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Abstract

The polymer electrolyte distribution in PEMFC electrodes plays an important role for the catalyst utilization and various transport processes in
the electrode. Moreover, its influence on the transport processes is not only limited to proton transport but it may also affect gas transport, electron
conductivity and water management of the cell. However, experimental techniques to study the polymer electrolyte distribution are scarce. In this
paper we present various approaches based on scanning electron microscopy (SEM) and transmission electron microscopy (TEM) to characterize
the polymer electrolyte distribution. The methods presented include staining of the polymer electrolyte with heavy metal ions, energy dispersive
X-ray (EDX) mapping and energy filtered imaging (EFI). Their use for the analysis of the polymer electrolyte distribution and electrode structure

will be presented and current limitations of these techniques will be discussed.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Transport processes play a significant role for the proper oper-
ation of polymer electrolyte membrane fuel cells (PEMFCs). In
PEMEFCs the reactant gases (i.e. hydrogen on the anode and
oxygen on the cathode) must have access to the catalytically
active sites, protons and electrons must be conducted through
the electrode and the reaction product water must be removed
from the pore system to avoid blocking of the gas diffusion
paths.

In the current standard electrode design each transport pro-
cess is realized by a different component. Gas transport is
accomplished by a network of pores in the electrode structure.
Electrons are conducted by the catalyst particles themselves or a
conductive support, whereas proton diffusion is realized by the
addition of a polymer electrolyte. Furthermore, PTFE is often
added to the electrode, especially the cathode side, to increase its
hydrophobicity, which enhances the removal of reaction water
from the pore system [1-3].
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Since the various components influence each other and
therefore the electrode properties in a nonconstructive manner,
optimization of the electrode structure is far from being trivial.

One of the key components in electrode design is the polymer
electrolyte, because it influences proton conductivity as well as
the catalysts electrochemically active surface, mass transport,
electronic resistivity and electrode porosity.

Several publications have focused on the effect of the poly-
mer electrolyte concentration in the electrode [4—8]. Generally
intermediate contents of 30-40wt.% are reported as optimal
concentrations for perfluorosulfonated ionomers (PFSI) such
as Nafion® and Flemion® with carbon black supported cata-
lysts [4—7]. At low and high electrolyte contents a much poorer
electrode performance is observed. For low electrolyte con-
tents the moderate electrode performance is explained by limited
proton conductivity and incomplete wetting of catalyst by the
ionomer which decreases the electrochemically active surface
[4,5]. Whereas at high electrolyte contents exceeding 40 wt.%
the pore size and average pore diameter decrease dramatically,
and the electrode performance becomes diffusion controlled
[5.7].

Beside the absolute amount of polymer electrolyte in the elec-
trode, its distribution has a significant effect on the performance
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of the cell. The distribution of the electrolyte is mainly influenced
by the preparation technique of the electrode, i.e. the catalyst ink
preparation and coating procedure. For instance several authors
report an increased electrode performance, when PFSI is dis-
persed in a solvent where it forms a colloidal solution [9-11].
Based on mercury porosimetry measurements Shin et al. con-
clude that the PFSI in the colloidal state does only penetrate into
the pore range between 0.07 and 1 pm, while the pores smaller
than 0.07 wm remained almost unaffected [10]. In contrast, when
the PFSI was used in its solubilized state mainly the pore vol-
ume of pores smaller than 0.07 wm was reduced, unless very
high PFSI concentrations were used in the electrode. The pore
range between 0.07 and 1 pum is generally attributed to pores in
between the catalyst agglomerates, while the pore range below
0.07 pmi s attributed to the pores in the agglomerates themselves
[11]. Influences of the coating technique on the PFSI distribu-
tion were reported recently by Xie et al. [12]. They demonstrated
that for the decal technique [13] the choice of the decal substrate
has a significant effect on the polymer electrolyte distribution.
Electrodes prepared on PTFE substrates had an approximately
0.7 pm thick Nafion® layer on the substrate side, while elec-
trodes prepared on less hydrophobic substrates (Kapton) did
not show Nafion® layers. The layer on the PTFE substrate was
explained by interaction of the hydrophobic polytetrafluoroethy-
lene backbones of the ionomer with the PTFE substrate. The
Nafion® layer was found to impose mass-transport limitations
especially in the high current regime.

However, detailed analysis of the polymer electrolyte distri-
bution is difficult. Mercury porosimetry which has been widely
used to study the influence of various preparation parameters on
the pore size distribution, may in some cases be used to derive
information on the polymer electrolyte distribution. But since
mercury porosimetry probes the pore size distribution rather
than the polymer electrolyte distribution itself, information on
the polymer electrolyte distribution requires the choice of an
appropriate reference and is based on the assumption that differ-
ences in the pore size distribution are directly correlated with the
polymer electrolyte distribution. Scanning electron microscopy
(SEM), which is also commonly used for structural charac-
terization of the electrode, may in principle be used to obtain
direct information on the polymer electrolyte distribution if
it is combined with energy dispersive X-ray analysis (EDX)
[14]. However, SEM on bulk electrodes has a number of limi-
tations. Due to the high porosity and low density of the carbon
support material the electron beam penetrates deeply into the
sample. This limits the obtainable resolution for Z-contrast back
scattered electrons (BSE) or element resolved (X-ray) imag-
ing significantly, because — unlike the secondary electrons (SE),
which are collected from the sample surface and used for nor-
mal imaging — BSE and X-rays are collected from the excitation
volume. Due to the higher penetration depth of X-rays this is
especially severe for elemental mapping by X-rays. Another
problem imposed by the electrode porosity is the variation of
the detection probability for the X-ray signal throughout the
electrode. As the density of the material varies throughout the
electrode, the excitation volume and therefore the amount of
material contributing to the signal varies, too. Furthermore, the

porosity induces a high surface roughness of the sample which
modulates the X-ray signal. Therefore, the elemental informa-
tion obtained by the X-ray signal cannot be quantified correctly
and elemental maps obtained by this method may not correspond
to the real elemental distribution in the sample. A limitation that
does not only apply to SEM, but to all electron microscopy tech-
niques and therefore also TEM, is the beam sensitivity of the
commonly used PFSI polymer electrolyte [14—16]. But as the
sensitivity of EDX for light elements such as fluorine, which
is the predominant element in PFSI polymer electrolytes, is
rather low, long recording times are necessary for mapping and
hence beam damage of the sample becomes an important issue.
These limitations restrict the characterization of the polymer
electrolyte distribution to the micrometer range and care must
be taken when interpreting the results. As the demand of indus-
try for lower production costs has led to a significant decrease
of the catalyst loading and therefore to a decrease in electrode
thickness to the range of only a few microns [13], SEM on bulk
cross-sections may only provide limited information for further
optimization of the electrode structure.

Although TEM in principle suffers from the same beam dam-
age problems as SEM, TEM has a number of advantages for the
characterization of the polymer electrolyte distribution. TEM
allows imaging of all parts of the electrode structure including
the nanometer sized catalyst particles, which are in general not
accessible by SEM. As samples need to be thinned to less than
100 nm to be transparent for the electron beam, pores between
the catalyst agglomerates appear as voids in the catalyst struc-
ture and can therefore be imaged, too. Moreover, with energy
filtered transmission electron microscopy (EF-TEM) another
powerful technique is available for elemental mapping. In con-
trast to EDX, energy filtered transmission electron microscopy
is more sensitive for light elements and allows acquisition of the
whole image at the same time. This reduces the acquisition time
from several hours to a few minutes and therefore minimizes
beam damage of the sample.

However, sample preparation for TEM is a major obstacle,
especially for highly porous systems such as PEMFC electrodes.
Blom et al. proposed the adoption of a sample preparation tech-
nique which is generally used for biological samples [17]. To
stabilize the structure of the electrode the membrane electrode
assembly (MEA) is embedded in epoxy resin and then cut with
an ultramicrotome using a diamond knife. As the epoxy resin
infiltrates the pore space, the electrode structure is preserved
during the sectioning process. Thus sections can be obtained,
which are sufficiently thin (~70-100nm) for TEM analysis.
The sectioning process furthermore yields sections of rather
homogeneous thickness, which allows imaging of the whole
cross-sectional area, including also the membrane.

Since the electrode structure is preserved by this preparation
method and characterization of the membrane is possible, too,
it is ideally suited for studying catalyst degradation processes
during long-term operation [18-20]. All three articles report sig-
nificant changes of the electrocatalyst and observed segregation
of platinum particles in the membrane. The location of plat-
inum particle segregation within the membrane seems to show
a dependence on the operation potential. Akita et al. reported
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segregation of Pt particles in the membrane close to the cathode
side after aging at constant potential (1.0 V), while Xie et al.
observed particle deposition in the membrane close to the anode
during a life test of 1000 h at constant current (1.07 A cm~2) and
high humidity.

However, for the analysis of the polymer electrolyte distribu-
tion, infiltration with an epoxy resin has a significant drawback.
Since the polymer electrolyte and the embedding resin have
almost identical scattering contrast, the polymer electrolyte can-
not be distinguished directly. As pores in the electrode structure
may be filled by the polymer electrolyte or the embedding resin,
it is also not possible to distinguish between open and closed
pores (i.e. those filled by the polymer electrolyte). In this paper,
we present different approaches to solve the contrast problem
and suggest methods to characterize the polymer electrolyte
distribution, which combine the advantages of the thin section
technique with the possibility to image the polymer electrolyte
distribution.

2. Experimental

MEAs used in this study were prepared by a hot spraying tech-
nique. The catalyst ink, consisting of the catalyst dispersed in a
mixture of water, isopropanol and Nafion® solution (Aldrich),
was sprayed on a heated (100 °C) Nafion® membrane, which
has been boiled in 2% H>O, and 2N H,;SO4 for about 1h,
respectively.

Sample preparation for TEM followed the procedure
described by Blom et al. [17]. A small piece was removed from
the MEA and embedded in Araldite 502 resin (SPI Supplies
Inc.). Subsequently, the resin was cured at 60 °C for at least
16 h. Sectioning of the embedded samples was carried out with
a Reichert—Jung ultracut microtome at room temperature using
a diamond knife. The sections were then transferred to copper
grids and dried at room temperature for at least 48 h. Sections
of 200-500 nm thickness and ultra-thin sections of 70-100 nm
were prepared for SEM and TEM microscopy, respectively.

Thin sections were analyzed with a FEI Quanta 200 FEG
environmental scanning electron microscope equipped with an
energy dispersive X-ray detector for elemental analysis and map-
ping. To minimize interaction of the electron beam with the
sample holder a specially designed holder was used, which sup-
ports the copper grids only on their outer rim (Fig. 1). Ultra-thin
sections were examined with a Jeol JEM-3010 transmission
electron microscope operating at 300kV acceleration voltage
with a LaBg cathode. The instrument is equipped with a gatan

%2 Holder
Il Copper grid
| Sample

Fig. 1. Schematic representation (cross-section) of the sample holder for SEM
analysis of thin sections.

imaging filter (GIF) for energy filtered imaging and electron
energy loss spectroscopy (EELS).

3. Results and discussion

In the introduction it has been pointed out that infiltration of
the electrode structure with epoxy resin has a significant draw-
back for imaging of the polymer electrolyte distribution. This is
due to the very similar scattering contrast of the polymer elec-
trolyte and the epoxy resin. There are basically two different
approaches to solve this problem, which will be discussed in
more detail in this section:

e Enhancement of the scattering contrast by selective inser-
tion of heavy metal ions in either the polymer electrolyte or
embedding resin (referred to as staining techniques).

e Elemental mapping of an element that is characteristic for
either the polymer electrolyte or the embedding resin (referred
to as mapping techniques).

3.1. Staining techniques

The polymer electrolyte in a fuel cell is exposed to rather
harsh chemical and electrochemical conditions. Therefore, the
polymer backbone of the polymer electrolyte must possess a
high chemical stability, i.e. it must have a low reactivity. This
property is highly unfavorable for the incorporation of stain-
ing agents into the polymer backbone itself. But staining can be
realized via the ionic groups of the polymer electrolyte. The pro-
tonized form of the polymer electrolyte can be easily transferred
to an ion exchanged form by exposing it to a solution containing
a metal salt. It has been shown in literature that a wide variety
of metal salts and even rather bulky organic cations like TBA*
can be incorporated into PFSI polymer electrolytes [21,22], but
other types of polymer electrolytes should behave similarly and
therefore, this approach can be considered as a rather general
approach, independent of the used polymer electrolyte.

To significantly increase the scattering contrast of the poly-
mer electrolyte the staining agent should have a high electron
density and a low charge to introduce as many additional scat-
tering centers as possible. Therefore, cesium appears as an ideal
staining agent and has also been used by Rieberer et al. to mark
the sulfonic clusters of Nafion® membranes for examination
with transmission electron microscopy [22]. Fig. 2 shows cross-
sections of an unstained and Cs* stained MEA in comparison. In
both images the interface between the membrane and the elec-
trode appears sharp indicating that penetration of the membrane
into the catalyst layer is low. A clear effect of the staining can
be seen on the membrane of the cesium treated sample. The
membrane of this sample appears to be speckled and stripes of
more or less strongly contrasted regions can be found close to
the electrode interface. Also the electrode of the stained sample
appears to be darkened, when compared to that of the unstained
sample. The staining in the electrode layer is most pronounced
around the catalyst support particles indicating that the Nafion®
ionomer is mainly covering the catalyst support particles but is
not flooding large pores. This is in agreement with the results
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Fig. 2. TEM bright field images of an unstained (a) and Cs* stained
(b) membrane electrode cross-section. Both images were taken at the
membrane—electrode interface with the membrane shown on the right-hand side
of the image.

of Gode et al. [5], supporting the assumption that the catalyst
agglomerates are infiltrated by the polymer electrolyte in elec-
trodes prepared from inks containing Nafion® in solution, as
opposed to those containing colloidal Nafion® [11].

The different contrast regions in the membrane close to the
membrane—electrode interface are most likely an artifact of the
staining process and not a part of the inherent structure of the
membrane. Immersion of the sample in the staining solution
causes the membrane to swell. Since the membrane is con-
strained by the embedding media, it will distort to accommodate
foritsincreased lateral dimensions. This distortion may then lead
to contrast changes as observed in Fig. 2, by inhomogeneous dry-
ing and redistribution of the staining agent. However, it has also
been reported that the membrane pretreatment process, which
involves boiling of the membrane in H,O, and HySOy4, causes
an increase of the sulfonate group concentration at the mem-
brane surface [15]. Therefore, the contrast changes observed at
the interface may also be partly linked to changes in the sul-

fonate group concentration due to the membrane pretreatment
process.

Staining artifacts could be mostly avoided if the ion exchange
is carried out prior to the infiltration and sectioning pro-
cess. However, cesium is washed out almost completely from
pre-stained samples during the sectioning process. Therefore,
cesium was replaced by barium, which is known to bond more
strongly to sulfate or sulfonate groups. A sample that was pre-
stained with barium is shown in Fig. 3. In contrast to samples
pre-stained with Cs* a staining effect is clearly visible for the
sample treated with Ba>*. However, the staining effect is weaker
than for cesium. This is mainly due to the higher charge of the
barium ion (Ba2*) compared to cesium (Cs*), resulting in a lower
amount of barium that can be incorporated into the polymer elec-
trolyte. As expected the staining is more homogeneous when
compared to cesium stained sample and no contrast variations
were observed in the membrane, which indicates that staining
artifacts were significantly reduced.

The speckling may be interpreted to arise from stained ionic
clusters formed by segregation of the sulfonate groups con-
taining side chains in the fluorocarbon matrix of the polymer
backbone [22]. However, the high-resolution image shown in
Fig. 4 reveals that the speckling arises from small nanocrystals in
the membrane. Evaluation of the lattice fringes seen in Fig. 4 by
Fourier transformation indicates that these nanocrystals are most
probably barium fluoride. As both the sulfonic groups and the
fluorinated polymer backbone are known to decompose under
ionizing radiation [15], it is most likely that those crystals grow
under the influence of the electron beam. Barium ions which are
released from destroyed sulfonic groups may react with fluorine
as the side chains and the polymer backbone degrade in the elec-
tron beam. Crystalline structures have also been observed in the

Fig. 3. TEM bright field images of an MEA exposed to Ba(OH); solution before
embedding in epoxy resin. The image shows the membrane—electrode interface
with the membrane in its upper left corner.
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Fig. 4. High-resolution TEM bright field image of the Nafion® membrane doped
with barium ions. Small crystalline regions can be found throughout the mem-
brane whose lattice spacings fit well to BaF5.

darkened regions of cesium stained samples, indicating that this
phenomenon is not only limited to barium staining. It is there-
fore not possible to directly correlate the size of the “stained”
regions to the size of the ionic clusters in PFSI membranes or
recast films. However, the size of the barium fluoride clusters
may be used to calculate the average number of sulfonate side
chains contributing to their formation. The mean barium fluoride
cluster size determined from Fig. 4 is about 2.9 nm. Assuming
spherical symmetry for the barium fluoride clusters the average
number of barium atoms in each cluster is 215. As each side
chain in Nafion® contains only one sulfonate group and one
barium ion bonds to two sulfonate groups for reasons of charge
balance, the average number of side chains that contribute to the
formation of the barium fluoride clusters is about 430. Accord-
ing to the results of Gierke et al., based on their cluster-network
model of Nafion®, the number of sulfonate groups per ionic clus-
ter is about 27 for a completely dried sample [24]. This means
that on average at least 16 ionic clusters contribute to the for-
mation of one barium fluoride cluster. This result is certainly
a rough approximation, since it is based on several simplifica-
tions regarding the structure of Nafion® and the structure of the
barium fluoride crystals. However, it demonstrates, that either
significant structural rearrangement has to take place when the
sample is exposed to the electron beam or percolation of ionic
clusters does already exist in the non-humidified sample. Nev-
ertheless, although significant structural rearrangement of the
polymer electrolyte may occur in the TEM on an atomic and
molecular level, microstructural changes of the electrode and
membrane were not observed unless very high beam intensities
were used. Furthermore, the staining experiment demonstrates
that barium staining may be used to reduce fluorine loss from the

electrode and membrane during electron microscopy analysis by
binding fluorine into BaF, nanocrystals.

3.2. Elemental mapping

Elemental mapping techniques are an elegant alternative to
staining experiments, as they do not require the insertion of a
staining agent and are therefore less prone to artifacts. Instead,
differences in the chemical composition can be used to distin-
guish the polymer electrolyte from the resin. For PFSI polymer
electrolytes, which are most commonly used for PEMFCs and
DMEFCs, the fluorine signal can be used to visualize the elec-
trolyte distribution. The sulfur signal, which arises from the
sulfonate groups, is less suitable for elemental mapping as it
overlaps with the platinum Ma line [14] and sulfur impurities
of the carbon support may be mapped as well. Therefore, in this
study we have focused on the fluorine signal.

Electron microscopy allows the use of two different elemental
mapping techniques, namely EDX and EFI. A major advantage
of the EDX method is its wide distribution and its availabil-
ity also for scanning electron microscopy. Both methods have
advantages and limitations that are rather complementary to each
other and therefore they are best used in combination to char-
acterize the polymer electrolyte distribution. As already pointed
out in the introduction, the resolution of the EDX method is
rather limited due to the large excitation volume for X-ray gen-
eration, which can reach a few micrometers for materials of low
density. Although the use of thin sections instead of bulk sam-
ples reduces the excitation volume and therefore improves the
resolution, it is difficult to resolve fine details of the polymer dis-
tribution by EDX. As the sensitivity of EDX for light elements
such as fluorine is rather low and the elemental information is
recorded sequentially for each image point, recording times of
several hours are necessary to obtain an elemental map, thereby
introducing problems of sample drift and sample stability. This is
partly compensated by the fact that EDX allows parallel record-
ing of several elements, so that for instance elemental maps of
platinum or ruthenium can be obtained at the same time. In con-
trast, recording times for energy filtered images are only in the
order of a few minutes, but only one element can be mapped
at a time. Furthermore, EF-TEM fails to record elemental maps
of heavy elements such as platinum and can hence not be used
for mapping of the catalyst. And while it offers a much higher
resolution than EDX, it is difficult to obtain images at low mag-
nification, since, except for the so-called omega filter; the energy
filter introduces a rather large post magnification.

3.2.1. Fluorine mapping by EDX

Fig. 5 shows the SE and BSE image of a thin section of a fuel
cell electrode as well as elemental maps for carbon (C), fluo-
rine (F), platinum (Pt) and ruthenium (Ru). In the lower half of
the image a part of the membrane is visible. Since the fluorine
signal recorded for the membrane was much more intense than
that of the electrode, a log-transform of the image intensity was
necessary to visualize the fluorine content in the electrode. The
fluorine map of the electrode shows a similar intensity distribu-
tion as the carbon map, indicating that the polymer electrolyte
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Fig. 5. SE and BSE micrographs of a DMFC anode catalyst layer and elemental maps for carbon (C), fluorine (F), platinum (Pt) and ruthenium (Ru) for the same

region obtained by EDX mapping.

is homogeneously mixed with the catalyst. However, especially
close to the interface with the membrane, a slightly higher flu-
orine concentration can be observed. It cannot be completely
ruled out that this is caused to some degree by smearing of some
polymer electrolyte of the membrane into the electrode during
sectioning of the sample, therefore being an artifact of the sec-
tioning process. However, it seems more likely that the higher
fluorine signal is caused by segregation of the polymer elec-
trolyte during the hot-spray preparation process. By this process
the electrode layer is applied by spraying several layers of ink
containing the catalyst and the polymer electrolyte onto a heated
membrane. Capillary forces of the already sprayed layers may
therefore tend to transport polymer electrolyte, which is still in
the liquid phase of the ink, towards the membrane leading to a
concentration gradient perpendicular to the electrode layer.
The platinum and ruthenium maps of the electrode, that have
been acquired along with the fluorine map, reveal that the cata-
lyst is not homogeneously distributed throughout the electrode
layer. In particular, the platinum distribution shows agglomera-
tion and some void regions, that do not correspond to holes in
the electrode structure. Strong agglomeration of catalyst parti-
cles was also observed for other catalysts, including commercial
ones. This is noteworthy, since no indication of such agglomer-
ation was found by classical TEM analysis of dispersed powder
samples of these catalysts. There are two reasons why TEM
analysis of powder samples fails to detect large catalyst agglom-
erates. (i) TEM usually probes only a very small sample volume,
(ii) particles of more than 100nm in diameter can generally
not be analyzed by TEM, as they are opaque to the electron
beam. Therefore, it is not possible to differentiate between well
dispersed catalyst particles on agglomerated catalyst support
particles and large agglomerates of unsupported catalyst par-
ticles by TEM analysis of dispersed powder samples. As this
method has become a standard characterization technique for
dispersed catalyst samples, one should bare in mind, that disper-

sion information derived by this method may lead to inaccurate
or erroneous results. BSE imaging and EDX mapping of catalyst
thin-sections may provide additional information on the cata-
lyst distribution and should become a recommended standard
characterization procedure for dispersed catalyst samples.

3.2.2. Energy filtered imaging (EFI)

Elemental information can be obtained from energy filtered
image data either by the three- or the two-window method [25].
For the three-window method, which was used in this work,
three images are acquired. One at an energy corresponding to the
characteristic loss feature of the element investigated (post-edge
image) and two at energy losses slightly lower than the charac-
teristic energy loss feature (pre-edge image). The latter images
are used to construct a background image, which is subtracted
from the post-edge image to obtain the elemental distribution.

EF-TEM uses only a relatively small fraction of the electrons
illuminating the sample to form an energy filtered image. As a
consequence, to keep recording times short, high electron doses
are necessary during the exposure. Since high electron doses
also accelerate the degradation of the polymer electrolyte, it is
necessary to know at which rate this degradation takes place to
make reliable interpretations of the obtained fluorine concen-
tration maps. To determine the degradation rate, a sequence of
electron energy loss spectra was acquired from the membrane
at electron doses similar to that used for the acquisition of the
energy filtered images. Fluorine losses of about 2.5% per minute
were determined by integration of the intensity of the fluorine
edge from the sequence of EEL-spectra. Since a typical acqui-
sition of three energy filtered images — two pre-edge images for
background correction and one post-edge image, that contains
the elemental information — takes about 3 min (~1 min for each
image), the fluorine loss during acquisition is less than 10%. The
effect of fluorine loss is further minimized, since the post-edge
image is acquired first and the influence of the fluorine loss on
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Fig. 6. Unfiltered transmission electron micrographs of the membrane electrode interface (a) and a part of the electrode layer (d). Images (b) and (e) show fluorine
maps of these regions obtained by energy filtered transmission electron microscopy applying the three-window method. Bright parts in the image correspond to a
high fluorine concentration. A superposition of the fluorine map with the unfiltered images is displayed in (c) and (f).

the pre-edge images should be negligible. This demonstrates that
energy filtered imaging of the fluorine distribution in PEFCs is
possible and that the results obtained are only slightly affected
by fluorine losses during acquisition time.

Unfiltered transmission electron micrographs and the corre-
sponding fluorine maps of a PEFC electrode at two different
locations are shown in Fig. 6. The fluorine maps were obtained
using the three-window method with pre-edge images at 643
and 670 eV and a post-edge image at 698 eV. All energy filtered
images were recorded with a slit width of 25 eV and an exposure
time of 30s.

Images a—c were acquired directly at the membrane—
electrode interface. A part of the membrane is visible in the left
half of the images. The interface between the membrane and the
electrode is clearly visible in the fluorine map (Fig. 6b) as a stripe
of low fluorine concentration (dark color). On the right side of
the interface some pore space is visible, that is completely filled
by the polymer electrolyte, indicated by bright contrast or blue
color in Fig. 6b and c. At image positions, where catalyst mate-
rial is present, the signal of the fluorine concentration essentially
drops to zero, because the volume of the cross-section at these
sample positions is almost completely occupied by the catalyst
and the support particles. However, in the lower right corner
of the image a fluorine signal can also be detected in between
two support particles, which lie in close proximity to each other,
indicating that Nafion® can penetrate into the void space of the
catalyst agglomerates.

Fig. 6d—f shows a part of the electrode structure further apart
from the membrane—electrode interface. In contrast to the image

taken at the membrane—electrode interface the pore space in the
electrode layer is not completely filled by the polymer elec-
trolyte. In some parts of the image the fluorine distribution can
be seen to closely follow the contours of the catalyst support par-
ticles, indicating that the polymer electrolyte coats the catalyst
and catalyst support particles. The catalyst agglomerates appear
rather dense with no visible void space. Therefore, the void space
inside the catalyst agglomerates must be significantly smaller
than the thickness of the ultra-thin section (i.e. <100 nm). This
is consistent with the agglomerate model described by Uchida
et al. [11], who, based on mercury porosimetry data, assigned a
pore range from 20 to 40 nm to pores inside the catalyst agglom-
erates. Due to the small volume of these pores, which might be
occupied by the polymer electrolyte, the fluorine signal originat-
ing from parts inside the catalyst agglomerates is very low and
cannot be clearly distinguished from experimental noise. Hence,
so far it was not possible to clearly ascertain the extent to which
the polymer electrolyte penetrates into the catalyst agglomer-
ates. However, by optimization of the sample preparation and
acquisition parameters the elemental sensitivity might be fur-
ther improved, so that information of the fluorine distribution
also from parts inside the catalyst agglomerates may be obtained.

4. Conclusion

It has been demonstrated that the combination of SEM and
TEM imaging of thin and ultra-thin sections of membrane—
electrode assemblies is a powerful tool to characterize the elec-
trode structure of PEMFC.
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Compared to bulk sections and bulk samples thin sections
provide a much higher information level due to the preservation
of the pore structure and smaller excitation volume in SEM.
However, the detection of the polymer electrolyte is difficult
because of its masking by the embedding resin and its instability
in the electron beam.

Two approaches were proposed to distinguish the polymer
electrolyte from the embedding media:

(1) Contrast enhancement by doping the polymer electrolyte
with heavy metal ions.

(2) Mapping of the fluorine distribution by element sensitive
imaging techniques (EDX mapping and EF-TEM).

Contrast enhancements by doping the polymer electrolyte
with heavy metal ions revealed that the polymer electrolyte is
mainly concentrated around the catalyst and catalyst support par-
ticles. However, contrast enhancements obtained by this method
were too low to allow clear identification of the polymer elec-
trolyte at higher magnification. Moreover, they are also likely
to introduce artifacts, in particular inside the membrane due to
swelling of the polymer electrolyte during the staining process.

EDX mapping and BSE imaging of MEA thin sections proved
to be a suitable tool to study the catalyst dispersion also in the
inside of large catalyst agglomerates, which is generally not
accessible by classical TEM analysis of dispersed powder sam-
ples as particles exceeding about 100 nm in diameter cannot be
transmitted by the electron beam. EDX fluorine maps of MEA
thin sections could be obtained, too, but the count rate of the
fluorine signal inside the electrode was low, providing not much
detail of the polymer electrolyte distribution.

Further, it was demonstrated that EF-TEM can be success-
fully used to acquire element distribution maps of fluorine. With
EF-TEM it was possible to resolve the fluorine distribution at
resolutions where individual catalyst support particles can be
distinguished. The polymer electrolyte was found to form a
several nanometers thick coating on the catalyst and catalyst
support particles inside the electrode layer, while close to the
membrane—electrode interface complete blocking of pores was
observed.
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