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Investigation ~ of  membrane/electrode  assembly  (MEA)
microstructure has become an essential step to optimize the MEA
components and manufacturing processes or to study the MEA
degradation. For these investigations, transmission electron
microscopy (TEM) is a tool of choice as it provides direct imaging
of the different components. TEM is then widely used for
analyzing the catalyst nanoparticles and their carbon support.
However, the ionomer inside the electrode is more difficult to be
imaged. The difficulties come from the fact that the ionomer forms
an ultrathin layer surrounding the carbon particles and in addition,
these two components, having similar density, present no
difference in contrast. In this work, we show how the recent
progresses in TEM techniques as spherical aberration (Cs)
corrected HRTEM, electron tomography and X-EDS elemental
mapping provide new possibilities for imaging this ionomer
network and consequently to study its degradation.

Introduction

Nowadays, it is widely accepted that hydrogen fuel cell vehicles is one of the solutions to
reduce the greenhouse emission generated by transportation sector. The progress on the
different proton exchange membrane fuel cells (PEMFCs) components was the key factor
to launch the first commercial vehicles. However, significant penetration of fuel cell
vehicles still requires reductions in costs and improvements in performance and
durability. To overcome these challenges, further research is needed especially to
continue the optimization of membrane/electrode assembly (MEA) components and to
increase understanding of the degradation mechanisms. In these research domains,
investigation of the MEA microstructure has become an essential step. For this
investigation, transmission electron microscopy (TEM) is a tool of choice as it provides
direct imaging of the different MEA components. TEM is then widely used for analyzing
catalyst nanoparticle structures and distribution, as well as their chemical composition.
The carbon support can also be imaged; for example, the degree of graphitization can be
investigated. However, the ionomer network inside the electrode is more difficult to be
imaged due to the fact that the ionomer mainly forms an ultrathin layer surrounding the
carbon support. Moreover, these two components, having similar density, present no
difference in contrast. The presence of ultrathin ionomer layer can only be revealed in
some favorable zones on high resolution TEM (HRTEM) images (1). The ionomer
network inside the catalyst layer was never imaged although this is an important



microstructural parameter that plays a crucial role in ionic conduction through the
catalyst layer. Recent progresses in TEM offer new possibility for imaging the catalyst
layer ionomer. In this work, we show how the advanced TEM techniques as spherical
aberration (Cs) corrected HRTEM, electron tomography and X-EDS elemental mapping
provide new possibilities for imaging this ionomer network and consequently to study the
ionomer degradation.

Cs-corrected HRTEM

Introduction of Cs correction in @a HRTEM has considerably increased the microscope
resolution that now is below 50 pm and consequently largely increased the quality of
HRTEM contrast images. In order to image by Cs-corrected HRTEM, the ultrathin
Nafion layer surrounding the carbon agglomerates, catalyst layer made with Nafion and
Pt/GCB (graphitized carbon black) was scraped and the powder was deposited on lacey
carbon film TEM grid. The observations were performed using a FEI Titan Ultimate
microscope equipped with two Cs correctors and operating at 200 kV. The images
(Figure 1) clearly reveal the presence of Nafion surrounding the graphitized carbon
agglomerates; the Nafion has a “curling line” contrast that differs from the well
graphitized structure of the carbon support. We are tempted to think that the curly line
contrast could correspond to the polymer chains but, due to the high electron beam
sensitivity of Nafion (2,3), isolated polymer chains would never resist to the electron
beam. It is even likely that the curling lines result from the reorganization of the ionomer
after its degradation under the beam and could correspond to the ionomer surface
perturbation. Then even taking advantages of improved resolution of the last HRTEM
generation, due to the high electron beam sensitivity of Nafion, determining ionomer
structure at the level of the polymer chain arrangement is not straightforward (3).
Radiation damage remains the main limiting parameter and improvement in the low
electron dose image contrast is still necessary. However, this particular “curling line”
contrast is helpful to recognize the presence of Nafion on HRTEM images.

Some nanocrystallites with a diameter around 2 or 3 nm are also often observed on
the Nafion zones (see the right-bottom image of Figure 1). These crystallites are probably
copper sulfides or oxides that result from the reaction of the TEM grid copper with the
Nafion sulfonic-acid group (4,5).



Figure 1. HRTEM images of Nafion surrounding graphitized carbon black Pt supports.
The Nafion has a “curling line” contrast that differs from the graphitized structure of the
support. The right-bottom image shows nanocrystallites (within the dashed circles) that
probably are copper sulfides/oxides.

Electron tomography

Electron tomography provides 3D images with a sub nanometer resolution. The 3D
information is reconstructed from a series of 2D projections, where ca. 100 images are
acquired by tilting the sample typically between -70° to +70°. High-angular dark field
scanning TEM (HAADF-STEM) imaging is generally used, because of its dominant
mass-thickness contrast and absence of diffraction contrast that is necessary for reliable
3D image reconstruction. We successfully used this technique to image the 3D
morphology of ultrathin Nafion layer surrounding the carbon particles (6). As in
HAADF-STEM mode, the ionomer does not present sufficient contrast as compared with
the carbon black (CB), the first step of this experiment was to enhance the Nafion
electron density contrast by staining the ionic domains with Cs* ions (Figure 2).
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Figure 2. HAADF/STEM image of catalyst layer showing the thin Nafion layer
surrounding the Pt/CB. The contrast of the Nafion was enhanced by staining its ionic
domains with Cs” ions.

To avoid the high contrast of Pt nanoparticles, we studied a model active layer prepared
with an ink consisting of CB without Pt nanoparticles. The ionomer was stained with Cs”
ions after coating this model ink on the gas diffusion layer using the usual electrode
processing method. This electrode was scraped and the powder was deposited on a lacey
carbon film TEM grid. Tomography series were taken in HAADF/STEM mode at
different sample tilt angles and a full 3D view of the thin Nafion layer surrounding the
CB was obtained by using tomographic reconstruction algorithm (Figure 3). The 3D
distribution of the Nafion layer on the CB is then clearly visible. Moreover, quantitative
analysis of the tomogram gives relevant information on the morphological parameters of
the Nafion layer such as the average thickness of the layer and the degree of coverage
that play an important role in the transport processes of protons and gaseous reactants.
The influence of ionomer/CB ratio introduced in the ink was studied by preparing two
samples with two different Nafion/CB ratios equal to 0.2 and 0.5w/w (6). The
guantitative tomogram data analyses performed for these two samples have revealed that
doubling the amount of ionomer in the catalyst ink does not change the average thickness
of the Nafion layer, measured around 7 nm but lead to a twofold increase in its degree of
carbon particle coverage (Nafion covered area of the CB is around 50% for sample with
the lower Nafion content whereas it is around 80% for the sample with the larger Nafion
content).
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Figure 3. 3D view of the Nafion layer (in blue) surrounding the CB (in grey) obtained
from electron tomography experiment. For this sample, the Nafion/CB ratio was equal to
0.2 (6)

These electron tomography analyzes are of great interest for finding the optimum
manufacturing process that will lead to the maximum carbon coverage without increasing
the ionomer layer thickness, the optimized ionomer network structure having to ensure
both ionic contact with a maximum of Pt nanoparticles and the connectivity of the ionic
conduction paths to the membrane without inhibiting the gas diffusivity.

X-EDS fluorine elemental map in STEM mode

Recent developments of high performance X-ray energy dispersion spectroscopy (X-
EDS) detectors give the new possibility to acquire chemical elemental maps in very short
time (few seconds or minutes) in STEM mode. Fluorine being one of the main elements
of the ionomer, ionomer distribution within the catalyst layer can now be visualized by
acquiring fluorine X-EDS elemental map through thin ultramicrotomed MEA samples (2).
Different electrodes were prepared into thin cross-section (90 nm tick) by cutting the
epoxy embedded MEAs by ultramicrotomy and were observed in STEM mode using a
FEI-Tecnai Osiris microscope operating at 200 kV and equipped with a Super-X system
(4 Silicon Drift Detectors) optimized for high speed X-EDS measurement. The fluorine
X-EDS elemental maps acquired through the different electrodes (Figure 4) clearly reveal
that in some electrodes the ionomer distribution is homogeneous through the electrode
(Figure 4a-c) whereas in other electrodes large agglomerations of ionomer were observed
in some zones (Figure 4b-d).



Figure 4. Fluorine X-EDX elemental map acquired through two electrodes providing
ionomer distribution image. The first electrode (a) presents a homogeneous ionomer
distribution whereas the second electrode (b) shows heterogeneous ionomer distribution.
c) and d) are respectively fluorine X-EDS maps acquired using higher magnification of
the electrodes a) and b).

One limitation of this technique is that a high X-EDS signal requires a high electron dose,
especially when high spatial resolution is required. Unfortunately, the ionomer is highly
sensitive to electron beam radiation damage and a continuous F loss happens under the
electron beam. Measurement of the F loss under different acquisition conditions has
shown that the F loss can be minimized by controlling the electron dose and by cooling
the specimen during the analyses (2). Using these conditions, it is now possible to
perform some quantitative analyses on the ionomer distribution within the electrode (2).
But most importantly, this approach opens the possibility to compare the ionomer content
in different electrodes and consequently to study the ionomer evolution within the active
layer after MEA ageing tests.

Analyses of active layer ionomer degradation after MEA ageing tests

Ageing test performed at open circuit voltage (OCV) is often used for accelerating the
membrane degradation. Indeed in this condition, the high gas crossover maximized the
production of radicals that slowly deteriorate the membrane. Such severe degradation was
observed on a studied MEA after long OCV test; scanning electron microscopy (SEM)
images of the MEA cross-section show that the part of the membrane lying between the
mechanical reinforcement and the cathode had completely disappeared (Figure 5).
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Figure 5. SEM images of MEA cross-section. a) Fresh MEA and b) MEA after an OCV
ageing test; the part of the membrane lying between the mechanical reinforcement and
the cathode completely disappeared.

In order to know if the ionomer within the catalyst layer was also affected by the OCV
test, thin cross-sections (90 nm thick) were prepared in the fresh MEA and in the OCV
aged MEA. These two cross-sections were observed in cryogenic conditions (-105°C)
using a Gatan cryogenic sample holder on the FEI-Tecnai OSIRIS microscope operating
at 200kV. The superposition of the HAADF/STEM image with the X-EDS fluorine
elemental map acquired on the OCV aged cathode (figure 6) shows that 1 um of the
membrane remained attached to the cathode whereas a large part of the membrane had
disappeared. On the other hand the ionomer distribution inside the cathode is still visible.

Figure 6. Fluorine X-EDS elemental map of the cathode after OCV test.

In order to quantitatively analyze the fluorine content evolution between the fresh MEA
and aged MEA, X-EDS fluorine maps were acquired in the same conditions for the two
samples. The acquisitions were performed at cryogenic conditions using an electron dose
of 10%¢/nm?, these conditions minimizing the electron beam ionomer damage (less than
10% of F loss is expected) (2). Figure 7 shows the fluorine elemental maps of the two
samples and the X-EDS spectra associated. Similar quantity of fluorine was detected in
the two cathode spectra; the quantitative analyses of the F/Pt ratio indicate a similar ratio
between the two samples (respectively 88/12 and 87/13 in fresh and OCV aged MEA).
Consequently, these analyses show that in this MEA analyzed zone, even if severe
membrane degradation was observed, no degradation of the cathode ionomer was
detected.
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Figure 7. Fluorine X-EDS maps acquired on the fresh and OCV aged cathode and
superposition of the 2 spectra associated to this two maps.

Another source of ionomer degradation that reduces the proton conductivity is its
contamination with metallic ions. This contamination could be particularly significant
when platinum alloy catalysts are used at the cathode. Indeed, the non-noble metal such
as Co or Ni dissolves during fuel cell operation. Unlike the Pt ions that are reduced into
nanocrystallites inside the membrane by the H, crossover, the Co?* or Ni** cations are
stable in the MEA and remain attached to the ionic sites of the ionomer. For studying this
contamination, we investigated an MEA composed of Pt3Co catalysts at the cathode and
aged during 2000 h in a short stack under stationary condition (i = 0.4 A cm®). The
ultramicrotomed sample was taken from the MEA area located near the air inlet. In this
sample, X-EDS analyses clearly reveal the presence of Co in the membrane, with a
significant amount of Co in the mechanical reinforcement.

Using fluorine X-EDS elemental maps acquired through the cathode, some pores filled
with Nafion were detected. When the pore is large enough, X-EDS maps were acquired
on this cathode Nafion (Figure 8a). It is not surprising that the X-EDS analyses of the
cathode Nafion show a large amount of Co (the detected Co in the Nafion does not come
from the Co still present in the surrounding PtCo particles because almost no Pt was
detected in the ionomer) (Figure 8b). When HAADF/STEM observations were performed
on the cathode Nafion using larger magnification, small bright points appear on the image
(Figure 8c). Cobalt X-EDS elemental map clearly show that this point are rich in Co. Size
and interspacing of the observed Co rich clusters, that are respectively around 1 nm and 5
nm, suggest that the clusters could be located in the ionic domain of the Nafion (3, 4).
However, some beam damage artifacts should be taken into account as the electron beam



probably involves the Co*" ions reduction leading to the formation of Co rich
nanocrystallites (similar as the crystallites seen in figure 1). Nevertheless, the new
possibility of the X-EDS mapping had clearly revealed the metallic ion contamination in
the membrane as well as in the ionomer catalyst layer.

Figure 8. a) Fluorine X-EDS elemental map of a cathode pore filled with ionomer. b) X-
EDS spectrum associated with the ionomer zone (blue circle) of the X-EDS map a). ¢) Co
X-EDS map acquired using larger magnification on the cathode ionomer shown in a).

Conclusion

In this paper it has been shown that the advanced TEM techniques provide new
possibilities for studying the catalyst layer ionomer. The ultrathin Nafion layer
surrounding the CB, having a “curly line” contrast, can clearly be revealed in Cs-
corrected HRTEM mode. The electron tomography analyses in HAADF/STEM mode
was the first characterization experiment that provides 3D visualization of ultrathin layer
of the ionomer distribution surrounding the CB. Moreover important quantitative
information such as the ionomer layer thickness and the ionomer degree of coverage can
be measured from the tomogramms. On the other hand, recent developments of high
performance X-EDS detectors give the possibility to acquire fluorine X-EDS elemental
maps, and hence to image the ionomer distribution through an ultramicrotomed MEA
samples. Consequently, it is now possible to control the homogeneity of the ionomer



distribution through the electrode. In addition, the ionomer evolution after an ageing test
can be quantitatively analyzed by using the acquisition conditions that minimized the
beam damage. In this study, it has been firstly shown that for an MEA ageing under OCV
test, even if the membrane was dramatically damage, no ionomer degradation was
detected in the cathode. In the second example, the X-EDS mapping had clearly revealed
that the membrane and also the ionomer in the cathode was highly contaminated by Co
ions coming from the Pt3;Co catalysts.
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