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Cross-Linker Effect in ETFE-Based Radiation-Grafted Proton-
Conducting Membranes
II. Extended Fuel Cell Operation and Degradation Analysis
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In this study, the effect of cross-linker content on the chemical stability of poly�ethylene-alt-tetrafluoroethylene� �ETFE�-based
radiation-grafted and sulfonated membranes was investigated. An ex situ degradation test in H2O2 solution showed a strong
increase in stability of cross-linked membranes compared to uncross-linked ones. Excessive cross-linking, however, is detrimental
to the chemical and mechanical properties. Furthermore, the stability of grafted membranes based on ETFE was superior to those
based on poly�tetrafluoroethylene-co-hexafluoropropylene� �FEP�. An in situ long-term test in a H2/O2 single cell over 2180 h,
using an ETFE-based grafted membrane optimized with respect to cross-linker content, with a graft level of 25% was carried out.
The performance of the membrane electrode assembly exhibited a voltage decay rate of 13 �V h−1 over the testing time at a
current density of 500 mA cm−2 and a cell temperature of 80°C, while the hydrogen permeation showed a steady increase over
time. This indicates that, to some extent, changes in the membrane morphology occur over the operating period. Local postmortem
analysis of the tested membrane reveals that high degradation was observed in areas adjacent to the O2 inlet and in other areas
nearby.
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The development of cost-effective proton exchange membranes
to replace the state-of-the-art and expensive perfluorinated mem-
branes �e.g., Nafion, Flemion, and Aciplex� is one of the main chal-
lenges on the road to commercialization of polymer electrolyte fuel
cell technology. The radiation-induced grafting technique, based on
the utilization of a low-cost base polymer material with either flu-
orinated or partially fluorinated polymer films, offers several
advantages.1 The radiation-induced grafting in combination with
further chemical modification steps �sulfonation� allows the func-
tionalization of the base material and the introduction of the desired
property �proton conductivity�. The attractiveness of this technique
is based on its versatility and the possibility to easily control the
grafting parameters �irradiation dose, concentration of monomers,
time, temperature, solvent type, etc.�. We can tune the desired mem-
brane properties in a broad range due to the wide selection and
combination possibilities of base films and grafting monomers.

One of the main research areas in our laboratory at the Paul
Scherrer Institut is the development of low-cost polymer electrolyte
membranes. Radiation-grafted membranes based on grafted styrene/
divinylbenzene �DVB:cross-linker� onto poly �tetrafluoroethylene-
co-hexafluoropropylene� �FEP� exhibited performance comparable
to that of commercial Nafion 112 membranes and were able to op-
erate over 4000 h without notable degradation under steady condi-
tions at a temperature of 80°C.2,3

The FEP-based membrane was optimized with respect to its per-
formance and chemical stability by adjusting the graft level and
cross-linker content. In a study of the effect of DVB on fuel cell
performance, the membrane prepared with 10% DVB �in the initial
solution� was found to exhibit the best performance.3 Recently, par-
tially fluorinated poly�ethylene-alt-tetrafluoroethylene� �ETFE� has
been identified as a promising alternative base polymer film because
of its advantages �superior mechanical properties, better resistance
to irradiation-induced damage, improved grafting kinetics� in com-
parison to the use of FEP as base film.4 First fuel cell tests with
styrene/DVB-grafted ETFE �25 �m�-based membranes, prepared
using the same conditions as for the optimized FEP-based mem-
branes, were reported earlier.5

The obtained results showed the potential of ETFE as base ma-
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terial, but still the system needed to be optimized regarding both key
parameters, i.e., the graft leveld �GL� and the cross-linker content.
Subsequently, a detailed study on the influence of grafting param-
eters and reaction kinetics was performed for the grafting of styrene
onto ETFE and, as expected, differences in kinetics in comparison to
the combination of styrene and FEP were observed.6 The influence
of cross-linker was investigated, and a correlation between the DVB
content and the ex situ relevant properties for fuel cells was
established.7

The mechanical stability of our grafted films and membranes is a
crucial prerequisite in terms of handling, fabrication, and durability
of the membrane electrode assembly �MEA�. Especially, the me-
chanical properties and dimensional stability �expansion/shrinkage
of membrane area and volume due to changes in hydration state�,
which are influenced by the GL, cross-linker, and water content, are
important features to characterize.8 An evaluation of the effect of
irradiation dose, GL, and cross-linking was performed, and a com-
parison with a Nafion 112 membrane was established.9 It was found
that a careful balance of all these parameters is needed to reduce
their negative impact on the elongation at break and tensile strength.

Our group focused not only on styrene-based grafted membranes
but also on different monomer combinations in order to improve the
chemical stability under fuel cell operating conditions. For that aim,
alternative styrene-derived monomers with protected �-position
were chosen, such as �,�,�-trifluorostyrene derivatives10 and
�-methylstyrene/methacrylonitrile.11 In our approach, the in situ test
of our materials is the key tool for evaluating membrane for perfor-
mance and durability.

The influence of the GL and degree of cross-linking on the ex
situ and in situ properties of the grafted ETFE-based membranes
was investigated in detail in our previous article.5,12 Based on these
earlier findings, an increasing GL was observed to lead to more
brittle membranes, whereas a low GL does not afford good conduc-
tivities. The optimum GL was identified to lie between 24 and 30%.
In this compositional range, the mechanical integrity, conductivity,
and performance of the grafted membranes are well-balanced.5

Moreover, it was found that the water uptake and the conductivity
were negatively affected by an increase of the cross-linker content
as a consequence of the formation of an increasingly tight polymer

d GL �or degree of grafting� = �mg − m0�/m0, where m0 and mg are the sample
masses before and after grafting, respectively.
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network. In addition, cross-linking results in an increase of the
brittleness and likelihood of membrane cracking during MEA prepa-
ration or operation. Fuel cell tests of a membrane prepared using a
cross-linker content of 5% DVB in the initial grafting solution were
found to yield maximum performance.12 At lower extents of cross-
linking, performance is limited by the poor membrane–electrode
interfacial properties, whereas at higher degrees of cross-linking,
performance is limited by high ohmic resistance of the membrane.

In the present study, a cross-linked ETFE-based membrane,
which has previously been optimized for performance,12 with a GL
of 25% was evaluated for durability. In addition, the effective cross-
linker �DVB� content of the grafted film was determined by Fourier
transform IR �FTIR� spectroscopy, which was already pointed out to
be different from the concentration in the initial grafting solution
previously.7 The obtained membrane was then characterized for its
fuel cell relevant properties �ion exchange capacity, water uptake,
conductivity, etc.�, and a long-term fuel cell test was carried out. The
MEA was intermittently characterized over the testing period, and
the in situ properties were determined using auxiliary current-pulse
resistance, electrochemical impedance spectroscopy �EIS�, polariza-
tion, and H2 permeation measurements. Furthermore, a local post-
mortem analysis using FTIR was performed to yield a degradation
map over the active area.

Experimental

Membrane preparation and composition determination.— Radi-
ation-grafted membranes based on Tefzel ETFE 100LZ film �Du-
Pont, Circleville, OH, USA� with 25 �m thickness were prepared
using the procedure reported earlier.7 ETFE films were electron-
beam irradiated at a dose of 1.5 kGy and subsequently stored at
−80°C until used. A monomer solution composed of styrene �purum
grade; Fluka� and DVB �technical grade, �80%, mixture with iso-
mers 3- and 4-ethylvinylbenzene; Fluka� with varying styrene:DVB
ratio �v/v� was prepared. This monomer mixture was added to the
solvent mixture prepared from isopropanol �analytical grade; Fisher
Scientific� and water at a ratio of 11:5 �v/v�. Grafting was carried out
in a stainless steel reactor at a temperature of 60°C. The GL was
adjusted to �25% by varying the grafting time accordingly.

The cross-linker �DVB� content was determined by FTIR using a
Perkin Elmer FTIR System 2000 spectrometer. GRAMS/386 soft-
ware �version 3.02� from Galactic Industries was used for the curve
fitting of the obtained FTIR spectra. The molar ratio of DVB/styrene
determination was based on the fact that the styrene and the DVB
isomers �para- and meta-disubstituted benzene� have distinct and
unique bands at 1486 cm−1 �meta-disubstituted benzene�, 1493 cm−1

�mono-substituted benzene�, and 1510 cm−1 �para-disubstituted ben-
zene�. The molar ratio was then calculated based on developed cali-
bration curves for the different bands �unpublished method�.

Mechanical properties.— The mechanical properties of the
membranes were measured by a Universal Testing Machine �Zwick
Roell Z005� with a maximum test load of 5 kN. The measurements
were performed at a cross head speed of 100 mm min−1. The mem-
branes were converted to salt form in KCl solution �0.5 M� and then
dried at 60°C in an oven for 24 h. Rectangular specimens �1
� 10 cm� were die cut.

Ion exchange capacity, water uptake, and conductivity.— The
sulfonation to yield proton-conducting membranes was carried out
by treating the grafted films with chlorosulfonic acid in dichlo-
romethane �2% �v/v�� at room temperature for 5 h, followed by
hydrolysis in 0.1 M NaOH solution and reprotonation in 2 M
H2SO4 solution. Finally, the resultant membranes were swollen in
deionized water at 80°C for 5 h. The ion exchange capacity �IEC�
was determined after cation exchange in KCl solution �0.5 M� by
acid-base titration using KOH solution �0.05 M�. The water uptake
was determined from the difference in weight between the fully
swollen and the dry membrane. The proton conductivity was mea-
sured for fully swollen membranes at room temperature via ac im-
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pedance spectroscopy using a Zahner IM6 �Kronach, Germany� in
the frequency range of 1–50 kHz. For details on the experimental
procedures used for ex situ characterization of the grafted mem-
branes, the reader is referred to Ref. 5.

Single fuel cell testing and in situ characterization.— The
ETFE- based membrane with a GL of 25.2% and cross-linked using
5% DVB �v/v� monomer in the grafting solution was hotpressed
together with ELAT electrodes �type LT140EWSI, BASF Fuel Cell,
Inc.� with a platinum loading of 0.5 mg cm−2 at
110°C/5 MPa/180 s to form an MEA. The MEA was assembled
into a single cell �active area: 29.2 cm2� comprising a threefold ser-
pentine flow field �graphite plates� with channel/land width of 1 mm
and channel depth of 0.5 mm.12 The electrochemical characteriza-
tion methods �polarization curves, impedance spectroscopy, H2 per-
meation� used for MEA evaluation and the procedures are explained
in detail in the first part of our contribution.12

Ex situ chemical degradation.— Membrane samples were dried
in the oven under vacuum, then weighed and immersed in ultrapure
water overnight �water-equilibration step�. Subsequently, the
samples were inserted into glass beakers containing a 3% H2O2
aqueous solution and treated for different periods of time at 60°C.
The samples were then removed, immersed again in pure water and
agitated for more than 24 h. The final step was to dry the rinsed
membranes in the oven under vacuum overnight, after which they
were weighed for the second time.13 The residual weight R of the
membrane after exposure to the H2O2 solution for a given period of
time is calculated via the following equation

R�%� =
Wd�t�
Wd�0�

100%

where Wd�0� is the weight of the dry membrane at t = 0 and Wd�t�
is the weight of the dry membrane after H2O2 treatment.

Postmortem analysis.— After terminating the fuel cell test, the
cell was disassembled and MEA ultrasound treated for 30 min to
detach the electrodes from the membrane. The membrane was ex-
changed into salt form �K+� by immersing in 0.5 M KCl solution
overnight and then dried at 60°C for at least 16 h. A postmortem
analysis by FTIR was performed in the nonactive and active area of
the tested membrane by the use of a metallic slit mask �rectangular
aperture 0.5 mm � 1.9 cm�. With this slit width �0.5 mm�, it is pos-
sible to determine the local degradation in the aged membrane, re-
solved to channel and land dimension �1 mm width� over the active
area of the membrane.14 A degradation map was created by measur-
ing the extent of degradation over the 27 channels and 26 lands,
with 7 measurements in each position along the channel/land. The
area of the aromatic peak appearing at 1494 cm−1 assigned to sty-
rene was measured to determine the extent of degradation according
to

Degradation�%� =
peak area�untested� − peak area�tested�

peak area�untested�
100%

Results and Discussion

Ex situ relevant properties of the ETFE-based membrane.—
Based on our previous study on the effect of irradiation dose, GL,
and cross-linking on different ex situ properties �thermal stability,
mechanical stability, conductivity, etc.�, a membrane optimized for
performance based on radiation grafted styrene/DVB onto ETFE
was defined. Furthermore, an investigation of the effect of cross-
linker content on the in situ membrane properties �performance,
resistance, interface, etc.� was carried out.12 It was found that the
maximum performance was reached using the membrane based on
5% DVB �v/v�. The thickness of the obtained membrane was mea-
sured and the effective extent of cross-linking �DVB� determined by
FTIR. The obtained value of the DVB/styrene molar ratio in the
membrane is significantly ��50%� higher than the value in the ini-
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tial grafting solution �Table I�. DVB is well known to be more
reactive than styrene and, therefore, the consumption of DVB during
the grafting reaction is faster than that of styrene.15-17 Likewise,
FTIR measurements show that the DVB is incorporated to a high
degree close to the surface in comparison to the bulk of the grafted
film �attenuated total reflection �ATR� vs transmission
measurements�.7 The thickness of the resulting grafted ETFE-based
membrane measured in the wet form is lower than that of the Nafion
112 membrane.

The mechanical properties of the resulting membrane converted
to salt form were evaluated in dry state regarding both directions,
machining �MD� and transverse direction �TD� �MD refers to the
extrusion direction of the produced roll� �Table II�. Previously, we
have pointed out that grafting and cross-linking level play a pivotal
role in the resulting mechanical properties of the radiation-grafted
ETFE-based membrane. The study reveals that the parameter mostly
affected is the elongation at break. Indeed, the brittleness of the
ETFE-based grafted films and membranes increases drastically with
the increase of the degree of grafting and cross-linking.9 For both
types of membrane, Nafion 112 and ETFE-based grafted mem-
branes, the elongation at break and Young’s modulus are higher in
the TD than the values obtained in the MD, whereas the opposite is
observed for the tensile strength �as expected from the orientation
during the processing of the base film�. The ETFE-based membranes
show higher elongation at break and Young’s modulus in both di-
rections compared to the Nafion 112 membrane. The tensile strength
of the ETFE-based membrane is higher in the transverse direction,
while comparable values were measured in the machining direction.
The correlation between mechanical properties determined ex situ
and mechanical robustness of a membrane in a fuel cell environment

Table I. Comparison of the DVB/styrene molar ratio in the initial
grafting solution and in the grafted film measured by FTIR.

Membrane
GL

�% wt�

Molar ratio
�DVB/styrene�
in the grafting

solution
�%�

Molar ratio
�DVB/styrene�
in the grafted

film
�%�

Thicknessa

��m�

ETFE-25 25.2 4.3 � 0.0 6.7 � 0.1 34.0 � 0.6
Nafion 112 — — — 58.0 � 3.0

a Thickness measured for the membrane in liquid-water equilibrated
state.

Table II. Mechanical properties of the ETFE-based membranes
[GL É 25.2%; molar ratio (DVB/styrene) É6.7%] and Nafion
112 membrane in both MD and TD.

Membrane Direction

Elongation
at break

�%�

Tensile
strength
�MPa�

Young’s
modulus
�MPa�

ETFE-25 MD 114 � 15 50 � 2 820 � 47
TD 139 � 27 46 � 2 844 � 34

Nafion 112 MD 87.4 � 8 50 � 5 567 � 22
TD 126 � 14 38 � 2 575 � 25

Table III. Measured value of IEC, water uptake, hydration number, a
(DVB/styrene) É6.7%] compared with the values for Nafion 112 me

Membrane IEC �mmol g−1�
Cond

�mS

ETFE-25 1.6 � 0.1 64
Nafion 112 0.9 � 0.1 82

a Measurements were performed in fully swollen state at room temperatur
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is complex and not straightforward. In particular, time-dependent
properties, such as viscoplastic creep and buildup of residual stress
due to changes in membrane hydration, have to be taken into ac-
count and quantified, which does not seem to be a prominent topic
in the scientific fuel cell literature. It is, however, evident that mem-
branes with low elongation at break are unfavorable, as they tend to
undergo brittle fracture. Currently, we are investigating in detail the
tensile properties under fuel cell relevant conditions, i.e., at higher
temperature and under controlled relative humidity conditions.

The ex situ properties �IEC, water uptake, conductivity, and hy-
dration number� are fundamental characteristics for fuel cell perfor-
mance. Representative results for the grafted ETFE-based mem-
brane are compared to the values of Nafion 112 �Table III�.5 The
Nafion 112 membrane shows higher water content and conductivity
than the ETFE-based membrane, while the IEC value is lower
�mass-based values�. Furthermore, the IEC values, taking into ac-
count the difference in density between both types of membranes,
were evaluated, and values of 2.4 and 1.6 mmol cm−3 for the ETFE-
grafted membrane and for Nafion 112 membrane, respectively, were
determined.12 Nafion 112 is not a cross-linked membrane, and com-
parable water content and conductivity values were obtained for an
uncross-linked styrene-grafted ETFE-based membrane at a GL of
25.6%. Thus, the lower water content in the ETFE-based membrane
is a consequence of cross-linking, which was quantified previously
by FTIR.

Ex situ chemical degradation.— The permeation of H2 and O2
through the membrane and interaction with the platinum electrocata-
lyst under fuel cell operating conditions results in the creation of
peroxyl or hydroperoxyl radicals �OH•, HOO•�, which are an ag-
gressive degrading agent for the membranes.18,19 One method to
pre-evaluate the chemical stability of our membranes was to apply a
moderate accelerated test, where an H2O2 solution is used instead of
the severe Fenton reagent �H2O2 + Fe2+�, which leads to extensive
OH• generation and excessively fast membrane degradation.13

The influence of the DVB concentration on the chemical stability
of the ETFE- and FEP-based membranes with fixed graft levels of
�25 and �18%, respectively, were studied. Various membranes
based on ETFE with different DVB contents �0, 5, 10, and 15%
DVB in the initial grafting solution� and FEP membranes �0 and
10% DVB� were prepared and tested for their ex situ chemical sta-
bility by immersing them in a 3% H2O2 solution at 60°C. The IEC
of all membranes was determined prior to the test, and the same
value of around 1.6 mmol g−1 was measured for the ETFE mem-
branes and a value of 1.3 mmol g−1 for the FEP-based membranes.
The accelerated chemical degradation of these membranes was mea-
sured, and the evolution of the weight loss is depicted in Fig. 1. All
the treated membranes show an onset of weight loss after some
initial period, depending on the cross-linker concentration. Based on
the measured GL and assuming a degree of sulfonation of 100%, the
calculated weight loss due to total loss of the grafted components is
in accordance with the experimental values at the end of the stability
test. The weight loss is most likely a consequence of polymer chain
scission occurring in the membranes, the fragments of which are
washed out subsequently.13 It was previously stated that the exis-
tence of radicals �OH·, HOO·� in the solution may result in an attack
on the styrene unit, leading to the formation of a benzyl radical and,

nductivity of the ETFE-based membrane [GL É 25.2%; molar ratio
ne.

tya

1�
Water uptakea

�% wt�
Hydration number
�n�H2O�/n�SO3

−��

20.6 � 0.6 7.0 � 0.5
33.5 � 1.8 18.0 � 0.9
nd co
mbra

uctivi
cm−

� 3
� 6

e.
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eventually, scission of the C–C bond of the grafted polymer chain.19

Study of the decomposition products in the produced water from the
fuel cell based on styrene grafted FEP membranes was performed
earlier using high-pressure liquid chromatography, revealing mainly
the formation of sulfonated aromatic residues.20,21 Likewise, a Ra-
man investigation of styrene-based grafted poly�vinylidene fluoride�
membranes shows a loss of the poly�styrenesulfonic acid� groups
after fuel cell tests.18 Comparing the obtained results, the first main
observation is that cross-linking generally induces an increase in the
chemical stability of the ETFE- and FEP-based membranes. Also,
the base polymer seems to have an effect on the durability of the
grafted membrane; the cross-linked FEP-based membrane �10%
DVB� appears to have the lowest stability among the cross-linked
samples. A possible explanation can be related to the kinetics of
grafting in both systems, in that the incorporation and content of
cross-linker are different. Indeed, the values reported for water up-
take and hydration number for the FEP membrane �10% DVB� are
16.3 wt % and �6.7 water molecules per sulfonic group, respec-
tively, whereas the values for ETFE �10% DVB� are lower
�14.1 wt % and 4.6 water molecules per sulfonic group�, suggesting
that the effective cross-linking is higher in ETFE-based grafted
membranes.12 The observation that the ETFE-based membrane with
the highest cross-linker content �15%� shows a lower stability com-
pared to the membranes with lower DVB content is striking at first
sight. Similar results were obtained, however, for ETFE �50 µm�-
based membranes grafted with p-methylstyrene/ DVB. The increase
of the DVB content above a critical concentration results in a drastic
decrease in chemical stability.22 Several factors may play a signifi-
cant role in that observed behavior. In fact, higher cross-linker con-
centration in the grafting solution induces an increase in the number
of pending double bonds in the grafted membranes as observed by
FTIR, which affect the efficiency of the DVB as cross-linker.23 Ki-
netic studies of the styrene/DVB system reveal that the reactivity of
the two double bonds of DVB is not the same.16 After the first
double bond has reacted, the kinetic of the second one in the grow-
ing polymeric chain is much lower, yielding a fraction of unreacted
double bonds in the final membrane. It has been proposed that the
unreacted vinyl groups may be preferrable sites of radical attack.22

The grafting kinetic dependency of styrene/DVB on the monomer
diffusion and the relatively faster reaction of the DVB presumably
create a concentration gradient through the membrane thickness.
Indeed, the previously obtained FTIR-ATR results clearly show a
higher DVB concentration close to the surface, whereas a compara-
tively lower cross-linker content is observed in the bulk of the
membrane.7 The higher extent of cross-linking may also produce a

Figure 1. Ex situ chemical degradation of FEP-based membranes �GL
� 18%� and ETFE-based membranes �GL � 25%� with different DVB con-
tents �in the initial grafting solution� in 3% H2O2 at 60°C �lines are a guide
for the eyes�.
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higher number of chain ends; consequently, the probability to form
polymer branches with lower molecular weight �lower chain-
length�, which are more easily detached from the polymer network,
in the membrane might be higher.

Fuel cell durability test.— After assembling the grafted ETFE-
based membrane �5% DVB� into the fuel cell, an MEA durability
test was performed at a constant current density of 500 mA cm−2.
The cell performance, as indicated by the cell voltage, and the
ohmic membrane resistance measured by the pulse method are
shown in Fig. 2a over the testing time. The evaluated drop in voltage
after 1100 h was around 11 mV, whereas this value was about
21 mV at the end of the test �2180 h�. Linear regression analysis of
the voltage over the testing time yields a voltage decay rate of
13 �V h−1. Looking more closely at the history plot, the MEA his-
tory can be divided into two intervals with different voltage decay
rates, the first occurring from the beginning of the test up to 1100 h
with a value of 7 �V h−1 and a second from 1100 to 2100 h with a
decay rate of 23 �V h−1. Concerning the ohmic resistance, no
change was noticed for the pulse-measured ohmic resistance up to
1100 h, whereas an increase of 6% was observed up to 1508 h, and
then a further increase of 7% was measured up to 2100 h. The
membrane resistance increased from initially 94.5 to
� 100 m� cm2 after 1100 h and then reached a value of

Figure 2. �Color online� �a� Single-cell durability test using a radiation-
grafted membrane based on ETFE �GL 25%, 5% DVB�. �b� Evolution of the
OCV over the testing time. Measurements at 500 mA cm−2, cell temperature
80°C; H2/O2 at a stoichiometry of 1.5/1.5, atmospheric gas pressure.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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�106 m� cm2 at the end of the test. Both stepwise changes in
resistance were observed after restarting the cell �after measuring
the H2 crossover in H2/N2 mode and refilling of the bubbler humidi-
fiers�, which may indicate the adverse effect of start–stop cycles and
their association with degradation phenomena in our system.2

The polarization curves obtained over the testing time are shown
�Fig. 3�. The performance of the ETFE-based membrane and the
Nafion 112 after about 500 h of operating time shows similar re-
sults. However, the measured pulse ohmic resistance of the Nafion
112 was slightly higher, even showing a marked increase at high
current densities starting from 1250 mA cm−2. This may be the re-
sult of a stronger dehydration by the effect of electro-osmotic drag
on the anode side, which induces an increase in the area resistance.21

Moreover, the difference in membrane microstructure, the water
transport mechanism, and the membrane–electrode interface may be
influential parameters.5,21 The ohmic resistance does not show any
significant change up to 1174 h, where after an increase leading the
ETFE-based membrane to reach the same values as those of the
Nafion 112 was observed after 1968 h. However, the ETFE-based
membrane does not show any marked increase in resistance at high
current densities, as observed for the Nafion 112, over the testing
time.

The extracted open-circuit voltage �OCV� values at various op-
erating times for the MEA are shown �Fig. 2b�. The first general
observation is that the OCV values show two distinct levels. The
first one starts from the beginning up to 815 h, whereas the second
one starts from 1004 h until the end of the test. Moreover, the OCV
slightly decreased from 0.924 V measured at 68 h to a value of
0.920 V at 188 h, which is assumed to be a consequence of the time
needed for the cell and the interface of the MEA to run in. The
observed trend for the OCV correlates with the measured changes in
the decay rates of the cell voltage, indicating that the event at around
1000 h adversely affected membrane integrity.

In order to resolve the different losses occurring within the MEA,
EIS was performed intermittently over the testing period �Fig. 4�.
From the electrochemical impedance spectra, the ohmic resistance
was determined from the intersection of the impedance spectrum
with the real axis at the high-frequency end, whereas the polariza-

Figure 3. Polarization curves recorded at different times of the durability
test for the cell with ETFE-based membrane �Fig. 2�, compared to a cell with
Nafion 112 membrane.
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tion resistance was obtained by subtracting the ohmic resistance
from the resistance value at the intersection of the spectrum with the
real axis at the low-frequency end.

The Nafion 112-based MEA exhibits both lower ohmic and po-
larization resistance in comparison to the MEA with grafted ETFE
membrane. The higher interfacial resistance �polarization resistance�
in the case of the ETFE-based membrane was already pointed out to
be mainly due to the lower compatibility of these grafted mem-
branes to the Nafion ionomer used in the catalyst layer of the
electrodes.12 The resistance values extracted from the ac impedance
spectra are depicted in Fig. 5. The ohmic resistance does not show
any change up to 800 h, whereas a slight increase of �4% after
1200 h was observed. The polarization resistance of the ETFE-based
membrane decreases slightly up to 500 h and then increases after
800 and 1200 h, after which no significant change is observed. The
observed slight decrease in the polarization resistance up to 500 h is
most probably due to the improvement of the membrane–electrode
interface during run-in. The extracted data of both resistances shows
an increase after 1200 h, which is a sign of deterioration of the

Figure 4. AC impedance spectra recorded at a dc current density of
500 mA cm−2 after different run times shown in the Nyquist representation
�frequency range: 0.1 Hz to 25 kHz�.

Figure 5. Extracted ohmic �R�� and polarization resistance �Rpol� from the
EIS spectra at 500 mA cm−2.
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MEA. Moreover, the obtained results are in accordance with the
observed loss in the OCV at 1000 h, due to the sensitivity of the
membrane to start–stop events. The absolute ohmic resistance values
determined by EIS are slightly higher than the values measured by
the current-pulse method due to the effect of cable inductance dur-
ing measurements at high frequency.

It was also important to investigate the H2 crossover of the
ETFE-based grafted membrane over the testing time due to the close
cause–effect relationship existing between the rate of chemical deg-
radation and possible changes in the morphology of the membrane
and its mechanical integrity �Fig. 6�. The hydrogen crossover shows
a steady increase with testing time up to 2000 h, and a correspond-
ing H2 permeation rate of �30 mA cm−2 was observed at the end of
the test after 2180 h. These results indicate clearly that, to some
extent, changes in the membrane morphology and integrity occur
over the operating time, in accordance with other measured in situ
parameters �performance, ohmic, and polarization resistances� �see
Fig. 2 and 5�. Dealing with a grafted membrane, the water manage-
ment and the hydration–dehydration states become crucial issues in
durability and mechanical integrity. Likewise, water is known to
play the role of a plasticizer, allowing more mobility of the chains.
Therefore, the combination of morphological changes and the
chemical degradation of the graft components �see postmortem re-
sults� may be responsible for the observed increase in gas perme-
ation. The correlation of this result with the extent of degradation
occurring in the membrane is discussed in the next section.

Postmortem analysis.— The durability test was discontinued af-
ter a total testing time of 2180 h. The cell was subsequently disas-
sembled, and the membrane was separated from the electrode by
immersing the MEA in water and using ultrasound to promote
delamination �Fig. 7�. The first observation is that the membrane
showed a crack of about 1.5 cm length in the edge zone �the border
between the active and nonactive area�. In fact, pinhole formation
was suspected from the sudden drop in performance near the end of
the test and the measured H2 crossover ��30 mA cm−2�. Therefore,
the correlation between the chemical degradation �postmortem
analysis�, performance drop, and the observed mechanical failure
was of high interest.

To evaluate the local extent of degradation in the nonactive area
�not assembled with the electrodes� �areas A, B, C, and D as shown
in Fig. 7�, selected points of the membrane were measured by FTIR
�Table IV�. Area B shows marked degradation in comparison with

Figure 6. Hydrogen crossover measured electrochemically in H2/N2 mode at
80°C.
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the other nonactive zones, while both areas A and D show similar
trends, and lower degradation was observed. Interesting results were
determined for the area near the hydrogen inlet of the tested mem-
brane �area C�, where degradation was low. These results are some-
what surprising; previously this area �nonactive� was used as a ref-
erence for the evaluation of the degradation, because no
deterioration was claimed to occur there.24 Furthermore, the marked
difference in the extent of degradation between area B and the rest
of the nonactive area is not yet understood. The strong degradation
in zone B can be correlated with the membrane crack formation in
that area. Furthermore, the notable chemical degradation in periph-
eral areas is also assumed to be due to propagation of peroxides in
these areas or existence of other phenomena which occur in the
presence of potential contaminants �e.g., Fe� and H2/O2.

The degradation within the active area was quantified on the
channel and land scale �53 positions in total�. Seven points in the
lateral direction were measured for each channel and land, and the
obtained degradation profile is presented in Fig. 8. There appear to
be distinct areas of high degradation �50–60%�, whereas a large
fraction, particularly on the lower half of the active area near the H2
inlet, show moderate degradation of 12% on average. Strong degra-
dation was observed in the first serpentine �positions 53 and 52�
located near the O2 inlet, between positions 41 and 43 and at posi-
tion 31 �channel�. The obtained results do not show any significant
difference or clear trend between the degradation in channel and
land positions in the area of moderate degradation. If we consider
the overall area, we find that the extent of degradation in the channel
areas �18%� was somewhat higher than in the land areas �13%�, due
to the channel positions with high degradation near the O2 inlet. A
similar observation was already made for aged FEP-based grafted
membranes, where a high degradation in channels was observed
after an OCV hold test.14 The local degradation of membranes on
the sub-millimeter scale may strongly depend on the operating
conditions.25 The phenomenon has not been investigated in great
detail up to now, yet it has been established that substantial differ-
ences in local conditions �O2 content, temperature, potential, current
density, and hydration state of the membrane� may exist across
channel and land.26,27
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Figure 7. �Color online� Scanned image �contrast enhanced� of the mem-
brane disassembled from the MEA after 2180 h on test.

Table IV. Measured degradation in the nonactive area for areas
A, B, C, and D.

Area A Area B Area C Area D

% Degradation 38 � 14 82 � 14 10 � 6 38 � 10
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An overall representation of the local differences in the extent of
degradation is shown in the degradation map of Fig. 9. In addition to
the findings discussed in the previous paragraph, there appears to be
a lack of correlation between the highly degraded zones and the
crack location in the membrane, which is at the edge of the active
area in the lower half. Consequently, the crack forming in our case
may be assumed to be due to mechanical failure of the membrane
near the end of the test because of mechanical stress in this area
between the hydrated active and nonhydrated inactive area. Like-
wise, electrode misalignment may also explain the observed crack in
the edge zone. Indeed, membrane failure was found to occur sys-
tematically in the perimeter region of the active area, where there
may be an overlap of one electrode over the other.28

The presented durability test based on the ETFE-grafted mem-
brane �5% DVB� was reproduced with the use of a 25 �m Kapton
film as a subgasket as an additional protection against the observed
edge effect. The cell was operated for more than a thousand hours
without any noticeable increase in membrane resistance.

Conclusion

The ex situ chemical-degradation investigation revealed that the
base film has an influence on the stability of radiation-grafted mem-
branes. Higher stability was observed for the ETFE-based mem-
brane over the FEP-based one. In addition, low and medium extents

Figure 8. Local degradation analysis of the ETFE-based membrane in areas
associated with flow-field channels and lands, determined via locally re-
solved postmortem FTIR spectroscopic analysis.
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Figure 9. �Color online� Degradation map of the ETFE-based membrane
within the active area.
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of cross-linking yield an improvement in the stability of the grafted
membranes, yet at high cross-linker content a decrease is observed.
A fuel cell membrane based on an optimized styrene/DVB grafted
ETFE membrane with a graft level of 25% was characterized for its
ex situ relevant fuel cell properties �IEC, water uptake, conductivity,
and mechanical properties�. The conductivity and water uptake of
the grafted membrane were shown to be lower than that of Nafion
112, while the IEC shows an opposite trend, which is mainly attrib-
uted to the different densities and the effect of cross-linking and
reduced free volume available within the polymer structure of the
grafted membrane. Furthermore, the ETFE-based membrane shows
slightly superior mechanical properties in terms of elongation at
break and tensile strength.

A durability test with the optimized ETFE-based membrane was
performed in a single fuel cell over a testing period of 2180 h. The
MEA shows two regimes in cell voltage loss up to 2100 h, where a
sudden drop was observed after 2180 h due to crack formation in
the membrane. Moreover, the tested cell shows comparable perfor-
mance to that of a Nafion 112-based cell, and only a slight decrease
in performance at high current densities was observed up to 2000 h.
Postmortem analysis reveals that degradation is strongly localized,
with more degradation near the O2 inlet, and the membrane areas
associated with flow-field channels were more affected than the re-
spective land areas. It was found that degradation occurred in the
nonactive area to different extents, depending on the location of the
measured points, the origin of which is not understood to date.
Moreover, the crack formation observed in the membrane was lo-
cated at the boundary between the area which shows low degrada-
tion and the highly degraded nonactive area.
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