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Importance of O vacancies in the behavior of oxide surfaces:
Adsorption of sulfur on TiO 2„110…
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Synchrotron-based high-resolution photoemission, thermal desorption mass spectroscopy, and first-
principles density functional calculations were used to study the adsorption and reaction of sulfur with
TiO2(110). At 100–300 K, S atoms bond much more strongly to O vacancy sites than to atoms in the Ti rows
of a perfect oxide surface. The electronic states associated with Ti31 sites favor bonding to S, but there is not
a substantial oxide→adsorbate charge transfer. In general, the bond between S and the Ti cations is best
described as covalent, with a small degree of ionic character. For dosing of S at high temperatures~.500 K!
a layer of TiSx is formed on TiO2(110). The O signal disappears in photoemission and Auger spectroscopy,
and the Ti 2p core levels show a complete TiO2→TiSx transformation. The O↔S exchange does not involve
the production of SO or SO2 species. Instead, the formation of TiSx involves the migration of O vacancies from
the bulk to the surface. The S/TiO2(110) system illustrates how important can be surface and subsurface
defects in the behavior of an oxide surface. The exchange of O vacancies between the bulk and surface can lead
to unexpected chemical transformations.

DOI: 10.1103/PhysRevB.65.235414 PACS number~s!: 68.43.2h; 68.47.Gh; 82.33.Pt; 82.45.Jn
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I. INTRODUCTION

The adsorption of molecules on oxide surfaces is a
process in the fabrication of electronic devices, cataly
photoelectrolysis, corrosion, sensor development, etc.1,2 The
metal elements are able to form a large diversity of ox
compounds.1,2 These oxides adopt a vast number of stru
tural geometries and at an electronic level they can exh
metallic character or behave as semiconductors
insulators.1,2 Recent theoretical studies have demonstra
the important role that oxygen vacancies play in the beha
of highly ionic oxides like MgO or Al2O3 .3–8 In their pure
stoichiometric states, these oxides exhibit large band g
with bands that are either too stable~valence states! or un-
stable~conduction states! for effective bonding interactions
with most adsorbates.9 On highly ionic oxides, the binding o
an adsorbate is frequently due to pure electrostatic inte
tions with the oxide substrate.1,9–11The presence of O vacan
cies induces electronic states within the oxide band ga3,4

that make possible bonding interactions with the orbitals
adsorbates.3,9 In the case of MgO~100!, the excess electroni
charge is highly localized on the O vacancy sites,3,4,12 and a
large fraction of it can be transferred to adsorbates.3,5,8 In a
much less ionic oxide like TiO2 ,1,13,14 the degree of charge
localization on the O vacancy sites is less pronounced
part of the excess electronic charge is distributed on
neighboring cations.14–16 It is not obvious what behavior to
expect for adsorption on this type of system or how imp
tant can be the adsorbate↔vacancy interactions for the
chemical properties of the oxide surface. To address th
issues, in this article we examine the bonding of sulfur
stoichiometric and partially reduced TiO2(110) surfaces.
0163-1829/2002/65~23!/235414~12!/$20.00 65 2354
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In general, a fundamental understanding of the interac
of sulfur with oxide surfaces is important for two practic
reasons.17–21First, in several operations in the semiconduc
industry sulfur is deposited on oxide surfaces to passivat
protect electronic devices.1,17 Second, oxides are frequentl
used as sorbents or catalysts to remove sulfur-contain
molecules from the oil and to prevent the evolution into t
atmosphere of the SO2 formed as a by-product during th
combustion of fuels.1,18–21In practical terms, it is necessar
to establish what types of oxides have a high reactivity
ward sulfur.17,18,20 In spite of this, very few studies hav
appeared examining in detail the bonding of sulfur to we
defined oxide surfaces.1,22–27 TiO2 is employed on a large
industrial scale for the removal of H2S and SO2 in the Claus
process.21 Previous works have investigated the adsorpt
of SO2,28–31 H2S,29 and elemental sulfur,24–27 on
TiO2(110).

Results of scanning tunneling microscopy~STM! indicate
that at room temperature S adsorbs on the titanium row
the TiO2(110) surface with a high mobility along the@001#
direction.24 The formation of TiSx aggregates was observe
on the oxide surface after dosing sulfur at elevated temp
tures~. 500 K!.24,26The exact details of the mechanism f
the formation of TiSx are unclear. It was proposed that th
migration of O vacancies or Ti31 interstitials from the bulk
to the surface of the oxide could play a role in the generat
of TiSx ,26 but a surface reaction of the S21TiO2→TiS
1SO2 type could not be ruled out with the existing STM o
x-ray photoelectron spectroscopy data. In this article we
a combination of synchrotron-based high-resolution pho
emission, thermal desorption mass spectroscopy~TDS!, and
first-principles density functional calculations to study t
©2002 The American Physical Society14-1
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properties of the S/TiO2(110) system. Our results show im
portant changes in the nature of the S-TiO2 bond depending
on the sulfur coverage, adsorption site, and temperatur
the surface. The S 2p core levels are very sensitive t
changes in the chemical environment around the S atom
complete TiO2→TiSx transformation is observed within th
escape depth probed by photoemission. The present re
illustrate how O vacancies localized in the subsurface reg
of an oxide can drive chemical transformations that would
impossible in a stoichiometric material.

The article is organized as follows. Section II contains
description of the technical details of the work, including t
experimental and theoretical methods used. Section III st
with a presentation of photoemission and TDS spectra
S/TiO2(110), followed by an analysis of first-principles ca
culations for this system. In Sec. IV, we discuss our data
general trends that show the importance of surface and
surface vacancies for the behavior of TiO2(110) and other
oxide surfaces.

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Photoemission and TDS experiments

The experiments described in Sec. III A were carried
in two separate ultrahigh-vacuum~UHV! chambers. The
photoemission spectra were acquired at the National S
chrotron Light Source~NSLS! using beamline U7A. The end
station of this beamline consists of an UHV chamber~base
pressure ,7310210 Torr! fitted with a multichannel
electron-energy analyzer for photoemission, optics for lo
energy electron diffraction~LEED!, and a quadrupole mas
spectrometer.32 The S 2p and Ti 2p photoemission data wer
acquired using photon energies of 260 and 625 eV, res
tively. The binding energy scale in the spectra was calibra
by the position of the Fermi edge. The overall instrumen
resolution in the photoemission experiments was 0.3–0.4
A second UHV chamber~base pressure,3310210 Torr!
was equipped with an Auger electron spectrometer~AES!,
LEED, and instrumentation for TDS. The same TiO2 crystal
mounted in a Ta frame and sandwiched between Ta pl
was spot welded to Ta heating legs of a manipulator cap
of cooling to 80 K and heating to 1185 K and used in bo
chambers.

The TiO2(110) crystal was cleaned following procedur
described in the literature23,27 that consisted of initial sample
heating to 1000 K for 1 h, with subsequent cycles of sput
ing ~1 keV Ne1 ions! at room temperature and 10 min anne
at 970–1000 K in UHV. This preparation leads to a dark b
crystal with no detectable impurities as judged by AES a
photoemission. The sample exhibited a (131) LEED pat-
tern, and previous studies using STM~Ref. 24! and
photoemission27,33 have shown that the resulting surface h
O vacancies in the bridging oxygen rows with a density
;7%. This partially reduced TiO2(110) surface was expose
to S2 at temperatures between 100 and 800 K. S2 gas was
generatedin situ by decomposing Ag2S in a solid-state elec
trochemical cell Pt/Ag/AgI/Ag2S/Pt.32
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B. First-principles density functional calculations

The geometries and bonding energies for sulfur
stoichiometric and partially reduced TiO2(110) were calcu-
lated using theCASTEP ~Cambridge serial total energy pack
age! code.34,35 Previous work indicates thatCASTEP can
be quite useful for studying adsorption processes
TiO2(110),33,36–39and on other oxide surfaces.5,40–42In this
code, the Kohn-Sham equations are solved within the fra
work of density functional theory by expanding the wa
functions of valence electrons in a basis set of plane wa
with kinetic energy smaller than a specified cutoff ener
Ecut.

34,35The presence of tightly bound core electrons is re
resented by nonlocal ultrasoft pseudopotentials of
Vanderbilt type.43 The valences andp states of O and S, and
the semicore (3s,3p) and valence (3d,4s,4p) states of Ti are
explicitly treated. Reciprocal-space integration over the B
louin zone is approximated through a careful sampling a
finite number of k points using the Monkhorst-Pac
scheme.44 In all the calculations, the kinetic energy cuto
(Ecut5400 eV) and the density of the Monkhorst-Pa
k-point mesh@a 83431 grid for the smallest (131) surface
unit cell, reduced to 43431 or 43231 grids for larger
cells# were chosen high enough to ensure convergence o
computed structures and energetics. The exchan
correlation contribution to the total electronic energy
treated in a generalized gradient corrected~GGA! extension
of the local density approximation~LDA !.45 We have used
the GGA functional in the form proposed by Perdew a
Wang.45,46This functional should give reasonable predictio
for the bonding energies of sulfur on TiO2(110).3,9,38,39,42

For the bonding of small molecules to TiO2(110) the
Perdew-Wang functional predicts adsorption energies
are within 0.25 eV of the experimental values.33,38,39In this
work, our main interest is in the relative energy changes w
sulfur adsorption site and sulfur coverage, not in absol
values.

The structural parameters of the S/TiO2(110) system in
its different configurations were determined using t
Broyden-Fletcher-Goldfarb-Shanno minimization techniq
with the following thresholds for the converged structure
energy change per atom less than 531026 eV, residual
force less than 0.02 eV/Å, and displacement of atoms du
the geometry optimization less than 0.001 Å. For each o
mized structure, the partial charges on the atoms were
mated by projecting the occupied one-electron eigenst
onto a localized basis set with a subsequent Mulliken po
lation analysis.47 The Mulliken charges must not be inte
preted in absolute quantitative terms because of the un
tainty in uniquely defining a charge-partitioning scheme.47

III. RESULTS

A. Adsorption of sulfur on TiO 2„110…:
Photoemission and thermal desorption studies

Figure 1 shows S 2p photoemission spectra acquired aft
dosing S2 to a TiO2(110) surface at 100 K. For the smalle
dose a doublet is observed with the S 2p3/2 features at
4-2
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IMPORTANCE OF O VACANCIES IN THE BEHAVIOR . . . PHYSICAL REVIEW B 65 235414
;161.5 eV. This denotes the presence of S atoms adso
on O vacancies.25 Thus, these sites are reactive enough
dissociate S2 at 100 K. Additional dosing of sulfur leads t
the appearance of features near 164 and 167.5 eV. The
match the binding energy position for SO3 species on
oxides48 and, since they saturate with a very small intens
can be assigned to S atoms that react with O sites nea
fects of the surface.~A peak for a direct reaction of S with
atoms in the O bridging rows should be much stronger.! The
features between 166 and 164 eV agree with the posi
found for Sn species on metal and oxide surfaces.39,49 Once
the O vacancies are saturated with sulfur, the S2 molecules
start to adsorb on the Ti rows and instead of dissociat
they form Sn aggregates.

Figure 2 displays S 2p data for the adsorption of S2 on
TiO2(110) at 300 K, with subsequent annealing to high
temperatures. Initially, sulfur adsorbs on the O vacancy si
Additional dosing leads to a sulfur saturation coverage
0.6–0.7 monolayers~ML ! on the oxide surface24,25and com-
plex S 2p features. At this point, the S 2p spectrum is well
fitted by a set of four doublets~see bottom of Fig. 3! with
2p3/2 components at 161.6(d1), 162.8(d2), 163.3(d3), and
167 eV(d4). To fit these data a Shirley background was su
tracted from the raw spectrum, and a convolution of Lore
zian and Gaussian functions was used to fit each peak.32,48,49

Thed1 doublet is assigned to S atoms on O vacancies.25 The
d4 doublet likely corresponds to SO3 groups.48 The differ-
ence in binding energy between thed2 and d3 doublets is
only ;0.3 eV, and following previous STM studies24 we

FIG. 1. S 2p photoemission spectra for the adsorption of S2 on
TiO2(110) at 100 K.
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assign these features to S atoms bonded to the Ti rows o
surface. These atomic sulfur species clearly appear at b
ing energies different~1.0–1.5 eV! from those of the Sn ag-
gregates seen at 100 K in Fig. 1. Upon heating from 350
550 K ~Fig. 2!, the S bonded to the Ti rows disappears fro
the surface and only the S bonded to O vacancy sites rem
adsorbed.

Data for the desorption of sulfur from S/TiO2(110) sur-
faces are shown in Fig. 4. The left-side panel shows
effects of temperature on the S 2p intensity for surfaces pre
pared by adsorbing sulfur at 100 and 300 K. In both cases
largest drop in S 2p intensity is seen between 350 and 5
K. The right-side panel in Fig. 4 shows typical S2 and S TDS
spectra for S/TiO2(110) ~sulfur adsorption at 300 K!. Evolu-
tion of S2 ~mass 64, see below! into the gas phase is see
from 350 to 500 K, as a consequence of desorption o
atoms from the Ti rows (2Sads→S2,gas). Evolution of atomic
S into the gas phase occurs from 350 to almost 800 K i
broad and weak trace. Thus, S atoms bonded to O vaca
sites of TiO2(110) desorb as atomic species. No TDS spec
have been reported for the desorption of sulfur from ot
oxide surfaces, but in the case of sulfur adsorbed on me
evolution of S2 and S has been observed in TDS.50,51 S2 and
SO2 have mass 64 as the main peak in mass spectrosc
The cracking of SO2 in the mass spectrometer is expected
produce a peak at mass 48 for the SO fragment. In the T
spectra for S/TiO2(110), the signal for mass 48 was neg
gible, well within the noise level of our instrument. Ther

FIG. 2. S 2p photoemission spectra for the adsorption of S2 on
TiO2(110) at 300 K, with subsequent heating to the indicated te
peratures~300–800 K!.
4-3
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fore, we can conclude that the removal of surface O as S2
or SO gas is not an important channel when heat
S/TiO2(110) surfaces.

An identical conclusion can be reached by analyzing
corresponding Ti 2p photoemission spectra~left panel in Fig.
5!. After saturating the oxide with sulfur at 300 K, one se
an attenuation of the Ti 2p peaks without new features in th
456–457 eV region where Ti31 species appear.27,33 These
extra features are also not seen when the sample temper
is raised from 300 to 500 K and species with mass 64~S2, no
SO2! evolve into the gas phase.

FIG. 3. S 2p photoemission spectra for saturation coverages
sulfur on TiO2(110) at 300, 460, 600, and 700 K. To fit the spec
a Shirley background was subtracted from the raw spectra, a
convolution of Lorentzian and Gaussian functions was used to
resent each peak.
23541
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Hebenstreitet al. have observed the formation of TiSx
aggregates on TiO2(110) after dosing sulfur at elevated tem
peratures~. 500 K!.24,26 Our experiments indicate that, i
fact, all the oxygen atoms within the escape depth probed
photoemission can be replaced by S atoms. The Ti 2p pho-
toemission data in the right-side panel of Fig. 5 for the d
ing of sulfur at 700 K show trends clearly different from
those seen for dosing at 300 K~left panel!: new features
appear, and the peaks for TiO2 completely disappear whe
the surface is saturated with sulfur. Figure 6 shows A
spectra recorded after saturating TiO2(110) with sulfur at
different temperatures. At room temperature, the sulfur
weakly bonded to the surface and the electrons from the A
gun induced partial desorption of the adsorbate. But, as
temperature of the sample is raised, S is bonded m
strongly and the SLMM Auger signal increases. The inten
sity of the Ti LMM signal is not affected, but the OKLL
signal disappears when sulfur is dosed at temperatures a
600 K. An identical phenomenon was observed in the Os
photoemission spectra. All these results together indicate
there is a complete O↔S exchange at the surface and su
surface regions.

Figure 3 displays S 2p spectra for the saturation o
TiO2(110) with sulfur at 300, 460, 600, and 700 K. As th
sample temperature varies, there is a substantial chang
the amount of sulfur adsorbed and in the position of the Sp
features. After background subtraction, the spectra at
and 700 K are well fitted by a set of three doublets with 2p3/2
components at 161.9 (d1), 161.1 (d5), and 160.5 eV (d6).
The d1 features appear in a position that is close to t
found at 300 K for S atoms bonded to vacancies on
bridging O rows. At elevated temperatures, thed6 doublet is
clearly dominant and exhibits a binding energy much low
than the binding energies seen for the species obtained
dosing sulfur at 300 K (d1-d4). The d6 features are the
‘‘fingerprint’’ for the formation of TiSx on the surface. They
could originate in S atoms that replace the in-plane oxyg
of the TiO2(110) surface. STM images24,26 and first-
principles calculations~next section! indicate that this should
be the last stage in the sulfidation process. The results in
3 show that the S 2p core levels are very sensitive t
changes in the chemical environment around the S ato
This is consistent with the results of density functional~DF!
calculations~next section! which point to significant change
in the nature of the S-TiO2 bond depending on the adsorptio
site and sulfur coverage.

f

a
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:
a
t

FIG. 4. Left side: Variation of
the S 2p intensity with tempera-
ture after dosing S2 to TiO2(110)
at 100 and 300 K. Right side
Thermal desorption spectra for
S/TiO2(110) surface prepared a
300 K. Heating rate52 K/s.
4-4
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FIG. 5. Left side: Ti 2p photo-
emission spectra for the adsorp
tion of sulfur on TiO2(110) at 300
K, with subsequent annealing t
higher temperatures~300–700 K!.
Right side: Ti 2p spectra for the
adsorption of sulfur on TiO2(110)
at 700 K.
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The results of thermal desorption indicate that the Tx
aggregates are very stable on TiO2(110), decomposing a
temperatures well above 1000 K. Figure 7 shows TDS res
for the decomposition of the TiSx formed after dosing sulfur
to TiO2(110) at 800 K. The sample temperature was ram
to 1185 K ~the highest temperature possible in our manip
lator! and held there until the desorption rates of S, S2 , and
SO began to decrease. Strong signals are observed
masses 32~S! and 64~S2 or SO2!. From the initial rise of the
mass 64 signal an apparent activation energy of 2
60.03 eV is found for the decomposition process of t
TiSx . The negligible signal seen for the evolution of SO~a
cracking fragment of SO2! indicates that the mass 64 peak
essentially due to desorption of S2 . Although the oxide sys-
tem is rich in sulfur, a reaction of the Sads1Osurf→SOx,gas
type is not important, and should not contribute to the O↔S
exchange at the surface. Hebenstreitet al.have proposed tha
the exchange process could be facilitated by the migratio
O vacancies or Ti31 interstitials from the bulk to the surfac
of the oxide.24,26 In the next section, we will examine thes
hypotheses by means of first-principles calculations.

B. Adsorption of sulfur on TiO 2„110…:
Density functional studies

The TiO2(110) surface was represented by a four-la
slab as shown in Fig. 8, which was embedded in a thr
dimensionally periodic supercell.16,35A vacuum of 12 Å was
placed on top of the slab in order to ensure negligible in
actions between periodic images normal to the surface.16,33

Previous theoretical studies have shown that a three-l
23541
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FIG. 6. Auger spectra acquired after saturating TiO2(110) with

sulfur at different temperatures.
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periodic slab can reliably model adsorption reactions o
perfect TiO2(110) surface.13,16,37–39,52In our calculations, we
added one more layer since we are also interested in ex
ining the behavior of titania systems with vacancies on
surface and subsurface region.33 The geometry optimization
for bulk TiO2 gave a rutile unit cell witha5b54.64 Å and
c52.97 Å These values are close to those derived from
perimental measurements53 ~a5b54.59 Å, c52.96 Å! and
other theoretical calculations.14,16,38 In the slab calculations
the structural geometry of the first two layers was relax
while the other two layers were kept fixed in the geometry
bulk TiO2 . For the perfect TiO2(110) surface, the five- and
sixfold-coordinated Ti ions moved in and out of plane
0.15 and 0.11 Å, respectively. The bridging oxygens mov
into the surface by 0.10 Å, and the in-plane oxygens mo
out of the surface by 0.11 Å. These shifts in the atom po
tions agree well with those seen in other DF studies.14,16,38

Most of them are also in good agreement with atomic sh
found in x-ray surface diffraction studies for TiO2(110),54

FIG. 7. Top: Thermal desorption spectra for the decomposi
of a TiSx overlayer formed after dosing sulfur to TiO2(110) at 800
K. Heating rate up to 1185 K: 2.7 K/s. Bottom: Activation ener
for the decomposition of TiSx .
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the only exception being the shift for the bridging oxyge
where the experimental results give a movement of 0.27
toward the surface.

To model a TiO2(110) surface with O vacancies, we use
a four-layer periodic slab with atoms~50% or 25%! missing
from the bridging oxygen rows in the first layer~see center
of Fig. 8 for an example!.16,25,33This is the most common
position observed for O vacancies when their number
moderate or low.1,24 In many situations it is unlikely that O
vacancies in TiO2 will assume a periodic array such as th
shown in Fig. 8, but our model represents well the electro
perturbations associated with O vacancies~see below!. The
structural configuration seen in this model is usually kno
as a (231)-TiO2(110) reconstructed surface.16 Here, the re-
duced surface is constructed by removing alternate bridg
oxygens, giving a vacancy density of half a monolayer. T

n

FIG. 8. Slabs used to model a perfect TiO2(110) surface~top!,
and systems with O vacancies in the surface~center! and subsurface
~bottom! regions. Each slab contains four layers with Ti atoms.
atoms are represented by dark spheres, whereas gray spheres
spond to O atoms. The slab in the center corresponds to a
31)-TiO2(110) reconstructed surface.
4-6
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system could also adopt a (132) reconstruction that has th
same density of vacancies, but now they form a comp
missing row along the~001! direction.16 Our DF calculations
and previous theoretical work16 show a small energy differ
ence~,0.2 eV! between the (231) and (132) reconstruc-
tions. The (231)-TiO2(110) system is a better represen
tion of a TiO2(110) surface with a moderate or low numb
of vacancies than the (132)-TiO2(110) system.1,24 We also
investigated the properties of a surface with ap(232) array
of vacancies in the bridging oxygen rows. As in the case
the perfect TiO2(110) slab, the structural geometry of th
first two layers in the slabs with surface O vacancies w
relaxed while the bottom two layers were kept fixed in t
geometry of bulk titania. In all cases, there was a substan
relaxation in the region near a missing oxygen with the
jacent Ti atoms moving downward and sideways~0.16–0.19
Å! to strengthen their bonds with the remaining oxygens

Figure 9 displays the calculated density of states for
occupied bands in the perfect TiO2(110) slab and in the re
duced (231)-TiO2(110) slab~surface with O vacancies in
our notation, top panel!. The valence band in TiO2(110) con-
tains states of O 2p and Ti 3d character. Since the Ti-O
bonds are not fully ionic and have a large degree of cova
character,13–16 TiO2 is best described as an ionocovale
oxide.14 The introduction of O vacancies in the TiO2(110)
surface generates a new occupied state that appears; 1.6 eV
above the top of the$O2p1Ti3d% band and has Ti 3d char-
acter. This state has been observed in experiments of val
photoemission,1,26,55 and is frequently attributed to Ti31

ions.55 In the case of a (132)-TiO2(110) reconstructed sur
face, again we found an extra occupied state located; 1.2
eV above the TiO2 valence band. Thus, from an electron
viewpoint, the Ti atoms located near O vacancies are be
suited for electron-donor interactions with sulfur or other a
sorbates than atoms in the Ti rows.

Table I lists structural parameters and bonding energ
calculated for the adsorption of sulfur on perfect TiO2(110)

FIG. 9. Density functional results for the density of states of
occupied bands in TiO2(110) and a system with O vacancies in t
surface, (231)-TiO2(110) reconstructed surface.
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and reduced oxide surfaces. On TiO2(110), the listed values
are very similar to those found before using the same th
retical approach and a three-layer slab model.25 Therefore,
our main results are not an artifact of the thickness used
the slab model. Sulfur was adsorbed with coverages of
0.5, and 0.25 ML, adoptingp(131), p(231), or p(232)
periodic overlayers. In our adsorption models, the geome
of the adsorbate and first two layers of the slab was allow
to relax during the DF calculations. The bonding energies
0.5 and 0.25 ML of S increase according to the seque
bridging O rows,Ti rows,O vacancies, in agreement wit
the trends seen in the photoemission data of Figs. 1 and
is known that the atoms in the bridging O rows of TiO2(110)
bond SO2 to form SO3 and SO4 species.31 Indeed, the calcu-
lated bonding energy for S on these O centers is substa
~1.2–1.4 eV!, but not large enough to compete with bondin
to Ti sites. From the results in Table I, it is clear that Smust
bond preferentially to O vacancies of a TiO2(110) surface.
Once these sites are saturated with S, then adsorption o
Ti rows should follow.

e

TABLE I. Adsorption of sulfur on TiO2(110): First-principles
results.

AC-S
distancea

~Å!

Adsorption
energyb

~eV!

Charge
on S
~e!

Perfect TiO2(110)
on Ti rows

0.25 ML of S,p(232) 2.41 2.91 20.11
0.50 ML of S,p(231) 2.46 2.60 20.07
1.0 ML of S, p(131) 2.61 1.34 20.02
0.5 ML of S2 2.69c 2.25 10.11

on bridging O
0.25 ML of S,p(232) 1.60 1.38 10.34
0.50 ML of S,p(231) 1.63 1.21 10.26

(231)-TiO2(110), vac
on O vacancies

0.25 ML of S,p(232) 2.28 3.93 20.33
0.50 ML of S,p(231) 2.29 3.81 20.28

(132)-TiO2(110), vac
on O vacancies

0.25 ML of S,p(232) 2.24 3.97 20.32
0.50 ML of S,p(132) 2.26 3.89 20.31

(232)-TiO2(110), vac
on O vacancies

0.25 ML of S,p(232) 2.27 3.76 20.26

aAC (adsorption center)5Ti in Ti rows or O vacancies, and O in
bridging oxygen rows.

bThe adsorption energies were calculated according to the exp
sion Eads5ES1Eslab2E(S1slab) , whereES is the energy of an iso-
lated S atom,Eslab is the total energy of the bare slab, andE(S1slab)

is the total energy of the adsorbate/slab system. Positive adsor
energies denote an exothermic adsorption process.

cThe S-S bond length was 1.95 Å on the oxide surface versus
Å in the free S2 molecule.
4-7
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On the Ti rows, there is a large drop in the adsorpt
energy with increasing S coverage, and for large covera
the calculations predict that chemisorbed S2 molecules are
more stable than S atoms. Figure 10 illustrates this in de
for the case of a TiO2(110) surface saturated with sulfu
Initially, a monolayer of atomic S is on the Ti rows, and up
complete relaxation the S atoms pair forming dimers~DE
521.82 eV, exothermic process!. At this coverage the Ti-S
bonds are not strong enough and the system gains sta
by forming S-S bonds. In the adsorbed S2 molecules, the S-S
bond length~1.94 Å! is somewhat larger than that found fo
free S2 ~1.90 Å!. To desorb these S2 species as molecules on
has to put only 0.59 eV into the system. Thus, in photoem
sion experiments, evidence for the presence of S2 species on
TiO2(110) was found only upon dosing of the adsorbate
temperatures well below 300 K. For the adsorption of sul
on the O vacancy sites of a (231)-TiO2(110) surface, we
found that S2 pairs were not stable with respect to atomic
This was also true for sulfur on O vacancy sites of a
32)-TiO2(110) surface, even when the missing rows
bridging oxygens were completely replaced by rows
bridging sulfur atoms. In these cases, there was a drop in
adsorption energy of S with increasing coverage, but the T
bonds at the O vacancies were still strong enough to pre
S-S bonding.

In Table I an interesting trend is observed in the projec
Mulliken charges47 for adsorbed sulfur. The electron densi
on the sulfur atoms increases in the order S on bridg
O,S2 on Ti rows,S on Ti rows,S on O vacancies. The fac
that Ti atoms near O vacancies are better electron do
than atoms in the normal Ti rows of the surface can be

FIG. 10. View from the top for a full monolayer of sulfur on
perfect TiO2(110) surface. Dark spheres denote Ti atoms. The
and S atoms are represented by small and large gray sphere
spectively. Initially, the S atoms were directly above the metal
oms in the Ti rows~therefore these Ti atoms are not visible in th
top view!. Upon full relaxation of the system, adjacent sulfur ato
moved to form S2 molecules.
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pected from the differences seen in the density-of-states p
of Fig. 9. Following the standard model for core-level shi
based on changes in electron-electron repulsion,56 one can
expect that the smaller the electron density on a sulfur at
the higher the binding energy of its 2p core levels. And
indeed, comparing the results in Fig. 2 and Table I, one fi
a nice qualitative correlation between the charge and bind
energy of the 2p levels of adsorbed sulfur. However, th
must be taken with caution since several factors can af
the position of the core levels of an atom on a surface.56–58

In general, the bond between S and the oxide surface is
described as covalent, with a small degree of ionic charac
As the S coverage increases, the degree of ionicity in
S-TiO2 bond decreases.

The migration of O vacancies from the bulk to the surfa
of TiO2(110) could be the key pathway for the formation
a TiSx overlayer.24,26 After cleaning/preparing a titania
sample, one obtains a distribution of O vacancies from
surface to the bulk of the system.1,24,59 Using the two-slab
models shown at the center and bottom of Fig. 8, we co
pared the stability of O vacancies in the surface and sub
face regions of TiO2(110). After structural relaxation of the
top two layers in each slab, the DF calculations predic
small difference in stability~0.13 eV! that favors the struc-
ture with subsurface vacancies. If one compares with a
32)-TiO2(110) system instead of a (231)-TiO2(110) sys-
tem, then the difference in stability between surface and s
surface vacancies is almost zero. In all cases, the calcul
energy differences are small and well within the accuracy
the method. When S adatoms~0.5 ML! are present on the
surface, the migration of O vacancies from the subsurf
region to the surface~see Fig. 11! is a highly exothermic
process~DE520.89 or21.11 eV!, which certainly can lead
to formation of TiSx aggregates on TiO2(110). DF calcula-
tions for 0.25 ML of S on TiO2(110) slabs that initially
contained subsurface O vacancies inp(231) andp(232)
arrays also showed a substantial release of energy~.0.5 eV!
upon diffusion of the vacancies to the surface. Although t
process is well downhill from a thermodynamic viewpoint,
probably needs elevated temperatures to overcome activa
energies associated with the migration path of the
vacancies.4

A second route for the formation of TiSx on TiO2(110)
could involve the migration of Ti31 interstitials.26 These
species originate as a result of an excess of Ti in the tita
lattice,59,60 and in some situations they are known to exhi
a faster mobility than O vacancies.60 The exact position of
the Ti31 interstitials in the TiO2 lattice is unknown. Using
DF and relaxed slab models, we calculated theDE for
the migration path shown in Fig. 12 and proposed in Ref.
In this system, initially, 0.5 ML of interstitial titanium
are below the surface, with 0.5 ML of S atoms on t
surface. Without the sulfur, a subsurface→surface migration
of the titanium interstitials is highly endothermi
(DE511.06 eV) due to the overall rupture of Ti-O bond
The formation of a Ti-S bond is not enough to compens
for the breaking of Ti-O bonds, and the Ti migration in Fi
12 is still an uphill process (DE510.27 eV). This trend did
not change when a larger cell was used in the DF calc

re-
t-
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tions and 0.25 ML of S adatoms coexisted with 0.25 ML
Ti interstitials (DE510.38 eV). Our DF calculations indi
cate that an exothermic subsurface→surface migration of Ti
can be obtained at large concentrations of Ti interstitia~
uS50.5 ML anduTi~int!>0.75 ML; initially substantial strain
within the TiO2 lattice occurs due to the large amount of
interstitials! or big coverages of S adatoms~uTi~int!50.5 ML
and uS>0.75 ML; multiple Ti-S bonds upon Ti migration!.
Such conditions are not easy to achieve in the experimen
Fig. 5. Therefore, the migration of O vacancies~Fig. 11!
clearly appears as a much better route for the generatio
TiSx on TiO2(110). This is consistent with the experiment
trends seen in photoemission and AES spectroscopy for
disappearance of the O signal near the surface during
sulfidation reaction. In the migration processes of Fig.
there is no substantial loss of Ti-O bonding and strong T
bonds are gained.

IV. DISCUSSION

The first-principles calculations in Sec. III B indicate th
the bond between S and pentacoordinated Ti atoms of T2
is mainly covalent. Charges derived from a particular pa
tion scheme of the electron density should not be conside
in absolute quantitative terms,47,57,61but from the results in
Table I it is quite clear that the charge separation in
S-TiO2 bond is small. In bulk TiO2 , the Ti-O bonds are no
fully ionic and have a large degree of covalent character.13–16

For a S atom on an O vacancy the calculated Mullik
charge (;20.3e) was substantially smaller than that o

FIG. 11. Sulfur-induced migration of O vacancies. Initially, S
adsorbed on the Ti rows and O vacancies are located in the su
face or bulk region. In the final state, the O vacancies have mo
to the surface~bridging O rows, left, or in-plane positions, righ!
and are ‘‘covered’’ by S atoms. In the scheme, only three of the f
layers in the slab models are shown. Ti atoms are represente
dark spheres, whereas gray spheres correspond to O atoms.
23541
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served for O atoms in the same position (;20.55e). This
can be expected due to the large difference in the Pau
electronegativities of S@2.58 ~Ref. 62!# and O @3.44 ~Ref.
62!#. As compounds, sulfides are known to be less ionic th
oxides.63 The trend in the relative ionicity of the Ti-O an
Ti-S bonds is consistent with the shift seen in Fig. 5 for t
Ti 2p core levels after O↔S exchange at high temperatur

The sulfur↔oxide bonding interactions observed o
TiO2(110) are much stronger than those previously found
the adsorption of sulfur on highly ionic oxides lik
MgO~100! ~Ref. 23! and Al2O3 .64 They are similar to those
found on ZnO~0001!,23 another ionocovalent compound lik
TiO2 .14,63 In principle, several phenomena can affect t
bonding of an adsorbate on an oxide surface: band-orb
hybridizations and subsequent electron transfer between
sorbate and surface, effects of Pauli repulsion, charge po
ization induced by adsorption, attractive electrostatic inter
tions between the charge on the adsorbate and the Made
field of the oxide, etc.1,9–13 The behavior seen for sulfur o
the oxide surfaces reflects the importance of band-orbital
teractions for the adsorption and bonding of this eleme
Oxides that have a large degree of ionicity usually hav
wide band gap, with bands that are either too stable~valence
states! or unstable~conduction states! for effective bonding
interactions with most adsorbates.9,23 According to a simple
model based on band-orbital mixing,9,42,65 the smaller the

ur-
d

r
by

FIG. 12. Migration of Ti31 interstitials in the presence of sulfu
Initially, S ~0.5 ML! is adsorbed on the Ti rows and excess Ti ato
~0.5 ML! are located in the subsurface or bulk region. In the fin
state, the excess Ti atoms have moved to the surface and are bo
to S atoms. In the scheme, only three of the four layers in the
models are shown. All Ti atoms are represented by dark sphe
whereas gray spheres correspond to O atoms.
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band gap in an oxide, the bigger its activity for adsorpti
processes. Thus, TiO2 with a small band gap1 (BG;3 eV) is
more reactive than MgO@BG;7 eV ~Ref. 23!# or Al2O3
@BG;9 eV ~Ref. 64!#. The same model also explains th
differences in reactivity observed between perfect a
vacancy-rich TiO2(110). The creation of O vacancies
TiO2(110) produces states above the valence$O2p1Ti3d%
band, effectively reducing the band gap of the oxide~see Fig.
9! and making it more reactive.

Recent theoretical studies have demonstrated the im
tant role that oxygen vacancies play in the behavior of hig
ionic oxides like MgO or Al2O3 .3–8 For example, the meta
and O centers of a perfect MgO~100! surface exhibit ex-
tremely weak interactions with many adsorbates.1,3,11,42The
reactivity of the surface drastically changes in the prese
of O vacancies.3,5,8,11 O vacancies induce electronic stat
within the band gap of the oxide,3–5 and at high concentra
tions lead to the appearance of metallicity in the surfa
layer.4 In MgO12x(100), the excess electronic charge
highly localized on the O vacancy sites3,4,12and a large frac-
tion of it can be transferred to adsorbates.3,5,8 Thus, the SO2
molecule picks up more than a full electron upon adsorpt
and breaks apart on the oxide surface.5 Also, Pd atoms
bonded to MgO12x(100) acquire a big negative charg
(;20.9e) and exhibit quite unusual chemical properties3,8

In a much less ionic oxide like TiO2 , the degree of charge
localization on the O vacancy sites is less pronounced
part of the excess electronic charge is distributed on
neighboring cations.14–16,66This charge delocalization seem
to affect the bonding of adsorbates. Sulfur atoms bonde
O vacancy sites of TiO22x(110) do no receive a large charg
from the oxide substrate. Interestingly, the results of pho
emission and density functional calculations show that
sorbed sulfur atoms completely suppress the Ti31 states seen
in the valence spectra of TiO22x(110) surfaces.25,26 The re-
moval of these electronic states is mainly a consequenc
covalent interactions between the S 3p and Ti 3d orbitals
and not the result of a large oxide→S charge transfer.

The interactions between S and the O vacancies of T2
are complex. On one hand, the O vacancies greatly enh
the adsorption energy of S on the oxide surface. On the o
hand, the adsorbed S substantially affects the relative st
ity of O vacancies in the surface and subsurface region
the oxide substrate. The second phenomenon can lead t
expected chemical transformations. From a thermodyna
viewpoint, sulfides are less stable than oxides.67 A bulk trans-
formation of the type S2(gas)1TiO2(bulk)→TiS(bulk)
1SO2(gas) is highly endothermic67 ~DH51280.5 kJ/mol
or 2.9 eV!. Our TDS results show that such reactions will n
occur on a TiO2(110) surface either. However, the migratio
of O vacancies from the bulk to the surface of the ox
makes possible a TiO2→TiSx transformation. The experi
mental and theoretical results in Sec. III together with
STM data in Ref. 26 indicate that a vacancy-mediated su
dation process can play an important role in the poison
~catalysis! or passivation~electronic-device protection! of
oxide surfaces by sulfur. Furthermore, not only sulfur a
toms can induce the migration of subsurface oxygen vac
cies in TiO2 . Recent studies in our laboratory show that N2
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and N2O also induce this phenomenon.33,68The same is valid
for Cl adatoms.26 Even an admetal like Au, which bond
weakly to stoichiometric TiO2(110),69,70 favors a
subsurface→surface migration of O vacancies.68 Supporting
evidence for a vacancy-mediated reduction process is
found in the reaction of H2 with NiO~100!.71 Subsurface de-
fects can induce the ‘‘rosette restructuring’’ of the TiO2(110)
substrate59,72 and affect the adsorption and dissociation
O2.73,74Thus, when dealing with adsorption processes on
oxide, one must take into consideration the subsurface c
position and the possible exchange of defects between
bulk and surface of the system.

The results in Fig. 6 indicate that the temperature is
important parameter in the generation of TiSx on titania. In
oxides1,4 and other solids,75,76the diffusion of bulk vacancies
is associated with an activation energy: the higher the te
perature, the faster the rate of exchange of O vacancies
tween the bulk and surface of the oxide. The growth of
sulfide layer is limited by the diffusion of O vacancies to t
surface, since a bulky sulfur atom cannot penetrate and
fuse into the bulk of rutile. In this respect, the thermod
namically unlikely surface sulfidation is self-limiting. Differ
ent self-limiting film growth modes are known for reaction
between gases and solids77 but they do not involve the phe
nomena seen here for the TiSx /TiO2(110) system.

V. CONCLUSIONS

The S 2p core levels are very sensitive to the adsorpti
site of sulfur on TiO2(110). Upon adsorption of S2 at tem-
peratures between 100 and 300 K, high-resolution pho
emission shows several types of sulfur species on the
face: SOx groups, S atoms bonded to the Ti rows or on
vacancies in the bridging oxygen rows, and Sn aggregates.
The amount of SOx formed is very small and the Sn aggre-
gates are seen only upon adsorption below room temp
ture.

The S atoms bond much more strongly to O vacancy s
than to atoms in the Ti rows of a perfect oxide surface. T
electronic states associated with Ti31 sites favor bonding to
S, but there is not a substantial oxide→adsorbate charge
transfer. In general, the bond between S and the Ti cation
best described as covalent, with a small degree of ionic c
acter. As the sulfur coverage increases, the degree of ion
in the S-TiO2 bond decreases further. During TDS the S
oms bonded to the Ti rows desorb as molecular S2 between
350 and 500 K. In contrast, only evolution of atomic S
observed for the desorption of S bonded on O vacanciesT
.600 K).

For dosing of S at high temperatures~.500 K! a layer of
TiSx is formed on TiO2(110). The O signal disappears i
photoemission and Auger spectroscopy, and the Ti 2p core
levels show a complete TiO2→TiSx transformation in the
surface and subsurface regions. The O↔S exchange does no
involve the production of SO or SO2 species. The formation
4-10
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of TiSx involves the migration of O vacancies from the bul
to the surface. The S/TiO2(110) system illustrates how im-
portant surfaceandsubsurface defects can be in the behavi
of an oxide surface. The generation of TiSx on titania is a
clear example of how surface segregation of O vacancies
an oxide can drive chemical transformations that would
impossible in a stoichiometric material.
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