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a b s t r a c t

Recent articles dealing with the physical and chemical properties of novel Au–TiC catalysts are reviewed.
High-resolution photoemission, scanning tunneling microscopy and first-principles periodic density-
functional calculations were used to study the deposition of gold on a TiC(0 0 1) surface. Gold grows
forming two-dimensional (very low coverage) and three-dimensional (medium and large coverage)
islands on the carbide substrate. A positive shift in the binding energy of the C 1s core level is observed
after the deposition of Au on TiC(0 0 1). The results of the density-functional calculations corroborate the
formation of Au–C bonds. In general, the bond between Au and the TiC(0 0 1) surface exhibits very little
ionic character, but there is a substantial polarization of electrons around Au that facilitates bonding of
the adatoms with electron-acceptor molecules (CO, O2, C2H4, SO2, thiophene, etc.). Experimental mea-
surements indicate that Au/TiC(0 0 1) is a very good catalysts for the oxidation of CO, the destruction

of SO2 and the hydrodesulfurization of thiophene. At temperatures below 200 K, Au/TiC(0 0 1) is able to
perform the 2CO + O2 → 2CO2 reaction and the full decomposition of SO2. Furthermore, in spite of the
very poor hydrodesulfurization performance of TiC(0 0 1) or Au(1 1 1), a Au/TiC(0 0 1) surface displays
a hydrodesulfurization activity higher than that of conventional Ni/MoSx catalysts. Metal carbides are
excellent supports for enhancing the chemical reactivity of gold. The Au/TiC system is more chemically
active than systems generated by depositing Au nanoparticles on oxide surfaces.
. Introduction

The carbides of the early-transition metals exhibit chemical and
atalytic properties that in many aspects are very similar to those
f expensive noble metals [1]. Typically, early-transition metals
re very reactive elements that bond adsorbates too strongly to
e useful as catalysts. These systems are not stable under a reactive
hemical environment and exhibit a tendency to form compounds
oxides, nitrides, sulfides, carbides, phosphides). The inclusion of C
nto the lattice of an early-transition metal produces a substantial
ain in stability [2]. Furthermore, in a metal carbide, the carbon
toms moderate the chemical reactivity through ensemble and lig-
nd effects [1,2]. On one hand, the presence of the carbon atoms
sually limits the number of metal atoms that can be exposed in a

urface of a metal carbide (ensemble effect). On the other hand, the
ormation of metal-carbon bonds modifies the electronic properties
f the metal (decrease in its density of states near the Fermi level;
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metal → carbon charge transfer) [1,2], making it less chemically
active (ligand effect) and a better catalyst according to the Sabatier’s
principle [2]. Thus, the carbides of early-transition metals are able
to catalyze the isomerization and hydrogenation of olefins [1,3],
the synthesis of large hydrocarbons through the Fischer–Tropsch
process [1], the conversion of methane to synthesis gas [4,5], and
desulfurization reactions [1,6–15].

In this article, we review a series of studies which have recently
appeared in the literature investigating the properties of novel
Au–TiC catalysts for CO oxidation and desulfurization processes
[16–19]. Bulk metallic gold typically exhibits a quite low chemi-
cal and catalytic activity [21,22]. Among the transition metals, gold
is by far the least reactive [22], and is often referred to as the
“coinage metal”. However, recently, gold has become the subject of
a lot of attention due to its unusual catalytic properties when dis-
persed on some oxide supports [23–29]. In principle, the active sites
for the catalytic reactions could be located only on the supported

Au particles or on the perimeter of the gold–oxide interface [23].
For several catalytic reactions, it is known that the oxide support
does play a significant role in the chemical activation of the gold
nanoparticles [23,24,29,30]. What happens when Au is deposited
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n a substrate which has physical and chemical properties differ-
nt from those of an oxide? In broad terms, the metal carbides
isplay a unique combination of the physical properties character-

stic of noble metals and ceramics [31,32]. Many early-transition
etal carbides are good electrical and thermal conductors while

ossessing ultra-hardness and very high melting points [1,31,32].
itanium carbide is among the most commonly used metal carbides
1,2,31,32]. It adopts a NaCl lattice structure [1,32]. The valence
ands of TiC show a strong hybridization of the Ti 3d and C 2p states
s expected for a covalent compound [33]. In addition, there is some
egree of ionicity in the Ti–C bonds, with a charge transfer from Ti
o C [33,34]. A TiC(0 0 1) surface exposes an equal number of metal
nd carbon atoms, and all of these centers can participate in the
onding of adsorbates (i.e. the carbon atoms are not simple spec-
ators) [7,11,34,35]. TiC(0 0 1) binds well atomic O and S [34,35],
ut interacts weakly with molecules such as CO, O2 and thiophene
19,36,37]. The addition of Au to TiC(0 0 1) dramatically enhances
he chemical reactivity of the surface [16–20]. A charge polarization
nduced by Au ↔ C interactions produces a system which exhibits a
hemical activity much larger than those found after the deposition
f gold on surfaces of oxides.

This article presents an overview of studies published for the
u/TiC(0 0 1) system. It is organized as follows. The next section
ives a summary of the experimental and theoretical methods used
n these studies [17–20]. Then, we describe studies examining the
nteraction of gold with TiC(0 0 1) using synchrotron-based high-
esolution photoemission, scanning tunneling microscopy (STM)
nd periodic density-functional (DF) calculations [17,18]. This is
ollowed by studies focused on the adsorption of O2 and oxidation
f CO on Au/TiC(0 0 1) surfaces [20]. In the last part of the article,
e end with studies of DeSOx and hydrodesulfurization processes

n clean and gold-promoted TiC(0 0 1) [18,19].

. Experimental and theoretical methods

.1. Experimental studies

Several techniques have been used to study the physi-
al and chemical properties of Au/TiC(0 0 1) surfaces [17,20].
he photoemission studies were performed in a conventional
ltrahigh-vacuum (UHV) chamber (base pressure ∼ 5 × 10−10 Torr)

ocated at the U7A beamline of the National Synchrotron Light
ource (NSLS) at Brookhaven National Laboratory [34,35]. The
hamber contains a hemispherical electron energy analyzer with
ultichannel detection, instrumentation for low-energy electron

iffraction (LEED), and a quadrupole mass spectrometer. The C 1s,
2p and Au 4f spectra reported in Section 3 were generally recorded
sing a photon energy of 380 eV. The Ti 2p and O 1s spectra were
cquired using photon energies of 550 and 625 eV, respectively.
he overall instrumental resolution in these photoemission exper-
ments was ∼0.3 eV. The binding energy scale in the photoemission
pectra was calibrated by the position of the Fermi edge in the
alence region.

Additional experiments were performed at two UHV chambers
base pressure < 3 × 10−10 Torr) located at the Tokyo Institute of
echnology (TIT) with capabilities for X-ray photoelectron spec-
roscopy (Al K� X-ray source), LEED, Auger electron spectroscopy
AES), thermal-desorption mass spectroscopy (TDS), and scanning
unneling microscopy (STM) [18,19,34,35]. One of these UHV cham-
ers has attached a high-pressure cell or batch reactor [19] that
as used to test the hydrodesulfurization activity of the Au–TiC
atalysts.
In the UHV chambers at BNL and TIT, the TiC(0 0 1) crystal was

ounted and cleaned following the methodology described else-
here [38,39]. The cleaning procedure led to a clear 1 × 1 diffraction
Today 166 (2011) 2–9 3

pattern in LEED and no surface impurities in photoemission or
XPS. The crystal growers estimated a TiC0.95–0.98 stoichiometry for
the bulk of the sample, and after cleaning our quantitative XPS
results showed surfaces with essentially a Ti/C ratio of one [34,35].
For surfaces prepared in this way, images of scanning tunneling
microscopy (STM) gave a square crystal lattice with terraces that
were 400–550 Å wide, separated by single and double step heights.
Au was vapor deposited on TiC(0 0 1) at room temperature. The flux
from the metal doser was calibrated by depositing Au on a Mo(1 0 0)
crystal and taking thermal-desorption spectra of the admetal [17].
O2, SO2 and thiophene (≥99.9% purity) were dosed into the UHV
chambers through gas-capillary arrays positioned near the sam-
ples. The gas exposures are based on ion-gauge readings and are
not corrected for the capillary array enhancements.

2.2. Theoretical studies

Periodic density-functional (DF) calculations, performed with
the VASP or DMol3 codes, were also used to study the physical and
chemical properties of Au/TiC(0 0 1), as detailed in Refs. [17–20].
In the past, we have found that DF calculations with these codes
gave very similar results for the structures of metal-carbide sur-
faces [33] and for the bonding geometries and adsorption energies
of oxygen on carbides [36]. VASP uses a plane-wave basis set [40],
while DMol3 utilizes localized atomic orbitals with a numerical
basis set [41]. The bonding energies of the adsorbates were calcu-
lated using the generalized-gradient approximation (GGA) with the
revised Perdew-Burke-Ernzerhof (RPBE) functional [42] in DMol3

and with the PW91 [43] GGA functional in VASP. Slabs of three or
four atomic layers were utilized to model the metal carbide sub-
strates [17–20]. During the DF calculations the geometries of the
first layer (DMol3) or the two first layers (VASP) of the carbide and
the adsorbates were allowed to fully relax [17–20]. Using the final
optimized geometries, the adsorption energies were calculated by
means of the following equation:

Eadsorption = Eadsorbate/surface − (Eadsorbate + Esurface) (1)

where Esurface is the total energy of the relaxed carbide surface,
Eadsorbate is the energy of the isolated adsorbate in the vacuum, and
Eadsorbate/surface is the energy of the TiC(0 0 1) surface with the adsor-
bate. A negative value of Eadsorption denotes an exothermic process.
To better understand the nature of the interactions of gold with
TiC(0 0 1), the electronic structure has been analyzed through a
topological analysis of the Electron Localization Function (ELF) [44]
and charge distributions were estimated by the method of Bader
[45].

3. Results and discussion

3.1. Interaction of gold with TiC(0 0 1)

The results of STM and XPS for Au on TiC(0 0 1) point to a lack
of layer-by-layer growth, with the formation of two-dimensional
(2D) and three-dimensional (3D) islands of the admetal over the
carbide surface [17–19]. 3D growth has been seen for Au on TiC
films [46,47]. Fig. 1 shows the distribution of heights observed with
STM after depositing 0.1, 0.5 and 1.5 ML of Au on TiC(0 0 1) [18–20].
For a Au coverage of 0.1 ML, a large fraction of the Au particles
exhibits a height of ∼0.2 nm with respect to the carbide substrate
These small particles are 2D (i.e. one single Au layer) and have a
diameter below 0.6 nm [18], which would point to particles such
as planar Au4 with a diameter 0.4 nm [17]. For a Au coverage of

0.5 ML, one sees a significant increase in the average height of the Au
particles. When the Au coverage is increased to 1.5 ML, the average
height is larger than 1 nm and the Au particles are mainly 3D. In
general, for Au coverages higher than 1 ML, one is dealing with 3D
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F of gold on TiC(0 0 1). Au was vapor deposited at 300 K and the Au/TiC(0 0 1) surfaces were
a is forming a significant fraction of 2D islands on the carbide substrate. For a coverage of
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ig. 1. Distribution of Au particle heights seen in STM images for 0.1, 0.5 and 1.5 ML
nnealed to 550 K before taken the STM images [18,19]. At a coverage 0.1 ML, gold
.5 ML, gold mainly forms 3D islands on TiC(0 0 1).

u particles which have sizes in the range of 1.5–3 nm [18]. As we
ill see below, the size of the Au particles has a dramatic effect on

he chemical reactivity of the Au/TiC(0 0 1) systems.
The results of high-resolution photoemission show a strong

u ↔ TiC(0 0 1) interaction [17]. Fig. 2 displays the variation of the
inding energy of the Au 4f7/2 peak as a function of gold coverage on
iC(0 0 1). At very small Au coverages, a binding energy of 84.16 eV
as observed and there was a monotonic decrease up to a value of
83.8 eV at coverages above 0.5 ML. The final value is close to that

een in our instrument for bulk metallic gold. The positive shift in
he Au 4f7/2 peak at very low Au coverages could be due to a redis-
ribution of charge around the adatoms [17]. This binding energy
hift is quite clear for small Au particles in which a large fraction of
he adatoms are in contact with the TiC(0 0 1) surface.

The C 1s core level of TiC(0 0 1) is affected by the adsorption of
old [17]. C 1s core level spectra recorded before and after dosing
.3 ML of Au to TiC(0 0 1) are shown in Fig. 3. The deposition of Au

nduces an attenuation in the intensity and an increase of 56% in the
ull-width at half-maximum of the C 1s peak. In Fig. 3, the subtrac-
ion of the re-normalized spectrum “a” from spectrum “b” produces
spectrum with a C 1s peak at ∼282.4 eV [17]. These features
robably reflect Au–C bonding. The Au-induced shift in the C 1s
eatures (∼0.55 eV) is substantially smaller than the shifts induced
y adsorption of O and S on TiC(0 0 1) (1.5–1.8 eV) [34,35]. On the

Fig. 2. Variation of the Au 4f7/2 binding energy for Au/TiC(0 0 1) as a function of Au
coverage. For comparison, we also include the Au 4f7/2 binding energy measured in
our instrument (83.81 eV) for bulk metallic Au [17]. The photoemission data were
obtained using a photon energy of 380 eV.
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Fig. 3. C 1s core level spectra obtained before (a) and after depositing (b) on
TiC(0 0 1) at 300 K. At the top of the figure, we show the subtraction of the re-
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Fig. 4. Top: Calculated adsorption geometries for Au4 and Au13 on TiC(0 0 1) [17–19].
The Au13 cluster consists of nine atoms in its first layer, in contact with the carbide
substrate, and four atoms in its second layer. The Au atoms in the first layer are
adsorbed on C sites. Web color code: Blue spheres denote Ti atoms, while white
spheres represent C atoms. Gold is shown as dark yellow spheres. Bottom: ELF maps
for Au4 and Au13 on TiC(0 0 1) [17–19]. On the right side is shown a cut along the
ormalized spectrum “a” from spectrum “b” which produces C 1s features centered
t ∼282.4 eV [17]. A photon energy of 380 eV was used to acquire these C 1s core
evel spectra.

asis of differences in electronegativity, the Au–TiC(0 0 1) bond is
xpected to be less ionic than the O–TiC(0 0 1) or S–TiC(0 0 1) bond
nd hence one also expect a smaller degree of charge transfer.

The photoemission results seem to indicate that Au prefers to
nteract with the C sites of TiC(0 0 1). DF calculations for gold atoms
nd a series of clusters (Au2, Au4, Au13, Au29) on TiC(0 0 1) con-
rm this hypothesis [17–19]. The strongest bonding interactions
re observed when the Au atoms are above C sites, and the weakest
or bonding above Ti sites [17]. Although the Au-surface bond-
ng energies are quite significant (1.9–2.4 eV per Au atom), they
re still smaller than the cohesive energies calculated for 3D gold
lusters (2.5–2.7 eV) [17]. Thus, the calculations indicate that Au
datoms should form 3D aggregates, as seen in images of STM for
u/TiC(0 0 1) [18,19].

The top part of Fig. 4 displays the calculated adsorption geome-
ries for Au4 and Au13 on TiC(0 0 1) [17–19]. Au4 and Au13 are

odels for the 2D and 3D clusters of Au seen in STM [18,19]. A
ader analysis [45] of the electron density [17] showed a very
mall net charge transfer from the surface to the gold clusters
QAu < 0.2e). The bottom part of Fig. 4 displays electron-polarization
unction (ELF) [44] plots for Au4 and Au13 on TiC(0 0 1). In the
ase of Au4/TiC(0 0 1), there is a substantial concentration of elec-
rons in the region outside the Au4 unit. A similar phenomenon
as observed for Au, Au2 and other small clusters containing one

ayer of gold in contact with the carbide substrate [17]. In the
u13/TiC(0 0 1) system, the Au cluster has two layers, and for the
econd layer the polarization of electrons is not as pronounced as

een in the case of Au4/TiC(0 0 1). In fact, the polarization is yet
nly slightly noticeable in the first layer. The DF results in Fig.
are consistent with the photoemission results in Fig. 2. Theory

nd experiment show strong electronic perturbations for small
diagonal of the Au13 cluster in a plane which contains 5 gold atoms. The probability
of finding the electron varies from 0 (blue color in the web) to 1 (red color in the
web).

Au clusters in contact with TiC(0 0 1). On the basis of the charge
polarization induced by the carbide substrate, one can expect big
differences between the chemical reactivity of 2D and 3D gold clus-
ters [17–19].

3.2. CO oxidation on Au/TiC(0 0 1)

Au nanoparticles dispersed on TiC films can oxidize carbon
monoxide (2CO + O2 → 2CO2) at temperatures below 200 K [16,46].
DF calculations indicate that CO does not interact with free Au2
or Au4 but has bonding energies of −1.13 eV on Au2/TiC(0 0 1) and
−0.90 eV on Au4/TiC(0 0 1) [17]. Furthermore, the bonding energy
of CO on pure TiC(0 0 1), −0.75 eV, is also smaller than those on the
Au/TiC systems. Gold also affects the reactivity of O2 on TiC(0 0 1)
[20]. DF calculations give an O2 adsorption energy of only −0.45 eV
on TiC(0 0 1), but our model calculations [20] show that it increases
to −1.41 eV on Au4/TiC(0 0 1). O2 binds to Au4/TiC(0 0 1) with its
O–O bond parallel to the surface (see Fig. 5). The O–O distance
increases from 1.23 Å in free O2 to 1.55 Å in adsorbed O2. Although
there is not a total cleavage of the O–O bond, the O2 molecule has
been activated by the Au/TiC(0 0 1) surface and is ready to react
with CO.

In experiments of photoemission and thermal-desorption spec-
troscopy, we study the adsorption of O2 on Au/TiC(0 0 1) and the
subsequent oxidation of CO [20]. After dosing molecular oxygen to
a TiC(0 0 1) surface pre-covered with 0.2 ML of Au at 150 K, the cor-
responding O 1s spectrum was dominated by a peak at ∼531.8 eV,
which corresponds to adsorbed O2 [20]. There was also an O2-
induced shift of ∼0.7 eV in the binding energy of the Au 4f7/2 peak,
implying direct Au–O2 bonding interactions. In a set of experi-

ments, 0.3 L of O2 were dosed to the Au/TiC(0 0 1) surface at 150 K.
The sample containing chemisorbed O2 was cooled down to 100 K,
exposed to 0.6 L of CO, and the evolution of CO2 was monitored
with a mass spectrometer while increasing the sample temperature
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Fig. 5. Geometry calculated for the adsorption of O2 on a Au4 cluster supported on
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Fig. 6. Top: S 2p spectra collected after dosing 5 L of SO2 at 300 K to TiC(0 0 1) and to
a surface pre-covered with 0.2 ML of gold. The position of the S 2p features denotes
the presence of atomic sulfur on the surfaces [18]. A photon energy of 380 eV was
used to excite the electrons. Bottom: Effect of Au coverage on the amount of atomic
iC(0 0 1). O2 is adsorbed with its molecular axis parallel to the Au4/TiC(0 0 1) surface
20]. Web color code: Blue spheres, Ti atoms; small white spheres, C atoms; dark
ellow spheres, Au atoms; small red spheres, O atoms.

rom 100 to 300 K. Desorption of CO2 was observed at temperatures
etween 140 and 160 K. Thus, it appears that the oxygen species
ctive during the low-temperature oxidation of carbon monoxide
n Au/TiC(0 0 1) is chemisorbed O2, as occurs in the case of Au/oxide
urfaces [26,29].

The polarization of charge seen for Au4 on TiC(0 0 1), bottom
f Fig. 4, should facilitate bonding of the adatoms with electron-
cceptor molecules (CO, O2, C2H4, SO2, thiophene, etc.) [17] and
elps to explain the high chemical activity that Au/TiC exhibits for
he oxidation of CO [16,20], DeSOx [18], and hydrodesulfurization
eactions [19].

.3. Dissociation of SO2 on Au/TiC(0 0 1)

The destruction of SO2 (DeSOx) is a very important problem
n environmental chemistry due to the negative effects of acid
ain (main product of the oxidation of SO2 in the atmosphere)
n the ecology and corrosion of monuments or buildings [48,49].
he top panel in Fig. 6 shows S 2p spectra collected after dosing
O2 at 300 K to clean TiC(0 0 1) and a carbide surface pre-covered
ith 0.2 ML of Au [18]. On TiC(0 0 1) some dissociative chemisorp-

ion, SO2(gas) → S(ads) + 2O(ads), occurs and a typical doublet for
dsorbed atomic sulfur is seen from 161 to 163.5 eV [7]. In gen-
ral terms, TiC(0 0 1) can be classified as a poor DeSOx system [7].
u(1 1 1) and polycrystalline gold also interact weakly with SO2 and
re not efficient for the dissociation of S–O bonds [50]. However,
fter depositing Au nanoparticles on TiC(0 0 1) there is a drastic
ncrease in the reactivity of the system. The S 2p spectrum recorded
fter dosing SO2 to Au/TiC(0 0 1) shows a clear enhancement in the
ptake of sulfur with respect to clean TiC(0 0 1). Even more impor-
ant, photoemission results indicate that there is a full dissociation
f SO2 on Au/TiC(0 0 1) at 150 K [18], while only chemisorbed SO2
s observed on TiC(0 0 1) at the same temperature [7].

The photoemission data reveals that Au/TiC(0 0 1) is a much bet-
er DeSOx system than either Au/MgO(1 0 0) or Au/TiO2(1 1 0) [18].

u particles dispersed on MgO(1 0 0) are able to perform the oxi-
ation of CO [29] and bind SO2 stronger than extended surfaces of
old [50], but the Au/MgO(1 0 0) system is not able to dissociate the
O2 molecule which desorbs intact when raising the temperature
S deposited on Au/MgO(0 0 1) [51], Au/TiO2(1 1 0) [52], and Au/TiC(0 0 1) [18] after
dosing 5 L of SO2 at 300 K.

from 150 to 270 K [51]. In the case of Au particles supported on
TiO2(0 0 1), SO2 adsorbs molecularly at 150 K and dissociate upon
heating to room temperature [52]. Au/TiC(0 0 1) is able to break
both S–O bonds at a temperature as low as 150 K [18]. The bottom
panel in Fig. 6 compares the amount of atomic sulfur adsorbed after
exposing Au/MgO(1 0 0) [51], Au/TiO2(1 1 0) [52] and Au/TiC(0 0 1)
[18] to 5 L of SO2 at 300 K. Under these conditions the amount of SO2
that dissociates on Au/MgO(1 0 0) is negligible [51]. The deposition
of Au on TiO2(1 1 0) produces surfaces quite active for the destruc-
tion of SO2 at 300 K [51]. In Fig. 6, Au/TiC(0 0 1) displays a higher
DeSOx activity than Au/TiO2(1 1 0) even at big Au loads. Images of
STM for Au/TiC(0 0 1) point to a very high DeSOx activity when the
average particle height is smaller than 0.5 nm. The DeSOx activity of
Au/TiC(0 0 1) decreases substantially when the particle height goes
above 1 nm at Au coverages higher than 1 ML. Small Au clusters are
essential for a high DeSOx activity.

Fig. 7 shows the calculated adsorption energy for SO2 on
clean TiC(0 0 1) and on carbide surfaces with Au atoms, Au4 or
Au13 clusters, a Au wire, and a flat Au monolayer [18]. All the
Au/TiC(0 0 1) surfaces bond SO2 stronger than clean TiC(0 0 1) [7]
or the corresponding isolated Au system. Spontaneous dissociation
was observed when the SO2 was set at gold–carbide interfaces.
Thus, supported Au atoms, Au4, Au13 and a Au wire worked in
a cooperative way with the carbide and dissociated S–O bonds.

Photoemission results for the SO2/Au/TiC(0 0 1) system also indi-
cate the direct participation of Au, Ti and C sites in S–O bond
cleavage [18]. In Fig. 7, an ideal flat monolayer of gold bonded to
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Fig. 7. Calculated adsorption energies (RPBE functional [42], DMol3 code [41]) and
bonding configurations for SO2 on TiC(0 0 1) and Au/TiC(0 0 1) [7,18]. Au atoms, Au4

and Au13 clusters, a Au wire, and a flat Au monolayer were deposited on TiC(0 0 1)
[17,18]. The SO2 was initially set at the gold/carbide interface and, in most cases,
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Fig. 8. Top panel: S 2p core level spectra for the adsorption of thiophene on a
TiC(0 0 1) surface pre-covered with 0.2 ML of Au. The dosing of thiophene was carried
at 150 K and the sample was then heated to the indicated temperatures [19]. A pho-
ton energy of 380 eV was used to acquire the S 2p spectra. Bottom panel: Maximum
pontaneously dissociated during geometry optimization [18]. Web color code: Au
s shown as big yellow spheres, Ti as big grey spheres, C as small grey spheres, S as
mall yellow spheres, and O as small red spheres.

iC(0 0 1) adsorbs SO2 much stronger than Au(1 1 1) or Au(1 0 0),
ut it is not able to dissociate the adsorbate due to the lack of a
old–carbide interface. The DF calculations corroborate that the
ize of the Au particle has a drastic effect on the reactivity of the sys-
em. Supported Au29 displayed a much lower DeSOx activity than
upported Au4 or Au13 and no dissociation of SO2 was observed
18]. The effects of the Au ↔ TiC(0 0 1) interactions were significant
nly when one had small Au particles.

.4. Hydrodesulfurization of thiophene on Au/TiC(0 0 1)

Hydrodesulfurization (HDS) is one of the largest processes in
etroleum refineries where sulfur is removed from the crude
il [53]. Sulfur-containing compounds are converted to H2S and
ydrocarbons by reaction with hydrogen over a catalyst. The cur-
ent HDS catalysts, mixtures of MoS2 and Ni or Co, cannot provide
uels with the low content of sulfur required by new environmental
egulations [8,15]. The search for better desulfurization catalysts is
major issue nowadays in the oil industry and academic institu-

ions [8,15,53]. One option involves the use of metal carbides as
atalysts precursors [6,8,12,15].

Thiophene is a typical test molecule in HDS studies
10,15,53,54]. The aromatic ring in thiophene makes its C–S
onds quite stable [19,54], and for this molecule the desulfuriza-
ion reactions are much more difficult than those for other sulfur
ontaining molecules such as thiols or SO2 [15,53]. Thiophene
dsorbs molecularly on TiC(0 0 1) at 100 K and desorbs intact upon
eating the surface to 200 K [19]. The top panel in Fig. 8 displays
2p spectra recorded after dosing a small amount of thiophene

t 100 K to a TiC(0 0 1) surface pre-covered with 0.2 ML of Au [19].
he positions of the S 2p features indicate that thiophene does not
ecompose on the Au/TiC(0 0 1) surface, but the adsorption bond

s substantially stronger than on TiC(0 0 1). Molecules of thiophene
∼0.13 ML) are bonded to the Au/TiC(0 0 1) at 300 K, and complete
esorption is only seen after heating to 450 K. After saturating this
u/TiC(0 0 1) surface with thiophene at 100 K (4 L exposure), a TDS
pectrum showed multilayer desorption at ∼135 K and monolayer

esorption from 150 to 450 K [19]. This indicates an increase of
.45–0.65 eV in the adsorption energy of thiophene with respect to
hose on TiC(0 0 1) and Au(1 1 1). The strength of the Au ↔ C4H4S
nteractions depends strongly on the amount of gold deposited
thiophene desorption temperature from Au/TiC(0 0 1) as a function of gold coverage.
From clean TiC(0 0 1), thiophene desorbs at temperatures below 200 K [19].

on the carbide substrate, bottom panel of Fig. 8. At very small
coverages of Au (∼0.1 ML), thiophene remained on the surface
up to 450 K. On the other hand, at Au coverages above 1.5 ML,
the maximum thiophene desorption temperature was 280 K. This
trend reflects variations in the height and size of the Au particles
(Fig. 1): a large thiophene bonding energy is seen on small 2D Au
particles which expose sites directly in contact with the TiC(0 0 1)
substrate and exhibit a charge polarization (Fig. 4) that facilitates
interactions of the adatoms with electron-acceptor molecules [17].

Fig. 9 shows the calculated geometries for thiophene adsorbed
on Au4 and Au29 clusters supported on TiC(0 0 1) [19]. In the case
of unsupported C4H4S–Au4 the bonding energy of thiophene was
∼−1 eV (DMol3 calculation, RPBE functional) and the molecule
was attached to the metal cluster in a �5 conformation. A simi-
lar bonding conformation was found on Au4/TiC(0 0 1), see Fig. 9,
with the bonding energy of thiophene increasing to ∼−2 eV. This
bonding energy is much larger than the value of −0.1 eV found for
thiophene on clean TiC(0 0 1) where the molecule binds via its S
lone-pair [19]. Furthermore, in Fig. 9, one can see a large distor-

tion in the geometry of thiophene after adsorbing the molecule on
Au4/TiC(0 0 1). In gas phase, the calculated C–S bond distances in
thiophene were 1.746 Å. Upon adsorption on Au4/TiC(0 0 1), the C–S
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ig. 9. Calculated adsorption geometries for thiophene on Au4/TiC(0 0 1) and Au29/
ode) or through the aromatic ring of the molecule (�5 coordination mode) [19,54]

nteracts with the Au29 cluster through its S lone-pair (�1 coordination). On clean T

ond distances increased to an average value of ∼1.93 Å. The LUMO
f thiophene, 3b1 orbital, is C–S antibonding [54]. The polarization
f electrons seen in Fig. 4 for Au4/TiC(0 0 1) facilitates a transfer
f charge from gold to the LUMO of thiophene which induces a
uite large elongation (∼0.2 Å) in the C–S bonds. Although the
–S bonds of thiophene are significantly weaken on Au4/TiC(0 0 1),
hey do not dissociate spontaneously. For the interaction of thio-
hene with Au29/TiC(0 0 1) the bonding energy of the molecule was
nly −0.15 eV. The gold atoms in Au29/TiC(0 0 1) do not undergo
he charge polarization seen for Au4/TiC(0 0 1) [17–19] and, thus,
xhibit weak bonding interactions with thiophene.

In the UHV experiments of Fig. 8, there was no cleavage of
he C–S bonds when thiophene was dosed to Au/TiC(0 0 1) [19].
n HDS processes, H adatoms present in the surface of the cata-
yst can help in the cleavage of the C–S bonds of thiophene [53,54].
old nanoparticles supported on TiC(0 0 1) are able to dissociate

he H2 molecule [19], as expected [55], yielding the H atoms nec-
ssary for the hydrogenolysis of C–S bonds. The catalytic activity
f Au/TiC(0 0 1) for the HDS of thiophene was tested at 600 K [19].
TiC(0 0 1) surface with 0.2 ML of Au was set in a batch reactor

1 Torr of thiophene, 500 Torr of H2, 90 min reaction time), and the
otal amount of C4 hydrocarbons formed was determined using

as chromatography. Under the reaction conditions investigated,
iC(0 0 1) displayed negligible catalytic activity. Fig. 10 compares
he thiophene HDS activities measured for Mo(1 1 0) [56], a con-
entional Ni/MoSx catalyst [57], TiC(0 0 1) [19], and Au/TiC(0 0 1)

ig. 10. Thiophene HDS activities for Mo(1 1 0) [56], a Ni/MoSx catalyst [57],
iC(0 0 1) [19], and Au/TiC(0 0 1) [19]. The coverage of gold on TiC(0 0 1) was 0.2 ML.
n the y-axis is plotted the total amount of C4 hydrocarbons formed during the HDS of
hiophene (1 Torr of thiophene, 500 Torr of H2, 600 K, 90 min reaction time) [19,58].
he number of C4 hydrocarbon molecules produced was normalized by the reaction
ime and the exposed surface area of each sample.
1). In general, thiophene can bind to a surface via its S lone-pair (�1 coordination
phene is bonded to the Au4 cluster through its aromatic ring (�5 coordination), and
1), thiophene bonds via its S lone-pair (�1 coordination) [19].

[19]. The HDS activity found for Mo(1 1 0) is comparable to that
seen in a previous study [58]. Similar HDS activities were observed
for Mo(1 1 1) and Mo(1 0 0) surfaces [58]. The Mo surfaces are not
good HDS catalysts because they interact too strongly with the
sulfur produced after the cleavage of the C–S bonds in thiophene
[56]. Many industrial HDS catalysts contain a mixture of molybde-
num sulfide promoted with Ni on a �-alumina support [53]. The
conventional Ni/MoSx catalyst binds thiophene well [57] without
being deactivated by the S atoms produced in the HDS process.
In spite of the very poor desulfurization performance of TiC(0 0 1),
the Au/TiC(0 0 1) system displays an HDS activity higher than that of
Ni/MoSx [19]. The small Au nanoparticles probably increase the HDS
activity of TiC by enhancing the adsorption energy of thiophene and
by helping in the dissociation of H2 to produce the hydrogen neces-
sary for the hydrogenolysis of C–S bonds and the removal of sulfur
[19]. The importance of H adatoms in the HDS process is well estab-
lished [59,60]. DF calculations indicate that essentially there is no
energy barrier for the dissociation of H2 on Au4/TiC(0 0 1) [19].

The results discussed in Sections 3.2–3.4 indicate that the elec-
tronic perturbations induced by titanium carbide on gold have a
strong impact on the chemical reactivity of the noble metal for CO
oxidation, DeSOx and hydrodesulfurization. In preliminary exper-
iments we also have found that the Au ↔ TiC interactions make
Au/TiC(0 0 1) a good catalyst for the reduction of NO and the water-
gas shift reaction. For several of these reactions, the Au/TiC system
is more chemically active than systems generated by depositing
Au nanoparticles on oxide surfaces [18–20]. Furthermore, titanium
carbide may not be the only carbide useful for enhancing the chem-
ical reactivity of gold [61]. After examining the behavior of Au on
several metal carbides with DF calculations [61], one finds that the
electronic perturbations on Au substantially increase when going
from TiC to ZrC or TaC as a support. Au/ZrC(0 0 1) and Au/TaC(0 0 1)
have the properties necessary for being very good catalysts for CO
oxidation and HDS reactions [61].

4. Summary and conclusions

We have reviewed recent articles [16–20] which show the
excellent performance reported for novel Au–TiC catalysts. High-
resolution photoemission, STM, and DF periodic calculations were
used to study the adsorption of gold on a TiC(0 0 1) surface. Gold
grows forming 2D (very low coverages) and 3D (medium and large
coverages) islands on the carbide substrate. A positive shift in the
binding energy of the C 1s core level is observed after the deposition
of Au on TiC(0 0 1). The results of the density-functional calcula-

tions corroborate the formation of Au–C bonds. In general, the bond
between Au and the TiC(0 0 1) surface exhibits very little ionic char-
acter, but there is a substantial polarization of electrons around Au
that affects its chemical properties.
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After coadsorbing O2 and CO on Au/TiC(0 0 1) at 100 K, evolu-
ion of CO2 was observed at temperatures between 140 and 160 K.
he oxygen species active during the low-temperature oxidation
f carbon monoxide on Au/TiC(0 0 1) is chemisorbed O2. DF calcu-
ations give an O2 adsorption energy of only −0.45 eV on TiC(0 0 1),
ut it substantially raises to −1.41 eV on Au4/TiC(0 0 1). The O–O
istance increases from 1.23 Å in free O2 to 1.55 Å for O2 adsorbed
n Au4/TiC(0 0 1). Although there is not a complete cleavage of the
–O bond, the O2 molecule has been activated by the Au/TiC(0 0 1)

urface and is ready to react with CO.
At temperatures below 200 K, Au/TiC(0 0 1) is able to perform

he full decomposition of SO2. Photoemission results indicate the
irect participation of Au, Ti and C sites in S–O bond cleavage. The
ize of the Au particles has a drastic effect on the DeSOx activ-
ty of a Au/TiC(0 0 1) surface. Images of STM point to a very high
eSOx activity when the average particle height is smaller than
.5 nm. The DeSOx activity of Au/TiC(0 0 1) decreases substantially
hen the particle height goes above 1 nm at Au coverages higher

han 1 ML. Small 2D gold clusters are essential for a high DeSOx
ctivity. Au/TiC(0 0 1) is a much better DeSOx system than either
u/MgO(1 0 0) or Au/TiO2(1 1 0).

Au nanoparticles drastically increase the hydrodesulfurization
ctivity of TiC(0 0 1) by enhancing the bonding energy of thiophene
nd by helping in the dissociation of H2 to produce the hydrogen
ecessary for the hydrogenolysis of C–S bonds and the removal
f sulfur. H2 spontaneously dissociates on small two-dimensional
lusters of gold in contact with TiC(0 0 1). On these systems, the
dsorption energy of thiophene is 0.45–0.65 eV larger than on
iC(0 0 1) or Au(1 1 1). Thiophene binds in a �5 configuration with
large elongation (∼0.2 Å) of the C–S bonds.
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