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a b s t r a c t

Mo, Au and their coadsorbed layers were produced on nearly stoichiometric and oxygen-deficient tita-
nia surfaces by physical vapor deposition (PVD) and characterized by low energy ion scattering (LEIS),
X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES) and scanning tunnelling
microscopy (STM). The behavior of Au/Mo bimetallic layers was studied at different relative metal
coverages and sample temperatures.
STM data indicated clearly that the deposition of Au on the Mo-covered stoichiometric TiO2(110) surface
results in an enhanced dispersion of gold at 300 K. The mean size of the Au nanoparticles formed at 300 K
on the Mo-covered TiO2(110) was significantly less than on the Mo-free titania surface (2 ± 0.5 nm and
4 ± 1 nm, respectively). Interestingly, the deposition of Mo at 300 K onto the stoichiometric TiO2(110) sur-
face covered by Au nanoparticles of 3–4 nm (0.5 ML) also resulted in an increased dispersity of gold. The
driving force for the enhanced wetting at 300 K is that the Au–Mo bond energy is larger than the Au–Au
bond energy in 3D gold particles formed on stoichiometric titania. In contrast, 2D gold nanoparticles pro-
duced on ion-sputtered titania were not disrupted in the presence of Mo at 300 K, indicating a consider-
able kinetic hindrance for breaking of the strong Au-TiOx bond.
The annealing of the coadsorbed layer formed on a strongly reduced surface to 740 K did not cause a
decrease in the wetting of titania surface by gold. The preserved dispersion of Au at higher temperatures
is attributed to the presence of the oxygen-deficient sites of titania, which were retained through the reac-
tion of molybdenum with the substrate. Our results suggest that using a Mo-load to titania, Au nanopar-
ticles can be produced with high dispersion and high thermal stability, which offers the fabrication of an
effective Au catalyst.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The formation of metal nanoparticles on different oxide supports
is of great technological importance in catalysis, gas-sensoring and
materials science. TiO2 has excellent properties as a support mate-
rial, and it may change the catalytic activity of the supported parti-
cles in an advantageous way. It has been emphasized that the
electronic interaction with the supported catalyst particles has an
important role in determining the effect of semiconductor supports,
like titania [1] and the electrical contribution to the so-called strong
metal-support interaction was also established [2]. The effect of
boundary lines between the catalyst and the support was also sug-
gested [1]. It is frequently emphasized that in the wetting of titania,
the reactivity of the overlayer metal towards oxygen is one of the
decisive factors [3]. On the other hand, it was confirmed that the
reducibility of an oxide support is in good correlation with the acti-
vation of oxygen molecules on oxygen vacancies of the support [4].
ll rights reserved.

+36 62 420 678.
The present study was initiated by the observation that Au
showing bilayer structure and complete wetting of epitaxial
TiOx/Mo(112) surface has an outstanding catalytic performance
in the low temperature CO + O2 reaction [5,6]. The surface com-
position of this adlayer was found Ti2O3, containing Ti3+ surface
sites [7]. The role of an ultrathin reducible oxide support in the
activity of catalytic metal nanoparticles has also been addressed
in an earlier work [8]. It was concluded that the ‘‘dynamic inter-
face fluxionality”, i.e. the ability of atoms to rearrange at the me-
tal-oxide interface during adsorption may play an active role in
the reaction. In the present article the possible influence of
molybdenum on the wetting behaviour of Au deposited onto
stoichiometric and oxygen-deficient TiO2 surface is studied. Note
that we formed Mo and Au nanoparticles on titania, what is dif-
ferent in several aspects from the case when the Mo atoms of a
single crystal are present in the subsurface position of a sup-
ported titania layer [6].

Considering the complexity of the titania/gold/molybdenum
system, we give a brief account of the interactions between the
constituents of this material combination. The growth of gold
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nanoparticles on stoichiometric TiO2(110) surface was thoroughly
studied by LEIS, XPS and LEED methods [9]. It was concluded that
Au initially grows in the form of 2D-like islands at 300 K on
TiO2(110) without any significant chemical interaction with the
support. Moreover, there was not any indication of the encapsula-
tion of Au up to 775 K. In contrast to this, a rather complex charge
transfer behaviour was deduced for Au supported on stoichiome-
tric and oxygen-deficient TiO2 surfaces by Okazawa et al. [10].
The effect of the reduction of the surface on the growth of gold
nanoparticles on TiO2(110) was examined in an earlier STM work
[11]. It was experienced that Au deposition on argon-ion sputtered
titania resulted in a more dispersed Au overlayer at 300 K than on
the stoichiometric oxide.

The separate deposition of gold and molybdenum on a
TiO2(110)-(1 � 2) reconstructed surface was already characterized
by STM [11,12]. It was found that Au nanoparticles suffered consid-
erable sintering at 700 K, whereas Mo nanoparticles showed
remarkable resistance to sintering under the same circumstances.
The difference was interpreted in terms of a stronger interaction
between Mo and the TiO2, attributable to a partial oxidation of
molybdenum at the interface. The oxidation of the molybdenum
layers was accompanied by the reduction of TiO2 already during
the deposition performed at 300 K [13].

Regarding the above studies, it seems also relevant to con-
sider the wetting of the titania surface by different molybde-
num oxides. It was reported earlier that the deposited MoO3

first spread out on the TiO2 surface on the effect of annealing
at 723 K, which was followed by the formation of surface poly-
molybdate compound at higher temperatures in the presence of
water vapor [14]. At the same time, it was found by STM that
the bonding of gold with oxidized molybdenum was weaker
than with oxygen-deficient titania [15]. The wetting behaviour
between gold and molybdenum oxides was also studied and it
was found that an oxidation treatment led to the spreading
out of Mo nanoparticles on the Au(111) plane [16]. This latter
observation suggests that the oxidation of molybdenum may
also play a role in the wetting of Mo-covered titania by gold.
It is worth noting that the thermally induced wetting may oc-
cur on an inert oxide, see for example the wetting of silica
by Pt explained by an interfacial mixing between Pt and SiO2

[17].
The study of the interaction between molybdenum and

Au(111) single crystal led to the conclusion that although the
two metals are immiscible in the bulk phase [18], they can form
a so-called surface alloy [19]. Mo nanoparticles formed through
physical vapor deposition (PVD) was found to be encapsulated by
gold after thermal activation, what was explained with the lower
surface energy of Au compared to that of Mo [20]. In the study of
the electronic interaction between Mo(110) crystal plane and Au
atoms, it was found that molybdenum induced a decrease in the
population of Au 5d electron orbital [21]. In the case of Au layers
grown on Mo(111) surface, a layer by layer growth mode was
experienced at 300 K, although the annealing at higher tempera-
tures resulted in a preferential decoration of terrace edges [22].

In the present work, LEIS, XPS and STM measurements are pre-
sented to reveal structural information on the Au and Mo mono-
and bimetallic ultrathin layers grown on titania surfaces. The re-
sults prove that the combined application of the above methods
can largely contribute to a deeper insight into the atomic scale
structure of the bimetallic systems.

2. Experimental

The experiments were performed in two separate ultrahigh vac-
uum (UHV) systems (base pressure <5 � 10�8 Pa). The first one was
equipped with facilities for LEIS, AES, and XPS measurements (pre-
viously described in [23–26]), in the second one STM and AES tech-
niques were used. Two similar TiO2(110) samples were cleaned
and exposed to Au and Mo in the same way in the two UHV cham-
bers. In this way, the samples were not transferred between them.
Special attention was paid to the cross-calibration of the Au and
Mo coverages (see below). LEIS spectra were obtained using the
same Leybold EA10/100 hemispherical analyzer as for XPS and
AES but with the polarity of the voltage biases inverted to detect
He+ ions. For all methods, spectra were collected at 300 K sample
temperature. AES was performed with 2.5 keV primary electron
energy and 5 V modulation. XPS measurements were carried out
with a constant 100 eV pass energy, at a take-off angle of 17� (with
respect to surface normal) using an Al Ka X-ray anode. The binding
energy scale was referenced to the position of the Ti2p emission for
the stoichiometric clean oxide, set to 459.0 eV [9,13,26,32]. XP
peaks were fitted using Gauss–Lorentz functions, after background
subtraction (Shirley). The relative area of peaks in the Ti2p doublet
was set to 2:1. In the measurements the binding energy range of
450–470 eV were used for the Ti2p region. In this way the X-ray
satellites and the satellite structure at higher energies [27,28]
was not considered. Separate test measurements were performed,
however, for a wider energy range at two extreme states of the sur-
face (nearly stoichiometric and sputtered TiO2), followed by a fit-
ting taking also into account the satellite features. Based on this
we can state that the error, introduced by the narrower energy re-
gime in the determination of the composition of the sample, as re-
gards the Ti oxidation states, is less than 5%. Our conclusions in this
paper are based on much higher differences. The same approach
for the fitting of the Ti2p region is frequently used [13]. It is known
from literature data that TiO is metallic, leading to a Doniach-
Šunjić lineshape of Ti2p [29]. For this reason asymmetry for the
Ti2+ components was allowed, which did not result, however, in
any improvement in the fitting in our case.

A Specs IQE 12/38 ion source was used for LEIS. He+ ions of
800 eV kinetic energy were used at an ion flux equal to 0.03 lA/
cm2, what was necessary to avoid the sputtering of Au-containing
surfaces. The incident angle (with respect to surface normal) was
50�, while the scattering angle was 95�. Areas of peaks due to
He+ ions scattered in single collisions were used to calculate LEIS
peak ratios [25,26]. The error bars in the figures represent the stan-
dard deviation about the mean data value. Typically less than ±5%
scattering was experienced about the mean value for LEIS data. The
STM measurements were carried out by a commercial room tem-
perature STM head (WA-Technology). The pictures of 256 � 256
pixels were recorded with the bias of +1.5 V (on the sample) and
of 0.05 nA tunnelling current with an electrochemically etched
W-tip. The images were scanned within 3 min on average [30].
Regarding the local nature of STM measurements, special attention
was paid to the uniformity of the detected features over macro-
scopic distances (few mm-s) on the sample surface.

The TiO2(110) single crystals were products of PI-KEM. The
samples were attached to a Ta plate with an oxide glue (AREMCO,
ceramobond 571), and could be heated with a W filament placed
behind the Ta plate. The sample temperature was measured by a
chromel–alumel thermocouple, attached to the side of the sample
with the same adhesive material. The heating and cooling rates
during cleaning and all measurements presented here were always
less than 2 K/s, regulated by a computer-controlled circuit.

An EGN4 e-beam evaporator of Oxford Applied Research was
used for the deposition of Mo and Au. The amount of the deposited
metals is expressed in equivalent monolayers (ML): 1 ML is defined
as the amount of metal, arranged in the close-packed structure
((111) for gold and (110) for molybdenum) required to cover
the substrate with a single atomic layer. This definition is fre-
quently used in the literature [9,36]. The surface concentrations
of the deposited metals in the STM chamber were estimated from
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the volume of the nanoparticles (after a short annealing at 500 K
for Au and at 900 K for Mo) [11,31]. In the XPS-LEIS chamber the
coverage of gold was determined both by XPS and LEIS. In XPS,
Ti2p, O1s and Au4f peak/doublet areas measured before and after
deposition were used to obtain the gold surface concentration.
An island-on-plane model was assumed, using the photoelectric
cross-sections of Scofield [41], and inelastic mean free paths (IMFP)
obtained from the TPP-2M equations [42]. The IMFP’s in titania for
Ti2p and O1s photoelectrons were 2.17 and 2.04 nm, respectively.
The IMFP’s in gold for Au4f, Ti2p, and O1s electrons were 1.58, 1.26,
and 1.19 nm, respectively. At small coverages gold forms two-
dimensional clusters on titania (see below), with a thickness of
one atomic layer. In this range the Ti LEIS signal decrease, as a func-
tion of the evaporation time is proportional to the coverage and
extrapolating the Ti signal decrease to zero intensity gives the
1 ML. Calibration of the gold surface concentration by LEIS and
XPS showed reasonable agreement (with an accuracy of 25%). We
preferred the coverage scale obtained from LEIS, because in the cal-
culations based on the XPS data external parameters (cross-sec-
tions, IMFP’s) also had to be used. In the case of Mo, the AES
peak-to-peak intensity ratio (Mo186 eV/Ti385 eV) was applied to fit
the coverage data in the two separate UHV systems. All depositions
of the metals were performed at 300 K. The deposition rate was
typically in the range of approximately 0.1–0.3 ML min�1 for both
metals.

The typical cleaning procedure of titania consisted of Ne+ ion
bombardment (2 keV, 3 � 10�6 A cm�2, 300 K, 2 h) and annealing
at 900 K. It is known from our previous STM investigations that
similar treatments result basically in (1 � 1) bulk terminated reg-
istry, although the presence of 1–2% of defect sites (0D dots and
1D strings of Ti2O3 stoichiometry) cannot be excluded [31,32].
The long range ordered (1 � 2) reconstruction of TiO2(110) surface
does not occur at these relatively low temperatures. The contami-
nation level was kept below the detection limit of AES.

It is well known that ion bombardment causes a preferential
sputtering of the surface oxygen. As a result, the surface of titania
becomes oxygen-deficient. It was found by LEIS and XPS that a
slightly oxygen-deficient surface could be oxidized even at 300 K
by the adsorption of O2, but the strongly oxygen-deficient surface
(prepared by Ar+ ion bombardment) could be completely reoxidi-
zed only at higher temperatures [33,34]. The latter behaviour
was attributed to the presence of subsurface defect sites. As the
reduction of titania with Ar+ ion sputtering resulted in a higher sta-
bility of the supported gold nanoparticles [11], in some experi-
ments Au was deposited on oxygen-deficient surfaces formed
with Ne+ ion bombardment. Regarding that LEIS is sensitive only
to the topmost surface layer, the elemental peak ratios can be re-
lated to the surface stoichiometry [35]. The nearly stoichiometric
TiO2 produced by annealing at 1000 K was reproducibly character-
ized by an O/Ti ratio of 0.70–0.85. This sample had the electrical
conductivity suitable for spectroscopic measurements. Strongly
oxygen-deficient surfaces were produced through in this work by
neon- or argon-ion sputtering; the lowest O/Ti LEIS ratio was
0.45–0.50. A thorough ion-bombardment of titania resulted repro-
ducibly in a surface with a given O/Ti LEIS peak height ratio both in
our case and in a former study [33].
TiOx

470 465 460 455 450

300 KBE (eV)

X
P

Fig. 1. (A) Change of LEIS peak area of Au and Ti as a function of Au deposition time
at low coverages (stoichiometric surface). The effect of thermal treatments for an
Au-free and Au-covered, Ne+ sputtered surface (B) on the O/Ti and Au/Ti LEIS ratios
(HAu = 0.70 ML) and (C) on the Ti2p XPS signals (HAu = 0.70 ML).
3. Results and discussion

3.1. Deposition of Au on TiO2(110) surface

A detailed scanning tunnelling microscopy study of Au depos-
ited on clean and Ar+ ion bombarded TiO2(110) surface can be
found in our previous paper [11]. On the clean TiO2(110) surface
the average diameter of Au particles is 4.3 nm at approximately
monolayer coverage of gold. The mean size of the gold particles
changed only slightly upon the thermal treatment (up to 700 K).
In the present chapter the experimental results obtained mainly
by LEIS method will be presented and analyzed. The main conclu-
sions match quite well to former STM results.

The observation that the Au LEIS signal increased linearly and Ti
signal decayed also linearly at the lowest deposition times of Au on
the nearly stoichiometric titania surface at 300 K (Fig. 1A) is in har-
mony with an earlier suggestion for 2D-like initial growth of Au
nanoparticles on TiO2 up to 0.15 ML coverage [9]. The 3D growth
of Au particles above this coverage is manifested by deviation from
linearity. Note that in harmony with former observation [9], we
have also detected that a large part of titania is uncovered even
at 4–5 ML equivalent gold coverages. At higher O-deficiency, the
breakpoint in LEIS signals and the corresponding coverages shift
to higher values as it was observed in a former study [36]. It was
presented in that work that due to Ar+-ion sputtering of titania
the critical Au-coverage for 2D growth increased up to 0.25 ML.
The O/Ti LEIS ratio slightly increased as a result of gold deposition
on a stoichiometric surface (not shown). The deposition of Au
(0.70 ML) on the heavily ion-sputtered titania (O/Ti = 0.45–0.50)
resulted in the increase of the O/Ti ratio to the value characteristic
for the stoichiometric surface (0.7–0.85, see first point in Fig. 1B).
The increase of the O/Ti ratio after Au deposition both on nearly
stoichiometric and heavily sputtered surfaces can be related to
the bonding of Au to the reduced centers of titania, where the coor-
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dination of Au atoms is the highest, leading to a more efficient
shadowing of Ti sites by the gold clusters.

Since on a reduced sample, both higher dispersity and thermal
stability of gold nanoparticles can be achieved [11], the thermal
stability of gold nanoparticles formed on an oxygen-deficient sur-
face (produced by Ne+ ion sputtering, 20 min, 1 lA, 2 keV) was fol-
lowed by LEIS and XPS (Fig. 1B and C). The heating of the Au-
covered (0.70 ML) surface to 650 K led to a decrease in the relative
Au LEIS signal which can be attributed to moderate sintering.
Above 650 K, the Au signal decreases steeply, indicating a marked
Au particle aggregation. Beside sintering, the onset of the evapora-
tion of supported gold particles may also contribute to the de-
crease in Au LEIS signals after annealing to 900 K. This conclusion
is in harmony with our earlier STM measurements [11]. Note that
the O/Ti ratio remained essentially unchanged during the heat
treatments, suggesting that the composition of uncovered titania
remained constant. For comparison, the O/Ti ratio for the Au-free
surface is also plotted in Fig. 1B. In contrast to the observation
for the Au-covered surface, the enhancement of this ratio to 0.70
at 800 K indicates that the surface concentration of oxygen on
the Au-free titania increased. The extent of change in the O/Ti ratio
with temperature is similar to that observed with other methods
[37].

The XP spectrum of titania sputtered by Ne+ ions is presented in
Fig. 1C. By fitting of the appropriate peaks it is shown that this
strongly perturbed titania surface contains Ti4+, Ti3+ and Ti2+ ions
in nearly equal amounts. After the deposition of 0.70 ML gold at
300 K, the relative abundance of Ti2+ ions decreases, suggesting
some electron transfer from oxygen vacancy sites onto the gold
nanoparticles. Note that the deposition of Au onto reduced titania
surface caused the oxidation of Ti3+ ions to Ti4+ ions [5] and simi-
larly, the deposition of Rh onto Ar-ion bombarded titania, the re-
duced Ti3+ state was oxidized back to Ti4+ state [32]. The
positions of the Ti3+ and Ti2+ peaks agrees well with literature data
[38]. After annealing to 900 K, the contribution of Ti3+ and Ti2+ sig-
nals to the Ti2p signal is reduced to 24%. The oxidation process of
surface can be attributed either to the diffusion of oxygen from the
bulk of titania into the surface regions or to the migration of Ti ions
into the bulk [37]. Since a stoichiometric titania surface is weakly
wetted by gold [36], the heat treatments resulting in the strong
oxidation of surface necessarily causes the sintering of gold
particles.

3.2. Deposition of Mo on TiO2(110) surface

The deposition of molybdenum onto a Ne+-ion sputtered titania
surface was performed at 300 K. LEIS spectra for the Mo-free and
Mo-covered samples are presented in Fig. 2A. From the initial lin-
ear change in the Ti signal we may conclude that the PVD of Mo re-
sulted in highly dispersed deposit and in the formation of 2D-like
particles (Fig. 2B). This seems to be in harmony with former obser-
vations. A 2D-like growth of particles was observed earlier by STM
on a stoichiometric titania [31]. A Stranski–Krastanov type growth
was established by AES for either stoichiometric or reduced titania
[13], corresponding to the completion of first molybdenum layer
before developing the second one. In our case, at the highest ap-
plied Mo-coverage the O/Ti LEIS ratio reached �1.0. Since this va-
lue is higher than that characteristic for the stoichiometric titania,
it indicates the reaction of oxygen with Mo particles. The back-
ground gas may also contribute to this effect. The strong decrease
in the Ti-signal in Fig. 2B at the initial Mo-deposition reflects the
high affinity of Mo towards the titanium centers of titania, where
its coordination to O atoms is the highest.

Due to the great chemical reactivity of Mo-particles formed on
both stoichiometric and reduced titania surfaces towards oxygen,
only the change in Ti LEIS signals was analysed to follow the sinter-
ing of Mo-particles during thermal treatment of Mo-covered
(1 ML) titania (not shown). According to a former observation
[12], these signals indicated that sintering began at �750 K. Above
this temperature, the increase in Ti and O signals beside sintering
may also indicate the partial encapsulation of Mo particles, which
was suggested in a former study [31]. The nearly perfect encapsu-
lation of Mo nanoparticles was really observed when the surface
covered with 4.5 ML of Mo nanoparticles was bombarded by Ne+

ions (20 min, 2 keV, 1 lA) during annealing the sample at 900 K.
As it can be seen in Fig. 3, after this treatment the LEIS shows a very
faint Mo LEIS signal (Fig. 3B), but a pronounced amount of Mo can
be detected in the subsurface layers by AES (Fig. 3C). Taking into
account the information depth of these methods, the titania over-
layer is estimated to be 1–2 ML thick. XPS data indicate clearly that
the titanium is present only in Ti4+ oxidation state after this treat-
ment, i.e. it forms an essentially stoichiometric oxide in the ion-as-
sisted encapsulation process. Since the thickness of the titania
layer produced during the encapsulation is similar to that formed
on the Mo(112) surface applied for supporting Au layers [5], it de-
serves a further detailed study.

3.3. Deposition of Mo on TiO2(110) surface doped with Au

Since gold deposited on titania single crystal exhibits a great
chemical and morphological stability at 300 K as it can be deduced
from the above LEIS and former STM measurements [11], in the
coadsorption experiments we first produced an Au layer and Mo
was deposited onto it. The coadsorbed layers were formed on oxy-
gen-deficient and stoichiometric surfaces as well. At low
(HAu = 0.20 ML) gold coverage, the deposition of Mo at 300 K on
oxygen-deficient titania surface at and above 0.3 ML Mo coverage
caused an approximately parallel decrease of LEIS signals charac-
teristic of Ti, O and Au (Fig. 4A). This feature clearly indicates that
these components are covered with nearly the same probability.
Since the Mo–Au bond is stronger than the Mo–TiOx bond [5],
the bonding of Mo on top of the stable 2D Au particles is energet-
ically favourable. The parallel decrease of Au and Ti signals sug-
gests that the surface diffusion of Mo atoms is hindered.

At higher Au surface concentrations a different behaviour was
observed. At around a coverage of HAu = 0.70 ML, the deposition
of 0.3 ML Mo on an oxygen-deficient surface caused negligible
change in Au LEIS signal, indicating a moderate disruption of gold
particles. Above this Mo-coverage a nearly parallel decrease was
seen in the intensity of Ti, O and Au signals (Fig. 4B), indicating that
Mo binds on top of Au, Ti and O sites. In Fig. 4C it is presented that
the absolute LEIS intensity for gold (1 ML) intensifies considerably
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with the deposition of Mo on stoichiometric titania. Note that after
the exposure of 0.3 ML Mo to the stoichiometric surface, the abso-
lute Au LEIS signal was intensified by about 20% even at high gold
coverage of 2 ML. This surprising feature may be explained by an
activated wetting of the surface by gold on the effect of Mo depo-
sition. The question arises naturally what are the microscopic de-
tails of the Au LEIS peak intensity enhancement. One possible
explanation could be the activated disruption of gold nanoparticles
into smaller particles and an other one is the flattening of the 3D
Au nanoparticles. Since it was established in a former study that
Au binds weaklier even to the oxygen-deficient TiOx film than to
the Mo substrate [5], the increased dispersity can be related to
the binding of gold to metallic Mo instead of TiOx.

In order to observe the change in the morphology of the Au par-
ticles at room temperature on the effect of Mo deposition, STM
measurements were made on stoichiometric samples prepared
by similar treatments as in the case of the LEIS measurements.
The STM image of 20 nm � 20 nm in Fig. 5A shows the TiO2(110)
surface after the deposition of 0.6 ML gold at RT. The Au nanopar-
ticles exhibit a characteristic diameter of 3–4 nm and a height of
2–3 atomic layers. On the effect of the deposition of 0.25 ML of
Mo the STM images indicate two characteristic changes (Fig. 5B):
(i) although the number of the larger particles remains nearly the
same, the size of these nanoparticles (probably gold) is signifi-
cantly reduced (diameter of <2 nm, height of 1–2 atomic layers);
(ii) besides this change, the surface is uniformly covered by new
particles of much smaller average diameter (1 nm) which can be
attributed to Mo–MoOx nanoparticles containing some Au atoms
[31]. The deposition of additional Mo (0.85 ML) at 300 K results
in a general increase in the size of all particles, however, even
the larger ones possess smaller diameter than that of the initial
Au particles (Fig. 5C).

These STM data verify that Mo deposition results in the de-
crease of the Au particle size. In the light of the former LEIS mea-
surements, however, gold is not removed from the surface. The
common explanation of these LEIS and STM results can be made
in terms of an enhanced mobility and activated detachment of gold
atoms at the edge and corner positions of the Au particles on the
effect of Mo deposition. It can be assumed that the diffusion of
Au atoms of a nanoparticle is activated by the impinging Mo atoms
due to different reasons: (i) the decrease in Au–Au bond strength
owing to the formation of Mo–Au bond, resulting even in Mo–Au
exchange and surface alloying [19], (ii) the reaction heat generated
by the oxidation of Mo at the perimeter of Au nanoparticles. In
terms of thermodynamic parameters it is well established that gold
has lower surface free energy than molybdenum [20] and Au/Mo
has larger binding energy than Au/TiO2 [5]. Although Mo is rather
reactive and it is partially oxidized during the deposition by the O-
content of titania [13], the adsorbing Mo atoms may cause struc-
tural changes in the deposited gold [20] and the wetting of



Fig. 5. Characteristic STM images (20 � 20 nm2) recorded on a stoichiometric TiO2(110) surface pre-deposited by (A) 0.6 ML Au and the subsequent deposition of Mo (B)
0.25 ML and (C) 0.85 ML at room temperature.
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oxidized and unoxidized molybdenum may occur [5,16,20]. In the
case of low gold coverages where the formation of 2D particles on
sputtered titania was also found by others [36], the Mo deposition
caused a decrease in Au LEIS signals (Fig. 4A). It means that at
300 K the activation barrier for the disruption of 2D Au particles
bonded to the reduced centers of titania is probably too high to
be compensated by the adsorption energy of Mo either on titania
or on gold [5].

Fig. 6 shows the change of the Au/Ti, Mo/Ti and O/Ti relative
LEIS signals during stepwise annealing of stoichiometric and oxy-
gen-deficient titania surfaces covered by Mo and Au. The annealing
of a coadsorbed layer consisting of 2 ML Au and 0.4 ML Mo on a
stoichiometric titania led to the LEIS intensity changes shown in
Fig. 6A. The monotonous decrease in Au/Ti LEIS ratio is in accor-
dance with the sintering of Au particles. It can be concluded that
on stoichiometric titania a small amount of Mo cannot inhibit
the sintering of Au.

In Fig. 6B the effect of annealing is presented on the Au/Ti, Mo/
Ti and O/Ti relative LEIS signals of an oxygen-deficient titania sur-
face precovered by 2 ML Au and post-deposited by 0.4 ML Mo. It is
remarkable that the Au/Ti ratio is essentially unchanged up to
750 K. This observation is in harmony with a former finding that
there is a strong interaction between gold and Mo(112)/TiOx sur-
face, leading to its complete wetting by Au after thermal activation
[5,6]. Since it was established that at higher temperatures MoOx

formed in the interfacial reaction between titania and Mo [38]
and that there is a stronger interaction between TiOx and gold than
between Au and MoOx [15], it is reasonable to assume that the in-
crease in the stability of the Au/Ti LEIS ratio is caused in part by the
migration of gold from oxidized molybdenum to the oxygen-defi-
cient titania surface, i.e. the enhanced wetting of titania by gold.
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Fig. 8. STM images (50 � 50 nm2) detected on the stoichiometric TiO2(110) surface (A) deposited by 0.6 ML of Au and post-deposited by 0.85 ML of Mo at 300 K and annealed
subsequently at higher temperatures (B) 700 K, (C) 900 K and (D) 1000 K for 2 min in UHV.
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surface for adsorbed oxygen at 800 K [39]. The slight decrease of
Mo/Ti ratio in Fig 6A and B tentatively can be related to different
phenomena: to structural rearrangements, to the oxidation of Mo
or to its partial covering by Au.

In the case of the latter Au + Mo composition, the surface
formed in the process described above was also studied by XPS
(Fig. 7). As it can be seen from Fig. 7A, after annealing to 740 K,
the contribution of Ti2+ line on the Mo-free surface is weak as com-
pared with that of the TiOx/2 ML Au + 0.4 ML Mo layer (Fig. 7B). The
summary of annealing experiment is shown in Fig 7C, where it is
clearly presented that the Ti2p line has a well detectable Ti2+ com-
ponent for the TiO2/Au + Mo surface in a broad temperature-range
of 500–800 K. The observation of a strongly reduced titania is in
harmony with a former finding that in an ultrathin titania layer
formed on Mo(112) crystal Ti3+ ions remained unoxidized after
annealing to 900 K [6] and allows to conclude that the reduced
state of titania is crucial to attain an enhanced surface wetting
by gold. The presence of Mo seems to be essential to reach a good
wetting of titania at higher temperatures. The molybdenum at
higher temperatures at least partly preserves the non-stoichiome-
tric (oxygen-deficient) state of TiO2. Note that on longer time scale
and at higher temperatures, the oxygen migrating to the surface
from the bulk of titania single crystal oxidizes both the Mo nano-
particles and the oxygen-deficient titania surface, leading to the
decrease in the wettability by gold. This might be avoided by
applying an ultrathin titania overlayer, similarly to the method of
Chen and Goodman [6].

In spite of the fact that the application of STM for the identifica-
tion of the chemical composition of the nanostructures is rather
difficult, in certain cases the morphological features can be clearly
attributed to a special chemical component, for example on the ba-
sis of its surface concentration. The STM images (50 nm � 50 nm)
presented in Fig. 8 depict the effect of stepwise annealing on the
nanomorphology of a stoichiometric TiO2 sample predeposited by
0.6 ML of gold and post-deposited by 0.85 ML of Mo at 300 K (see
also above in Fig. 5). Before the thermal treatments, the morphol-
ogy of the surface exhibits well distinguished particles: (1) the lar-
ger ones correspond to the positions of the Au nanoparticles
existing already before the deposition of Mo and probably deco-
rated with some Mo atoms and (2) the smaller ones are basically
consisting of Mo and MoOx, however, some gold atoms are proba-
bly attached also to these particles (Fig. 8A). Note that although Mo
and gold are immiscible in the bulk phase, the surface alloying on
Mo nanoparticles may be favored, since nanoparticles are expected
to be rich in surface vacancies and defects [40]. The annealing at
700 K in UHV for 2 min causes only a slight change in the surface
morphology (Fig. 8B). In contrast to that, the annealing at 900 K re-
sults in a perceptible increase of the diameter of both particles, but
actually they cover almost completely the empty regions of the
support (Fig. 8C). Although it is difficult to differentiate between
the particles of this STM picture, the increase in the diameter of
largest particles on the initially stoichiometric titania surface sug-
gests that a sintering of gold particles occurred, which is supported
by the decrease of Au LEIS signal in Fig. 6A. We can assume that the
more outriding particles with average diameter of 3–4 nm and
height of 1.5–2.0 nm can be identified as gold or gold covered
Mo sites. The presence of gold can affect the agglomerization of
Mo by hindering its oxidation. On the effect of a further annealing
at 1000 K (Fig. 8D), all the particles became more separated from
each other showing an intensive agglomeration and evaporation
of both gold and Mo (the latter one desorbs in the form of MoO3

[31]).



Fig. 9. STM images (20 � 20 nm2) recorded (A) on clean TiO2(110) surface, on the support covered by monometallic deposition of (B) Mo (0.6 ML) and (C) Au (0.5 ML). The
bimetallic surface can be seen on image (D) where the Mo (0.6 ML) covered surface was post-exposed to Au (0.5 ML) at 300 K.
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3.4. Deposition of Au on TiO2(110) surface doped with Mo

In this series of experiments STM was applied to follow the
morphological changes of a stoichiometric TiO2(110) surface cov-
ered by 0.6 ML of Mo and exposed to Au (0.5 ML). Fig. 9 shows the
characteristic STM images (20 nm � 20 nm) registered on surfaces
of different compositions. Fig. 9A image depicts the 1 � 1 arranged
TiO2(110) surface where the light rows running in the [001] direc-
tion with an average distance of 6.5 nm can be attributed to Ti4+

atomic rows [31]. The deposition of 0.6 ML Mo onto this surface re-
sults in the formation of 1–1.5 nm sized round shape Mo–MoOx

nanoparticles (Fig. 9B). Much larger particles formed when
0.5 ML Au was deposited onto the clean TiO2(110) support at
300 K (Fig. 9C). The average diameter of these particles is 4–5 nm
and the height is 0.7 nm. Totally different size distribution appears
when the same amount of gold (0.5 ML) is deposited onto the
above Mo precovered surface: the surface concentration of the par-
ticles is much higher (it is close to the number of Mo particles be-
fore Au deposition) and the size of the particles is smaller:
diameter of 2.5 nm, height of 0.5 nm (Fig. 9D). This observation
can be explained by the fact that Au bonds preferentially to metal-
lic Mo and to the reduced centers of titania [5]. It is important to
mention that because of the uncertainty of the imaging tip shape
and the strong dependence of the recorded images on this param-
eter, several reproductions of these results were performed of
nearly the same coverage and of different coverages, too. On the
basis of different measurements, it was concluded that the surface
coverages of Au and Mo used in Fig. 9 are optimal coverages to
present the effect described above.

On the basis of the STM and LEIS measurements presented here
for the Au/Mo bimetallic thin layers it can be concluded that the
presence of Mo in submonolayer coverages strongly affect the mor-
phology of Au particles on stoichiometric titania both for the pre-
and post-deposition of gold at 300 K. The main feature of the effect
is the increased dispersity of Au particles.
4. Conclusions

The behaviour of Au/Mo bimetallic layers deposited on
TiO2(110) depended on the surface stoichiometry of substrate,
on the relative concentrations of the ad-metals and on the sample
temperature.

(i) In the case of a nearly stoichiometric titania, Mo deposition
at 300 K caused a remarkable increase in the gold dispersity
at larger Au coverages (>0.6 ML), corresponding to the rup-
ture of Au–Au bonds in 3D particles with low kinetic hin-
drance. The dispersion enhanced irrespective of the
deposition sequence of the metals, what can be correlated
to stronger Au–Mo and Au–TiOx bond related to the Au–Au
bond strength.

(ii) On a strongly oxygen-deficient titania the disruption of 2D-
like Au nanoparticles was not experienced after Mo deposi-
tion at 300 K. This is related to the strong bonding of these
gold particles to TiOx surface leading to a kinetic hindrance
towards the rupture of Au–Au bond. At higher Au coverages,
where 3D Au-clusters formed, Mo deposition resulted in a
moderate disruption of Au particles, as indicated by LEIS.

(iii) It was found in a broad range of coverages (HAu = 0.6–2 ML,
HMo = 0.25–0.85 ML) that annealing of the coadsorbed layers
formed on the stoichiometric surface led to the sintering of
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gold particles. This is attributed to the presence of stoichi-
ometric titania and to the formation of oxidized Mo parti-
cles, which are not wetted well by Au.

(iv) Heating up to 740 K the 2 ML Au + 0.4 ML Mo layer formed
on a strongly reduced titania surface, the Au/Ti LEIS ratio
remained unchanged, indicating that the dispersity of gold
was preserved. At the same time, Ti remained partially in
the form of Ti2+, suggesting that the reduced state of titania
plays a crucial role in the high dispersity and thermal stabil-
ity of gold nanoparticles. The role of finely dispersed Mo is to
react with the oxygen migrating out from the bulk of titania
during thermal treatment and to keep the titania surface in
reduced state.

In summary, the application of Mo-load results in an enhanced
dispersity of gold nanoparticles on a nearly stoichiometric titania
surface at 300 K and in a high thermal stability on the strongly re-
duced surfaces, offering the fabrication of more effective TiO2/Au
catalysts.
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