497036611		0.1560224386		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.119548644		0.1392912375		0.1463440531		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.1146231239		0.1300242114		0.1374329904		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.1124239546		0.1203986358		0.1363657212		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.1103954758		0.1150369521		0.1318903228		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.1042332558		0.1067520578		0.1241926171		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1032157008		0.0951476277		0.1076314857		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK, Anodic H2 Cross over corr




Chart1
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0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % PtCo/HSC Umicore



Anodic

		





Anodic

		0.2000775624		0.2208115747		0.2068655815		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.2235292362		0.2457323724		0.2152969053		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.2366218824		0.2342889206		0.2050641017		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.2314500817		0.2239719533		0.1959703452		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.2295005233		0.2194723774		0.1821020109		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.2283790746		0.2139002672		0.1888531874		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.2223337532		0.2057626053		0.1807746611		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1899835991		0.1644567447		0.144198229		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK



Cathodic

		0.3054583283		0.3320119853		0.4038528047		0.044710277		0.044710277		0.0110669969		0.0110669969		0.0393270113		0.0393270113

		0.3842417113		0.417663292		0.4415600162		0.0075836274		0.0075836274		0.0182256788		0.0182256788		0.0222207704		0.0222207704

		0.3962916814		0.4398656736		0.4444492534		0.0280406599		0.0280406599		0.0246480347		0.0246480347		0.0260707451		0.0260707451

		0.389848493		0.4253954768		0.4273687893		0.0448563298		0.0448563298		0.0304387644		0.0304387644		0.0304723471		0.0304723471

		0.3871185615		0.4104974642		0.395085992		0.0534687152		0.0534687152		0.0123969087		0.0123969087		0.0358713577		0.0358713577

		0.350622808		0.3837298413		0.3881511896		0.0608820858		0.0608820858		0.0128101059		0.0128101059		0.0282509338		0.0282509338

		0.3244920564		0.3690239001		0.3697357096		0.0555207058		0.0555207058		0.0168922396		0.0168922396		0.0301873605		0.0301873605

		0.2924969031		0.3621525262		0.3486884912		0.0496638384		0.0496638384		0.0264918886		0.0264918886		0.0344738578		0.0344738578



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/HSC TKK



Sheet1

		0.2362741506		0.250322747		0.3403845596		0.0356737854		0.0356737854		0.0228436238		0.0228436238		0.0450130449		0.0450130449

		0.3399106963		0.3246193718		0.3910630677		0.0168829031		0.0168829031		0.03882674		0.03882674		0.0466379862		0.0466379862

		0.3973810163		0.3730783823		0.415513352		0.0283395872		0.0283395872		0.0453741654		0.0453741654		0.0386266967		0.0386266967

		0.4245473579		0.4147832444		0.4470517324		0.0333414731		0.0333414731		0.0564532537		0.0564532537		0.0404045628		0.0404045628

		0.4603626864		0.4883151068		0.4738756642		0.0336574776		0.0336574776		0.1070546353		0.1070546353		0.0436115312		0.0436115312

		0.4773545919		0.4793611907		0.4886877126		0.0315766279		0.0315766279		0.0960371018		0.0960371018		0.0365231612		0.0365231612

		0.4646806502		0.5012985629		0.5095569633		0.0170835639		0.0170835639		0.0947652885		0.0947652885		0.0407592799		0.0407592799

		0.4763514346		0.4892586842		0.4980727863		0.0150993033		0.0150993033		0.0888615992		0.0888615992		0.0454801474		0.0454801474



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % Pt/HSC Umicore



		0.3828487072		0.7706632811		0.6095415299		0.0992614395		0.0992614395		0.0731884522		0.0731884522		0.0487241284		0.0487241284

		0.7294707566		1.0177260769		0.8040866162		0.0262580726		0.0262580726		0.0638674408		0.0638674408		0.0338502465		0.0338502465

		0.9224384182		1.1323775782		0.927642949		0.0338535098		0.0338535098		0.0414766647		0.0414766647		0.0460320511		0.0460320511

		1.0944950049		1.2168858618		0.9789301257		0.0338856078		0.0338856078		0.0436640017		0.0436640017		0.0310811023		0.0310811023

		1.165383454		1.2313405409		0.9590436941		0.0593045082		0.0593045082		0.1000128402		0.1000128402		0.0808021507		0.0808021507

		1.2240816918		1.1995025866		0.9905522091		0.0775132119		0.0775132119		0.1028374854		0.1028374854		0.061031321		0.061031321

		1.2255300392		1.2253091016		0.967409597		0.1175886291		0.1175886291		0.0977553646		0.0977553646		0.0442427813		0.0442427813

		1.2178972403		1.2267311935		0.9605314594		0.1309706754		0.1309706754		0.098483613		0.098483613		0.0316572048		0.0316572048



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % PtCo/HSC Umicore



		





		0.1869135568		0.1857451654		0.1618607041		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.202888148		0.1911407761		0.1611872163		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.2102071197		0.1848680533		0.1529914798		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.2082484945		0.1791974256		0.1452768061		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.2083810889		0.1659923194		0.1331104208		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.2049229549		0.1623124065		0.117695324		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.1898754956		0.157578712		0.1391430518		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1654632397		0.1295990449		0.1038375892		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK



		0.2392225937		0.2846964277		0.339171862		0.044710277		0.044710277		0.0110669969		0.0110669969		0.0393270113		0.0393270113

		0.3072889233		0.3468520758		0.3654615005		0.0075836274		0.0075836274		0.0182256788		0.0182256788		0.0222207704		0.0222207704

		0.3054929077		0.3499331057		0.3495948439		0.0280406599		0.0280406599		0.0246480347		0.0246480347		0.0260707451		0.0260707451

		0.3060582687		0.3481802345		0.3326216906		0.0448563298		0.0448563298		0.0304387644		0.0304387644		0.0304723471		0.0304723471

		0.2888335582		0.3450125031		0.3185803654		0.0534687152		0.0534687152		0.0123969087		0.0123969087		0.0358713577		0.0358713577

		0.265915527		0.3286691112		0.3109195128		0.0608820858		0.0608820858		0.0128101059		0.0128101059		0.0282509338		0.0282509338

		0.2406411951		0.3043432571		0.2927376959		0.0555207058		0.0555207058		0.0168922396		0.0168922396		0.0301873605		0.0301873605

		0.214114227		0.2893461074		0.2748113235		0.0496638384		0.0496638384		0.0264918886		0.0264918886		0.0344738578		0.0344738578



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/HSC TKK



		0.2154797626		0.2383693286		0.3202414645		0.0356737854		0.0356737854		0.0228436238		0.0228436238		0.0450130449		0.0450130449

		0.3054145929		0.3012161303		0.3686604705		0.0168829031		0.0168829031		0.03882674		0.03882674		0.0466379862		0.0466379862

		0.3521010273		0.3447179732		0.3970432865		0.0283395872		0.0283395872		0.0453741654		0.0453741654		0.0386266967		0.0386266967

		0.3740717436		0.369533725		0.4116614802		0.0333414731		0.0333414731		0.0564532537		0.0564532537		0.0404045628		0.0404045628

		0.3999797012		0.436583645		0.4450416918		0.0336574776		0.0336574776		0.1070546353		0.1070546353		0.0436115312		0.0436115312

		0.4049845031		0.4391693623		0.4341013711		0.0315766279		0.0315766279		0.0960371018		0.0960371018		0.0365231612		0.0365231612

		0.3948624954		0.4461177009		0.4532840379		0.0170835639		0.0170835639		0.0947652885		0.0947652885		0.0407592799		0.0407592799

		0.3844792485		0.4427579182		0.4514432842		0.0150993033		0.0150993033		0.0888615992		0.0888615992		0.0454801474		0.0454801474



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % Pt/HSC Umicore



		0.3364624433		0.6589572869		0.53639339		0.0992614395		0.0992614395		0.0731884522		0.0731884522		0.0487241284		0.0487241284

		0.6058228581		0.8534452095		0.7082718114		0.0262580726		0.0262580726		0.0638674408		0.0638674408		0.0338502465		0.0338502465

		0.7478908122		0.9598193034		0.8078106613		0.0338535098		0.0338535098		0.0414766647		0.0414766647		0.0460320511		0.0460320511

		0.7933422295		1.000843665		0.8398170196		0.0338856078		0.0338856078		0.0436640017		0.0436640017		0.0310811023		0.0310811023

		0.8506648254		1.0728323956		0.8915497745		0.0593045082		0.0593045082		0.1000128402		0.1000128402		0.0808021507		0.0808021507

		0.890206395		1.0873563453		0.9071442628		0.0775132119		0.0775132119		0.1028374854		0.1028374854		0.061031321		0.061031321

		0.9058293364		1.0733114838		0.9579059255		0.1175886291		0.1175886291		0.0977553646		0.0977553646		0.0442427813		0.0442427813

		0.9142279591		1.0762002609		0.9330232895		0.1309706754		0.1309706754		0.098483613		0.098483613		0.0316572048		0.0316572048



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % PtCo/HSC Umicore



		





		0.2000775624		0.2208115747		0.2068655815		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.2235292362		0.2457323724		0.2152969053		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.2366218824		0.2342889206		0.2050641017		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.2314500817		0.2239719533		0.1959703452		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.2295005233		0.2194723774		0.1821020109		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.2283790746		0.2139002672		0.1888531874		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.2223337532		0.2057626053		0.1807746611		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1899835991		0.1644567447		0.144198229		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK, Anodic



		0.1869135568		0.1857451654		0.1618607041		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.202888148		0.1911407761		0.1611872163		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.2102071197		0.1848680533		0.1529914798		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.2082484945		0.1791974256		0.1452768061		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.2083810889		0.1659923194		0.1331104208		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.2049229549		0.1623124065		0.117695324		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.1898754956		0.157578712		0.1391430518		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1654632397		0.1295990449		0.1038375892		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK, Cathodic



		0.0656105588		0.0949767734		0.106339303		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.0818385142		0.1012348896		0.1056959451		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.0899583972		0.0955844419		0.0979700947		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.088237258		0.0905367089		0.0905876606		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.087774678		0.0841312836		0.0850818868		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.0843507281		0.0802441674		0.070004366		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.0785755083		0.0748485965		0.058432769		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.0650657749		0.0510726959		0.0565731086		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK, Cathodic H2 Cross over corr



		0.0847633711		0.1256859231		0.1475352726		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.1066863438		0.1497036611		0.1560224386		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.119548644		0.1392912375		0.1463440531		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.1146231239		0.1300242114		0.1374329904		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.1124239546		0.1203986358		0.1363657212		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.1103954758		0.1150369521		0.1318903228		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.1042332558		0.1067520578		0.1241926171		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1032157008		0.0951476277		0.1076314857		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK, Anodic H2 Cross over corr




Chart1

		0		0		0		0		0		0		0		0		0
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		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0
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0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % Pt/HSC Umicore



Anodic

		





Anodic

		0.2000775624		0.2208115747		0.2068655815		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.2235292362		0.2457323724		0.2152969053		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.2366218824		0.2342889206		0.2050641017		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.2314500817		0.2239719533		0.1959703452		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.2295005233		0.2194723774		0.1821020109		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.2283790746		0.2139002672		0.1888531874		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.2223337532		0.2057626053		0.1807746611		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1899835991		0.1644567447		0.144198229		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK



Cathodic

		0.3054583283		0.3320119853		0.4038528047		0.044710277		0.044710277		0.0110669969		0.0110669969		0.0393270113		0.0393270113

		0.3842417113		0.417663292		0.4415600162		0.0075836274		0.0075836274		0.0182256788		0.0182256788		0.0222207704		0.0222207704

		0.3962916814		0.4398656736		0.4444492534		0.0280406599		0.0280406599		0.0246480347		0.0246480347		0.0260707451		0.0260707451

		0.389848493		0.4253954768		0.4273687893		0.0448563298		0.0448563298		0.0304387644		0.0304387644		0.0304723471		0.0304723471

		0.3871185615		0.4104974642		0.395085992		0.0534687152		0.0534687152		0.0123969087		0.0123969087		0.0358713577		0.0358713577

		0.350622808		0.3837298413		0.3881511896		0.0608820858		0.0608820858		0.0128101059		0.0128101059		0.0282509338		0.0282509338

		0.3244920564		0.3690239001		0.3697357096		0.0555207058		0.0555207058		0.0168922396		0.0168922396		0.0301873605		0.0301873605

		0.2924969031		0.3621525262		0.3486884912		0.0496638384		0.0496638384		0.0264918886		0.0264918886		0.0344738578		0.0344738578



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/HSC TKK



Sheet1

		0.2362741506		0.250322747		0.3403845596		0.0356737854		0.0356737854		0.0228436238		0.0228436238		0.0450130449		0.0450130449

		0.3399106963		0.3246193718		0.3910630677		0.0168829031		0.0168829031		0.03882674		0.03882674		0.0466379862		0.0466379862

		0.3973810163		0.3730783823		0.415513352		0.0283395872		0.0283395872		0.0453741654		0.0453741654		0.0386266967		0.0386266967

		0.4245473579		0.4147832444		0.4470517324		0.0333414731		0.0333414731		0.0564532537		0.0564532537		0.0404045628		0.0404045628

		0.4603626864		0.4883151068		0.4738756642		0.0336574776		0.0336574776		0.1070546353		0.1070546353		0.0436115312		0.0436115312

		0.4773545919		0.4793611907		0.4886877126		0.0315766279		0.0315766279		0.0960371018		0.0960371018		0.0365231612		0.0365231612

		0.4646806502		0.5012985629		0.5095569633		0.0170835639		0.0170835639		0.0947652885		0.0947652885		0.0407592799		0.0407592799

		0.4763514346		0.4892586842		0.4980727863		0.0150993033		0.0150993033		0.0888615992		0.0888615992		0.0454801474		0.0454801474



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % Pt/HSC Umicore



		0.3828487072		0.7706632811		0.6095415299		0.0992614395		0.0992614395		0.0731884522		0.0731884522		0.0487241284		0.0487241284

		0.7294707566		1.0177260769		0.8040866162		0.0262580726		0.0262580726		0.0638674408		0.0638674408		0.0338502465		0.0338502465

		0.9224384182		1.1323775782		0.927642949		0.0338535098		0.0338535098		0.0414766647		0.0414766647		0.0460320511		0.0460320511

		1.0944950049		1.2168858618		0.9789301257		0.0338856078		0.0338856078		0.0436640017		0.0436640017		0.0310811023		0.0310811023

		1.165383454		1.2313405409		0.9590436941		0.0593045082		0.0593045082		0.1000128402		0.1000128402		0.0808021507		0.0808021507

		1.2240816918		1.1995025866		0.9905522091		0.0775132119		0.0775132119		0.1028374854		0.1028374854		0.061031321		0.061031321

		1.2255300392		1.2253091016		0.967409597		0.1175886291		0.1175886291		0.0977553646		0.0977553646		0.0442427813		0.0442427813

		1.2178972403		1.2267311935		0.9605314594		0.1309706754		0.1309706754		0.098483613		0.098483613		0.0316572048		0.0316572048



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % PtCo/HSC Umicore



		





		0.1869135568		0.1857451654		0.1618607041		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.202888148		0.1911407761		0.1611872163		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.2102071197		0.1848680533		0.1529914798		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.2082484945		0.1791974256		0.1452768061		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.2083810889		0.1659923194		0.1331104208		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.2049229549		0.1623124065		0.117695324		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.1898754956		0.157578712		0.1391430518		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1654632397		0.1295990449		0.1038375892		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK



		0.2392225937		0.2846964277		0.339171862		0.044710277		0.044710277		0.0110669969		0.0110669969		0.0393270113		0.0393270113

		0.3072889233		0.3468520758		0.3654615005		0.0075836274		0.0075836274		0.0182256788		0.0182256788		0.0222207704		0.0222207704

		0.3054929077		0.3499331057		0.3495948439		0.0280406599		0.0280406599		0.0246480347		0.0246480347		0.0260707451		0.0260707451

		0.3060582687		0.3481802345		0.3326216906		0.0448563298		0.0448563298		0.0304387644		0.0304387644		0.0304723471		0.0304723471

		0.2888335582		0.3450125031		0.3185803654		0.0534687152		0.0534687152		0.0123969087		0.0123969087		0.0358713577		0.0358713577

		0.265915527		0.3286691112		0.3109195128		0.0608820858		0.0608820858		0.0128101059		0.0128101059		0.0282509338		0.0282509338

		0.2406411951		0.3043432571		0.2927376959		0.0555207058		0.0555207058		0.0168922396		0.0168922396		0.0301873605		0.0301873605

		0.214114227		0.2893461074		0.2748113235		0.0496638384		0.0496638384		0.0264918886		0.0264918886		0.0344738578		0.0344738578



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/HSC TKK



		0.2154797626		0.2383693286		0.3202414645		0.0356737854		0.0356737854		0.0228436238		0.0228436238		0.0450130449		0.0450130449

		0.3054145929		0.3012161303		0.3686604705		0.0168829031		0.0168829031		0.03882674		0.03882674		0.0466379862		0.0466379862

		0.3521010273		0.3447179732		0.3970432865		0.0283395872		0.0283395872		0.0453741654		0.0453741654		0.0386266967		0.0386266967

		0.3740717436		0.369533725		0.4116614802		0.0333414731		0.0333414731		0.0564532537		0.0564532537		0.0404045628		0.0404045628

		0.3999797012		0.436583645		0.4450416918		0.0336574776		0.0336574776		0.1070546353		0.1070546353		0.0436115312		0.0436115312

		0.4049845031		0.4391693623		0.4341013711		0.0315766279		0.0315766279		0.0960371018		0.0960371018		0.0365231612		0.0365231612

		0.3948624954		0.4461177009		0.4532840379		0.0170835639		0.0170835639		0.0947652885		0.0947652885		0.0407592799		0.0407592799

		0.3844792485		0.4427579182		0.4514432842		0.0150993033		0.0150993033		0.0888615992		0.0888615992		0.0454801474		0.0454801474



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % Pt/HSC Umicore



		0.3364624433		0.6589572869		0.53639339		0.0992614395		0.0992614395		0.0731884522		0.0731884522		0.0487241284		0.0487241284

		0.6058228581		0.8534452095		0.7082718114		0.0262580726		0.0262580726		0.0638674408		0.0638674408		0.0338502465		0.0338502465

		0.7478908122		0.9598193034		0.8078106613		0.0338535098		0.0338535098		0.0414766647		0.0414766647		0.0460320511		0.0460320511

		0.7933422295		1.000843665		0.8398170196		0.0338856078		0.0338856078		0.0436640017		0.0436640017		0.0310811023		0.0310811023

		0.8506648254		1.0728323956		0.8915497745		0.0593045082		0.0593045082		0.1000128402		0.1000128402		0.0808021507		0.0808021507

		0.890206395		1.0873563453		0.9071442628		0.0775132119		0.0775132119		0.1028374854		0.1028374854		0.061031321		0.061031321

		0.9058293364		1.0733114838		0.9579059255		0.1175886291		0.1175886291		0.0977553646		0.0977553646		0.0442427813		0.0442427813

		0.9142279591		1.0762002609		0.9330232895		0.1309706754		0.1309706754		0.098483613		0.098483613		0.0316572048		0.0316572048



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % PtCo/HSC Umicore



		





		0.2000775624		0.2208115747		0.2068655815		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.2235292362		0.2457323724		0.2152969053		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.2366218824		0.2342889206		0.2050641017		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.2314500817		0.2239719533		0.1959703452		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.2295005233		0.2194723774		0.1821020109		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.2283790746		0.2139002672		0.1888531874		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.2223337532		0.2057626053		0.1807746611		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1899835991		0.1644567447		0.144198229		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK, Anodic



		0.1869135568		0.1857451654		0.1618607041		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.202888148		0.1911407761		0.1611872163		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.2102071197		0.1848680533		0.1529914798		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.2082484945		0.1791974256		0.1452768061		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.2083810889		0.1659923194		0.1331104208		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.2049229549		0.1623124065		0.117695324		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.1898754956		0.157578712		0.1391430518		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1654632397		0.1295990449		0.1038375892		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK, Cathodic



		0.0656105588		0.0949767734		0.106339303		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.0818385142		0.1012348896		0.1056959451		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.0899583972		0.0955844419		0.0979700947		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.088237258		0.0905367089		0.0905876606		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.087774678		0.0841312836		0.0850818868		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.0843507281		0.0802441674		0.070004366		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.0785755083		0.0748485965		0.058432769		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.0650657749		0.0510726959		0.0565731086		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK, Cathodic H2 Cross over corr



		0.0847633711		0.1256859231		0.1475352726		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.1066863438		0.1497036611		0.1560224386		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.119548644		0.1392912375		0.1463440531		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.1146231239		0.1300242114		0.1374329904		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.1124239546		0.1203986358		0.1363657212		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.1103954758		0.1150369521		0.1318903228		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.1042332558		0.1067520578		0.1241926171		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1032157008		0.0951476277		0.1076314857		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK, Anodic H2 Cross over corr




Chart1
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0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK



Anodic

		





Anodic

		0.2000775624		0.2208115747		0.2068655815		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.2235292362		0.2457323724		0.2152969053		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.2366218824		0.2342889206		0.2050641017		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.2314500817		0.2239719533		0.1959703452		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.2295005233		0.2194723774		0.1821020109		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.2283790746		0.2139002672		0.1888531874		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.2223337532		0.2057626053		0.1807746611		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1899835991		0.1644567447		0.144198229		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK



Cathodic

		0.3054583283		0.3320119853		0.4038528047		0.044710277		0.044710277		0.0110669969		0.0110669969		0.0393270113		0.0393270113

		0.3842417113		0.417663292		0.4415600162		0.0075836274		0.0075836274		0.0182256788		0.0182256788		0.0222207704		0.0222207704

		0.3962916814		0.4398656736		0.4444492534		0.0280406599		0.0280406599		0.0246480347		0.0246480347		0.0260707451		0.0260707451

		0.389848493		0.4253954768		0.4273687893		0.0448563298		0.0448563298		0.0304387644		0.0304387644		0.0304723471		0.0304723471

		0.3871185615		0.4104974642		0.395085992		0.0534687152		0.0534687152		0.0123969087		0.0123969087		0.0358713577		0.0358713577

		0.350622808		0.3837298413		0.3881511896		0.0608820858		0.0608820858		0.0128101059		0.0128101059		0.0282509338		0.0282509338

		0.3244920564		0.3690239001		0.3697357096		0.0555207058		0.0555207058		0.0168922396		0.0168922396		0.0301873605		0.0301873605

		0.2924969031		0.3621525262		0.3486884912		0.0496638384		0.0496638384		0.0264918886		0.0264918886		0.0344738578		0.0344738578



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/HSC TKK



Sheet1

		0.2362741506		0.250322747		0.3403845596		0.0356737854		0.0356737854		0.0228436238		0.0228436238		0.0450130449		0.0450130449

		0.3399106963		0.3246193718		0.3910630677		0.0168829031		0.0168829031		0.03882674		0.03882674		0.0466379862		0.0466379862

		0.3973810163		0.3730783823		0.415513352		0.0283395872		0.0283395872		0.0453741654		0.0453741654		0.0386266967		0.0386266967

		0.4245473579		0.4147832444		0.4470517324		0.0333414731		0.0333414731		0.0564532537		0.0564532537		0.0404045628		0.0404045628

		0.4603626864		0.4883151068		0.4738756642		0.0336574776		0.0336574776		0.1070546353		0.1070546353		0.0436115312		0.0436115312

		0.4773545919		0.4793611907		0.4886877126		0.0315766279		0.0315766279		0.0960371018		0.0960371018		0.0365231612		0.0365231612

		0.4646806502		0.5012985629		0.5095569633		0.0170835639		0.0170835639		0.0947652885		0.0947652885		0.0407592799		0.0407592799

		0.4763514346		0.4892586842		0.4980727863		0.0150993033		0.0150993033		0.0888615992		0.0888615992		0.0454801474		0.0454801474



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % Pt/HSC Umicore



		0.3828487072		0.7706632811		0.6095415299		0.0992614395		0.0992614395		0.0731884522		0.0731884522		0.0487241284		0.0487241284

		0.7294707566		1.0177260769		0.8040866162		0.0262580726		0.0262580726		0.0638674408		0.0638674408		0.0338502465		0.0338502465

		0.9224384182		1.1323775782		0.927642949		0.0338535098		0.0338535098		0.0414766647		0.0414766647		0.0460320511		0.0460320511

		1.0944950049		1.2168858618		0.9789301257		0.0338856078		0.0338856078		0.0436640017		0.0436640017		0.0310811023		0.0310811023

		1.165383454		1.2313405409		0.9590436941		0.0593045082		0.0593045082		0.1000128402		0.1000128402		0.0808021507		0.0808021507

		1.2240816918		1.1995025866		0.9905522091		0.0775132119		0.0775132119		0.1028374854		0.1028374854		0.061031321		0.061031321

		1.2255300392		1.2253091016		0.967409597		0.1175886291		0.1175886291		0.0977553646		0.0977553646		0.0442427813		0.0442427813

		1.2178972403		1.2267311935		0.9605314594		0.1309706754		0.1309706754		0.098483613		0.098483613		0.0316572048		0.0316572048



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % PtCo/HSC Umicore



		





		0.1869135568		0.1857451654		0.1618607041		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.202888148		0.1911407761		0.1611872163		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.2102071197		0.1848680533		0.1529914798		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.2082484945		0.1791974256		0.1452768061		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.2083810889		0.1659923194		0.1331104208		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.2049229549		0.1623124065		0.117695324		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.1898754956		0.157578712		0.1391430518		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1654632397		0.1295990449		0.1038375892		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK



		0.2392225937		0.2846964277		0.339171862		0.044710277		0.044710277		0.0110669969		0.0110669969		0.0393270113		0.0393270113

		0.3072889233		0.3468520758		0.3654615005		0.0075836274		0.0075836274		0.0182256788		0.0182256788		0.0222207704		0.0222207704

		0.3054929077		0.3499331057		0.3495948439		0.0280406599		0.0280406599		0.0246480347		0.0246480347		0.0260707451		0.0260707451

		0.3060582687		0.3481802345		0.3326216906		0.0448563298		0.0448563298		0.0304387644		0.0304387644		0.0304723471		0.0304723471

		0.2888335582		0.3450125031		0.3185803654		0.0534687152		0.0534687152		0.0123969087		0.0123969087		0.0358713577		0.0358713577

		0.265915527		0.3286691112		0.3109195128		0.0608820858		0.0608820858		0.0128101059		0.0128101059		0.0282509338		0.0282509338

		0.2406411951		0.3043432571		0.2927376959		0.0555207058		0.0555207058		0.0168922396		0.0168922396		0.0301873605		0.0301873605

		0.214114227		0.2893461074		0.2748113235		0.0496638384		0.0496638384		0.0264918886		0.0264918886		0.0344738578		0.0344738578



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/HSC TKK



		0.2154797626		0.2383693286		0.3202414645		0.0356737854		0.0356737854		0.0228436238		0.0228436238		0.0450130449		0.0450130449

		0.3054145929		0.3012161303		0.3686604705		0.0168829031		0.0168829031		0.03882674		0.03882674		0.0466379862		0.0466379862

		0.3521010273		0.3447179732		0.3970432865		0.0283395872		0.0283395872		0.0453741654		0.0453741654		0.0386266967		0.0386266967

		0.3740717436		0.369533725		0.4116614802		0.0333414731		0.0333414731		0.0564532537		0.0564532537		0.0404045628		0.0404045628

		0.3999797012		0.436583645		0.4450416918		0.0336574776		0.0336574776		0.1070546353		0.1070546353		0.0436115312		0.0436115312

		0.4049845031		0.4391693623		0.4341013711		0.0315766279		0.0315766279		0.0960371018		0.0960371018		0.0365231612		0.0365231612

		0.3948624954		0.4461177009		0.4532840379		0.0170835639		0.0170835639		0.0947652885		0.0947652885		0.0407592799		0.0407592799

		0.3844792485		0.4427579182		0.4514432842		0.0150993033		0.0150993033		0.0888615992		0.0888615992		0.0454801474		0.0454801474



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % Pt/HSC Umicore



		0.3364624433		0.6589572869		0.53639339		0.0992614395		0.0992614395		0.0731884522		0.0731884522		0.0487241284		0.0487241284

		0.6058228581		0.8534452095		0.7082718114		0.0262580726		0.0262580726		0.0638674408		0.0638674408		0.0338502465		0.0338502465

		0.7478908122		0.9598193034		0.8078106613		0.0338535098		0.0338535098		0.0414766647		0.0414766647		0.0460320511		0.0460320511

		0.7933422295		1.000843665		0.8398170196		0.0338856078		0.0338856078		0.0436640017		0.0436640017		0.0310811023		0.0310811023

		0.8506648254		1.0728323956		0.8915497745		0.0593045082		0.0593045082		0.1000128402		0.1000128402		0.0808021507		0.0808021507

		0.890206395		1.0873563453		0.9071442628		0.0775132119		0.0775132119		0.1028374854		0.1028374854		0.061031321		0.061031321

		0.9058293364		1.0733114838		0.9579059255		0.1175886291		0.1175886291		0.0977553646		0.0977553646		0.0442427813		0.0442427813

		0.9142279591		1.0762002609		0.9330232895		0.1309706754		0.1309706754		0.098483613		0.098483613		0.0316572048		0.0316572048



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

30 wt % PtCo/HSC Umicore



		





		0.2000775624		0.2208115747		0.2068655815		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.2235292362		0.2457323724		0.2152969053		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.2366218824		0.2342889206		0.2050641017		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.2314500817		0.2239719533		0.1959703452		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.2295005233		0.2194723774		0.1821020109		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.2283790746		0.2139002672		0.1888531874		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.2223337532		0.2057626053		0.1807746611		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1899835991		0.1644567447		0.144198229		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK, Anodic



		0.1869135568		0.1857451654		0.1618607041		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.202888148		0.1911407761		0.1611872163		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.2102071197		0.1848680533		0.1529914798		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.2082484945		0.1791974256		0.1452768061		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.2083810889		0.1659923194		0.1331104208		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.2049229549		0.1623124065		0.117695324		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.1898754956		0.157578712		0.1391430518		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1654632397		0.1295990449		0.1038375892		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK, Cathodic



		0.0656105588		0.0949767734		0.106339303		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.0818385142		0.1012348896		0.1056959451		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.0899583972		0.0955844419		0.0979700947		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.088237258		0.0905367089		0.0905876606		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.087774678		0.0841312836		0.0850818868		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.0843507281		0.0802441674		0.070004366		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.0785755083		0.0748485965		0.058432769		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.0650657749		0.0510726959		0.0565731086		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK, Cathodic H2 Cross over corr



		0.0847633711		0.1256859231		0.1475352726		0.0080277528		0.0080277528		0.0335522916		0.0335522916		0.0151466991		0.0151466991

		0.1066863438		0.1497036611		0.1560224386		0.0151830677		0.0151830677		0.0088165246		0.0088165246		0.0066947397		0.0066947397

		0.119548644		0.1392912375		0.1463440531		0.0139264619		0.0139264619		0.0051199697		0.0051199697		0.0061886416		0.0061886416

		0.1146231239		0.1300242114		0.1374329904		0.0150007269		0.0150007269		0.0050705799		0.0050705799		0.0072674917		0.0072674917

		0.1124239546		0.1203986358		0.1363657212		0.0176432362		0.0176432362		0.0075533612		0.0075533612		0.0169988672		0.0169988672

		0.1103954758		0.1150369521		0.1318903228		0.019288132		0.019288132		0.0042613669		0.0042613669		0.0088038758		0.0088038758

		0.1042332558		0.1067520578		0.1241926171		0.0216019715		0.0216019715		0.0046179245		0.0046179245		0.0139516507		0.0139516507

		0.1032157008		0.0951476277		0.1076314857		0.0462795771		0.0462795771		0.0345821685		0.0345821685		0.0473403575		0.0473403575



0.05

0.10

0.15

Mas Activity, im0.9V (A mgPt-1)

50 wt% Pt/Vulcan TKK, Anodic H2 Cross over corr




Conditioning: Effect of Carbon Support

Accomplishments

# Pt Particles

140

120

100

80

60

Pt/HSAC TKK BOY
— — Pt/HSAC TKK EOU

Number Fraction

0.08

0.06

0.04

0.02

W TKK_50wt%_Pt/V_BOL

W TKK_S0wt%_Pt/V_EOT

Diameter (nm)

1 2 3 4 5 6 7
Pt Particle Diameter (nm)

N

Number Fraction

0.08

0.06

0.04

0.02

0.00

W TKK_SOwt%_Pt_BOL

W TKK_SOwt%_Pt_EOT

Diameter (nm)

Particle size change greater for
Pt/V during conditioning:

>30% change in Pt particle size on Vulcan

during conditioning

~20% change in Pt particle size on HSAC

CPAD
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Diameter (nm)
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S

2.00

0.00

50% Pt/V

N BOL
4.03

N EOT

3.24

50% Pt/HSAC




Accomplishments

Conditioning: Effect of Catalyst Alloying

Catalyst Particles Carbon Agglomerates
0.08
| W Umi_30wt%_Pt_BOL| 0.08 | W Umi_30wt%_Pt_BOL
.5 0.06 - B Umi_30wt%_Pt_EOT 5 0.06 - B Umi_30wt%_Pt_EOT
Pt & 0.04 | Z 004 -
1=
@ 1 - ) H
2 002 | 3 50 - Carbon Agglomerate Diameter
S € ] 700
> 2 000 | mBOL mEOT
0.00 T o 00 OY NN 0O~ 600
oOomnmeMnmMmWOMmUL MmO~ O O — 600
NNMﬂ‘mhmg‘ﬂg‘g‘x E 526
: £ 498 509
Diameter (nm) Diameter (nm) g °00
g
0.08 0.08 .5 400
| B Umi_30wt%_PtCo_BOL | B Umi_30wt%_PtCo_BOL o
_5 0.06 - B Umi_30wt%_PtCo_EOT| .5 0.06 A B Umi_30wt%_PtCo_EOT 300
PtCo & - g ‘
o 0.04 - L 0.04 - 200
5 i . _ Umi_30wt%_Pt Umi_30wt%_PtCo
a Q
£ 0.02 - £ 0021
= > |
0.00 = 000 m
© O Wmo N ® oo WY SR mmeIhmOR] o
— ™ = Y
Diameter (nm) Diameter (nm)

e PtCo catalyst particle size increases after conditioning (EOT)

e (Carbon agglomerates are larger after conditioning: negligible for Pt but notable
for PtCo

F UEL = E (= E
DURABILITY




Accomplishments

XAFS - Co Leaching During Conditioning

= Powder mBoL mEOT 30 wt% PtCo/HSC Umicore; ~0.05 mg-Pt/cm?;
2.8 7o 27162722 12 Powder, BOL and EOT (post 50 cm? protocol)
2.7 2.65 2.6542.662 B Powder ®EBOL ®BEOT
2.6 . 10
<< 2.5 3
ol 2.
Q 2.4 g 8
Q Z
& 2.3 5
.-z = 6
8 2.2 e
-] ©
‘§ 21 2018 8 4
2 O
1.8 -
. ﬁ
Pt-Pt Pt-Co Pt-O
* % Compression of Pt-Pt bond in Pt-Co wrt Pt-only Pt-Pt Pt-Co
Catalyst: Powder: 19%, BOL: 15%, EOT: 1.3% Pt-Pt coordination number increase'
e 30 wt.% Pt/HSAC Umicore Pt-Pt bond length: combined with less substantial decrease of
BOL MEA: 2.758 A Pt-Co coordination indicates Pt particle
EOT MEA: 2.760 A growth and/or Pt shell formation.

» For PtCo/HSAC Umicore Pt-Pt bond distance becoming more “Pt-like” while i %%V increases

» For PtCo/HSAC Umicore Pt-Pt bond distance relatively unchanged while i %V increases

F UEL = E (= E
DURRBILITY




Accomplishments

R, f(conditioning) 80°C, 75% RH

2.5 H H T 1 1 2'5 :
| | | | § 50 wt.% Pt HSC TKK
2 50 wt.% Pt/Vulcan | 2 ©
E T ETREE VS
am o, = I SRR A
o 1] UM, e e e I
0 0
0o 1 2 3 4 5 6 o 1 2 3 4 5 6
I, Step I, Step
2-5 3 3 3 H H H H H H H 2-5 :
A ' 30wt.% Pt HSC Umicore 30 wt.% PtCo HSC Umicore
T 2 a —_ 2 s S
o g O
Z 1.5 : ‘ o 15
& A L oi LA 44 e AR T T S
x 1 i e e e o e 1 " 0 g g g g wm .
0.5 Pt/pore accessibility appears to significantly RS ‘
improve after the first conditioning cycle
01234567 8393101 012345867 891011

@ EP i, step iim Step



Input for Electrode Microstructure Reconstruction

Method to reconstruct electrode microstructure from multiple datasets

Nano-CT data for morphology of the secondary pores Resulting Microstructure 35 Validation against MIP and BET

BEGET
30 MIP
Bl Hybrid

Volume %

Volume %

20 60 100 140 180 220 260 300 340
Pore Size (nm)

TEM and USAXS data for C particle size distribution

s TEM
USAXS

0 10 20 30 40

2.5 nm resolution Pore Size (nm)

-
o

1 um

400 x 400 x 400 voxels
g, = 0.45

Number %
iy
(=]

]

‘ ‘ Calculated ionomer size distribution is independent
Ll of random C and Pt placement — does not directly

G size o) correspond to ionomer film coverage
TEM and USAXS data for Pt particle size distribution

| mTEM 2%
USAXS § |
20 | E20
z
10 |
= gLl
515 25 5 75 10
a PUsize (nm)
5
20

. 5 10 15 20 25
gy Pt size (nm) lonomer Thickness (nm)
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® Accomplishments

Microstructural Modeling

Actual reaction rate )
Effectiveness Factor,Er = Flooded pore effectiveness

Rate if not slowed by dif fusion 10l ]
T TR ——  da=100nm
Direct numerical simulation of O, transport in multi-phase agglomerate o NN 0,5, =200nm
dy =100 nm section view T _ ]
A —— Aage=300nm
06l N\ 2e=375nm |
' R\ - tge=500nm
LLJL. \\
0.4+
02}
0.0} .
0.2 0.4 0.6 0.8 1.0
primary pores (V)
50 1
1100 nm Dry = = O O O OO
Il 100 nm Flooded 2 H g o o ¢y, = 34.1mol m"3
40t |CJ300 nm Dry a 0.8 | ®Flooded Pores m K:0.55A.cm™2 0; — ' '
I 300 nm Flooded e~ LT
(1500 nm Dry o | < Dry Pores -
R 30t I 500 nm Flooded E os | m
£ S & K:394.34 A.cm™2 . Co,
g E I * <& o 0 o <><> i=K —
G 20} goa | S 6 © €o,
02 ‘e
10 ?o,, K:2.82x10° A.cm ™2 * o
% i
I_ < ® 0 9 0.8 28. 9.9
0 0
0 0.2 0.4 0.6 0.8 1 0 200 400 600
Pt Effectiveness d,, nm

® Catalyst effectiveness is generally smaller if particles are closer to agglomerate
center, at higher current density, and if pores are flooded
@ CPA
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Presenter
Presentation Notes
Primary pore network within the agglomerate provides pathway for facile reactant transport and high catalyst effectiveness even at high current densities
Dry primary pore network provides low resistance paths to agglomerate core, and eliminates dependence of diffusion resistance on agglomerate size;  and renders ionomer as the only significant source of diffusion resistance 
If the primary pores are flooded with water, diffusion resistance increases significantly; catalyst effectiveness depends on agglomerate size; and the Pt particles at the agglomerate core have low effectiveness at high current densities
Pore scale simulations can be used to identify desirable structural properties (such as agglomerate sizes, primary pore volume) and data for simpler models



® Accomplishments

Multiscale Modeling

Actual reaction rate .
Effectiveness Factor,Er = - - - Flooded pore effectiveness
Rate if not slowed by dif fusion 10l ‘ ; ; ]
’ ——  dage=100nm
RN — g =200nm
osf . --------.-Seconda. = 1 Distance from Membrane 08¢ 4
A ry Pore B0 . e dage=300nm
it —lonomer
! 15 02 um | —— doge=375nm
g P 4 Cl23um 06+ AN 1
= =8 I 3-4 um N AL E— Oage—500nm
8 © I 4-5 um L N\
e £ 10 1
P % 0.4+
5 S
2 5 0.2
%02 04 06 08 1 % 01 02 03 04 05 06 00L, ‘ : : -
Normalized CCL Thickness Agglomerate Size (um) 0.2 0.4 0(\6/) 0.8 1.0
_rj
. . COZ aF
Average current: i(x) = P{r(x)}EA{r(x)}A,{r(x)}i, ~er | EXP |~ o7 [1—€,(x)]
c
T 07

MPL|CL|PEM|CL|MPL

® Incorporated microscale modeling and
features in macroscale model

Bi Polar Plate Bi Polar Plate

Crannel ® CL structure is highly heterogeneous

Agglomerate
distribution

CrPA
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Presenter
Presentation Notes
Primary pore network within the agglomerate provides pathway for facile reactant transport and high catalyst effectiveness even at high current densities
Dry primary pore network provides low resistance paths to agglomerate core, and eliminates dependence of diffusion resistance on agglomerate size;  and renders ionomer as the only significant source of diffusion resistance 
If the primary pores are flooded with water, diffusion resistance increases significantly; catalyst effectiveness depends on agglomerate size; and the Pt particles at the agglomerate core have low effectiveness at high current densities
Pore scale simulations can be used to identify desirable structural properties (such as agglomerate sizes, primary pore volume) and data for simpler models



Accomplishments

»
Multiscale Modeling

189 C, Hetergogeneous vs Homogeneous
' —e— Heterogeneous, 40% RH ® Incorporated microscale modeling
——-- Heterogeneous, 100% RH and features in macroscale model

“\—®— Homegeneous, 40% RH

- Homogeneous, 100% RH

=
o

® Local reductions in porosity results in
transport bottleneck and under-
utilization of CL

Potential(V)
o
oo

0.6 % Most of current is produced by smaller
agglomerates
4L, - '7 ' ® Accounting for heterogeneities can
0 1000 2000 - _
Current (mA/cm?) be critical for computing
MPLICLIPEMICLMPL performance accurately

& No well-defined representative
Bi Polar Plate Bi Polar Plate elementa ry volume (REV)

& Conventional agglomerate models can
underpredict/overpredict depending on
estimated ionomer thickness

o

cPA

Agglomerate
distribution
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Presenter
Presentation Notes
Primary pore network within the agglomerate provides pathway for facile reactant transport and high catalyst effectiveness even at high current densities
Dry primary pore network provides low resistance paths to agglomerate core, and eliminates dependence of diffusion resistance on agglomerate size;  and renders ionomer as the only significant source of diffusion resistance 
If the primary pores are flooded with water, diffusion resistance increases significantly; catalyst effectiveness depends on agglomerate size; and the Pt particles at the agglomerate core have low effectiveness at high current densities
Pore scale simulations can be used to identify desirable structural properties (such as agglomerate sizes, primary pore volume) and data for simpler models



Accomplishments

=y .
Differential to Integral Cell

® Develop 1+2D model to examine going from differential to integral cells

% 2D model trained on differential cell data —80C, Air, 40%RH, 50cm? cell
1 —— a/c: 0.2/0.5 slpm
MPL|CL|PEM|CL|MPL 4 a/c: 0-45/1 slpm
—+=! afc: 1/3.6 slpm
o o ":;‘08 —— a/c: 4/4 slpm
/ “%’ —-=+ Differential
T 2-D cross section E .
i Aﬁepping direction "g 06 I i=1847
Stack . . . . o ’ . .\. ggl;:ll’g
% Once above 3 stoich. start approaching differential N

cell conditions

o
=~
1
u
[=)]
w

Sp=11 §p =125 Syp=57 N ]

> Similar predictions at low current densities 5 S0z s‘”l:(;‘ga 202=24 5000
> Intermediate currents, integral model shows slightly Current (mA/cm?)

higher performance due to better membrane hydration

10,90 C, Air, Validation

3000
—— 40% RH - :
-~ 80% RH :

® Predictions for integral cell model

— 2500

% Accurate predictions at 40% RH %O'S

% Discrepancy at 80% RH and high current £, 2000
» Model predicts sooner flooding 1500

kY
0-45 500 1000 1500
Current (mA/cm?)

EPHQ Seiment current densiti at0.32V

2 4 6 8 10 12

S



Presenter
Presentation Notes
Stoichiometry values shown for maximum current in integral cell.



Accomplishments

PO re-sca | e M Od e | i n g ucdm | Universidad Carlos Il de Madrid

® Model water in GDLs using direct simulation or lattice Boltzmann

Water invasion in SGL compared with micro-XCT data* _
At 2 A/lcm?, water is transported

through cracks in MPL leading to

— Chamel 50% lower saturation
o exp 18cm
= _ 0.35
So2s R —SGL 24BA
5 ~=nUm 14 cm 0.3} == SGL 25BC
s 02 y| + expBoem 5
-3 ﬁ & - num 6 cm =
X-CT go 15 © 0.25¢
: 8 o1 2
Numerical Z P ‘}5’ 0.2¢
0.05}
Fibers 5 A% o
w7, 2 0.15}
&
-
g 01
=
© .08

o

02 04 06 08 1

0 .
Normalized Thickness
SGL 25BC
| 0.5 0.35
. - 0.3 0.3 FI ok Ilr“ o eyl
= 0.25 0.2 A
Cannot define a ‘: 0.45 ogl L 'zDui:"z'st: L _25 ] , *h g .
through-plane REV £ =~ L, / gm a'
N v v ¥ 7 SGL 24BA
z 03
s B8 8 8 8 8
~ 0.25 ‘ 4 '
& o a a4 8 §
o8 o 8§ 8 o o o :
025 05 075 1 125 L5 L
1, Ly =L, /[ mm

EP H Widtt

Eppre  *Zenyuk, Parkinson, Hwang, and Weber, Electrochemistry Communications 53 (2015) 24-28
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Presenter
Presentation Notes
TP normalized effective diffusivity ( 𝑓 tp ), permeability ( 𝐾 tp ), and electrical and thermal conductivity ( 𝜎 tp eff , 𝑘 tp eff ) on varying-size sub-samples of untreated TGP-H-120. The x-axis shows the sub-domain width ( 𝐿 x = 𝐿 y ), while the colored markers show the sub-domain thickness ( 𝐿 z ). The relative thickness,  𝐿 z / 𝛿 ft , is indicated in brackets. The green-colored region displays the width range for which transport properties are virtually invariable for a given thickness. The extrapolated data that were not computed due to the presence of artifacts in the full-size sample are shown by gray-colored markers. The inset shows the variation of the property of interest for the widest sample as a function of the thickness



Accomplishments

Impact of lonomer EW on Local Resistance

® Examine local resistance with H, limiting current and varying |/C

I/C from reconstruction

. correlates to thicker
v At I/C 0.6: 160 ionomer film
» 30% interfacial for 825 EW 825 EW y=99.0x+19.6 o 2 5
. . - . . o E A: nm v
> 25% interfacial for 1100 EW ® Nafion ® g o g
L €120 {1 28 7 o ©
% Activation energy £ y ¥ o0
L g 10
suggests transport Y : £e | oo
T o)
through water or g 80 | o . | o
. T L2 0 0.5 1 1.5
ionomer is limiting 2 vc
o
% Phenomena agrees with T 40 | .- -
thin-film analysis =" Transport Resistance
o _ _ Interfacial Resistance
lonomer Thin Films on Si | 40-55 nm Thick 0 1 1
30} : II\IaﬁonﬂCIU I I ° | 0 O 5 1 1 5
3M 825 . .
P25 v 3m700 I/C Ratio
3 ® M PFIA 820
; 20l | 3M PFSA 825 EW | 50 nm Nafion 1100 EW | 50 nm
E 15 o Y . 3M 660 EW
g 10 . 5
= v‘- o™ 3M 825 EW
T8 .‘ L Nafion 1100 EW
% "-.210‘ 0 60 80 100
RH [%) ] nm™"] 05 1 1[ :m g 2 25
Higher swelling with low EW More allgnment near the substrate Better phase separatlon with lower EW
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Effect of Ink Solvent and Dispersion Nature

Accomplishments

4.0F 5 120 . .
90% Water B 4 wt-% Nafion
35| B 70% Water | g 100 A~ 1 wt-% Nafion
. ,.:::;;:,_ é; ® 50% Water 8 0.2 wt.-% Nafion

a0l = 5 = A 30% Water | §. 8ol
iy G A
S o, s

o5l ;_v;,___::‘-é.__,‘_n S, 60 i

b S oo
20t %‘ | & o o
]
o 10° 205 40 60 80 100
Nafion Concentration [wt-%] Water Concentration [wt.-%]
200 | Nati\{e pH | | pH‘2.5 |

— I:.C0

£ 600F e I1COS5 T

'g 500 m [C1

& A IC15 R

E 400} h{ -

Q |

& 3001 - -

o 4 *

T |

> 200f @ $ + e .

<

i &

S

Water Concentration [wt.-%]

CrPA
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3M 825 EW

Water Concentration [wt-%]

Umicore PtCo (27.5 wt% Pt, 3 wt% Co/HSAC
ionomer (1/C=0.7). Solid content: 0.33 wt%

Nafion dispersions have an inherent pH
& Higher nafion loadings lead to higher
aggregation and less accessible protons
pH affects electrostatic interactions
controlling ink aggregation, which can
be removed by removing inherent pH

Pt-Co, Co-Pt coordination numbers
decrease with increasing water content
and Co leaches into ionomer/solvent

% Co leaching increases with water content

7

7
- - nPA/Water
2= 6
= 52 51
s ..b.ln 5 4.6
2 c
c 3 4
Lz - 2.705 2715 2.718
= 3 25 <
@ S 23
c O 2
T A 2
-
o a
o+« 1
O a
0
5 Mmoo~ = o N~ =M
N e e D S D o~ N
'g M~ mnom 'g M~ 1M 'g M~ 1nom
Q [=] Q
o o o
Pt-Co CN Co-PtCN Pt-Pt bond
length




Accomplishments

Solvent Effects on PtCo/lonomer Ink Dispersion

Diameter (nm) Diameter (nm) Diameter (nm)
2,094 209 21 2 2,094 209 21 2 2,094 209 21 2
(3/7) NPA/Water  —mcmsomioscs (5/5) nPA/water 3 iomiones \(7/3) nPA/water ety seoresoncaten
= N —PtCo-(3/7)- Bath_0 min = R ——PtCo-(5/5)- Bath_0 min - \'N'\. —PtCo-{7/3)- Bath_6 min
§ —PtCo-(3/7)- Bath_S min E —PtCo-(5/5)- Bath_S min £ N PtCo-(7/3)- Bath_10 min
2 soee o, 8052 —ren e 5 S0 e
i o e B e e
g 5.0E+0 —Pt(:a-[.B.f?]-Aker'-sonicatian E 5.0E+0 o/ Afterseniestn ;e 5.0E+0
Carbon Catalyst Carbon Catalyst Carbon Catalyst
50E-2 L _ particles”™ 5062 L _par_t_i_clesz____ > 5.0E-2 particles/
0.0001 0.001 0.01 0.1 0.0001 0.001 0.01 0.1 0.0001 0.001 0.01 0.1
QA1) Q (A7) Q (A7)
—reemenzme | @ Scattering intensity at g<0.01 A-1 increases with
E —PtCo-{5/5)- Bath_20 min
£ oo —rco 03520 sonication time - break-up of agglomerates >2 um
-E-I'LOE-(R
L Agglomerate break-up reaches steady-state after 20 min of
5 sonication
Plameter (nm) U Agglomerate break up is faster and yields smaller particle sizes
140 . . .
z 120 with higher water content inks (5/5 and 3/7, nPA/Water)
2
i3] 100 . . . .
2 & =0 @ |n-plane conductivity of ionomer films cast from ionomer
o = mln . . . . . .
S E 6o =20 dispersions increases with increasing water content and
5§ 40 min
T sonication time
0 e . . . .
63 70 % Connectivity of ionomer strands increases with water content

50
% H20

CrPA
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Accomplishments

_Operando Measurement of Cation Migration (Co)

Convection effects: dry Potential effects: 80% RH in
cathode/50% RH anode H,/air at 0.05 mA/cm?

[ (L] | ]
IIIIl\ II1 n I ‘I I 12000 ~
1 .4 ! fe PEM-NR212 Anode MPL 50C, 50% RH MPL Cathode PEM-NR212 fnode MPL B
I Illll’l Al !N H2/air, 0.05 mA/em® +
(N I.i.! 5 L4-11:H2/Air, 0.05A//ch; 13% Co(ll)
_llllll_ll i1 W b L3: H2/Air, 0.01 te 0.0A/cm2
il "I'[' i W
A
|
oy
| nine
‘ | )]

') L1-2:H2/Alr, OCV

B oW W N Mo &

47

B PV )

e Humidified anode/dry cathode causes Co transport * Significant migration from anode CL/PEM
from anode CL/PEM into cathode and MPL into cathode CL/MPL under load

* Fast equilibration into PEM/CL ionomers after » No evidence for migration beyond 50 um
exposure to humidified N,/N, cathode MPL

* Exposure to dry N,/N, locks profile into place
* Co goes into anode CL when RHs are switched

CPAD
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Accomplishments

Pt Microelectrode Studies

Schematic of set-up 0.0003

ol 1 H O R
microelectrode

M,, 0, 0r H . 0.0002
T sema o S
reference |-| electrode
_ electrode | —~  0.0001 -
PTFE tube g
. S 0.0000
Significant decrease | £
[ Nafton in Pt surface area ©
(observed in both
HOR and ORR) with ——Pt+Co
Thin ionomer layer 0.5 M H;50, o o —Pt+ Ce
S presence of Co 100% RH (20°C) -
—OO ) contaminant in 00 o1 02 03 04
Temperature controlled oil bath ionomer Potential (V VS. RHE)

® lonomer solution (0.05 wt.% Nafion) mixed with contaminants
Co (as CoClO,, target Co 5 mg/cm3) and Ce (as Ce(SO,),, target

Ce 15 mg/cm3) and allowed to exchange overnight 10.00005 -

® Submicron (ca. 500 nm) thin-film of ionomer solution spin-cast
onto 100 pum electrode at 1000 rpm

-0.00010

Current (mA)

® Co-contaminated Nafion layer reduces limiting current for both
HOR and ORR

® Ce-contaminated Nafion layer does not affect limiting current,
but inhibits reaction until mass transport limited

-0.00015

100% RH (20°C) —Pt
O!2 I O!4 I 0!6 I 0.8
Potential (V vs. RHE)
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Accomplishments

Impact of Cation on lonomer Thin Films

® Different salt solutions employed to investigate
impact of cation

Pt/C

PtCo/C

alin

(acid form) (cation form)
® Impacted by cationic exchange, hydration [onomer =F+ ]
dynamics depend on: L 1

& Coordination number and shell

> Strength of binding(AHhyd): Cs* < Na* << H* << Co?* ~ Ni?* 20! ~O~201nm *‘|+(2‘e\r‘ﬁlter soak) . |
~@-173nm Co*"
. . . ) 2 ; ’
% lonic radius: H* << Ni2* < Co?* < Na* < Cs* -4 176nm Ni2* //a
_— ~4&-162nm Na* Iy
. . s 15+ ~<4~164nm Cs" Iy
® lonomer thin-film _ s A — i/ e
ke i db < B Bl [ ! >
uptake impacted by 3 | |_l i ; S
processing: & 513 o 310
% Increases with water & ' = g 3 @
soaking (PB) £ i g
: - g 9 % 3 A
% Increases with acidic @ & =
re-exchanging (PT) 0 °
L PT ] .
80 100
~200nm Nafion thin-film on Si/SiO, Relative Humidity (%)

CrPA
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Accomplishments

Impact of Cation on lonomer Thin Films

7 T T T T
® Water uptake below 50 nm B 54nm H*(as cast) ¢
increased due to anisotropic ® 15nm H(as cast)
ionomer structure 6 » 54nmco®* O.SM}fuIIy exchanged, 1
2 ' 0
& Agrees with d-spacing from GISAXS —_ ¢ 20nm Co?" 0.5M | died @ 100°C [
% 5
® Increase in Co?* fully doped films % >
. 2 . —_ 4— -1
possible due to CO%* higher - -
% Hydration energy (~1000 vs 2000 "ac_; F; ®
kJ/mol) ‘g‘ 3 & * T
% Water bond length (~250 vs 200 pm) % > ¢
% Residence time of water with Co2* "] g 2+ ° . -
1 = ]
|
0 1 I 1 1
0‘ 20 40 60 80 100

% Relative Humdity (%)

[*IChem. Rev. 1993, 93, 1157-1204



Accomplishments

Impact of Cation on lonomer Thin Films

1.14

® Cation form impacts thin-film
transition temperature (T;), which
represents mobility

% Increase in cation charge = increase
in T; due to ionic crosslinking

—
—

& M2+ correlated better with ionic radius
than M1+

1.06[
® Thickness dependence of T;in M+

is not strong, indicating dominating
influence of ion-dipole interaction
between M *----SO,; moieties over
adsorption with substrate

Normalized Thickness (L/Lo)

1.021

0 S0 100 150 200 250
Temperature (°C)



Presenter
Presentation Notes
Exploring this phenomenon can lend insight into how contamination and cation migration affect gas transport. 



Accomplishments

Understanding lonomer Thin-Films

More Mobile
lonomer Chains yustasstatttdttsttsstan
T bulk behavior I bulk-like regime
Less Mobile o i T } substrate interactions
. Substrate
lonomer Chains
130 T T T T T T T T
v
120 v, v
Extruded Bulk Nafion Trt
v
O &3
110 + v
Q
100 s Y
©
5 v
© e i
o 90 = Cast Bulk Nafion T_
£ . ‘
@
— 80 F
S + M . + v
2 70r v
: w
|_
60+
® Nafion H'(IEC = 0.91)
50~ ¥ 3M825 H'(IEC = 1.21) |
® 3M725 H*(IEC = 1.38)
| | | 1 | | L |
400 50 100 150 200 250 300 350 400

Thickness ( nm)

Increase in lonomer Confinement

CrPA
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® lonomer thin-films experience:
% Finite size effects (confinement)

& Substrate impacts (physical
adsorption & polymer chain
interaction with substrate)

% Free surface interactions (higher
configurational freedom near
air/polymer interface)

® Transition temperature (T;)
increases with decreasing
thickness

U Greater impact of substrate

& Demonstrates less mobility and
hence expected worse transport
properties

® Need to design polymers with free
volume to counteract tendencies

Increase in Substrate Interaction Impact



Presenter
Presentation Notes
Transition temperature (TT) increases with decreasing thickness
is lowered at bulk values due to impact of free-surface interactions; with decrease in thickness increasing impact of substrate, increase in TT  and impeding mobility.

 Results point to limited transport property with decrease in thickness; similar to what is observed in CL.



Approach/Accomplishments

® L e o
lonomer Thin-film Characterization

® Grazing-incidence X-ray Scattering ® Neutron Reflectivity (NR)
= GISAXS beamline — ALS, LBNL = Asterix Beamline — LANSCE, LANL
» 2D GIWAXS probes in-plane and out-of- » Through-plane scattering length density
plane ordering = Confinement induced > Sensitive to local density fluctuations
anisotropic domain ordering

» Local hydration at the substrate-film

PP -
» interface is evident
8
1.14 107 ' ' P |
% oua ] 4 i i i i ; ——
EY ——1 Layer Model | T LAyer Voce
1.135 t N LagModel I a5 F — 4 Layer Model ||
113 102 Fi WA : g
1.125 | : ¥ e B LS
- u g & ll e
| Y Ul o 2
i 12 ) D it r
@ [} i ll g
10-10 | L L?>'1-5'
g 1115 ———— & i i
i & 1 1 [
alA’] |
05
107"
; 0 . . . . . . .
: - - - : 0 50 100 150 200 250 300 350 400
0 0.05 U 1 0.15 0. Distance from Si Substrate [4]
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Presenter
Presentation Notes
GISAXS/WAXS provides 2D information and allows us to determine the morphology. This can inform modeling the NR data. NR provides only 1D information, but it is much more sensitive to local density fluctuations. 
4 layer model exhibits a better fit: Local water domains (the two dips in SLD) near the substrate give a much better fit to the data



Collaborations

Collaborations (FOA-1412 Partners)

e Core FC-PAD team consists of five national labs
e Each lab has one or more thrust roles and coordinators

Interactions with DOE Awarded FC-PAD Projects (FOA-1412)
POC assigned for each project to coordinate activities with Pl
3M - Pl: Andrew Haug — FC-PAD POC: Adam Weber
GM - PI: Swami Kumaraguru — FC-PAD POC: K.C. Neyerlin
UTRC - PI: Mike Perry — FC-PAD POC: Rod Borup
Vanderbilt - Pl: Peter Pintauro — FC-PAD POC: Rangachary Mukundan

 35% of National Lab budget supports FOA projects
* Equal support to each project across FC-PAD
e Two in-person FC-PAD meetings held annually - include FOA members with
individual sessions held to discuss interactions and progress
* Project-by-project details vary, but some hold bi-weekly conference calls with
FOA project member and national labs




Collaborations (Non-FOA activities)

Collaborations

Umicore

EWii

University Carlos Ill of Madrid
TKK

Johnson Matthey

GM

lon Power

W.L. Gore

ANL—-Materials Science Division Group
Tufts University

KIER

University of Delaware

Vanderbilt University

PSI — Paul Scherrer Institute

@ CPA

Supply SOA catalysts, MEAs
Supply SOA catalysts, MEAs
Microscale simulations
Supply SOA catalysts
Catalysts and CCMs

Supply SOA catalysts, MEAs
Supply CCMs

SOA Membranes (in collaboration with GM)
SOA catalyst

GDL imaging
Micro-electrode cell studies

Membrane durability

Ink studies

GDL imaging

FUEL CELL PERFORMANCE]
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Collaborations

Collaborations (Non-FOA Activities)

University of Waterloo GDL modeling

University of Alberta GDL and flowfield modeling; ink studies
3M lonomers

Colorado School of Mines Membrane diagnostics

SGL Carbon GDL Supplier

NPL - National Physical Laboratory Reference electrodes for spatial measurements
NIST — National Institute of Standards and Tech. Neutron imaging

University of Arkansas-Little Rock Catalysts

Simon Fraser University lonomer

Chemours lonomer

NREL-EFTECS project Catalyst

S

FUEL CELL PERFORMANCE]
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Proposed Future Work

® Inks and thin films

& Examine carbon interactions with different solvents and ionomer chemistry
> Direct observation of dispersions

& Measure ionomer thin-film properties under applied potential

U Evaluate interfaces and impact of carbon type including durability protocols
% Examine impact of cation doping level

& Casting and evolution of ionomer thin-film structure

% Gas permeability measurements

® Catalysts
& Re-examine intrinsic potential-dependent kinetics
> Elucidate governing binary interactions
> Direct observation of dispersions
® Catalyst-layer structure
% Continue exploration of different catalyst-layer structures
> Array, electrospun, HSC/VC layered
% Incorporation and characterization of novel electrocatalyst materials
& Microstructural reconstruction and modeling for catalyst layers including multiphase flow
> Impact of Pt/C agglomerates
% Directly measure ionomer film/carbon in operating electrodes
% Local resistance analysis
» Limiting current under variety of conditions, techniques, ionomers, gases, temperature, humidity

EPHD Ani iroiosed future work is sub'|ect to chanie based on fundini levels

S




Proposed Future Work

® Advanced Characterization
& Multimodal characterization of thin films

% New low-voltage cryo-STEM L
» Combinatorial EELS and EDS and tomography (4D STEM) m

» Customized in situ cryo-holder to enable improved soft-matter imaging
® Water and thermal management s !
& Complete impact of conditioning and changes during break-in
% Detail model for GDL/channel interface and droplets -
U Water visualization in various components
& Explore impact of carbon type in MPLs
U Integrate and evaluate various components to elucidate emergent phenomena
% Translational modeling going from ex situ property data to operando performance

® Durability
& Model synergistic mechanical degradation with crossover and performance
& Model and measure the movement of chemical scavengers and/or other ions
L Examine the effect of aging on electrode microstructure

& Develop stabilized systems of radical scavengers
EPH Any proposed future work is subject to change based on funding levels
ERpERwS  NATURE COMMUNICATIONS 7:12532 DOI: 10.1038/ncomms12532

AND DURABILITY
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Summary

® Relevance/Objective:
& Optimize performance and durability of fuel-cell components and assemblies

® Approach:

& Use synergistic combination of modeling and experiments to explore and
optimize component properties, behavior, and phenomena

® Technical Accomplishments:
& Developed new catalyst-layer architectures

& Utilized characterization and experimental diagnostics to delineate catalyst layer
interactions

& Experimentally evaluated degradation mechanisms and conditioning effects

& Completed analysis of Mirai SOA components

& Developed diagnostics and models for interpreting critical phenomena and data
& Explored impact of cations from inks to MEAs

® Future Work:

% Develop the knowledge base to improve catalyst-layer structures for higher
fuel cell performance and durability




What (Who) is FC-PAD? National Lab Contributors
agone® =2 Agammes  MNREL

NATIONAL LABORATORY BERKELEY LAB NATIONAL LABORATORY

Debbie Myers Adam Weber Rod Borup KC Neyerlin

Rajesh Ahluwalia Ahmet Kusoglu Rangachary Mukundan Guido Bender

Nancy Kariuki Lalit Pant Jacob Spendelow Sadia Kabir

Dennis Papadias Meron Tesfaye Mahlon Wilson Jason Zack

C. Firat Cetinbas Anamika Chowdhury  Natalia Macauley Nihal Shah

J-K Peng Sarah Berlinger Sarah Stariha Lawrence Anderson

Xiaohua Wang Andrew Crothers David Langlois Ellis Klein

A. Jeremy Kropf Peter J. Dudenas Roger Lujan

Hemma Mistry Victoria Ehlinger Siddharth Komini Babu

Jaehyung Park Grace Lau Andrew Baker OAK
Michael Tucker Kavitha Chintam \RIPiGE
Clayton Radke Sarah Park Kahr‘lr:;_r& M(Sré
Thomas Chan David Cullen

Brian Sneed
Shawn Reeves

s oEPARTMENT OF | Energy Efficiency & Dimitrios Papageorgopoulos

& EPHD ENERGY Renewable Energy Greg Kleen
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Transport Activation Energy Analysis

e Diffusional activation energy of CL ionomer thin films higher than bulk hydrated Nafion

values

CL lonomer Activation Energy
4.6 (1020 J)
)
‘:-’ y =3318.4x - 5.9967 .9
S 42 t g
& y =3109.5x - 5.4065 .+
= B 1000 EW 4.58
<38 )
E g 725 EW 4.29
........... Nafion (wet)?! 3.32
34 + @&
Nafion (dry)? 6.20
; Water? 3.33
0.0028 0.0029 0.0030 0.0031 Argon3 0.67
/T (K) Knudsen 0.22

* Linear fit curve equations are color coded with legend

1. Schalenbach et. al., J. Phys. Chem. C 2015, 119, 25145-25155

2. Wilke-Chang correlation
3. Chapman-Enskog correlation

S

CrPA
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Development of 1+2D Integral Cell Model

0
g Channel inlet Channel outlet
/ a
. 2-D cross section N ;P - N
R,in R,out
i /Slteppingdirection ND in T T IND,out

Nv in__’NR,cons Nv,prod NL,prod T Nv,out

)
—
—
N L,in N L,out
CPA '
FUEL CELL PERFORMANCI
AND DURABILITY

. | Gan)
® 1+2D stepping based model ! i
: Extimate Shop sizes,
& 2-D MEA cross section model in : net condiions e Matlab
COMSOL :
- | Y et ¢ Comsol
% Along the channel stepping in | *
MATLAB : Inlet mass fractions [
Inlet RH
% Can account for down the channel : /'“;:t::’::!;‘:;i‘,:” /%0 —.
changes in concentration, RH, : f
pressu re and temperatu re : —)[2-DMEAmm0LSimulatian |Cnmputepressure dropl
I »
% In-plane transport not incorporated : ”::,"',:’.‘;{;W
% Suitable for low stoich (integral) cell |
0oy e I
Condltlons I o Is RH(out)-RH(in) >/0utlefr:'::::"r:clions
: under tolerance? Y/ Outlet temperature f
|- MPL|CL|PEM|CL|MPL !
|
|
|
|
|
|
|
I
I
|
I
I
1
1




Development of 2D Differential MEA Model

S

MPL|CL|PEM|CL|MPL

(9]
-
o
3
3
o

2-D cross section

2-D MEA cross-section model

Doesn’t account for along the

channel variations

Suitable for differential condition
(high stoich/flow rate)

Incorporated physics:
% Non-isothermal, two-phase model

& Multicomponent diffusion

& Electronic and protonic conduction
L BV kinetics in anode, Tafel with PtO

coverage in Cathode

& Agglomerate model in cathode

CrPA
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Validation Studies

® Oxygen concentration sensitivity:

& Model able to match experimental trends accurately

® RH sensitivity:

Potential (V)

& Can predict cell behavior with RH change

% Quantitative predictions accurate at higher RH

& Higher error at lower RH values and high currents

o
o

o
=)
.

0.4¢

80C, 100% RH, Oxygen
concentration sensitivity validation

1.0

80C, Air/H,, RH sensitivity
validation

— Half Air
, === Air | 08t
35 —-+— Oxygen
t T~ —
* e, 2067
- ' =
-\i. =
I\'\ 50.4'
N —— RH=100%
(TN 02l T RH=80%
- ol
- ——- RH=60%
= —— RH=40%
1000 ) 2000 500 1000 1500 2000
Current (mA/cm?) Current {mA/cm?




Accomplishments

Mesoscale Modeling

® Formalism to bridge nanoscale Nanoscale domain
chemistry to macroscale properties

® Nanoscale model:

i
@

- ® — & Concentrated solution transport
> ] theory

% Mean-field interactions
% lon dissociation through solvation
% Swelling

<. | | ® Mesoscale upscaling model:
" " & Resistor network model

L Heterogeneous domain size
distribution

& Predicts conductivity, water diffusion,
and electro-osmosis

® Macroscale predictions:

& Macroscopically relevant transport
A properties

& Account for emergent behavior

@ FUEL CELL PERFORMANCE]
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