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In situ study of oxidation states of platinum nanoparticles on a
polymer electrolyte fuel cell electrode by near ambient pressure
hard X-ray photoelectron spectroscopy

Yasumasa Takagi,*aP Heng Wang,® Yohei Uemura,2P Takahiro Nakamura,? Liwei
Yu,2 Oki Sekizawa,® Tomoya Uruga,©9 Mizuki Tada,® Gabor Samjeske,® Yasuhiro

lwasawa,¢ and Toshihiko Yokoyama?b

Abstract

We performed in situ hard X-ray photoelectron spectroscopy (HAXPES) measurements of the
electronic states of platinum nanoparticles on the cathode electrocatalyst of a polymer
electrolyte fuel cell (PEFC) using a near ambient pressure (NAP) HAXPES instrument having
an 8 keV excitation source. We successfully observed in situ NAP-HAXPES spectra for the
Pt/C cathode catalysts of PEFC under working conditions involving water, not only for the Pt
3d states with large photoionization cross sections in the hard X-ray regime but also for the Pt
4f states and valence band with small photoionization cross sections. Thus, this setup allowed
in situ observation of a variety of hard PEFC systems under operating conditions. The Pt 4f
spectra of the Pt/C electrocatalysts in PEFCs clearly showed peaks originating from oxidized
Pt(I) at 1.4 V, which unambiguously shows that Pt(IV) species do not exist on the Pt
nanoparticles even at such large positive voltages. The water oxidation reaction might take
place at that potential (the standard potential of 1.23 V versus a standard hydrogen electrode)
but such a reaction should not lead to a buildup of detectable Pt(IV) species. The voltage-
dependent NAP-HAXPES Pt 3d spectra revealed different behaviors when increasing voltage
(0.6 — 1.0 V) compared with decreasing voltage (1.0 — 0.6 V), showing a clear hysteresis.
Moreover, quantitative peak-fitting analysis showed that the fraction of non-metallic Pt species
matched the ratio of surface to total Pt atoms in the nanoparticles, which suggests that Pt
oxidation only takes place at the surface of the Pt nanoparticles on the PEFC cathode, and the

inner Pt atoms do not participate in the reaction. In the valence band spectra, the density of



electronic states near the Fermi edge reduces with decreasing particle size, indicating an
increase in the electrocatalytic activity. Additionally, a change in the valence band structure
due to the oxidation of platinum atoms was also observed at large positive voltages. The
developed apparatus is a valuable in situ tool for the investigation of the electronic states of

PEFC electrocatalysts under working conditions.
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1 Introduction

Polymer electrolyte fuel cells (PEFCs) are one of the most promising next-generation
automotive power sources. Platinum nanoparticles (NPs) on carbon supports are generally used
in PEFCs as the highest efficiency catalyst. Since their durability is a key factor for their
practical use, approaches for improving their durability, particularly for the cathode
electrocatalysts in PEFCs, have been extensively investigated by many researchers.!™ In these
studies, it is important to observe directly the oxidation states of the cathode Pt NPs at large
positive voltages, because the severe oxidation, dissolution, and sintering of Pt NPs occur at
the cathode in addition to carbon corrosion when more positive voltages are applied to the
PEFC cathode, for instance, during startup/shutdown operations.

In situ observations of PEFCs have been made using several methods, such as Fourier
transform infrared spectroscopy,” X-ray absorption fine structure (XAFS),%’ X-ray
photoelectron spectroscopy (XPS),*1° X-ray emission spectroscopy,!! and transmission
electron microscopy.'>!'* Recently, in situ XAFS measurements of PEFC electrodes have
revealed restructuring of the surface through observation of the Pt oxidation states and

coordination numbers of Pt-O and Pt-Pt bonds in the Pt NPs at the cathode during voltage-

stepping processes.'*!* XPS provides information complementary to that obtained by XAFS.
Here chemical species with different valences can be detected as separated peaks with chemical
shifts,’ and the average valence of Pt atoms in the NPs is estimated from the white line
intensity of the Pt L3-edge XAFS spectra. Moreover, the concentration of each chemical state
can more easily be estimated from the ratios between peak areas in XPS spectra. In particular,
in cases where more than three oxidation states of the atoms of interest may exist, XPS provides
the concentration of each component, whereas the XAFS technique provides only averaged
information on the oxidation states of each species in the sample.

Conventional XPS requires high vacuum conditions and only allows us to perform ex situ
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measurements of dry samples of PEFC catalysts before and after operation. Recently, XPS
systems for making measurements under ambient pressure conditions have been developed by
using a differential pumping type analyzer and intense X-rays from third-generation
synchrotron radiation sources. This technique is known as near ambient pressure X-ray
photoelectron spectroscopy (NAP-XPS).2!2 NAP-XPS using soft X-rays (~1 keV) can be
employed for solid/gas interface measurements because the photoelectrons generated with low
kinetic energy are surface sensitive.’’! Probing of the solid/liquid interface has been
successfully achieved by using hard X-rays (>4 keV).>>*> In the PEFC electrode, Pt NPs are
surrounded by ionomers and carbon supports and, moreover, a large amount of water exists at
the working electrode of the PEFC to enhance the proton mobility. Therefore, X-ray sources
with high photon energies are required for in situ observation of the PEFC electrode because
high-energy photoelectrons are required to pass through the intermediate materials. It follows
that, NAP-XPS using hard X-rays (NAP-HAXPES) should be a useful tool for the direct
observation of PEFC electrodes under operating conditions.

Another advantage of using hard X-rays for such studies is that the relevant spectra, from
the valence band to deep core shells, can be measured in each case depending on the purpose.
The valence-band electronic states are strongly related to the activity of catalysts, whereas the
chemical states of the atom of interest are directly distinguished by measuring the core-shell
peaks, which do not overlap with other features. The in situ observation of NAP-HAXPES for
the electrocatalysts in PEFCs under different applied voltages can reveal the oxidation
mechanism of the catalysts at the cathode.

Recently, we reported in situ NAP-HAXPES measurements of Pt 3d spectra for Pt NP
cathode catalysts in PEFCs under applied voltages and successfully observed the Pt oxidation
of PEFC Pt/C cathodes.* It was, however, difficult to identify the valence of the oxidized Pt

clearly, such as whether the chemical state of the oxidized Pt was divalent or tetravalent.



Moreover, the previous signal-to-noise (S/N) ratio was not high enough to discuss in detail the
chemical states of the Pt NPs in the PEFC cathode catalyst.

In the present work, we have improved the focus of the incident X-rays to collect more
intense photoelectron signals and have controlled more precisely the vapor pressure of water
around the cathode in the PEFC to stabilize the thickness of the water layer on the Pt NP
catalysts. These improvements allow us to measure the spectra from the electronic levels with
low photoionization cross sections using 8 keV X-rays. We have successfully observed the Pt
4f and valence band spectra, as well as the much more intense Pt 3d spectra. The Pt 4f spectra
for the Pt NP cathode catalyst at 1.4 V showed a clear peak, which originates from Pt(II) rather
than Pt(IV), indicating that Pt(IV) species do not exist on the Pt NP surface even at large
positive voltages. The Pt 3d spectra have been measured in detail by varying the applied voltage,
and the component arising from oxidized Pt atoms was found to appear at >1.0 V with obvious
hysteresis in its intensity depending on the voltage. The concentrations of the three observed
Pt chemical states were estimated from the area ratios of the corresponding peaks by fitting the
Pt 3d spectra. Based on a comparison of the results obtained for NPs with different particle
sizes, it is concluded that the Pt oxidation only takes place at the surface of the Pt NPs at the
PEFC cathode. The valence band spectra have also been successfully recorded, and the density
of electronic states in the vicinity of the Fermi edge was found to reduce with decreasing
particle size, indicating a higher activity for Pt NPs with smaller particle sizes. A change in the

valence band structure due to Pt oxidation was also observed at large positive voltages.

2 Experimental

2.1 NAP-HAXPES measurement system and membrane electrode assembly

36,37 5

The in situ XPS measurements were conducted at the BL36XU beamline in SPring-8§,

which we constructed for fuel cell catalysis research using the NAP-HAXPES system with a



commercial differential-pumping type analyzer (R4000 HiPP-2, Scienta Omicron Inc.).*8
Detailed descriptions of the measurement system and the PEFC-type measurement cells can be
found in our previous report.>* The incident photon energy was set at 7.94 keV. In order to
enhance the photoelectron intensities, the crystal monochromators and focusing mirrors were
precisely adjusted and an X-ray spot size at the measurement position of 20 um (vertical) x 20
um (horizontal) was consequently achieved by the focusing mirrors, which is six times smaller
than the size of 120 pm (vertical) x 20 um (horizontal) used in our previous study.*® In order
to avoid possible sample damages by the focused X-ray beam, the sample was scanned during
the in situ NAP-HAXPES measurements. The gas pressure in the analysis chamber was
measured with a capacitance gauge more precisely than in our previous work. In the present,
experiments hydrogen gas (99.99999% purity) was supplied to the anode at a flow rate of 15
ml/min, and only water vapor was provided to the cathode from a water bath at 50 °C with the
pressure controlled more accurately than before using a variable leak valve between the
chamber and the water bath. The precise control of the water vapor pressure is essential for
maintaining the thickness of water layers on the Pt NPs for stable photoelectron intensities. The
cell voltage between the anode and cathode was controlled by a potentiostat (600E, CH
Instruments, USA) and the cathode electrode was always grounded for the NAP-HAXPES
measurements. In the present electrochemical setup for the NAP-HAXPES measurements, the
anode was used as both the counter and reference electrodes since in the Pt/H> system the
electrode potential does not change over a wide range of current densities. All potentials are
reported with respect to the anode and were regulated by the potentiostat system shown in the
ESTIt. Therefore, in this study potentials are V vs RE/CE.

We used Pt NPs with two different sizes (TECIOESOE and TEC10ES0E-HT; Tanaka
Kikinzoku Kogyo Co., Ltd.; Pt 50 wt.%) as cathode catalysts and TEC10ESOE was also used

at the anode electrode. The average diameters of the Pt nanoparticles in TEC10ES0E and



TECI0ESOE-HT are 2.6 and 4.8 nm, respectively.>>#! These catalysts were coated onto a
membrane electrode assembly (MEA) containing a Nafion membrane (Eiwa Co. Ltd.; 5 x 5
mm?) with cathode Pt loadings of 0.1 mg/cm? and 0.3 mg/cm? for TECIOESOE and
TEC10ES0E-HT, respectively, and 0.5 mg/cm? for the anode TEC10ES0E. The MEA samples

were always aged prior to the measurements.

2.2 Optimizing vapor pressure.

Cyclic voltammograms (CVs) for MEAs coated with Pt/C (TECI10ES0E) under different
water vapor pressures at the cathode were recorded in the potential range from 0.15Vto 1.2V
at a scan rate of 20 mV/s at room temperature (RT), as shown in Figure 1(a). Figure 1(b) shows
the corresponding in situ HAXPES Pt 3ds, peaks at the cathode. The CV curves were changed
with increasing water vapor pressures to be saturated at >4,000 Pa (Figure 1(a)). The intensity
of the Pt 3ds, peaks decreased with increasing water vapor pressure due to inelastic
photoelectron scattering from gaseous water molecules located between the sample and the
electron energy analyzer, and also from the liquid water layer covering the Pt NPs at the cathode.
However, except for the S/N ratio, the shape of the normalized HAXPES peaks after
background subtraction did not change significantly up to 4,700 Pa. Considering the results of
the proton mobility and the attenuation of the photoelectron signals in Figure 1, the most
suitable water vapor pressure for the HAXPES measurement of Pt NPs in the MEA can be
estimated to be around 4,000 Pa. The water vapor pressure was kept constant during the NAP-
HAXPES measurement by controlling the flow and pumping rates of the water vapor. Under
this pressure condition, there are few changes in the CV curves before and after the in situ
NAP-HAXPES measurements (Figure S2, ESI), indicating that the HAXPES measurement
does not significantly change the electrochemically active surface.

The thickness of the liquid water layers on the Pt NPs in the MEA can be roughly



estimated from the decay of the HAXPES signal intensity. The effective path length through

342 the total photoelectron scattering cross

the gaseous region in this apparatus is 0.315 mm,?
section of a water molecule is 4.5 x 107 cm? at an electron energy of 5.0 keV #*, and the
inelastic mean free path of photoelectrons at the same energy in liquid water is 18 nm.** As
shown in Figure 1(c), the signal attenuation with respect to that at 300 Pa is estimated to be
18% at 4,000 Pa. By using these values, the thickness of the water layer was calculated to be
about 6 nm at 4,000 Pa. As the kinetic energy of the Pt 3ds» photoelectrons was 5.8 keV in

these measurements for an excitation energy of 7.94 keV, the actual thickness of the liquid

water layer is regarded to be slightly larger than the estimated value.

3 Results and discussion

Oxidation of the Pt NP catalysts occurs when a large positive voltage is applied between
the electrodes. As indicated by the CV curves, the threshold voltage is approximately 0.8 V. We
used in situ NAP-HAXPES to determine the oxidation states of the Pt NPs at the cathode at
positive voltages and sufficient humidity. Figure 2 shows the Pt 4f HAXPES spectra for Pt/C
(TEC10ES0E) at 0.4 V and 1.4 V, which correspond to reduced and oxidized Pt states,
respectively. Approximately 90 min were required to record each spectrum. The spectrum of
the Pt foil at Av = 7.94 keV in high vacuum is also given in Figure 2 for comparison. The
binding energies of the HAXPES peaks were defined with respect to the Fermi edge, and the
spectral intensities were normalized to the total signal area.

The peak energy at 0.4 V shifted to a higher binding energy compared with that of the Pt
foil and the line width also became broader due to the size effect of the NPs.***® Upon
increasing the voltage to 1.4V, the Pt NPs were oxidized and a new 4fs); peak appeared at 77.55
eV, which i1s 3.1 eV higher than the main 4fs, peak for metallic Pt(0) at 74.45 eV.

Correspondingly, the 417, peak was also seen at ~74.2 eV as a shoulder overlapped by the



metallic Pt(0) 4fs, peak (Figure 2(c)). In order to clarify the Pt oxidation state associated with
the new peaks, we measured the Pt 4f spectra of the platinum(IV) oxide (PtO2) powder. The Pt
4f peaks of PtO> showed a chemical shift of 3.7 eV from the Pt metal peaks. Moreover, the
XPS Pt 4f spectra of a Pt—Co alloy catalyst in a deteriorated MEA after potential cycling
between 0.6 V and 1.2 V showed clear peaks assigned to Pt(IV) at binding energies 4.4 eV
higher than those of the Pt metal peaks.*’ Therefore, the in situ NAP-HAXPES suggests that
the new oxidized peaks in the Pt 4f spectra at a voltage of 1.4 V originate from Pt(Il) species.
Pt(IV) does not exist on the Pt NPs at the Pt/C cathode in the MEA at normal operating voltages,
because no peaks in the Pt(IV) energy region can be observed. This result is in good agreement
with the in situ XAFS conclusion for the Pt NP catalysts in MEA Pt/C. %% The in situ XAFS
measurements demonstrated that the direct transformation from metallic Pt to mostly Pt(II) at
the nanoparticle surfaces occurs at potentials above 1.2 V, exhibiting an isosbestic point in the
XANES series, and no further oxidation to Pt(IV) was observed under fuel cell operating
conditions.*!*! The formation of crystalline a-PtO, and B-PtO, on Pt/C rotating disk
electrodes after prolonged application of a large positive voltage has been reported previously,
but such conditions are essentially different from the PEFC MEA Pt/C operating conditions.*®
Huang et al. reported two-dimensional (su)peroxo-like two-dimensional oxides and amorphous
3D a-PtO; are sequentially formed during the anodic polarization though in their work the
applied potential was as more positive as 2.0 V.*’ Saveleva et al. proposed the different Pt
oxidation mechanism at high anodic polarization by NAP-XPS study, consisting of adsorption
of O/OH followed by nucleation of PtO/PtO: oxides and their subsequent three-dimensional
growth.!” In our case of the MEA Pt/C cathode electrocatalyst under Ha(anode)-4,000 Pa
H>O(cathode), the PtOx exists as 2D species only on the outermost surface of the Pt
nanoparticle from the result of the peak fit analysis for the NAP-HAXPES spectra at 1.4 V and

the PtOx species are situated as Pt" and Pt*" as suggested by NAP-HAXPES as discussed later.



It was also reported that oxide growth first begins with the formation of a thin layer of
PtO composition, on which PtO>-composed oxide continues grows above ~1.2 V. However, for
the case of thin oxide layers (1-2 layers), density functional theory calculations indicate the
possibility of a stable phase of PtO composition with the (100) plane.>® Ex situ electro-chemical
(EC) XPS also identified Pt(II)-O and Pt(I)-OH at different Pt single crystal surfaces, but no
Pt(IV)-oxygenate species were observed though it should be noted that the EC-XPS system
was different from a PEFC MEA !

It is noted that due to the vital importance of high proton mobility in the MEA, the oxygen
reduction reaction in PEFCs occurs only under operating conditions with sufficient water, and
the oxidation of Pt NP surfaces at the cathode also proceeds at the positive voltages under PEFC
operating conditions. The present in situ NAP-HAXPES system allows us to observe the
oxidation state of Pt NPs in the MEA Pt/C cathode layers as the apparatus can be operated at
higher pressures than the saturated water vapor pressure at RT.

Although oxidized Pt 4f peaks were detected in Figure 2, the spectra are not of a
sufficiently high quality for quantitative analysis and further discussion. Due to the limited
beam time available at the synchrotron radiation facility, improving the S/N ratio of the spectra
by simply performing the measurements over a longer time period is difficult. Instead, we
exploited the fact that the photoionization cross sections of deep core levels in hard X-ray
experiments are generally larger than those of the levels closer to the Fermi edge.>? The signal
intensity from the Pt 3d levels with a binding energy of around 2120 eV was about two orders
of magnitude larger than that of the Pt 4f levels with a binding energy of approximately 78 eV,
and hence the S/N ratio of the spectra was greatly improved and determination of the oxidation
state of the Pt NP electrocatalysts from the Pt 3d levels was possible without the need for
undesirable longer measurements.

Figure 3 shows the in situ Pt 3d HAXPES spectra of the samples, measured under the
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same conditions as for the results shown in Figure 2. Comparison of Figures 2 and 3 shows
that the spectral quality of the Pt 3d levels is noticeably improved relative to that of the Pt 4f
levels, even for a measurement time of only 20 min per spectrum, due to the much higher hard
X-ray cross sections of the Pt 3d region. The spectrum at 0.4 V was broader than that of Pt foil,
and a definite shoulder peak at 1.4 V was observed on the higher energy side of the spectrum
(Figure 3(c)). Broader peaks due to the shorter life time of deep core-hole levels prevented high
resolution observation of these contributions due to their small differences in binding energies.
For quantitative compositional analysis, the Pt 3d spectra were decomposed into three
components: Ptl, Pt2, and Pt3. Considering the Pt 4f spectra in Figure 2, we straightforwardly
assigned the Pt1 component at 2122.0 eV to metallic Pt(0), and Pt3 at 2125.1 eV to Pt(Il). The
Pt2 component at 2123.3 eV that occurs at an energy intermediate between the binding energies
for Pt(0) and Pt(II) can be assigned to Pt(I) species such as Pt-OH, but may also contain
contributions from electronically modified Pt species such as Pt atoms at the edge and corner
sites in the Pt NPs. Since the Pt2 intensity in Figure 3 was larger at 1.4 V than at 0.4 V, the Pt-
OH oxidized species should be considered a major species in Pt2 at 1.4 V. Edge/corner Pt atoms
may also exist because the adsorption of hydroxyl groups on Pt NPs is not expected to occur
at 0.4 V. In the curve-fitting analysis, the Doniach—Sunjic function with a small asymmetric
parameter was used for the metallic component (Ptl) and symmetric Gaussian functions were
used for the other components (Pt2 and Pt3). It was confirmed by deconvolution that the in situ
NAP-HAXPES spectrum at 0.4 V comprises two (Ptl and Pt2) components, and the spectrum
at 1.4 V also contains the Pt3 component in addition to the Pt1 and Pt2 components. Hence,
analysis of the in situ NAP-HAXPES spectra provides quantitative information about the
oxidization/reduction of the Pt NPs in MEA Pt/C cathode catalysts.

The measurement time for the Pt 3d spectra is much shorter than that for the Pt 4f spectra

because of the two orders of magnitude more intense signals originating from the 3d levels.
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This favorable feature is quite useful for the investigation of voltage-dependent Pt oxidation
states because it is necessary to obtain many spectra in a limited beam time. On the contrary,
the Pt 3d peaks become broader than the Pt 4f peaks due to the much shorter lifetime of the
core-hole states of the Pt 3d levels, resulting in a somewhat small energy separation between
the peaks. When higher energy resolution is required, observation of the Pt 4f levels with a
longer measurement time may be more suitable.

The voltage dependence of the oxidation state of the Pt atoms in MEA Pt NPs was
observed by measuring the in situ Pt 3d NAP-HAXPES spectra in the 0.2-1.4 V range, either
increasing or decreasing the voltage in steps of 0.2 V, as shown in Figures 4(a) and (b),
respectively. The Shirley background was subtracted from these spectra and, subsequently, the
spectra were normalized by their respective total areas. Inspection of Figure 4(a) shows similar
spectral shapes from 0.2 V to 0.8 V. A shoulder peak corresponding to the oxidized state
appeared at 1.0 V and grew until 1.4 V. Upon decreasing the voltage (Figure 4(b)), the intensity
of the shoulder peak at 1.4 V did not decrease at 1.2 V at all, and the shoulder intensity did not
decrease significantly until 1.0 V. The spectrum began to change below 1.0 V and the shoulder
peak disappeared completely at 0.6 V. The spectra were deconvoluted to three components
similar to the analysis shown in Figure 3. The component fractions for Ptl, Pt2 and Pt3 are
plotted in Figures 4(c), (d), and (e), respectively. The chemical state of Pt exhibited a distinct
hysteresis while increasing and decreasing the voltage. A similar hysteresis has also been
reported in the transformations of the Pt valence and the coordination numbers of Pt-Pt and Pt-
O bonds by in situ XAFS analysis, where the three different oxidation states of Pt NPs in MEA
were not quantitatively discriminated.®!4!?

We also examined the voltage dependence of the oxidation states of Pt NPs in Pt/C with

a larger average particle size of 4.8 nm (TEC10ESOE-HT). The Pt 4f peak was broader than

that of Pt foil, and the peak was shifted to the high-binding-energy side, although the variations
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were smaller compared with the case of Pt NPs with a smaller diameter of 2.6 nm
(TEC10ESOE). A similar tendency was also observed for the Pt 3ds» peak. The result reflects
a particle size effect on the Pt electronic state.*>33

Figures 5(a) and (b) show the spectra for Pt/C (TECIOES0E-HT) while increasing and
decreasing the voltage, respectively, in a similar manner to that for Pt/C(TEC10ES0E)
presented in Figure 4. The oxidation peak at around 2125 eV appeared or disappeared
depending on the voltage. The spectra were also deconvoluted into Ptl, Pt2, and Pt3
components with binding energies of 2122.0 eV, 2123.3 eV, and 2125.1 eV, respectively.
Figures 5(c)-(e) show similar hysteresis features for each Pt peak, although the concentration
variations are less pronounced.

We now discuss the structural transformations of the Pt NPs based on the quantitative
analyses of the in situ NAP-HAXPES results. Assuming an fcc cubo-octahedral structure of Pt
NPs, average cubo-octahedral Pt NPs with diameters of 2.6 nm (TECI0ESOE) and 4.8 nm
(TEC10ES0E-HT) comprise 586 and 4033 Pt atoms, respectively. In these NPs, the ratios of
inner to outer Pt atoms are 54% for 586 atoms and 73% for 4033 atoms. These values agree
well with the concentrations of the metal component Pt1 in Figures 4(c) and 5(c) at the voltage
of 1.4V, at which the Pt NPs are highly oxidized. These results suggest that only the surface Pt
atoms in the Pt NPs of the MEAs are oxidized, and the atoms in the NP core maintain their
metallic state, as illustrated in Figure 6.

Previous in situ XAFS measurements for similar samples also indicated that the oxygen
atoms were located both on the outermost surfaces and in the subsurface of Pt NPs at 1.4 V.!>18
These findings by different techniques were compatible with each other, but more detailed
information can be derived from the present results obtained by in situ NAP-HAXPES, which
form the basis of the following discussion. When the Pt(111) single-crystal surface is oxidized,

the resultant surface oxide is known to exhibit substantial buckling of both O and Pt atoms.>*>*
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The upward-buckled Pt atoms are chemically bonded to both surface-chemisorbed and
subsurface oxygen atoms, whereas the downward-buckled Pt atoms are bonded to surface
hydroxyls or subsurface oxygen atoms. In this configuration, only the buckled Pt atoms on the
surface change their valence, and the oxidation may not significantly influence the second layer
of Pt atoms. The upward-buckled and downward-buckled Pt atoms at voltages >1.0 V could be
ascribed to Pt(II) and Pt(I), respectively.

When oxygen gas at a partial pressure of 1,000 Pa was supplied with the water vapor to
the cathode, no peak related to the oxidation of Pt was detected in the Pt 3d spectra at voltages
<0.8 V because of the low oxygen partial pressure. To detect the oxidation state under oxygen
gas flow we may need to operate the measurement cell at an appropriate oxygen partial pressure.

Measuring the electronic state in the valence band is important because the valence band,
especially the states near the Fermi edge, reflects the catalytic activity of the material.
Meanwhile, the cross section of the valence band is very low when hard X-rays with an 8 keV
photon energy are used as the excitation source. It takes approximately two hours to obtain the
valence band spectra of the Pt NPs in the PEFC electrode at a sufficient quality using the present
HAXPES system. Figure 7 shows the valence band spectra for Pt/C (TECI0ES0E) and Pt/C
(TEC10ES0E-HT) at 0.4 V and 1.4 V, together with that for the Pt foil for comparison, which
exhibits a sharp peak that appears near the Fermi edge. The peak intensity decreases in the
order of foil, TEC10ES0OE-HT, TEC10ESO0E, indicating that the catalytic activity increases as
the particle size decreases.>® The voltage dependence of the valence band of the Pt NPs was
also observed under the same conditions as in Figures 2 and 3. In the spectra of TECI0ES0E
(Fig. 7(c)), the spectral shapes at 0.4 V and 1.4 V are completely different from each other. The
densities of the electronic states near the Fermi edge and around 4.5 eV decreased at 1.4 V,
whereas those around 3 eV increased compared with that at 0.4 V, resulting in a simple valence

band structure for TECI0ESOE at 1.4 V. According to the results shown in Figure 4(e), the
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oxidized Pt atoms comprised about 25% of the Pt NPs at 1.4 V. Therefore, features of the
valence band of PtO *° appear in the spectra at 1.4 V. The difference between the valence bands
of TECI0ESOE-HT at 0.4 V and 1.4 V was small, because the fraction of oxidized Pt(Il) in the

NPs was only about 10% according to Figure 5(e).

4 Conclusions

In the present work, we have improved the performance of our in situ NAP-HAXPES
measurement system, and investigated in detail the oxidation states of Pt NP electrocatalysts in
the cathode layer of PEFCs by applying a voltage between the electrodes. The optimum water
vapor pressure for making in situ NAP-HAXPES measurements was approximately 4,000 Pa.
Under this pressure, the MEA retains sufficient moisture to transport protons and the liquid
water layer over the Pt NPs was thin enough to transmit photoelectrons from the Pt NPs. Under
the optimum vapor pressure, the specific voltage-dependent changes of the Pt 3d and Pt 4f
HAXPES spectral shapes originating from oxidation/reduction of the Pt atoms were
successfully detected. The oxidized Pt appearing at voltages >1.0 V was unambiguously
ascribed not to tetravalent Pt but to divalent Pt. In the Pt 3d spectra, the Pt component ratio as
a function of voltage showed definite hysteresis for each Pt species. Quantitative analysis of
the peak fitting for NPs with different particle sizes indicated that the Pt oxidization only
occurred at the surface of the Pt NPs, and no inner Pt atoms were involved in the electro-
oxidation. In the valence band spectra, the density of electronic states near the Fermi edge
reduced with decreasing particle size, indicating higher activities for smaller Pt nanoparticles.
A change in the valence band structure due to oxidation of the Pt atoms was also observed at
large positive voltages.

This oxidative reaction takes place at the MEA with sufficient water to facilitate high
proton mobility from the anode to the cathode through the Nafion electrolyte membrane. /n

situ NAP-HAXPES is a useful method for the observation of the electronic states of wet
15



samples at high water vapor pressures, which allows us to perform in situ hard X-ray
photoelectron spectroscopic investigations of active Pt NPs in Pt/C cathode layers under PEFC

operating conditions.
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Figure captions:

FIG. 1. (a) Cyclic voltammograms and (b) Pt 3ds, spectra recorded with different water vapor
pressures at the cathode. The scan rate used for the cyclic voltammetry measurements was 20
mV/s. The Pt 3ds» spectra were recorded a voltage corresponding to the open-circuit voltage
(0.12 V). TEC10ES0E was used as the catalyst in the electrode. (¢) Water pressure dependence
of the reduction peak intensity at around 0.75 V in the cyclic voltammograms (red) and the Pt

3ds) peak intensity (blue). The dashed lines are solely for guiding the eye.

FIG. 2. Pt 4f spectra of Pt foil and the Pt/C catalyst at the cathode (Av=7.94 keV). The Pt foil
spectrum was recorded under high vacuum, and the other spectra were recorded under a water

pressure of 4,000 Pa at the cathode.

FIG. 3. Pt 3ds, spectra of Pt foil and the Pt/C catalyst at the cathode (Av = 7.94 keV). The Pt
foil spectrum was recorded under high vacuum and the other spectra were recorded under a
water pressure of 4,000 Pa at the cathode. The black dots correspond to the experimental results

and the solid red lines to the fitted curves with three components of Ptl, Pt2, and Pt3.

FIG. 4. (a,b) In situ NAP-HAXPES Pt 3ds. spectra of the Pt/C catalyst with an average
diameter of 2.6 nm (TECI10ES0E) at the cathode for various cell voltages. The voltage is (a)
increasing or (b) decreasing. (c—¢) Bias voltage dependence of the concentration of the Pt
chemical states (c) Ptl, (d) Pt2, and (e) Pt3 (see the text and figure 3 for descriptions of the

components) obtained by curve fitting.

FIG. 5. (a,b) In situ NAP-HAXPES Pt 3ds» spectra of the Pt/C catalyst with an average
diameter of 4.8 nm (TEC10ES0E-HT) at the cathode for various cell voltages. The voltage is
(a) increasing or (b) decreasing. (c—e) Bias voltage dependence of the concentration of Pt

chemical states (c) Ptl, (d) Pt2, and (e) Pt3 obtained by curve fitting.

21



FIG. 6. Schematic showing the voltage dependent transformation of Pt NPs. (a) An NP of
TEC10ESO0E with a diameter of 2.6 nm corresponds to the fcc cubo-octahedral-structured NP
with four edge atoms (Nedge). The total number of atoms (Niota1) in the NP is 586, and the number
of the surface atoms (Nsurface) 18 272. (b) An NP of TEC10ES0E-HT with a diameter of 4.8 nm
corresponds to the fcc cubo-octahedral-structured NPs with Nedge = 7 atoms, Notal = 4033 atoms,
and Nsurface = 1082 atoms. The dispersions (D = Nsurface / Niotal) Of the NPs with Negge = 4 or 7
atoms are 0.46 and 0.27, respectively. These values agree well with the ratio of atoms with non-
zero valence in the NPs at 1.4 V from the XPS measurements of the Pt 3ds» peak (Pt2+Pt3),

indicating that only the surface atoms change their valence.

FIG. 7. Valence band spectra of Pt foil and the Pt/C catalysts with average diameters of 2.6 nm
(TEC10ES0E) and 4.8 nm (TEC10ESOE-HT) at the cathode (Av= 7.94 keV). The Pt foil
spectrum was recorded under high vacuum and the other spectra were recorded under a water
pressure of 4,000 Pa at the cathode. The black and red lines correspond to the spectra recorded

at 0.4 and 1.4V, respectively.
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FIG. 3.
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FIG. 4
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Figure S1: A potentiostatic system of the fuel cell for in situ NAP-HAXPES measurements at SPring-8
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Figure S2: Cyclic voltammograms before and after the in situ NAP-HAXPES measurement for 4 hours

under water vaper pressure of 4,000 Pa. The scan rate of the CV curves was 20 mV/s. TEC10E50E was
used as the catalyst in the electrode.



