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HIGHLIGHTS

o STXM is used to analyse nano structured thin film (NSTF) catalyst fabrication.
e STXM is used to follow assembly into a PEM-FC as anode.

e STXM is used to track changes during start-up/shut-down & reversal testing.
e The perylene 149 support of NSTF is lost during these tests.

o Its loss does not affect performance during its lifetime.
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Scanning transmission X-ray microscopy (STXM) has been applied to characterize nano structured thin
film (NSTF) catalysts implemented as electrode materials in proton-exchange-membrane (PEM) fuel
cells. STXM is used to study all chemical constituents at various stages in the fabrication process, from the
perylene red (PR149) starting material, through the formation of the uncoated perylene whiskers, their
coated form with Pt-based catalyst, and toward the NSTF anode fully integrated into the catalyst coated

Keywords: ) membrane (CCM). CCM samples were examined prior to operational testing and after several different

zg?mucmmd thin film accelerated testing protocols: start-up/shut-down (SU/SD), and reversal tests. It was found that, while

Catalyst layers the perylene support material is present in the pre-test samples, it was completely absent in the post-test

PEM-FC samples. We attribute this loss of perylene material to the presence of cracks in the catalyst combined

Automotive fuel cells with intensive hydrogenation processes happening at the anode during operation. Despite the loss of the

STXM perylene support, the platinum shells forming the NSTF anode catalyst layer performed well during the
tests.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Proton exchange membrane (PEM) fuel cells are a promising
alternative to internal combustion engines for automotive appli-
cations [1,2]. Typically, the electrodes of the catalyst coated mem-
brane (CCM) of PEM fuel cells are made of nanometer scale Pt
catalyst particles (3—5 nm) supported on larger (~50 nm) carbon
support particles [3]. In these dispersed catalyst electrodes the
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catalyst is distributed more or less evenly over the whole accessible
carbon support network and occupies the whole electrode volume.
They work well due to the naturally high catalyst active area
(~50 m? gpe electrochemical surface area — ECSA) and good
electrical conductivity of the carbon support (~5 S m~!). However,
in order to meet the market target [4] for low Pt utilization (less
than 0.2 mg cm2 Pt loading) the dispersed catalyst electrodes,
including Pt loading, are usually optimized with respect to their
electrochemical and mass transport functions. The anode, with fast
hydrogen oxidation kinetics, requires less Pt than the cathode, for
which the oxygen reduction kinetics are several orders of magni-
tude slower. This means that the anode thickness can be much
smaller than the cathode thickness by a factor of 5—10. However,
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state-of-the-art carbon supported dispersed catalyst electrodes are
highly sensitive to a variety of unwanted degradation processes
leading to deterioration of the CCM, in particular platinum disso-
lution and carbon corrosion [5].

One promising catalyst electrode technology being considered
as an alternative to the dispersed Pt/C catalyst electrodes is nano-
structured thin film (NSTF) catalyst electrodes [1,3,6—8]. The NSTF
catalyst electrodes demonstrate high active area (~10 m? gp
ECSA) for sufficiently thin structures (~1 um for NSTF versus
~10 um for dispersed Pt/C catalyst electrodes), which is a result of
an initially highly ramified inert support structure made from
organic nano-whiskers combined with highly dispersed platinum
formed from metallic sub-nano whiskerettes, Fig. 1. The NSTF
support layer consists of oriented whiskers of perylene red, PR-149,
which are deposited onto a microstructured catalyst transfer sub-
strate (MCTS) and then annealed to form the whisker structure via
a screw dislocation growth process [6]. Under most conditions PR-
149 whiskers are thermally and electrochemically stable [6—10].
The whiskers are then coated with platinum or platinum alloys to
form a manifold of tiny metal whiskerettes (~5 nm in size) with
surfaces dominated by {111} facets [11]. To fabricate the catalyst
coated membrane (CCM), the catalyst coated side of the NSTF
electrode is decal transferred to a perfluorosulfonic acid (PFSA)
membrane. Fig. 1 presents scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of NSTF materials,
in the pre-decal whisker-film (Fig. 1a, b), and after decaling to a
polymer electrolyte membrane (Fig. 1c—e).

This NSTF catalyst layer technology has been shown in lab tests
to provide several advantages over conventional dispersed Pt/C
catalyst electrodes. These include: greater stability at higher po-
tentials and higher temperatures, lower peroxide generation, and

higher specific activity for the oxygen reduction reaction (ORR)
[6,12]. Due to the replacement of carbon support with PR-149,
carbon corrosion events were not expected to occur since PR-149
is an organic photoconductor that does not undergo electro-
chemical corrosion up to potentials of 2 V relative to a reversible
hydrogen electrode (RHE) [6]. Therefore, relative to dispersed Pt/C
catalyst electrodes, NSTF catalysts should provide greater tolerance
to transitional effects at start-up/shut-down (SU/SD) and cell
reversal events. Since NSTF electrodes are much thinner than
conventional dispersed electrodes there is no need for ionomer
incorporation in the electrode to facilitate proton transport. The
high quality of the Pt whiskerette facets makes the electrodes more
stable to Pt dissolution and agglomeration which can occur at high
potentials. The catalyst phase decorates the high surface area PR-
149 whiskers very uniformly with high density of active sites
leading to an enhanced specific ORR activity for cathode [3,6]. In
addition, fabrication of NSTF electrocatalyst layers is a totally dry
process, which reduces the number of steps, improves quality
control, eliminates many life cycle management issues and sim-
plifies scale-up [1].

Although NSTF catalyst electrodes still need further material/
morphological optimization and development for scale-up they are
avery promising alternative to conventional dispersed Pt/C catalyst
layers, especially for use as the anode. The fact that NSTF anodes do
not have carbon support particles should eliminate some carbon
corrosion issues happening during transitional events. Therefore
accelerating testing schemes designed to check the durability of the
integrated CCM with dispersed Pt/C catalyst cathode and NSTF
catalyst anode need to be developed and chemical structure —
performance correlations need to be established for these
morphologically different electrodes. While the electrochemical

Fig. 1. (a—d) TEM and (e) SEM images of the samples examined. Except (e), these are microtome cuts of samples embedded in an epoxy labeled — 1, (a) PR 149 whiskers — 4 grown
on a metal release layer — 3 on the microstructured catalyst transfer substrate (MCTS) polymer film — 2. (b) PR149 whiskers coated with Pt — 5. (c) Cross section of the NSTF CCM
showing the PFSA membrane — 6, the cathode — 7 and the anode — 8. (d) Expanded view of the NSTF CCM in the anode region showing the deformed, Pt coated whiskers in the
anode — 8. (e) SEM of the Pt coated PR 149 whiskers — 9 embedded in the PFSA membrane — 6.
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performance of NSTF based PEM fuel cells has been evaluated
[6,8,13,14], detailed chemical analyses of the CCM components, in
preparation, after integration, as well as before and after durability
evaluation, have not been reported previously. Such information
could assist in understanding the properties of NSTF based elec-
trodes, potentially leading to further improvement.

Synchrotron based scanning transmission X-ray microscopy
(STXM) [15—17] is a powerful tool for characterizing CCM compo-
nents [ 18—24] as it provides local chemical speciation via near edge
X-ray absorption fine structure (NEXAFS) spectroscopy. STXM can
also quantitatively map chemical components in catalyst layers and
membrane with 30 nm spatial resolution, providing high sensitivity
to the specific structure of the organic as well as the metal com-
ponents of the electrode-membrane system. Recently, STXM has
been used successfully for characterizing ionomer distributions in
different catalyst layer structures [22], providing quantitative X—Y
maps of the ionomer and carbon support components in the PEM
cathodes fabricated by conventional methods using Pt/C nano-
particles [23]. It was also shown that STXM spectro-tomography of
PEM fuel cell samples can deliver 3D maps of carbon support and
ionomer in the CCM [24].

In this article we report results of an STXM study of the evolu-
tion of the morphology and electronic structure of the underlying
PR149 electrode support material and associated components,
through various stages of NSTF whisker fabrication, processing and
operating of the CCMs with integrated dispersed Pt/C cathode and
NSTF anode. The pristine PR-149 powder, as-grown whiskers, and
an NSTF electrode after attachment to a perfluorosulfonic acid
(PFSA) membrane were measured to characterize the processing
stages. In addition, we report measurements of the structural
changes of PR-149 whisker support for the dispersed Pt/C cathode
and NSTF anode integrated CCM that was passed through acceler-
ated SU/SD and reversal tests. STXM was used to study a) the
electronic structure of the PR 149 material, while simultaneously
imaging the resulting structural transformation it undergoes from
the as-grown whiskers morphology to the catalyst coated mem-
brane assembly; and b) the structural and electronic structure
changes in the PR-149 material as it passes through different fuel
cell testing regimes. A major result is a very dramatic decrease of
amount of the perylene support material in the anodes of the EOL
samples, to the extent that in one of two test sample preparations,
PR 149 could not be detected at all (despite this, the MEA devices
performed normally). A preliminary report of the results on the BOL
and EOL samples has been presented in an ECS Transaction [25].
This study shows that STXM is a powerful tool for characterizing
NSTF electrodes through various fabrication and fuel cell test
processes.

2. Experimental
2.1. Materials, integrated CCMs, and measurements

CCM fabrication was organized in the following way: anode
layers were prepared by 3M and integrated into CCM at AFCC. The
NSTF whisker layers are fabricated from N,N-di(3,5-xylyl)perylene-
3,4:9,10bis(dicarboximide), also known as perylene red (PR 149).
PR149 is vapor deposited onto a microstructured catalyst transfer
substrate (MCTS) that is attached to a support film (Dupont
Kapton™) and then is heated in-vacuo to form a monolayer of
oriented crystalline whiskers [6] (Fig. 1a, b). The MCTS film used for
whisker grow has a corrugated surface with a saw tooth profile
(Fig. 1c) that increases the surface area by a factor of 2% and fa-
cilitates roll processing [6]. After the whiskers are formed their
surface is coated by vacuum sputtering of Pt to form a whiskerette
shell over the perylene whiskers with a, target Pt loading of

0.05 mg cm 2, and then with oxygen evolution reaction (OER)
catalyst containing Ru and Ir with 0.015 mg cm 2 of the total
loading (Fig. 1b). To form the integrated dispersed-NSTF CCMs the
catalyst coated side of the NSTF electrode undergoes decal transfer
to a 35 um thick 3M perfluorosulfonic acid (PFSA) membrane
(850EW). After transfer to the surface of the membrane the MCTS
saw tooth structure is still present (Fig. 1c), but the whiskers are
significantly compressed and deformed (Fig. 1d). The resulting CCM
anode electrode is only ~0.25 to 1.0 um thick (Fig. 1d, e). The
dispersed Pt/C cathode used a graphitic carbon support and
0.25 mg cm™2 Pt loading.

The SU/SD and reversal tests were done at the AFCC facility
using single MEA testing hardware with active area ~48.4 cm?. The
SU/SD tests is a four part protocol: 1) air is fed to the cathode and
hydrogen to the anode with no load, 2) the anode gas is switched to
air resulting in a temporary increase in cathode half cell potentials,
3) the anode gas is switched back to hydrogen resulting in another
temporary increase in cathode potentials, 4) a load of 1.0 A cm™2 is
drawn from the cell. The four steps are repeated for 2000 cycles at
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Fig. 2. C 1s spectra of carbon support — 1, Kapton — 2, perylene red powder — 3
(PR149, structure presented at the top of this figure), the microstructured catalyst
transfer substrate (MCTS) — 4, perfluorosulfonic acid (PFSA) — 5, and embedding epoxy
— 6. The intensity scale is absolute — optical density per nm thickness. Offsets are used
for clarity. The characteristic C 1s — w* peaks in PR149 labeled — a, b, ¢ — occur at
284.2, 285.3 and 286.4 eV respectively. See text for spectral assignments.
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100% RH and 68 °C. The reversal tests consisted of feeding fully
humidified air and nitrogen to the cathode and anode respectively
at 60 °C and drawing a current of 0.2 A cm~ for 10 h.

2.2. Sample preparation for STXM and ancillary characterization

The PR-149 powder (obtained from 3M) was dispersed in iso-
propyl alcohol and dropped onto formvar coated TEM grids to
prepare the sample for STXM analysis. The as-grown PR-149
whiskers and all subsequently processed samples were embedded
in an amine epoxy, and cured at 20 °C for 72 h followed by 60 °C for
7.5 h and lastly 80 °C for 3 h. The embedded materials are then
microtomed into 100—200 nm thick cross-sectional slices which
are transferred onto formvar coated TEM grids for further TEM and
STXM analysis. The bright field transmission electron microscopy

b) MCTS

a) epoxy

(TEM) images were obtained at the McMaster Faculty of Health
Sciences electron microscopy facility using a JEOL 1200EX oper-
ating at 80 kV. Scanning electron microscopy (SEM) imaging of
anode layers was done with a Hitachi SU8030 operated in back-
scattering mode at 2 kV electron beam acceleration voltage.

2.3. STXM measurements

Details of the scanning transmission X-ray microscopy (STXM)
instrumentation, operating procedures and analysis methodology
have been reported in recent reviews [16,17]. Descriptions of spe-
cific aspects of the application to fuel cell materials have been
presented elsewhere [18—24]. STXM measurements were made at
the Canadian Light Source (CLS) 10ID-1 spectromicroscopy (SM)
beamline [26] and at the Advanced Light Source (ALS, Lawrence-

¢) PR149

Fig. 3. Component maps for (a) epoxy, (b) MCTS, (c) PR149, (d) Kapton and (e) constant (a metal release layer below the PR149 whiskers), derived by a stack fit analysis of a C 1s
image sequence measured from an uncoated NSTF whisker sample, grew on MCTS, which is attached to its Kapton support. The numbers on the lower and upper left side of the
epoxy, MCTS, PR149 and Kapton images indicate the minimal and maximal thickness in nm, while for constant and (f) residual images, the numbers indicate the minimal and
maximal OD values. (g), (h), and (i) are color coded composites (rescaled) of the indicated component maps.
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Berkeley National Lab — LBNL) 5.3.2.2 [27,28] beamline. All data was
analyzed using the aXis2000 package [29]. Details of the analysis
methods have been provided elsewhere [16—24]. Briefly, the thin
slices of our materials absorb X-rays to an extent that depends on
their local composition and thickness. By imaging these slices at
different X-ray energies we are able to see variations of absorption

a) epoxy

caused by the material variety or chemical changes due to pro-
cessing/degradation. The chemical contrast of STXM is based on
NEXAFS (near edge X-ray absorption fine structure) spectroscopy
[30]. Different elemental edges can be used. Here the results were
obtained using image sequences across the C 1s edge to measure
spectra at a fine mesh of sample positions [17]. By applying spectral

b) MCTS

e) epoxy PR149 MCTS f) const PR149 MCTS

Fig. 4. Higher magnification component maps and color coded composites for an uncoated NSTF whisker sample. The component maps for (a) epoxy, (b) MCTS, (c) PR149 and (d)
constant were derived by a stack fit analysis of a C 1s image sequence. The numbers on the epoxy, MCTS, and PR149 images indicate the minimal and maximal thickness in nm,
while that for the constant image indicates the minimal and maximal OD. (e) and (f) are color coded composites (rescaled) of the indicated components.
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decomposition methods to the image sequences [17] and using
NEXAFS spectra for the pure components for quantitation, we can
chemically map the sample to visualize all components (perylene
red, carbon, support, catalyst, ionomer), track material changes and
correlate these changes back to the fuel cell test conditions.

3. Results and discussion
3.1. Spectroscopy survey of the components

Fig. 2 compares the C 1s spectra of dispersed graphitic carbon
powder (1), Kapton (2), pure PR-149 powder (3), MCTS acrylate (4),
PFSA membrane (5) — OD scale is multiplied by 2, and embedding
epoxy (6). The features in these spectra are associated with creating
electronically excited states in which electrons from core orbitals
have been promoted to orbitals which were unoccupied in the
ground state [17,30]. C 1s NEXAFS spectroscopy is particularly useful
in this type of study as it can differentiate among the organic ma-
terials due to the strong dependence of the spectra of different

carbons on their local bonding environment. The C 1s spectra for all
components can be readily differentiated one from another. The C 1s
spectrum of PR-149 has similar spectral features to perylene,
emphasizing the fused ring core structure [31,32]. The PR-149
spectrum is dominated by C 1s — w*c—c transitions at 284.2,
285.3 and ~286.4 eV, with the 3-component structure being related
to a combination of delocalization interactions and chemical shifts
from the influence of the adjacent heteroatoms — see the chemical
formula, Fig. 2. The peak at 288.2 eV arises from C 1s — T*c—o
transitions which are observed in PR-149 but not perylene. Broad
features at higher energy are attributed to C 1s — ¢” transitions. The
C 1s spectra of the epoxy and PFSA lack features in the ~285 eV
region consistent with the absence of C=C double bonds in these
species. The feature around ~289 eV in the epoxy corresponds to C
1s — o*c_o transitions, while the shoulder on the lower energy side
isduetoC1s — o*c_yand C1s — ¢* c_y transitions, and the broad
peak at ~293 eV is associated with C 1s — ¢*¢_c transitions. The C
1s spectrum of Kapton is very similar to published spectra of poly-
imides [33,34]. The spectrum is dominated by low lying C 1s — m*c—

c) PR149

e) MCTS

f) epoxy MCTS PR149 g) const MCTS PR149

500 nm

Fig. 5. (a) TEM image of the catalyst coated NSTF whiskers — 5 embedded in epoxy — 1, still supported on the MCTS film — 2. (b—e) Component maps for epoxy, MCTS, PR149 and
constant, derived by a stack fit analysis of a C 1s image sequence of this sample. The numbers on the epoxy, PR149, MCTS images indicate the minimal and maximal thickness in nm,
while that for the constant images indicates the minimal and maximal OD. (e), (f) and (g) are color coded composites (rescaled) of the indicated components.
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cand C1s — m*c—p transitions with energies related to the chemical
shifts of carbons attached to the N and O atoms, as well as the 7—=
interactions associated with the extensive t-delocalization. The C 1s
spectrum of the MCTS acrylate material (a blend of 1,6-hexanediol
diacrylate and dipentaerythritol penta-acrylate) [35] is very
similar to the published C 1s spectrum of linear polyacrylates [36].
There are no low-lying C 1s — m*c—c transitions and the spectrum is
dominated by the intense C 1s — m*c—o transition at 288.2 eV from
the carbonyl site. The C 1s spectrum of the graphitic carbon support
(present in the dispersed cathode of the CCM) is very similar to that
of graphite [37], with the intense peak at 285 eV arising from C
1s — =* transitions, the sharp peak at 291.8 eV due to the ¢* exciton
and the adjacent peak at 292.2 eV from C 1s — ¢* transitions.

3.2. Spectromicroscopy of the system during preparation

3.2.1. Overview of the NSTF preparation & details of the uncoated
whiskers

Fig. 3 presents component maps and color coded composites for
a large area of the NSTF sample with uncoated PR149 whiskers on
the MCTS support, with its Kapton backing. Fig. 4 presents compo-
nent maps and color coded composites for an expanded region of
this sample. The component maps — gray scale images in both Figs. 3

a) catalyst ionomer carbon support

and 4 — were derived from C 1s STXM image sequences (stacks) by a
four component stack fit analysis [17] for the stack presented on
Fig. 3 and a three component stack fit analysis for the stack pre-
sented in Fig. 4. For these stack fits the quantitative NEXAFS refer-
ence spectra of PR-149, embedding epoxy, MCTS support and
Kapton substrates were used (Fig. 2). The images labeled ‘constant’,
which is the contribution without any C 1s spectral signature,
correspond mainly to a metal layer used in releasing the NSTF
whiskers. The units of the gray scale of each component map are
thickness in nm, except for the constant and residual images, which
the gray scales represent optical density (OD) units. By assigning a
color to each of the fitted components, color coded composites are
generated (last row of images in Figs. 3 and 4), where the scale of
each color has been matched to the full range of thicknesses of each
component. The uncoated whiskers are still attached to the MCTS
and can be seen clearly in the PR149 component map (Fig. 4c). The
spatial resolution of STXM ( ~30 nm) is sufficient to visualize indi-
vidual whiskers or their bundles, especially in the regions farthest
from the MCTS support film. Fig. 3 illustrates that the NSTF support
is made up of two layers of materials. The layer farthest from the PR-
149 whiskers is Kapton polyimide material and the layer closest to
the whiskers is the MCTS support. Higher magnification TEM mi-
crographs (Fig. 1b—d) show that the whiskers are highly oriented

b) PFSA

364

¢) constant (metal)

Fig. 6. (a) Color coded composite of component maps derived from images of a large area of integrated CCM recorded at four energies (carbon support (blue, OD2g5 — ODy7s),
ionomer (green, ODgg4 — ODgg4) superimposed on a gray scale map of the PFSA membrane — 6). This presentation shows the NSTF anode — 8 and dispersed Pt/C cathode — 10,
embedded in epoxy — 1. (b—d) Component maps (PFSA, PR149 and constant) of a small area of integrated CCM, derived by a stack fit analysis of a C 1s image sequence measured in
the white rectangle in (a). (e) Color coded composite (constant (Pt) — red, PFSA — green, PR149 — blue, all rescaled) for this area. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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and densely packed. The morphology of the whiskers is preserved
upon embedding and microtoming as can be seen in the bright field
TEM image (Fig. 1a, b). The C 1s spectrum of the PR-149 whiskers is
very similar in the * energy interval to that of the PR-149 powder
(Fig. 2). However, the higher energy features do not match as well in
intensity suggesting there may be a structural difference between
the whiskers and the powder which may be related to the fact the
whiskers are effectively single crystals [6] whereas PR149 powder is
an amorphous solid.

3.2.2. Catalyst coated whiskers

The morphology of the whiskers is also preserved after catalyst
deposition. They are much denser (as indicated by higher contrast
in the TEM micrographs, Figs. 1b and 5a) due to deposition of the
catalyst metals which are higher electron density materials than
carbon polymers. Fig. 5b—e presents component maps while Fig. 5f,
g are color coded composites for the catalyst coated whisker
sample. The component maps in Fig. 5b—e were derived from a
stack fit analysis of a C 1s image sequence using the same material
discrimination approach as in Figs. 3 and 4. The constant image
here represents the high electron density metal shell on the PR149
whisker core. Since this shell has Pt, Ru and Ir components, which
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Fig. 7. (a) Fit of the C 1s spectrum of the anode extracted from all pixels with more
than 11 nm of PR149 in the component map (see the insert). The fit components are
epoxy — 1, PFSA — 2, PR149 — 3 and constant (not shown). 4 is the residual of the fit. (b)
Comparison of the PR149 part of the anode spectrum derived by subtracting the epoxy,
PFSA and constant components from the anode spectrum. The spectrum of 21 nm of
pure PR149 (powder) is also plotted for comparison.

cannot be discriminated in the C 1s energy interval, the constant
map is presented in OD units. Some differences can be observed in
the PR-149 whiskers spectra when compared to the powder
spectra, (see Fig. 8 for direct comparison). The shoulders around the
" states are no longer as visible and broadening of the peak
centered at ~289 eV is observed. These changes in the shape of the
7" peak may be associated with the crystalline nature of the
whiskers versus the powder. Similar changes are seen in optical
spectra of the aromatic organic solids when they crystallize since
the 7* orbitals are directly involved in the intermolecular bonding
within the unit cell. The changes could also be due to the presence
of catalyst metal that has been deposited on top of the PR-149
whiskers. Metal d-orbitals can interact with t* states of aromatic
materials possibly leading to changes in the overall shape of the *
peak in PR-149. In addition, vacuum sputtering of the catalyst metal
onto the whiskers could have damaged the PR-149 during depo-
sition, further changing its chemical and electronic structure.

3.2.3. Integrated CCM (pre-test): dispersed cathode — NSTF anode
Fig. 6 displays results from an integrated CCM sample that has a
dispersed cathode (4), an NSTF anode (2) and a PFSA membrane (3).
Fig. 6a shows a large area color coded composite of the CCM where
a four energy stack map approach [17] was used to map the catalyst
metal, graphitic carbon support, epoxy and PFSA ionomer in the
electrodes (see the reference spectra on Fig. 2). Fig. 6b—d are
component maps for the PFSA, PR149 and the constant (associated
with the Pt—Ru—Ir catalysts) from a 4-component stack analysis of
a full C 1s image sequence recorded in the region marked as a white
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Fig. 8. C 1s spectrum of pure PR149 (1) compared to the C 1s spectra of the PR149
components extracted from (2) the uncoated whisker, (3) the catalyst coated whisker
and (4) the anode of the integrated dispersed-NSTF electrode in the CCM sample,
(optical density units). Offsets are used for clarity.
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rectangle on Fig. 6a (the epoxy map is not shown). Fig. Ge is the
color coded composite of the component maps for PR149, PSFA, and
constant maps. In principle one expects the perylene support signal
to be predominantly on the side of the anode opposite to the PFSA
membrane. However this analysis shows that although there are
regions like that, in other areas the anode has a relatively uniform
purple tinge indicating intimate mixing of the PR149 whisker and
the catalyst, while in other areas it seems the catalyst rich part is
facing away from the membrane. This is consistent with a high
degree of mechanical deformation of the anode when its is decaled
on to the membrane.

In order to further analyze the amount of PR149 in the anode of
the pre-test sample, the spectrum of the anode specific ROI (see
the inset in Fig. 7a) has been isolated by masking the PR14
component map (Fig. 6¢) and subjecting the extracted spectrum to
spectral fitting. The spectrum of the anode region is plotted in
Fig. 7a, along with a spectral decomposition into epoxy (1), PFSA
ionomer (2), PR149 (3). The overall spectrum of the anode is more
complex than that of the pure PR-149 powder. However, the
characteristic double peaked structure of the C 1s — w* transitions
in the 284—286 eV region is still evident and a PR-149 (curve 3)
component is needed to obtain a satisfactory fit. It is clear that
there has been extensive infiltration of the embedding resin (curve
1) and there is also significant contribution from the PFSA signal
(curve 2) in the anode layer. PFSA may have been introduced into
the whisker layer due to the hot pressing decal transfer step when
the membrane in close proximity to the NSTF catalyst layer un-
dergoes self extrusion and fills the porous uncompressed whisker
region. The C 1s spectrum of the support material in the com-
pressed and decaled layer of catalyst coated whiskers was isolated
from the total spectrum of the anode by subtracting the fitted
epoxy, constant and PFSA components. Fig. 7b compares that
isolated signal to the spectrum of pure PR149 powder. A good
match is observed indicating the perylene support material is

(a) 278 eV

essentially unchanged by the whisker fabrication, metal deposi-
tion, and processing into a working CCM.

3.3. Evolution of the C 1s spectrum of the whisker support material

The overall changes in the C 1s spectra of the whisker support
material through the various stages of the fabrication are summa-
rized in Fig. 8: the pure PR-149 powder (1), uncoated whiskers (2),
whiskers coated with catalyst (3) and the signal extracted from the
NSTF anode integrated to the real CCM (4). The characteristic 7*
features in the 284—286 eV region are evident in all of these spectra
suggesting that the aromaticity of the ring structure has been
preserved during the processing steps. To some extent features in
the 288—300 eV region have broadened or changed which suggests
there may have been modifications to the intermolecular packing
and longer range structure, to which that energy region is more
sensitive. We note that the absolute intensity of the PR149 com-
ponents is rather similar through the series of samples, suggesting
that, although it gets masked by the presence of other organic
components in the same spatial region, the PR149 whisker material
stays more or less the same all the way through the fabrication and
decaling process.

3.4. STXM characterization of the NSTF anodes after SU/SD and
reversal tests

Fuel cell stacks may encounter specific operational conditions
that can significantly accelerate corrosion of the carbon support for
dispersed Pt/C catalyst electrodes. Without proper support Pt
catalyst nanoparticles move and eventually experience conditions
where they can dissolve and coalesce irreversibly [38] which re-
duces the electrocatalytically active area and permanently lowers
the overall fuel cell performance. These specific conditions are
associated with transitional regimes of feeding the fuel cell with

(d) epoxy

(f) constant

(9) epoxy PFSA const (metals)

.‘

Fig. 9. (a—c) Optical density (OD) images of the post-test integrated CCM after reversal testing recorded with STXM at (a) 278 eV, and (b) 285.2 eV. (c) The difference of (b) and (a)
images. This is a map of aromatic components which should reveal both the graphitic like support in the dispersed Pt/C cathode and the perylene support in the NSTF anode. The
absence of signal in the anode region is direct evidence for chemical transformation or loss of the perylene red support during the reversal testing. (d—f) Component maps derived
by fit to a C 1s image sequence. (d) epoxy, (e) PSFA membrane and (f) constant (metal). (g) Color coded composite (rescaled) of epoxy (red), PSFA membrane (green) and constant
(metal, blue) components. Perylene red was not detected. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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hydrogen and air (oxygen) [39,40]. In particular, irregularity of gas
distribution in the fuel cell electrodes occurs either during the fuel
cell stop and start events (SU/SD) or when a particular cell is not
performing well and becomes overpowered by the rest of the stack
(reversal condition). In the SD regime hydrogen in the dispersed

(a) reversal
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porous anode is gradually replaced by air (for SU this is opposite)
due either to reactant cross-over or by air filling the gas feed flow
channel manifold. When a hydrogen/air boundary is formed it then
propagates through the flow channels, unevenly feeding the porous
anode and triggering a high interfacial potential difference in the

(b) SU/SD

(1) epoxy (2)PFSA (3) cons (metals)

Optical density
=

o
o
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284 288

292 296 300 304

Energy (eV)

Fig. 10. Color coded composite (rescaled) of the epoxy (red), PFSA membrane (green) and constant (metal, blue) components derived by a fit to a C 1s image sequence of: (a)
reversal, and (b) SUSD test CCM sample, respectively. (c) Spectrum of the anode extracted from the stack (see inset for location). Perylene red signatures were not detected — see the
gray box and compare with Fig. 7. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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region where hydrogen is absent. These events eventually leads to
carbon corrosion of the cathode [40]. The reversal regime occurs
when one or more cells in a stack experience gross hydrogen
starvation. Under such conditions the anode potential becomes
elevated to a high positive value and, in the absence of hydrogen, a
dispersed Pt/C catalyst anode undergoes carbon support oxidation
and water electrolysis [5,40]. In dispersed Pt/C catalyst anodes this
type of corrosion causes severe and fast electrode thinning. Since
the optimized dispersed Pt/C anodes are thin, tracking this type of
corrosion in these mixed CCM cells is important.

The SU/SD and reversal accelerated tests were developed at
AFCC for a single fuel cell in order to mimic the major paths for
carbon support corrosion. Both tests were applied to CCMs with
integrated dispersed Pt/C catalyst as cathodes and NSTF catalyst
anodes to compare degradation of these systems with that typical
of CCMs fabricated from the dispersed electrodes only. The analysis
of differences in degradation properties is out of the scope of this
paper and can be found elsewhere [11,41]. Here we want to stress
that, unexpectedly, while conducting these tests and performing
STXM analysis for pre/post-test samples we found that the PR149
whisker material disappeared from the NSTF catalyst anode.

Post-tested CCM samples with NSTF anodes were characterized
by STXM after both reversal and SU/SD tests with the aim to
determine the chemical changes that might occur on the anode side
as a result of exposure to these accelerated degradation stress
conditions. Fig. 9a—c shows large area (~40 pm x ~20 pum) optical
density (OD) images obtained at (a) 278 eV and (b) 285.2 eV, for the
post-tested sample after the reversal test. These two energies were
chosen to maximize the PR149 absorption signal to background
ratio (see Fig. 2, PR149 spectrum for illustration). The image
recorded at 278 eV is before the onset of C 1s absorption for PR149,
thus the majority of contrast in the anode and cathode is due to the
Pt catalyst. The image recorded at 285.2 eV highlights the PR149
perylene red, as well as the carbon support material in the cathode
which is highly graphitic (see Fig. 2). Fig. 9c is the difference of the
285.2 eV and 278 eV OD images which maps the support materials
of the anode (1) and cathode (3) only. This is a key image to illus-
trate our finding. The difference image exhibits negligible contrast
in the NSTF anode region (1) suggesting that there has been a loss,
or a chemical transformation of the PR149 whisker support mate-
rial (compare Figs. 9c and 6d).

The absence of PR149 in the NSTF anode region is further sup-
ported by component maps derived from fitting a full C 1s stack of
the anode region of the integrated CCM, Fig. 9d—g. The spectrum of
the post-tested anode after the reversal test fits perfectly to a
combination of the embedding epoxy, PFSA membrane, and metal
(derived from the constant), without a need to include a PR149
component. Fig. 10a and b presents color coded composites of the
component maps for reversal and SU/SD post-tested integrated
CCM samples which were obtained as discussed for Fig. 9d—g.
Fig. 10c presents the spectrum of the anode region (see inset for the
region from which the spectrum was extracted) and its spectral fit.
This clearly shows that the post-tested anode after reversal test
consists only of the catalyst metal (3) (constant, blue), plus signals
from the embedding epoxy (1) (red) and the PFSA membrane (2)
(green) which are present in the signal due to the very narrow
anode and the finite spatial resolution of STXM. The total fit, shown
in black, matches the experimental data very well. The data and the
residual (4) in the gray highlighted box has no hint of PR149 or other
aromatic signal. This is in distinct contrast to the pre-test sample
where the characteristic double 7* structure of PR149 was readily
detected (see the corresponding gray highlighted region in Fig. 7). A
similar conclusion was obtained by STXM characterization for the
anode after SU/SD test; a typical color coded composite of the post-
tested NSTF anode region is shown in Fig. 10a.

The disappearance of PR149 support was quite a surprise
because, prior to these measurements, it was assumed that PR149
whiskers were inert for wet chemistry. At this point we speculate
that PR149 whiskers degrade due to catalytic hydrogenation. Pre-
vious studies [40] had confirmed superior performance of NSTF
electrodes and, at the same time, the possibility of removing PR149
ex-situ by high temperature annealing while high resolution TEM
imaging under Ar and an H; reducing atmosphere [41]. This is the
first direct evidence that the PR149 support material could also be
deteriorated during operation and that the degradation products
are leached out from the NSTF anode leaving Pt shells empty (see
the “constant” maps blue color coded on Figs. 9f, g and 10a, b) in a
way that is presented in Fig. 3c in [41]. It is known [41] that there
are cracks and pinholes in the Pt shell around the whiskers, even
prior to decaling. These morphologies are likely enlarged during
the decal process in which the NSTF Pt coated whiskers are severely
compressed and the precursor layer is detached, opening the base
of the whiskers. The presence of cracks and holes in the substan-
tially homogeneous metal catalyst shells gives H, access to the
organic PR149 core during operation, possibly leading to catalytic
hydrogenation of the PR149 organic material.

4. Summary

STXM has been used to follow the material transformation of
the NSTF catalyst support, PR149, through different steps of pro-
cessing and tests. The NEXAFS spectra suggest that most if not all of
the PR-149 is present even after the catalyst metal layer is sputtered
on the whisker. Small changes are observed after the catalyst
coated whiskers are mechanically compressed and fabricated into
an MEA. However, after accelerated stress testing there is essen-
tially no perylene red material remaining. Despite loss of the PR149
support, there is no evidence that its loss affects the catalytic
properties of the anode NSTF structure during its life. These studies
provide a detailed chemical perspective on the PR149 based NSTF
material, how it evolves through fabrication into fuel cell elec-
trodes, and during operation, all factors which ultimately affect the
fuel cell performance.
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