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a b s t r a c t

The degradation of two different types of perfluorinated polymer membranes, Nafion and Hyflon Ion, has
been examined by solid-state 19F and 13C NMR spectroscopy. This spectroscopic technique is demonstrated
to be a valuable tool for the study of the membrane structure and its alterations after in situ degradation
in a fuel cell. The structural changes in different parts of the polymers are clearly distinguished, which
vailable online 11 October 2008
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provides unique insight into details of the degradation processes. The experimental NMR spectra prove
that degradation mostly takes place within the polymer side chains, as reflected by the intensity losses of
NMR signals associated with SO3H, CF3, OCF2 and CF groups. The integral degree of degradation is found to
decrease with increasing membrane thickness while for a given thickness, Hyflon Ion appears to degrade
less than Nafion.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Membrane degradation in fuel cell results from a combination
f different phenomena including mechanical, thermal, chemical
nd electrochemical aging. Low relative humidity [1–4] and tem-
eratures above 90 ◦C [1–3,5] as well as the presence of ionic
ontaminants [2,6–13] can accelerate membrane degradation.

For fuel cell membranes, oxidation–reduction reactions and
cid–base hydrolytic reactions are equally possible. The membrane
s in direct contact with an oxidizing environment on the cathodic
nd chemically reducing environment on the anodic side, and it
s subjected to various water activities. In the literature, different

echanisms for chemical degradation are discussed which involve
he cross-over of H2 or O2 [2,14–18], oxygen reduction at the cath-
de [19] and radical attacks [7–10,15,20–23]. Diffusion of H2O2 into
he membrane and reaction with metallic impurities can be the
ource for hydroxy and peroxy radical formation [4,8,9,24–26]. The

rogressive attack of main chain endgroups by these radicals is con-
idered an important degradation pathway of proton conducting
olymer membranes [27,28]. Such reactions have been suggested
o start from reactive endgroups such as COOH which are formed

∗ Corresponding author. Tel.: +49 711 6856 4470; fax: +49 711 6856 4467.
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uring the polymer manufacturing process and may be present in
he polymer in small quantities [27,29,30].

So far, most degradation studies rely on the chemical analysis
f fuel cell effluents or the solution after ex situ Fenton’s test. A
tandard parameter to quantify degradation levels is the amount
f released F− ions [11,14,15,17,18,31]. Apart from spectroscopic
echniques such as broadband dielectric spectroscopy [32], EPR
7,8,10,22,23,33–35], FTIR [6,9,24,25,30] and XPS [6,36], in partic-
lar mass spectroscopy and liquid-state NMR [37] have been used
o identify degradation products other than fluoride ions generated
uring fuel cell operation.

In the present work the chemical changes of the membrane itself
Nafion [38] and Hyflon Ion [20,39]) is studied directly by solid-state
MR spectroscopy, where 13C CP/MAS [40] and 19F NMR spectra
re recorded before and after in situ fuel cell tests. It is shown that
egradation depends on membrane thickness and polymer archi-
ecture, and the most reactive molecular segments are identified.

. Experimental
.1. Materials

Two types of perfluorosulfonic acid membranes, Nafion of
ifferent thickness (Nafion 112, 115 and 117) and Hyflon Ion type
87, which differ in the lengths of their side chains and their

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:k.mueller@ipc.uni-stuttgart.de
dx.doi.org/10.1016/j.jpowsour.2008.10.004
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Fig. 1. Chemical structures of Nafion and Hyflon Ion.

Table 1
Properties of the perfluorinated membranes investigated in this work.

Membrane Supplier Thickness
(in.) wet

Ion-exchange capacity
(meqiv. g−1 dry SPE)
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afion 112 Hydro2Power SRL 0.002 0.9
afion 115 Hydro2Power SRL 0.005 0.9
afion 117 Hydro2Power SRL 0.007 0.9
yflon Ion E87 Solvay Solexis S.p.A. 0.00078 1.15

on-exchange capacity (see Fig. 1), were used in this study. Nafion
amples were obtained from Hydro2Power SRL (Milan, Italy) and
yflon Ion membrane from Solvay Solexis S.p.A. (Bollate, Italy).
he relevant material parameters are summarized in Table 1.

.2. Membrane pre-conditioning

Membranes (size: 5.5 cm2) were soaked in 250 ml H2O2 (3 vol%)
t 60 ◦C for 1 h to remove any organic impurities. After rinsing with
eionized water, the membranes were soaked in 250 ml H2SO4
1 M) at 60 ◦C for 1 h to remove all metallic impurities and to
xchange all cations for H+. Finally, the membranes were boiled
n deionized water at 100 ◦C for 1 h.

.3. Fuel cell tests

E-TEK LT250EW electrodes (0.5 mg Pt/cm2 and 0.7 mg
afion/cm2) were used for the membrane-electrodes assem-
ly (MEA) during the fuel cell tests. A torque of 3 nm is applied at
mbient temperature for the cell assembly, having 5 cm2 of active
urface area, to allow reasonable electrode-membrane contacts.
he gas pressures were kept at p = 1.5 bar with flows corresponding
o a stoichiometry of 1.5/2 for H2 and O2.

At the beginning of each test the cells were activated by inlet
ases of 100% relative humidity. The cell was then heated to 70 ◦C
ith a temperature ramp of 5 ◦C per hour, and a potential of

= 0.65–0.7 V was applied to the cell by adjusting the current. A
y-pass system also allowed for dry-gases mode. Some cycling elec-
rical loading steps were then performed simulating the hydration
nd dehydration behavior of the membrane likely to be encoun-
ered during long term operation. The experimental procedure

s
b
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e

Fig. 2. 19F NMR (left) and 13C{19F} CP/MAS NMR spectra (right) of Nafio
er Sources 186 (2009) 334–338 335

rovided one open circuit voltage event (OCV) per hour which
asted 30 s, after which the system returned to the initial value for
he current density.

In the same way, long time tests at operating temperatures of
0–90 ◦C were performed by adjusting the current in order to main-
ain a potential of 0.65–0.7 V. The end of the test was reached after
50 loading cycles or after mechanical rupture of the membrane as
ndicated by a sudden potential drop. Details of the test protocols
re reported elsewhere [41].

Following the fuel cell tests and after carefully removing the
lectrodes and the gas diffusion layer, the membranes were dried
n a vacuum oven at 110 ◦C for 24 h and packed into the NMR rotors.

.4. NMR spectroscopy

All NMR experiments were performed at 100.53 MHz for 13C and
76.09 MHz for 19F on a Varian InfinityPlus 400 NMR spectrometer.
he NMR spectra were acquired under MAS conditions using a 4-
m HFXY magic-angle spinning probe at a spinning frequency of

5 kHz. 19F NMR spectra were recorded with a recycle delay of 2 s
nd a dwell time of 5 �s. Here, the 19F 90◦ pulse length was 3 �s.
3C{19F} CP/MAS NMR spectra were taken by means of the RAMP-
P sequence and xy-16 pulse decoupling [40], a contact time of
.6 ms and a recycle delay of 2 s (13C 90◦ pulse width: 2.8 �s, 19F
ecoupling power 89 kHz). Teflon was utilized for establishing the
artmann–Hahn match. The 19F NMR signal of Teflon at −121 ppm

relative to CFCl3 with ı = 0 ppm) and the 13C NMR signal of adaman-
ane at 38.56 ppm (relative to TMS with ı = 0 ppm) were used as
econdary external references. All experiments were performed at
0 ◦C which provided a better spectral resolution.

. Results and discussion

Nafion membranes of different thicknesses and a Hyflon Ion
embrane were investigated in the present work. These polymers

onsist of a perfluorinated polymer backbone and ether-linked
erfluorinated side chains of different lengths with a sulfonic end-
roup. The shorter side chains of the Hyflon Ion structure results,
ompared to Nafion, in a higher concentration of SO3H groups
or the same degree of branching (Fig. 1). The short side chain

embranes have a higher degree of crystallinity and higher glass
ransition temperature (Tg) as compared to the Nafion membrane
ith the longer side chains [20,39].

These properties have been suggested to be the reason for less

welling, higher conductivity, lower electroosmotic drag [42] and
etter mechanical stability especially at high temperature and,
s a consequence, better performance in the temperature range
etween 80 and 120 ◦C [20,39,42]. The relevant material param-
ters are summarized in Table 1.

n (A) and Hyflon Ion (B). Asterisks indicate spinning sidebands.
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Table 2
Chemical shift values (in ppm) and assignment of the 13C and 19F resonances in Nafion and Hyflon Ion membranesa.

CF (side chain) CF (main chain) (CF2)n SCF2 OCF2 CF3

19F
Nafion −144 −138 −121 −117 −80.1 79.9 −80
Hyflon Ion – −138 −121 −117 −80 –

13C
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Nafion 103.4 108.2
Hyflon Ion – 108.2

a From signal deconvolution and following Ref. [41].

19F and 13C{19F} CP/MAS spectra for Nafion 117 and Hyflon
on prior to the in situ test are shown in Fig. 2. The 13C and 19F
esonances of Nafion were assigned on the basis of a former inves-
igation by Chen and Schmidt-Rohr [43], and are listed in Table 2.

The NMR spectra were measured at an elevated temperature of
0 ◦C, which – as demonstrated by the spectra given in Fig. 2 – pro-
ided a satisfactory resolution. It should be mentioned that the 19F
MR spectrum of a completely dry membrane, recorded at room

emperature, is much less resolved. For instance, the signal associ-
ted with the SCF2 segment only appears as a lowfield shoulder next

o the dominant CF2 signal. In principle, a better resolution could
lso be achieved by higher sample spinning rates which unfortu-
ately were not available in the present study. However, it has been
hown that even a spinning rate of 30 kHz was not sufficient to
esolve these signals [43].

t
p
s
o

ig. 3. 19F NMR (left) and 13C{19F} CP/MAS NMR spectra (right) of Nafion membranes of di
idebands.
111.4 113 116.7 117 118
111.4 113 117 –

The backbones of the present fluoropolymers are identical
nd consist of CF2 and CF groups. The CF2 groups give rise to
esonances at −121 and 111.4 ppm in the 19F and 13C NMR spec-
ra, respectively. Likewise, the 19F resonance at −138 ppm and
he 13C signal at 108.2 ppm are signatures of the backbone CF
roups.

The common –O–CF2–CF2–SO3H unit is clearly identified in the
3C and 19F NMR spectra of the Nafion and Hyflon Ion membranes.
he 19F resonance at −117 ppm and the shoulder at 113 ppm in the
3C NMR spectrum reflect the SCF2 groups, while the OCF2 group
f this common structural unit gives rise to a signal at −80 ppm in

he 19F NMR spectra. For Nafion the OCF2 group appears in a broad
eak which is dominated by the CF3 resonance at −80 ppm and the
pinning sidebands from the CF2 and SCF2 signals. In the spectrum
f Hyflon Ion the spinning sidebands are clearly separated while the

fferent thicknesses, before (A) and after (B) in situ tests. Asterisks indicate spinning



L. Ghassemzadeh et al. / Journal of Power Sources 186 (2009) 334–338 337

n befo

s
t

t
t
F
a
a
u
w
t
s

p
s
g
t
h
d
o
I
t
s

d
t
t
m
p
m

F
g
t
s

•
•

•

o
e
o
c
f
m
a
p
d
s
o
a
t
s
[
a

Fig. 4. 19F NMR (left) and 13C{19F} CP/MAS NMR spectra (right) of Hyflon Io

ignals from the CF3 group are missing. In the 13C NMR spectrum
he OCF2 group appears as a broad resonance at 117 ppm.

The Nafion and Hyflon Ion membranes differ in the lengths of
he side chains, and the side chain of Hyflon Ion does not contain
he –O–CF2–CF(CF3)– segment next to the polymer backbone (see
ig. 1). These structural differences are directly visible in the 19F
nd 13C NMR spectra: for Nafion additional 19F and 13C resonances
t −144 and 103.4 ppm, respectively, stemming from side chain CF2
nits appear. The CF3 group causes a sharp 13C signal at 118 ppm,
hile in the 19F NMR spectrum, the 19F resonance of this struc-

ural unit coincides with the OCF2 group and signals from spinning
idebands, as mentioned above.

Typical 19F and 13C NMR spectra for Nafion and Hyflon Ion sam-
les before and after degradation are shown in Figs. 3 and 4. The
pectra are normalized to the dominant peak of the backbone CF2
roups. It is found that after the fuel cell tests the intensities of
he side chain signals (arising from SCF2, CF3, OCF2 and CF groups)
ave decreased in all polymer samples. The present solid-state NMR
ata therefore support the assumption that the pendant side chains
f the ionomers are more affected than the main chain [10,23,37].
n general, the changes after in situ tests are better traceable in
he 19F than in the 13C NMR spectra which is related to the higher
ensitivity and the better resolution of the former ones.

A better comparison of the structural changes due to membrane
egradation after fuel cell in situ tests is possible by inspection of

he plots given in Fig. 5. They show the ratios of the peak intensi-
ies after and before the fuel cell tests for all investigated polymer

embranes. As noted above, the spectra were normalized to the
eak of the main chain (CF2)n units, and possible changes due to
ain chain degradation are therefore not detectable.

ig. 5. Relative peak heights of the various structural units after the in situ tests. The
iven numbers are the ratios of the peak intensities after the in situ tests relative
o the original intensities before the tests in percentage, as taken from the 19F NMR
pectra. For Hyflon Ion, the black column refers only to the OCF2 group (see text).
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re (A) and after (B) the in situ tests. Asterisks indicate spinning sidebands.

From these plots, the following conclusions are drawn:

Degradation of the side groups is verified for all membranes.
For Nafion, degradation increases with decreasing membrane
thickness (in the order Nafion 117, Nafion 115 and Nafion 112).
Although the Hyflon Ion sample is the thinnest of all membranes,
it is almost as stable as Nafion 115 and Nafion 117.

At this point, there is no unambiguous explanation for the
bserved trends, because relevant data are still missing. In gen-
ral, the rate of formation of aggressive radicals and the reactivity
f the ionomer itself have to be considered. A trivial explanation
ould be a degradation process proceeding from the membrane sur-
ace, which is expected to affect thin membranes more than thicker

embranes. But the thickness dependence of the degradation may
lso be the result of a decreasing gas cross-over with thickness, if
eroxo radical (e.g. HO2

•) formation were rate limiting the degra-
ation process, and if the formation of such radicals on the catalyst
urface were controlled by either H2 cross-over to the cathode side
r O2 cross-over to the anode side [44]. The latter explanation may
lso provide a rational for understanding the higher durability of
he Hyflon Ion membrane. Because of their higher crystallinity,
hort side chain ionomers such as Hyflon Ion usually swell less
42], which is anticipated to also reduce gas cross-over especially
t elevated operation temperature [44].

Another possible explanation for the relative stability of Hyflon
on is its lower concentration of chemically sensitive ether linkages.
eaction with the only ether group close to the polymer backbone
ay even be hindered sterically.
In order to discriminate between these explanations, the degra-

ation conditions may be varied and the anode and cathode side of
he membrane may be analysed separately. Work along these lines
s in progress and will be published elsewhere.

There are so far only two reports on the application of solid-
tate 19F NMR spectroscopy for the study of Nafion degradation
9,24]. In both cases, the Fenton reaction has been used for prepar-
ng samples via ex situ treatment. It is known that the ex situ
enton reaction generally gives rise to stronger degradation than
n situ tests. Surprisingly, both of these former NMR investigations
evealed only slight differences between the structural composition
f the ionomer membranes before and after ex situ degradation.
oreover, the structural changes derived from these former ex situ

tudies were even less than those found in the present solid-state
MR investigations dealing with in situ degradation. At present, we
annot explain these discrepancies.

However, it should be noted that in recent solid-state NMR and

R studies of samples from ex situ tests, performed in our group,
gain pronounced structural changes for such ionomer membranes
ave been registered [45]. It was found that the presence of a high
oncentration of iron ions, which are paramagnetic, is accompanied
y severe changes of the NMR signal intensities, and the derived
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MR and IR data at first sight appeared to be inconsistent. For a
uantitative discussion of such solid-state NMR investigations it is
hus absolutely necessary that any effects on the signal intensities
ue to interaction with paramagnetic species can be ruled out. Fur-
her investigations, addressing the role of paramagnetic impurities
e.g. Fe3+) in the degradation process and for the NMR analysis are
nder way [45].

. Conclusions

Solid-state NMR spectroscopy has been successfully introduced
s a new method for the study of the structural changes within per-
uorosulfonic acid membranes after fuel cell in situ tests. Unlike
ost other techniques, the present method provides the opportu-

ity to directly study the structural alterations of the membranes.
he results of 19F and 13C NMR measurements before and after in
itu tests demonstrate that degradation predominantly takes place
n the side chains containing SO3H, CF3, OCF2 and CF groups. Degra-
ation is decreasing with increasing membrane thickness and, for a
iven thickness, degradation for short side chain Hyflon Ion mem-
ranes is found to be less severe.

However, much more work is necessary to get a comprehensive
nderstanding of the degradation mechanisms in such membrane
ystems. Therefore, further studies involving the present spectro-
copic techniques for direct study of polymer degradation are in
rogress.
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