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ABSTRACT: The structure of inorganic fillers dispersed in proton exchange membranes for fuel cell (PEMFC)
was investigated by X-ray scattering and electron microscopy. The hybrid membranes have been obtained by an
in situ precipitation of zirconium phosphate-ZrP) particles within a perfluorosulfonated ionomer membrane
(Nafion). An extended angular range in the scattering experiments was covered in order to analyze simultaneously
the crystalline structure of the particles, their shape and their size. At wide angles, the scattering peaks characteristic
of the presence ak-ZrP have been observed and the width analysis of the scattering peak corresponding to the
stacking ofo-ZrP layers suggests a packing of-118 a-ZrP layers. The small angle spectra reveal that the
structure of the membrane is not modified by the introduction of inorganic species and the excess of scattering
intensity due to inorganic particles is well reproduced by the form factor of oblate ellipsoids, with a semimajor
axis length of about 280 A and a semiminor axis length of about 35 A. These results are confirmed by high-
resolution scanning electron microscopy.

Introduction trapped in an inorganic skeleton to prevent its leaching of the
The Nafion membrane, a perfluorosulfonated copolymer membrané.However, most of these systems present significant

commercialized by DuPont de Nemours & E@mains actually proton conductivity only at eIevat_ed temperatures. Thg other
the benchmark polymer for the proton exchange membrane for €ommonly explored issue consists in the introduction of
fuel cell (PEMFC) in terms of protonic conduction and hydrophilic inorganic and conducting species within the mem-
mechanical, chemical, and electrochemical stabiltids. brane to_trap wat_er molecules, promote a Grotthus type vehlcul_ar
automotive applications, PEMFCs will operate over a wide mechar_nsm at hlgh temperatures, and enhance the mechanical
range of temperatures from subzero temperatures in winter Properties by acting as fillefs.

conditions up to temperatures as high as possible. High Different inorganic fillers such as Si(articles® clays}*12
temperatures are necessary in order to improve the ionicand submicrometer particles of phosphatoantimonictawidre
conductivity, catalytic and heat exchange processes. The lossncorporated in organic membranes either by direct-gel

of performance under these extreme conditions is usually duesynthesis within the membrariésr by dispersing the inorganic

to problems of water management in a first step and to the particles in the ionomer solution and preparing membranes by
membrane-electrode assembly degradation under cycling con- solution-casting? Thea-zirconium phosphatexZrP) is known
ditions in a second step. As a consequence, many researchefor its outstanding chemical stability and Nafiea-ZrP is one
focus on these aspects. of the first examples of organi@norganic composite mem-

At subzero temperatures, the membrane partially dehydrates branes designed for a use as an ion exchange membrane
and the water freezes in the active layer of the membrane-operating in harsh conditions such as chlor-alkali electrofysis.
electrode assembly, damaging the electrode stru¢fub high Twenty years later, these hybrid membranes were considered
temperatures, the membrane also dehydrates due to watems promising materials for a use in fuel cells. FitsZrP is a
evaporation reducing significantly the ionic conductivity. As a Bronsted acid with the ability to donate protons, increasing the
consequence, the operating conditions in automotive applicationmobility of protons on its surface and thus the conductivity.
lead to a large series of membrane swelling-deswelling cycles Second, hydrophiliei-ZrP particles are expected to trap water
inducing a mechanical fatigue and the membrane failure. molecules and enhance Nafion conductivity at low relative
Different issues are investigated in order to maintain a high humidity. Finally, the synthesis procedure is compatible
PEMFC performance in these extreme conditions. A first with the chemical and physical limits of the polymer mem-
commonly explored issue is to simplify the problem of water branet®
management using nonvolatile, thermally and electrochemically  o-zrP particles were then incorporated in many different
stable protonic conductors in the absence of water. Polybenz-organic membranes like Nafidfi;*8 or sulfonated aromatic
imidazole doped with phosphoric acid were extensively stutlied. polymerd®-22 and nonconducting polymer matrix like PVI3E.
lonic liquid” appears also as potentially interesting for instance Numerous data on the ionic conductivity, the water uptake, or

the thermal stability have been published including the study

T Structure et Propités d'Architectures Mdleulaires, UMR 5819 SPrAM in fuel cell conditions’* However, no prototype able to operate

(CEA-CNRS-UJF). : ; :
8 Laboratoire Composants pour PEM, LITEN-DTH, CEA-Grenoble. at temperatures larger thqn 80 was yet unvellgd using this
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strongly related to their microstructure, no complete structural
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20 is the total scattering angle. Two pieces of membrang (5

studies on hybrid membranes have been published in order tomm) were superposed and were placed in a brass cell between
determine the shape, the size, and the distribution of the particles? Kapton sheets. Usual corrections for background subtraction

within the polymer matrix. Tchicaya et.#l and Costamagna
et al?> observed a scattering peak in the X-ray diffraction pattern
attributed to the stacking confirming the layered structure of
the a-ZrP within organic membranes whereas Bauer &t did

not observed it. The most suitable tool to extract structural
information is the small-angle scattering technique covering the
largest angular range as possi#i&mall-angle X-ray scattering
(SAXS) was combined with wide-angle scattering (WAXS) and
scanning electron microscopy (SEM) was used to determine
for the first time the geometry of the zirconium phosphate
particles, their size and their distribution within the Nafion
membrane.

Experimental Section

(1) Preparation of Organic/Inorganic Hybrid Membranes.
First, 4 cn? samples of Nafion 115 membranes from du Pont de
Nemours (125 m thick membranes) were first cleaneda 1 M
aqueous solution of nitric acid dugr2 h at 80°C. The excess of
acid was then removed by rinsing twice the membranes in deionized
(DI) water durirg 2 h at 80°C. The membranes were dried during
one night at 50C in an oven under vacuum and then, weighed in
order to determine the initial weighit\{). The second step consisted
in the incorporation of the inorganic species in the organic
membrane by using the method described in the literdfifée
cation exchange membrane was soakeadith M aqueous solution
of zirconium dichloride oxide ZrOGBH,O from Alfa Aesar during
4 h at 80°C leading to an exchange of the protons of the Nafion
membrane by the Zr cations from the solution. The membrane was
then rinsed in deionized (DI) water dugr2 h atroom temperature

and intensity normalization using Lupolen as standard were applied.
Additional experiments were performed to increase the angular

range: (i) at wide angles (from 3 to 7 A using a X'pert

diffractometer from 7 to 150at 0.04/s in the reflected radiation

mode, with a Co K radiation ¢ = 1.78897 A1) source operating

at 50 kV and 35 mA; (ii) at ultralow angles (from 10to 103

A-2) using the Bonse & Hart camera on the ID2 beamline (ESRF-

Grenoble@’

Results and Discussion

Both the ZrOC} solution concentration and the duration of
immersion at 80C have been optimized to ensure a complete
exchange of the membrane. The first step of the&rP
incorporation within the ionomer membrane is often described
as an exchange process of the protons by Zations during
the immersion of the membrane in the zirconyl chloride
solution?> However, two different hypotheses have been also
published: (i) Tchicaya et &F concluded from EXAFS
experiments that the zirconium species are introduced as [Zr
(OH)g(H20)16]% macro cations in sulfonated poly(arylene)ether
membranes; (ii) the zirconium species could be present in Nafion
as ZrG+.2 The calculated weight increase assuming ion
exchange with [Z(OH)g(H.0)16]8", [ZrO]%", and [Zr" on a
membrane equivalent weight of 1100 g/equiv are respectively
8.96%, 4.87%, and 2.07%. The experimental weight increase
after immersion in the zirconyl choride solution was found to
be around 4.5% w/w which suggests an exchange witl?ZrO

ions. However, the dissolution of ZrOCproduces a large

to remove the excess of zirconium species at the surface of thequantity of acidic moieties and a complete exchange of the
membrane. The weight increase due to the exchange process wagiembranes by Zr cations cannot be insured. In addition, the

determined after drying the samples overnight at°&0under
vacuum.

Zirconium phosphate (ZrP) was then precipitated in situ in the
membrane by soaking ihia 1 Maqueous solution of phosphoric
acid durirg 2 h at 80°C. The ionomer membrane was soaked in a
1.5 M sulfuric acid durig 2 h at 80°C for acidification. The rinsing
procedure was again applied to remove the excess of acid.
Membranes were then dried one night at®&under vacuum and
weighed in order to obtain the final weight).

The weight percent of the inorganic species incorporated in the
organic membrane was determined according to the following
equation:

W [ZrP] (wt %) = 100 x (W, — W)/W, 1)

(2) Membrane Characterization. (a) Scanning Electron
Microscopy (SEM). The samples were cryo-fractured in liquid
nitrogen and observed in the cross-section by SEM.

The distribution of the inorganic fillers has been observed with
a SEM 840A from JEOL equipped with an energy dispersive X-ray
spectroscopy (EDX) detector on samples covered with carbon. Two
different accelerating voltages with a current of 3 nA were used
(20 and 40 kV) in order to differentiate the contribution of zirconium
and phosphorus atoms.

The visualization of the inorganic objects was carried out with
a SEM-FEG (field emission gun) LEO 1530 which allows analysis
with lower accelerating voltage (5 kV) without any deposit on the
samples.

(b) Wide-Angle and Small-Angle X-ray Scattering (SAXS—WAXS).

The structural organization has been studied by small- and wide-
angle X-ray scattering (SAXSWAXS) with a homemade apparatus
using a Cu K radiation ¢ = 1.5418 A %) source generated by a
rotating anode. Three sample to detector distances varying from
0.1 to 3 m were used to cover an angular range fgpm 0.01 to

3 A-1 whereq is the momentum transfeq & (4z(sin 6)/4)) and

ion exchange process can be hindered in the presence of large
Zr cations like [Z§(OH)g(H20)16]". Therefore, a lower weight
increase consecutive to a partial ion exchange can be obtained,
but the ion exchange by Zr species can be excluded.

After reaction by immersion in thl M H;PO, solution, the
o-ZrP content in the organic membrane is 14.5% w/w. The
concentration of the phosphoric acid solution is also an important
parameter A 1 M concentration was chosen as a good
compromise since both 5 and 0.1 M solutions lead to lower
weight increases. Tchicaya et?dlhave observed that using a
solution with a concentration higher th& M reduces consider-
ably the precipitation oéi-ZrP probably because of an inverse
exchange of the Zr cations by the protons of the phosphoric
acid and a partial solubility ofi-ZrP in concentrated $#PO,.

The experimental weight increase due&ZrP (Zr(HPQ).H,0)
precipitation is close to the calculated value assuming an
exchange by [ZrG]" cations in the first stepNy—z = 12.64%).

At the contrary, the hypothesis of a partial exchange by-[Zr
(OH)g(H,0)16]8" cations after immersion in the zirconyl choride
solution appears highly improbable since the maximum weight
increase after precipitation of zirconium phosphate should be
6.9%w/w which is significantly smaller than the experimental
value. Therefore, combining the measurements after exchange
and precipitation, we can conclude that the zirconium cations
are inserted in the membrane as [Z40]

In Figure 1 are presented the zirconium concentration profiles
determined by scanning electron microscopy after precipitation
of a-ZrP. The concentration profiles reveal that the average
quantity of a-ZrP is relatively constant along the membrane
thickness. However, the dispersion of the measurement around
the average value is pretty large suggesting a noncompletely
homogeneous distribution on a sub-micrometer scale (typically



Macromolecules, Vol. 40, No. 23, 2007 Zirconium PhosphateNafion Hybrid Membranes 8261

= Phosphorus
= = Zirconium
Sulphur
Fluorine

i(a)

— O 1] 10—
0,0001 0,001 0,01 0,1 1 10

Figure 1. SEM micrograph of a Nafion/ZrP hybrid membrane with
phosphorus, zirconium, sulfur and fluorine concentration profiles along B [=
the membrane thickness.

the SEM EDX resolution). Because of the overlap between the
energy peaks of zirconium and phosphorus, it was not possible er—
to accurately determine the Zr/P ratio. /’

Structural Study. From a structural point of view, each layer 0,2
of a-ZrP consists of planes of zirconium atoms bridged through — e -
phosphate groups which alternate above and below the metal - 13 ==
atom planes®31 Three of the phosphate oxygen bonds to three
different zirconium atoms. The fourth one bears the hydrogen
and points toward an adjacent layer or at the surface of the
stacking of several layers, inducing the surface acidity of the 0,1 1 10
inorganic particle. The layers are arranged relative to each other a(A

in such a way to form six sided zeolitic type cavities intercon- Figure 2. (A) SAXS—WAXS curves obtained with Nafion reference

nected bY entrances with size§ Iargg enough to.a}llow a Sphel’iCakbottom), and Nafion/ZrP hybrid membrane (top). An offset by a factor
ion of a diameter of 2.63 A to diffuse into the cavities. Therefore, ten was applied to the hybrid membrane spectrum for clarity. (B) Zoom

a water molecule can reside in the center of each cavity. on the wide angle scattering part of the Nafion/ZrP spectrum.
Moreover,—POH groups are involved in inter- and intra-planar

bonds because hglf of these groups are beli_eved to form ;e clearly observed: (i) the broad signal at about 1:3 A
hydmge” bonds with phosphate oxygen atoms in an adjacent;paracteristic of the distance between polymer segments and
layer? and the others are thought to be hydrogen bonded to the ;o mposed of an intense amorphous halo and a small crystalline
water moleculed? Therefore, they were trapped in the inorganic peak?® (i) the ionomer peak at about 0.2-A commonly
particle, even at high temperature since Slade & ve  yribyted to the distance between ionic domafé{iii) a very

showed that theo-ZrP structure remains unchanged until 054 maximum at 0.06 A corresponding to the long range
220°C. From the conduction point of view, Alberti et %i36 period between polymer crystallité3

stated that the greater part of the internal transport occurs in* \wnen a-ZrP is incorporated into Nafion, additional well-
Fhe parallel direction to the Iaygrs and he has proved that the yafined peaks appear at large angles (Figure 2B). According to
intercalated molecules (alkali ions or water molecules) are hq literature, whem-ZrP is precipitated outside a membrane

mobile inside theo-ZrP. Therefore, they contribute to ionic  om an aqueous solution, several reflections are highlighted at
conduction through diffusion within the cavities but*iimes (momentum transfer) of about 0.82, 1.39, 1.41, 1.76, and 2.38
weaker than the surface one because of a free space limitationk -1 39 At |arger g values, several other peéks are observed by

between layers forbidding the Grotthus type conduction of ypp attributed to distances inside the layers:—2r bonds (at
hydronium ions. aboutq ~ 3 A~1), P-OH bonds (at abou ~ 3.92 A%, and

(a) Scattering Results.The structure of NafiorZrP hybrid P—O bonds (at abou ~ 4.16 A 1).31 Possible G-O bonds
membranes has been investigated by small- and wide-anglecould be also observed frogr 2.05 to 2.26 A. Wheno-ZrP
X-ray scattering covering the widest angular range as possiblejs incorporated in the membrane, a few of these reflections are
(from 0.0001 to 7 A?) using different configurations and  recovered (Figure 2B). At large angles, peaks attributed 6CZr
spectrometers. These experiments were carried out in order toand P-O(H) are clearly observeck(n Figure 2), and at lower
access to the internal structure of the particles, to their size andq, four sharp peaks appear They are located aj = 0.88,
shape and finally to extract some information on their spatial 1.5 1.97, and 2.38 A instead of 0.82, 1.41, 1.76, and 2.39
distribution. A piece of Nafion membrane which has been A-1 respectively, as mentioned by Clearfield for balkZrP.
submitted to the same swelling and acidification procedures wasThe peak expected at 1.39 Ais probably hidden by the intense
also studied as reference (Figure 2A). The structure of the and broad scattering of the Nafion amorphous and crystalline
reference and Nafion/zirconium phosphate hybrid material matrix o. Important information (Figure 2) is the observation
appears to be very different at both wide and small angles.  of the correlation peak at 0.88 Acharacteristic of the stacking

In these small and wide angle ranges of momentum transfersof several ZrP layers. This interlayer distance (7.14 A) slightly
(Figure 2A), the 3 characteristic peaks of the Nafion membrane differs from the one found by Clearfield, which is probably due

<

i(a)
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to an effect of confinement on the stacking formation inside 100 r
the Nafion membrane. This peak is pretty large compared to ..
the other crystalline peaks suggesting that the packing along __ 10 NS
this direction does not extend over large distances. The size of < s
the inorganic crystallites along the stacking direction has been ‘:c_> TN
estimated, based on the width of this interlayer peak diffraction, I 14+=={ . dam 1N
by using the Scherrer equation (2). Z - - - Spherical .
T — —Elongated EA
B = KA/L(cos#) @) = ol Flat £
T [
whereB is the half-width height of the stacking pedk,is a 0.01 | [ T[] . [
constant equal to 049 andL is the average particle size. 0.0001 0.001 0.01 0.1
The peak width analysis has been performed on the experi- )

mental curve subtracted by the reference curve. The averagerig re 3. SAXS intensity normalized by the scattering invariant (o)
size of the particles along the perpendicular direction to the and best adjustments with the form factors of spherical, prolate, and
a-ZrP layers is about 95 A. With an interlayer distance of 7.14 oblate ellipsoids.

A, the average number of layers can then be estimated to be
about 13 layers per crystallite.

At low angles, an excess of scattering intensity is clearly seen
in Figure 2 which can be attributed to the inorganic particles.
The high level of scattered intensity and the low angular position
of this signal compared to the ionomer peak position suggest
the existence of very large particles. Moreover, the absence of
correlation peak at low angles indicates that the particles are
likely to be widely separated (no aggregation) without any
significant correlation in position and orientation. The intensity
was adjusted using the form factor of ellipsoids of revolution:
40

For the analysis of scattering experiments, it is very useful
to fit the level of intensity in addition to the shape of the curve
to validate the model. It requires the estimation of the contrast
factor, Ap, which depends on both the atomic composition and
the density of each phase. The contrast factor for Nafion/ZrP
hybrid membranes can be easily calculated in the case of
completely dry membranes. For membranes equilibrated at room
temperature, the membrane will contain a significant quantity
of water molecules and their distribution between the two phases
is unknown. Therefore, we have chosen to normalize the data
by the scattering invariant in order to avoid any supplementary

I(q assumption. For a two-phase system, the scattering invariant is
¢— = Ap2 V P(q)? experimentally determined as the:
Zr
. 7/2 . )
with P(@) = [ Fy[q, r(Re,a)](sin o) dat (3) INV=["1()q dq = 27%(Ap)’p,(1— b,)  (5)
wherer(Re,a) = R(sir? o + €2 cof a)Y'? € is the eccentricity, The experimental invariant is calculated ¢pjntegration of the
V is the volume of the particleg; their volume fractionAp data according to the first part of eq 5. Combining eq 3 and the
the contrast factor, and second part of eq 5, one obtains :
i - I(a) v
3(sin @R — gRcos@R) 3 WV gy 6
Fi@R) = andV = 4we R%3 ) (6)
1(a.R) QR € o INV™ 2221 - 4,
4

The two-phase approximation could be considered as crude for
The eccentricity is defined as the ratio of two main axes where a multiphase system but it is justified by the fact that the signal
the axis in the denominator is the one which rotates around thedue a-ZrP particles is located af values 10 times lower
fixed axis. Depending on its value, spherical= 1), prolate compared to structural signature of Nafion (Figure 2). Therefore,
ellipsoids € > 1) or oblate ellipsoidse(< 1) can be evaluated.  Nafion can be considered as a homogeneous matrix at this scale
In other words, the same function can be used to check differentwhich will be further confirmed by the comparison of the fit
shapes from rodlikee(> 1) or platelet-like ¢ << 1) objects. obtained with invariant normalized and absolute intensities. On
The data can be well reproduced by the form factor of oblate the basis of this assumption, the scattering contribution of Nafion
ellipsoids (Figure 3). A pretty large polydispersity in the particle can be subtracted from the hybrid membrane spectrum (Figure
size is expected at least because the precipitation reaction begin8) since the Nafion microstructure does not appear to be
at the membrane surface and propagates inside the membranmfluenced as revealed by the behavioigatalues larger than
when immersed in the phosphoric acid solution. The main effect 0.1 A~ and lower than 0.001 A (the ionomer peak and the
of such a polydispersity (Gaussian or togormal radius upturn at very low angles are not modified).
distribution) is a smoothing effect of the large angle oscillations  The best fit as presented in Figure 3 was obtained with 280
of the form factor without modifying its shape in the low angle and 35 A as semimajor and semiminor axis lengths, respectively.
region used for the fitting procedure. It is always possible to fit It is worth noting that both the shape and the dimensions of the
any data assuming a spherical or elongated shape but at thearticles extracted from this analysis are average values. The
expense of the introduction of a specific size distribution (and quality of the adjustment will not benefit from the introduction
consequently an infinite number of adjusting parameters). For of polydispersity, and thus no reliable information can be
example, the data can be quite well reproduced using a sphericabbtained on this parameter. However, it is likely that ¢h&rP
shape and a bimodal radius distribution. However, there is no particles are not perfect and regular objects. The fit with the
objective reason to introduce such hypotheses. In addition, theform factor of oblate ellipsoid reveals that the particles can be
oblate ellipsoid shape was confirmed by the electron microscopy characterized by two main characteristic dimensions (56 nm
study presented below. wide, 7 nm thick) but the actual structure should be seen as in
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Figure 4. Oblate ellipsoid with a semimajor axis length (in black) of about 280 A and with a semiminor axis length (in gray) of about 35 A (left
top). Stacking of layers in the oblate ellipsoid inorganic object (left bottom) and most probable localization of the inorganic objects within the
Nafion membrane structure (right). The dashed line highlights a bundle of elongated polymer aggregates.

between an oblate ellipsoid and a flat particle. The absolute solution or the reaction temperature will act differently on the
scale of scattered intensities is also very well reproduced. The competing processes and will lead to different size and distribu-
contrast factor was calculated using the densities found in thetion of the inorganic species within Nafion. In the present paper,
literature @y—zp = 2.72 anddyasion = 2.1 g/cni). The SAXS we have limited the SAXS investigation to the sample presenting
experiments were carried out with membranes equilibrated atthe largest weight increase and a crystalline structure for ZrP
room humidity. The quality of the intensity adjustment without particles. The in situ synthesis is very sensitive to the experi-
taking into account the sorption of water molecules suggests mental procedure. Reproducible weight increases and WAXS
that an almost equal distribution of the water molecules betweenspectra can be obtained using exactly the same preparation
Nafion ando-ZrP phases at room temperature and humidity process. The size and distribution of ZrP determined in this work
which is not really surprising since both phases are consideredshould be representative to the hydrid membrane structure when
as highly hydrophilic. the particles are crystallized. The analysis of samples containing

With an interlayer distance of about 7.14 A, it can be lesso-ZrP is more complex. Indeed, the size of theZrP
estimated that the-ZrP crystal is constituted of 10 layers which particles is closer to the characteristic dimensions of Nafion
is in good agreement with the value extracted from the width and, in the presence of nonnegligible cross-terms, it would be
of the scattering peak using the Scherrer equation. A disk-like no more valid to consider additive contributions of the polymer
shape corresponds to the prediction from calculation on the and particles. In this case, it would be more suitable to use small-
o-ZrP precipitated outside a membrane by Clearfieldhere angle neutron scattering experiments and contrast variation to
hexagonal platelets have been found. The inorganic particlesmatch the polymer matrix contribution and see only inorganic
are expected to be templated by the Nafion internal microstruc- particles. The quantity odi-ZrP introduced within Nafion can
ture due to the in situ synthesis process. This structure is still be increased by reproducing several times the optimized
subject to debate but the recent ribbon-like polymer particle exchange-precipitation procedure on the same sample. However,
model appears as the most suitable model to describe the mairit is highly probable that a bimodal or more complex size
structural features and transport properties of these mem-distribution would be obtained which would be difficult to
branest42 The local structure is formed by polymer ribbons analyze.

with the ionic groups at the watepolymer interface. The cross- (c) Visualization by SEM. SEM-FEG observations have been
section was estimated to be 1 nm thick and 7 nm wide. These conducted on the hybrid membrane which has been previously
ribbons are locally oriented and form bundles which are cryo.fractured in order to visualize the structure along the
randomly distributed in the absence of mechanical deformation. jemprane thickness. The inorganic particles dispersed in the
The typical size of these bundles which was estimate_d betweenpmymer matrix appear as platelets without any preferential
50 and 100 nm from both USAXS and atomic force microscopy grientation and widely spaced (Figure 5). Some fluffy domains

experiments? The size of the ionic domains is estimated 4pnears on the pictures which can be attributed either to some
between 1 and 5 nm from SAXS and SANS data depending on,_7;p species highly dispersed in the polymer matrix or more

the membrane water content and the chosen structural rffodel. likely to a-ZrP particles embedded below the surface. This

Therefore, the inorganic particles are at least 1 order of ,psenation is in agreement with the results deduced from the

magnitude larger than the size of the ionic domains in Nafion. gaxg analysis. A second sample has been prepared by
As a consequence, these inorganic objects should not be locatedy cination of the organic matrix at 60C in the presence of

in t}?e ilonic path\:vayi.oLthellllzlalfion l;utbthey are ﬂiStgbué?d atf oxygen. In this case, the particles are more clearly visible but
rather larger scale which is likely to be between the bundles of 5 Gintering effect due to the thermal treatment at elevated

polymer chain aggregates (Figure 4). The present result SU9gestgmherature induces a growth of the objects which thus appear
a competition between thee-ZrP particle formation and the ion significantly larger than in the direct observation of the

exchange process of Zr cations by the protons of the acidic membrane.

solution. Both the penetration of protons in the membrane and

the exchange process seems very fast compared to the diﬁUSio'tonclusions

of the zirconium cations which accumulate within the inter-

bundle zones and form-ZrP particles. It can then be expected The shape and the size of zirconium phosphate prepared in
that changing parameters such as the concentration of the acidisitu in Nafion membrane have been determined using a
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