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Reminder: FOA Deadlines

Deadline to Submit Concept Papers for Commercial Truck, Off-

Road Vehicle, and Gaseous Research Funding Opportunity

Announcement

Concept papers for this funding opportunity are due March 29, and full applications will be due
May 15. Applicants must submit a concept paper by the deadline to be eligible to submit a full
application. For more information and application requirements, please visit the EERE Exchange
website or Grants.gov

Deadline to Submit Concept Papers for H2@SCALE Funding
Opportunity Announcement

Concept papers for this funding opportunity are due April 8, and full applications
will be due May 29. Applicants must submit a concept paper by the deadline to be
eligible to submit a full application. For more information and application
requirements, please visit the EERE Exchange website or Grants.gov

www.energy.gov/eere/fuelcells/fuel-cell-technologies-office-newsletter
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FC-PAD Consortium
_Fuel Cell Performance and Durability

FC-PAD is funded by:

;_,__:__I_;:A). ENERGY Renewable Energy Fuel Cell Technologies Office (FCTO)

* FC-PAD coordinates activities related to fuel cell performance and durability

* The FC-PAD core-lab team consists of five national labs and leverages a multi-
disciplinary team and capabilities to accelerate improvements in PEMFC
performance and durability

* Advance performance and durability of polymer electrolyte membrane fuel cells
(PEMEFCs) at a pre-competitive level

* The core-lab team consortium was awarded beginning in FY2016

* Provide technical expertise and harmonize activities with developers

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

Approach

Objectives

Couple national lab capabilities with funding
opportunity announcements (FOAs) for an influx of

innovative ideas and research
[CPAD

& FUEL CELL PERFORMANCE

AND DURABILITY
Consortium fosters sustained capabilities

and collaborations

* Improve component stability and durability

* Improve cell performance with optimized
transport

* Develop new diagnostics, characterization
tools, and models

Structured across six component and cross-

Core Consortium Team*

-~

m’
ORATORY BERKELEY LAB

S
Argonne? A

+ Los Alam
IlbaﬁNREI NATIONAL LABORATORY OAK
N&ATEaL RENEWABLE ENERGY LABORATORY A —RID GE
National Laboratory

Prime partners added in 2016 by DOE solicitation

(DE-FOA-0001412)
m @ * United Technologies “ﬂ%
Research Center _

CrA www.fcpad.org
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cutting thrusts

oEI | 9 9I GDL
ectrocatalysts onomers, ,
and Suppo)r’ts Electrode Layer Bipolar Plates
Modeling and
Validation F c PA D
Operando .
Evaluation Fuel Cell Consortium for
O component  Performance and Durability

Characterization

Foundational Research
Science A Organizations
Industry + Academia
Lead: Rod Borup (LANL) / ey O *OAK. e us DEPARTMENT OF | Fngrgy Efficiency &
Deputy Lead: Adam Z.Weber (LBNL) : ~ 2 B Avspnne SICE ONREL ENERGY Renewable Energy
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FC-PAD Organization

FUEL CELL PERFORMANCE
AND DURABILITY

@ CPAD

Coordinator

Associate Steering
Committee Members
from DE-FOA-

0001412

Peter Pintauro, Vanderbilt
Mike Perry, UTRC

Andrew Haug, 3M

Swami Kumaraguru, GM

Technology

Transfer/Agreements

Team

cPA
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DOE Program
Management:
Greg Kleen
D. Papageorgopoulos

U.S. Drive/FCTT

plus appropriate

FC-PAD Steering Committee

Director: Rod Borup
Deputy Director: Adam Weber

Component Cross-Cut Area
Area Leads Leads

Modeling and

Electrocatalysts
and Supports Validation
Rajesh Ahluwalia

Deborah Myers

Operando
Electrode Layers Evaluation
K.C. Neyerlin R. Mukundan

Characterization
and Diagnostics
Karren More

lonomers, GDLs,
Interfaces

Ahmet Kusoglu

2N

Core Teams

AML LANL ORNL

advisory panels

® Couple national lab capabilities
with future FOAs to foster
innovative ideas and new research

® Other collaborations continue
outside the FOA process

® Steering committee input
% Achieve consensus for no-cost, non-FOA
collaborations within FC-PAD Core
% Input on AOP (Annual Operating Plan) tasks
and milestones

:l |: Data Team
LENL MREL
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What (Who) is FC-PAD? National Lab Contributors

Argonne3

NATIONAL LABORATORY

Debbie Myers
Rajesh Ahluwalia
Nancy Kariuki
Dennis Papadias
C. Firat Cetinbas
J-K Peng
Xiaohua Wang
Jeremy Kropf
Jaehyung Park
Evan Wegener
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Adam Weber
Ahmet Kusoglu
Lalit Pant

Meron Tesfaye
Anamika Chowdhury
Sarah Berlinger
John Petrovick
Andrew Crothers
Peter J. Dudenas
Victoria Ehlinger
Grace Lau

Clayton Radke
Gregory Su (ALS)
Isvar Cordova (ALS)

'ENERGY

» Los Alamos

NATIONAL LABORATORY
Rod Borup
Rangachary Mukundan
Jacob Spendelow
Andrew Baker
Natalia Macauley
Siddharth Komini Babu
Kavitha Chintam
Derek Richard
Mahlon Wilson
Sarah Stariha
David Langlois
Roger Lujan
Sarah Park

%=
| |}
=
[o] ENEWABLE ENERGY LABORATORY

NATIONAL REN

KC Neyerlin
Sadia Kabir

Tim Van Cleve
Guanxiong Wang
Andrew Star

Ellis Klein

Guido Bender

OAK
“RIDGE

National Laboratory
Karren More

David Cullen
Shawn Reeves

Energy Efficiency & Dimitrios Papageorgopoulos

Renewable Energy Greg Kleen
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FC-PAD Landscape

o OEMs W
" ( )
_ Component G
=  Manufacturers |y — -@Q}&‘&Qo“e
ST .
-~ FC-PAD \3 @\;\"»‘e@\o\‘
i Understanding and o
i ( Academia ) science of integration
= V. Performance optimization -
T Dura bility mltlgatlorjrﬁ_'_ "1 3 f/%@/
~ User Facilities T e/;,c-?&

* FC-PAD conducts research at pre-competitive development levels
* Primarily TRL2, 3,4
e FC-PAD directly interacts with OEMs, components suppliers and academia
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FC-PAD Consortium — Objectives

Overall Objectives:

® Advance performance and durability of polymer electrolyte
membrane fuel cells (PEMFCs) and their components at a pre-
competitive level

® Develop knowledge base for more durable and high-performance

PEMFC materials & components

« Understand science of component integration, e.g. ionomer interactions with
carbon, interfaces between electrodes/GDL and/or electrodes/membranes

® Improve high-current density performance via:

* Improved electrode structures
« Reduced mass transport losses
® Improve component durability (e.g. membrane stabilization, self

healing, electrode-layer stabilization)
® Provide support to DOE-funded FC-PAD projects from FOA-1412

DOE FCTO FC-PAD Webinar: March 28, 2019



FC-PAD Work-Scope Emphasis
_(Highly Ranked by Steering Committee)

® Catalyst-layer Structure

& Correlate electrode microstructure and performance using characterization results and
modeling to determine, for example, electrode transport properties.

% Develop/measure key CCL parameters using multiple methodologies with consistent results

& Show where the ionomer is for different systems

& Effect of ink composition, processing, and fabrication method on electrode microstructure

® Performance/Durability (Characterization, Experimental, Modeling)

% Understand/improve durability of alloy catalysts: effect of leaching on ionomer properties
% Understand/improve high current performance: R,, R,,, different ionomers/carbons

® New Capability and Modeling Development

& Develop novel methods, cells, and analysis techniques for in situ, ex situ and operando
characterization of electrode layers and components

& Develop new high-resolution ionomer imaging and spectroscopy methods and develop
and apply algorithms for structural reconstructions

& Develop novel methods, cells, and analysis techniques for in situ, ex situ and operando
characterization of electrode and membrane layers and components

& Develop new diagnostic methods to understand transport processes

& Develop and apply Integrated predictive models of coupled performance and durability

DOE FCTO FC-PAD Webinar: March 28, 2019



Fiscal Year 2019 Commercial Trucks and Off-road Applications
FOA: Natural Gas, Hydrogen, Biopower, and Electrification Technologies

FOA Number: DE-FOA-0002044

Topic 4: High-durability, Low Platinum Group Metal (PGM) Membrane Electrode
Assemblies (MEAs) for Medium- and Heavy-duty Truck Applications

The Fuel Cell Performance and Durability (FC-PAD) core lab consortium team is

available to support DOE awarded projects related to FOA-0002044 with the core
capabilities assembled into FC-PAD.

For FC-PAD capabilities, please see:

FC-PAD Website: https://www.fcpad.org/PAD
FC-PAD DOE FCTO AMRs:

https://www.hydrogen.energy.gov/annual_review18_ fuelcells.html#performance
FC-PAD Webinars: todays, plus 2016:

https://www.energy.gov/eere/fuelcells/downloads/fcto-consortia-overview-hymarc-and-fc-
pad-webinar

FC-PAD Core National Laboratories are not eligible to participate in
proposal development nor discuss the open FOA

EREEERE = E ==l
@ € DOE FCTO FC-PAD Webinar: March 28, 2019




FC-PAD NL Capabilities

STRUCTURAL & CHEMICAL PERFORMANCE TESTING MODELING &
CHARACTERIZATION & EVALUATION THEORY
Analytical Electron | Advanced X-Ray Techniques , Electrode
CATALYST Mlcroscopy Catalyst and support atomic structure and . THERR | 7 Simulations
& particle size ” o
A 1av : ] | ‘ - \
CATALYST e \;.\ ¢ - e
SUPPORT § % \\w"x:,\ = s . 3 f‘ z i
T B N g
T 3-D electrode reconstruction
v and transport
ELECTRODE On-line Analysis of | - s ¥ EE e <
& MEA Catalyst ; & r — | s
H & s = 1Ink Water Content
Degradation U R — Quantify various losses
DMyers@anl.gov P:;tgdwﬁfhd,;;i‘;':;g“ TNREL rrgorne Y] Walia@anl.gov
Electrode Structure  MEA Component . .
Advarll)c'ed COTponent Evaluation Dia no,s)tics Muitiphysics,
1kagnos 'CS e g ‘ 1 Multiscale Models
MEMBRANE J ' :
& IONOMER 1‘? =
Ionomer mappmg Bulk and thin-film e
W MoreKL1@ornl.gov morphology and properties
Transport MEA Fabrication Performance &
property Durability Testlng 7
measurements Nanowire Electrode i e ele T optimize water . ‘
GDL & — i and thermal || |-
s : management| |-
CELL g X-ray tomography SnEEEe
. . A Borup@Ianl.gov
. AZWeber@Ibl.gov » Los Alamos | Mukundan@Ianl.gov il AZWeber@lbl.gov

TINREL|[ -2 nomed

Logos and names/emails listed with facilities do not represent the only laboratory working on a specific topic. 12

OAK RIDGF
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Examples of NL FC-PAD Capabilities
(From Jan 2016 Webinar)

9

Contamination and leachates g
EPH DOE FCTO FC-PAD Webinar: March 28, 2019
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Dissolution measurements using electrochemical techniques
X-ray absorption spectroscopy for catalyst component oxidation state and oxide structure

Electrochemical measurements of platinum oxidation kinetics and oxidation

Small angle X-ray scattering for in situ and operando nanoparticle size distribution during
potential cycling, humidity cycling, in-cell and model systems

Anomalous small angle X-ray scattering for evolution of intra-particle catalyst component
structure

Solid-state electrochemical cell for oxygen permeability through ionomer layer measurements
X-ray fluorescence for changes in catalyst composition with AST cycling

On-line CO, detection from MEAs for quantification of carbon corrosion

Advanced high-resolution imaging and spectroscopy (TEM, STEM, EDS, EELS, in situ, etc.)

Synthesis capabilities including electro-spinning, spray coating, de-cal transfer, vapor
deposition, ALD

H,/Air & H,/0, VI performance evaluation, crossover, cyclic voltammetry, AC impedance
Setups for water transport and interactions

Structural properties including scattering and x-ray techniques and mechanical properties
Synthesis and characterization of ionomer thin films

Segmented cells

I PERFORMANCE & DURABILITY
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FC-PAD Collaboration with USCAR:
_A case study in FC-PAD Characterization Capabilities

gl PERFORMANCE & DURABILITY

Characterization of commercial fuel cell components from Toyota Mirai to set
bench-mark State-of-Art materials, performance and durability

Techniques Component |Materia| 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 %/ I/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




MEA Component Summary From Toyota Mirai

Cathode SEM Cross-Section of Mirai
— PtCo/C: Pt = 87mole%, 0.32 mg,,/cm? MEA
— Cathode layer ~¥ 9 um; decreases to ~ 8.1 um £
* 300 h: 4.86 nm — Pt-Pt: 2.747
* 3000 h: 4.96 nm — Pt-Pt: 2.745 P ~ 44um lonomer layer
Anode B
— Anode layer ~ 2.3 pm; 0.050 mg;,/cm? 2.5 im Anode CL
GDLs : CeOx Particles
— Anode: ~ 150 pm total with ~ 60 pm MPL in MPL of GDL
— Cathode: ~ 160 um total with ~ 40 um MPL = 2.5 um Anode CL
* High concentration of CeOx in MPLs ZEOECIS moce 1Y mag WD sl - @um
— ~ 60 pg../cm? on the cathode; B — . '
— ~ 120 uge./cm? on the anode
Membrane

— ~10-10.5 um with ePTFE; Nafion side chain
— lonomer EW: ~ 901 & 1 g/meq by acid-base titration

Bipolar Plate
— Cathode Ti foil; with Ti mesh; ~ 80 nm carbon coating

— Anode serpentine; ~ 80 nm carbon coating 1‘ 'T‘ 'f‘ 'T‘ NIST

F UEeL = E sl
Cathode Inlet
peRFoRMHNCE DOE FCTO FC-PAD Webinar: March 28, 2019

DURARBILITY




FC-PAD: Exploration of Critical Phenomena

Reactions and Mass Transport Kinetics and Durability ASTs: Durability:
Charge Transport  of Species cell testing RH, V,T cycling Field Testing
relavant nsec - msec sec-min sec- hrs hrs - days lifetime
y
5"53&213?2 local nanostructure component function membrane-electrode fuel-cell stack/system
. Cell performance
Imaging C . o
and optimization £ | -
9 Catal catalyst 1 3 3
g atalystjsy layers 2 Avg. Ce
8 mPowder mWBOL mEOT © \ (165-195 pm)
c " PtEdge XAFS doan N
(oY) E . 0 20 40 60 8o
(.U E Scan length (pm)
=) g ° e, Monitoring, Measuring
E HE probing Curont densay maicn’ Degradation and Performance Decay
_S 2 water &ion transport 20 : g . RHC
Ll o  AsT
© ° ] e SRS Y, - = 15 s B ocv
.: -E I Vapor| Liquid -.”‘";‘H : : A g €
O £ 1l o 2 101¢ L
't; E 10} fe'*'r Dry| Liquid G s &
5 (.7 ¢
E = , 0 - “‘ ‘:’.‘.
© - § Operando Imagin
< ionomer-Pt/C qp[n(:n"] Normalized Thickness P ging 0 Ti =00 1000
@) . . ime [hr]
Interactions

characterization of phenomena
fundamental understanding

Nanoscale

nalysis

@ Modeling
D

S
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Agglomerate

Cell-level
performance
and
durability

performance-durability interplay:
understanding and improvement

= BOT,VI -8-BOT, EIS
* 15k, VI 15k, EIS
40 A 30k, VI &30k, EIS

£
S
@
o«

Suay

0.0 05 1.0 1.5 20 25
Current Density. Alcm?

Predicting life and decay
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Transport Measurements Related to Conditioning

® Break-in Changes in R ; and mass activity seem to occur
% Reduction in Non-Fickian transport mdependent of each other
resistance 100 _ 158 <
> Still figuring out the lack of < £ woze P en o
. . m
polarization change oo sV b LLLL v
. . . . n o
% Removing majority of contaminants = S5 I
g % E
® Voltage recovery £0.60 R B . o<
% Improvements in mass activity < §1 5 o
% H,/O,-Air performance 3 > P
040 |-} — g
- - PtCo/HSCyp, - 2 = PtCo/HSCUm,
....g....B fore B k ;
1.0 Ptco/Hchml +A:t:::rer:z|nln 2 1 . E] [ | . . . .
0.05 mgpt/cm «+&F- VR Cycle #1 020 11T TTRITLLY . .
—#— VR Cycle8
ooo UERERLELRLERL 0.5

0.8 ul

0.6

EHFR-Free[V]

Mol
Q]

0.4

o,
)
%, Voltage Recovery
0.2 2 cycle1-> 8
H,-Air, 75% RH, 150 kPa, 80C
0.0 | \ \ \ \ \ \ \ \

0.0 0.2 04 0.6 0.8 1.0 1.2 14 1.6 1.8

EP A i [A/cm?]
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Suggests that break-in impacts local effects and
voltage recovery more than macroscopic effects

First voltage recovery cycle is crucial for
improved H,/Air performance

DOE FCTO FC-PAD Webinar: March 28, 2019
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Vulcan

HSC

W TKK_50wt%_Pt/V_BOL
W TKK_50wt%_Pt/V_EOT

Diameter (nm)

AND DURABILITY

B TKK_50wt%_Pt BOL
B TKK_50wt%_Pt_EOT

] —
Diameter (nm)

Pt/Vulcany,, vs. Pt HSC

Differences in ECSA losses due
to mechanisms contributing to
particle growth (e.g.,
contributions due to particle
coarsening, Pt-dissolution, and
Ostwald Ripening)
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Presenter
Presentation Notes
USAXS observation corroborated by TEM micrographs 

However, insitu measurements show that the ecsa loss in HSC is infact greater, when particle growth in Vulcan is the highest. 
particle size growth isn’t mapping 1:1 with ECA loss

Pt/Vulcan - Pt NP on surface with higher mobility and tendency to agglomerate
Pt/HSC - other degradation mechanisms at play  greater ECSA loss despite less particle growth


Durability Approach:

* Mechanistic

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

* Drive cycle operation * VVoltage-loss-

- based ASTs - «SD/SU simulation . breakdown
. : Develop/ f :
-+ Single/multi _ . * Degradation
. Refine

mechanism rate
A§Ts Dura!:nllty Modeling * Evolution of
e Simulate DC Testing/ transport
~» Life Predictive Evaluation " properties

and
phenomena

Develop
e Feedback

operando e — Character cOr:r;::ent
evaluation ~* Catalysts _ization

capability ~* Membranes thrusts
« GDLs
~* Catalyst Layer

In situ characterization: e.g. Catalyst-alloying; particle

.« Confocal XRF of cation microstructure and stability growth, kinetics losses

~ migration ~* Impact of microstructure ~ with leaching 5
 * Surface coverage by CO . on durability e Catalyst-support corrosion
- displacement f ' 5

* I|dentify degradation * Membrane stabilizers and
5 mechanisms & phenomena : cation migration
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Durability: PtCo Cathode - Effect of Loading

(0.15 to 0.05 mg,./cm?) 80 °C, 100% RH, 150KPa
2 2
0.15 mg,,/cm? 0.10 mg,./cm 0.05 mg,,/cm
1.2 —*— BOL 1.2 —e— BOL 1.2 —e— BOL
—=— 15k SWAST e 15k SWAST —=— 15k SWAST
1 —o— 15k SWAST + Rec 1 e 1ok SWAST + Rec 1 —o— 15k SWAST + Rec
> 0.8 —a— 30k SWAST s 0.8 —a 30k SWAST S . —a— 30k SWAST
% ' —=— 30k SWAST + Rec % : . 30kSWAST+Rec & 0. 30k SWAST + Rec
£ 06 £ 06 £ 06
(2]
= 04 > 04 S o4
0.2 0.2 0.2
0 0 0
0O 05 1 15 2 25 0O 05 1 15 2 25 0O 05 1 15 2 25
Current Density (A/cm2) Current density (A/cm2) Current Density (A/cm2)
- After recovery @ 30,000 « ECSA and mass activity decrease
cycles, mainly kinetic « Local transport still most significant loss at high current
densit
losses observed y 800 I 0.40 maufem? [ 60
® ECSAloss due to particle size increase Z = o0 ! : 8pt - 50 ¢
® Mass activity loss due to Co leaching = %'Eo ° - 40 %D
- — < : .
® Durability losses (kinetic and transport) @< 400 o s | ;g =
greatly exacerbated by lower loading s £ 200 | emass Activity (mA/mg) | §
0 W ECSA (m2/gm) 0
Square Wave Catalyst AST (0.6 — 0.95V) |
0 20000 40000

80°C, 100% RH, 150kPa # of catalyst AST cycles

DOE FCTO FC-PAD Webinar: March 28, 2019
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Catalyst Degradation Loss Breakdown
R,,, at Limiting Current Density (i;): 1.5 atm, 4% X(O,), 80°C, 90% RH

0.15 mg/cm? 0.1 mg/cm? 0.05 mg/cm?

= At BOL, reducing
Pt loading to 0.05
from 0.15 mg/cm?
causes 30.6%
increase in R,

iR;

o iR,
i
0.189 0.214 e
BOL ek
f R
0.142 0.187

iL=615 mA/lcm?, R,,=0.937 s/lcm i;=535 mA/cm?, R,,=1.077 slcm i ;=471 mA/cm?, R,,=1.224 s/cm

0. 06
0 189
0. 915

0. 352
i,=548 mA/cm?, R,=1.052s/cm  i_.=473 mA/cm?, R,=1.218s/cm  i.=329 mA/cm?, R,,=1.751 s/cm

= After 30k cycles, R,
increased by 12.3% for
0.15 mg/cm? loading
and by 43.1% for 0.05
mg/cm? loading, and is
66.4% higher in the
lower loaded cell

iR;
0. 169

30k
Ry
Cycles 0.277

Representation for R,,, (Total Transport Resistance)
p p i Rf = lonomer
R = {R 9p. p tRa Pr} + Rin + {Rf + R; E} Film Resistance
GC DM  MPL/CCL CCL R = Ro,/Spt

CPAD
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Need to actually know what these are (DM?). How was it done. All at limiting current. 


Approach: Electrode Layers and MEA Exploration

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

e+ Interactions & pH ~* Formation process :
~«lonomer thin films j * Specific designs &
~ « Thickness and structure ~ components

Film & Ink « Impact of cations _+ Preferential pathways
Characterization | kathabenneh Y SRR

Electrode
Formation and
Design

* Limiting current

* Water & thermal
management

* Multiscale modeling

* ASTs

Component
Characterization
& Diagnostics

Cell
Performance

Optimization

and
Understanding

and
Diagnostics

* Visualization

~* Microstructural modeling
_* Catalyst & alloy

- characterization
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Then do this as a case study 
Showing what we learn and then go to the new structures 



Agglomerates: Dispersions

® lonomer solutions: colloidal dispersions with multiple solvents and ionomer

U Precursor to ionomer interactions

50% H,0, 0.2 wt-% 90% H,0, 0.2 wt-% 90% H,0, 2 wt-%

Aggregation from single
strands to multi-strands
with increasing water and
solid amounts studied via
cryo-SEM

x10* Nafion 5wt% solution timeseries
3 Dispersion

ionomer Probing morphology of ionomer 3F

dispersion while casting on a substrate 3
via time-resolved GISAXS: 25

Operando casting shows
evolution of domain
formation with crystallites
then formation and growth
of ionomer domains

lonomer

Crystalline
Os

EPH » DOE FCTO FC-PAD Webinar: March 28, 2019
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Characterization of Aggregates and Agglomerates

® lonomer and Pt/C exhibit different aggregation behavior, resulting in various

heterogeneities within electrode that can be detected with various methods

& Multiple techniques used to measure ionomer and carbon aggregates and agglomerates
» lonomer thin films plus larger agglomerates (globules)
» Carbon aggregates 50 to 200 nm; larger agglomerates

Nano X-ray tomography

ionomer

CrPA

FUEL CELL PERFORMANCE]
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C

Large ionomer
agglomerates

Intensity (cms")

1.E+00
0.0001

Pt -
mmm Reconstruction

0.001

0.01
Q (A1)

0.1 1
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Case Study: Ink Solvent Ratio Effect on Performance

1.2 : ;
® Higher O with increased ink water content .| Too Little . 00 Much
. o
& Aggregates grow due to increased ~ o8 |
ionomer/particle interactions £ ° ®
. o . < 06 ¢ °
® Slightly water-rich ink exhibits best -
S5 04 |
performance due to trade-off between -
0.2 | 50% Pt/Vu H,0/nPA
coverage and structure 02020 (1/C0.6)
& High water contents - aggregation of side- 0 pa oo sion o329
chains and looser structure, whereas with Wt%H _Oinink
& High propanol contents - clustering and
. increasing water content
reverse-micelle structure ’
nPA rich ink Standard ink H,O rich ink ¢

e  Bp e
Faptppt ok

Berlinger et. al, : J. Phys. Chem. B 2018, 122, 7790-7796

DOE FCTO FC-PAD Webinar: March 28, 2019
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inaccessible

0.25

10.2

0.1




Case Study: Ink Solvent Ratio Effect on Performance

1.2 . . . 0.25
® Higher © with increased ink water content , | Too Little . 00 Much
. o
& Aggregates grow due to increased ~ o8 | o
ionomer/particle interactions § o ° . ° .
® Slightly water-rich ink exhibits best - @
2 @ 04 L 10.15
performance due to trade-off between - .
0.2 | 50% Pt/Vu H,0/nPA
coverage and structure 02020 (1/C 0.6)
% High water contents - aggregation of side- 0 a0 cron  saan
chains and looser structure Wt%H _Oinink
% High propanol contents - clustering and , nPA rich Std H,O rich oz
reverse-micelle structure Increasing Coverage
® Larger solvent effects in O, transfer- s | . T
limited region £ . s lom
. . . S~ 1 u / ® 3
& Better aggregate break-up in water rich inks < \ o o @
& Additional ionomer leads to thicker films on =
or near Pt Less Aggregation  Thicker film] i
& Similar to that observed for non-limiting case 0 Rue R
24.0% 61.9% 83.2%
Wt % H O in Ink

2
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Electrode Microstructure Reconstruction

Method to reconstruct electrode microstructure from multiple datasets

Nano-CT data for morphology of the secondary pores Resulting Microstructure - Validation against MIP and BET
14 BBET
12 30t MIP
10 Il Hybrid
= 25} 1
g’ 2
§ 6 § 20f B
4
2 151
2 >
o 10}
20 60 100 140 180 220 260 300 340
Pore Size (nm)
5 L
TEM and USAXS data for C particle size distribution 0
g zu

0 10 20 30 40
Pore Size (nm)

u TEM

USAXS 2.5 nm resolution

-
[

1 pum

400 x 400 x 400 voxels
g, = 0.45

- | | ‘ ‘ Calculated ionomer size distribution is independent
L I | L1111 of random C and Pt placement — does not directly
L 20 25 30 35 40 45 50 55 60 65 70 75

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

50

B I aTEM Y

USAXS 5% |

20 | E20
H

10

15 | 9

. 5 10 15 20 25 30
Pt size (nm) lonomer Thickness (nm)

Number %
oy
o

o

Number %
=
@
g
5
2

CrPA

FUB Bl pELEBRrAREE DOE FCTO FC-PAD Webinar: March 28, 2019

AND DURABILITY

S



Microstructural Modeling

. Actual reaction rate )
Effectiveness Factor,Er = - - - Flooded pore effectiveness
Rate if not slowed by dif fusion : - -

1.0 Fiese 1
—— d,,=100nm
Direct numerical simulation of O, transport in multi-phase agglomerate | XX = d- —200nm
g8
dys=100nm section view 0.8¢ L dagg=300nm ]
06! O 362=375nm |
' RANR\\p— gz =500nm
ur W
0.4+
0.2+
0.0}

primary pores (V)
50— T 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 @ 0g | *®Flooded Pores m K:0.55 A.cm™2 0; — : ’
I 300 nm Flooded 2= LT
[1500 nm Dry o | © Dry Pores -
=X 30t [ 500 nm Flooded E os | m
- S & K:394.34 A.cm™2 Co
g £ | ¢ o i=K|-2
g i L 4 < o Oo cr
O 20t go4f * o © 0,
: | te
10 o 0.2 *e
o K:2.82x10% A.cm ™2 * o
»® L
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
@ Crr

FUB Bl pELEBRrAREE DOE FCTO FC-PAD Webinar: March 28, 2019
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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 10T ]
TR — =100nm
agg
osl N\ T Tagg=200nm
Distance from Membrane F 4
05 ‘ --------- Secondary Pore || B0 . . [ dagg=300nm
i A — lonomer 15} Eli-2um]| | de —375nm
g £ [ J23um 0.6 AW %8 ]
= 2 I 3-4 um PR\ (e — Tage—500nm
& o Bl 4-5 um Ty 5
r E 101 1
o _g 0.4}
E S
S 5 0.2
T 02 04 06 08 1 % 01 02 03 04 05 06 0.0L, : : : -
Normalized CCL Thickness Agglomerate Size (um) 0.2 0.4 0(\6/) 0.8 1.0
_'r!
. . Co, aF
Average current: i(x) = ) ¢{r(x)}E{r(x)}A,{r(x)}iy —rer | &XP(~ o7 [1—€,(x)]
c
T 0,

MPL|CL|PEM|CL|MPL

® Incorporated microscale modeling and
features in macroscale model

Bi Polar Plate Bi Polar Plate

® CL structure is highly heterogeneous

Agglomerate
distribution

CrPA
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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



Optimizing CL Structure (lonomer Distribution)

Control ionomer content & distribution lonomer Inhibits ORR
0~ Too Little OZ\; Too Much 1200 - gg:c:ir:if:flviw (WAicmi) ]
2\‘ ' Mass Activity (mA/mgp,)

1000

y 800

) 600
H* A
Nafion Membrane
* Poor H* Transport  « Decreased O, transport

« Lower Pt utilization « Site and Pore Blockage 0

18 pugp/cm? 4.5 pgp /em?
Air dry  Surf & Air dry

Challenge: Difficult to control and characterize

H

. 400
Nafion Membrane

200

Pt/HSC

SEM elemental
lonomer

map

Umicore 0.1 mg
PtCo/HSC - Bulk
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In designing the optimal electrode structure, it is critical to understand the distribution of ionomer. The ionomer improves ionic conductivity within CL so that you can fully utilize available Pt sites, but you need just the right amount. If there’s too much ionomer, you can have diminished performance resulting from pore or site blocking, which will inhibit O2 transport and ORR kinetics. Unfortunately, it is very difficult to predict the distribution of ionomer within the catalyst layer because of the complex interactions between C support, active Pt nanoparticles, and the solvent systems during ink formulation and electrode assembly. Fortunately, we can use several techniques such as SEM and Nano-CT to spatially resolve the ionomer and catalyst particles. Processing data from these techniques, you can study how different ink formulations and electrode processing techniques affect the ionomer distribution. 


Accomplishments

Ordered Array Electrode

Array Electrode

Array Electrode Nanowire Electrode

+ +
H H Nanowwe Electrode
Yy T \" k\ " L ¥ ‘

q
-CarbOn -Pt -Ionomer *not to scale ﬁ &’& '\"f‘ F? {\ ﬁ
| M"\

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

® Catalyzed elements can have reduced ionomer JRA Y p! A

i ‘4(" &‘*« ﬁ"*“w

ol :\.“ '4‘ “ H‘k‘*»’ﬁu
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FC-PAD Support to FOA-1412 Projects

Interactions with DOE-awarded FC-PAD Projects (FOA-1412)
POC assigned for each project to coordinate activities with PI
FC-PAD work related to those presented in those AMRs
FC155: 3M - PI: Andrew Haug — FC-PAD POC: Adam Weber
FC156: GM - Pl: Swami Kumaraguru — FC-PAD POC: K.C. Neyerlin
FC157: UTRC - PI: Mike Perry — FC-PAD POC: Rod Borup
FC158: Vanderbilt - PI: Peter Pintauro — FC-PAD POC: Rangachary Mukundan

* 30% of National Lab budget supports FOA projects
* Equal support to each project

* Two in-person FC-PAD meetings held annually - include FOA members with
individual sessions held to discuss interactions and progress

DOE FCTO FC-PAD Webinar: March 28, 2019



FC-PAD support to: Novel ionomers and electrode structures for
improved PEMFC electrode performance at low PGM loadings

P.I.: Andrew Haug- Project ID: FC155

® Component understanding

CL Resistance (s/m)

S

lonomer morphology and properties

Domain Spacing

©
£

IONOMER Thin Films

6

w
=
[

»
=1
"

©
i

N

Thickness Swelling, AL/L,
o o

Domain Spacing [nm]
w

PFIA
MASC2

©

Perpendicular

W Si, 50nm Ellipsometry
[ Pt, 50nm

EPt, 20nm

I I I A

PFSA, PFIA MASC2 IMIDE#2
825EW

Examine processing conditions and CL structure

C-type HSC XC72 7X
%M/C XC72 10V50E 50X
I/C 0.8 0.4 3X
lonomer 825 PFIA ~2X
Electrode dNSTF, 10V50E ~75X
XC72,1/C=0.4 Baseline (500X for HSC)

PFSA & IMIDE#2 more dense and oriented

dispersed NSTF results in higher agglomeration

0.5
1/C Ratio

0
EP 3M ionomers and dNSTF result in lower local resistance

FUEL CELL PERFORMANCE]
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L] L]
Phenomena elucidation
160 Transport ana|y5i5
825 EW y =99.0x+19.6
® Nafion ® °
L . 4 1
120 . 5
: E o 4 § °
8o | o {3 A i
= @ Pt/Vu, 825EW, SEF~25
o O Pt/Vu, PFIA,SEF~25
a0 L . i A dNSTF 25Pt, 825, Wh/C=2.5
. A dNSTF 25Pt, 825, Wh/C=1
Transport Resistance A dNSTF 25Pt, PFIA, Wh/C=1
Interfacial Resistance 01
0 ‘ s 0 02 04 06 08 1 12

1/C ratio

14

ASTs and cell diagnostics

4.50E-02

4.00E-02

RN N W oW
o wu o w 9o u
& © &6 o & o
m m m m m m
o © o o o o
DT ST S T S B N1

5.00E-03

B-Transmission Line Parameter

0.00E+00

LIKELY
PROTON
LIMITED

-©-NSTF 25 Pt, Wh/S=2.5, 3M825, 1/5=0.8, 0.2 mgPt/cm2
-©-10V50E, 3M825, 1/C=0.9, 0.2 mgPt/cm2

0

50 100

%RH

150

200

Better water management and durability
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FC-PAD support to: Fuel Cell Membrane-Electrode-Assemblies
with Ultra-Low Pt Nanofiber Electrodes
Pl: Peter Pintauro - Project ID: # FC158 s

Quantify Kinetic and Transport Losses Characterization of Nanofiber Electrodes
During Potential Cycling

-0.40 40
£ 035 | 0.2 Af/cm?2 _e_BOLArDaa 3 | Nanofiber Diameter
(@] .
" .0.30 O 30,000 cycles Air Data — i ®
= ¢ o« 30000 cycles Air Fit g 30 ° ,}3‘
N 25 B BOL HelOx Data E - | e
. , S 25 \¢
5 e BOL HelOx Fit = ° 8 -°
©  0.20 O 30,000 cycles HelOx Data <0 | @oo o
£ & o ®
- -0.15 % 15 | ° o O
g 8 o
£ -0.10 O 10 F
-0.05 5 | ® Nanofiber BOL
ONanofiber EOL
0.00 = 0 .
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 5 10 15
, PtCo nanoparticle diameter (nm)
Real Impedance (z') Q.cm?
-0.40
o ® BOL Air Data 1 I 1
L o5 > BoLairDa , Water Visualization |
© O 30,000 cycles Air Data GDE
Cj -0.30 e e ¢30,000 cycles Air Fit —~ 25
= 2 A/cm? B BOL HelOx Data E NF N H
N -0.25 e BOL HelOX Fiit E
3 020 O 30,000 cycles HelOx Data @ }
Q S 15 -
E 015 5
2 ES
£ -0.10 § 05
005 2
' = o0
0.00 : 05 Lchanne An. GDL Ca. GDL | channel
0.00 0.20 0.40 0.60 0.80 850 1050 1250 1450 1650 1850

Real Impedance (z') Q.cm?

» Better water management and better durability of nanofiber MEAs
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FC-PAD support to: High performance PEFC electrode structures

_P.l.: Mike L. Perry - Project ID: FC157 i United Technologies
Research Center

Agglomerate Distribution by slicing through
smaller dimension of agglomerate chains.

STEM to estimate
agglomerate size

Digitized images

2001

150}

# Pores

100}

so.\/
0 50 100 150 200 250 05 20 a0 &0 80 10

Pt/V Agglomerate
Equivalent Diameter (nm)

Pore Diameter (nm)

Modeling porous carbons for
optlmlzatlon of catalyst utlllzatlon

Catalyst Layer Porosity
Measurements

AFM Measurements
of Ionomer Thlckness

10 __ 1200 12 &
= N Q
3 — Cylindrical pores \ 8
B § 1000 === Triangular pores ‘” 5
. k) ¢ Idenet. al. s
E g goot &
e ) g IYE
@ o 2 pore-size ©z
] oy, . . N =
E = 6007 gistribution and Ny , @
o 2 : / /106 ®
E S 400l capillary S0 E
e = condensation / »
. I 104 §
8 200 I
© o - =
- N U= : 02 ©

20 10 BO% 80 100 0.2 0.4 0.6 0.8 1

S
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FC-PAD support to: Durable High Power Membrane

_Electrode Assembly with Low Pt Loading

P.l.: Swami Kumaraguru - Project ID: FC156

Pt Dissolution (half-cell)

50 °c

0 15 30 45 60
Time, h

Upper Potential
Intermediate Limit Hold Time
SATIEEED & Upper Potential
Rate Sy < Limit
Intermediate

Potential Limit

Cathodic ,_-=
Scan Rate

~=~. Initial Anodic

Scan Rate Lo

Potential Limit

(—---
15 Lower Potential
Limit Hold Time

=

14 Lower Potential
Limit Hold Time

Model framework development to
identify root cause of durability losses

3.0
T:80C P 1.5atm P 1.5atm
RH: 100% X(0,): 10% X(0,): 10%
25 RH: 100% T: 80°C
BOT
L 20
S 30k-1 o g BoT
E 15 b
d 2
30k-1
<10 ° A
30k-2 o ;
05 30k-2
0.0
0 01 02 0360 80 100 30 50 75 100
P(O;), atm T,°C RH, %

cPA
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FC-PAD Planned Work Related to Heavy-Duty Applications

@ Heavy-Duty Deviations from Light-Duty (Durability & Efficiency)

& Much longer lifetimes (1,000,000 miles; 25,000-30,000 hrs)
& Different drive cycles compared with light-duty
» Long-haul and delivery also have substantially differing drive cycles
& Focus on improved efficiency - higher operating temperatures (better kinetics), higher
emphasis on lower stack power density (higher voltage)

& Cost targets are less stringent depending upon efficiency and durability payback
® Initial FC-PAD Workscope

& Understand the heavy-duty fuel cell operating space and prioritize research directions

> Examples include: more idle time, fewer start/stops (long haul), more time at high voltage,
minimizing voltage clipping, understand efficiency hit due to gas crossover through membrane for
extended idle, low-power operation with high-power extended spikes. Understand the effect of
membrane additives, membrane thickness, catalyst particle size and catalyst alloying under heavy
duty operating modes.
& Refine applicable models, characterization, and diagnostics to heavy-duty operating

conditions & materials
& Develop refined ASTs for extended life-time prediction with appropriate heavy-duty
materials and operating conditions

Planned activities on understanding of component properties, structures and transport phenomena is

applicable to both light- and heavy-duty
DOE FCTO FC-PAD Webinar: March 28, 2019




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

® Selected Technical Accomplishments:
& Measurements and modeling effect of loading with durability potential cycling
& Transport measurements during MEA conditioning evaluating carbon support effect

& Evaluation of aggregate and agglomerates in catalyst layer by multiple complimentary
techniques and their impact by microscale transport modeling

& Evaluation of catalyst-ink solvent effect on catalyst layer structure and performance
& Developed catalyst-layer architectures with better transport and structural stability

® Future Work:

& Greater focus on heavy duty applications, with greater emphasis on efficiency and
durability

& Continue to develop the knowledge base to improve catalyst layer structures and
component integration for fuel cell performance, efficiency, and durability

Esﬁmﬂmm DOE FCTO FC-PAD Webinar: March 28, 2019
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Save the Date and Sign up for Our Newsletter

All relevant DOE offices and other federal agencies
working on hydrogen and fuel cell technologies at

Annual Merit Review (AMR)

2019 AMR - April 29 - May 1
Crystal City, VA

www.hydrogen.energy.gov

Sign up to receive hydrogen

and fuel cell news and updates

www.energy.gov/eere/fuelcells/fuel-cell-technologies-office-newsletter
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Question and Answer

* Please type your questions to the chat box. Send to: (HOST)

v Chat X

S5end to: | Everyone
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Thank you

Gregory Kleen Eric Parker
Gregory.Kleen@ee.doe.gov DOEFuelCellWebinars@ee.doe.gov
Rod Borup
borup@Ilanl.gov

hydrogenandfuelcells.energy.gov
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lonomer Dispersion within Catalyst Layers
Comparing lonomer+C and lonomer+Pt/C

* Increased interactions when Pt added
U Evidence for ionomer predominantly associated with Pt/C regions

»Pt/ionomer mteractlonstﬂ@maaa,ta@ggrﬂg@a;hpa in inks (measured by
HAADF-STEM '
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Ce Migration: Membrane Properties

Confocal Raman: observe Ce migration Membrane water uptake

during and after applied potential and conductivity
extracted line 18 : .
80°C/50% RH H,/air 16 e 1s 0" 1
ocv 0.55 % 2 14y E fgg 122 ® Ceimpacts
= 5 0 ® ¥ B
2 s o e l! membrane water
S 1oy 66.0 PR 1 .
5 (165'195 % 8 i" high RH: lower ] uptake propertles
© o um) £ e wtakewithCe | U Decreased water
O - -2 6 o BT ’
20 40 60 80 E . o % | uptake
Scan length (um) , 8
.
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Relative Humidity, RH [%]
0.25 T .
A Ce(lll) at 80°C
& A Cellll) at 50°C .
02+ A Cell)at23C | @ Decrease in
s |& conductivity in
2 015 1Ay " | liquid water with
450 pm depth per scan %‘ 1 A Ce d .
& Ce moves towards cathode during T ooafhy . %e oping
, T LA a AL Increased
operation K e ot
% Removing load redistributes Ce ~ 5 ' P T activation energy
. . S 7 R P H 1
minutes; half that of migration o . . . - with loading
0 0.2 0.4 0.6 0.8 1

Cerium Doping Level, f_
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lonomer Thin films: Cerium Doping

® Clear connection between structure and
thermodynamic/mechanical properties, which
is altered by cation identity

& Similar structures in the dry state, which manifests in
similar mechanical response and swelling at low RH

& At high water content, the more interspersed water

-39% |(Backbone Alignment)

100 150 200 250 306 350 400

Distance from Interface (Angstroms)

o

26%

100%

results in higher stress and modulus for the Ce-

exchanged film

® Swelling response agrees with more water in

Ce-exchanged film
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100% Ce 5 \ &
0 ©
-50 0 50 100 150 200 250 300 350 400 2 - . . . . C
Distance from Interface (Angstroms\ -'V-‘;““ b . _ ,' %
. = Lee*T 05 . . 101 ©
R P L
A“ - - -
- -~
ol-e=%" bl 0
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CORNELL HIGH ENERGY e
SYNCHROTRON SOURCE 1+

Cation (Ce) Migration: Experiments cress 4[]

Observing Ce migration during and after applied potential

NR-212 w/ 13% Ce(lll); 0.05/0.1 mg/cm? 10% Pt/V

extracted line . .
scans 0.45 V 2 migration
80°C/50% RH H,/air §
0.55V 3
o)
(@]
2 (165-195
5 \ um)
O 7 Cath N el _
2 20 Scan Ieﬁ%th (um)
/ 0 min
& Removing load redistributes Ce ~ 7min
g 10.5 min
5 minutes; half that of migration 14 min

OCV - diffusion

& Ce moves towards cathode
during operation - balance
between diffusion and migration

~— o

450 pm depth per scan ‘..,_____,,,-\:._

EEEQMNCE DOE FCTO FC-PAD Webinar: March 28, 2019

AND DURABILITY

S




Ce Migration: Membrane Properties

® Ce impacts membrane water uptake
properties but only at higher RHs

% Decreased water uptake

» Opposite of that in thin films

® Dramatic decrease in conductivity in liquid
water with Ce doping

S

& Increased activation energy with loading

& No master curve, suggesting conductive
network differences

0.12

0171

Conductivity, x [S/cm]

0.02 1

CrPA
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lonomer Thin Films: Impact of Ageing

12 = |
® Hygrothermal ageing of ionomer films .10}
> Films are held at 70C, 85% RH for 2 and % ol _________________ - ;, Si
4 days °\g ::::.*“"‘_ ---------
= =
Fl‘eSh f“m Aged Film Q 4 :: NGNS -
£ 2 P PFSAThin Film Fresh | Aged -
. . . e Si
Swelling Si> Si>> - on Pt
Ol L L
0 5 10 15 20
Time [min]
Swelllng Kinetics Si > Si >> PFSA Film | Silicon PFSA Film | Platinun
Fresh Fresh
Domain
. . Si < Si <<
Orientation

s

M Tesfaye, D. Kushner, A. Kusoglu, ACS Applied Polymer Materials (Accepted Manuscript)
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Case Study: Ink Solvents

1.50 '
BN nPA rich Ink
£1.25¢ BN standard | 6,283 Diameter (nm) 628
o Il water rich e . .
2100} —PtCo_7:3 nPA/water_ink
Q = — . ;
8 E 1 0E+4 PtCo_5:5 nPA/water_!nki
. @ 0.75¢1 G —PtCo_3:7 nPA/water_ink
H,/Air B <
80°C, 75 RH (%), 150 kPa 2 0.50 =
1.0 o - x s Water content
—a— Water-rich 1 3 .
—s— Standard O 025 £ Increase
09 —a—niPA rich
E 0 02 H2 1.0E+3 T T T ———
& 0.8 -1
= 0.0001 A 0.001
& (80°C75% RH)  (40°C 80% RH) Q (A7)
for ' ' '
w = = MW dependent transport resistance
Water content B MW independent interfacial resistance Catalyst Layer
°e] increase o 1 6,283 Diameter (nm) 628
0 1 1 L 1 L 1 1 1
c i
05 A T g038
0 5 10 15 20 . 25 3'2: » —~1.0E+7
i [A/mgp,] 30.6 €
o )
<2 0.4 > Water conten
o § increase
02r i —PtCo_7:3 nPA/water_CL
= —PtCo_5:5 nPA/water_CL
0 ] ) —PtCo_3:7 nPA/water_CL
nPArich standard water rich 1.0E+5 - -

0.0001 Q (Al 0.001

® Performance improvement with water-rich ink
& Reduction in non-Fickian and MW dependent transport percentage of resistance

& Decrease in agglomerate size both ink and CL
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® Anode can flood since harder to remove water due to H,/droplet interactions
% Experiments show more He than N, needed to remove droplet g

a2 —e—Nitrogen
28 —i—Helium SLPM N,

Side Channel Down Channel
0

a9
.o 0

N . i Liquid water on
0 5 10 15 20 25

Gas Velocity [m 5] anode in Mirai

Droplet Volume [pL]
o

& Simulations agree that gas density plays critical role for droplet detachment

60

50 =

8 Velocity F o
7 [m/s] ® 5.

50 " § .

" %220 >
<
- 10 ey
40 P . iyt
. ; Normalize
30
p for p/v?
20 £
10 y . —&— Air

H2 sat. @ T=30C
--@--H2sat. @ T=80C

o | o N w B (6} o
CA hysteresis [deg]

60 80 100

Coupled flow and deformation model E

40
F [SLPM]
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Modeling of Microscale Transport-Catalyst Layer Agglomerates

@ Explore agglomerate structures and understand 1
mechanisms limiting of transport

=
o

Aspect Ratio
o
o

o
==

data

@

Agglomerates identified by Reconstructed agglomerate — it
applying binary separation includes porous C, Pt, and 02 51513_ 1D'c_m 1500 2000
algorithm to segmented phase  ionomer distributions from Equivalent Diameter, nm

contrast images absorption contrast images

c/c
Cylindrical agglomerates show lower O, transport resistance than spherical agglomerates of IS1

same equivalent diameter (500 nm), especially if flooded

0.8

aflooded spherical
12 r odry %
R, 7 | - '
C 4 10.4
» »
. 7
& - cylindrical

O, concentration in ionomer phase
(flooded agglomerates)
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