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bstract

The durability of perfluorinated ionomer membrane, Nafion® 117, with various counter ions against hydrogen peroxide was investigated as a
egradation factor of polymer electrolyte fuel cells (PEFC). After protonated Nafion membrane was tested in 30% H2O2 solution at 80 ◦C, small
mounts of fluoride ion and sulfate ion, which are derived from the C F bonds and the sulfonic acid groups, respectively, of the membrane, were
etected in the solution. This fact indicated a potential vulnerability of the electrolyte membrane to H2O2 formed in the cell. The durability of Nafion
ith alkali and alkaline earth metal ions as counter ions were similar to that of protonated Nafion, and hence these cations do not have any specific

ffects on membrane degradation. In contrast, the presence of ferrous and cupric ions as counter ions significantly enhanced the decomposition rate
f Nafion. This is due to the formation of strongly nucleophilic radicals such as hydroxy and hydroperoxy radicals upon decomposition of H O at
2 2

hese catalyst ions. The results of FT-IR and 19F NMR measurements of deteriorated Fe2+-Nafion membrane revealed that both the main and side
hains are decomposed at similar rates by radical attack, most probably because the decomposition proceeds through radical de-polymerization
so-called un-zippering mechanism).

2005 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolyte fuel cells (PEFCs) have been developed
ntensively for use as the power sources of electric vehicles and
or use in household co-generation systems [1–5]. However,
any problems remain to be solved before commercialization of
EFCs. For example, a long life over 40,000 h (=10 years in the
aily start and stop mode, or 5 years in continuous operation)
s required for PEFC stacks to be used in the household co-
eneration systems. Unfortunately, sufficient durability to meet
his demand has not been established so far.

Several reports have suggested that the performance of PEFC

ell stacks degrades gradually owing to the deterioration of cell
omponents (membrane electrode assemblies, MEAs) [6–14].
ne of the serious problems is the deterioration of the perflu-

∗ Corresponding author. Tel.: +81 774 65 6591; fax: +81 774 65 6841.
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rinated ionomer membrane used as the electrolyte [10–13].
specially, the degradation of the electrolyte membrane is accel-
rated under operation at low humidification and under open
ircuit conditions [12,13]. The decomposition of the electrolyte
embrane decreases the ionic conductivity and also the mechan-

cal stability of MEAs, resulting in a significant drop of PEFC
erformance.

In fuel cell reactions, it is believed that water is the only
roduct, which is a great advantage of PEFCs. However, it is
lso known that a small amount of hydrogen peroxide is formed
s a by-product [14], which is a potential factor for membrane
egradation. In spite of its importance, a surprisingly limited
umbers of reports on the chemical stability of perfluorinated
onomer membranes have been published so far. LaConti et al.
15–17] extensively investigated the stability of various kinds of

lectrolyte membranes including perfluorinated ones in 1970s,
ut unfortunately most of their valuable data have been unpub-
ished and are not available today. In the present study, we
e-investigated the stability of a perfluorinated ion-exchange
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the chromatogram of the standard solution (Fig. 2a), six peaks
assigned to F−, Cl−, NO2

−, Br−, NO3
−, PO4

3−, and SO4
2− are

clearly separated. A negative peak at around 2 min is assigned
to water in the injected solution.
T. Kinumoto et al. / Journal of P

embrane, Nafion®, against H2O2 as a degradation factor of
EFCs. Nafion membranes with various counter ions were used
or durability tests to understand the effects of impurity cations
n the cell. Deteriorated samples were analyzed by FT-IR and
olid-state 19F NMR to discuss the mechanism for membrane
egradation.

. Experimental

.1. Pretreatment of Nafion membranes

Commercially available Nafion® 117 membranes (E. I.
uPont de Nemours and Co.; thickness: 175 �m; ion exchange

apacity: 0.91 meq g−1; purchased in 2002) were used for dura-
ility tests. The formal chemical structure of Nafion is shown in
ig. 1. The membrane was cut into 1.0 cm × 1.0 cm pieces (ca.
5 mg) with a ceramics knife, and they were boiled successively
n 3% hydrogen peroxide solution, distilled water, 1.0 mol dm−3

ulfuric acid solution, and distilled water for 1 h each. As a con-
equence of this pretreatment, the protonated membrane, which
as originally pale yellow, became transparent and swelled well
ith water. These samples were stored in highly pure water
btained from a water purification system (Sartorius, Arium
11UV), and hereafter are denoted as H+-Nafion.

Nafion membrane samples with various metal ions as counter
ons (Li+, Na+, K+, Ca2+, Cr3+, Fe2+, Co2+, and Cu2+) were
btained by the ion-exchange method. The H+-Nafion mem-
rane was soaked in 0.1 mol dm−3 solution of LiCl, NaCl,
Cl, CaCl2, Cr(NO3)3·9H2O, FeCl2·6H2O, Co(NO3)2·6H2O,
r CuCl2·2H2O for more than 1 day for equilibration, which
re hereafter denoted as Mn+-Nafion (M: metal cation). All the
hemicals used for ion exchange were of reagent grade (Wako
ure Chemical Industries). Each sample was rinsed ultrasoni-
ally with highly pure water for at least 1 h before durability
ests.

.2. Durability tests of Nafion membranes in hydrogen
eroxide solution

Hydrogen peroxide solution (30 wt.% without stabilizers,
ako Pure Chemical) was used as purchased for durability

ests unless otherwise noted. The Nafion sample was immersed
n 10 ml of the hydrogen peroxide solution and the durability
est was carried out at 80 ◦C for 12 h. After immersed for 12 h,

he sample was removed from the solution, and the solution
as analyzed with an ion chromatograph (Dionex, DX-120)

quipped with an anion separation column (Dionex, AS-14)
nd an eluent suppressor column. The column temperature

Fig. 1. Chemical structure of Nafion®.
F
a
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as set at 30 ◦C. A mixture of 1.0 × 10−3 mol dm−3 NaHCO3
nd 3.5 × 10−3 mol dm−3 Na2CO3 was flowed as an eluent at
.2 ml min−1. Prior to analysis, the analyte solution was diluted
enfold with highly pure water, and Pt mesh was immersed in
he solution to decompose residual hydrogen peroxide. Hydro-
en peroxide must be completely decomposed to obtain accurate
nd reproducible results by ion chromatography. Furthermore,
ighly pure water was injected into the chromatograph as a
lank test before each analysis. Anions in the analyte solution
ere identified and their concentrations were determined using
commercially available standard solution (Kanto Kagaku,

−: 5 ppm, Cl−: 10 ppm, NO2
−: 15 ppm, Br−: 10 ppm, NO3

−:
0 ppm, PO4

3−: 30 ppm, SO4
2−: 40 ppm). The 12-h durability

est was repeated using fresh hydrogen peroxide solution.

.3. Analysis of deteriorated membrane

Fe2+-Nafion membranes after durability tests were analyzed
y FT-IR and solid-state 19F NMR. FT-IR measurements were
reformed with an IR-Prestuge-21 (Shimadzu Corp.) in the
ange of 750–2000 cm−1. The spectra were measured using an
TR device (SensIR, DuraSamplIR II) equipped with 3 mm dia-
ond window and ZnSe support element. Solid-state 19F NMR
easurements were performed with a Chemagnetics CMX-300

pectrometer (281.3 MHz) at Toray Research Center, Japan.
embrane samples were cut in small pieces and filled into sam-

le rotors with water or alcohol in order to improve spectral
esolution.

. Results and discussion

.1. Ion chromatography analysis

Ion chromatograms of the standard solution and the test
olution after a typical durability test are shown in Fig. 2. On
ig. 2. Ion-chromatograms of (a) a standard sample solution and (b) the solution
fter a durability of Fe2+-Nafion in 30% H2O2 at 80 ◦C for 12 h.
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ing to Eq. (2), and its reaction rate greatly depends on the
catalytic activity of metal ions.

2H2O2 → O2 + 2H2O (2)
224 T. Kinumoto et al. / Journal of P

Fig. 2b shows the chromatogram for the solution after a dura-
ility test of Fe2+-Nafion at 80 ◦C for 12 h, in which two large
ositive peaks appeared. The peak at around 2.5 min is assigned
o F− and the other peak at around 12 min to SO4

2−. The former
s derived from the C F bonds of the side chain and/or the main-
hain of Nafion, while the latter is from the sulfonic acid groups
f Nafion. The concentrations of the anions were determined
rom the peak areas, and the decomposition ratios of the C F
onds and the sulfonic acid groups of Nafion were calculated.
ere we used the values x = 6.5, y = 1, m = 1.1, and n = 2.3, which
as determined by 19F NMR measurements described in a later

ection, in the chemical structure of Nafion shown in Fig. 1. In
ddition to these two peaks, a few minor peaks were observed
n the range of 2.8–4 min. These peaks are not assigned to Cl−
ecause they appeared when the solution and Nafion was com-
letely free from Cl−. It is known that monovalent calboxylate
ons such as formate, acetate, and propionate ion appear between
he F− peak and Cl− peak [18]. On the basis of this fact, the minor
eaks in the range of 2.8–4 min are probably assigned to perfluo-
inated short-chain calboxylate fragments that are derived from
he side chain and the main chain of Nafion upon decomposition.

.2. Durability of H+-Nafion membranes

When H+-Nafion was immersed in 30 wt.% H2O2 solution at
0 ◦C, remarkable changes, such as evolution of bubbles, were
ot be observed. Besides, the transparency and the geometric
rea of the membrane did not change after 12 h. However, small
mounts of F− and SO4

2− were detected in the solution by
on chromatography. Decomposition ratios of the C F bonds
nd the sulfonic acid groups of H+-Nafion are plotted against
mmersion time in Fig. 3. It is believed that Nafion is chemically
table, but the results in Fig. 3 show vulnerability of Nafion to
ydrogen peroxide. The decomposition ratio of the C F bonds
as very low and was only 1% even after 5.5 days. In contrast,

he decomposition ratio of the sulfonic acid groups was higher
han that of the C F bond, and reached 7% after 5.5 days. These

acts revealed that the ion-exchange sites are more vulnerable
o H2O2 than the C F bonds. In these durability tests, no
atalyst for decomposition of H2O2 or radical formation was
dded [19–21], and hence it is considered that H+-Nafion is

ig. 3. Decomposition ratios of (a) the C F bonds and (b) the sulfonic acid
roups of H+-Nafion in 30% H2O2 at 80 ◦C.
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g
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ecomposed by the strong oxidation ability of H2O2:

2O2 + 2H+ + 2e− → 2H2O E0 = 1.77 V (1)

It should be noted that the conditions of durability tests in
he present study are extremely hazardous, and conventional
ydrocarbon-based ion-exchange membranes would be decom-
osed at a much faster rate. The data of H+-Nafion in Fig. 3
herefore prove a splendid chemical stability of Nafion.

.3. Effect of alkali and alkaline earth metal ions as
ounter ions

The results of durability tests for Nafion membranes with
lkali and alkaline earth metal ions as counter ions are shown
n Fig. 4. The decomposition ratios of Nafion membranes with
hese metal ions were similar to those of H+-Nafion. These
esults indicate that alkali and alkaline ions do not have spe-
ial catalytic activity for H2O2 decomposition and deterioration
f Nafion, and the membranes are oxidatively decomposed by
2O2 as was the case for H+-Nafion.
Hydrogen peroxide decomposed to oxygen and water accord-
ig. 4. Decomposition ratios of (a) the C F bonds and (b) the sulfonic acid
roups of Nafion with various alkali and alkaline earth metal as counter ions in
0% H2O2 at 80 ◦C.
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he effects of metals and metal ions on the stability of hydrogen
eroxide were thoroughly investigated by Schumb et al. [22] and
t was reported that alkali metal cation has no catalytic effect on
he decomposition of H2O2. In contrast, it has been not com-
letely understood whether alkaline earth metal cations have a
atalytic effect for the decomposition of H2O2 or not [22]. As
hown in Fig. 4, the decomposition ratios of Ca2+-Nafion up to
days are almost the same as those of the other membranes.
his fact shows that Ca2+ has no catalytic effect on the decom-
osition of Nafion membrane. Alkali and alkaline earth metal
ons, especially Ca2+ and Na+, are easily entrapped and accu-

ulated in the MEAs during operation, and may deteriorate the
erformance [23]. The results of Fig. 4, however, suggest that
he contamination of these ions does not affect on the stability of
he electrolyte membrane against hydrogen peroxide, though it

ay deteriorate the other properties of the MEAs such as ionic
onductivity and the electrode reaction rate, in particular, of the
athode oxygen reduction.

.4. Effect of transition metal ions as counter ions
The results of durability tests of Nafion with various tran-
ition metal ions in 30% H2O2 at 80 ◦C are shown in Fig. 5.
he decomposition ratios of the C F bonds and the sulfonic
cid groups for Cr3+- and Co2+-Nafion are nearly equal to those

ig. 5. Decomposition ratios of (a) the C F bonds and (b) the sulfonic acid
roups of Nafion with various transition metal ions as counter ions in 30%

2O2 at 80 ◦C.
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or H+-Nafion, and hence these ions do not have any specific
atalytic activity, as alkali and alkaline earth metal ions do not.

In contrast, the presence of Fe2+- and Cu2+ ions significantly
nhanced the rate of membrane degradation. Especially, the
ffect of Fe2+ ion was significant, and the decomposition ratios
f the C F bond and the sulfonic acid group reached 68 and
3%, respectively, after 9 days. Moreover, the decomposition
atio of the C F bond was larger than that of sulfonic acid group
or Fe2+- and Cu2+-Nafion, which suggests that the decompo-
ition mechanism for Fe2+- and Cu2+-Nafion is totally different
rom that for the other types of Nafion.

The surface area and the thickness of Fe2+-Nafion were
onsiderably reduced after durability tests, though those of H+-
afion were almost unchanged as mentioned earlier. Fig. 6

hows the variation of the dry weight of Fe2+-Nafion. The
eight decreased steeply up to 1.5 days and then they gradually
ecreased. The weight loss reached 40% after 5 days. Further-
ore, the mechanical strength of the membrane was lowered

fter the durability tests for 5 days.
It is known that Fe2+ ion is a good catalyst for decomposi-

ion of H2O2 (Eq. (2)), which is accompanied by active oxygen
adical formation [19,24]. The detailed reaction mechanism for
adical formation was reported by Haber and Weiss (called the
aber–Weiss mechanism) as [24]:

2O2 + Fe2+ → HO• + OH− + Fe3+ (3)

e2+ + HO• → Fe3+ + OH− (4)

2O2 + HO• → HO2
• + H2O (5)

e2+ + HO2
• → Fe3+ + HO2

− (6)

e3+ + HO2
• → Fe2+ + H+ + O2 (7)

ydroxy and hydroperoxy radicals generated in Eqs. (3) and (5),
espectively, have strong nucleophilicity, and therefore H2O2
olution containing a small amount of Fe2+ ion (usually of the

rder of ppm) is often called Fenton’s reagent and has been used
or durability tests of various kinds of polymer materials [20].

When Fe2+- and Cu2+-Nafion membranes were immersed in
0 wt.% H2O2 at 80 ◦C, oxygen bubbles evolved intensively.

ig. 6. Variation of the dry weight of Fe2+-Nafion upon durability tests in 30%

2O2 at 80 ◦C.
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e2+-Nafion was transparent pale green before the test, which is
he color of Fe2+ ion, but the transparency was lost and the color
hanged to white brown after a durability test at 80 ◦C for 12 h.
he change in color of the Fe2+-Nafion membrane confirms the
hange in the oxidation state of the Fe2+ ion in the decomposi-
ion of H2O2 (Eq. (2)), which is accompanied by the formation
f large amounts of hydroxy and hydroperoxy radicals as by-
roducts. These radicals attack vulnerable part of Nafion, which
ccelerates its decomposition. For Fe2+-Nafion, the decomposi-
ion ratio of the C F bonds was higher than that of the sulfonic
cid groups. This fact suggests that the radicals attacked not only
he side chain, but also the main chain of Nafion, the details of
hich will be discussed later.
In Fig. 5, Cu2+-Nafion was decomposed remarkably in 30%

2O2 as well; that is, Cu2+ ion also has a specific catalytic effect
n membrane degradation. The color of the membrane changed
rom clear light blue to whity brown after the test. Although
he detailed reaction mechanism is not clear, the decomposition

echanism for Cu2+-Nafion is similar to that for Fe2+-Nafion,
hrough radical formation described in Eqs. (3)–(7). Because
he durability of Fe2+-Nafion was lower than Cu2+-Nafion, the
atalytic activity of cupric ion to generate the active oxygen
pecies was lower than that of ferrous ion.

The loss of sulfonic acid groups of Nafion reduces the pro-
on conductivity, and the decomposition of the C F bonds leads
o membrane thinning and the formation of pinholes [15,25].
onsequently, the decomposition of the membrane degrades sig-
ificantly the performance of the cell. Nafion is not only used
s an electrolyte membrane, but also added in the catalyst layer
o enhance ionic conductivity. The decomposition of impreg-
ated Nafion inside the catalyst layer leads to a reduction in the
ffective reaction area and increases the overpotential.

The results obtained in this study revealed that commercially
vailable Nafion is not completely stable against H2O2, espe-
ially in the presence of Fe2+ and Cu2+ ion, and hence H2O2
ormation is a potential degradation factor of PEFCs. Transition
etal ions such as Fe2+ and Cu2+ are typical contaminants from

iping tubes and humidification bubblers of PEFC systems as
ell as from cell components [10,23]. These ions accumulate

n the MEA as counter ions of the electrolyte membrane during
peration. Therefore, the contamination of these ions should be
uppressed as much as possible to achieve a long life. It is also
mportant to understand the mechanism for H2O2 formation in
he cell and to suppress the formation of H2O2 on the catalyst.

.5. Analysis of deteriorated Nafion membranes

Fig. 7 shows FT-IR spectra of fresh H+-Nafion (a) and deteri-
rated Fe2+-Nafion (b and c) after durability tests in 30% H2O2
t 80 ◦C for 4 and 8 days. A weak peak at around 1640 cm−1 in
ach spectrum is assigned to water in the membranes [26]. The
trongest peak at 1148 cm−1 is assigned to the antisymmetric
ibration of the C F bonds of Nafion [27]. Each spectrum is nor-

alized using the absorbance of this peak. Another strong peak

t 1204 cm−1 is also assigned to the antisymmetric vibration of
he C F bonds [27]. The doublet peaks at 978 and 983 cm−1,
nd the peak at 1058 cm−1 are characteristic peaks of the side

d
H
fi
O

urability tests in 30% H2O2 at 80 ◦C for (b) 4 and (c) 8 days. Lower figure
hows magnified spectra in the range of 1200–1700 cm−1.

hain of Nafion, and are assigned to the symmetric vibrations of
he C O C bonds and SO3

−, respectively [27,28]. The shoul-
er peak at around 1300 cm−1 is from the C C bonds [27]. The
ormalized absorbances of these peaks did not changed appre-
iably after durability tests, which clearly shows that both the
ain chain and side chain of Fe2+-Nafion were decomposed by

he attack of the radicals.
A close look at magnified spectra in Fig. 7 revealed that a

mall peak appeared at 1460 cm−1 after the durability test for
days. Iwato et al. [29] reported that a peak assigned to the
O stretching vibration of SO2F or SO2–O–SO2 appeared at

460 cm−1 when Nafion membrane was heated at temperatures
bove 240 ◦C for 8 h in air. The appearance of the 1460 cm−1

eak for deteriorated Nafion indicates that a small amount of the
ulfonic acid group was transformed to SO2F or SO2–O–SO2 by
he attack of the HO• and HOO• radicals. However, the intensity
f this peak was very small, and therefore most of the sulfonic
cid group decomposed to SO4

2− that is soluble in water.
Fig. 8 shows 19F NMR spectra of fresh H+-Nafion (a) and

eteriorated Fe2+-Nafion (b and c) after durability tests in 30%

2O2 at 80 ◦C for 0.5, 1.5, and 2.5 days. Each sample showed
ve peaks at ca. −78 [CF3 (e in the chemical structure of Nafion),
CF2 (d and g)], −117 [CF2 (b and g′)], −120 [CF2 (a and b)],
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Fig. 8. 19F NMR spectra of (a) fresh H+-Nafion and (b–d) Fe2+-Nafion after
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urability test in 30% H2O2 at 80 ◦C for (b) 0.5, (c) 1.5, and (d) 2.5 days.
ymbols a–g (and g′) show the positions of corresponding fluorine atoms in the
hemical structure of Nafion.

137 [OCF (c)], and −143 ppm [OCF (e)] [30–32], all of which
riginate from the perfluorinated ionomer. Again at a glance, the
eteriorated membranes did not show appreciable changes in 19F
MR spectra. The values x, y, m, and n in the chemical structure
f Nafion (Fig. 1) were calculated using the assignments (a–g)
nd the peak areas in Fig. 8, and are summarized in Table 1,
here the values of x, m, and n were normalized by y, that is y = 1.
resh H+-Nafion has a composition of x = 6.5, y = 1, m = 1.1, and
= 2.3. The equivalent weight (EW) of dry polymer is calculated

o be 1126 using these values, which is very close to the nominal
W (1100) of Nafion® 117.

The values of m and n did not change noticeably, which indi-
ated that partially decomposed fragments of the side chain were
ot present in deteriorated membranes. In contrast, the value of
increased with increasing test time; that is, the fraction of the
ain chain slightly increased after durability tests. This fact

ndicates that the side chain is decomposed more easily than the
ain chain. It should be noted that the weight loss after the dura-

ility test for 2.5 days was larger than 30% as shown in Fig. 6.

owever, the observed increase in x was not so large and such
large weight loss (>30%) cannot be explained solely by the

ecomposition of the side chains because the mass of the side
hains is only 35% of the molecular weight of Nafion® 117.

able 1
ompositional changes of Fe2+-Nafion after durability tests in 30% H2O2 at
0 ◦C for different times

ounter ion and test times x y m n

+-Nafion, fresh 6.5 1.0 1.1 2.3
e2+-Nafion, 0.5 day 6.4 1.0 1.0 2.3
e2+-Nafion, 1.5 days 7.3 1.0 1.1 2.1
e2+-Nafion, 2.5 days 7.1 1.0 1.1 2.3

o
t
b
a
E
J
f
J
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robably the side chain and main chain were decomposed at
imilar rates. It seems that once decomposition begins at weak
art of Nafion by radical attack, the whole molecule decomposes
nd disappears. This is not unlikely if we assume that the decom-
osition proceeds through radical de-polymerization (so-called
n-zippering mechanism) as was suggested for thermal decom-
osition of Nafion [33]. For the improvement of the durability of
erfluorinated ionomer membranes, it is therefore important to
nderstand the decomposition mechanism of Nafion by the rad-
cal attack in more detail and to identify the weak part to radical
ttack. Curtin et al. [13] reported that radical attack to residual
-containing terminal bonds of the main chain of Nafion is the
rincipal degradation mechanism.

. Conclusions

To clarify the degradation mechanism of perfluorinated
onomer membranes during the operation of PEFCs, durability
ests of Nafion® 117 membrane were carried out in 30% H2O2
olution at 80 ◦C. The results of the durability tests indicated
hat Nafion is not completely stable against H2O2. The effects
f impurity cations were investigated, and it was found that the
resence of Fe2+ and Cu2+ greatly enhances the decomposition
ate of Nafion. This is due to the formation of strongly nucle-
philic radicals such as hydroxy and hydroperoxy radicals upon
ecomposition of H2O2 at these catalyst ions.

The results of FT-IR and 19F NMR measurements of deteri-
rated Fe2+-Nafion membrane revealed that both the main and
ide chains are decomposed at similar rates by radical attack,
ost probably because the decomposition proceeds through rad-

cal de-polymerization (so-called un-zippering mechanism).
The results obtained in the present study indicated that hydro-

en peroxide formation is a potential factor for the degradation of
he electrolyte membrane. For the improvement of the stability
f the electrolyte membrane, it is very essential to understand its
ecomposition mechanism in more detail. It is also important to
nderstand the mechanism for H2O2 formation in the PEFC cell.
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