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The changes in properties within membrane electrode assemblies (MEAs) aged in a stack functioning
at constant-power operation (0.12 W cm~2) for several durations (0, 347, 892, and 1397 h) were char-
acterized. An important effort was placed into better understanding interfaces. Two tests were thus
developed to investigate the changes in each active layer/membrane interface. Both techniques demon-
strated that the mechanical bounding of both cathode and anode to the polymer membrane improve
with the functioning time in fuel cell. This phenomenon was further attributed to Pt dissolution and
diffusion/precipitation within the polymer membrane and to a diffusion/crystallization of the binding
agent in the vicinity of the electrode/membrane interfaces.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are promising
power sources since they directly convert chemical into electri-
cal energy with environmental benefits. The key component in a
PEMEFC is the membrane electrode assembly (MEA) is a multilayer
structure constituted by a polymer membrane acting as a solid elec-
trolyte, coated on both sides by active layers, the cathode and the
anode. This three-component system is then covered by gas dif-
fusion layers on either side. The active layers are made of porous
carbon supported nanometer sized Pt catalyst, bounded together
by an oligomeric ionomer similar to the polymer membrane.

It is now well-accepted that the durability of a fuel cell stack
are mainly governed by that of the MEA, and more specifically by
its active layers. Several origin for the electrode degradation have
been pointed out in the literature (i) the decrease in electrochemi-
cal activity due to the contamination of the Pt catalyst with either
pollutants coming from the input gas [1-5] or CO; poisoning caused
by the carbon support corrosion [6-11], (ii) catalyst particle disso-
lution yielding to the coarsening of Pt particles and subsequently a
reduction of the specific surface area [12-19] emphasized by a loss
in the overall amount of catalyst in the electrode [13,18,20], (iii)
carbon corrosion mainly observed at the cathode side attributed
to the presence of oxygen which may induce a structural collapse
of the electrode [5,8,9,21], (iv) catalyst layer ionomer degradation
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[22,23]. The relative contributions of these degradation mecha-
nisms strongly depend on the working conditions of the fuel cell
[24], namely (i) the number and amplitude of voltage cycles, (ii) the
time at high cathode potential, and (iii) changes in relative humidity
[18,25,26]. For example, the Pt dissolution/diffusion/aggregation
mechanism was revealed prominent at the cathode side under high
potential cycling rates [27,28]

Although this parameter has not been studied much in the lit-
erature [29], it seems important to quantify the adhesion between
active layers and membrane [30]. This interface will for instance be
submitted to a shear in service as result in dimensional changes of
the membrane, with variations in temperature, and relative humid-
ity. The study of the active layer to membrane interface may also
be relevant to understand changes in either component as well as
the undesirable evolution of the electrical properties.

2. Experimental
2.1. Materials

As-received and aged commercial MEAs were provided by
Axane Company. The MEAs are multilayer structures based on
perfluorosulfonic acid polymer membrane (Nafion®), coated on
both sides by active layers covered by gas diffusion layers (carbon
cloths). Electrode layers are constituted by porous carbon sup-
ported nanosized Pt catalyst, with an ionomer binding agent which
chemical nature was similar to that of the membrane [28]. The
active layers initially contained 40 4 1 and 28 + 2 wt.% of carbon and
platinum, respectively. The platinum electroactive area was close to
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0.0035 cm? [31]. The amount of binding agent was close to 30 wt.%
in as-received electrodes. The MEAs were industrially processed
through the carbon coated membrane (CCM) process. As-received
MEAs were never mounted in a stack and thus never submitted to
mechanical stresses upon assembling. Aged MEAs were utilized in
a 55 cells stack system in a constant power mode (0.12W cm~2)
for several durations: 347, 892 and 1397 h. The current density
was ~0.18 Acm~2 corresponding to a cathode potential close to
0.67V with respect to the reversible hydrogen potential (RHE). The
cathode was fed with humidified air (75% relative humidity (RH)
at atmospheric pressure) and the anode with dry pure hydrogen
(with a controlled overpressure of 0.2 bars). The gas flow rates were
5and 30 NLmin~! for H, and air, respectively. The aged MEAs were
sampled from intermediates regions of the stack where the tem-
perature is almost constant, close to 60 °C. At least three different
specimens for each ageing time were systematically investigated.
The characterizations focused on three-layer systems, namely the
membrane and the two active layers. The gas diffusion layers were
thus gently removed from MEAs prior to measurements, without
damaging the electrodes, thanks to the low adhesion to carbon
cloths resulting from CCM process.

In addition, for characterizations of the sole membrane,
uncoated samples were obtained by immersionina 50/50 vol./vol.%
water/ethanol mixture in an ultrasonic bath until a clear membrane
was obtained, which took up to 4 h (see below).

2.2. Microscopy investigations

Morphology analyses were performed with a scanning elec-
tron microscope (SEM - Leica Stereoscan 440 microscope) at 20 kV
accelerating voltage in the electron backscattered mode. Energy
dispersive X-ray (EDX) analyses (silicon drift detector) were also
carried out to locate the platinum. The electrode coated membranes
were first cut at room temperature into small pieces using ceramic
scissors. Then, these small slices were epoxy-embedded at room
temperature and sample cross sections were carefully polished and
metalized.

The distribution in size of the catalyst particle was mea-
sured from transmission electron microscopy images (TEM-Philips
CM120 microscope at 120kV) performed on cross-sectional thin
slices obtained by cryogenic ultramicryotomy. The quantitative
image analysis were then performed on segmented images with
Image] software [32].

2.3. X-ray diffraction (XRD) analyses

XRD diffractograms were obtained at ambient temperature on
a Bruker D8 Advance X-ray diffractometer, using Cu Ka radiation
(A=1.5418 A). Samples were rotationally analyzed and the diffrac-
tion scans were collected over a period of about 20 min from 4° to
90° (26) using a scan increment of 0.02°.

XRD analyses were carried out on as-received and aged sam-
ples, both anode and cathode sides were systematically analyzed.
Diffractograms were taken with and without active layers.

2.4. Thermogravimetry analysis

The active layers detached from MEAs (by immersion in a
water/ethanol with ultrasonic both), were characterized after fil-
tration, by thermogravimetry analysis (TGA TA 2050) under helium
gas flow, at the usual heating rate of 10°Cmin~!. This technique
was utilized to characterize the three component of the active layer,
namely the carbon support, the Pt catalyst, and the ionomer binding
agent.
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Fig. 1. Scheme of the mechanical T-peel test (top) peeling test curve recorded for a
347 h aged sample (bottom).

2.5. Active layers/membrane interface

Two complementary techniques were utilized to characterize
the active layer to membrane interface, (i) sample immersion in a
water/ethanol mixture in an ultrasonic bath and (ii) the so-called
mechanical T-peel test.

2.5.1. Immersion in water/ethanol

Small pieces (1.5cm x 1.5 cm) of electrode coated membranes
were immersed at ambient temperature in a 50/50 vol/vol.%
water/ethanol mixture, and kept in an ultrasonic bath. A sample
was removed every minute and observed with an optical micro-
scope (Leica) in a transmission mode. The relative surface area
with and without electrodes residues could thereby be determined,
through basic image analysis, as a function of immersion time.

2.5.2. Mechanical T-peel tests

Pieces of MEAs were sandwiched between a folded adhesive
tape (Scotch® Magic™ Tape, 3M). The dimensions of analyzed
MEA samples were of about 25 mm in length and 10 mm in width.
The tensile tests were performed using an Adamel Lhomargy
machine at a constant rate (10mmmin~—!), at ambient temper-
ature (23°C#+1°C), and under controlled humidity (50-60% RH).
Five samples were systematically tested. Fig. 1 shows an example
of raw experimental results (peeling force vs. the displacement). In
the first part of the curve (I), the strong adhesion of the tape to itself
was disregarded; and the actual adhesion between active layer and
membrane is measured in part II, after the peeling force dropped
and reached a plateau corresponding to the sample.

After peeling, optical microscopy observations of the adhesive
tapes (Leica microscope) coupled with image analyses [32] were
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Fig. 2. SEM micrographs of the MEAs: as-received sample cathode flat view (a), and
cross sections (b) cross section of a sample aged 1397 (c).

performed to quantify the surface area occupied on the by electrode
fragments left on the tape.

3. Results and discussion

Fig. 2 shows SEM pictures of the cathode surface for the as-
received sample (a), and the cross sections of as-received (b) and
1397 h aged (c¢) specimens. For both as-received and aged electrode
coated membranes, SEM observations give evidence for holes and
cracks within the electrode. These features may originate from the
sample preparation procedure, i.e., cutting, epoxy-embedding, and
polishing. Nevertheless, the sample without preparation (Fig. 2a),
also showed regularly arranged holes, likely to be related to the
MEA fabrication. In the initial state, decohesion between mem-
brane and electrode layers were mainly located in the vicinity of
these native defects (Fig. 2c).

The thicknesses of both electrodes and membrane were mea-
sured on 10 SEM micrographs. A thinning of the electrodes is
systematically observed with time, especially for the cathode side.
This was already reported and attributed to carbon support corro-
sion during fuel cell operation [7,33]. The electrode degradation is
also accompanied by a decrease in the membrane thickness from 33
to 28 pm, also reported by other [16,29,34] and discussed in detail
another paper [35]. SEM observations with EDX analyses revealed,
at 892 h or more in service the presence of a “Pt band” within the
membrane at about 4-8 pm from the cathode (Fig. 2c), as already
described in the literature [12,15,28,31,36]. Interestingly, the Pt
band was not detected in front of native defects were no electro-

Table 1
Average platinum particle size for as-received and aged samples, derived from XRD
and TEM analyses.

Samples Average particle size (nm)
Anode Cathode
XRD+0.2 TEM#+03 XRD+0.2 TEM#+0.3
As-received (0 h) 3.7 2.8 3.8 2.9
Aged samples 347h 3.9 3.9 4.0 3.8
892h 5.9 53 5.5 5.9
1397h 46 5.2 4.8 54

chemical activity occurred. This was viewed as confirmation that Pt
particles within polymer originated from the cathode during fuel
cell operation.

The average Pt particle sizes within the two active layers were
derived from TEM and XRD analyses, and gathered in Table 1. No
significant difference in particle size between anode and cathode
was detected for a given ageing time. A significant increase in par-
ticle size with time was, however, evidenced within the two active
layers. This Pt coarsening is detrimental to the specific surface area
of the catalyst and thereby to the overall performances of the fuel
cell. Pt coarsening has already been observed on the cathode aged
MEAs [1,12-14]. The present work confirms that the same phe-
nomenon also exist on the anode side [22]. Different mechanisms
were proposed to explain this phenomenon [37]. The decrease in
thickness of the two active layers measured in the current work
(and the corresponding volume changes), indicates that the purely
geometrical contribution might have been overlooked.

Fig. 3 shows TEM micrograph of the 1397 h aged polymer mem-
brane. With increasing the distance to the cathode, Pt particles
within the membrane showed changes in size and shape. To illus-
trate this, Fig. 4 represents the number of particle per unit surface
area and the surface distributions vs. the distance to cathode. The
number of particles was found to progressively decrease, while the
particle surface exhibited a maximum at about 5 pm of the cathode.
These quantitative measurements were consistent with the quali-
tative observations with the SEM. The main mechanism to explain
the presence of Pt within the solid electrolyte is based on the migra-
tion of Pt?*, mainly Pt2*, resulting from the dissolution of Pt favored
by load cycling, high potential, and high oxygen partial pressure at
the cathode [12,21,38,39]. Then, two phenomena may occur: (i)
growth of Pt particles on the carbon support, mainly within the

Fig. 3. TEM images of platinum front within the membrane for the sample aged
1397 h.
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Fig. 4. Distributions of number of particle and surface area within the membrane
as a function of the distance to cathode (1397 h sample).

cathode, and (ii) Pt?* diffusion in the membrane and reduction by
the hydrogen gas cross-over.

These mechanisms do not account for the plausible role played
by the binding agent. This interface coupling agent contributes
not only to the proton conduction, but also to both the internal
electrode cohesion, and its adhesion to the polymer membrane.
In order to get insights on the plausible role played by the bind-
ing agent, XRD characterizations were performed to investigate
the modifications of the electrode on ageing. For the as-received
and the longest aged electrode coated membranes, diffractograms
were recorded (Fig. 5) from 10° to 30° 26 range, where the XRD
polymer profile is expected [40,41]. The diffractogram obtained for
the longest aged MEA after removing the electrodes was also plot-
ted. The as-received MEA exhibited a broad 26 peak ranging from
13° to 20°. This diffractogram resulted from the superimposed pro-
files of the polymer electrolyte and the ionomer agent that initially
presented similar chemical structures. This XRD pattern in Fig. 5
is characteristic of perfluorinated sulfonatic acid polymer resulting
from the convolution of amorphous and crystalline scattering of the
polyfluorocarbon chains of, respectively, at 16° and 17.5° [40,41].
The ageing induced two main changes in the XRD diffractograms,
(i) a new sharp peak at about 17.5°, and (ii) two shoulder-peaks on
either side of the main peak, at 14° and 18°. Because these two fea-
tures were essentially absent from the aged MEA after removing the
electrode, it was concluded that a textured phase developed within
the active layers. The organization of the carbon support within the
electrodes would, however, be detected in the 26° range [42,43].
It thus seemed reasonable to attribute new peaks to the binding
agent. In addition, crystalline PTFE present a diffraction peak at 18°,
corresponding to the (1 1 0) planes[43,44]. 1t was therefore hypoth-
esized that the binding agent underwent a chemical degradation of

7 min

Unaged MEA
- —— 1397h aged MEA
1387h aged uncoated membrane

Relative intensity

10 12 14 16 18 20 22 24
20(°)

Fig. 5. XRD diffractograms of as-received sample, 1397 h aged electrode coated
membrane and 1397 h aged after removing electrodes.

its lateral groups, promoting its organization. It seemed necessary
to study the consequences on the membrane/active layer interface.

To qualify the active layer/membrane interface, two experimen-
tal methods have been developed. The first one results from OM
observations in transmission mode after various time of solvent
treatments. Because a single carbon layer is efficient enough to
stop the photon beam, this technique was found essentially sen-
sitive to the mechanically strongest active layer. A representative
matrix of micrographs with different ageing and immersion times
is presented in Fig. 6.

The influence of the MEA ageing is really striking. This series of
pictures clearly demonstrated the increase in interfacial strength
with time in service, as shown by the amount of electrode frag-
ments remaining on the membrane that monotonously increased
with time in service for a given immersion time (Fig. 6).

For the shortest immersion time, the new MEA still exhibited
few electrode fragments, but after 3 min in the ultrasonic bath both
active layers were fully removed. It was further evidenced with
SEM cross-views that the cathode was actually entirely detached
after less than a minute and that only part of the anode remained.
Although delayed in immersion time, the same observation was
made for the all the specimen, namely the cathode is first remove
and then the anode. An example is provided for the longest duration
in service (1397 h), after 4 min immersion time (Fig. 7). On this pic-
ture the cathode was almost entirely detached, whereas the anode
still remained almost free of degradation. As described in Section
2, for all specimens both active layers could eventually be removed

15 min

Fig. 6. Optical micrographs in a transmission mode of as-received and aged MEAs for different immersion times.
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Fig. 7. SEM micrographs of 1397h aged MEA after 4min immersion time in
water/ethanol mixture.

after a long time in the ultrasonic bath, even if the process could
take up to 4 h.

A quantitative image analysis was performed on the pictures in
Fig. 6. The remaining anode surface fraction was plotted in Fig. 8
for the different samples as a function of the immersion time. On
this graph, the as-received sample obviously confirmed that both
active layers were easily detached after very few minutes in the
ultrasonic bath. More interestingly, the longest aged sample exhib-
ited no significant change on the quantitative point of view. In other
words, the white spots that look obvious in Fig. 6 (1397 h, 15 min)
only represented low fractions of the images. Since the cathode
layer was entirely removed for these immersion times (Fig. 7), the
remaining fragments solely corresponded to the anode which was
thus strongly bounded to the membrane. A closer look at the inter-
mediate ageing time (347 h) demonstrated a progressive decrease
in the remaining fragments with ageing time at a given immersion
time.

The second test to characterize the active layer/membrane
interface was mechanical T-peel tests detailed in Fig. 1. It was
first noticed that this apparently very symmetrical technique
solely measured the adhesion of the cathode which, again, always
appeared weaker than the anode. This may be the consequence of
the native defects that reduces the adhesion on the cathode side
(Fig. 2a), or the result of the differences in thicknesses between
anode and cathode.

100 I Oh
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Fig. 8. Relative surface areas of active layers fragments remaining on the membrane
vs. immersion time for the as-received and aged samples.
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Fig. 9. Peeling forces for as-received and aged electrode coated membranes, T-peel
tests.

Fig. 9 presents the peeling force required to peel the cathode
fragments from the membrane. A significant monotonous increase
was evidenced, which seemed to indicate that, as far as mechani-
cal properties are concerned, the cathode/membrane interface also
improved with time in service. To better understand this result,
the fracture mechanisms were investigated. Therefore, OM obser-
vations of adhesive tape were carried out, because it represents a
fingerprint of the active layer that was removed from the mem-
brane.

The resulting images are presented in Fig. 10. On these images
three distinct levels of gray could noticeably be defined:

- First, the ‘white’ areas were straightforwardly related to ini-
tial native defects because they were uncovered with carbon,
and because of the regular pattern they formed with one
another.

- Second, the ‘black’ zones corresponded, on the contrary, to
the thickest fragments. The possible loss of adhesion between
membrane and active layer evidenced by SEM, gave a per-
suasive argument that these zones corresponded to a total
decohesion between membrane and cathode. These zones were
thus attributed to an adhesive fracture mode, at the cath-
ode/membrane interface.

- Third and last, the ‘gray’ regions were ascribed to cohesive rup-
ture, were the fracture actually occurred within the active layer,

Fig. 10. Optical microscope observations of the adhesive tape after T-peel tests
performed on as-received sample.
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Fig. 11. Relative surface area related to the ‘black’, ‘white’ and to the ‘gray’ regions,
for the as-received and aged MEAs.

resulting in an intermediate level of gray. Interestingly, the gray
level looked very regular, meaning that the fracture mainly
occurred at the given distance inside the cathode.

As a result, the ‘black’ and ‘gray’ regions could be used, beside
the adhesive strength, to probe the adhesion of the cathode to the
membrane. Fig. 11 presents the experimental results obtained with
at least ten optical micrographs per ageing time.

First, the ‘white’ surface area, representing carbon free regions
remained basically unchanged with ageing time; this further con-
firmed their attribution to the native defects. With increasing
ageing time, the surface fraction of ‘black’ area, representing adhe-
sive failure, tend to slightly decrease. Accordingly, the relative
amount of ‘gray’ attributed cohesive rupture increased with time.
This result confirmed the mechanical improvement of the cathode
to membrane interface with time.

4. Conclusions

This work focused on changes in properties of commercial MEAs
aged in a stack functioning at steady state current for several
durations (0, 347, and 1397 h). The membrane exhibits a stronger
adhesion to the anode than to the cathode, most likely because of
the presence of native defects but also because of their differences
in thickness. Moreover, in contrast to the literature observa-
tions after cycling operations [37], both active layers exhibited an
improvement of their mechanical adhesion to the membrane with
time in service. This was revealed by the immersion test for the
anode/membrane interface and confirmed with the more conven-
tional T-peel test for the cathode/membrane interface, although
based on very dissimilar mechanisms. For the cathode side, coars-
ening of Pt particles within the electrodes and development of a
Pt band were detected within the membrane in agreement with
the literature. These features may originate from Pt dissolution dif-
fusion/precipitation mechanism. In addition, the development of
an organized phase within the active layers shown by XRD was
detected. The binding agent underwent a chemical degradation of
the catalyst layer ionomer as demonstrated by Zhang et al. [23],
especially of the lateral groups, leading to a more simple chemical
structure, more likely to crystallize. This diffusion/crystallization
of the binding agent could also contribute to mechanical improve-
ment of the interfaces.
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