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Abstract

Using a micro X-ray beam, the structure of a water swollen Nafion® membrane, alone or in a membrane electrode assembly (MEA) designed
for fuel cells, was studied upon cooling down to —70°C. By scanning the membranes along their thicknesses, the water sorption—desorption
process was investigated as a function of cooling/heating stages. From the scattering curves, it was deduced that the state of the water at a sub-zero
temperature is glassy inside the membrane and ice crystals are observed only outside it. In the case of the MEA, this growth can be destructive

since this formation is localised inside the active layers.
© 2007 Published by Elsevier B.V.
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1. Introduction

Transport activity is a major component in the production of
greenhouse gases and city pollution. The use of hydrogen as a
combustible and the use of fuel cell systems as electrochemical
converters are ways to reduce both. For transport applications,
polymer electrolyte fuel cells (PEMFC) running at temperatures
above 100 °C seem to be the most promising candidates [1]. The
industrial potential of this technology is being investigated by a
number of different car companies, and several prototypes have
been developed in recent years. From such developments, unit
lifetime and thermal sensitivity have emerged as critical param-
eters. Operational lifetimes are required in excess of 5000 h,
running at temperatures of 400 K. However, the possibility of
sub-zero starts and freeze/thaw cycles must also be accommo-
dated, as is necessary in many countries during winter times
[2].

The polymer electrolyte membranes are a key material
influencing these lifetime constraints. Chemical degradations,
limited and partially overcome in the case of perfluorosul-
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fonated based materials [3—5] which are very important with
alternative/cheaper hydrocarbon based materials, have been evi-
denced [6,7]. The efficiency of these electrochemical systems is
strongly related to protonic conductivity through the polymer
electrolytes. This ionic conductivity is generally dependant on
the water content and temperature [8]. Large water contents are
necessary for high conductivity. Physical changes in the water
states [9] are therefore key issues in the mechanical degradation
process [10].

Investigations using microscopy techniques have shown that
pinhole formation (inducing a large gas crossover) and delami-
nation (between the membrane and active layers) are responsible
for lifetime limitations [11-13]. These mechanical degradations
have been associated with the formation of ice crystals resulting
from low temperature cycles. Several treatments have been sug-
gested and applied to prevent these mechanical degradations.
These include purging with dry gases after fuel cell operation
[14] and the addition of an antifreeze component [12]. These
treatments have a negative effect in terms of conductivity, whilst
antifreeze additionally risks possible catalyst contamination.

There is general agreement on the negative impact of ice crys-
tal formation. However, different models have been proposed
for the mechanisms of formation of these crystals, their location
inside the MEA and also for the physical state of the water at very
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low temperatures: glassy or crystal? The most widely accepted
idea is the formation of ice crystals inside the membrane. This
has been proposed from DSC results [15] which show a melt-
ing endothermic peak during the heating of a water-saturated
membrane cooled at low temperatures. In another model, associ-
ated with perfluorosulfonated membranes, it has been suggested
that ice crystals never form inside the membrane, only “frozen
water” in terms of mobility [16-21]. In this case the observed
DSC peaks are associated with melting of ice formed on the
membrane surfaces. Surface water crystallization may result
from water desorption during low temperature cooling, associ-
ated with possible water motion down to very low temperatures.
Indeed the equilibrium water contents at saturated water pres-
sures strongly decrease with temperature [22]. The relative water
contents corresponding to these different water states depend on
the chemical nature of the membrane and on the pre-treatments.

The aim of this article is to give experimental evidence [23]
of such a surface water crystallization mechanism, with both
perfluorosulfonated membranes and associated MEA. In this
study micro X-ray diffraction is employed as a highly localised
probe.

2. Experimental

We will present data from Nafion® 117 membranes purchased
from Aldrich and from home-made membrane electrode assem-
bly (MEA) using these N117. The Nafion® 117 membrane is
characterised by its equivalent weight 1100 gequiv.~! and its
thickness of 175 pm in the dry state; the larger thickness of these
membranes is more convenient for our experimental approach
without changing the fundamental aspect of the sorption prop-
erties. The following procedures were used for the membrane
preparation in term of cleaning: the membrane was first soaked
for 2h in HNO3 1 M to remove organic impurities and to com-
pletely acidify the membrane; this operation was repeated twice
and then the membrane was left for 1h in boiling deionized
water to have first a reference in term of swelling and second
to remove the excess of acid. The membrane was then stored
in water at room temperature. The water content of this sample
was about 25% by weight as discussed in the following section.
Concerning the MEA, the three-layer assembly was obtained by
using, for the active layers, an ink made of 20 wt.% Pt/C on Vul-
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can XC-72R from E-TEK and Nafion® suspension. The active
surface is 25 cm? and the platinum loading of each electrode is
about 0.3 mg cm ™2, with a larger thickness of the active layer on
the cathode side. The final MEA was made by hot-pressing the
3-layers assembly with home-made gas diffusion layers (GDL)
composed of a microporous layer (carbon black Vulcan XC-72
and PTFE) sprayed on a carbon felt.

For both, bare membrane and MEA, rectangular (0.5-0.6 mm
width, 1cm long) stripes were cut and introduced into a thin
quartz capillary (from GLAS-Germany, | mm in diameter), each
capillary being sealed at one end. Then, using a syringe, a part of
the capillary was filled with water that is used as a natural cap and
insures a 100% relative humidity around the polymer sample.
This capillary is mounted horizontally on a vertical translational
stage (see Fig. 1a) in order to be scanned with the X-ray p-beam,
along the Z-direction (see Fig. 1b).

Scattering experiments were carried out at the ID13 micro-
focus beamline of the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). The beamline was configured with
a monochromatic X-ray beam (A =0.0976 nm), focussed using
a pair of crossed linear Fresnel optics. This provided a sub-
micron beam at the sample position of approximately 0.4 pm
along both axes. Before the sample a guard aperture was installed
to reduce parasitic scattering from the upstream optics and the
ionization chamber. Just behind the sample position, a tiny
beam-stop (500 wm in diameter), supported on a pulled glass
capillary, was positioned to block the direct beam. For data
collection, a 2D high-resolution and time resolved CCD cam-
era was mounted on a translational stage. A sample-to-film
distance of about 200 mm was employed in order to perform
simultaneously small- and wide-angle scattering (SA-WAXS)
experiments (between 0.7 and 28 nm™!). Using a rotating stage
as depicted in Fig. 1b, the samples were studied in two different
configurations called parallel (the X-ray beam is perpendicu-
lar to the membrane plane and probes the structure parallel to
the membrane surface, the scattering vector being in the plane
of the membrane) and transverse (the X-ray beam is parallel
to the membrane surfaces — shining through its edges — and
probes the structure in the perpendicular plane) [23]. In this lat-
ter configuration, an accurate scan can be performed in order
to check the homogeneity of water swelling along the thick-
ness of the membrane as well as in the active layers of the
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Fig. 1. (a) Scattering geometry with the membrane enclosed in a quartz capillary. (b) Transverse and parallel configurations for the membrane scattering; the Z-axis

corresponds to the scan direction with the X-ray p-beam.
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Fig. 2. Sketch of the scattering set-up on ID13 with the different optical ele-
ments, the translation and rotation stages, the sample environment.

MEA. Fig. 2 shows the experimental geometry and beamline
set-up.

A microscope with different magnification lenses mounted
on a turret can be inserted between the capillary and the detec-
tor in order to place the membrane horizontally in the beam, as
depicted in Fig. 1. In order to collect data at low temperatures
(from 203 K up to the ambient temperature), a cryoflow system
using nitrogen gas from Oxford Cryosteam system (80-500 K
range) was used. It produces a laminar, dry and cold gas at a con-
trolled temperature over a distance of less than 1 cm at the output
of the gun; this system also avoids a water condensation on the
capillary external surfaces at low temperatures. This cooler gun
was mounted on a rotating support in order to be able to place the
output of the gun as close as possible of the extremity of the cap-
illary, either along its axis or off-axis, when a pre-alignment is
applied. Using a thermocouple, the temperature at the membrane
position was verified and found to consistent with the cryostream
system’s target value to within 1K. It should be noted that,
the quenching step from ambient temperature down to 203 K
is almost instantaneous since the cryostat (gun) only needs to be
rotated from off- to on-axis with the capillary. However, heating
or cooling steps had an inertia of several minutes inherent to the
cryoflow system and dependant upon on the temperature gap.

Two-dimensional scattering spectra were recorded using 0.1 s
exposures. The short acquisition time was necessary in order
to avoid X-ray beam damage and to avoid inducing unwanted
temperatures changes. Membrane degradation due to long irra-
diation times can be evidenced from changes in the scattering
spectra, as discussed in the annex. All spectra collected were
isotropic. Prior an azimuthal averaging to obtain a 1D scattering
curve, distortion and flat field corrections were applied.

Fig. 3 shows a typical small and wide angle scattering curve
of Nafion® 117, as obtained from the p-beam used in the paral-
lel configuration (collected at room temperature and 100%RH).
Due to the large intensity and angular variation, the scattering
curve, intensity versus scattering vector g, is shown in a log—log

representation [24]. The “ionomer peak”, around 1.2 am~ ! is
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Fig. 3. Typical log-log SA-WAXS curve from a swollen Nafion® membrane
with labelled characteristic peaks.

characteristic of the swollen Nafion® membrane. Both the inten-
sity and position of this peak are directly dependent upon the
water content of the polymer membrane [25]. Atlarger scattering
angles, a broad peak is apparent around 12nm~!. This actually
contains two scattering contributions, a broad peak located at
11nm~! which is related to the amorphous polymer structure
and a sharp peak located at 12.4nm~! which is related to the
crystalline polymeric structure. The second amorphous order
(at 28 nm~") is quasi visible at the largest detectable scatter-
ing angle (in this scattering configuration). The intensities and
positions of these structural peaks are independent of the water
content and only beam damage can induce a change in their
scattering profiles (see the annex).

Between the two structural peaks, a scattering shoulder is
visible at around 20 nm~!, which is partially overlapped by the
second order amorphous peak. This shoulder is associated with
water content (both in the membrane and capillary), and is char-
acteristic of the liquid order. The water sorption or desorption
of the membrane should be clearly visible when followed using
this scattering technique, especially around 1.5 and 20 nm™".
Within this study, scattering spectra from the central parts of the
membrane or MEA will be examined as a function of tempera-
ture and time. This will allow the homogeneity of the swelling
behaviour to be verified and the localisation of ice formation.

3. Results and discussion
3.1. Membrane scattering results

On the graph in Fig. 4a, four WAXS data sets are shown, cor-
responding to the scattering range between 10 and 28 nm~! and
collected in the parallel configuration. An inset graph within the
figure shows the same data series plotted over the total scattering
range. Curve (a) corresponds to the reference scattering curve
obtained at room temperature, curve (b) was obtained 2 min after
quenching the membrane at 203 K, curve (c) was recorded after
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Fig. 4. (a) WAXS spectra of hydrated Nafion® membranes collected in the parallel configuration at ambient temperature (298 K), at the temperature of quenching
(203 K) and at two different annealing temperatures (223 and 298 K). For sake of clarity, the curves are translated in intensity. The insert plot shows the corresponding
SAXS/WAXS data. (b) Two-dimensional spectrum from a temperature quench Nafion® membrane.

an annealing at 223 K and curve (d) corresponds to the scattering
curve of the membrane heated back to room temperature. The
right part of Fig. 4 shows a typical 2D spectrum obtained after
the temperature quench.

After one temperature cycle, the structure of the polymeric
membrane remains unchanged, both scattering curves (a) and (d)
being similar. On the contrary, intermediate (b and c) scattering
curves are different (especially around 18 nm~"). Indeed, a large
and triangular peak is mainly observable on curve (b) at 17.5 nm
whereas several sharp Bragg peaks are detectable on curve (c).
The large peak is the signature of amorphous ice [26,27] and the
sharp Bragg peaks reveal the crystalline structure of ice [28]. As
a comparison, a scattering curve from pure ice water obtained in
the same conditions was recorded (see Fig. 5) and the positions
of the Bragg peaks can be compared and labelled as in Ref. [28]
as cubic and hexagonal ice.

Spectrum (b) in Fig. 4, obtained at 203 K, remains unchanged
for at least for 2h. By comparison, spectrum (c) obtained at
223 K is time dependant with an equilibrium state reached after
a few minutes. This evolution can be further analysed, as shown
in Fig. 6. This shows the scattering curve at ambient temperature
for reference, compared against those collected as a function of
time after membrane quenching. Whilst Fig. 6a focuses on the
SAXS region, Fig. 6b focuses on the WAXS region. In Fig. 6a, a
change in position of the ionomer peak can be clearly observed
as a function of temperature. This reflects changes associated
with an evolution of the water content. After the temperature
quench at 203 K, a slight shift of the ionomer peak towards lower
scattering angles is observed (more clearly visible in a gl(g) plot
[25]), with a strong increase of the low angle scattering part.
This effect may be associated with density variations. When the
temperature is then increased up to 223 K and data recorded as a
function of time, the ionomer peak position g is shifted towards
larger scattering angles, as plotted in Fig. 7.

A basic analysis of these data shows an exponential variation
of the ionomer peak position with a characteristic time #y of

about 900 s, of the same order than those obtained from NMR
in a previous study [20].

This variation in the Fourier space can be translated in term
of the number of water molecules per ionic site, usually labelled
A. This graph, shown in Fig. 7b, shows that one fourth of the
water molecules are desorbed after temperature annealing of the
membrane. Freeze/thaw cycles have to be performed for future
experiments to analyse the (ir)reversibility of the swelling pro-
cess in terms of the characteristic time and amount of (de)sorbed
water molecules.

It is more difficult to analyse the evolution of the scattering
change in the WAXS region, as shown in Fig. 6b. Nevertheless,
an evolution of the wide and triangular peak can be observed
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Fig. 5. WAXS curve of ice, where ‘h’ and ‘c’ labels correspond to hexagonal
and cubic phase assignments of the different peaks.
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Fig. 6. Scattering curves of N117 membrane vs. temperature and time, at different scattering ranges: (a) at the ionomer peak position and (b) between 16 and 22 nm~!.

during the annealing process. This peak, characteristic of amor-
phous ice (frozen water), evolves towards the growth of sharp
Bragg peaks characteristic of ice formation. This evolution is
quite continuous with the presence of both states until the equi-
librium state. As explained in the previous section, the position
variation of the ionomer peak reveals a change in the water
content within the membrane whereas the change in scatter-
ing between 16 and 22 nm~!, is related to a structural change
of the water state. However, in the parallel configuration, there
is no indication about the water location, inside or outside the
membrane. A scan along the thickness of the membrane was
therefore carried out using the transverse configuration.

Fig. 8a corresponds to the transmission scan across the mem-
brane in the transverse configuration. The scan was carried out
with the membrane at 223 K, after first quenching at 203 K and
a subsequent annealing of 60 min at 223 K. The rectangular pro-
file that corresponds to the 200 wm thick swollen membrane can
be clearly observed. The arrows shown in Fig. 8 correspond to
the different positions for which 2-D scattering spectra are pre-
sented. In Fig. 9, selected 1D scattering plots are shown in the
range 10-30nm~".

AsseeninFigs. 8 and 9 (spectra E and F), the crystalline water
is located on the membrane surfaces with some powder diffrac-
tion signature due to a distribution in orientation of several ice

crystals on the surface of the membrane. If some Bragg peaks
are sometimes still visible when the X-ray p-beam is shining
within the membrane, this is mainly due to some individual and
small crystals located on the edge of the membrane along the
beam pathway. For information, the large diffuse ring observed
on the five first dark images corresponds to the capillary struc-
ture and the strong and white scattering ring on the five last
2D pictures corresponds to the first amorphous and crystalline
Nafion® peaks.

A very different situation occurs if, instead of quenching
the membrane at 203 K and annealing at upper temperatures,
the temperature is decreased in steps (10 K, slow cooling) from
room temperature down to 203 K. During such a cooling proce-
dure, water deswelling is observed, as indicated by an ionomer
peak shift. However, ice crystal formation is observed prefer-
entially on the glass capillary surfaces (cooler surfaces of the
experimental set-up) and not on the membrane surfaces. During
reheating above 273 K, all water is reabsorbed into the mem-
brane as revealed from the ionomer peak shift back to the original
position (Fig. 4).

On a Nafion® membrane, which was pre-treated in water
at 400 K; the same procedure of temperature quenching was
applied. In that case, at 203 K, glassy state water can be observed
inside the membrane with some ice crystals localised on the
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Fig. 7. (a) Ionomer peak position variation as a function of time, for a membrane N117 submitted to a temperature quench at 203 K and annealed to 223 K. An
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Fig. 8. (a) Transmission curve from a N117 membrane in the capillary, collected at 223 K. The arrows show the different positions for which X-ray scattering
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surface of the membrane. It was not possible to quench the mem-
brane in temperature sufficiently quickly in order to freeze water
totally within the membrane.

3.2. MEA scattering results

The same type of quenching and heating procedures was
applied to the MEA, equilibrated at 100% RH in the glass cap-
illary. Scans were carried out at different temperatures and the
scattering results obtained in the transverse configuration are
show in Fig. 10.

The transmission scan, presented in Fig. 10a clearly shows
the two catalyst layers on both side of the membrane, char-
acterised by a lower transmission due to the Pt particles. The
thicker layer at the cathode side is apparent, as expected from the
preparation conditions. The different arrows indicate selected
positions for the 2D-scattering images plotted in Fig. 10b. The
former series (Fig. 10b) were collected at 203 K several minutes
after quenching. The later series (Fig. 10c) were collected at
223 K after annealing several minutes from the 203 K quench.

As seen on the corresponding 1D scattering curves (Fig. 10d),
the X-ray scattering pattern is characterised by alarge and diffuse
ring around 18 nm™~!, as observed for the quenched bare Nafion®

membrane at all positions inside the MEA. Some differences
appear when the micro-beam is illuminating the active layer
parts. Indeed, the ionomer peak is less well-defined due to a
strong scattering upturn at lower g-vectors. Moreover, a higher
crystallinity is detectable with a slightly more intense crystalline
peak at 12.4nm~!, as usually observed for recast and annealed
Nafion® membrane [29,30]. Finally a few Bragg spots can be
observed on the different spectra due to individual ice crystals
that can exist along the beam path. These are located either on
the glass capillary or at the surface of the MEA due to impurities
and cold points.

Once the MEA is annealed at 223 K, a temperature at which
deswelling of the water present in the membrane occurs, the
diffuse ring becomes split into three powder rings, characteristic
of an ice powder diffraction. This can be observed at positions
B, F and G. Looking upon the ionomer peak position for both
temperatures (Fig. 10d), it is difficult to identify deswelling with
accuracy due to the low resolution in that g-range (because of the
strong scattering upturn). However, based upon the observation
for the bare membrane, a similar behaviour can be suggested
which corresponds to deswelling of the membrane when the
temperature is increasing. In that case, crystallization of this
water occurs in the active layers.
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Fig. 9. One-dimensional scattering plots taken at position C, E, F and J, respec-
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3.3. Discussion

Large differences in water content have been shown when
the temperature is changed under water-saturated conditions
[31-33]. For a pristine Nafion® 1100 membrane, for example,
when heating from 20 to 100 °C, the absorbed water changes
between 6 and 16% by weight which corresponds to a 12-32%
volume change. During sub-zero cooling, a membrane equi-
librated at 100% RH at RT, the water desorbs until a value
that is limited to about 8% in weight [20]. At the equilib-
rium, the water content of the membrane is a balance between
[22]:

1) An increasing water content because of the endothermic
energy of interaction between water and ionic sites, and the
osmotic pressure related to the entropy of the ionic species.
However, this latter effect was evaluated to be one order of
magnitude smaller than the electrostatic contribution [22].

ii) The elastic energy of the matrix deformation that trends to
limit the expansion of the swelling.

At a given relative humidity, the result is a decrease of the
equilibrium absorbed water content with temperature. For exam-
ple, the water content at saturated water pressure is 15 and 7%
by weight at 298 and 260 K, respectively [20]. The thermody-
namic equilibrium will be obtained if water is mobile enough
in order to desorb out of the membrane and if the temper-
ature is above the glass transition of the fluorinated matrix,
around 150K [15]. Mobility of water molecules, depending
on temperature and aqueous domain size, has been evidenced
at temperatures as low as 223K from NMR measurements
[16,17,19,20]. Such water mobility will therefore permit proton
conductivity at low temperatures, as observed from experiments,
thus restoring the thermodynamic water sorption equilibrium.
Using a micro-beam it has been shown that after quenching a
water-saturated membrane at 203 K and annealing at temper-
atures above 220 K, water desorbs out of the membrane. This
desorbed water crystallizes on the membrane surface. From this
experiment water “freezing” is observed in terms of mobility,
but no water crystallization occurred inside the membrane. This
observation is in clear opposition to the usual interpretation of
ice formation inside the membrane, an interpretation associated
with the presence of an ice melting peak, as observed in DSC
experiments [15]. The endothermic DSC peaks observed in the
230-270K range correspond to differences between endother-
mic and exothermic effects and are strongly dependent on the
membrane history (water content, temperature cooling and heat-
ing rates).

In this article it has also been shown that upon cooling
at low rates, glassy water was not observed inside the mem-
brane. This is because most of the confined water, which is
still mobile enough (the viscosity increases by decreasing the
temperature) has desorbed during the cooling steps. If some
water molecules (around 8% in volume fraction) are still present
inside the membrane at 203 K, the scattering signal is too low to
be observed. In our experimental configuration, the desorbing
water therefore crystallizes on the coolest capillary walls and
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not on the membrane surfaces. Another example of the impor-
tance of the thermal history concerns the membranes pre-treated
at 400 K. With such samples, because of the larger aqueous
domains, the temperature quenching rate was not high enough
to avoid ice formation outside the membrane. A certain quantity
of water molecules have time to diffuse out of the membrane
before being frozen and can crystallize on the membrane sur-
faces.

Water desorption in soft materials as a function of temper-
ature, was already observed previously [34-36]. For example,
some investigations on starch-based foods have identified the
possibility of damage caused by sub-zero storage [36]. Struc-
tural modifications were observed in the lamellar regions of
starch granules by lowering the temperature below 273 K. This
has been explained by an enthalpic bonus derived from the
crystallization of the water molecules out the confined lamellar
domains.

With Membrane-electrode assemblies (MEA), water desorbs
out of the membrane and crystallizes at the membrane-
electrode interface within the active layers in a similar way.
Such a process will therefore induce a loss of the active
layer’s mechanical integrity, a delamination of the MEA
and a large and irreversible decrease of the electrochem-
ical performances, as reported from different experiments
[11,37]. In addition to this phenomenon, which occurs during
the first cycles, a further degradation step may be asso-

ciated with the membrane degradation after several cycles.
This can be attributed to the swelling—deswelling phenomena
which induce mechanical degradation and pin-hole forma-
tion.

1000 -
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Fig. Al. Repeated Nafion scattering curves with one second exposition time,
shining the same sample position except for the curve “ref#2” for which the sam-
ple was shifted by 10 wm. The beam damage can be observed at low scattering
angles and on the amorphous peak at large scattering angles.
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Fig. A2. Zoom on the Nafion® scattering curves shown in Fig. Al, highlighting the beam damage effects. (a) At the ionomer peak position and (b) at the first

crystalline peak position.
4. Conclusions

A summary of the p-beam X-ray diffraction results are as
follows:

e Upon cooling a water-saturated perfluorinated membrane
below 273 K, part of the water desorbs out of the membrane.
Water never crystallizes inside.

e The desorbing water crystallizes on the coolest regions. These
may be either the membrane surfaces or the surrounding com-
ponents. The undesorbed water becomes “glassy water” at
very low temperatures (below 220 K).

o Inthe case of the MEA, a crystallization of the desorbed water
inside the active layers is observed.

These results confirm our previous interpretations of the
NMR and mechanical data [20].

Two physical degradation steps have to be considered when
cycling the perfluorosulfonated based MEA across the 273 K
temperature boundary. First, after only a few freeze/thaw cycles,
permanent and important degradations may occur inside the
active layers and at the membrane/active layer interfaces. This
may occur without changing the physical structure of the
membrane (No conductivity and gas permeability changes).
Crystallization/melting of water desorbed out of the membrane
or in excess in the active layers are responsible for this degrada-
tion, as revealed by an increase of porosity [11]. Secondly, after
a large number of cycles, physical degradation of the membrane
itself will occur [10]. This irreversible change is due to the mem-
brane water swelling—deswelling in a constrained state (bipolar
plates, gaskets, etc.). Important stresses and localised polymer
creep may therefore induce physical modifications with further
membrane failure [13].

This study forms a sound basis for further research. In par-
ticular, two prospective paths will be followed. First, a critical
value of around five water molecules per ionic site has been
evidenced [20]; below this value no desorption in Nafion®

perfluorinated membranes occurs during cooling. Micro X-ray
diffraction experiments have to be performed to confirm this
result in the perfluorinated membranes and also with mem-
branes having higher ion exchange capacity and therefore better
conductivity for lower overall water contents. Secondly, the
swelling—deswelling behaviour is governed by the mechanical
properties of the matrix. Our experiments have been carried
out on soft perfluorinated membranes. Similar p-diffraction
experiments will be performed with more rigid systems such as
inorganic or organic porous materials and hybrid membranes.
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Appendix A

The X-ray beam damage, when X-ray experiment are per-
formed on soft material, is very often observed using high
brilliant synchrotron beam and limits a number of interesting
scattering studies. In this annexe we would like to point out that
Nafion® membrane is rather sensitive to the X-ray beam damage
and care has to be paid to avoid misleading analysis.

Fig. Al presents a series of 1D spectrum obtained at the same
position of the X-ray beam on the sample (except curve ref #2)
and recorded every minute for a 1 s shot.

The set of data looks like rather similar; however, if a zoom
is applied at the ionomer peak position (Fig. A2a) and at the
amorphous/crystalline peak region (Fig. A2b), modifications in
position and intensity can be observed and attributed to the beam
damage.
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From spectrum #2 til #10, we observed in the low g-region
a shift of the ionomer peak (as compared with ref #1) which
becomes rather important after ten shoots associated with an
increase of the very low scattering parts. The spectrum #ref2
corresponds to the scattering of a “fresh” sample 10 pm apart of
the precedent positions and is similar than ref#1. This shows that
the damage is very local. Looking upon the crystalline scattering
region, we observed an increase of the crystalline peak with
respect to the amorphous peak, showing a local temperature
treatment that modifies the polymeric structure. Here again, the
fact to shift the shining position allows to find back a scattering
profile which is identical to the first one. After about 1 min of
irradiation, the Nafion® sample appears slightly brown and the
impact of the beam can be located visually.

For all the data presented in this article, these both scattering
changes were not observed since very short acquisition time
(0.1 s) was applied.
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