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Overview

Timeline and Budget
* Project Start Date: 10/01/2019

*Fully executed agreement on 4/30/2020

* Project End Date: 1/31/2023

* Total Project Budget: $2,500,00
* Total Recipient Share: $500,000
e Total Federal Share: $2,000,000
* Total DOE Funds Spent: $34,839

Barriers

B. Cost
» Reduce PEM fuel cell costs by reducing
PGM loading

C. Performance
» Increase catalyst activity, utilization, and
effectiveness by increasing solubility and
permeability of ionomers

A. Durability
» Increase the lifetime of PEM fuel cells by
reducing the loss of efficiency and power

Project Lead

Carnegie Mellon University
— PI: Shawn Litster
— Co-PI: Zack Ulissi

Partners
The Chemours Company

— PI: Andrew Park

f Chemours-

Ballard Power Systems, Inc.
— PIl: Devproshad Paul
— Co-PI: Alan Young
— Co-PI: Shanna Knights

@ CPAD

FUEL CELL PERFORMAMNCE
AND DURABILITY

BALLARD




Project Team and Scope

Carnegie Mellon University (University prime)
Shawn Litster (Pl), Zack Ulissi (Co-Pl), Jonathan Braaten

Electrode design, electrode fabrication, fuel cell testing, X-ray and electron imaging, AST
development, multi-scale modeling, molecular-scale modeling, project management.

The Chemours Company (Industry sub)

. Andrew Park (Chemours co-Pl), Gerald Brown(Chemours co-PI
f Chemours ( ) ( )

lonomer and dispersion development, synthesis, and experimental characterization.

Ballard Power Systems (Industry sub)
Devproshad Paul (Ballard Pl), Alan Young, Shanna Knights

BA“-ARD MEA fabrication scale-up analysis and demonstration, testing, AST development, and durability
forecasting

Fuel Cell Performance and Durability Consortium

@ EPHD Collaboration with FC-PAD National Lab members on ionomer characterization, electron

FUEL CELL PERFORMANCE

AND DURABILITY microscopy, electrode coating, durability measurements

Carnegie
Mellon
University




Relevance

High Oxygen Permeability lonomer (HOPI)

* Heavy duty vehicles requires high efficiency and
long lifetimes at moderate Pt loading

* Increase mass activity for high voltage efficiency ‘ Chemou rS“

* Reduce local Pt O, voltage loss with reductions in ECSA over
long stack lifetimes

Prior work indicates HOPIs reduce O, transport  Nafion™ PFSA Polymer Example HOPI Polymer
resistance and increase air mass activity:* (CF,CF ) |(CF,CF),— ~(CFCF)m (CF2CP)i-
| e
* 20%increase in current at 0.75V OCF,CFCF, O\C/O OCF,CF,SO3;H

* 50% increase in 0.85 V mass activity i OCF,CF.S0, H* F3C/ CF,
Nonoyama et al.,
US Patent 9,431,661 B2.

HOPIs with 3X greater O, permeability over
baseline D2020 Nafion ionomer have been
developed by Chemours

Developed to address voltage losses due to thin
ionomer film coatings of catalyst

Emergent HOPI technology requires
development of optimum integration for

.- . g . HUMIDITY (%)
durability and manufacturability (e.g., mitigation <80°C>
of cracking during electrode casting). Carnegie

Mellon
University

OXYGEN PERMEABILITY (mol/m/s/Pa)

1. Shimizu et al, J. Electrochem. Soc., 2018




Relevance

Cell Modeling of HOPI Impact

* Permeability is the product of solubility and diffusivity

Diffusivity

* lonomer permeability can be increased in two ways:

* Higher diffusivity through greater porosity, lower tortuosity, and favorable
gas-polymer interactions

Higher solubility through favorable solvation and polymer interaction as Solubility

well as greater porosity *Neutral gas/solid
interaction case

Approaches to increased permeability can have distinct impacts .
on fuel cell performance

* Higher diffusivity yields higher O, concentrations at the Pt catalyst at high GbL
current density and increases maximum power density MPL

Cathode CL

* Higher solubility increases O, concentration at the Pt interface with S—
. . . . o . MPL

ionomer at ALL currents, increasing efficiency and power density

GDL

Cell-scale modeling to understand impact of ionomer properties "

Channel
CMU’s cathode model accounts for the following aspects related
to HOPIs
Fraction of external Pt in contact with ionomer External Pt ORR Model  fiim diffusion Pt interface
Transport resistance to internal Pt through carbon support  gcgp 1 \ =
Reduced activity of ionomer in contact with ionomer due - P, 1 I

+

to possible anionic poisoning o | 6D 7, )em[%ﬂjem[ﬁﬂ D,
Solubility of O, in ionomer and water J L RT RT
Local resistance of ionomer due to: lonomer solubility
1. Diffusion through bulk ionomer film Carnegie
2. Diffusion through densified interfacial zones due to ionomer-Pt Mellon

interaction . .
University




Relevance

Modeling the Impact of HOPI

* Model implemented with 3X permeability for
ionomer

Model Simulation
Low ECSA Impact

* Assumed 50/50 contribution of solubility and
diffusivity to increased permeability

* 73% increase in solubility and ionomer
diffusivity and interface resistance

Solubility

HOPI Solubility +
Diffusivity

Voltage [V]

Provides consistent increase in mass activity
and limiting current with literature and

preliminary data' 4 0.025 mg/cm? Pt/Vu,
80°C, 150 kPa

Experimentally observed large performance O . :
increases! at >0.75 V not predicted without Current Density [Aern]
solubility increase

* Precise breakdown of solubility and diffusivity of
HOPIs in future work

Carnegie
Mellon

University

1. Shimizu et al, J. Electrochem. Soc., 2018




Relevance

ECSA-based Lifetime Increase with HOPI

Preliminary evaluation of increased performance and
extended lifetime using ECSA loss as a metric of | Power density at 0.7 V
lifetime HOPI

Evaluation of 0.7 V power density and ECSA loss
associated with 10% power density reduction with
D2020

* D2020 experiences 10% drop with ~25% ECSA loss
* HOPI reduces to same power density at ~“60% ECSA loss

10% loss for D2020

- EOL Power Density >2X tolerable loss
of ECSA with HOPI

0.7 V Power Density [W/cm2]

. Model of 0.2 mg/cm? Pt/Vu, 80°C, 150 kPa
Based on ECSA, HOPI doubles lifetime to EOL power 10 20 30 40 50
denSity at 0.7V ECSA loss from BOL [%)]

Substantial increases in voltage efficiency and
maximum power density with HOPI

o
%
b=

Max Power Density

Voltage Efficiency

>
=
b=

sox  D2020
D2020
13%

o T 13.3% .

10 20 30 40 10 20 30 40 50 60 70
ECSA loss from BOL [%] ECSA loss from BOL [%] Carnegle
Mellon
University

Max. Power Density [W/cm2]

w
2
P

Voltage Efficiency at 0.7 W/ecm2 [%)]

(=]

Preliminary work



Approach
Durable High Performance with Advanced lonomer Integration

25,000 hours

* Outer Pt coarsens -
S £ ECSA | solubility
0SS O | | - ~ ionomer to
* Inner Pt redeposits at ionomer . increase

Moderate , > Loss of high activity inner ECSA efficiency for
0, flux . * High 0, resistance & low activity ~ HDVs

Higher

o STERCT 2. Integrated design

P # of catalyst-ionomer
i ) | n— Carnegie High O, flux
high O, perm. ionomers 'maeebased  WICILY

1. Short side chain

catalyst PAD University 3. Durable electrode

simulations

Current density O, flux across fabrlcatlon Strategy
On.P_t Sgrface ionoerilm BAL[ARD for 02 perm. ionomers

oW n TSy Carnegie
Open bulky structure | 1000 ¥ Mellon
University




Approach

Year 1 Milestones and Go/No-Go

Task
Number

Task or
Subtask (if
applicable)

lonomer
development and
synthesis

Scale-able fabrication

and testing of MEAs

with HOPI-enhanced
cathodes

Scale-able fabrication

and testing of MEAs

with HOPI-enhanced
cathodes

Scale-able fabrication

and testing of MEAs

with HOPI-enhanced
cathodes

Scale-able fabrication

and testing of MEAs

with HOPI-enhanced
cathodes

Milestone Number*
(Go/No-Go Decision
Point Number)

Milestone Description
(Go/No-Go Decision Criteria)

Delivery of >200 mL (>10% solids) HOPI
dispersion to project partners for thin-film
characterization, ink studies, and MEA
development

Define ink processing protocol with concept
level ink mixing/coating equipment for 0.05-
0.20 mgPt/cm? cathode catalyst coated
membranes (CCM).

Define baseline PFSA ionomer (D2020)
capability with 0.20 mgPt/cm? Pt or PtCo
catalyst, optimized for ionomer loading.
Output will be a metrics table with full analysis
of CCL transport properties.

Selection of two HOPI dispersions for 50 cm?
MEA fabrication and testing based on Task 1.1
and 1.2 findings

Demonstrate reduction of in-situ local oxygen
transport resistance to 9 s/cm with no
increase in cathode protonic sheet resistance.

Anticipated
Quarter

Milestone Verification
Process
(What, How, Who, Where)

Receipt of ionomer

Report to DOE FCTO in
quarterly update

Performance characterization
in report to DOE FCTO in
quarterly update

Report to DOE FCTO in
Quarterly update

Limiting current and N2/H2
EIS and Nyquist plot analysis
reported to DOE FCTO in
quarterly update

Carnegie
Mellon

University




Technical Accomplishments

HOPl DEVE'Opment lonomer & Dispersion Preparation

lonomer Synthesis * Tuning dispersion of ionomer in
solvent for ink integration

Nafion™ PFSA Polymer Example HOPI Polymer  Solvent selection
(CF,CFn (CF,CF),— ~(EFCP)m (CF G « Weight content
o O OCF,CF,SO; H* — .
OCF,CFCF,4 e e * Characterization of agglomeration

OCF,CF,S0, H* F3C CF3

Nonoyamaetal.,

US Patent 9,431,661 B2 Electrode Coating Quality

Tuning ionomer and dispersion for
high quality films with HOPI

lonomer & Dispersion Characterization

[ . Conductivity  sodegc racked Crack-free

$ 4E-1p——-- o= - R ] :

< I i | : l

2 07| I I—— S P o SR 4 -

;gsem 'Lo———‘}"o"i"/? ' § o //,/o B

5 2g-14}-- o HOPI .__..1|._____|| _____ : Z / -+ HOPI

2 = D2020 | e L3 / * D2020

% 1E-14|—— -~ == e e I

w | | | | [

o | : ! | I

i 0 20 40 60 80100
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Chemours~ Carnegie
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Technical Accomplishments

Molecular Simulation

MD, DFT, and ML to understand ionomer dispersion, ionomer-solid interaction, and
ionomer transport properties including solubility and diffusivity

lonomer packing on Pt and Carbon surface , _
(Low surface concentration) (High surface concentration) Surrogate'Based Materlals De5|gn

T

Prior QM lonomer packing
Catlalyst comp. ] DFT 02 solubility
onomer

Work structure | 1 02 permeability

Design Structure Machine
Space Selection Learning FF

|t

Molecular
Dynamics

G(T) = uoF — oo ———— Property

ﬂ(F.l_() —_ ’urr.id — /4(7.() 4 ]\BT ll](ﬂ()) ’uﬁ.l' — ﬂn.id +f(r) = ﬂ{r‘() 5 I\BT 111(11) +f(r) ML/Data-Driven

Structure/Property Relationshi
SDS at a Graphene Surface — ’

Select systems for investigation
(Design of Experiments, Active Learning, etc)

Suggest ways to change design space

365DS

] (a) Theory ionomer studies integrated with

Chemours vast library of available
monomers and chemistry

AtPeak 1 &wss
—
At Peak 2 \‘w. 3
—

At Peak 3 ‘ff',_

Average number of SDS

Surface concentration (nm—2)

Carnegie
Mellon

Bulk mole fraction, x University

Yoon and Ulissi, Langmuir, 2020




Technical Accomplishments Imaging & Materials Characterization

Diagnostics & Modeling 3D Ptredistribution

P[Co/HSC MEA Pixel Intensity

N
&
S

[= =PtComsCFresh |
|=——PtCo/HSC 30k Cycles|

N
=3
S

lonomer, Ink, & Electrode Studies

Ink colloidal studies lonomer O, transport
Small scale electrode coating & testing

Vu/D2020 Ink Deposition Results
IPA/Water Ratio

o
S

| FtcomscFresh PtCO/HSC 30k
MEA MEA

Averaged Pixel Intensity
Normalized (Membrane=100, Air=0)
)
S

PTFE Supported Membrane
4 4 5 1'0 1‘5 2‘0 2‘5
Preliminary i i
Aligned at Anode/Membrane Interface
.

results of ink

| .

\ coating on

Tape for sealing Silicone decal 125 pm slot
bar

| decals Plasma FIB-SEM (BOL & EOL)

300 L ink PFIB-SEM Data Processing Pore size distribution

Performance & Durability Modeling pssgmss  Avicaest

50 wt. % Pt/HSC STEM CT images

-8 -sub-ROI 1
a - &-sub-ROI 2
low - 8 -sub-ROIL 3

o
o

@
=}

Low ECSA Impact

&
)

Carbon  lonomer thin film

Volume Fraction [%] -

Solubility

HOPI Solubility +
Diffusivity

g
=)

g
o

o

100 200
Pore Diameter [nm]

d Segmentat|on
e N Outer Pt kﬁv-h LT 5 & : 4 High resolution, high-
04 1 0.025 mg/cm* Pt/Vu, . L. . ; {c X . .
o Synthetic addition of ionomerand i
03 80°C, 15q kPa water volumesto STEM images ’*% “k m: %¢ 7 throughpUt Imaging
' o

tsﬁ

0 05 . .
Current Density [A/erm] O; concentration (mol/m*)  Reduced 0, concentration & ;t
o "an g, internal Pt current density t ™
AST potential profile o om s, Currentdensity ; b

Qf*

T = LT ” : Mellon

g
o
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N

Electrode potential (V)
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University
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Technical Accomplishments

NN CCM Fabrication Approach

Ink Scale-up Process Ballard Capabilities

e Scalable mixing &
coating technology

Particle size
: v " Roll-to-roll coating
Small Scale Ink "

PSSR froth € Cataipatink Catggztﬁll]_ga)(er processes
CcMU \

Viscosity

Catalyst layer in-line QA
Solvent and QC capability

Composition

Coating capability
down to very low
catalyst loadings

Carnegie
Mellon
University

Power to Change the World®



Technical Accomplishments

NN MEA Evaluation Approach
Overall Approach

Cell
Assembly &
Leak Test

v

BOL
Diagnostics

UnitCell

Gas Diffusion Layer
Cathode

TRy

EProton
iExchange ——>
iMembrane

Anode
/

i Gas Diffusion Layer

v

v

=
<

In-situ
Diagnostics

EOL
Diagnostics

.

Failure
Analysis

Power to Change the World®

Bipolar plates
and gaskets

Extensive testing capability including
* Test station scalability from single cell MEA to full system

* Highly Accelerated Life Testing (HALT) and Highly Accelerated
Stress Screening (HASS)

* Advanced characterization tools

* Materials analysis

Experienced with automotive, Carnegie

Mellon
University

bus and rail standards




Technical Accomplishments

B Carbon Corrosion AST
el (Air to Air Start-Up/Shut-Down AST)

Cycling Summary Carbon Corrosion Mechanism

Ai r_ Ai r S U /S D Cathode oxidation/corrosion mechanism due to hydrogen/air

fronton anode:

AST Corrosive region with

~0.6-1.0V Gl | high local po

e 100% RH O, + 4H* + 46— H,0 0

4~ 2H,0

§ "Cathode
}1.C +2H,0 g

+ 30°C or 80°C : T p—

° O 6V 30 Anede AR pport Corrasion
. ( S) Fuelrchregion | | Fueldepletedregon ! particle undercutting
B € ~0.61.0V L i

e Air-Air State | = Oxidation

-Cx +¥H0> -Gy, + 24" 26 (E>~0.4V) F s
(60 S) = Corrosion:

oE o o—c#
~ L\ Mré\ ¢ l\ij\

+ 2-CHO+2H,0 200, +2CH, + 4H* +4e /< /Ii k /( )_i Jr

« C+2H20 CO, +4H+ + 4e il

(E>1.2V)

Air/air starts cause high cathode over potentials (~1.3V and higher),
accelerating platinum dissolution and resulting in particle growth and
migration, and catalyst carbon support corrosion Carnegie

Mellon
University

Power to Change the World®




Technical Accomplishments

ANLOM Pt Dissolution AST

Cycling Summary Pt dissolution Mechanism

Pt DiSSOIUtion AST Platinum atom Oxygen atom + Hydrogen atom
100% RH Potential cycling destabilizes Pt and causes Ptdissolution and surface arealoss
(0]
80°C
0.6V (5 s)
1.0V (5 s)

Cathode : :
(air)/Anode (Hz) s e D e Saari e i M =S wage e

A square wave voltage profile will be chosen to maximize time at upper

potential limit (UPL) while minimizing overall test duration .
Carnegie

Mellon

University

Power to Change the World®




Technical Accomplishments

BALLARD

Lifetime Forecasting Model

Model Input Calculation Model Estimation

Parameters impacting AEPSA in cycle include
Calculatg voltage (mostiy determined empirically via AST):
degradation after EPSA Upper voltage and duration

loss (parameters ¢ « RH

including cathode f3; i, «  Temperature

Rul) s Catalyst layer composition
Catalyst parameters Pt
Other MEA components interactions effects dissolution

| Epsa AST i
| (vefore cycle) .y Estimated

lifetime
Calculate Mass
@ @ AEPSA in cycle Transport

Loss
EPSA (after cycle) Duty Cycles

= /Stresses
EPSA - AEPSA

SU-SD AST

Carnegie
Mellon
University

Power to Change the World®



Reponses to Last Year AMR Reviewers’ Comments

Project was not reviewed last year

Carnegie
Mellon
University




Future Work

Year 1 HOPI development and HOPI-enhanced cathode performance

Focus on establishing the baseline HOPI synthesis, characterization,
performance modeling, and performance testing.

Year 2 HOPI-enhanced cathode performance and durability

HOPI and cathodes will be refined for performance and there is increased focus
on durability.

Year 3 Optimizing Performance and Durability for HDVs with HOPIs

Focus on synthesizing an optimized HOPI and fabricating HOPI-enhanced
cathodes capable of meeting HDV performance and durability targets.

Carnegie
Mellon

University




Summary

Approach
An integrated approach to advancing HDV fuel cell efficiency

and durability with advanced electrode ionomers

1.

HOPIs for durable high efficiency with low Pt loading
through higher solubility and diffusivity. Tuning of
ionomer synthesis and dispersions with guidance from
molecular modeling and colloidal studies.

. Optimization of the catalyst|ionomer interface through

colloidal studies, small-scale electrode testing, cell to
molecular-scale modeling.

. Scale-able high-performance electrode fabrication with

HOPIs through small-scale evaluation and medium-scale
electrode casting in an industry format.

. ASTs and 25,000 hr performance forecasting to guide the

development of fuel cells with adequate performance
and lifetime for HDVs.

Accomplishments and Progress to date

Prime award fully executed 04/30/2020

Delivery of D2020 and membrane from Chemours to
Ballard for baseline MEA benchmarking.

Delivery of D2020 and HOPI to CMU for ink and electrode
studies.

Initial ink (DLS, rheometer) and electrode studies at CMU
for small-scale casting using automatic coater.

Initial cell scale modeling of HOPI impact on performance
and durability.

Collaboration and Coordination with Other Institutions

Experienced industrial partners in fuel cells for HDVs and
PFSA ionomers coupled with advanced diagnostics,
modeling, and imaging.

Tight coordination of ionomer development with
requirements for industry-scale MEA fabrication.
Integration of industry PFSA chemistry library and
synthesis with molecular simulation to investigate
promising material sets.

Relevance/Potential Impact

HOPIs yield longer lifetimes by minimizing voltage loss as
ECSA decreases over longer HDV lifetimes.

Reduce loss in maximum power density with ECSA loss
New HOPI chemistries with high O, solubility provide a
catalyst independent pathway to higher efficiency
through higher apparent mass activity.

Proposed Future Work

Upcoming Year 1 efforts focused on establishing baseline
MEA for benchmarking and then establishing first
generation HOPI-enhanced cathodes

Subsequent efforts on advancing initial HOPI chemistry
and cathodes

Development of HDV-specific ASTs and 25,000 hr
durability forecasting.

Carnegie
Mellon

University
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