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Abstract

Ceramic-supported Pt catalysts are promising for durable polymer electrolyte fuel cells, where
conventional carbon support corrosion remains a major limitation. In this study, SnO.-supported
Pt catalysts were systematically investigated using hard X-ray photoelectron spectroscopy (HAX-
PES), X-ray absorption spectroscopy (XAS/EXAFS), and synchrotron infrared (IR) spectroscopy
to clarify the interfacial electronic state, local structure, and surface functional groups. The spec-
troscopic results provide direct evidence for electron donation from Pt to SnO. and PtSn alloy
formation at the catalyst-support interface, with these electronic modifications becoming more
pronounced at higher Pt loadings. Synchrotron IR measurements did not clearly resolve hydroxyl
or other surface functional groups on Pt/Nb-SnO- under the current conditions, indicating that their
direct contribution to catalytic behavior is likely limited, although weak signals cannot be ex-
cluded. These findings elucidate the interfacial evolution of Pt/Nb-SnO: systems and highlight the
critical role of metal-support interactions in tuning the properties of ceramic-supported Pt cata-
lysts, providing essential design guidelines for developing stable, carbon-free electrocatalysts for
next-generation fuel cells.

Keywords: Polymer electrolyte fuel cell, Ceramic-supported platinum catalyst, Tin oxide, Cata-
lyst—support interaction, Oxygen reduction reaction

expand PEFC applications to commercial vehicles, in-
cluding heavy-duty trucks, as well as railway vehicles,
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To achieve carbon neutrality, efforts are underway
worldwide to establish a hydrogen-based energy cycle
as a sustainable energy infrastructure. Polymer electro-
lyte fuel cells (PEFCs), which generate electricity from
hydrogen, are regarded as a key technology in this con-
text. Further improvements in efficiency and durability
are still required for stationary and passenger-vehicle
PEFC systems that have already been commercialized.
In parallel with the development of hydrogen infrastruc-
ture, research and development are also being pursued to

ships, construction machinery, and other sectors.

For both stationary and transportation applications,
high-temperature operation is attractive because it can
simplify water management and improve tolerance to
impurities; however, it also intensifies degradation of
conventional carbon supports. Carbon corrosion accel-
erates under such conditions, limiting the durability of
Pt nanoparticle catalysts supported on carbon. Accord-
ingly, there is strong interest in alternative support ma-
terials that can withstand acidic and high-temperature
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environments. Ceramic materials such as SnO: and TiO2
exhibit excellent chemical stability under these condi-
tions, and the development of Pt catalysts supported on
such ceramics has therefore been actively pursued
[Ozouf et al., 2018; Fabbri et al., 2014a; Fabbri et al.,
2014b; Yin et al., 2014].

The use of ceramic supports, however, influences
catalyst performance in complex ways. Depending on
the support properties and interfacial structure, catalyst
activity may be improved or suppressed. Important fac-
tors include the electronic conductivity at the support—
catalyst interface, the electronic state of Pt modified by
catalyst—support interactions, and mass-transport effects
associated with the support surface. When a semicon-
ducting ceramic support replaces conductive carbon, a
Schottky barrier may form at the interface with Pt parti-
cles, increasing electronic resistance and potentially
lowering fuel-cell performance. On the other hand, some
ceramic-supported Pt catalysts exhibit not only superior
durability but also higher oxygen reduction reaction
(ORR) activity than conventional carbon-supported Pt
catalysts [Kakinuma et al., 2011; Kakinuma et al., 2013;
Senoo et al., 2014; Senoo et al., 2015; Shi et al., 2021].
These improvements are thought to arise from unique in-
terfacial structures and from support-induced modifica-
tions of the electronic state of Pt nanoparticles. How-
ever, the fundamental relationship among interfacial
charge transfer, local structural evolution, and catalytic
behavior has not yet been fully clarified..

In this study, we focus on a Pt catalyst supported
on Nb-doped SnO, which combines high electrical con-
ductivity with excellent stability in acidic environments
relevant to fuel-cell operation. To clarify how the sup-
port affects the Pt nanoparticles, we investigated a cata-
lyst series in which performance improves with increas-
ing Pt loading. Hard X-ray photoelectron spectroscopy
(HAXPES) was used to probe interfacial structure and
electronic state, X-ray absorption spectroscopy (XAS)
was used to examine structural and electronic changes
associated with catalyst—support interactions, and syn-
chrotron infrared spectroscopy (Synchrotron IR) was
employed to characterize the support surface. By com-
bining these complementary techniques, we aim to clar-
ify how electronic interactions between the ceramic
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support and Pt nanoparticles, as well as the resulting in-
terfacial structures, contribute to the high activity of ce-
ramic-supported Pt catalysts.

2. Methodology and Data

Nb-doped SnO: nanoparticles (Nb: 4 atomic %) pre-
pared by the flame-spray method were used as the ce-
ramic support, and Pt particles were deposited by a com-
plex impregnation method, also known as the nanocap-
sule method. The obtained catalysts were heat-treated at
300 °C for 4 h under a nitrogen atmosphere containing
1% Ha. Three types of Nb-doped SnO--supported Pt cat-
alysts (Pt/Nb-SnO.) with Pt loadings adjusted to 15.9,
25.0, and 34.1 wt% were used. A carbon-supported Pt
catalyst (TEC10ES50E, Tanaka Kikinzoku Kogyo) was
also employed as a reference sample.

The oxygen reduction activities of Pt/Nb-SnO: cat-
alysts with Pt loadings similar to those used in this study
(17.4, 26.2, and 34.2 wt%) have previously been re-
ported and compared with those of the carbon-supported
Pt catalyst. In that report, the activity of Pt/Nb-SnO- was
comparable to or higher than that of the carbon-sup-
ported Pt catalyst and increased with increasing Pt load-
ing. The 15.9 wt% Pt/Nb-SnO: catalyst showed activity
comparable to that of the carbon-supported Pt catalyst,
with both specific activity and mass activity being ap-
proximately 1.0 times those of the reference. For 25.0
wit% Pt/Nb-SnO-, the specific activity and mass activity
were 1.6 and 1.1 times higher, respectively, while for
34.1 wt% Pt/Nb-SnO., they were 2.1 and 1.5 times
higher, respectively [Shi et al., 2021].

Before measurement, the samples were reduced
under a hydrogen flow at room temperature to remove
adsorbed oxygen. For the HAXPES measurements, the
pretreated catalysts were introduced into the apparatus
without exposure to air using an air-free transfer system.
HAXPES measurements were performed at the SPring-
8 industrial beamline SUNBEAM BL16XU. The inci-
dent X-ray energy was approximately 8 keV.

For the XAS measurements, the pretreated cata-
lysts were placed in aluminum-laminated bags inside a
glove box and sealed to prevent air exposure. XAS spec-
tra at the Pt Ls-edge were collected at the SPring-8 in-
dustrial beamline SUNBEAM BL16B2. The X-ray
beam was monochromatized using a Si(111) double-
crystal monochromator, and higher-order harmonics
were removed using a Rh-coated mirror at an incident
angle of 3.5 mrad. The slit size before the sample was
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adjusted to [value must be restored from the original ex-
perimental record]. The incident beam intensity was
measured using a 17 cm ionization chamber filled with
100% N: gas.

Pt/Nb-SnO. was measured in fluorescence mode,
and the fluorescence intensity was recorded using a 19-
element semiconductor detector. The carbon-supported
Pt catalyst was measured in transmission mode, and the
transmitted beam intensity was measured using a 31 cm
ionization chamber filled with 100% Ar gas. The result-
ing XAS spectra were analyzed using Athena. For syn-
chrotron IR measurements, a very small amount of cata-
lyst powder was thinly spread onto a BaF. window. The
spectra were collected in transmission geometry under
ambient temperature and atmospheric pressure, while
flowing dry air to prevent moisture adsorption. Measure-
ments were carried out at SPring-8 BL43IR using a per-
manently installed infrared microscope, Hyperion 2000,
manufactured by Bruker. The spectral resolution was 4
cm”(-1), and the measurement area was approximately
10 pmin diameter.

In  projects 2020A5390, 2021A5390, and
2021B5390, operando measurements of carbon-sup-
ported Pt nanoparticles had originally been planned.
However, because ceramic-supported Pt catalysts suita-
ble for elucidating the mechanisms responsible for high
durability and high activity were successfully synthe-
sized and evaluated, XAFS measurements of the ce-
ramic-supported catalysts described in this report were
conducted to address the original objectives from a more
advanced perspective. Ultimately, the aim is to analyze
reactions under high-temperature conditions through in
situ measurements. However, to investigate the interfa-
cial structure and related features in greater detail, struc-

tural analysis was first performed using ex situ XAS.
In project 2020A1706, which involved synchrotron IR

measurements, analyzable spectra could not be obtained
from the LPS-based all-solid-state battery electrodes
that had initially been planned. Therefore, the measure-
ments were instead carried out using the ceramic-sup-
ported catalysts described in this report. As a result, find-
ings were obtained that contribute to the development of
analytical methods for interfacial structures in electro-
chemical devices, which was the original objective of
the study.

3. Results and Discussion

3.1 HAXPES analysis
Figure 1 shows the HAXPES results for the electronic

states of the Pt, Nb, Sn, and O species in Pt/Nb-SnQ.. In
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the Pt 3ds/> spectrum (Fig. 1a), the peak for the catalyst
with a Pt loading of 15.9 wt% appears at a higher binding
energy than that of metallic Pt. As the Pt loading in-
creases, the peak shifts toward lower binding energy and
approaches that of metallic Pt. This trend suggests that
the extent of electron donation from Pt particles to the
Nb-doped SnO: support becomes weaker at higher Pt
loading, presumably because the interfacial electronic
interaction per Pt atom is reduced as the Pt surface frac-
tion increases.

In the Nb 2ps/2 spectrum (Fig. 1b), Nb remains sta-
bly in the pentavalent dopant state regardless of Pt load-
ing, indicating that the Nb dopant state is not measurably
altered by Pt deposition under the present conditions. In
contrast, the Sn 3ds/> and Sn 3ds/2 spectra show that the
SnO: peak near 487 eV shifts toward lower binding en-
ergy with increasing Pt loading (Fig. 1c), suggesting an
increase in electron density in the support region near the
Pt/support interface.

A shoulder near 485.5 eV, assigned to PtSn alloy
formation, is observed in the Sn 3d region, and its inten-
sity increases with increasing Pt loading (Fig. 1c). This
indicates that Pt-Sn interaction becomes more pro-
nounced at higher Pt loading and supports the formation
of an alloyed interfacial phase in addition to simple
metal-support contact. Taken together, the HAXPES
data directly demonstrate that Pt loading modifies the in-
terfacial electronic structure and promotes PtSn-related
features in Pt/Nb-SnOs..

Previously reported conductivity measurements
showed that the electronic conductivity increased by ap-
proximately two orders of magnitude when the Pt load-
ing was increased from [insert value] to [insert value],
consistent with relaxation of the electron-depletion layer
formed by the Schottky barrier at the Pt/Nb-SnO: inter-
face [Shi et al., 2021]. In that earlier study, electron do-
nation from Pt and PtSn formation were proposed to fa-
cilitate charge transport across the interface. In the pre-
sent work, the HAXPES results provide spectroscopic
evidence that is consistent with that interpretation, alt-
hough the conductivity itself was not remeasured here.
Therefore, the present contribution is to clarify the inter-
facial electronic evolution by direct spectroscopic obser-
vation, while the conductivity enhancement and its
quantitative magnitude should be attributed to the earlier
report.
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Figure 1. HAXPES spectra of (a) Pt 3ds/2, (b) Nb 2ps/2, (¢) Sn
3d, and (d) O 1s for Pt/Nb-SnO: with Pt loadings of 15.9 wt%,
25.0 wt%, and 34.1 wt%.

3.2 XAS/EXAFS analysis

Next, the electronic state and local structure of the Pt na-
noparticles were examined using Pt Ls-edge XAS for
Pt/Nb-SnO.. In the XANES spectra shown in Fig. 2a,
Pt/Nb-SnO- and the carbon-supported Pt catalyst exhibit
nearly identical spectral profiles, indicating that any
electronic-state differences among the catalysts are too
small to be clearly resolved by XAS under the present
measurement conditions. This is consistent with the
HAXPES results, which detected only subtle electronic
changes.

Figure 2b shows the radial structure functions ob-
tained by Fourier transformation of the EXAFS spectra.
The peak in the 2-3 A region, assigned mainly to Pt—Pt
and Pt-Sn coordination, is lowest for TEC10ES50E,
whereas Pt/Nb-SnO: shows an increase in peak intensity
with increasing Pt loading. This trend suggests that the
average local coordination around Pt becomes larger as
the Pt loading increases.

Consistent with this interpretation, the average par-
ticle size of the Pt nanoparticles in TEC10E50E is 2.5
nm, whereas the average particle sizes of Pt/Nb-SnO: are
approximately 2.5-3.0 nm for 15.9 wt%, 3.0-3.5 nm for
25.0 wt%, and around 3.5 nm for 34.1 wt%. This indi-
cates particle growth with increasing Pt loading, which
reduces the relative fraction of low-coordination surface
atoms and therefore increases the average coordination
number.
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In addition, the high-intensity peak corresponding
to Pt-Pt coordination shifts toward longer radial dis-
tances for Pt/Nb-SnO: compared with TECI0ESOE as
the Pt loading increases. This result indicates a change
in the Pt local structure with loading. Together with the
HAXPES results, these EXAFS observations are con-
sistent with interfacial electronic interaction and possi-
ble Pt—Sn alloy-related structural modification, but they
do not by themselves prove the catalytic origin of the
activity enhancement. Therefore, the structural changes
should be presented as supporting evidence rather than
as direct proof of the active site.
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Figure 2. (a) Pt L_3-edge XANES spectra and (b) radial
structure functions obtained by Fourier transformation of the
EXAFS spectra for Pt/Nb-SnO: with Pt loadings of 15.9 wt%,
25.0 wt%, and 34.1 wt%, and for the carbon-supported Pt cat-
alyst (TEC10E50E).
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Figure 3. Synchrotron IR spectra of Pt/Nb-SnO- with Pt load-
ings of 15.9 wt%, 25.0 wt%, and 34.1 wt%.
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3.3 Synchrotron IR analysis

Finally, synchrotron IR spectroscopy was used to exam-
ine whether surface functional groups on Pt/Nb-SnO-
vary with Pt loading and may contribute to catalyst sur-
face modification. It has been reported that surface func-
tional groups on the support can influence local mass
transport, modify metal-support interactions, and affect
the electronic state of supported Pt nanoparticles, poten-
tially contributing to catalytic activity [Andrews et al.,
2015; Schwab, 1970; Tauster et al., 1978; Horsley, 1979;
Dulub et al., 2000].

Although oxygen-containing surface species can
sometimes be examined by photoelectron spectroscopy,
such signals are obscured by the SnO- support signal in
the present system, as shown in Fig. 1(d). Therefore,
synchrotron IR was selected because it can distinguish
functional-group vibrations from the support back-
ground and is sufficiently sensitive for measurements on

individual catalyst particles dispersed on a BaF2> window.

Figure 3 presents multiple measurements of individual
Pt/Nb-SnO: particles with Pt loadings of 15.9 wt%, 25.0
wit%, and 34.1 wt%, dispersed thinly on a BaF> window.
In the region around 3400 cm™, which is often associ-
ated with hydroxyl groups in carbon-supported catalysts,
no clearly discernible hydroxyl-band signal was ob-
served for the Nb-SnO-supported samples.

However, the spectral features were broad, and it is
possible that weak signals were not fully resolved under
the present measurement conditions. Therefore, the pre-
sent data do not allow a definitive conclusion that hy-
droxyl groups are absent; rather, they indicate that any
such signal, if present, is below the current detection
level or is masked by the broad background. In addition,
no systematic dependence on Pt loading was observed
within the present data set. Thus, any effect of surface
functional groups on catalytic performance remains ten-
tative and should be verified by more sensitive quantita-
tive and spatially resolved IR measurements in future
work.

4. Conclusion

Regarding ceramic-supported Pt catalysts, we investi-
gated the interfacial interactions and the factors contrib-
uting to the catalytic properties by analyzing the
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interfacial electronic state, local structure of Pt nanopar-
ticles, and the support surface using HAXPES,
XAS/EXAFS, and synchrotron IR for SnO--supported
Pt catalysts.

From HAXPES, we obtained direct spectroscopic
evidence of electron donation from Pt nanoparticles to
the SnO: support and the formation of a PtSn alloy at the
interface. These electronic modifications were found to
be more pronounced as Pt loading increased. Comple-
mentary XAS/EXAFS analysis indicated corresponding
changes in the local coordination environment of Pt.
These combined spectroscopic findings are consistent
with the relaxation of the electron-depletion layer at the
interface, which is thought to facilitate charge transport
and contribute to the catalytic performance observed in
previous electrochemical studies.

In the synchrotron IR analysis, hydroxyl and other
surface functional groups were not clearly resolved for
Pt/Nb-SnO: under the current measurement conditions.
While this suggests that the direct influence of such
groups on activity might be relatively small compared to
interfacial electronic effects, the broad spectral features
indicate that potential weak signals might remain unde-
tected. Therefore, future work utilizing advanced quan-
tification and high-resolution spatial distribution meth-
ods is necessary to definitively clarify the role of support
surface functional groups in metal-support interactions.
For next-generation fuel cells, developing catalysts that
exhibit stable performance and durability at high tem-
peratures remains a priority, and ceramic-supported Pt-
based catalysts are a promising pathway. We expect that
applying the integrated spectroscopic methodology es-
tablished here to newly developed systems will provide
critical design guidelines for high-performance ceramic-
supported electrocatalysts.
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