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Pore size distribution of PEM

PEM properties

Equilibrated Nafion
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@) $a%RT Modeling of Nafion membrane
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D) Ta AR F Microstructure of Nafion membrane

J. Phys. Chem. B 2011, 115, 11352-11358

J. Phys. Chem. C 2012, 116, 17424—17430
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(&) Ta %R ¥ Degradation reactions of PEM
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Working scheme of modeling

I — CF,CF(CF;CF,;) LCOOH I
l
| r I Experimental validation:
I Gravimetry, HPLC- MS, lon
CF —C—E:]—CF CF |SO;H ' f
| 2 2&F2 | chromatography, FTIR & °F NMR
I Fa I
: : : l
| Degradation reactions of Nafion: :
I ) -CF2CF2 h h | b>-GF2COOH + CO2 +(Bin chain unzipping|) Model PEM degradation in atomic details
: w -CF2CF2S0O3H +QOHCF2COOH + CO2 +(Bifle chain scission) I
: w -CF2CF2SO3H +-OFCF2COOH + CO2 +(kthRer cleavage) I
Table VII. Experimental and Calculated Fuel Cell Reaction Enthalpies
Reaction Experimental Af,gx Calculated AE., (kcal/mol)
(kcal/mol) B3LYP/6-31G*
CF,H + *OH > «CF, + H,0 114 78
HF ++«0OH - F + H,0 +16.5 +13.6
H,0, + *OH = «O0H + H,0 -29.6 -32.7
CH,CO,H + +0H = CH,CO,* + H,0 -15.1 1.1
CF3;CO;H + *OH = CF;CO,+ + H,0 n.a -7.0
CTo0 0 T O S (T80 T 1,0 N, 0.0

Reaction constants Arrhenius expression, k = 4exp(£,/RT)

Simulation of PEM degradation
reactions using Kinetic Monte Carlo




(@) tasexy Modeling of PEM chemical degradation

Kinetic Monte Carlo (KMC) method:
KMCalgorithm is used to simulate degradation processes.

Thealgorithm follows:
1. Sethetimetatt=0

2. Construct a list of all possible events. Suppose that there are N even
In total with the rate constants,> rxXixunits of events per unit of
time. It is assumed that these events are independent.

Select one of the events k with a probabijy=r,/Sr,
4. Execute this event and advance the time for the next event (k+1) by

t.. =t + |In(f)|/ Sr, where fis an uniformly distributed random
number between 0 and 1.

5. Repeat this process, starting from step 2.

2o

Important factors Reaction definition &eaction rates
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(@) 122423 Degradation of Nafion Main chain unzipping
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Polymer Degradation and Stability 94 (2009)
1436c1447

Need to predefine  -[(CFCF,)(CF,CF,) .|
Carboxylatiorrate

-
OCF,CFOCF,CF,SO,H
Reaction #1 |

CF
-CECB-/ h h | b>-@jaG:(D(3)H + CO HF
Reaction rate; =k,[-/ h hl 6 wkphl 6 0

Need to predefine [(_IC_F CF2)(CF20F2)m}n'
Carboxylatiorrate OCF,CFOCF,CF,SO,H
Reaction #2 2;_,:3

-CECFQ h hl bH>-GHCOOH + C@ HF
Reaction rate, =k,[-/ h h 1 6 wkph00§ o

Obtaining reaction rates:
1. DFT estimation of reaction enthalpy

2. Fitting relevant experimental data



@ taz¥x%  Degradation of Nafion Side chain scission

F F

|
P—CF,-C—CF—P —_— SOz + P-CFpC-CFy—P
o |
CF,CFO—CF,CF,80; l CF2CFO-CF,CF,e
CFa

CFy

. l\ azatGfte GF1S LI C
- P=CFR—CF,—P of gas phase (dry conditions)

P—CFz C\ 'CF:—P -

F

O
ECS Transactions, 16 (2) 285 (2008)

Reaction #3
Need to predefineSO3
-CECESQH + OH>-CECOOH + HF G—
LhSQ ; &o deprotonation rate

Reaction rate; =k;[-SQl 6 wwh;F8.0) 0
Obtaining reaction rates:

1. DFT estimation of reaction enthalpy

2. Fitting relevant experimental data



(@) tasxy Degradation of Nafion ether cleavage

-[(CFCF,)(CF,CFy),, ] -
Cause backbone & side chain
BCF,CFOCF,CF,SO,H ===  iicgion

CF,
Reaction #4
-CECESQH + OH>-CBECOOH + C3 HF
Reaction rate, =k,[-CFG8 w w hk] =8).003 0

preferred sites of attack. (2) Ether linkages, which connect the
ionomeric side chains groups to PTFE backbones are also viable
points of attack for peroxide radicals and can lead to side chain
cleavage. (3) The rate of reaction at carboxylic acid end groups
(CEGs) appears to be approximately 500 times that of ether
cleavage. Commercial PFSA products contain minimal CEGs,

Macromolecule2007,40,86958707
cupP
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Main chain unzipping

Side chain scission
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Snapshot of degraded Nafion
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Jd ek RF Simulation validation - lon chromatography
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Simulation results

Weight loss of degradated PEM (‘0: emission of degradated PEM S()J’ emission of degradated PEM F e@ss10n of degradated PEM
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Validate exhaust components by lon chromatography

Experimental results
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