
Journal of Molecular Catalysis A: Chemical 202 (2003) 215–227

Interaction of thiophene with stoichiometric and reduced rutile
TiO2(1 1 0) surfaces: role of Ti3+ sites in desulfurization activity

Gang Liua, José A. Rodrigueza,∗, Jan Hrbeka, Brian T. Longb, Donna A. Chenb
a Department of Chemistry, Brookhaven National Laboratory, P.O. Box 5000, Upton, NY 11973, USA

b Department of Chemistry and Biochemistry, University of South Carolina, Columbia, SC 29208, USA

Received 13 January 2003; accepted 10 March 2003

Abstract

The adsorption of thiophene (C4H4S) on almost stoichiometric TiO2(1 1 0) and defective TiO2−x(1 1 0) surfaces has been
studied with a combination of synchrotron-based high-resolution photoemission spectroscopy, thermal desorption mass spec-
trometry (TDS), and first-principles density-functional (DF) slab calculations. The bonding nature between C4H4S and Ti or
O sites of TiO2(1 1 0), and point defects (oxygen vacancies) of TiO2−x(1 1 0) was investigated. Over an almost stoichiomet-
ric TiO2(1 1 0) surface, the adsorption and desorption of C4H4S is completely reversible. In the submonolayer regime, four
adsorption states in the temperature range of 150–450 K were identified in TDS. No thiophene decomposition was observed
up to 800 K under ultra-high vacuum (UHV) conditions. The results of DF calculations indicate that at small coverage the
molecule should be bonded with its ring nearly parallel to the surface. At high coverages of thiophene, bonding through the
S atom becomes more stable because it reduces adsorbate↔ adsorbate repulsion. On a defective TiO2−x(1 1 0) surface with
∼45% of Ti3+ and Ti2+, a small fraction of the adsorbed thiophene molecules (<0.05 ML) decomposed. Our experimental
and theoretical studies indicate that the vacancy states of TiO2−x(1 1 0) interact poorly with the LUMO of thiophene. This is a
behavior opposite to that found for the adsorption of S2, CH3S and SO2. The role of Ti3+ sites in the desulfurization activity
of MoSx/TiO2 catalysts is analyzed in light of these results.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

As a typical organosulfur compound, thiophene
(C4H4S) has been extensively studied on model or real
catalyst surfaces to understand the details of the indus-
trially important hydrodesulfurization (HDS) process
[1]. In modern petroleum refining operations, sulfur
is removed over alumina supported molybdenum and
cobalt sulfide catalysts in order to prevent poisoning
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of catalysts used downstream for the reforming of hy-
drocarbons[2], and reduce the amount of sulfur oxides
released into the atmosphere during the combustion
of gasoline and other fuels[3]. More stringent envi-
ronmental regulations have driven extensive research
in modifying existing HDS catalysts or developing
new ones for more efficient catalytic processes[1]. It
is well known that sulfur typically exists in crude oil
in the form of thiols, sulfides, and thiophenes, among
other compounds[2]. Since thiophene and its deriva-
tives are the most difficult compounds to desulfurize
[2], the focus has been on the chemistry of thiophene
over transition metals[4–9], oxide supported catalysts
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[10–13], and metal sulfides[1,6,14]. On transition
metal surfaces such as Mo(1 1 0)[4,6] or Mo(1 0 0)
[5], complete thiophene decomposition to S and CxHy

fragments was observed at temperatures below 300 K.
In contrast, on alumina supported sulfided Mo cata-
lysts [12,13], thiophene is only weakly chemisorbed,
and no reactivity was observed either under ultra-high
vacuum (UHV) conditions or a 9.5 Torr thiophene
partial pressure up to 693 K. In spite of the use of
oxides as catalysts/absorbents in HDS operations[2],
little is known about the fundamental chemistry of
thiophene on pure and well-defined oxide surfaces
[15,16]. On a polycrystalline ZnO surface, thiophene
was weakly chemisorbed, and mostly desorbed at
temperatures below 250 K[15]. A very small fraction
of the adsorbed C4H4S (∼0.02 ML) that interacts with
O-unsaturated Zn sites was decomposed[15]. Previ-
ous studies show that on high surface area�-Al2O3
powders, thiophene interacts only weakly with the
substrate, and no decomposition of the molecule was
observed up to 600 K under UHV conditions or a
partial thiophene pressure of 3.0 Torr[16].

In another area of research, self-assembled mono-
layers (SAMs) formed by organosulfur compounds
on metal [17], semiconductor[18], and oxide[19]
single crystal surfaces are receiving much attention
due to possible technical applications in areas of
biosensing, catalysis, tribology, and microelectronics.
Emphasis has been on the nature of the interactions
between the substrates and S-containing groups in
the monolayer interface, including the identification
of sites for molecular adsorption and dissociation,
and the possible formation of lateral S–S bonds.
One of the key issues is the formation of the inter-
facial chemisorption bond (the “electrical junction”
in practical terms), which is closely related to the
electron transfer between semiconductor particles and
molecular wires[18]. Most work has concentrated on
alkanethiol-derived SAMs[20]. Investigations also
involve �-conjugated sulfur-containing molecules on
metal surfaces and semiconductors[21,22], perhaps
as the most promising application in the fabrication
of microelectronic devices[21,22]. Recent stud-
ies show that thiophene when present in solutions
strongly chemisorbs on Au(1 1 1) thin films during
the self-assembly process at room temperature[22].

In this work, we study the surface chemistry
of thiophene on stoichiometric TiO2(1 1 0) and

defective TiO2−x(1 1 0) using synchrotron-based
high-resolution X-ray photoemission spectroscopy
(XPS), thermal desorption mass spectrometry (TDS),
and first-principle density-functional (DF) slab calcu-
lations. The rutile TiO2(1 1 0) surface is considered
to be one of the prototypical systems for an oxide
[23], and is an ideal system to study the role of sur-
face defects on the chemical and catalytic properties
of an oxide[24,25]. In the chemical industry, titania
is employed for trapping S-containing impurities in
oil-derived feedstocks, and as a catalyst for the Claus
process[2,26]. In addition, titania has been shown to
be an “active” support for Mo-based HDS catalysts
[27–29]. It was found that TiO2 supported Mo cata-
lysts exhibited 4.4 times higher HDS activity than the
�-Al2O3 supported ones[27]. Among a number of
possible explanations for the observed high activities,
it has been suggested that Ti3+ species act as “elec-
tronic promoters”[29], but their possible role in C–S
bond cleavage needs further investigation[27–29].
Recent studies show that oxygen vacancies (related
to Tiδ+, δ ≤ 3) in TiO2(1 1 0) play an important role
in adsorbing and dissociating the SO2 molecule[24].
For CH3SH adsorption on TiO2(1 1 0) surfaces with
a large number of oxygen vacancies and defects, the
C–S bond breaks in the 250–750 K temperature range
with CH3 or CH4 desorbing into gas phase, leaving
S and CHx fragments on the surfaces[19]. Since
thiophene and its derivatives are the most difficult
compounds to desulfurize[1,2], it is interesting to
elucidate the role of oxygen defects and Ti3+ species
in the adsorption and dissociation of thiophene. To
the best of our knowledge, this is the first systematic
study examining the interaction of thiophene with a
well-defined oxide surface.

2. Experimental and theoretical methods

2.1. Experimental methodology

The experimental work was carried out in two sep-
arate UHV chambers. The photoemission experiments
were performed in a UHV chamber[17] at the U7A
beamline in the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory. This
chamber (with a base pressure of∼5× 10−10 Torr) is
fitted with a hemispherical electron energy analyzer
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with multichannel detection, optics for low-energy
electron diffraction (LEED), a quadrupole mass spec-
trometer (QMS), and a twin (Mg K� and Al K�)
X-ray source. The combined energy resolution in the
synchrotron experiments was 0.3–0.4 eV. The bind-
ing energy (BE) values were determined with respect
to the Fermi level. The TDS experiments were done
in a second UHV chamber[24] (with a base pres-
sure of∼5 × 10−10 Torr), which is equipped with a
hemispherical electron energy analyzer with single
channel detection, a twin X-ray source, and a residual
gas analyzer (SRS-RGA). The residual gas analyzer
was surrounded by a stainless steel jacket with a
10 mm aperture and a differential pumping system for
TDS measurements. All the TDS spectra reported in
Section 2were collected at a heating rate of 2 K/s.

The TiO2(1 1 0) single crystal was sandwiched be-
tween Ta plates that were spot-welded to two Ta heat-
ing legs of a manipulator[19,24]. The sample could be
cooled as low as 100 K by thermal contact with a liq-
uid nitrogen reservoir and resistively heated to 1200 K.
The temperature was monitored by a type C thermo-
couple spot-welded on the Ta plate edge. Prior to each
experimental the TiO2(1 1 0) crystal was cleaned by
repeated cycles of 1 keV Ne+ ion bombardment fol-
lowed by heating at 950 K until no impurities were
detected by XPS[19]. After this treatment, the sample
exhibited a sharp (1×1) LEED pattern. Defective sur-
faces were created by Ne+ bombardment at 1 keV for
2 min [23,24]. High-purity (99%) thiophene (Aldrich)
was further purified by several freeze-pump-thaw cy-
cles with liquid nitrogen prior to dosing. The dosing
was performed through a leak valve with a stainless
tube directed to the sample surface. Mass spectrometry
indicated that thiophene did not decompose in the gas
handling system or on the walls of the UHV system.

2.2. First-principles density-functional calculations

The geometries and bonding energies for thiophene
on stoichiometric and partially reduced TiO2(1 1 0)
were calculated using the Cambridge serial total en-
ergy package (CASTEP) code[30,31]. Previous work
indicates that CASTEP can be quite useful for study-
ing adsorption processes on TiO2(1 1 0) [19,32–34]
and other oxide surfaces[35–37]. CASTEP was re-
cently used to examine the interaction of sulfur and
methanethiol with titania[19,32]. In this code, the

Kohn–Sham equations are solved within the frame-
work of density-functional theory by expanding the
wave functions of valence electrons in a basis set of
plane waves with kinetic energy smaller than a spec-
ified cut-off energy,Ecut [30,31]. The presence of
tightly-bound core electrons was represented by non-
local ultra-soft pseudopotentials of the Vanderbilt-type
[38]. The valence s and p states of C, O and S, and the
semicore (3s, 3p) and valence (3d, 4s, 4p) states of Ti
were explicitly treated. Reciprocal-space integration
over the Brillouin Zone was approximated through a
careful sampling at a finite number ofk-points using
the Monkhorst-Pack scheme[39]. In all the calcula-
tions, the kinetic energy cut off (Ecut = 400 eV) and
the density of the Monkhorst-Packk-point mesh (a
8 × 4 × 1 grid for the smallest (1× 1) surface unit
cell, reduced to 4× 4× 1 or 4× 2× 1 grids for larger
cells) were chosen high enough in order to ensure
convergence of the computed structures and energet-
ics. The exchange-correlation contribution to the total
electronic energy is treated in a generalized gradi-
ent corrected (GGA) extension of the local density
approximation (LDA)[40]. We have used the GGA
functional in the form proposed by Perdew et al.[41].
This functional should give reasonable predictions
for the bonding energies of thiophene on TiO2(1 1 0)
according to previous studies for the chemisorption
of S-containing species[19,32]. For the bonding of
small molecules like CO and NO to TiO2(1 1 0), the
Perdew-Wang functional predicts adsorption energies
that are within 5 kcal/mol of the experimental values
[33,34]. In this work, our main interest is in rela-
tive energy changes with adsorption site, adsorbate
configuration and coverage, not in absolute values.

The structural parameters of the thiophene/TiO2
(1 1 0) and thiophene/TiO2−x(1 1 0) systems in their
different configurations were determined using the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) mini-
mization technique, with the following thresholds for
the converged structures: energy change per atom less
than 5× 10−6 eV, residual force less than 0.02 eV/Å,
and the displacement of atoms during the geometry
optimization less than 0.001 Å. For each optimized
structure, the partial charges on the atoms were
estimated by projecting the occupied one-electron
eigenstates onto a localized basis set with a subse-
quent Mulliken population analysis[42]. The Mul-
liken charges must not be interpreted in absolute
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quantitative terms because of the uncertainty in
uniquely defining a charge-partitioning scheme[42].

3. Results

3.1. Adsorption of thiophene on TiO2(1 1 0) and
TiO2−x(1 1 0): TDS and XPS studies

Fig. 1 displays typical TDS spectra for thiophene
adsorption on an almost stoichiometric TiO2(1 1 0)
surface following a series of exposures at 100 K. For
each set of experimental data inFig. 1, the crystal was
prepared with an identical treatment, as described in
Section 2.1. Previous studies[43] show that the sample
preparation used in the present work leads to a limited
number of surface point defects (oxygen vacancies,
<7%). The most intense parent ion signal,m/z = 84
atomic mass units (amu), of the thiophene molecule
was monitored. C4H4S was the only detectable desorp-

Fig. 1. Thermal desorption spectra for thiophene adsorption on an
almost stoichiometric TiO2(1 1 0) surface at 100 K as a function
of coverage relative to a monolayer. The ion signal (84 amu) was
monitored. The heating rate was 2 K/s.

tion product. No other hydrogen-containing products
(H2, C4H6, and C4H8) or sulfur-containing species (S,
S2, and SO2) were observed, indicating that the des-
orption process is exclusively molecular. After des-
orption, no carbon and sulfur residues were left on
the surface, as evidenced by high-resolution XPS (see
the followingFigs. 2 and 3). It is well known that ab-
solute coverages for adsorbates on TiO2 surfaces are
generally difficult to determine[44]. In this work, the
integrated area of each TDS spectrum was used to de-
termine the relative monolayer (ML) coverage and in
Fig. 1 the spectra are plotted as a function of this pa-
rameter.

A complex behavior is seen when the thiophene
coverage changes. For 0.04 ML thiophene adsorption,
two very weak desorption peaks appear, labeled as�1
and�2, with peak maxima (Tmax) at 450 and 320 K,
respectively. The�1 desorption state can be attributed
to thiophene adsorption on defects of the surface since
this state is rapidly saturated with increasing thiophene
exposure[17]. At 0.7 ML of adsorption, a third peak

Fig. 2. C 1s spectra (hv = 370 eV) for the adsorption of C4H4S on
an almost stoichiometric TiO2(1 1 0) surface. C4H4S was dosed at
100 K, and the surface was annealed to the indicated temperatures.
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Fig. 3. S 2p spectra (hv = 370 eV) for the adsorption of C4H4S
on an almost stoichiometric TiO2(1 1 0) surface ofFig. 2. C4H4S
was dosed at 100 K, and the surface annealed to the indicated
temperatures.

appears at 170 K, labeled as�3, with �1 and�2 at 420
and 265 K, respectively. The shifting to lower temper-
atures with increasing exposures for desorption states
implies repulsive interactions between the adsorbates
[19]. As the exposure increases, a fourth peak (�4)
is seen at 205 K. At 1.15 ML, a relatively sharp peak
(�) appears at 140 K, grows without saturation, and is
assigned as the condensed multilayer desorption. The
desorption temperature for� is consistent with the pre-
viously found on Cu(1 1 1)[46], Ag(1 1 1) [47], and
Au(1 1 1) [17]. A relatively small peak at ca. 120 K
is probably an artifact of our experimental set-up. On
metals, it is well known that the adsorption behavior of
the thiophene molecule depends on the coverage and
the temperature because of differences in the compet-
itive bonding of the S-lone pair and the�-aromatic
ring orbitals[4,5,17,45–47]. On a noble-metal surface
like Cu(1 1 1)[46] or Ag(1 1 1)[47], it was found that
thiophene undergoes a structural phase transition as
a function of coverage. The same phenomenon could

be responsible for the complex TDS data inFig. 1.
Our DF calculations inSection 3.2indicate that at low
coverages of thiophene, bonding through the ring is
the most stable adsorption configuration, but as the
adsorbate coverage increases bonding via S becomes
competitive.

Fig. 2displays photoemission C 1s core-level spec-
tra for the adsorption of C4H4S on an almost stoi-
chiometric TiO2(1 1 0) surface. C4H4S was adsorbed
at 100 K followed by heating to the indicated tem-
perature. From 0.1 to 1.75 ML coverages, the C 1s
intensity is gradually increased. Only one C 1s peak
is seen inFig. 2, with the binding energy located at
∼285.2–285.4 eV. Upon dosing 1.75 ML, the BE value
is 285.3 eV, which is in good agreement with the C 1s
values of a C4H4S multilayer on Ag(1 1 1)[48]. Heat-
ing to 150 K causes a rapid decrease in the intensity
of the multilayer features. A little shift (∼0.15 eV) of
C 1s is seen. This shift may be due to desorption of
physisorbed C4H4S. By 300 K, most of the C species
have disappeared from the surface, consistent with the
TDS results inFig. 1. Heating up to 450 K completely
removes the C species from the surface. No atomic C
signal is observed up to 800 K.Fig. 3 shows the cor-
responding S 2p data for the experiments inFig. 2.
Only an ill-defined doublet appears after an exposure
of 0.1 ML, with a S 2p3/2 peak at∼164.5 eV. From 0.1
to 1.75 ML, the S 2p intensity is gradually increased.
At a dose of 1.75 ML, the S 2p3/2 peak is located at
∼165 eV, near the reported S 2p3/2 BE value for ph-
ysisorbed C4H4S on Ag(1 1 1)[48], 164.8 eV. Heat-
ing to 150 K drastically reduces the S 2p intensity. By
300 K, almost no sulfur exists on the surface, consis-
tent with the C 1s results shown inFig. 2. In sum-
mary, for C4H4S on almost stoichiometric TiO2(1 1 0)
surfaces, the adsorption and desorption process is re-
versible.

On titania surfaces, reproducible populations of
oxygen vacancies can be generated by heavy ion bom-
bardment with Ar+ or Ne+ [19,23]. These oxygen
vacancies are associated with cations of lower oxi-
dation states like Ti3+ or Ti2+ [19]. The TiO2(1 1 0)
surface morphology becomes rough and disordered
upon sputtering, as imaged by scanning tunneling
microscopy (STM)[49]. Fig. 4 displays the Ti 2p
photoemission spectra for an almost stoichiometric
surface and a defective surface, respectively. Ne+
sputtering leads to the appearance of a shoulder on
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Fig. 4. Ti 2p spectra of (a) an almost stoichiometric TiO2(1 1 0)
surface; and (b) TiO2−x(1 1 0) surface with a 45% concentration
of “Ti δ+” (δ = 3, 2). The spectra were obtained using a photon
energy of 625 eV.

the low binding energy side. The curve fitting[50]
results for this type of system reveal the existence
of three oxidation states, which can be assigned to
Ti4+, Ti3+, and Ti2+ cations, with the relative con-
centration (determined by XPS peak area) of Ti3+
and Ti2+ close to 45% of all the Ti sites. The va-
lence band spectrum shown at the bottom ofFig. 5
supports the core-level results. The deficiency of
oxygen on the TiO2(1 1 0) surfaces leads to a state
(mainly derived from Ti3+ cations [22,23]) within
the band gap at a binding energy of∼1 eV. The
valence band features and the BE value of the “de-
fect state” inFig. 5 are similar to those of previous
data obtained with ultraviolet photoelectron spec-
troscopy (UPS)[23]. The “defect state” plays a
key role in the dissociation of SO2 and CH3SH on
TiO2−x(1 1 0) [19,24], and it is worthwhile to estab-
lish if the same could occur for the adsorption of
thiophene.

The interaction of C4H4S with a TiO2−x(1 1 0) sur-
face containing a high concentration of defects (as

Fig. 5. Valence band photoemission for (a) TiO2(1 1 0); and
(b) TiO2−x(1 1 0) surfaces as shown inFig. 4. The spectra were
obtained using a photon energy of 370 eV.

shown inFigs. 4 and 5) was also investigated.Fig. 6
displays the changes in C 1s core-level spectra after
increasing the dosing amount of thiophene from 0.1 to
1.3 ML at 100 K, followed by stepwise heating up to
800 K. For 0.1 ML dosing, two C 1s features are seen,
located at∼285.2 and∼282.5 eV. The C 1s region is
dominated by the peak at∼285.2 eV, with a small con-
tribution from the peak at∼282.5 eV (corresponding
to 0.01 ML). From 0.1 to 1.3 ML, the C 1s core-level
feature at 285.2 eV is gradually increased in intensity,
and the C 1s feature at 282.5 eV remains constant. Ac-
cording to the results for C4H4S on the almost stoi-
chiometric TiO2(1 1 0) surface (shown inFig. 2), the C
1s feature at 285.2 eV is attributed to the intact C4H4S
molecules. The C 1s feature at 282.5 eV is typical for
decomposed hydrocarbon species on the surface, de-
noted as Cx [19]. Heating to 150 K significantly de-
creases the intensity for the intact C4H4S molecules
due to desorption of the physisorbed multilayer (see
above). By 300 K, only a very small amount of C 1s
signal remains in the spectrum. The Cx species is seen
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Fig. 6. C 1s spectra (hv = 370 eV) for the adsorption of C4H4S
on a reduced TiO2−x(1 1 0), as shown inFig. 4(b). C4H4S was
dosed at 100 K, and the surface was annealed to the indicated
temperatures.

on the surface up to 800 K. The corresponding S 2p
core-level spectra are shown inFig. 7. At 0.1 ML dos-
ing, only a trace of sulfur-containing species is seen
at ∼162 eV, which is a typical BE value for atomic
sulfur [19], indicating the decomposition of the par-
ent C4H4S molecules. For a larger dose of 0.2 ML,
a second peak starts to grow at∼165 eV, assigned to
the intact C4H4S molecules. From 0.1 to 1.3 ML, the
peak intensity at 165 eV gradually increases, without
noticeable changes in the BE value. Heating to 150 K
removes the multilayer, and by 300 K, the parent sig-
nal almost disappears from the S 2p spectrum. The
atomic sulfur feature still exists up to 800 K, consis-
tent with previous studies[19,32]. The present results
show a limited decomposition of C4H4S molecules on
a defective titania surface.

Fig. 8 shows TDS spectra for thiophene adsorption
on defective TiO2−x(1 1 0) surfaces. The generated
defect concentration by ion sputtering was close to
that of the TiO2−x(1 1 0) surfaces inFigs. 4 and 5.

Fig. 7. S 2p spectra (hv = 370 eV) for the adsorption of C4H4S
on the TiO2−x(1 1 0) surface ofFig. 6. C4H4S was dosed at 100 K,
and the surface annealed to the indicated temperatures.

At 0.75 ML coverage, a broad desorption feature
is seen with a desorption peak� at 170 K. Due to
the roughness of the TiO2−x(1 1 0) surfaces, all of
the well-defined desorption states seen inFig. 1 for
thiophene/TiO2(1 1 0) are not present inFig. 8. For
adsorption of 1.15 ML, a second desorption peak, de-
noted as�, is observed at 140 K. The� peak, which
was not saturated with large doses of thiophene, is
assigned as desorption from a condensed physisorbed
layer. No other hydrogen-containing products (H2,
C4H6, and C4H8) and sulfur-containing species (S,
S2, and SO2) were detected in TDS. However, the
TDS experiments may be insensitive to a very small
amount of decomposed thiophene observed via XPS.
The hydrogen produced by the decomposition re-
action could diffuse into the bulk of the oxide as
proposed in another studies[51,52]. The lack of dis-
sociation of thiophene on TiO2−x(1 1 0) is interesting,
and in the next section we will examine the interac-
tion of O vacancies with thiophene in detail using DF
calculations.
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Fig. 8. Thermal desorption spectra for thiophene adsorption on a
defective TiO2−x(1 1 0) surface (∼45% of “Tiδ+” centers,δ = 3, 2)
at 100 K as a function of relative monolayer coverage. The ion
signal (84 amu) was monitored. The heating rate (dT/dt) was 2 K/s.

3.2. Bonding of thiophene to TiO2(1 1 0) and
TiO2−x(1 1 0): density-functional studies

Following previous studies[19,32], the TiO2(1 1 0)
surface was represented by a four-layer slab as shown
in the top of Fig. 9, which was embedded in a
three-dimensionally periodic supercell[31]. A vac-
uum of 15 Å was placed on top of the slab in order to
ensure negligible interactions between periodic im-
ages normal to the surface[19,31,32]. The geometry
optimization for bulk TiO2 gave a rutile unit cell with
a = b = 4.64 Å andc = 2.97 Å. These values are
close to those derived from experimental measure-
ments (a = b = 4.59 Å, c = 2.96 Å) [53] and other
theoretical calculations[32]. In the slab calculations
the structural geometry of the first two layers was
relaxed, while the other two layers were kept fixed in
the geometry of bulk TiO2. For the perfect TiO2(1 1 0)
surface, the five-fold and six-fold coordinated Ti
ions moved in and out of plane by 0.15 and 0.11 Å,

Fig. 9. Four-layer Slab models used to describe perfect, top, and
O-vacancy rich, bottom, TiO2(1 1 0) surfaces. In the TiO2−x(1 1 0)
slab, the O vacancies are present only on the top layer in a
p(4×1) array. Dark spheres represent O atoms, while white spheres
correspond to Ti atoms.

respectively. The bridging oxygens moved into the
surface by 0.10 Å, and the in-plane oxygens moved
out of the surface by 0.11 Å. These shifts in the atom
positions agree well with those seen in other DF stud-
ies [33]. Most of them are also in good agreement
with atomic shifts found in X-ray surface diffraction
studies for TiO2(1 1 0) [54], the only exception being
the shift for the bridging oxygens where the experi-
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Fig. 10. Bonding configurations for thiophene on TiO2(1 1 0).

mental results give a movement of 0.27 Å towards the
surface.

Based on previous studies[4,5,15,55], we exam-
ined bonding of the molecule through its S-end or via
the aromatic ring.Fig. 10shows the three most stable
configurations found in the DF calculations. They
mainly involve bonding to the Ti cations of the sur-
face.Table 1lists adsorption energies and geometries
obtained for thiophene coverages of 0.25 ML,p(4×1)
overlayer, and 0.5 ML,p(2×1) overlayer. In the calcu-
lations, the geometry of the adsorbate and the first two
layers of the slab were allowed to relax. According to

Fig. 11. Bonding configurations for thiophene on TiO2−x(1 1 0).

Table 1
Adsorption of thiophene on TiO2(1 1 0) terraces: DF-GGA results

Bonding
configuration

Adsorption energy
(kcal/mol)

C–S bond
lengtha (Å)

S–Ti bond
length (Å)

Ring on Ti, Ti 12 (5)b 1.70 (1.69) 3.41 (3.63)
Ring on Ti 11 (5) 1.69 (1.69) 3.68 (3.92)
S on Ti 8 (7) 1.69 (1.69) 2.78 (2.86)

a 1.69 Å for free thiophene.
b The values in parentheses correspond to a thiophene coverage

of 0.5 ML. The numbers outside the parentheses are for a coverage
of 0.25 ML.
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the calculations, thiophene should bond with its aro-
matic ring nearly parallel to the surface at the smaller
coverage. The molecule could be bridging atoms in the
Ti rows. As the thiophene coverage increases, there
is a decrease in the adsorption energy and bonding
through the S atom becomes more stable; partly be-
cause this diminishes adsorbate↔ adsorbate repul-
sion on the surface. In any case, even at low coverage
of thiophene, the bonding interactions with the oxide
surface are relatively weak and the adsorption of the
molecule has a negligible effect on the strength of the
C–S bonds.

The bottom of Fig. 9 shows the slab used to
model the adsorption of thiophene on O vacancies
of TiO2−x(1 1 0). In this system, 25 % of the atoms
in the bridging O rows of the first layer are missing
(a concentration that is consistent with the amount
of defects in the experiments ofFigs. 4–8). The O
vacancies form ap(4 × 1) array. In many situations
it is unlikely that O vacancies in TiO2 will assume
a periodic array such as shown inFig. 9, but such
model represents well electronic and chemical pertur-
bations associated with the formation of O vacancies
[19,24,32,50]. On the O vacancies, we found that
bonding of thiophene via S (Fig. 11) was more sta-
ble than via H or C. For 0.25 ML of thiophene on
the TiO2−x(1 1 0) surface, the molecular adsorption
energy was 15–17 kcal/mol for the configurations
shown inFig. 11. These bonding energies are larger
than those found on a perfect TiO2(1 1 0) surface, but
upon adsorption on TiO2−x(1 1 0) the elongation of
the C–S bonds was less than 0.02 Å, with a negative
charge on the molecule of less than 0.10e. These re-
sults indicate that the interaction between the vacancy
states of TiO2−x(1 1 0) and the LUMO of thiophene
(C–S antibonding[55]) is weak.

4. Discussion

For industrial applications, the most widely used
metal catalysts are supported on high surface area ma-
terials, i.e. oxide powders[2]. In general, the role of
catalyst supports can be complex and they can offer
high surface area for particle dispersion and/or strong
interactions at metal-oxide interfaces[2,23]. In spite
of the use of oxides as sorbents or catalysts in desul-
furization applications[2,26], very few studies have

been published examining the interaction of thiophene
and pure oxide surfaces[15,16]. The surface chem-
istry of thiophene on polycrystalline�-Al2O3 powders
has been investigated after the condensation of a mul-
tilayer at 130 K[16]. In addition to reversible adsorp-
tion and desorption, only two peaks were displayed
in TDS spectra with maximum rates of desorption at
175 and 220 K for multilayer thiophene and weakly
chemisorbed thiophene[16]. Thiophene interacts only
weakly with the alumina and no decomposition was
observed upon heating to 600 K under UHV conditions
or under a 3.0 Torr partial pressure of thiophene[16].
Previous studies[49,56]show that Ar+ sputtering can
increase the surface area by creating disordered struc-
tures on TiO2 surfaces. The similar TDS results on de-
fective TiO2−x(1 1 0) and�-Al2O3 powders show the
effect of surface morphology on the thiophene bond-
ing modes and/or adsorption sites. Neither of these
rough surfaces is able to dissociate thiophene.

The fact that the TDS features for thiophene on the
defective titania are different from those of the almost
stoichiometric titania implies the presence of different
adsorption sites on these two surfaces. On an almost
stoichiometric TiO2(1 1 0) surface, well-defined des-
orption peaks are seen inFig. 1. TDS spectra exhibit
multiple desorption states for thiophene adsorption on
noble metals such as Au(1 1 1)[17], Cu(1 1 1)[46],
and Ag (1 1 1)[47]. It is well known that thiophene
can adopt either flat or tilted adsorption geometries via
its �-clouds or S-lone pair of electrons, respectively
[17,46,47]. Depending on the coverages, changes in
the bonding geometries and structural phase transi-
tions occur[46,47]. The complex desorption states
in Fig. 1 could be attributed to several different ad-
sorption conformations for thiophene on titania. Our
DF calculations indicate that the molecule should be
bonded through the S-end on O-vacancy sites. On ter-
races of TiO2(1 1 0), adsorption via the�-cloud of
the ring should occur at low coverages, with bonding
through the S atom lone pair at high coverage. In-
frared studies for thiophene on�-Al2O3 powders[16]
have shown three different adsorption configurations
for the molecule. One of them could be identified, and
corresponded to a thiophene species bonded to Al3+
cations via S.

MoSx/TiO2 systems are active catalysts for HDS
reactions[27–29]. These systems display an HDS ac-
tivity that is∼5 times higher than that of MoSx/Al2O3



G. Liu et al. / Journal of Molecular Catalysis A: Chemical 202 (2003) 215–227 225

catalysts where alumina is just a support that facil-
itates the dispersion of MoS2 [1,27]. The high HDS
activity of MoSx/TiO2 could be a consequence of
the presence of Ti3+ sites within the oxide[29]. For
thiophene on almost stoichiometric titania we saw
no dissociation, as has been observed previously on
zinc oxide[15] and alumina[16]. For metal sulfides,
the creation of S vacancies leads to coordinatively
unsaturated metal cations and an increase in the HDS
activity [12,55,57–61]. In principle, one would ex-
pect that something similar could occur in an oxide
like TiO2 after forming Ti3+ sites by the removal of
oxygen[29,62,63]. Our experimental and theoretical
studies show that such Ti3+ sites in TiO2−x(1 1 0) are
not very active for the dissociation of the molecule.
For defective surfaces of TiO2−x(1 1 0) with 45% Tiδ+
(Ti3+ and Ti2+), only a small fraction (<0.05 ML,
determined by XPS peak area) of the adsorbed thio-
phene molecules decomposed. From these data, we
can conclude that Ti3+ centers in MoSx/TiO2 may
not be direct active sites for HDS reactions. However,
the Ti3+ could act as an “electronic promoter” for
the active molybdenum sulfide phase as proposed in
previous works[29,63]. For example, in Au/TiO2 cat-
alysts for the destruction of SO2 [24], interaction with
Ti3+ centers enhances the activity of the supported
gold nanoparticles. Recent results[63] indicate that
Ti3+ species could play a promoting role in the HDS
activity of molybdenum sulfide, in the same way as
Co and Ni promoters. In principle, an electron transfer
from Ti3+ to the Mo 3d conduction band could occur,
and lead to weak Mo–S bonds[29,63]opening in this
way the Mo cations for HDS reactions. This is a topic
that needs additional studies to be confirmed or re-
jected. Also Ti3+ sites could help in the dissociation
of H2 [29,64], which then will spill-over onto sites
on Mo sulfide to be used in desulfurization reactions.

In general, O vacancies enhance the reactiv-
ity of TiO2(1 1 0) towards S-containing molecules
[19,24,32]and other adsorbates[23,65]. Even in the
case of SO2, the Ti3+ centers readily cleavage the
double bonds between S and O[24]. Thus, the lack
of dissociation seen in the thiophene/TiO2−x(1 1 0)
system must be attributed to the high stability of
the aromatic ring in the adsorbate. In thiophene the
LUMO appears very high in energy[55] and interacts
poorly with the vacancy states of TiO2−x(1 1 0). For
adsorption on the O vacancies, the calculated nega-

tive charges on S (−0.3e [32]), CH3S (−0.2e [19])
and SO2 (−0.5e [24]) were more substantial than in
thiophene (−0.06e). Theoretical calculations for the
bonding of thiophene to ZnO clusters also show a
negligible charge on the molecule (∼0.05e [15]). The
typical ionicity of oxides leads to metal centers with
a high positive charge and a low density of states near
the Fermi level[23]. The net result are poor bond-
ing interactions between an oxide and the LUMO
of thiophene. Surfaces that are able to transfer elec-
trons into this orbital have no problems dissociating
the molecule[4–6,15,55,66]. Thus, C4H4S readily
decomposes on most metal surfaces[4–7].

5. Conclusions

In this paper, the adsorption of C4H4S on almost
stoichiometric TiO2(1 1 0) and defective TiO2−x(1 1 0)
surfaces has been studied with a combination of
synchrotron-based high-resolution photoemission
spectroscopy, TDS, and first-principles DF slab cal-
culations. Over an almost stoichiometric TiO2(1 1 0)
surface, the adsorption and desorption of C4H4S is
completely reversible. No thiophene decomposition
was observed up to 800 K under ultra-high vacuum
conditions. In the submonolayer regime, four adsorp-
tion states in the temperature range of 150–450 K
were identified in TDS. Very weak desorption fea-
tures at 320 and 450 K can be attributed to thiophene
adsorption on defects and steps of the surface. Thio-
phene bonded to terraces of TiO2(1 1 0) desorbs at
temperatures below 300 K. The results of DF calcu-
lations indicate that at small coverage the molecule
is bonded with its ring nearly parallel to the surface.
At high coverages of thiophene, bonding through
the S atom becomes more stable. On a defective
TiO2−x(1 1 0) surface with∼45 % of Ti3+ and Ti2+,
a small fraction of the adsorbed thiophene molecules
(<0.05 ML) decomposed. Our experimental and the-
oretical studies indicate that the vacancy states of
TiO2−x(1 1 0) interact poorly with the LUMO of thio-
phene. This is a behavior opposite to that found for
the adsorption of S2, CH3S and SO2. Our results
are consistent with the idea that the Ti3+ centers in
MoSx/TiO2 catalysts are not the direct active sites for
HDS reactions, but maybe “electronic promoters” for
the active molybdenum sulfide phase.
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