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Ab initio density functional calculations in the beyond-LSD (Local Spin Density), LSD + U approximation
have been performed to investigate the properties of bridging hydroxyls (OHb) at the rutile (1 1 0) and
anatase (1 0 1) surfaces as well as of bulk oxygen vacancies (VOx) and Ti-OH defects in the same two
polymorphs. The aim of this study is to deepen our understanding of the properties of these defects both
in rutile and anatase as well as to reveal similar behaviours of VOx and OH defects. In the case of rutile
OHbs, a good agreement is found between present results and those of a recent STM study. Anatase OHbs
show properties similar to those of rutile OHbs. On the contrary, a remarkable difference is found
between the structural and electronic properties of bulk VOxs in rutile and anatase, which could explain
the higher electron mobility and photocatalytic activity observed for the latter compound. Bulk Ti-OH
defects are predicted to easily form through insertion of atomic H in TiO,, lattices. Moreover, in the case of
rutile, these defects should present properties quite similar to those of VOxs. Finally, the results achieved
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here stress the importance of beyond-LSD methods when dealing with defects in TiO,.
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1. Introduction

Titanium dioxide is one of the most important and most widely
used metal oxides for technological applications including, e.g.,
photocatalysis, production of hydrogen and electric energy in solar
cells, and use in spintronic devices after doping with magnetic
impurities [1-3]. Oxygen vacancies (VOx) and OH surface species
can significantly affect the properties of TiO,. For instance,
photocatalysis begins by creating an electron (e) in the conduction
band and a hole (h) in the valence band by optical excitation. These
excited carriers diffuse to the surface to initiate chemical reactions
with adsorbed molecules, while e-h recombination, possibly
favoured by impurities or defects, represents a competing process
which tends to prevent the carriers for reaching the surface. Thus,
the efficiency of a photocatalytic process is affected by: (i) the
region of absorption of electromagnetic radiation, possibly
extended from UV (the region of undoped, stoichiometric TiO,)
to visible and IR regions, (ii) the absorption rate of the
semiconductor, which influences the initial number of photo-
excited carriers, and (iii) the time required for the carriers to move
to the surface to initiate reactions, as compared to their
recombination lifetime. Clearly, electronic levels induced by
defects, like VOX, in the TiO, energy gap can influence the TiO,
properties, e.g., shallow levels can significantly increase the
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electron conductivity while deep levels can permit optical
excitation in the visible or IR regions. Oxygen vacancies form in
appreciable concentrations in the bulk and at the surface of TiO,
nanoparticles, polycrystal or single crystal samples whose
preparation techniques include heavy heating treatments causing
a broad chemical reduction of these materials. These defects
behave as donors, thus possibly accounting for the usual n-type
behaviour of TiO, samples [1,2,4,5]. Generally, such an effect is
induced by bulk VOxs. In fact, water dissociation occurs at surface
VOx sites, both on anatase [6], and rutile surfaces [7], leading to the
formation of two bridging hydroxyl groups (20Hb), see Fig. 1(A),
for every VOX. Such a filling mechanism is a very efficient one: it
has been recently reported that, even in deep ultra high vacuum
(UHV) conditions, VOxs are hardly observed on the rutile (1 10)
surface because even a little amount of residual water molecules
very quickly converts a reduced surface into an hydroxylated one
[8,9]. Thus, OHbs basically replace VOxs at TiO, surfaces. Regarding
the relationships existing between surface VOxs and surface bridge
OH groups, some recent experimental and theoretical studies
deserve a particular consideration. A theoretical study has shown
that OHb and VOx defects at the rutile (1 1 0) surface induce quite
similar, deep electronic states in the energy gap, suggested that
such surface defects can affect the recombination time by trapping
the excited carriers, and stressed the importance of beyond-LSD
(Local Spin Density) methods, e.g., the use of hybrid functionals,
when dealing with such defects [10]. A combined theoretical and
STM (scanning tunnelling microscopy) study of the same surface
has given details on the properties of 20Hb pairs and isolated OHbs
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Fig. 1. (A) Relaxed geometries of the rutile (1 1 0) surface (side view) with coupled (20Hb) and isolated bridging hydroxyl (OHb) defects. “A-type”, “B-type”, and “C-type”
labels indicate possible sites of reduced Ti>* atoms induced by OHb defects. (B)-(D) Local geometry of 20Hb and isolated OHb defects and spin density plots showing the
charge localization of the corresponding electronic levels: (B) 20Hb at the rutile (1 1 0) surface with the charge of a first electronic level localized at a surface B-type Ti>* atom;
(C) the same defect with the charge of a second electronic level localized at a subsurface A-type Ti>* atom; (D) isolated OHb at the same rutile surface with charge localized at a
subsurface A-type Ti>* atom; (E) isolated OHb at the anatase (1 0 1) surface with charge localized at a surface Ti>* atom.

at the same surface [8,11]. Inspired by these recent studies, here,
we present an extensive, theoretical investigation of the properties
of VOxs and OH-related defects. Our aim is to deepen the
understanding of the properties of these defects both in rutile
and anatase, as well as to reveal similar behaviours of VOx and OH
defects in either TiO, polymorphs. This work has been developed
along three lines. First, deep investigation of the OHb properties at
the rutile (1 10) surface and comparison with the recent STM
results mentioned above, as well as extension of the investigation

to the properties of the same defect at the (1 0 1) anatase surface.
We have also checked the reliability of our beyond-LSD, LSD + U
[12] theoretical approach by comparing our results with those
achieved using hybrid functionals [10]. Second, study of the VOx’s
properties in the bulk of rutile and anatase. Third, investigation of
bulk Ti-OH complexes formed by atomic H inserted in the TiO,
lattice. In this regard, previous studies have investigated different
effects of H in rutile like, e.g., H charge-balancing of impurities [13]
or effects of H intercalation [14]. On the other hand, although Ti-
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OH defects could affect the TiO, electronic properties by inducing
defect states in the energy gap, there is scarce information on the
properties of such defects, in particular on their electronic
properties, both in rutile and anatase. We have focussed therefore
on the stability and electronic properties of isolated Ti-OH in both
TiO, polymorphs and performed a comparison with the electronic
properties of bulk VOxs.

The results of our study provide novel, complementary
information on the VOx and OHb defects in anatase and rutile
as well as on their effects on the properties of the two TiO,
polymorphs. They can be summarized as in the following. Our
results agree with those achieved by using hybrid functionals [10]
and with the mentioned STM findings in the case of OHbs at the
rutile (1 10) surface [8,11]. They also predict small differences
between these defects and OHbs at the anatase (1 0 1) surface. In
the case of bulk VOxs, we report instead a marked difference
between the electronic properties of such defects in rutile and
anatase: in the former compound, VOxs induce only two deep
levels in the energy gap, while in the latter they induce one deep
and one shallow level. This is a remarkable result which can
account for some differences between the properties of these two
TiO, polymorphs important for the technological applications, like
the higher photocatalytic activity and electron mobility of anatase
with respect to rutile [1,2,15,16]. Finally, present results indicate
that bulk Ti-OH defects are quite stable and easily form in both
polymorphs. In rutile, these defects present properties quite
similar to those of bulk VOxs. This suggests that possible, beneficial
effects of the VOxs on the material properties, like the occurrence
of optical absorption in the visible region, could be also achieved
through a mild hydrogenation.

2. Methods

Defects in anatase and rutile have been investigated by using
DFT methods as developed in the Quantum-ESPRESSO package
[17]. Total energy calculations have been performed inside a
(beyond-LSD) LSD + U approach [12,18]. Total energies have been
calculated in a supercell approach, by using ultrasoft pseudopo-
tentials [19] and the PBE gradient corrected exchange-correlation
functional [20]. Satisfactorily converged results have been
achieved by expanding Kohn-Sham orbitals in plane waves up
to energy cutoffs of 25 and 150 Ry for the wavefunctions and the
charge density, respectively. A self-consistent Hubbard U correc-
tion of 3.4 eV (3.3 eV) for the d electrons of rutile (anatase) Ti atoms
has been calculated by using the linear response approach
described in Ref. [18]. 2 x 2 x 4 96-atoms and 3 x 3 x 1 108-
atoms supercells have been used to simulate bulk rutile and
anatase, respectively, together witha 2 x 2 x 2 Monkhorst-Pack k-
point mesh. A 96-atoms c(4 x 2) surface cell, formed by adding
about 12 A of vacuum space to four O-Ti-O atomic layers, with a
2 x 2 x 1 k-point Monkhorst-Pack mesh has been used for the
rutile (11 0) surface. A 96-atoms 2 x 1 surface cell, formed by
adding about 12 A of vacuum space to four O-Ti-O atomic layers,
with a 2 x 2 x 1 k-point Monkhorst-Pack mesh has been used for
the anatase (1 0 1) surface. Both these configurations correspond
to one OHb defect every four bridging oxygen atoms.

Geometry optimization procedures have been performed by
minimizing the atomic forces of all of the atoms in the bulk
supercells and of the atoms of the first and second topmost layers
of the surface supercells. In the latter cells, the third layer atoms
have been kept fixed in their bulk positions, and the bottom layer
atoms have been relaxed in a surface-like configuration. The U
correction has been applied to circumvent the too poor LSD-GGA
electron correlation description [10,21]. Such a correction has been
checked by comparing our results with those achieved by using
hybrid functionals in the cases of bulk VOx [21] and OHb and VOx

[10] at the (1 1 0) surface of rutile. Electronic properties have been
investigated by analyzing the Kohn-Sham eigenvalues at the I’
point, spin density of states (not reported here), and spin density
distributions corresponding to the defects states.

3. Results and discussion

In this section, we will discuss the results achieved by using the
LSD + U method in the investigation of the above mentioned
defects. It is worth noticing that, at variance with such results,
those achieved by using the LSD methods indicate that the same
defects always induce quite shallow electronic levels close to the
conduction band and characterized by a wide delocalization of the
corresponding electronic charge on several Ti atoms, which do not
agree with experimental findings, see, e.g., Refs. [22-24].

3.1. Bridging hydroxyl groups (OHb)

In the case of the rutile (1 1 0) surface, when a water molecule
dissociates at a VOx site by forming a 20Hb pair [7], the two H
atoms tend to lose their electrons. The results achieved by using
hybrid functionals indicate that these electrons occupy two
different electronic levels at 1.2 and 1.6 eV below the conduction
band (CB) in a triplet state and are strongly localized on the two
Ti>* atoms at the surface B- and C-type sites of Fig. 1(A) [10]. Even
our results find two deep donor levels localized on Ti atoms.
However, there are some differences between our results and those
reported in Ref. [10]. First, the electronic structure of the coupled
OHb groups, characterized here by two almost degenerate
electronic levels located slightly above midgap, see Fig. 2(C),
seems in a better agreement with the defect level observed at 0.7-
0.9 eV below the CB [22-24]. Second, at variance with the above
mentioned study, the two 20HDb electrons are located at the surface
B site and at the subsurface A site of Fig. 1(A), see Fig. 1(B) and (C),
respectively. It may be worth noticing that the A site involves a
fully coordinated Ti atom (i.e., surrounded by six O atoms) while
the C site proposed in Ref. [10] corresponds to a five-fold
coordinated Ti atom.
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Fig. 2. Diagram of the electronic levels induced by different defects in the anatase
and rutile energy gap. (A) OHb in anatase, (B) OHb in rutile, (C) 20HD pair in rutile,
(D) VOx in anatase, (E) VOx in rutile, (F) Ti-OH in anatase, and (G) Ti-OH in rutile. VB
(CB) indicates the valence band maximum (conduction band minimum) as given by
Kohn-Sham electronic eigenvalues.




180 A. Amore Bonapasta et al. / Catalysis Today 144 (2009) 177-182

(B)

Fig. 3. Optimized geometries of bulk rutile and of an oxygen vacancyina(1 1 0) plane are given in (A) and (B), respectively. The analogue for a (1 0 0) plane of anatase is shown
in (C)and (D), respectively. The red arrows (full lines) indicate O atoms neighbouring the vacancy site (see the text). The blue arrow (dashed line) indicates the Ti atom where a
charge localization occurs, see Fig. 4(C). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Then, we have considered the separation of a 20Hb pair in two
isolated OHbs. The isolated OHbs result to be more stable by 0.4 eV
than a 20Hb pair, which agrees with an evolution of this defect
observed by STM measurements [11]. Regarding the properties of
an isolated OHb defect, the results found here for the 20Hb defect
pose a question about which of the two possible localizations of the
defect charge found for the 20Hb pair, surface or subsurface,
should characterize an isolated OHb group. In this regard, we find
that an isolated OHb induces a deep electronic level into the band
gap, see Fig. 2(B), which localizes charge at a 3d orbital of a
subsurface Ti** A-type site, see Fig. 1(D). This suggests that, in the
20Hb defect, the electronic level localized at the B-type site (see
Fig. 1(B)) is related to the OHb-OHb interaction and disappears
when the two OHbs are separated.

In the case of anatase, we have investigated the properties of an
isolated OHb at the (101) surface. This defect induces an
electronic level in the energy gap at about 1 eV from the valence
band maximum (VBM), see Fig. 2(A), in agreement with experi-
mental findings [25]. The corresponding electronic charge is
localized at a d orbital of a surface Ti>* atom, see Fig. 1(E). Thus, the
properties of anatase OHbs should closely parallel those of a rutile
OHbs. In particular, even in anatase an OHb defect is expected to
behave as an electron trap. A small difference regards instead the
localization of the defect electron, which involves a six-fold
coordinated Ti atom located at a subsurface site in the case of rutile
and at a surface site in anatase.

3.2. Bulk VOxs in rutile and anatase

The results achieved for bulk VOx will be presented in a
synthetic form here and discussed in detail elsewhere [26]. As
anticipated above, such results indicate that the electronic
structure of a VOx in bulk rutile is strongly different from that
of a VOx in anatase. Such a difference originates from a different
local symmetry of the defect site in the two compounds which
leads to quite different structural rearrangements when the O
atom is removed. In turn, these different rearrangements induce
quite different electronic properties. In detail, in the case of rutile,
the positions of Ti and O atoms located ona (1 1 0) plane of the bulk

material are shown in Fig. 3(A). The relaxed positions of the same
atoms after removal of an O atom are shown in Fig. 3(B). The Ti
atoms nearest neighbouring (NN) the vacancy displace within the
(11 0) plane by moving away from the vacancy site with a sort of
breathing relaxation which does not alter the local symmetry
around the site of the removed O atom. A quite different picture is
found for a VOx in bulk anatase. Fig. 3(C) and (D) shows Ti and O
atoms located on a (100) plane of this material and their
rearrangement after the vacancy formation, respectively. These
figures show that, at variance with the case of rutile, the removal of
an O atom induces significant changes of the local geometry
around the vacancy site: an O atom neighbouring the vacancy
breaks indeed its bond with a Ti atom and approaches two NN Ti
atoms by strengthening the corresponding Ti-O bonds and
becoming two-fold coordinated (O2c). Such different structural
rearrangements are related to the existence, in anatase, of a pair of
symmetrically equivalent O atoms neighbouring the vacancy (NN
0) each one bonded to two NN Ti, see the red arrows (full lines) in
Fig. 3(D), in contrast with rutile, where the corresponding,
equivalent NN O are bonded to one NN Ti only, see the red arrows
(full lines) in Fig. 3(B). In fact, an analysis of the geometry
relaxation patterns shows that while in both compounds an
increase of the Ti-Ti distances around the vacancy site accom-
panies the creation of the defect itself, only in anatase these Ti
displacements favour, first, a significant displacement of the NN O
atoms towards the vacancy site, then, a spontaneous evolution
towards the final configuration where one of these two atoms has
broken an O-Ti bond. It should be noted that: (i) differences in the
atomic displacements sampled during optimization procedures
performed without symmetry constraints, although very small, are
sufficient to break the local symmetry equivalence between the
two NN O atoms, and (ii) the O atom which breaks the Ti—O bond
also induces a shortening and strengthening of several, other Ti-O
bonds formed by atoms surrounding the vacancy (see Fig. 3(D)).
The remarkable, structural difference between the VOx geometries
in anatase and rutile is accompanied by a parallel, remarkable
difference in the electronic structure of this defect in the two
compounds. In rutile, the VOx electronic structure is characterized
by two spin-parallel electronic levels located at 1.0 and 1.2 eV
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(B)

Fig. 4. Spin density distributions corresponding to the electronic levels induced by an oxygen vacancy VOX in the energy gap: (A) and (B) defect levels in rutile; (C) and (D)

defect levels in anatase.

above the VBM, as shown in Fig. 2 (E). Although the estimated
conduction band minimum (CBm) is at 2.0 eV from VBM against an
experimental energy gap of 3.0 eV, the location of the two VOx
levels suggests a deep donor behaviour of the defect, confirmed by
the spin density plots of Fig. 4(A) and (B), which indicate a high
localization of these levels on d orbitals of two Ti NN the vacancy. In
the case of a VOx in anatase, instead, two spin-parallel electronic
levels are found at 1.5 and 2.3 eV from VBM in correspondence
with a CBm at 2.4 eV from VBM (against an experimental energy
gap of 3.2 eV). These results suggest a quite different character,
deep and shallow, respectively, for the two electronic levels
induced by a VOx in anatase. The spin density plots corresponding
to the two electronic levels, see Fig. 4(C) and (D) confirm their
different characters. The lower level is indeed localized on a Ti
neighbour, see the blue arrow (dashed line) in Fig. 3(D), whereas

the higher level is widely delocalized on Ti atoms far from the
vacancy (Fig. 4(D)). The different nature of the electronic levels
induced by a VOx in anatase and rutile represents a remarkable
result which can account for important differences between the
properties of these two TiO, polymorphs, like the higher
photocatalytic activity and electron mobility of anatase with
respect to rutile. It has to be stressed that the LSD method gives a
quite different picture: VOxs behave as shallow defects with quite
similar electronic properties both in rutile and anatase.

3.3. Bulk Ti-OH defects
A H atom inserted in the rutile or anatase lattices spontaneously

binds to an O atom by forming an OH-like defect (hereafter referred
to as Ti-OH), as shown in Fig. 5(A) and (B) for the above two

Fig. 5. Local geometry of isolated bulk Ti-OH defects and spin density plots showing the charge localization of the corresponding electronic levels: (A) Ti-OH in bulk rutile
with electronic charge localized at a neighbouring Ti>* atom; (B) the analogue for a Ti-OH in bulk anatase.
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polymorphs, respectively. In both cases, the O-H bond has a length
of about 1 A, is perpendicular to the plane of the Ti neighbouring the
O atoms, and is accompanied by small local rearrangements. In the
case of rutile, the above results agree with those of a previous
theoretical study [14]. The O-H bond is quite strong. In both
compounds, its formation occurs indeed with an energy gain of
about 2 eV with respect to the H atom in the vacuum. Moreover, two
Ti—OH defects are 2.4 eV lower in energy than a H, molecule inserted
in the lattice of either compounds. Finally, a barrier of about 0.6 eV
opposes the motion of a H atom from one O atom to a neighbouring
one. These results suggest a quite easy insertion as well as a high
solubility of atomic H in TiO,. Regarding the electronic properties, a
bulk Ti-OH induces an electronic level located at about 1 eV and
about 2 eV from the VBM in the cases of rutile and anatase,
respectively, see Fig. 2. Despite their different location in the energy
gap, both levels present a quite deep character as shown by the
strong localization of the corresponding electronic charge, see Fig. 5.
Such a localization does not involve the O-H bond. A defect electron
islocalized instead on ad orbital of a Ti atom neighbouring the Ti-OH
group, thatis, the Hatom looses its electron by bindingasaH* toan O
atom and inducing the formation of a Ti** defect. Two Ti-OH defects
do not tend to form pairs and simply induce two almost degenerate
electronic levels in the energy gap. Thus, present results suggest that,
inrutile, a pair of Ti-OH defects parallel the properties of a bulk VOx.
Such a pair induces indeed two deep electronic levels in the energy
gap as well as the formation of two Ti>* defects like in the case of a
VOx. Such a result implies that possible, beneficial effects produced
by the VOx electronic levels in rutile, like absorption in the visible
region, could be also produced by a mild insertion of atomic H in that
material, like that usually performed in the case of semiconductors
for electronic devices [27]. On the contrary, in anatase, a pair of Ti-
OH defects does not produce the same effects of a VOx. The Ti-OH
pair does not induce indeed a shallow level in the gap likely because
it cannot reproduce the strong structural rearrangement accom-
panying the VOx formation discussed above. Notwithstanding, in
the case of anatase, the presence of the H-induced level higher in
energy may have positive effects on the photocatalytic properties by
increasing the initial number of photoexcited carriers. As a final
remark, in both polymorphs, a mild hydrogenation should permit
the achievement of high concentrations of electronically active
defects with minor effects on the crystal structure with respect to the
introduction of VOxs, thus representing an alternative route to the
conventional reduction treatments of TiO,.

4. Conclusions

The properties of bridging hydroxyls OHb at the rutile (1 1 0) and
anatase (1 0 1) surfaces as well as of oxygen vacancies and Ti-OH
defects in the bulk of the same TiO, phases have been investigated
here by using beyond-LSD, LSD + U methods. In the case of surface
OHbs in rutile, a quite good agreement has been found between our
results, results achieved by using hybrid functionals in a previous
study and results of a recent STM study. In particular, our findings
give complementary and novel information on the location of the
Ti>* defects which accompany the OHb defects and predict quite
similar properties for the OHbs forming at the above rutile and
anatase surfaces. On the contrary, a remarkable difference is found
between the structural and electronic properties of bulk VOxs in
rutile and anatase. In particular, the existence of a shallow level
induced by bulk VOxs only in anatase is proposed here which could
explain the higher electron mobility and photocatalytic activity
observed for this compound with respect to rutile. Regarding the
bulk Ti-OH defects, they should easily form by inserting atomic H

both in rutile and anatase lattices. These defects have some similar
properties in the two compounds. Moreover, in the case of rutile, the
Ti-OH defects present properties quite similar to those of VOxs, thus
suggesting that a mild hydrogenation could produce the same
effects of an increase of VOx concentration on the material
properties. In anatase, instead, Ti-OHs and VOxs have quite different
properties. Notwithstanding, positive effects are expected to be
produced by hydrogenation even in this material. As a general,
concluding remark, it should be noted that although the results
reported here regard mainly the properties of bulk VOxs and Ti-OH,
these defects are expected to significantly influence even TiO,
optical absorption. Such a process involves indeed the material
surface as well as layers close to the surface where VOxs and Ti—-OHs
behave as in the bulk. Finally, the achieved results stress the
importance of beyond-LSD methods when dealing with defects in
TiO2.
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