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ABSTRACT: Different accelerated tests in 12 fuel cells
stack were performed in laboratory, namely on/off,
back-up, and base-load regimes. In parallel, membrane
electrode assemblies (MEA) were integrated in two ‘‘on-
site’’ systems for GSM relay application. One of them was
dedicated to base-load power applications while the second
fuel cells coupled with photovoltaic panels operated in
semibase load mode. To investigate the influence of the
power profiles on MEA degradation, over 80 CCB MEAs
(5 layers) were studied at different scales using ex situ
characterizations such as tensile tests, TGA-MS, DMTA,
and SEM. A series of complementary microstructural age-
ing markers were thereby identified. The isolated influence
of dry-wet cycling on MEA properties was also established
after passive hydro-thermal (HT) ageing performed contin-
uously for 10 months in the laboratory. The changes of

each marker as a function of HT ageing time permitted to
define a temporal benchmark. Based on these indicators,
the main changes occurred in the MEA properties appear
after a 5 months dry-humid cycling (up to about 1800
cycles). The trends observed were useful to compare and
estimate the degree of degradation of each ageing tests.
Thus, the accelerated tests performed in laboratory for
at least 500 h in stack did not reveal systematic MEA
modifications. On the contrary, the 1500 h ‘‘on-site’’ system
operation results in some MEA degradations which origins
are discussed. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci
120: 3501–3510, 2011
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INTRODUCTION

Proton exchange membrane fuel cell (PEMFC) sys-
tem is one the most promising energy converters to
produce efficient and environmentally friendly
energy for various applications such as portable,
automotive, or stationary applications. Improving
the durability of membrane electrode assembly
(MEA) is one of the most important challenges to
overcome for a successful commercialization. The
MEA also referred as ‘‘the heart of the fuel cell’’ is
made of a membrane electrolyte coated with active
layers (AL) at each side and covered by gas diffu-
sion layers (GDL). Two main accelerated degrada-
tion tests are described in the literature. The most

famous one is the Fenton test which is based on the
chemical degradation mechanism. The Fenton test is
conducted using H2O2 solution and few ppm metal
ions in a 50–90�C temperature range.1–4 Fenton test
seems to strongly depend on H2O2 quality, especially
the amount of cations, and the severe chemical
degradation does not permit to properly estimate the
membranes’ behavior in the application.5 The other
accelerated ageing technique is the so-called open
circuit voltage (OCV) which mainly degrades the
active components of the MEA.6,7 This technique also
presents drawbacks, and hardly compares with real
applications. Further works were thus performed to
study the degradation mechanisms of each compo-
nent. The membrane degradation is thought to origi-
nate from different mechanisms such as: chemical
attack of end groups by hydroxyl or peroxy radi-
cals8,9; mechanical failure induced by high differen-
tial in gas pressure or by puncture and fatigue due
to changes in the temperature and relative humid-
ity10–13; pollution of the membrane by contaminant
ions.14 The electrodes degradation mechanisms are
mainly due to platinum dissolution and diffusion
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into the membrane,15,16 to carbon surface oxida-
tion,17,18 due to chemical degradation of the electrode
ionomer.19 The degradation mechanisms of the GDL
are mainly the resulting from the loss in hydrophobic
character and change in the porous structure.20,21

Degradation mechanisms in PEMFC operation stud-
ies are mainly performed with laboratory 1 to 12 cells
self-made stack. Some parameters were identified as
favoring the degradation of the MEA such as high
cell voltage, change in humidity content,22,23 On-off
solicitation,24 fuel and air starvation,25 or also GDL
characteristics.26–29 However, few studies have been
published so far on degradation mechanisms due to
FC real applications.30 Furthermore, the long-time
ageing tests are often characterized with electrochem-
ical techniques such as EIS,31–34 which is not very
sensitive to reveal microstructural changes within
the polymeric phase of the MEA. The decrease in
performance of fuel cells remain however ascribed to
the degradation of the MEA, and to understand the
degradation mechanisms and optimize the fuel cells
operation, it seemed extremely important to define
pertinent ageing markers within the MEA that closely
relate to the use properties. The present work will
focus on this goal with the help of ex situ characteri-
zation techniques at different scales (microstructural,
interfacial, mechanical) on a large amount of MEA
aged in laboratory and on-site with different power
solicitation.

MATERIALS AND METHODS

Materials and fuel cells ageing tests

The samples under investigation were prepared
through catalyst coating backing (CCB) and pre-
sented an active surface area close to 90 cm2. The
MEA were analyzed in the 5 layers (GDL/cathode/
membrane/anode/GDL) form to prevent any
changes related to layer exfoliation. The membrane
used in this study is a commercial perfluorosulfonic
acid (PFSA) which exact nature may not be dis-
closed. The binding agent added to the active layer
was similar in nature. Prior to each measurement,
the samples were stored at a constant temperature
of 25�C and 60% RH. All the MEA were conditioned

for at least 10 h in FC to eliminate possible residual
components from the manufacturing before any
characterization. The conditioned specimens were so
assumed to be ‘‘un-aged.’’ To avoid any operating
effect, a cutting model was designed according to
the gas path. For each technique, the samples were
always taken at the same position within the MEA.

Accelerated laboratory ageing tests

Active ageing

The first durability experience consisted in operating
a 12 cells stack fuel cell (FC) under different current
solicitations. The profile of each test is described in
Figure 1.
The on/off ageing test (a) was performed during

500 h (around 6500 cycles) with a cycle of 2 min at
OCV, followed by 10 s at 21A and finally 1 min 50 at
40A. The operating conditions were established as a
temperature of 60�C and an air relative humidity of
75% with a cathodic stoechiometry of three to avoid
the flooding at high intensity, hydrogen was oper-
ated dry in dead end mode with intermittent purges,
air/hydrogen pressures were 1.25/1 bar. The back-
up ageing test (b) was run during approximately
1800 h. The cells were solicited at 35A during 4 h at
60�C and 75% RH with a stoechiometry of 2.5. The
stack was then stored during 6 weeks in a climatic
chamber at constant temperature and relative humid-
ity before a later current solicitation. The base-load
ageing test (c) was performed at 45A at 75�C and
75% RH with a stoechiometry of 2.5 for 500 h.

Figure 1 Description of current cycle undergone by twelve cells stack fuel cells: (a) on/off mode (500 h); (b) Back-up
mode (1800 h); (c) Base load mode (500 h).

Figure 2 RH cycle scheme for the passive hydrothermal
ageing.
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Passive ageing

To study the influence of humidity changes on the
MEA properties without any electrocatalytic activity,
a hydro-thermal ageing test was set-up. The experi-
ments conditions are described on Figure 2.

To achieve this ageing, the MEA were disposed
in a climatic chamber at 70�C with a change of the
relative humidity from 0 up to 100% every hour.
The MEA were not stressed by any pressure during
this ageing period. This test was performed for
various periods of time, up to 10 months.

Real applications ‘‘on-site’’ ageing

The second durability experiment has consisted in
operating a 2 � 55 cells stack ‘‘on-site’’ during
around 1500 h under constant load linked to the
current need of a remote telecom relay. The instal-
lation was of two types. The first system is quali-
fied as base-load, i.e., main electrical alimentation
of the relay whereas the second one called semi
base-load is related to the fuel cell coupled with
photovoltaic panels. Each system takes alternatively
the power need of the relay. The semi base-load
could be considered as on/off solicitation profile.
The main properties of each system are described
in Table I.

Ex situ postageing MEA characterization

Dynamical mechanical thermal analysis

Dynamical mechanical thermal analysis (DMTA)
tests were performed with a MK-II Polymer Labora-
tories apparatus. The dimensions of the samples
were 2.5 � 1 � 0.35 cm3. Prior the test, the samples
were gently stretched (1 mm/min during 5–10 s) to
break the GDL and measure the viscoelastic proper-
ties of the sole membrane. Then, once the sample
was positioned into the clamps, the membrane was
dried during 1 h under N2, and then solicited at
different frequencies (1, 3, and 10 Hz) at a heating
rate of 1�C/min from room temperature up to
250�C. Figure 3 shows the typical response of the
storage modulus E’ and the tan d as a function of
the temperature. From this curve, the temperature
Ta was defined at the maximum of the tan d peak.
This temperature can not be compared with the Tg

(measured in DSC) with this kind of complex heter-
ogeneous materials.

Scanning electron microscopy

The small samples from MEA were cut perpendi-
cular to the flow channels. The dimensions of the
samples were around 0.5 � 0.5 � 0.35 cm3 and were
analyzed on the cross section. Samples were embed-
ded in an epoxy resin at ambient temperature. The
reaction of the resin (Epofix from Struers) was
nonexothermic and did not present dimensional var-
iations which would have been harmful for the
MEA. Then, the MEA cross section was polished
until reaching a mirror effect.
The scanning electron microscopy (SEM) images

were realized with a Leica Stereoscan 440 micro-
scope. The thickness of the different layers (mem-
brane, anode, and cathode) was computed with
the help of ImageJ, program developed by Wayne
Rasband at the National Institute of Health. After
adjusting the color threshold, the thickness value was
averaged over more than 700 lines for each picture.

Thermogravimetric analysis with mass spectroscopy

The thermogravimetric analysis with mass spectros-
copy (TGA-MS) measurements were carried out with
a simultaneous thermal analyser Netzsch TG-209 F1
Iris and coupled with a quadruple mass spectro-
meter, Netzsch, QMS 403 Aëlos II apparatus. The
sample weight was around 8–10 mg, measured accu-
rately. The test was run under air at a heating rate of
10�C/min. The loss weight and the ion current of
selected fragment were recorded as a function of the
temperature.

Tensile test

The tensile tests were conducted with an ADAMEL
DY30 material testing system with operating condi-
tions of ambient temperature and a relative humid-
ity in the 50–60% range. The samples were cut as
normalized dumbbell edge referred as B2 in the NF

TABLE I
Summary of the Main Properties of the On-Site Systems

Type of
solicitation

Average
power (kW)

Peak
power (kW)

Ageing
time (h)

Base-load 2–2.5 4–5 1500
Semi Base load 2 4 1500

Figure 3 Illustration of the response of the normalized
storage modulus and tan d as a function of the tempera-
ture of a MEA.
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ISO 6239. The strain rate was of 5 mm/min. For
each specimen, the thickness was taken as the av-
erage of five measurements distributed over the
sample length. Figure 4 shows the typical raw
response in force versus displacement for an un-
aged membrane and an un-aged MEA. From the
force versus displacement curves, two interesting
parameters could be extracted. This first one is the
decohesion energy (C) defined as the area between
the MEA behavior and that of the un-aged mem-
brane for a displacement ranging from 4 to 9 mm.
The second probe is the total displacement at
1.25N (D1.25).

MEA sampling for characterizations

One of the specificity of this work has consisted in
the characterization of a large amount of MEA
(around 80). The sample cutting profile was defined
to strictly take up the samples at the same localiza-
tion. Table II summarizes the number of MEA stud-
ied per ageing test and the number of samples per
MEA.

The first approach of this work was to reveal
some trends as a function of the type of ageing solic-
itations. Thereby, the box and whisker plot were
used to display the results. This statistical approach
consists of the median, the quartiles and the smallest
and largest values in the distribution. Immediate vis-
ual of a box and whisker plot gives information to
the center, the spread and the overall range of
distribution.

RESULTS AND DISCUSSIONS

Macroscopic scale: Thickness evolution

Table III summarizes the membrane and electrodes
thickness computed from SEM image for each solici-
tation, as well as the observation of Pt migration
into the membrane (Fig. 4).15,16 It is also important
to notify the relatively important distribution of the
results (2–3 lm). This accuracy determined with
around 700 numerical data is ascribed to thickness
distribution along the membrane.
Nonetheless, SEM analysis performed on the MEA

which undergone different solicitations have
revealed some trends. The 10 months hydro-thermal
ageing and Back-up ageing tests did not show signif-
icant decrease in the layer thickness. It also results
that On/Off solicitation does not appear as severe as
reported in the literature.7 In contrast, the membrane
thickness is reduced after both base load solicitations
as observed in the literature.4,32 This decrease in
membrane thickness is related to a chemical degra-
dation of the membrane. In addition, the cathode
thickness would tend to decrease after operating in
on-site stacks. This degradation could be imparted
to different mechanisms such as carbon support
corrosion on fuel cells operation17,18 or also due to
binding agent degradation.35,36 The decrease in
either cathode or membrane thickness could also
be related to the presence of Platinum into the
membrane. Moreover, it seems that there is not nec-
essarily a correlation between the diminution of the
membrane and cathode thicknesses, but a correlation
between the thinning of the membrane or cathode
thickness with the migration of Pt into the mem-
brane. The Pt2þ may thus also be responsible for
membrane degradation trough a catalyst effect.

Macroscopic scale: Mechanical properties of MEA

The force displacement curve of the membrane (Fig. 5)
shows typical elastic–plastic behavior composed by a
first elastic region followed by a nonreversible plastic
deformation after the yield stress point. Concerning
the force-displacement response of the multilayer
MEA (Fig. 5), distinctive parts related to three

TABLE II
Summary of the MEA Sampling: (a) Number of MEA Received Per Ageing Test;

(b) Number of Samples Analysed Per MEA

(a) Number of MEA

Un-aged Hydro-thermal On/off Back-up Laboratory base-load On-site base-load On-site semi base-load
2 2 per month 12 12 12 14 14

(b) Number of samples per MEA

SEM Tensile test DMTA TGA-MS
1–3 12 1-4 1–4

Figure 4 SEM image of the Pt migration at the cathode
side observed with the base load and semi base load
solicitations.

Journal of Applied Polymer Science DOI 10.1002/app
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different mechanisms can be distinguished. The first
region (I) is due to the brittle behavior of the GDLs
with the complete breakdown of the fibers at the max-
imum of the peak. Then, in the region (II) the presence
of a plateau is observed. This plateau represents the
decohesion at the membrane/electrodes interface
induced by shear stresses. Once the decohesion is fin-
ished, the region (III) begins related to the membrane
plastic deformation. Thus, the durability criteria
extracted from this test to follow microstructural mod-
ifications of the MEA with ageing were the decohesion
energy and the plastic displacement at 1.25N, as
defined previously.

The hydro-thermal ageing has allowed to follow
the mechanical properties changes of the MEA as a
function of the ageing time. The force-displacement
curves of the MEA over the 10 months ageing show
interesting variations of behavior at different steps
(Fig. 6).

First, the level of the plateau where the decohesion
between the membrane and the electrodes occurred
significantly decreased over time. The repeated solici-
tations at this interface due to the swelling of the
membrane as a function of its humidity content (dry
or wet), strongly affect the phase connectivity. The
force required to shear this interface becomes lower
with the ageing time. This result may originate from
the diffusion of the oligomer into the membrane, or
the molecular weight decrease within the membrane.

This could also originate from the accumulated
plastic strain at the membrane/electrode interface
resulting in fatigue solicitation.
Second, an important change in the region III

related to the membrane response was detected. The
displacement recorded for a 1.25N force increased
from 13 mm to 29 mm during the 10 months of
hydro-thermal solicitation. This phenomenon is not
yet well understood. Different unsupported mecha-
nisms can be suggest such as the decrease of the
molecular weight due to membrane degradation, or
due to the loss of functional groups, or from a
composite effect caused by the decohesion between
the electrodes and the membrane promoting craks
formation.
Figure 7(a) shows the evolution of the decohesion

energy computed over the 10 months of hydro-ther-
mal ageing time. The decohesion energy versus
hydro-thermal ageing time significantly decreases
up to negative values due to un-aged membrane ref-
erence. This drop in energy is significant after 6
months of hydrothermal ageing. Two zones were
established (< 4 months on hydro-thermal ageing;
and > 4 months) to rapidly estimate the degree
of ageing of the MEA. These zones were drawn in
Figure 7(b) and superimposed to results obtained
from fuel cells operations.
Each ageing type, either laboratory or on-site,

presents an average decohesion energy close to the

Figure 5 Engineering force-displacement curves on a
membrane (gray) and a MEA (black) in tensile mode.

Figure 6 Force-displacement behavior of the MEA as a
function of hydro-thermal ageing time.

TABLE III
Summary of the Membrane and Electrodes Thicknesses Computed for Each Ageing Test

Membrane
thickness (lm)

Anode
thickness (lm)

Cathode
thickness (lm)

Platinum migration
into the membrane

Un-aged 30.3 6 1.9 13.7 6 2.4 13.7 6 2.2 No
Hydro-thermal (10 months) 26.3 6 2.5 13.2 6 2.9 13.7 6 3.0 No
On/off 27.9 6 2.3 14.0 6 3.0 13.4 6 2.9 No
Back-up 29.4 6 2.1 15.2 6 3.3 12.5 6 2.9 No
Laboratory base-load 23.8 6 2.0 13.4 6 2.4 13.5 6 2.4 Yes
On-site base-load 24.2 6 2.3 12.2 6 2.8 10.1 6 2.0 Yes
Semi base-load 30.0 6 2.2 12.6 6 2.7 10.4 6 2.0 Yes
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accepted limit defined previously. This means that
the FC cycling of start-up and shut-down during
operation, so as constant load induce microstructural
changes at the membrane/electrodes interface.
Moreover, a large distribution of the results was
observed not only inter-MEA but also intra-MEA.
This could results from many parameters of the sys-
tem such as position of the specimens in the MEA
depending on the gas path, position of the MEA in
the stack, clamping force anisotropy. These points
will be detailed in a future work.

Similar data analysis for the displacement at 1.25N
were done and reported in Figure 8.

The evolution of the displacement value at 1.25N
also shows a significant change of behavior which
occurs between 4 and 6 months of %RH cycling. In
fact, the membrane increases its plasticity going from
a displacement value around 20 mm up to 30–35
mm. As for cohesion energy, one behavior before
4 months hydrothermal ageing and one after 6
months were also distinguished. From this mechani-
cal parameter, large differences between laboratory
FC solicitations and on-site FC solicitations appear.
Indeed, the 1.25N displacements for MEA coming
from laboratories fuel cells are still in the tolerance
area of < 4 months, whereas all the MEA measure-
ments performed on MEA extracted from on-sites

ageing stacks fall in the > 4 months area. It seems
that a system power solicitation in real conditions
and longer ageing time does increase the plasticity of
the membrane. It is also difficult to quantitatively
relate this plasticity to the decohesion energy. In fact,
the semibase load solicitation MEA presents an
acceptable decohesion energy even after 1500 h while
the increase of the plasticity is one of the highest.
This apparent contradiction reveals that craks or
failure mode induced by the delamination between
membrane and the electrodes are not the only causes
for mechanical damage. Other parameters like
changes in membrane microstructure would be of
interest to correlate to better understand the ageing
mechanisms of the MEA. This will be performed
through DMTA and TGA-MS tests.

Molecular scale: Main relaxation
temperature evolution

Table IV reports the main relaxation temperature Ta of
the MEA for each ageing test (laboratory and on-site)
performed during this work. A 5�C uncertainty was
estimated using our experimental protocol; it mainly
originates from mechanical coupling induced by the
presence of both GDLs and electrodes.

Figure 7 Evolution of the decohesion energy between
membrane and electrodes. (a) evolution of this criteria as a
function of the ageing time on hydro-thermal ageing;
(b) Box whiskers representation as a function of the type
of solicitation (laboratory and on-site). [Color figure can be
viewed in the online issue, which is available at
www.wileyonlinelibrary.com.]

Figure 8 Evolution of the displacement at a strength value
of 1.25N. (a) evolution of this criteria as a function of the
hydro-thermal ageing time; (b) Box whiskers representation
as a function of the type of solicitation (laboratory and on-
site). [Color figure can be viewed in the online issue, which
is available at www.wileyonlinelibrary.com.]
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The un-aged membrane and the un-aged MEA
display a main relaxation temperature Ta around
125�C. The analysis of the aged samples of any
ageing mode (passive, active, laboratory, or on-site)
does not reveal any significant variation of this
temperature. This indicates that no major changes
occurred within the polymeric chains with the cur-
rent ageing procedures. This later fact seems in
agreement with chemical degradation proposed in
the literature.37

Molecular scale: Thermal degradation of the MEA

Figure 9 shows a comparison of the TGA derivative
weight signal between the individual components
(membrane, and GDL/electrodes) and the MEA
response.

Two regions are clearly identified within the MEA
derivative weight signals. The region I mainly corre-
sponds to the membrane response. However, the
GDL/AL curves shows two peaks in this region
(around 310�C and 450�C) which are due to some
thermal degradation mechanisms of the active layer.
The region II above 500�C is the thermal degradation
response of GDL and carbon support.
Figure 10 shows a superposition of the derivative

weight signal of an un-aged MEA and the MS signal
of two fragments related to m/z 64 and m/z 85. The
temperature at the m/z 64 curve maximum and the
first maxima temperature of m/z 85 curves were
extracted and defined as T64 and T85, respectively.

TABLE IV
Main Relaxation Temperature for Different Type of

Ageing Solicitation

Ta (�C)

Un-aged Membrane 125 6 1
Un-aged MEA 125 6 2
Hydro-thermal (4 months) 124 6 2
Hydro-thermal (10 months) 128 6 2
On/off 123 6 5
Back-up 121 6 4
Laboratory base-load 120 6 5
On-site base-load 121 6 3
Semi base-load 125 6 1

Figure 9 Comparison between the derivative weight
signals: (a) individual components (membrane-dashed;
GDLþAL-line); (b) whole MEA.

Figure 10 TGA-MS curves of an unaged MEA. (a) TGA
derivative weight signal as a function of the temperature;
(b) MS signals of fragment mass (64 and 85) as a function
of the temperature.

Figure 11 correlation between T-derivate and the T64.
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To study the thermal degradation mechanism
modification of the membrane, the durability criteria
of interest is the temperature at the highest peak of
the m/z 64. The m/z 64 associated to the m/z 48 is
related to the formation of the sulfur dioxide gas,
SO2 resulting from the thermal decomposition of
functional sulfonic acid units.38,39 Moreover, this
temperature T64 is correlated to first peak maximum
temperature of the TGA derivative curve (Tderivate)
(Fig. 11). The analysis of the individual components
by MS [Fig. 12(a)] clearly exhibits that the mass
of 64 is strictly a fragment from the membrane. No
evident signal was recorded for the GDL/AL
around 300–400�C.

The second selected probe was the temperature at
the maximum of the first peak for the m/z 85 frag-
ment. Indeed, at temperature lower than 320�C, this
fragment is mainly due to the GDL/AL response,
Figure 12(b). This means that one of the thermal
degradation mechanisms of the MEA which occurs
at the lowest temperature corresponds to degrada-
tion or structural modification of the binding agent
located in the active layers.

MS curves of the individual components (mem-
brane and GDL/AL) and un-aged MEA were super-
posed to identify the localization of the fragments
within the MEA (Fig. 12).

In the case of the hydro-thermal ageing test,
numerous samples could be collected and data could
be analyzed for each durability criteria and ageing
time. Figure 13(a) shows the changes in thermal
degradation of the mass fragment 64 over 10 months.
T64 shows a significant variation after 4 months in
hydro-thermal ageing test. During the first months of
solicitation, the temperature decomposition computed
was found between 310 and 330�C. After 4 months,
the range increased rather suddenly from 310�C up
to 355�C. Looking closer to the data, this change orig-
inates from the appearance of a bimodal distribution

of the results for specimens aged 6 months and more.
This behavior could be explained by an extremely
localized measurement with a sample size around 4
to 5 mm2. Nevertheless, to estimate the degradation
of the MEA operating in stacks, two distinct zones
related to TGA behavior below and above 4 months
were drawn. Figure 13(b) shows box whisker of T64

for the different ageing modes in comparison with
un-aged and hydrothermal ageing.

Figure 12 MS curves superposition of the individual components (membrane and GDL/AL) with an un-aged MEA for
two fragments (64 and 85).

Figure 13 Evolution of the thermal degradation of the
fragment mass m/z of 64. (a) evolution of this criteria as a
function of the ageing time on hydro-thermal ageing; (b)
Box whiskers representation as a function of the type of
solicitation (laboratory and on-site). [Color figure can
be viewed in the online issue, which is available at
www.wileyonlinelibrary.com.]
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T64 displayed by MEA aged on different acceler-
ated laboratory stacks were in the same range as
the short time hydrothermal aged MEA. Thus, the
thermal decomposition of the functional groups
within the membrane was not affected by these
solicitations. On the contrary, the analysis of the on-
site base-load aged MEA has shown opposite trend
than that of hydro-thermal ageing. Indeed, the T64

decomposition temperature decreases up to 290–
300�C but still remain in the perfluorosulfonic acid
membrane range of 275–400�C.39

Similar analysis was performed for T85. The first
step temperature T85 of the thermal degradation is
not significantly modified by 10 months of dry-
humid cycle [Fig. 14(a)]. The recorded temperatures
range from 255 to 285�C. Identical temperature range
is also found for MEA aged by all the laboratory
tests [Fig. 14(b)]. However, significant change on T85

occurs for MEA aged on-site regardless of the cur-
rent solicitation. Indeed, an increase of the tempera-
ture up to 310�C, i.e., close to the T64 was observed.
In addition, no correlation with T64 could be done,
and the chemical structure of this product could not
be defined with certitude. This product was
assumed to be related to the binding agent that
cumulatively disappeared during the on-site FC
solicitations.

CONCLUSIONS

MEA durability was investigated under laboratory
accelerated tests such as fuel cell and passive hydro-
thermal ageing processes with different load profile
and under on-site power applications.
This first part of this work permitted to set-up

different characterization techniques and procedures
(SEM, DMA, TGA-MS, tensile test). Each test was
adapted to the specificity of the five layers MEA
samples without removing layers. The main results
from these techniques were the definition of ageing
markers. The most pertinent markers with the set of
MEA and ageing procedure revealed to be (i) layer
thickness, (ii) temperature at the maximum of the
first peak of the m/z 85 in TGA/MS, (iii) plastic
strain at 1.25N in tensile test, and (iv) the cohesion
energy also measured in a tensile test.
These different criteria were first validated and

calibrated as a function of the ageing time in the
hydro-thermal electrochemically passive process.
Most markers exhibited large changes between the
fourth and fifth months of ageing. This means that
in a passive mode the MEA microstructure at differ-
ent scales (membrane/electrodes interface, mem-
brane plasticity, membrane microstructure. . .) varied
essentially simultaneously. The same markers were
then employed for comparison with the fuel cell
aged MEAs. It resulted that no systematic MEA deg-
radation occurs after 500 h laboratory ageing regard-
less of the current profile. One exception is the pres-
ence of the Pt band within the membrane and the
membrane thickness decrease for 500 h base-load
tests. However, the 500 h laboratory on/off solicita-
tion which is considered as one of the most severe
type of ageing did not reveal advanced degradation
state.
The 1500 h real use operating campaign with a

base-load and a semi base-load linked with photo-
voltaic panels were compared with the MEA labora-
tory response. The MEA do not necessarily behave
in the same way. As for 500 h base load laboratory,
Pt band or membrane thickness decreases is detected
in 1500 h operating MEA. On a mechanical point of
view, plastic behavior of MEA is similar to those
displayed by long time hydrothermal ageing. Never-
theless, based on TGA-MS experiments, both on-site
ageing are more aggressive compared to the acceler-
ated ageing tests. They induce significant changes
on a chemical point of view in the active layers.
Considering these results, it appears more evident

that more parameters from the macroscopic scale
should be investigated to better understand the
degradation mechanisms and their sources. The next
step of this project will be to collect operating sys-
tems data to make correlation between the system
and the MEA microstructural ageing mechanisms.

Figure 14 Evolution of the thermal degradation of the
fragment mass m/z of 85. (a) Evolution of this criteria as a
function of the ageing time on hydro-thermal ageing; (b)
Box whiskers representation as a function of the type of
solicitation (laboratory and on-site). [Color figure can
be viewed in the online issue, which is available at
www.wileyonlinelibrary.com.]
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