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This paper describes the observation of band bending and band edge shifts at the interfaces between
nanoscale metals and TiO; film over a wide depth range by angular-resolved hard X-ray photoemission
spectroscopy (HAXPES). The HAXPES results indicate strong electrostatic interactions between the TiO,
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semiconductor and metal nanoparticles, while density functional theory (DFT) calculations suggest that
these interactions are primarily associated with charge transfer leading to electric dipole moments at the
interface in the ground state. The effects of these dipole moments are not limited to the surface

but also occur deep in the bulk of the semiconductor, and are highly dependent on the coverage of the

rsc.li/pccp

Introduction

Photocatalytic and photoelectrochemical reactions using semi-
conductor materials have attracted a great deal of attention due
to their potential uses in environmental remediation,"” water
splitting®® and artificial photosynthesis systems' utilizing
solar radiation. It is well-known that photocatalytic activity is
improved by the surface adsorption of metal or metal oxide
co-catalysts.""'?> As an example, volatile organic compounds
(VOCs) are decomposed by photo-excited TiO,, and this decom-
position is accelerated by surface loading with nanoscale Pt
(to form Pt/TiO,).""** Pt/TiO, can also be used to split water for the
stoichiometric production of hydrogen and oxygen under ultra-
violet light."® In this case, a nanoscale Pt co-catalyst attached to
the TiO, plays a significant role in improving reaction rates. Time-
resolved transient spectroscopy has demonstrated very fast
electron transfer from TiO, in the photoexcited state to Pt
(on the picosecond to nanosecond time scale).'® Although
nanoscale Pt functions as an effective co-catalyst for TiO,, it
is not universal and can be applied to limited number of
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metal nanoparticles on the semiconductor species.

semiconductors. As an example, Pt does not enhance photo-
catalytic H, production from water-splitting over semiconductor
photocatalysts such as TaON, TazN5'> and LaTiO,N.*® Electron
transfer from the semiconductor to the Pt proceeds relatively
slowly over Pt-loaded LaTiO,N photocatalysts,"® and so hydrogen
evolution is not improved by Pt loading. Such results suggest
that variations in photocatalytic activity stem from differences in
the electronic states of both the nanoscale co-catalysts and the
semiconductors following the formation of metal-semiconductor
junctions. Because this phenomenon has not been -clarified
experimentally, researchers currently select metal co-catalysts
based on empirical evidence and their best judgment. Under-
standing the mechanisms associated with various co-catalyst/
semiconductor combinations would therefore be truly useful with
regard to photocatalyst design. Measurement of their electronic
interaction of semiconductor films as they are active photo-
catalysts is important.

The present report describes direct observations of band
bending near the surfaces of film composed of bare TiO, as well
as films containing various nanoscale metals, using angular-
resolved hard X-ray photoemission spectroscopy (HAXPES).
Non-destructive HAXPES in conjunction with a wide angular
resolution and intense irradiation at the SPring-8 (Super Photon
ring-8 GeV) synchrotron radiation facility in Hyogo, Japan, has
shown that loading of nanoscale metals on the semiconductor
surface changes the electronic state of the semiconductor. Using
this technique, electronic interactions have been observed not
only at the semiconductor surface but also in the bulk of the TiO,.
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As such, both band bending and band potential shifts were
identified both at the surface and in the bulk at depths as far
as 35 nm (X-ray energy dependent). Based on DFT calculation
results, it is clarified that the interaction is caused by electronic
dipole moments from nanoscale metals to TiO,. This interaction
may be important with regard to understanding and controlling
photo-excited electron transfer from the semiconductors to the
attached nanoscale metals because electron transfer rate is
depended on the electronic coupling between donor and accepter.

Experimental

TiO, films with thicknesses of approximately 200 nm were
prepared on glass substrates coated with antimony-doped tin
oxide (ATO) or fluorine-doped tin oxide (FTO), acting as transparent
conductive oxides, by magnetron sputtering of a TiO, target in a
plasma composed of an Ar/O, (4:1 v/v) gas, followed by annealing
at 723 K under an O, gas flow for 2 h. Crystalline structure of TiO,
film was anatase.> N-Doped Ta,05(N-Ta,0s) films were prepared on
ATO-coated glass substrates by reactive sputtering of Ta,Os under
various N,/Ar gas mixtures, followed by annealing at 873 K under a
N, gas flow for 2 h."” Pt, Rh or Au nanopatrticles were loaded onto
these semiconductor films by RF magnetron sputtering, adjusting
the amount of metal deposited to obtain a thickness of 1 nm. These
semiconductor films synthesized with the same condition have
already been reported to be active photocatalysts.'®'?

The Ti 2ps), core levels were determined by XPS (Quantera
SXM, Ulvac-Phi) with monochromatic Al Ko radiation. The
angular-resolved HAXPES measurements were conducted on the
SPring-8 BL47XU beamline using a photon energy of 7940 eV.>
The energies and angular distributions of the photoelectrons were
assessed using a VG-Scienta R4000-HV hemispherical analyzer
with an objective lens having an effective acceptance angle of
approximately £30° and an angular resolution of 1.32°. The
stability of the system was confirmed using the Au 4f;, photo-
electron peak for a Au film on a Si substrate, and the overall
stability of the photoelectron energy was found to be within
50 meV. The angular distributions of the photoelectrons were
determined at photoelectron take-off angles from 10° to 70°
(with a take-off angle perpendicular to the surface defined as
90°). The analysis depths of the HAXPES measurements were
calculated according to a previously reported procedure.?*

Results and discussion
Angular-resolved HAXPES of TiO, film

TiO, film was prepared on antimony-doped tin oxide (ATO) or
fluorine-doped tin oxide (FTO)-coated glass substrates by sputter-
ing, following previously reported procedures." ATO- and FTO-
coated substrates were employed to avoid charge-up during the
HAXPES measurements. Analyses confirmed that TiO, exhibits
n-type properties together with an anatase crystalline structure.
Sizes of the nanoscale Pt, Au and Rh particles deposited onto
TiO, film with a nominal thickness of 1 nm were determined to
be 3-4 nm (Rh), 5-6 nm (Pt) and 10-15 nm (Au) based on
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transmission electron microscopy (TEM, Fig. S1, ESI{). The
particles were confirmed to be metallic by both X-ray photo-
electron spectroscopy (XPS) and HAXPES analyses. Fig. S2 (ESIT)
summarizes the rates of photocatalytic hydrogen production
over these films in 10% MeOH solution. The hydrogen produc-
tion rates over both TiO, (as a photocatalyst) was evidently
improved by loading with these nanoscale metal co-catalyst as
was previously reported.’* The effect of the Pt co-catalyst is seen
to be highly dependent on the semiconductor, as is sometimes
observed in semiconductor photocatalysts.'>'® In order to obtain
a better understanding of the compatibility of these various
materials, angular-resolved HAXPES (SPring-8, v = 7.94 keV)
was employed to analyze the chemical states at the semiconductor
surface as well as band bending at various depths in the bulk
semiconductor.

The core-level spectra of bare semiconductors and semi-
conductors with attached nanoscale metals were acquired
using angular-resolved HAXPES at take-off angles of 10 to 70°,
with each spectrum obtained three or more times to ensure
reproducibility. Selected HAXPES spectra are presented in
Fig. 1, and the overall results are summarized in Fig. S3 (ESIY).
Fig. 1 shows the HAXPES spectra for Ti 2p;/, core state photo-
emission. The spectra acquired for the bare TiO, films at take-
off angles of 65° (representing a bulk phase spectrum at a
maximum analysis depth of approximately 31 nm) and 10°
(representing a surface spectrum at a maximum analysis depth
of approximately 6 nm) are similar, without any significant
shifts.?! The carrier densities in these TiO, films were determined
to be approximately 6 x 10" ecm™* by our previous report,'® a
value that is sufficient to induce band bending. It should be noted
that depletion layer in the present TiO, (>100 nm) is deeper than
this HAXPES measurement depth. Therefore, we discuss HAXPES
data from surface to middle of the band bending, which is still
much more informative than the XPS. This depth dependence of

Ti 2p;,

Tio,
Ti 2p3/, 10°

A0.25 eV

A0.07 eV @
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Fig.1 Ti 2ps,» spectra acquired from TiO, and Pt/TiO, by angular-
resolved HAXPES [at take-off angles of 10° (red lines) and 65° (black lines)].
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the energy shift in the HAXPES core levels is understood
to indicate a band bending profile near the semiconductor
surface.”>**® The bare TiO, film did not exhibit a band bending
profile. However, upon deposition of nanoscale Pt, the TiO, film
(Pt/TiO,) showed upward band bending by 0.07 eV, such that the
binding energy peak near the surface (at a take-off angle of 10°)
was at a higher energy position than that in the bulk (at a take-off
angle of 65°). In addition, the Ti 2ps/, peak position of bare TiO,
in the bulk (65°) was shifted negatively by 0.25 eV by the deposi-
tion of Pt (Pt/TiO,), as shown in Fig. 1. Furthermore, we confirmed
that Ti 2ps/, peaks broadened in the case of nanoscale metals. For
example, full width at half maximum (FWHM) of TiO, and Pt/TiO,
films were about 0.73 and 0.80 eV respectability. Such a peak
(core level) broadening indicated that there is the band bending in
PY/TiO, film.*

Fig. 2 plots the take-off-angle dependence of the Ti 2ps,
peak positions for TiO, films with adsorbed nanoscale Pt, Au
and Rh. The TiO, film spectrum is nearly flat going from the
bulk to the surface, while the TiO, films with adsorbed nano-
scale metals instead show upward band bending toward the
surface, together with an overall upward shift. Typically, the
degree and direction of band bending at metal/semiconductor
junctions can be explained by the difference in work functions,
using the Mott-Schottky model.>*” The work functions for Pt,
Au and Rh are 5.65, 5.1 and 4.9 eV,*® respectively, all of which
are greater than that for TiO, (4.5 eV). Therefore, upward band
bending observed by the angular-resolved HAXPES were reason-
able. However, peak shifts were also observed. For example,
core level of Rh/TiO, was about 0.3 eV lower than that of bare
TiO, film. According to a previous report,> such core level
shifts toward lower binding energy were observed by XPS under
application of forward potentials. Because we have confirmed
influence of charge-up of the samples were negligible as will be
explained later, the observed peak shifts of the metal/TiO, films
are considered to be induced by strong interaction in the
ground state. The present results suggest that nanoscale metal
particles play a key role in the larger peak shift, indicating that
a Fermi level shift>® was induced in the presence of nanoscale
metal particles on the surface of the TiO, as the result of strong
interactions.
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Fig. 2 Shifts in peak positions relative to positions in angular spectrum for
series of Ti 2ps,, spectra obtained from TiO,, Au/TiO,, Pt/TiO, and Rh/TiO,.
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Electrostatic interaction by dipole effect

The HAXPES results presented herein indicate strong inter-
actions between the semiconductors and nanoscale metals in
the ground state. As an example, the deposition of nanoscale Pt
onto a TiO, film caused a peak shift of 0.25 eV toward a lower
binding energy along with upward band bending. A similar
peak shift in XPS spectra has been discussed for nanoscale
metal/semiconductors junctions such as Pt/TiO,, Au/TiO,,
Pd/TiO,, Pt/Zn0O, Ni/SiC, metal/GaN,**¢ and recently HAXPES
was applied to a Ni/Al,05/GaAs system.*” The shift in the core-
level peak position for the metal/semiconductor combination
originates from band bending toward the surface. However, in
principle, XPS cannot distinguish band bending from this peak
shift because this technique assesses chemical states only
within a shallow surface region (2-3 nm in depth). The HAXPES
data provided in previous reports originates only from a single
point (acquired at a single take-off angle). In contrast, the
angular-resolved HAXPES technique used in the present study
(to a depth of approximately 35 nm) demonstrates that the peak
shift is the result of band bending. As noted, spectra acquired
at different incident photon fluxes (Fig. S4, ESIt) confirm that
the peak shifts are also not the result of photovoltaic charging
of the nanoscale metals.?®*?° Thus, the observed peak shifts are
attributed to electrostatic interactions between the nanoscale
metals and semiconductors. We also confirmed that the band
bending and the peak shift were also confirmed for other
material with a different property, N-doped Ta,Os(N-Ta,Os),
which exhibited cathodic photoresponse together with photo-
catalytic CO, reduction and hydrogen generation reactions by
surface addition of nanoscaled cocatalysts. In this case, an
obvious downward band bending of 0.4 eV was observed from
bulk to surface of the N-Ta,Os film (Fig. S5, ESIT)."”'**° Similar
peak shifts have sometimes been discussed with regard to high-
temperature thermal catalysis systems for the chemisorption of
H, and CO on metal particles via strong metal-support inter-
actions (SMSI).*"** The SMSI effect has largely been explained
by the decoration model, which describes the encapsulation of
the deposited metal by a thin oxide layer stemming from the
support during annealing. However, the configurations of the
present metal-adsorbed semiconductor films synthesized at
ambient temperature differ from this model.

A few previous studies using DFT calculations, electron spin
resonance or Kelvin probe force microscopy have reported
charge migration from nanoscale Pt particles to a semiconductor
such as TiO,.**™* According to these reports and our experi-
mental results, the electrostatic interactions are greatly affected
by the size of the nanoscale metal particles. As an example,
10 nm Rh deposition (a ten-fold greater thickness of Rh/TiO,) on
TiO, film (10 nm Rh/TiO,-film) reduces the extent of band
bending compared to that observed for a Rh/TiO, film (Fig. S6,
ESIT). To understand the origin of such electrostatic interactions
at the microscopic level, DFT calculations were performed to
simulate the Ti 2p;z, photoemission spectra of TiO, films with
attached nanoscale metals, with the results shown in Fig. 3 and
Fig. S7-S9 (ESIt). Each of the Ti 2p;/, peaks associated with TiO,
films incorporating metals were found to be shifted negatively

This journal is © the Owner Societies 2018
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Fig. 3 (a) Binding energy values for the Ti 2ps,, peaks for metal particles

or thin films on TiO, as calculated using DFT [red circles (@): Pt particles
on TiO,; blue circles (@): Au particles on TiO,; purple circles (@): Rh
particles on TiO,; red squares (M): thin Pt film on TiO,; blue squares (I):
thin Au film on TiO,; purple squares (l): thin Rh film on TiO,], and (b)
relationship between calculated Ti 2ps,, peak binding energy values and
charge transfer intensity (AQ) between metal particles and TiO; films [red
circles (@): Pt particles on TiO;; blue circles (@): Au particles on TiO;;
purple circles (@): Rh particles on TiO,].

from that for a bare TiO, film (Fig. 3a). In addition, these DFT
results confirm that the bond length between the Rh and Ti of
Rh/TiO, is comparable to the Rh—-Rh bond length (that is, Rh-Ti
bond lengths of 2.69 to 2.72 A were obtained from DFT, while the
Rh-Rh bond length is 2.70 A). The largest negative shift seen in
the DFT results was for TiO, with twelve Rh atoms (Rh;,/TiO,),
while Rh/TiO, exhibited the greatest negative shift of the Ti 2p;/,
peak among the metal/TiO, films in the HAXPES spectra. Thus,
these DFT calculations strongly support trend of direction and
dependence of metal species of these shifts. The Au/TiO, film
showed the smallest negative shift of all the metal/TiO, films,
presumably due to the larger size of the Au particles compared to
the other metals (Fig. S1, ESIt). These results also demonstrate
that the calculated peak shift depends on both the shape and
size of the metal particles. As an example, the Ti 2p;,, binding
energy peak for TiO, adjacent to nanoscale metal particles
undergoes a greater negative shift than that adjacent to thin
metal films. These results also demonstrate that DFT calculations
can explain quantitatively the dependence of charge transfer on
the size of the metal particles as determined from the HAXPES
data. Fig. 3b presents the calculated binding energies for the Ti
2ps/, peaks as a function of the intensity of the charge transfer
between TiO, and the metals. It is notable that the Ti 2p;;,
binding energies for all metal particles fall on a single line,
meaning that the negative Ti 2pz, peak shift is determined by the
extent of the charge transfer from the nanoscale metal to the TiO,.
This charge transfer results in a dipole moment at the interface and
thus shifts the electrostatic potential. The most significant charge

This journal is © the Owner Societies 2018

View Article Online

PCCP

transfer among the metals was observed in the case of Rh particles
on TiO,, while the least amount of transfer was associated with Au
particles on TiO,. This difference in charge transfer may possibly be
attributable to the ionization energy values for these metals; the
lower ionization energy for metals such as Rh could increase the
charge transfer in the vicinity of the oxygen in TiO,.

The present DFT calculations and experimental results, as
well as previous reports,**™*” all are in agreement so far as they
indicate that the peak shifts in the photoemission spectra of
semiconductors attached to nanoscale metals can be explained
by electrostatic interactions with associated dipole moments.
This phenomenon affects both the surface and bulk properties
of the semiconductors. Although there has been much research
regarding the improvement of photocatalytic reactions by the
loading of metal co-catalysts, there has been minimal discussion
of the relationship between electronic interactions at the metal
co-catalyst/semiconductor interface and photocatalysis, based
on assessments of electronic states in the depth direction.
Interestingly, several researchers have recently attempted to
control the band positions for semiconductor films by making
use of the dipole effect,”®*® and HAXPES analysis could con-
tribute to a more detailed understanding of such studies.

Conclusions

In summary, this work demonstrated the direct observation of
both band shifts and band bending between nanoscale metal
particles (Pt, Au or Rh) and TiO, using angular-resolved
HAXPES. The results directly indicate the existence of electrostatic
interactions between the nanoscale metals and semiconductors.
DFT calculations suggest that the observed electrostatic interac-
tions are associated with dipole effects and influence not only the
surface but also the bulk properties of the semiconductors. Thus,
the chemical nature between the nanoscale metal particle and the
semiconductor can significantly influence the charge transfer
from nanoscale metal followed by the photocatalytic reaction.
Of course, the catalytic activities of semiconductor photo-
catalysts are affected by many other factors, including the
orientations of crystal planes, size effects, surface area of
co-catalysts and the density of lattice defects.>® The control of
band potential of semiconductor is very important because band
potential largely dominates semiconductor property, especially the
charge transfer. Since the electronic ground states greatly dominate
electron transfer in semiconductor devices, an understanding of
these electronic states is crucial to the design of active photocata-
lysts, photoelectrodes and quantum dot solar cells.
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