r :’}' n ﬁ United Technologies A -' PENNSTATE
’\ Research Center s Los Alamos . 48 ﬁ
NATIONAL LABORATORY -

Fuel-Cell Fundamentals at
Low and Subzero Temperatures

Adam Z. Weber

Lawrence Berkeley National Laboratory

Solicitation Partners:

United Technologies Research Center
Los Alamos National Laboratory
3M Company
The Pennsylvania State University Project ID #

May 15, 2013 FC 026

This presentation does not contain any proprietary, confidential, or otherwise restricted information




)

F(rreeee |m

Overview

BERKELEY L aB

Timeline Barriers
% Project initiated FY09 % A. Durability
= Start September 2009 % C. Performance

= Cell Issues

= Stack Water Management

= System Thermal and Water Management

= System Start-up and Shut-down Time
and Energy/Transient Operation

Budget Partners

% Total Project Funding: $5,145k
= DOE share: $ 4,700k
= Contractor share: $ 445k

% Funding Received in FY11: $812.5k (see list)

% Funding Received in FY12: $1,290k % Other collaborations with material
% Planned Funding for FY13: $1,095k suppliers and those with unique
= LBNL $510k diagnostic or modeling capabilities

= Partners $585k % Discussion with related project leads

%, 4 year project duration
= End September 2013

%, ~85% complete

% Project lead: Lawrence Berkeley NL

& Direct collaboration with Industry,
National Laboratories and University
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e Collaboration:
“‘ | Organizations/Partners

BERKELEY L aB

¥ Lead

& Lawrence Berkeley National Laboratory: Adam Weber, Ahmet Kusoglu, Clayton
Radke, Alastair MacDowell, Alexander Hexemer, Frances Allen

% Subcontractors
& Los Alamos National Laboratory: Rod Borup, Rangachary Mukundan
% 3M Company: Mark Debe, Andy Steinbach
& United Technology Research Center: Michael Perry
& The Pennsylvania State University: Chao-Yang Wang

% Other relationships (directly funded through other DOE projects)
% lon Power: Stephen Grot (membrane and MEAs)
& NIST: Daniel Hussey, David Jacobson (neutron imaging of water)
% The Pennsylvania State University: Michael Hickner (membrane thin films)
% Oak Ridge National Laboratory: Karren More (GDL imaging)

% Other relationships (no cost)
& UC Berkeley/JCAP: Rachel Segalman (Nafion® scattering and other studies)
% General Motors: Craig Gittleman (Nafion® conductivity data)
& Queens\Calgary University: Kunal Kuran (Nafion® thin-film data and samples)
& University of Michigan: Massoud Kaviany (Nafion® MD simulations, ESEM)
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Relevance: Objectives

BERKELEY L aB

% Fundamental understanding of transport phenomena and water and thermal
management at low and subzero temperatures using state-of-the-art materials

& Examine water management with thin-film catalyst layers (NSTF)
& Examine water management and key fundamentals in the various fuel cell components

& Enable optimization strategies to be developed to overcome observed bottlenecks
= Operational
= Material

% Elucidate the associated degradation mechanisms due to subzero operation
& Enable mitigation strategies to be developed

Improved understanding will allow for the DOE targets to be met

with regard to cold start, survivability, performance, and cost
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Approach

% Synergistic effort of modeling and experimental characterization

Cell position L |—’ Optimization/Mitigation
Cell .
position Water- Explainf | ---=""
—
movement Cold-start In-situ tests
. (shutdown) model
Materl:al model Validate —
properties — |V
Phenomena Initial water-
content profile
Phenomena and properties
Ex-situ tests prop Cell failure

% Multi-scale, multi-physics continuum-based modeling
= Develop, validate, and refine a series of models for cell performance including cold and cool
operation, startup, and shutdown
& Experimentally characterize component, cell, and stack properties and performance
= Measure critical properties including visualizing water and ice distributions
<« Ultilize various assemblies and components to elucidate governing phenomena

% Durability and degradation
= Elucidate and mitigate critical failure mechanisms related to cold and cool operation
= Experimentally observe and characterize failed cells
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Approach: Cell Assemblies

% Utilize various assemblies to elucidate governing and controlling phenomena

Material Baseline Alternative 1 Alternative 2
Membrane 3M 850 EW
Catalyst layer NSTF PtCoMn Low-loaded traditional
GDL MRC SGL Freudenberg
MPL Hydrophobic None
Flow field Quad serpentine
Bipolar plate Solid Hybrid (one WTP)

NSTF Electrode (<1um)

LA

,; Hy
X-section

Pt/C Electrode (~10 um)
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Workplan/Organization

Fuel-Cell Fundamentals at Low and Subzero Temperatures LBNL Management
LBNL LBNL, PSU UTC LANL, LBNL LBNL LANL
PSU LANL, 3M PSU PSU LBNL, 3M, PSU
Task 1. Cold- Task 2. Degradation Task 3. Stack and Task 4. Water Task 5. Model Task 6. Component
start model model cell characterization imaging deployment characterization
Steady state Performance Cold-start
. . . Membrane
Startup Property degradation evaluation Neutron optimization
. . . Catalyst layer
Simple stack Mechanical stress Stack studies X-ray Performance loss e .
. . . R Diffusion media
3-D effects Failure analysis Failure mitigation
LBNL UTRC
%  Project management and coordination & Cell parametric studies
% Model development % ldentify failure mechanisms
% GDL and membrane characterization % Real-world guidance
LANL PSU
% EX'SitU Component Chal’aCterization Q:} Develop 3_D Sca“ng expressions and
%  Single-cell durability tests mechanical stress model
% Neutron imaging Other
3M %  Provide unique materials and diagnostics

&  Material supplier, single-cell testing, and testing
knowledge including conditioning procedures
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A
]]

n Approach: FY13 Project Timeline

M1l M2 M3 M4 M5 M6 M7,M8,M9
Begin 11/12 12/12 02/13 03/13 05/13 06/13 09/12 End
10/12 09/13

Major Milestones/Deliverables

M1: Correlation developed between isothermal start and freeze/thaw with observed catalyst-layer cracking
under ESEM and in-situ cell studies. (completed, NSTF has much greater durability)

M2: Impact of 3 different GDLs on cell performance with two different cell-compression levels. (completed)

M3: Agreement (<10% deviation) between model analogs and real MPLs in terms of breakthrough pressure
and capillary-pressure — saturation behavior. (delayed due to issues of finding appropriate model
materials)

M4: Results of impact of water balance on startup performance for both NSTF and low-loaded traditional
MEAs. ( )

M5: Report of rainbow short-stack results with different cell diffusion media and baseline MEAs. (changed to
studies using the adiabatic cell based on reviewer and Tech Team feedback)

M6: Complete low and high resolution imaging of 3M cells and report results to LBNL. (on track, some high
resolution studies already completed)

M7: Report on optimum operating conditions and material properties for NSTF catalyst layers operating below
55°C. (on track, model agreeing with experiments and now looking at parameter space).

M8: Impact of 3 different NSTF peak heights on cell performance. (on track, 1 of 3 peak heights completed)

M9: Model results showing importance of compressive loads and mechanically induced degradation by layer

including experimental comparison with ice-front propagation. (on track, initial mechanical model
completed)
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Baseline Performance

BERKELEY L aB

% Baseline system is 3M NSTF “2009 best of class” MEA including 2009 GDLs

1 i i I I I I I i i

2/2.5 stoichiometry for H,/Air
150/150 kPa outlet pressures

p—
-
g
©
-
c
Q
°
o gl
8 O 80/68/68°C =
0.4 — [0 80/80/80°C O N |
VA /\ 40/40/40°C
| - Model i

0.2 | | | | | | | | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Current density (mAIcmz)

3% Performance among the three cell-testing sites is converged

% Lessons learned
& Compression and cell assembly/hardware uniformity is critical
= Need to run and condition NSTF properly
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% Use 2-D mathematical model to examine performance with NSTF

10

BERKELEY L aB

. . 25 — T
% Good agreement with experimental data [  Duta o Model
& Significant reduction in limiting current as 201 .
temperature drops from 70 to 40°C ”é% ’
15+ .
= At higher temperatures the CL temperature is <
high enough to remove water through vapor S 10l 1
phase by phase-change-induced flow s
= Near room temperature, severe CL flooding 0.5 - 1
reducgs the limiting current due to low water- 0’ 85— 100% RH, 1.5 atm/1.5atm HyA |
capacity of NSTF CL 20 30 40 5 60 70 8 90
Cell Temperature [°C]
10—+ 0.9 18 : ‘ ‘ ‘
1.5 atm/1.5atm HZ/AiI“ Saturation [ H,: 1.2 stoich, 100% RH, 1.9 atm
[ , ] 1.6 - Air: 2.0 stoich, 100% RH, 1.9atm | ]
09 . e 108 14 |
25°C/ g I O/O/O ]
% / / | 5 T 12 80 °C i
_%5 08+ / 40 °C 407 "g i 10 ; ;
5 ; 8 > 08l ]
o o7, i {06 3 S 7 ]
o, o w 06 .
3 . © S 25°C ,
06 ¢ I 405 04 - -
= 02l i
o5l bl 04 0l ‘ w ‘ ‘ ‘ ]
0 005 010 015 020 025 0 02 04 06

Current Density [A/lcm’] Catalyst Layer Capacity [uL/cr’]
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creeen) . Anode GDL Studies

3% Evaluation of 4 anode GDLs (backing+PTFE, MPL) as a function of GDL strain

& Transient and steady state show better low-temperature performance with MRC 040US
= MRC 040US resistance remains too high

BERKELEY L aB

& 1 5 NA 1 0 1.5 ‘ Precondition: 80C, 30/30% RH, 696/1657SCCM, GSS(0.05, 10min) ]
E . CoolPSS J @ 0.40V, 40C E ' CoolPSS J @ 0.60V, 50C Start: 30C, 100/100% RH, 0/7.35psig H,/Air, 800/1800SCCM, PSS(0.40V, 10min)
W w W N . e e = s 32979 (Backing+F TFEF
O / Test 1 2 Test2 — - |- —o— Freudenberg H2315
E 1 2 <C 0 . 8 > |-a—a— Freudenberg H2415
_— — g |-v—<— Freudenberg X0154
> 0.9 S > 064 S L e
O - "'\.,-"' = 7 ——— Zk D . +- ‘:""Z.I;_’-- @ o TSI AT A A A A A {4 A A A A A4
< i ) - =7 co- 1 _/E%-':—-— = OO00-0-060- 00 G000 0—0-C
o 0 - 6 (.-E F]“‘-H‘h . o 0 . 4 r; ,: - Ej — %3 NE I T 'f."""‘t“\'iﬂ_:-t\i.:.s_-,g_q B e 2 I S S PPN
- ] a/Eg - G £ MMALLSAIMAAMARALAL
S 0.3 Bt 2 0.2 < T
- | B LB 5
- 0 5 10 15 20 25 - 0 5 10 15 20 25 4000 . ) \
0.0
_ _ 0 15 30 45 60
Average Anode+Cathode Compressive Strain (% Time (sec)
J p

—H— 2979 (Baseline PTFE,MPL) —=— H2315+PTFE, MPL
—£— MRC 040US + PTFE, MPL —— MRC MS050M + PTFE, MPL

& Response generally decreases as compression increases from 10 to 20%, less
consistent results for 5 to 10%

3% Drop off of performance as approach 40 to 50°C
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creeen) . Anode GDL Studies

% Use high-resolution neutron imaging to

BERKELEY L aB

compare water profiles between NSTF - Cathode T Anode
with 2979 and MRC 040US anode GDLs £ 2s E 80°C
at 0.3V [ |
%, Less water at 80°C than 40°C E e
% MRC 040US anode GDL consistently has % 1
less water in the MEA a /\ :
2 s }'\\\\jf?\ ——
0 j%// ; \\57““""“\“*
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coeceod) . Anode GDL Studies

% NSTF MEA low temperature performance is very sensitive to anode backing
& Specific material factors responsible currently unknown

BERKELEY L aB

Model Data
10 T T T [ T [
PC= 1.5atm, T=40°C

09| - — !
= S e
T 08 _ = ——
= > MPL Langing
o <
E? 0.7 P,=1.0atm(noaMPL) | g) : <2979
g > g 0' 100% RH

06 ' 30 40 50

: § Cell T (degC)
05

| | | | | |
0 0.5 1.0 1.5 2.0
Current Density [A/cm’]

% Model shows the importance of reducing liquid-water
transport resistance and enhancing back transport
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‘ﬂ?‘ Oxygen-Gain Analysis

Examine hybrid cells at 35°C with one NSTF and one Pt/C
1

_ - 1
—_— : B1 - base =
; D35 B : I B1R — base E [}g 0 E.- D Q [? O E1R
:g 03 - . = 08 ) E R ..'::_"I"
S 025 | g £ 08 7
- @ 4
e 02| 5 0.7 S o7 ! %
= 015 | = 06 3 06 |
&) 01 [ 1] (& 5
© O 05 o B
$ 005 o g 05 :
o & 04 o "
€ 0 T € 04 |
-0.05 = 03 03 | |
0 500 1000 215:]0 10 100 1000 10000 10 100 1000 10000
. 5 2
Current Density (mA/cm?) Current Density (mAfcm?) Current Density (mA/cm?)
#* Performance loss at low T appears to Anode  Cathode i
TR lem? lem? : .
be due to transport limitations mglem) {mglem®) + bl A
Air, (Jx4.73)

B1 0.05 PH/C 0.10 NSTF
Base 0.05NSTF  0.10 NSTF
% Change in H; kinetics BIR 0.1NSTF  0.05PUC

% Anode NSTF
% Performance a function of oxidant
+ Ohmic limited at moderate current; limiting currents are ~ 15 order

L, Cathode NSTF

= Different behavior on different oxidants 1% order on O,, ~ 2 order on air % g:;‘::':;‘[?::t':rﬂi“

— e A X oSOQri4.75))
1240 to Ar, (J x 2)
= == /240 to Air {J x sgri2))

% lonic limitation and not O,7?
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Impact of Proton Conductivity

% Parametric study using model without aMPL at 40°C

& NSTF proton conductivity has strong influence on the cell performance when
conductivity is below 0.1 S/m

1.0
09
=
o 0.8 :
<
9
o) !
o o7
06 . 001 =
\ ~ "*\~ ~ 02
\ +.0.001 '~
\. \\ \‘~\
05 1 1 \‘\0.90011 L \x\\x L | L ! L :\T~ ! L L L
0 0.5 1.0 1.5 2.0

Current Density [A/cn]
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» Mechanical Stress Modeling “'s

PENNSTATE

% Stress model of fuel-cell sandwich for purge and cold start

Back
EOD

:M ¢ ;
cg_thodeG _' ;
RN r i

Vapor phase ‘

diffusion

transport
0.20
3 T=-10C

E o1sp  wa S
£ g =0- 1 Aler’
wj 8,=51 ym
£ 010F & =10um —— Membrane
§ L —— Catalsyt layer
o 8= 190 pm —— Micro-porous layer
§ 0.05 —— Carbon paper
o T Bipolar plate
Ei
2
£ 000

00Sp L

Time ()

& During cold start, ice production yields very
large strain in CL, which could cause CL/mem
delamination and CL pore structure collapse

100 120 140

160

y

Through-plane strain, € (m/m)

Inifial pressure: 2MPa

1

Cathode carbon paper

Through-plane
direction

Cathode micro-porous layer

¥

Cathode catalsyt layer

| Membrane

Anode catalsyt layer

¥ Tora Anode micro-porous layer
=const Anode carbon paper
Bipolar plate
0.20
3 =-10°C
015p O
Cold atan:O 1 A/Cln
3,=51 pm
0.10 - -1 —— Membrane
8= 10pm —— Catalsyt layer
8= 190 um ~— Micro-porous layer
—— Carbon paper
0.05 Bipolar plate
0.00
005F
PR RS U N S I R S R SR T

0 20 40 60 80 100 120 140
Time ()

160

Cold start from low temperatures leads to
large mechanical stress, and high start current

density leads to large strain in CL
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Membrane Water Profiles

BERKELEY L aB

3% Understand that pretreatment, crystallinity, and humidity effects are controlled by
same chemical/mechanical energy balance

6.5

Predried

%L Have seen some existence of interfacial o Predied apor
6,
phenOmena ¢ Erez”jdd Liquid ' l|
— 55 [ ] reboile -
% Unknown whether Schroeder’s paradox £ - ‘
. . 5r
occurs during a gradient S DO!§ Ceoine
. . .. . 'g 4.5 O in Water
& The water diffusion coefficient in 2 8" &
literature varies, especially its g - o
Q 351t = ° ¢ Hydrating
dependence on water content a3 , / O
= Expect different concavity in water 3 0 Z e
profiles for dynamic versus steady state 25 . - ‘ .
0 5 10 15 20 25
Water Content, A[H,0/S0,]

a

Kapton

X-ray —p X-ray —»
Nafion

032mm

D T

@ 1.6 mm

.

Vapor-Saturated N,

<« — Vent

—> Vent

DyN, |

o .

.

Liquid

Lens

Scintillator >

~|-<

< —> Vent /
|:. T .j CCD

Dry or Vapor-Saturated N,

*

Measure membrane water profile

& Use x-ray computed microtomography

& Good combined temporal (~min) and
spatial (~um) resolution

Kapton and Nafion are registered trademarks of E. I. du Pont de Nemours and Company
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Membrane Water Profiles

BERKELEY L aB

Sorptlon from Dry to 1 OO% RH Sorption from Dry to L|qU|d
16 26
Serpnon v Omm, initial | L° ]0 Smm (750 swm) 1
e 1625 2 155 (750 scem) 7
14 a 3625 7 2210 515 (1200 scetn)
I = 606.25 iy 20 re 2915 (1200 scemy)
12 + o 45625 L
D 100% ]
] S ’ &
I o®
8+ &y nnmi
< " o somn
- L & Mo%w“:"ﬂg” Nafion 1
6l (,W%Www S ] ]
00% o mE e AA;Mgd\aoo%c
- WW e, gafzo ke .
41 Mﬁ N Dry Liquid -
MW%&\W ooy 4 -
°F M“ w - '- R MM O Liquid ]
| E— DlyN VS — L —
0 L 1 1 | L | ' 0 L | L 1 L 1 L 1 L
0.0 0.2 04 0.6 0.8 1.0 0.0 02 04 0.6 0.8 1.4

*

L

% With saturated vapor/dry, complex transient and steady-state profile

& Shape changes from concave to convex with time
= Agrees with different dependence of diffusion coefficient for dynamic and steady state

& Lower values at boundaries suggest interfacial resistance

% With liquid/dry, rapid approach to steady-state profile

& Profile is continuous from A = 22 to 4
= No liquid interfacial resistance
&= No evidence of sharp transition from liquid to vapor value
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Membrane Morphology

3% Examine morphology using SAXS and also TEM

Dry (TEM) Hydrated (cryoTEM) Simulated from SAXS

% Need to determine what the phases are using low-loss EELS
& Next would be to model transport through the morphology
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Thin-Film Morphology

# Thin-film Nafion® shows different morphology

& Structure depends on interfacial interactions and film thickness
& Correlating structure with mass uptake and swelling

Annealing induces Thinner films lose Sample preparation = Carbon preparation
crystallinity in films phase separation  affects nanostructure method has no effect
Naf-l 0|Annealed B Naf-Pt | B0 nm ]

Naf-Au 50 nm | Self-Assembly

Naf-C 100 nm Annealed | 1% PFA
—_ — 2
E E |
£ E 1E
= &
-2 -1 0 1 2
p[nm-1] gy [nm"7) gp [(nm)
Naf-Pt | 240 nm Naf-Au 50 nm | Spin-Coated Naf-C 100 nm Annealed | 9% PFA
E £
= £
o &
PENNSTATE
TEM 100 nm

National Institute of
1 0 nm Standards and Technology

U.S. Depariment of Commerce

B

UNIVERSITY OF
CALGARY
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GDL Effective Diffusivity

3% Effective diffusivity under saturated conditions is a key transport property that has
not been adequately measure

% Designed a hydrogen-pump setup to s N il
. .y 2e — 2e
measure the hydrogen-limiting current for o (v
. . ry/Partially- iDL or
dlfferent saturations SatzratchgL it (}(I)Il)..-!_\dl’l, MEA GDL  CH
i L :
D — 0"~“GDL ([{2,[1
< H2-Ar> 2F CHZ’O
& Exploiting the no spontaneous water-rejection
properties of GDLs H/Ar
x_} Lo H,— 2H = 2¢ 2H +2¢ — H,
] ) o ] o Working Electrode Counicer/Reflerence
% Effective diffusivity is composed of dry and Elcctrode
. . @ Electrically-Insulating Gasket
wet contributions = Elcctrically-Conducting Gasket
(D)
5 = f(&)f(SL)

TOYOTA
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GDL Effective Diffusivity

1 @)y

——— ." -l 10 ‘ —

1.0 —— -
* TGPIH120 e O TGP-H-120P
o SGL10AA e N e 0
¥ W\ Cmm O SGL10AA
s SGL10BA WA A\ Freudenberg H2351
08+ o SGL10DA - 08l i O ° sgﬁ 1eOrI]3A,r%TFE5wt% i
A TGP-H-120A ST m TGP-H-120C, PTFE 10 wt%
e PN
v TGP-H-120B ] oo \
+ TGP-H-120C W \
06| » TGP-H120D 2 : 061 e N -
™ < Freudenberg, H2315 0 —~, AR AN _
< [~ Bruggeman etal. ) \ e \m m=15 '
’ = Y CIN /(Low diffusion resistance)
04— Martinez et al. s | 04 A . |
\ o .
‘ R \\Q!AH \\
e AN N
02 - : 02 YO m 1
- /’\’ ) s \\
« : L m=4 PR A N
High diffusion resistance) sy N
0 L=t . L L L L ; L . 0 ( g‘ ! ‘ | ) . O ey TS
0 0.2 04 06 08 1.0 0 0.2 04 0.6 0.8 1.0
€ SL
3.6 3
f(e) =g, f(S)=0-5,)
: - 1 In(S,)+a
# Much higher tortuosity than expected 1(S)) :5{1+erf[—%]} with PTFE

% Similar dependences for different papers
% There is an impact of PTFE
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3% PTFE coatings favorably change liquid distribution for diffusivity at S, < 0.6
% More heterogeneous wetting

: Toray-TGP-120A Toray-TGP-120B
777717
Toray-120
" A PTFE 0 wt% 1
L] 5 wit%
08 - . 10 W%
L * 20 wt% | Dry
0.6 + -
@ swt%
)
& 04 20 wt. % .

+ 9.5 kPa

S 1.00
— Toray-TGP-120A f
090
— Toray-TGP-1208
080 ]
o P=9.5kPa
50l 4vp
H - a -
foso 4 kPa
E DJ
» 0.40
2
=030
Dry
020 _[
0.10
0,00
-40000 -20000 0 20000 40000
Capillary Pressure [Pa]
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Freezing in Catalyst Layers

3% Use dynamic-scanning-calorimetry T OI0T7T ==
Toray GDL
oo

(DSC) to measure freezing time
% Cast catalyst layer inside DSC pan 200 | F

® ¢ H » o b

% Vary catalyst-layer properties

Induction time (s)

Y
o
o

% Water takes longer to freeze in
typical catalyst layers than in the gas-
diffusion layer

0
0 10 20 30
Degree of subcooling (K)

0.6

% Use developed rate expression in isothermal U 1w E—
| —— Traditional - -
freeze model . o
% Induction time results in much different 04 |
performance compared to traditional S
thermodynamic-based rate expressions g
= Currently correlating to experimental data E o |
-3°C |
D Sl e e o . S SE——
0 500 1000 1500

Time (s)
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Future Work

|ﬁ\|

% Cell Performance

% UTRC to run cool and cold starts including adiabatic and temperature transients
@ NSTF and low-loaded traditional CLs
= Run hybrid WTP cells
%  LANL to run NSTF cells including various tests
= Segmented cell
@ Power transients
< NIST high and higher resolution imaging

% 3M to run cells to determine water balance and impact of NSTF structure

% Component characterization

% Traditional CLs
@ Examine thin-film membrane morphology

% NSTF CLs
< Proton migration on platinum
% GDLs

@ Liquid-water movement out of the GDLs by droplets
@ Measurement of effective diffusivities, thermal conductivities, and relative permeabilities

% MPLs: how do they work with liquid water?

% Membrane
= |nterfacial resistance and membrane morphology with different environments

% Modeling
% Use data from all partners and understand the anode GDL and water-out-the-anode scheme for NSTF
% Develop transient model and examine CL water capacity versus water removal fluxes as a function of CL thickness
& Optimize schemes and structures to increase low-temperature performance

% Examine failed MEAs and cyclical isothermal cold starts for durability concerns
#% Understand and increase the operating window with thin-film catalyst layers
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Summary

% Relevance/Obijective:

& Help enable, optimize, and mitigate failure in state-of-the-art materials through fundamental
understanding of operation at low and subzero temperatures

% Approach/Collaborations:

& Use synergistic combination of cell and component diagnostic studies with advanced
mathematical modeling at various locations (national laboratories, industry, and academia)

s% Technical Accomplishments:

& Combined modeling and experiment to understand low-temperature performance of NSTF
= Examining impact of different anode GDLs
< Hybrid cell assemblies to determine limiting layers and phenomena

& Measured effective diffusivities as a function of saturation for GDLs

@ Shows roughly cubic and not Bruggeman power-law dependence on saturation and porosity
% Developed mechanical stress model for cold start and ice formation and membrane swelling
% Investigated membrane morphology and transport, especially as thin films

< Thin films below 50 nm exhibit different and more resistive properties and is dependent on the interfaces
& Measured water profiles across the membrane with good temporal and spatial resolutions

% Future Work:
& Understand liquid-water movement, interactions, and freeze in fuel-cell components
& Benchmark cell performance and durability with different assemblies
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BERKELEY L aB

¥ Model Geometry [MPL| CL|PEM|CL|MPL |
N -
~1000 pm Ch(i::d -PziTm _étm ,_,__::I:I_'__I:,_:I - anode (a) side /x\ cathode (c) side

Rib I
Symmetry Plane GDbL GDL
Rib Rib
aH Bl
L Plate Plate
— 3 ] I
— s . I — P P
\ K Channel Channel
Anode Cathode A CH CH
[ L 2H,>4H'+4e- @ 4H'+4e+0,>2H,0  “fo Channel
O I Symmetry Plane

% Model physics

Thermodynamics Transport _

Standard cell potential Stefan-Maxwell diffusion Mass; Charge; Energy
Equilibrium H,O content for gas-phase components
membrane, liquid, vapor, ice Darcy'’s law for liquid, gas phases Constitutive relations
Ohm’s law for e~ current ;
Kinetics Modified Ohm's law for H* current Faraday's law
H,O transport by proton drag Ideal-gas law
Butler-Volmer for HOR, ORR HZO SER T Tn e e _
H,O phase change between 2 Properties
ionomer, vapor Function of T
liquid, vapor and H,O content

Equations (12): 7 2nd-order PDEs; 5 Algebraic equations



—, » Self-Assembled Nafion® Thin
”/\" Films

% From both ellipsometry and QCM, the thinner films have more swelling and higher
water uptake

BERKELEY L aB

% Conductivity decreases due to loss of phase mixing and extreme hydration
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% Anode work consisted of 3 basic series @ Jweeon Cothode GoL
(28 MEAs, 22 COﬂS’[I’UCtiOﬂS) 2|Freudenberg H2315 3M 2979 10%) Anode Backing Screening
2|Freudenberg H2415 M 2979 10%|Anode Backing Screening
1. Anode Backing Screening (9 types) R — B
2. Anode Backing/GDL — Compression e o e anode Sacking Sreenne.
Effects (4 types @ 3 levels) | Fitesbery RS RITENE TS e
1|Freudenberg H2315+PTFE,MPL |3M 2979 10%|Anode GOL - Compression
. . . 1|{Freudenberg H PTFE,MPL |3M Anode GDL - Compression
3. Periodic Baseline Checks (3 MEAS) | RN 5575 S Amnie et Eorpaniont
0|MRC D40US IM 2979 10% |Anode GDL - Compression
1|MR! M Anode GDL - Com| i
% Most evaluated over wide range of e GRS FTEERPL iz "5 Anads G0t - Compresion
.. 1|MRC 040US+PTFE, MPL 3M 2979 10%|Anode GDL - Compression
1| MR +PTFE,MPL M Anode GDL - Compression
Cond |t|OnS ) 1 Mﬂgmmﬂl\ml :M 32 2;: Anode gm-zomgms;m
%, Peak Power (80C). IvRCwEEPTTENPL M7 e
L. 3|3M 2979 3M 2979 10% |Baselines
% Temp' SenSItIVIty Steady State (2 MEf Roll Good CCM, one lot (Anode: 0.05mgPGM/cm2 PtCoMn/NSTF; Cathode: 0.15mgPGM/cm2
testS) PtCoMn/NSTF; PEM: 3M 825EW 24u). Single cell and test station.

% Low Temp Cool Start Transient vs. T,

Low T Steady State Test 1- 2979 @ 10% Strain

RH e
~12 -’ .
E 0.9 40 %
3 _‘ A g
< 0.6 I 30 5
o —
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9 0.3 —"h Eoaeosaccnt i, Psé%'u(zg

[l omin/condition
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stz - 0L Eompreson 02251 240mph 2]




Model Kinetics and Transport
Properties y
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% Kinetic parameters
% 3M and UTRC (NSTF MEA); Los Alamos (Pt/C MEA)
& Literature (R.K. Ahluwalia et al., J. Power Sources, 215, 2012)

% Transport properties

& Measured at LBNL (Pc — saturation relation, ionomer water uptake, effective gas
diffusivity, effective thermal conductivity, etc.)

% Also taken from literature

P. — Saturation Relation lonomer Water Uptake Effective Diffusivity

\ = : : 1.0y ——rr
= <=-#--- Nafion 212 Membrane SGL10
10 ®  CL-l (Carbon Only) LR & PTFE Ow%
=+——Hydrophilic O CL-1(Carbon Only) (Preboiled) i 08 = 5w%
08 - - i * 20wt% 7|
(o] O Cl (Preboiled) *
o 8‘ 8 A CL-l
¢ -l o —_
o 06 e v oaw o a B
2 < 6 ' =
E E‘ ¥ ’,:1" .
% 04l % = no g 04
® 0% PTFE g 4 o o ¥
o] i A s
02} & L g % ¢ § 0%
[ = T Iy ¢ o
- 'y s 0 . -
; Tt ‘ | 8 8 g g 4 g 9 b o e EE A —
- b - ..‘ ] 1 1 1 1 1 1 1 1 1 1
-30 -20 -10 0 10 20 30 o i § . . 0 01 02 03 04 05 06 07 08 09 10
) 0 20 40 60 80 100
Capillary Pressure, P [kPa] Relative Humidity, RH [%] Su
P.K. Das, A. Gripping, A. Kwong, and A. Kusoglu, A. Kwong, K.T. Clark, H.P. G.S. Hwang and A.Z. Weber, JES, 159, F683-
A.Z Weber,

Gunterman, and A.Z. Weber, JES, 158, F530- F692, 2012.
JES, 159, B489-B496, 2012. F535, 2012.
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Neutron-Imaging Comparison

2
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¥ Similar water contents at 80C
% Need to do tests at 40C

3M New vs Old GDL 80 C
1.2 A/ecm?2

NewGDL_80C_1p2Acm2

OldGDL_80C 1p2Acm?2

------- Cathode channel/GDL
Cat GDL/CL

rrrrrrrrrrrrr Cat CL/ PEM

—— -~ PEM centerline

An CL/GDL

------- Anode GDL/Channel

Cathode channel

------- Cathode channel/GDL

Cat GDL/CL

Hs
N

3M cells: NSTF MEA, cathode GDL
fixed, vary anode GDL.

2.5 cm2 cell, 100/200 sccm H,/Air
(fixed flows), 10.5 psig
backpressure, 80 C (or 40 C), 100%
\] ~—— -~ PEM centerline
\% An CL/GDLI

T T e, Anode GDL/Channel

H H -600 -500 -400 -300 -200 -100 O 100 200 300 400 500 600
CO'ﬂOW, In|etS h|gh Cross section position (mm) Anode channel

[1ry

o
%o

Cathode GDL

Anode
GDL

o
an
e
{ 3
"

Cathode channe
Anode channe

/J-..

————————————— Cat CL/ PEM

7

V)i

D

TOD or Water thickness (mm)
N

Gore MEA: 0.2/0.4 mg Pt/cm2

Ioading, Pt/C, 710 Membrane (1 8 Gore MEA, BC vs BN GDL on the cathode; 1.2 A/cm2 —— BC Water thickness {mm) AVG 1.2 Afcm?2
microns thick). _ T e Cell 04 2012 100RH_tp2Ac2
8 X ! 8 Cathode channel
VARY cathode GDL (same z = ! c
L == == & Cathode channel/GDL
substrate, vary MPL only), anode 3 S : | g
. wv ! Cat GDL/CL
GDL fixed. & g 7 ! 2
i -8 . i. 8 ------- Cat CLf PEM
The GDLs are from SGL Carbon. S - ! | < — - PEM centerline
. % S/ : il : An CL/GDL
2.5 cm2 cell, 100/200 sccm H,/Air . b ol N e
(fixed flows), zero backpressure, 80 800  -600  -400 -2=30m o 2%0 400 400 800 —
C Only, 100% RH o Cross section position (mm)

Co-flow, inlets high
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