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Abstract

Single-nanometer-scale Pt-Si fine particles (Pt-Si NPs) were synthesized via the arc-plasma
deposition of Si on a highly oriented pyrolytic graphite at a fixed substrate temperature of 600 °C,
followed by electron-beam deposition of Pt at the temperatures between 100 and 600 °C in ultra-
high vacuum. X-ray diffraction patterns of the vacuum-synthesized Pt-Si NPs showed that a solid
solution of Pt-Si was the major component of the particles. Minor diffraction peaks, due to the
intermetallic compounds (PtsSiy and Pt12Sis), at the Pt-deposition temperature (Tsub-pt) of 500 °C,
were also observed. Scanning tunneling microscopic images exhibited that Pt-Si NPs with an
average diameter less than 10 nm were dispersed in the substrate at Tsu-pt temperatures up to
500 °C. The Pt-Si NPs synthesized at a Tsup-pt of 300 and 450 °C showed 1.7 times higher initial
mass activity for oxygen reduction reaction (ORR) compared to commercial carbon-supported Pt
NPs catalysts and showed better electrochemical stability than pure Pt NPs. These results
demonstrate that the arc-plasma deposition of Si NPs, followed by e-beam deposition of metal
elements (Pt) in ultra-high vacuum is a new class dry-synthesis for the single-nanometer-scale fine

particles of Pt-Si for electrocatalysis, e.g. ORR.



1. Introduction

Nanostructured Pt and its alloys of 3d transition metal elements have been used in various
applications, such as electrocatalysis [1-4], electronics [5-7], and magnetics [8-10]. Pt alloys with
semiconductor elements like Si (Pt silicides) have also been used as the contact electrode materials
for electronic devices such as metal-oxide-semiconductor field-effect transistors (MOSFET) [6,
11-13] and phase-change random access memory (PCRAM) [14]. This is due to their low
Schottky-barrier height [15] and their relatively high thermal and chemical stabilities [16]. A phase
diagram of Pt-Si bimetallic system (Fig. S1) shows various line compounds such as Pt3Si1, Pt12Sis,
Pt,Sis, PteSis and Pt;1Siy, those of which reveal characteristic properties [17]. Particularly, the Pt;Siy
phase is known to be highly corrosion-resistant, even in aqua regia [18]. Therefore, Pt-Si can be
used in electrochemical devices that operate in highly acidic environments. Indeed, the Pt-Si
electrodes in acidic solutions were reported for methanol oxidation [19] and hydrogen evolution
reactions [20].

Platinum-based nanoparticles (NPs) with single-nanometer-scale diameters (ca. less than
10 nm) are also of interest for electrocatalytic applications owing to their high specific surface area
relative to their unit mass. Actually, Pt-based alloys as well as Pt-shell/transition-metal-core
single-nanometer-scale fine particles have been intensively studied for highly-active oxygen
reduction reaction (ORR) electrocatalysts [3, 21]. However, the average diameters of the reported
Pt-Si NPs are greater than 10 nm [22-24]; a reduction in the particle diameter is needed to increase
their surface area, improve their electrocatalytic activity, and make them suitable for applications
like polymer electrolyte fuel cells (PEFCs) [25]. Generally, Pt and Pt-based alloy electrocatalysts
are synthesized by the solution-reduction method, using metal-organic salts as precursors [26].

This approach enables precise control of the atomic composition [27], particle diameter [28], and



particle shape [29] through tuning of the reaction times, temperatures, and capping agents, etc.
However, the solution-reduction method cannot be used to synthesize Pt-based alloy NPs with
intrinsic semiconductor elements (Si, Ge), as complexes of these elements are very difficult to
reduce in a solution phase.

In previous studies, we demonstrated that an arc plasma deposition (APD) method in ultra-
high vacuum (UHYV) is useful for synthesizing single nanometer-scale Pt-based alloys (Pt-Au, Pt-
Ni, Pt-Co, Pt-Ta, Pt-Co-Au) [30-35]; Co-, Ta-nitrides [32]; and Ta-carbide NPs [36] for ORR
cathodes used in PEFCs. Therefore, APD can be used to generate metal/alloy NPs by controlling
pulse repetitions and arc voltages on various support materials. Because electro-conductive
materials can be used as a target electrode (cathode) in APD, Si NPs can be deposited onto the
material using an appropriate electro-conductive Si target. Therefore, in this study, we synthesized
Pt-Si NPs on highly oriented pyrolytic graphite (HOPG) substrate in UHV via the APD of Si NPs.
This was followed by electron-beam deposition of Pt. The initial ORR activities and durability of
the synthesized samples were then investigated. The obtained average diameters of Pt-Si NPs were
estimated to be less than 10 nm by controlling the substrate temperatures for Pt depositions lower
than 500 °C. Furthermore, These Pt-Si NPs showed higher ORR activity and durability compared
to commercial Pt NPs supported on carbon black catalysts (Pt/C). The results demonstrate that this
vacuum deposition procedure in UHV conditions makes it possible to synthesize Pt-Si NPs for

ORR electrocatalysis in strong acid environments and other applications in vacuum and/or in air.



2. Experimental

All steps in the synthesis of the Pt-Si NPs were conducted in UHV (~10® Pa). A HOPG
(TipsNano, 10 mm x 10 mm x t = 1 mm) substrate was used as the support substrate for the Pt-Si
NPs. An illustration of the Pt-Si NPs synthesis is shown in Fig. 1. The HOPG substrate surface
was first scraped using scotch tape in air, before being placed in a UHV chamber [33], where the
surface was cleaned by annealing at 500 °C for 30 min. Next, Si was deposited on the surface of
the HOPG substrate from boron doped Si target (10 mm x t = 18.5 mm, < 0.01 Q- cm) using an
APD gun (ADVANCE RIKO, APS-1) installed in the UHV chamber. The substrate temperature
during the Si-APD and its amount were fixed at 600 °C and 0.097 ug cm2nopg, respectively. After
deposition of the Si NPs, the substrate temperature was maintained at 600 °C for 30 min to
agglomerate very fine atomic-level Si clusters. Pt (1.94 ug cm40pc) Was then deposited onto the
HOPG containing the Si NPs using the electron-beam evaporation method at a substrate
temperature (Tsub-pt) OF either 100, 300, 450, 500, or 600 °C. From this stage, alloying temperatures
of Si and Pt are described by x (Tsub-rt) and synthesized samples were referred to as x-Pt-Si. The
amounts of Pt and Si deposited on the substrate were estimated using a quartz micro-balance
installed in the UHV chamber and the charged atomic ratio of the synthesized x-Pt-Si samples was
fixed to be approximately Pt:Si = 3:1, based on the deposited amounts of Pt and Si. The crystal
structures of the x-Pt-Si samples were analyzed using X-ray diffraction (XRD; SmartLab, Rigaku).
The particle sizes of the x-Pt-Si NPs were evaluated using scanning tunneling microscopy (STM;
Nanoscope V, Bruker) images obtained in air. Micro-structures and elemental distributions of the
X-Pt-Si NPs were observed by scanning transmission electron microscopy (STEM; ARM-200F,
JEOL) in conjunction with energy-dispersive spectroscopy (EDS). The chemical bonding states of

the x-Pt-Si were analyzed using X-ray photoelectron spectroscopy (XPS; Thetaprobe,



ThermoFisherScientific).

To investigate the electrochemical characteristics, the x-Pt-Si samples were transferred into
an electrochemical set-up using a purpose-built transfer vessel, to avoid exposing samples to the
atmosphere. The cell was contained in a glovebox at 1 atm, and had been purged using N2 [37]. A
potentio-galvanostat (HZ-5000, Hokuto Denko), combined with a rotating disk electrode (RDE)
system (HR-301, Hokuto Denko), and a purpose-built three-electrode glass cell were used to carry
out electrochemical measurements. Pt-wire and reversible hydrogen electrodes (RHE), in a stream
of H> gas, were used as counter and reference electrodes respectively. The x-Pt-Si samples were
then immersed in 0.1 M HCIOg4, prepared from perchloric acid (Ultra-pure, Kanto Chemical) and
ultra-pure water (Milli-Q). The electrochemical surface conditioning procedures was conducted
by applying potential cycles between 0.05 and 1.05 V vs. RHE for 100 cycles. Cyclic voltammetry
(CV) was performed with a scan rate of 50 mV s, without disk rotations, in a solution of 0.1 M
HCIO4 that had been purged with N2. The electrochemical surface area of Pt (ECSApt) was
estimated from the hydrogen desorption charges in the potential region from 0.08 to 0.38 V,
assuming the charge for the monolayer hydrogen (210 uC cm2) [38]. After O saturation of the
0.1 M HCIOg, linear sweep voltammetry (LSV) was conducted to evaluate the ORR activity of the
X-Pt-Si samples, using the RDE with a disk rotation rate of 400—2500 rpm and with a potential
sweep rate of 10 mV s™. The ORR mass activities (MA) and area-specific activities (SA) of the
samples were estimated on the basis of kinetic current values (ix) at 0.9 V vs. RHE from equations
of (1) and (2), respectively, by considering of the Koutecky-Levich plots, deposited Pt mass (1.94
g cM2popc), and ECSAR.

MA (Amgpl) = ip(mA)/deposited Pt mass (ug) (1)

SA (mA cmpésy) = iy (MA)/ECSAp, (¢cm?) (2)


https://www.sciencedirect.com/topics/chemistry/behavior-as-electrode
https://www.sciencedirect.com/topics/chemistry/gas

The ORR durability of the x-Pt-Si samples was evaluated based on changes in MA while applying
square-wave potential cycles (PCs) between 0.6 and 1.0 V (3 s at each voltage), in a solution of,
Oo-saturated 0.1 M HCIO4 at room temperature. Changes in sample surface morphologies and

chemical bonding states, resultant from PCs, were investigated using STM and XPS.

3. Results and discussion

Fig. 2(a) shows the XRD patterns of the x-Pt-Si samples synthesized on the HOPG
substrate. Two diffraction peaks around 39.8° and 85.6° are observed for all x-Pt-Si samples, and
are assigned to the 111 and 222 reflections of Pt respectively [39]. These are also accompanied by
relatively broad and weak peaks on either diffraction angle side. Additionally, diffraction peaks
due to Si and its oxides (SiO or SiO) are not observed. These results suggest that the main structure
of the x-Pt-Si samples is a Pt-rich Pt-Si solid-solution. Enlargement of the diffraction peaks around
39.8° (Fig. 2(b)) shows that the broad diffraction due to Pt 111 dominates the patterns of the 100-
and 300-Pt-Si samples. By contrast, the 450-Pt-Si sample exhibits additional peaks at 38.0° and
41.5°. The intensities of these peaks increase for the 500- and 600-Pt-Si samples, accompanied by
two new peaks at 35.8° and 42.5°. These additional peaks (35.8°, 38.0°, 41.5°, and 42.5°) are
ascribed to orthorhombic PtsSiy [40]. Furthermore, it is observed that the 500- and 600-Pt-Si
samples show an additional diffraction peak at 36.8°, corresponding to the 431 reflection of Pt12Sis
[19]. The XRD patterns presented in Fig. 2 indicate that the Pt-Si samples synthesized in conditions
higher than 450 °C for Tsu-pt partly form intermetallic compounds of Pt3Siy and Pt12Sis in a solid
solution matrix of Pt-Si; the Pt/Si molar compositions gradually decrease as Tsub-pt iNncreases.

Fig. 3 shows STM images of the as-prepared x-Pt-Si samples. Insets are magnification

images of each images. For the 100-Pt-Si sample, the average diameter of fine particles is



estimated to be ca. 3 nm. The diameters for the 300-, 450- and 500-Pt-Si samples are approximately
the same, being ca. 7 nm. The sample prepared at Tsup-pt = 600 °C (600-Pt-Si) shows an increased
agglomeration of the particles, when compared to other samples, resulting in an average particle
diameter of ca. 14 nm. A high-angle-annular-dark-field (HAADF)-STEM image and STEM-EDS
line profiles, of Pt (red) and Si (green), for the 300-Pt-Si sample are presented in Figs. 4(a) and
4(b) respectively. The lattice fringes of the individual particles in image (a) clearly reveal that the
synthesized NPs are crystallized. The STEM-EDS line profiles for Pt (2.05 keV) and Si (1.74
keV) of the particle shown in (b) also indicate that the particle is not a Pt-Shell/Si(Pt-Si)-core-type
nano-structures, but rather a solid solution of Pt-Si. Results of the STEM-EDS clearly show that
the APD of Si NPs, followed by the electron-beam deposition of Pt, resulted in single-nanometer-
scale, crystallized (not amorphous) Pt-Si fine particles. The average atomic ratio of the 300-Pt-Si
samples estimated from the STEM-EDS mappings (Fig. S2) was approximately Pt:Si = 7:3, the
ratio of which is close to the charged one (Pt:Si = 3:1).

X-ray photoelectron spectra of the Pt4f and Si2s bands of x-Pt-Si samples are summarized
in Figs. 5(a) and 5(b) respectively. The Pt4f -7/2 band is located at ca. 72.0 eV, irrespective of the
sample Tsub-rt, and is 1.0 eV higher than that of the pure Pt (71.0 eV) [41]. Such the higher binding
energy-shifts of the Pt4f bands are similar for various Pt-Si reported to date [11, 12, 42]. The Si2s
bands of the corresponding samples appear around 154.4 eV, corresponding to those of SiO2 [43].
As the dry synthesis and XPS measurements were performed in separate UHV chambers, the
presence of SiO, could be the result of sample transfer between these chambers. It is expected that
exposure of the sample to air, even at room temperature, would result in oxidation of the
synthesized x-Pt-Si samples, particularly for Si. This result implies that further conclusions on the

chemical bonding state of Si in the x-Pt-Si NPs cannot be made in this study. As shown in Fig.



5(c), the Pt/Si compositions in the near-surface region change as a function of the sample Tsub-pt.
The molar atomic ratios of the samples are estimated to be ca. Pt:Si=1:1 for the 100- and 300-Pt-
Si samples. The Pt/Si ratios decrease with an increase of the Tsub-rt: as for the 450-Pt-Si, the ratio
can be estimated to be Pt:Si=1:3 and reaching a minimum ratio of Pt:Si=1:4, for the 600-Pt-Si. The
results summarized in Fig. 5 indicate that thermal reactions of electron-beam deposited Pt with the
pre-deposited Si should activate with increasing the Tsu-pt, and that the Si tends to segregate to
near-surface regions (within ca. 2 nm at the escape depth of Si2s photoelectrons) of the x-Pt-Si
samples[44].

Fig. 6(a) shows cyclic voltammograms of the x-Pt-Si samples, (top panel; 100- and 300-
Pt-Si, bottom 450-, 500-, and 600-Pt-Si) recorded in, N2-purged 0.1 M HCIO4. All samples exhibit
a typical CV response expected for hydrogen adsorption/desorption and interactions relating to
oxygen species on the Pt electrode, in the potential regions between 0.05 and 0.35 V and 0.6 and
1.0 V respectively [45]. Because the CV features are sensitive to the top-surface elements, the CVs
shown in Fig. 6(a) indicate that the top surfaces of the x-Pt-Si samples mainly comprise Pt atoms
after the electrochemical surface cleaning procedure between 0.05 and 1.05 V for 100 cycles. As
is summarized in (b), the ECSAp: of the 300-Pt-Si sample decreases remarkably in comparison to
the 100-Pt-Si sample. This can be explained either by the increase in the average diameters of the
samples as judged by STM images (Fig. 3) or by the presence of surface Si-related species (Si
and/or Si-oxides) as suggested by XPS spectra (Fig. 5). Because such the surface Si-related species
should show no marked electrochemical features in the corresponding potential region (0.05-1.0
V) [46], the latter influence on the ECSAp: is unclear yet. However, the XPS-estimated
compositional changes of Pt and Si (Fig. 5(c)) clearly reveal the compositions for 100- and 300-

Pt-Si samples are changed only slightly, suggesting that the former thermally induced



agglomeration should cause the difference in ECSAg: for both the samples. Then, the ECSAg; of
the 450-Pt-Si sample is higher than the 300-Pt-Si one and the ECSAp; gradually decrease with
increasing the Tsup-pt Up to 600 °C. Except for the 600-Pt-Si sample whose average diameter is ca.
twice as large as the 300- to 500-Pt-Si samples (STM images; Fig. 3), rather slight changes in
ECSA®R: values for the 300-, 450-, and 500-Pt-Si samples suggest that the Pt/Si atomic ratios at the
topmost surfaces in the solution of N2-purged 0.1M HCIO4 are almost the same for the three
samples, even though the different compositions of Pt and Si estimated in UHV by using XPS
(Fig. 5(c)).

The LSV profiles, recorded in O-saturated 0.1 M HCIO;4 at a potential sweep rate of 10
mV/s and the disk rotation of 1600 rpm, are summarized in Fig. 6(c). The ORR diffusion-limited
potential regions (~6 mA/cm?; 0.4-0.6 V) are present in all LSV scans of the x-Pt-Si samples. By
contrast, the onset potentials for the kinetically controlled-current region (0.6-1.0 V) depend on
the Tsub-rt. As shown in Fig. 6(d), the initial MA of the x-Pt-Si samples synthesized under the Tsub-
pt less than 500 °C are higher than the typical activity for the commercial Pt/C [47, 48]. Especially,
both of the 300- and 450-Pt-Si samples show the MA and SA enhancement factors of 1.7 and 1.5,
respectively, compared with the Pt/C. On the other hand, the SA of the 100-Pt-Si was much lower
than the commercial Pt/C. The results suggest that the ORR activity enhancements of the x-Pt-Si
samples, particularly 300- and 450-Pt-Si, mainly stem from by the thermal reaction of Pt with Si.
As shown in Fig. 5(a), the peak positions of the Pt4f bands shift to higher binding energies by 1.0
eV, relative to pure Pt. This shift suggests the occurrence of charge transfer between Pt and Si.
The charge transfers of Pt with other transition metal elements should cause the binding energy
shift, not only of 4f orbitals, but also 5d orbitals [49] This directly correlates with the adsorption

strength of oxygen-related species, O and/or OH. Indeed, the downward energy shift of the 5d

10



bands relative to the Fermi level causes a reduction in the adsorption strength of oxygen-related
species on the surface of Pt [50]. This reduction in the adsorption strength should result in an
increase in the ORR-active sites of the Pt in the kinetically controlled-current region. Therefore,
the enhanced SA of the 300- and 450-Pt-Si samples might result from electronic modifications of
the topmost-surface Pt atoms by the Si-related species located nearby, i.e., activity enhancements
by the so-called ligand effect [51]. Alternatively, agglomerations of the Pt-Si NPs that induced by
excess thermal energies (particularly for 600-Pt-Si) should result in reduction of both SA and
MA.

Fig. 7 (a) shows the ORR activity changes for the x-Pt-Si samples by applying the PCs
between 0.6 and 1.0 V (3s at each potential) in O»-saturated 0.1 M HCIO4 (accelerated durability
test protocol) [52]. The initial, pristine MA for all the x-Pt-Si samples were found to decrease with
increasing the number of PCs. MA for the 300- and 450-Pt-Si samples, evaluated after the 10000
cycles, are 1.2 times higher than those of the commercial Pt/C than when they first started. This
indicates an enhancement in the ORR durability. The STM images of the corresponding samples
(300-, 450-Pt-Si), before and after the 10000 cycles, are summarized in Figs. 7 (b) and (c);
corresponding STM images of pure Pt NPs, deposited on the HOPG by the APD, are also shown
in (d) for a reference [30]. As shown, agglomerations are limited for both the 300- and 450-Pt-Si
samples, with the average NP diameter increasing less than 0.5 nm as a result of the PCs. By
contrast, the average diameters estimated after the 10000 cycles for the APD-prepared pure Pt NPs
(d) are twice greater than those of the as-deposited Pt-Si samples. The results clearly show that
superior electrochemical stability of the vacuum-synthesized Pt-Si NPs. Fig. 7 (e) show the XPS
Pt4f and Si2s profiles of the 300-Pt-Si sample taken before and after the 10000 PC cycles. The

Pt4f bands are shown to the lower-binding-energy-shift by 0.2 eV, as a result of the PCs
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applications. This is accompanied by an opposite binding-energy-shift for the Si2s band, as well
as a slight reduction in intensity. Although the chemical bonding states of Si cannot be discussed
(mentioned above), the down shift of the Pt4f bands by the PCs should reflect a change in charge
transfer between Pt and Si. It has been reported that very thin silica layers formed on the surface
of Pt NPs, act as a physical barrier against the agglomeration of NPs. This directly correlates to
the observed improvement in ORR durability [53]. The pH-potential diagram suggests that
nanostructures of SiOz, which might be generated as a result of the PC testing, are chemically
stable at the potentials between 0.6 and 1.0 VV vs. RHE in 0.1 M HCIO4 (pH = 1) [46]. Therefore,
the Si oxides probably remain on the surfaces of the Pt-Si samples. Such the surface Si oxides

might stabilize the surface Pt atoms of the x-Pt-Si samples and, thereby, improving ORR durability.

4. Conclusion

Single-nanometer-scale Pt-Si fine particles were successfully synthesized on a HOPG substrate
via the UHV- process, the APD of Si NPs, followed by the electron-beam deposition of Pt at
elevated substrate temperatures (Tsub-pt). Results suggest that the crystal structures, and average
diameters of the synthesized Pt-Si NPs depended upon the Tsu-rt. Particularly, the single-
nanometer-scale Pt-Si NPs that include intermetallic compounds of Pt3Sii and Pt12Sis in the Pt-
Si solid solution matrix were generated at Tsub-pt Values of 450 and 500 °C. X-ray photoelectron
spectra of the UHV-synthesized x-Pt-Si samples revealed a shift of 1 eV to higher binding energies
of Pt 4f bands, as compared to pure Pt. These results indicate that the electronic properties of the
Pt were modified through a charge transfers between Pt and Si. Particularly, the 300- and 450-Pt-
Si samples showed the MA and SA enhancement factors of 1.7 and 1.5, respectively, and better

electrochemical stability (ORR durability) against the PCs in comparison to the APD-prepared Pt

12



NPs. The results demonstrate that the UHV-synthesized, single-nanometer-scale Pt-Si fine
particles can be applicable not only for conducting electrode materials of the electronic devices
used in vacuum or air but also for the electrocatalysts that require high-corrosion-resistance

properties in strong acidic environments.
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Fig. 3. STM images of as-prepared x-Pt-Si samples (x=100-, 300-, 450-, 500-, and 600 °C).

Average diameters of the fine particles are displayed in the top right of each image. Insets are

magnifications of the each STM images.
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Fig. 4. HAADF-STEM image (a) and STEM-EDS line profile (b) of the 300-Pt-Si sample; Pt

and Si are shown in red and green respectively, along the white horizontal line.
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