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Material Challenges for Fuel Cell Components
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Challenges - Fuel Cell Industry

Fuel Cell Durability is one of the most critical requirements for the
successful commercial feasibility of PEM fuel cell technology.

Opportunities for MEA durability improvements include:

= Chemical stability of the membrane material to peroxide attack.

= Loss of conductivity and mechanical failure of the PEM.

= Stability of the gas diffusion layer against carbon oxidation.

= Catalyst support resistance to corrosion.

= Catalyst surface area stability against agglomeration, dissolution and
poisoning.

= Catalyst migration through the polymer electrolyte membrane.
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Reliability and Durability Requirements

Significant material improvements are required to meet durability

goal for commercial implementation of Fuel Cell Systems.

Typical lifetime requirements
= Automotive applications: 5,000 - 6,000 hrs
= Bus applications: 20,000 - 40,000 hrs

= Stationary applications: 40,000 hrs
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DuPont Fuel Cells - History & Milestones

Early 1960’s Provided initial PEM membrane to NASA space program

1995 - Alternative Energy R&D program started

2001 - Accelerated efforts in Product / Process Development
2002 - Films and Dispersions - "Pipeline" of improvements
2003 - Achieved commercial status with MEA3 and MEA5
2004 - First fruits from increased PEMFC durability efforts

2005 - Transition to chemically stable product line
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Approach for Membrane Durability Enhancement
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MODE TECHNOLOGY
Peroxide
H.O, Prevention:
Formation Eliminate Fenton's

Contaminants

U
Hydroxyl Radical Peroxide
Formation Decomposition
U
Attack on Polymer Polymer
Weak Sites Stabilization
U
: : Membrane
Cyclic Operation Reinforcement
I
I
_________ J

@UPID

B. Choudhury - ISHE - Nov. 12-15, 2007



Understanding the Chemical Degradation
of Nafion® Membrane
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Chemical Degradation of Membrane

= H,O, is generated by the reaction of the crossover oxygen
with the hydrogen from anode side.

= H,0O, decomposes in presence of Fenton’s cations to
produce ‘OH or *OOH radicals.

= These radicals preferentially attack reactive end groups of
the polymer and initiate chain scission reactions leading to

the degradation of the polymer backbone

R; - CF,COOH + 'OH — R; - CF,” + CO, + H,O (1)
R; - CF,” + 'OH — R; - CF,OH — R; - COF + HF (2)
R; - COF + H,O0 — R; - COOH + HF (3)
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Reactive End Groups : Polymer Degradation

H,0O./Fe+*? or fuel cell
polymer-CF,-CF-CF,-CO,H » HO,C-CF(CF;)OCF,CF,-SO;H
| HO,C-CF,-SO,H
OCF,CF(CF;)OCF,CF,SO,;H CF,CO,H
HF
= Similar polymer fragments CO, also formed
found in ex-situ Fenton's test
and fuel cell test suggest 19F-NMR of Cathode Product Water - OCV Test
similar degradation o ﬁ
mechanisms under both [ W [N 228
conditions. -74.6 ppm -121.3 ppm
107.2 ppm

= Fragments are consistent with -81.3 ppm

a step-wise degradation

P _ 9 -79.2,-79.3, -117.2
mechanism from unstable -81.6, -82.6 ppm ppm
polymer end-groups.
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Reactive End Groups : Model Compound Study
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Carboxylic Acid Model Compound
CF,CF,OCF,CF(CF,)OCF,CF,COOH

Completely degraded to HF and
other fragments

Sulfonic Acid Model Compound

| CF,CF,OCF,CF(CF,)OCF,CF,SO,H

Similar to the structure of the
Nafion® side chain

NO DEGRADATION OBSERVED

0.0008504
:
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= Polymer backbone
associated with
-SO3H group is
stable, while that
with -COOH group
decomposed
completely.
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Reactive End Groups : Model Compound Study

2.500 - No difference between #3and #4.

DuPont Model Compound #2

 Branched side-chain not reason
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Only fluoride and fragments in
2000 7 19F NMR 1.907

CF,CF,0CF,CFOCF,CF,CO,H

I
CF,
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Partially degrades
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1.500 -
MC mostly intact

HO,C-CFOCF,CF,SO,H DuPont Model Compound #4

| Partially degrades
CF, ydeg

Some fragments in 19F NMR
1.000 |

% Fluoride Released

MC mostly intact

HOzc'CFOC cmFOC F20F2803H

I I
CF;  CF;

DuPont Model Compound #1
Very Stable
No fragments in 19F NMR

0.500 - CF,CF,0CF,CFOCF,CF,SO,H

I
CF,

0.005

0.000

@POND

B. Choudhury - ISHE - Nov. 12-15, 2007



Polymer Degradation : Correlation with End Groups

Fluoride Emission vs. Endgroup Count

Fenton Test - Relative FER

Polymer Stabilization

0 2 4 6 8 10 12
Normalized End-group Count

* PFSA ionomer is stabilized by reducing reactive polymer end-groups
 Fluoride emission in the Fenton's test is 8X lower for the stabilized polymer
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Understanding the Mechanical Strength
Requirements of Nafion® Membrane
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Membrane Performance : Accelerated Durability Test

Accelerated OCV Durability Test .
= QOur selected reinforced membrane
1.2
L 1.0 prototypes show significant lower
L
g 0° FER than the baseline materials.
= 0.6
2 o4 = CS/Reinforced membrane shows
U2 lowest FER
0.0 .
1 mil cast Gen A CS + = We have successfully combined
Reinforced Reinforced ] .
our mechanical and chemical
Average FER in OCV Test
10 stability strategies in a series of
ol prototype membranes
E = Different reinforced membrane
E structures including stabilized
$ 0.4
ionomer (CS) show good
0.2
performance in our accelerated
00 2 miII cast 1 miII cast 1 mil clast Cs 1 miII RT 1 mil ICS RT

durability tests.
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UTC Single Cell Testing of Gen A Reinforced Membrane
New membrane shows increased chemical and mechanical stability
=
St &
> g New
! - . | Reinforced
é) . £ B 1 mil cast
s New reinforced @ |
o f:@ 10
g, =
8 R ﬁ :
g | 3 °f
. § 0 : , — A
og L4 ... X 0 50 100 150 200
& &
0 100 200 300 a3 Time / hrs
Time / hrs
OCV hold RH-load cycle
- lifelime, fluoride release « lifetime
e xincrease in OCV hold lifetime o ~2xincrease in RH-load cycle lifetime
« Substantial chemical stability s Improved mechanical properties
« Does not yet include CS ionomer, improve durability in a fuel cell
. UTC peroxide mitigation s

http://www.hydrogen.energy.gov/pdfs/review05/fc9_escobedo.pdf
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Further Improvements of Chemical Stability
of Nafion® Membrane
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Polymer Degradation : Correlation with End Groups

Fluoride Emission vs. Endgroup Count
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= Advanced Stabilization Technology

0 I T T T T T
0 2 4 6 8 10 12
Normalized End-group Count

* PFSA ionomer is stabilized by reducing reactive polymer end-groups

 Fluoride emission in the Fenton's test is 8X lower for the stabilized polymer

 Further reduction in FER is achieved by incorporating DuPont’s
advanced stabilization technology.
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Nafion® XL Membrane

= Nafion® XL membrane incorporates DuPont’s most recent
advances in chemical stabilization technology.

= A fundamental understanding of PEM degradation
mechanisms has enabled DuPont to develop proprietary
technologies to enhance the chemical stability of Nafion®
membranes.

= Nafion® XL membrane demonstrates improvements

beyond the benefits already provided by our chemically
stable (CS) ionomer.
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Fluoride Emission : Accelerated Durability Test

o 1.2
©
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Durability : Load & Humidity Cycling Test

Nafion® XL

Membrane
Nafion® XL Membrane
lasts 20x longer in

_ demanding load &
Baseline: - .
Nafion® 1 humidity cycling test
mil cast
NRE211CS
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Fluoride Emission : Automotive Load Cycling Test

10
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Conclusions

= DuPont has made significant advancements in enhancing the
durability of Fuel Cell Membrane.

= The advancements were made through careful understanding
of material problems and developing appropriate mitigation
technologies.

= Model compound studies and the identification of degraded
polymer fragments have enabled a better understanding of
PFSA degradation strategies and mitigation strategies.

= PFSA ionomer stabilized by reducing reactive polymer end-
groups showed 8X reduction in FER.

= A combination of chemically stabilized polymer with
reinforcement shows 5-6X reduction in FER under accelerated
OCV test and 3-4X improvement in accelerated load/humidity
cycling test
Y
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Conclusions

= Nafion® XL membrane offers a step change towards
meeting the PEM durability requirements for automotive
applications.

= Nafion® XL membrane possessing advanced stabilization
technology achieves a 40x reduction in fluoride emission in
the OCV test over chemically stabilized cast membrane.

= Nafion® XL membrane also shows other significant
improvements in the drive cycle test:

m 14X lower Fluoride Emission Rate (FER)

m >3X longer lifetime
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