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PEM properties

Dself x109 m2/s ˂Ґ5 ˂Ґ10 ˂Ґ15 ˂Ґ22

H2 2.57 2.79 3.80 5.51

O2 0.15 0.40 0.41 0.71

Pore volume

˂Ґ5 0.24 ml/g

˂Ґ10 0.29 ml/g

˂Ґм5 0.37 ml/g

˂Ґ22 0.48 ml/g

Equilibrated Nafion 
membrane

Water 
channel

Gas diffusivity in 
PEM



Modeling of Nafion membrane



Microstructure of Nafion membrane



Degradation reactions of PEM

Reaction constants

Simulation of PEM degradation 
reactions using Kinetic Monte Carlo

Degradation reactions of Nafion:

ω -CF2CF2-/hhI Ҍ ωhI -> -CF2COOH + CO2 + HF (main chain unzipping)

ω -CF2CF2SO3H + OH-> -CF2COOH + CO2 + HF(side chain scission)

ω -CF2CF2SO3H + OH-> -CF2COOH + CO2 + HF (ether cleavage)

Working scheme of modeling

Experimental validation: 
Gravimetry, HPLC- MS, Ion 

chromatography, FTIR & 19F NMR

Model PEM degradation in atomic details



Kinetic Monte Carlo (KMC) method:

KMC algorithm is used to simulate degradation processes. 

The algorithm follows:

1.    Set the time t at t = 0

2. Construct a list of all possible events. Suppose that there are N events 
in total with the rate constants r1Σ ΧΣ rN in units of events per unit of 
time. It is assumed that these events are independent.

3. Select one of the events k with a probability pk = rk/Sri

4. Execute this event and advance the time for the next event (k+1) by

tk+1= tk+ |ln(f)|/ Sri, where f is an uniformly distributed random 
number between 0 and 1.

5. Repeat this process, starting from step 2.

Important factors: Reaction definition & Reaction rates

Modeling of PEM chemical degradation



Degradation of Nafion Main chain unzipping

Polymer Degradation and Stability 94 (2009) 
1436ς1447

Reaction #1

-CF2CF2-/hhI Ҍ ωhI -> -CF2COOH + CO2 + HF

Reaction rate r1 = k1[-/hhIϐώωhIϐ όk1 = 1)

Reaction #2

-CF2CFO-/hhI Ҍ ωhI -> -CF2COOH + CO2 + HF

Reaction rate r2 = k2[-/hhIϐώωhIϐ όk2 = 0.01)

Obtaining reaction rates:

1. DFT estimation of reaction enthalpy

2. Fitting relevant experimental data

Need to predefine 

Carboxylation rate

Need to predefine 

Carboxylation rate



Degradation of Nafion Side chain scission

ECS Transactions, 16 (2) 235-255 (2008)

Reaction #3

-CF2CF2SO3H + OH-> -CF2COOH + CO2 + HF

Reaction rate r3 = k3[-SO3IϐώωhIϐ  όk3 = 0.01)

aƻǎǘƭȅ ǘŀƪŜ ǇƭŀŎŜ ƛƴ CŜƴǘƻƴΩǎ ǘŜǎǘ 
of gas phase (dry conditions) 

Obtaining reaction rates:

1. DFT estimation of reaction enthalpy

2. Fitting relevant experimental data

Need to predefine -SO3-

deprotonation rate



Degradation of Nafion ether cleavage

Cause backbone & side chain 
scission

Reaction #4

-CF2CF2SO3H + OH-> -CF2COOH + CO2 + HF

Reaction rate r4 = k4[-CFO-ϐώωhIϐ  όk4 = 0.002)

Macromolecules 2007, 40, 8695-8707



Snapshot of degraded Nafion

Main chain unzipping Side chain scission



Simulation validation - Ion chromatography

Simulation results

Experimental results

Validate exhaust components by Ion chromatography


