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First-principles density-functional theory calculations in the generalized gradient approximation are carried
out to study the relative stabilities of oxygen vacancies at surface and subsurface sites of anatase TiO2�101�
and TiO2�001�, and, for comparison, of the prototypical rutile TiO2�110� surface. Our results indicate that these
defects are significantly more stable at subsurface than at surface sites in the case of anatase surfaces, whereas
bridging oxygen sites are favored for O vacancies at rutile TiO2�110�. Also, calculations of O-vacancy diffu-
sion pathways at anatase TiO2�101� show that the energy barrier to diffuse from surface-to-subsurface sites is
sufficiently low to ensure a rapid equilibration of the vacancy distribution at typical surface annealing tem-
peratures. These results could explain why, experimentally, anatase surfaces are found to have a significantly
lower defect concentration and/or to be more difficult to reduce than those of rutile.
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Titanium dioxide �TiO2� is a technologically important
material, which is widely applied in photocatalysis1 and solar
energy conversion.2 Since surfaces have a key role in all
these applications, there has been an increasing interest in the
fundamental physical and chemical properties of TiO2 sur-
faces over the last decade.3 The two most common TiO2
polymorphs are rutile �R-TiO2� and anatase �A-TiO2�. While
R-TiO2 is the thermodynamically most stable bulk phase,
most nanomaterials are of A-TiO2 form; moreover, below a
particle size of �14 nm,4,5 the A-TiO2 phase appears to be
stabilized compared to R-TiO2, an effect that is attributed to
the lower surface energy of A-TiO2 with respect to
R-TiO2.4–6 Moreover, A-TiO2 is typically found to be more
effective in photocatalytic and photovoltaic applications, a
fact for which no clear and widely accepted explanation is
available yet.

Experimental investigations on well defined A-TiO2
surfaces are still relatively sparse mainly because single
A-TiO2 crystals of sufficiently large size are difficult
to grow. However, available studies of A-TiO2�101� and
A-TiO2�001�—the majority and minority surfaces, respec-
tively, in the A-TiO2 Wulff shape6—have found that these
surfaces have a significantly lower defect concentration
and/or are more difficult to reduce than the prototypical
R-TiO2�110� surface under similar preparation conditions
�see, e.g., Refs. 3 and 7 and references therein�. Defects, in
particular oxygen vacancies, have been known for long time
to have a central role in the surface chemistry of oxide ma-
terials. On R-TiO2�110�, the concentration of O vacancies
�VO’s� is quite large �5%–10%� under standard preparation
conditions, and their structural and electronic properties have
been the subject of intense investigation and debate in recent
years.3,8–13 VO’s are also important in the sputtering and an-
nealing processes that are generally used for surface prepa-
ration: the diffusion of these defects, and of Ti interstitials
�Tii’s�, largely determines the mass transport occurring be-
tween the surface and the bulk,14 as well as the surface re-
structuring that often results from these processes �see, e.g.,
Ref. 15 and references therein�.

The low defect density that is observed on A-TiO2 sur-
faces, while in line with the high surface stability inferred
from calorimetric measurements,4 is not straightforward to
understand. TiO2 samples used in experiments are generally

reduced, and should thus contain a substantial amount of VO
and Tii defects. Ti interstitials prefer to have a high coordi-
nation and therefore are mostly found in the bulk. For VO’s,
instead, undercoordinated surface sites, where a smaller
number of Ti-O bonds needs to be broken, should be ener-
getically favored. Thus these defects should be frequent on
the A-TiO2 surface, as found indeed on R-TiO2�110�.

To rationalize the different VO concentrations observed on
the R-TiO2�110� and A-TiO2�101� surfaces, it was suggested
that the surface VO formation energy may be larger for the
latter.3 In fact, the removal of a surface twofold bridging
oxygen �O2c� results in two fivefold coordinated Ti �Ti5c�
cations on R-TiO2�110� vs one Ti5c and one fourfold Ti
�Ti4c� on the A-TiO2�101� surface. Although numerous first-
principles investigations of O vacancies on TiO2 surfaces
have been reported �see, e.g., Refs. 10, 11, and 16–21�, the
differences between VO defects at R-TiO2 and A-TiO2 sur-
faces have not yet been addressed by any theoretical study.
These differences are the primary focus of the present study.

As a first step toward a better understanding of the behav-
ior of O vacancies in A-TiO2, we have performed extensive
density-functional theory �DFT� calculations at the general-
ized gradient approximation �GGA� level to determine the
energetics of these defects at different surface and sub-
surface sites, focusing on the majority A-TiO2�101� surface
but considering also A-TiO2�001� and, as a reference, the
R-TiO2�110� surface. The limitations of DFT-GGA in de-
scribing the electronic structure of VO defects in TiO2 have
been discussed in several recent publications �see, e.g., Refs.
10, 11, and 22–24� and largely originate from the self-
interaction error of the approximate DFT functionals.25 Some
of these difficulties can be mitigated by the use of hybrid
functionals or DFT+U methods.10,22–24 While it would be
valuable to carry out calculations of surface and subsurface
defects using such approaches, the present study based on
the use of a semilocal functional is both interesting on
its own and also a first essential step for any further
investigation.

In agreement with recent first-principles studies17,19 and
consistent with the simple argument given above, in this
work we find that for R-TiO2�110� the formation energy of
surface O2c vacancies is lower than that of subsurface VO’s.
For both A-TiO2�001� and A-TiO2�101� surfaces, instead,
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we find that O vacancies have lower formation energy in the
subsurface than at the surface. In addition, we determined
the VO’s surface-to-subsurface diffusion pathways for
A-TiO2�101� and found that the corresponding barriers are
rather low. This suggests that surface VO defects, once
formed, can easily diffuse to the subsurface, consistent with
the low density of defects that is experimentally observed on
the A-TiO2 surface.

We carried out our DFT-GGA calculations using the
Perdew-Burke-Ernzerhof �Ref. 26� exchange-correlation
functional. As in previous studies based on semilocal func-
tionals �see, e.g., Refs. 16 and 18�, the effect of spin
polarization was found irrelevant in a few test cases, and
therefore was not included in subsequent calculations. We
used the plane-wave-pseudopotential scheme27 with ultrasoft
pseudopotentials28 and a kinetic-energy cutoff of 25 �200� Ry
for the smooth part of the wave functions �augmented den-
sity�. All surfaces were modeled using repeated slab geom-
etries with a vacuum of �11.5 Å width between slabs. For
each surface we considered at least two different slab models
in order to check the dependence on cell size, e.g., we used
slabs of three and six TiO2 layers containing 108 and 216
atoms, respectively, for A-TiO2�101�, slabs of four and six
TiO2 layers containing 96 and 144 atoms, respectively, for
R-TiO2�110�, and two different slabs of four TiO2 layers
containing 102 and 153 atoms for the A-TiO2�001� surface.
For the latter we took the widely accepted �1�4� ad-
molecule �ADM� reconstruction model of Ref. 29. Due to the
large sizes of these systems, only � was used to sample k
space; test calculations on a 72-atom A-TiO2�101� slab
showed negligible ��0.03 eV� differences between the for-
mation energies of surface and subsurface defects deter-
mined with a 2�2�1 k-point mesh and those obtained us-
ing only �. In the structural optimizations, residual forces
were �0.05 eV/Å. O-vacancy formation energies �Eform�
were determined from the expression: Eform�VO�=Etot�def�
−Etot�no def�+ 1

2��O2�, where ��O2� is the total energy of
an O2 molecule, and Etot �def� and Etot �no def� are the total
energies of the system with and without defects, respectively.
For simplicity and as in most theoretical studies of O vacan-
cies in TiO2, in this work we do not consider the dependence
on the oxygen chemical potential. The procedure of compar-
ing formation energies at different sites of the same supercell
allows us to minimize the influence of technical details so
that the comparison is much more meaningful than for cal-
culations performed with different setups.

The computed formation energies for several inequivalent

surface and subsurface VO defects at the A-TiO2�101� sur-
face are reported in Table I �see Fig. 1 for the labeling of the
sites�. On the surface, VO1, corresponding to the removal of
an O2c, is the energetically most favorable VO defect. Among
subsurface sites, the site directly below the surface O2c �not
reported in Table I� is found to be unstable: if a vacancy is
created at that site, the O2c atom just above it moves spon-
taneously to fill the vacancy, leaving a surface VO1 defect.
The most interesting feature of the results in Table I, how-
ever, is that the formation energy of the subsurface VO4 de-
fect is lower than that of VO1 at the surface. To test the
reliability of this result initially obtained with the smaller
slab of 108 atoms, the calculations were repeated using the
thicker A-TiO2�101� slab containing 216 atoms �Fig. 1�a��.
The resulting formation energies for the surface �VO1�, first
subsurface �VO4�, and second subsurface �VO5� sites are 4.15,
3.69, and 3.65 eV, respectively. The energies for the two
subsurface sites are almost identical to one to the other, sug-
gesting that these sites may be already considered “bulklike.”
The difference in stability, �E�0.5 eV, between surface
and subsurface sites corresponds to a relative probability of
VO being at the surface of �4�10−9 and 1.6�10−3 at T
=300 and 900 K, respectively.

By comparing the results obtained with the thinner �108
atoms� and thicker �216 atoms� slabs in Table I, we can see
that, while for VO1 the formation energy does not depend
significantly on slab size, for VO4 Eform is 0.34 eV smaller for

FIG. 1. �Color online� Slab models and
O-vacancy sites �highlighted in yellow� con-
sidered in this work. �a� A-TiO2�101� sur-
face, slab model with six TiO2 layers. �b� �1
�4�-reconstructed A-TiO2�001� surface, slab
model with four TiO2 layers. �c� R-TiO2�110�
surface, slab model with six TiO2 layers. Oxygen
are red and Ti atoms are gray.

TABLE I. Formation energies, in eV, of VO defects at different
surface and subsurface sites of A-TiO2�101�, A-TiO2�001�, and
R-TiO2�001�, as defined in Fig. 1, and calculated using slab models
containing 216 �108�, 153 �102�, and 144 �96� atoms, respectively.
For each surface, the defects with lowest formation energies are in
bold.

Defect site A-TiO2�101� A-TiO2�001� �1�4� R-TiO2�110�

VO1 4.15�4.25� 4.57�4.72� 3.68�4.01�
VO2 �5.40� 5.17�5.52� 4.50�4.56�
VO3 �4.73� 4.29�5.05� 3.99�4.23�
VO4 3.69�4.03� 4.78�5.08� 5.23�5.22�
VO5 3.65 4.10�4.34� 4.73�4.83�
VO6 5.28�5.29�
VO7 4.46

VO8 4.67

VO9 4.38
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the thicker slab because this allows for a better local relax-
ation around the vacancy site. This result also provides the
key for understanding why O vacancies prefer to stay in
subsurface rather than at the surface of anatase. Indeed,
analysis of the structural relaxations around the vacancy sites
shows much larger atomic displacements in the subsurface
region than at the surface �see Fig. 2 and Table II�. The
surface is very “rigid,” as indicated also by the short bond
lengths formed by O2c with the neighboring Ti atoms. These
short bond lengths enhance the stability of the surface but at
the same time also lead to a very high energy cost for creat-
ing a defect.

For completeness, we also determined the VO diffusion
pathways between the different surface and subsurface sites
on A-TiO2�101�. To this end, nudged-elastic-band �NEB�
�Ref. 30� calculations were performed using a slab of three
TiO2 layers containing 72 atoms, and k space was sampled
with a 2�2�1 k-point mesh. For each set of initial and final
states, different pathways were explored in order to deter-
mine the most favorable one. The barriers along the most
favorable pathways are reported in Table III. VO diffusion on
the surface appears to be largely inhibited; in particular, the
direct surface VO1→VO1 diffusion barrier along �010� is
substantial, �2.65 eV. This is quite different from
R-TiO2�110�, where scanning tunneling microscopy �STM�
measurements and DFT calculations found that O2c vacan-
cies have a surface diffusion barrier of only �1.1 eV.12 In-
stead, a much lower barrier �0.74 eV� is found for diffusion
from the surface to the subsurface, VO1→VO4. This indicates

that this pathway can be easily accessed under annealing
conditions, thus allowing for rapid equilibration of the defect
density between surface and subsurface sites. Selected
atomic configurations along the pathway are shown in Fig. 3.
We can see a two-atom diffusion mechanism, in which the
sub-bridging oxygen �i.e., the O atom directly below O2c�
moves up to fill the VO1 vacancy while the site that it leaves
vacant is filled by the O atom initially in the VO4 site. Note
that Table III reports a barrier of 0.95 eV for the reverse
VO4→VO1 process. Taking into account that the slab model
used for the barrier calculations underestimates the relative
stability of VO1 and VO4 by �0.3 eV, a more realistic esti-
mate for this reverse diffusion barrier is �1.25 eV. This is
substantially larger than the barrier for the direct process,
confirming that defects tend to remain confined in the sub-
surface region.

Turning now to a more detailed comparison with experi-
ment, our first-principles results for the O-vacancy formation
energies on A-TiO2�101� agree with the low concentration
of O vacancies experimentally observed by STM and
temperature programed desorption �TPD� on this surface.3

Recent ultraviolet photoemission spectroscopy �UPS� mea-
surements, showing a high concentration of VO induced
gap states following bombardment and annealing of
A-TiO2�101�,7 can be also understood on the basis of our
results: the observed defect states may be indeed assigned to
vacancies in the subsurface region which is accessed by UPS
measurements and where the VO’s prefer to reside according
to our calculations. In the same UPS study,7 however,
comparison of the electronic structures of A-TiO2�101�,
A-TiO2�001�, and R-TiO2�110� as a function of VO defect
concentration shows that, under similar preparation condi-
tions, A-TiO2�101� has the highest concentration of defects,
somewhat higher than R-TiO2�110�, whereas A-TiO2�001�
exhibits an extremely low concentration of VO’s. To obtain
insights into these findings, the energetic of surface and sub-
surface VO’s on the �1�4�-reconstructed29 A-TiO2�001� sur-
face and, for comparison, on R-TiO2�110� was studied with
the same methodology and computational setup used for
A-TiO2�101�. The results are also reported in Table I �site
labeling shown in Fig. 1�.

By comparing first the results for the two A-TiO2 sur-
faces, we can see that, similarly to what was found on

TABLE II. Bond distances �in Å� and bond angles �in degrees�
before �I, III, V� and after �II, IV, VI� creation of an O vacancy at
the A-TiO2�101� surface. �I, II� Surface VO1; �III, IV� subsurface
VO4; �V, VI� second subsurface VO5 �see Fig. 1�a� for definition of
VO sites�. Atoms are labeled as in Fig. 2.

O1-Ti1 O1-Ti2 O2-Ti1 O2-Ti2 Ti1-O2-Ti2

I 1.845 1.831 2.069 1.784 94.22

II 2.250 2.138 1.951 1.802 129.03

III 1.918 1.938 1.991 1.865 98.94

IV 2.245 2.094 1.833 1.802 154.56

V 1.929 1.951 1.988 1.901 99.96

VI 2.198 2.129 1.811 1.803 167.74

TABLE III. Diffusion barriers �EA� along the most favorable
pathways connecting VO binding sites at or near the A-TiO2�101�
surface. Calculations performed using a slab of 72 atoms.

EA �eV�

direct path inverse path

VO1→VO1 2.65 2.65

VO1→VO2 1.34 0.30

VO1→VO3 1.34 0.78

VO2→VO3 0.30 0.78

VO1→VO4 0.74 0.95

VO2→VO4 0.30 1.56

VO3→VO4 0.78 1.56

FIG. 2. �Color online� Optimized atomic structures: �a� before
and �b� after creation of a surface O vacancy �VO1 in Fig. 1�a��; �c�
after creation of a subsurface O vacancy �VO4 in Fig. 1�a�� at the
A-TiO2�101� surface. A few relevant atoms are indicated. O1, the
atom that is removed to create the vacancy, is indicated by a dashed
red circle in �b� and �c�. Bond distances and angles are reported in
Table II.
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A-TiO2�101� and also on A-TiO2�001�, the VO defect with
the lowest formation energy is the one deepest inside the
slab. However, even with some caution related to the differ-
ent slab models used for the calculations, we can remark also
some differences between these two A-TiO2 surfaces,
namely: �i� the formation energies of VO defects on
A-TiO2�001� are, on average, larger than on A-TiO2�101�,
and �ii� the “surface” region �i.e., where the defect formation
energies are larger� is somewhat thicker on A-TiO2�001�.

Both these differences appear to be consistent with the ex-
perimental UPS results.7

Additional comparison of the results in Table I for the two
A-TiO2 surfaces with those for R-TiO2�110� �which agree
well with recent DFT calculations20� clearly suggests impor-
tant differences in the defect distribution at the surfaces of
these two TiO2 polymorphs. At R-TiO2�110�, defect forma-
tion energies in the first O-Ti-O trilayer are the lowest ones,
whereas those for the second trilayer are quite high. Alto-
gether, we can expect that most O vacancies will occur at the
VO1 bridging and VO3 sub-bridging sites at R-TiO2�110�, in
the near subsurface �VO4 site� and below at A-TiO2�101�, and
only well below the surface at A-TiO2�001�. Again, these
results appear to correlate well with the UPS findings of Ref.
7.

In summary, we have presented first-principles calcula-
tions indicating that the surface vs subsurface distribution of
VO defects in A-TiO2 is quite different from that at
R-TiO2�110�. In A-TiO2, O vacancies are found to have a
substantially lower probability to form at the surface than in
the subsurface region, whereas surface bridging and sub-
bridging VO’s are most likely at R-TiO2�110�. While it will
be important to confirm these conclusions using electronic
structure calculations that overcome the limitations of the
present DFT-GGA approach, the present results on the quali-
tative differences between anatase and rutile appear to be
fully consistent with the experiment and provide a clear ex-
planation of a variety of experimental findings.
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FIG. 3. �Color online� Potential energy profile along the VO1

→VO4 diffusion pathway. In the upper part of the figure selected
atomic configurations �NEB “images”� along the pathway are
shown. The initial and final positions of the vacancy are indicated
by a dashed red circle; the two oxygen which undergo the larger
displacements in the diffusion process are highlighted in yellow.
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