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HIGHLIGHTS

GRAPHICAL ABSTRACT

e FIB and ultramicrotomy Polymer
Electrolyte Membrane Fuel cell sam-
ples studied.

e Samples analyzed by transmission
electron microscopy and soft X-ray
microscopy.

e FIB caused amorphization of carbon
support and destroyed ionomer
(mass loss).

e Microtoming preserved chemistry;
embedding media penetrated into
electrode pores.
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Optimizing the structure of the porous electrodes of polymer electrolyte membrane fuel cells (PEM-FC) can
improve device power and durability. Analytical microscopy techniques are important tools for measuring
the electrode structure, thereby providing guidance for structural optimization. Transmission Electron
Microscopy (TEM), with either Energy Dispersive X-Ray (EDX) or Electron Energy Loss Spectroscopy (EELS)
analysis, and Scanning Transmission X-Ray Microscopy (STXM) are complementary methods which,
together, provide a powerful approach for PEM-FC electrode analysis. Both TEM and STXM require thin (50
—200 nm) samples, which can be prepared either by Focused lon Beam (FIB) milling or by embedding and
ultramicrotomy. Here we compare TEM and STXM spectromicroscopy analysis of FIB and ultramicrotomy
sample preparations of the same PEM-FC sample, with focus on how sample preparation affects the derived
chemical composition and spatial distributions of carbon support and ionomer. The FIB lamella method,
while avoiding pore-filling by embedding media, had significant problems. In particular, in the FIB sample
the carbon support was extensively amorphized and the ionomer component suffered mass loss and
structural damage. Although each sample preparation technique has a role to play in PEM-FC optimization
studies, it is important to be aware of the limitations of each method.
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1. Introduction

The rate limiting reaction in a Polymer Electrolyte Membrane
Fuel Cell (PEM-FC) is the oxygen reduction reaction (ORR), which
occurs in the cathode catalyst layer at the complex triple-phase
boundary between two electron conductive phases (carbon sup-
port and Pt/Pt alloy nanoparticles), a proton conductor phase
(perfluorosulfonic acid (PFSA) ionomer), and a gas phase porous
structure penetrating through the carbon support. The effective-
ness of the electrochemical reaction that converts chemical into
electrical energy depends on the structural relationship among
these materials and how they affect transport of protons, oxidant
and product water. Optimizing the cathode structure to perform an
electrochemical reaction with minimum transport resistances leads
to maximization of the fuel cell performance and durability.

One of the main challenges is to understand what influences the
transport of the reactants to the catalyst reaction sites and the
removal of product water from the pores. Effective modeling of the
transport properties relies on accurate information on the micro-
structure of the catalyst layer [1]. Visualization of the distribution of
each component in the cathode catalyst layer can be achieved with
various electron and x-ray microscopies. The main challenge has
been to characterize the nanoscale distribution of the ionomer in
the active layer since the ionomer is highly susceptible to radiation
damage [2—4]. The PFSA ionomer influences the electrochemical
active surface area, mass transport, both the proton and electron
conductance, the porosity of the electrode layer, and acts as a
binding agent in the catalyst layer. The PEM-FC membrane, sepa-
rating the cathode and anode, is chemically similar to the ionomer.
Both components are copolymers made up of a hydrophobic tet-
rafluoroethylene backbone with good mechanical properties, and
hydrophilic ionic side chains, responsible for proton conduction.

Optimizing the ionomer spatial distribution in the catalyst layer
is critical to improving the performance of the fuel cell. This also
helps minimize costs by maximizing the fraction of the Pt catalyst
that can be accessed by protons and O, thereby allowing design of
catalyst layers with low Pt loading. The main PFSA ionomer used in
PEM-FC is Nafion®, which is available with varying size of side
chains, molecular weights and chain terminations. Paul et al. [5]
suggested that there may be a difference between proton conduc-
tivity of bulk PFSA membrane and the PFSA ionomer present in the
catalyst layer due to the reorganization of the nanostructure of
PFSA when it is in very thin (sub-10 nm) films. It is unknown
exactly how the nanoscale morphology of the PFSA is related to
proton and O, transport [6].

Transmission Electron Microscopy (TEM) in both bright field
and atomic-weight-sensitive, High Angular Annular Dark Field
(HAADF) modes, as well as Electron Energy Loss Spectroscopy
(EELS) and Energy Dispersive X-ray Spectroscopy (EDX) have been
applied to image the PFSA membrane and ionomer at sub-5 nm
scale [2,4,6—9]. In order to mitigate the effects of radiation damage,
the nanostructure of PFSA membranes has been imaged with
electron microscopy using cryo-techniques [2,9]. Since carbon-
containing materials have similar contrast in HAADF images, the
ionomer in PEM-FC electrodes has been imaged using stained
samples [4,8] where ionomer contrast in enhanced.

Soft X-ray spectromicroscopy has also been applied to map
distributions of ionomer relative to the catalyst and support
structure in the cathode [10,11]. Scanning Transmission X-Ray Mi-
croscopy (STXM) is a synchrotron-based technique that has suc-
cessfully visualized the ionomer in catalyst coated membranes
(CCMs). This was achieved by spectroscopically mapping and
differentiating the ionomer, carbon support and embedding epoxy,
through C 1s and F 1s near edge X-ray absorption (NEXAFS) signals
[10—14]. STXM is an ideal tool to study ionomer in CCM, since the

radiation damage per unit of analytical information caused by soft
X-rays is much lower than in the analogous electron microscopy
technique, TEM-EELS with core loss spectroscopy [15—17]. TEM-
EELS and STXM both cause radiation damage and result in similar
chemical changes for similar deposited doses [ 14—16]. However, in
X-ray absorption each absorbed X-ray provides analytically useful
spectral information, whereas deposition of the equivalent energy
through inelastic electron scattering results in a very large number
of valence ionization events, which break bonds but do not provide
the analytically useful core loss information.

A serious limitation to analytical microscopy methods is sample
preparation artefacts. A variety of methods [18,19] have been used
to prepare the thin samples (50—200 nm) needed for both trans-
mission electron and x-ray microscopy techniques. Ultramicrotomy
has been used successfully to prepare uniformly thin sections of
PEM-FC CCMs [ 18]. However, loosely connected parts of the sample
(for example carbon black particles) can be detached and smeared
over the section during slicing [20]. Also, structural alterations can
occur due to mechanical stresses [21] deforming the morphology
and phase transformation properties of the ionomer [6]. Micro-
toming CCM samples which combine hard (carbon support/Pt
particles) and soft (ionomer) materials may result in cutting arte-
facts [22]. These issues can affect the correct assessment of the
microstructure and the interpretation of the results. Another
disadvantage is the need to embed the material. Finding a suitable
embedding material and preparation strategy is challenging [18,19].
Partial penetration of the cathode by the embedding material is
ideal [19], but the degree of penetration depends on the porosity
and the surface tension of the material. Embedding and ultrami-
crotomy are not always reproducible and can lead to distortions of
the nanostructure due to swelling of the polymerizing embedding
material in the cathode layer pores.

Another technique frequently used to prepare thin specimens is
Focused Ion Beam (FIB) milling [23]. 3D pore size distributions and
connectivity of the carbon support, both pristine [24] and after
electrochemical testing [25], have been determined from FIB in
combination with Scanning Electron Microscopy (SEM) in slice-
and-view serial FIB tomography. This is valuable information that
can improve modeling of the mass transport in the electrodes [1].
However, there are concerns that the nanostructure may be
modified by FIB milling. During FIB milling, the material is ablated
by a gallium ion beam, which removes material and modifies the
surface of the remaining sample. This may result in local amorph-
ization in insulating or semi-conducting materials; defects or
intermetallic phases for certain metals [23,26]; heating damage; Ga
implantation [26]; sample re-deposition; and the curtain effect in
polymer composites [27]. For soft materials, FIB can cause serious
chemical and physical transformation of the sample, such as knock-
on damage and radiolysis [21,22]. Structural changes such as chain
scission, cross-linking, chain shrinkage can transform the structure
and change the crystallinity of polymers. Nonetheless FIB sample
preparation has been applied successfully to some soft samples
[28], including bacterial samples with attached biominerals [29], a
hard-soft system with some properties analogous to PEM-FC
cathodes.

Local heating is a major concern during FIB milling of polymers
as it can result in significant chemical change [21,28,30]. Heating
damage depends on the current and accelerating voltages of the ion
and electron beams, and also on the thermal conductivity of the
sample, as only a small portion of the incident kinetic energy is
responsible for breaking the bonds and milling the sample
[21,27,28]. This damage is usually minimized by using low beam
currents [21,28], cryostages [28], or alternative scanning techniques
[21,30]. Structural transformations of FIB milled polymeric samples
(for example polyacrylamide and lignite coal) have been analyzed
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using STXM at the C 1s edge [21]. In that work, it was reported that
the SEM electron beam used for imaging was a larger cause of
damage than the ion beam [21]. For polycarbonate, phase contrast
in atomic force microscopy (AFM) images was related to the ion
beam energy and elastic modulus of the polymer, allowing a
determination that 25 keV was the ion beam energy that would
minimize FIB damage [31]. Semiconducting polymers suffer
extensive damage during FIB milling, with the main effects being
chain scission and cross-linking with disruption of the conjugated
system [32].

Different polymers exhibit different changes when damaged in
FIB milling, reflecting differences in their chemistry. Because of the
increased use of FIB for sample preparation and 3D imaging of PEM-
FC using slice-and-view, it is important to understand and quantify
the damage done by FIB to the different chemical components, in
comparison to the alternative of embedding and ultramicrotome
sample preparation. Although there are some studies of FIB damage
to soft materials [21,31], the rate and types of damage for FIB
milling of PEM-FC materials have not been characterized to our
knowledge. Several groups, including the present authors, have
identified FIB damage as a concern [20,24,33], but we are unaware
of any quantitative in-depth study. The objective of this work is to
compare microstructural properties of all components in the
cathode catalyst layer, especially the ionomer, for samples of the
same CCM prepared with ultramicrotomy and FIB. Morphological
details were analyzed with TEM bright field and HAADF imaging;
elemental analysis was performed with EDX and EELS measured in
scanning transmission electron microscopy (STEM) mode; detailed
spectromicroscopy studies were carried out using near edge X-ray
absorption spectral contrast (NEXAFS) in STXM. EELS and EDX in
TEM and the C 1s and F 1s NEXAFS in STXM showed there was
extensive damage to the carbon support in the FIB milled CCM
sample. Damage to the ionomer in the FIB milled sample was
extremely severe: mass loss and structural damage were observed
and quantified with STXM. The advantage of preparing the CCM
with FIB is the possibility of preparing thinner and more uniform
sections than with ultramicrotomy. However, these results indicate
that FIB samples of PEM-FC CCMs are likely to be missing the key
component - ionomer. This paper is organized as follows: Section 2
describes the experimental protocols used; Section 3 presents the
results, first from TEM methods, and then from STXM; Section 4
presents the discussion, followed by a short summary.

2. Experimental procedures
2.1. Sample preparation

The sample used is a CCM with an 18 pm thick Gore-SELECTA®
ePTFE micro-reinforced membrane. The cathode had a 0.4 mg/cm?
Pt loading on a graphitized carbon catalyst support. The Pt depo-
sition process used a hexachloro Pt acid precursor. Two sample
preparation techniques were applied to the same sample: ultra-
microtoming and Focused lon Beam (FIB) milling. In order to reduce
penetration of the embedding material into the cathode in the ul-
tramicrotomy sample, high MW polystyrene (PS) was used [10].
The CCM was sandwiched between two PS beads which had been
gently softened by a brief exposure to toluene vapor. The composite
was dried overnight at 60 °C. The microtomed slices were cut at
room temperature with a Leica Ultracut UCT at a thickness of
approximately 100 nm with a DiIATOME diamond knife. Sections
were transferred from a water surface to holey carbon coated 200
mesh Cu grids (Electron Microscopy Sciences). A cryo-microtomy
section was also prepared by soaking the sample overnight in a
sucrose solution [34] then flash freezing to —130 °C, followed by
cryo-microtoming. The cryo-cut section was transferred to a grid,

which was subsequently floated in a water bath to dissolve the
sucrose.

For the FIB preparation, a cross-section of the same CCM was
glued with carbon tape and silver paste onto a 90° Al SEM stub. The
region of interest was the cathode material. AW strip was applied
to the top surface of the sample over the area of interest to mini-
mize artefacts and control rate of removal. More details on FIB
sample preparation can be found in the literature [35]. A Zeiss
NVision40 FIB was operated with a Ga* beam at 30 kV and 80 pA
ion beam current. The sample was at room temperature. Lower ion
beam energies are known to reduce the thickness of amorphous
layers in FIB milled Si [23]. A lower polishing ion beam voltage and
current were used (10 kV, 40 pA) with the intention of reducing
sample damage.

2.2. TEM, EDX, tomography and TEM-EELS

All TEM imaging and analytical measurements were carried out
using a field emission JEOL 2010F TEM/STEM operated at 200 keV.
The EDX detector (Oxford Instruments, Inca model 6498 with area
detector 30 mm? and ATW window) had a collection solid angle of
0.1 Sr. A Gatan imaging filter (GIF-Tridiem Ultrascan 2 K x 2 K) was
used for EELS. For electron tomography, a specialized Fischione
holder (model 2020) was used on a FEI Company Titan 80-300 TEM,
a high resolution aberration corrected HRTEM/STEM operated at
300 keV in scanning mode. The FEI software Xplore3D was used for
STEM tomography calibration and acquisition. The tilt series was
taken over 0° to —64° and then from 1° to +65° with 2° increment.
The convergence angle was 5.5 mrad. An electron beam current of
55 pA was used. The camera length used for acquiring both tilt
series was 115 mm leading to an inner scattering angle collected on
the Fischione High-Angle Annular Dark-Field (HAADF) detector of
50 mrad. Automated Fourier filter cross-correlation alignment and
manual alignment of the tilt axis were used to align the images of
the tilt series using the software Inspect3D™. Both weighted back
projection (WBP) reconstruction and simultaneous iterative
reconstruction technique (SIRT, 25 iterations) algorithms were
used. The Amira™ software was used to visualize the reconstructed
volume.

2.3. STXM

The FIB and ultramicrotomed specimens were measured using
STXMs on beamline 10ID1 at the Canadian Light Source (CLS) [36]
and beamline 5.3.2.2 at the Advanced Light Source (ALS) [37]. The
STXM instrumentation, acquisition and analysis have been pre-
sented elsewhere [38,39]. The C 1s and F 1s edges were of particular
interest since these are the majority elements of the ionomer.
Among the chemical species in a CCM, the F 1s signal is unique to
the PFSA ionomer and membrane components. The C 1s NEXAFS
spectra readily distinguish the ionomer from the carbon support,
the polystyrene (PS) and the holey carbon support [10]. Image se-
quences (also called stacks [40]), were acquired at the C 1s and F 1s
edges for the cathode region of the microtome and FIB sections.

The transmitted signal measured in STXM is converted to optical
density, OD = —In(I/l,), where I is the signal transmitted through
the sample and I, is the incident photon intensity, measured from
the transmitted signal without the sample, but with all other
components in the path (e.g. a holey carbon or formvar substrate, or
a hole for the FIB free standing sample). The OD can then be
quantitatively related to type, density and thickness of the sample,
through OD(E) = =p(E)pi-t; where py(E) is the mass-absorption
coefficient and p; is the density of the ith material component
and t; is the thickness of that component at a specific point in the
sample. If the chemical composition and density of each material
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are known and a spectrum of the pure material is available, the
absolute thickness of each component at every position in a sample
can be determined by fitting the spectrum at each position to a
weighted sum of a suitable set of reference spectra, each of which
are scaled to an absolute intensity scale expressed as optical density
per 1 nm thickness (OD1) [39]. The spectral weight of each
component at each pixel are assembled into quantitative compo-
nent maps [39]. This approach was used for the microtomed sample
where there was negligible sample damage. However there were
significant chemical and possibly density changes in the FIB prep-
aration (as characterized by this work), which meant that we could
not apply this method to the FIB sample. Instead, the carbon and
fluorine components were quantified by matching reference
spectra extracted from the sample to the C 1s and F 1s signals
tabulated for these elements [41], and an assumed density of
1.0 g cm~3. This assumption converts the derived material thick-
nesses into effective rather than absolute values, still allowing
comparative evaluation of the relative amounts of ionomer and
carbon support in the microtomed and FIB samples. This does not
affect the results of our damage analysis as the spectroscopy clearly
reveals dramatic changes of the material as well as overall OD
signal changes.

All STXM data analysis was performed using the aXis2000
software [42]. As with other additive analytical methods, one must
account for each component present. In practice, that is done by
carefully evaluating the suitability of internal or external reference
spectra and checking that the statistical quality of the singular
value decomposition (SVD), which is an efficient matrix method
equivalent to an optimized linear least squares fit for highly over-
determined data sets [43], is within that expected from the overall
statistical quality of the data [39].

Internal reference spectra were generated by either finding
isolated regions of the pure component of a given sample or by
extracting the pure spectrum from the spectrum of a region with
two components which can be differentiated and thus deconvolved
using component-specific spectral features (e.g. the C 1s — 7* peak
at 285.2 eV of the carbon support). For each analysis, internal
reference spectra were generated and compared with other spectra
previously acquired [10,12,14]. Since the internal reference spectra
of the carbon support region always contains contributions from
the ionomer, Pt catalyst and PS embedding material, it was neces-
sary to subtract a weighted amount of the spectral signature of the
ionomer, PS and Pt in order to isolate the spectrum of the pure
carbon support material in the microtome section. Prior knowledge
of the C 1s spectrum expected for graphitic carbon support, as well
as guidance from the fit to the elemental response for carbon, were
used to guide the amounts of PFSA, PS and constant signals that
were subtracted to generate the internal, pure carbon support
spectrum for the microtome section. After isolating internal refer-
ence spectra of each component, they were converted to a quan-
titative intensity scale (optical density per 1 nm, OD1) by scaling
the intensity of the isolated internal reference spectrum so that,
outside of the near-edge spectral structure energy range, it
matched the intensity of the X-ray absorption predicted from the
elemental composition, standard density and elemental absorption
coefficients of the material [41]. The OD1 reference spectra were
then used to fit the spectrum at each pixel of the C-1s edge stack in
order to generate quantitative component maps.

For analysis of the C 1s image sequence of the FIB sample, it was
possible to extract the spectrum of a damaged carbon support
component from a small area, while the majority of the C 1s signal
was that of amorphous carbon. The spectrum of the amorphous
carbon component was converted to OD1 by scaling the intensity
considering only the carbon elemental response with an assigned
density of 1 g cm™>. This density was arbitrarily chosen as we do

not know the actual composition or density of the FIB damaged
carbon component. The residual of the analysis indicated a suc-
cessful fit, and the absence of a pattern indicated that the carbon in
the FIB section was mostly amorphous carbon, with very little
crystalline carbon support.

The quantification of the fluorine content in both FIB and
microtomed samples was done by first selecting internal reference
spectra for PFSA from the membrane of the microtome sample.
Although the C 1s and F 1s spectra of membrane and cathode
ionomer may differ, our NEXAFS studies have shown that the dif-
ferences are small, much smaller than the changes in the C 1s and F
1s spectra caused by FIB damage. Since the membrane is present in
all our samples, and is chemically similar to the ionomer, we took
the spectrum of the membrane as representative of the ionomer.
This spectrum was set to a quantitative OD1 intensity scale by
scaling to match the elemental response for PFSA. For the FIB sec-
tion, the F 1s signal from the entire region of the FIB section was
used and a quantitative OD1 intensity was set by scaling its in-
tensity to that for elemental fluorine with an assigned density of
1 g cm~>. By using the same (arbitrary) density for the C and F
elemental response the relative amounts will be correct, even
though the derived absolute thicknesses will be skewed from the
actual amount by the density of the amorphous ion beam damaged
material. A pixel-by-pixel fit to the F 1s image sequence yielded
quantitative component maps for the ionomer (microtome sample)
or residual fluorinated material (FIB section), and the non-
fluorinated components (as the constant in an image sequence
analysis).

3. Results & discussion
3.1. TEM characterization of FIB versus microtomed samples

3.1.1. Amorphization of carbon support

The cathode catalyst layer consists of Pt nanoparticles on
~50 nm graphitic carbon support particles, with an ionomer layer
between the support particles, ideally of appropriate thickness and
in intimate contact with the Pt catalyst. TEM bright field-images of
the microtomed section (Fig. 1a) clearly show highly ordered
graphitic layers in the carbon support particles. In contrast, high
resolution imaging of the FIB sample (Fig. 1b, c) shows no evidence
of graphitic order. Rather, the carbon support is extensively disor-
dered and in an amorphous carbon state (see below for spectro-
scopic support). Amorphization is a common damage effect of FIB
in other materials [23,44]. We speculate that the damage to the
carbon particles in a CCM cathode may be particularly severe due to
the porous nature of the material, facilitating the penetration of the
ions into the internal surfaces of the section.

These results show that FIB causes severe damage to the carbon
support at the nanoscale. It is not clear if there is also a change in
porosity, which involves material re-structuring, typically on the
micron scale. Schulenburg et al. (2011) [25] determined approxi-
mately the same porosity for CCM samples milled at room tem-
perature compared to that in a CCM-sample milled under cryo-
conditions using 30 kV FIB-SEM serial tomography. They believed
that the high electron and heat conductivity of the catalyst layer
prevented significant degradation of the porous structure of the
catalyst structure during FIB milling. However, PFSA membranes
[45] and single layer PEMFC [46] have low thermal conductivities.
Additionally, it has been shown that cryo-FIB of polymers with low
thermal conductivity delays, but does not prevent, local heating
while milling [30]. Therefore, it is possible that the porosity of the
catalyst layer changed during FIB milling, which would affect
measurements made with FIB-serial tomography, but this is not
within the scope of this paper.
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Fig. 1. Transmission electron microscopy (TEM) of the cathode catalyst. Bright-field
images showing Pt nanoparticles and carbon support in (a) the microtomed, and (b)
the focused ion beam (FIB) section. The absence of lattice fringes in (b) indicates that
the crystalline nature of the carbon support particles is destroyed in the FIB section. (c)
Amorphous layer on a carbon particle generated in the FIB milling. All images are on
the same spatial scale.

3.1.2. Gallium contamination

HAADF images of the FIB section (Fig. 2a), which provide
contrast based on atomic number, show the presence of additional
smaller particles approximately 2 nm in size or smaller. These
particles are implanted Ga, as confirmed by EDX (see maps in
Fig. 2b). High resolution TEM images, obtained at 80 kV to ensure
minimal knock-on electron beam damage, show that there is an
~5 nm thick amorphous layer at the edge of the carbon support
particles which is embedded with Ga clusters (~1 nm) seen as small
dark spots, and Pt nanoparticles (~5 nm) (Fig. 1¢). This amorphous
layer is a consequence of ion implantation, which results from

knock-on damage events in which Ga* ions displace atoms in the
target material [47].

Electron tomography was used to determine the 3-D charac-
teristics of the sample and to assess the extent of Ga implantation
by overcoming the projection problem of transmission 2-D images
(Fig. 2c and d). Fig. 2d is an orthoslice image of the reconstructed
volume from the centre of the FIB section. It shows that the Pt
particles sit on the surface of the hollow carbon support, consistent
with earlier work [48]. Although the carbon support is not visible,
the carbon particles are defined by bright edges in the orthoslice,
which are Ga particles sitting on the surface of the carbon support.
The Ga particles thus help visualize the location of the carbon
support particles. The ionomer component is not visible; any ion-
omer that survived the FIB milling (see below) was probably
destroyed during the long acquisition of the tomography tilt series.
Tilt series were also acquired for the microtome section. However
the tomography data set for the microtomed section could not be
analyzed because the sample deformed so extensively during the
acquisition that tilt series alignment could not be performed
successfully.

EELS spectrum imaging, linescan and point spectra were ac-
quired for both FIB and microtomed sections. EELS spectrum im-
aging results for the FIB section are shown in Fig. 3. Maps of C, F, O
and Pt are presented in Fig. 3b. The Pt map was estimated from the
spectrum images in the C 1s pre-edge region (215—270 eV), where
heavy metals dominate the signal due to their large electron den-
sity and thus strong valence ionization signal. This approach is
similar to a method used in XAS to estimate the distribution of Pt in
fuel cell MEAs [12]. EELS spectra for the C 1s, O 1s and F 1s edges,
averaged over the spectrum image, are shown in Fig. 3c. The C 1s
spectrum clearly indicates the carbon is extensively amorphized, as
also found by STXM-XAS. The F 1s signal was very weak but
detectable, indicating that a F/C (and thus ionomer/carbon support)
ratio and ratio map can be derived. However, the spectral shape is
broad and different from that known to be characteristic of PFSA as
studied by XAS [10—12]. Although the EELS spectra were acquired
with lower energy resolution (roughly 0.5 eV) than STXM (0.15 eV),
the results are consistent with those from STXM-XAS of the same
FIB sample (see Fig. 7). The C 1s map indicates homogenous dis-
tributions. From the F 1s map, it seems that the ionomer distribu-
tion is homogenous at the spatial scale shown. This suggests it may
be possible to use TEM-EELS to map the ionomer in the active layer
at a nanometer scale, but only within the radiation damage limi-
tations [2,49], and only for uniform sections, less than 50 nm thick.
On the other hand, fluorine was not detected in the cathode of the
microtomed sample using EELS. This could have happened because
we were not sufficiently careful to limit the electron beam dose to a
level which would avoid radiation damage and mass loss of the
ionomer component. Since similar acquisition strategies were used
for the TEM-EELS mapping of the FIB sample which did see a clear F
1s signal, it is possible that the chemically transformed ionomer
component that survived FIB was much harder to break down
further.

3.2. STXM analysis

The optimum optical density (OD) for STXM using transmission
detection is ~1 which corresponds to a thickness of ~100 nm for C
1s spectra of solids with a density of ~1 g cm~>. Therefore, reliable
quantitative analysis can be achieved with STXM for both FIB and
microtome sections. C 1s and F 1s stacks of the microtome and FIB
samples were acquired with STXM. Since the different carbon-
containing components have different electronic structure and
thus different C 1s spectra, it is possible to map each chemical
component based on their characteristic NEXAFS spectrum. The
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Fig. 2. Characterizing Ga contamination in the FIB section. (a) HAADF image and (b) EDX maps (Pt, Ga, C, W, O, F) of the same region of the FIB section. The yellow rectangle in Fig. 2a
is the area of EDX maps. (c) Reconstructed volume using SIRT with 25 iterations and (d) Orthoslice number 68 (of 141 slices) of the FIB-prepared CCM section showing that Pt
particles sit on the surface of the carbon support. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

image stacks were fit on a pixel-by-pixel basis with suitable refer-
ence spectra using Singular Value Decomposition [43]. However,
for damaged samples such as the FIB section this approach has
additional uncertainties since the chemical composition and
structure of the damaged materials are not known.

Fig. 4 presents the analysis of a C 1s image sequence recorded for
the microtome section. The C 1s reference spectra for each
component, derived from the stack as outlined in the experimental
section, are displayed in Fig. 4a on an absolute intensity scale (OD
per nm of material). All of the carbon containing components — PS,
ionomer, carbon support, holey carbon - are distinguished and
mapped. The analysis fit the spectrum at each pixel to the set of
0OD1 reference spectra (Fig. 4a) plus a constant, where the constant
fits those species without a C 1s signal (corresponding to the Pt
catalyst for the microtome section—see Ref. [12]). The quantitative
maps for each chemical component generated by the fit are shown
in Fig. 4b, with grey scales on an absolute nanometre thickness
scale. The nm thickness scale for the Pt component was generated
from the constant map and the pre-Cls OD1 response using the
method described elsewhere [39]. The PFSA component map is
dominated by the strong signal from the membrane (located in the
top right corner of the region sampled). The PFSA signal from the
membrane was subtracted and the remaining ionomer signal dis-
played on an amplified thickness scale, showing in considerable
detail the distribution of the ionomer in the cathode.

Fig. 5 presents the results from analysis of a C 1s image sequence
for the FIB sample. The reference spectra were extracted from the

stack. One isolated region with a strong C1s — 7* transition and
some evidence of the C 1s — ¢™ transition was found and the in-
tensity of the pre and post edges from the spectrum of that region
were matched to that of graphitic carbon support (as in Fig. 4a).
Almost all regions of the FIB sample exhibited a C 1s spectrum with
a relatively weak and broad =* signal and a very broad featureless
¢* region, very typical of amorphous carbon [50]. The intensity
scale of the C 1s spectrum of the FIB sample was converted to a
quantitative scale assuming a composition of pure C and a density
of 2.2 g/cm?. Fits were attempted with the inclusion of the refer-
ence spectrum of PFSA but there were no regions identifiable as
containing unmodified ionomer. In particular, the characteristic
0*(C—F) peaks at 292 eV and 296 eV for PFSA (see Fig. 4a) were not
seen anywhere in the FIB section. Thus the component maps re-
ported are those for crystalline carbon support (Fig. 5b), amorphous
carbon (Fig. 5¢) and the constant (Fig. 5d), which is associated with
Pt catalyst, as well as Ga and W from the FIB sample preparation.
Fig. 5e is a color composite of the carbon support, amorphous
carbon and constant component maps. It indicates that the FIB
section consists mostly of amorphous carbon. The STXM results
show unambiguously that the FIB procedure is amorphizing the
sample, with very little evidence of the characteristic spectra of the
original components, which are seen clearly in the microtomed
sample (Fig. 4).

Analysis of the F 1s STXM results, which are most specific to the
ionomer component, are presented in Fig. 6 for the microtomed
sample and Fig. 7 for the FIB section. For the cathode of the
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Fig. 3. EELS spectrum imaging of the FIB section. (a) Bright field image. The green rectangle indicates the region analysed by EELS mapping. (b) Elemental maps (Pt is estimated
from the pre-C1s spectrum images) and RGB composite map of the Pt (red), F (green) and C (blue) signals. (c) C 1s, O 1s and F 1s EELS spectra averaged from the entire area. The
fluorine signal is low but still distinguishable. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

microtomed sample, only one shape of F 1s spectrum was observed
(Fig. 6a), and the F 1s spectrum in the cathode region, that of the
ionomer, was indistinguishable from the spectrum of the mem-
brane, and of PFSA membranes studied previously [10,12]. The F 1s
stack was processed using stack fit analysis (SVD fit with a constant
component) with the PFSA reference spectrum being that of the
membrane, converted to optical density per nm thickness (OD1)
using a chemical formula of C21F4105SH and a density of 2.1 g cm 3.
The output of the fit consisted of a PFSA component map and a map
of the constant signal (Fig. 6d), which represents all the non-
fluorinated components in the system. The PFSA component map
was split into the membrane (Fig. 6b) and ionomer (Fig. 6¢) com-
ponents using an intensity threshold technique which readily
identifies the cathode-membrane boundary. The color-coded
composite map (Fig. 6e) correlates the positions of the ionomer
with that of the non-fluorinated components.

The results of the stack fit analysis of the F 1s stack of the FIB
section are shown in Fig. 7. The two F 1s spectra used in the fit are
presented in Fig. 7a. One spectrum is the average over the entire
area of the F 1s image sequence while the other is the F 1s spec-
trum of PFSA from the microtomed section. Each spectrum was
background subtracted and scaled such that the pre-edge and far
continuum intensities match those in the predicted X-ray ab-
sorption spectrum for elemental fluorine with a density of 1 g/cm?>.
Only F was included, and a unit density was used since neither the
composition nor the actual density of the highly ion-beam
damaged material are known. The component maps of damaged
ionomer (average F 1s spectrum) (Fig. 7b), possibly undamaged

ionomer (component fit by the spectrum of PFSA (Fig. 7c), and the
constant (non-F components) (Fig. 7d) are shown. The color
composite map (Fig. 7e) indicates that there are isolated region of
metals (probably Pt) shown in red, and a few hot spots with higher
content of less damaged ionomer (in blue), while most of the
material is damaged ionomer (green). The integrated signal of
less-damaged ionomer (fit by the PFSA F 1s spectrum) is less than
10% of that of the damaged ionomer (fit by the average F 1s
spectrum of the FIB section). The spectrum extracted from the
pixels reporting less damaged ionomer, which is presented in the
supplemental material as Fig. S1, is still very much modified from
that of undamaged PFSA, but not as distorted as the average
spectrum.

The average C 1s and F 1s spectra of the FIB and microtomed
samples are compared in Fig. 8. The areas from which the averaged
spectra were acquired are shown as dotted rectangles super-
imposed on images at 300 eV in Fig. 8a and b for the FIB and
microtomed samples, respectively. Fig. 8c compares the average C
1s spectra while Fig. 8d compares the average F 1s spectra. A PS
contribution of 35 nm was subtracted from the C 1s spectrum of the
microtomed section in order to meaningfully compare the spec-
trum with that of the FIB section. The additional offset in the FIB
spectra relative to the corresponding microtomed spectra is prob-
ably due to absorption by Ga and W in the FIB section. These heavy
metals also absorb X-rays but do not generate C 1s or F 1s signals.
The difference in the fine structure of the C 1s edge for both sec-
tions is due to both amorphization and loss of PFSA ionomer in the
FIB preparation.
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Fig. 4. STXM C 1s analysis of the microtomed sample. (a) C 1s absorption spectra of the
carbon support, PFSA membrane, polystyrene (embedding medium) and holey carbon
plotted on an absolute intensity scale (OD per nm thickness). The spectra were derived
from a C 1s image sequence (68 images from 278 to 320 eV), as described in the text.
(b) Quantitative maps (on nm thickness grey scales) for these components derived
from a stack fit to the image sequence using the reference spectra plotted in (a). The
ionomer map in the cathode region was derived from the full PFSA map by threshold
masking and subtracting the area of the membrane in the upper right corner.

In order to compare the F 1s spectral shape (Fig. 8d), the un-
derlying background was subtracted from each spectrum and the
data replotted to full scale (Fig. 8e). The C 1s and F 1s spectra of the
PFSA ionomer are similar to that of poly(tetrafluoroethylene) (PTFE)
[51,52], as expected since PFSA consists of a PTFE backbone. The
shape and relative intensity of the 689 and 694 eV peaks are
different in the F 1s spectrum of the FIB section as compared to the
F 1s spectrum of the microtome section, indicating a different C—F
bonding environment. The 689 eV peak is much broader, particu-
larly on the lower energy side, indicating a range of chemical en-
vironments. The observation of F 1s signal indicates there is still
some fluorine in the FIB sample but the change in spectral shape
indicates those F atoms are in a different local environment than
the F atoms in the ionomer in the microtome sample.

In order to more accurately characterize the extent of loss of
fluorine caused by FIB milling, an elemental analysis was per-
formed by combining the C 1s and F 1s signals from the same area.
The procedure and results are presented in the Supplemental Ma-
terial. This analysis showed the volumetric F/C ratio for the FIB
section was ~0.06 vol/vol while that for the microtomed section
was ~0.3 vol/vol. The significantly lower effective volumetric F/C
ratio for the FIB sample indicates extensive mass loss of PFSA ion-
omer during FIB milling (see Fig. S2). The effective carbon and
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Fig. 5. STXM C 1s analysis of the FIB section. (a) C 1s absorption spectra of a damaged
carbon support region and the dominant, amorphous carbon, derived from a C 1s
image sequence (68 images from 278 to 320 eV). Component maps of (b) carbon
support, (c) amorphous carbon and (d) constant (catalyst), derived from a stack fit of
the C 1s image sequence of the FIB sample using the reference spectra plotted in (a). (e)
Color coded composite map where the signal mapped as C-support is in red, that
mapped as C-amorphous is in green, and that from the constant (no carbon and metal-
rich) is in blue. In each case the component map intensities are mapped to the full
signal range of each color. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

ionomer thicknesses in the microtomed and FIB samples (on a
nominal nm scale) are presented in Table 1. The relatively high
amount of carbon support in the cathode of the microtomed
sample is attributed to interference from the PS embedding
component. This is not surprising since the characteristicC 1s — ©*
peaks for PS and carbon support overlap. When a non-aromatic
epoxy is used where there is no such peak overlap, the carbon
and fluorine effective thicknesses are similar, resulting in F/C~1.0
(results not shown). The presence of PS in the electrode does not
affect the F (ionomer) measurements, since PS does not contain
fluorine. Table 1 shows that the total thickness of the FIB and
microtomed samples are similar (106 nm and 100 nm, respectively)
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Fig. 6. STXM F 1s analysis of the microtomed section. (a) F 1s absorption spectrum of
PFSA from the membrane on an absolute OD/nm scale; (b), (¢) and (d) are maps of the
PFSA and constant (non-F components, PS, C-support, Pt) derived from a stack fit to the
full F 1s image sequence. The PFSA signal has been split into the membrane and
ionomer components by threshold masking. (e) Color coded composite showing the
membrane (blue), the ionomer (green) and the constant (red). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

whereas the total amount of fluorine in the FIB sample is 4—5 times
less, and loses the characteristic ionomer spectroscopic fingerprint
at the same time.

It is possible that the particular location where the FIB section
was prepared could have had an anomalously low amount of ion-
omer, since there is evidence from other work of localized deple-
tion of ionomer in some CCMs [12]. In order to test this hypothesis,
another FIB section was prepared and analyzed. The second FIB
section was prepared using lower Ga™ current in the final polishing
steps in an attempt to reduce ion beam damage. However in the
second FIB section there was absolutely no F 1s signal detected in
the F 1s STXM image sequence. In addition, different microtomed
sections of the same sample (microtome 1 and 2), and different

@

0.004

PFSA (p-tome)
FIB average

OD/nm

0.002

0.000 L— L . L . L
685 695 705

Energy (eV)
@Damaged ionomer @ Ionomer
nm

nm

Constant, damaged
ionomer, ionomer

Fig. 7. STXM F 1s analysis of the FIB section. (a) Averaged F 1s spectrum of the FIB
sample, compared to that of PFSA from the membrane of the microtomed sample. In
each case, the F 1s signal from the stack was extracted, a signal corresponding to an
extrapolation of the underlying C 1s signal was subtracted, and the intensity scaled to
match the elemental response of fluorine with a density of 1 g cm~3. These two spectra
were used to fit the F 1s image sequence. (b) Component map for damaged ionomer
(based on the average F 1s spectrum of the FIB sample). (c) Component map of ‘less
damaged ionomer’ generated by fit to the reference spectrum for PFSA. The spectrum
of the pixels with high signal is presented in supplemental Fig. 1. It differs significantly
from that of PFSA. (d) component map for the constant (non-fluorine species) (e) color
coded composite indicating the non-fluorinated component (red), less-damaged ion-
omer (blue), and the damaged ionomer (green). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

regions in the same section (areas a and b), as well as a cryo-cut of
the same sample were analyzed to characterize the variation in
ionomer content. The results are shown in Table 1. The amounts of
ionomer and carbon support in the microtome sections was
determined using two complementary methods: (i) from the
average over all cathode pixels in both C 1s and F 1s stack maps
[10—12]. The C 1s stack map consisted of the difference of OD im-
ages at 283.6 and 278 eV, and was corrected for contributions of the
PS and holey carbon. The F 1s stack map consisted of the difference
of OD images at 694 and 684 eV. (ii) From ionomer and carbon
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Fig. 8. Spectral comparison of FIB and microtomed samples. (a) STXM OD image at
300 eV of the FIB section - the red dashed rectangle is the area over which the aver-
aged spectrum was extracted. (b) STXM OD image at 300 eV of the microtomed section
- the green dashed rectangle is the area over which the averaged spectrum was
extracted. (c) Average C 1s spectra of all of the regions indicated in (a) and (b). The FIB
spectrum was smoothed. The microtomed spectrum has been modified by subtracting
the C 1s spectrum of 35 nm of PS, the averaged amount of PS determined in the area
over which the averaged spectrum was extracted (see Fig. 5b). This is considered the
correct way to compare the C 1s spectrum of the cathode for the two samples since the
FIB section does not contain any embedding medium. (d) Average F 1s spectrum of all
area of the regions indicated in (a) and (b). (e) Rescaled overplot of the background
subtracted F1s spectra of the FIB and microtomed samples. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

support component maps extracted by stack fits from C 1s and F 1s
image sequences. In the microtomed sections the amount of ion-
omer relative to the amount of carbon support in the cathode
varied between 0.20 and 0.44 vol/vol. We did not find any regions
with only 0.06 vol/vol ionomer, or with distorted C 1s and F 1s
spectra like those observed for the FIB section.

Table 1
Ionomer to carbon support ratio for FIB and several microtomed samples® of the
same CCM evaluated by STXM.

(1) microtomed Thickness (nm) lonomer/C_support (vol/vol)

Sample® lonomer  C_support

Cryo-microtome 12 44 ~27%
Microtome#1 11 25 ~44%
Microtome#2 areaA 10 25 ~40%
Microtome#2 areaB 4 20 ~20%

(2) FIB, elemental® Effective thickness lonomer/C_support (vol/vol)

(nm)
Sample lonomer  C_support
Microtome 25 75 ~33%
FIB 6 100 ~6%

¢ Microtome# 1 refers to another microtome section or slice, mounted on a
different TEM grid. Area A and Area B refer to different areas within the same
microtome section or slices.

b Jonomer-to-carbon-support ratio derived from STXM analysis of a cryo-
microtome section, two microtome sections and two areas in the same section.
The values in the upper table are derived from both C 1s and F 1s stack maps (2
energies [10,14]) and analysis of full C 1s and F 1s stacks.

¢ From fit of the average C 1s and F 1s spectra to the elemental reference spectra.
The value for effective thickness of the C_support of the microtomed sample has
been corrected for the PS contribution based on the relative amounts of PS and
C_support in the cathode determined from the stack fit.

4. Discussion

We have compared the structure of the carbon support and the
PFSA ionomer in a cathode catalyst layer of the same CCM sample
prepared by FIB and ultramicrotome. Although STXM has limited
spatial resolution (~30 nm) compared to TEM, it was of great value
in assessing the chemical changes caused by FIB milling. Both TEM/
STEM and STXM analysis show that the FIB milling causes a)
extensive amorphization of the carbon support; b) structural
damage; and c) loss of the PFSA ionomer. In addition to not being
damaged by the sample preparation, ultramicrotome samples are
easier and less expensive to produce than FIB samples. However,
even with the PS sandwich preparation method, there is significant
infiltration of embedding material into the cathode of the micro-
tomed samples. The challenge of achieving uniform sections with
the much smaller thicknesses that are needed for EELS is that CCM
samples combine a very soft, rubbery membrane with a much
harder carbon support/Pt catalyst layer so that, in the resulting
section, either the membrane is very thick, or it is not present at all.

FIB milling damage in fuel cell samples has been assessed pre-
viously but only with SEM secondary electron images. The mem-
brane material deteriorated with the FIB milling during a FIB-SEM
tomography study [24]. Less surface damage occurred when FIB
milling was performed with the CCM at ~100 K, as compared to
room temperature FIB [20]. However Raman spectroscopy showed
that performing FIB of conjugated polymers under cryogenic con-
ditions does not prevent degradation of C=C bonds [32].

There are only a few detailed spectroscopic studies of damage
associated with FIB milling of soft materials [21,32]. The chemical
changes associated with FIB milling of PFSA are quite different from
those observed with conjugated organic polymers and other radi-
ation resistant polymers [21,32]. Shift of the ©* (C=C) and ¢* (C—C)
peaks towards higher energy, attributed to disruption of the con-
jugated system, was observed with TEM-EELS of a FIB milled poly-
3-hexathiophene thin conjugated polymer film [32]. For lignite coal
and polyacrylamide, spectral changes indicating formation of new
bonds were attributed to SEM imaging taken during FIB milling
rather than the ion beam [21]. The FIB-induced damage observed in
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this work was a lot larger than the damage observed for FIB prep-
aration of samples of less radiation sensitive polymers [21,32].

FIB milling of soft materials can result in damage by beam-
induced heating and knock-on displacement [21,28,32]. Beam-
induced heating occurs over a few tens of nanometers [21] and is
negligible for most hard materials [47]. The amount of localized
heating also depends on beam current, ion voltage and the thermal
conductivity of the sample [21]. Due to the low thermal conduc-
tivity of the PFSA ionomer [46], it is possible that the presence of a
thin layer of ionomer in the catalyst layer insulates and thus pre-
vents the Pt/carbon support from dissipating the heat of the ion
beam, which could then lead to a large increase of temperature that
damages the ionomer layer in the cathode. This effect can be even
larger when thin lamella samples are made due to the loss of mass
of surrounding material that would otherwise contribute to heat
dissipation. This would explain the ionomer mass loss shown in
Figure 8, S1 and Table 1. The presence of Pt/C particles has been
reported to affect electron beam radiation damage on fuel cell
samples with varying amounts of PFSA [53].

Thermal analysis studies have been reported for bulk PFSA in the
acid form [54] and in different gaseous environments [55]. Basi-
cally, PFSA membranes are thermally stable to approximately
300 °C, where the sulfonic acid groups are lost. Eventually PTFE
backbone decomposition with high mass loss occurs around 500 °C
[54—56]. Determination of the exact temperature rise during FIB
milling is not trivial and depends on several factors, such as thermal
conductivity of the sample, beam power, geometry of the sample
and thermal sinking [57]. Temperature increases up to 1000 °C have
been measured using a nanothermo-probe on a thermocouple
junction undergoing FIB milling [58]. Localized temperature rises of
over 2000 °C have been calculated for soft materials (e.g. PMMA),
whereas the corresponding calculated temperature rise for silicon
is only 100 °C, due to its much higher thermal conductivity [59].

Chemical alteration from knock-on damage by energetic Ga ions
is usually constrained to a thin surface layer of FIB-prepared sam-
ple, where the Ga displaces the atoms from the sample [48]; a
‘pristine’ core is normally expected to exist in the centre of the
sample [21]. However, in porous materials, such as the catalyst
layer in a PEMFGC, it is possible that the Ga ions penetrate much
deeper than in a nonporous sample, resulting in FIB causing
extensive damage throughout the lamella thickness. This effect
may preclude accepted methods for minimizing FIB damage, such
as using lower energy/current in the final polishing steps or using
different ion beam scanning techniques, both of which were useful
in reducing damage in FIB of bulk polymer samples [21,28,30,31].
Knock-on damage can destroy functional groups [21], rearrange
bonds, and lead to bond-breaking [60,61], all of which can be
deduced from the changes in both the C 1s and F 1s spectra of the
FIB section (Figs. 4 and 5). The damage to the carbon support is
mostly knock-on damage, which causes the amorphization [47]
observed with both HR-TEM images (Fig. 1) and in the STXM C 1s
spectrum (Fig. 5).

Due to rapid radiation damage by the electron beam, reliable
quantification of the ionomer fraction is challenging when using
TEM-EDX particularly with low solid angle detectors, which are
most commonly used today. State-of-the-art large area detectors
can improve detection of ionomer if mass loss radiation damage is
minimized using cryo-conditions [2]. TEM-EELS can be used to
measure the ionomer distribution in the cathode, as shown in Fig. 3
and [2], but there are severe challenges in the preparation of suf-
ficiently thin samples (<50 nm) so that near single scattering
spectra can be acquired, as well as making the EELS measurements
with a sufficiently low dose so as to minimize radiation damage. As
part of future work, low dose TEM-EELS acquisition strategies will
be explored with the goal of acquiring F 1s EELS of a CCM prepared

by ultramicrotomy. Quantitative dose-damage relationships in
STXM and TEM will be measured so that appropriate, low-damage
strategies can be devised, thereby allowing each technique to
achieve the best results possible.

It is interesting to reflect on the success of the tomography for
the FIB sample, and the lack of success for the microtomed sample.
In the latter case, deformation or displacement of the carbon sup-
port particles probably occurred due to progressive loss of ionomer
due to electron beam damage. The successful tomography of the FIB
sample suggests that removal of the ionomer in the FIB milling
makes the remaining electrode structure stiffer and thus less
responsive to further damage by TEM in dose-intensive tomogra-
phy. Thus the damage caused by FIB milling could be considered an
advantage for electron beam tomography studies of porosity in
CCM samples, although the pore volume may be overestimated due
to changes to the ionomer component.

5. Conclusions

In the quest to image ionomer in catalyst layers, proper sample
preparation is crucial to achieving valid results as well as nanoscale
resolution. Both microtomy and FIB sample preparation techniques
impose challenges to this quest. For microtomy there are concerns
about possible modifications to the morphology of the sample,
smearing of materials during sectioning, possible interference with
embedding media, and challenges to achieve a uniform and suffi-
ciently thin section. On the other hand, FIB is excellent at making
very thin sections and has been widely used in combination with
SEM for serial tomography. However, here we have shown that FIB
milling causes morphological damage to the carbon support ma-
terial as well as extensive differential elemental loss and chemical
damage to the ionomer in the cathode, when compared to the
microtomed section of the same sample.

Spectromicroscopy techniques are the best available tools to
map the nanoscale distributions of ionomer in PEMFC cathodes.
This study, using a variety of electron beam and X-ray spec-
tromicroscopies, has shown chemical changes to the PFSA ionomer
are induced when using FIB milling relative to ultramicrotome
sample preparation. In particular, using high-resolution electron
microscopy, electron tomography, and analytical methods in TEM
and STXM we have demonstrated the detailed evolution of the
structure of the carbon support and the PFSA ionomer in the
cathode of a CCM sample. The amorphization of the carbon support
and presence of Ga at its surface was shown with bright field TEM,
HAADF images and electron tomography, and quantified with C 1s
NEXAFS in STXM. The changes in the chemical environment
through mass loss and changes in the bonding of both carbon and
fluorine atoms in the original PFSA ionomer after FIB milling were
revealed by comparing C 1s and F 1s spectra of the FIB sample to
those of the microtomed sample. The issues raised in this paper
should be taken into account when quantifying and analyzing the
chemical composition of cathode catalyst layers of PEM-FC.
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