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To predict the durability of polymer electrolyte membranes in fuel cells, the degradation reactions of
Nafion 117 films were studied as oxidation reactions with hydroxyl radicals as oxidation accelerators.
The radical species were generated by the Fenton reaction between hydrogen peroxide (H2O2) and iron
ions (Fe2+). The Nafion degradation kinetics were estimated by fluorine ion (F−) generation. The H2O2 and
Nafion degradation reactions fit a pseudo-first-order rate constant. The values of the activation energy and
frequency factor are 85 kJ mol−1 and 3.97 × 108 s−1 for H2O2 decomposition in the presence of a Nafion film

−1 8 −1 −

afion degradation
enton reaction
inetics
rediction
olymer electrolyte membrane

and 97 kJ mol and 9.88 × 10 s for F generation. The Nafion surface morphology became rough after
reaction for 12 h; small cracks, approximately 100 �m in length, were observed at temperatures below
60 ◦C. These cracks connected to make larger gaps of approximately 1 mm at temperatures above 70 ◦C.
We also found a linear relationship between H2O2 consumption and F− generation. The rate constant
is temperature dependent and expressed as ln(d[F−]/d[decomposed H2O2]) = −19.5 × 103 K−1 + 42.8. F−

generated and H2O2 consumed along with the Nafion degradation conditions can be predicted using this

relation.

. Introduction

Polymer electrolyte fuel cells (PEFCs) have recently been
nstalled in houses as co-generation systems, and in future these
ystems will be used widely for supplying energy to cars and mobile
lectronic devices. PEFC technologies are still being developed to
mprove the cost effectiveness of PEFCs, their mass production
echniques, and their lifetimes [1,2]. These issues have a large bear-
ng on whether or not PEFCs are successfully commercialized. The
ost of PEFCs should always be considered in conjunction with their
ifetimes. The durability and aging of these cells have therefore
een investigated [3–5]. Reports show that catalyst aggregation,
egradation of the carbon electrodes, and decomposition of the
olymer electrolyte could cause reductions in performance [6–10].

n particular, the polymer electrolyte membrane (PEM) has a strong
nfluence on cell performances and lifetimes. The tearing of PEMs
nduces the crossover of both oxygen and hydrogen, decreasing cell
fficiency. In addition, this oxygen leakage accelerates the degrada-
ion of the PEM at the anode caused by the production of hydrogen
eroxide (H2O2) [11–23]. Research on the degradation mechanisms

f PEMs shows that the main damage to the polymers is the result
f attack by the reactive oxygen species of free radicals such as
ydroxyl radicals [3,24,25]. These reactive oxygen species are gen-
rated by reduction of H2O2 with iron ions (Fe2+), as part of the

∗ Corresponding author. Tel.: +81 45 974 5135; fax: +81 45 972 5972.
E-mail address: murakami@edu.toin.ac.jp (T.N. Murakami).
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oi:10.1016/j.jpowsour.2010.10.043
© 2010 Elsevier B.V. All rights reserved.

Fenton reaction (Scheme 1); in this reaction, H2O2 is mostly pro-
duced at the anode by the catalytic combustion of the leaked oxygen
and fuel hydrogen [15,18,19,26,27]. The Fe2+ released from the steel
electrode or other metal ion contaminants also react with byprod-
ucts of H2O2 at the anode [28].

In order to prevent membrane failure, research into the develop-
ment and application of robust PEMs has been carried out [29–32].
In most PEFC research, however, Nafion, a commercially available
polymer of perfluorinated sulfonic acid ionomers, is still employed
as the PEM and for degradation studies. Reports on Nafion oxida-
tion suggest that the reactive oxygen attacks the carboxyl groups
at the chain ends and the sulfoxide groups on the side chains
[3,12,15,22–25,32–34]. The oxidative degradation of the carboxyl
group produces new carboxyl groups after decomposition of that
group [26,27]. The polymer chain becomes shorter as a result of
this cycle of unzipping reactions, the film finally becomes thinner,
and pinholes appear [17,20]. The sulfoxide is a proton-transferring
group and sulfoxide cleavage from the polymer decreases pro-
ton diffusion in the polymer. Although detailed research on the
mechanisms has been conducted, quantitative details of reaction
rates and kinetics have not been discussed and clarified until now.
For example, there are few reports on the relationship between
the degree of degradation and the concentration of H2O2, and

most of the reports are simulation studies without any actual
experimental results [26,27]. The occurrence of both radical reac-
tions and polymer reactions make research on the kinetics of PEM
decomposition reactions difficult. The reaction has several steps,
and some factors such as diffusion of molecules and the reaction

dx.doi.org/10.1016/j.jpowsour.2010.10.043
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 1. Decomposition rate of H2O2 as natural logarithmic function in the reaction
Scheme 1. Fenton reaction.

rder are complicated. However, the degradation dependence on
he H2O2 concentration and on the reaction temperature will be
seful information for predicting PEM damage in cells because

t is difficult to see the condition of the PEM in the cell after
ssembly.

We have therefore tried to find the relationship between the
ecomposition level of Nafion 117, which is commonly used as a
EM, and H2O2 decomposition, using an accelerated Fenton reac-
ion at different temperatures. The actual equation for the reaction
ate of Nafion ionomer would be complex because diffusion coef-
cients of the reactants are possibly different between in the bulk
nd on the surface of the polymer [26,27]. However, in this study,
e employ the reaction rates correspond to the homogeneous rate

onstant to consider the reaction as simple. The decomposition of
he Nafion is estimated from the released fluorine ion (F−) con-
entration. The reaction orders are approximated as pseudo-first
rder for simplicity. The reaction rate constant for H2O2 decompo-
ition by the Fenton reaction is plotted on an Arrhenius diagram to
stimate both the activation energy and the reaction temperature
ependence. The change in the surface morphologies of the Nafion
lm in several oxidation states at different reaction temperatures
re also compared. Finally, the relationship between the Nafion
nd H2O2 degradation rates is investigated using the fluorine ion
oncentration and the H2O2 concentration.

. Experimental

Nafion 117 membranes (DuPont, Wilmington, DE, USA), 175 �m
hick and of area 15 mm × 20 mm, were cleaned by thrice immers-
ng the membranes for 1 min in ultrapure water and ethanol
lternately. They were then dried in a vacuum desiccator for 1 h at
oom temperature. The other chemical reagents were used without
urther purification.

The Fenton reaction, i.e., the reduction of H2O2 by Fe2+ ions, was
sed to generate hydroxyl radicals. An aqueous solution of iron(II)
ulfate heptahydrate (Kanto Chemical Co., Inc., Tokyo, Japan) was
dded to 9.68 M H2O2 (phosphate < 0.05 ppm, Wako Pure Chemical
ndustries, Ltd., Osaka, Japan) to produce a 0.36 mM Fe2+ aque-
us solution. The membranes were oxidized by immersion in this
olution.

The concentration of H2O2 in the reaction solution was
easured by complexation with titanium(IV) sulfoxide and mea-

urement of the visible light absorption at 407 nm. The titanium(IV)
ulfoxide solution was prepared from a mixture of 0.86 M
itanium(IV) oxysulfate (Aldrich, St Louis, MO, USA), 0.30 M ammo-
ium sulfate (Kanto Chemical Co., Inc.), and 2.04 M sulfuric acid
Wako Pure Chemical Industries, Ltd.). This solution was heated
arefully until all the solids had dissolved and then cooled and
iluted with distilled water. The sample solutions obtained as a
esult of Fenton reaction were added to the titanium(IV) sulfox-
de solution and heated at 60 ◦C for 10 min to form a complex. The

bsorption of the solution at 407 nm was measured with a UV–vis
pectrometer (V550, JASCO, Tokyo, Japan).

The fluoride ion concentration was measured with a fluoride
on meter (TiN-5101, Toko Chemical Laboratories Co., Ltd., Tokyo,
apan). The morphology of the film surface was observed by scan-
with iron(II) sulfate. Initial concentrations of H2O2 and iron(II) sulfate are 9.68 M and
0.36 mM, respectively; reaction temperatures are 30 ◦C (�), 60 ◦C (�), 70 ◦C (©), 75 ◦C
(×), 80 ◦C (�), 90 ◦C (�), and 95 ◦C (�). The plots approximate a pseudo-first-order
rate constant.

ning electron microscopy (SEM; JSM-5500LV, JEOL, Tokyo, Japan)
and atomic force microscopy (AFM; SPA400, Seiko Instruments,
Inc., Chiba, Japan).

3. Results and discussion

The Fenton reaction is outlined in Scheme 1. H2O2 is reduced
by iron(II) ions (Fe2+), resulting in the formation of hydroxyl radi-
cals (OH•), hydroxide ions, and iron(III) ions (Fe3+) [3,26,27]. In this
study, the Fenton reaction is used to generate hydroxyl radicals,
which in turn are used to oxidize the Nafion film. The H2O2 decom-
position rates are measured at different reaction temperatures to
determine the kinetics of the reaction. It has been confirmed that
the concentration of H2O2 does not change significantly during
heating at 95 ◦C without Fenton reaction but it could be reduced
8% by initial heating in preparation of the reaction solution (see
supplementary data). Fig. 1 shows the natural logarithm of the H2O2
concentration in the Fenton reaction, normalized with respect
to the initial concentration. The plots are fitted as pseudo-first-
order rate constants to estimate the decomposition rate. The H2O2
concentration at each reaction temperature has a good linear rela-
tionship with the reaction time. In order to determine the effect
of Nafion on the H2O2 consumption, the decomposition rates of
H2O2 in the presence of Nafion were also measured. The film was
immersed in the reaction solution under the same conditions as in
the reaction without Nafion. Fig. 2 shows the H2O2 concentration
in the reaction with Nafion at each reaction temperature. These
results also give a good linear relationship with reaction time as a
pseudo-first-order rate constant. The H2O2 consumption rate con-
stants in the simple Fenton reaction are compared with those for
the same reaction in the presence of Nafion. The rate constants,
correlation factors, and half-life times are shown in Table 1. The
correlation factors are higher than 0.85, except for the reaction at
30 ◦C without Nafion. There are no significant differences between
the correlation factors. However, the rate constants for the reac-
tions with Nafion are higher than those for the reactions without
Nafion at temperatures in the range of 60–95 ◦C. The results show

that Nafion accelerates the H2O2 decomposition. These differences
can be explained by the reduction of Fe3+ to regenerate Fe2+. The
reduction of Fe3+ by organic radicals is quite possible. In this case,
organic radicals such a fluorocarbon radicals (CF2

•), released as a
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Table 1
Difference of pseudo-first-order rate constants, k, in the presence of Nafion in H2O2 decomposition reaction. R2 and t1/2 correspond to the correlation factor and half-life time,
respectively.

Temperature (◦C) Without Nafion With Nafion

k (×10−3 s−1) R2 t1/2 (×103 s) k (×10−3 s−1) R2 t1/2 (×103 s)

30 1.02 × 10−2 0.25 68.0 5.51 × 10−3 0.94 126
60 1.04 × 10−2 0.90 66.6 3.17 × 10−2 0.85 21.9
70 4.50 × 10−2 0.99 15.4 5.03 × 10−2 0.87 13.8
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75 6.16 × 10 0.98 1
80 1.15 × 10−1 0.96
90 1.25 × 10−1 0.94
95 1.56 × 10−1 0.89

esult of decomposition of Nafion, could promote reduction of Fe3+

o Fe2+.
The reaction rate constants at temperatures in the range of

0–96 ◦C were drawn as Arrhenius plots in Fig. 3, and the plots
tted to the Arrhenius equation:

n k = ln A −
(

Ea

RT

)

n the equation, k is the rate constant of the reaction, A is the fre-
uency factor, which depends on the probabilities of molecular
ollisions and the orientations of the collisions, and Ea, R, and T are
he activation energy, the gas constant, and the absolute temper-
ture, respectively. The Arrhenius parameters give the activation
nergy for decomposition of H2O2 in the Fenton reaction. The cor-
elation factors in presence of Nafion and without Nafion, obtained
y fitting to the Arrhenius equation, are determined as 0.93 and
.89, respectively. The activation energy and the frequency factor
re 85 kJ mol−1 and 3.97 × 108 s−1 in the presence of Nafion, and
2 kJ mol−1 and 2.96 × 106 s−1 without Nafion. The Ea of the reac-
ion with Nafion is about 10 kJ mol−1 higher than that of the reaction
ithout Nafion. This means that the presence of Nafion results

n a stronger dependence on the reaction temperature for H2O2

ecomposition. In addition, Nafion could be a radical scavenger,
ontrolling the attack of reactive oxygen on H2O2. This reaction
ould increase the activation energy. On the other hand, the fre-
uency factor of the reaction with Nafion is about 100 times higher
han that without Nafion. This indicates that Nafion increases the

ig. 2. Decomposition rate of H2O2 as natural logarithmic function in the reaction
ith iron(II) sulfate in the presence of Nafion. Initial concentrations of H2O2 and

ron(II) sulfate are 9.68 M and 0.36 mM, respectively; reaction temperatures are
0 ◦C (�), 60 ◦C (�), 70 ◦C (©), 75 ◦C (×), 80 ◦C (�), 90 ◦C (�), and 95 ◦C (�). The
lots approximate a pseudo-first-order rate constant.
7.10 × 10 0.99 9.76
1.02 × 10−1 0.94 6.80
2.51 × 10−1 0.99 2.76
5.04 × 10−1 0.95 1.38

probability of H2O2 decomposition. This result supports the sug-
gestion that Nafion produces sufficient radicals to reduce Fe3+ to
Fe2+ and to attack H2O2 directly.

The fluoride ion concentration in the reaction solution is a sig-
nificant parameter because the release of fluoride ions results in
damage to the main chain and the side chain of Nafion. The degrada-
tion of Nafion was estimated from the concentration of fluoride ions
in solution. The film was immersed in the Fenton reaction solution
at temperatures in the range of 30–95 ◦C. The fluoride ion concen-
tration increased exponentially with reaction time. The fluoride
ion concentration reaches saturation after approximately 230 min
and 120 min at 90 ◦C and 95 ◦C, respectively. In contrast, the H2O2
is consumed in 220 min at 90 ◦C and in 100 min at 95 ◦C. These
results demonstrate that fluoride ion generation can be stopped
by complete decomposition of H2O2 and that Nafion cannot be
damaged without H2O2, even after oxidation. The concentration
of the reactants is an important parameter in the kinetic study.
However, Nafion is present as a polymer film in this reaction and
determining the initial concentration of the polymer is difficult. We
therefore defined the initial concentration of the fluorine group in
the Nafion film as the maximum concentration of the fluoride ion
after oxidation in discussions of the reaction rate and in the Arrhe-
nius plot. Fig. 4 shows the decomposition rate of fluorine groups in
Nafion at each reaction temperature. The plots are fitted as pseudo-
first-order rate constants to estimate the decomposition rate of the

fluorine groups. The pseudo-first-order rate equation is

ln

(
[Naf∗] − [F−]

[Naf∗]

)

Fig. 3. Arrhenius plots of H2O2 decomposition reaction with and without Nafion in
the reaction solution. �: Nafion in the reaction solution, ×: solution without Nafion.
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ig. 4. Decomposition rate of fluoride ion as natural logarithmic function. [Naf*]
quals the maximum F− ion concentration at 95 ◦C. The reaction temperatures are
0 ◦C (�), 60 ◦C (�), 70 ◦C (©), 75 ◦C (×), 80 ◦C (�), 90 ◦C (�), and 95 ◦C (�).

he initial concentration of fluorine groups in Nafion is expressed as
Naf*] and this is defined as the maximum concentration of fluoride
ons at 95 ◦C after saturation. The concentration of fluorine groups
uring the reaction is defined as the difference between the initial
oncentration of fluorine groups and the fluoride ion concentration

n the reaction, and is expressed as [Naf*] − [F−].

The relationship between the decrease in fluorine groups and
he reaction temperature is shown in Fig. 5. The reaction rate con-
tants are plotted against inverse Kelvin temperature and the plots

Fig. 6. SEM images of Nafion (a), and the film after reaction for 12 h at 30
Fig. 5. Arrhenius plots of Nafion decomposition in the reaction between H2O2 and
iron(II) sulfate. k is calculated as a pseudo-half-order rate constant.

are fitted to the Arrhenius equation. The relation shows a good cor-
relation and the correlation factor is 0.9. The activation energy of
the decomposition reaction of fluorine groups in Nafion and the
frequency factor from Fig. 5 are 97 kJ mol−1 and 9.88 × 109 s−1,
respectively.
Hydrofluoric acid (HF), one of the decomposition products in
the reaction, is a volatile compound and the concentration might
be changed with heating. To confirm this effect, the concentration
of HF in simple aqueous solution was measured under heat-

◦C (b), 60 ◦C (c), 70 ◦C (d), 75 ◦C (e), 80 ◦C (f), 90 ◦C (g), and 95 ◦C (h).
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Fig. 8. Relation between the amount of decomposed H2O2 and concentration of
fluoride ions at different temperatures: 60 ◦C (�), 70 ◦C (©), 75 ◦C (×), 80 ◦C (�),
90 ◦C (�), and 95 ◦C (�). The inset shows the small range of F− concentrations.

Table 2
The parameter of the approximation line in Fig. 8 by the least-squares method.
d[F−]/−d[H2O2] indicates the rate of F− concentration increase with respect to H2O2

concentration.

Temperature (◦C) d[F−]/−d[H2O2] Intercept of [F−] R2

60 9.20 × 10−7 2.27 × 10−7 0.78
70 1.14 × 10−6 −5.91 × 10−8 0.99
75 1.18 × 10−6 5.32 × 10−8 0.99

information for predicting the condition of the Nafion film in a
cell. We therefore plotted the rates of fluoride ion concentration
with respect to H2O2 consumption for cases where the correla-
tion factors were higher than 0.9 (Table 2) against the inverse of
ig. 7. AFM images of treated Nafion films with a height profile across the line shown
n the image. (a) The film before treatment, (b) after treatment for 12 h at 90 ◦C.

ng at 95 ◦C. The initial concentration of HF, 4.73 × 10−3 mol L−1,
lightly decreases with heating and becomes 4.14 × 10−3 mol L−1

n 34.2 × 103 s. The reduction rate is −0.27% per 1000 s at 95 ◦C
rom the equation of linear approximation (see supplementary
ata). This is negligible to discuss the reaction rate constant in this
esearch.

The PEMs in aged PEFCs experience morphological damage, for
xample tearing of the film [17–20]. Small cracks and pinholes in
hin PEMs can cause gas-leakage problems. These changes in the

orphology of the PEM are also related to oxidation reactions with
eactive oxygen. The relationship between oxidation reactions and
he surface profile of the Nafion film was examined by SEM; images
f the film surfaces are shown in Fig. 6. Some cracks are observed in
he Nafion after reaction and the number of cracks increases with
eaction temperature; however, the size of the cracks is ca. 100 �m
nd the size does not differ much with reaction temperature. The
rowth of cracks in the film can be considered to proceed by con-
ection of a number of cracks of limited size to make a larger gap.
he surface profiles of the desiccated film were also observed by
FM of a 5 �m × 5 �m area, and are shown in Fig. 7. After the treat-
ent, the Nafion has an obviously rough surface and the gap depth

s about 200 nm for the film which underwent reaction at 95 ◦C for
2 h. The oxidation reaction causes cleavage and scrapes material
rom the Nafion surface.

The hydroxyl radical and other oxidation radicals are highly
eactive chemical species and quantitative analysis of hydroxyl
adicals and other active oxygen species is difficult. These radi-
als react quickly with neighboring molecules, for example, the
alf-lives of hydroxyl radicals and superoxides in a 1 mM aque-
us solution substrate are 7 �s and 7 ms, respectively. On the other
and, the number of hydroxyl radicals generated is related to the
mount of decomposed H2O2. We therefore tried to find the rela-
ion between H2O2 consumption and Nafion degradation from the
uoride ion concentration. In Fig. 8, the fluoride ion concentration is
lotted as the amount of decomposed H2O2 at each reaction tem-
erature, and the parameters of the approximation line obtained

y the least-squares method are listed in Table 2. Some of the
arameters have good correlation with H2O2 decomposition and
uoride ion concentration. Interestingly, this relation is also tem-
erature dependent. This means that the reaction temperature

s an important factor in Nafion degradation; even if the same
80 2.93 × 10−6 −1.23 × 10−7 0.99
90 8.19 × 10−6 1.03 × 10−5 0.83
95 3.94 × 10−5 1.33 × 10−5 0.99

amounts of H2O2 are consumed, the degradability increases with
temperature.

The relations between H2O2 decomposition and fluoride ion
formation with reaction temperature could provide very useful
Fig. 9. Natural logarithmic rate of H2O2 decomposition and fluoride ion concentra-
tion as a function of inverse temperature.
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ig. 10. Comparison of the real data plots in Fig. 8 with the simulated line from the
elationship ln(d[F−]/d[decomposed H2O2]) = −19.5 × 103 K−1 + 42.8 in Fig. 9. The
eaction temperatures are 70 ◦C (©), 75 ◦C (×), 80 ◦C (�), and 95 ◦C (�).

emperature, as an Arrhenius plot (Fig. 9). There are obvious cor-
elations. These plots can be fitted to a logarithmic approximation
ith a correlation factor of 0.98. The formula for this approximation

s expressed as

n

(
d[F−]

d[decomposed H2O2]

)
= −19.5 × 103 K−1 + 42.8

n Fig. 10, the relations between the fluorine ion concentration
nd H2O2 consumption are simulated from the reaction temper-
ture and compared with the actual data. The plots and lines
ndicate actual data and simulated data from the formula. There
s a good correlation between the simulations and the actual data.
rom this relationship, we can determine the H2O2 consump-
ion and the fluorine ion concentration at any instant using the
uorine ion concentration and the H2O2 data, and the reaction
emperature.

. Conclusions

The oxidative degradation of poly fluoroionomers of Nafion was
nvestigated using the relationship between H2O2 concentration
nd fluorine ion concentration in the Fenton reaction. The rate
f H2O2 decomposition resulting from reduction by Fe2+ in aque-
us solution was fitted to the pseudo-first-order rate constant,
nd the reaction rate constant was shown to follow the Arrhe-
ius equation. The activation energy for decomposition of H2O2
as slightly different in the presence of a Nafion film. The reaction
ith Nafion had a stronger temperature dependence and a higher

eaction rate constant in the temperature range of 60–95 ◦C. The
uorine ion concentration increased with decreasing H2O2 con-
entration. The rate constant for the decrease in fluorine groups
rom Nafion fitted a pseudo-first-order rate and the reaction also
ollowed the Arrhenius equation. The Nafion surface was morpho-
ogically damaged as a result of the Fenton reaction and the surface
oughness was reaction temperature dependent. H2O2 consump-
ion and fluorine ion concentration had an almost linear correlation.
he proportional constant obtained from the approximation line

ad a clear temperature dependence. This relation was expressed
y an approximation equation including the temperature, fluorine

on concentration, and H2O2 concentration. If the fluorine ion con-
entration and H2O2 concentration of the exhaust liquid from the
EFC are substituted into the equation, the degradation conditions

[

[
[

ources 196 (2011) 2615–2620

of the Nafion film at a given working temperature can be esti-
mated from Arrhenius plots of H2O2 degradation and fluorine ion
production.
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