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Morphology and electronic properties of thermally stable TiOx nanoclusters on Au(111)
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TiOx clusters on atomically flat Au(111) films have been investigated by means of scanning tunneling
microscopy and scanning tunneling spectroscopy. We present measurements of both the morphology
and the electronic properties of these clusters. First, pure Ti clusters are produced in the gas phase and are
deposited onto a clean Au(111) surface under controlled ultrahigh vacuum conditions. Next, the clusters are
oxidized. Then, scanning tunneling microscopy measurements are performed before and after annealing up to
high temperatures (970 K), indicating a high thermal stability of the deposited clusters. Scanning tunneling
spectroscopy reveals an n-type semiconductorlike gap in the TiOx cluster density of states. Local influence of
the clusters on the electronic surface state of the Au(111) substrate is observed, which is relevant for catalytic
cycles where certain steps of the cycles take place at the metal-oxide interface.
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I. INTRODUCTION

While the physical dimensions of clusters and nanoparticles
are between those of individual atoms and molecules and
bulk matter, their properties do not simply scale with the
particle size. The transition from a single atom to the
respective solid involves quantum size effects. Clusters reveal
remarkable size-dependent electronic, structural, and mag-
netic properties, implying clusters have attracted considerable
attention.1

Transition-metal particles and, in particular, TiO2 clusters
are of high fundamental and technological interest due
to their optical, catalytical, and photocatalytical properties.
The particles are being applied in various fields, including
sunscreen agents,2 removal of various types of aqueous
pollutants,3 and antibacterial and detoxification effects.4 In-
formation about the electronic structure of free Ti clusters
has been obtained by performing core-level spectroscopy,5

and by combining photoelectron spectroscopy with theoretical
calculations.6 Deposition of preformed TiOx clusters has been
performed7–9 in order to study the properties of thick cluster
assembled films. Both the final morphology and the optical
gap of the films were shown to depend on the initial cluster
size.8,10

In the case of individual particles on a surface, the morphol-
ogy and electronic properties of a variety of nanoparticles have
been investigated in detail in a controlled environment.11–13

However, attempts to explore individual nanosized TiO2

(titania) particles are scarce. Recently, TiOx nanoparticles
with x close to 2 have been grown by atomic evaporation
of Ti onto thin layers of H2O and NO2 adsorbed on Au(111).
The buffer layer subsequently was evaporated, resulting in the
formation of various self-assembled TiOx nanoparticles on
the Au(111) surface.14,15 The morphology of these particles
strongly depends on the buffer layer and on the annealing
temperature used in the growth process, and their crystal
structure is typically that of rutile titania.15 TiOx particles
are known for their high catalytic activity16,17 and exhibit a
highly temperature-dependent morphology.14 Although clean
Au(111) is not catalytically active for the water gas shift
(WGS), gold surfaces that are 20% to 30% covered by titania

nanoparticles have a catalytic activity comparable to, and
even higher than, that of a good WGS catalyst such as
Cu(100).16 By interaction of H2O and CO with TiOx/Au(111),
the water dissociates on oxygen vacancies of the titania and
CO adsorbs on gold sites located nearby. Subsequent reaction
steps, leading to the formation of CO2 and H2, take place at
the metal-oxide interface. The interaction between TiOx and
Au(111) is supposed to play an important role in the catalytic
activity because of cooperative effects at the oxide-metal
interface.16 For Au particles grown on TiO2, it is known
that there occurs a charge transfer from the defect sites of
TiO2 to the gold nanoparticle.18 In the opposite case of TiOx

nanoparticles grown on Au(111), the presence of a similar
charge transfer and its relevance for heterogeneous catalysis
are still open questions.

In this paper, we report on the investigation of individual
TiOx nanoparticles on clean Au(111) created by deposition of
preformed pure Ti clusters on a Au(111) surface, which are
subsequently oxidized. The Ti clusters are preformed in the
gas phase and are deposited with low kinetic energy onto
single-crystalline flat surfaces. This alternative preparation
route offers a high degree of freedom to tune the properties of
nanostructured materials by selecting the appropriate particle
size, composition, kinetic energy, and substrate.19 Preformed
clusters are grown and deposited under ultrahigh vacuum
(UHV) conditions, allowing for the creation of clean and
well-defined samples and ensuring to obtain particles that
are immobilized on the Au(111) surface by strong Ti-Au
bonds since no oxygen is present during the deposition of
the particles.

The alternative preparation route enabled us to investigate
the morphology as well as the electronic properties of
nanometer-sized clusters consisting of a few up to several
hundreds of atoms by means of scanning tunneling microscopy
(STM) and scanning tunneling spectroscopy (STS) under
controlled conditions. STM combined with STS offers the
ideal means to study in detail, down to the atomic scale,
both the geometrical and electronic properties of individual
nanoparticles on metallic substrates. The influence of an-
nealing on the cluster morphology was studied up to high
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temperature (970 K). With STS, we probed the local electronic
properties of the clusters as well as their influence on the
surrounding Au(111). The possible relevance of our findings
for the understanding of the catalytic performance of the
TiOx-Au(111) system is discussed.

II. EXPERIMENT

A. Substrate preparation

Epitaxially grown 140-nm thick Au(111) films on freshly
cleaved mica were prepared ex situ by molecular beam epitaxy
(MBE) at elevated temperatures.20 After exposure to ambient
conditions, the Au(111) surfaces are cleaned in the UHV
preparation chamber (with a typical base pressure in the
low 10−10 mbar range) of the low-temperature UHV STM by
repeated cycles of Ar ion sputtering (at about 4 keV, 10−6 mbar
of Ar pressure, and with the beam current density typically
around 50 μA/cm2) and annealing at about 720 K.21 The
resulting films consist of atomically flat islands with dimen-
sions up to 500 × 500 nm2. Substrates are then transported
under vacuum first to the cluster deposition apparatus and
after cluster deposition back to the STM setup by means of a
home-built transport vessel (pressure in the 10−10 mbar range).
The vessel consists of a small chamber equipped with a long
transport arm and an ion pump that can run autonomously for
24 hours using a battery.

B. Cluster production and deposition

Ti clusters were produced by a laser vaporization source,22

which is connected to a UHV cluster deposition chamber
with a base pressure below 5 × 10−10 mbar.20 Cluster beams
with a size distribution ranging from a few atoms up to
several hundreds of atoms can be produced, as recorded with
time-of-flight mass spectrometry. A typical mass spectrum of
the free cationic Ti clusters as a function of (a) the number of
atoms in the cluster and (b) the corresponding cluster diameter
is presented in Fig. 1. The diameter was calculated assuming
the clusters to be spherical and using the Wigner-Seitz radius
for Ti (0.17 nm, see Ref. 23). The maximum in the cluster-size
distribution was tuned to around 750 atoms (≈3.1 nm cluster
diameter). We note, however, that clusters larger than those
observed in the mass spectra may be present in the cluster
beam since the measured cluster distribution has an upper
cutoff due to the decreasing efficiency of the detector for the
largest clusters. The clusters were deposited with their inherent
low kinetic energy (≈0.13 eV/atom) onto cleaned Au(111)
substrates at room temperature. This kinetic energy is small
when compared to the atomic binding energy within the cluster
and, consequently, negligible cluster fragmentation is expected
upon impact. Deposition times were chosen to achieve a low
coverage of clusters on the substrate, i.e., well below one
monolayer. There is a quartz microbalance installed to monitor
the film thickness. Ti clusters can be made with a very low
oxygen content (a few atoms per cluster), as observed in
experiments on free Ti clusters.5,9 This ensures that the bond
between the Au(111) and the Ti cluster will be formed by the
pure metals.

FIG. 1. Abundance spectra of free cationic Ti clusters as a
function of (a) the number of atoms in the cluster and (b) the
corresponding cluster diameter. The mean cluster size was tuned to be
around 750 atoms (≈3.1 nm cluster diameter). The cluster diameter
was calculated assuming a spherical shape.

C. Oxidation

Oxidation of the deposited clusters is achieved by lowering
the vacuum conditions in the transport vessel. For this purpose,
we switched from ion pumping to pumping with a turbomolec-
ular pump. This way, the vacuum is kept in the 10−7 mbar
range for a few minutes. When analyzing the gases present
in the vacuum chamber with a mass spectrometer, the highest
partial pressures were found for O2 (8 × 10−8 mbar) and H2O
(4 × 10−7 mbar), with only a low background pressure of
hydrocarbons (10−9 mbar range). Under these conditions, the
Ti clusters interact with both O2 and H2O to form titanium
oxide.14 We can not, however, fully exclude that a small
amount of hydroxyl groups is adsorbed on the Ti surface as
well.14 It is known that oxide can penetrate up to 5 nm into
the surface of Ti films, implying that the clusters investigated
here may be (nearly) completely oxidized.24 From previous
experiments using reactive sputtering of Ti with an oxygen-
rich plasma, it is known that, instead of stoichiometric TiO2,
an oxygen-deficient TiOx phase with x close to 2 is formed.25

D. Low-temperature UHV STM and STS

All measurements were performed with a low-temperature
UHV STM (Omicron NanoTechnology) at liquid-helium
(4.5 K) or liquid-nitrogen (77.8 K) sample temperature and
a base pressure in the 10−11 mbar range. Both mechanically
cut and preformed PtIr (10% Ir) tips were used, as well as
electrochemically etched W tips. The latter were cleaned in
situ by repeated flashing at high temperature in order to remove
the oxidized surface layer and additional contamination.
The known electron surface state of the Au(111) surface at
−480 meV was used as a reference for tip quality during
our STS measurements.26 STM topographic imaging was
performed in constant current mode. I and V correspond to
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the tunneling current and voltage, respectively. Differential
conductance images, referred to as maps of the local density
of states (LDOS) hereafter, are acquired with a closed feedback
loop by means of harmonic detection with a lock-in amplifier
at modulation frequencies in the 700–1500 Hz range and mod-
ulation amplitudes in the 30–60 mV range. Additionally, I(V)
curves are locally recorded with an open feedback loop, from
which dI/dV(V) curves are numerically calculated. The bias
voltages indicated in text and figure captions are with respect
to the sample. The STM tip is virtually grounded. Image
processing was performed by Nanotec WSxM.27 Annealing
the clusters after deposition was done in different steps at
increasing temperatures (�T ≈ 50 K) for about 12 hours per
step in the UHV preparation chamber of the STM, starting at
420 K.

III. RESULTS AND DISCUSSION

A. TiOx clusters on Au(111) after deposition

Figure 2(a) presents a typical STM image of TiOx clusters
on an atomically flat Au(111) surface before annealing.
Particles of various lateral sizes and with different heights
are retrieved on the surface. The particles are randomly
distributed across the surface. Some contamination was ob-
served on the Au(111) substrate after Ti cluster deposition
and oxidation (less than one monolayer). This contami-
nation leads to a roughening of the substrate as seen in
Figs. 2(a) and 2(b). Locally, the atomically flat Au(111)
surface can still be discerned [Fig. 2(a) on the left-hand side].
Reaction of TiOx with excess oxygen leads to oxygen
spillover from titanium nanoparticles to the gold surface, pos-
sibly explaining the observed contamination on the Au(111)
surface.28

The amount of TiOx nanoparticles retrieved on the sur-
face is around 20 per 100 nm2 and agrees well with the
amount of deposited clusters estimated from measurements
with the quartz microbalance (24 clusters per 100 nm2).

The TiOx nanoparticles are distributed randomly across the
Au(111) surface and do not show any preferential position-
ing at, e.g., Au(111) step edges, nor do they show any
clear alignment at elbows of the Au(111) reconstruction as
was the case for self-organized Co islands in a previous
study.13 These findings imply that the TiOx nanoparticles
do not exhibit significant diffusion on Au(111) at room
temperature.

The height distribution of the particles after deposition
is presented in Fig. 2(c). When measuring with STM, the
particle height should equal the diameter of the free cluster
provided it remains spherical upon deposition. In case the
clusters flatten out and become hemispherical, the height of
the particle should equal the radius of a hemisphere having
the same volume of the free cluster. Figure 2(c) includes an
abundance spectrum of the free cationic TiOx clusters in the gas
phase, both as a function of cluster diameter in the spherical
approximation (ds , gray) and as a function of cluster radius
in the hemispherical approximation (rh, black). They relate
to each other as rh = 2−2/3ds . Comparison of the abundance
spectra with the height distribution of the TiOx clusters
clearly reveals that the deposited clusters can be considered as
individual hemispherical particles after deposition. This result
is similar to what is observed for deposited Co clusters on
Au(111).13 The observed cluster height is used to determine
the flattening of the particles. The observed broadening can not
be used since, with STM, the width of the particles can not be
accurately measured due to the finite size of the tip.13 Below,
we demonstrate that there occurs a strong interaction between
the TiOx clusters and the Au(111) surface, which can account
for this flattening. In contrast to Co clusters on Au(111),13 the
height histogram of the TiOx nanoparticles on Au(111) does
not reveal preferential cluster heights. This conclusion should
be considered with care because of the uncertainties in the
height determination that are caused by the contaminants. The
contaminants can be moved by the tip while scanning, leading
to an increased uncertainty on the height determination of

FIG. 2. (Color online) (a) 100 × 100 nm2 STM image of deposited TiOx clusters on a Au(111) surface (V = 1.0 V, I = 1.0 nA). The
clusters show negligible mobility after deposition. (b) Height profile taken along the dashed white line in (a) comprising three TiOx clusters. (c)
Normalized height histogram of the deposited TiOx clusters and complementary abundance spectra of free cationic TiOx clusters as a function
of cluster diameter in the spherical approximation (gray) and as a function of cluster radius in the hemispherical approximation (black).
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FIG. 3. (Color online) (a) 100 × 100 nm2 STM image of TiOx nanoparticles on a Au(111) surface after annealing to 970 K (V = −1.0 V,
I = 0.1 nA). (b) Line profile taken along the dashed white line indicated in (a). (c) Normalized height histogram of the TiOx nanoparticles after
annealing to 670 K (dashed) and after annealing to 970 K (shaded).

around 0.2 nm. Detailed STS measurements are hampered as
well by this layer.

B. Influence of annealing to elevated temperatures

In a next step, we have performed a systematic investigation
of the influence of annealing the sample, following the
procedure described in Sec. II D. Figure 3(a) presents a topo-
graphic STM image after annealing of the TiOx nanoparticles
up to a temperature of 970 K. Comparison with Fig. 2(a)
shows that the substrate is now atomically flat and the
Au(111) herringbone reconstruction is observed, indicating
a clean surface. The contamination layer is evaporated, which
happened already after annealing to 570 K (data not shown).
The removal of this layer also eliminates the uncertainty for
the height measurement. Still, no preferential cluster heights
are observed when looking at an ensemble containing a lot of
different clusters.

Analysis of the STM images after annealing to 670
and 970 K does not reveal a significant difference in the
distribution of particle heights [Fig. 3(c)] when compared to
the substrate before annealing [Fig. 2(c)]. This indicates that
TiOx nanoparticles do not “sink” into the Au(111) surface
as is the case for, e.g., Co nanoparticles.29 Meanwhile, the
density of particles on the surface also remains constant
(around 20 per 100 nm2). After annealing, the particles are
still randomly distributed across the surface and they do not
coalesce. From these results, it can be concluded that, even at
high temperatures, the TiOx nanoparticles do not diffuse and
remain on the surface as single entities. The maximum applied
annealing temperature (970 K) is higher than the temperature
used for annealing of the gold film after Ar bombardment
(720 K). At 720 K, Au atoms are able to diffuse on a clean
Au(111) surface to a degree that even nanosized islands and
vacancies are able to flatten out.30 However, after depositing
the TiOx nanoparticles on the Au(111), no additional changes
of the Au(111) surface are observed up to 970 K.

A similar annealing procedure was followed by Osgood
et al. in order to investigate the evolution of TiOx nanoparticles
created by atom deposition after H2O adsorption on Au(111).14

The TiOx nanoparticles in the cited study showed a clear
evolution, i.e., coagulation of particles, leading to an increased
particle size after annealing to 300, 500, and 700 K. Our
annealing temperature of 970 K is higher than 700 K, but,
nevertheless, we do not observe any significant changes in
substrate morphology. TiOx nanoparticles grown by deposition
of Ti clusters on Au(111), which are subsequently oxidized,
therefore have an enhanced stability when compared to their
counterparts grown by atom deposition on H2O.

One could question if the thermal stability can be explained
by bonding of the clusters to defects in the surface. Previous ex-
periments on Ag clusters deposited on graphite demonstrated
that mobile clusters can be captured and stabilized by surface
defects.31 The Au(111) surface contains intrinsic defects at
the elbows of the herringbone reconstruction.32 However, in
Fig. 3(a), one can spot clusters that are not located at elbow
sites of the Au(111) surface reconstruction after annealing
(e.g., the upper cluster on the dashed white line). Stability
of these clusters can, therefore, not be attributed to intrinsic
surface defects present under the clusters.

Another possibility is that the clusters create their own
defects in the gold surface upon landing. When cluster
deposition is done with low kinetic energy, we do not expect
that defects are created upon deposition.33 In the case of
deposition of, e.g., Ag clusters on graphite, the required energy
for “self-pinning” due to defect creation is 10.4 eV/atom.34

This value is significantly higher than the 0.13 eV/atom used
in our experiments and, hence, no surface damage is expected.
Therefore, surface defects can not explain the stability of our
clusters.

The low mobility of the clusters on the Au(111) surface can
be explained by the growth process of the TiOx nanoparticles.
The clusters made in the gas phase consist of metallic Ti,
ensuring upon landing available atoms to form Ti-Au bonds.
The bond between Au and Ti is known to be strong, i.e., 2.5 eV
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FIG. 4. (Color online) (a), (d) 12 × 12 nm2 and 10 × 10 nm2 derivatives of the STM images of two TiOx clusters on Au(111) after annealing
to 700 K (V = +600 mV, I = 0.3 nA). (b), (e) Corresponding LDOS maps taken at −600 meV. (c), (f) Corresponding LDOS maps taken at
+600 meV. (c) Reveals the formation of standing wave patterns at the Au(111) surface due to scattering of Au surface state electrons at the TiOx

cluster.

for the diatomic species,35 compared with 2.3 eV for diatomic
gold35 and 1.5 eV for diatomic titanium.36 Once oxidized, the
oxygen will prevent the Ti from diffusing into the Au substrate
during the annealing process, as would happen in the case of
pure Ti nanoparticles.37,38

Next, we zoomed in on individual clusters. Two typical
results are presented in Figs. 4(a) and 4(d). For reasons of
clarity, the “derivative image” of the recorded topography
image is shown.27 One can discern that there are nanoparticles
that exhibit a hexagonal shape on the gold. The nanoparticles
seem to have a flat top and clearly defined steps (step
height: 0.23 nm ± 0.03 nm). Our observations are consistent
with previous experiments on TiO2 nanoparticles formed on
Au(111) by different methods, from which it was concluded
that the hexagonal TiO2 particles have a rutile crystal structure
with their (100) plane oriented parallel to the Au(111)
surface.15,28 Similar hexagonal formations have been observed
when TiO2 nanoparticles are formed on Au(111) by different
methods.15,28 Figure 4(d) reveals the presence of “dots” on the
cluster surface. Adhesion of molecular oxygen on the titanium
surface is likely to cause such “dots” since similar features
were observed after the oxidation of a titanium film under
controlled conditions.39

C. Electronic properties of TiOx nanoparticles on Au(111)

After annealing to 570 K, the layer of surface contamination
is evaporated and stable spectroscopy can be performed.
Figure 4(b) is a LDOS map taken at −600 mV on the

cluster presented in Fig. 4(a). The step edges of the atomic
layers of the nanoparticle stand out clearly in the LDOS map.
These edges can also be observed in the LDOS map taken
at +600 mV [Fig. 4(c)]. On clusters where the “dotlike”
features are present [see Fig. 4(d)], the LDOS map is strongly
affected by these “dots” [see Figs. 4(e) and 4(f)], indicating
that the oxygen molecules locally disturb the electron density
of the cluster. It is not surprising that we do not observe
two-dimensional standing wave patterns on the uppermost
facet of the cluster. The impurities will induce additional
scattering of the electrons inside the cluster, and interference
patterns purely defined by topography will be washed out. Part
of the electron density in the TiOx clusters is, however, still
related to their topography since step edges stand out in the
LDOS maps. Previous observations of the LDOS of deposited
Co clusters also revealed a topological dependence.13

Upon careful inspection of the LDOS map of Fig. 4(c),
it can be seen that interference patterns are present on the
Au(111) surface surrounding the TiOx cluster, which can be
related to scattering of Au surface state electrons. As already
discussed above, the clusters do not damage the Au(111)
surface upon deposition, implying that surface defects can not
explain the observed scattering of Au(111) surface electrons.
We therefore conclude that the clusters act as a strong scatterer
for Au surface state electrons, indicative of a strong interaction
between the cluster and the Au(111) surface.

Typical I(V) and corresponding dI/dV(V) spectra taken
on a TiOx nanoparticle and on the surrounding Au(111) are
shown in Figs. 5(a) and 5(b), respectively. The nanoparticle
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FIG. 5. (Color online) (a) I(V) and (b) corresponding dI/dV(V)
spectra taken at the center of a TiOx nanoparticle (dashed line) and
at the surrounding Au(111) surface (solid line). Inset: 35 × 35 nm2

derivative of an STM image of the TiOx cluster after annealing to
670 K (I = 0.4 nA, V = 1.0 V).

exhibits a rectifying I(V) behavior: the tunneling current is
much higher for positive than for negative bias, where the
current is nearly completely suppressed. This asymmetric
I(V) behavior corresponds to that of a rectifying element
in parallel with a leak resistor and can be described by
I (V ) = a[exp(αV ) − 1] + bV , in which a is the current of the
system for reverse bias, α denotes the ideality of the diode, and
b corresponds to the inverse leak resistance of the system.40

The latter can be related to an incomplete oxidation of the TiOx

cluster (x < 2). By fitting the equation to the experimental data
[see Fig. 5(a)], we find that α is much larger than 1, which is
typical for nanoscale diodes.41,42

It is known that nonstoichiometric TiOx behaves as an
n-doped semiconductor (the Fermi level is located near the
conduction band).43 Charge transfer hence takes place be-
tween the semiconducting TiOx nanoparticle and the metallic
Au(111), leading to the formation of a nanosized Schottky
diode. Such charge transfer was previously reported for the
opposite case of Au nanoparticles on TiO2 substrates.44 It must
be noted that the amount of charge transfer depends strongly
on the oxidation state of the nanoparticle.45

The formation of a Schottky diode indicates that oxygen is
also present inside the nanoparticle and that the presence of
oxygen is not limited to the dotlike features that are observed
on the surface of the clusters [see Fig. 4(d)]. As already
indicated above, it was shown that oxide can penetrate up
to 5 nm into the surface of Ti films, implying that the clusters
investigated here are (nearly) completely oxidized (x close to
2).24 In addition, it is known from previous experiments that
an oxygen content x of at least 1.35 is needed for TiOx to
become n-type semiconducting.25 Nevertheless, formation of
oxygen vacancies at the surface of the nanoparticles during
annealing to elevated temperatures can be expected. This can
be interesting in view of technological applications, since
oxygen vacancies are essential for the catalytic behavior of the
TiOx-Au(111) system, e.g., for the WGS.16 However, it was
shown by Biener et al. that, for the case of TiOx nanoparticles
grown on Au(111) by Ti atom deposition, nonoxidized Ti
diffuses into the Au(111) surface at elevated temperatures,
while TiO2 remains at the Au(111) surface.28 Similar results
have been reported more recently by Potapenko et al.38 Within
the resolution of our measurements, we do not observe any
significant change of the cluster dimensions in our STM
images as well as in our cluster-height histograms after
annealing. We therefore conclude that the oxidation state of
the TiOx clusters is close to 2 and at least higher than 1.35.

Figure 6(b) presents a two-dimensional visualization of
dI/dV(V) spectra recorded along the white line crossing the
cluster presented in the inset of Fig. 6(a). A so-called “tip
state” occurs at 0.1 V in the dI/dV spectrum of the Au(111)
surface presented in Fig. 6(a). Since this maximum does not

FIG. 6. (Color online) (a) dI/dV spectra at the center of a
TiOx cluster (dashed line) and at the surrounding Au(111) surface
(solid line). Inset: 21 × 21 nm2 derivative of a STM image of this
TiOx cluster that has been annealed at 670 K. (b) Two-dimensional
visualization of the dI/dV spectra along the white line in (a) shows
the spatial dependence of the LDOS inside the cluster and the bending
of the Au(111) surface state near the edge of the cluster (I = 1.0 nA,
V = 1.0 V).
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occur for other STM tips, it can be attributed to the presence
of an electronic state localized at the apex of the STM tip.
The cluster exhibits a clear gap in the DOS [dark region in the
lower part of Fig. 6(b)] that varies across the cluster surface
and is asymmetric about zero bias voltage.

When crossing from the cluster to the gold, atomically sharp
transitions in the DOS are observed [at distances of 8 and
17 nm in Fig. 6(b)]. These abrupt transitions can be attributed
to intrinsic tip switching. Whereas the atomically flat Au(111)
surface as well as the top of the TiOx clusters are probed by the
outermost tip asperity, the cluster edges are probed by different
asperities at both sides of the tip.13 The “tip state” around 0.1 V
is related to the outermost tip asperity and is therefore observed
on the whole Au(111) surface in the dI/dV spectra in Fig. 6(b).
On the Au(111), near the edges of the cluster, one can observe
an influence of the nanoparticle on the Au(111) surface state:
the onset of the surface state shifts toward higher energies
(by about 80 meV) in the vicinity of the nanoparticle. The
tip-related maximum at 0.1 eV remains constant as expected.
The shift of the surface state at −480 meV can be attributed
to a local electron transfer from the TiOx nanoparticle to the
Au(111) surface, resulting in a shift of the onset energy of
the surface electrons. This result further supports the idea of
the formation of a nanosized Schottky diode.

The modification of the electronic structure of the substrate
close to deposited particles is a known phenomenon44 and is
of high importance for the catalytical activity of a system. On
a metal that exhibits a surface state, stable molecules such as
CO experience a strong Pauli repulsion due to the electrons
stemming from the surface state.46 The observed repression of
the surface state around the nanoparticle leads to a lower Pauli
repulsion and can lower the activation energy for dissociation
of adsorbates significantly.46 The observed shift of the Au(111)
surface state near the edges of the cluster thus is relevant
for the high catalytic activity of the TiOx-Au(111) system.
In particular, the high performance of the WGS reaction on
TiOx-Au(111) catalysts was shown to heavily rely on the direct
participation of the metal-oxide interface.16 The adsorption
and dissociation of water takes place on the oxide, whereas the
CO adsorbs on sites of the gold substrate located in the vicinity
of the cluster. All subsequent steps to complete the catalytic
cycle occur at the oxide-metal interface. In this context, the
observed bending of the surface state near the cluster edges
induces a preferential binding of the CO on the Au(111) surface

in the cluster vicinity.46,47 Next, the local charge transferred
to the Au(111) surface from the TiOx nanoparticle can be
partially transferred to the CO molecules. Such charge transfer
facilitates breaking of the molecular CO bond, thereby leading
to reduced potential barriers for the reaction of CO with
oxygen.46,48 The cooperative effect between the TiOx and the
Au(111) surface thus can enhance the catalytic performance
of the TiOx-Au(111) system.

IV. CONCLUSIONS

The morphology and electronic properties of preformed Ti
clusters deposited and subsequently oxidized on clean Au(111)
under controlled UHV conditions were investigated before and
after annealing up to high temperatures by means of STM and
STS. By systematic analysis of the STM data, we demonstrated
that the TiOx clusters experience only a limited flattening
resulting from the deposition and that their shapes can be
approximated by hemispheres. A negligible mobility of the
clusters on the Au(111) surface was observed upon annealing
to temperatures as high as 970 K. After annealing, some of
the nanoparticles are observed to exhibit hexagonal facets.
STS measurements reveal that the clusters exhibit a rectifying
behavior, which is attributed to the formation of a Schottky
junction between the n-type semiconducting TiOx clusters
and the Au(111) surface. A charge transfer to the Au(111)
substrate in the vicinity of the cluster was observed. This is
relevant for the high catalytic activity of this system, since the
charge transfer locally creates a preferential binding site for
reagents on the Au(111) surface in the vicinity of the cluster
and facilitates the activation of adsorbates. Both issues are
essential for catalytic cycles where reaction steps take place at
the metal-oxide interface.
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