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Executive Summary

The primary project objective was development gbrioved polymer electrolyte membrane fuel
cell (PEMFC) membrane electrode assemblies (MEAsEhvaddress the key U.S. Department
of Energy (DOE) barriers of performance, durabibiyd cost. Additional project objectives
were to address commercialization barriers spefid EAs comprising 3M nanostructured thin
film (NSTF) electrodes, including a larger-than-@giable sensitivity to operating conditions, an
unexplained loss of rated power capability with ragieg time, and slow break-in conditioning.
Significant progress was made against each of thasers, and most DOE 2020 targets were
met or substantially approached.

Over the course of the project, significant impmeats in performance were realized. In single
cell testing, the final project MEA exceeded the 2020 ¥4 power target (60% improvement
over baseline) and achieved 89% of the rated poarget (1W/cr) and 85% of the specific
power target (KW/gem). Total platinum group metal (PGM) content wadueed 13% from
0.151 to 0.131mg/ch which is 4.8% above the target of 0.12%mgcn?. The improved
performance and cost were largely due to improvésnen the cathode catalyst processing
(dealloying), minimization of anode electrocatafBGM content, and the first successful
integration of next generation, low equivalent virigerfluorosulfonic acid (PFSA) PEMs with
mechanical support.

The final project MEA cost was estimated to be $&®/ when produced at 500k systems per
year, 23% higher than the target cost of $7/kWe plojected cost of automotive stacks would
be reduced by between 19.2 and 28.2% ($/kW) cordptarestacks incorporating the baseline
NSTF MEA. Cost estimates were conducted by ArgoNmadional Laboratory (ANL) and
Strategic Analysis, Inc. (SA), using experiment® Berformance data. The path to achieving
all DOE 2020 MEA PGM content and performance targeds identified, largely requiring only
an improvement in the mass activity of the cathadectrocatalyst. Additionally, a key
component to cost is manufacturability; all finabject MEA components were fabricated using
continuous pilot scale production equipment withsanable yields, indicating good prospects
for scalability of the material sets.

Operating condition sensitivity (operational romests) was also improved and the project
approach was largely validated. As compared tobidmeeline project MEA, the final project
MEA demonstrated an approximate 2x gain in steadyfopmance at 40°C temperature.
Additionally, the final project MEA was able to sssfully operate under rapid load transient
operation between 40 and 80°C cell temperatureyehrwider and improved operating window
than the 70 to 80°C window for the pre-project liase The final project MEA approached, but
did not achieve, the operational robustness tafygtinsient and steady state operation at 30°C
cell temperature. In short stack testing, thegmbapproach of using optimized anode diffusion
media and cathode interlayers to improve NSTF Mparational robustness was substantially
validated. When the optimized anode diffusion raeid cathode interlayer were matched with
a baseline NSTF catalyst coated membrane (CCMkesstul load transients down to 30°C
stack temperature were demonstrated. A likely kechanism of the improved operational
robustness imparted by the anode diffusion medis watermined through extensive



characterization and development of a novel integr®MMEA model, which included both a pore
network model and a continuum model.

The final project MEA, when evaluated in short ksaat a project partner, yielded performance
and operational robustness below expectation basesihgle cell results. While several factors
were possibly explanatory, diagnostic experimerggealed that one large factor was the
exceptionally large and unanticipated sensitivifytloe final project MEA performance and

operational robustness to break-in conditioningemeixtof the MEA anode electrode. Such
sensitivity appeared to be largely tied to the Ifipgot-production CCM, as laboratory scale

CCMs were less sensitive to anode break-in conditg extent. Extensive development work
was conducted to develop accelerated MEA condignprotocols, which indicated the

possibility of break-in conditioning of ca. 10 hewr less in single cell. When implemented in
short stack, the recommended accelerated conditjgmiotocol resulted in improved operational
robustness, but overall performance and robusteesained below expectation.

The durability of the final project MEAs and compgmits achieved some but not all of the DOE
2020 targets. The final project MEA achieved th@E>2020 MEA chemical durability target.
The cathode electrocatalyst similar to the finalj@ct best of class (BOC) MEA passed the DOE
Support AST, but failed the DOE electrocatalystede@ted stress test (AST). Development of
an improved durability, manufacturable cathode tebeatalyst, which occurred outside the
project, did not materialize in the project timefil When evaluated under the DOE support
cycle AST, the cathode interlayer maintained itseraponal robustness and the MEA
performance improved. The cathode interlayer was eeasonably durable against the DOE
Electrocatalyst AST, maintaining robustness throaghajority of the AST test.

The final project MEA’s durability with cycling waastimated to be between 656-1864 hours to
10% voltage loss, substantially below the DOE 2Q@afpet of 5000 hours. Extensive
experimental and modeling work was conducted tatilethe root cause of the rated power
loss. A key correlation correlated rated powes ltiscathode catalyst activity, and that cathode
catalyst activity decay correlated with the extehtlecomposition of the PEM PFSA ionomer.
Two primary mitigation pathways were identified bdson these analyses. One mitigation
approach resulted in an improvement, but absoatedrpower performance was insufficient for
inclusion in the final project MEA. The positiveitigation result provides a validation of the
possibility for materials-based approaches fordaggewer durability improvements with NSTF
MEAs.



Key Project Accomplishments

MEA Performance and Cost Improved (Specific Power Improved to 6.8kW/g, a 54%
Improvement vs. Pre-Project Status).

NSTF Anode PGM Minimization: Studies to understand influences of anode NSTF PGM
content allowed anode PGM minimization and providiection for further possible
reduction. A hydrogen oxidation reaction (HOR)&kin model was developed and provided
insight into PGM sensitivity of NSTF anodes.

NSTF Cathode Dealloying Development:  An improved, scalable PtNI/NSTF dealloying
process was developed. Dealloying development et identified the apparent limits of
this and similar “simple” free-corrosion approacheghich resulted in development initiation
of alternative and improved methods.

Development of Cathode Catalyst Process/Structure/Response Correlations. Cathode
annealing and dealloying optimization work has pted key data and insights, likely
allowing further gains in a new cathode catalystH0nded project.

3M Supported Membrane I ntegration: Key factor identified which prevented integratian o
NSTF with supported 3M PEMs, which allowed allowgher performance and improved
MEA mechanical durability. Finding is helping corarial product development.

Path to Achieve All DOE 2020 PGM Content and Performance Identified: Studies
indicated that achievement of the DOE 2020 PGManand performance targets could be
realized with the final project MEA if an improvedass activity cathode catalyst was
integrated.

Components and Processes Scalability: All components were fabricated with continuous,
pilot-scale manufacturing processes. In limitedkywery good trial-trial reproducibility
was established. Process scalability and yieléskaty factors influencing true cost of
components.

NSTF MEA Operational Robustness Operating Window Improved (Robust Down to 40°C
Cell Temperature vs. 70°C Pre-Project)

Anode Gas Diffusion Layer (GDL): Optimization of low electrical resistance anodekiag
key to allow improved robustnessd high rated power performance. Identification and
extensive characterization and modeling of key an@®L structural factors which enabled
improved MEA water management. Insight developedy nead to development of
structurally-tailored anode GDLs to further enharatgustness.

Novel GDL Characterization Method Developed: An X-ray computed tomography method
was developed which allowed direct imaging of lajyiermeation in gas diffusion layers,
allowing direct validation of several hypotheses.

Integrated MEA Model Development: A novel MEA model was developed which
successfully integrated a GDL pore network moded &CM continuum model. The
integrated model was validated experimentally, gwdvides unique insight into the
mechanisms by which diffusion media can influeneggrmance in saturatable electrodes.
Cathode Interlayer: Developed understanding of the key influential matdactors of the
cathode interlayer, resulting in development ofathle tolerance to load transients with
“floodable” electrodes. Will aid in next generatibdlSTF MEA development.



NSTF MEA Rated Power Degradation Mechanism Identified.

Rated Power Correlation to Cathode Oxygen Reduction Reaction (ORR) Activity: A
significant correlation revealed that NSTF MEA dhtpower may depend solely on the
cathode absolute ORR activity (mA/&mnar). The correlation, which held for 53 MEAs
and over 200 data points taken at beginning ofdifd after decay, is highly indicative that
degradation of the cathode activity alone is thenary factor for NSTF MEA rated power
loss.

Cathode ORR Activity Correlation to PFSA Decomposition: In a study conducted by ANL
and 3M, ORR activity loss correlated directly witke cumulative Fion generation extent, a
measure of PFSA decomposition.

Key Material Factors Identified:  Diagnostic studies revealed exceptionally strong
sensitivities to PFSA PEM variables, such as edemntaweight and presence of PFSA
decomposition mitigation additive.

Rated Power Loss Mitigation Successful: A first novel material-based mitigation resulted in
improved retention of ORR activity and kinetic perhance. Performance improvement
need.

NSTF MEA Durability Model Development: ANL model was developed based on
experimental performance and PFSA decompositioangxdata, taken at several operating
conditions. The model predictions reasonably medchxperimentally-determined NSTF
MEA lifetimes, and provided key quantified recommdations for mitigation.



Project Status towards Targets

Table 1 summarizes final project status again tiER2020 targets. The final project MEA
achieved the DOE 2020 ©F and Performance @ 0.8 V targets. The final ptoMEA was
within 15% of the DOE 2020 targets for Performa@eaated power, PGM total content (both
electrodes), and PGM total loading. MEA cost wagqeted to be 23% higher than the 7 $/kW
target, based on a model by Strategic Analysis, Darability with cycling was below the DOE
2020 5000 hour target, achieving between 13 and &7/¥at target.

Table 1. Project Final Status Against Representatey DOE 2020 Targets

Characteristic Units 2020 Targets 3M 2016 Statu$

QIAT kW /°C 1.45 1.45
Cost $/ kW 7 8.62"

Durability with cycling hours 5000 656-1864
Performance @ 0.8 V mA/cn? 300 310
Performance @ rated powe mW/cn? 1000 891
Platinum group metal total | g / kW (rated) 0.125 0.147

content (both electrodes)

el | mpawreA | oz

*3M Status with 2015 (September) Best of Class MEAD.019 mgem/cm? PtCoMn/NSTF anode electrode,
0.096 mgam/cn? PtsNi7 (TREATED) /NSTF + 0.016 mgam/cm? Pt/C interlayer cathode electrode, 14 um
725EW 3M supported PEM, 3M “X3"/2979 Anode/CathodeGDLs, “FF2” Flow Fields. Performance assess{
at 9C°C, 150 kPa H/Air (outlet), 2.0/2.5 Hz/Air Stoichiometry, 84°C Dewpoints (J > 0.4 A/cr) or 68°C
Dewpoints (J < 0.4 A/cr); rated power defined at 0.692 V, which achieves/@T = 1.45 kW/PC.

“Best of Class” refers to the currently-determinedoptimal combination of components.

Durability with cycling evaluated in single 50cn? cell under 3M 8CC Load/RH cycle and assessed at
0.8A/cn?, 1.5 atmA H/Air.

™. MEA cost estimated by Strategic Analysis, Inc. 8500k systems/year volume, DOE 2016 AMR [1].




Table 2 summarizes project status against proeaisdl-13. Goals 1, 4, 5, 11, 12, and 13 were
achieved. Goal 3 status was 4.8% above targetilsGoand 8 were not evaluable with the final
project MEA. For Goal 10, 2 of 3 metrics were acfeid.

Table 2. Project Performance, Cost, and Durabilit Goals and Current Project Status

Goal

D Project Goals (units) Goal Value Satus
Performance at ¥4 Power, Performance at rated powegnd Q/DT Targets

1 0.300 0.3104
Performance at 0.80V (A/cin single cell >80°C cell temperature at NA NA
50,100,150kPag, respectively. NA NA

2 Performance at Rated PowerAQ/: Cell voltage at 1.41A/ch{Volts); 0.709 0.679

single cell >88°C cell temperature, 50kPag
Cost Targets

3 Anode, Cathode Electrode PGM Content (mdjcm <0.125 0.13%

4 PEM lonomer Content (effective ion. thickness, i) <16 124

Transient response (time from 10% to 90% of rated pwer), Cold start time to 50% of rated power at -20C,

+20°C), and Unassisted start.

5 Transient response (time from 10% to 90% of ratmder); single cell at <1 PASS
50°C, 100% RH (seconds) = (0%RH)
6 Cold start time to 50% of rated power at +20%@leated as single cell 08 0.7
steady state J at 30°C (A/ém ) )
7 Cold start time ... at -20°C; short stack (secpnds Not
<30 :
Determined
8 Unassisted start from -40°C (pass/fail); shatlst Pass at - Not
40°C Determined

MEA Durability with cycling, Electrocatalyst Cycle, Catalyst Support Cycle, MEA Chemical Stability, ard

Membrane Mechanical Targets

9

Cycling time under 86C MEA/Stack Durability Protocol with < 30mV

Irreversible Performance Loss (hours) = 5000 656-1864
10 Table D-1 Electrocatalyst Cycle and Metrics
Mass activity % loss <-40 -40+0.8
mV loss at 0.8A/crh <-30 -28+1.4
% initial area loss <-40 -14+0.2F
11 Table D-2 Catalyst Support Cycle and Metrics
Mass activity % loss <-40 -40+7
mV loss at 1.5A/cr <-30 -11+3 (0.8)
% initial area loss <-40 -19+F
12 Table D-3 MEA Chemical Stability: 500 hours
(Hz crossover (mA/cr); <2 PASS
OCV loss (% Volts); <-20 -4
Shorting resistance (chm-éh >1000 PASS
13 Table D-4 Membrane Mechanical Cycle: 20k Cy¢iscrossover <2 20.1K\ (PEM
(mA/cn?); Shorting resistance (ohm-én >1000 ONLY)




A: Mean values for duplicate 3M 2B(Bept.) Best of Class NSTF MEA
Anode=0.02PtCoMn/NSTF, Cathode= 0.09BP¥NSTF + 0.016Pt/C IL, (0.131sam/cn?
total), 3M-S 725EW 14u PEM, X2/2979+IL Anode/Cathode, 3M “FFBW fields, operated :
90°C cell temperature with subsaturated inlet hitsn@hd anode/cathode stoichs of 2.0/2.5
at stated anode/cathode reactant outlet pressaspgctively.

B: Mean value for duplicate 3M 2015(Mar.) Best ©fass MEAs. Analogous result {
2015(Sept.) MEASs is expected.

C: OEM Stack testing results thi 3M NSTF MEAs: Anode=0.10PtCoMn/NST
Cathode=0.15PtCoMn/NSTF, (0.25pag/cn? total), 3M ionomer in supported PEM, Base
2979/2979 GDLs. OEM-specific enabling technology.

E: Value for Replicate 3M NSTF MEAs. Anode: (R86oMn/NSTF. Cathode=0.Z(®r 0.125
P&Ni7/NSTF(Dealloy+SET), 3M 825EW 24u PEM w/ or w/o addit Baseline 2979/297
GDLs, w/ or w/o Edge Protection, Quad SerpentirevHrield.

E: Value for Replicate 3M NSTF MEAs. Anode: (RI60Mn/NSTF. Cathode: *“M
0.091mgewm/cn?, 3M 825EW 24u PEM w/ or w/o additive, Baseline 22B79 GIb.s, w/ of
w/o Edge Protection, Quad Serpentine Flow Field.

*. Cell performance of 0.709V at 1.41A/érwith cell temperature 0$88°C simultaneousl|
achieves the @QIT and rated power targets of 1.45kW/°C and 1000mW/mespectively.

**: Single sample result. MEA failed prematurelye to experimental error.




Statement of Project Objectives
Final version, revised Oct. 2013.

PROJECT OBJECTIVES

The objective of this project is development of @raible, low-cost, and high performance
membrane electrode assembly (MEA) for transporasipplications, characterized by: a) total
Platinum (Pt) group metal loadings ©f0.125mg/cr of MEA area, b) performance at rated
power of> 1000mW/cm, c) performance at ¥4 power (0.8V) ®0.3A/cn?, d) durability of>
5000 hours under cycling conditions, e)A®/of < 1.45 kW/°C, and f) cost of 5-9 $/kW,
projected at high volume, thereby meeting or exitepdhe targets outlined in Table 7 —
Technical Targets: MEAs for Transportation in DB4-0000360. Additionally, the MEA
must be operationally robust, characterized byrandient response, b) Cold start time to 50%
of rated power, and c) Unassisted start from lanpterature.

PROJECT SCOPE

While significant progress has been made, statbefirt Proton Exchange Membrane (PEM)
fuel cell (FC) membrane electrode assemblies (MEAiyed in today’'s prototype automotive
traction fuel cell systems continue to suffer frdimitations due to high cost, insufficient
durability, and low robustness to off-nominal opgrg conditions. Many of these limitations
are due directly and indirectly to the propertiéshe conventional precious metal supported
nanoparticle catalysts incorporated into the MEAd®mand cathode electrodes. State-of-the art
MEAs based on conventional catalysts currently ipomate precious metal loadings which are
above that needed to achieve MEA cost targetsreasqus metal content of these conventional
catalysts is reduced towards the requisite loadipgsformance, durability and/or robustness
decrease significantly.

The focus of this project is integration of 3M'ait&t-of-the-art nanostructured thin film (NSTF)
anode and cathode catalyst technology platform @#its state-of-the-art polymer electrolyte
membranes, advanced and low-cost gas diffusionrdayd robustness-enhancing interfacial
layers. At notably lower precious metal contehge NSTF catalyst technology platform has
several demonstrated performance, durability, anst ©enefits over conventional catalysts.
Integration of these components to achieve thenale performance, cost, and durability targets
will require an improved understanding of the iat#ions between MEA components, especially
towards optimization of water management to minenixygen mass transport limitations at
rated power, cold-start and freeze-start operagggnes.
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TASKS TO BE PERFORMED

Task 1. Integration Activities Toward % Power, Performance @ rated power, Q/AT, and Cost
Targets

The work under Task 1 emphasizes component integraiwards achievement of the ¥ power,
rated power, and @T targets, with a focus on 50érsingle cell MEA evaluation of anode and
cathode catalysts, PEMs, and anode and cathodeif§ason layers (GDLs) with the potential
for performance and durability improvements towartseting the targets. In addition, subtask
1.5 will evaluate the impact of flow field land amthannel geometry to potentially further
improve performance towards the above targetstialllyi testing will occur with a common
baseline material set, where the specific componerer evaluation replaces the same
component in the baseline material set.

Subtask 1.1. Improved Mass Activity, Durable, and Rated-power Capable NSTF Cathode Oxygen
Reduction Reaction (ORR) Catalysts

Subtask 1.1's focus is evaluation of MEAs incorpiogaadvanced NSTF cathode ORR catalysts
with varying compositions, loadings, and post-psscgeatments, with initial focus on the 3M
P&Ni; material system. Subtask 1.1 also includes gpewbrk towards optimizing the
dealloying post-process method, optimizing the amefenergetic treatment (SET) post-process
method, and advanced transmission electron micpys@&M )characterization of materials.

Subtask 1.2. Durable, Ultra-Low PGM NSTF Anode Catalyst

The work on subtask 1.2 is evaluation of NSTF ancalalysts, including durable materials
developed under current award DE-EE0000456; a tiéiglifocus will be Platinum group metal
(PGM) loading minimization < 0.05magwcn?.

Subtask 1.3. Durable, Improved Conductivity PEMs

Subtask 1.3 is evaluation of advanced 3M membranelsiding expected available variations of
ionomer chemistry, ionomer equivalent weight, thieks, support variables, and durability-
enhancing additive type and level; other commdscaailable PEMs may be evaluated based
on literature reports.

Subtask 1.4. Low-Cost, High Performance GDLs
Subtask 1.4 involves evaluation of advanced, lost;cand high performance anode and cathode
GDLs available at 3M, subcontractors, and commiycaailable materials.

Subtask 1.5. Rated Power Sensitivity to Flow Field Geometry

Subtask 1.5 involves evaluation of the interactbbasic flow field geometry (land and channel
widths) with the anode and cathode GDLs evaluateduibtask 1.4 to optimize rated power
response. With few exceptions, 3M NSTF MEA singdl test results generated at 3M have
been with a single standardized flow field desidgnmited results at 3M have shown dramatic
changes in rated power response with change indaddchannel geometries, and it is believed
that further improvement in rated power responsgddcoe realized with modest effort. The
work would involve a very modest flow field desigffort, consisting of selection of a range of
basic flow field land and channel dimensions, sempbmputational fluid dynamic (CFD)
modeling to select proper channel depth to ensuem eeactant flow distribution, flow field
fabrication via milling of standard 3M flow fieldrgphite plates, followed by 50émsingle fuel
cell evaluation. Initial fuel cell evaluation waliconsist of evaluating different flow field
geometries with the baseline MEA component setdted power, cold start, and load transient
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responses, a second round of evaluation would ogtthrthe interim best of class MEA(s), and
a final round with the final down selected bestlass MEA.

Milestone 1.1 Demonstration of Interim Best of Class MEA coment set candidates which meet
Go/No-Go Value Goals 1-4 from Table D.2 (sectiorbR)project Q7.

Milestone 1.2 Demonstration of Final Best of Class MEA computreet candidates which meet Target
Value Goals 1-4 from Table D.2 by project Q11.

Task 2. Integration Activities Toward Transient Response, Cold Start Time to 50% of Rated
Power, and Unassisted Start from Low Temperature Targets

Task 2 involves evaluation of 50énMEAs comprising new anode and cathode GDLs and
interfacial layer candidates with the potentiaktd in meeting the cold start time and transient
response transportation system targets.

Subtask 2.1 GDL Optimization for Cold Start

The primary objective of subtask 2.1 is optimizataf anode gas diffusion layers for cold start
response. The work will first involve screening different GDL backings with or without
standard hydrophobization and no microporous lg#PL) for cold start and rated power
response. Due to durability concerns with bare Gdatckings, MPLs are needed to minimize
backing fiber protrusion through the membrane. kVaill also include evaluation of
experimental backing materials developed at a wvemwith input from 3M. Optimally-
performing backing candidates will be downseleeted then MPL loading and composition will
be optimized, again towards the key factors of wmpd cold start and rated power with
minimization of electronic shorting to acceptabdwdls. The experimental plan of evaluating
backings without MPL first and optimizing the MPec®nd is based on 3M’s experience that
utilization of a non-optimized MPL can quench thaldcstart response, potentially causing
exclusion of promising backing candidates.

Subtask 2.2 Interfacial Layer Optimization for Kinetic, Transient Response

Subtask 2.2 involves optimization of interfaciaydes for load transient response and kinetic
optimization. Load transients are rapid (~1s) stepeases in load from idle to high levels (e.g.
0.02 to 1.0A/crf). Previous results at 3M have shown the capglufit'standard” NSTF MEAs

to withstand the load transient is not as robusteesled under all conditions, especially cooler
and wetter conditions. Previous work had also shtivat addition of a modestly low-loaded
(0.015-0.05mg/cn¥) conventional carbon-supported electrode betwden NSTF cathode
electrode and cathode GDL greatly improved the loadsient response. However, initial
efforts to minimize or eliminate the PGM contenttioé interfacial layer suppressed the activity
of the NSTF cathode. Along with the unacceptab@VPcontent of the interfacial layer,
durability of the carbon-supported interfacial laja catalyst is of concern.

The work under subtask 2.2 will involve: 1) ideitdtion of the most durable supported
conventional catalyst based on existing 3M and sutvactor data; 2) incorporation of top 2-5
candidates into interfacial layers with ~0.0%kmgcn? and 2-5 variations of layer composition;
3) single cell fuel cell evaluation for load tragrst, rated power, and kinetic response. If any
interfacial layers show acceptable benefit in It@hsient response while either maintaining or
improving the overall mass activity, the downsedelct-2 interfacial layers will be evaluated for
durability via DOE electrocatalyst and support dlity protocols.

Milestone 2.1 Demonstration of Interim Best of Class MEA coment set candidates which meet
Go/No-Go Value Goals 5-8 from Table D.2 by proj@at
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Milestone 2.2 Demonstration of Final Best of Class MEA computreet candidates which meet Target
Value Goals 5-8 from Table D.2 by project Q11.

Task 3. Water Management Modeling for Cold Start

The primary objective of Task 3 is to determine Key material properties and mechanisms
influencing cold start with ultra-thin electrode NS MEAs, focusing on the demonstrated
benefit of the anode GDL. The expected outcomé&ask 3 is a mechanistic understanding of
specific GDL material properties needed for optirnald start with existing materials and a
design tool to enable further improvement.

Subtask 3.1 Material Property and Segmented Cell Measurements
Subtask 3.1 involves material property measuremamisspecialized fuel cell testing to provide
data to the modeling efforts which occur in subsa3R-3.4.

Subtask 3.2 GDL Modeling for Cold Start

Subtask 3.2’s objective is incorporation of anodeL& into an existing subcontractor GDL
network model to generate mechanistic understandirte specific material properties of the
anode GDLs which have demonstrated such significamgrovement on cold start. The
subcontractor will develop network models for 3+tode GDLs, identified by the team and
which have demonstrated large variation in low terafure response.

Subtask 3.3 MEA Modeling for Cold Start

Subtask 3.3's objective is incorporation of MEA wgral properties into an existing
subcontractor PEMFC model, with the express goaletérmining the primary causal factors
responsible for the wide variation in cold starspense with differing anode GDLs from an
overall MEA perspective, including thermal and watansport. It is expected that 3-5 MEA
component sets will be incorporated into the model

Subtask 3.4 GDL, MEA Model Integration

Due to the computational demands of these modets@GDL and PEMFC models cannot be
directly integrated within the same computatiorlakter, and as such some work is needed to
integrate results between the GDL and MEA level etsidsubtask 3.4 involves iterated runs of
the respective models with results from one fea itite other, until the models are well
integrated for each component set.

Subtask 3.5 Model Validation

Subtask 3.5 consists of periodic fuel cell evatuatito validate model predictions and provide
feedback for further model optimization.

Milestone 3.1 Experimental validation of the GDL model witto2 more 3M anode gas diffusion layers
by project Q7.

Milestone 3.2 Experimental validation of integrated MEA cotdr$ model with 2 or more 3M MEAS by
project Q12.
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Task 4. Best of Class MEA Integration Activities

The overall objective of Task 4 is developmentmbaerall Best of Class MEA, utilizing top
component candidates identified in subtasks 1.12115 2.2, 5.1, and 5.5, and to develop
improved mechanistic understanding of componeetattions which cause performance
change.

Subtask 4.1 Best of Class Component Integration

In subtask 4.1, components will be integrated iatoseries of experiments to identify
synergistically beneficial interactions, if any,tlWween particular component sets, leading to
identification of a few top performing MEA candidatwith improved performance, durability,
and cold start capabilities; evaluation will comngismarily of 50cn? single cell tests.

Subtask 4.2 Component Interaction Diagnostic Studies

Subtask 4.2 involves experimental work aimed atetigping mechanistic understanding of
component interactions leading to particular pen@nce response, particularly water
management and cathode reactant utilization; exyerial work will include segmented cell
studies, AC impedance spectroscopy, no-gradienttesling, and product water distribution
measurements.

Milestone 4.1 Demonstration of Interim Best of Class MEA whitleets Go/No-Go Value Goals 1-13
from Table D.2 by project Q7.

Milestone 4.2 Demonstration of Final Best of Class MEA whicleets Target Value Goals 1-13 from
Table D.2 by project Q11.

Task 5. Durability Evaluation and Performance Degradation Mitigation

Subtask 5.1 Candidate Component Evaluation and Ex-situ Characterization Subtask 5.2 Baseline
MEA Evaluation and Ex-situ Characterization

Subtask 5.3 Interim Best of Class MEA Evaluation and Ex-situ Characterization
Subtask 5.4 Best of Class MEA Evaluation and Ex-situ Characterization
Subtask 5.5 Mitigation of Irreversible and Reversible Rated Power Performance Degradation

A first overall objective of Task 5 is evaluatioh @dmponents and integrated MEAs towards
achieving the MEA durability targets, evaluated 8i@cnt single cell accelerated stress tests.
The primary objectives of sub-tasks 5.1-5.4 aré éed evaluation under specified accelerated
stress tests (1-4, 6, U.S. DRIVE Partnership Fuell Cechnical Team “Cell Component
Accelerated Stress Test and Polarization CurveoPots for Polymer Electrolyte Membrane
Fuel Cells, Rev. Dec. 16, 2010) with periodic itusliagnostics to evaluate performance as the
MEA ages and ex-situ diagnostics to determine tha-cause component material changes
responsible for any significant performance loss.

A second objective of Task 5, addressed in subf&aSk is mitigation of reversible and

irreversible modes of rated power loss. As baakgd reduction in rated power output is

known to occur in the literature via several walkdmented modes, including cathode catalyst
mass activity degradation, membrane conductivityra@ation, and gas diffusion layer reactant
transport degradation; the mechanisms by whichetlvesnponent degradations result in rated
power loss are relatively well-understood. Howe\arleast one additional rated power loss
mode has been observed to occur in both convehtsupported nanoparticle and extended-
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surface area catalyst systems, such as 3M NSTEhvappears to be caused by an entirely new
and not-fully-understood mechanism. The loss isifaated as a reduction in peak current
density and is correlated to cathode catalyst Fase area per unit MEA area (&#cnPpiana)
below a critical level, S&riT, which depends upon the cathode catalyst suplearding, and
composition. SArt for 3M NSTF Pt alloy cathodes occurs at loadingarnor below the
cathode PGM loadings necessary to achieve the 20¢&ts (~0.075-10mgw/cmPpiana); based

on literature reports, the loading at which thisus occurs with conventional supported Pt
nanoparticle cathodes can be significantly higbesét at ~0.3mgcn?).

This SAcriT-related rated power loss mode has both irreversibt reversible components, both
related due to decrease of active cathode surfaee kreversible rated power loss, due to this
mode, is caused by irreversible decrease of theodat Pt surface area below &#, such as
induced by well-documented catalyst degradation emoduch as Pt dissolution and
agglomeration. Reversible rated power losses are believed to occur by ringradsorbed
catalytic contaminants (such as ©ns), and the rated power loss is recovered imowing the
adsorbed contaminants. The mechanism(s) by whelabove physical causes induce the rated
power loss is not known with certainty, but hypast® exist which provide direction for initial
study.

The work under subtask 5.5 will begin with interaald external literature review to gather data
to support or refute our existing hypotheses andhifranted, generation of new hypotheses. The
team will then design specific 50énfuel cell experiments, coupled with in-situ and-séxi
diagnostics, to further refine mechanistic undexditag and narrow in on a few specific likely
root causes. If identified, these root causes pvidvide experimental direction towards specific
material modifications to reduce rated power loss.

Milestone 5.1 Demonstration of Interim Best of Class MEA coment set candidates which meet
Go/No-Go Value Goals 9-13 from Table D.2 by proj@@t

Milestone 5.2 Demonstration of Final Best of Class MEA compurget candidates which meet Target
Value Goals 9-13 from Table D.2 by project Q11.

Task 6. Short Stack Beginning of Life Performance, Power Transient, and Cold Start Evaluation
Subtask 6.1 Baseline MEA Evaluation

Subtask 6.2 Interim Best of Class MEA Evaluation

Subtask 6.3 Best of Class MEA Evaluation

The work under Task 6 consists of evaluation otaktls with the interim best of class MEAs
determined from subtask 4.1 (subtask 6.2), anterfihal year, 1 stack containing Best of Class
Integrated MEA candidates from subtask 4.1 (sub3k Short stack evaluation is a necessary
benchmark to validate improvements observed insthgle cell MEA development work done
under other tasks, especially improvements toweott$ start and power transient, as well as to
demonstrate freeze start. The results of subtakc6émbined with the durability testing results
from subtask 5.4, will be used to determine thalfiBest of Class Integrated MEA to be
incorporated into the final short stack deliverable
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Short stack evaluation in Subtask 6.2 and 6.3 iectmur at General Motors, contingent upon
passage of three MEA robustness criteria in S0BHBA testing at 3M (Table 3). Delivery of
the final project short stack is also contingerdrupassage of the Table C.1 criteria.

Table 3. Robustness Criteria
Demonstration of the three robustness criteriactupin subscale (e.g. 50énhardware with stack candidate
materials. Evaluation to occur at 3M.

Criteria name Description Value
Cold Stack voltage at 30°C as a fraction of the stackage at 80°C | >0.3
Operation operation at 1.0 A/cth measured using the protocol for a polarization
curve found in Table C.2. A 25°C dew point is usady for 30°C
operation.

Hot Operation | Stack voltage at 90°C as a fraction of the stackage at 80°C | >0.3
operation at 1.0 A/cfh measured using the protocol for a polarization
curve found in Table C.2. A 59°C dew point is usedboth 90°C and
80°C operations.

Cold Transient Stack voltage at 30°C transient as a fraction efstfack voltage at 80°C | >0.3
steady-state operation at 1.0 A’crmeasured using the protocol for a
polarization curve found in Table C.2. A 25°C deairp is used only
for 30°C operation. 30°C transient operation id a&/cn? for at least
15 minutes then lowered to 0.1 A/&fer 3 minutes without changing
operating conditions. After 3 minutes, the curr@ensity is returned to
1 A/cn?. The voltage is measured 5 seconds after retutningA/cnt.
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Milestone 6.1 Completion of beginning of life short stack perhance evaluation of Baseline MEA by
project Q2. CANCELLED.

Milestone 6.2 Completion of beginning of life short stack merhance evaluation of Interim Best of
Class MEA(s) by project Q7.

Milestone 6.3 Completion of beginning of life short stack merhance evaluation of Final Best of Class
MEA(s) by project Q12.

Task 7. Project Management
Task 7 incorporates overall project managementstasikcluding project-related meetings,
correspondence between team members, and reperiagjen.

3M will be primarily responsible to prepare theheical and financial reporting. 3M will
provide reports and other deliverables in accordanith the Federal Assistance Reporting
Checklist following the instructions therein. Iddation, a draft project management plan, which
includes the project schedule and milestones,bgilbrovided to DOE within 30 days of the start
of the project. The project management plan shbaldpproved by 3M and DOE within 60 days
of the start of the project, and will updated asassary.

Towards the goal of optimizing the MEA, 3M will genate, collect, and analyze fuel cell testing
data. 3M will provide appropriate representativaadto the National Renewable Energy
Laboratory using data templates as agreed to bat@&eand NREL.

3M will participate in the DOE Hydrogen Program Amh Merit Review and prepare and
present detailed briefings of plans, progress,raadits of the technical effort to DOE personnel,
as requested by DOE. 3M will also participate irelIFCell Tech Team meetings as requested by
DOE.

Task 8. Relative Cost and Manufacturing Assessment of Technology
In Task 8, 3M will provide relative cost savingstalaf the downselected MEA relative to
current baseline MEA using existing models for ME@st at ~500k/year volume.

Milestone 8.1 Completion of relative cost savings report afidfiBest of Class MEA relative to 2012
Best of Class MEA by project Q12.
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Technical Summary

Task 1. Integration Activities Toward % Power, Performance at rated

power Q/AT, and Cost Targets

Subtask 1.1. Improved Mass Activity, Durable, and Rated-power Capable NSTF Cathode
Oxygen Reduction Reaction (ORR) Catalysts

* Subtask 1.2. Durable, Ultra-Low PGM NSTF Anode Catalyst

* Subtask 1.3. Durable, Improved Conductivity PEMs

» Subtask 1.4. Low-Cost, High Performance GDLs

* Subtask 1.5. Rated Power Sensitivity to Flow Field Geometry

The work under Task 1 emphasizes component integraiwards achievement of the ¥ power,
rated power, and @T targets, with a focus on 50érsingle cell MEA evaluation of anode and
cathode catalysts, PEMs, and anode and cathodeif§asion layers (GDLs) with the potential
for performance and durability improvements towart=eting the targets. In addition, subtask
1.5 will evaluate the impact of flow field land amthannel geometry to potentially further
improve performance towards the above targetstiallyi testing will occur with a common
baseline material set, where the specific componerer evaluation replaces the same
component in the baseline material set.

Subtask 1.1. Improved Mass Activity, Durable, and Rated-power Capable NSTF Cathode
Oxygen Reduction Reaction (ORR) Catalysts

Subtask Overview

Subtask 1.1's focus is evaluation of MEAs incorpiogaadvanced NSTF cathode ORR catalysts
with varying compositions, loadings, and post-psscgeatments, with initial focus on the 3M
P&Ni7 material system.

Subtask High Level Work Summary

The work in this subtask focused on optimizatioraohealing and dealloying post processes. A
set of 4 annealing experiment series were conduetadi the annealed catalysts were evaluated
in fuel cell, by X-ray diffraction (XRD), and byansmission electron microscopy with energy-
dispersive X-ray spectroscopy (TEM+EDS). New ldgang methods were assessed,
consisting of four classes of free corrosion and electrochemical method. 63 catalysts with
new dealloying methods were generated. One fresion method was downselected and
optimized for potential scale-up. Three 50’ sawicof dealloyed catalyst were ultimately
produced for the short stack deliverable. Catalygre evaluated for beginning of life (BOL)
performance, activity, and break-in conditionintgraas well as limited durability studies.
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Subtask Key Results

PtNi Annealing Optimization

In previous work, the mass activity of PtNi/NSTF swibund to improve dramatically with
annealing (Figure 1). Limited work had indicatbdttannealing of “P4” PtNi/NSTF (multiple Pt
and Ni layers) resulted in substantial mass agtiyatins, increasing from ca. 0.25 to in excess of
0.6A/mg. Limited work with “P1” PtNi/NSTF (fabri¢ed from an alloy target, homogenous)
had shown more modest gains.

The objective of the work within this project wasfurther optimize the annealing for improved
mass activity, performance, and potentially durghil

Four series of annealing studies were conductddysithg “P1” PtNiz at ca. 0.12mgcn?
loading. All used the “SET” process for annealiradkin to that disclosed in U.S. patent
US8748330, which discloses using radiation anngali@atalysts were typically evaluated for
change in bulk crystalline properties by XRD, mas8fivity and surface area by XRD, and a
subset were evaluated via TEM and EDS.

Figure 3 summarizes the key activity and XRD restribm this study. Without treatment, the
mass activity of the P1 iz was ca. 0.38-0.40A/mg. Annealing often resultechbdest gains

in activity, with several exceeding 0.44A/mg anc @xceeding 0.50A/mg. Specific area was
found to increase from ca. 15 to as high asZ@mAnnealing resulted in significant changes in
detected grain size and lattice constant, with Ytdin sizes increasing as much as 2.5x and the
lattice constant decreasing from 3.69 to 3.67Ajlainto that reported for annealed bulk alloys.
This figure suggests a possible correlation betweass activity and/or specific area to the bulk
crystalline properties.

Impact of SET on Pt Ni, ORR Mass Activity
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Figure 1. Impact of annealing on PtNi/NSTF mass &iwity (pre-project).
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Figure 3 directly plots specific area against thairgsize and lattice constant. Specific area
increases monotonically with grain size betweenmi@as deposited) and 20nm, after which no
further gains are noted. The specific area may @srelate with FCC lattice constant.
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Figure 3. Correlation of specific area to SET tretment level, XRD grain size, and XRD lattice constat.

Representative samples were analyzed by TEM, temstahd bulk morphological changes
before and after annealing, and how annealing enftes ultimate structure and composition
after MEA break-in conditioning, which effectivelydealloy the catalyst in-situ via
electrochemical cycling. Figure 5 shows that ahingancreased crystallinity, as evidenced by
development of relatively large surface facets etdbd into the thin film matrix. Figure 5
shows that after MEA conditioning, thesRti7 transforms into a nanoporous thin film coating.
The annealed sample, with higher specific area, daaitatively better defined nanopore
structure and slightly higher Ni content.

While annealing was found to be effective at insneg the activity and specific area ot
there were two issues which ultimately lead to o$ utilizing annealed Bz within this
project. The first issue was that annealed natewere more difficult to dealloy than non-
annealed. Figure 6 (left) shows that after deallpyising the standard 3M chemistry and time,
the dealloying successfully removed ca. 25% ofdiginal Ni content, and this fraction tended
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to decrease as the annealing extent increased.as8assment was that developing a dealloying
method for annealed catalyst was not feasibleegriitproject year when this work was done.

The second primary issue with annealing was thgeireral, it slowed the break-in conditioning
rate. Figure 6 (right) shows that early in coratithg, the annealed catalyst’s performance was
highly suppressed relative to the as-made, unaedealalyst over the first 10 hours.

Untreated

UNANNEALED
0.40A/mg
77at% Pt

BEST TO-DATE
0.52A/mg
82at% Pt

Figure 5. TEM of as deposited vs. SET annealed #Rli7, after break-in conditioning.
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PtNi Dealloying Optimization — Free Corrosion Chemistry Optimization

Initial dealloying optimization focused largely aevelopment of free corrosion methods for
rapidly dealloying PNi7/NSTF catalyst via optimization of the free coroosibath chemistry.
Several new chemistries were initially proposed amdluated by Johns Hopkins University
(JHU). The primary screening criteria were thelldging rate, dealloying extent, and
compatibility with proposed pilot-scale continuopocessing at 3M. Figure 7 compares the
dealloying extents vs. treatment time for the 4egahclasses of dealloying chemistry evaluated.
Chemistries 1 and 2 were found to increase the é¢ rimaction from ca. 0.3 to 0.4 without
further increase. Chemistries 3 and 4 were foon@dpidly achieve Pt mole fractions exceeding
0.50 within a few minutes.
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Figure 7. Impact of dealloying chemistry type andreatment time on resultant dealloyed composition.

Proposed methods which met these initial criters@enthen typically analyzed for performance
and activity in fuel cell. 83 individual fuel cedamples were fabricated and a substantial fraction
were evaluated in fuel cell. Figure 8 provides amereiew of a representative number of
samples. In general, the JHU dealloying methodksgtang impacts on mass activity, specific
area, and HAIr performance. Several samples had generallgrawed H/Air performance
compared to the 3M baseline method, but often thpraoved performance came with the
tradeoff of marginally-to-severely reduced massvaygt
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Figure 9 compares performance, activity, and EC®Afthe most promising methods from the
JHU development. The “best” JHU free corrosionhodtyielded significantly improved #Air
performance as compared to the baseline dealloymeghod, and similar mass activity.
Electrochemical (EC) dealloying yielded the beseralli performance, but was deemed out of
scope for this project where stack quantities dhlgat would be needed. EC dealloying as
practiced here required long treatment times ansl pegiceived to have complicated equipment
and process development needed.
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Figure 8. Comparison of experimental JHU dealloyig treatments to non-dealloyed (% column) and 3M pre-project
baseline dealloying method (2 column). All with 0.125mgpt PtaNiZ/NSTF. (Top right): Mass activity. (Top left):
Specific area. (Bottom left): HCT H/Air cell voltage at 0.32A/cn?. (Bottom right): HCT H 2/Air current density at
0.50V.
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Two methods which yielded promising fuel cell résw@nd rapid dealloying were then evaluated
for pilot-scale compatibility with pilot-scale tia One method involved treatment in warm,
concentrated sulfuric acid, which was quickly drsieal due to degradation of and acid retention
within the catalyst liner, as well as concerns abmocess safety. The other method was
evaluated and found to be compatible, and was delected for performance and process
optimization.

PtNi Dealloying Optimization — Performance Sensitivity to Dealloying Conditions

As noted above, the downselected dealloying meéxpariments were conducted to determine
the impact of dealloying time and temperature osultant MEA mass activity and 2FAir
performance. 4x4” pieces ofaRi7//NSTF catalyst were treated with the downselectetrastry

at three temperatures (T1 < T2 < T3) and for varimaatment times. Catalysts were evaluated
in fuel cell and for post-dealloy composition. &g 10 summarizes the results. As time
increased at T1 temperature, mass activity deadeslgghtly, specific area decreased slowly, and
Ho/Air performance increased. As temperature in@@ds T2 and T3, the rate of mass activity
and specific area loss increased. At T2 and TBAiHperformance generally increased with
short treatment times then decreased.

Figure 11 shows that the variations of activitygagrand HAir performance are largely just a
function of the Pt mole fraction after dealloyiniylass activity and specific area decreased as the
post-dealloy Pt mole fraction increased above ¢#0,0but H/Air performance generally was
maximized above 0.43. The assessment was thdbylagl too aggressively does not allow
nanoporosity to develop, which limits specific asea thereby mass activity.

Based on these results, it was determined thatiéatloying process optimization, the post-
dealloy Pt mole fraction should target 0.40-0.42cteoptimize the mass activity and/Kir
performance.
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PtNi Dealloying Optimization — Structural and Compositional Characterization of Downselected

Dealloying Chemistry
P&NizZ/NSTF which was dealloyed with JHU conditions werealuated for structure and
composition by TEM+EDS at Oak Ridge National Lalona (ORNL). Figure 12 compares
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pre- and post-dealloyed. After dealloying, thekigt mole fraction increased from 30 to 42at%
Pt, but the surface was further dealloyed to cat%3 Dealloying resulted in formation of pores
between whiskerettes and perhaps some nanoscals, ot did not result in the typical well
defined ordered pore structure obtained with MEAditoning, i.e.in-situ electrochemical
dealloying. It is believed that an optimal ex-situ free cerom method would ultimately allow
the same composition and structure as obtainedMiA conditioning.

Bulk vs. surface Pt (at.%) in Pt;Ni,/NSTF
Buall grp,y, Surface g Surface Layer

No Dealloy 30 20 Ni Oxide
JHU Chem. 42 53 Pt-rich
No Dealloy JHU Chem.

Znm 20

composition ana}sis of JHU dealloyed PiNiv.
JHU Dealloyed, MEA Cond.

2 1

Figure 12. TEM strt]ctural and ED
Non-Dealloyed, MEA Conditioned

After MEA conditioning,
resultant structure between
non-dealloyed and JHU
dealloyed is qualitatively
similar, and catalyst
composition is identical.

Dealloyed? |MEA Tested? Pt at%

N N 31.1
N Y 74.3
Y N 42.3
Y Y 74.5

Figure 13. Comparison of MEA-conditioned PtNi/NSTFwith and without JHU dealloying.
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PtNi Dealloying Optimization — Downselected Chemistry Optimization

One challenge with the downselected chemistry Wwatsdt room temperature, the dealloying rate
was too slow to enable reasonable continuous psoaesates (e.g. a few minutes). Work was
conducted to determine if the rate could be irsedahrough increased dealloying temperature.
1x1” pieces of catalyst were exposed to the JHUhustey for times ranging from seconds to
several minutes, then evaluated for post-deallogpmsition by XRF. The post-dealloy Pt mole
fraction at a given temperature was found to bd mepresented by a semi-log relationship with
time, and the semi-log slope generally increasetth wicreasing temperature. An effective
activation energy was found to analyzing the skeg€l000/T.

One concern with the temperature-accelerated mettasdthat MEA performance and catalyst
activity may be negatively impacted. For examjples conceivable that higher temperature
could change the composition profile through thatiog thickness. To test this, larger catalyst
pieces were treated and evaluated for composityoXRF and in fuel cell for mass activity and

surface area. A summary of three experimentsag/shn Table 4. Experiment 1 consisted of a
less aggressive dealloying conditions, with rektiviower treatment temperature and long
treatment time. Experiment 2 was moderate agyessid Experiment 3 was relatively very
aggressive, using relatively high dealloying terapgne and short dealloying time. XRF

analysis shows that in the more aggressive ExpetiBethe dealloying resulted in a Pt mole
fraction higher than targeted. Mass activities egally remained close to the 0.4A/mg

benchmark.
Table 4. Time/Temp Optimization, Targeting 0.41 Fial Pt Mole Fraction
Final Pt Loading Pt Mole Specific Area Mass Activity
Experiment (mg/cnr) Fraction (m?lg) (A/mg)
1 0.121 0.43 13.4 0.37
2 0.129 0.42 13.0 0.39
3 0.119 0.46 12.9 0.37

PtNi Dealloying Optimization — Lab-scale continuous process development.

Several experiments were conducted to evaluate felasibility of dealloying using the
downselected chemistry in a continuous, roll-td-pybocess, summarized in Table 5. In the
initial experiments, 10’ sections of catalyst wémeated by immersion in baths containing the
dealloying chemistry, followed by DI rinsing andyuiyg.

Trial 2 focused on mapping the batch to continupteess, via evaluating at different dwell
times. Trial 3 focused on evaluating the deallgymodel-determined times and temperatures
which aimed to yield ca. 0.40-0.42 final Pt molactions, which was largely successful.

Trial 4 was a first attempt at producing an extehgeantity (50’) suitable for making dealloyed
NSTF CCMs on continuous roll to roll CCM fabricatigprocessing for stack testing. The
resultant Pt mole fraction was slightly higher thargeted, at 0.435 on average. Based on the
trial 4 results, re-optimization for dwell time waseded (Trial 5).
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Trial 6 and 7 were the second and third attempfg@ucing 50’ batches of dealloyed catalyst
for stack testing. Resultant Pt mole fractionsev@?0 and 0.41, slightly below and just at the
targeted 0.40-0.42 mole fraction.

Table 5. Summary of Pilot-scale process trials
Mean
Dwell Time I Tem Cat. Post | Mean Post
Phase [Run Purpose Chemistry| Run Date | Cathode ID P Length | Dealloy | Dealloy Pt
(arb.) (arb.) .
(ft.) Pt Load | Fraction
(ng/cm?)
Validate new
NB161304-
1 1 |set up with old 3M  [11/11/2014 1.0 RT 10 105.8 0.383
. 21-A
3M chemistry
NB161304-
11/24/2014 6130 5.0 Tl 10 108.7 0.405
1 21-B
Eval. JHU chem.
NB161304-
2 @ different JHU [11/24/2014 6130 15.0 T1 10 105.9 0.424
2 . 21-C
dwell times
NB161304-
11/24/2014 30.0 T1 10 98.6 0.444
3 124/ 21-D
JHU NB161304- 10.4 T2 10 105.4 0.429
1 Eval 26-A
val. opt.
NB161304-
3 temp/speed w/| JHU |1/19/2015 4.1 T3 10 108.7 0.414
2 26-B
JHU chem. NB161304
JHU i 2.0 T3 10 109.9 0.409
3 26-C
Final BOC Stack
4 1] 15 CCM Batch JHU  |7/20/2015 | NB161304-63 2.0 T3 50 103.2 0.435
NB161304-
1 70 1 0.5 3 101.3 0.414
NB161304-
2 70 2 1.0 3 102.3 0.427
NB161304-
3 703 1.5 3 101.2 0.442
o
5 4 50, C Dwell JHU | 8/14/2015 NB161304 2.0 T3 3 99.0 0.433
Time Exp 70_4
NB161304-
5 70_5 2.5 3 97.3 0.451
NB161304-
6 70 6 0.5 3 104.7 0.410
NB161304-
7 707 2.0 3 100.2 0.445
Final BOC Stack
6 1 _ nd CCM Batch JHU 9/9/2015 |NB161304-76 0.8 T3 50 105.65 0.399
Final BOC Stack
7 1 _5nd CCM Batch JHU 9/23/2015 | NB161304-79 13 T3 50 102.70 0.412

Figure 14 summarizes

resultant activity, area, Bathir performance for the Trial 4 — 7

catalysts, plotted as a function of Pt mole frattidNear the targeted 0.40-0.42 Pt mole fraction,
mass activities were on average above 0.30A/md) iaitge decreases at higher Pt fractions,
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consistent with the previous lab-scale work. Qgrage, the mass activities were modestly
lower than those obtained with the laboratory asallg (~0.38A/mg, Table 4).
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Figure 14. Activity, area, and H/Air performance of trial 4-7 dealloyed cathode calysts.

In addition to the catalyst performance metrice thte of break-in conditioning was also
assessed. Figure 15 shows that break-in was siibfifacomplete in less than 10 hours with
lab-scale CCMs (not best of class construction).
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Figure 15. Break-in conditioning of lab CCMs utilizing roll-to-roll dealloyed PtNi.
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PtNi Optimization — Durability

A subset of electrocatalysts were evaluated foahility under the DOE Electrocatalyst AST
(30k cycles between 0.6-1.0V). Figure 16 summarlzeginning of life and post-AST metrics,
measured in fuel cell. Annealing resulted in sabBal activity improvements, but did not
improve the durability. Mass activity losses rashdeom 60 to 70% after 30k cycles, and the
post-AST mass activity was independent of anneaiignt.

Electrocatalyst Cycle Durability v. Cathode
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Figure 16. Electrocatalyst Durability of Select Amealed + Dealloyed PtNi/NSTF Catalysts

Work was initiated to improve the durability of RENSTF, outside the project. That work
identified that incorporation of small amounts ofddives into PiNi; greatly improved mass
activity and specific area retention, from whiclufgatent applications were ultimately filed.
Optimization of this approach for BOL activity addrability is continuing.

Subtask Conclusions

This subtask has focused on optimization of anngaknd dealloying processes for P1
PtNi7z/NSTF catalyst.

Annealing was found to modestly increase the mesgity and specific area of P13Rli7 up to

~ 20% vs. unannealed. The improved specific areeelabed with increased grain size with
annealing, detected by XRD and TEM. Annealed Ptalgst was not downselected for
incorporation into the project best of class MEA® do increased difficulty in dealloying and
reduced startup rate.

Significant work was conducted towards developnuné scalable dealloying process which
resulted in improved performance relative to the Baeline method. 4 classes of dealloying
chemistry were evaluated, and one was downselegtedh yielded improved high current
density performance and was compatible with cowmtiisuprocessing. Time and temperature

30



sensitivity of the dealloying method was assesaad, a process map identified. 6 continuous
roll to roll process trials were conducted on labls equipment, and 3 50’ rolls of catalyst were
produced for use in continuous CCM fabricationtfog final project stack deliverable. Roll-to-
roll catalysts were found to yield slightly supmed mass activity as compared to laboratory
batch dealloyed. Break-in conditioning was relaltyv rapid, achieving largely complete
performance within 10 hours.

Durability of representative PtNi catalysts waseased using the DOE Electrocatalyst AST.
The dealloyed catalysts generally had relativelprpmass activity durability, losing 60-70%
after the AST, and the end of test activity wagédy independent of annealing or dealloying.

Future Directions

Additional work towards optimization of annealinghda dealloying of nanoporous NSTF
catalysts is warranted. In the limited work hemanealing was found to increase the mass
activity above the DOE 2020 target. Work to devedffpctive dealloying processes for annealed
PtNi catalysts could enable high activity and hpgiiformance.

Electrochemical dealloying shows significant proenigowards improving the rated power
capability. The key question to address is schiabi

Durability of nanoporous catalysts is of key comcéaut incorporation of durability additives has
been shown to be effective.

Such work is currently in progress at 3M under haotDOE-funded project, and is showing
good prospects of achieving the DOE mass activitydurability targets in the near term.

Subtask 1.2. Durable, Ultra-Low PGM NSTF Anode Catalyst
Subtask Overview

The work on subtask 1.2 is evaluation of NSTF ancatalysts, including durable materials
developed under current award DE-EE0005667; a kéyali focus will be PGM loading
minimization < 0.05mgw/cn?.

Subtask High Level Work Summary

Several experimental NSTF anode catalyst candidaége fabricated and evaluated for BOL
performance, with the objective of determining miom PGM loading. The influence of
different NSTF support geometries (number denkigding) were also evaluated.

A study conducted with ANL evaluated the HOR kiogtof NSTF electrodes, resulting in an
understanding of the loading/surface area/perfoomaensitivity of NSTF HOR anodes.

Subtask Key Results

Table 6 summarizes the catalysts generated andiatgdl Catalysts consisted of 5 different
compositions, including reversal tolerance catalystith areal loadings ranging from 5 to 30
Hugeewcn?.  Compositions included pre-project baseline Pd @&tCoMn, as well as new
candidates including PtNi and a subset of the ablmase catalysts with an OER additive to
enable improved reversal tolerance.

Figure 17 summarizes the impact of composition kadling on the HAIir performance, as
compared to baseline PtCoMn/NSTF anode cataly$t &5 mg/cn?. All compositions were
able to reach loadings as low as 20 pd/anthout significant performance impact. As loagin
were reduced further, significant performance Isssere observed, which depended upon the
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composition. For pure Pt, PtCoMn, and PtNi, théquenance losses occurred at loadings of 10,
5, and 5 pg/c respectively.

Table 6. NSTF Anode Compositions and Target Lagslin
Composition NSTF Support Anode PGM (sag/cnr)
Pt Standard 0.01, 0.02, 0.03
PtsoC02sMn3 Standard 0.005, 0.01, 0.02
P&Ni7 Standard 0.005, 0.01, 0.02
PtssC2sMn3z+OER Standard 0.018
P&Ni7+OER Standard 0.018

1 '0 FCO2465L 704 RAW P4 0 005PtCoMn/P4 0. 10PICoNN A7 G527 T(3M 241 8SOEW (n) 29797297 INFAL S1j 1'0 - C024718 340.RAW P4 0.05PtCoMn/P4 0.10PICOMN A765277(3M 24uB50EW On) 297972979 NFAL S1
R e il T A R e R e A

FE 004718 340 RAW b4 0GB ISOMNPA 01001 oM ATSS77 OM 294 SECEW On 20742675 NFAL S1 ==m=F C024714 337.RAW P4 0.01P3NI7/P4 0. 10PICoMn A765277(3M 24u 8S0EW On) 297972979 NFAL S1
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Figure 17. Influence of Anode NSTF Catalyst Compogon and Loading on Performance
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Figure 18 summarizes performance at 1A/cm undéhiHfor the experimental anode catalysts.
For OER-free catalysts (left), the onset of perfance loss occurred at pg/emCatalysts with
OER generally followed the same trends as OER-free.
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Figure 18. Summary of H/Air Performance vs. Anode Loading and Composition
Figure 19 summarizes performance evolution durireak-in conditioning for MEAs with the
experimental anodes. Break-in rate also depentledgty on composition and loading. Break-
in times ranged from ca. 20 hours for the basediné 20 pg/crloaded electrodes to hundreds
of hours with the lowest loaded electrodes.
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Figure 19. Influence of Anode NSTF Catalyst Compadtson and Loading on MEA Break-in Conditioning.
A study was conducted with Argonne National Labomat(Ahluwalia, Wang) to characterize
and model the HOR/HER Kkinetics. Figure 20 sumnearizb pump polarization curves as a
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function of temperature and conditioning state etakvith symmetric electrode NSTF MEAs
with 0.02mgPt/cth Measurements were taken either after standardA MEnditioning

(“NFAL", cathode electrode specifically conditionear after both electrodes were conditioned
(“NFAL+RFAL"). Significant reductions in hydrogenxidation reaction/hydrogen evolution
reaction (HOR/HER) overpotential were observedraftede specific conditioning was applied.
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Figure 20. HOR/HER Kinetic Study w/ 0.02 mgpIIDt/crﬁ PtCoMn/NSTF Anode/Cathode MEA
Table 7 summarizes the ANL analysis of the HORvagtifor NSTF and Pt/C electrodes. The
NSTF electrodes had comparable or higher HOR speativity as the Pt/C electrodes, but the
overall determined activity depends upon conditignistate. With fully conditioned
0.02PtCoMn/NSTF anodes, the HOR exchange currersityei, was either 226 or 473mA/ém

depending upon the fitting parameters used.
Model predictions indicate a ca. 25mV performarss lat 1.5A/crhas the NSTF anode loading

is reduced from 0.05 to 0.02mg/&mThis differs from the experimental Figure 18ules which
suggests the anode loading would need to be redrmad.05 to 0.01mg/cfrfor a similar loss.
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Table 7. Estimated HOR Kinetics Extracted from Exgrimental data

Catalyst/ | Pt Loading Catalyst | Anode SEF T Eor a n v io
Support mg.cmi’  [Conditioning| cmp,2.cmi? °C | kJ.mol* mA.cmp,

PtCoMn / 0.02 (a) PCA 2.3 80 30.2 0.30p 2 1.2b 219
NSTF 0.02 (c)

PtCoMn / 0.02 (a) CCA 2.3 80 30.2 0.678 2 1.2b 226
NSTF 0.02 (c)

PtCoMn / 0.05 (a) PCA 5.9 80 30.2 0.30p 2 1.2p 45(
NSTF 0.1(c)

PtCoMn / 0.05 (a) CCA 5.9 80 30.2 0.678 2 1.2% 994
NSTF 0.1 (c)

PtCoMn / 0.02 (a) CCA 2.3 80 22.7 0.52y 1 1.2% 473
NSTF 0.02 (c)

5 wt% Pt/ 0.003 (a) 2.9 80 Not 0.5 2 Not 235-300
Carbori 0.4 (c) Measured Measurgd

1. Partially-conditioned anode
2. Completely-conditioned anode
3. J. Electrochem. Soc., 154 (7), B631 (2007)

Subtask Conclusions

Performance and break-in conditioning rate depestiemgly on the NSTF catalyst composition
and loading. Minimum anode electrode PGM loaditagsbtain acceptable performance ranged
from 10-20 pg/cry being largely dependent upon the specific arethefelectrocatalyst. At
further reduced loading, performance decreasedigii@esly and break-in conditioning rate
slowed.

HOR kinetic measurement experiments and analysis e@nducted. The analysis indicates that
NSTF PtCoMn HOR catalysts have comparable or higpecific activity as Pt/C, but the ca.
10x lower specific area of NSTF will impart HOR &iic losses can lead to 10s of mV loss at
high current density at sufficiently low loading.

Future Directions
The underlying mechanism for the impact of anodalgst loading on break-in conditioning

warrants further study. Such work could providg kesight into the reasons for the relatively
slower break-in of NSTF based MEAs than comparatispersed electrode MEAs.
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Subtask 1.3. Durable, Improved Conductivity PEMs

Subtask Overview

Subtask 1.3 is an evaluation of advanced 3M menelstancluding expected available variations
of ionomer chemistry, ionomer equivalent weighickhess, support variables, and durability-
enhancing additive type and level; other commdscaailable PEMs may be evaluated based
on literature reports.

Subtask High Level Work Summary

Work focused on developing performance relatiorshig key PEM variables for two electrode
types and optimization of 3M PEMs for integrationthwNSTF electrodes. Several dozen
experimental PEMs were fabricated and evaluatefdieh cell. Key PEM material and process
factors, which limit performance of low surfaceamsdectrodes, were identified. New PEMs with
appropriate factors were generated which yieldeddgperformance. Durability evaluations
were primarily conducted in Task 5.

Subtask Key Results

PEM Sensitivity Studies with Dealloyed PtNi/NSTF

In this study, several MEAs comprising dealloyedNiMISTF cathodes were evaluated for
performance sensitivity to membranes with differiagomer type, equivalent weight, additives,
thicknesses, and supports, summarized in Tabl@t8& primary objective of the study was to
determine how these variables influence the highieati density performance of electrodes
which have large amounts of leachable transitiotalee

Table 8. PEM variables evaluated in study
Series lonomer EW Add:_t:"lzl()Arb' Support (Arb. Level) | Thickness (micron)

EW 3M 825 0 0 20
EW 3M 825 0 0 20
EW 3M 734 0 0 20
EW 3M 1000 0 0 20
lonomer Nafion 9xx 0 0 20
Additive 3M 825 0 0 20
Additive 3M 825 1 0 20
Support 3M 825 1 0 20
Support 3M 825 1 1 20
Thickness 3M 734 1 1 24
Thickness 3M 734 1 1 20
Thickness 3M 734 1 1 16

Figure 21 comparesAir polarization curves taken from the ionomer/EBStidy (left) and the
impact of thickness with supported membranes (yigbinsupported 20um PEMs with ionomers
with EW > 825EW lead to severe performance reduactiSupported 734EW PEMs led to much
lower performance than unsupported PEMs, eveneathibkness was reduced.
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Figure 21. (Left): Impact of lonomer Type. (Righ): Impact of Support Type
Figure 22 (left) summarizes the limiting currentngiéy (J @ 0.50V) for numerous MEAs
comprising PtCoMn and PtNi NSTF cathode electrodssa function of calculated “effective”
equivalent weight of the membrane. The PEM eféec&kW takes into account ion exchange
capacity lost due to dissolution into transitiontate from the cathode, and depends upon the
ionomer equivalent weight, PEM thickness, and ttes@nce of support. High limiting current
densities were generally achievable if the effecBW was 900 g/mol or less.

Figure 22 (right) summarizes how the calculate@ai¥e equivalent weight is related to the
post-dealloyed Pt mole fraction of the cathode thvei 734EW, 20 pum thick supported PEM, the
effective equivalent weight varied from ca. 80c# 1600 g/mol, depending upon the initial Pt
mole fraction in a 0.125mg/cP&M1x alloy, where x varied from 0.30 (non-dealloyed) to
highly dealloyed (x=0.65). The analysis indicatedt the composition after dealloying, ca.
x=0.40, would result in an ~1100 EE¥ and suppressed performance. Achievement of x=0.55
would result in 900 EW and would be predicted to provide good high currdensity

performance.
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Figure 22. (Left): Limiting current densities vs.calculated effective PEM equivalent weight. (Rig): Estimation of
Effective EW for PtNi with differing initial Ni mol e fractions.
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PEM Sensitivity Studies with PtCoMn

Figure 23 summarizes the impact of ionomer equntakeight and the presence of support with
PtCoMn/NSTF cathode electrodes. Similar perforreaneere obtained with 734 or 825EW
neat 20 um thick PEMs, and performance decreas&i\amcreased (Left). For 20 pum thick
734EW PEMSs, 2 supported PEMs yielded equivalentopmance as unsupported PEMs, but
surprisingly, a thinner supported PEM yielded muciise performance.

0.10PtCoMn 0.10PtCoMn
0.9 0.9
! T7aEw ] |
’cFO 3 é’ Non-supported, No Add. (2) 20u
5 0. 90. Supported, w/ Add. (2) 20
g 2/0 8 u
o O]
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Figure 23. (Left): Impact of lonomer Type. (Righ): Impact of Support Type
The unexpected variation in performance with PEMiades was assessed. Figure 24

summarizes measured cell voltage, HFR, and IR-Fottage at 1.46A/cifor the MEAs with
various PEMs. In most cases, MEAs with suppressedsured performance had modestly
higher HFR. However, correction for HFR was noffisient to account for the severe
performance losses. As discussed below, the pegioce variation may be explained by
assessing the MEA area utilization or Pt utilizatod the cathode.
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H2/Air Performance Trends v. PEM - 0.10PtCoMn/NSTF Cathode
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Figure 24. Ohmic analysis of PEM-induced performane losses

Electrode Utilization Analysis of Performance with PtCoMn

In previous work, it was determined that the perfance variation is often not accounted for
with HFR alone, especially under hot and dry coodg (see Steinbach et. al, “Polymer
Electrolyte Membrane Fuel Cell Active Area Utiliat Dependence on Relative Humidity
Measured via AC Impedance High Frequency Resistai€es Trans. 2013volume 58, issue 1,
1589-1600). The previous analysis indicated thatperformance variation with reduced RH
can be accounted for if one assumes that the HFRtioa reflects variation in active area,

rather than the ionomer bulk conductivity.
Equation 1
(P_ij _
uQ) __ Beer  _ A per ZAUJMEAE
ATVE T R(Dygas (ﬁ ) Aggr
A MEAS

Equation 2

i _ Jugas
NORM —
o u (IM'EAEJACTNE

Equation 1 and Equation 2 were applied to the atirseudy MEAS (supported vs. unsupported
734 and 825EW PEMSs), and the area normalized seatdt shown in the bottom row of Figure

25. After area normalization, the performance eanargely overlapped, suggesting the primary
source of performance variation with the differlPGM types was area utilization.
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Figure 25. Performance variation breakdown by areautilization analysis.
The experimental data was also analyzed by ANLeifTanalysis indicated that the differing
Ho/Air performances could be explained by differingullizations, determined by Equation 3.
In essence, the Pt utilizationpdJwas defined as the measured IR-Free current tgteatsd.80V

divided by the best performance in the set. Tghtrside of Figure 26 summarizes the results

after Pt utilization correction, where a large mmdyoof the polarization curves overlapped

extremely well.
Equation 3

- J (OWI R-FREE )MEAS
; ‘] (08\/I R-FREE )BEST
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Figure 26. Pt utilization analysis by Argonne Natbnal Laboratory.
In summary, two methods were shown to be successfuhccounting for the measured
performance variation. Both methods indicate thatformance depended upon a measured
utilization factor. It is likely that both methodse assessing a similar underlying mechanism
that a PEM factor is influencing the extent of éhectrode used.

Root Cause Diagnoses

Experiments were conducted to understand the raasec of the unexpected performance
variation and area/Pt utilization and to resolveidsue. Figure 27 summarizes measurgaiH
performance variation for several 3M 725-734EW PEMssupported or with varying support
lots. Performance obtained with supported PEMgednfrom comparable to unsupported to
140mV deactivation.
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Figure 27. Performance variation with experimentalPEMs with various supports.
The variation in high current density performancasviound to correlate with cathode catalyst
surface area and absolute ORR activity. Figurs@@marizes cathode surface area roughness
factor (SEF), absolute activity, and limiting curtelensities as a function of 13 different PEM
lots. PEM lot had a strong influence on the penfance. Figure 29 directly compares the
relationship between limiting current density anflFS absolute activity, and specific activity.
The H/Air performance at 0.50V appeared to be well datesl by decreases in the cathode
catalyst activity / area metrics.
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36 MEAs, 13 3M-S Lots, at least 2 3M ionomer lots. 725EW, 14-20u. Various annealing conditions.
Anode: 0.05PtCoMn/NSTF. Cathode: 0.10PtCoMn/NSTF. GDLs: 2979, 10% strain. Various CCM lam. conditions.
Single test station.
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Figure 29. Relationship between limiting current énsity and cathode catalyst activity/area metrics.
Such strong impact of PEM lot had not been obsebefdre with NSTF MEAs. Due to the
strong activity/performance relationships with difig PEM lots, one suspicion was that the
PEM support was perhaps involved in the performameetion. Experiments were conducted
to evaluate the impact of the supported PEM thermtbry, including annealing conditions.
Figure 30 shows that the limiting current densigrfprmance depended monotonically on
support type and annealing conditions.
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Figure 30. Impact of annealing conditions on EHAIr performance with two supported PEM lots.
Using the insight from the above experiments, tkHots were generated with the improved
support type and the appropriate annealing comditioFigure 31 shows that the replicate lots
yielded comparable performance to each other amd uisupported control. This PEM
construction, which yields relatively high perfornca and no deactivation, was downselected
for BOC MEA integration.
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Figure 31. Replication of downselected PEM for BO@ntegration with two PEM lots.
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It is important to note that such large performanaeation was not observed when such PEMs
were tested with high area Pt/C electrodes at 3ENaluation of internal proprietary data

indicated relatively small performance impacts, ahhidid have some correlation to the

observations with the 0.10PtCoMn/NSTF electrode®.heAs noted in the first section, the

impact was also modest with the PINI/NSTF electspdehich had nearly 2x higher absolute
surface area than the PtCoMn/NSTF electrodes.

Alternative lonomer Studies

Limited experiments were conducted evaluating nbh-BFSA ionomer PEMs and next
generation 3M PFIA ionomer PEMs. Figure 32 sholat in unsupported alternative PFSA
ionomer PEM vyielded lower performance than 3M PHSEM. Figure 33 shows that, as
received, the experimental 3M PFIA yielded muchdowerformance than the 725EW PFSA. It
was suspected that the experimental PFIA contatoatminants. After a laboratory cleaning
procedure, the performance had increased dramgtaadl was comparable to the unsupported

725EW PFSA PEM.
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Figure 32. H/Air performance of 3M 825EW PFSA vs. Aquivion lonaner PEMSs.
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Figure 33. H/Air performance of 3M 725EW PFSA and 3M PFIA PEMs. Black: 3M 725EW PFSA. Red: 3M PFIA, as
received. Blue: 3M PFIA, cleaned.

Subtask Conclusions

A relationship was determined between performamcethe PEM effective equivalent weight,

which accounted for the ion exchange capacity dogt to transition metal dissolution from the
PtNi electrode into the PEM. This relationship wased to set targets for the degree of
dealloying needed to achieve high performance ilAME
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Extensive work was conducted to determine and vesah integration issue between 3M
supported PEMs and NSTF cathodes. Performancdouad to depend strongly upon support
type and PEM thermal history. Unoptimized suppand thermal history lead to severe
performance degradation, which correlated to cal©@BRR activity and surface area. Optimized
composition and process lead to a downselected WiWVhigh performance.

PEMs comprised of an alternative PFSA ionomer ameéx generation experimental ionomer
were evaluated. Performance was below that oldtainn comparable 3M PFSAs.

Future Directions

The work above provides key insight into the chajles the industry will face as cathode PGM
loadings and absolute surface areas decreaseoflis& loading, low area electrodes will likely
help PEM developers to identify possible contamisaand decrease their concentration in
PEMSs.

Subtask 1.4. Low-Cost, High Performance GDLs
Subtask Overview

Subtask 1.4 involves evaluation of advanced, lost;cand high-performance anode and cathode
GDLs available commercially, at 3M, and at Gen&tators (GM).
Subtask High Level Work Summary

Four commercial and one 3M proprietary GDL were l@at@d for general performance
characteristics.

Subtask Key Results

Four GDL candidates were obtained from Freudenbedyevaluated for general performance
characteristics, including #Air performance and two operational robustnestsieBor all tests,
the anode GDL was 3M 2979, the CCM was a roll-gtt®lTF CCM (0.05PtCoMn/NSTF
anode, 0.15PtCoMn/NSTF cathode, 20u 825EW unsugghtEM). A control MEA with 3M
2979 cathode GDL was also evaluated.

Figure 34 (left) shows that at a high level, all IGDyielded qualitatively similar pAir

performance at 8€C with similar limiting current density. Figure 34dight) shows that one
cathode GDL type, H2315 C2, yielded improved lomperature performance over all others.
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Figure 34(Left): HCT H2/Air performance. (Right): CoolPSS temperature sesitivity.
Figure 35 compares several performance and rolssstneetrics directly. The various

Freudenberg cathode GDLs generally had lower padoce and higher HFR than 3M 2979.
As noted above, H2315 C2 yielded higher steadye st&tC performance by nearly 2x over
2979. Additionally, H2315 C2 yielded an improvetktagly state performance under load

transient than the other GDLs.
Due to the 10-20mV reduction in2kAir performance with commercial GDLs, the incumben

3M 2979 was downselected for project cathode GDL.
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Figure 35. (Top left, bottom left): HCT H/Air cell voltage and HFR at 1A/cn?. (Top right): Performance under load
transients at 40C. (Bottom right): CoolPSS performance at 48C.
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Subtask Conclusions
Limited evaluations of commercial cathode GDLs aaded that the incumbent cathode GDL
yields the best HAIr performance under a limited set of testing @itions.

The cathode GDL can also positively influence l@mperature performance. One type yielded
nearly a 2x gain in £C steady state performance.

Future Directions

One type of cathode GDL, Freudenberg H2315 C2,dgatlimproved low temperature
performance and operational robustness. Work tdemstand the mechanism of this
improvement could potentially lead to more operaity robust MEAs.

Subtask 1.5. Rated Power Sensitivity to Flow Field Geometry (3M)
Subtask Overview

Subtask 1.5 involves evaluation of the interactbbasic flow field geometry (land and channel
widths) with the anode and cathode GDLs evaluateduibtask 1.4 to optimize rated power
response. The proposed work would involve a veoglest flow field design effort and initial
fuel cell evaluation of different flow field geomits with the baseline MEA component set for
rated power, cold start, and load transient regggns second round of evaluation would occur
with the interim best of class MEA(s), and a finalind with the final downselected best of class
MEA.

Subtask High Level Work Summary
A limited study on the impact of flow field type wassessed on two types of NSTF MEAs.

Subtask Key Results

Based on previous work, flow field geometry hadrargy influence on rated power performance
in MEA. The previous work found that “FF2”, whitlad relatively narrower lands and channels
than the baseline Fuel Cell Technologies “quad esgmpe” flow field, yielded higher rated
power performance with pre-project MEAs.

Figure 36 summarizes JAir performance curves for baseline NSTF MEAs with
0.10PtCoMn/NSTF cathodes with three flow field typEF2, FF5 (quad serpentine), and FF1
which had 0.5, 0.8, and 2.0mm channels, respegtivElerformance increased with decreasing
channel width at all pressures.

The different flow fields had different pressur@pls, which can influence performance. Among
other factors, the average reactant pressure malhge. Figure 37 summarizes a simple analysis.
The left plot shows 0.60V current density at 1i@Atoutlet pressure for various flow fields, and
the middle plot shows the average pressure. Tdte figure is the current density divided by
average pressure. FF2, with narrow lands and @tsnyields the highest pressure-independent
performance, ~33% higher than quad serpentine watmdn lands and channels.
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Figure 37. Performance, pressure drop, and perforeince/pressure

Representative flow fields from above were seledtwdstudy with project electrocatalysts.
Figure 38 shows that while FF2 yields large perfamoe improvements over FF5 with PtCoMn,
the impact is more modest with dealloyed PtNi.isltikely that with PtNi, the still relatively
large amount of Ni dissolution into the PEM impaltiee limiting current density.
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Figure 38. Impact of flow field type on HCT H/Air performance. (Left): 0.10PtCoMn/NSTF cathode (Right):
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Several flow field designs were modeled to proleittiluence of land and channel widths with
NSTF MEA, summarized in Table 9. Land and chamndths ranged from 0.3 to 2.0 mm, and
depths were set to approximately yield similar poes drops.
fabricated, but initial testing resulted in unexgedy poor performance. Additional flow fields
were not generated due to the poor initial resants program prioritization.

One FF, C0.5L0.5, was

Table 9. Flow Field Designs Considered
"Name" Channel Width (mm) | Land width (mm) | # Parallel Channels
FF5 (Quad Serp) 0.8 0.8 4
FF2 (prop.) NA NA NA
C0.5L0.5 0.5 0.5 24
C0.5L0.5 - deeper 0.5 0.5 14
C0.5L0.5 - deeper2 0.5 0.5 10
C0.3L0.5 0.3 0.5 30
C0.4L0.5 04 0.5 26
C0.6L0.5 0.6 0.5 13
C0.8L0.5 0.8 0.5 11
C1.0L0.5 1 0.5 9
C1.5L0.5 15 0.5 7
C2.0L0.5 2 0.5 4
C0.5L0.3 0.5 0.3 18
C0.5L0.4 0.5 0.4 26
C0.5L0.6 0.5 0.6 21
C0.5L0.8 0.5 0.8 18
C0.5L1.0 0.5 1 16
CO0.5L1.5 0.5 1.5 12
C0.5L2.0 0.5 2 9
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The impact of FF was again evaluated towards tldeoénhe project. Figure 39 shows that the
BOC MEA performance was strongly sensitive to Feety Performance at 0.60V increased 66%
with FF2 vs. quad serpentine. It is possible thatnarrower land/channel pitch with FF2 helps
mitigate some of the losses associated with MEAR vélatively high levels of transition metal

(TM) contamination.
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Figure 39. Impact of flow field type on final project BOC MEA performance. Black: FF2. Red: Quadearpentine.

Subtask Conclusions

Flow field type was found to be influential for edt power performance with NSTF MEAs.
Narrow lands and channels substantially improveedrapower performance, even after
accounting for differences in pressure drop. Nartands and/or channels may also help
mitigate effects of TM contamination.

Future Directions

A systematic study of the influence of flow fielhld and channel geometry is highly warranted
from a fundamental perspective. Based on the teebelre, further specific power gains would

be likely. Such work would benefit from being dmeted with a flow field/stack manufacturer

to help assess cost tradeoffs of various designs.
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Task 2. Integration Activities Toward Transient Response, Cold Start
Time to 50% of Rated Power, and Unassisted Start from Low

Temperature Targets

* Subtask 2.1 GDL Optimization for Cold Sart
» Subtask 2.2 Subtask 2.2 Interfacial Layer Optimization for Kinetic, Transient Response

Task 2 involves evaluation of 50énMEAs comprising new anode and cathode GDLs and
interfacial layer candidates with the potentiakid in meeting the cold start time and transient
response transportation system targets.

Subtask 2.1. GDL Optimization for Cold Start

Subtask Overview

The primary objective of subtask 2.1 is optimizataf anode gas diffusion layers for cold start
response. The work will involve screening of difiet GDL backings with or without standard
hydrophobization and no MPL for cold start and dapower response. Due to durability
concerns with bare GDL backings, microporous lay®BLs) are needed to minimize backing
fiber protrusion through the membrane.

Optimally-performing backing candidates will be dwmelected, and then MPL loading and
composition will be optimized, again towards the Kactors of improved cold start and rated
power with minimization of electronic shorting tocaptable levels.

Subtask High Level Work Summary

Fuel cell experiments were conducted to evaluageifipact of several relevant anode GDL
parameters on NSTF MEA performance and operatioollistness. Parameters evaluated
include backing structure, backing thickness, bagkiydrophobic treatment level, MPL basis
weight, MPL porosity, and MPL formulation. Optineid parameters were downselected and a
~30m roll was produced.

Subtask Key Results

Pre-project Background

Figure 40 and Figure 41 summarize key results fpoeaproject work, which provided the initial
direction for the project. Figure 40 (left) showsat the anode GDL type can have large
influence on performance; replacement of baseliMe2979 anode GDL with an experimental
MRC paper increased the performance at 35°C moam tBx. While low temperature
performance with this anode backing was substéytiaproved, the GDL was to resistive to
allow good high current density performance undged power conditions. Figure 40 (right)
summarizes another key finding. Freudenberg H28ithout MPL, yielded a ca. 2x gain in
low temperature performance over the baseline 3M92%ut addition of MPL, needed to
prevent electronic shorting, tended to quenchélspanse.

51



1.6 1.6 | Various H2315+PTFE |

— T =

g 12 .// o 12 —{J-MPL Levell ||

= MRC MS3BE-040US & ~O- MPL Lewel2

S_; w/ 3M PTFE,MPL o / ~/\- MPL Level3
/ —/— MPL Leveld

> 0.8 v, <08 [ =

2 > i

é’) 0.4 S 0.4

'_) O O I ‘ PSS(D.A.\/‘lomm)‘F\na\lm\navg'd . l ﬁ O O 100% RH

30 40 50 ~ 30 40 50
Cell T (degC)

Cell T (degC)

Figure 40. (Left): Impact of anode GDL substrateype on temperature sensitivity. (Right): Impactof MPL on
temperature sensitivity.

Figure 41 summarizes additional pre-project workhiclw showed that two experimental
Freudenberg backings, X0154 and X0155, had impro#@€ performance compared to
baseline 2979 and reasonably low resistance in MEA.
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Figure 41. Impact of base substrate on 4€ limiting current density (left) and MEA resistance (right).

Anode GDL Optimization — Initial backing downselection

Initial project work focused on optimization of X®4 and X0155 for low temperature
performance via first optimizing the MPL coatingdeé Experiments were conducted generally
with a baseline NSTF CCM (anode: PtCoMn/NSTF, lh@%cn?; cathode: PtCoMn/NSTF,
0.15mgdcm?; 3M 825EW 20um thick PEM) and a baseline cathoBd GBM 2979). All were
tested in 50crcells, and the MEAs did not incorporate edge mtide.

Figure 42 summarizes temperature sensitivity faebae NSTF MEAs where the anode GDL
was either 3M 2979 or one of a series of experialaartode GDLs, comprised of either X0154
or X0155 backing, hydrophobic treated at a standawel, with a range of MPL coating
thicknesses ranging from 0.00 (no MPL) to 1.25md#ad thickness. For both X0154 and
X0155, addition of MPL reduced low T performancenpared to no MPL, but the extent of loss
was relatively insensitive to MPL coatings betw@erb-1.25 of standard.
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Figure 43 summarizes several performance charsiotsti Figure 43 (top left) shows that in
general, X0155 anode GDLs with MPL generally yididjher performance at 30 cell
temperature than X0154 anode GDLs. Figure 43r{ghg) shows that at 4C, X0155 generally
yielded higher performance than X0154. Figure B@&ttbm right) shows that in general, the
X0154 and X0155 with MPL had higher electronic simgr than the baseline 2979, but was
considered acceptable (1-3 mS#rim light of the lack of edge protection in thesereening
experiments. Based on these results, Freudenb@&p5X was downselected for further
optimization. 1.00 MPL level was also downselectedminimize risks of potential electronic

shorting.
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Xx—@—0.00MPL—4&—0.75MPL—¥—1.00MPL—9—1.25MPL
1.5— ‘ ‘ ‘ ‘ 1.5
X1, HYDROPHOBIC TREATED \xé, HYD‘ROPQOEC‘TREA‘TED\
1.2 ° 1.2 =3

.

g

: ) -
£ 09 e // 209
< ; / 2 P4 2y
S 06 //, S 06 g
< <
e / S S o
©03¢ . : ©o03 L
0.0 0.0
30 35 40 45 50 55 30 35 40 45 50 55
T(C) xC Cell, 100/150kPa,800/1800SCCMH /Air, T (°C)

PSS(0.4V, 10min); Final 1 min avg'd
Figure 42. Impact of backing type and MPL coatindevel on NSTF MEA temperature sensitivity. X1 is X154, X2 is
X0155.
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Figure 43. Summary of H/Air performance and resistance at 80C, 1A/cih(left), 40°C limiting current density (top
right), and electronic shorting conductivity (bottom right). X1 is X0154, X2 is X0155.

Anode GDL Optimization — Impact of Backing Thickness/Stacking

In this work, the impact of backing thickness waaleated. The motivation was to determine if
there was a critical thickness dependence on thmpdeature sensitivity response of NSTF
MEAs. Since backings of interest with differentcknesses were not available, experiments
were conducted where the number of anode backirgjalied into the cell were varied. Figure
44 (left) compares the temperature sensitivity @whes 1 or 2 layers of X0155 backing
(hydrophobic treated, no MPL) to 3M 2979. Verysisingly, the low temperature performance
with 2 layers was substantially improved over aglnlayer, with limiting current densities
exceeding 1.2A/chat 35°C, a more than 4x gain over the baselin® 2%esults were reported
to the Task 3 modeling team and this phenomenonmeateled. While very intriguing from a
fundamental understanding perspective, it was resnebd practical as a downselect MEA
candidate due to unacceptably high electronic tasie (Figure 44 right).
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Anode GDL Optimization — Experimental Freudenberg Backings

In Task 3, characterization of backing materiasvted insight into how the backing type may
influence low temperature performance. The keyeolsion was that among materials
evaluated, those with improved low temperature ggerance tended to have regions of
relatively low fiber density.

In this work, the objective was to evaluate the actpof the backing structure using backing
materials with controlled structural variations. el®ant Freudenberg materials consists of
regions of relatively higher and lower fiber depdifiber “bars” and “channels”, respectively).
Three classes of experimental rolls of backing wgreerated where the relative fiber bar and
channel content were varied (six total rolls, twodach structure type).

Figure 45 shows magnified transmitted light imagethe various experimental backings, V25,
V41, and V31. The lighter regions of the imagedidate lower density regions where light is
able to penetrate through the backing more readyalitative differences are observed between
X0155, V25, and V41.

transmitted
Light view

X0155— iahiy i = .
standard subsirate: Q;_;el_eme hi ‘hl |nh0f\‘! _‘5.”90“5 hcmlogeneous substrate eors
moderate fine structure, visble ~ Substrate (V25): ety V)

Figure 45. Transmitted light images of untreatedexperimental backings.

The experimental backings were received by 3M, whstandard hydrophobic treatment and
MPLs were applied. Figure 46 shows that the varibackings had only modest impacts on
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80°C H/Air performance, 40C performance, and shorting conductivity.  Basedhis result,

development work continued with further optimizatiaf X0155.
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Figure 46. Impact of experimental Freudenberg badkg structure on 80°C HYAir performance and resistance (left),
40°C limiting current density (top right), and shorting conductivity. X2 is X0155.

Anode GDL Optimization — MPL Optimization

In collaboration with Freudenberg, a variety of enmental MPLs were generated and
evaluated. X0155 backing was hydrophobic treate8Va and then coated with experimental

MPLs at Freudenberg, outlined in Table 10. The BIRbnsisted of a design of experiments
based on different MPL coating weights and MPL gdyo The coated backings were evaluated
at 3M for performance and operational robustnessnnsarized in Figure 47. Several

Freudenberg backings yielded comparabl&C8@./air performance as the 3M MPL, but all yield

sub-par low temperature limiting current densitieBased on this result, the 3M MPL was

downselected.

Table 10. Summary of Freudenberg MPL DOE.
Trial Raw | Impregnation | Material MPL MPL Additional Number
Number GDL recipe | weight pore of A3
type [g/m?] volume sheets
LV15-01- X0155 | 3M X0155 3M| 1 20 medium 2
1+2 CX578
LV15-01- X0155 | 3M X0155 3M| 1 20 high 2
445 CX579
LV15-01- X0155 | 3M X0155 3M| 1 13 medium 2
7+8 CX580
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LV15-01- X0155 | 3M X0155 3M[ 1 13 high 2
10+11 CX581
LV15-01- X0155 | 3M X0155 3M| 2 20 medium 2
13+14 CX582
LV15-01- X0155 | 3M X0155 3M| 2 20 high 2
17+18 CX583
LV15-01- X0155 | 3M X0155 3M| 2 13 medium 2
19+20 CX584
LV15-01- X0155 | 3M X0155 3M| 2 13 high 2
22+24 CX585
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Figure 47. Comparison of 3M MPL to Freudenberg Exprimental MPLs. (Left): 80°C Hx/Air performance. (Right):
42°C Limiting current density.

Anode GDL Optimization — Hydrophobic treatment level optimization

Experiments were conducted to determine the seitgito backing hydrophobic treatment level.

X0155 GDLs were treated with a variety of hydropiledipeatment levels, above and below the
baseline, and a subset were subsequently coatbdanstandard MPL. Figure 48 shows that
either with or without MPL, improved low temperaguperformance correlated with lower

hydrophobic treatment level. The minimum hydropghokreatment level evaluated was

downselected.

0.8 ‘ ‘ 0.8
%é —1 No MPL N () 34C Cell

0.6 \mﬁ ~O—-3MMPL | 06} " A ~/\ 40C Cell ||
04l . 0 e 04l .
§ 04 Mot o o LEJ 0.4 o g
— 0.2 34°C Cell| 3 0.2 w/3MMPL}———]
- ' Standard level Temp. — Standard level

0.0 ‘ ‘ ‘ [ 1

0.0 ,
Hydrophobic Treatment Level Hydrophobic Treatment Level -

Figure 48. Impact of hydrophobic treatment level a low temperature limiting current density. (Left): Comparison with
and without MPL. (Right): Comparison of sensitivty at 34 and 40C.
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Anode GDL Optimization — Rollgood production for Project Deliverable

~30m of the project downselected GDL was producsithguX0155 backing, standard MPL, and
low hydrophobic treatment level. Evaluation of tdewnselected GDL, “X3”, produced a
modest gain over previous “X2” (same, but standwsiophobic treatment level). The final X3
GDL yielded better than a 2x gain in°>@limiting current density than the project basel979
(Figure 49).
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Figure 49. 40°C limiting current density with project downselect GDL.

Subtask Conclusions

An improved anode GDL was developed which yielde2kagain in low temperature limiting
current density over the baseline 2979. Experismamtich evaluated the impact of six backing
fiber density variations did not yield improvemeaer the downselected X0155. Experiments
which evaluated experimental MPLs vyielded worse |o@mperature performance than
downselected 3M MPL. Evaluations of the impactbaicking thickness revealed that low
temperature performance may improve with increaBadking thickness and/or having an
interfacial region between multiple layers, buistsce will need to be improved.

The downselected GDL construction is producibleiédt scale with expected improved low
temperature performance.

Future Directions

Material development towards implementing thicked/ar multi-interface anode backings is
warranted. In the limited work above, such matejiglded dramatic improvement which would
seemingly resolve a key aspect of operational rioless with NSTF MEAs.

Subtask 2.2 Interfacial Layer Optimization for Kinetic, Transient Response

Subtask Overview
Subtask 2.2 involves optimization of interfaciaydes for load transient response and kinetic
optimization. Load transients are rapid (~1s) stepeases in load from idle to high levels (e.g.
0.02 to 1.0A/crd).

The work under subtask 2.2 will involve: 1) ideit#tion of the most durable supported
conventional catalyst based on existing data; Zprporation of top 2-5 candidates into
interfacial layers with ~0.01mgwcn? and 2-5 variations of layer composition; 3) singéd!

fuel cell evaluation for load transient, rated povead kinetic response. If any interfacial layers
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show acceptable benefit in load transient respaevisée either maintaining or improving the
overall mass activity, the downselected 1-2 intwdlalayers will be evaluated for durability via
DOE electrocatalyst and support durability protscol

Subtask High Level Work Summary

Several new cathode interlayers were generateceealdiated for their impact on rated power
performance, mass activity, and load transientaiparal robustness. A subset were evaluated
for durability. Approximately 50m of downselecté@aterlayer was produced on pilot scale
equipment.

Subtask Key Results

Pre-Project Background

In pre-project work, cathode interfacial layersn{érlayers” or “ILs”) were found to generally
improve one aspect of operational robustness, tomusients. Cathode interlayers are low-
loaded Pt/C electrodes which are interspersed legivike NSTF cathode electrode and the
cathode GDL. Figure 50 (left) shows that withoutertayer, a baseline NSTF MEA cannot
withstand a rapid increase in load from 0.02 toAlcth? under condensing conditions, such as
those expected at 8D, 100% RH. Immediately after the load increas82s), the cell voltage
was negative, indicating that the cathode electwde evolving hydrogen rather than reducing
oxygen. Inclusion of the interlayer with eitle®16 or 0.05mgswen? resulted in maintenance
of positive cell voltage throughout the duratiorttod test.

One issue with pre-project interlayers was thatuppeession of HAIr performance was
observed at low current density (Figure 50 right)ith a variety of interlayer formulation
(denoted by different color symbols), the cell agk at 20mA/cfmdecreased as the interlayer
loading was decreased.

An additional question with the interlayers was ahility. Interlayers are constructed from
carbon-supported Pt nanoparticle catalysts, wharelsignificant durability concerns in terms
of carbon corrosion and Pt dissolution.

Power Transient v. Cathode HybridN H,/Air Kinetic V v. Cathode Hybrid
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Figure 50. Impact of interlayer on load transientperformance (left) and H/Air kinetic performance (right).
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Impact of Primary Interlayer Formulation Variables

Initial project work focused on determining the siéiity of several performance and robustness
attributes on key interlayer formulation variablesth a primary focus on the type of carbon-
supported Pt nanoparticle catalyst. Variablesuatald included the Pt wt% on carbon, the
impact of catalyst heat treatment, the interlayerldading, carbon type and the interlayer
electrocatalyst formulation (Pt, Pt alloy, or AuPerformance attributes evaluated included the
composite mass activity of the combined NSTF + R#@ode electrode, the specific are2B0
HCT HJ/Air performance, and load transient performanceliated between 30-80 cell
temperatures. Experiments were conducted primarilyOcnt test cells with baseline NSTF
CCM (0.05PtCoMn/NSTF anode, 0.15PtCoMn/NSTF cath8M8250EW 20um PEM) and an
X0155 based anode GDL (with baseline hydropholeiatinent and baseline 3M MPL).

A summary of key results is shown in Figure 51.key overall conclusion was that good load
transient performance could be achieved with very Interlayer Pt loadings as low as ca.
6ugPt/cmd. Within the range of variables explored, littléfetence was observed between
interlayers comprised of 30 vs. 40 wt% Pt on carbod type “A” vs. “B” carbon. Heat-treated
catalyst induced large performance loss relativeoio-heat treated.

Experiments were conducted to understand the infei®f heat treatment on the load transient
performance. Analysis summarized in Figure 52daths that the primary loss mechanism was
loss of interlayer Pt surface area with heat treatm Passing load transient (positive cell
voltage) was obtained when the total cathode Pt B&F > 20crfr/CPpiana; COrresponding to
an interlayer SEF of about 8 &wm?

Figure 53 summarizes the impact of interlayer Bting, Pt wt%, and heat treatment on general
performance characteristics. As Pt/C interlayading increased from 10 to 50pgfrthe mass
activity generally decreased and absolute surfage mcreased, and no appreciable change in
80°C HCT Hy/Air performance was observed at either 0.02 08A/dn?. The decrease in mass
activity was due to the intrinsically lower specifiactivity of the Pt/C catalyst vs.
PtCoMn/NSTF. The relative insensitivity of interéa loading on EHAir performance was an
important improvement as compared to pre-projeeitust where low-loaded interlayers
suppressed performance at 20mAicm
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performance at 20mA/cn?. (Bottom right): HCT H 2/Air performance at 1.46A/cn?.

The impact of interlayer electrocatalyst compositiwas evaluated in limited experiments.
Figure 54 (left) shows that a higher activity Rbylcatalyst yielded equivalent load transient
performance as Pt.

An experiment was also conducted with Au/C eledtalyst, to probe if ORR activity was
needed for good load transient performance. Fi§dr&ight) shows that relatively high-loaded
Au interlayers are not effective for improving loadnsient of NSTF MEAs, and as such some
ORR activity is needed.
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Figure 54. Impact of interlayer electrocatalyst conposition. (Left): Ptvs. Pt alloy. (Right): Ptvs. Au.
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Interlayer Durability Evaluations

One key concern with the interlayer approach wasttie Pt/C electrocatalyst incorporated will
be insufficiently durable to allow maintenance agh operational robustness. Figure 55
summarizes durability assessments of NSTF MEAsawoiniy an interlayer with non-heat
treated catalyst on a relatively less stable cailiype “A” from above). The durability was
assessed by using the then-current DOE electrgsateycle (0.6-1.0V, 30k cycles) and the
previous DOE support AST (400 hour hold at 1.2V).

After the electrocatalyst cycle, MEA 8D performance and cathode mass activity were
substantially stable, with a modest/Mir performance improvement and 15% mass actioisg,
both of which pass the DOE 2020 durability targetgowever, the load transient performance
degraded after 10k cycles, and ultimately failedra?0k cycles.

During the support AST cycle (1.2V hold) Mir performance and mass activity was also stable
through 90 hours. Performance at 1.5Aéntreased 50mV, and mass activity loss was about
10%. Again, load transient performance failedredteout 50 hours of hold time.
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Figure 55. Performance and load transient durabily of type “A” carbon interlayers during the DOE El ectrocatalyst
AST and the (Previous) Support Cycle (400 hour 1.2¥old).

Due to the inadequate durability of the interlagevperational robustness, development effort
focused on incorporation and evaluation of intextaywith type “B” carbon, known to be more
stable based on 3M internal assessment. Figuseibénarizes the key durability results. Under
the electrocatalyst AST, NSTF MEAs with type “B'témlayers yielded relatively stable mass
activity (~30% loss after 20k cycles) and improvegAit performance at 1.5A/cfn Load
transient durability of type “B” improved relatiie type “A”, but failed between 20 and 30
thousand cycles.

Under the current support AST (5000 cycles betwgdn5V), NSTF MEAs with type “B”
interlayer passed all relevant metrics. The impdokb/Air performance observed with type “B”
interlayer was also observed with an interlayee-fNMSTF MEA, indicating that the intrinsic
NSTF MEA performance was responsible.
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Based on this improved durability, interlayers witype “B” carbon were downselected,
targeting 15-20pg/cn? loading.
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Figure 56. Evolution of mass activity, H/Air performance, and load transient for NSTF MEAswithout interlayer or with
type “A” or “B” carbon interlayers.

Downselected Cathode Interlayer Fabrication

Approximately 50m of the downselected cathode layer were produced. A loading analysis
by XRF indicated that the loading was 16 * 3pgpgcn?. Figure 57 shows that the load
transient performance of the final production Igtesed well with previous lots.
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Figure 57. Load transient performance comparison étween type “B” interlayers produced in laboratory and three pilot-

scale lots.
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Subtask Conclusions

Cathode interlayers can provide substantially impdooperational robustness to NSTF MEAs at
relatively low PGM contents and can be reasonabhalle. When coupled with the project
downselected anode GDL, successful load transigmt® 1A/cn? were demonstrated too for
cell temperatures between 30 and@0 Interlayers developed in this project had reddy small
impacts on beginning of life rated power perfornmeanc

Through the work conducted here, the performance cathode interlayers depends
predominantly on interlayer Pt absolute surface,adirectly proportional to loading. Modest
changes in key Pt/C variables, including Pt wt%carbon and carbon type, had little effect on
load transient performance. Heat treated catalysts less effective at a given Pt loading due to
their lower specific Pt surface area.

Retention of operational robustness appears tondeppon maintenance of Pt surface area.
When relatively stable carbon supports are used, dperational robustness and MEA
performance are retained after 5,000 support ASElesy between 1.0-1.5V. However,

degradation of Pt surface area, via the electrtyst&ST, resulted in failure of operational

robustness after 20k cycles vs. the 30k target.

Future Directions

The key remaining development work is incorporatafninterlayer catalysts with improved
electrocatalyst stability. It is suspected th&taelectrocatalyst which is modestly more stable
than that used in the downselected interlayer wallltlv adequate retention of the operational
robustness.
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Task 3. Water Management Modeling for Cold Start
» Subtask 3.1 Material Property and Segmented Cell Measurements
» Subtask 3.2 GDL Modeling for Cold Start

» Subtask 3.3 MEA Modeling for Cold Sart

* Subtask 3.4 GDL, MEA Model Integration

» Subtask 3.5 Model Validation

The primary objective of Task 3 is to determine Key material properties and mechanisms
influencing cold start with ultra-thin electrode NS MEAs, focusing on the already

demonstrated significant experimental effect ofdahede GDL. The expected outcome of Task
3 is a mechanistic understanding of specific GDLltemal properties needed for optimal cold

start with existing materials and a design toanable further improvement.

Subtask 3.1 Material Property and Segmented Cell Measurements
Subtask Overview

Subtask 3.1 involves material property measuremamisspecialized fuel cell testing to provide
data to the modeling efforts which occur in subsa3R-3.4.

Subtask High Level Work Summary

Project GDLs were analyzed for physical structstatic and dynamic wetting properties, and
thermal conductivity.

Subtask Key Results

Background

Prior to project initiation, 3M had identified thaéhe anode gas diffusion layer can have
significant influence on the low temperature parfance with typical NSTF MEAs (Figure 58).
A primary objective of task 3.1 is to measure matgroperties of the anode gas diffusion layer
materials of interest, which are to be used astsfmthe Michigan Technical University (MTU)
GDL model and Lawrence Berkeley National Labora{@®NL) MEA model.

15 | |
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Figure 58. Single cell cold start with various ange backings s with 3M PTFE and MPL. 30/30/30C, 1/0.5atmA Ha/Air,
800/1800SCCM, PSS (0.40V).
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Several initial GDL sample materials were providedMTU and LBNL. The material sets
included Freudenberg H2315 and MRC MS3BE-040USh last received or with a 3M PTFE
treatment. The backing used in the baseline 3Mi@2979 GDL was also provided.

GDL Static Wetting Analysis

Initial MTU work in Subtask 3.1 focused on measueetmof GDL contact angle measurement,
microscopy, and liquid water percolation measur@menTable 11 lists the measured static
contact angles for the various relevant anode bgskiwith or without PTFE treatment.

Table 11. Static Contact Angles of Anode B,\jligliings/vand w/o PTFE treatment and w and w/o
No Sample Contact Anglé)(
1 Freudenberg H2315 — As Received 129.0+£ 12
2 Freudenberg H2315 — PTFE 141.4+6
3 Freudenberg H2315 — PTFE + MPL 142.7+6
4 MRC MS3BE-040US - As Received 14095
5 MRC MS3BE-040US - PTFE 151.3+5
6 MRC MS3BE-040US - PTFE + MPL 156.9+6
7 2979 Bare Paper — Untreated Wicking
8 2979 Bare Paper - PTFE 130.6 £7
9 2979 Bare Paper - PTFE + MPL 149.3+9
10 Freudenberg X0155 - PTFE 141.8+3
11 Freudenberg X0155 - PTFE + MPL 143.4+£3

GDL Water Percolation Analysis

Water transport is characterized via liquid watercplation testing. Percolation testing is

conducted over a range of flow rates, and the datkected is time-dependent percolation

pressure and wetted area. Figure 59 (left) sunz@siinjection pressure data obtained with the
Freudenberg H2315 backing. Figure 60 summarlzesdcorded water percolation images and
wetted area analysis, used to generate the wetaddata shown in Figure 59 (right).
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Figure 59. Experimental liquid water percolation cata for Freudenberg H2315 at three water injectiorrates. (Left):

Injection pressure. (Right): Wetted area.

i

Figure 60. Analysis of wetted areas of porous traport layers.

The peak, or plateau, percolation pressures andlacgpnumber for the tested samples are
shown in Table 12. The highest capillary number (fight column) resulted in a stable
displacement (SD) flow regime in which the perdolajpressure does not plateau.

represents stable displacement.

Table 12. Percolation pressures for the samplestiésl, measured in kPa, at different capillary numbes. SD

Sample Percolation Pressure (kPa) @ Capillary Number
3.7696e-8| 1.4951e-7 5.512lei{6 3.8737¢-5
Freudenberg-H2315-Untreated 5 5-5.25 5.5 SD
Freudenberg-H2315-PTFE 5.1-54 5.3-5.5 5.95 SD
Freudenberg-H2315-PTFE-MPL* 5.6-5.8 5.4-5.6 6.2-6|/5 SD
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2979-Bare-Paper-Untreated 5.1-6.4 5.7-6/3 71-175 D S

2979-Bare-Paper-PTFE 7.2-7.9 7.3 8.1 SD
MRC-MS3BE-040US-PTFE 6.1-6.3 6.2 6.6-6.9 SD
MRC-MS3SBE-040US-PTFE, 5.9-6.1 6.2-6.5 6.5-6.7 SD
Sample 2*

MRC-MS3BE-040US-Untreated* 5.3-5.4 5.4-5.% 5.5-5[7 SD

Work was also conducted to evaluate the force bigwDLs hold onto water droplets as they
grow and detach into the flow field channels. Meaments were made at LBNL by placing the
GDL next to a flow channel and make a droplet bghing water underneath and then see at
what velocity it detached, summarized in Figure 6ignificant differences were observed
between PTFE coated and untreated backings. PHEAHed to decrease the velocity
(proportional to force) needed for detach the detspl Backing type was also influential — higher
performing MRC MS3BE-040US yielded lower detachmesiocities than MRC U105.
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Figure 61. Measurements of velocity needed to deta droplets as a function of droplet volume.

GDL Structural Characterization

Figure 62 shows backlit optical micrograph imagdsthe three anode backings at three
magnification levels. One of the striking diffeces, not previously observed, is that the
improved anode GDL materials, Freudenberg H2315 BIRIC MS3BE-040US, show an
apparent modulation in fiber thickness or densityaa approximate 1mm scale. This is not
visible with the 3M 2979 backing, and so far appetarqualitatively correlate with the low
temperature performance variation observed in Eigb8. This modulation is even more
pronounced in the MRC MS3BE-040US, where the liffoin the backlighting is visible,
indicating extraordinarily low density/thicknesstimese regions. It is posited that these lower
density regions act as lower resistance conduitdidoid water transport. This finding was

69



examined in modeling trials at MTU and LBNL, dissed later in this section. Other observed
differences include fiber type and degree of birmteitent.

X-ray computed tomography was also used to evalhatstructure of backings as a function of
compression as well as with liquid water injection.Figure 63 compares tomography images
and analyses of the highest performance MRC badkirtge lowest performing 2979 baseline
backing.

The top row shows the measured tomography imagkeremhe lower density region of the
MS3BE-040US paper is fairly evident. The middled &ottom rows show image processed
versions of the top row datasets, with the middie being the image-processing-determined
solid phase and the bottom row the void phase.h\Wie 2979 backing, the void phase is of
reasonably uniform size and is relatively uniforndistributed. The density modulation is
clearly evident with the MRC MS3BE-040US, with arywéarge void region surrounded by a
region of low void density (high solid phase dey)sit

Frecud. H2315 2979

Exp. MRC
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Figure 62. Optical Micrographs of Initial Set of 3 Anode GDL Backings w/ PTFE Treatment (rows). Lalels at top
correspond to dimensions of scale bars.

Additional tomography was conducted on the MRC ME3BIOUS backing with 3M MPL
coating (Figure 64). The analysis confirmed the MPL penetrates significantly into the
backing. The portion of the MPL on top of the hagkis ca. 40 microns, and the MPL
penetrates into the backing as much as an additikfhanicrons. The MPL surface was also
determined to be relatively rough, consisting efdged structure of ca. 20 microns high. This
tomographic analysis could potentially provide acitcher analysis of the pore structure of the
GDLs than the typical pore size distribution detiexed by porosimetry, as the porosimetry does
not capture the through-plane variation. The ey was assessed and is discussed below.

Figure 63. X-Ray Tomography of Project Backings. ®p row: Raw images. Middle row: Image-processed$d phase.
Bottom row: Image-processed void phase.
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Figure 64 Tomographic analysis of MRC MS3BE-040USyith 3M hydrophobic treatment and MPL.
Thermal Conductivity Analysis of GDLs
Thermal conductivity of backings is known to strhnopfluence the water saturation levels in
GDLs. Low thermal conductivity can allow generatiof thermal gradients through the GDL
between the CCM and flow field. This can also émamhanced water removal in the vapor
phase.

Experiments were conducted to evaluate backingrtaleconductivity at LBNL, as a function of

backing type and liquid saturation level. Exemypldata and analysis for 3M GDLs based on
H2315 (“FE-01577) and X0155 (“FE-02316") is showrFigure 65.
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Figure 65. Influence of water saturation on thermaconductivity.

Analysis of stacked anode GDLs

In subtask 2.1, a significant and surprising obasgown was made. Significantly improved low
temperature performance was enabled when two lafex®155 anode GDL were installed in
the fuel cell, as compared to the typical singleefa Figure 66 (left) shows that the performance
at 40C increased from ca. 0.7 to 1.2A&as the number of anode GDLs layers increased from
one to two. Figure 66 (right) shows that the lingtanode water removal rate also increased as
the number of anode X0155 layers increased fromonso.
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Figure 66. Impact of stacked GDLs on low temperate performance (left) and MEA water balance (right)

While impractical from a cost and rated power peni@ance perspective (too electronically
resistive), the strong effect warranted furtherdgtdrom a mechanistic perspective. To
understand the performance gain observed by 3Mtémked GDLs, LBNL stacked these GDLs
in different configurations and analyzed by X-ray CXCT) to determine possible underlining

physical mechanisms that are believed to be offaxtal nature. Figure 67 summarizes porosity
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analysis for either one or two stacked X0155 w/ GDtreated with PTFE but not MPL.
Through-thickness GDL porosity is highly non-uniforThe decrease of porosity (significantly
pronounced for 1x X0155 sample shown by red) igbatted to application of PTFE as indicated
by in-plane tomographs shown as insets in the digi8tacking two Freudenberg X0155
increased the porosity of the PTFE region.

The experiment for stacking experimental Freudemisamples included the uncompressed and
compressed GDL builds with four GDLs each to repnésll possible configurations. As shown
for Freudenberg V41 samples in Figure 68, the pgrabarply increased at all the interface for
uncompressed samples. Whereas, for compressed esartipg interfacial porosity peaks
decreased and the through GDL porosity has remaimetianged. Comparing PTFE-treated
V41 samples (red and blue) to untreated (black)agprmobservation is made of sharp dips in
porosity near the interface for PTFE-treated sampléhe untreated sample did not show
decrease in porosity.
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Figure 67. Porosity analysis by XCT.
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Figure 68. Influence of compression on stacked GDporosity.

X-ray CT was used to study water distribution unclamstant applied liquid pressure for 1x vs.
2x X0155 GDLs. Figure 69 shows spatial porosity aatliration distributions at different liquid
pressures. At higher pressures (> 2 kPa) watertfi low fiber-density (high porosity) regions,
whereas at lower pressures the water front is mam®rm. In these experiments hydrophobic
plug was used on top of the sample to contain waikin the sample. The figure on the right
compares liquid-saturation distributions for 1x 2%.X0155 GDLs. Higher porosity is observed
for two layers because interface was at much highsssity (0.9). Area-averaged saturation was
lower for 2x because of larger volume. We hypothedhat additional interfacial porosity
between the two layers allows for water redistitnutand improves the overall water-removal
capability of these GDLs as compared to singlerl@@Ls.
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Figure 69. Area-averaged porosity and saturation flolx X0155 for different liquid pressures. On the ight: spatial-
distribution of saturation and porosity for PL = 2.5 kPa, where dashed lines show the results for 2xasolid for 1x X0155
GDLs.
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GDL pore size distribution analysis from XCT

Traditionally, pore size distributions are deteredrthrough porosimetry measurements which
analyze the injection pressure vs. injection volwhaighly wetting and/or largely non-wetting
fluids. The pore size distribution is an importamgut parameter for GDL models. 3M had data
for two of the baseline materials (H2315 and 29TRiX, not the highest performing baseline
MRC MS3BE-040US, or the improved X0155 materialdut® project downselect. Attempts to
obtain porosimetry data for the new GDLs were m#émeugh a test house, but results were
poor. Few alternative vendors were identified. sAsh, motivation existed for determining if X-
ray CT could be used to generate useful pore sstelditions.

LBNL quantified previously-imaged 1x and 2x X015®Gs in terms of pore-size distributions
(PSDs) using 3D imaged volumes. Figure 70 showslteefor 1x X0155 GDL, where plot ‘@’
shows segmented image and a schematic of fittedrisph kernels. To extract PSD these
spherical kernels were fit to the entire GDL domstiawrting from the largest possible sphere and
then radii of these have been tabulated as a n&étogrhe segmented volume was divided into
two sub-volumes (B1-2 and B2-2) to better quanBfyDs’ variation through the thickness. In
this case, B1-2 was the volume enclosing fiber-ginsodulations. Figure 69b shows PSDs for
full volume, B1-2 and B2-2 subvolumes, where thgufe on the left shows the results of
subtracting B1-2 and B2-2 from the full volume. Blxas many more pores larger thanu?®
compared to the full volume, whereas B2-2 has nraonye pores smaller than 20n. This is
more clearly seen in Figure 69c, where B1-2 segrhasta large distribution tail, corresponding
to larger voids that are due to fiber-density matlah. On the other hand, the B2-2 volume has
most of the pores lower than 20n because in this region porosity is reduced by BPTF
treatment.

Figure 71 shows PSDs for two layers of X0155 (2X.3®). Figure 71a shows that most of the
large pores are located at the interface betweenwvio layers in B2-3 domain. This is also
confirmed by the PSDs in Figure 71b and Figure Wiwre it is clearly seen a large tail in PSD
in region B2-3. The distribution of B2-3 regionsisnilar to that of B1-2 of 1x X-1055, however

the major difference is in its location within t&DL. It is believed that this extra region with

large pores in the middle of the GDL is responsfblewater redistribution from cooler lands to

channels.
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Subtask Conclusions

Analysis of physical structure identified that mé&dion of in-plane backing fiber density was a
key first predictor of low temperature NSTF MEA fegmance. GDLs with qualitatively larger
modulation yielded improved low temperature perfance.

New methods of X-ray computed tomography on GDLsewdeveloped and found to be highly
insightful into the influences of anode GDL comies, fiber density modulation, and stacked
GDLs, all found to be significant influences on MHE#erformance. A new method for
generating pore size distributions from XCT dats aiso investigated.

Future Directions

Validation of the XCT method for pore size disttion into the MTU-LBNL pore network
model (PNM)-continuum models and comparing expenia@evs. model predictions of low
temperature MEA performance.
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Subtask 3.2 GDL Modeling for Cold Start (MTU)

Subtask Overview

Subtask 3.2's objective is incorporation of anodeL§& into the existing MTU GDL network
models to generate mechanistic understanding oEpleeific material properties of the anode
GDLs, which have demonstrated such significant oupment on cold start. MTU will develop
network models for 3-5 anode GDLs identified by tleam and demonstrated significant
variation in low temperature response.

Subtask High Level Work Summary

Experimental GDL properties, such as liquid watempeation, thermal conductivity, and pore
size distributions were incorporated into a porevoek model. The model was enhanced to
account for observed experimental factors, suchspatially-varying properties. Model
validation occurred by comparing experimental ardleted liquid water percolation.

Subtask Key Results

Modeling Approach and Validation

For each liquid water injection flow rate (proportal to capillary number, Ca), the injection
pressure, and wetted area v. time data is recaefiginto scaled energy and time ratios, as
shown in Figure 72. &s a measure of the input energy dissipated dugstmus stresses and
the energy used to generate interfacial areais @rger when higher pressure is required to wet
a certain area at a given water injection rateis & non-dimensional time ratio which demarks
the transition from capillary fingering water traost (t* > 1) at low injection flow rates to stable
displacement (t* < 1) at high injection flow rates.

&
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Figure 72. Energy and time scaling of liquid watepercolation.
Figure 73 is an energy/time scaling analysis aéelproject backings. At a given water injection
flow rate (proportional to Ca), the energy ratie i€ higher for the Freudenberg backing with
hydrophobic treatment than as received. The te2®@9 backing has a higher energy ratio than
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the treated H2315 backing. All three backingsgiteaned from stable displacement to capillary
fingering as Ca decreased from 5.5%10 1.5x10’.

7
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24 / 1.495¢-7 |
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| | | | |
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log t*

Figure 73. Summary of PTL Percolation Analysis oSubset of Project Anode GDLs

In addition to the scaling analyses, the physi@akpsize distribution of the anode backing is
needed to allow accurate representation in the modléeasured pore size distributions are
functionally captured using porosity distributiam€ttions, as shown in Figure 74.

Figure 75 summarizes model vs. experimental liguader percolation in Freudenberg H2315
GDL at three water injection rates. Excellent agrent was observed over the three orders of
magnitude of scaled energy and time. This resultezl as the Subtask 3.2 model validation.
Continuing the validation effort of the pore netwomodel, a series of two dimensional
simulations with no evaporation or condensationensgrformed using the material properties of
the Freudenberg 2315 and the 2979 GDLs. The nuatesimulations were performed with
boundary and initial conditions found on the peatioh tests. The results of the simulations
were compared against the experimental data olata&nne percolation tests using theversus

t* as shown in Figure 77. A good agreement was iobth between the experiment and
simulations for both materials. The slight diffeces in the Ca for the corresponding numerical
and experimental plots are due to the computatibmadations on the simulated sample size,
which is smaller than the experimental sample stimwever, this difference in Ca does not
change the slope or the shift of-€& curve for the any of the GDL tested. The congpiainal
limitations have been resolved with a new machiie code is being ported to this machine to
run the 2D simulations on similar size domainscasil in the experiment.
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Model Development — GDL Compression Effects

Experimentally, compression of the anode GDL caweha significant impact on low
temperature performance. As compression is inetkdke low temperature performance can be
guenched, and this depended on GDL type. Two tsfface immediately considered—the
change in backing permeability under the lands ameased thermal conductivity, both
potentially influential on low temperature perfomca.

In order to capture the effects of compressiont@enthermal properties of the porous transport
layer (PTL), the thermal resistance for a solidrgér in the pore-network is modeled as
function of material thermal conductivity and thentact resistance. The material thermal
conductivity is kept constant and the effects ompeession are captured by varying contact
resistance as function of compression. The nodette thermal resistance of solid-cylinders is
modeled as:

ls

ks
Rsolid~cyl — M(l - X)Q [1 + (]- - X)mk_]

wherels, As, ks, ke, ¥ and Reiigy represent the length, cross-sectional area, rahtér@rmal
conductivity, contact resistance, strain and thémesistance for individual solid cylinder in the
network model respectively. m' is a tuning parameter that allows to match therral
conductivity and values & andk. are obtained from iterations.
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Figure 78. Comparison of Effective Thermal Condudvity of PTL from Pore-Network simulations and expgimental data
[1] for dry case under different compression.

For the present study, experimentally obtained ntlar conductivity under different

compressions of Toray-060 reported by Burheim etwak selected. Pore network simulations
were run under dry operating conditions and withywey compressions. A comparison of the
effective thermal conductivity from the simulatiossd the experimental data is shown in Figure
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78. The temperature profile inside the PTL undefourm compression is shown in Figure 79 (a-
c). These simulations were run under dry operatomglitions (i.e. no water) with top surface at
50°C and heat flux corresponding to 1.5Afcamd 50% heat passing through cathode.
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Figure 79. Temperature profile in PTL under uniform compression. (a) No Compression. (b) 10% Comprées. (c) 20%
Compression

Figure 80 represents the temperature profile inPthie under a land-channel configuration with
compression under the lands alone. For these dionga the top boundary of PTL was kept
constant at 51C, heat flux corresponding to 1.5A/énand 50% heat passing through cathode. A
gas-channel is present above the PTL, centeredwitth of 1.5mm, and lands (0.75mm wide)
are present on either side of the channel. Compresss applied under the lands only. A larger

84



gradient in the temperature profile is visible unttee gas-channel where no compression was
applied.
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Figure 80. Temperature profile in PTLs with compression under lands only. (a) No Compression. (b) 10%ompression.
(c) 20% Compression

85



Model Development — Density Modulated Backings

One key insight from Subtask 3.1 was the observadelation between low temperature
performance of the baseline project backings aadbserved modulation in backing density. It
was postulated that the low density regions mayideoa low resistance pathway for liquid
water permeation, or may decrease the bulk theooadluctivity of the backing solid phase.
MTU conducted limited studies to evaluate how tihénsity modulation may effect mass and
heat transfer. A subset of the work is presenaovin

For the density modulated GDLs, 3 configurationsenselected: (i) Dense-sparse, (ii) Sparse-
dense and (iii) Middle. Dense-sparse region comedp to the dense region (smaller pores and
more fibers) of the GDL lying under the land whilee sparse region (bigger pores and few
fibers) of the GDL lying under the channel. The thidf the sparse region is set equal to the
width of the channel. For the Sparse-dense rediomm,high density region lies beneath the
channel and the sparse region under the landslikifer the Middle case, one half of the
domain is filled with dense region, and the othalf with sparse region with the interface
between the two regions being at the center othi@mnel. These configurations along with the
distribution of water at the end of simulations sinewn in Figure 81.
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Figure 81. Distribution of water in GDLs at the erd of simulations for 3 configurations of Density mdulated GDL. (Top)
Dense Sparse, (Center) Sparse Dense and (Bottom)ddie Configuration. Operating Conditions: 30°C, 60%RH,
1.5A/cn?.
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Anode GDL Permeability Modeling

The primary hypothesis entering the project was ti@a anode GDL was influencing net liquid
water transport in the MEA, decreasing cathodedilog and thereby increasing performance.
The key property of the anode GDLs, which enabligthdr low temperature performance, was
its propensity for drawing product water from tlahode electrode out to the anode flow field.

It was hypothesized that the anode GDL could allaence MEA performance in a more direct
manner; if the anode GDL became significantly wetaturated, H transport to the anode
electrode could limit overall performance.

Using water distribution realizations calculatednir the PNM, a ' model was developed to
calculate relative gas permeability as a functiboperating conditions and model run time. The
top of Figure 82 shows a typical liquid water disstion within a PTL. These liquid saturated
regions were considered essentially impermealdérto

Air Injection
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05 1 15 2 25 3 35 4
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Figure 82. Gas permeation model development
Figure 83 shows the resultant permeabilities fogdhproject anode GDLs. The gas permeability
increased as the anode GDL was changed from MRC5WA0H2315 to a “dense-sparse”
realization meant to simulate MRC MS3BE-040US. sTpermeability trended monotonically
with low temperature performance (not shown).
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Figure 83. Modeled permeability of three anode badgngs, including those with density modulation.
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Figure 84. Simulated (left) and experimental (righ) limiting current densities vs. anode GDL type.
Using the gas permeability model, MTU analyzedrieximum current density achievable at a
given cell temperature where the anode backingpgameability remained above 0. The model
does not incorporateathode electrode flooding, where transport loss occurs. Resultsewe
consistentn trend with measured fuel cell (FC) response and higheasmed limiting anode
water removal rates.
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Subtask Conclusions

The pore network modeling approach was effectiveagturing the mass and thermal transport
within the anode GDL. Model development includedtorporation of density modulated
backing and the impact of GDL compression by flogldf lands. Three project anode GDLs
were modeled, and effective properties for reage@nieability and thermal conductivity were
generated.

Future Directions

MTU has expressed interest in porting the PNM maal@pen-source modeling systems such as
OpenFOAM for improved portability and ability forssemination.

Subtask 3.3 MEA Modeling for Cold Start (LBNL)

Subtask Overview

Subtask 3.3's objective is incorporation of MEA sradl properties into the existing LBNL
PEMFC model. This is for the express goal of deteimy the primary causal factors responsible
for the wide variation in cold start response wdiffering anode GDLs from an overall MEA
perspective, including thermal and water transptiris expected that LBNL will incorporate 3-5
MEA component sets into the model.

Subtask High Level Work Summary
Limited MEA modeling trials were conducted with base NSTF MEAs.

Subtask Key Results

Coincident with this project, work was being congacunder LBNL's “Fuel Cell Fundamentals
at Low and Subzero Temperatures” project. Res$udta that project indicated that the existing
LBNL model captured several already observed tremitts NSTF MEAs with baseline anode
and cathode GDLs.

Figure 85 (left) compares LBNL model predictions femperature sensitivity to experimental
results with baseline NSTF MEAs. The model agmpeahtitatively with experiment. Figure 85
(right) shows model predictions forAdir polarization curves and cathode saturatiogitaer 24
or 40C cell temperature. The model predicts that thdtilng current is reached when the
cathode saturation reaches approximately 80%.
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Figure 85. (Left): Comparison of modeled vs. expé@nental limiting current densities. (Right): Modeed polarization
curves at cathode saturation levels at 25 and 40%eIl temperature.
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Figure 86 shows modeledxtAir polarization curves, where the impacts of amguiessure and
the presence of an anode microporous layer (MPlgwgplored. Models were conducted with
the cell temperature at 4D and the cathode pressure was 1.5atmA. Fidu(ef) shows that
with 1.0 atmA anode pressure, presence of MPL kyreatiuces the limiting current from in
excess of 2A/cihto less than 1A/cha  Figure 86 (right) shows that as the limitingreat
density decreases from 2.0 to less than 0.2A/the anode pressure is increased from 1.5 to
1.6atmA just above the cathode pressure. The nuagtlired the experimental observations in
trend.
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Figure 86. Modeled impacts of anode pressure on2kAir polarization curves at 40°C cell temperature.

Due to the reasonable predictive capability ofaékisting LBNL MEA model, further work was
largely postponed until specific project anode Giybperties were available from Subtask 3.2.
Project resources were directed towards charaaterzof project anode GDLs in Subtask 3.1.

Subtask Conclusions

The LBNL model was found to be reasonably predectv experimental baseline NSTF MEA
temperature sensitivity and the impact of anodetags pressure and anode microporous layers.
Future Directions

The LBNL model was integrated with the MTU porevmatk model in Subtask 3.4.
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Subtask 3.4 GDL, MEA Model Integration (LBNL, MTU)

Subtask Overview

Due to the computational demands of the MTU potevok model and the LBNL continuum
models, they cannot be directly integrated witlia same computational cluster, and as such,
some work is needed to integrate results betweerGDL and MEA level models; subtask 3.4
involves iterated runs of the respective model$ wéisults from one fed into the other until the
models are well integrated for each component set.

Subtask High Level Work Summary
A method was developed for model integration.

Subtask Key Results

Early in the project, the largest perceived Taska&llenge was coupling of the LBNL continuum
model to the MTU pore network model. For watenggort in the continuum model, the anode
and cathode GDLs are assumed to have effectivalligater permeabilities and effective vapor
diffusion coefficients. In the pore network modkfuid flow is modeled via the Poiseuille
equation and vapor transport by concentration dsspe. Additionally, significant variation in
transport properties within the plane of the GDd priedicted with the PNM due to the modeling
of liquid water percolation, as indicated in Fig@&e The initial plan was for MTU to modify
the PNM to generate spatially and temporally vdrigffiective liquid water permeability and
vapor diffusion coefficients, provided as lookuples. LBNL would modify the continuum
model to utilize the PNM-predicted effective praes.

Y [l-'-m] 00 X [}"n]

Figure 87. PNM modeled domain.

As the project progressed, three different couplmgchanisms were evaluated. One was
downselected and is shown in the Figure 88 (laft}yl the coupling algorithm is shown in Figure
88 (right). An initial set of cell operating cotidns and material properties are input to the
continuum and pore network models. The continuumdehgenerates an initial set of heat and
mass fluxes based on the conditions, which arédiéke pore network model. The pore network
model simulates the water distribution within theode and cathode backings, from which
spatially dependent effective parameters are datedn The parameters are the reactant species
diffusivity and concentration, the backing thernainductivity, and the liquid permeability.
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These updated effective parameters are then
iterates until convergence is reached.

fdd tbathe continuum model, and the process
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Figure 89. Model convergence method developmentUpper left): Convergence of mass flux. (Upper ght):

Convergence of heat flux. (Bottom left): Convergece of effective heat conductivity. (Bottom right) Convergence of gas
permeability.

In initial model integration, the iterations betwethe continuum and PNL models were done
manually, as shown in Figure 89. Once the appraashfound satisfactory, code was generated
to automatically iterate until overall model conyence was reached.
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An in-depth analysis of the model integration atyiis published by Zenyuk et al. in “Coupling
continuum and pore-network models for polymer-etdgte fuel cells”,Int. J. Hydrogen Energy
40 (2015) 16831-16845.

Subtask Conclusions

A method was developed for coupling the MTU poremoek model of gas diffusion layers to
the LBNL MEA continuum model. The preferred metheds through the use of effective
thermal conductivities and diffusion coefficienggnerated by the PNM model, which were then
integrated into the continuum model via lookup ¢abl

Future Directions
None anticipated at this time.

Subtask 3.5 Model Validation

Subtask Overview
Subtask 3.5 consists of periodic fuel cell evatuaito validate model predictions and provide
feedback for further model optimization.

Subtask High Level Work Summary

The integration PNM and continuum model evaluatethid performance sensitivity of NSTF
MEAs with two anode GDLs, and results were compaxgth experiment. The model was
considered validated.

Subtask Key Results

The primary activity of Subtask 3.5 was running tieenbined MTU-LBNL models for HAir
performance sensitivity to temperature with twatwé project baseline materials, 3M 2979 and
GDLs comprising Freudenberg H2315.

Figure 90 shows currents as a function of tempezator 2979 and H2315 as predicted by
experiment (closed symbols) and model (open symbble model shows good agreement with
experimental data. The model predicts higher ctsréar H2315 compared to 2979 due to less
flooding in GDLs.

® 2 o

e 21 | —e—2979 B
o —a—H2315 /,;,’

é ,’,/’,

> 1 5 i ’/’ £

4 -

o a

@ 11 o

5

= Closed - experiment
3 0.5} Open - model

30 40 50 60 70 80
Temperature [°C]

Figure 90. Current generated at V = 0.4 V, for RH 2£00/100 P = 150 kPa/100 kPa as a function of temp#tuire for anode
2979 and H2315. The filled symbols show experimentdata, whereas the open symbols show model predims.
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Figure 91a shows polarization curves for tempeestuwtO, 60 and 8C for 2979 and
H2315. H2315 shows higher currents for most oftdsting conditions. To further understand
the severe temperature dependence observed bynimdkling and experimental results the
liquid-water profiles generated by PNM were ploteedseen by Figure 91b. Liquid water front
forms at CL|GDL interface and is advanced to atx®% of GDL thickness at 4@, to 30% of
its thickness at 6C, and the front is limited to about 10% of thickaat 80C. With increase in
temperature, evaporation becomes the major trangspechanism for water removal from the
CL.

PNM also predicts effective transport propertiastfe temperatures studied. Figure 92a
shows increase in oxygen diffusivity with temperatand current; this is mainly due to decrease
in liquid-water saturation. Liquid permeability meases on the cathode side for higher
temperatures because in the way PNM computes is-itversely proportional to the width of
the liquid-water front as shown by Figure 92b. Thak conductivity on anode shows more
complex behavior due to phenomena of phase-chardyeced flow and shows a decreasing
trend with increasing temperature as Figure 92avsho
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Figure 91 a) Polarization curves for 2979 and H231&t temperatures 40, 60 and 80C. b) Correspondingater
distribution in cathode gas-diffusion layer at V =0.5 V and temperatures 40, 60 and 80C.

94



x107 ‘ . . x107™""

(a) 3 (b) ; . :
— 80 B\B//E’ ] = 8 @/a\e
(%] w
N 80°C o
E 2 E 6 H2315 |
o o 2979
= 15 s
z 8 4
g | 2 | 6—e
- H2315 © /
05 . s
25 4000 2979 2 o—t | |
S BE 1 15 2 5E 0 05 1 15 2 25
. j _ ,
Current [A/cm?] Current [A/cm“]
(c) 3 -
H2315
\ o 2979

N
N 6]
I———— e O

—

Cathode kth [W/mK]
o

o
o o

5‘ \ 0
Lol 0%
M"?B‘ﬁw

0 0.5 1 156 2 25

Current [A/cmZ]
Figure 92. a) Oxygen diffusivity b) cathode liquidpermeability and c) cathode thermal conductivity afunctions of
current for 2979 and H2315 for temperatures 40, 6Gand 80C.

Figure 93 (left) shows modeledMir pol curves at 40 or BC cell temperature for MEAs with
two different anode GDLs. As expected, performainceeases with the temperature increase,
and the modeled Freudenberg H2315 anode GDL, showed, has higher performance than
2979. Figure 93 compares modeled data at 40 afd & experimental MEA temperature
sensitivity measurements. At this point, the madetent density predictions are within about
10 percent of experiment. Figure 94 shows the indeermined anode hydrogen diffusivity
and the cathode thermal conductivity. The highenfggming H2315 anode GDL has

significantly higher H diffusivity, due to lower water content, causedtbg spatial variation in
backing density.

With these results, the integrated model was censdivalidated.
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Integrated Model Experimental Results
Simulation Results 20— ‘ ‘
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Figure 93. Model and experimental temperature seiitsvity of NSTF MEAs with either 2979 or H2315 GDLs
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Figure 94. Model predicted anode K diffusivity and cathode thermal conductivity.

Subtask Conclusions

The integrated PNM GDL and continuum MEA modelsidée predictions of the #Air
performance variation of NSTF MEAs with one of tamwode GDL types which were consistent
with experiment. The GDL with density modulatiorelged improved performance over the
homogenous GDL, due to its ability to maintain lEgleathode GDL oxygen permeability and
anode GDL H permeability, due in part to decreased liquid wegsistance.

Future Directions

The validated integrated model should be used &buate the project downselect GDL, “X3”
shown to be improved over the baseline GDLs ideatifit the beginning of the project. This
work was not conducted within the project timefradue to the lengthy characterization needed
for percolation studies and pore size distribugoralysis and the priority on refining the MTU
model to establish predictive capability with twbase flow.
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Additionally, trials should be run with controlledriations in anode GDL properties, believed to
be implementable physically, which would yield het improved low temperature performance.
This would also provide further validation to thede!.
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Task 4. Best of Class MEA Integration Activities

» Subtask 4.1 Best of Class Component Integration
» Subtask 4.2 Component Interaction Diagnostic Studies

The overall objective of Task 4 is development ofoxerall Best of Class MEA, utilizing top

component candidates identified in subtasks 1.1-2.5, 2.2, 5.1, and 5.5, and to develop
improved mechanistic understanding of componenerattions which cause performance
change.

Subtask 4.1 Best of Class Component Integration

Subtask Overview

In subtask 4.1, components will be integrated iatoseries of experiments to identify
synergistically beneficial interactions, if any,tlWween particular component sets, leading to
identification of a few top performing MEA candidatwith improved performance, durability,
and cold start capabilities; evaluation will comngismarily of 50cn? single cell tests.

Subtask High Level Work Summary

The performance of several project interim andfih& project best of class (BOC) MEA was
evaluated. Operational robustness, break-in ciomiiy, and durability was assessed with the
final project BOC MEA.

Subtask Key Results

On an annual or semi-annual basis, best status awngs for activity, durability, operational
robustness, and pilot-scale manufacturability frbasks 1, 2 and 5 were integrated into MEAs
and evaluated. Upon evaluation, best of class Miefsesenting current project and technology
status were selected. Table 13 summarizes thetewobf components integrated into the seven
project BOC MEAs. PGM contents were determined albcated X-ray Fluorescence. All
components for the final project BOC MEA, 2015(Sgptere fabricated on laboratory or pilot-
scale continuous roll-to-roll equipment.
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Table 13. Project Best of Class MEAs. Primary evolutionary banges denoted in BOLD.

MEA  |Anode Electrods é:::?%ddi Aé\gﬂe Cathode GDL| PEM T(or;e;I/(F;r?]zl)\/l E:g;’(\jl
2012 (Mar. PUNSTF P&NiZ/NSTF, 3M

BOC 0 03mg>GM/c’mz 3MDealloy+SET,3M 2979 3M 2979 | 825EW 0.151 QS
Pre-Project ™ 0.121mgewcn¥ 241
PtsNi7Z/NSTF, 3M

2012 (Sept|  PUNSTF,

3MDealloy+SET,3M 2079 3M 2979 | 825EW | 0.147 | FF2
BOC | 0.03mgem/C™ 'y 11 7mgem/cr? 24u
PENi/NSTF, 3M

201;22"?"“)?3%”/“/5;;’ 3MDealloy+SET|3M 2979 3M 2979 | 825EW | 0.137 | FF2
eMBou 0.117mgew/cn? 24
PGNi/NSTF, 3M

2013(Dec.) PtCoMn/NSTF,

BOC 0.02mgew/cn? 3MDealloy+SET,|3M 2979 3M 2979 | 825EW 0.129 FF2

0.109mgcm/cm? 20u
PtsNi/NSTF, 3M
201 Mar.) gi%m/ NN;Q’CTH']:Z' JHUDealloy, |3M 2979 3M 2979 | 825EW | 0.129 | FF2
' © 0.110mgew/cm? 20
PtNiZ/NSTF, 3M-S
2015(an.) PLCoMn/ NSTH. | JHUDealloy, |3M 2079 3M 2079 | 725EW | 0118 | FF2
' Gom 0.103m@em/cm? 14u
P&Ni/NSTF, 3M 2979 + | 3M-S
2012(0'\"é‘r°h g gigqu/ NWSCTH';' JHUDealloy, | 3M X2 | Interlayer | 725EW | 0.133 | FF2
Mg 0.103mgaew/cn? (15ug/cnt, A)|  14p
Pt:Ni-/NSTF, 3M 2979 + | 3M-S
201855%‘9“' (F; tOCl%'\rfq”/ NS/InFq’Z JHUDealloy, | 3M X3 | Interlayer | 725EW | 0.131 | FF2
2 HIMGeMCT (3 96mgem/cm? (16uglcn?, B)| 14y
Comparison of Performance and Operational Robustness of Pre-Project Baseline MEA and Final

Project BOC MEA

Over the course of the project, significant gamabsolute performance, specific power, reduced
loading, and operational robustness were achiet/gglire 95 (left) and Table 14 summarize pre-
project 2012 BOC MEA performance to that obtaineithwhe final project BOC MEA. The test
was conducted at 93 cell temperature with 1.5atmAgkAir in 50cn? format. The final project
BOC MEA yielded 0.89W/crhand 6.8kW/g at 0.692V, the voltage required tdeaahthe MEA
heat rejection target (QT=1.45kWFC), as compared to 4.4kW/g for the pre-project M&ixl

the 8kW/g target. The performance at 0.80V alsorawed and slightly exceeded the DOE 2020
target of 0.30A/crA Loading was reduced from 0.151 to 0.132emcn?, as compared to the
0.125mgew/cn? target.

The final project BOC MEA also had markedly imprdveperational robustness, shown in
Figure 95 (right). The baseline MEA was able tocassfully execute load transients from 0.02
to 1.0A/cnt between 70-8C only; as the cell temperature decreased, thewvodthge was
negative, indicative of the cathode reducing prstfre. HER) rather than oxygen (ORR). The
final project BOC MEA, shown in blue, enabled a mmwdder operating temperature window, as
low as 40C. The ultimate Fuel Cell Tech Team (FCTT) targfesuccessful transients at°8D
cell temperature was approached but not achieved.
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Figure 95. Comparison of Rated Power Performancenal Operational Robustness.
Table 14. Performance and PGM loading status of g-project and final project BOC MEAs.
I . 3M Pre-Project | 3M Final Project
Characteristic Units 2020 Targets Status('12) Status ('16)
Q/AT kW /°C 1.45 1.45 1.45
Performance @ 0.8V mA/cn? 300 194 310
Performance @ rated mW/cn? 1000 664 891
power
Platinum group metal
total g/ kW (rated) 0.125 0.227 0.147
content (both electrodes
Platinum group n_1eta| mg PGM / cm 0.125 0.151 0.131
(pgm) total loading electrode ared
90°C, 150kPa HKAir, 84°C or 68C Dewpoints, 2.0/2.5 #Air Stoichiometry.
Performance @ rated power /J/characteristics calculated at 0.692V.

Figure 96 summarizes the evolution of loading,daiewer, and specific power over the project
for the specific BOC MEAs. Steady progression @GMP reduction and rated power were
achieved. Of note is that the PGM loading incrdaskghtly with inclusion of the cathode
interlayer in the 2015(March) BOC MEA, and specfiiewer decreased commensurately. The
final project BOC MEA, generated on continuous labary and pilot-scale equipment, yielded
slightly higher performance than the nearly analsglaboratory made 2015(March) BOC CCM.
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Figure 96. Evolution of loading, rated power, andpecific power for project BOC MEAs. Results averge of two or more
BOC MEAs. Hollow: BOC MEAs without cathode interlayer. Solid: BOC MEAs with cathode interlayer (15
16ug/cnd).

Performance of Final Project BOC MEA

After conditioning, BOC MEAs were evaluated for jmemance as a function of anode and
cathode reactant pressure. Figure 97 summariziesizadion performance at 1.5, 2.0, and
2.5atm absolute (outlet) with 90 cell temperature, and 1.5atm absolute (outlet) @ C cell
temperature. Performance at a given condition iwasonably reproducible for the two MEAs
evaluated. For all test conditions, limiting cunrdensities exceeded 1.8A/€at 0.60V.

Of note are that MEA resistances were typicallys@070ohm-cr near 1.5A/cr, higher than
would be expected (~0.04ohm-®nfor state-of-the-art, high performance MEAs. Qikely
source of this resistance is due to increased P&didtance caused by leaching of Ni from the
cathode.

Figure 98 summarizes the absolute and specific pdemsities as a function of cell voltage. At

0.692V, which meets @Q=1.45kWFC, specific power densities ranged from 6.8 to B/hkkas
operating pressure increased, and absolute powsitiés ranged from 0.89 to 1.11 Wkm
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Figure 97. H/Air performance and HFR vs. stated operating condions of 2015(Sept.) Best of Class MEAs.
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Figure 98. Specific and absolute power vs. cell kage for 2015(Sept.) Best of Class MEAs.
At the test conditions used for high rated poweafgsmance above, the performance at lower
current densities is suppressed. Analysis conduat015 determined that the FF2 flow field

used for BOC MEAs suffers from flooding at low cemt densities (low absolute flow rates), and
significantly improved performance is obtained wilea RH is reduced. Figure 99 (left) shows
the sensitivity of performance to RH, plotted ve& MEA HFR; as the RH was reduced, the cell
voltage at 0.31A/chincreased over 20mV. Figure 99 (right) shows tié¢ FF flooding

0.72
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resulted in a nearly 66% loss in performance aspewed to optimal RH. At the optimal RH, the
2015 (Sept.) BOC MEA current density at 0.80V exise@.30A/cr.
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Figure 99. Sensitivity of BOC MEA apparent kineticperformance to RH due to FF flooding. (Left): Inpact of
increasing cell temperature (reducing RH) on perfomance at 0.31A/cra (Right): Polarization performance of
2015(Sept.) BOC MEA at high and low RH.

Lower-load Cathode BOC MEA Candidates

Outside this project, additional cathode candidaté$ high activity and reduced cathode
loading were identified, incorporated into the 20d&r.) BOC MEA format, and evaluated for
performance. In these MEAs, the cathode loading reduced from 0.103 to 0.097 and 0.075
mgeaw/cn?, yielding MEA total loadings as low as 0.105mgfcririgure 100 shows that high
performance was achieved with the ultra-low cathlodelings. As total loading was reduced,
the curves shifted downward, consistent with theollie cathode activity losses. Specific
power remained constant at ca. 0.155g/kW. Thelteesuggest that achievement of the DOE
2020 target of 0.125g/kW will require increasechoae mass activity.
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Figure 100. BOC candidate MEAs with total MEA PGMIoadings ranging from 0.133 to 0.105mgsm/cm?.
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Operational Robustness of Final Project BOC MEAs

Incorporation of the improved “X3” anode GDL anc tiownselected type “B” interlayer from
Task 2 resulted in large improvements in operationlaustness over pre-project status. Figure
101 shows that under steady state temperaturetisgpdiesting, the final project BOC MEA
yielded better than 2x the limiting current densigtween 31-33°C over the pre-project baseline
MEA without baseline diffusion media and no intgda

B i Baseline CCM and GDLs
2015 (Sept.) BOC MEA

1.5
A
e .
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PSS(0.4V, 10min); Final 1 min avg'd
0.0 20 R
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Figure 101. Performance sensitivity to temperaturdor 2015 (Sept.) Best of Class MEAs.
Figure 102 compares performances obtained undérttaasient testing for a baseline MEA w/o
interlayer, baseline MEAs with interlayer, and 8@C MEA. At a majority of test conditions
ranging from 30 to 6TC cell temperature, the BOC MEA was generally abl@ass the load
transient tests, i.e. maintain a positive cell agét during a transition from 0.02 to 1.0Afcamd
during a subsequent 30 second hold. The only stami point of failure was at 30, where
after 30s, the BOC MEA cell voltage went negative.
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Figure 102. Load transient performance of 2015(Sép Best of Class MEAs.
The final project BOC MEA was not evaluated forusetness under the FCTT protocol, but the
2015 (March) MEA was evaluated. Figure 103 shdved the 15 March BOC MEA was not
able to achieve transient or steady state operaatofA/cnf, 3C°C, 100% RH conditions,
consistent with the 3M protocol data in Figure Edd Figure 102. Figure 104 shows that the
BOC MEA was able to pass the FCTT Hot test.
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Conditioning of Final Project BOC MEA

Final project BOC MEAs were conditioned using ttensdard “thermal cycle” 3M protocol used
with NSTF MEAs. The thermal cycle protocol consisf repeated temperature and potential
cycles conducted over several hours. Historicallig procedure results in marked performance
improvement over the first 10-20 hours, after whietremental improvements are observed, as
shown in Figure 105. EntitlementMir performance and operational robustness of BOC
MEAs requires anode activation, otherwise sevepprassion results (Figure 106).
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Figure 105. BOC MEA conditioning protocol.
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Figure 106. Impact of anode conditioning on HAIir performance (left) and temperature sensitivity (right).
This conditioning process is too long for practiead-use applications. Previous development
work has indicated that this process can be higlebelerated, and is discussed further in the
Task 4.2 section. Ultimately, material-based sohg will be needed.
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Durability of 2015 (March) and (Sept.) BOC MEAs

Durability of individual components was assessecer@hpossible, and are summarized in
Section 5. In general, the key component-leveallility concern identified in that work was the

relative instability of the dealloyed PtNi/NSTF leatle against Electrocatalyst AST cycling,

where mass activity losses typically ranged fronr86@6 due to coarsening of nanoporosity and
nickel dissolution.

2015 (March) BOC MEAs were evaluated for durabilityder the MEA chemical durability test.
Figure 107 shows that these BOC MEASs readily addethe 500 hour DOE target, but failed
within about 700 hours. By comparison, 2011 baseMEAs (PtCoMn/NSTF, unsupported
PEM w/ additive) exceeded 1000 hours, after whioh started to fail. While the DOE target
was achieved, room for improvement is possiblehaes by increasing the additive level.

1.0 ‘ ‘
—— 2011 Baseline MEA (2 MEAS)
—— 2015(Mar.) Best of Class (2 MEAS)
N ' | 1
4 | [P
240l Al
2’ 0.9 i m
> \ MH llwlh“ .~“*mw, it "hiﬂ!ll‘w.ll‘llm.w i
S i
90C, 30/30% RH
1.5/1.5atm H_/Air
O i 8 LL : ] . \
0 500 1000 1500

Time (hrs)

Figure 107. MEA Chemical Durability of 2015 (March BOC MEA.

Load Cycle Durability of Final Project BOC MEAs

In this testing, the cells are operated continuousider the load cycle (80 cell, subsaturated
RH), other than for unintended shutdowns due tbostassues or facility shutdowns. During
this testing, OCV has remained largely steady, gmrformance losses have been observed.
Note that under this test, both reversible and/arsible losses are expected to occur with BOC
MEAs. Under the test protocol above, reversiblesés continue to accumulate and are not
recovered until the cell is reconditioned.

Three BOC MEAs initiated under 3M load/RH cycletiteg. Two failed in < 1000 hours, likely
due to numerous uncontrolled test shutdowns duaditity issues. One remaining MEA was
evaluated for > 3000 hours, shown in Figure 108e ©CV remained healthy over entire test.
The cathode Felease rate was a relatively low 7.3+1.8 ng/bmbetween 1300-2800 hours and
was steady.
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Table 15 summarizes the estimated performancerédes. To achieve the 10% V loss target
(ca. 70mV) in 5000 hours, the voltage loss rate ld/aneed to average 14uV/hr. This was
largely achieved at low current densities. At OGMW 0.2A/cm, the performance loss rates
were 10-15uV/hr. However, at 0.8A/éie loss rate was appreciably higher than thevalie
rate. Over the first 656 hours, the loss ra®@.&#/cnt was ca. 81pV/hr, and over the first 1864
hours the loss rate was 47uV/hr, on average. Aela@tion in loss rate may have occurred
after 600 hours, consistent with an uncontrolledtdtwn. Based on these limited results, the
estimated lifetime to 10% voltage loss (at 0.8Aci®m between 656-1864 hours.

Shutdowns

=
o

Cell V
(Volts)
o
o1

coooo0o2
OoOrRrNWAUIO

Cathode F
(ug/cm’/day)

1000 2000 3000
Test Time (hours)

Figure 108. Performance over time during Shiva lod cycling of 2015 (Sept.) BOC MEA.

o

Table 15. Estimated performance loss rates duringM Shiva load cycling
Current density Decay rate Time period Estimate type
OoCVv -9.7 £ 0.4uV/hr 0-3200 regression
0.2A/cn? -15.2 + 0.4uV/hr 0-3200 regression
0.8A/cn? -81uV/hr 0-656 average
0.8A/cn? -47uVihr 0-1864 (hours) average

There are two known factors influencing rated poless of NSTF MEAs, both of which are
related to loss of ORR absolute activity from thethode. One factor is based on work
conducted in collaboration with ANL and discussedhe Task 5 section, which is that PFSA
decomposition induces ORR activity loss in NSTF MiAkely due to accumulation of
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irreversibly adsorbed contaminants, possibly lohgit perfluorocarboxylic acids. Based on
that work, which correlated rated power loss to glative F emission, suggests that at the F
emission rates here, 10% voltage loss would ocdiniwa few hundred hours. A second factor
is the intrinsic instability of the PtNiI/NSTF catt® shown to lose 60-70% mass activity after
the DOE Electrocatalyst AST.

Subtask Conclusions

Over the course of the project, significant gaimsabsolute performance, specific power, and
reduced loading were achieved. At°@0cell temperature and 1.5atmA reactant pressures,
performance at 0.80V increased 60% and performancated power (0.692V) increased 34%
while the total loading decreased 13%, resultingmnimprovement in specific power of 54%
(kWl/g). The QAT target of 1.45kWI/C was achieved.

Evaluation of BOC MEA candidates with further reddc PGM loading, as low as
0.105mgewmcn? total, were suggestive that DOE performance anal toading targets are
feasible if increased activity cathodes were inocaed.

Operational robustness was also improved subsligntidhe operating temperature window
under which successful load transients (0.02 té&/ti®?) could be achieved was increased from
70-80 to 40-80C, nearly achieving the recommended target by t8€AR FC Tech Team of
load transients down to 30.

The final project BOC NSTF MEAs require a specificd lengthy conditioning protocol to
achieve entitlement performance and operationalsiless. Both anode and cathode electrodes
need to be conditioned.

The durability of the final project BOC MEAs wassassed by the DOE MEA chemical
durability test and a 3M 8C load/RH cycle test. The BOC MEAs appear to benucally
stable, evidenced by low F- emission rates andlgt€CVs > 500 hours for the OCV hold and
> than 3000 hours in the load/RH cycle. Voltaggrddation rates under load cycling were
modest at low current densities but were 3-5x highan acceptable at 0.8A/émLoss factors,
identified in other work and discussed in the Tasection, are known and believed mitigatable.

Future Directions

The break-in conditioning rate of NSTF MEAs mustii@roved to enable market acceptability,
to less than a few hours and ideally without angrons method requirements. More rapid
methods have been demonstrated, discussed in #ie 4[a section. Contaminants remain a
primary concern, and detailed studies to evalubagetypes and sources would help provide
guidance on material pathways to eliminate them.

Development of high performance MEAs at PGM loadiglow the DOE 2020 target have
been demonstrated. Achievement of the specificgporated power, and PGM loading targets
simultaneously will require a higher activity catleo Such development work is currently in
progress.

The load cycle durability of NSTF MEAs must alsoitmproved. Root causes are believed to be
understood, and namely caused by two sources of @&Rity loss, caused by intrinsic
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degradation of the nanoporous PtNiI/NSTF cathodeRIfHA decomposition. Incorporation of
more durable cathodes, ideally with even higher B@dss activity, would help mitigate the first
cause. The second cause, PFSA decompositiomaeadifficult concern. NSTF MEA PFSA
degradation rates are already very low. Some inmgmants are likely to be found via
optimization of mitigation additive levels. Ultigy, resolution may require new ionomer
chemistries to mitigate formation of relevant comt@ants. Such work in both paths is currently
in progress at 3M.

Subtask 4.2 Component Interaction Diagnostic Studies (3M)
Subtask Overview

Subtask 4.2 involves experimental work aimed atetigping mechanistic understanding of
component interactions leading to particular penmnce response, particularly water
management and cathode reactant utilization; exyerial work will include segmented cell
studies, AC impedance spectroscopy, no-gradienttesling, and product water distribution
measurements.

Subtask High Level Work Summary

The influence of anode GDLs on NSTF water balanas assessed on several MEAs. Limited
segmented cell studies evaluated the influence parating conditions on current density
distribution across the active area.

Extensive work was conducted on establishing thpaoh of break-in conditioning on BOC
MEA performance and operational robustness, diggnesidies to break-down between anode
and cathode conditioning impacts, and determinotgl@rated break-in methods.

A new-t0-3M testing method (differential cell) wasstablished and validated, useful for
generating data for performance and cost modeling.

Subtask Key Results

Impact of Anode GDL on NSTF MEA Water Balance

As noted in the Subtask 2.1 section, the anode G&dking has a very strong effect on the
temperature sensitivity of NSTF MEAs. In this wodkagnostic experiments were conducted to
develop mechanistic understanding of the anode Gftuence. NSTF MEAs
(0.05/0.15PtCoMn, 3M 825EW 20u, 3M 2979 GDL) wevaleated with varying anode GDLs
comprised of differing backings, all treated witmgar PTFE treatment and with 3M MPL.
Product water collections were made with a custaiit;bautomated water collection system.
The cell effluent streams were passed through iddal tube-in-tube heat exchangers to
substantially condense out water vapor, then liguidduct water was collected in chilled,
insulated separatory funnels, and the gas phadeewmtfstreams were vented. The heat
exchangers and separatory funnels were chilled@ BHAfter sufficient operating time (t =J /
(30 minutes per A/cAx;, 30 minute minimum), computer-controlled solenoidlves were
periodically opened to allow the collected liquidter to drain to computer-interfaced balances,
where the initial and final masses were recordEdree measurements were made in succession
at each operating condition. Anode and cathodedieffluent water flow rates were corrected
for the assumed residuat@ dewpoint vapor in the vented effluent streams tedcollection
efficiency (typically > 90%), and the fraction dfet total corrected water flow rate which exited
the cell via the anode effluent stream was caledlat
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Figure 109 provides an overview of the typical tessand analysis, with results from either a
baseline or improved anode GDL. The top left sktfigures are polarization curves at
temperatures between 30 and®®0 For both GDLs, performance decreased with desang
temperature, but the improved anode GDL had modkgiher performance. The bottom set of
figures is the fraction of product water exitingtdhe MEA anode. With either GDL, the
fraction exiting the anode at 8D was very low, between 10 and 30% with a deperel@mc
current density. As the temperature decreasedydhgon exiting the anode increased. For the
baseline GDL, the maximum anode water removal wate ca. 40% of product water, whereas
for the improved anode GDL the maximum apparermtioa was much higher, closer to 60%.

As the temperature decreased t6G30the maximum current density evaluated was 0.Q%A/
Figure 109 (right) shows how the cell voltage @&5@/cn? may depend on thiémiting anode
water removal rate for the 30-6€D data. At high temperature, the performance gé laind the
water removal rate is low. As T decreases tow@@€E, performance decreases and water
removal rates out the anode increase. The figusaiggestive that the performance loss occurs
when the water removal out the anode becomes timite

0/0psig, CS2/2 H_/Air, 0/0% inlet RH, Various Cell T
Lr 60°C @ 55°C A 50°C Wy 45°C € 40°C ¢ 35°C P 30°C
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2 o . e
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F 05 ERNERE SeN Nl .}2, v&
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Figure 109. Water balance analysis of NSTF MEAs wh either baseline or improved anode GDLs. (Left):Hz2/Air pol
curves and fraction of water removed out anode vaperating temperature. (Right): Apparent limiting water removal
rates vs. performance.
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Figure 110. Temperature sensitivity and water balace with several anode GDLs.
Additional experiments were conducted with seveetdvant anode GDLs, including the base
X0155 used as the project downselect. As notetthensubtask 2.1 and shown in Figure 110
(left), the performance at low temperature depesidsngly on anode backing type. The right
plot shows that the water balance observation natede also holds for the other GDLs; GDLs
which enable improved low temperature performaraeeigenerally higher limiting anode water
removal rates.

The nature of the apparent limiting water removalsvexplored further, and summarized in
Figure 111. As noted above, as the temperatuneadses, performance at 0.25Afcdecreases
and the anode water removal rate increases, lautlatelerating rate. Figure 111 shows that for
the 5 GDL types evaluated, the NSTF MEA low tempera performance decreases when the
anode GDL'’s capability for water removal decreases.
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Figure 111. Limiting water removal analysis for vaious GDLs
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These results provide clear insight into how thedenGDL influences water management in
NSTF MEAs. This diagnostic data and insight wasvjgted to LBNL and MTU for the Task 3
characterization and modeling effort.

Segmented Cell Studies of NSTF MEA Water Management

Limited experiments were conducted to evaluate dingent density distribution for baseline
NSTF MEAs operated under steady state and transiendlitions. The objective was to
understand if large current density areal inhomeggnis a contributing factor to the poor
operational robustness of baseline NSTF MEAs.

Experiments were conducted with use of a segmeonteent collector (S++), which was
installed in a standard 508értest cell in place of the typical homogenous aurmllector. The
only modification needed was to use a relatively flow field adjacent to the current collector.
Segmentation of the flow field or MEA was not nesddeFigure 112 provides details of the
segmentation. Tests were conducted with a baséfig#® (0.05/0.15PtCoMn/NSTF, 3M
825EW 20u PEM, 3M 2979 anode and cathode GDLS).

Cathodeln/|
Anode Out

Anodeln/
ICathode Out|

S++ Segmented
Current Shunt

Figure 112. 3M 121 segment fuel cell. (Left): §ement/flow field layout. (Middle): S++ segmentedurrent shunt.
(Right): Specialized thin, homogenous flow field.

Figure 113 summarizes the areal current densityilaision during a steady state temperature
sensitivity measurement. The top left plot showw lthe mean segment current density varied
with temperature, increasing from 0.2 to 0.9A%aa T increased from 30 to€D The top right
plot shows that the segment current density stand@viation is relatively low at 3Q,
increases as T increases t6G0then decreases at°@0 Increased standard deviation indicates
relatively larger degrees of current density inhgemeeity.

The bottom set of plots in Figure 113 summarizedineent density distribution. At 3G cell
temperature, the current density is low and unifgrdistributed. As the temperature increased
to 50C, the current density distribution evolved, whéne edges corresponding to the cell
anode and cathode inlet channels had much highmeentwdensity than the middle region of the
cell. At 80C, a constant gradient in current density was oeskerwhere current density was
highest at the cathode inlet and lowest at theocktloutlet, consistent with oxygen depletion.
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Figure 113. Areal current dens‘ity distribution during st&tdy state operation at low, moderate, and gih cell
temperatures.

The current density uniformity distribution was alanalyzed for load transients taken at 60-
80°C cell temperature. Figure 114 provides a higkelleverview. The left plot shows how the
cell voltage varied during the transition from 01@21.0A/cnt and a subsequent 30s hold. At
80°C, cell voltage remained positive throughout tlaasition. At 70C, the cell voltage initially
went negative (meaning the cathode is oxygen reastarved and is evolving hydrogen rather
than reducing oxygen), but recovered spontaneoafiiyr ca. 18seconds due to electrode
deflooding. At 60C, the cell voltage remained negative throughoetehtire test. The middle
plot shows the standard deviation of the currensite distribution and the right plot shows the
median segment current density, where a mediare\aiow 1.0 indicates that a majority of the
1A/cn? mean current density is provided by a relativahal fraction of segments.
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Figu?en114. Load transient analysis at 60, 70, arBD°C cell temperature, 1A/crA. (Left): Cell voltage during transients.
(Middle): Standard deviation of segment current desities. (Right): Median segment current densityat 1A/cn?

Figure 115 (top row) shows how the segment cumensities varied during the load transient.
At 80°C, where the cell operated well, relatively litdeange was observed during and after the
transient. At 7@C, the distribution changed markedly at the tramsieoint (negative cell
voltage), with a high degree of inhomogeneity; sasagments had current densities 1.8x the
mean. When the cell voltage recovered at 18sdisteibution suddenly tightened. At €D,

where the cell voltage remained negative duringethire transient, the distribution increased
similarly as at 76C, but with lower magnitude.

The bottom row of Figure 115 shows the spatialritistion of segment current densities for the
70°C case where the cell spontaneously transitiéroed HER to ORR on the cathode. In both

cases, the current density was highest near thedatnlet, but the magnitude of variation was
larger for the HER operation than for ORR.
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NSTF MEA Break-in Conditioning Studies

Final project BOC MEAs were conditioned using tt@enslard thermal cycle 3M protocol used
with NSTF MEAs. The thermal cycle protocol consisf repeated temperature and potential
cycles, conducted over several hours. Historicdlis procedure results in large performance
improvement over the first 10-20 hours, after whiocbremental improvements are observed.
This conditioning process is too long for practieat-use applications.

Some work towards development of understanding f&esn conducted, and summarized at a
high level below. While the primary mechanism bérmal cycling is not confirmed, it is
believed that thermal cycling effectively removestaminants from the NSTF electrocatalyst
surface, increasing the active surface area andlubsactivity, directly improving overall
performance. Other effects are also possible, boé nvere immediately detected in this work.

Baseline Conditioning Method — Thermal Cycling

Figure 116 shows how the cell current density 30, 75°C cell temperature evolved with time
during the entire thermal cycle break-in processd &igure 117 shows representative
polarization curves. For the first ca. 50 houtse tell was operated with the 96upgfcm

PtNI/NSTF electrode as cathode (“NFAL”). Notabkrformance gains occurred over the first 5
hours, followed by moderate gains through cs. 20rdyoafter which performance gains were
modest. After this initial 50 hour process, the1@@nt PtCoMn/NSTF electrode was operated
as the MEA cathode (“RFAL"). Over 15 hours, thefpanance improved nearly 3x. After the

15 hours of RFAL conditioning, the PtNI/NSTF electe was again operated as the fuel cell

cathode (“NFAL”). Immediately, performance was stantially improved relative to the initial
NFAL.
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Figure 116. H/Air performance evolution for 2015 (Sept.) BOC MEAduring break-in conditioning.
Figure 117 compares ambient pressure, 75°C celpaemure HAir performance changes
during the break-in conditioning. The left figusleows the performance evolution with the PtNi
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electrode as cathode with 0 -29 NFAL thermal cychesl then after the 0.02PtCoMn anode was
conditioned (RFAL). With O thermal cycles, the MHE#erformance suffers from apparent
kinetic loses, higher slope, and reduced limitingrent. After one thermal cycle, the apparent
kinetics improved dramatically, the slope was rediicand limiting current density was
improved modestly. 29 thermal cycles appears tprawve the apparent slope and limiting
current density further. After conditioning of tINSTF anode (RFAL), the slope and limited
current density are further improved. The riglgufie shows how the 0.02PtCoMn electrode
improves during RFAL conditioning (operated as od#). The limiting current density
improves over 3x with 19 RFAL cycles.

75/70/70C, 0/0psig H /A, 800/1800SCCM
PDS(0.85V->0.25V->0.85V, 0.05V/step, 10s/step)

NFAL Orientation RFAL Orientation
0.095PtNi as Cathode 0.02PtCoMn as Cathode
1.0 ‘ ‘ ‘ 10
29 NFAL, 19 RFAL,
s, 3 NFAL TCs
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1INEALTC TCs 29 NFAL TCs, 0 RFAL TCs
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Figure 117. “PDS” H2/Air performance vs. conditioring state and MEA orientation (NFAL vs. RFAL).
Impact of Conditioning on BOC MEA Performance and Operational Robustness
Figure 118 summarizes the impact of anode condlitgpon rated power performance {80
and steady state temperature sensitivity betweean8050C. The left figure shows similar
gains in H/air performance as indicated in Figure 117. HERelatively unchanged. The right
figure shows that performance between 30513 more than doubled after anode conditioning.
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Figure 118. Impact of anode conditioning on 80°C HAir performance (left) and steady state temperatue sensitivity
(right).

Mechanism Studies of Anode Break-in Conditioning
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As noted in the Subtask 1.2 section, low-loaded, sorface area NSTF anode electrodes can
suffer from substantial HOR kinetic losses, espgciahen not conditioned. ANL model
predictions were that for the BOC MEA anode (0.@MIn/NSTF with ca. 2.5cicn? SEF),

the expected HOR kinetic loss at°80 latmy2 would be about 15-20mV when unconditioned
and <5 mV when fully conditioned (Figure 119).

0 P erem—— S
/}
10 L
z /
=20
5 —[0- NFAL Only
T —O— NFAL+RFAL
=301 | |
p, =latm, 1.5A/cm’, 80C
40 e , ,

0 2 4 6 8 10

SEF (cm’-Pt/cm*-planar)
Figure 119. Modeled. HOR vs. anode conditioning ate
Experimentally, the unconditioned HOR overpotentiith the BOC MEA anode was closer to

60mV and conditioned was about 20mV (Figure 120he cause for this larger-than expected
unconditioned vs. conditioned HOR overpotential wasdetermined.
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Figure 120. Impact of anode conditioning on 80°C Hpump polarization losses. (Left): Measured ceiloltage and HFR.
(Right): IR-Free cell V.

HOR losses were found to be the likely predominaaison for the large 80 performance
improvement after RFAL conditioning. Figure 12&ft) shows that BOC MEA performance
depended strongly on anode conditioning state. MR relatively similar for all polarization
curves, indicating resistance was not responsibtetife performance differences. 2> ldump
polarization curves (not shown) were used to cortlee measured #Air curves for ohmic and
HOR losses, and the resultant curves are showmgurd=121 (right), where the curves overlap
over much of the polarization curve. This restiorsgly suggests that anode HOR losses were

responsible.
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Figure 121. Evaluation of HOR losses as performapadetermining factor for BOC MEAs in either quad sepentine or
FF2 flow fields, as a function of anode conditionig state.

Additional experiments were conducted to evaludie state of the anode electrode vs.
conditioning state via cyclic voltammetry. Figur22 (left) shows that with only minimal anode
conditioning (one thermal cycle), the hydrogen atioh kinetics (HER) are highly suppressed.
After full anode conditioning (right), HER kineticare improved. Surface areas bypH are
modestly similar between the two states.
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Figure 122. CVs of BOC MEA anode before anode coitbning (left) and after (right).
The anode conditioning also influenced the opemaligobustness of the BOC MEAs. ANL
model predictions indicate that with a fully actisd 2cnie/cnPpianar NSTF PtCoMn anode, the
HOR overpotential at 8C, 1atm H is about 25mV, whereas at°’ZDthe overpotential is nearly
90mV. If the NSTF anode is flooded with water,de@ to reduction in KHconcentration at the
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electrocatalyst surface, additional losses wouleheected; reducingsp from 1.0 to 0.1atm will
lead to a predicted 1.5A/GHOR overpotential of 90mV.

Calculated n,, . T Dependence  ~_i.lated N.or Py, DEPEndence
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Figure 123. Modeled HOR overpotentials vs. T andi. (Left): Impact of T at pr2=1atm.
(Right): Impact of pn2 at 80C.
The model predictions of the impact of poor HORekics on low T performance were assessed
via H2 pump, taken at 45°C. Figure 124 (right) showd pheor to anode conditioning, thexH
pump prior to anode conditioning showed extraondiypapoor H. pump performance, ca.
220mV at 0.1A/crh After anode conditioning, the voltage at 0.1A%amas reduced to 9mV. A
200mV anode overpotential is qualitatively congisteith the 2x loss in 0.40V (cell) current
density under HAir, shown in Figure 124 (left).
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Figure 124. Impact of anode conditioning on tempeature sensitivity (left) and 45°C B pump.
In summary, anode conditioning has a very strofigence on rated power and low temperature

performance with the BOC MEA. The loss is likelyedto very poor HOR kinetics prior to
conditioning. The root cause with the BOC MEA & nlear.
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One possibility is the use of supported PEMs whida BOC MEA. As discussed in the Subtask
1.3 section, supported PEMs can have strong inflrem ORR kinetics, depending upon the
support type and PEM processing conditions. Thetaslik 1.3 work focused on the impact on
ORR kinetics, but did not evaluate the influencautira-low PGM HOR anodes.

One check of this hypothesis is a comparison oékere conditioning for BOC vs. baseline
NSTF MEAs. Figure 125 compares the break-in pmdes BOC MEAs (left) and baseline
NSTF MEAs (right), and Figure 126 summarizes paktion curves at various conditioning
states. The baseline MEA contained 0.05PtCoMnMN&mode, 0.15PtCoMn/NSTF cathode,
and a 3M 825EW 20u unsupported PEM. At the sthth® RFAL anode conditioning phase,
the baseline MEA anode had significantly highefAit performance than the BOC (comparison
of red polarization curves). RFAL break-in ratfetlve baseline MEA was appreciably faster
than the baseline (perhaps ~ 5 hours vs. 20hrshl fparformance at the end of RFAL
conditioning was improved for both MEAs. Of keyimois that for the baseline MEA,
conditioning of the CCM anode did not improve tlefprmance with the CCM cathode as the
fuel cell cathode, whereas with the BOC MEA thd@enance was improved substantially.

This result is consistent with the hypothesis tit impact of the unconditioned BOC MEA
anode, with BOC MEA supported PEM is the root caosd¢he need for extensive conditioning
with BOC MEAs for entitlement performance and rdbess. The experiments here are
consistent, but have several confounding varialpteghode type, GDL types, and cathode
interlayer).

Startup of Series' MEAs
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Figure 125. Comparison of break-in conditioning rées vs. MEA type. (Left): 2015(Sept.) BOC MEA. Right): Baseline
PtCoMn/NSTF MEAs. (Top): 0.30V current density. (Bottom): 0.80V current density. Red shaded regimis RFAL

conditioning.
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Figure 126. H/Air polarization curves vs. conditioning state. eft): BOC MEA. (Right): Baseline MEA.

Limited experiments were also conducted to evalilatte some factor with the pilot-scale
fabrication caused an issue, such as differenc&3dNl fabrication process conditions or the
input lots used. Figure 127 compares the breaktmfor BOC MEAs with either laboratory vs.
pilot fabricated CCMs during initial cathode comaliing; input lots may not have been
identical. Within a few hours, the laboratory CGAglded demonstrably higher performance
than the pilot-scale CCM, both near 75°C cell terapge and near 4Q cell temperature. As
such, improved performance with relatively lessakren with BOC MEA components is
feasible. Future work will include optimization cbmponents and processes for more rapid
anode conditioning and to lessen the anode condigiorequirement.
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Figure 127. Comparison of initial break-in rates &b vs. pilot scale BOC CCMs
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Mechanism Studies of Cathode Break-in Conditioning
In a first set of diagnostic experiments, the impafccathode thermal cycles on mass activity
under H/O-> was evaluated. Project BOC MEAs were installedalh and H/O2 and H/Air pol
curves were taken as a function of the number erntlal cycles. Figure 128 (left) compares the
H2/O. pol curves as a function of thermal cycles, raggnom 0 up to 8. Each thermal cycle
takes 1.5 hours. A small improvement was notedr aft thermal cycle, with no changes
thereafter. By comparison, large performance iwmgneents were observed undep/Adr
(Figure 128 [right]), both in the kinetic regimedatransport regime, consistent with previous
results. HFR is essentially unchanged with therrgaling.
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Figure 128. H/O2 (left) and H/Air polarization curves (right) with 0-n cathode thermal cycles
Figure 129 (left) summarizes the 0.9QQ%kee Mass activity, extracted from thex/B> pol
curves. Note these values are different than whafpically reported by 3M, possibly due to the
differences in protocol (typically we measure usi@gnin holds at 0.90V). Mass activity was
found to be completely established after a singlernhal cycle, and decayed with each
subsequent cycle, perhaps due to sample crossalgrefnoted at the end of the test. Figure
129 (right) compares IR-Free cell voltage at 0.@24%/ extracted from the #0, and H/Air pol
curves. Under HO,, the 0.02A/crA cell voltage is largely established without angrthal
cycles. However, underaHir, performance increases over 60mV with 1 thdroyale, and is
then steady. To reiterate/@; activity is established with the BOC cathode aftethermal
cycle. The results in total are suggestive thahwhe BOC MEA, the key effect of cathode
thermal cycles is a measurable reduction in tramspstrictions of the cathode.

Additional experiments were conducted to evalua¢e@RR activity break-in rate of PtNi/NSTF
catalyst in RDE. Break-in seemed to occur in kss 100 cyclic voltammograms (CVs) and
less than 2 hours. P13Rt7 (0.115mgPt/crhon substrate) was deposited on a glass carbon disk
(50ug/cn?) and cycled to various upper potential limits @é//s, with periodic measurements

of surface area and ORR activity. The experimamnéssummarized in Figure 130. Specific
activity was found to increase over the first 8@scans (as high as 8mA&m@ 0.900V), after
which it decayed steadily. Specific area developeate slowly than specific activity, and
typically reached a peak value within about 50 scand was modestly stable afterwards. The
mass activity, dependent upon both specific agtaitd specific area, tended to peak between 20
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— 100 scans. Each CV scan required on the ordé6 skconds, suggestive of the possibility of

rapid activity and surface area development.
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Figure 130. RDE assessment of P13Ri7 activity and area evolution with cycles to differat upper potential limits
(0.115mgPt/cnd on NSTF substrate, 50ug/cton GC disk). (Top left): Specific activity at 090V. (Top right): Specific
area. (Bottom left): Mass activity. (Bottom rigt): CVs during RDE break-in.
The experiments in composite are consistent wighabnclusion that the longer-than-desirable

break-in rates of NSTF MEASs are not likely due ewelopment of cathode activity. In the MEA
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environment, peak mass activity occurs within dm&rmal cycle. These results are consistent
with the observed improvement in/Air kinetic performance shown in Figure 117 afesingle
thermal cycle. As such, we can discount the prihibalthat the long break-in rate is due to
contaminants which specifically adsorb to the cdéhecatalyst surface, such as Cl-, generic
hydrocarbons, CO, and sulfur species.

Rapid Anode Break-in Method Development

In the anode break-in mechanism discussion abbeemal cycling was found to be effective at
improving the HOR Kkinetics, resulting in dramatigaimproved H/Air performance and
operational robustness. In 3M’s experience, thegyeing yields consistent results against a
wide variety of contaminants (hydrocarbons, aniosigifur) and is effective at reversibly
reducing highly oxidized Pt electrocatalysts.

3M has previously explored methods to rapidly ctadi NSTF anodes, which typically
involves repeated brief exposures of the anodeigh potential, e.g. between 1.0 and 1.5V,
where certain catalyst contaminants can be oxidaretremoved.

As discussed in the anode mechanism section, aneteyn of suppressed HOR kinetics with
BOC anodes is a severe suppression of HER kinetieasurable by CV. Figure 131 shows that
good HER kinetics can be achieved with either 16danconditioning thermal cycles "2
column) or with 100x CVs to 1.2V.
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Figure 131. Impact of conditioning method on BOC aode HER kinetics. (Leftmost column): BOC MEA with full
cathode conditioning and minimal anode conditioning (2"¢ column): BOC MEA with full cathode and anode
conditioning by thermal cycles. (8 column): BOC MEA with partial cathode conditioning and attempted anode
conditioning by 1.0V CVs. (Rightmost column): BOCMEA with partial cathode conditioning and attempted anode
conditioning by 1.2V CVs.
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Figure 132 shows that the anode HOR kinetics cam la¢ improved by the anode CVs and to
comparable performance as that obtained with thiecyading.
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Figure 132. Impact of thermal cycling or anode CV®n HOR kinetics.
Figure 133 summarizes a sensitivity study to ugmsential limit during anode conditioning
with CVs. As the upper potential limit was incredsrom 0.60 to 0.80V, surface enhancement
factor (SEF, or roughness factor) increased fra2ntd 2.3cnd/cn, and increased to 3.5émn?
at 1.1V (bottom left). The HER kinetics (bottorght) increased with scans to 1.0 or 1.2V.
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While CVs were effective at activating the anodes inot a practical solution to do in end-use
stacks, as every cell would likely need to be imdlially cycled. Our understanding is that the
important aspect of this anode conditioning appnaacepeated exposure to high potentials.
One method believed to be more practical is opegatie cell in the absence of hydrogen fuel,
putting the anode into oxygen evolution mode withteptial greater than 1.2V. Work was
conducted to evaluate this as a possibility.

Numerous experimental variations on this approaerevevaluated, including the fuel starvation
current density, hold duration, and frequency opligation. Figure 134 summarizes the
performance during break-in for BOC MEAs, eitherthwthe standard cathode, then anode
activation with thermal cycles, or by a cathoderrtid cycle activation protocol which also
incorporates frequent fuel starvation cycles. Whaeah starvation cycles were incorporated, the
Ho/Air performance at 0.30V (sensitive to HOR kinsjitncreased much more rapidly and to a
larger extent than without the fuel starvation egcl Cathode #Air kinetic performance
(0.80V, right) appeared to be largely unaffectedi®yrepeated fuel starvation cycles.
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Figure 134. Cathode thermal cycle break-in conditining with and without anode fuel starvation cycles Orange stars are
baseline method (cathode activation, then anode &eation by CVs). Black, red and blue are combinedathode activation
by thermal cycles and anode activation by fuel stamtion.

The combined cathode thermal cycle with anode &iefvation was ultimately effective at
achieving entitlement performance, but very longdittoning times were needed. Figure 135
shows that performance under the 3M “High-CurrezatT (HCT) (1.5atmA, 8TC) continued to
improve over the course of 190 hours with the regmeacathode thermal cycles and fuel
starvation, ultimately achieving the performancdaoted with cathode, then anode thermal
cycles alone.
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Figure 135. H/Air performance evolution with extended cathode tiermal cycle and anode fuel starve conditioning.
(Left): H2/Air performance under ambient pressure PDS and 1&mA H2/Air “HCT” performance. (Right): HCT
H2/Air performance.

Expected operational robustness was also achieitacextended anode starvation conditioning,
as shown in Figure 136.
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Figure 136. Temperature sensitivity for unconditimed anode (black) and anodes conditioned with eithéhermal cycles
(red) or with anode starvation cycles (blue).
While effective, the time required made it impraatifor use in the Task 6 stack testing at GM.

An anode CV protocol was ultimately recommendediamlemented.

Rapid Cathode Break-in Method Development

3M had previously developed a “fast” cathode caadihg protocol which consists of relatively
rapid temperature and potential cycles. This mataloes not consist of the liquid water
injection step used in the traditional 3M “thernagtle” protocol. This protocol had previously
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been found to be beneficial for dealloyed PtNi/NS3dthodes, nearly achieving entitlement
performance in ca. 4 hours (Figure 137).
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Figure 137. Comparison of Performance Evolution vConditioning Method. Dealloyed PtNi/NSTF cathodénot BOC,
previous work). Left: Thermal Cycle. Right: Rapd Cycle.

Figure 138 compares the performance evolution pnbtaivith BOC MEAs with either thermal
cycling or with the fast conditioning protocol usedhe previous work above. During the first 3
hours, the cell is operated with potential cyclordy (no temperature cycling), after which either
thermal cycling or fast conditioning commenced. ttwthe BOC MEA, conditioning with the
“fast” protocol did not occur any more quickly thdor thermal cycling, and ultimate
performance was below that obtained with thermelicg.
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Figure 138. Comparison of Fast Conditioning to Thiemal Cycle Hz/Air Performance evolution with BOC MEA.
One complexity with the BOC MEA is that the anotaequires substantial conditioning, and
it is unclear if the fast protocol is activatingettanode in a similar manner. To test this
possibility, a second set of experiments were cotetbiwhere the BOC MEA anode was pre-
activated by using anode CVs to high potentialguFeé 139 shows that anode pre-activation by
CVs was very effective at improving the initial femance at 0.30 and 0.80V. At 0.30V,
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performance immediately reached 1.1A%cvs. ca. 0.80A/chwithout anode CVs. At 0.80V,
performance achieved 0.18A/éws. 0.10A/cm without anode CVs.
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Figure 139. Comparison of Thermal Cycling to Fas€athode Conditioning with or without Anode Pre-Activation by
CVs.

Project BOC MEA Differential Cell Method Development

Per a request from Argonne, March and Sept. (2808 MEAs were evaluated in differential
cell to establish a performance model, ultimatedgdito generate a cost model.

Differential cell evaluation had not been condudbefbre at 3M with NSTF MEAs. Significant
development was required to enable accurate, r@pleadifferential cell testing methodologies.
Tests were conducted in a differential cell to mizie data inaccuracy due to down-the-channel
effects. A 50crhactive area MEA was installed in a 5Cctast cell with FF2 cathode, and a 1
mil polyimide sheet with 5chaperture was placed between the CCM cathode @hddsaGDL

to define a 5crhactive area. This was ultimately determined toabproblematic method,
leading to abnormally high electronic shorting dnalrogen crossover, suppressing the OCV.
This will be discussed in more detall later.

During method development, several significant esswere identified and resolved. One key
general challenge was that performance in the segaeell was lower than that obtained in
50cnt format, with identical materials, unless substrtonditioning was conducted. A second
key issue was that the segmented cell MEAs suffdredh higher rates of reversible
performance loss than for 50&fermat MEAs.

One example of the challenge is shown in Figure, MBich compares the performance
evolution during initial cathode conditioning wifiioject BOC MEAs in either 50chor 5cnf
differential format. Performance in 5érdifferential format was highly suppressed relatioe
the 50cm MEAs at all cell voltages. The only differencetween the two test types was the
inclusion of the 1 mil polyimide layer in the difential cell (it is not believed that the polyimide
was the cause, based on several other experimaindéscussed here).
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Based on our work towards understanding the breatenditioning requirements for project
BOC MEAs, it was suspected that conditioning of M&TF MEA anode would be required to
achieve entitlement performance. Figure 141 coesgptre performance evolution during break-
in conditioning of identical project BOC MEAs in & non-differential and Scdifferential
cells. The plot summarizes performance at botld\0.8nd 0.80V, and includes both cathode
conditioning (“NFAL”, red regions) and anode coiliing (“RFAL”, gray regions). Both
cell’'s cathodes were initially conditioned over fivst 50 hours after which steady performance
was apparently achieved. The performance in the 8ell was substantially below that with the
50cn? cell. Next the MEA anodes were conditioned for 24 hours.  With both cell
configurations, performance improved during anodeddioning, suggesting that prior to this
conditioning the anode HOR was highly suppresgeahditioning of the MEA cathode was then
resumed. NFAL performance for both MEA types imy@® as compared to the NFAL
performance prior to anode conditioning.

With the differential cell, additional testing waenducted between 60 and 150 hours, and the
performance degraded, even with frequent cathodenditions. The MEA anode was then
again conditioned, after which the NFAL performameaes recovered. This result suggests that
the degradation between 60 and 150 hours was daedde deactivation. This process was
repeated several additional times, and performahfe30V continued to improve.
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Figure 142 summarizes how the differential cellfgenance and HFR evolved over time at a

baseline test condition (80, 100% RH, 1.5atmA). The conditioning protocoéguominately

impacted the high current density performance, wiily modest changes in HFR. The results

are consistent with the performance improvememgeiue to improving HOR kinetics with

conditioning.
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The unstable performance in differential cell, dogarlier in this section, was determined to be
at least in part due to a test station issue. sbemrce, the station was forcing a small current
(2mA/cn?) when the station not supposed to apply any cyrfercing the anode into OER
mode. This lead to suppressed and erratic perfozejasummarized in Figure 143 (“before
station repair”). The performance suppression asesto the high degree of extended oxidation
leading to suppressed HOR, requiring anode-speaifinditioning to reverse. The erratic, non-
repeatable performance before station repair Wasyldue to different amounts of time spent in
reversal, leading to varying extents of Pt oxida@émd HOR suppression. Once the station issue
was identified and resolved, significantly improyegpeatable performance was obtained.

With testing issues resolved, performance and raesgity in differential cell was found to be
largely similar to that obtained in 50émmon-differential mode. Figure 144 shows excéllen
agreement between differential and non-differertéls between 0 — 2 A/cin Table 16 shows
that the mass activity between non-differential differential cells was essentially identical, but
the specific area in differential cell was largbart non-differential, perhaps due to the high
crossover and shorting induced by the differemtgdl build method.
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Figure 143. Baseline Performance, Before and AfteBtation Repair.
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Differential v. Non-Differential Performance
2015(Sept.) BOC MEAs, FF2
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Figure 144. Comparison of project downselect BOC HAs’ 1.5atmA H/Air performance for differential and non-
differential cells

Table 16. Specific Area, Mass Activity of Sevebdgiferential and non-Differential BOC and
BOC-like MEAs
# of MEAs Specific Area (rflg) | Mass Activity (A/mg)
5cn? differential 10 22+2.6 0.38+0.064
50cnt non-differential 4 18+2.5 0.38+0.058

One consistent observation with the differentiall ¢esting has been low OCV, and high
electronic shorting conductivity and:ldrossover. An analysis summarized in Table 1@wsh
that on average, the 5érdifferential cells had shorting conductivity ngadlOx higher than the
non-differential 50crhcells, and the Kcrossover was nearly 2x higher. Assuming 70mV/deca
kinetics, the increased shorting and crossovehefdifferential cells would cause ca. 60mV of
loss in OCV, qualitatively consistent with the ol OCV gap between differential and non-
differential cells.

Table 17. Shorting and Crossover of Several Dafieal and non-Differential BOC and BOC-
like MEAS
n MEAs| e- Short Cond (mS/cth |H2 Crossover (mA/cr)
5cn? differential, edge protected 10 19+8 812
50cn? non-differential, edge protected 2 0.5+0.3 3.5+0.25

It was ultimately determined that the likely causkethe higher shorting conductivity and
crossover was a physical artifact due to the mettsadl to assemble the differential cells; it does
not reflect intrinsically higher shorting and croser in the Scrhactive area. The differential
cells used standard 50émomponents (4x4” CCM, 50¢vanode and cathode gaskets, 50cm
anode GDL, 50cicathode GDL w/ IL), where the 5émactive area was determined by placing
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a 1mil polyimide layer between the NSTF cathode QM) and the cathode interlayer (on
GDL). The polyimide layer had a die-cut Scaperture in the center of the flow field area, and
was located at the cathode only. Under typicalatp, it was expected that the limited lateral
oxygen transport through the thin NSTF cathodetedde (< 1micron) and the relatively low
ionic conductivity of the cathode interlayer woldé sufficiently low to effectively limit all
reaction within the 5ckactive area in each respective layer. The goadeagent in mass
activity and H/Air performance between differential cell and rdifferential cell supports this
expectation, as discussed above.
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Figure 145. Shorting and Crossover Measurements Working Electrode.

However, what was not appreciated initially is ttha¢ mode of area limitation creates an artifact
for electronic shorting and crossover measuremerts.our laboratory, these are typically
estimated by operating the cell with/N> (N2 to working) and taking slow (2mV/s) CVs. The
slope and intercept of the CVs is estimated (betw@d-0.6V) to determine the shorting
conductivity and crossover, respectively (see Kgi#5). With the physical differential cell
setup, we were likely measuring shorting and cressof the entire 50cfarea of the CCM.
For crossover, we feed 100% kb the MEA anode; KHcrosses over through the entirety of the
exposed PEM (50cfpto the NSTF cathode (50énwhere it is electrochemically oxidized and
the total current is measured. For electronic taigra similar situation arises. To test this
hypothesis, shorting and crossover measurements wade with the MEA in both normal and
reversed orientations (either MEA cathode or MEAdm as working). As expected, the
crossover was reduced when the MEA cathode was asd¢lde 100% KHcounter/reference, as
the crossover area is limited to 5cnShorting was relatively unchanged, as expected.

Subtask Conclusions

Experiments were conducted to understand how tleelearGDL backing, demonstrated to
substantially impact low temperature steady starfopmance, influences MEA water balance.
Anode GDLs which enable higher performance havéndrigapparent limiting water removal
rates than low performing anode GDLs. All GDLs lea#ed appear to follow a trend that low
temperature steady state performance of NSTF ME&gedses as the limiting anode GDL
water removal rate is approached.
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Significant work was conducted evaluating the im@aa mechanism of the required break-in
conditioning of BOC MEAs, and methods were evaldai@wvards accelerating the break-in.
Studies confirmed that both the NSTF anode andodatmeed to be conditioned to enable
entitlement performance and operational robustné&s® cathode mass activity was found to be
obtained very rapidly with standard 3M conditionipgptocols, in a few hours or less. The
anode conditioning appears to dramatically imprdve HOR kinetics. Model predictions
indicate that HOR overpotential losses of low lahdew area anode electrodes can be strongly
impacted by operating temperature, blocked suréaea, and dilution, qualitatively consistent
with the observed experimental effects. BOC MEAfgrenance and operational robustness
were demonstrably improved with specific anode @wwmng.

Work was conducted to develop more rapid, staadnétiy conditioning methods. For anode
conditioning, use of high potential excursions weffective, either through use of anode CVs or
fuel starvation protocols. For cathode conditignia previously-determined method found to be
effective for PtNi/NSTF cathodes was not effecfimethe BOC cathode.

Lastly, work was conducted to establish reliabdgroducible differential cell testing with BOC
MEAs at 3M. Challenges related to required breakeanditioning of the NSTF anode, as well
as a test station issue, were identified and oveecaesulting in expected and relatively stable
performance. The resultant method was used torgiendata to be used for performance and
cost modeling at ANL and SA, respectively.

Future Directions

Break-in conditioning remains a key commercialiaatigap for this technology. Additional
work is needed to determine specific componentacteons with BOC MEA components which
influence break-in, with a key initial focus on &aing BOC anode interactions with supported
PEMSs.
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Task 5. Durability Evaluation and Performance Degradation Mitigation

* Subtask 5.1 Candidate Component Evaluation and Ex-situ Characterization Subtask 5.2
Baseline MEA Evaluation and Ex-situ Characterization

» Subtask 5.3 Interim Best of Class MEA Evaluation and Ex-situ Characterization

» Subtask 5.4 Best of Class MEA Evaluation and Ex-situ Characterization

 Subtask 55 Mitigation of Irreversible and Reversible Rated Power Performance
Degradation

A first overall objective of Task 5 is evaluatioh @mponents and integrated MEAs towards
achieving the MEA durability targets, evaluated @i@cnt single cell accelerated stress tests.
The primary objectives of sub-tasks 5.1-5.4 aré ¢ed evaluation under specified accelerated
stress tests (1-4, 6, U.S. DRIVE Partnership Fuell Cechnical Team “Cell Component
Accelerated Stress Test and Polarization CurveoPotg for Polymer Electrolyte Membrane
Fuel Cells, Rev. Dec. 16, 2010) with periodic itugliagnostics to evaluate performance as the
MEA ages and ex-situ diagnostics to determine the#-cause component material changes
responsible for performance loss.

A second objective of Task 5, addressed in subf&Sk is mitigation of reversible and
irreversible modes of rated power loss. As baakgd reduction in rated power output is
known to occur in the literature via several walkdmented modes, including cathode catalyst
mass activity degradation, membrane conductivityra@ation, and gas diffusion layer reactant
transport degradation; the mechanisms by whichetlv@snponent degradations result in rated
power loss are relatively well-understood. Howe\arleast one additional rated power loss
mode has been observed to occur in both convehtsupported nanoparticle and extended-
surface area catalyst systems, such as 3M NSTIehvagpears to be caused by an entirely new
and not-fully-understood mechanism. The loss isifaated as a reduction in peak current
density and is correlated to cathode catalyst Fase area per unit MEA area (&#cnPpiana)
below a critical level, Sérir, which depends upon the cathode catalyst supjpading, and
composition. SAriT for 3M NSTF Pt alloy cathodes occurs at loadingarnor below the
cathode PGM loadings necessary to achieve the 0g&ts (~0.075-10mgw/cnPpiana); based

on literature reports, the loading at which thisuss occurs with conventional supported Pt
nanoparticle cathodes can be significantly higbesé¢t at ~0.3mgcn?).

This SAcrir-related rated power loss mode has both irreversibt reversible components, both
related due to decrease of active cathode surfaee Ereversible rated power loss, due to this
mode, is caused by irreversible decrease of theodatPt surface area below &#, such as
induced by well-documented catalyst degradation esoduch as Pt dissolution and
agglomeration. Reversible rated power losses are believed to occur by rilgradsorbed
catalytic contaminants (such as ©ns), and the rated power loss is recovered impwng the
adsorbed contaminants. The mechanism(s) by whielabove physical causes induce the rated
power loss is not known with certainty, but hypati exist which provide direction for initial
study.

The work under subtask 5.5 will begin with interaald external literature review to gather data
to support or refute our existing hypotheses andhifranted, generation of new hypotheses. The
team will then design specific 50énfuel cell experiments, coupled with in-situ and-sixi
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diagnostics, to further refine mechanistic undexditag and narrow in on a few specific likely
root causes. If identified, these root causes pvidvide experimental direction towards specific
material modifications to reduce rated power loss.

Subtasks 5.1-5.4 - Component/MEA Durability Evaluation (ASTs)
Subtask Overview

Evaluation of components and integrated MEAs towarchieving the MEA durability targets,
evaluated via 50cfrsingle cell accelerated stress tests. The prirohjgctives of sub-tasks 5.1-
5.4 are fuel cell evaluation under specified acet$sl stress tests (1-4, 6, U.S. DRIVE
Partnership Fuel Cell Technical Team “Cell Compdrfatelerated Stress Test and Polarization
Curve Protocols for Polymer Electrolyte MembraneelFCells, Rev. Dec. 16, 2010) with
periodic in-situ diagnostics to evaluate perforneaas the MEA ages and ex-situ diagnostics to
determine the root-cause component material chaegpsnsible for performance loss.

Subtask High Level Work Summary
Several Best of Class MEA candidate components eeakiated for durability under the DOE
MEA chemical, cathode support, and cathode eleatabgst ASTSs.

Subtask Key Results

MEA Chemical Durability

Several BOC MEA candidate components were evaluatettheir impact on the MEA chemical
durability, including several ultra-low PGM anodatalysts, two cathode catalysts, and the
PEMs with and without additive.

Initial experiments evaluated the impact of NSTEhode catalyst composition. At the time of
the experiment, the anticipated downselected cathmatalyst was a dealloyed PtNi/NSTF
catalyst. A key concern was the expected relgtivatger amount of Ni transition metal
leaching from the cathode to the PEM, possibly ilgado accelerated chemical degradation.
Figure 146 compares NSTF MEAs with either the haseD.15PtCoMn/NSTF cathode or a
dealloyed 0.125PtNi/NSTF cathode. Tests were coteduwith unsupported 20u PEMs with
additive. The baseline MEAs exceeded 1000 hourpassing the DOE 500 hour target. OCV
decreased rapidly over the first 100 hours but thtabilized. The rapid deactivation is due
largely to reversible deactivation of ORR kinetiesthe cathode. With PINiI/NSTF cathode, the
MEAs exceeded 500 hours with relatively stable O@fter which the test was halted.” F
emission rates remained stable and low, and eldctehorting and crossover were unchanged.
The OCV remained appreciably higher with the Pththode than the PtCoMn, likely due to the
intrinsically higher ORR activity. It was concludéuhat PtNi did not appear to induce additional
degradation over PtCoMn.
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MEA Chemical Durability - Cathode (S)tzries
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Figure 146. OCV hold durability vs. cathode type
Next, the impact of anode catalyst type was evatuat Regarding the anode, the primary
programmatic direction was to decrease the anodd Bé@htent to as low as possible. One key
concern for reduced anode loading was that it n@glarate ionomer decomposition due to
crossover oxygen from the cathode to anode, wherexjge can be formed at the low anode
electrode potential. Figure 147 summarizes théAMEemical durability evaluation of 4 NSTF
anodes, comprised of the baseline 0.05PtCoMn an€ BQEA component candidates of
0.02PtCoMn, 0.02 BNliz, and 0.018RBNi7M which contained a reversal tolerant additive.l Al
MEAs appeared to pass the test, and yielded relgtoonsistent and low post-test Etossover.
OER containing catalysts maintained higher OCVwads concluded that the anode candidates
evaluated here did not appreciably impact the MB&ngical durability.

Finally, the impact of PEM chemical stabilizing &deé was evaluated. Figure 148 confirms
that with the 0.02PtCoMn/NSTF anode and 0.125Pt8IVN cathode, additive was necessary to
pass the OCV hold test, as the post-testitdssover was severely increased when no additive
was present. Work to determine optimal additivetent was not conducted.
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MEA Chemical Durability - Anode Series
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Figure 147. OCV durability vs. anode catalyst type
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Figure 148. OCV durability for PEMs with and without additive.
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Support Cycle Durability

The primary BOC cathode candidate, dealloyed R#tidg evaluated for support durability under
the DOE 1.2V hold durability test. Figure 149 slsatvat after 400 hours at 1.2V, the cathode
passed the DOE targets.o/HNir performance loss was less than 30mV and sigemita loss was
~25%. Mass activity loss was 40%, just meetingQdE target.

Due to this result and previous history of NSTHodes passing this test, no additional support
cycle testing was performed with candidate cathod8sme work was performed evaluating

NSTF MEAs with cathode interlayers, detailed in 8ubtask 2.2 section.
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Figure 149. Support cycle durability of dealloyedtNi/NSTF

Electrocatalyst Cycle AST

The primary BOC cathode catalyst candidate wasuatedl under the DOE Electrocatalyst cycle
(30k cycles between 0.6-1.0V). Figure 150 sumneariesults from 3 MEAs. While 2Hir
performance and specific area losses were relgtlogl, the mass activity losses exceeded the
target of 40%, due to large specific activity losSamples of analogous PtNi/NSTF cathodes
were provided to ORNL for analysis (Figure 151)ledfrocatalyst cycling resulted in modest
coarsening of the nanoporous structure, consistégtit the modest area loss, but more
importantly significant loss of Ni, likely contriltmg to the dominating specific activity loss.
Several new annealed cathode PtNi/NSTF catalysta fBubtask 1.1 were also evaluated for
durability, summarized in Figure 152. The objeetwas to determine if annealing, which
increases grain size and mass activity, would bédp with stabilization. While the annealing
resulted in substantially improved mass activitygdo increased specific activity), the post-test
mass and specific activities were relatively simildecreasing from as high as 0.45A/mg to
about 0.15A/mg.
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Electrocatalyst Cycle Durability of 0.107Pt Ni /NSTF 16
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Figure 150. Electrocatalyst cycle durability of dalloyed PtNi/NSTF.

50 nm

Figure 151. TEM and EDS analysis of PtNi/NSTF befe (left) and after (right) the electrocatalyst AST

The electrocatalyst durability of PtNi was recoguizas a key durability concern for the MEA
concept. In 3M-funded work outside the projechhaarent work was in progress to develop a
nanoporous PtNi with improved durability. Conselgde additional work with other PtNi
variations (different compositions, fabrication h@is) also indicated poor durability.
However, it was determined that an additive, “Miproved PtNi stability allowing it to pass the
DOE 2020 durability target. However, work to opim the additive for performance and
continuous manufacturability (via dealloying) wad able to be completed within the timeframe
of the current project. Subsequent work (2016) lem an improved PtNiM catalyst which
enabled good HAIr performance and durability which achieved BD@E 2020 target.
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Electrocatalyst Cycle Durability v. Cathode
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Figure 152. Electrocatalyst AST of several deall@d+annealed PtNi/NSTF candidates
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Figure 153. Performance and durability of PtNiM.

Load Cycle Durability

Extensive load cycle durability evaluations weraducted with several BOC MEA candidate
components — see the Subtask 5.5 section. Théitiyraf the project BOC MEA is discussed
in the Subtask 4.1 section.

Subtask Conclusions

BOC MEA candidate components were evaluated fomlility under the DOE chemical
durability test, support cycle, and electrocatalygtle ASTs. The BOC candidates indicated
generally good durability, with most target metrinst or exceeded. The key challenge (under
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ASTSs) was the electrocatalyst cycle stability odlttered PtNi, which routinely lost in excess of
65% mass activity with cycling, primarily due toesjfic activity loss which correlated to

additional Ni leaching from the PtNi cathodes. #NPstabilization approach was developed
outside of the project, but was not able to be enpmnted with high performance and
manufacturability, necessary for the project sktatk deliverable.

Future Directions

Stabilization of nanoporous electrocatalysts resiankey area of activity at 3M, currently
occurring within a DOE-funded effort. Such workiéading to high performance, high activity
PtNiM catalysts.
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Subtask 5.5 Mitigation of Irreversible and Reversible Rated Power Performance
Degradation

Subtask Overview

A second objective of Task 5, addressed in subf&Sk is mitigation of reversible and
irreversible modes of rated power loss. The lossaifested as a reduction in peak current
density, is correlated to cathode catalyst Pt serfarea per unit MEA area (&icmPoiana)
below a critical level, S&riT, which depends upon the cathode catalyst suplearding, and
composition.

Subtask High Level Work Summary

The durability of rated power performance was as# several studies which evaluated both
material and operational factors, several of whigre influential. New experimental PEMs

were generated with improved durability propertids mechanism study was conducted which
determined a likely key correlation between ratedvgr loss and PFSA decomposition. An
NSTF MEA durability model was developed.

Subtask Key Results

Background

In pre-project work, a key durability issue of NSIWEEAs was identified. While the individual
components were generally sufficiently stable tgspmost DOE component durability tests,
significant irreversible performance loss was obseérto occur with extended load cycling of
NSTF MEAs. The performance loss manifested aseasad apparent slope in/Air
polarization curves and reduced limiting curremsiy. Figure 154 provides one key example,
showing H/Air performance of an NSTF MEA with PtCoMn/NSTFeelrodes (0.20mgcny)

on anode and cathode and 3M 825EW PEM evaluatedvier 8000 hours under a load cycle.
After 3800 hours of load cycling, the apparent slapcreased and limiting current decreased,
which was further exacerbated after 8550 hoursthdcke surface area losses and MEA HFR
increases were modest. The solid black line sibepredicted loss after 8550 hours, using the
typical expressions for correcting for cathode\aigtiloss (-70mV/decade of activity loss) and
HFR increase (ohm'’s law). The actual performaritaxr 8800 and 8550 hours was substantially
larger than the model prediction.

Development work was driven by two hypotheses af hagh current density (“rated power”)
performance of NSTF MEAs degrades with use. Inpgvogect work conducted at General
Motors, rated power loss was suggested to be dumverage of the NSTF with ionomer,
perhaps induced by ionomer creep over the eledatysh. This ionomer coverage lead to
higher oxygen transport losses. This work is surred in Kongkanand et al., “Degradation of
PEMFC Observed on NSTF Electrodes), Electrochem. Soc. 161(6) F744 (2014).
Additionally, 3M had historically observed a coatbn between rated power performance and
cathode surface area, where the loss of performacmared when the cathode roughness factor
decreased below ca. 10&#cnPpianar (Figure 155). The correlation appeared valid waethe
surface area variation was due to acceleratedsstests of numerous types (load cycle,
electrocatalyst AST, start/stop) or due to decreasehode loading at beginning of life. These
two hypotheses were used as guiding principleti®experimental plan.
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Peformance After ~ x hours on Shiva, FC12682
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Figure 154. H/Air performance of NSTF MEA during 8550 hours of load cycling.
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Experimental Overview

Several material and operational factors were ifledtas being strong candidates for being
influential towards rated power loss, summarizedTable 18. Materials factors included
cathode catalyst type and loading, anode catalgstand loading, PEM variables including EW,
support, and additive. Operational factors inctudell temperature, operating potential, and the
reconditioning method used to recover reversibléopmance losses. The baseline material set
and operating conditions are highlighted in oramgest new experiments consisted of variation
of one factor from the baseline set. As the fipadject best of class MEA components were
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being downselected, a set of MEAs with that coms$iton were also evaluated, outlined in the
final row of the table.

Table 18. Material and Operational Factors Evaluagd
Material Factors Operational Factors
PEM [ Cell Temp. Recover
Cathode Anode PEM Additive °C) P-1Load Cycle Methody
0.15PtCoMn/|0.05PtCoMn 20u 825, 0.85-0.60V| 1 Thermal
NSTF NSTF uns. N 90 (cycles) Cycle
0.125P#Ni7
(Dealloy+SET 20u 734,
/| NSTF 0.05Pt/C uns. Y 80 0.90V (holdiigh E scans
0.10PtCoMn/ 20u 1000,
NSTF uns. 100 0.60V (hold)
0.20PtCoMn/ Mitigated#1, 0.30V
NSTF uns. (hold)
0.20Pt/NSTF
0.10PtNi~ 14u
(JHUDealloy)/0.02PtCoMn  725EW 0.85-0.60V| 1 Thermal
NSTF NSTF supported Y 80 (cycles) Cycle

The baseline test method is outlined below. TheAM#ould be load cycled for 10 hours and
then reconditioned with a single thermal cycle.isTtO hours of load cycling plus recondition
would be done for typically 2-3 days. The MEA wduhen be more fully reconditioned (3
thermal cycles), after which cathode activity anulface area and MEA #Air performance
were measured. This overall process was typicejigated several times until typically several
hundred hours of load cycling was completed.

WHILE_TIME < 400 HOURS
WHILE_TIME_< 3 DAYS
WHILE_TIME_< 10 HOURS
LOAD CYCLE
END_WHILE_TIME
RECONDITION (1)
END_WHILE_TIME
RECONDTION (3)
ACTIVITY, ECSA, HJ/AIR POL. CURVE
END_WHILE_TIME
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The typical baseline load cycle protocol is outtireelow for a 50cfMEA. Both load and RH
were cycled. Tests were typically done at@@ell temperature and 1.5atmA reactants. The
procedure consisted of 5 minutes of load cyclintyveen 0.85 and 0.60V with 93 dewpoints
(oversaturated), followed by a 2 minute transitadn0.70V, followed by another 5 minutes of
load cycling between 0.85 and 0.80V with highly ershturated gases (&€ dewpoint).

SET_CELL_TEMPERATURE (090C)
SET_ANODE_FLOW (CF0835)
SET_CATHODE_FLOW (CF1789)
SET_ANODE_PRESSURE (07.35PSIG)
SET_CATHODE_PRESSURE (07.35PSIG)
SET_CATHODE_HUMIDIFICATION (CD093C)
SET_ANODE_HUMIDIFICATION (CD093C)
WHILE_COUNT < 5

SET_X-SS (PSS(0.85V,0.5MIN))

SET_X-SS (PSS(0.60V,0.5MIN))
END_WHILE_COUNT
SET_ANODE_HUMIDIFICATION (CD079C)
SET_CATHODE_HUMIDIFICATION (CD079C)
SET_ANODE_FLOW (CF0521)
SET_CATHODE_FLOW (CF0994)
SET_X-SS (PSS(0.70V,2.0MIN))
SET_ANODE_HUMIDIFICATION (CD061C)
SET_CATHODE_HUMIDIFICATION (CDO061C)
SET_ANODE_FLOW (CF0217)
SET_CATHODE_FLOW (CF0414)
WHILE_COUNT < 5

SET_X-SS (PSS(0.80V, 30s))

SET_X-SS (PSS(0.85V, 30s))
END_WHILE_COUNT

Experiments consisted of operating 56cNMSTF MEAs under a 3M load cycle protocol,
typically consisting of load cycles between 0.6@ &h85V with fixed operating conditions
during the course of the experiment. Periodicathsting was interrupted, the cell was
reconditioned, and cathode surface area, massitactand MEA H/Air performance were
evaluated. The total time under the load cycle typigally several hundred hours.

Experiments were conducted at three test sitesS8MPaul, 3M Menomonie, and Los Alamos
National Laboratories. There was some initialicifity in getting reasonable site-site agreement
in terms of beginning of life HMAIir performance, but they were largely ultimateBsolved.
Some difficulty remained in getting good agreeméntdecay rates; after some effort at
identifying and attempting to resolve the site-sitecrepancy, it was decided to move forward
by generating site-specific baselines and compathng impact of new materials and/or
operational factors against the baselines.
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Impact of Operating Temperature

One key initial experimental series was the evanadf load cycle temperature. Baseline
MEAs were cycled with the baseline test method,thetcell temperature was held at either 80,
90 or 100C. Figure 156 summarizes the impact of cell tempee on the HAIr performance,
mass activity, and specific surface area. In ganéwo consistent differences were observed.
Cell voltage at 1A/crwas a strong function of cell temperature, indreasnonotonically as
cell temperature increased from 80 to ADO Additionally, mass activity was retained beter
80°C than at 90 or 10C.

Load Cycle T: [} 80C @ (O 90C A /- 100C
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“~ 0.88
5 206
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Figure 156. Impact of cell temperature on EHAir performance (top), mass activity (bottom left) and specific area
(bottom right).
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Impact of PFSA PEM Equivalent Weight

A second key initial study evaluated the impadhef PFSA PEM equivalent weight. Figure 157
shows that HAIr performance retention at 0.02 and 1.0A%cand mass activity retention
improved with increasing equivalent weight, butsfpe area retention was independent of PEM

EW.
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Figure 157. Impact of PEM equivalent weight on EYAir performance (top), mass activity (bottom left) and specific area
(bottom right).

The improved durability obtained with the 1000EWswatriguing, but ultimately was not a
solution to the issue, as the beginning of lifgait performance at high current density was
suppressed, as shown in Figure 158.

Due to the strong material-based impact of EW, NETHVs were further evaluated by SEM to
determine if there were any notable changes intrelde morphology. Figure 159 and Figure
160 summarize the SEM analysis of the fast-decai@y with 734EW PEM after 100 hours
and 400 hours). At the available magnificatiotildiobvious change was noted vs. testing time.
After 400 hours, the only consistent observatios wanodest qualitative increase in the density
of cracks in the surface of the electrode.
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Figure 158. BOL H/Air performance vs. PEM EW
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Figure 159. SEM of cathode electrode for NSTF MEAvith 734EW PEM after either 100 hours of load cyclaest time
(left) or after 400 hours (right).
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Cathode, 100hrs Cathode, 400hrs

Fracture 3

Fracture 3
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PP30 3.8 kV x30.8K 1.080rm PB38 3.0 kV x38.0K 1.88rm

Figure 160. SEM of cathode electrode (cross seatjoafter 100 hours (left) or 400 hours (right).

Impact of PFSA PEM Decomposition Mitigating Additive.

The influence of PEM decomposition mitigating additwas evaluated. In these experiments,
the baseline PtCoMn/NSTF anode and cathode elettlysts were replaced with pure Pt, as
Mn is a known PFSA decomposition mitigator. Figlitd compares #Air polarization curves
taken at BOL and after about 100 hours of testorg7f25EW PEMs without additive (left) and
with level 700, 2100, and 2800 additive. Withoddiive, extraordinarily rapid and severe
performance loss was observed. With additive gosgere dramatically reduced.

i 0 additive 700 additive 2100 additive 2800 additive

E 1.0
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Figure 161. Impact of additive on performance bef@ and after 100 hours of testing.

Correlation of high current density Hz/Air performance to cathode oxygen activity

During the PEM equivalent weight, temperature, additive series, it was observed that MEAs
which tended to have higher performance loss dt bigrent density also had higher oxygen
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activity losses. Figure 162 summarizes this refeinip for the EW, temperature, and additive
series MEAs at beginning of life and during thedagycle testing. Additional BOL data is
provided from two other MEA series with comparabbastructions (“Contam.” and “Ca. Ldg.).
The data from all MEASs appears to largely trackaaingle trend line. A fit of the data indicates
that the curve follows a 122 + 2 mv loss per deaaideurrent density decrease. This result is
significant, as it indicates that performance Idssing load cycling is due to loss of cathode
oxygen activity alone, and that at 1A&performance losses are rather modest until thgaxy
absolute activity decreases below about 10-15mA/dBarring additional loss mechanisms (e.g.
TM dissolution), rated power loss of NSTF MEAs ovene can be managed if the cathode
absolute activity is kept above 15mA/min addition to the mitigating the underlying soei of
ORR activity loss (PFSA decomposition, discussetbvie this result suggests that higher
absolute activity, durable cathode electrocatalyditsalso mitigate the high current density loss.

O 8 214 Data Points, 53 MEASs

BOL and Degraded

— 6 v
. / . B EW Series
® Temp Series
> 0.5

@ 1A/cm’

/( xy A Additive Series |

D A \

2 04 V=V _+TS*log (AAJAA) BOL C()anyt Seried |

LIL V,=0.76V (Fixed), z COHLZm. S’er!es;

D_: O 3 AA =26 +- 0.5 mA/cm2plana a. g. eries |
TS=-0.122 +- 0.002 V/dec Model Fit
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Figure 162. IR-free cell voltage vs. measured OR&bsolute activity for BOL and degraded MEAs
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Impact of PFSA PEM lonomer Type

A majority of work was conducted with 3M PFSA ioners. Due to the strong influence of
PFSA PEM additive and equivalent weight, it wasiteolsthat the decay was related to PFSA
type. An experiment was conducted to assess ihlgrnative PFSA ionomer would be
influential. Figure 163 compares the activity ahdAir performance for MEAs with either 3M
825EW ionomer or an alternative 800EW PFSA iononigecay rates were qualitatively similar

for the two ionomer types.

—J—{T 3M 825EW 20u w/ Add.
—@— Alternative PFSA 20u

o5 ORR Absolute Activity at 1050s 0.70 1T reasueq V A LACI *
— ' E\ 80/68/68C,
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Figure 163. Impact of ionomer type on oxygen actity loss (left) and H/Air performance at 1A/cm? (right).
Impact of Anode Catalyst Type
Limited experiments were conducted to determintaef NSTF anode catalyst was contributing
to the rated power loss rate. Baseline MEAs wevaluated with either the baseline
0.05PtCoMn/NSTF or a 0.05Pt/C anode catalyst, wathbx higher specific surface area. Figure
164 shows that the anode catalyst type had littexe suggesting anode absolute surface area is
not a influential mechanistic factor.

2
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20 N
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Figure 164. Impact of anode catalyst type (0.05Pt/n/NSTF or 0.05Pt/C) on ORR activity and H/Air performance loss
rates.

Impact of Cathode Catalyst Loading

Limited experiments at LANL evaluated the impactcathode loading. Baseline NSTF MEAs

with PtCoMn/NSTF cathodes with either 0.15 or 0.f®icn? were evaluated, compared in

Figure 165. As the cathode loading was reducenh fdol5 to 0.10, the rate of performance

155



decay increased, even after considering that therltbaded MEA developed an electronic short
which accentuated the loss.
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Figure 165. Impact of PtCoMn/NSTF cathode loadingn decay rate.

Mechanism study of rated power loss
In collaboration with ANL, a study was designeditcectly test the hypothesis that rated power
loss with NSTF MEAs is caused by PFSA ionomer dgmusition.

Two series of tests were conducted, involving aardf cell voltage (cathode potential) and cell
temperature. In the first series, degradation veds controlled by controlling the cathode
potential at fixed 98C cell temperature; it was posited that lower poétnvould lead to higher
H>O> generation rates. In the second series, diffeopeatrating temperatures were explored
between 60 and 9Q with fixed potential of 0.60V, to obtain activaii energy information on
PFSA decomposition in NSTF MEASs. In both serigsdpct water was collected and analyzed
to determine F emission rates. Tests were conducted with baseNSTF MEAs
(0.05PtCoMnNn/NSTF anode, 0.15PtCoMn/NSTF cathode82B5EW 20u PEM w/o additive, 3M
2979/2979 GDLs) in 50cfirquad serpentine flow fields.

Figure 169 summarizes theo/Mir performance curves measured periodically dyritme
experiment after full reconditioning, and the bottaight plot summarizes the JMAir cell
voltage at 0.8A/cth As the cell voltage decreased, the apparent shtperformance loss
increased, most notably at higher current densitiéste that for the 0.300V decay rate, the test
was halted after 210 hours due to severe perforenss, whereas tests at 0.90 and 0.60V were
conducted for approximately 560 hours.

Figure 167 summarizes cathode CVs at BOL and a#te10-240 hours of testing. After 210-

240 hours, all cathodes showed modest degradatiapparent bbp area. The cathode surface
area loss (SEF) appeared to be a function ofitestdnd not cathode potential.
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Figure 166. H/Air polarization curves during potentiostatic tests. Bottom right is Hx/Air performance at 0.8A/cn?
during the test.
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Figure 167. Cathode CVs at beginning and midpoindf potentiostatic tests. Calculated cathode SEFs bottom right.
After testing, CCMs from the 0.90V and 0.60V teskBHAs were provided to ORNL for TEM
analysis of the cathode catalyst to determine ¥f @lpservations of electrocatalyst degradation
would explain the differences in loss rate. Thelgats appeared morphologically similar and

Time (hrs)
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compositionally identical. One caveat is that @@0V sample was tested over two times longer
than the 0.30V sample.

Figure 169 left summarizes the key findings from plotentiostatic study. The left set of figures
shows the measured#Air cell voltage at 0.8A/crf) ORR absolute activity, and total cumulative
F- emission as a function of test time. As celtage (cathode potential) decreased, th&\
performance and ORR activity decreased and theRetgeneration increased.

The top right set of figures shows that thg/A#f performance at 0.02 and 0.8A/érappear
related to ORR activity, consistent with the cateln shown in Figure 162, above. There are
two primary factors influencing ORR absolute adyivithe cathode roughness factor and the
specific activity. The bottom right set of plotsosvs that the cathode surface area variation is
largely independent of potential, but the speafitivity does have a potential dependence.

0.9V — Pt,.Co,, |0.3V - Pt,.Co,,

" R .
30V degraded cathodes.

Figure 168. TEM and composition analysis of 0.90nd 0.

Figure 170 reveals key correlations between thieocks activity, H/Air performance, and PFSA
decomposition. The left figure shows that the exge current density appears to be reasonably
correlated to the cumulative cathode F- emissiameasure of PFSA decomposition. The right
figure shows that the limiting #Air current density also is also correlated to alative cathode

F- emission.
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Figure 169. Summary of cell potential control stugl.
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Figure 170. Correlation of cumulative cathode F- gneration to specific activity and H/Air limiting current density.

In the second part of the study, experiments werelacted where the cell temperature was
varied and the cell voltage was fixed at 0.60Vgufe 171 compares ORR activity, cathode SEF,
and total (anode and cathode) cumulative F- emisigipthe potential and temperature control
series. For the temperature series, ORR actiogly extent, SEF loss, and F- emission rates were
similar between 60 and 75C, but increased subathntit 90C. The right set of plots shows
relatively good agreement between the two seri@6&tv, 90C cell temperature.
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The datasets were provided to Argonne National tatboy (R. Ahluwalia) for analysis and
NSTF MEA durability model development. The oveedkessment are shown in Figure 172 and
Figure 173 from ANL’s 2016 annual merit review metation. The model predictions are that
projected lifetime under a high durability drivecty (minimized high temperature excursions),
the time to 10% voltage loss is ca. 800 hours,tduacreased ORR overpotentials and apparent
mass transport losses due to F- emission. ANLsessnent differs from 3M’s, in that ANL
separately estimates the ORR activity and cathodgssnransport overpotentials’ dependences
on cathode F- emission, whereas 3M’s assessmérdtithe ORR activity loss alone determines
the mass transport loss.
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Irreversible Increase in Mass Transfer Overpotentials

Limiting Current Density, A.cm?

a

Limiting current density (i) defined for convenience as the reference current

density at which the mass transfer overpotential (7;,) equals 300 mV

= j, can be correlated with CFR without any explicit dependence on hold
potential or exposure temperature

= 2 ung.cm suggested as the absolute upper limit of CFR for NSTF MEA:
Value at which j, becomes <1 A/cm? at 3M standard conditions

Mass transfer overpotential (1,,) correlated with i/i and the cumulative fluoride

release at cathode (CFR)

= CFR has to be restricted to <0.5 pg.cm to limit increase in 7, at EOL to
35 mV at 1 A/cm? (half of target 10% degradation at EOL)
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Figure 172. ANL analysis of NSTF MEA limiting current density and mass transfer overpotentials depeedces on

cumulative cathode F- emision.
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Increased ORR kinetic losses contribute 30% and mass transfer losses
contribute 70% of the projected 10% performance degradation at 800 h
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Figure 173. ANL analysis of NSTF MEA lifetime
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Subtask Conclusions

In extensive studies, rated power durability ofdiage NSTF MEAs was found to depend upon
several material and operational variables. Perdoice degradation was accelerated by
incorporation of low EW PEMs, lack of PEM decompiasi mitigating additive, lower cathode
loading, increased operating temperature, and dsedeoperating potential.

A key correlation was identified between/Rir performance at 1A/cékand cathode absolute

activity from over 53 MEAs and over 200 individudhta points. A numerical fit of the

correlation indicates an ~ 120mV/decade dependenté/an?. The correlation suggests that
cathode activity loss alone may be responsiblerdted power loss in NSTF MEAs, and that
maintenance of activity above ca. 15mAfgga-may be sufficient to mitigate the effect. The
mechanism for why ORR activity influences/Air performance in this manner is not known.

A material based approach to improving rated padugability was identified, but performance
was insufficient to allow downselection for proj&DC MEAs.

Mechanism studies confirmed the hypothesis thadrgiower loss of NSTF MEAs is due to
ORR absolute activity loss, induced by two meaathade surface area loss and specific activity
loss. A correlation was identified between specdctivity loss and cumulative cathode F-
emission, a measure of PFSA decomposition.

The correlations betweenfAir performance, ORR activity, and F- emission &versed to
generate a durability model of NSTF MEAs. The mouhelicates that with baseline NSTF
MEAs, the expected time to 10% voltage loss is axprately 800 hours. To attain the 5000
hour durability target, cathode FER must be redumeda. 80% by incorporation of more stable
membranes.

The specific root cause mechanism for the ORR 8pegtivity loss with PFSA decomposition
is not yet known with certainty, but the hypothesisisistent with all of the experimental results
is that PFSA decomposition could conceivably predweater insoluble ionomer fragments
which are catalyst poisons, such as long-chainlymdcarboxylic acids, which adsorb to the
cathode catalyst thereby decreasing the activBased on the performance decay rates, it is
estimated that the generation rate of such contamsnis at least two orders of magnitude less
than the F- emission rates.

Future Directions
The work above has set the path for two primaryr@gghes to implement a materials-based
solution to rated power loss of NSTF MEAs.

A first high-level pathway is to incorporate dubNSTF cathode catalysts with improved
specific area. Based on the current mechanistienstanding, improved specific area catalysts
will maintain the cathode absolute activity abolie ta. 15mA/crmthreshold for severe rated
power loss for longer periods of time, assumingstam contaminant delivery rates. This work
is on-going at 3M.

A second high-level pathway is incorporation of PEWhich are more chemically stable and/or

produce a smaller proportion of the irreversiblys@tbed contaminants per unit PFSA
decomposition. This work would be acceleratechd specific proposed contaminant species
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could be detected via analytical technique. Thallehge is two-fold; the generation rates are
likely orders of magnitude smaller than the F- esois rate (already low), and the proposed
contaminants are not believed to exit the celhmeffluent water (irreversibly adsorbed).
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Task 6. Short Stack Beginning of Life Performance, Power Transient, and

Cold Start Evaluation

e SQubtask 6.1 Basaline MEA Evaluation
e SQubtask 6.2 Interim Best of Class MEA Evaluation
e SQubtask 6.3 Best of Class MEA Evaluation

The work under Task 6 consists of evaluation otatls with the interim best of class MEAs
determined from subtask 4.1 (subtask 6.2), anterfihal year, 1 stack containing Best of Class
Integrated MEA candidates from subtask 4.1 (sub83k Short stack evaluation is a necessary
benchmark to validate improvements observed insthgle cell MEA development work done
under other tasks, especially improvements toweott$ start and power transient, as well as to
demonstrate freeze start. The results of subtékc6mbined with the durability testing results
from subtask 5.4, will be used to determine thalfiBest of Class Integrated MEA to be
incorporated into the final short stack deliverable

Short stack evaluation in Subtask 6.2 and 6.3 ieciur at General Motors, contingent upon
passage of three MEA robustness criteria in S0ABA testing at 3M (Table 3). Delivery of the
final project short stack is also contingent upasgage of the criteria.

Subtask 6.1 Baseline MEA Evaluation

Subtask Overview

Short stack evaluation is a necessary benchmaréligate improvements observed in the single
cell MEA development work done under other taskpeeially improvements towards cold start

and power transient, as well as to demonstratedretart. The results of subtask 6.3, combined
with the durability testing results from subtasK,5will be used to determine the final Best of

Class Integrated MEA to be incorporated into tinalfshort stack deliverable.

Subtask High Level Work Summary

Baseline MEA materials for stack testing were preduand validated. New terms to enable
stack testing at a project subcontractor, GM, weggotiated and accepted by 3M, GM and
DOE. The new terms disallowed stack testing taupwdth project baseline materials.

Subtask Key Results

Baseline Stack Material Validation

Two baseline material sets were identified, with.@5PtCoMn/NSTF anode, 3M 24um 825EW
PEM, 3M 2979 anode and cathode GDLs, and a catheléetrode consisting of
P&Ni7(Dealloy+SET)/NSTF at either 0.10 or 0.125mg/cm?. Outside of this project, roll-good
catalyst coated membranes (CCMs) were generat@¥goroduction equipment and 2979 GDL
was procured from existing stock, in sufficient gu@es to support short stack evaluation.
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Figure 174. H/Air Performance, Specific Area, and Mass Activitis of Roll-Good CCMs to be Used for Stack Testingsa
Compared to Lab-Made.

Figure 174 compares the fuel cel/Air performance, ORR mass activity, and catalystace
area for the production roll-good CCMs to lab ma&€Ms, using similar or same input
materials. Under HAir, the roll-good CCMs yielded similar kineticgigonse as the lab made
CCMs, but the limiting current densities were slighower. The mass specific area and ORR
mass activities were similar between lab and prodacCCMs.

Stack Testing Resource Challenge and Plan Adjustment

On Oct. %', 2012, General Motors publicly announced thatiit be closing its Honeoye Falls,
NY fuel cell research facility. The work GM was ¢onduct under this project, including stack
testing, was to primarily have occurred at the HxyeeFalls facility.

In January, 2013, GM informed 3M that stack testogld occur at GM only upon passage of
three robustness criteria. This was unacceptablkM, as the terms of 3M’s SOPO indicated
stack testing was a key deliverable.

Negotiations continued. During a May, 2013 phoaeference between 3M (E. Funkenbusch,
A. Steinbach), GM (M. Matthias) and DOE (K. Eppikgtin, G. Kleen), a resolution was
identified. It was agreed by all that GM would kxde 3M MEAS in stacks under this project,
contingent upon demonstration of substantial pregmn three robustness criteria, two related to
low temperature operation and one to operation uhiig temperature operation with reduced
RH. It was also agreed that 3M will not be contnally responsible to conduct stack testing if
the criteria are not met. Table 19 lists the agdpegon criteria.

165



Table 19. Robustness criteria to enable stack tésg at General Motors

Demonstration of the three robustness criteriactupin subscale (e.g. 50énhardware with stack candidate
materials. Evaluation to occur at 3M.

Criteria name Description Value
Cold Stack voltage at 30°C as a fraction of the stadtage at 80°C >0.3
Operation operation at 1.0 A/cf measured using the protocol for a

polarization curve found in Table 3. A 25°C dewrgds used
only for 30°C operation.

Hot Operation Stack voltage at 90°C as a fraction of the stadtage at 80°C >0.3
operation at 1.0 A/cfp measured using the protocol for a
polarization curve found in Table 3. A 59°C dewmnids used
for both 90°C and 80°C operations.

Cold Transient Stack voltage at 30°C transient as a fraction & $tack >0.3
voltage at 80°C steady-state operation at 1.0 A/oneasured
using the protocol for a polarization curve foundlable 3. A
25°C dew point is used only for 30°C operation. G0°
transient operation is at 1 A/érfor at least 15 minutes then
lowered to 0.1 A/crh for 3 minutes without changing
operating conditions. After 3 minutes, the currdensity is
returned to 1 A/cih The voltage is measured 5 seconds aftef
returning to 1 A/crh

Based on existing data, the baseline material astagsessed to have a very low probability of
achieving the Table 19 metrics, so baseline stastknig did not occur.

Subtask Conclusions
Baseline MEA stack testing did not occur.

Future Directions
N/A

Subtask 6.2 Interim Best of Class MEA Evaluation

Subtask Overview

Short stack evaluation is a necessary benchmaréligate improvements observed in the single
cell MEA development work done under other taskpeeially improvements towards cold start

and power transient, as well as to demonstratedretart. The results of subtask 6.3, combined
with the durability testing results from subtasK,5will be used to determine the final Best of

Class Integrated MEA to be incorporated into tihhalfshort stack deliverable.

Subtask High Level Work Summary
Interim Best of Class MEAs were evaluated in singgdls and did not achieve the required
robustness metrics outlined in Table 19. No staskng was conducted.

Subtask Key Results
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In CY14QO01, experiments were conducted to evalstaieis against the three robustness criteria
needed to allow stack testing. The MEA was theelr@s CCM used in the interlayer testing
(0.05/0.15PtCoMn, 3M 825EW 20u), the interim BebtGdass Anode GDL (“X2"), and the
interim Best of Class cathode interlayer with c@3thgewcn?. Table 20 summarizes the
results from this testing. The MEA passed the ¢ymration test, but did not pass the cold
operation or cold transient tests under specifinddmons. A modest modification of test
conditions, decreasing the anode pressure fromtd 300kPa, resulted in near passage for both
the Cold Operation and Cold Transient tests.

Table 20. Robustness Criteria Needed for Stack Teésg at GM

Demonstration of the three robustness criteriactupin subscale (e.g. 50énhardware with stack candidate
materials. Evaluation to occur at 3M.

Targ
Criteria o et

Description Status
name Valu

e

Cold Stack voltage at 30°C as a fraction of the stackage at 80°C] > 0.3| ~ 0 (w/ 150kPa anode
Operation | operation at 1.0 A/ch measured using the protocol for|a
polarization curve found in Table 3. A 25°C dewmids used onlyf 0.29 w/ 100kPa
for 30°C operation.

Hot Stack voltage at 90°C as a fraction of the stackage at 80°C} >0.3( 1.0 (performance
Operation | operation at 1.0 A/cfn measured using the protocol for|a increased)

polarization curve found in Table 3. A 59°C dewrgads used for
both 90°C and 80°C operations.

Cold Stack voltage at 30°C transient as a fraction efgtack voltage at > 0.3 | ~0 w/ 150kPa anode
Transient | 80°C steady-state operation at 1.0 Adcnmeasured using the
protocol for a polarization curve found in TableA325°C dew point “almost” achieved @
is used only for 30°C operation. 30°C transientrapen is at 1 100kPa anode
Alcm? for at least 15 minutes then lowered to 0.1 A/dior 3
minutes without changing operating conditions. Afleminutes, the
current density is returned to 1 A/&nThe voltage is measured|5
seconds after returning to 1 A/&ém

Figure 175 (top) summarizes results from the cqldration and cold transient tests. The test
protocol calls for 150/150kPa reactant pressuremgluhe test, but based on our experience we
believed that improved performance could be aclidyedecreasing the anode reactant pressure
lower than the cathode, which increases anode wateoval and generally increases low T
performance. For the Cold Operation Test (uppé#), Isteady state performance at°G0
1A/cn? is evaluated. The MEA performance was relativelgtable with 125 or 150kPa anode
pressure, oscillating between Blvolution (negative V) and oxygen reduction (pesitv) at the
cathode. At 100kPa, positive cell voltage (ORR}waaintained, but the voltage was too low
and the test station software automatically relsetcell load to OCV. It is possible the MEA
would have passed at 100kPa if the software lovafétyg setting was modified. On the upper
right, the Cold Transient performance showed alamnesult as for the Cold Operation test, in
that negative voltages were obtained at 125 an#dR&@node pressure, but at 100kPa the cell
was showing signs of recovering.
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Figure 175 (bottom) shows that under the Hot Opmraest, the MEA performance increased
slightly with 90°C operation, easily passing the test. We sudpacttthe cathode interlayer is

providing some benefit under this test in maintagnihe PEM hydration state.
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Figure 175. Evaluation of NSTF MEA w/ Interim Dowrselect Anode GDL and Cathode Interlayer Against Robistness
Tests.

Due to the “almost” passing of the Cold Operatiowl £old Transient tests at 100kPa, it is
suspected that a modest additional improvementniarlayer performance would result in
passage of these tests. Currently, at BOL, therimtdownselect IL provides about a°€0
improvement in operating temperature range ovelLno our screening testing, so we estimate
that if the IL generated a 25-30 improvement it would pass these tests.

Subtask Conclusions

A baseline CCM with interim downselect anode GDId aathode interlayer achieved one of
three robustness metrics. Reduction of anodeaetptessure from 150 to 100kPaA resulted in
the MEAs nearly passing the Cold Operation and Cothsient tests.

Due to not passing the robustness metrics, statikgedid not occur.

Future Directions
N/A
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Subtask 6.3 Best of Class MEA Evaluation

Subtask Overview

Short stack evaluation is a necessary benchmaréligate improvements observed in the single
cell MEA development work done under other taskpgeially improvements towards cold start

and power transient, as well as to demonstratedretart. The results of subtask 6.3, combined
with the durability testing results from subtasK,5will be used to determine the final Best of

Class Integrated MEA to be incorporated into tinalfshort stack deliverable.

Subtask High Level Work Summary
Subtask Key Results

Best of Class MEA Operational Robustness

Project 2015 Best of Class MEAs (March and Sepgjewevaluated for operational robustness
using 3M protocols. Figure 176 compares load tesmiperformance of these BOC MEAs to the
pre-project baseline. Both BOC MEAs allowed bdtibke and transient operation to as low as
40°C cell temperature, as compared t6@With the baseline MEA. The BOC MEAs were not
able to achieve operation at°80) suggesting challenges against the Table 19 toéss Cold
Operation and Cold Transient metrics. In fact, tdarch BOC MEA hadlower 30°C
performance than the baseline. Our assessmenthagashis operational challenge was likely
due to significant contamination of the PFSA PEMNiations from the cathode.

o 0.8 150/150kPaA CS2/2 H,/Air. 1Acm” 2015 (Sept.)
<) 60-80°C: 100%RH 30-40°C: 0% RH BOC MEA
= = 0.6 |

> O

2 z 04 /ilf 2015 (Mar.) |
[, -% ' / / BOC MEA
@) (- 02 — Robustness

= E | | Targets /

S -

E o 0.0 2013 Baseline [ |
c MEA

c ©

S 2-02 [ ]
S

O 20 40 60 80 100
Cell Temperature ( °C)
Figure 176. Evaluation of project baseline and 2@L(March) and (Sept.) BOC MEAs in 3M load transienttesting.

Figure 177 compares baseline 0811041B or 2015(M&C€IC) on the response under the Tech
Team Robustness Cold Operation and Cold TransshtIh this figure, the anode pressure was
reduced from the protocol spec’d 50kpa to OkPagthBAEAs contained the interim X2 anode
GDL and the interim downselect cathode IL. Both AdHailed the transient test, although the
baseline 0811041B MEA *“almost” recovered after 8tep change. The 2015BOC CCM
performance at 1A/cfrwas significantly worse than the 0811041B. Thia similar response as
was observed in the 3M load transient test &C3Figure 176).
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Figure 178 compares these MEAs under the Tech H@an®©peration test. Both MEAS passed,
but the 2015BOC MEA showed a larger loss than #dseline 0811041B CCM, again likely due
to the PEM contamination by i
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In June 2015, 3M (A. Steinbach) and GM (B. Lakshammmet at the Annual Merit Review and
GM agreed to conduct stack testing under the projéhe plan was for 3M to provide validated
materials sufficient for a short stack test by e&#ptember.

MEA Production and Validation for Stack Testing

Two pilot scale CCM production runs were conduaed resultant CCMs were evaluated. In
the first process trial (0815219B), the objectivaswio tune the continuous lamination process
for this new anode/cathode/PEM component combinatie43 lineal feet were produced, using
a first dealloyed catalyst lot “A”. A second pess trial, 0815280A, produced ~ 90 lineal feet
of CCM with optimized transfer conditions usinghuade catalyst lots “C” and “D”. Due to the
experimental nature of the input materials, optediZZCM fabrication conditions had not been
established, so some preliminary process optinmratvas conducted during production. As
such, the CCMs were sectioned and each sectionanalyzed for visual quality and catalyst
transfer extent. XRF analysis was conducted onnjiet anode and cathode catalyst before and
after CCM transfer for the first CCM lot, 08152198 he average total CCM PGM content was
0.105mg/cr.

Representative acceptable CCM sections were condii, then evaluated for BOL fuel cell
performance and mass activity. Figure 179 comparesk-in conditioning rates for laboratory
vs. pilot scale CCMs (both lots). Note that the AdBwvere tested in standard “quad serpentine”
flow field test cells with baseline diffusion mediand that only the MEA cathode was
conditioned. Break-in rate and extent were genei@mparable and within expectation. The
only observed difference was that during the f&r$tours of conditioning, the pilot scale CCMs
had lower performance at 0.30V, but afterwardstiie CCM types were similar. This small
difference was not considered to be of concern.

After cathode conditioning, Figure 180 shows tha pilot scale CCMs (both lots) slightly
outperformed laboratory CCMs using the same inpist With qualitatively good reproducibility.
Table 21 shows that the pilot scale CCM had mogédstgher mass activity and specific area
than the laboratory CCMs. Pilot scale CCM maswi#ictvas comparable to expectation for the
continuous dealloyed catalyst discussed in the&3kkit.1 section.
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Table 21. Mass activity and specific areas
Lab (5) Pilot (12)
Mass Activity (A/mgpem) 0.28 + 0.03| 0.33+0.03
Specific Area (nf/gecm) 11.8+1.4 | 145+0.7

BOC MEAs were assembled using the 0815219B lot GMCand project downselect anode
GDL and cathode GDL with interlayer from Task 2 arAd2 flow field. MEA anodes and
cathodes were conditioned per usual procedureur&ig81l shows that the Sept. BOC MEA with
pilot-scale CCM outperformed the March BOC MEA @aditory scale CCM) for both JAir
performance and operational robustness.

Based on the results above, the Sept. BOC MEA wsssaed as validated and suitable for stack
evaluation, based on the generally comparable prawed break-in conditioning ratesy/MHir
performance, mass activity, specific area, and aifmeral robustness over the comparative
materials evaluated.
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Figure 181. Comparison of H/Air performance and operational robustness of 201$March) and (Oct.) BOC MEAs.

While break-in conditioning between the pilot-sc8ept. BOC MEAs was similar to the
laboratory MEAs made with the same material (FigLir®), it was slower than previous BOC
MEAs, such as the 2015 (March) BOC MEA with vemngar material sets (Figure 182). This
aspect was not recognized at the time of the ahegessment. As discussed in the Subtask 4.1
section, the lower performance during the Cathodg@vAtion phase was a bellwether for an
apparent severe anode deactivation with the S&pC BIEAs. This anode deactivation lead to
reduced performance and operational robustri¢he anode was not fully activated. While the
necessary break-in procedure was readily condusteuhgle cells, it ultimately was difficult to
implement in stack and resulted in relatively pperformance and operational robustness in
stack testing.

Cell Temperature ( °C)
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Figure 182. Comparison of Break-in Conditioning
Task 6 Work Overview at General Motors
The work initiated at GM in CY15Q3, and consistédiogle cell and stack testing of 3M BOC
MEAs.

The single cell work consisted of initial fit/fumoh assessments. Some performance and
operational robustness differences were observedebea sites, and collaborative work between
3M and GM was conducted to resolve the site-siderdpancy. This included a site visit by a
GM engineer to 3M to closely evaluate the 3M tegtomotocols and to enable a more direct
assessment of possible testing differences. A samuof single cell work from GM will follow
below, followed by a summary of 3M’s support work.

Three stacks were built and evaluated at GM betwaeNov. '15 and Aug. '16. The first was a
3-cell stack for initial fit/function assessmentdaprotocol troubleshooting. The second stack
was a 29-cell stack consisting of GM baseline MBAg types of 3M baseline MEAs, and 3M
BOC MEAs. Evaluation of the second stack occume@€Y16Q1 into Q2. Some cells in the
stack were damaged during testing. A third stadkp 29-cells, was built in CY16Q2 and
evaluated periodically through the end of the mbje Aug. '16. A summary of stack testing
will follow below.

Single Cell Studies at GM

Initial work focused on establishment of methodsdiotaining reliable data with NSTF MEAs at
GM, which was reasonably consistent with 3M resuligork included evaluation of impacts of
cell compression, conditioning method optimizatiand test method implementation.

Figure 183 summarizeskAir polarization curves measured at 3M and GM, 8 BOC
MEAs, 3M baseline MEASs, and GM baseline MEAs, deéxad later in Figure 192. Under the
GM test conditions (8@, 1.5atmA, 32% RH), relatively similar performascsere observed
with modest differences in the kinetic and massadpart regimes (Figure 183 left). At low
current density, the 3M BOC MEA vyielded the highpstformance, and at 1.5A/érthe best
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performance was obtained with the 3M baseline.uf@dL83 (right) compares the 3M baseline
and BOC MEAs, evaluated at 3M at°@cell temperature, 1.5atmA, and modest subsaburati
(84°C dewpoints). 3M results indicated that theB®IEA vyielded performance which was
substantially higher the baseline MEA. Close comnspa of the 3M baseline data reveals
reasonably comparable performances between sitéswever, the 3M BOC MEA yielded
appreciably lower performance at GM than at 3Mt{tenorder of 50mV at 1.5A/cin

Table 22. Configuration of various Membrane Electode Assemblies (MEASs) that were used in the smaltae
experiments
MEA Type | Anode Anode Membrane Cathode Cathode
GDL? GDL?
GM GM GDL | Pt/Grv GM Proprietary GM GDL Pt-alloy/C
Baseline (18 um)
3M Baseline| 2979 0.05 PtCoMmM 825 EW]| 2979 0.15PtCoMn
NSTF PFSI (20 um) NSTF
3M Best of| “X3” Low | 0.02 PtCoMn| 3M-S 725 EW| 2979 w/ IL 0.10P£Ni7 NSTF
Class phobic NSTF PSFI (14 um) (0.02 mg,!cmz)
treated
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Figure 183. H/AIr polarization curves of GM baseline, 3M baselir, and 3M Best of Class MEA. (Left): 80°C cell
temperature, 32% RH, at GM. (Right): 90°C cell tenperature, subsaturated RH at 3M.

Possible factors for the BOC MEA performance site-gdiscrepancy include differences in test
conditions, different flow fields, and differencesbreak-in protocol. GM evaluated the impact
of test conditions, specifically RH level. Figur84 shows that at 60% and 100% RH, the NSTF
MEA performances decreased compared to the GM ibasetssentially over the entire
polarization curve. This is in sharp contrastite tomparable performances obtained between
the MEA types at 32% RH in Figure 183 (left), above

3M evaluated the impact of break-in protocol amuflfield type. 3M implemented GM’s

protocol at 3M, and resultant performance with @& protocol was qualitatively similar to the
performance obtained at GM (Figure 185). It issilde that the relatively low performance of
the 3M BOC MEA at GM was due to test protocol.
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Figure 184. GM Evaluation of 80°C H/Air performance vs. inlet RH. (Left): 60% RH. (Right): 100% RH
Another possible reason for the relatively low BBIEA performance at GM is if the anode was
not sufficiently conditioned. Figure 186 showstthdéth minimal anode conditioning, the BOC
MEA performance was essentially identical to thatamed with the 3M baseline MEA, and
performances are essentially the same to thatraatait GM in Figure 183 (left).
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Figure 185. Comparison of BOC MEA performance afteconditioning with 3M protocol (black) and GM prot ocol (red).
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Figure 186. Comparison of 3M baseline MEA to BOC NEA with insufficient anode conditioning.

Flow field type was also determined to be a strtawjor; use of a quad serpentine flow field
from Fuel Cell Technologies resulted in dramaticatkduced performance over most of the
polarization curve (Figure 187). 3M and GM latespected the GM flow field and the 3M FF2
and the differences identified were believed tarbeor, and as such likely not responsible for
the site-site performance difference.
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Figure 187. Comparison of BOC MEA performance in laseline quad serpentine flow field (red) or projectiownselect
FF2 (black).

To aide in understanding performance discrepan&®s, evaluated the mass activity of the
various MEAs. BOC MEA and baseline MEA mass atibgi were as expected and similar to
3M values.

Cell Voltage (Volts)
OO0 o00oo
R N wWwN
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Figure 188. Kinetic analysis of GM baseline, 3M tseline, and 3M Best of Class MEAs.
Operational robustness measurements were also ceadat GM and compared to 3M values.
Figure 189 compares steady state performancesnatelmperature. GM evaluated via°@0
Ho/Air polarization curves, which showed that the BMEA had improved limiting current
density over the 3M baseline MEA which was complarab the 3M data. However, at higher
cell voltages where waste heat generation is lotherBOC MEA had lower performance than
the GM baseline data. The GM measurements of 38¢limee and BOC MEA limiting current
densities at 4@ were close to those measured at 3M (right).

In addition, operational robustness towards loaddients were also evaluated at GM. Initially,
GM results with the 3M BOC MEA were substantiallgldov 3M values, and were generally
comparably (poor) to the 3M baseline MEA. Aftegrsficant effort, including a visit by a GM
engineer to 3M, it was determined that modest diffees in test protocol were likely
responsible, including changes in dwell time ptiorthe transient and placement of the cell
thermocouple (end plate vs. in cathode flow fieldAfter adjustments, reasonably good
agreemenin trend was observed between the two sites.
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Figure 189. Comparison of steady state low tempetare performance between test sites. (Left): 40°E/Air
polarization curves at GM. (Right): 0.40V temperaure sensitivity measurements at 3M.
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F_igure 190. Load transient analysis of GM baseliné8M baseline, and 3M Best of Class MEAs at sever@mperatures
and relative humidities. (Top): Measurements at ®1. (Bottom): Measurements at 3M.

In conclusion, at the single cell level, a majorafythe performance, activity, and operational
robustness characteristics reported at 3M werela@d at GM. One primary area of remaining

discrepancy is the relatively low rated power perfance of the BOC MEA.

Insufficient

conditioning of the anode is a reasonable pos$aoker, but was not confirmed or refuted.

Short stack evaluations of BOC MEAs.

Initial 3-cell short stack evaluation

A 3 cell stack comprising BOC MEAs was built anchdiioning was initiated. Conditioning
used GM'’s best effort at implementing the 3M singgdl protocol. Initial performance after 40
conditioning cycles was promising, achieving 1.4A%cat 0.40V, reasonably similar to single
cell values. However, the measured HFR was caigher than expectation. Based on this, the

stack compression was increased and performanceasec.

It was

later determined that the

high HFR was an artifact due to the use of too ¢dwan AC impedance measurement frequency

(1 kHz used vs. 7-10 kHz preferred for NSTF).

performance.

feptwas halted due to the degraded
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Figure 191 3-cell BOC MEA stack during break-in. (Top left): Cell voltage. (Top right): HFR. (Bdtom left): Stack
current density.
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First 29-cell short stack

Based on the promising 3-cell stack results, a &Bghort stack was built comprising GM
baseline MEAS, two types of 3M baseline MEAs, aml3M BOC MEA.

In this reporting period, a 29-cell rainbow shddck was built, conditioned, and evaluated for
Ho/Air performance and load transient. The shortistest stand was modified to incorporate
liquid water flushing. Figure 192 summarizes thEA8$ incorporated into the stack. 10 Sept.
BOC MEAs were installed, as well as 10 GM baseMieAs. Two 3M baseline CCMs were
included, which contained 0.05/0.15PtCoMn/NSTF a&naal cathode electrodes with either
825EW 20u supported PEM or the BOC PEM. All MEA=d 3M “X3” anode GDL and 2979
cathode GDL,; the BOC MEAs also included the typéiferlayer.
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Short Stack Design
= Stack consisted of the following CCM MEAs

n _ ’ Cathode Description

FrCobdn/MN5TF 3hd B2SEW PrEaMn/NSTF
1 AM Baseline CCM .05 e 20 jm 015 i 4
3 3“""5":;&1':‘:;‘:” PHCabdn/NSTF 3"""'_5|T25E""' PrCoMn/NSTF -

i H -I

rnembrane B g wit additive L

Dealloyed Pr Ml MNSTF
NSTE IM-5 T25EW .
3 3mA March BOC CCM Sl e 14 pm 3 i) En?"'lcmt ia
002wy e wi addithi A O g "B it oy L
Loading— 0.016 mg.fem?
\ Dizparsed P Dispersad Pr-alloy /i

4 GM Baseline CCM SO0EW lon 18 e PFSA SOOEW boncmer ia

*  Following GDLs were used
»  Apode — 3M-X2 Low phobic GDL
s Cathode — 3IM 2878
= Short stack stands were equipped with | Water Flush lines for thermal cycle break-in process

bkl

= e

E Genersd Motors Company THE ‘WORLDYS BEST VEMICLES
= Liplmunen Righes Daia

Figure 192. First 29-Cell Stack Build Plan.

After assembly, the stack was installed on stadiath break-in conditioning was initiated (Figure
193). Approximately 170 conditioning cycles werenducted, including operation with
Reversed MEA orientation to allow conditioning tietanode. The figure shows that MEA
performances improved only marginally over timerae first 50 cycles. In single cell testing,
performance improves considerably over the first@0ditioning cycles. Under reversed MEA
conditioning, performance was largely unchangedsimgle cell testing, performance at the
limiting current density increases at least 4x. éWlswitched back to normal MEA orientation,
performance improved modestly; the NSTF BOC MEAre@asing the performance from ca.
0.25V @ 1.1A/crito 0.41V. The BOC MEA performance was signifidartelow the NSTF
baseline MEA, inconsistent with 3M and 3M singlell cdata. The GM baseline MEA
outperformed the NSTF MEAs by ca. 100mV at 1.1-1cP#.

Figure 194 summarizes the /Mir performance after conditioning. Performancegre
normalized to the GM baseline to protect GM coniitbd information. The BOC MEA
performance was below the GM baseline and 3M bas@liEAS, attaining 70% of the absolute
performance at 1.2A/ctn The BOC MEA did yield improved performance ie tkinetic regime
over the 3M baseline MEAs, as expected.

Figure 195 and Figure 196 summarize stack loadsigah performances at a variety of test
conditions, noted in the figure captions. The BO®IEAs failed under all test conditions
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evaluated, including 8C cell temperature.  The GM baseline MEAs largphssed the
conditions tested.
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Figure 193. Performance Evolution During Stack Brek-in Conditioning.
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Figure 195. Stack load transient performance at 80, 100% RH. Left: instantaneous response (0s aftéansient).
Right: after 30s.
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Figure 196. Stack Load Transients at 70C, 100% RH0C, 0% RH; and 40C, 0% RH (top to bottom). Left:
Instantaneous. Right: After 30s.
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The stack test results of the BOC MEAs are veryifigantly below expectation based on
extensive single cell testing at 3M and at GM. tHose tests, the BOC MEAs outperform the
baseline MEAs under rated power testing, and a#se ldramatically improved load transient.
One possibility to explain the BOC MEA underperfamse, even when compared to the
interlayer-free 3M baseline MEA, is insufficientage conditioning in the stack format. As
discussed in the Subtask 4.1 and 4.2 sectionshdariconditioned BOC anode can result in
poor H/Air performance and very poor operational robussn#ue to low HOR kinetics.

Testing was halted due to the poorer than expgmedrmance of the BOC MEAs and damage
to a few cells which occurred during aggressivéngs

Second 29 cell stack test at GM

Late in CY16Q2, a second short stack was built rilsh MEA, outlined in Table 23. MEAs
comprised three types of 3M baseline CCMs (20udar REM, w/ and w/o IL), the BOC MEA,
and the GM baseline. The primary objective witls teecond stack was to determine if
improved stack level performance and operationalustness with the BOC MEAs could be
realized by using a recently-developed anode cmmility procedure, high potential CVs taken
periodically. This approach was found to be reaBynsuccessful in single cell work, discussed
in the Subtask 4.2 section.

Table 23. Build of 29 29-cell short stack

Type Anode Membrane Cathode Description Cells
Description

PtCoMn/NSTF

1 3M Baseline CCM w/ IL PtCoMn/NSTF 3M 825EW 015 mgpt-/cm2 1-5
(UEAD098G) 0.05 mgp,/cm? 20 pm 3M 2979 w/ “B” Interlayer IL
Loading — 0.016 mg,,/cm?
3M Baseline CCM PtCoMn/NSTF 3M 825EW PtCoMn/NSTF 6-9
(UEA0098B) 0.05 mgp,/cm? 20 pm 0.15 mgp,/cm?
Dealloyed Pt;Ni;/NSTF
3 3M BOC CCM PtCoMn/NSTF 3M;-S472:1EW 0.095 mgj,/cm? 10-19
(UEA0098D) 0.02 mgg,/cm? / dt;'t' 3M 2979 w/ “B” Interlayer IL
Rasteubt Loading — 0.016 mgp,/cm?
PtCoMn/NSTF
i 3M - 14 um Baseline PtCoMn/NSTF 3MI§17;;:EW 0.15 mg,,/cm? 20-23
CCM wy/IL (UEAOO9SF) 0.05 mg,,/cm? w/_a_dt;itive 3M 2979 w/ “B” Interlayer IL
Loading — 0.016 mgp,/cm?
GM Baseline CCM Dispersed Pt/C Dispersed Pt-alloy/C
(UEAD098E) BOOEWlonomer | PR EESA 800EW lonomer AR

Figure 197 summarizes the stack performance owes turing break-in. During the first 80
voltage cycles (including 10 cathode thermal cyglgerformance of the stack on average
increased. At 0.50Mc control voltage, the current density increaseanfi@.5A/cn? to ca.
0.95A/cnt. As the current density increased, the averadgfag® of the BOC MEAs decreased,
whereas the average voltage of the 3M baseling_widreased substantially. The performance
of the other MEA types was relatively steady.

After ca. 80 cycles, specific anode conditioningswanducted via use of CVs to 1.2V (“Anode
MHADL1"). Performance of the stack overall and indual MEA types was relatively
unchanged immediately afterwards (scans 80-100).
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Voltage cycling, cathode thermal cycling, and paicoanode CVs were conducted for an
additional 40 hours. During this time, overallcktgerformance remained relatively steady for
most MEA types. The BOC MEA improved on the orde60mV. The 3M Baseline MEA w/
IL showed decreasing performance with time, predamily stepwise coincident with the anode
CVS (MHAD 2, 3, and 4). The low and declining perhance of the 3M baseline w/ IL could
have been due systematically-flipped CCMs (CCM anoperated as cathode), evidenced by
ECSA data discussed below.
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Figure 197. Break-in time trace with periodic ano@ condition cycles.
Figure 198 summarizes the ECSA evolution during NIHA. For the NSTF-based MEAs,
ECSA increased with anode cycling. Most MEAs yeelexpected ECSA values, except for 3M
Baseline w/ IL, which had much higher ECSA valueant all other MEA types, including the
GM baseline with dispersed anode. This is whotigxpected. The 3M Baseline w/ IL anode
was 0.05mgPtCoMn/NSTF, the same as the other 8iMeleaseline MEAs. The reported ECSA
value of ca. 32rlg is reasonable if one assumes that the CCM wiapefl, and the
0.15PtCoMn/NSTF cathode was installed as MEA anddenverting for the loading difference
results in ca. 11/g, in line with expectation for 0.15PtCoMn/NSTF.

Due to the unexpectedly poor and decreasip@iHperformance during conditioning and the
unusual ECSA values with the 3M Baseline w/ IL, geging a possible CCM flip, we are
excluding those results from consideration.
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Figure 198. ECSA evolution during MHADL for different MEA types.

Figure 199 summarizeskAir performance after 54 hours of conditioningepd relative to the
GM baseline. Relative to the GM baseline MEA, 3w MEAs all yielded lower performance
across the entire polarization curve. Within theekic regime (0-0.2A/cR), the NSTF MEAs

(with confirmed CCM orientation) yielded performanwithin about 5% of the GM baseline,

with the 3M BOC yielding slightly higher performanthan the 3M baselines. The performance
difference increased considerably at higher curdmnisities.
performance was lower than the 3M baselines. TOE€ BAEA performance at high current

density appeared to be similar to the first st&egyre 194).
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Figure 199. H/Air performance after 54 hours of conditioning.

At 1.2A/c&) the BOC MEA
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Figure 200 shows the average BOC MEA performancengiihe course of the conditioning.

The first curve was taken after the first 10 thdroyeles, anode CVs, and 8 additional thermal
cycles. Additional cathode thermal cycle and an@é conditioning resulted in a modest
performance loss.
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Figure 200. Example anode CVs to 1.6V for potenti@onditioning
Figure 201 summarizes the evolution of BOC MEA an@Y/s during MHAD #1. TheSiCV

exhibited an oxidation stripping peak near 0.708, present in subsequent scans. Further scans
resulted in modest d#p growth, consistent with single cell work at 3Mtlolid not increase the
apparent HER kinetics, inconsistent with numerddssihgle cell results. Confirmation of HOR
kinetic improvement of the BOC anodes with CV aygliwould have required conducting H
pump measurements, which were not done at GM.

3M BOC Cell #13

0.003

0.002

14

= . —Scan 1
—-0.003 .‘ —Scan 2
0.004 | Scan 3
; —Scan 10
-0.005 ll‘ Scan 50
0.006
0.007

Potential (V)
Figure 201. CVs of a BOC MEA anode during MHAD1.
After conditioining, the stack was evaluated foadotransient capability at several conditions,
summarized in Figure 202 and Figure 203. The BCEABIwere able to achiving passing load
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transients at 8C, 100% RH and 5C, 0% RH, but failed at 7€ 100% RH and 4T, 0% RH.
This was improved over the first stack, where tH@(BMEAs had failing load transients for
each of the stated conditions (Figure 195 and Eidi86). The robustness of the 3M 14um
Baseline w/ IL also improved modestly in stack Zaspared to the first stack.

One key, positive result was that the 3M Baseline EAs with project downselected anode
GDL passed all operational robustness tests evalwet, including transients down to 36C
stack temperature. The cathode interlayer yielded possible benefitttee lowest cell
temperature evaluated. This provides strong &abd to the anode GDL and cathode interlayer
approaches developed in this project.

Instantaneous Response Response at 30 s

I I GM Baseline GM Baseline
3MBOC 3 ocC

3M Baseline N
wi L 3IM Baseline IM Baseline
wio IL wi L

Cell Voltage V., (V)

Cell Voltage V.. (V]

12 3456 7 8 91011121314 15 16 17 18 19 20 21 22 23 24 25 26 27 28 123 456 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
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Figure 202. Stack load transient performance at 80, 100% RH. Left: instantaneous response (0s afteransient).
Right: after 30s.
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Figure 203. Stack 2 load transients at 70C, 100%HR 50C, 0% RH; 40C, 0% RH ; and 30C, 0% RH (top tobottom).
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Subtask Conclusions

All components for the final project 2015 (SeptgsB of Class MEAs and stack testing were
producible on continuous pilot scale equipmentiuding the experimental anode GDL, cathode
GDL with interlayer, dealloyed cathode catalystraxlow loaded anode catalyst, and the catalyst
coated membrane. Resultant MEA rated power pedoce, specific power, and operational
robustness were improved relative to the previcersegation 2015 (March) BOC MEAyhen
both the anode and cathode el ectrodes wer e fully conditioned.

Single cell validation of 3M reported results atn@el Motors was partially successful. The
rated power performance of baseline materials wasparable between sites, but the 3M BOC
performance at GM was lower than at 3M. Possilaletoirs included differences in test

conditions and break-in protocols; the specificseds) was not specifically determined. With

considerable effort and careful control of testipgrameters, the operational robustness
improvements of the BOC MEA over the baseline walelated at GM.

Stack evaluation of Best of Class MEAs at Generaldyk in a single 3 cell and two 29-cell
short stacks yielded performance below expectati@sed on both 3M and GM single cell
testing. The BOC MEAs’ average cell voltage atAlci? was below the 3M baseline MEAS’
average cell voltage, and only 70% of the GM baseMEAs’ average cell voltage. This
contrasts sharply with the 3M results, which shdvattthe BOC MEA yields improved
performance over the baseline. GM single cell ltesuere also in contrast to the short stack
results, where the 3M Baseline and BOC MEASs yielsiedlar performances.

Several possible factors may be responsible folaheBOC MEA performance in GM stack
testing, but none were experimentally confirmed. fi'st possible factor is that the test
conditions used for the stack evaluation may neehaeen optimal for maximum BOC MEA
performance. As shown in Figure 183 and Figure, 1Bd Baseline and BOC NSTF MEA
performances at 8C were found to be sensitive to inlet RH, and digant performance
reductions were observed when the RH was increa8eskcond factor is the influence of flow
field geometry in the GM stack. As shown in Figd&7, relatively wider lands and channels
lead to lower performance than narrower channdlse flow field geometry of the GM stack
was proprietary and not disclosed to 3M. A thirdsqble factor is incomplete activation,
especially of the low loaded BOC anode. Figure 4i&@ws that in single cell, incomplete anode
conditioning substantially suppresses BOC MEA penfince. It is possible that one or more of
the above factors, or additional unsuspected factoay have been ultimately responsible, but
were not confirmed or refuted experimentally.

Operational robustness of BOC MEAs in stack wese &lelow expectation, and was evaluated
by use of load transient testing at a variety atlsttemperatures. In the first 29-cell stack, the
BOC MEAs were unable to pass load transients uadgrof the specific conditions evaluated.
A modified MEA activation procedure was used in #ezond 29-cell stack, and BOC MEAs
load transient performances were somewhat improgkadive to the first stack, but still below
expectation based on 3M and GM single cells.

A key result is that 3M Baseline MEAs with the @ downselect anode GDL and cathode
interlayer successfully passed all load transientltions evaluated, including transients atG30
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stack temperature. This result provides validabbthe electrode-extrinsic water management
approaches developed within the project in TasK Be result also indicates that the stack-level
operational robustness challenges with the BOC M&&ie likely due to factors specific to that
type of MEA, including insufficient or incomplet@ade conditioning.

Future Directions

A key future direction is development and implenag¢ioh of materials-based improvements to
allow rapid activation of NSTF electrodes with maatls similar to those used with traditional

dispersed electrode MEAs. Based on the conclusatyase, incomplete electrode activation

were reasonable and likely contributors to thetineddy poor Best of Class MEA performance

and operational robustness in stacks. Challenggsceted with translating protocols developed
in single cell to stack also likely contributed. tBiked studies of the potential roles of

contaminants, electrocatalyst/ionomer interfaceettgpment, and other possible factors may be
first needed to identify the key root cause(s) daodprovide direction towards materials

development.

In single cell tests, flow field geometry was fouttdbe strongly influential on Best of Class
MEA rated power performance. It is possible thatls flow fields will need to be optimized to
take advantage of the high performance capabiitN®TF MEAs, and/or NSTF MEAs will
need to be optimized to allow decreased sensitiviflow field geometry.

In stack testing, baseline project MEAs demonstiratery good operational robustness for load
transients, validating the project “electrode-edit” approach. While improved, it is likely that
the operational robustness of NSTF MEAs remainsvib¢hat of optimized dispersed electrode
MEAs. It remains unclear if the improved NSTF MHE#bustness is sufficient for end-use
applications for automotive or other applicatiorudies to evaluate this are needed, and would
provide insight into additional work needed. Altative approaches, including modification to
the intrinsic wettability and pore structure of NS&lectrodes may ultimately be needed. Such
work is currently underway at 3M.
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Task 7 — Project Management

Task Overview
Task 7 incorporates overall project managementstasikcluding project-related meetings,
correspondence between team members, and reperiatgjen.

3M will be primarily responsible to prepare theheical and financial reporting. 3M will
provide reports and other deliverables in accordanth the Federal Assistance Reporting
Checklist following the instructions therein.

Towards the goal of optimizing the MEA, 3M will genate, collect, and analyze fuel cell testing
data. 3M will provide appropriate representativaadto the National Renewable Energy
Laboratory using data templates as agreed to bat@&eand NREL.

3M will participate in the DOE Hydrogen Program Amh Merit Review and prepare and
present detailed briefings of plans, progress,rasdits of the technical effort to DOE personnel,
as requested by DOE. 3M will also participate irelIFCell Tech Team meetings as requested by
DOE.

Subtask High Level Work Summary
N/A

Task Key Results

Team Management

The initial project team consisted of General Mstdvlichigan Technological University, and
Lawrence Berkeley National Laboratory. The profeem was later expanded to include Johns
Hopkins University, Oak Ridge National Laboratognd Los Alamos National Laboratory.
Freudenberg FCCT and Argonne National Laboratomewellaborators.

One overall group meeting was held in Sept. "1®adent with the project kickoff. Due to the
large differences in subcontractor work tasks, mgebetween the entire project team were
expected to be non-productive. Most subcontrachayeked primarily with 3M directly, but
significant collaboration was necessary and engaddetween 3M, Michigan Tech, and LBL
in Task 3.

Project Reorganization

During the first project year, a major shift in tpeoject plan occurred. On Oct. 5th, 2012,
General Motors publicly announced that it would diesing its Honeoye Falls, NY fuel cell
research facility. The work GM was to conduct untlds project was to primarily have
occurred at the Honeoye Falls facility. GM infoidn@M that due to this change, it would not
have the resources necessary to execute the execsilaborative MEA integration efforts
between the two companies, including significantkmender Tasks 1, 5, and 6 (Stack Testing).
3M assumed a significant amount of the single tesiting required to execute the development
plan, and LANL was also added to provide additiotatability testing capability. A major
concern for the project was the uncertainty of WwhetGM would be able to execute stack
testing, including the project deliverable shorckt 3M did not have access to relevant
automotive stack hardware and dedicated stacktgstngineers required to execute the work.
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After numerous negotiations between 3M, GM, and D®Rlan was formulated that GM would
build and evaluate short stacks if certain robusgmaetrics were first demonstrated in single cell
at 3M.

Reporting

3M provided all required quarterly reports (16xluding technical and financial information.

3M prepared a project summary report at the project-point, to support the project Go
decision after BP1.

3M provided four annual progress reports.

3M prepared and delivered 15 presentations (ttddD)OE program managers, the USCAR Fuel
Cell Tech Team, and at the DOE Annual Merit Review.

Fuel Cell Data Analysis

3M fabricated, evaluated, and analyzed in excess@i3 individual MEAs at the primary St.

Paul site during the course of the project. MEAL téata was analyzed largely with custom
automated analysis software. A large majority loé tMEAS were integrated into larger
comparative analyses.

Durability Data Reporting

For a majority of the project, durability testingnsisted predominantly of evaluation of
candidate components under ASTs andAH load cycling under specialized and accelerpted
diagnostic testing aimed to identify degradationchamisms. Such accelerated data was not
deemed appropriate to share with NREL for MEA duitgbprojections. Limited data was
provided to NREL (Kurtz). In the final project yeaon-accelerated load cycle data taken with
relevant conditions was generated with the finajgot BOC MEAs, but facility issues resulted
in premature failures of 2 of 3 MEAs, and may hdaenaged the final remaining MEA. Due to
the low statistical sampling size (1 MEA), the dai@s not provided to NREL.

Project Deliverable

The project deliverable was delivery of short stacktaining Final Best of Class MEA to DOE-
approved evaluation site. In 2015, the stack extado partner (GM) informed 3M that it would
not be able to provide a stack outside of GM dugrtprietary concerns. 3M and GM requested
that DOE recognize GM as a DOE-approved site, aad verbally approved by the program
manager (D. Papageorgopoulos).

Two 29-cell short stacks containing numerous ptojgest of Class MEAs were built and
evaluated at GM for performance and operationalstiess, which met the project deliverable.

Subtask Conclusions
N/A

Future Directions
N/A
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Task 8 — Relative Cost/Mfg. Assessment

Task Overview
In Task 8, 3M will provide relative cost savingstalaf the downselected MEA relative to
current baseline MEA using existing models for MEgst at ~500k/year volume.

Subtask High Level Work Summary

The final project BOC MEA was analyzed for perfomoa in differential cell mode. The data
was used to generate a performance and cost mgdélrgonne National Laboratory and
Strategic Analysis, Inc.

Task Key Results

As a matter of policy, 3M does not disclose prodragt information. In lieu of a 3M estimate
which may disclose sensitive information, 3M cortédcnumerous experiments over the project
in support of providing data towards developmenp@fformance and cost models by Argonne
National Laboratories and Strategic Analysis, Inc.

Over the course of the project, 3M provided MEAfpanance data to our collaborators for (at
least) the 2012 (Sept.) BOC MEA, the 2013 (Marc®BMEA, and 2014 MEA data, and the
final project 2015 (Sept.) BOC MEA.

The 2015(Sept.) BOC MEA data was generated in réiffigal cell mode, and was fully

implemented into the aforementioned performance cosi models. Data was generated with
the same pilot-scale produced MEA component lotvided to General Motors for stack

testing, described in the Task 6 section.

BOC MEA Performance Evaluation (Differential Cell)

March and Sept. (2015) Best of Class MEAs wereuatatl under a variety of test conditions
(Table 24) suggested by ANL to establish a perfaiweamodel, ultimately used to generate a
cost model. As discussed in Subtask 4.2, a sggamfidevelopment effort to establish reliable
and accurate differential cell testing methodolsgi@as conducted.

Tests were conducted in a differential cell, toimize data inaccuracy due to down-the-channel
effects. A 50crhactive area MEA was installed in a 50ctest cell with FF2 cathode, and a 1
mil polyimide sheet with 5chaperture was placed between the CCM cathode ahddsaGDL

to define a 5crhactive area.

At least 13 sets of conditions were run (5-6 indial test conditions per set). Prior to each
condition set, the cell was thermal cycled 3 tinmeseversed orientation, then thermal cycled 3
times with normal orientation, and then performannder a baseline condition was measured.
For each individual test condition, the cell wasstfithermal cycled once and then two
polarization curves at the specific test conditiorese taken, one potential controlled down to
0.30V and a second which was current controlletl$e2.0A/cnt (or until ~0.55V was reached),
during which HFR was measured.
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Table 24. Best of Class Differential Cell Test

Series 1. Pressure Effect
Case P T RH X(Oy) Air Flow Rate | Fuel Flow Rate
atm °c % % % %
11 1.0 80 100 100, 21, 10,6, 2,1 100 100
1.2 1.5 80 100 100, 21,10,6,2,1 100 100
1.3 2.0 80 100 100, 21,10,6,2,1 100 100
14 25 80 100 100, 21, 10,6, 2,1 100 100
15 3.0 80 100 100, 21, 10,6, 2,1 100 100
Series 2. Temperature Effect
Case P T RH X(0Oy) Air Flow Rate | Fuel Flow Rate
atm °c % % % %
21 15 90 100 100, 21, 10 100 100
2.2 15 80 100 100, 21, 10 100 100
23 15 70 100 100, 21, 10 100 100
24 15 60 100 100, 21, 10 100 100
25 15 45 100 100, 21, 10 100 100
Series 3. Water Activity Effect
Case P T RH X(Oy) Air Flow Rate | Fuel Flow Rate
atm °c % % % %
3.1 15 80 200 100, 21, 10 100 100
3.2 15 80 150 100, 21, 10 100 100
3.3 15 80 125 100, 21, 10 100 100
34 15 80 100 100, 21, 10 100 100
35 15 80 75 100, 21, 10 100 100
3.6 15 80 50 100, 21, 10 100 100
3.7 15 80 30 100, 21, 10 100 100
Series 4. Flow Rate Effect
Case P T RH X(02) Air Flow Rate | Fuel Flow Rate
atm °c % % % %
4.1 15 80 100 21 100, 50,25,10| 100,50,25,10
4.2 15 80 55 21 100,50,25,10 | 100,50,25,10
Series 5. Anode Water Activity Effect, 21% X(Oy)
Case P T RH. RH, Air Flow Rate | Fuel Flow Rate
atm °c % % % %
51 15 80 100 125,100,75,50,30 100 100
5.2 15 80 55 125,100,75,50,30 100 100

Air Flow Rate: 3 slpm for 12.25 cm? active area
Conditions Hydrogen Flow Rate: 1 slpm for 12.25 cm? active area

Figure 204 summarizes basic performance trendperating conditions for several of the test
series. Performance was sensitive to dOncentration, total reactant pressure, RH, arild ce
temperature, generally in line with expectation.

In Oz concentration testing, the limiting current deiesitdecreased for > 5 down to ca. 0.2A7cm
as the concentration decreased from 100% to 1%ewxydrhe relatively high limiting current
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densities were surprising, considering the relati@ge amount of Ni contamination into the
PFSA PEM from the PtNi cathode.

In RH sensitivity testing, performance improvedgitly with slight subsaturation, and
performance loss with 30% RH was only ca. 30% 40\0. Performance loss at 150% RH was
measurable but modest.

Performance was relatively insensitive to tempeeathetween 60-3C, with a < 50% loss in
limiting current density at 45C.

For all testing, the OCV was surprisingly low (€a90V). The low OCV was ultimately
determined to be due to an artifact associated tvétdifferential cell 5cihactive area definition
method. In essence, the crossover and electrbnitisg parasitic currents were from the entire
50cn? MEA. This is discussed in the Subtask 4.2 section

Base Conditions: 80 °C, 100/100% RH, 1.5/1.5atmA H_/Air (inlet), /3SLM

5cm’ Active Area in 50cm ° cell. Potential control, 5min/pt.
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Figure 204. Summary of Performance Sensitivity tfO2], P, RH, and Cell Temp.
Figure 205 compares2Hir performance of the differential cell to 50émon-differential cells
with 2015(Sept.) BOC MEAs. Excellent agreemerliserved between the non-differential and
differential cell between 0.2 and 2A/émsuggesting that our differential cell testing and
assembly method is consistent with our largerdatiasets.
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Differential v. Non-Differential Performance
2015(Sept.) BOC MEAs, FF2

1.0
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Figure 205. Comparison of Differential Cell to NorDifferential Cell Under 1.5atmA Hz/Air Testing
During the course of testing, the MEA performanegrdded modestly. Testing was conducted
over a ca. 6 week period, with about 800 hourstali tMEA operating time at test completion.
Table 16 summarizes the mass activity and speaiBa for several BOC and BOC-like MEAs
in differential and non-differential format, incligy the MEA used for the above testing,
FC036135. On average, the mass activity of diffeaé and non-differential BOC MEAs was
ca. 0.38A/mg and did not depend upon build typeweler, FC036135’s mass activity at BOL
was much lower than average, only 0.26A/mg. Attdsting “mid-point”, the mass activity was
unchanged. At the end of test, the mass actiatydecreased to 0.21A/mg.

Table 25. Specific Area, Mass Activity of Sevebdgiferential and non-Differential BOC and
BOC-like MEAs, Compared to FC036135 DifferentiallCe

n MEAs Specific Area (rflg) | Mass Activity (A/mg)

5cnt differential 10 2242.6 0.38+0.064

50cnt non-differential 4 18+2.5 0.38£0.058
FC036135, BOL (Jan. 29) 1 24 0.26
FC036135, Mid (Mar. 3) 1 18 0.26
FC036135, EOT (April 4) 1 21 0.21

The lower than typical BOL mass activity of FC3618&s not realized until well into execution
of the testing process. Due to timing constraiBM, decided to complete the requested testing
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with this MEA. It is possible that testing withdéferential cell BOC MEA with more typical
activity would result in further improved perfornem but this was not evaluated.

Figure 206 summarizes performances at severalyyessaear either beginning or end of test, ca.
700 hours of actual test time. The decay extertt iwand to be a function of pressure, with
relatively larger losses at or near ambient pressad minimal loss at 3atmA. At 0.1A/&m
the performance loss at 1.5atmA was 20mV and atti®A the loss was 13mV. HFR was found
to decrease slightly over the test.
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Figure 206. Initial and Final Performance Under Test 1 (21% O, various P).

Performance Modeling at ANL (from 2016 AMR)

Testing data was provided to ANL as it was generatgpically on a weekly basis. ANL
incorporated the data into an MEA performance mauotel results were reported at the DOE
Hydrogen and Fuel Cells Program 2016 Annual MemrviBw (FC017, Ahluwalia). The
relevant slides are incorporated as Figure 207+Eiga2.

The modeling consisted of evaluation of catalysivélg, mass transport overpotentials, and RH
sensitivity. The modeled mass activity was ca8A/&hg, similar to that typically obtained with
BOC MEAs in differential cell and non-differentieéll (Figure 208). Modeled limiting current
densities ranged from ca. 2.8 to ca. 4.0X/@® the @ pressure increased from ca. 0.15 to ca.
0.50 atmA, and depended on total pressure (Fig0€g. 2 Sensitivity to RH was found to be
modest at 8@ cell temperature, and optimal performance tendextcur with modest anode or
cathode subsaturation (Figure 210).
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Dealloyed Pt,Ni, INSTF Catalyst with Cathode Interlayer (Cl)

Collaborating with 3M (FC104) in designing tests on 5-cm? active-area
differential cells and analyzing data to model performance of full-area (>250

cm?) cells

= Ternary Anode: Pt;g(CoMn),,, 0.019 mgp,/cm?
= Binary Cathode: Pt;Ni,/NSTF, dealloyed (JHU Chemistry), 0.096 mg,/cm?
= Membrane: 3M-S (supported) 725 EW PFSA with additive, 14 pm

* Anode GDL: 3M “X3” (Experimental backing, 3M hydrophobization, MPL)
= Cathode GDL: 3M 2979

= Cathode Interlayer: 3M Type “B”, 0.016 mgp/cm?

09 Test Campaign
9y s e, | = 3TCs (NFAL+RFAL) before each test
P: 1.5 atm: T: 80°C series, 1 TC before polarization
> 07 ©: 100% curves
g = ~25% decrease in ECSA over ~735 h
gos Sooen  Sioar actual test time, 22.9 to 17.2 m2/g
3 os ’Zl?? ot 5;235%&2_;{: = Test space: P: 1-3 bar; T: 45-90°C;
A10%C2RH  06%02.P X(O,): 1-21%, 100%; RH(a): 30-
04 b 2l00%RrcRHa > 100%RHCRHa 100%; RH(c): 30-150%; Q(H,): 1
S IS0%RLe Ak | S0%RHe R slpm; Q(air): 3 slpm
03 ; ) s~ * Performance metrics: HFR, H, x-over,
Current Density, A.cm- mass activity, ECSA, short resistance
& *Differential cells have identical build as “Best of Class” (BOC) 50-cm? active area cells -

Figure 207. Test description (from ANL '16 AMR presentation).

ORR Activity of d-Pt,Ni, INSTF Catalyst with CI

Determined ORR kinetic parameters from IR and crossover corrected cell
voltages at low current densities in H,/O, and H,/air.
= Modeled mass activities of the three catalyst systems are consistent with
values measured using the 3M protocol
= Compared to the ternary Pt,(CoMn),,/NSTF catalyst, the mass activity of
binary d-Pt;Ni,/NSTF catalyst with cathode interlayer is 78-144% higher.
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C: d-Pt3hiy 201m, B35 EW | 0125 moiem?®  14.540.7 m'fg  330£30 Algs | 302 Alge 30086
g/
A Plgg{CoMn)y 0.05 mglem®
C: d-Pihliy + :
Cathode 14mm(g), 725 Ewy 0098+ 0 D:E 22+3milg  BB0LE0 Alge 334 Algy 36135
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Figure 208 Mass activity analysis (from ANL '16 AMRpresentation).
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Mass Transfer Overpotentials in d-Pt;Ni, INSTF Catalyst with CI

Determined limiting current density (i) _

and correlated mass transfer 08 PR

overpotential (7,,) with reduced current

density (i4,)

= j, defined as current density at which
N, = 300 mV o5 |

* 71, includes IR drop in the electrode :'_2’:[;;0
= Determined relationships between 7, o4 ¢;,00%
(and ;) and all operating variables: P, 03

T, X(O,), RH(@), RH(c), i, 0 ! 2 N 4

01.0 atm
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Figure 209. Mass transport analysis (from ANL '16AMR Eresentation:.

Water Transport across Membrane

Special test series to investigate the effect of cathode-to-anode and anode-to-

cathode water transport on differential cell performance

For given RH(c), there is an optimum RH(a) oo

at which the cell voltage is highest.

= For 100% RH(c), the optimum RH(a) is
~75%. 20

= The lower the RH(c), the higher the SE’ i
optimum RH(a)

Trade-off between membrane Ohmic

resistance and cathode flooding 04

= HFR (and E + IR) always increases as \
RH(a) is lowered 0 1 2 3

= 11, decreases as RH(a) is lowered

120
#5% RHic)
100
‘E80
éen
£
40
P:15aim
20 T: 80°C
§c 90%
0 03
20 40 0 B0 100 o 1 5 3 0.0 s 1.0 15 20 25 a0
Anode Relative Humidity, % Current Density, A.cm? Current Density, A.cm*

Figure 210. RH sensitivity analysis (from ANL '16AMR presentation).
Figure 211 summarizes a comparative cost assessingna modeled ANL fuel cell system with
either a baseline ternary NSTF catalyst (PtCoMntherproject BOC MEA. It is assumed that
the estimates are at the typical 500k systems/gst@mate used by Strategic Analysis. Direct
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MEA cost reductions were not available. As comgdmethe baseline, the BOC MEA resulted
in a modeledstack cost reduction of 11, 6, and 5%/kW (28.2, 20.d &8.2%) at 1.5, 2.0, and
2.5atm stack operating pressures, respectivelye réduced cost was due in part to decreased
PGM content (13%) and absolute power densitieeasas of 44.2, 29.8, and 25.0% at 1.5, 2.0,
and 2.5atm stack operating pressures.

Comparative Cost and Performance of FCS with NSTF Catalysts

Improvement compared to the 2015 FCS with ternary catalyst
= 25% higher stack power density, including 12.3% due to higher ORR activity
= 16.8% lower stack cost, including 10% due to higher ORR activity
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Figure 211. Comparative cost between project baseé and BOC MEAs (from ANL '16 AMR presentation).
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Rated Power Performance of FCS with NSTF catalysts

Stack Parameters

Membrane

Cathode Catalyst

Anode Catalyst

Stack Gross Power

Stack Voitage (Rated)
Number of Active Celis
Stack Gross Power Density
Stack Gross Specific Power
Stack Inlet Pressure

Stack Coolant Temperature
Stack Air Inlet/Outiet RH
Stack Fuel Inlet/Outiet RH
Cathode/Anode Stoichiometry
Cell Area

Cell Voltage

Current Density

Crossover Current Density
Power Density

Balance of Plant
Humidifier Membrane Area
Air Pre-cooler Heat Duty
CEM Motor and Motor Controller
Heat Duty

Main Radiator Heat Duty

CEM Power

Fan and Pump Parasitic Power

2015 FCS with Ternary NSTF Catalyst

lonomer: 3M 835 EW PFSA with chemical additive
Substrate: None
Thickness: 20 um

Ptes(CoMn)s2/NSTF (0.1 mga/cm?)

Pies(COMn/NSTF (0.05 mggpfem?)

88.2 kW

300V

453 cells (also 452 cooling cells)

2.7 kWIL (without insulation but with end plates)
287 k\Wikg (without insulation but with end plates)
2.5 bar

84.1°C (inlet), 94.1°C (outlet)

Inlet: 56% RH at 85°C; Outlet: 91% RH at 95°C
Inlet: 43% RH at 95°C; Outlet: 102% RH at 85°C
1.5 (cathode) / 2.0 (anode)

250 cm® (active), 414 cm® (total)

662 mV

1.138 Alem’

3.4 mAlem®

754 mWicm®

0479 m*
67 kW

3.0 kW

79.5kW

Compressor shaft power: 10.4 kW

Expander shaft power out: 4.7 kW

Net motor and motor controller: 7.1 kW,

0.5 kW, (coolant pump). 0.3 kW, (H, recirculation

pump), 0.345 KW, (radiator fan)

2016 FCS with Binary NSTF Catalyst
lonomer: 3M 725 EW PFSA with chemical additive
Substrate: 3M support

Thickness: 14 um

d-PtaNiz (0.005 mge/cm’) with PYC cathode
interlayer (0.016 mgg.l‘cmzj
Ptes{CoMn)y,/NSTF (0.019 mgajcm?)

88.2 kW

300V

453 cells (also 452 cooling cells)

TBD

TBD

2.5 bar

83.9°C (inlet), 93.9°C (outiet)

Inlet: 50% RH at 85°C; Outlet: 88% RH at 95°C
Inlet: 43% RH at 95°C; Outlet: 105.7% RH at 85°C
1.5 (cathode) / 2.0 (anode)

208 cm” (active), 333 cm” (total)

663 mv

1.418 Alem®

5.0 mAjiem”

941 mwiem®

0.53m*
57 kW

3.0 kW

79.8 kW

Compressor shaft power: 10.4 kW

Expander shaft power out: 4.7 kW

Net motor and motor controlier: 7.1 kW,

0.5 kW (coolant pump), 0.3 kW, (H; recirculation

pump), 0.345 kW, (radiator fan)

a

Figure 212. Stack and BOP for FCS (from ANL '16 AMR presentation).

Subtask Conclusions

The project downselected MEA was projected to desmdhe cost of automotive stacks by 28.2,
20.7, and 19.2% at 1.5, 2.0, and 2.5atm stack bpgraressures, respectively. The estimate is
provided from experimental data used to develofopsance and MEA cost models at Argonne
National Laboratory and Strategic Analysis, Inespectively, estimated at 500k systems per

year volume.

Future Directions
N/A
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Summary

Component Optimization for Performance and Cost Reduction

In Task 1, several improved components were opathiwhich yielded improved performance
and reduced PGM content. The optimization work grity focused on improvements to the
materials and processes of the anode electrodedmelectrode, and the PEM.

In studies of the anode electrode, minimum anodetrelde PGM loadings to obtain acceptable
performance ranged from 10-20 pgferoeing largely dependent upon the specific arethef
electrocatalyst. An HOR model revealed that nesigimt that robustness challenges are possible
due to HOR kinetics alone.

Extensive work was conducted to develop annealing dealloying processes to enable
improved activity and HAIir performance with PtNiI/NSTF cathode electrobgf  Annealing
was found to modestly increase the mass activitysgrecific area up to ~ 20% vs. unannealed.
While improved, annealed P1 catalyst was not dolented for incorporation into the project
best of class MEAs due to increased difficulty @allioying and reduced startup rate. Dealloying
development work resulted in improved performaneer daseline. Several dealloying process
trials with compositional and electrochemical closeszation were conducted, allowing
development of a process sensitivity map.

Studies of PFSA PEMs focused on two primary aréds first primary area was overcoming a
material incompatibility of supported 3M PEMs witiSTF electrodes, which resulted in
decreased performance and activity. The key faci@re identified, and optimized materials
and processes were developed which enabled expeetddrmance. The second primary
development area was development of a relationséiween MEA performance and the PEM
effective equivalent weight, which accounted fa thn exchange capacity lost due to transition
metal dissolution from the PtNi electrode into BteM. This relationship was used to set targets
for the degree of dealloying needed to achieve pgformance in MEA.

Component Optimization for Improved Operational Robustness

In Task 2, optimization work was conducted to inyerdhe operational robustness of NSTF
MEAs via anode gas diffusion layers and cathoderliayers. Anode GDL development work
largely focused on determination of optimal backstigicture, backing hydrophobicity, backing
thickness, and microporous layer thickness and ositipn. The downselected anode GDL
resulted in a 2x gain in limiting current density48°C over the pre-project baseline. Cathode
interlayer development focused on optimization ha# interlayer electrocatalyst, including the
impacts of carbon support type, heat treatment, iatetlayer loading. The key mechanistic
insight was identified, that the interlayer perfamse depends largely on the interlayer Pt
surface area. The downselected interlayer, cangirl6ugd/cn?, yielded substantially
improved performance for load transients, and wearly sufficiently durable to maintain
robustness after both the DOE Electrocatalyst angp&t ASTs. In combination, the
downselected anode GDL and cathode interlayer edabbust operation to as low as@Qell
temperature, as compared te¢@0ninimum with the pre-project baseline materiatse
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In Task 3, key insight into the mechanism by whagtimized anode GDLs yield improved
operational robustness was generated. A key smalcfactor, density modulation of the
backing, was found to qualitatively correlate wiRkperimental MEA results, and modeling
results were consistent.

A novel model was developed, which integrated patsvork models to characterize transport in
the gas diffusion media with an MEA continuum mod&he resultant model yielded very good
predictive capability against experiment.

New methods of X-ray computed tomography on GDLsewdeveloped and found to be highly
insightful into the influences of anode GDL comies, fiber density modulation, and stacked
GDLs, all found to be influential on MEA performamcA new method for generating pore size
distributions from XCT data was also investigated.

Experiments were conducted to understand how tbdea@DL backing, demonstrated to impact
low temperature steady state performance, influeMiEA water balance. Anode GDLs which
enable higher performance have higher apparenttitigniwvater removal rates than low

performing anode GDLs. All GDLs evaluated appeafdilow a trend that low temperature

steady state performance of NSTF MEAs decreasdisealsmiting anode GDL water removal

rate is approached.

Component Optimization for Durability
In Task 5, durability of project components and MERere evaluated.

BOC MEA candidate components were evaluated forlility under the DOE chemical
durability test, support cycle, and electrocatalygtle ASTs. The BOC candidates indicated
generally good durability, with most target metriast or exceeded. The key challenge (under
ASTSs) was the electrocatalyst cycle stability odltteyed PtNi, which routinely lost in excess of
65% mass activity with cycling, primarily due toesjfic activity loss which correlated to
additional Ni leaching from the PtNi cathodes. #NPstabilization approach was developed
outside of the project, but was not able to be enmmnted with high performance and
manufacturability, necessary for the project sktatk deliverable.

In extensive studies, rated power durability ofdbag NSTF MEAs was found to depend upon
several material and operational variables. Perdnice degradation was accelerated by
incorporation of low EW PEMs, lack of PEM decompiosi mitigating additive, lower cathode
loading, increased operating temperature, and deedeoperating potential. A first materials-
based approach to improving rated power durabivgs identified, but performance was
insufficient to allow downselection for project BOMEAS.

A key correlation was identified between/Rir performance at 1A/cfhand cathode absolute
activity from over 53 MEAs and over 200 individwddta points. The correlation suggests that
cathode activity loss alone may be responsiblerdted power loss in NSTF MEAs, and that
maintenance of activity above ca. 15mAfggarmay be sufficient to mitigate the effect. The
mechanism for why ORR activity influences/Rir performance in this manner is not known.
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This correlation provides a second materials-baggmtoach for mitigation, namely integration
of higher activity, durable electrocatalysts bettble to maintain activity above the threshold.
Mechanism studies confirmed the hypothesis thadrgiower loss of NSTF MEAs is due to
ORR absolute activity loss, induced by two meaathade surface area loss and specific activity
loss. A correlation was identified between specdctivity loss and cumulative cathode F-
emission, a measure of PFSA decomposition.

The correlations betweenfAir performance, ORR activity, and F- emission &versed to
generate a durability model of NSTF MEAs. The mouhelicates that with baseline NSTF
MEAs, the expected time to 10% voltage loss is axprately 800 hours. To attain the 5000
hour durability target, cathode FER must be redumeda. 80% by incorporation of more stable
membranes.

The specific root cause mechanism for the ORR 8petivity loss with PFSA decomposition
is not yet known with certainty, but the hypothesisisistent with all of the experimental results
is that PFSA decomposition could conceivably predweater insoluble ionomer fragments
which are catalyst poisons, such as long-chainlymdcarboxylic acids, which adsorb to the
cathode catalyst thereby decreasing the activBased on the performance decay rates, it is
estimated that the generation rate of such contamsnis at least two orders of magnitude less
than the F- emission rates.

Performance and Durability of Integrated MEAs

In Task 4, Best of Class component candidates wéggrated into MEAs. Over the course of
the project, significant gains in absolute perfonce specific power, and reduced loading of
integrated MEAs were demonstrated in single cedting. At 90C cell temperature and
1.5atmA reactant pressures, performance at 0.8@xeased 60% and performance at rated
power (0.692V) increased 34% while the total logdidecreased 13%, resulting in an
improvement in specific power of 54% (kW/g). Thé&AD target of 1.45kWIC was achieved.
Evaluation of BOC MEA candidates with further reddc PGM loading, as low as
0.105mgewmcn? total, were suggestive that DOE performance anal toading targets are
feasible if increased activity cathodes were inocaijed.

Numerous integration diagnostic studies were atsalacted. One key area of work involved
evaluating the impact and mechanism of the requimesdk-in conditioning of BOC MEAs.
Studies confirmed that both the NSTF anode andodatmeed to be conditioned to enable
entitlement performance and operational robustn@&s® cathode mass activity was found to be
obtained very rapidly with standard 3M conditionipgptocols, in a few hours or less. The
anode conditioning appears to increase the HORikmeModel predictions indicate that HOR
overpotential losses of low loaded, low area aneletrodes can be strongly impacted by
operating temperature, blocked surface area, ahdiogi, qualitatively consistent with the
observed experimental effects. BOC MEA performamacel operational robustness were
demonstrably improved with specific anode condiign Work to develop more rapid, stack
friendly conditioning methods was partially sucdess For anode conditioning, use of high
potential excursions were effective, either through of anode CVs or fuel starvation protocols.
For cathode conditioning, a previously-determinezthad found to be effective for PtNi/NSTF
cathodes was not effective for the BOC cathode.
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The durability of the final project BOC MEAs wassassed by the DOE MEA chemical
durability test and a 3M 8C load/RH cycle test. The BOC MEAs appear to benucally
stable, evidenced by low F- emission rates andigt€CVs > 500 hours for the OCV hold and
> than 3000 hours in the load/RH cycle. Voltaggrddation rates under load cycling were
modest at low current densities but were 3-5x highan acceptable at 0.8A/émLoss factors,
identified in other work and discussed in the Tagection, are known and believed mitigatable.

Stack Evaluation of Integrated MEAs

Stack evaluation of Best of Class MEAs at Generaldyk in a single 3 cell and two 29-cell
short stacks yielded performance below expectati@sed on both 3M and GM single cell
testing. The BOC MEAs’ average cell voltage atAlci? was below the 3M baseline MEAS’
average cell voltage, and only 70% of the GM baseMEAs’ average cell voltage. This
contrasts sharply with the 3M results, which shdvattthe BOC MEA yields improved
performance over the baseline. GM single cell ltesuere also in contrast to the short stack
results, where the 3M Baseline and BOC MEAs yieldiedilar performances. Several possible
factors may be responsible for the low BOC MEA parfance and robustness in GM stack
testing, including non-optimized test conditionszampatibility with flow field geometry, and
insufficient activation, but none were experimelgtabnfirmed.

A key result is that 3M Baseline MEAs with the @ downselect anode GDL and cathode
interlayer successfully passed all load transientltions evaluated, including transients atG30
stack temperature. This result provides validabbthe electrode-extrinsic water management
approaches developed within the project in TasK Be result also indicates that the stack-level
operational robustness challenges with the BOC M&&ie likely due to factors specific to that
type of MEA, including insufficient or incomplet@ade conditioning.

Cost of Integrated MEAs.

In Task 8, extensive experimental performance détathe final project data was generated in

differential cell. The resultant data was usedgémerate an MEA performance model at

Argonne National Laboratory, which was then usedupport of development of a cost model

by Strategic Analysis, Inc. The project downsadWEA was projected to decrease the cost of
automotive stacks by 28.2, 20.7, and 19.2% at A2.(&, and 2.5atm stack operating pressures,
respectively.

The cost analysis was conducted with the assumticachievement of volume sufficient to
generate 500k automotive stacks per year. Scajabilcomponent fabrication technology and
actual yields are large assumptions in such analy3ée final project MEA components were
all generated on pilot scale, continuous procespesyiding good early indication of the
potential scalability of the approaches used is finoject.
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Future Directions
While substantial progress was made towards addges®y DOE and technology-specific
barriers, additional work is needed to achieveDid= 2020 targets.

Achievement of the rated power, specific power, B&M content targets are believed attainable
in the nearer-term. The key technical barrierhe project downselected cathode catalyst,
PtNI/NSTF dealloyed with a free-corrosion proceskaboratory-scale electrocatalysts show
good prospects towards addressing these aspectiesMimcreases in activity are feasible with
further optimization of electrocatalyst compositiostructure, and processing. Improved
dealloying methods are needed which can furtheuaedransition metal content and fully

develop nanoporosity are needed. Co-optimizingpmsition, structure, and process conditions
(with scalable processes) to achieve activity am@loility is in progress.

While high power was demonstrated in single c@iisformance in short stack was substantially
below expectation. While several factors are fmssone key factor not explored at stack level
was the impact of flow field land and channel getygne Co-optimization of NSTF MEAs and
flow field geometry may be necessary to allow dest@tion of entittement performance at
stack level.

Achievement of the DOE Durability with cycling tatgwill require several developments. As
discussed in detail in the preceding sectionsdrptaver loss of NSTF MEAs is most likely due
to accumulation of water-insoluble PFSA decompositiragments onto the catalyst surface.
The first and closest term improvement is develapnod a high activity nanoporous NSTF
catalyst with sufficient electrocatalyst durabilitySufficient durability of PtNi/NSTF has been
shown in the laboratory through incorporation abietary additives. Durable, high specific
surface area electrocatalysts will have decreasid 10f specific activity loss due to decreased
rate of fractional surface blockage, assuming @mstcontaminant generation rates.
Development of PEM ionomers which produce the stisprreversibly-adsorbed contaminants
at reduced rates will also be effective at decrepsated power loss rates. Studies are warranted
to attempt to first detect and identify the contaamt species of interest, a potentially difficult
and lengthy body of work considering the relativetyall levels likely involved (perhaps 10s of
nanomole/hour generation rates). Heuristic appresic such as evaluating numerous
experimental ionomers with controlled variations backbone and sidechain structure, may
ultimately be more effective and such work is catiyein progress.

Operational robustness of NSTF MEAs has been ingatavithin this project, but it is unclear if
the anode GDL and cathode interlayer developedufecient to achieve sufficient robustness
in end-use applications. The poorer-than-expepdormance of the project Best of Class
CCMs in stack prevented fair evaluation. Stackirigswithout such limitation would be
warranted to determine the suitability of the pcoj@bustness-enhancing materials.

The electrode-extrinsic approaches used within finggect allowed the high specific power
capability of NSTF electrodes to be retained. tbete-intrinsic modifications, such as
development of hydrophobic pore volume and increpselectrode thickness, are under
development at 3M under a '16 initiated DOE projeatl already showing improved robustness
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over the current project approaches. The key ehgél is optimization of the electrode to attain
specific power which approaches DOE targets.

Break-in conditioning of NSTF MEAs remains a notethg challenge. Work done over the
course of this project largely focused on operai@pproaches to accelerate conditioning rates
of the anode and cathode electrodes. While (som@veffective, materials-based approaches
are ultimately preferred to enable rapid amethod-independent break-in.

The observed lengthy break-in (> 20 hours typigaltyat odds with diagnostic experiments
which indicate that NSTF anode and cathode eleatatygsts can be fully conditioned within a
few hours, based on analyses of kinetics. The gymelevant hypothesis is that one or more
contaminants slowly leach from the PEM at very lewels, which essentially act as surfactants
which increase the wettability of the NSTF cathetlsctrode and/or electrode-GDL interfaces,
increasing flooding. Studies are needed to furtbenfirm or refute this hypothesis. If
confirmed, experiments to identify the leachantsudth be feasible. Once identified, ionomer
composition and/or processing can be optimized ifumize the extent of leachant generation
and to maximize the rate at which it exits the MEA.
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None.

Technology Transfer
None.

Acronyms

BOL: Beginning of Life

CCM: Catalyst coated membrane
ECSA: Electrochemical surface area
EW: Equivalent weight (g / mol H+)
GDL: Gas diffusion layer

HOR: Hydrogen oxidation reaction
IL: Interlayer

MEA: Membrane electrode assembly
MPL: Microporous layer

NFAL: Normal flows and leads
NSTF: Nanostructured thin film
ORR: Oxygen reduction reaction
PFIA: Perfluoroimide acid

PFSA: Perfluorosulfonic acid

PGM: Platinum group metal

RFAL: Reversed flows and leads
SEF: Surface enhancement factor (catalyst roughiaesor)

211



