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BABSTRACTIl A new experimental setup to study catalytic and electronic properties of size-selected
clusters on metal oxide substrates for developing heterogeneous catalysts, such as automotive exhaust
catalysts, has been developed. The apparatus consists of a size-selected cluster source, a photoemission
spectrometer, a scanning tunneling microscope (STM), and a high-pressure reaction cell. The high-pressure
reaction cell measurements provide information on catalytic properties under conditions close to those in
practical uses. We investigated size-selected Pt, (n =4, 7-10, 15) clusters deposited on TiO,(110) under soft-
landing conditions. The catalytic activity measurements showed that the catalytic activities have a cluster
size dependence. We obtained atomic-resolution images of size-selected clusters on surfaces, enabling the
identification of atomic alignment in the clusters. Clusters smaller than Pt; lay flat on the surface with a
planar structure, and a planar-to-three-dimensional (3D) transition occurred at n = 8§ for Pt, clusters on TiO,.
The binding energies of Pt 415, decreased steeply with increasing cluster size up to n = 7 for Pt,, and
decreased gradually for » > 8. This inflection point (n = 8) agrees well with the cluster size at the planar-to-
3D transition. It was found that the core-level shifts of size-selected Pt clusters on TiO, are closely correlated
with cluster geometries.

BKEYWORDSI| Cluster, Mass-selected, Size-selected, Scanning tunneling microscopy (STM),
Reaction, TiO,(110), Platinum, CO, Oxidation, Deposition

1. Introduction

Heterogeneous catalysts, such as those used in
automotive exhaust systems, consist of precious metal
particles supported on oxide surfaces. Currently, there
is a real and urgent need to reduce precious metal
usage. It is speculated that the catalytic activity of
metal clusters has a strong size-dependence. Clusters
on a surface would provide further specificity because
of the interaction between the clusters and the surface.
To study the catalytic and electronic properties of size-
selected clusters on metal oxide substrates from the
view point of cluster-support interaction, as well as to
devise a method for controlling catalytic activity and
thermal stability, an experimental setup has been
developed. Cluster size and cluster-support interactions
are key parameters that control catalytic activity and
thermal stability of a cluster catalyst.

There have been a number of studies on the catalytic
properties of free size-selected clusters; however, few
studies have been conducted on the catalytic properties
of surface-deposited size-selected clusters. This dearth
of studies is mainly due to the difficulty in preparing

well-defined uni-sized clusters on a surface for
comparison with those deposited using a cluster beam
method. Some studies have been carried out on
systems wherein size-selected clusters have apparently
been deposited successfully without fragmentation or
aggregation.

Heiz et al. developed the first instrument that
allowed for detailed study of the chemical properties
of size-selected deposited clusters using the
temperature programmed desorption (TPD) method"”;
they also reported that the catalytic activity of size-
selected Pt, (n = 5-20) clusters on MgO(100) films in
the oxidation of carbon monoxide increased abruptly
during the transition from Pty to Pt;s.*” A similar
investigation of Au,, (n = 1-7) clusters on TiO,(110) by
Lee et al.”) showed that catalytic activity increased
substantially for Augs and Au,. Although these two
studies show strong dependence of catalytic activity
on the deposited cluster size, the geometries of the
metal clusters on the surfaces were not measured
directly in either case. In the case of single crystal
metal surfaces, the catalytic activity was different on
different crystal faces of the same metal®” as well as
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on different sites of the same crystal face.® This
suggests that the catalytic activity may depend on the
alignment of the atoms in the clusters. Tong et al.?”
investigated the shapes and sizes of size-selected Au,,
(n = 1-8) clusters on TiO,(110) using scanning
tunneling microscopy (STM). The alignment of gold
atoms in the clusters was not identified clearly in the
reported STM images. On the other hand, Piednoir et
al."” showed atomic-resolution images of palladium
clusters on surfaces but the clusters were not size-
preselected. In both cases, it is difficult to discuss the
origin of the strong size dependence of catalytic
activity of clusters on surfaces.

We present a new experimental setup to study the
specificity of size-selected clusters on a surface. The
setup combines a mass-selective cluster deposition
source with an X-ray photoelectron spectrometer,
ultraviolet photoelectron spectrometer, STM, and a
high-pressure reaction cell. The high-pressure reaction
cell measurements provided information on catalytic
properties under conditions close to those used in
practical applications. We chose TiO,(110) as the
initial support for the study because it is one of most
popular metal oxides and it is conductive after a typical
cleaning procedure, which allows it to be deposited
without charge built-up and to be studied by STM.

The surface structures and electronic properties of
TiO,(110) surfaces were studied by various surface-
sensitive techniques, including X-ray photoelectron
spectroscopy (XPS),(“’H) ultraviolet photoelectron
spectroscopy (UPS),(13’14) and STM.">'® We have
studied Mass-selected Pt clusters deposited on
TiO,(110) surfaces in recent years.(”’lg)

We investigated the geometries of size-selected Pt
clusters deposited on TiO,(110) surfaces. In the STM
measurements described here, a carbon nanotube
(CNT) STM tip that can provide atomic-resolution'”
images was used to image the alignment of the Pt
atoms in the clusters. The high aspect ratio of the CNT
tip enables imaging at a high lateral resolution,
especially on surfaces with steep changes in height,
e.g., clusters on a surface. The catalysts were
characterized by XPS, and core-level shifts of the
supported nanoclusters were often observed.®**" The
core-level shift is of great interest because it reflects
cluster-surface interactions that affect -catalytic
activities.”” Most previous studies on supported metal
nanoclusters by photoelectron spectroscopy were
carried out on evaporated or sputtered thin films, "
where the average cluster size distribution was

estimated from other observations. Recently, the
relation between cluster size and core-level shifts have
been studied using size-selected metal clusters
deposited on surfaces. > Although these studies
show strong size dependence of the core-level shifts,
the geometries of the clusters on the surfaces were not
measured directly. This makes it difficult to discuss the
origin of the strong size dependence.

In this paper, we report the geometries and size
dependence of size-selected Pt, (n = 4, 7-10, 15)
clusters deposited on TiO,(110)—(1x1) surfaces at
room temperature in ultrahigh vacuum (UHV).
Alignments of the Pt atoms in the clusters are imaged
at atomic resolution using the CNT STM tip. Size
distributions of the clusters on the surfaces are
measured as a function of the size of the deposited
clusters. Further study by XPS makes it possible to
distinguish the correlation between cluster geometries
and core-level shifts.

2. Experimental

Figure 1 shows an overview of the experimental
setup used in this study, and Fig. 2 shows a schematic
of the setup. The apparatus combines a cluster source,
ion optics, quadrupole mass filter, deposition stage,
reaction cell, and surface analysis systems. All the
chambers are connected to each other, and the sample
was transferred under UHV conditions to investigate
as-deposited clusters on the surface. The deposition,
STM observation, and transfer between the deposition
chamber and STM chamber can be performed under
cryogenic temperatures to freeze the movement of the
deposited clusters. We deposited size-selected Pt
clusters on TiO,(110) surfaces prepared by the typical
procedure by using a new UHV cluster deposition
apparatus with a magnetron-sputter ion source.

The deposited Pt clusters and TiO, surfaces were
observed by STM. This system was also equipped with
low-energy electron diffraction (LEED)/Auger electron
spectroscopy (AES), XPS, and UPS (see Fig. 2).

The experimental details will be elaborated in each
section.

2.1 Sample preparation

We used 10 mm x 10 mm TiO,(110) single crystals
for the deposition.

The samples for the experiments were prepared by
Pt,” deposition on rutile TiO,(110) single crystals (10
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x 10 mm®, Shinkosha Co., Ltd). Prior to the deposition,

the TiO,(110) surfaces were cleaned by repeated cycles

of Ar” sputtering (1 keV, 10 min) and annealed at 980
K in vacuum, until a well-defined (1x 1) LEED pattern
was observed and no impurities were detected by AES.
This treatment also creates bulk oxygen vacancies,
making the sample surfaces sufficiently conductive for

ion deposition with minimal charging.
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2.2 Cluster source and deposition

Figure 3 shows a schematic view of the cluster
source. Metal clusters were produced by magnetron
sputtering and gas condensation.®” Energetic metal

ms sputtered from the target were cooled by He gas,
ding to nucleation of clusters. After expansion

through a nozzle, the ionized clusters were accelerated
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Fig. 1 Overview of the experimental setup.
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and focused by an ion funnel. The cluster beam
was then mass-selected by an Extrel quadrupole
mass filter (Extrel MEXM-4000, mass range of 1-
4000 amu) and finally deflected to the substrate or
to another quadrupole mass analyzer.

The magnetron sputtering source was built with
a commercially available magnetron (Angstrom
Sciences Inc., ONYX-1). The distance between the
sputtering-target plate (50 mm) and an exit
aperture of the aggregation chamber was adjusted
to optimize the intensity and size distribution of the
targeted metal cluster ions.

The ion funnel® was mounted on the exit
aperture plate of the aggregation chamber, allowing
for easy removal for cleaning. When ions are
introduced into the mouth of the funnel, the DC
potential drives them toward the exit while the
effective RF field prevents ions from hitting the
electrodes. The net effect is to capture the entire

H Catalytic reaction measurement

chamber

AReacton
eaction
4 chamber\

Magnetic
feed through

2. Reaction
o cell -———
cel _- -
~R detector
IRAS & TPD
chamber

—

Cluster = — -~
- source lon  Q Q Q ~ &
- funel  ionguide  mass filter ion guide
- y
s spectrometer L
/ :Mﬂ < = Quadrupol S~ -
Py ! ' Quadrupole —_——— -
0 ne T =G || g
\ feed through
e T D N IR-RAS & TPD
~ Magnevon [ il = Tongom el |
LNZ~ TMP  sputtersource  yyp TMP Tandem TMP 150 /s
jacker 480 I/s™ of 2000 I/s 500 Is. 500 /s o ==
e o ——— — s
Concrete block for
Oil dumper for _, vibration isolation
vibration isolation
LT-STM Sample preparation chamber
- b - f i
chamber sy soines ~ gauipped vith XPS, UPS and LEED/AES
UV'source o ~
STM — \
LTS =~ <.\ Hemispherical

\

Low temperature STM t~

— ,
=Sputterion EB
source  heating

electron analyzes

\

LHe manipulator

LEED/AES
—_—

/

7 Surface analysis

(XPS/UPS, LEED/AES)

7
## “Wibration
igolation table

g

Fig.2 Schematic of the experimental setup.
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expanding ion cloud and then to focus the ions towards
the next ion guide. At the same time, collisions with
ambient gas dampens the motion of the ions, resulting
in a narrow kinetic energy distribution at the end of the
funnel. The ion funnel reduces ion escape due to
scattering by He atoms. Driving potentials were
applied to each electrode. A resistor chain on each
electrode worked as a DC voltage divider. The ring
electrodes had a continuously decreasing DC bias (for
positive ions) towards the bottom of the ion funnel
electrode stack. Typical DC biases applied to the ion
funnel were 10-80 V for the last ring electrode. RF
potentials were applied in phase to odd-numbered ring
electrodes and 180° out of phase to even-numbered
electrodes. The RF signal was generated by an RF
generator (WF1943A, NF Corporation) and amplified
by an RF amplifier (BA4825, NF Corporation).

Platinum cluster ions were deflected by 90° by a
quadrupole deflector to remove neutral clusters that
were not mass-selected. The cluster ions, with a flux
0f 0.01-2 nA/cm’, were deposited on TiO,(110) single-
crystal surfaces at room temperature under soft landing
conditions. The impact energy of the clusters onto the
surfaces, measured using retarding potential analysis
of the substrate, was tuned to less than 2 eV/atom by
adjusting the voltage and frequency applied to the ion
funnel as well as the voltage applied to the ion
deflector. The platinum coverage was 5 x 10" to 1 x
10" atoms/cm’, corresponding to approximately 5-
10% of a closed-packed platinum monolayer. The
ambient pressure was less than 1 x 10 Pa during
deposition.

We deposited the size-selected Pt clusters on
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Fig. 3 Schematic view of the experimental set-up for the
production of size-selected metal clusters. (Clusters
are produced by DC magnetron sputtering with
liquid nitrogen cooling, an ion funnel, mass-
selection, deflection, and einzel lenses to focus the
cluster beam.)

TiO,(110) surfaces using a new UHV cluster
deposition apparatus with a magnetron-sputter ion
source. Energetic metal atoms sputtered from the target
were cooled by He gas, yielding nucleation of the
clusters. Ar and He pressures were adjusted to tune the
distribution of available cluster sizes. The translational
energy of the cluster ions in these ion-guides was
adjusted to be less than 0.5 eV/atom by applying
appropriate DC voltages to each center of the RF voltage.

2.3 Reaction cell

Figure 4 gives a schematic view of the reaction cell.
The high-pressure reaction cell was designed for
studies of catalytic activity at high pressures using
small-area samples and a retractable internal isolation
cell with a quartz lining, which constitutes a micro-
batch reactor in the ~20 kPa pressure range under
conditions close to those in practical use. The reaction
cell and external recirculation loop were connected to
a stainless steel bellows pump (Senior Aerospace MB-
158HT) for circulation.

The sample was heated by an infrared radiation
heating system (GVH298, THERMO RIKO Co., Ltd.)
wherein the infrared radiation was transmitted from the
heating source on the atmospheric side through a
quartz rod. The temperature was measured with a
thermocouple. The test temperature was increased step
by step.

Recirculation of the reaction gas compensated for the
low concentration of active sites. A quadrupole mass
spectrometer was used to analyze the reaction gas, in
combination with gas chromatography when required.
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Fig.4 Schematic of the high-pressure reaction cell.
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2.4 STM observations

STM observations were carried out using a low-
temperature STM (Omicron LT-STM) attached to a
surface analysis chamber.

The samples were imaged by STM using the CNT
tip. STM images of the surface were acquired at 80 K
in a constant current mode using a low-temperature
STM (Omicron NanoTechnology GmbH) with a
Nanonis controller (SPECS Zurich GmbH).

Typical operating parameters included sample bias
in the range from +1 to +3 V and a tunneling current
0f'0.05-0.1 nA. The CNT tip for STM was supplied by
Yoshimura (Toyota Technological Institute) and
fabricated by manually attaching a CNT to the tip apex
using electron-beam-induced deposition of amorphous
carbon under a scanning electron microscope.

The sample preparation and transfer were carried out
under cryogenic temperatures using a liquid He cooled
manipulator. Vibration isolation was achieved with a
spring suspension with eddy current dampers. The
STM chamber was also isolated by air suspension. For
isolation from vibration of the deposition chamber, the
transfer chamber between the deposition chamber and
the surface analysis chamber was tightly held by a
concrete block panel and separated by an oil damper
in-between. Image processing was performed using the
Nanotec WSxM"®? software. The base pressure of the
STM chamber was less than 1 x 10"° Pa.

2.5 Surface analysis

The surface analysis chamber (u-metal) was
equipped with LEED/AES, a hemispherical analyzer
(Omicron EA125HR), a Mg/Al twin anode X-ray
source (Omicron DAR400), a VUV light source
(Omicron HIS13), an ion gun, e-beam and resistive
heating systems, an IR thermometer (Japan sensor
FTZ6), and a gas doser.

The samples were characterized by XPS (Omicron
NanoTechnology GmbH) using Mg Ka (1253.6 eV)
radiation from a dual-anode X-ray source, together
with a hemispherical energy analyzer and a seven-
channel detector. XPS spectra were taken at an electron
take-off angle of 40° with a pass energy of 20 eV. The
spectra were calibrated so that the Ti 2p;, peak
appeared at 459.0 eV of the binding energy expected
for bulk TiO,.””

2.6 Pulsed laser vaporization cluster source and
FT-IRAS

Another cluster source using the pulsed laser
vaporization method was also used. Fourier transform
infrared reflection-absorption spectroscopy (FT-IRAS)
was used for gas adsorption analysis. Details will be
reported in the near future.

3. Results and discussion

3.1 Cluster production and deposition

Figure 5 shows a typical distribution of the Pt cluster
ion current. The total current of the Pt cluster ions was
typically 200 nA, whereas the typical mass-selected
cluster ion current was 1-50 pA.

Typically, 3 x 10" atoms (6-13 x 10" of size-
selected cluster ions) were deposited on a 10
mm-diameter circular area on the surface by adjusting
the current of the cluster-ion beam and the deposition
time under a pressure of 6 X 10™° Pa at 300 K. The
current and deposition time were 5-50 pA and 100-600
s, respectively. The collision energy of the cluster ions
against the surface was less than 0.5 eV per platinum
atom. Cluster ions after size selection were deposited
onto a TiO,(110) surface at a collision energy, E.;, of
0.25 eV per Pt atom (the translational energy of the
cluster ions was <1.9 eV (~0.25 eV/atom)). The
uncertainty in the collision energy (full width at half
maximum, FWHM) was 0.4-1 eV per platinum atom.
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Fig. 5 Ion current distribution of Pt clusters after
deflection.

© Toyota Central R&D Labs., Inc. 2011

http://www.tytlabs.co.jp/review/



56

7L R&D Review of Toyota CRDL, Vol.42 No.1 (2011) 51-62

3.2 Catalytic activity measurements

Catalytic oxidation of CO on size-selected Pt clusters
on a TiO,(110) surface was investigated using a high-
pressure reaction cell. The test temperature was
increased step by step. At each temperature, the
reaction rate of CO oxidation was constant, as shown
in Fig. 6. As the temperature increased, the reaction
rate also increased. These results indicated that the CO
oxidation reactions in this reactor were properly
observed.

As shown in Fig. 7, the reaction rates of CO
oxidation on the size-selected Pt clusters deposited on
TiO,(110) were measured for each cluster size from
monomer to heptamer. The normalized production
rates of CO, by the number of Pt atoms on the sample
show cluster-size dependence. These results are
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Fig. 6 CO, concentration of the CO oxidation reaction
over Pty/TiO,(110) at the programmed temperature.
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Fig. 7 CO oxidation activity on Pt,/TiO,(110).

preliminary and we plan to show and discuss further
results in an upcoming report in the near future.

3.3 STM observation

The deposited Pt clusters and TiO, surfaces were
observed using STM. Figure 8 shows STM images of
a clean TiO,(110)—(1x1) surface consisting of terraces
~100 nm wide and steps ~0.3 nm high; the latter value
agrees with the expected step height for a rutile
TiO,(110)—(1%1) surface.®® The bright and dark lines
visible in Fig. 8(b) were assigned to fivefold
coordinated titanium atom rows and bridging oxygen
atom rows, respectively. They were separated by
approximately 0.65 nm, which is in agreement with the
previously reported value.®” The bright spots between
the titanium rows correspond to vacant sites in the
bridging O rows, as shown by Wendt et al.®"

Figure 9 shows STM images after deposition of
size-selected Pt, (n =4, 7-10, 15) cluster ions. In Figs.
9(A)-9(F), the observed bright spots were assigned to
size-selected clusters because the number of spots
agrees reasonably well with the value estimated from
the current of the cluster ions, and also the sizes of the
spots were almost the same. The deposited Pt clusters
were not observed to sit on specific sites relative to the
TiO, lattice in any size, suggesting that they were
randomly positioned. No fragmentation was observed
for any size cluster either. These clusters were
determined to be attached firmly to the TiO, surface
without aggregation, because the STM images did not
change in repeated scans. Figures 9(a)-9(c) and 9(c’),
Figs. 9(d) and 9(d’), and Figs. 9(e) and 9(f) show
images of a specific cluster in each case at atomic
resolution. Height distributions and average heights of

Fig. 8 [(a) and (b)] STM images of a clean surface of
titanium dioxide, with (b) oxygen vacancies visible
between fivefold coordinated titanium atom rows.
(a) The left image is 200 x 200 nm” and (b) the
right one is 20 x 20 nm’.
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the clusters are shown in Figs. 10 and 11, respectively.
Figures 9(A) and 9(a) and Figs. 9(B) and 9(b) show
STM images taken after deposition of Pt,” and Pt,",
respectively. Pt, and Pt; clusters were clearly seen to
consist of four and seven platinum atoms, respectively
[Figs. 9(a) and 9(b)]. Height distributions of the Pt, and
Pt; clusters on the surfaces were narrow [Figs. 10(a)
and 10(b)], suggesting that both clusters had only a
planar structure and lay flat on the surface.

Figures 9(C), 9(¢), and 9(c’) show STM images
obtained after deposition of Pty . One platinum atom
was clearly identified in Fig. 9(c) and was assigned to
the second atomic layer from its height of 0.5 nm,
corresponding to approximately 2 times the diameter
of a platinum atom. In other words, the Pt; cluster was
assumed to be a geometric structure consisting of one
atom on the first layer with seven atoms below.

Figures 9(D), 9(d), and 9(d’) show STM images
obtained after deposition of Pty . Two platinum atoms
can be clearly identified in Fig. 9(d) and were assigned
to the second atomic layer. That is, the Pty cluster was
assumed to be a geometric structure consisting of two
atoms on the first layer with seven atoms below. In

Hi

Lo

Fig. 9 STM images of a TiO,(110) surface after deposition
of size-selected Pt,” (n = 4, 7-10, 15) cluster ions.
Images with uppercase letters are 20 x 20 nm” and
those with lowercase letters are 3.5 x 3.5 nm” views
of one cluster on the same surface. [(A)(a)] The
TiO, surface after the deposition of Pt,", [(B)(b)]
Pt;", [(C)(e)(e)] Ptg’, [(D)(d)(d)] Py, [(E)(e)]
Pt,,’, and [(F)(f)] Pt;5'. A color scale indicates
heights for (c)-(f).

Figs. 9(c’) and 9(d’), Ptg and Pt, clusters were assumed
to have a planar structure on the basis of their height,
approximately 0.35 nm. Pty and Pt, clusters were dimly
observed to consist of eight and nine Pt atoms,
respectively. In contrast to the Pt, and Pt, clusters, the
height distributions of the Pty and Pty clusters were
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Fig. 10 Cluster height distributions of deposited Pt,
(n=4,7-10, 15) on TiO,(110)—(1x1) surfaces.

0.7 Transition ﬁ
—~ 0.6 3D
IS u =
E, 0.5 Q /'_'> -fe---
% 04 F planar ’ I 2nd layer
T ="
o 03 F T,
o))
g 02 r I 1stlayer
>
<o1fp i ]
0 P T R T T R TR R R T T Oxygen layer

34567 8 910111213141516

Cluster Size (n)

Fig. 11 Average cluster heights for Pt, (n =4, 7-10, 15) on
the TiO,(110)—(1x1) surface. The two heights in Ptg
and Pt, correspond to two separate peaks in the
height distributions. The long-dashed line
represents the height of the invisible bridging
oxygen atom relative to the visible titanium atom
at zero. The short-dashed lines indicate heights
expected for various platinum layers in the cluster.
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separated into two peaks [Figs. 10(c) and 10(d)]. The
average height of each peak was approximately 0.35
and 0.53 nm for both cluster sizes (Fig. 11), indicating
two types of geometric structures. It was found that
that the shorter clusters lay flat on the surface with a
planar structure, whereas the taller ones had a three-
dimensional (3D) structure with two atomic layers.
Free platinum clusters of up to nine atoms with a
planar structure are as stable as their 3D isomers, as
indicated by density functional theory (DFT)
calculations.®” It is suggested that Pt; and Pty clusters
could have two types of structures in the gas phase
before deposition. Figures 9(E) and 9(e) and Figs. 9(F)
and (f) show STM images obtained after the deposition
of Pt,,” and Pt,s", respectively. Three platinum atoms
were clearly identified in Fig. 10(f) and were assigned
to the second atomic layer on the basis of their height,
0.5 nm. That is, the Pt,5 cluster was assumed to be a
geometric structure consisting of 3 atoms on the first
layer with 12 atoms below. Figures 10(e) and 10(f)
show height distributions for the Pt,, and Pt, 5 clusters,
respectively. In contrast to Pty and Pt,, the distributions
of Pt;; and Pt,5 clusters had only one peak, suggesting
that both of these size clusters had only 3D structures
with two atomic layers. In STM images of Pt, and Pt,,
the distances between adjacent bright spots in each
cluster were observed to be approximately 0.7 nm
[Figs. 9(a) and 9(b)]. This is longer than the Pt—Pt bond
length in bulk and is also longer than that of free
platinum clusters, which ranges from 0.24 to 0.29 nm
in the size range of 3-55, as shown by discrete Fourier
transform calculation.®” Schoiswohl et al.“” showed
that one vanadium atom and neighboring oxygen
atoms were observed together as one bright spot in the
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case of planar vanadium oxide V¢O,, clusters. Their
results suggest that one Pt atom in a cluster and one or
more nearby oxygen atoms of TiO,, bound together by
strong interactions,*" might be observed together as
one bright spot in our experiments. In soft-landed Au
clusters on TiO,(110)—(1x1) surfaces investigated by
Tong et al.,” the distance between bright spots in a Au,
cluster on the surface was seen to be approximately 0.7
nm. In the case of Pt and Au clusters on TiO,, metal-
metal bond lengths might be elongated.

It was found that clusters smaller than Pt; on a
TiO,(110)—(1x1) surface lay flat on the surface with a
planar structure, and a planar-to-3D transition occurred
at n = 8 for Pt, on TiO,. This transition also occurred
for Au,, on TiO, with n = 5.”) DFT calculations of free
clusters showed that the binding energies for both Pt
and Au clusters increased with cluster size.””*” Strong
interaction with TiO, surfaces could result in planar
structures for smaller clusters because the binding
energies are lower in smaller clusters. The value of the
binding energy in the size range of 5-8 was larger than
2.8 eV for Ptn(”) and was less than 2.1 eV for Aun.(41)
The geometric transition size of Pt clusters is
considered to be larger than that of Au clusters because
the binding energy of Pt clusters is larger than that of
Au clusters. It is suggested that the geometries of
clusters on the surfaces could be affected by the
relationship between the strength of metal-metal bonds
in the clusters and interactions with the surface.

3. 4 Photoelectron spectroscopy

Figure 12 shows XPS spectra for a clean TiO,
surface as well as TiO, surfaces with size-selected,

Intensity (arb. units)
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Fig. 12 (a) Ti 2p and (b) O 1s XPS spectra of TiO, surfaces with mass-selected, deposited Pt, (n =2-5, 7, 8, 10, 15)
and a clean TiO,(110) surface (bottom spectrum). Peak positions are indicated by vertical dotted lines.
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deposited Pt, (n = 2-5, 7, 8, 10, 15) (Pt,/TiO,). For
the clean surface, a Ti"* shoulder at approximately 2
eV lower than the dominant Ti*" peak @) was not
observed in the Ti 2p region. This suggests that the
clean TiO, surface has relatively fewer missing oxygen
defects. The Ti 2p and O 1s spectra for Pt,/TiO, are
similar to those for the TiO, surface without Pt clusters,
and the Ti’" shoulder in the Ti 2p region was also not
observed after Pt deposition. Pt 4f spectra for size-
selected Pt, (n = 2-5, 7, 8, 10, 15) deposited on TiO,
are shown in Fig. 13. Here, Pt 4f core-level shifts were
observed, and the binding energies of the Pt 4f peak
decreased with increasing cluster size. Regardless of
the shift in the Pt 4/ peaks, the peaks had no shoulder,
and their widths were almost constant. These results
indicate that one peak with no other component shifted
with increasing cluster size. The electronic states for
most of the dispersed Pt clusters, at least as observed
by XPS, were almost the same at each size. The cluster
size dependence of binding energies of the Pt 415,
peak is shown in Fig. 14. The binding energy of the
peak decreased steeply with increasing cluster size up
to n = 7 for Pt, and then decreased gradually. This
decreasing tendency of the core-level shifts for
Pt,/TiO, is similar to that for the Pd clusters on TiO,
reported by Kaden et al.,C!
level shifts were correlated with the cluster geometries
estimated by low-energy ion scattering spectroscopy.

The above-mentioned steep binding energy shift for
clusters smaller than Pt;, could occur because the
clusters grew in the plane with increasing cluster size,
and the number of Pt atoms contacting the TiO, surface

who showed that the core-
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Fig. 13 Pt 4f XPS spectra for mass-selected Pt, (n = 2-5,
7, 8, 10, 15) deposited on TiO,(110). The peak
position is indicated by the vertical dotted line.

increased by one atom. In contrast, for clusters larger
than Ptg, the number of Pt atoms in the first layer
contacting the TiO, surfaces was observed to increase
by only a few with cluster sizes up to at least Pt,, as
estimated from the cluster geometries.(m This small
increase could cause the gradual binding energy shift
for clusters larger than Ptg, as mentioned above. The
configuration or coordination of Pt atoms would also
contribute to the binding energy, and gradual changes
might result in the shift of the binding energy. The
cluster size dependence of the core-level shifts can be
interpreted in terms of the influence of the cluster
geometry on cluster-surface interactions. Note that
such shifts result from a combination of initial- and
final-state effects,*” but based on photoemission
results alone, we cannot unambiguously differentiate
between them. Nevertheless, artifacts such as charging
effects must be excluded. One problem with such
samples (i.e., small particles on insulating surfaces) is
differential charging.(45) This is excluded here because
the surfaces in this study would be conductive as a
result of sputtering and annealing. The peak widths are
small and show no broadening, which is a clue to the
absence of charging effects.

The lowest binding energy of the Pt clusters was
approximately 71.6 eV at Pt;s (Fig. 14). This value is
higher than the 71.2 eV for the bulk metal.*” Many of
the atoms at the reconstructed (1x1) surfaces are
oxygen, as is well known."*?” We suppose that Pt-O
bonds would be formed, and the Pt clusters would not
be in metallic states. The Pt 4f'spectra in Fig. 13 do not
exhibit characteristic asymmetry observed for bulk
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Fig. 14 Binding energies of the Pt 4f;, peak for mass-
selected Pt, (n = 2-5, 7, 8, 10, 15) on TiO,(110)
surfaces as a function of cluster size.
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metal,*® supporting the existence of nonmetallic
states. Eberhardt et al.*” measured valence-band
spectra for Pt clusters on SiO, and discussed
nonmetallic states in detail. Although we did not obtain
valence-band spectra, the nonmetallic states of Pt
clusters could be explained roughly by the XPS results.
On the other hand, the highest binding energy of the
Pt clusters was approximately 72.0 eV for Pt, (Fig. 14);
that is, the maximum shift relative to the bulk metal
was approximately 0.8 eV. The core-level shifts for
various Pt oxides and hydroxides are well known,*"
typically being approximately 3 eV for stoichiometric
compounds. This value is significantly larger than the
maximum shift observed in this study, indicating that
only stoichiometric oxides will not be formed in all
sizes of the Pt clusters on TiO, surfaces, because the
Pt 4f'spectra do not exhibit a multiple-peak substructure
or significant broadening. Thus, intermediate core-
level shifts between metal and stoichiometric oxides
are thought to occur in Pt clusters on TiO, because Pt—O
bonds would be formed. Furthermore, stoichiometric
oxides would not be formed yet. Moreover, we believe
that Pt—Pt bonds were not broken in the Pt clusters on
TiO,. If the Pt—Pt bonds were broken, isolated Pt atoms
would be expected to sit on the reconstructed (1x1)
surfaces with relatively many oxygen atoms, and core-
level shifts corresponding to Pt oxides would then be
observed. However, the observed core-level shifts are
in fact far from the value for Pt oxides, as mentioned
above.

4. Conclusions

We have presented a new experimental setup for the
purpose of studying size-selected cluster deposition
using XPS, STM, and a high-pressure reaction cell
measurement. The high-pressure reaction cell
measurement provided information on catalytic
properties under conditions close to those in practical
uses. STM measurements showed that soft-landing
conditions were obtained. Catalytic activity measurements
showed that the catalytic activities have a cluster-size
dependence.

The geometries of Pt clusters on TiO, were revealed
directly by atomic-resolution STM imaging. Clusters
smaller than Pt, lay flat on the surface with a planar
structure, and a planar-to-three-dimensional transition
occurred at n = 8 for Pt,.

The observed steep and gradual binding energy shifts
with the cluster size could be understood in terms of

planar and 3D structures of the cluster geometries,
respectively. Furthermore, the inflection point (n = 8)
in the size dependence of the core-level shifts agrees
well with the cluster size at a geometric transition
(planar to 3D). It was found that the Pt core-level shifts
for size-selected Pt clusters deposited on TiO, are
closely correlated with cluster geometries determined
directly by atomic-resolution STM imaging.

In future, the geometry of the clusters determined
from atomic-resolution images is expected to be
helpful in elucidating the origin of the observed
cluster-size dependence in catalytic reactions and
cluster-surface interactions. We are continuing research
on the catalytic and electronic properties of size-
selected clusters on metal oxide substrates from the
viewpoint of cluster-support interaction, and we hope
to devise a method for developing heterogeneous
catalysts such as automotive exhaust catalysts.
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