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ABSTRACT

To reveal the origin of the difference between the Pt—Pt bond distance in Au(core)—
Pt(shell)-type PtAu nanoparticles and that in a Pt overlayer on Au(111), alloy-type PtAu
nanoparticles were prepared on a highly oriented pyrolytic graphite (HOPG) surface by
arc plasma deposition (APD) and their structure was investigated under various
electrochemical conditions by bent-crystal Laue analyzer-empowered back-illuminated
X-ray absorption fine structure (BCLA + BI-XAFS) and high-energy-resolution-
fluorescence-detection-empowered back-illuminated X-ray absorption near-edge
structure (HERFD + BI-XANES) methods. On the basis of the X-ray absorption fine
structure (XAFS) analysis at both edges, we proposed the formation of a PtAu alloy core
covered with a Pt-rich shell at 0.4 Vgue, where the Pt—Pt, Pt—Au, and Au—Au bond lengths
were all found to be ~2.76 A. The Au—Au bond length was abnormally shorter than that
for bulk Au. The Pt shell was dissolved under applied potentials greater than 0.8 Vrue
with the aid of the high-intensity X-rays, and the Au—Au distance increased. We
concluded that the abnormal bond lengths were due to the strong surface tension from
the Pt-rich shell and the relaxation of the lattice distortion. The Pt—Pt bond length in the
Au(core)—Pt(shell) nanoparticles decreases as a result of the surface tension of the
nanoparticles; this surface tension does not exist on flat Au surfaces, where the lattice
distortion between the Pt overlayer and the substrate is the main driving force for the
expansion of the Pt—Pt bond length.



INTRODUCTION

Metal nanoparticles exhibit unique electronic properties, such as discrete energy
levels and magic number stability originating from quantum mechanics and a high
surface/volume ratio.! Unique nanoparticle shapes grown from icosahedra, decahedra,
and plane triangles have been stabilized to give twin structures.?3 Lattice contraction*”’
and expansion, 82 as well as negative thermal expansion,’® have been reported for
nanoparticles. Such characteristics of nanoparticles make them useful in numerous
applications, including catalysis, photocatalysis, and magnetic and electronic devices.!

Pt nanoparticles are used in the cathode of hydrogen fuel cells for the oxygen
reduction reaction (ORR). Hydrogen fuel cells can potentially meet the soaring demand
for a green energy source with a high output efficiency and zero emissions, and the
bottleneck of the technology is the scarcity of Pt, which makes the commercialization of
fuel cells expensive.'? Enhancing the activity and stability of Pt nanoparticles to reduce
the amount of Pt has been an active topic in fuel cell research.®* One promising method
is to prepare PtAu bimetallic nanoparticles. Capping Pt nanoparticles with Au atoms has
been reported to greatly enhance the durability of Pt in the acidic conditions of the
ORR. ¥ 15 Au(core)-Pt(shell) structures have been prepared to achieve greater Pt
utilization.1617181920-21 | 3ddition to enhancing the Pt mass activity, the activity per
surface Pt atom was improved in Au(core)—Pt(shell) structures. An enhancement of the
activity per surface Pt atom was observed in other metal(core)-Pt(Shell) systems, where
the greater activity was attributed to a shorter Pt—Pt interatomic distance.??:2323
However, the enhancement of activity per surface Pt atom on Au in a core—shell
structure was unexpected because Pt was predicted to have a longer bond length in the
shell region, thus resulting in lower activity.2 The Pt—Pt distance in bulk Pt is 2.76 A,
whereas the Au—Au distance in bulk Au is 2.86 A; thus, a Pt monolayer deposited onto a
Au surface should have a longer bond length. Actually, according to the literature, the
Pt—Pt distance in a Pt monolayer on Au(111) is longer than that in bulk Pt and the
monolayer structure is less active.?>26-27

X-ray absorption fine structure (XAFS) is a powerful technique for determining
metal-metal bond distances in nanoparticles.?® However, using XAFS to characterize
Au(core)—Pt(shell) nanoparticle systems is difficult because of the interference between
the Pt and Au Lz edges.?® Kaito et al.?! reported K-edge Pt and Au XAFS spectra of PtAu
nanoparticles whose edges were separated by 2400 eV; the interference was therefore
negligible. They observed a Au(core)/Pt(shell) structure in the PtAu nanoparticles. They
also found that the Pt—Pt and Au-Au distances were contracted by 0.03 A and 0.04 A,
respectively, from those of Pt and Au bulk metals. They concluded that, compared with
Pt/C, the Au(core)-Pt(shell) nanoparticle structure exhibited greater activity per surface
Pt atom for the ORR.



Here, we address a simple question: Why does the Pt—Pt distance in the Au(core)-
Pt(shell) nanoparticles contract, whereas the Pt—Pt distance in a Pt monolayer on a
Au(111) surface does not? Bond-length contraction has been reported for various metal
nanoparticles.*® Although Kaito et al.?! found that the Au—Au bond length in the Au core
of Au(core)-Pt(shell) nanoparticles was contracted by 0.04 A to a value of 2.82 A, this is
still longer than the Pt-Pt bond length in bulk Pt (2.76 A). If the surface-layer bond
length (Pt—Pt) strongly depends on the bond length in the substrate (Au—Au), as it does
in the case of a flat surface, then the Pt—Pt distance should be elongated because of the
effect of the Au core. Thus, the Pt—Pt bond distance is not solely determined by the
substrate structure. To confirm the influence of the substrate’s geometrical and
electronic effects, we prepared well-mixed PtAu alloy nanoparticles. The PtAu alloy
nanoparticles should have a smaller lattice spacing, which might result in a Pt—Pt bond
length that is shorter than that for Pt on a pure Au core structure.

In the bulk PtAu binary system, phase separation has been reported to occur
through the formation of unstable intermetallic states.39-32 However, PtAu metal alloy
nanoparticles have been found to form in both theoretical and experimental studies.33-3¢
Whether surface segregation or alloy formation occurs depends on the synthesis
conditions.3” In the present study, we_used the arc plasma deposition (APD) method to
prepare PtAu alloy nanoparticles. APD can generate pure metal or binary nanoparticles
by blowing ionized metal plasma, where the morphology and composition of the
nanoparticles are controlled by changing the blowing sequence, number of pulse
repetitions, and the applied voltage.’® To obtain PtAu alloy nanoparticles, two arc
plasma guns with Au and Pt sources are used to deposit Au and Pt simultaneously. To
obtain deposited nanoparticles with a homogenous size and composition, the APD
process requires a flat surface, such as that of highly oriented pyrolytic graphite (HOPG).
Unlike the powdery carbon supports used in numerous previous XAFS studies,638 -44
PtAu nanoparticles deposited onto the flat HOPG could not be easily characterized by
XAFS because of their low loading of Pt and Au (~¥10% cm™). For the surface state to be
controlled, the sample must be kept under an inert gas, under ultrahigh vacuum, or
immersed in an electrolyte under a controlled electrochemical potential. Given the
potential applications of PtAu nanoparticles in fuel cells, we selected the controlled-
potential electrolyte environment in the present study. However, the coexisting
electrolyte strongly absorbs X-rays and creates undesirable scattered X-rays that
adversely affect the quality of the acquired XAFS spectra.

We recently developed the bent-crystal Laue analyzer (BCLA)-empowered back-
illuminated XAFS (BCLA + BI-XAFS) technique that enables XAFS measurements of ~10*°
cm™ Pt on a flat HOPG surface.*> We can fabricate thin HOPG substrates suitable for use
as a substrate for nanoparticles, as a window for X-rays, or as an electrode for
electrochemistry. The Pt nanoparticles are irradiated by X-rays from the HOPG window



side so that absorption by the electrolyte can be neglected. The BCLA can select only Pt
Lo fluorescent X-rays, and remove X-rays due to scattering and fluorescence from other
elements.  Consequently, we can acquire spectra with a higher signal-to-background
(S/B) ratio.

The BCLA + BI-XAFS technique offers four main advantages in the analysis of PtAu

nanoparticles:

(1) The electrolyte thickness has no limitation because fluorescence X-rays are
detected from the backside of the substrate window, minimizing the effects of
absorption and elastic scattering by the electrolyte.

(2) In situ measurements can be carried out under electrochemical conditions to
characterize the structure of PtAu nanoparticles under controlled
electrochemical conditions.

(3) The HOPG surface is atomically flat, which enables characterization via surface
science techniques such as X-ray photoelectron spectroscopy (XPS), atomic force
microscopy (AFM), and scanning tunneling microscopy (STM).

(4) The interference of the L; edges of Pt and Au can be eliminated by separating
the Au and Pt fluorescence X-rays.4®

In  the high-energy-resolution-fluorescence-detection (HERFD)-empowered back-
illuminated X-ray absorption near-edge structure (HERFD + BI-XANES) method, another
type of crystal monochromator is adopted to reduce the lifetime broadening effect and
obtain high-energy-resolution XANES spectra that provide more precise information
about the electronic state. HERFD + BI-XANES spectra can be obtained by replacing the
BCLA with a Johan-type crystal analyzer.

In the present work, we carried out in situ BCLA + BI-XAFS and in situ HERFD + BI-
XAFS measurements on PtAu alloy nanoparticles prepared by APD to elucidate the effect
of alloying on the bond length. By manipulating the electrochemical potential, we
obtained an electrochemically clean surface. We found that the thus-obtained PtAu
cluster had a unique PtAu (core)—Pt(shell) structure in which the Pt—Pt, Au—Au, and Pt—
Au distances are all ~2.76 A, which is approximately the same as the Pt—Pt distance in Pt
foil and is abnormally 0.1 A shorter than the Au—Au bond length in Au foil. We discuss
the abnormally short Au—-M (M = Au, Pt) bond length from geometric and electronic
perspectives, along with the difference in the overlayer Pt—Pt bond length between a flat
surface and a nanoparticle.



EXPERIMENTAL METHODS

Preparation of the PtAu/HOPG Model Catalyst

The surface of a 2 x 2 cm? HOPG sample with a thickness of a few micrometers was
peeled several times using Scotch tape to obtain an atomically flat surface. The sample
was transferred into an ultra-high vacuum (UHV) (~107® Pa) chamber and annealed at
773 K to clean the HOPG surface. Pt and Au were then simultaneously deposited onto
the HOPG surface using Pt and Au APD guns (ULVAC-RIKO ARL-300) with applied voltages
of 100 and 70V, respectively. The PtAu-deposited sample was then transferred from the
UHV-APD chamber into an Ar-filled glovebox, where it was finally sealed in an Ar-filled
sample box (Figure S1) to avoid exposure to air. The sample is hereafter denoted as
PtAu/HOPG. Pt-deposited carbon (Pt/HOPG) was prepared in the same manner (APD)
for reference.

AFM, XPS, and CV Measurements

The surface morphology of the PtAu nanoparticles on the HOPG was imaged by
AFM (Cypher, Oxford Instruments). The Pt and Au loadings on the PtAu/HOPG were
determined by XPS analysis using a JEOL JPC-9010MC X-ray photoelectron spectrometer
equipped with a Mg Ka (1253.6 eV) X-ray source operating at 10 kV and 10 mA.

To obtain information about the exposed Pt surface area, cyclic voltammetry (CV)
experiments were conducted in 0.1 M HCIOs inside a glass electrochemical cell
connected to a potentiostat (HSV-110, Hokuto Denko, Tokyo, Japan). The backside of the
PtAu/HOPG sample was connected to a Pt hook, and the PtAu-coated front face
contacted the electrolyte in a meniscus fashion. The counter electrode was a Pt coil, and
a reversible hydrogen electrode (RHE) was used as the reference electrode. CV was
conducted between 0.05 and 1.45 V vs. RHE (referred to as Vgue hereinafter). The
exposed Pt surface area was evaluated on the basis of the hydrogen underpotential
deposition (HUPD) zone.

In situ BCLA BI-XAFS Measurements

After our preliminary studies in PF(Photon Factory in KEK), in situ XAFS
measurements were carried out at the BL36XU beamline at SPring-8 (Super Photon ring-
8 GeV, JASRI, Japan), one of the most brilliant beam line in SPring-8. To avoid air



oxidation, the PtAu/HOPG sample was mounted on a homemade electrochemical and
XAFS-measurement cell inside a Nx-filled glovebox. Figure 1 shows a schematic of the
cell and the BCLA + BI-XAFS setup. Details are given in Figures S2 and S3 as well as in
Supplementary Text 1. The PtAu/HOPG was used as an X-ray window, and the HOPG
front side with PtAu was directed inward toward the cell, contacting the electrolyte.
Each Pt Lo or Au Lq fluorescent X-ray signal was distinguished by the BCLA from other
signals and from undesired scattered X-rays. Fluorescence lines were selected by
adjusting the position of the BCLA. The monochromatized fliinrecrence cionale were

collected by a 25-element Ge solid-state detector (SSD). Incident X-rays
Incident X-ray

BCLAE Detector |G
: Slits IR \'W \W 11

éBent Crystal

Working Electrode

Reference
Electrode

Counter
Electrode

Figure 1 Schematic of the BCLA + BI-XAFS setup for the in situ XAFS measurements in the present work. Changing the

BCLA position enabled selection of Pt or Au fluorescence.

We used an RHE as the reference electrode and 0.1 M HCIO4 as the electrolyte. The
incident X-ray angle was set to 45° with respect to the HOPG surface (near the magic
angle) to reduce the polarization dependence. Before the XAFS measurements, the
desired potential was applied to the working electrode to reach electrochemical
equilibrium. The Pt Ls-edge and Au Ls-edge XAFS measurements were then started, with
the same potential being maintained throughout the measurements. At each potential,
the Pt Ls or Au L3 XAFS data were accumulated with several scans and the averaged XAFS
analysis was performed using the REX 2000 program (Rigaku).*” The details are provided
in Supplementary Text 1.



In situ HERFD + BI-XANES Measurements

The HERFD + BI-XANES measurements were carried out using the same BI-XAFS cell,
except that the BCLA was replaced by eight sets of Johan type Ge(660) bent crystals so
that the Pt L, fluorescence (9442 eV) was selected with high resolution. The
fluorescence X-rays were detected by a two-dimensional pixel array detector (Merlin
Quad, Quantum Detector). With this configuration, an energy resolution of 1.2 eV was
attained.*®

RESULTS AND DISCUSSION

Microscopic Morphology of the PtAu/HOPG Surface

Figure 2a shows an AFM image of the PtAu/HOPG. Because the observed lateral size
of the particles was larger than their actual lateral size as a consequence of the tip-
effect, we estimated the particle size from more reliable height information under the
assumption that the particles were spherical. Figure 2b shows the height distribution of
the PtAu particles on the HOPG substrate. The diameter of the PtAu nanoparticles was
~1.8 nm on average.
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Figure 2 (a) AFM image (0.5 um x 0.5 um) of the PtAu/HOPG model surface. (b) Distribution of the height of the PtAu

particles on the HOPG surface.

Quantification of Pt on the PtAu/HOPG

Figure S4 shows the XPS spectra, which indicate a Pt loading of 2.0 x 10 cm~2 and



an Au loading of 0.8 x 10'> cm™ on the surface of the HOPG (Supplementary Text 2). The
Pt:Au atomic ratio was 2.5.

After the XPS analysis, we recorded cyclic voltammograms of the PtAu/HOPG
sample in 0.1 M HCIO4 at a scan rate of 50 mV s™X. The characteristic features of HUPD at
potentials less than ~0.4 Vrue and the cathodic peak at 0.7 V corresponding to the
reduction of Pt—0 in polycrystalline Pt are observed in the cyclic voltammogram in Figure
3. In addition, the cathodic current peak at 1.2 V is ascribed to the reduction of surface
Au—-0 because the upper potential limit during CV was 1.45 V, which is sufficient to
oxidize the (100) and (110) facets of Au.*>*CIntegration of the Pt—O reduction peak gave
a charge density of 192 uC cm™, whereas integration of the reduction peak for Au-O
gave a charge density of 9.25 uC cm™2 (Figure S5), indicating that Pt was more abundant
than Au on the surface of the PtAu/HOPG. The HUPD charge density of 112 uC cm™
obtained by integrating the potential window from 0.37 V to 0.06 V with a baseline of
double-layer current indicates that the areal density of Pt atoms on the surface of the
PtAu nanoparticles was 7.9 x 10* cm™2. Because the size of PtAu nanoparticles obtained
by AFM was 1.8 nm, we estimated that the ratio between the number of surface atoms
and the number of atoms in a whole particle was ~50%.>! Thus, the total amount of Pt
on the HOPG should be ~1.6 x 10'® cm™2, which is similar to the XPS-derived areal
density of Pt.
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Figure 3 Cyclic voltammograms for PtAu/HOPG in 0.1 M HCIQ4, as recorded at a scan rate of 50 mV s! between 0.06
and 1.45 VRHE~

BCLA + BI-XAFS of Both Pt and Au L3-edge XAFS

The L3 edge is superior to the K edge because of the availability of stronger X-ray
sources emitted from the undulator and the high energy resolution; however, the Pt and



Au L3 edges overlap because of their close proximity. In our previous work,*¢°2>2 we
demonstrated that BCLA can completely separate the Au L, and Pt L, fluorescence X-
rays, enabling an analysis of the Pt XAFS in the k-range beyond 10 A-L. The Pt:Au atomic
ratio in the PtAu/HOPG was 2.2, as determined from the edge step analysis (Table S1),
and was consistent with the results of the XPS analysis. Note that the Au effect was
negligible when the amount of Au was very small so that its absorption and the inelastic
scattering of Au fluorescence X-ray were negligible. Otherwise, the range-extended
XAFS would be impossible >?even if one uses the fluorescence spectrometer.

Figure 4 shows the k*-weighted y(k) of PtAu/HOPG at 0.4 Vrye, together with those
for Pt foil and Au foil. The Pt L3 XAFS oscillation for PtAu/HOPG at 0.4 Vrue exhibited
almost the same periodicity as that for Pt foil in the range from 3 to 14 A-%, indicating a
Pt—M bond length similar to that observed for Pt foil. However, the Au Ls-edge XAFS
oscillation had a longer wavelength than that for the Au foil, and was similar to that for
the Pt foil, indicating a shorter Au—M bond in the PtAu nanoparticles than in the Au foil.
Consequently, the Pt—M and Au—M distances in the PtAu nanoparticles should both be
~2.76 A, similar to the Pt—Pt distance in Pt foil. The XAFS amplitude of the Au Ls edge
was approximately the same as that for the Au foil, whereas the amplitude of the Pt L3
edge was smaller than that for the Pt foil, indicating the Pt in the PtAu/HOPG likely has
a coordination number (CN) less than 12, whereas that of Au is likely close to 12.

— Pt L3 at 0.4V
5 - Pt fall

m— AU L3 at 0.4V
| —— Aufoil
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Figure 4 Pt L3 and Au L; k?>-weighted XAFS oscillation (k?y(k)) for PtAu/HOPG at 0.4 VRHE in comparison with the

oscillations for the foil references.

Further analyses were carried out by nonlinear least-squares fitting. Because the Pt
and Au exhibited approximately the same backscattering amplitude and phase-shift
functions, the Pt and Au shells are difficult to analyze separately. We analyzed a single
shell to characterize the average structures around Pt and Au. The results are presented
in Table 1 (see also Figure S6). The uncertainties of the fitting parameters listed in the



table were derived from x?- test,>® >4 described in Supplementary Text 3 and Figure S10.
The Pt—M bond length was 2.75 £ 0.02 A, which is similar to that for bulk Pt, whereas the
CN was 8.6 t 1.6, which is lower than the CN for 12 for bulk Pt. The Au—M bond length
was 2.76 + 0.03 A, and the CN for Au was 11.0 + 2.2 (i.e., nearly 12).

When the electrode potential was increased from 0.4 Vgue to 0.7 Vgye, the Pt=M and
Au—M distances did not substantially change. The CN and bond length for Pt increased at
0.8 Vgue and 0.9 Vet (Table 1). However, from the Au Lz edge spectrum, the CN for Au
suddenly decreased at 0.9 Vgue and the Au—-M length increased to 2.80 A.

The structural change that occurred at potentials greater than 0.8 Vrue can be
explained by two possibilities: (1) a change in the adsorbate or the oxidation state or (2)
the selective dissolution of Pt. The Pt edge height decreased dramatically when an
electrochemical potential more positive than 0.8 Vrue was applied, indicating remarkable
dissolution of Pt. The Pt L3 edge height at 0.9 Vrue was 48% of that at 0.4 Vgrue (Table S1),
whereas the Au L3 edge height at 0.9 Vrue was 92% of that at 0.4 Vrue. After increasing
the potential to 1.0 Vrue, we returned the electrode potential to 0.4 Vgue and found that
the irradiated position was shifted by a few millimeters and the edge height ratio for Au
L3 and Pt Ls recovered to its original value of 2.3. On the basis of the size of the beam at
BL36XU (approximately 0.5 mm x 0.03 mm), the dissolution of Pt was enhanced by
irradiation by X-rays, and the irradiated part was mainly dissolved. Figure S7 shows the
spectra for the first and the last scan at 0.4 Vryeand 0.8 Vgug, respectively. At 0.4 Vgye,
little dissolution was observed, whereas at 0.8 Vgue, the edge height decreased after the
measurement. The dissolution of Pt required both X-ray irradiation and a potential
greater than 0.8 Vrye.

Pt/HOPG prepared in the same manner exhibited a Pt-Pt distance of 2.73 + 0.02 A
with a Pt CN of 7.1 + 1.8. We observed the dissolution phenomenon using a similar
approach. As expected, the Pt—Pt bond contracted. The smaller CN indicates a smaller
particle size of ~1 nm.

Table 1 Curve-fitting results for the Pt and Au XAFS spectra

Ls a 2 R-fac
Edge Shell CN d(A) dE, (eV) 2 (A?) So (%)
0.00700.
—| + + &3 &
Y e Pt Pt—M 8.6+1.6  2.75+0.02 5.1 0010 1.12 0.2
+
e Au Au-M 11.0£2.2  2.76%0.03 0.5* 0'00%1217‘0' 0.94* 0.4
+
PtAu/HOP Pt Pt—M 8.6+1.7  2.76+0.02 5.1* 0'00006181‘0' 1.12* 1.3
G 0.0099:0.
0.5 Vrue Au Au-M 11.0£2.6  2.77+0.04 0.5* 0032 0.94* 43
+
PtAu/HOP Pt Pt—M 8.9+1.8  2.76+0.02 5.1% 0'00007131‘0' 1.12* 0.2
G
0.7 Vi Au Au-M 9.9+2.4  2.78+0.04 0.5* 0'0000932:0' 0.94* 3.2
+
PtAu/HOP Pt Pt—M 9.7+1.9  2.77+0.02 5.1% 0'00007112‘0' 1.12* 0.7
G
N
0.8 Vrue Au Au-M 9.6¢3.3  2.79+0.03 0.5* 0'00008310‘0' 0.94* 3.5

PtAu/HOP Pt Pt-M 10.4+3.0 2.77+0.03 5.1* 0.0090+0. 1.12* 15



G 0027
0.9 Vrue 0.0073+0.

— + + * *
Au Au-M 7.3%3.5 2.80+0.04 0.5 0028 0.94 3.5
Pt/HOPG 0.0067+0.
—| + + &3 &
0.4 Vase Pt Pt-M 7.1+¥1.8 2.730.02 5.1 0014 1.12 2.6
+
Pt Foil Pt Pt—Pt 12%* 2.760.01 5.1+2.0 0'00005171_0' 1.12+0.18 0.6
+
Au Foil Au Au-Au 12* 2.86%0.01 0.5%1.7 0'00008131_0' 0.94+0.13 0.6

* Parameters that were fixed during fitting. CN: coordination number; d: bond length; dE,: absorption edge shift; o2
Debye—Waller factor; S, the effective reduction factor as shown in eqn S2 in SI. We used the FEFF-calculated
inelastic scattering factor A in eqn (S2) so that the S02 exceeds 1 in Pt foil case. .

The k-range for FT is 3.0 — 14.0 A-1 for Pt L3 (c) and 2.5 — 8.5 A-1 for Au L3 (e). The R-range for back-k fitting is 1.8 — 3.1
A for Pt L3 (b) and 1.6 — 3.4 A for Au L3 (d). M(number of information)=11 for Pt and =9 for Au edge.

XANES Analysis of PtAu/HOPG

To examine the effect of the electronic properties of the PtAu/HOPG on the change
of the bond lengths under the different applied potentials, we compared the XANES
spectra recorded at different potentials. Figure 5a shows the XANES spectra of
PtAu/HOPG under different potentials and the spectrum of Pt foil, as acquired using the
BCLA + BI-XAFS method. Little difference is observed between the spectrum of
PtAu/HOPG at 0.4 Vgue and that of Pt foil. The change was smaller than that for Pt/HOPG
(Figure S8). When the potential was increased to 1.0 Vgue, the white-line intensity in the
in situ BCLA + BI-XAFS spectra increased slightly (Figure S8). The Au Ls-edge XANES
spectra corresponding to 0.4 and 1.0 Vgue showed no obvious difference. Thus, the
change in the electronic state was not large in the change of potential, and the change in
the Au—M bond length was not due to the change in electronic state nor the effect of
the adsorbate.

To obtain additional details, we carried out Pt Ls-edge HERFD + BI-XAFS
measurements.>® In the BCLA, the energy resolution was 10 eV greater than the natural
width of the Ls (2ps3s2) level (5.31 eV),”® whereas the Ge crystal monochromator (1 eV
energy resolution) reduced the lifetime broadening. Because of the monochromator
limitation, we could not record Au Lsz-edge HERFD + BI-XAFS spectra; we therefore only
discuss the change of the Pt Ls-edge XANES spectra. Figure 5b shows the HERFD + BI-
XAFS of Pt/HOPG and PtAu/HOPG prepared by APD. In the PtAu bimetallic system, the
Pt edge peak slightly decreases, indication of the modification of Pt electronic state.
Figure 5c shows the potential dependence of Pt HERFD+BI-XAFS. We could not observe a
clear difference with potentials, indicating that the Pt electronic state did not
substantially change, similar to what we observed in the in situ BCLA + BI-XAFS
experiment. However, we observed changes in the difference spectra (Figure 5d). The



changes are consistent with the effects of adsorbates reported in the literature.>”>® The
spectrum corresponding to an applied potential of 0.4 Vgue corresponds to the double-
layer region, where the surface of Pt can be regarded as nearly metallic. Pt—-H was
formed at 0.1 Vgue, Pt—OH began to form at 0.6 Vgrue and increased in abundance at 0.8
Vrue, and then Pt—0 formed at 1.0 Vrye. We found that, at 0.1 Vgug, the white-line peak
region between 11,565 and 11,569 eV decreased in intensity compared with that at 0.4
Vrue. This feature is consistent with the Pt L3 XANES spectra reported for H-chemisorbed
Pt nanoparticles®®-62 but with less extensive chemisorption. At 0.6 Vrue, a slight increase
in the white-line region was observed between 11,565 eV and 11,570 eV, at 0.8 Vg, this
peak was further enhanced. Thus, the change corresponded to the adsorption of OH. At
1.0 Vrue, the peak height increased and shifted to 11,570 eV with broadening, which
might be due to the adsorbed O. To better interpret such subtle changes in the HERFD +
BI-XANES spectra, we compared the changes of the HERFD-XANES spectra with those
calculated by the FEFF8 program. Preliminary results were given in Supplementary Text 4
and Figure S11-12. Although the calculation work is still undergoing, we tentatively
concluded that OH adsorption at 0.8 Vrye Was on the bridge site and O adsorption at 1.0
Vrue Was on the bridge site or the atop site. Further studies must be necessary.
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Figure 5 (a) BCLA + BI-XAFS Pt L3 spectra of PtAu/HOPG at 0.1, 0.4, 0.7, and 1.0 Vgge. (b) HERFD + BI-XANES of
PtAu/HOPG and Pt/HOPG at 0.4 Vrue. (c) Pt Ls HERFD-XANES spectra of PtAu/HOPG measured at 0.1, 0.4, 0.6, 0.8, and
1.0 Vgue. (d) Pt L3 HERFD difference spectra of PtAu/HOPG derived by subtracting the “clean-state” spectra at 0.4 Vgue



from spectra recorded at other electrode potentials. All potentials are referenced to RHE.

PtAu Nanoparticle Structure at 0.4 Vrue

Before starting the structure of PtAu nanoparticle structure, we should discuss the
evidence for the formation of PtAu nanoparticle not formation of the Pt and Au
segregated nanoparticle.

(1) The previous research on the synthesis of Au-Pt or Au-PtCo nanoparticles by the
same arc plasma on the amorphous carbon film and STEM-EDX experiment
showed the alloy formation of PtAu particles.®3

(2) The cyclic voltammetry (CV) shows the less presence of Au on the surface of
particles. If Au particles were present not in the alloy covered with Pt shell but in
the pure Au, the particle size was estimated to be much more than 15 nm from
the electrochemical surface area (ECSA) and XPS. But we could not find such
large nanoparticle in the AFM.

(3) We found the electronic change in the PtAu nanoparticles compared to Pt
nanoparticles as shown in Figure 5b.

(4) The abnormal contraction in Au-Au is another evidence for the PtAu alloying.

Consequently, we analyze the EXAFS data under the hypothesis that PtAu
homogenous nanoparticle is formed on the HOPG surface. The Pt-M and Au—-M bond
lengths are approximately the same within the experimental error, similar to the Pt—Pt
bond length in the Pt foil, and shorter than the Au—Au bond length in the Au foil.

We assume that:

(A) the bond lengths of Pt—=M (rp¢_p) and Au—M (ra,_s,) are both 2.76 A;

(B) the rpi_p is obtained as the weighted average of the bond lengths of Pt—Pt

(rpe—pt) and Pt—Au (rps_4.);
(C) similarly, ra,—p is obtained as the weighted average of the bond lengths of Au—
Pt (rAu—Pt) and Au-Au (rAu—Au)'
Assumptions (B) and (C) can be expressed as

Tpt—m = Xpt—pt * Tpt—pt T (1 — Xpt—pt) * Tpt-au (1)
Tau-m = (1 — Xay—au) * Tau-pt T Xau-Au * TAu-Au (2)

__ CNpt_pt __ CNay-a
Xpt—pt — CNpt—m y XAu-Au — = (3)

CNau-M

The CNs of Au—Pt and Pt—Au should satisfy the following:

Cau* (1 = xpu-aw) - CNau-y = Cpr - (1 — xpr—pt) - CNpe—p, (4)
where Cy, and Cp; are the compositions of Au and Pt, respectively.

CAu+CPt: 1



Because Cpy : Cpy = 1:2.3, Cpy = 0.3. On the basis of the metallic radius, the
following order must be true:
Tpt-pt = TPt-Au = TAu-Au (5)

To satisfy equations (1)—(5) under assumption (A) ( Tpr_ym = Tau_m), We can

conclude that
Tpt-pPt = TPt-Au ~ rAu:Au ~ 2.76 A.

The Au—Au distance of 2.76 A is abnormally short compared with that in Au foil. The
CN of Pt is 8.6 + 1.6, whereas that of Au is 11.0 + 1.7. Because the CN of Pt (CNpi_y) is
much smaller than that of Au, the PtAu nanoparticles on HOPG should have a Pt-rich
outer shell. Given the total CN of 9.3 [= (8.6 x 2.3 + 11.0 x 1)/(2.3 + 1)] and assuming a
cuboctahedral PtAu nanoparticle structure, we propose that the PtAu nanoparticles are
composed of 309 atoms (a five-shell structure with an average CN of 9.6). If the bond
length within the 309-atom PtAu cuboctahedron is assumed to be a 2.76 A, then the
particle size between two facing (111) surfaces is ~20 A, in agreement with that obtained
from the AFM particle-height histogram. Because the Pt:Au ratio is 2.3:1, a Ptz15Augs
cluster with a PtAu (core)—Pt-rich-shell structure (Figure 6a) can be assumed, in which
the CNs of 8.8 and 11.6 for Pt and Au correspond well with the observed CNs within the
error. In this model, the shell is predominantly Pt (PtissAuz) and the core is composed of
a smaller cuboctahedral M147 with a composition of PtspAus;.

(a) (b)

Figure 6 (a) Pto15Augs model nanoparticles with a Pt CN of 8.8 and a Au CN of 11.6. (b) The inner shell of the

Pt215AuUgs, Which is PtgoAusg;. Yellow and grey balls correspond to Au and Pt, respectively.

We found the following features in the structure of the PtAu subjected to an applied
potential of 0.9 Vgre:
I.  The Au—M bond length is elongated to 2.80 A, which is the average of the Au—Pt and
Au—Au bond lengths in the nanoparticle.
II. Auis more abundant on the surface, as indicated by its lower CN.



[ll. The structure change observed at an applied potential of 0.9 Vg is attributed to the
dissolution of Pt, and not to a change in the electronic state or the adsorbate.

If we assume that the Pt-rich shell is selectively removed and that ~48% of the Pt
and ~91% of the Au remain in a nanoparticle, we can propose a model structure of a
PtiosAugz nanoparticle from the Pt214Augs shown in Figure 6a, where the core region of
the PtsoAusy is maintained (Figure 6b) and is randomly covered with 45 Pt atoms. On the
basis of the model shown in Figure 6, we can discuss the bonding features in the
nanoparticle.

Explanation of the abnormal contraction of the Au—Au distance in PtAu/HOPG

The Au-M distance of 2.76 A is much shorter than that for bulk Au (2.86 A) and
those previously reported (2.82—2.84 A) in PtAu nanoparticles for both the alloy case®455
and the core-shell case.?! The contraction of the metal bond distance in the
nanoparticle is explained on the basis of the droplet model.®® The contraction of the Au—
M bond length, Arp,_u, is expressed as

Afrau—mK
BT = == (6)

where A, rau_m, f, K, and R are constant, the bulk bond length between Au and M,
surface tension, the bulk compression rate, and the particle size, respectively. The value
of K is similar for Pt and Au, whereas the value of f is different. The surface tension can
be estimated from the cohesive energy density® % and the surface tension is
proportional to the square of the cohesive energy density. Because the cohesive energy
for Au (cohesive energy = 3.81 eV atom™) is much smaller than that for Pt (5.84 eV
atom™),%° the surface tension should be 2.3 times greater in the Pt shell than in the Au
shell. According to Miller et al.,® the expected contraction in a Au cluster of this size is
0.02 A. Kaito et al.2! found that for a Au(core)—Pt(shell) structure of similar size, the Au—
Au bond length was contracted by 0.06 A, which can be explained by a 2.3 times greater
surface tension of the Pt shell compared with that of the Au shell. In the present case of
PtAu (core)—Pt(shell), the contraction in the Au-Au bond length was 0.1 A; that is, the
Au—Au bond length was strongly contracted. This contraction can be explained by the
shorter average bond length for AugsPtso (core), in which the average bond length was
2.82 A = (60x 2.76 A +87x2.86 A). The 0.07 A contraction from 2.82 A gave a bond length
of 2.75 A, which is similar to the length we observed.

Such a short bond length in Au-M (2.77 A) has been reported in PtAuCu supported on
TPM-DPA-G4 (fourth-generation dendritic polyphenylazomethine tetraphenylmethane
core) dendrimer.” The authors did not mention the origin of the short length or provide
a detailed structure of the nanoparticle; however, we speculate that Cu remained in the



outermost shell because Cu exhibited the lowest CN among the three metals. The Cu
outermost shell should compress the PtAu core more strongly, thereby leading to
abnormal contraction. Kaito et al.?® studied the Pt—Pt bond lengths in other bimetallic
alloys such as PtCo, PtCu, and PtNi. Contrary to the Au core, the cores of these bimetallic
systems have a smaller lattice, enabling easy contraction to give shorter Pt—Pt bond
lengths.

When X-ray-facilitated electrochemical etching at potentials greater than 0.8 Vgrue
removes a portion of the outermost Pt, the PtAu alloy core is exposed. PteoAugy + Ptas is
assumed to have formed on the basis of the core in Figure 6b, where numerous Au—Au
bonds are present on the surface. The Au—M distance was elongated to 2.80 A, whereas
the Pt—M distance remained at 2.77 A. Again, by considering assumptions (A)—(C) and
equations (1)—(5), we can estimate an Au—Au distance of 2.83-2.81 A, an Au—Pt distance
of 2.79-2.77 A, and a Pt—Pt distance of 2.75-2.73 A. According to equation (6), the
surface tension should be the average of the surface tensions of Pt and Au, and the
contraction should be 0.03 to 0.04 A (greater than that of 0.02 A for a Au cluster), which
corresponds to Au-Au and Pt—Pt distances of 2.83-2.82 A and 2.75-2.74 A, in
agreement with the values obtained from the XAFS analysis.

The final question is why the Pt—Pt distance remains 2.76 A in the PtsoAuss (core)—
PtissAuy (shell). This is because of the strong reduction of the Au—Au distance in the core
region. This creates a large outward force that limits the reduction of the Pt—Pt distance
in the shell. Moreover, the similar Pt—Pt, Pt—Au, and Au—Au distances in the PtgoAusy
(core)— PtissAuy (shell) nanoparticle relax the lattice distortion. Consequently, the
original Pt—Pt bond length is retained. Our PtsoAusy (core)— PtissAuz (shell) nanoparticle
has a unique structure because of the large surface tension from the Pt-rich shell and
the relaxation of the lattice distortion with the same metal-metal distance.

Difference in the Bond Length in Pt Overlayer on the Surface of a Single Crystal

and Nanoparticles

We now return to the original question that motivated our research. The Pt—Pt bond
contraction on the surface of Pt-shell nanoparticles is not due to an electronic effect
because we did not observe a substantial difference in the XANES spectra during the
change of Pt-Pt distance, even when using the HERFD + BI-XANES technique. The Pt shell
structure on the surface of nanoparticles depends on two factors: (1) surface tension
and (2) relaxation of the lattice distortion between the shell and core. Surface tension
directed inward is proportional to R, where R is the particle size or radius of curvature.
The surface tension overcomes the relaxation of the lattice distortion between the Pt—Pt



shell and the core, resulting in contraction of the Pt—Pt bond length. However, the Pt
overlayer structure on a flat single crystal surface depends only on the lattice distortion
and the Pt—Pt distance is elongated to relax the lattice distortion between the Pt
overlayer and the Au(111). Thus, flat single-crystal systems should be used judiciously as
a model for functional nanoparticles in an alloy system.

CONCLUSIONS

Novel BCLA + BI-XAFS and HERFD + BI-XAFS methods were applied for in situ studies
of the structure of PtAu/HOPG prepared by the APD method. Because of the high energy
resolution of the BCLA (or the Ge bent-crystal monochromator), the interference from
the Au L3 edge could be removed entirely, enabling the acquisition of high-quality Pt L3
XAFS spectra over a wide k region for a monolayer of PtAu nanoparticles, whose areal
density was as low as 2 x 10> cm™ Pt, on an atomically flat HOPG surface. We also
successfully recorded Au L3 XAFS spectra.

XAFS analysis showed that, under an applied potential of 0.4 Vi, a cuboctahedral
Pt215Auga with a Pt-rich shell (PtissAuz) and a compressed PtspAusy core was formed on
the PtAu/HOPG model surface. We found an abnormally short Au-Au bond length of
2.76 A, which was the same as the Pt-Pt and Au-Pt bond lengths. The abnormal
contraction of the Au-Au distance was due to the strong surface tension from the Pt
shell and the relaxation of the lattice distortion. The Pt-Pt distance in the
Au(core)-Pt(shell) nanoparticles was contracted as a result of the surface tension of the
nanoparticles. The surface tension was not present on the flat Au surface, and the Pt-Pt
was elongated to relax the lattice distortion between the Pt overlayer and the Au(111)
surface.
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