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Abstract

Ar+ assisted carbidization of Mo nanoparticles supported on TiO2 (1 1 0) is studied by scanning tunneling microscopy (STM) and

X-ray photoelectron spectroscopy (XPS). In order to activate the diffusion of carbon into the bulk of Mo nanoparticles we applied Ar

ions (1 keV) during the exposure of C2H4. XPS exhibited that the decomposition of C2H4 at 850K accompanied by ion bombardment

results in an almost complete carbidization of nanocrystalline Mo while this treatment performed without ion bombardment results only

in the carbidization of the particle surface. The modification of the crystallinity of the Mo-carbide particles was deduced from STM

measurements.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Mo-oxide and -carbide supported on different oxides are
very effective catalysts in hydrocarbon cleaning and
reforming processes like aromatization of alkanes or
selective oxidation of olefins [1,2]. The combination of
Mo-carbide with reducible oxide supports, like titania, can
result in catalysts with very particular properties. The
thermal stability and reaction of Mo with the bulk oxygen
of TiO2 have been studied on both polycrystalline [3,4] and
single crystal supports [5–9]. The carbidization of Mo or
MoOx is the key process for the fabrication of supported
Mo-carbide catalysts. The elementary steps of this reaction
are well characterized for Mo [10–13] and Mo2C [14–20]
solids. The application of low energy ions for the
nanostructural treatment of surfaces is also a well known
procedure [21,22].

In this work Mo grown on TiO2 (1 1 0) were converted
into Mo-carbides by Ar+ assisted decomposition of C2H4.
ee front matter r 2007 Elsevier Ltd. All rights reserved.
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The conversion was followed by X-ray photoelectron
spectroscopy (XPS) and scanning tunneling microscopy
(STM).
2. Experimental

The STM measurements were performed in an ultrahigh
vacuum (UHV) system equipped with an STM-head, a
quadrupole mass spectrometer (QMS) and a cylindrical
mirror electron energy analyzer (CMA) for Auger electron
spectroscopy (AES). The XP spectra were collected in
separate experiments using the ELETTRA synchrotrone
light source facilities (Sincrotrone Trieste, Materials
Science Beamline). For all experiments polished TiO2

(1 1 0) probes (dark gray color) were used with nearly the
same pretreatments [6].
The XP spectra were recorded at the ELETTRA bending

magnet beamline with a plane grating monochomator
based on the SX700 concept and at the primary photon
energy of 550 eV [23]. The photoemitted electrons were
collected by a SPECS PHOIBOS HSA150 analyzer. The
following parameters were applied during the experiments:
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constant energy (FAT) resolution mode, high point
transmission lens mode, acceptance area of 2–3mm2,
acceptance angle of 81, emission angle of 301, incidence
of photons 601. The STM imaging was performed by
W-tips (+2V, 0.05 nA).

3. Results and discussion

The main difficulty of the carbidization of Mo supported
on TiO2 originates from the fact that the temperature
needed for the diffusion of the C into the bulk of Mo takes
place above 1100K at which temperature the reaction with
the oxygen is also very fast [19,20]. The decomposition of
hydrocarbons requires a temperature of 850K [14]. In
Fig. 1. XP spectra of: (A) Mo-3d; (B) C-1s; and (C) Ti-2p regions recorded afte

surface followed by annealing at 950K; (j) exposure to C2H4 (10�6 hPa,

(1 keV, 5� 1013 ion cm�2 s�1).
order to produce bulk carbide at 850K, we used an
accompanying bombardment of Mo nanoparticles with
Ar+ beam (1 keV, 5� 1013Ar+ cm�2 s�1). The impinging
ions cause thermal spikes in the particles selectively and in
this way the formation of bulk carbide is activated.
Fig. 1 shows the Mo-3d, C-1s and Ti-2p regions where

the curves denoted by (i) exhibit the state measured on a
TiO2 (1 1 0) surface deposited by 2.070.2 eqML (equiva-
lent monolayer) of Mo at room temperature and annealed
at 950K for 10min. The Mo-3d levels at 228.2 and
231.35 eV can be attributed to metallic Mo. The C-1s signal
exhibits that no carbon is present in the metallic film. The
peaks at 458.9 and 464.6 eV refer to the Ti4+ state of the
substrate; the shoulder at 456.4 eV indicates the presence of
r the following treatments: (i) deposition of 2 eqML of Mo on TiO2 (1 1 0)

850K, 1min); (k) same as (j) accompanied with Ar+ bombardment



ARTICLE IN PRESS
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Ti3+. The spectra (j) show the different energy regions after
the exposure to 10�6 hPa C2H4 for 10min at 850K. Only a
slight change can be observed in the spectra of Mo-3d and
Ti-2p, however, a new peak appeared at 282.7 eV in the
C-1s region (carbidic state). It is known that the position of
Fig. 2. Effects of annealing at different temperatures on the XPS regions of Mo

Fig. 1 (k); after annealing at (j) 850; (k) 900; (l) 950; (m) 1000K for 10min.
Mo-3d is not very sensitive to the carbidization and the
stoichiometric titania support is inactive in the decomposi-
tion of C2H4. Nevertheless, the decrease of the Ti3+/Ti4+

ratio suggest some adsorption of these molecules on the
oxygen defect sites. The curves (k) in Fig. 1 exhibit the XPS
-3d, C-1s and Ti-2p: (i) after the carbidization procedure presented also in
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Fig. 3. Characteristic STM images (A, C, E) of 20� 20 nm2 and (B, D, F)

of 50� 50 nm2 recorded after the different treatments: (A, B) deposition of

2 eqML of Mo on TiO2 (1 1 0) followed by annealing at 950K; (C, D)

exposure to C2H4 (10�6 hPa, 850K, 1min) accompanied by Ar+

bombardment followed by annealing at 900K; (E, F) annealing at 950K.
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spectra taken after exposing the Mo/TiO2 (1 1 0) surface to
10�6 hPa C2H4 for 1min at 850K accompanied by Ar+

bombardment. It can be seen that the C-1s signal
characteristic of carbide has increased by a factor of 3–4.
The Mo-3d signal did not change, at the same time the
Ti-2p signal indicates an enhanced concentration of Ti3+

states. These results suggest that the Ar+ assisted deposi-
tion of C2H4 leads to accumulation of carbon also in the
Mo crystallites. A shoulder appearing in the C-1s signal at
284.3 eV refers likely to the formation of graphitic C. The
comparison of the intensity of C-1s and Mo-3d orbitals,
taking into account the sensitivity factors for these peaks,
revealed a similar amount of C and Mo on the surface.

Fig. 2 shows the Mo-3d, C-1s and Ti-2p signals after the
annealing at higher temperatures. He curves (i) exhibit
the state after the preparation, the curves (j, k, l, m) show
the characteristic XPS signals after 10min thermal treat-
ments. It can be seen that the annealing at 850K causes the
disappearance of the shoulder at 284.3 eV (C-1s), which
refers to the oxidation of the graphitic C. The annealing at
900K does not cause any substantial change, however, the
increase of the temperature to 950K leads to a significant
decrease of the carbidic C-1s signal and also of the low
energy shoulder at 456.4 eV on the Ti-2p signal characteri-
stic of Ti3+. A very slight shift (approximately 0.2 eV) to
lower binding energies was also detected in the Mo-3d
signal. After annealing to 1000K for 10min, the C-1s
signal disappears completely indicating the oxidation of the
C-content of the Mo-carbide particles by the bulk oxygen
of TiO2 [14].

The STM images (Fig. 3 A, B) demonstrate the TiO2

(1 1 0) surface exposed to 2 eqML of Mo at RT and
annealed at 950K for 10min. The lateral extension of the
rectangular particles is 4–6 nm and their height varies in
the range of 0.6–1.2 nm. The lateral aspect ratio of the
elongated particles is different from 1. This morphology
may be explained by the formation of metallic Mo
crystallites with the (0 0 1) facet parallel to the support
plane and a wetting thin MoOx interface [11]. This surface
was exposed to C2H4 (10

–6 hPa, 1min, 850K) accompanied
by Ar+ bombardment and annealed at 900K in UHV for
10min (Fig. 3C and D). According to the XPS measure-
ments discussed above, the supported Mo is in carbidic
form in this state. Comparing the morphology and the
distribution of the nanoparticles before and after this
treatment, the following conclusions can be made: (i) the
surface density of the particles decreased; (ii) the size
distribution became wider; (iii) they have a rather round
outline and their lateral aspect ratio is close to 1. The
Fourier analysis of the shape of the particles exhibited
rather a rectangular than a hexagonal symmetry. The effect
of a further annealing at 950K is shown in Fig. 3E and F.
The XPS measurements in Fig. 2 indicated that the
removal of surface carbon proceeds mainly in the
900–950K temperature range. In harmony with this
observation, the shape of the particles changed, they
exhibit clearly rectangular outline. The average volume of
the particles decreased by 35–40% calculated by the
evaluation of the three largest particles on the images of
50� 50 nm2. This reproduced feature (a large attention
was paid for the true imaging) may be explained by the loss
of C content of the particles. By taking the bulk properties
of these materials, the ratio of the volumes of Mo2C
and Mo assuming similar Mo content is 1.2. From this
fact we may conclude that the procedure presented in this
work leads to the formation of MoxC nanocrystallites,
where 1oxo2. We may assume also that the different
shapes of the supported Mo and MoxC nanoparticles
detected in this work can be explained by the different
wetting abilities of these materials: Mo wets the TiO2

surface more strongly than MoxC does. Comparing the
initial state to the final morphology after the treatments, it
can be seen that the total amount of the Mo significantly
decreased and the elongation of the particles almost
disappeared. Both of these features can be easily explained



ARTICLE IN PRESS
A. Berkó et al. / Vacuum 82 (2008) 125–129 129
by the effect of the energetic Ar ions impinging in the
particles.

4. Conclusions

The XPS results clearly show that the supported
rectangular Mo nanoparticles (Mo (1 0 0)/[1 0 0]//TiO2

(1 1 0)/[0 0 1]) can be transferred into Mo-carbide nanopar-
ticles by the deposition of C2H4 at 850K accompanied by
Ar+ (1 keV) bombardment. The Mo-carbide nanoparticles
produced in this procedure are stable up to 950K, above
this temperature they lose carbon and became partially
oxidized.
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