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Abstract
The atomic geometry of a TiO2(1 1 0) surface upon creation of an oxygen
defect site and formation of a hydroxyl group was investigated using 3 × 1,
2 × 2 supercells by spin polarized density functional theory calculations. It
was found that both the removal of a bridging O atom and the formation of an
OH group lead to distortion in the atomic positions of the neighboring atoms
depending on the choice of the unit cell used in the calculations. The scanning
tunneling microscopy (STM) simulations performed using the 2 × 2 unit cell
suggest that both an oxygen vacancy and a hydroxyl group should be observed
experimentally as a bright protrusion but of different shapes. The O vacancy
exhibits a spherical shape whereas the OH group was elongated perpendicular
to the [0 0 1] direction. In contrast, in the 3×1 supercell, the OH group appears
as a bright spot while the oxygen defect looks darker. These findings clearly
suggest that a proper geometry is necessary to reproduce experimental STM
images of an oxygen vacancy and a hydroxyl group on a TiO2(1 1 0) surface.

1. Introduction

Oxygen vacancies play a significant role in influencing the physical and chemical properties of
metal oxide surfaces. They can bind molecules, form active sites for their bond-breaking or act
as preferential adsorption sites for metallic nanoparticles such as Au, Ag and Pd [1–8]. These
properties have an impact on the performance of materials used in technological applications
such as photovoltaic devices, catalytic systems and gas sensors [1]. Rutile constitutes one of
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the prototype systems for heterogeneous reactions in catalysis as a support material. Oxygen
vacancies on a rutile surface can be created during surface preparation by thermal annealing,
ion bombardment, irradiation with UV light or by removal of oxygen with the tip in scanning
tunneling microscopy (STM) experiments. Upon oxygen removal, the extra charge left can
be redistributed in all the neighboring atoms or can remain trapped at the vacancy site. Some
theoretical works predicted that this excess of electrons is essentially delocalized [9–11], while
others claim that it is localized at the 3d orbitals of the nearby Ti atoms [12–17]. Experimental
findings suggest that oxygen vacancies correspond to bright spots (type A-defect) appearing in
dark rows in empty states’ STM images [18]. This point of view was disputed by Suzuki, who
argued that the bright spots are due to the adsorption of hydrogen on top of a bridging oxygen
atom [19]. Furthermore, Schaub et al have distinguished two kinds of bright protrusions [20].
They associated the extended ones with oxygen vacancies while the smaller ones were ascribed
to hydroxyl (OH) groups adsorbed at the vacancy sites. These OH groups are supposed to
come from the dissociation of water present in the UHV chamber. Wendt et al claim that
oxygen vacancies should be observed as faint protrusions, less bright than those caused by the
hydroxyl group [21]. It is worth noting that both these two latter STM works may represent
an evolution of ideas since they come from the same group. Based on the above survey, it is
not clear how to distinguish the features connected to the oxygen vacancy from those due to
the presence of a hydroxyl group.

In this work, density functional theory (DFT) is applied for the calculation of the changes
in the atomic geometry due to the presence of oxygen defects and hydroxyl groups on the
TiO2(1 1 0) surface. The aim is to determine how these morphological properties depend on
the arrangement of the oxygen vacancies and the OH group at the TiO2 surface. This is done by
considering the 3 × 1 and 2 × 2 supercells, in which the concentration of the vacancy and OH
group corresponds to 1/3 and 1/4 ML (see below). In addition, we would like to theoretically
simulate the STM images of a point defect and a hydroxyl at different bias voltages in order
to see if we can distinguish them.

2. Computational details

The present calculations were performed within the spin density polarized DFT using the
hybrid B3LYP functional [22] as implemented in the CRYSTAL06 code [23]. The choice of
this exchange-correlation functional was due to its ability to describe very well the localized
states appearing in the band gap of insulators when oxygen vacancies are created or an OH
group is formed [16, 17]. The Kohn–Sham orbitals are expanded as Gaussian-type functions.
We used all electron basis sets for Ti 86-411d41,O 8-411d1 and H 3-11p1. Supercells of
different sizes, i.e. 3 × 1 and 2 × 2, were used in order to determine the effect of the choice
of the unit cell. All unit cells comprised nine atomic layers equivalent to three TiO2 layers
(figure 1). Previous periodic calculations have shown that this is a good approximation of
the rutile surface [24]. All the layers, except the central TiO2 one, were relaxed during the
geometry optimization process. In CRYSTAL06, the optimization convergence is checked on
the root-mean-square and the absolute value of the largest component of both the gradients and
the estimated displacements. The optimizations of the geometry were done using the Berny
algorithm until the maximum gradients and displacements were below 0.00045 and 0.0018
a.u., respectively. Nine and four k-points were used for the integration in the Brillouin zone
for 3 × 1 and 2 × 2, respectively. To create an oxygen vacancy, one bridging oxygen atom per
each side of the slab has been removed. The formation of a hydroxyl group was simulated by
placing one single H atom (per each side of the slab) on top of a bridging oxygen atom. The
simulation of the STM images was done following the Tersoff–Hamann approximation, where
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Figure 1. Top and side views of the TiO2(1 1 0)-1×1 surface showing the different types of atoms:
O2c—bridging oxygen, Ti6c—sixfold coordinated Ti atom, Ti5c—fivefold coordinated Ti atom,
O3c—threefold coordinated in plane oxygen atom. White and dark balls indicate Ti and O
atoms, respectively.

the tunneling current is proportional to the local density of states within a given bias voltage
around the Fermi energy [25].

3. Results and discussions

Figure 1 displays top and side views of the TiO2(1 1 0) surface. We can distinguish the following
types of atoms: the bridging oxygen (O2c), the sixfold (Ti6c) and fivefold (Ti5c) coordinated
Ti cations and the threefold coordinated in plane oxygen atom (O3c). The unit cells used in
the calculations are depicted in figures 2(a) and (b). Before discussing the simulated STM
images, first the structural changes appearing at the TiO2 surface after the formation of an
oxygen vacancy or an OH group will be considered. All atomic displacements reported in
this paper are related to the calculated positions of the atoms in the relaxed TiO2(1 1 0). On
the clean relaxed TiO2(1 1 0)-1 × 1, the O2c and the Ti5c atoms move downwards by 0.08
and 0.13 Å, whereas the O3c and Ti6c atoms rise up by 0.14 Å. These atomic displacements
are related to their bulk terminated atomic positions. Some of the previous theoretical results
indicated a very small displacement of the bridging oxygen atoms by about −0.02 Å [26, 27]
and −0.06 Å [28]. The experiments showed a downward displacement by 0.27 Å [29] and
0.10 Å [30]. Our own previous DFT-LDA results indicated that the O2c and the Ti5c atoms
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(a)

(b)

Figure 2. Schematic drawings of 3×1 and 2×2 unit cells are indicated in (a) and (b), respectively.
‘V’ represents an oxygen vacancy or an ‘OH’ group in the case of hydrogen adsorption on top of a
bridging oxygen. The 1(1’), 2(2’), 3(3’), 4(4’) denote the O2c, Ti6c, Ti5c and O3c atoms, respectively.
Atoms ‘2’ and ‘3’ are not really sixfold and fivefold coordinated upon vacancy creation. The index
‘′’ refers to atoms distant from the vacancy (OH group). White and dark balls indicate Ti and O
atoms, respectively.

move down by 0.12 Å and 0.16 Å, while the O3c and Ti6c atoms rise up by 0.12 Å and 0.08 Å,
respectively [31]. As for Ti6c, the experiments indicated an upwards movement by 0.12 Å [29]
and 0.25 Å [30], while the other theoretical calculations reported 0.19 Å [26], 0.23 Å [27] and
0.13 Å [28], respectively. Both theory and experiments agree with the downward relaxation
of the Ti5c atom. There is also some discrepancy among the experimental findings and theory
for the position of the O3c atoms. The disagreement between the different theoretical results
is probably caused by the difficulty in finding the global absolute minimum energy of such
a flat surface and by the different computational parameters used in the calculations. On the
other hand, the differences in the experimental results may be due to different experimental
conditions.

Figures 3(a) and (b) exhibit the atomic geometry of a TiO2(1 1 0)-1 × 1 surface upon
creation of an oxygen vacancy for different unit cells. First, we need to point out that Ti6c

and Ti5c atoms closer to the vacancy become fivefold (Ti65c) and fourfold (Ti54c) coordinated
atoms, respectively, upon the removal of a bridge oxygen atom. It can be seen that all atoms
of the topmost layers have been affected by the creation of a vacancy. There is a significant
upward displacement of the remaining O2c atoms with respect to their positions in a relaxed
TiO2 (1 1 0) for the 3 × 1 unit cell. They relax upwards by 0.11 Å. In contrast, this upward
displacement is very small (0.02 Å) in the 2×2 supercell. Ti65c atoms ( type ‘2’) move inwards
by 0.20 (0.14) Å for the 3 × 1(2 × 2) unit cells, compared with Ti6c atoms (type 2’) which
relaxed outwards by 0.24 (0.02) Å. This means that the presence of a vacancy affects more
Ti65c and Ti6c atoms in the 3 × 1 unit cell than in the 2 × 2 one. The Ti5c cations and the O3c

atoms rise up in both the supercells; however, the magnitude of their relaxation depends on their
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(a)

(b)

Figure 3. Atomic displacements in angstrom (Å) of the topmost layers upon creation of a vacancy
by removing a bridging oxygen. All displacements refer to the positions of the atoms in the relaxed
TiO2 (1 1 0)-1 × 1 surface. Figures (a) and (b) show structural geometry in the 3 × 1 and 2 × 2
unit cells, respectively. White and dark balls indicate Ti and O atoms.

distance to the vacancy. The Ti5c atoms positioned far from the vacancy are affected strongly.
The O3c atoms nearer the vacancy move up by 0.10 (0.13) Å in the 3×1(2×2) unit cells while
those farther shift up by 0.13 (0.07) Å, respectively. The above results differ from the earlier
reports of Ramamoorthy et al [12] and Mackrodt et al [14] who found inward relaxations of
0.02 Å [12], 0.05 Å [14] and 0.10 Å [12], 0.13 Å [14] for Ti65c and Ti54c coordinated atoms and
an outward relaxation of 0.35 Å [12] and 0.39 Å [14] for surface oxygen atoms.

Thus, it can be said that the removal of an oxygen atom induced strong distortion in the
atomic geometry depending on the choice of the unit cell. Vacancies tend to repulse themselves
on a rutile surface [32]. Consequently, their spatial configuration at the surface is determinant
for the final geometry of the TiO2(1 1 0) surface.

Upon adsorption of hydrogen at the bridging oxygen, the oxygen of the OH group relaxed
upwards by 0.12 (0.14) Å in the 3 × 1(2 × 2) supercells. The other O2c atoms rise up by
0.07 Å in the 3 × 1 unit cell while their positions are almost unchanged in the 2 × 2 unit cell
(figure 4(a)). However, the O2c atoms in the same oxygen row as the OH group rise up slightly
by 0.03 Å. The Ti6c cations closer to the OH group shift down by 0.09 (0.05) Å for the 3 × 1
(2 × 2) unit cells. In contrast, those farther from it move up by 0.09 Å in the 3 × 1 unit cell
only. Their positions remain almost unaffected in the 2 × 2 cell. The formation of a hydroxyl
group does not affect in the same way the Ti5c and O3c atoms in the 3 × 1 unit cell. Some Ti5c

cations and O3c atoms rise up by 0.04 Å and 0.06 Å, respectively, while others remain at their
initial positions. Moreover, we found that the Ti5c cations keep their initial geometry in the
2 × 2 unit cell whereas the O3c atoms rise slightly by 0.03 Å. In brief, the formation of an OH
group leads to a strong structural distortion in the 3×1 supercell compared with the 2×2 one.
H atom bonds to the oxygen atom, whose lengths are 0.971 Å (3×1) and 0.97 Å (2×2). These
values are very close to the experimental value of 0.96 Å in a free water molecule suggesting
the presence of a polar covalent bond [33].

Figure 5 displays the total density of states of the reduced ((a), (c)) and hydroxylated
((b), (d)) surfaces. One sees localized states (indicated by arrows) in the band gap. These
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(a)

(b)

Figure 4. Atomic displacements in angstrom (Å) of the topmost layers upon adsorption of hydrogen
on top of a bridging oxygen for different unit cells. All displacements refer to the positions of the
atoms in the relaxed TiO2 (1 1 0)-1 × 1 surface. Figures (a) and (b) show structural geometry in
the 3 × 1 and 2 × 2 unit cells, respectively. White and dark balls indicate Ti and O atoms.

(a) (b)

(c) (d)

Figure 5. Total density of states for the reduced (a), (c) and hydroxylated surfaces (b), (d). Black
arrows show the localized states in the band gap. Spin up and down are shown.

states arise from the electron trapping in the 3d states of the titanium atoms near the oxygen
vacancy or the hydroxyl group [34]. Empty states’ STM maps simulated on clean, reduced
and hydroxylated surfaces are shown in figures 6, 7 and 8. We report only maps at 1.7 eV
since no dependence on the applied bias voltage was found. The map for the clean surface
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Figure 6. Simulated constant-height (2.5 Å) empty states’ images of a clean surface at 1.9 V.
The height is taken with respect to the topmost bridging oxygen atoms. Bright spots correspond to
titanium rows. An atomistic model of the unit cell is shown together with the simulated STM image.

(a)

(b)

Figure 7. Simulated constant-height (3 Å) empty states’ images at 1.7 eV for the 3 × 1 unit cell.
Figures (a) and (b) refer to the reduced and hydroxylated surfaces, respectively. The height is taken
with respect to the topmost bridging oxygen atoms. A white arrow shows the oxygen vacancy (OH
group) in (a) and (b), respectively . An atomistic model of the unit cell is shown together with the
simulated STM images.

shows the Ti rows like bright protrusions. This means that the electrons are tunneling from
the tip into Ti5c empty states rather than into the topmost bridging oxygen atoms. This agrees
with experimental results. STM maps simulated for the 3 × 1 unit cell show bridging oxygen
atoms as bright spots (figure 7(a)) whereas the oxygen defect appears as dark. This contrast
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(a) (b)

Figure 8. Simulated constant-height (3 Å) empty states’ images at 1.7 eV. The height is taken with
respect to the topmost bridging oxygen atoms. A white arrow shows the oxygen vacancy (OH
group). Gray spots in (a) correspond to the position of bridging oxygen atoms of the next row. An
atomistic model of the unit cell is shown together with the simulated STM images.

reversal is in contradiction to the experimental findings which display a vacancy as a bright
protrusion. We think that this surprising situation can be connected to the atomic geometry of
the 3×1 unit which is different from the one actually present at the surface. We found that the
distance between the two remaining O2c atoms across the vacancy is actually 5.77 Å instead
of the usual value of 5.9 Å. For comparison, the same distance in the 2 × 2 unit equals 5.9 Å .
A shorter distance indicates that both O2c atoms are attracted by the O vacancy. Such lattice
distortion may induce a change in the local density of states at the vacancy site. In contrast to
the 3×1 supercell, the oxygen vacancies appear as bright spots of spherical shape (figure 8(a))
in the 2 × 2 unit cell. They have spherical shape. The bridging oxygen atoms of the next row
are imaged as gray spots. Under normal conditions they are not seen in experimental STM
images. Our results suggest that if there is a local 2 × 2 structure of a vacancy, the O2c atoms
of the next oxygen row can be imaged as gray spots. Simulated STM images of hydroxylated
surfaces (figures 7(b) and 8(b)) strongly resemble the so-called type-A defect [18]. This means
that this kind of defect is likely due to the OH group than the oxygen vacancy.

These results suggest that a good geometry is necessary to reproduce some features of the
experimental findings. Since the STM images are rather dominated by the electronic effects
than by the topographic ones, consequently the appearance of the observed features depend
on the charge rearrangement at the surface. The latter is in turn connected to the atomic
arrangement at the surface. Thus, the choice of the unit cell in the theoretical calculations is a
crucial parameter in order to obtain reliable results.

4. Conclusion

Spin polarized DFT calculations presented in this work suggest that the creation of an oxygen
vacancy and the adsorption of an H atom on a bridging oxygen site induce a strong distortion in
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the atomic geometry of the surrounding atoms on the TiO2(1 1 0)-1×1 surface. The distortion
depends on the defect arrangement at the surface and thus on the choice of the supercell of the
TiO2(1 1 0) unit cell used in the calculations. Empty state STM images simulated for a 2 × 2
unit cell suggest that an oxygen vacancy should appear as a bright spherical spot in contrast
to the OH group which should have an elongated shape. On a 3 × 1 supercell, the oxygen
vacancy should appear darker while the OH should be observed as a bright spot. These results
suggest that the oxygen vacancy and the hydroxyl group are experimentally distinguishable.
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