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Abstract

Mo(CO)s can be useful as a precursor for the preparation of Mo and MoS, nanoparticles on a Au(111) substrate.
On this surface the carbonyl adsorbs intact at 100 K and desorbs at temperatures lower than 300 K. Under these
conditions, the dissociation of the Mo(CO)s molecule is negligible and a desorption channel clearly dominates. An
efficient dissociation channel was found after dosing Mo(CO); at high temperatures (>400 K). The decomposition of
Mo(CO) yields the small coverages of pure Mo that are necessary for the formation of Mo nanoclusters on the
Au(111) substrate. At large coverages of Mo (>0.15 ML), the dissociation of Mo(CO)s produces also C and O ad-
atoms. Mo nanoclusters bonded to Au(1 1 1) exhibit a surprising low reactivity towards CO. Mo/Au(1 1 1) surfaces with
Mo coverages below 0.1 ML adsorb the CO molecule weakly (desorption temperature < 400 K) and do not induce C-O
bond cleavage. These systems, however, are able to induce the dissociation of thiophene at temperatures below 300 K
and react with sulfur probably to form MoS, nanoparticles. The formed MoS, species are more reactive towards
thiophene than extended MoS,(0002) surfaces, MoS, films or MoS,/Al,0O; catalysts. This could be a consequence of
special adsorption sites and/or distinctive electronic properties that favor bonding interactions with sulfur-containing
molecules. © 2001 Elsevier Science B.V. All rights reserved.
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tron spectroscopy

1. Introduction

MoS; is the most widely used metal sulfide cata-
lyst in the chemical and petroleum refining indus-
tries [1,2]. Among other reactions, molybdenum
sulfide is able to catalyze the synthesis of alcohols
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from CO [3], the isomerization and hydrogenation
of olefins [4], and the hydrotreatment of oil-derived
feedstocks (hydrodesulfurization (HDS), hydrode-
nitrogenation and hydrodeoxygenation processes)
[5]. By far the most important application of MoS,
catalysts involves HDS processes, where sulfur-
containing molecules are removed from petroleum
by reaction with hydrogen to form H,S and hy-
drocarbons [5-8]. Sulfur-containing compounds
are present as impurities in all crude oils [2]. These
impurities have a very negative impact on the
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processing of oil-derived chemical feedstocks (poi-
soning of hydrocarbon reforming catalyst [9] and
equipment corrosion [2]) and degrade the quality of
the air by forming sulfur oxides (SO,) during the
burning of fuels [10]. New environmental regula-
tions emphasize the importance of more efficient
technologies for removing the sulfur from the oil
[11]. This fact has motivated a strong interest in
enhancing the HDS catalytic activity of molybde-
num sulfide by preparing novel structures or spacial
arrays of this material [5-7,12].

In the emerging field of nanotechnology a goal is
to make nanostructures with interesting functional
properties. In principle, the chemical properties
of a material can change when the “length scale”
varies from a bulk sample to nanoparticles. Clus-
ters of molybdenum sulfide can expose adsorp-
tion sites or exhibit electronic states that are not
seen on surfaces of bulk MoS, [13]. Recently, the
preparation of MoS, nanoclusters on a Au(l11)
substrate has been reported [12]. The MoS, na-
noclusters were prepared by evaporation of Mo
in an atmosphere of H,S. The nanoclusters were
lying flat on the elbows of the Au herringbone
structure exhibiting a triangular shape with a side
length of ~30 A [12]. The basal (000 1) plane of
the MoS, particles was oriented parallel to the
Au(111) substrate.

The clean Au(1 1 1) surface exhibits a long range
22 x /3 reconstruction with atoms in the top layer
contracted laterally relative to the bulk [14-16].
Adatoms alternate in registry with the subsurface
layer creating parallel lines of misfit dislocations
with a periodicity of 6.3 nm. To relieve the stress
isotropically a superstructure is formed with stress
domains alternating by £120° in a zigzag pattern
usually referred to as a herringbone structure [14—
16]. This herringbone structure can be used as a
template for adsorption and directed growth of
metal nanoclusters [17]. Experiments of scanning
tunneling microscopy (STM) show that vapor de-
position of Ni, Fe, Co, Mo and Pd on Au(111)
leads to formation of nanoclusters or small is-
lands of the admetal on the “elbows”™ of the her-
ringbone structure [12,18-21]. Since gold is a
chemically inert element [22,23], a gold template
can be ideal for growing and probing the chemical
reactivity of metal, oxide and sulfide nanoparticles

[17]. We have started a research program using
metal carbonyls as precursors in the synthesis of
nanoparticles on well-defined templates. Recently,
Mn,(CO)o was used as a precursor for synthesiz-
ing MnO nanoparticles on a Pt(111) substrate
[24].

In this work, we show that Mo(CO)¢ and S, are
useful as precursors for the preparation of Mo and
MoS, aggregates on Au(l11). Synchrotron based
photoemission is used to study the chemistry of
Mo(CO)s on Au(111), and examine the electronic
properties of Mo and MoS, on the gold substrate.
The chemical properties of Mo and MoS, aggre-
gates are probed by CO and thiophene (a typical
test molecule in HDS studies [5,13,25,26]) chemi-
sorption.

2. Experimental methods

The experiments described in Section 3 were
performed in an ultra-high vacuum (UHV) cham-
ber that is part of the U7A beam line of the
National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory (BNL). This
UHV chamber is equipped with a hemispherical
electron-energy analyzer with multichannel detec-
tion, optics for low-energy electron diffraction
(LEED), and a quadrupole mass spectrometer. All
the reported Mo 3d, C1s, Audf and S2p photo-
emission spectra were collected at a photon energy
of 370 eV. A photon energy of 625 eV was used to
collect O 1s spectra. The binding energy scale in
the photoemission data was calibrated by mea-
suring the position of the Fermi edge.

The Au(111) crystal was mounted on a mani-
pulator capable of resistive heating to 1200 K and
cooling to 80 K. The sample was a disk (~10 mm
in diameter and 2 mm in thickness) held tightly by
a Ta wire imbedded in a groove machined around
the crystal edge. This Ta wire was spot-welded to
two Ta rods directly attached to the manipulator.
The temperature was measured by a type C ther-
mocouple placed into the groove at the edge of the
crystal. A similar sample set-up has been used in
previous studies [22]. The Au(111) surface was
cleaned of S, C, O, or Mo by Ne* sputtering at 700
K, followed by annealing at higher temperatures
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(~1000 K) to obtain the distinctive LEED pattern
of the reconstructed Au(l11)-22 x v/3 surface
[12,14].

Mo(CO)s (K&K Laboratories, >99% purity)
was placed in an independently pumped glass test
tube [27]. Dosing of Mo(CO)s was performed
through a glass capillary array doser facing the
Au(111) crystal at a distance of ~2 mm [27]. The
coverages of Mo on the gold substrate were esti-
mated using the relative intensity of the Mo 3d and
Au4f core levels together with changes in the line
shape of the valence region [28]. Due to the depth
sensitivity of the photoelectrons, the estimated Mo
coverages could represent lower limits to the exact
values if the metal adlayer forms three-dimen-
sional structures. Clean Au(l11) and Mo nano-
particles supported on this substrate were exposed
to S, at 300 K. S, gas was generated in situ by
decomposing silver sulfide in a solid-state elect-
rochemical cell, Pt/Ag/Agl/Ag,S/Pt [29,30]. The
interaction of sulfur with Mo/Au(111) led to for-
mation of MoS,. Thiophene (Aldrich, >99% pu-
rity) was dosed to Au(l11), Mo/Au(l111) and
MosS,/Au(111) surfaces at 100 K from the back-
ground by backfilling the UHV chamber.

3. Results
3.1. Chemistry of Mo(CO)s on Au(111)

Fig. 1 shows Mo 3d and C 1s spectra acquired
after adsorbing a large coverage of Mo(CO)g, 5 L
(langmuir) exposure, on Au(l11) at 100 K. The
features for the Au5d band in the valence region
(not shown) essentially disappeared upon adsorp-
tion of this multilayer of molybdenum carbonyl.
Heating from 100 to 200 K produced minor
changes in the photoemission spectra. On the
other hand, upon heating to room temperature,
there was a very large reduction in the Mo 3d
and C s signals probably due to desorption of
Mo(CO)e [27]. By 300 K, ~0.02 ML of molybde-
num were left on the Au(111) surface and a weak
trace of a CO signal was seen in the C 1s spectrum.
Final heating to 600 K removed all the C Is signal
leaving ~0.02 ML of Mo on the gold substrate.
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Fig. 1. Mo 3d (top) and C 1s (bottom) photoemission spectra
acquired after adsorbing a multilayer of Mo(CO);s at 100 K on
Au(111), with subsequent heating to 200, 300 and 600 K.

These results indicate that Mo(CO)s has a very low
reactivity on Au(l11) at low temperatures. How-
ever, the decomposition of Mo(CO), following the
procedure shown in Fig. 1 is able to produce a
small coverage of molybdenum, and under these
conditions the Mo atoms should be forming nano-
particles or very small islands on the “elbows” of
the gold herringbone structure as shown by STM
experiments [12,18]. In general, vapor deposition
of small amounts of Ni, Fe, Co, Mo and Pd on
Au(111) leads to formation of nanoclusters on the
“elbows” of the herringbone structure [12,18-21].

A more efficient route for the dissociation of
Mo(CO)s was observed after dosing the metal
carbonyl to the Au substrate at a temperature of
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Fig. 2. Mo 3d (top) and C 1s (bottom) photoemission spectra
acquired after sucessive doses of Mo(CO)s to Au(l11) at 500
K. Upon each Mo(CO)s dose, the sample was heated to 600 K.

500 K. Figs. 2 and 3 show typical photoemission
results for this type of experiment. After each dose
(10 L) of Mo(CO)¢ at 500 K, the sample was
briefly annealed to 600 K. The first two doses of
Mo(CO)¢ in Fig. 2 produced pure Mo/Au(111)
systems that were free of carbon or oxygen as
shown by photoemission. (The Cls and Ols
spectra were collected using photon energies, 370
and 625 eV, for which our instrument can detect C
and O coverages in the range of 0.01-0.05 ML
without problem [26]). At Mo coverages below 0.1
ML, one can expect nucleation of Mo nanoparti-
cles on the Au(l11) substrate [12,18]. These sys-
tems exhibited Mo 3ds/, binding energies that were
0.2-0.3 eV higher than those measured in our in-
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Fig. 3. Audf (top) and valence (bottom) photoemission spectra
acquired after sucessive doses of Mo(CO)s to Au(l11) at 500
K. Upon each Mo(CO)s dose, the sample was heated to 600 K.

strument for bulk molybdenum (228.0 ¢V [26]). It
appears that these Mo structures are not able to
dissociate CO like the metal atoms in extended Mo
surfaces [23,31]. In Fig. 2, as the coverage of Mo
on the gold substrate increases (0y, > 0.15 ML),
the metal adlayer becomes reactive and there
is cracking of CO groups on the surface leaving
C and O adatoms. We found that multilayers
of molybdenum can be deposited on Au(l11) by
decomposition of Mo(CO)g at 500 K, but this thick
metal overlayers contained also atomic C and O
impurities.

Fig. 3 displays Au4f and valence spectra ac-
quired in the same set of experiments that pro-
duced the photoemission data in Fig. 2. As Mo
is deposited on Au(l11), there is a monotonic
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decrease in the intensity of the Au4f peaks and a
shift towards higher binding energy. For a system
with 0.61 ML of Mo, the Au 4f features are shifted
~+0.3 eV with respect to the corresponding fea-
tures of Au(111). A similar binding energy shift
has been observed after depositing Au atoms on
a Mo(110) surface [28]. It probably reflects a
Au(5d) — Au(6s, 6p) charge redistribution induced
by bimetallic bonding [28]. Previous studies indi-
cate that the photoemission cross-section for the
Au 5d band is much larger than that for the Mo 4d
band [28]. The 4d band of Mo surfaces extends
from 5 to 0 eV with a maximum near 1.5 eV [28].
In the case of clean Au(l11), the emission of
electrons between 0 and 2 eV is weak, and the 5d
band is located from 2 to 8 eV with two well-
defined components (5d;/, and 5ds;»). In the bot-
tom panel of Fig. 3, the deposition of Mo leads to
an increase in the signal between 0 and 2 eV. The
position of the Au5ds;/, features is almost not af-
fected while there is an increase in the binding
energy of the Au5ds), features. The same trend
was found when Au atoms were adsorbed on
Mo(110) [28], and suggests that the formation of
Mo-Au bonds is accompanied by a redistribution
of electrons around the metal centers.

3.2. Adsorption of CO and thiophene on Mol
Au(ll11)

The adsorption of CO (99.99% purity) and thio-
phene (C4H,4S, >99% purity) was studied on Mo/
Au(111) surfaces with a molybdenum coverage of
~0.05 ML (Mogos/Au(111) in our notation), sys-
tems in which Mo nanoparticles should be located
on the “elbows” of the gold herringbone structure
[12]. We found that these Mog¢s/Au(l 1 1) surface
were unable to adsorb CO at 300 K after a 100 L
dose. In this respect, the bimetallic systems be-
haves as pure gold [22,23]. Adsorption of CO was
observed at 100 K upon a 20 L dose, but the
molecule desorbed intact without decomposition
upon heating to 300 K. A larger chemical reac-
tivity was observed towards thiophene. Fig. 4
shows S2p and Mo 3d spectra acquired after ad-
sorbing thiophene on a Mog¢s/Au(l11) surface.
Upon adsorption of thiophene at 100 K, one sees a
well-defined doublet between 166 and 164 eV in
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Fig. 4. S2p (top) and Mo 3d (bottom) photoemission spectra
acquired after adsorbing thiophene on a Mo/Au(11 1) surface
with ~0.05 ML of molybdenum. Thiophene was dosed at 100 K
with subsequent heating to 200 and 300 K.

the S2p region. In addition, weak features are
detected around 162 eV, which indicate the disso-
ciation of some C4H4S molecules [26]. Heating
from 100 to 200 K leads to desorption of physi-
sorbed thiophene [26] and the features for atomic S
gain intensity. By 300 K, all the molecular thio-
phene has disappeared from the surface leaving
behind a clear signal for atomic S. The binding
energy position of these features is much higher
than that seen for S atoms on Au(11 1), see below.
At the same time, the interaction with thiophene
shifts the Mo3d peaks of the Mogys/Au(l11)
surface towards higher binding energy. Both of
these results indicate that thiophene decomposed
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on the supported Mo nanoparticles. The products
of this decomposition are S and C.H, fragments
according to photoemission. The reactivity of pure
Au(111) towards thiophene is negligible with the
molecule desorbing below room temperature upon
adsorption at 100 K [32]. On the other hand,
Mo(110) and Mo(100) dissociate C4H,4S at tem-
peratures well below 200 K [26,33].

3.3. Interaction of sulfur with MolAu(111) and
formation of MoS,

Before examining the interaction of sulfur with
Moy os/Au(1 1 1) surfaces, we will focus briefly our
attention on the behaviour of the sulfur/Au(111)
system. At the bottom of Fig. 5 is shown a S2p
spectrum taken after saturating a Au(11 1) surface
with sulfur at 300 K. This complex spectrum
contain contribution from at least three species
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Fig. 5. S2p photoemission spectra for the adsorption of sulfur
on Au(111).

[30,32]. The features near 161 eV correspond to S
atoms probably bonded to hollow sites of the gold
surface [32]. The strong features from 165 to 163
eV are characteristic of sulfur aggregates (S,)
[30,34]. Heating to 400 K induces desorption of a
substantial amount of sulfur as S, [32]. By 500 K,
only atomic sulfur is bonded to gold and a well-
defined doublet is seen between 163 and 161 eV
[30,32]. Further heating leads to a monotonic
decrease in the S2p signal and at temperatures
above 800 K, the coverage of sulfur on the
Au(111) surface is negligible.

Figs. 6 and 7 display photoemission results for
the adsorption of sulfur on a Moges/Au(l11)
system. The S2p spectrum at 300 K (Fig. 6) ex-
hibits features that are similar to those found for
sulfur/Au(111) in Fig. 5, with the exception of a
stronger intensity in the region around 162.5 eV.
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Fig. 6. S2p photoemission spectra for the adsorption of sulfur
on a Mogos/Au(l 11) surface. Sulfur was dosed at 300 K and
the sample was then annealed to the indicated temperatures.
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Fig. 7. Mo3d photoemission spectra for the adsorption of
sulfur on Moggs/Au(l 11) surface. Sulfur was dosed at 300 K
and the sample was then annealed to the indicated tempera-
tures.

This new signal is probably due to S atoms bonded
to the Mo nanoparticles [35,36]. Heating from 300
to 400 K induces desorption of S, and produces a
drastic change in the line shape of the S2p spec-
trum. At this point, the surface contains only S
atoms bonded to Au or Mo (i.e. no S, aggregates).
Additional heating leads to desorption of the sul-
fur that is bonded to gold and, by 800 K, the S2p
region shows a well-defined doublet that is not
seen for pure sulfur/Au(l11) in Fig. 5. This dou-
blet is close to the binding-energy positions found
for S stoms in MoS; films [35,36].

The Mo 3d data in Fig. 7 confirm that MoS, is
formed upon heating the S/Mo/Au(111) surface
to elevated temperatures. Initially, the deposition
of sulfur at 300 K induces an attenuation of the
Mo 3d signal and extra features appear near 226
eV due to the S2s core level. After heating to 400
K, part of the sulfur has desorbed (see Fig. 6) and

the Mo 3d features are clearly shifted by ~+0.7 eV
with respect to those of the Moggs/Au(l11) sur-
face. This binding energy shift is smaller than that
expected for the formation of MoS, (~1.2-1.4 eV
[35-37]), and could come from the chemisorption
of S on the Mo nanoparticles. At temperatures
above 500 K, there is a broadening of the Mo 3d
peaks as a consequence of MoS, formation. The
spectrum taken after heating to 800 K contains
mainly one type of molybdenum species, with peak
position that match well those reported for molyb-
denum sulfide [37]. We do not have microscopy
data for this system, but the overlayer of MoS,
probably consists of nanoparticles located on the
“elbows” of the Au herringbone structure [12]. In
our studies and in Ref. [12], the final product is
MoS, and the gold substrate is annealed at high
temperatures to obtain the most stable configura-
tion of the MoS,/Au(111) system.

3.4. Chemistry of thiophene on MoS,/Au(111)

In general, we found that MoS, aggregates de-
posited on Au(l11) were able to dissociate thio-
phene upon adsorption at room temperature. No
dissociation of C-S bonds was seen when the
molecule were adsorbed at 100 K. Figs. 8 and 9
show Cls and S2p spectra collected after ad-
sorbing C4H;S on the MoS,/Au(111) system
generated in the experiments of Figs. 6 and 7.
Upon adsorption of submonolayer coverages of
thiophene at 100 K, there is a single peak in the
C 1s region and new features are found in the S2p
spectrum (166-164 eV) due to chemisorbed C4H,S.
Heating from 100 to 180 K induces minor changes
in the Cls spectrum and extra signal starts to
appear near 161 eV in the S2p region due to
atomic S produced by the decomposition of thio-
phene. This signal increases when the sample
temperature is raised to 250 K, but most of the
thiophene desorbs into gas phase. After final heat-
ing to 350 K, the photoemission data point to the
presence of MoS,, C,H, and S on the Au(111)
substrate. The reactivity of pure Au(111) towards
thiophene is negligible [32]. In contrast, Mo/Au-
(111) and MoS,/Au(111) dissociate C,H4S at
temperatures well below 300 K.
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Fig. 8. Cls photoemission spectra for the adsorption of thio-
phene on a MoS,/Au(111) surface with 0.05 ML of molybde-
num. Thiophene was dosed at 100 K with subsequent annealing
to 180, 250 and 350 K.

4. Discussion

Transition metal carbonyls are relevant for a
fundamental understanding of substrate—adsor-
bate systems and for applications in catalysis and
thin film technology. The use of metal carbonyls as
precursors of heterogeneous catalysts (both mono-
and bi-metallic) has been suggested [38] and later
explored experimentally [39,40]. This class of
compounds has also been used for thin metal film
deposition on diverse substrates [41,42]. Several
previous studies have examined the interaction of
metal carbonyls with metal surfaces: Ni(CO), on
Pd and Ir [43], Ni(CO)4 on Ni(111) [44], Fe(CO)s
on Ag(110) [42] and Ni(100) [45], Cr(CO)s on
Ni(100) [45] and Pd(100) [46], Mn,(CO),y on
Pt(111) [24], Ru3(CO);, on Ru(0001) [27] and
Co(0001) [47], Mo(CO)s on Cu(111) [48] and

L C,H,S/MoS JAu(111) S 2p

PE Intensity (arb units)

+0.1L CHS

100K

[ noCH,S

188 156 11‘54 1e|32 160
Binding Energy (eV)

Fig. 9. S2p photoemission spectra for the adsorption of thio-
phene on a MoS,/Au(l11) surface with 0.05 ML of molybde-
num. Thiophene was dosed at 100 K with subsequent annealing
to 180, 250 and 350 K. The dashed and dotted traces under the
third and top spectra show the deconvolution [30,34] of the raw
data in two doublets that correspond to C4H,yS (Fig. 4), MoS,
[35,36], or S adatoms (Figs. 5 and 6).

Ag(111) [49], and W(CO)s on Ni(100) [50] and
W(110) [51]. The type of chemistry observed
varies with the reactivity of the carbonyl com-
pound and metal surface. For example, Ni(100) is
able to decompose Fe(CO)s, Cr(CO)s, Mo(CO)s
and W(CO)¢ [45,50]. The initial adsorption of
these metal carbonyls is mostly molecular at low
temperatures (<200 K), but complete decarbony-
lation to the naked metal takes place in all cases
upon thermal activation [45,50]. A similar trend
has been reported for the adsorption of Ru;(CO);,
on Co(0001) [47] and Mo(CO)s on Cu(111) [48].
Surfaces of early-transition metal like W(110)
are very reactive toward metal carbonyls even at
low temperatures [51]. The opposite is seen for
Mo(CO)s on Ag(111) [49]. On this surface, the
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carbonyl adsorbs intact and desorbs at tempera-
tures below 300 K. Our results show a similar
behavior for Mo(CO)s on Au(l11), where the
dissociation of the molecule below room tempera-
ture is negligible and a desorption channel clearly
dominates. The low chemical reactivity of Ag
[23,49] and Au [22,23] makes difficult the dissocia-
tion of metal carbonyls on surfaces of these metals.
For the Mo(CO)¢/Au(111) system, however, we
found an efficient dissociation channel at high
temperatures (>400 K). This is probably a conse-
quence of a better energy transfer between the
surface and carbonyl molecule.

Recently, we have started a research program
using metal carbonyls as precursors in the syn-
thesis of nanoparticles on well-defined templates.
Since gold is a chemically inert element [22,23], a
Au(111) template can be useful for growing and
probing the intrinsic reactivity of metal, oxide,
sulfide and carbide nanoparticles [17]. Indeed,
vapor deposition of Ni, Fe, Co, Mo and Pd on
Au(111) leads to formation of nanoclusters of the
admetals on the “elbows” of the substrate her-
ringbone structure [12,18-21]. Our results show
that the decomposition of Mo(CO)s yields the
small coverages of pure Mo necessary for the
preparation of metal nanoparticles. It can be ex-
pected that this also will be the case when using
other metal carbonyls as precursors [17]. Carbonyl
compounds naturally provide starting materials
for selective metal deposition and nanoparticle
growth on surface templates [17,24]. The metal
nanoclusters deposited by this approach can un-
dergo additional chemical treatment and be trans-
formed into sulfide, oxide or carbide nanoparticles
[17,24]. The photoemission results in Section 3
show that Mo(CO)s and S, are useful as precur-
sors for the preparation of MoS, aggregates in
general. This offers an alternative route to the
method employed in Ref. [12], where MoS, na-
noclusters were prepared on Au(l11) by evapo-
ration of Mo in an atmosphere of H,S. We also
found that MoO, and MoC, aggregates can be
grown by combining Mo(CO)s and O, or C,H; as
precursors.

Mo nanoparticles bonded to Au(l I 1) exhibit a
surprising low reactivity towards CO. Extended
surfaces of molybdenum, (110) and (100) faces

for example, bond CO strongly and dissociate the
molecule into C and O atoms [23,31]. In contrast,
Mo/Au(111) surfaces with Mo coverages below
0.1 ML adsorb the CO molecule weakly and do
not induce C-O bond cleavage. This could be a
consequence of electronic perturbations induced
on Mo by bimetallic bonding. The photoemission
data in Section 3.1 show core level shifts that
suggest a redistribution of electrons around the
bonded metals. Among the transition metals, gold
has the largest Pauling electronegativity [52]. From
this, one could expect a net Mo — Au charge
transfer [52-54]. But the charge redistribution
around the Mo—Au bonds is more complex than
this [28]. In previous studies for bulk alloys, it has
been shown that Au can act as a 5d-electron donor
and a (6s,6p)-clectron acceptor when forming in-
termetallic compounds [53-56]. Ab initio Hartree—
Fock (HF) calculations for small AuMo clusters
[28] show inter- and intra-atomic electron trans-
fers: Au(5d) — Mo(4d,5s), Mo(4d,5s) — Au(6s,6p)
and Au(5d) — Au(6s,6p). Overall, there is a de-
crease in the 5d population of gold that should
induce positive binding energy shifts in the Au4f
core levels and Au5d band [28,54-56], as seen in
Fig. 3. At the same time, the formation of Mo-Au
bonds leads to a decrease in the net electron den-
sity on Mo [28], which should reduce the ability of
this metal to donate electrons into the 2n* orbitals
of CO. A reduction of the so-called n-back dona-
tion would result in weaker Mo—CO bonds and
make difficult the dissociation of CO [18,57,58]. In
accordance with our results, experimental and
theoretical studies for the dissociation of CH,; on
Nij_,Au,(111) surfaces show a decrease in the
chemical activity of nickel as a consequence of
Ni—Au bonding [59].

The data in Fig. 2 indicate that Mo recovers its
ability to dissociate CO at large metal coverages
on the Au(l11) substrate. As the Mo coverage
increases, the Mo—Mo interactions become more
important than the Mo—Au interactions, and the
effects of bimetallic bonding are “diluted”. In this
respect, the “length scale” of the system is im-
portant, and special chemical properties are only
observed for small Mo nanoparticles. These sys-
tems are still able to dissociate thiophene. On ex-
tended Mo surfaces, thiophene is a molecule much
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more reactive than CO. On Mo(110) and
Mo(100), thiophene decomposes at temperatures
well below 200 K [26,33], whereas the dissociation
of CO takes place at temperatures above 400 K
[23,31].

The most important industrial application of
MoS, catalyst involves HDS processes, where
sulfur-containing molecules are removed from
petroleum by reaction with hydrogen to form H,S
and hydrocarbons [5-8]. In HDS reactions, a key
issue is the cleavage of C-S bonds by the catalyst
[5-8]. Due to its large chemical stability, thiophene
is a typical test molecule in desulfurization studies
[5,13,25,26,33,60,61]. 1t is known that the sulfur
basal plane of molybdenum sulfide, MoS,(000 2)
surface, interacts weakly with thiophene [60,61].
The adsorption energy of the molecule is only 9.5
kcal/mol, and desorption takes place at tempera-
tures lower than 200 K [60]. Somewhat stronger
bonding interactions have been observed for thio-
phene on MoS, films [62] and MoS,/Al,O; cata-
lysts [25], from where the molecule desorbs at
temperatures between 200 and 300 K. But in all
these systems, there is no dissociation of thio-
phene. To see dissociation of C4H4S on bulk mo-
lybdenum sulfide, the exposed surface must
contain Mo atoms with a relatively low coordi-
nation number [61,63]. This type Mo atoms can be
near S vacancies in a basal plane or located in edge
planes of the MoS, crystal structure [5-8].

MoS, nanoclusters supported on Au(l11) dis-
sociate the thiophene molecule (Figs. 8 and 9).
INDOY/S and ab initio HF calculations have been
used to examine the electronic properties of a
series of clusters of molybdenum sulfide (MosS,
MogS12, MogSis, M0oSis, M012S: and MoisSse)
[13]. In general, clusters of molybdenum sulfide
can expose adsorption sites or exhibit electronic
states that are not seen on surfaces of bulk MoS,
[13]. For example, recent density-functional cal-
culations comparing a MoyS;s cluster and bulk
MoS, show “‘extra” occupied electronic states in
the cluster which have a relatively low stability and
are ideal for bonding interactions with sulfur-
containing molecules [64]. Theoretical studies [13,
64] predict weak bonding between thiophene and
the S-basal plane of Mo,S,, clusters. On the other
hand, the molecule bonds strongly to unsaturated

Mo atoms in Mo,S,,_, clusters that resemble
atoms in edge planes of bulk MoS, [13,64]. On
these adsorption sites there is a substantial weak-
ening and elongation of the thiophene C-S bonds
[13,64], making them good candidates to carry out
the decomposition chemistry seen in Figs. 8 and 9.

5. Conclusions

Mo(CO)s can be useful as a precursor for the
preparation of Mo and MoS, nanoparticles on a
Au(111) substrate. On this surface the carbonyl
adsorbs intact at 100 K and desorbs at tempera-
tures lower than 300 K. Under these conditions,
the dissociation of the Mo(CO)s molecule is neg-
ligible and a desorption channel clearly dominates.
An efficient dissociation channel was found after
dosing Mo(CO), at high temperatures (>400 K).
The decomposition of Mo(CO), yields the small
coverages of pure Mo that are necessary for the
formation of Mo nanoclusters on the Au(111)
substrate. At large coverages of Mo (>0.15 ML),
the dissociation of Mo(CO)s produces also C and
O adatoms.

Mo nanoclusters bonded to Au(l111) exhibit
a surprising low reactivity towards CO. Mo/
Au(111) surfaces with Mo coverages below 0.1
ML adsorb the CO molecule weakly (desorption
temperature < 400 K) and do not induce C-O
bond cleavage. These systems, however, are able to
induce the dissociation of thiophene at tempera-
tures below 300 K and react with sulfur probably to
form MoS, nanoparticles. The formed MoS, spe-
cies are more reactive towards thiophene than ex-
tended MoS,(000 2) surfaces, MoS; films or MoS,/
Al O5 catalysts. This could be a consequence of
special adsorption sites and/or distinctive elec-
tronic properties that favor bonding interactions
with sulfur-containing molecules.
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