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A comparison of the electronic structure of rutile �110�, anatase �101�, and anatase �001� single-crystal
surfaces has been made using resonant photoemission and x-ray absorption spectroscopy. Under identical
preparative conditions, the anatase �101� surface shows the lowest Ti 3d and 4sp hybridization in the states
close to the valence-band maximum of the three surfaces. It also shows the highest concentration of surface-
oxygen vacancies. The effect on the electronic structure of modifying the surface preparative route and thus the
concentration of surface-oxygen vacancies is examined. The �-antibonding Ti 3d eg /O 2p hybridization
�probed by XAS� is reduced by the removal of surface-oxygen. Photoemission shows that as the number of
surface-defects is increased, the O 2p-Ti 3d t2g �-bonding interaction is disrupted. For the anatase �101�
surface it is found that as the number of surface-oxygen vacancies is increased, the Ti 3d and 4sp contributions
at the valence-band maximum are reduced. We discuss the correlation between electronic structure and pho-
tocatalytic activity of the different polymorphs of TiO2.
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I. INTRODUCTION

TiO2 has a number of technological uses including cataly-
sis and photocatalysis.1 Many of these applications utilize
TiO2 in its anatase phase rather than rutile, as this appears to
be more catalytically active.1 However, many of the funda-
mental studies of the reactivity of TiO2 have concentrated on
the rutile polymorph due to the ready availability of high-
quality single crystals.2–11 Recently, good-quality single crys-
tals of anatase have become available which, coupled with
advances in thin-film technology, have allowed detailed mea-
surements of the electronic and topographic structure of the
�101� and �001� surfaces.12–14 However, to date, there has
been no systematic comparison of the electronic structure of
identically prepared rutile and anatase single-crystal sur-
faces, which in principle would allow connections to be
made between electronic structure and surface reactivity.
Such a comparison is one aim of the present work.

Both polymorphs are wide band-gap insulators when
stoichiometric, with band gaps of 3.1 eV �rutile�15 and
3.2 eV �anatase�.15 In both cases, the valence band is made
up predominantly of O 2p states, with some Ti 3d and
Ti 4sp character acquired through hybridization with the
empty Ti 3d /4sp conduction-band states. Both polymorphs

lose oxygen easily from the surface and bulk on heating to
temperatures of around 500–700 °C. This results in an
n-type semiconductor containing oxygen vacancies, which
can be written as TiO2−x.

5 The presence of O vacancies at the
surface and the associated defect electrons, which remain
localized as Ti3+ ions, results in the appearance of a defect
peak or band-gap state at around 1 eV binding energy �BE�,
between the valence band and the Fermi energy.2–5,12 Clearly,
as the low-binding energy states may be accessed during a
catalytic redox cycle, in the case of unreduced surfaces, the
atomic character of the states close to the valence-band
maximum �VBM� may be of importance in determining the
catalytic activity of the surface. For reduced surfaces, the
presence of defect states at around 1 eV from the Fermi en-
ergy is likely to have a substantial influence on the reactivity
of the surface, through changes in both the electronic struc-
ture of the surface and in the geometric structure caused by
the presence of oxygen defects.

Studies of the electronic structure of the anatase valence
band have revealed that there is a difference in the popula-
tion of Ti 3d and 4sp states at the VBM between the �101�
and �001� anatase surfaces.12 To the best of our knowledge,
there has been no similar study of the Ti 3d /4sp contribution
to the VBM of rutile TiO2, although there have been previ-

PHYSICAL REVIEW B 75, 035105 �2007�

1098-0121/2007/75�3�/035105�12� ©2007 The American Physical Society035105-1

http://dx.doi.org/10.1103/PhysRevB.75.035105


ous studies of the atomic character of the main valence-band
features.2–4 In the case of the rutile �110� surface, different
methods of preparation of the surface are found to give rise
to different surface structures5 and the concentration of oxy-
gen vacancies is strongly dependent on the history of the
sample.5,16 For example, the stoichiometric surface produced
by annealing a pale blue crystal in O2 is different to that
formed when a dark colored �heavily reduced� crystal is
used.5 Several studies have shown that water adsorption and
dissociation is enhanced on surfaces containing O defects.17

Thus it is clear that the reactivity of TiO2 surfaces may be
affected both by intrinsic differences in surface electronic
structure between polymorphs and also by the surface oxy-
gen defect concentration. In this work we explore the elec-
tronic structure of single-crystal surfaces as a function of
both of these variables.

We have used resonant photoemission to probe the filled
density-of-states function, while information about the empty
states is obtained from x-ray absorption spectroscopy �XAS�.
Resonant photoemission spectroscopy is especially powerful
in this context and has been used to probe the transition-
metal contribution to the valence band in a number of
systems.2,3,6,18–20 It utilizes a measured increase or decrease
in amplitude of certain photoemission spectral features as the
photon energy is swept through the optical absorption edge
of a constituent atom of the material. The direct Ti 3p pho-
toemission process is given by

3p63dn + h� → 3p63dn−1 + e−. �1�

However, at the 3p→3d optical-absorption edge, a reso-
nance due to interference between the direct photoemission
process and the excitation of electrons from the 3p to the 3d
orbital followed by a super-Coster-Kronig decay into a con-
tinuum state is observed,

3p63dn + h� → �3p53dn+1� * → 3p63dn−1 + e−. �2�

The asterisk denotes an excited state. Similarly, at the 3p
→4s optical-absorption edge we have

3p63dm4sn + h� → �3p53dm4sn+1� * → 3p63dm4sn−1 + e−..

�3�

The Ti 3d and 4sp levels in TiO2 are of course unoccupied
so one would not expect such resonances to occur. However,
it is known that when there is strong hybridization between
the O 2p and Ti 3d /4sp levels, then the resonance will occur
via an interatomic process.6 In this case then, the resonant
excitation process �for 3d orbitals� occurs initially as in Eq.
�2�, but the decay channel is via the O 2p orbitals,6 thus

�Ti3p53d1� * + O2p6 → Ti3p63d0 + O2p5 + e−. �4�

Similarly, hybridization between O 2p and Ti 4sp leads to
resonance at the Ti 3p-Ti 4s�p� resonance edge,2,6

Ti 3p63d04s0 + O 2p6 + h� → �Ti 3p53d04s1� * O 2p6

→ Ti 3p63d04s0 + O 2p5 + e−.

�5�

Clearly, resonant excitations to 4p are dipole forbidden and

thus are not observed unless there is some sp hybridization.
In this paper we investigate the effects on the electronic

structure of the anatase �001� and �101� and rutile �110� sur-
faces of a series of preparation methods. These surfaces are
illustrated in Fig. 1. Resonant photoemission allows us to
map the contributions to the TiO2 valence band from the
Ti 3d and 4sp states and thereby understand something of
the changes in hybridization occurring following these dif-
ferent surface-preparation procedures. In addition, we
present XAS spectra taken at the Ti L edge �2p� and O K
edge �O 1s� for the surfaces, which give information on the
lowest unoccupied states. We compare the atomic character
of the density-of-states function at the VBM for rutile and
anatase surfaces and hence comment on the catalytic activity
of these surfaces.

II. EXPERIMENTAL

Resonant photoemission experiments and XAS measure-
ments were performed at the CCLRC Daresbury Laboratory
SRS on beamlines 5D, 5U.1,24,25 and MPW6.1 �Ref. 26� and
on beamline SU3 of Super ACO at LURE.27 Experiments on
beamlines 5D and MPW6.1 utilized the ARUPS10 �Ref. 28�
end station, which is fitted with a 100 mm mean radius ro-
tatable multichannel detector analyzer, Ar+ ion source,
sample e-beam heating, LEED, and an electron gun for Au-
ger electron spectroscopy. The sample was placed at around
45° to the incoming photons and electrons collected in nor-
mal emission mode. The XAS data were recorded in partial
yield mode using a VSW hemispherical analyzer at 40° to
the incoming photons. Photoemitted electrons were collected

FIG. 1. �Color online� Side view ball and stick models of �a� the
anatase �101� surface, �b� the anatase �001� �1�4� surface recon-
struction, and �c� the rutile �110� surface. In the case of the �001�
�1�4� reconstructed surface, a number of models of the reconstruc-
tion have been proposed �Refs. 14 and 21–23� We have chosen to
illustrate the structure proposed by Liang et al.�Ref. 21�.
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in normal emission at kinetic energies �K.E.� of 374 eV
�Ti 2p edge� and 506 eV �O 1s edge�. The end station at
LURE was the PES3 end station, again equipped with stan-
dard sample preparation instrumentation and a fixed SCI-
ENTA 300 mm mean radius hemispherical analyzer.

The samples were single crystals of anatase with surfaces
of �101� and �001� orientation, of size 2�5 mm and 2
�3 mm, respectively �grown and supplied by Michael Grät-
zel and Roland Hengerer at the EPF Lausanne,
Switzerland29� and a 10 mm�10 mm rutile �110� single
crystal �Pikem Ltd., UK�. The anatase samples were black in
color as observed by eye. The rutile single crystal was trans-
parent initially but became pale blue/green following several
sputter anneal cycles indicating bulk reduction of the
sample.5 All three samples were subjected to identical cycles
of 1 keV Ar+ ion sputtering for 10 min followed by 20 min
annealing at 700 °C. These cycles were repeated until AES
indicated them to be free of contaminants and sharp �1�1�
LEED patterns were observed for the anatase �101� �Refs. 13
and 29� and rutile �110� crystals.5,17 A �1�4� LEED pattern
was obtained for the anatase �001� surface.14,29 The samples
were held on the sample manipulator by means of Ta clips.
All energy-distribution-curve �EDC� spectra are referenced
to a Fermi edge recorded from the Ta clips holding the
samples in place and normalized to the incident photon flux.
Constant initial-state �CIS� spectra were generated by taking
the intensity of the background-subtracted EDCs at a fixed
binding energy over a range of photon energies from 30 to
80 eV.

III. RESULTS AND DISCUSSION

A. Identically prepared, ordered surfaces

1. Valence band photoemission: General features

Figure 2 shows valence band EDCs recorded from anatase
�101� �1�1�, anatase �001� �1�4�, and rutile �110� �1�1�,
surfaces, which were sputtered and annealed in UHV until
sharp LEED patterns were observed as described in the pre-
ceding section. A fourth-order polynomial background has
been subtracted from the spectra in order to remove any
background resonance effects. This type of function was cho-
sen as it gave the best fit at both low- and high-binding
energies for all of the photon energies used. The labels A–E
refer to the points at which the CIS spectra were constructed.

The main features of the valence bands of rutile and ana-
tase single crystals have been discussed in detail
elsewhere.2,7,12 In all cases the valence band is around 6 eV
wide. The states to low-binding energy �around 5 eV BE�
have been assigned mainly to Ti 3d-O 2p �-bonding states,
while at higher binding energy �around 8 eV BE�, states aris-
ing predominantly from O 2p-Ti 3d �-bonding are
found.2,3,30 A defect peak due to reduced Ti3+ �D� is observed
at around 1 eV BE. Figure 2 reveals significant differences
between the three surfaces. First, while the valence-band
spectra of both anatase surfaces show two main features �at
around 5 and 8 eV BE�, the structure observed for rutile is
more complex. Secondly, there are strong variations in the
intensity of the defect peak D with the contrast between the

�101� and �001� anatase surfaces being particularly marked.
Figure 2 also shows the intensity variation of the spectra on
moving through the Ti 3p resonance threshold �the onset of
which is at the 3p-3d threshold at around 47 eV�. For the
anatase surfaces, an increase in relative intensity of the lower
binding energy feature �marked A� at around 8 eV is clearly
seen on resonance. For the rutile �110� surface a similar ef-
fect is observed, masked in this case by the increased com-
plexity of the valence-band features. These effects are dis-
cussed in more detail below.

2. Valence-band photoemission: Rutile (110) surface

At photon energies well removed from resonance, the va-
lence band of the rutile �110� surface shows two main peaks
at binding energies of around 5.8 and 8.2 eV. At intermediate
energies a further large peak �the so-called “overlap peak,”2

marked E� is observed at a binding energy of 6.7 eV, to-

FIG. 2. EDC spectra of TiO2 surfaces �a� anatase �101�, �b�
anatase �001�, and �c� rutile �110� recorded at normal emission. The
method of preparation for these surfaces is described in the text.
The spectral intensity is normalized to the incident photon flux. All
spectra are aligned on the binding-energy scale to a Fermi edge
recorded from a Ta clip holding the samples in place and a fourth-
order polynomial background has been subtracted. Points A–E refer
to the binding energies at which CIS spectra were reconstructed
�see the text�.
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gether with a shoulder on the low-binding energy side of the
valence band at photon energies in the range 54–75 eV. A
clear feature due to the defect state is observed at 1.1 eV.2,3,5

Our data bear a close resemblance to those recorded by Ner-
lov et al.,3 particularly following the creation of surface de-
fects.

The resonance CIS spectra of rutile in Fig. 3 show a reso-
nance at 47 eV over all 3 of the main valence-band peaks �A,
B and E� indicating 3d character throughout the valence band
in agreement with previous work.2,7 A significant resonance
at an energy of 54 eV is also observed, particularly for peak
B, where the 54 eV resonance dominates the spectrum. Here,
a smaller resonance is observed at a photon energy of 47 eV.
Overall, these resonances are in agreement with previous
studies of the rutile �110� surface.2,3 The energy difference
between these two resonance peaks is approximately equal to
the energy difference between the Ti 3d and Ti 4sp orbitals
in TiO2.2,31,32 Since the Ti 4sp states are strongly hybridized
with the O 2p valence-band states, particularly at the
surface,2 we can assign the resonance at 54 eV to a Ti 3p-
Ti 4sp /O 2p interatomic resonance process. The CIS spectra
recorded from the VBM for rutile �marked C in Figs. 2 and
3� again show a broad resonance with a main component at
54 eV indicating a dominant contribution from Ti 4sp states
in this part of the valence band. Peak D, arising from Ti3+

states �d1� is also seen to resonate at 46 and 53 eV. We note
that the Ti 4sp resonance is very slightly stronger than the
Ti 3d resonance, whereas in the work of Zhang et al.2 the
Ti 3d resonance is slightly stronger. The surface defect den-
sity is similar in both cases—a measure of this, for example,
is the ratio of the height of the defect state peak to the height
of the low-binding energy �5.8 eV� valence-band peak. This
is 0.11 in the present work and 0.09 in the work of Zhang et
al.2 The reason for this difference is thus unclear but it may
lie in the history of the crystals, in particular, the bulk defect
density.5 We should also note that the data presented in this
work were recorded at normal emission with angular resolu-
tion, whereas those in Ref. 2 are recorded using a cylindrical
mirror analyzer �CMA�, which means that they are partially
angle-integrated spectra. This may account for the differ-
ences in the appearance of the spectra. The effect of process-
ing history on the appearance of the spectra is discussed
further in Sec. III B.

Overall, the CIS spectra for rutile agree well with site-
specific x-ray photoelectron spectroscopy �XPS� and associ-
ated ab initio local density approximation �LDA� plane-wave
basis-set calculations for rutile �110�,7 which show that there
is a Ti contribution to the predominantly O 2p valence band
with contributions from Ti 3d and 4sp states and some con-
tribution from O 2s states. Figure 4�a� shows a simplified
MO diagram indicating contributions from Ti 3d, 4s, 4p, and
O 2p states to the rutile valence band, along with the ab
initio LDA plane-wave basis set partial density-of-states
�pDOS� calculations of Ref. 7. The Ti contribution is found
to consist of a two-peaked structure arising from the � and �
splitting of the bonding states. The � orbitals, corresponding
to the high-binding energy part of the valence band �feature
A in Fig. 2�, have bonding contributions from Ti 4sp �to give
a1g ��b� molecular orbitals�, Ti 3dx2−y2 and 3dz2 �to form
eg ��b��, and Ti 4p �to give t1u ��b��. The Ti 4p orbitals also
bond with ligand p orbitals �to give t1u��b�� together with the
Ti 3dxy, 3dxz, and 3dyz �which form t2g��b��. In rutile, these
form the central lobe of the valence band �feature E in Fig. 2�
with some overlap with the lowest binding-energy lobe. The
lowest energy part of the valence band �feature B in Fig. 2� is
predominantly formed from the nonbonding t1g and t2u
ligand orbitals, with some Ti 3d and 4p � character.

3. Valence-band photoemission: Anatase (101) and (001) surfaces

The anatase EDCs in Fig. 2 have been discussed fully
elsewhere.12 Here we will point out only the main features.
Overall, the spectra are similar to those recorded from the
rutile single crystal in that the valence band is around 6 eV
wide, and there is a clear feature related to the defect state at
around 1 eV binding energy. The spectra also show a clear
Ti 3p-3d resonance at around 47 eV for the major valence-
band peaks A and B and at the VBM, C and 46 eV for the
defect state D. The CIS spectra in Fig. 3 for the two anatase
surfaces indicate contributions from Ti 3d states for both of
the major valence-band peaks �labeled A and B in Fig. 2� as
indicated by the large resonances at 47 eV. In the case of the
�101� surface, feature A at a binding energy of 8.2 eV shows
a high-photon energy tail with some intensity at a photon
energy h�, of around 54 eV. As described above for the

FIG. 3. CIS spectra constructed from the EDCs in Fig. 2. The
CIS spectra were constructed by taking the intensity of the EDCs at
the fixed binding energies indicated.
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rutile �110� surface, this is attributed to Ti 3p→4sp reso-
nance processes occurring through O 2p-Ti 4sp hybridiza-
tion in the valence band since the Ti 4sp states are thought to
lie around 8 eV above the Ti 3d states.2,3 Clearly, curve B
for the anatase �101� surface shows there is little intensity
around 54 eV suggesting that the valence band here contains
only Ti 3d derived states. Feature C appears to show no
structure either at 47 or 54 eV photon energy, suggesting the
degree of O 2p /Ti 3d and O 2p /Ti 4sp hybridization in this
part of the valence band is minimal. This is in agreement
with BULK electronic structure calculations for anatase illus-
trated in Fig. 4�b�;33 no SURFACE calculations for anatase
�101� have so far been published. The main difference be-
tween anatase and rutile revealed by bulk calculations is that
the dxy state in anatase is predicted to be effectively non-
bonding and quite isolated, lying at the bottom of the con-
duction band �as illustrated in Fig. 4�b��, with corresponding
nonbonding O 2p orbitals at the top of the valence band.
This arises from structural differences between the two poly-
morphs; the local structure of rutile is more regular, with
shorter metal-metal bond distances and the oxide is more
dense than anatase. The lack of structure at feature C for the

�101� surface is consistent with more O 2p nonbonding char-
acter at the VBM for anatase than for rutile, and in turn
implies that the �101� surface is bulk terminated, in agree-
ment with LEED for this surface. It is clear that the main
contribution to this state comes from Ti 3d states, in contrast
to the spectra from the rutile �110� surface.

In contrast to the �101� surface, CIS for the �001� surface
�Fig. 3� shows significant intensity in peak B �BE=5.8 eV�
at around h�=54 eV, suggesting that the �1�4� reconstruc-
tion �Fig. 1�c�� leads to a modification of Ti-O hybridization
as discussed in our earlier work.12 For both anatase surfaces
the Ti 3p-3d resonance of the 8.2 eV BE peak is larger than
that at 5.8 eV, suggesting stronger Ti 3d-O 2p hybridization
in the higher binding-energy part of the valence band. This is
consistent with the calculations of Asahi et al. for bulk ana-
tase, where Ti eg states are shown to contribute strongly to
the high binding-energy part of the valence band ��-bonding
interactions�,33 with only a small contribution from the t2g,
dyz, and dzx orbitals ��-bonding interactions�. This is gener-
ally consistent with our expectations from molecular orbital
theory, i.e., �-bonding interactions are found at a higher
binding energy than the weaker �-bonding interactions. In
contrast to the �101� surface, a clear resonance at the VBM
�C in Fig. 2� is observed with a maximum resonance inten-
sity at 54 eV. This is assigned to Ti 4sp states contributing to
the valence band. In addition, a smaller resonance is ob-
served at a photon energy of 47 eV, indicating a smaller
Ti 3d contribution.

4. Comparison of valence-band photoemission from rutile (110),
anatase (101), and anatase (001) TiO2 surfaces

The VBM occurs at 3.0 eV BE for all surfaces, which is
consistent with the Fermi level being pinned close to the
bottom of the conduction band. �The position of the VBM is
determined using the approach described in Ref. 55.� There
is a small difference in the binding energy of the feature
associated with the defect state, which is seen in anatase at
1.1 eV compared to 0.9 eV in rutile �110�. On comparing the
photoemission spectra for the different surfaces, it is clear,
however, that there are marked differences in defect concen-
tration, and in Ti-O hybridization. The size of the feature
arising from the defect state at a binding energy of around
1 eV varies markedly between the samples due to differences
in the number of surface O vacancies, despite the fact that
the same preparation method was used for all three surfaces
shown in Figs. 1, 2, and 5–7. In the �001� crystal the peak is
particularly weak, which we have previously linked to the
�1�4� reconstruction of this surface.12 This earlier work in-
dicated that the �001� surface was particularly resistant to
defect creation.12 More recent density functional theory-
generalized gradient approximation �DFT-GGA� calculations
of rutile �110� and �001� and anatase �001� and �100� sur-
faces appear to support this experimental evidence, suggest-
ing the �001� surface is more difficult to reduce.34

By comparison of the peak areas in the Ti 3p spectra
shown in Fig. 5 �and discussed further in Sec. III A 5 below�
we are able to estimate the O-vacancy concentration for each
of the surfaces. We obtain values of 15±2 %, 2±2 %, and
8±2 % Ti3+ for the anatase �101�, �001�, and rutile �110�

FIG. 4. Schematic molecular orbital diagrams for �a� rutile
TiO2, constructed from Ref. 7 with the corresponding ab initio
LDA plane-wave basis-set pDOS calculations for the rutile �110�
surface shown in the upper right panel �broadened with a 0.4 eV
Gaussian curve �Ref. 7�� and �b� anatase TiO2 adapted from Ref. 33
with the corresponding FLAPW pDOS calculations for bulk anatase
shown in the lower right panel.
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surfaces, respectively. As one oxygen vacancy gives rise to
two Ti3+ ions, the estimated O-vacancy concentrations are
7±2 %, 1±2 %, and 4±2 % for the �101�, �001�, and �110�
surfaces, respectively. In the case of rutile this correlates well
with the work of Wendt et al.,16 where around 3% bridging O
vacancies would be predicted for the sample processing con-
ditions used in this work. The ratios between the defect-peak
intensity and the intensity maximum of the valence band at
47 eV photon energy �Fig. 2� are 0.16, 0.02, and 0.07 for the
anatase �101�, �001�, and rutile �110� surfaces, respectively,
an ordering which correlates well with the relative propor-
tions of oxygen vacancies at the different surfaces. Of the
two anatase surfaces the �101� surface is the more stable
surface, with lower surface energy.35 Since it is now consid-
ered that O-vacancy sites are the active sites for many cata-
lytic reactions on TiO2 surfaces5,17,36 the increased concen-
tration of vacancies on the �101� surface relative to the
anatase �001� and rutile �110� surfaces would appear to agree
with the increased catalytic activity of anatase compared
with rutile, assuming the predominant surface exposed in
particulate samples is the lowest-energy �101� surface.

Although we observe contributions from nominally unoc-
cupied Ti 3d and 4sp states for all three surfaces, it is clear
that the distribution of these states within the valence band
varies appreciably between the three samples. The differ-
ences in Ti-O hybridization between surfaces are evident, for
example, at the low-binding energy side of the valence band
�marked C in Fig. 2�. For both the rutile �110� and anatase
�001� surfaces, Ti resonances at 3d and 4sp energies are
observed, the strongest being to the 4sp level. In contrast,
only a very weak resonance is observed for the anatase �101�
surface. 4sp resonances of varying intensities are also ob-
served for the �-bonding part �line B in Fig. 3� of the va-
lence band; this is particularly strong in the case of rutile.
This is in agreement with the calculated pDOS of Woicik et
al. for rutile where the 4p states are shown to contribute
most strongly to the �-bonding part of the valence band.7

While 3p-4p transitions are forbidden by the dipole selection
rule, 3p-4s transitions are allowed, and in a noncentrosym-
metric environment �such as a surface�, sp mixing will lead
to the inclusion of the 4p states in the resonance process. The
differences between the CIS spectra at point C for the rutile
�110� and anatase �101� surfaces are as predicted by bulk
calculations for rutile and anatase7,33,37 These indicate that
there is a strong Ti 4p contribution to the states at the VBM
in rutile7 that is absent in anatase.37 However, this does not

FIG. 5. Ti 3p spectra recorded at 110 eV photon energy. The
spectra have been background subtracted and aligned on the
binding-energy scale relative to a Fermi edge recorded from a clean
Pt foil attached to the sample plate. The spectral intensity is nor-
malized to the incident photon flux. The peak has been fitted with
three Voigt functions of 85:15 Gaussian:Lorentzian weighting and
equal FWHM. B is the bulk contribution, D arises from Ti3+ �see
text�, and we tentatively assign S to adsorbed surface hydroxyl
groups.

FIG. 6. XAS spectra recorded using Auger electron-yield detec-
tion from the Ti L2,3 edges of TiO2 anatase �101� and �001� and
rutile �110� single-crystal surfaces. The spectral intensity is normal-
ized to the incident photon flux. Photon-energy calibration was per-
formed by means of a TiO2 paste sample mounted adjacent to the
incident-beam intensity monitor.
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explain why the anatase �001� surface shows appreciable 4sp
character at point C in the valence band. We attribute this to
the �1�4� reconstruction of the �001� surface, which leads
to substantial surface microfacetting. We envisage that the
resulting reduction in site symmetry of the Ti4+ ions may
lead to substantial Ti 4sp hybridization at the surface that is
not present in the bulk.

In all three samples, peak D, recorded from the defect
state, shows a resonance at around 46 eV. The apparent
variations in the intensity of the resonance are related to the
defect concentrations on each of the surfaces. In all cases the
percentage increase in intensity of the defect-state resonance
between spectra recorded at 40 and 47 eV lies between 80
and 90%. The lower resonance energy observed for the de-
fect state is due to the fact that this peak arises from reduced
Ti3+ at the surface. This correlation between oxidation state
and resonance onset energy has been observed in other
mixed valency systems.38 It appears that both the anatase
�101� and rutile �110� defect-state resonances also show
some contribution from Ti 4sp states, though the low-signal
intensity makes this conclusion tentative.

5. Ti 3p core-level photoemission from rutile (110), anatase
(101), and anatase (001) TiO2 surfaces

Figure 5 shows Ti 3p spectra recorded at a photon energy
of 110 eV. The spectra are background subtracted using a
fourth-order polynomial and have been fitted with three
Voigt curves of 85:15 Gaussian:Lorentzian weighting �la-
beled S, B, and D for the �101� surface�. The peak B origi-
nates from Ti4+ in the bulk of the sample and D from the
presence of Ti3+.39 As described in the previous section, the
relative intensities of peak D are in agreement with those of
the defect state peak seen in the valence-band photoemission
spectra. The surface region O-vacancy concentrations are es-
timated from Fig. 5 to be 15±2 %, 2±2 %, and 8±2 % Ti3+

for the anatase �101�, �001�, and rutile �110� surfaces, respec-
tively. The �001� surface shows the smallest peak associated
with Ti3+, further confirming its stability to the thermal pro-
duction of O vacancies.

The origin of the peak labeled S, which has a similar
intensity on all three surfaces, is unclear.39 It has been sug-
gested that the peak arises from the very topmost surface Ti
ions with the shift to higher-binding energy occurring due to
the reduced coordination of some of the surface Ti ions.39

However, it was found that adsorption of water on rutile
surfaces resulted in no change in the intensity of the
feature.39 It has also been suggested that this feature is a
satellite,39 though ELS measurements on unreduced rutile
show no energy losses below 5 eV that could give rise to
it.17,40,41 ELS studies of rutile TiO2 with O vacancies show a
loss peak at around 1.3–1.9 eV energy loss,17,40,41 which has
been ascribed to a polaronic excitation associated with the
Ti3+ d1 configuration.41 It is not possible that peak S is a
satellite associated with this loss as it occurs at a binding
energy of 2 eV above the main peak, B. Such a satellite-loss
peak would be expected to lie around 1.3–1.9 eV to high-
binding energy of the defect peak D �as it is associated with
the presence of Ti3+�. Following adsorption of bi-isonicotinic
acid �BINA� on the surfaces of rutile or anatase, it is seen
that both peaks D and S decrease in intensity relative to the
main peak B,42 suggesting that this peak arises from the top-
most surface layers. In the light of recent STM studies of
rutile �110� surfaces,16 it is possible that this peak arises from
the formation of surface Ti-OH species. Wendt et al. have
recently discovered that even at pressures of 10−11 Torr,
clean rutile surfaces become contaminated with OH via ad-
sorption of water from the background vacuum.16 This reac-
tion takes place predominantly at oxygen vacancy sites,43

and under typical UHV conditions, results in partial occu-
pancy of these sites by OH species.16 Although, to the au-
thors’ knowledge, no XPS data exist for well-defined Ti hy-
droxides, in the cases of Cr�OH�3, Mn�OH�O, and Ni�OH�2

the metal 2p or 3p core level is shifted by around 1 eV to
higher-binding energy relative to Cr2O3, Mn2O3, and NiO,
respectively.44–47 As mentioned above, adsorption of BINA
results in a decrease in the intensity of this peak,42 which
could occur as OH is displaced in favor of the carboxylic
acid. Assignment of this peak to Ti-OH would also explain
why adsorption of water does not result in a change in the
peak intensity, assuming the surface is already saturated with
OH species. We thus tentatively suggest that peak S may be
assigned to surface Ti-OH species.

FIG. 7. XAS spectra recorded using Auger electron-yield detec-
tion from the O K-edge of TiO2 anatase �101� and �001� and rutile
�110� single-crystal surfaces. The spectral intensity is normalized to
the incident-photon flux. Photon-energy calibration was performed
by means of a TiO2 paste sample mounted adjacent to the incident-
beam intensity monitor.
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6. Ti L-edge „2p… and O K-edge „1s… XAS from rutile (110),
anatase (101), and anatase (001) TiO2 surfaces

Figure 6 shows XAS spectra at the Ti L edge �2p� for the
three samples recorded in constant final state �CFS� mode
using a fixed hemispherical analyzer set to collect Ti LMV
Auger electrons at a kinetic energy of 374 eV. The spectra
are in excellent agreement with similar XAS and electron
energy loss �ELS� data recorded from polycrystalline films
and naturally occurring single crystals, and with calculated
XAS spectra.31,32,48–50 For all three samples two sets of peaks
separated by 6 eV are clearly seen. This splitting arises from
the core-hole spin-orbit splitting of the 2p levels.31,48 The
structure within these two sets of peaks is believed to arise
from the crystal-field splitting of the d-derived final states
into t2g- and eg-like levels.31,48–50 The main difference in the
Ti 2p absorption spectra between the rutile and anatase crys-
tals occurs in the double-peaked feature at around 460 eV
photon energy, with a change in the relative intensity of the
two peaks. In rutile the peaks are of the same intensity,
whereas in anatase the lower photon-energy peak has greater
intensity. Between the two anatase surfaces there is a slight
difference in the relative intensities of the two peaks centered
around 460 eV photon energy. A number of explanations
have been put forward for this splitting, including splitting of
the eg state due to reduction of local-site symmetry from
octahedral31,32 and a dynamic Jahn-Teller effect, where the
electronic and vibrational states couple in the excited state.31

Calculations using the local-site atomic positions, however,
fail to reproduce the splitting, suggesting that longer-range
interactions may play a part in the splitting.50 Since our spec-
tra are recorded in Auger yield mode, i.e., electron emission,
they are surface sensitive and we would expect the different
surface structures to give rise to variations in the peak at
h�=460 eV if, as Ruus et al. suggest, the local environment
around the absorbing atom plays a significant role.49 It is can
also be seen that the intensity of the transition to the
eg-derived final state varies with the surface and is strongest
for the anatase �101� surface. This is discussed further below.

The O 1s XAS shown in Fig. 7 are also in good agree-
ment with previous work recorded from polycrystalline thin
films and natural single crystals. Again, the spectra are re-
corded in Auger yield mode monitoring the emission of O
KLL Auger electrons with KE=506 eV. The two sharp peaks
at photon energies of 531 and 533 eV are attributed to exci-
tations into the Ti 3d t2g and eg levels, respectively.31,49 The
structure at higher energy arises from delocalized states de-
rived from the antibonding Ti 4sp /O 2p band.49 Excitations
to Ti 3d-derived unoccupied states from O 1s must occur
due to strong hybridization between the O 2p and Ti 3d
states, giving these states an element of O 2p character. O 1s
XAS is thus a particularly sensitive probe of the extent of
hybridization between O and Ti states. The eg feature corre-
sponds to the �-antibonding part of the interaction between
O 2p and Ti 3d eg orbitals, whereas the t2g feature corre-
sponds to the weaker �-antibonding part of the interaction. It
is therefore interesting to note the marked variations in the
relative intensities of the t2g and eg features with the surface
probed. The eg feature at 533 eV photon intensity is mark-
edly less intense than the t2g feature �at 531 eV� in the case

of anatase �101� �and to some extent rutile �110��. In the case
of the anatase �001� surface, the features have comparable
intensity. This leads us to conclude that the Ti 3d eg-O 2p
hybridization influencing the intensity of this feature is
weaker in the case of the anatase �101� surface than for the
�001� surface. This would in turn imply that the
�-antibonding “eg” state should have stronger Ti 3d charac-
ter at the anatase �101� surface than at the �001� face. This
can be seen directly in Fig. 6, where the Ti 3d character of
the states is probed through excitation at the Ti L2,3 edge.
Here we find that the intensity ratio between the eg feature at
460 eV photon energy and the t2g feature at around 458 eV
photon energy is larger for the anatase �101� surface than for
the �001� plane.

Given the surface-sensitive nature of the partial electron-
yield detection used, it seems likely that the reduction in
Ti 3d-O 2p hybridization in these eg states is due to the pres-
ence of a large concentration of oxygen vacancies at the
�101� surface; indeed, we note from the comparison of Fig. 7
with Fig. 2 that the intensity of the eg feature at the O K edge
increases as the number of surface-oxygen vacancies is re-
duced. In the case of rutile �110� it is well established that the
oxygen ions removed on argon ion bombardment are the
twofold-coordinated “bridging” oxygen ions, which bridge
between approximately octahedrally coordinated Ti ions in
the second layer5,17 �Fig. 1�a��. The rutile �110� and anatase
�101� surface are crystallographically equivalent, and the
topmost layer of the anatase �101� surface also consists of
rows of twofold-coordinated oxygen atoms13 �Fig. 1�b��. We
might reasonably expect these to be removed by argon-ion
bombardment. Removal of each of these ions removes two
Ti-O � bonds from adjacent Ti-O6 octahedra, each locally
involving an O 2p orbital and an eg orbital of Ti, and so
would be expected to reduce the O 2p character of the
mainly Ti 3d �-antibonding eg states, as is observed.

One might expect that this should also be reflected in the
atomic parentage of the filled states probed by photoemis-
sion. However, while the XAS measurements are sensitive to
the Ti pDOS in the empty states, and are thus a good probe
of changes in the strong Ti 3d eg-O 2p � interaction, the
photoemission measurement probes the filled DOS, which
consists of states of mainly O 2p character, with a small
admixture of Ti 3d and 4sp. The �-bonding part of the
Ti 3d eg-O 2p interaction is contained within the feature at
around 8 eV binding energy �feature A� of Fig. 2. However,
band-structure calculations for anatase �101� suggest that this
part of the valence band also contains features arising from
the �-bonding interaction between Ti 3d dyz and dzx and
O 2p,33 with the feature at around 6 eV �feature B� showing
only a small amount of t2g character. Thus there is no distinct
part of the valence band associated only with the O 2p-
Ti 3d eg �-bonding interaction. The photoemission measure-
ments are, however, sensitive in other ways to the removal of
surface oxygen, and reveal changes in the O 2p-Ti 3d t2g
�-bonding interaction with surface-defect concentration, as
we discuss in Sec. III B.

B. Effect of preparation method/sample history on the anatase
(101) valence-band electronic structure

The effect of exposure to O2 and annealing temperature
on the atomic character of the valence-band states of the
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anatase �101� surface has been investigated. Figure 8 shows
EDC spectra for two different surface-preparation methods
of the anatase �101� surface. In the first, the �1�1� surface
was sputtered and annealed to obtain a LEED pattern as de-
scribed above followed by annealing in 1�10−6 mbar O2 for
15 min at 700 °C. No surface contamination could be de-
tected in Auger spectra. The second method involved sput-
tering the sample until no surface-carbon contamination
could be detected in Auger spectra and then annealing at
500 °C in 1�10−6 mbar O2 for 20 min. A LEED pattern
could not be obtained following this latter treatment. Again a
fourth-order polynomial background has been subtracted
from the EDCs. Both data sets show a reduction in the in-
tensity of the defect state compared to the spectra in Fig. 2,
due to oxidation of Ti3+ to Ti4+, with the change being sub-
stantial in the higher-temperature annealed sample. For the
low-temperature annealed sample there is very little obvious
change in the main valence-band structure compared to the
sample annealed in a vacuum to produce a �1�1� LEED
pattern �and shown in Fig. 2�, except for the reduction in
defect-state intensity. However, the corresponding CIS spec-
tra in Fig. 8 �right-hand panel� do show some changes,

mainly in that there now appears to be a contribution from
4sp states throughout the valence band. In the 700 °C an-
nealed sample the effect is more dramatic. The feature aris-
ing from the defect-state peak is strongly reduced in inten-
sity. The main valence band now shows a three-peaked
structure similar to that recorded from rutile �110� shown in
Fig. 2. As discussed earlier, in the case of rutile �110�, the
central lobe of the valence band �the “overlap” peak at
around 6.7 eV BE� has predominantly O 2p character, mixed
mainly with Ti 3d t2g orbitals and a small element of Ti 4sp
character. This is clearly severely attenuated by the removal
of surface oxygen, as illustrated in Fig. 8. The CIS spectra
for this sample also show some changes compared with the
vacuum-annealed anatase �101� surface shown in Fig. 3. The
�-derived band �low-binding energy side of the valence
band, B� and the “overlap” peak �E, between the �-�A� and
mainly �-�B� derived peaks� both show a resonance at
around 54 eV, i.e., there is now a Ti 4sp contribution to
these parts of the valence band. There is a larger contribution
to the VBM �C� and to feature B from both Ti 3d and 4sp
states than in the vacuum-annealed sample �Fig. 2�. The CIS
data therefore indicate that the extent of 4sp and 3d mixing
in the �-bonding parts of the anatase �101� surface decreases
with increasing oxygen-vacancy concentration �correlating
with our observations from the EDCs above�. We note that a
high degree of 4sp mixing at low-defect concentration was
also observed for the anatase �001� surface shown in Fig. 3.

C. Correlation between electronic structure and
reactivity of TiO2 surfaces

Although TiO2 is widely used for photocatalytic oxidation
�for example, the breakdown of organic pollutants in aque-
ous solution�, the detailed mechanism is not completely
clear.1 Following the absorption of a photon, the holes cre-
ated in the valence band are believed to form hydroxyl radi-
cals �-TiIVOH·�+ by reaction with surface titanol �-TiIVOH�
groups, which may act to oxidize organic species. Mean-
while, the electron created in the conduction band reacts with
O2 to form an effective oxygenation agent, superoxide �O2

−�,
in a rate-limiting step, which also scavenges excess photoex-
cited electrons.1,17 This process is thought to occur by initial
dynamic trapping of the conduction-band electron in shallow
traps at surface titanol groups to form -TiIIIOH groups, which
then react with O2 to reoxidize the titanol groups to -TiIVOH.
Thus, both the electron and the hole created by photoexcita-
tion are believed to act via surface titanol groups, in the case
of the electron, via surface reduction to a state very similar to
the defect state created by oxygen loss.17 In terms of elec-
tronic structure, rapid transport of carriers and dynamic trap-
ping at surface-defect sites would be aided by good overlap
of the relevant wave functions. Thus it would be anticipated
that strong mixing of Ti and O states at the conduction-band
minimum and at the VBM, together with overlap of the latter
with the defect state, would facilitate photooxidation.

It has long been established that TiO2 surfaces containing
O vacancies exhibit higher catalytic activity than defect-free
surfaces to reactions such as dissociation of water.17,36 It has
also been established that the anatase phase of TiO2 exhibits

FIG. 8. Comparison of the EDCs of anatase �101� following
annealing in O2 at 700 °C �left-hand panel� and annealing in O2 at
500 °C �right-hand panel�. The spectral intensity is normalized to
the incident-photon flux, and spectra are recorded at normal emis-
sion. All spectra are aligned on the binding-energy scale to a Fermi
edge recorded from a Ta clip holding the samples in place and have
had a fourth-order polynomial background subtracted. Points A–E
refer to the binding energies at which CIS spectra were recon-
structed �see the text�.
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higher reactivity than the rutile form, though mixtures of
anatase powders with rutile powder show an increased rate
of catalytic activity for some reactions.51 The presence of O
vacancies at TiO2 surfaces leads to the formation of the
band-gap state discussed above. A similar state has also been
observed in several studies of photoexcited TiO2 �Refs.
52–54� and studies of O2-mediated dissociation of water at
such sites have recently shown that these states play a major
role.17,43 In the case of the rutile �110� surface, it has been
found that O2 reacts with bridging OH groups formed as a
result of water dissociation at oxygen-vacancy defects on the
surface, confirming that the scavenging role of O2 in photo-
catalysis involves a direct reaction between O2 and trapped
electrons located at bridging -TiIIIOH groups.17

Thus it seems clear that the photocatalytic activity of dif-
ferent surfaces will be influenced both by defect concentra-
tion and by the atomic makeup of the states close to the
Fermi energy. The spectra of the three surfaces described in
Sec. III A show that following identical surface preparations,
the �101� anatase surface has the strongest defect-state inten-
sity relative to the VBM. It also indicates that this state is
mainly 3d in character with some 4sp character. The �001�
surface shows a similar distribution of Ti-derived states al-
though the concentration of defects is markedly lower and
there is an increase in the concentration of 4sp states, par-
ticularly around the VBM. Anatase �101� is the most stable
of the anatase surfaces35 and is therefore expected to be the
dominant exposed surface in powders used in catalytic reac-
tions. The higher-defect density of the anatase �101� surface
compared with the crystallographically equivalent rutile
�110� surface correlates with the observed higher photocata-
lytic activity of anatase.1 We predict the anatase �001� sur-
face to be catalytically rather inactive. Our observations of a
low-defect density on this surface are consistent with recent
DFT-GGA calculations, which show a higher energy of for-
mation of an oxygen-vacancy defect on anatase �001� than
on rutile �110�; a calculation for anatase �101� is not
available.34

In terms of the atomic character of the states close to the
Fermi energy, Fig. 3 shows that the anatase �101� surface is
markedly different from anatase �001� or rutile �110� sur-
faces, in that it shows markedly less Ti 3d or 4sp character
in the states around the VBM �points B and C�. This in turn
means that the “antibonding” part of this interaction �the
states at the conduction-band minimum� should be of quite
pure Ti 3d character with little mixing with O 2p. This runs
counter to our assumption above that good mixing of these
states should be important in photocatalytic activity, but it
may lead to efficient localization of the conduction-band
electron created on photoabsorption in a state of TiIII charac-
ter. It is also clear from our experiments that the atomic
character of these states is itself a function of defect concen-
tration. For the anatase �101� surface, reducing the concen-
tration of defects leads to an increase in the contribution of
4sp and 3d states at the VBM and in the �-derived part of
the valence band �feature B in Figs. 1 and 9�. Clearly, for the
O-annealed surfaces the overall concentration of surface O
vacancies is reduced, and improved Ti-O hybridization
would be expected. If photocatalytic activity is enhanced by
increased defect concentration �corresponding in solution to

increased bridging -TiIIIOH concentration�17 and by good
mixing between Ti and O states around the Fermi energy,
then it can be seen that these effects act in opposition, in turn
suggesting that there is an optimum defect concentration for
activity in photocatalysis, above and below which activity
should decrease. In this context it is interesting to note that in
solution, an optimum dissolved oxygen content is observed
for efficient photocatalysis over TiO2.1

IV. CONCLUSIONS

We have compared the electronic structure of anatase
�101�, anatase �001�, and rutile �110� surfaces as a function
of oxygen-defect concentration. For identically prepared sur-
faces, both the defect concentration and the atomic character
of the states close to the Fermi energy is affected by the
nature of the surface. Under the same conditions, the most
stable anatase �101� surface shows the highest concentration
of surface defects, consistent with the higher photocatalytic
activity of anatase over rutile. In marked contrast, the anatase
�001� surface shows a very low concentration of oxygen va-
cancies, consistent with earlier work.12,14,21 We predict this
surface to be rather catalytically inactive.

FIG. 9. Comparison of CIS spectra for anatase TiO2 �101� an-
nealed at 700 °C in O2 and at 500 °C in O2. The CIS spectra were
constructed by taking the intensity of the EDCs at the fixed binding
energies indicated.
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For these surfaces, prepared under identical cycles of
bombarding and annealing in vacuo, we observe stronger
mixing of Ti 3d states with O 2p in the mainly �-bonding
than in the �-bonding parts of the valence band, as would be
expected from molecular-orbital theory. However, the ana-
tase �101� surface shows rather lower Ti 3d character in the
�-bonding part of the valence band than either rutile �110� or
anatase �001�, and for this surface the Ti 3d and 4sp mixing
at the VBM is lower than for the other two surfaces.

We show that surface preparation and specifically O con-
tent play a large part in determining the atomic character of
the states close to the Fermi energy. Using XAS, which is
particularly sensitive to the Ti contributions to the DOS, we
show that the strong Ti 3d eg /O 2p �-antibonding interac-
tion is reduced as the number of oxygen vacancies increases.
Photoemission, which is more sensitive to the O contribu-
tions, shows that as the number of surface defects is in-

creased, the O 2p-Ti 3d t2g �-bonding interaction is dis-
rupted. In addition, the contribution of Ti 4sp and 3d states
around the VBM decreases. This leads us to suggest that
there is an optimum defect concentration for activity in pho-
tocatalysis, above and below which activity should decrease.

While some DFT-GGA calculations now exist for the ana-
tase �001� surface,34 similar calculations for the �101� surface
are urgently required for comparison with this work.
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