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Overview

Hydrocarbon PEMFC Membrane

Timeline

« Start Date: 3/15/05
« End date: 9/30/05
* Project Completion: 30%

Budget

» Total project funding

— DOE share: $150K

— Contractor share: $0K
« Funding received in FY04: $0K
« Funding for FY05: $150K

Partners

* |nteractions and Collaborations - None

Fuel Cell Program

Technical Barriers

Direct Methanol Fuel Cells
Barriers: B,C,D,F

High Temperature Membranes for
Distributed Power Applications

Barriers: A,D,|

Advanced Membrane R&D
Barriers: A,C,D,|

MEA Materials, Components, and
Processes

Barriers: A,B,C

Advanced MEA Meeting 2010 Targets
Barriers: A,B,C,D

Cold Start
Barriers: A,B,C,D,H,J
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Barriers and Targets

Technical Targets: Membranes for Transportation Applications Table 3.4.14. Technical Targets: MEAs

. . 2004
Characteristic Units 2004 2005 2010 2015 it e Status | 2005 | 2010 | 2016
Status
Operating Temperature °C <=B0 <120 =120 <120
Membrane Conductivity at
Operating Temperature S/cm 0.10 0.10 0.10 0.10
Room temperature S/em 0.07 0.07 0.07 0.07 Inlet water vapor partial pressure kPa (absolute) 50 25 15 15
-20°C S/em 0.01 0.01 0.01 0.01
Cost® SW 408 50 15 10
Operating Temperature °C <80 =120 =120 =120
Durability with cycling
At operating temp of <80°C hours ~1000° 2000 50009 50004
Inlet water vapor partial pressure kPa (absolute) 50 25 1.5 1.5 At operating temp of >80°C haours nat available® 2000 50009
Oxygen cross—over® mA/em? L5 ) 2 2
Survivability Temperature °C -20 -30 -40 —40
Hydrogen cross—over® mA/em? 5 5 2 2
Cost $/m? 65° 200 40 40 e ] /KW (rated) 1.1 27 0.33 020
(both electrodes)
Durability with li
ura A‘l' ¥ wh t.Cyct‘"g ¢ 80°C oot 0 05 mA/em? 200 250 400 400
operal !ng emp of < i FeE -1000° 2000 50000 5000° erformance @ ¥ power (0.8Y) mWierm? 160 200 320 290
Sllope=inclismplolEHIE hours not available® 2000 5000°
Performance @ rated power mW/em? 600 800 1280 1280
Survivability °C -20 -30 -40 -40
Thermal cyclability in presence of condensed water Yes Yes Yes Yes Extent of performance degradation over lifetime? % 10 10 10 10
* Tested in MEA at 1 atm O, or H, at nominal stack operafing temperature. o
* Based on 2004 TIAX Study and will be periodically updated. Thermal cyclability in presence of condensed water Yes Yes Yes Yes
* Durability is being evaluated. Steady-state durability is 9,000 hours.
¢ Includes typical driving cyeles. * Based on 20023 and cost projected to high-vohime (500,000 stacks per year).
* High-temperature membranes are still in a development stage and durability data are not available. " Based on 2004 TIAX Study and will be periodically updated

© Durabality 15 being evaluated. Steady-state durability 15 9,000 hours.
4 Includes typical driving cyeles.
= High k are still in a devel stage and durability data are not availabls.
 Equivalent total precicus metal loading (anode + cathods): 0.1 mz/em® by 2010 at rated power.
Precious metal target based on cost target of <$3/kW pracious metals in MEA [@8$450/troy onee ($315/2) and loadmg of < 0.2 gkW]].
¢ Dlagradation target includes factor for tolerance of the MEA to impurities in the fiuel and air supply.

Barriers Addressed

— Membrane Areal Resistance
— Operating Temperature
— Survivability (-20°C to 120°C)
— Catalyst Loading
Fuel Cell Performance
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Project Objectives
Task and Milestone Schedule

Subtask 1.1 - Low Humidity Fuel Cell PEM
. %
Target  Revised  Actual Cliiis Progress

1.0 Funding Approval 10/1/04 3/1/05 F-undmg Receipt
dictates schedule

1.1.1 = Synthesize first generation SPEA materials and
characterize physical properties (DSC, TGA,

K 04/05 05/05 On-Track
DMA, IR, water-uptake, IEC, Tensile Strength,
and EA).
1.1.2  Characterize 0SPEA 1(:)n conductlYlty from 10 - s 08/05 On-Track
100%RH at 0°C to 100°C as a function of IEC.
1.1.3 Demons.trz.elte that I‘lrst generation SPEA ha_sl an };)n 09/05 On-Track
conductivity at 80°C and 75 %RH of 0.1 Q" -cm™.
1.1.4  Initiate development of novel SPEA materials
based upon activity-structure relationships for this = 10/05 On-Track
study.
Subtask 1.2 - SPEA Catalyst Coating Membrane Studies
. %
Target  Revised  Actual Complete Progress

1.2.1 Establish electrochemical activity benchmark for
Nafion-based electrodes and establish test protocol = 03/05 = 06/05 On-Track
for SPEA-based electrodes

1.2.1 Establish electrochemical activity benchmark for
Nafion-based electrodes and establish test protocol = 03/05 = 06/05 On-Track
for SPEA-based electrodes

1.2.2  Demonstrate the SPEA performance of a CCM
with Nafion and SPEA in the electrode structure at = 05/05 On-Track
a total catalyst loading of 0.4 mg/cm?

1.2.3  Demonstrate that SPEA has a Hydrogen and
Oxygen crossover current of < 7 mA/cm” at 80 °C = 07/05  08/05 On-Track
and 25 %RH.

1.2.4 Demonstrate a SPEA CCM with SPEA in the
electrode with a membrane aerial resistance of = 09/05 On-Track
0.07 "'-cm™ at 80 °C and 25 %RH.

1.2.5  Initiate development of SPEA CCM materials with
reduced reactant crossover and increased fuel cell 10/05
performance over initial materials and Nafion .
based upon an activity-structure relationship. Sand|a

Fuel Cell Program Plaat;[g:g’?tllries
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- . Overview

- Improving Fuel Cell Membranes

Gas & Liquid Transport - MEA

» Oxygen & Hydrogen
» Water (Cathode)

Fuel Cross-Over - PEM

* Oxygen & Hydrogen
» Methanol

Stability — PEM & MEA
 Temperature
« Chemical
 Dimensional & Mechanical
» Electrode Interface

Conductivity — PEM & MEA
* Low Humidity
* High Temperature (>120 °C)

ﬁaqmal
Fuel Cell Program Laal;[:)org?ories

Nafion 117 |
10 nm
domains
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Need: Development of a
PEM that requires little to.no
water for proton conduction!




PEM and MEA Challenge

Minimizing Losses

120 oo \deal Voltage Hydrogen Oxygen
T o T T - Side Side
1.03 Kinetic Region " "=--___ R
f Catalyst Activity _ T T \\ - H, — 2H* + 2e %0, + 2H* — H,0
Ohmic Region \ =
0.8 o~ - - - Membrane Resistance | H,— +«— 0,
______________ L oo
7)) i Mass
wid 06 -T- ﬂ H
o Total Loss Transport 20
> Region
041
0.2+ i+i I+1
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0 250 500 750 1000 1250 1500 1750 2000 2250 2500

Porous Porous

Anode Cathode
Polymer

Electrolyte

mA / cm’

Improving Power

— Lowering IR
(PEM & Electrode Interface)

— Controlling Transport
(PEM, MEA, GDL)

— Catalyst Activity

Sandia
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'"
- = Research Approach
"/" Sandia’s PEM and MEA Research

PEM Fuel Cells , Challenges New PEM materials Characterization

i P Swollen Sample at 60°C
r jv wollen Sample af i ;lsa:/':on117 _
e’ i 10 o ° 53.2A O 40% sulfonation
Fuel . 10} a:D ‘ CDJ 22% sulfonation
H,0 2, \
S I?:
- ’ g 0.1
o 0, o0 20 o0 T 10w 10 10 10 210 2230 2500 £ 0.01f
Anode  PEM  Cathode mA/ cm’ 1E3 .
o) 0.1
Making MEA’s Building & Testing Fuel Cells Next Generation Materials  Tailored Electrode Materials

SOzH

O S0

O QO O N HN ’N\“E‘th O
Hohy, = o
HO,S O ] O e Q
F

Supramolecular Templating
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Research Goal
Hydrocarbon PEMFC Membrane

"Research GOAL: Develop and Demonstrate a A
Low Relative Humidity PEM and MEA based
upon alternative PEM technology

— PEM & MEA Development

— Electrode Development
\_ — Fuel Cell Testing y

PEM Development
— Polymer
— Hybrid Composites

Fuel Cell Testing
— PEM & MEA Validation
— Lifetime & FC Stress Testing

Collaborations Industry
— Labs & Universities — Real World Problems

Sandia
Fuel Cell Program LNaat;[g:g’?tIJries



* Thermal Stability

« Good Chemical Stability
* Low Fuel Cross-Over

« Gas Transport (Tunable)

* Low Interfacial Resistance
(MEA — Electrodes)

« Chemical Diversity
* Proton Conductivity
 Morphology

Fuel Cell Program

Polyphenylenes
Sulfonated Diels-Alder Polymer (SDAPP)

-

Thermal Stability: 120 °C

* High Ionic Conductivity (0.1 S/cm)
» Improved Mechanical Properties (10x Stiffer)
* Cross-Over Resistance to MeOH (3x Lower)

* Membrane Electrode Assemblies (Nafion vs DA)

40 % more Power at 80°C & O/H,

20 % more Power at 80°C & O,/MeOH (0.5 M)/

h)

Sandia
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4 ":, Thermochemical Stablility

Improving Fuel Cell Membranes

L 8.2 wt% (8.0)

Thermal Stability

« SDAPP family demonstrates
ability to retain SO3H groups
and maintain its structure
above 200°C as determined by

100 -

- 12.0 wt% (11.3)

1 16.0 wt% (17.3)

©
o
1

1 19.0 wt% (20.3)

Parent (T,, 610 °C)
SDAP 1 (T,,, 440 °C)

Weight Loss (wt%)
(o]
o

TGA in air i
. ra | —— sDAP4(T_, 360 °C) ]
Chemlcal Stablllty 6oo 200 400 600 800 1000
- SDAPP survives Fenton’s Test G2 o omperaturelQ) _
. & ek Fe™ + «OH + OH
for > 2 hrs while other 4ppm 3% solution
alternative PEM’s dissolve at Time Weight Loss M
these conditions Hours o) e
IMPACT: PEM & MEA stability 2 : LS
. 5 5 1.2
Fuel Cell Stack Life! : : .
12 12 0.9

La Conti, A. B.; Hamdan, M.; McDonald, R. C. Handbook of Fuel Cells —

Fundamentals, Technology and Applicatns, 2003, 647 - 662. Sandla
@ National
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Fuel Cell Research
Improving Fuel Cell Membranes

1010 _ L 1 L 1 L 1 L 1 L 1 L .
3 120 °C 420 °C 540 °C

Thinner Films

— Improved Performance

= w
o 40.1 c
~ ©
W s — Smaller Stacks
Nafion117
Polyphenylene (DA) 3
——— Sulfonated DA & | - __I
10° ————————————7———7—1 0.01 After 130°C in F
0 100 200 300 400 500 600
Temperature (°C)
80°C 70°C 50°C 30°C —=—SDAPP 1
300 —————t—————— . 1.2 7 ==SDAPP 2 | 1 T 1000
® SDAPP 1 (Ea=12.6 kd/mol) ] —0—SDAPP 3 1
200 A SDAPP 2 (Ea = 11.2 kJ/mol) ]
v SDAPP 3 (Ea = 10.9 kJ/mol) 104 .
v v SDAPP 4 (Ea = 8.85 kJ/mol) ] 1800
Q O Nafion 117 (Ea = 9.85 kJ/mol) 1
—_ 100% RH o
1004 - 0.8 |
E §§ ] A . - Cell: 100°C \ 500 E_,
@ 70 A 0 ] 3.5 mil 172
E- gg A ] o 064 5 mglcm’ =3
L > ] X SDAPP Ink 1 o
o 401 1 ] \ \ - 400 g
(@] 0.4 4 ) [e]
o 301 ] o
= ® o T ]
20 ; 42
® § o2 LNy I
o ; 1 ]
10 T T T T T T T T T T T T T T T T T T T T 00 1 T T T T T T T T T T T O
2.7 2.8 2.9 3.0 3.1 3.2 33 34 0 500 1000 1500 2000 2500 3000
1000/ T(K) mA / cm? NOT IR Corrected
H, &0, @ 500 sccm, 20 psig
Sandia
National
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Hydrogen Crossover
In-situ MEA Testing

3.00E-04 SDAPP membranes
¢ Nafion 112 . show lower crossover
& SDAPP2
N;“T 2.50E-04 - A SDAPP3 currents and
g X SDAPP4 * N permeability than N112
z 200E-04 7 A . especially at higher
o A
temperatures.
S 1 50E-04 - . © P
5
t o
S 1.00E-04 1
4 v, X
S X
£ 5.00E-05 -
0.00E+00 | | |
60 80 100 120 140

Temperature (°C)

Sandia
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Fuel Cell Performance
30 wt% Nafion Binder

1.0
i HFR (Q-cm?)
0.9
Ka 80C 100% RH 0.11
08 % a A 80C 100% RH
X A 80C 50% RH 0.60
— 07X A X 80C 50% RH
> X A
w 067 x A _ _
= X A Large losses in Nafion-based
5 % L MEAs at low RH due to decreased
; 04|  « N membrane conductivity and proton
S X transport resistance in electrodes.
0.3 X A
02 | SDAPP 2.2 meqg/g IEC membrane
5.8 mil thick
01 - Nafion 1100 electrodes
29 wt % polymer in electrodes
0.0 ‘ ‘ ‘ ‘ H2 200sccm
0 500 1000 1500 2000 2500 Air 500 sccm
20 psig

Current Density (mAIcmz)

Sandia
Fuel Cell Program Plaat;[g:g’?t!ries



Fuel Cell Performance
30 wt% SDAPPe Binder

1.0 HFR (Q-cm?)
0.9 80C 100% RH 0.08
4 100C 100%RH
100C 100% RH 0.05
0.8 = 80C 100% RH
n 80C 50% RH 0.75
0.7 x ma X 80C 50% RH

30 wt % SDAPPe electrodes show
two mass transport limiting steps.
Increasing the operating
temperature of the cell alleviates
this problem. Still poor
performance at 50% RH.

Cell Potential (V)

SDAPP 2.2 meqg/g IEC membrane

1 mil thick
0.0 ‘ ‘ ‘ SDAPPe electrodes 120mS/cm
0 500 1000 1500 2000 29 wt % polymer in electrodes
H2 200sccm
Current Density (mA/cm?) Air 500 sccm

20 psig Sandia
Fuel Cell Program Plaat;[g:g’?t!ries



Cell Potential (V)

Fuel Cell Performance
15 wt% SDAPPe Electrode Binder

0.9
0.8 A80C 100% RH
07l a = 100C 100% RH
K B A o
0.6 E A % 80C 50% RH
X n A
0.5 X u A
X
0.4 X o A
X A
0.3 X A
X A
0.2 1 O A
. A
0.1 -
0-0 I I I I
0 500 1000 1500 2000
Current Density (mAlcm?)

Fuel Cell Program

2500

HFR (Q-cm?)
80C 100% RH 0.06
100C 100% RH 0.10
80C 50% RH 0.21

No mass transport limiting behavior
at intermediate current densities
with 15 wt % SDAPPe in electrode.
Also 50% RH performance is
improved with lower wt % ionomer
In electrode layer.

SDAPP4 Membrane
0.8 mil thick
SDAPPe electrodes 120mS/cm
15 wt % polymer in electrodes
H2 200sccm

Air 500 sccm

20 psig

Sandia
National
Laboratories



- > Fuel Cell Performance
Nafion vs. SDAPPe Electrodes: 80°C and 50% RH

1.0
Catalyst layers with greater

0.9 + SDAPPe electrode 15 wt % ionomer binder contents show

0.8 » SDAPPe electrode 30 wt % large activation and transport

) o losses at low RH.

d 2A

~ A A Nafion 1100 electrode 30 wt %
— 061 a 15 wt % ionomer binder in the
= nAe electrode shows superior mass
© 05 ma o
o . A . transfer performance, but there are
204 wma . problems in the activation region.
S mA .

03 _‘ * ., SDAPP4 Membrane

0.2 o . 1 mil thick

g . 80°C cell temperature
0.1 O . H2 200sccm
Air 500 sccm
0.0 ‘ ‘ 20 psig
0 500 1000 1500 50% RH gas feeds

Current Density (mAIcmz)

Sandia
Fuel Cell Program Plaat;[g:g’?t!ries



Fuel Cell Performance
SDAPPe Electrodes: 120°C and 50% RH

1.0
Low ionomer binder content in
0.9 SDAPP-based electrodes may
08 | & provide routes to high
* performance electrodes at low

0.7 - 0
S - RH.
= 0.6 1 * X0 _
= » o Can currently match Nafion
2 057 X ¢ @ ‘o performance with an MEA based
%04 oo entirely on SDAPP with slightly
S 03 “ higher Pt loadings.

. X 29 wt % Nafion 1100 0.2 mg Pt/cm2 on Nafion 112
02 - 120°C Cell temperature
e 7wt % SDAPPe 0.4 mg Pt/cm2 on SDAPP4 H2 200sccm
0.1 o 16 Wt % SDAPPe 0.4 mg PYcm2 on Nafion 112 Air 500 sccm
20 psig
0.0 ‘ ‘ ‘ 50% RH gas feeds
0 200 400 600 800
Current Density (mA/cm2)

Sandia
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Fuel Cell Performance
SDAPPe Electrodes: 120°C and 50% RH

1.0
Low ionomer binder content in
0.9 SDAPP-based electrodes may
08 | & provide routes to high
* performance electrodes at low

0.7 - 0
S - RH.
= 0.6 1 * X0 _
= » o Can currently match Nafion
2 057 X ¢ @ ‘o performance with an MEA based
%04 oo entirely on SDAPP with slightly
S 03 “ higher Pt loadings.

. X 29 wt % Nafion 1100 0.2 mg Pt/cm2 on Nafion 112
02 - 120°C Cell temperature
e 7wt % SDAPPe 0.4 mg Pt/cm2 on SDAPP4 H2 200sccm
0.1 o 16 Wt % SDAPPe 0.4 mg PYcm2 on Nafion 112 Air 500 sccm
20 psig
0.0 ‘ ‘ ‘ 50% RH gas feeds
0 200 400 600 800
Current Density (mA/cm2)

Sandia
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""
4 “‘:’. Fuel Cell Performance
Elevated Temperature: 120°C and 50% RH

Thermal Stability O el
« SDAPP family demonstrates _°
ability to retain SO3H groups 3" 0%
and maintain its structure g
above 200°C as determined by .
TGA in air e SR S

Chemical Stability curntDenty e

« SDAPP survives Fenton’s Test o
for > 2 hrs while other 05 ,1\ X Naflontz
alternative PEM'’s dissolve at

these conditions j: 0:6
IMPACT: PEM & MEA stability 3 o —

Fuel Cell Stack Life! ]

0.2

0 100 200 300 400 500 600
Current Density (mA/cm2)

f\}“cfnﬁécggéfcﬁ?‘;kﬁd Air (500scem) San_dia
National
Fuel Cell Program Lahoratories



Future Work

Improving Fuel Cell Membranes

Enhanced Acidity \
— Acid Groups

Enhaced Hydration Properties

— Imidazole Functionalized SDAPP
— Inorganic Domain Type

Inorganic Domain Conductivity
— HPAs & HPA Sol-Gel Materials

Polymer Structure-Property
— Controlled Sulfonation
— Structured Materials

— Crosslinking
— Blends

- J

Fuel Cell Program

Polymer Hybrid Composites

Inorganic Polymer

0\5{% f Ion Transport \

S % SO;H
: OWSO3H
\ 7/
S
so_

(0)

>Si
(O
sost Y K Block Random j

Proton - Conductive
Inorganic Domains :
@ Sandia

National
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Gas Transport (Tunable)

« SDAPP has diversity in
chemistry to address unique
PEM and MEA needs

Lower Interfacial Resistance

« SDAPP can be substituted into
electrode structure

Stability

« SDAPP has good thermal and
chemical stability, high Tg, and
high modulus that will enable
the formation of mechanically
stable thin films

Fuel Cell Program

Future Work

Controlling Gas Transport

H, O,

Ph Ph Ph
OQQO 94 | 19

Ph F,

OOOO 99 124.5

FPh Ph

Ph F

Ph
OOO

Barrer = 10-1%m3/cm2 s cm of Hg (at STP)

Fujimoto, C.; Loy, D.A.; Cornelius, C; Wheeler, D. R.; Jamison, G. M.

Manuscript in Preparation, J. Membrane Sci.
Sandia
National
Laboratories



-g% Conclusions
Improving Fuel Cell Membranes

« Demonstrated Promising H, Fuel Cell Performance with 15t
Generation SDAPP Family from RT to 120°C and recognize
need for improved systems.

e Post-Sulfonation Crude... Future work will utilize
functionalized monomers that will lead to controlled PEM
morphology

« Capabilities Established: Material design and synthesis,
characterization, device testing, system performance
measurements, and predictions

* Opportunity to arrive at improved materials through newer
generation materials.

Sandia
Fuel Cell Program Plaat;[g:g’?tllries
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4 )' Project Safety

* Primary Hazard Screening in place for all labs and
workers are experienced with the use of equipment
and chemicals.

« Safeguards in place to minimize electric hazards.
Hydrogen and oxygen are kept separate and vented
into hoods.

* Training and standard operating procedure for all test
equipment in all labs.

ﬁan_dia |
Fuel Cell Program Laat;[g:g’?ories



- > Hydrogen Safety

The most significant hydrogen hazard associated
with this project is:

Hydrogen leaks from fuel cell and its combining with Oxygen or other oxidant
sources.

Our approach to deal with this hazard is:

We have removed all oxidants from the lab. Our fuel cell lab is sole designated
for fuel cell research. Pressure release valves and flow restriction valves are
located on all gas cylinders and oxygen and hydrogen cylinders are located
away from each other as prescribed by our ES&H staff. All exhausted gases
from the fuel cell are vented separately into a ventilation hood to dilute hydrogen
below its explosion limit.

ﬁan_dia |
Fuel Cell Program Laat;[g:g’?ories
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