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The electronic properties of stoichiometric, defective, and aluminum-doped rutile TiO2 have been investi-
gated theoretically with periodic quantum-chemical calculations. Theoretical results obtained with the Perdew-
Wang density functional method �Phys. Rev. B 45, 13244 �1992�� and with a density functional-Hartree-Fock
hybrid method are compared. Occupied defect states are observed in the band gap of rutile due to the presence
of oxygen vacancies, which is in accord with previous theoretical studies and the experimentally observed
coloring. For the investigation of aluminum doping, three different situations have been considered: substitu-
tion of a single Ti atom by an Al atom, cosubstitution of Ti by Al and O by Cl, and substitution of two Ti by
two Al combined with the formation of an O vacancy. In the last two cases, aluminum doping does not
introduce band gap states, and the band gap is even increased compared to undoped rutile. We conclude that
stoichiometric Al doping reduces pigment coloring induced by oxygen vacancies in rutile and also suppresses
the photocatalytic activity of titania pigments.
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I. INTRODUCTION

Titanium dioxide, TiO2, has been studied extensively both
experimentally and theoretically due to its particular physical
and chemical properties: high refractive index, excellent op-
tical transmittance in the visible and near-infrared regions,
high dielectric constant,1 and UV induced electron
excitation.2 It is used in heterogeneous catalysis, as a
photocatalyst,2 in solar cells for the production of hydrogen
and electric energy, as a gas sensor, as white pigment, as
colored ceramic pigment, as a corrosion-protective coating,
as an optical coating, and in electronic and electrical
devices.3 It is also used in bone implants due to its high
biocompatibility.4 In surface science, titanium dioxide is con-
sidered as a model system for many metal oxides. Under-
standing its properties at fundamental level will help im-
prove materials and device performance in many fields.

Titanium dioxide crystallizes in three different modifica-
tions: rutile, anatase, and brookite. Rutile is thermodynami-
cally the most stable form. It has been chosen as the subject
of this study. The rutile structure has a tetragonal unit cell
�space group D4h

14 − P42/mnm� containing two titanium and
four oxygen atoms. The lattice consists of hexagonal close
packed oxygen atoms, with half of the octahedral spaces
filled with titanium atoms �Fig. 1�. One additional parameter
u, the oxygen fractional coordinate, is necessary to define the
crystal structure.

The electronic and optical properties of TiO2 have been
investigated experimentally using a wide range of methods:
x-ray photoelectron spectroscopy,5–8 x-ray absorption
spectroscopy,9–11 x-ray emission spectroscopy,12 total elec-
tron yield �TEY� spectroscopy,13 electron-energy-loss
spectroscopy,6,14–16 ultraviolet photoelectron spectroscopy
�UPS�,17 resonant ultraviolet photoelectron spectroscopy,18

absorption and photoluminescence spectroscopy,19 and
wavelength modulated transmission spectroscopy.20 During
the last years, accurate ab initio and density functional

theory �DFT� electronic structure calculations have become
available for the interpretation of TiO2 spectroscopic data.

Theoretical investigations have been performed using the
pseudopotential plane wave formalism both for DFT-local
density approximation �LDA�5,14,21–26 and Hartree-Fock
�HF�27 approaches. Self-consistent calculations using the lin-
ear muffin-tin orbital �LMTO� method,12,13,28–30 tight binding
model,31–33 and extended Hückel molecular-orbital method16

have also been performed to predict the electronic structure
of TiO2.

Defects, which may alter the electronic and optical prop-
erties of rutile, play an important role in technological appli-
cations of TiO2. Naturally occurring rutile is almost always
slightly reduced, leading to a pronounced color change of the
crystal, from transparent to light and dark blue, which is
accompanied by increased electrical conductivity.34 The de-
fect structure is assumed to be quite complex with combina-
tions of various types of oxygen vacancies and Ti3+ and Ti4+

interstitials.35 However, a recent theoretical investigation26

has shown that the formation of oxygen vacancies is ener-
getically more favorable than the insertion of titanium at
interstitial sites. The defect structure varies with the oxygen
vacancy concentration, which depends on temperature, gas
pressure, metal impurities, etc.36 At 1100 °C, an oxygen de-
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FIG. 1. Unit cell of rutile. Black spheres represent the oxygen
atoms and light gray spheres represent the titanium atoms.
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fect concentration of 0.5% under atmospheric pressure
was measured.36,37 Several experimental3,17,34,38–41 and
theoretical26,35,42–48 investigations have been performed to
understand the role of oxygen vacancies in TiO2. These re-
sults will serve as a basis for comparison with the results
presented here.

Titanium dioxide is well known as a photocatalyst. Its
catalytic activity reduces the long-term durability of titania
pigment materials. Upon UV irradiation, electrons �e−� and
holes �h+� are created in the conduction band and valence
band, respectively.49 This process formally reduces titanium
ions from Ti4+ to Ti3+, causing coloration of the pigment.
Commercial TiO2 rutile pigments are always doped with
Al2O3 to enhance photochemical stability. It is assumed that
Al doping creates defects in the rutile lattice that act as traps
for the photogenerated charges.49,50 The presence of alumi-
num is also responsible for reducing particle agglomeration51

and increasing the rate of anatase-to-rutile conversion during
the chloride process.51–54 In the present theoretical study, we
investigate the possible sites of aluminum doping and the
electronic properties of Al-doped rutile.

II. COMPUTATIONAL METHODS

The electronic and optical properties of TiO2 for stoichio-
metric, oxygen-deficient, and Al-doped systems were calcu-
lated with periodic supercell models. In order to investigate
the method dependence of the computed properties, two dif-
ferent quantum-chemical approaches were used, the Perdew-
Wang exchange-correlation functional PWGGA55,56 and the
PW1PW DFT-HF hybrid method.57 These methods have
been applied for calculations of bulk properties of MgO,
NiO, CoO,57 Li2B4O7,58 B2O3,59 and LiO2,60 defect proper-
ties of Li2B4O7,61 and electronic properties of Li2O-B2O3
compounds.62 In those studies, good agreement between cal-
culated and experimental bulk properties was observed, in
particular, for the PW1PW hybrid method.

The two methods were used as implemented in the crys-
talline orbital program CRYSTAL03.63 In CRYSTAL, the Bloch
functions are linear combinations of atomic orbitals. The
quality of the atomic basis sets determines the reliability of
the results. Therefore, we have used high quality atomic ba-
sis sets obtained from the literature. For titanium an 86-
411�d31�G basis and for oxygen an 8-411G* basis were used,
which have been successfully applied for the investigation of
the electronic properties of rutile TiO2 ultrathin films.64 An
88-31G* basis was used for aluminum, which has been op-
timized for alumina.65 For chlorine, an 86-311G basis was
used, which has been optimized for the structural properties
investigation of NaCl.66

A primitive unit cell containing two formula units was
used as model for stoichiometric rutile. The projected density
of states �PDOS� was calculated using the Fourier-Legendre
technique67 with a Monkhorst net68 using shrinking factors
s=8. In order to minimize direct defect-defect interaction
between neighboring cells, we used supercells �Ti16O32,
Ti32O64, and Ti54O108� as models of the defective bulk.

III. RESULTS AND DISCUSSION

A. Bulk properties of rutile

The optimized structure parameters a, c, and u, the cohe-
sive energy per TiO2 unit Eu, the band gap Eg, and the bulk

modulus B0 obtained with PW1PW and PWGGA are given
in Table I together with the corresponding experimental val-
ues. The lattice parameters correspond to an extrapolation of
experimental x-ray data to T=0 K.69,70 The calculated lattice
parameters obtained with the two methods are close to the
experimental values. The largest deviation, +0.9%, is ob-
tained for the PWGGA value of a. This is better than the
error of −2% obtained by previous DFT-LDA calculations.71

However, the structural parameters obtained with PWGGA
are in good agreement with a previous CRYSTAL-PWGGA
study by Muscat et al.72 The hybrid method PW1PW gives a
slightly better reproduction of experimental structure proper-
ties than PWGGA.

The experimental value of Eu for rutile is 1915 kJ/mol.70

Theoretical estimates of Eu are obtained by subtracting the
total energies of the free atoms in their ground states with
converged basis sets from the energy of the periodic system.
In this way, temperature effects and contributions from zero
point energy are neglected. They have been taken into ac-
count a posteriori by a frequency calculation with
CRYSTAL06.73 The sum of all correction terms is +18 kJ/mol
for PWGGA and +20 kJ/mol for PW1PW. The corrected
value of Eu is −1909 kJ/mol at the PW1PW level, which is
in excellent agreement with the experimental reference �
−1915 kJ/mol�. The PWGGA method overestimates Eu con-
siderably �−2036 kJ/mol�.

The experimental value of 216 GPa for the bulk modulus
�B0� has been determined under ambient conditions.74 A re-
cent x-ray spectroscopy study75 has obtained a value of
230±20 GPa. We find isothermal bulk moduli of 234 and
223 GPa with PW1PW and PWGGA, respectively, which are
in excellent agreement with the experimental range.

Rutile is a semiconductor with a band gap �Eg� of
3.03 eV.19 In the present study, the band structure was com-
puted along the direction that contains the highest number of
high-symmetry points within the Brillouin zone,76 namely,
Z→A→M→�→Z→R→X→�. The band structure ob-
tained with PW1PW is shown in Fig. 2. The calculated Eg
values obtained with PW1PW and PWGGA are given in
Table I, and the minimal vertical transition �MVT� and mini-
mal indirect transition �MIT� energies are given in Table II.

Both methods predict a direct gap at �. Experimental in-

TABLE I. Comparison of calculated structural parameters a �Å�,
c �Å�, and u, binding energy Eu �in parentheses are the temperature
corrected values� �kJ/mol�, bulk modulus B0 �GPa�, and band gap
Eg �eV� with experiment.

PWGGA PW1PW Expt.

a 4.63 4.59 4.59a

c 2.98 2.98 2.96a

u 0.305 0.305 0.305a

Eu −2054 �−2036� −1929 �−1909� −1915a

B0 223 234 216b

Eg 1.90 3.54 3.03c

aReference 70.
bReference 74.
cReference 19.
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vestigations using absorption and photoluminescence
spectroscopy,19 and wavelength modulated transmission
spectroscopy20 have also determined that rutile is a direct-
forbidden-gap semiconductor, i.e., the direct transition is di-
pole forbidden. The MVT is along the �-� direction. The
MVT value obtained with PW1PW is 3.54 eV, slightly over-
estimating the experimental value of 3.03 eV.19,20 The pure
DFT-PWGGA approach �1.90 eV� underestimates the direct
transition energy by 1.13 eV. This is similar to the DFT-
LDA-based direct forbidden gaps of 2.0 eV,22 1.87 eV,25 and
1.7 eV.26 The gradient corrections therefore do not consider-
ably improve the LDA band gap, while the inclusion of exact
Hartree-Fock exchange leads to an overestimation of Eg.

In agreement with previous theoretical investigations,22,27

our calculations also predict that rutile has the smallest indi-
rect gap along the �-M direction. The MIT energies, 3.82
and 2.04 eV with PW1PW and PWGGA, respectively, are
close to the corresponding MVT energies. However, accord-
ing to Mathieu et al.,20 the indirect gap shows a nonlinear
behavior under �100� compression, which should include the
transition along the X direction. It is therefore possible that
the indirect transition along the �-X direction, the second
MIT, has the highest probability although its calculated tran-
sition energy is slightly greater than that for the �-M direc-
tion �Table II�.

The DOS calculated with PW1PW is shown in Fig. 3. The

calculated valence band width is about 6.3 eV, in good
agreement with the range of experimental values,
5–6 eV.5–8,12 The valence band �VB� is mainly composed of
O 2p states with some hybridization with Ti 3d orbitals.

The PDOS of Ti obtained with x-ray photoelectron
spectroscopy5 shows a splitting of two major peaks by
2.3 eV. In our case, the center-to-center separation of the Ti
peaks is 2.2 eV. This is in good agreement with the experi-
mental result. According to ligand-field theory,77 the pres-
ence of two Ti peaks in the VB is a result of the splitting of
Ti 3d orbitals into states with t2g and eg symmetries. t2g

states have a lower energy than eg states. These states are
mirrored in the structure of the PDOS for O. A similar pic-
ture was observed in previous combined theoretical and ex-
perimental studies,5,12 and a theoretical DFT-LDA study.22

The t2g and eg states represent the � and � Ti d orbitals
hybridized with O 2p states.

Similar to the VB, the conduction band �CB� is also com-
posed of both Ti 3d and O 2p states. The bottom of the con-
duction band is mainly formed by Ti 3d states, their contri-
bution being several times higher than that of O 2p states.
This is in good agreement with the experimental finding
from TEY spectroscopy.13

TABLE II. Minimum vertical electronic transition �MVT� and minimum indirect transition �MIT� ener-
gies �eV�.

MVT

Z-Z A-A M-M �-� Z-Z R-R X-X

PW1PW 6.68 5.50 4.92 3.54 6.68 4.96 5.33

PWGGA 4.60 3.60 3.12 1.90 4.60 3.13 3.39

MIT

A-M M-� �-M �-Z Z-R X-� �-X

PW1PW 4.56 4.77 3.82 5.07 5.53 4.43 4.58

PWGGA 2.74 2.96 2.04 3.14 3.62 2.57 2.69
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FIG. 2. Band structure of rutile TiO2 �PW1PW results�. Energy (eV)
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FIG. 3. Density of states of rutile TiO2 �PW1PW results�.
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B. Oxygen vacancies in rutile

The experimentally measured oxygen vacancy concentra-
tion in rutile is 0.5% at 1100 °C and near atmospheric
pressure.36,37 The enthalpy of formation of oxygen vacancies
has been measured as 439 kJ/mol.36 An infrared absorption
study34 measured that neutral O defects produce a peak
1.18 eV below the bottom of the bulk CB. In a UPS study of
the surface electronic structure, Henrich and Kurtz40 identi-
fied an occupied defect state 1.2 eV below the CB due to the
presence of oxygen vacancies. A 1.61 eV peak below the
conduction band has been found in a UV spectrum41 and
attributed to a positively charged O defect.

Chen et al.42 investigated oxygen-deficient rutile theoreti-
cally. They employed an embedded-cluster numerical dis-
crete variation method. A defect peak was observed 0.87 eV
below CB for neutral defects, and 1.78 eV below CB for
positively charged defects. A similar result was obtained in a
recent LMTO study of the neutral O defect in rutile.47 An
occupied defect state was found 0.8 eV below the CB bottom
edge. The two extra electrons left behind by the oxygen were
distributed on the three Ti atoms surrounding the vacancy.
Rutile with charged O defects is reported to have partially
occupied defect band states, but their positions relative to the
CB bottom are not given. However, the latter investigation
can be regarded as incomplete, since lattice relaxation was
neglected. Another theoretical investigation35 based on a
semiempirical self-consistent method found the oxygen va-
cancy peak 0.7 eV below CB. At DFT-LDA26,44 and
DFT-PWGGA45 levels, the gap states are located 0.1 and
0.3 eV below CB, respectively. These differences are consid-
erably smaller than the experimental values.34,38,40

In the present study, a systematic investigation is per-
formed for the oxygen vacancy formation energy, Ede�V�, the
effect of relaxation, and the optical transition energies of
defective rutile. Supercells �Ti16O32, Ti32O64, and Ti54O108�
were used for the defect calculations. The lowest vacancy
concentration that we studied here is therefore 0.9%, which
is still larger than the experimentally measured value �0.5%�.
For lower defect concentrations, one has to consider larger
supercells. This was not possible due to limited computer
resources.

1. Defect formation and structural relaxation

The defect formation energy of a neutral oxygen vacancy
Ede�V� is calculated as

Ede�V� = E�TinO2n−1� + 1/2E�O2� − E�TinO2n� . �3.1�

Here, E�TinO2n−1� and E�TinO2n� denote the total energies of
the supercell with and without defect, respectively. E�O2� is
the ground-state energy of the oxygen molecule after optimi-
zation. Charged oxygen defects could not be studied with
CRYSTAL because the energy and energy gradient expressions
are not correctly implemented for charged cells with a com-
pensating homogeneous background charge.73

Ede�V� obtained with PWGGA and PW1PW are presented
in Table III for unrelaxed and fully relaxed systems. The
basis functions of the oxygen ion were left at the defect
position. Calculations for the triplet state were performed
using the unrestricted Kohn-Sham �UKS� method. The re-
moval of oxygen leaves two electrons in the VB that previ-
ously occupied O 2p levels. It is known34,40,45–47 that these
unpaired electrons are mainly localized in the 3d orbitals of
the neighboring Ti atoms. Closed-shell singlet state calcula-
tions were also performed with the PWGGA method. It was
found that Ede�V� for the singlet state is 37–58 kJ/mol larger
than the corresponding value of the triplet state. Therefore,
closed-shell singlet state calculations are not considered fur-
ther.

Ede�V� decreases with decreasing defect concentration
�i.e., increasing supercell size�. This indicates a long-range
repulsive interaction between oxygen vacancies located in
neighboring cells. The observed trend can also be due to the
effect of relaxation of the lattice atoms around the vacancy,
most probably of electrostatic origin. The movement of the
atoms out of their lattice positions due to the presence of the
defect is restricted by the periodic boundary conditions in-
troduced on the supercell. This can be best seen by the very
small relaxation energy �difference between unrelaxed and
fully relaxed defect formation energies� of the smallest su-
percell �Ti2O4�, 11 kJ/mol �PW1PW� and 16 kJ/mol
�PWGGA�. For the larger supercells �Ti16O32, Ti32O64, and
Ti54O108�, the relaxation energy is considerably larger,
85–97 kJ/mol with PWGGA and 52–61 kJ/mol with

TABLE III. Formation energy of neutral oxygen vacancies Ede�V� �kJ/mol� as function of the defect
concentration c �%� �unrel=unrelaxed, rel=relaxed�.

Supercell c

Ede�V�

Expt.b
PWGGA PW1PW

Unrel Rel Unrela Rela Unrel Rel

Ti2O4 25.0 630 614 679 651 653 642

Ti16O32 3.1 595 510 637 568 635 583

Ti32O64 1.6 542 445 575 514

Ti54O108 0.9 519 431 530 490

439

aClosed-shell singlet state calculations.
bReference 36.
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PW1PW. This indicates that relaxation is important for the
study of defective systems. The PWGGA method generally
gives smaller values of Ede�V� than PW1PW, which can be
partly traced back to the larger relaxation energy. For the
smallest defect concentration �0.9%�, Ede�V� is 431 kJ/mol
with PWGGA and 490 kJ/mol with PW1PW. This trend is in
line with our previous observation for the defect formation
energies in Li2O �Ref. 60� and Li2B4O7 �Ref. 61�. The
PWGGA defect formation energy agrees well with the cal-
culated value of 4.44 eV �428 kJ/mol� obtained by Cho et
al. at the local spin density approximation level.26 Both DFT
values are in better agreement with the experimental value �
439 kJ/mol �Ref. 36�� than the PW1PW method, in contrast
to our previous experience for other oxides. However, the
convergence of Ede�V� with respect to the supercell size is
slow. It is therefore possible that the defect formation energy
for larger supercells, which better represent the experimen-
tally observed defect concentration �0.5%�, is smaller than
those reported here. In such case, the PWGGA method
would underestimate the experimental defect formation en-
ergy value, whereas the PW1PW approach would be in better
agreement with the experimental value.

The structural relaxation effects for the O vacancy are
investigated by measuring the changes of distances of the
relaxed atoms from the vacancy site. PW1PW results for the
relaxation effects are shown in Table IV. The PWGGA
method gives the same trend. Prior to relaxation, the vacancy
site is surrounded by two nearest-neighbor �1-NN� Ti atoms
at a distance of 1.95 Å and by one Ti atom at a distance of
1.98 Å �2-NN�. Ti 1-NN and 2-NN atoms move away from
the vacancy, by 8.2% and 7.1%, respectively. This is reason-
able since the Ti ions are positively charged and should,
therefore, repel each other as the central oxygen is removed.
The trend is in agreement with DFT-LDA investigations per-
formed by Cho et al.26 and Ramamoorthy et al.,44 where a
relaxation of +0.27–0.30 and +0.1 Å, respectively, was ob-
served.

The 3-NN and 4-NN O atoms show a small inward relax-
ation of 0.4% and 1.4%. The positions of 5-NN and 6-NN O
atoms are virtually unchanged.

2. Optical transition energies of oxygen-deficient rutile

The experimental value of the optical transition energy for
neutral oxygen-deficient rutile is 1.2 eV,34,40 indicating a

doubly occupied defect level below the bottom of the con-
duction band edge. A charged O defect introduces a partially
filled defect level at about 1.61 eV below the conduction
band.41 The DOS curves for defective Ti16O31 supercell us-
ing PW1PW are shown in Fig. 4.

We have tested different spin distributions over Ti atoms
near the defect site for all the considered supercells. The
most stable structures have been selected for further investi-
gation. The two electrons which are trapped in the defective
supercell are strongly localized in the 3d orbitals of the 1-NN
and 2-NN Ti atoms. The spin density is highest at the two
1-NN Ti atoms �0.82 a.u.�, and only 0.23 a.u. on the 2-NN Ti
atom. The PWGGA method gives a similar spin density dis-
tribution as the PW1PW method, with a less pronounced
localization on the two nearest Ti atoms. This is in accor-
dance with the results of a recent DFT-LDA investigation.26

Previous theoretical investigations on defective surfaces of
rutile42,46,48 also concluded that the electrons are localized on
two fivefold-coordinated titanium atoms, rather than on the
defect site. The same conclusion was also obtained
experimentally.3,39

The calculated band gaps of the defective systems as
function of the supercell size are presented in Table V. The
band gap increases with increasing size of the supercell, i.e.,
with decreasing defect concentration. However, its value is
nearly converged with the largest considered supercell. For
the larger supercells, PW1PW �0.99–1.06 eV� gives the best

TABLE IV. Distances r �Å� of neighboring atoms from the va-
cancy site and changes of the distances �r �%� for the relaxed
atoms in Ti32O64 obtained with PW1PW.

Atom r Unrelaxed Relaxed
�r
�%�

Ti�2� r1 1.95 2.11 +8.2

Ti�1� r2 1.98 2.12 +7.1

O�1� r3 2.53 2.52 −0.4

O�8� r4 2.78 2.74 −1.4

O�2� r5 2.98 2.98 0.0

O�2� r6 3.32 3.32 0.0

TABLE V. Calculated values of band gap Eg �eV� for the defec-
tive supercells.

Supercell

Eg

PWGGA PW1PW Expt.a

Ti2O4 0.13 0.51

Ti16O32 0.25 1.06 1.18

Ti32O64 0.21 0.99

aReferences 34 and 40.
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FIG. 4. Total density of states for � and � electrons of rutile
TiO2 containing a neutral oxygen vacancy �PW1PW results�.
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reproduction of the experimental optical absorption energy �
1.18 eV �Refs. 34 and 40��, whereas PWGGA gives much
too small values, 0.21–0.25 eV. Our PWGGA result is in
line with previous DFT-LDA studies which gave 0.2 eV
�Ref. 26� and 0.3 eV �Ref. 44�, and a PWGGA45 value of
0.1 eV.

The underestimation of the optical transition by pure DFT
methods can be related to the artificial self-interaction which
is a consequence of the approximate nature of the exchange-
correlation functionals. Moreover, care must be taken in gen-
eral when comparing DFT one-particle energies with data
from optical spectroscopy which correspond to energetic dif-
ferences of many-electron states. Quantitative agreement
should therefore not be expected. The hybrid method, on the
other hand, was parametrized to reproduce optical
transitions57 and should therefore better agree with experi-
ment.

C. Al3+-doped TiO2

There have been many investigations of the structure of
aluminum dopants within the rutile crystal lattice. The results
are controversial. It is found that Al3+ ions occupy Ti substi-
tutional sites,52,78–80 interstitial sites,49,81–83 a combination of
both sites,83–85 or Ti substitutional sites in combination with
oxygen vacancies.49,82,83,86 A UV-visible spectroscopic
study49 found that the Al3+ substitutional doping in combi-
nation with oxygen vacancies seems to suppress TiO2 pho-
toactivity. On the other hand, the interstitially incorporated
Al3+ has no effect on the photoactivity. In a recent semi-
empirical study, Steveson et al.87 demonstrated that a single
substitution of Ti by Al and two substitutions of Ti by Al
combined with one oxygen vacancy are energetically favor-
able over interstitial Al doping. In the present study, substi-
tutional Al3+ doping with and without an oxygen vacancy,
and with cosubstitution of oxygen by chlorine is examined.

1. Substitutional Al doping

A Ti16O32 supercell was employed for the defect calcula-
tions. One Ti atom was substituted by an Al atom �Fig. 5�. In

this model, the lattice remains neutral but an unpaired elec-
tron is introduced. It is treated with the UKS method. It is
observed that the unpaired electron introduced due to the
formal substitution of Ti4+ by Al3+ is localized on one of the
oxygen atoms nearest Al3+. Thus, one oxygen which was
formally O2− becomes O−. Initially, the Al is surrounded by
four oxygen atoms at a distance of 1.95 Å. After optimiza-
tion, the average Al-O distance decreases to 1.92 Å.

The electronic properties of the singly Al-doped rutile
were investigated by calculating the total density of states
�DOS�. The DOS obtained with PW1PW is shown in Fig. 6.
There is an unoccupied defect state 2.8 eV above the valence
band maximum which is marked by an arrow. This minority
spin state is composed of oxygen 2p orbitals. The band gap
is reduced to 1.6 eV, which would make the oxide colored.
This is in contradiction to the experimental observation that
Al-doped rutile is colorless.49 Therefore, we conclude that
the nonstoichiometric substitution of Ti4+ by Al3+ in rutile is
not likely.

2. Substitutional Al doping in combination
with chloride counterion

The formal charge �−1� produced by the substitution of
one Ti4+ by Al3+ can be compensated by a counterion �Cl−�
substituting an oxygen ion �formally O2−�. White titania pig-
ments are commonly manufactured via the chloride process
where titanium tetrachloride reacts with oxygen at tempera-
tures between 1300 and 1700 K.51 AlCl3 is also added to
increase the rate of anatase-to-rutile transformation.51–54

Therefore, it is assumed that the chloride counterion is in-
volved in the photostabilization of commercial rutile pig-
ments. In our models, this is realized by replacing one oxy-
gen by chlorine in addition to a substitution of Ti by Al. As
the most likely substitution site, we chose the lattice oxygen
that was reduced to O− after substitution of Ti by Al as de-
scribed in the previous section.

The distance between Al and Cl is 1.95 Å before relax-
ation. After optimization, the Al-Cl distance increases to
2.20 Å, corresponding to an outward relaxation of Cl by

FIG. 5. Supercell Ti15AlO32, doublet state; black spheres repre-
sent the oxygen atoms, light gray spheres represent the titanium
atoms, and dark gray sphere represents the aluminum atom.
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FIG. 6. Total density of states for � and � electrons of
aluminum-doped TiO2 in the substitutional site �PW1PW results�.
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13% �PW1PW level�. The PWGGA method gives a similar
trend for the relaxation.

The DOS �Fig. 7� calculated with PW1PW for a
Ti15AlClO31 supercell shows no gap state. As in the undoped
system, the VB is mainly composed of oxygen states �with a
smaller contribution from titanium states� and the CB is
mainly composed of titanium states �with a smaller contribu-
tion from oxygen states�. There are very small contributions
from aluminum and chlorine states in the valence band. The
Fermi energy is unchanged compared to the defect-free situ-
ation but the bottom of the conduction band is shifted to
higher energy. Therefore, the band gap increased by 0.18 eV
�PW1PW� and 0.09 eV �PWGGA�, compared to undoped
rutile �Table VI�. These results indicate that combined sub-
stitution of Ti by Al and O by Cl can be responsible for the
observed deactivation of rutile pigments.

3. Substitutional Al doping in combination
with an oxygen vacancy

Two closest Ti atoms �distance=2.98 Å� were substituted
by Al in a Ti16O32 supercell. The resulting formal charge
�−2� was compensated by an oxygen vacancy �Fig. 8� at a
site bridging the two Al atoms.

The distribution of two aluminum atoms and one oxygen
vacancy in the supercell was varied and the relative stability
of various local configurations was calculated. Instead of
substituting only two nearest titanium atoms, two next-

nearest titanium atoms �distance=3.57 Å� were also substi-
tuted by aluminum atoms. Another test calculation was per-
formed by moving the oxygen vacancy at the next-nearest
distance �1.98 Å instead of 1.95 Å�. In both cases, the sys-
tems are less stable than the first considered case where the
two Al atoms are nearest neighbors of the oxygen vacancy.
After optimization, three out of four Al-O distances de-
creased from 1.95 to 1.85 Å. One Al-O distance increased to
2.20 Å, similar to the Al-Cl distance reported in the previous
section.

The DOS of the Ti14Al2O31 supercell calculated with
PW1PW is shown in Fig. 9. The Fermi energy is unchanged
compared to the undoped system, while the bottom of the
conduction band is slightly shifted to higher energies, thus
increasing the band gap �Table VI�.

The band gap of rutile decreased due to the presence of
oxygen vacancies �Table V�. The oxygen vacancy introduces
occupied defect levels in the bulk band gap, leading to a
pronounced color change of the crystal. In contrast, doping

TABLE VI. Comparison of calculated band gap energies Eg

�eV� for doped and undoped rutile.

Method

Eg

Ti15AlClO31 Ti14Al2O31 Undoped

PW1PW 3.72 3.65 3.54

PWGGA 1.99 1.95 1.90
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FIG. 7. Total density of states for the aluminum-doped TiO2 in
combination with chloride counterion �PW1PW results�.

FIG. 8. Supercell Ti14Al2O31; black spheres represent oxygen
atoms, light gray spheres represent titanium atoms, and gray
spheres represent aluminum atoms.
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FIG. 9. Total density of states for Al-doped TiO2 in combination
with an oxygen vacancy �PW1PW results�.
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with Al in substitutional sites in combination with an oxygen
vacancy does not introduce any defect level in the band gap,
since the extra electrons induced by the oxygen vacancy are
compensated by the Al ions. In this way, the rutile band gap
has slightly increased compared to the undoped system.
Therefore, aluminum doping does not introduce any color to
the pigment nor does it change the electronic nature of rutile,
which remains a semiconductor.88 This is in good agreement
with experiments.49,89

IV. SUMMARY AND CONCLUSION

The structural, energetic, and electronic properties of sto-
ichiometric and defective TiO2 were investigated by means
of quantum-chemical calculations and compared to available
experimental data. The comparison of the optimized lattice
parameters with experiment shows that the considered meth-
ods give a good reproduction of experimental values. The
hybrid method PW1PW gives reasonable agreement with ex-
periment for the calculated energetic and electronic proper-
ties, while PWGGA overestimates the binding energy and
underestimates the band gap. The calculated values of the
oxygen vacancy formation energy for the largest supercell
considered here �Ti54O108� are 431 �PWGGA� and 490
�PW1PW� kJ/mol, which are in the range of experimental
enthalpy of oxygen vacancy formation. Relaxation around
oxygen vacancies is found to be restricted to the nearest-
neighbor Ti atoms. The removal of a neutral oxygen atom
from the rutile lattice leads to the formation of occupied
defect levels below the bottom of the conduction band edge.

The extra electrons are mainly localized in 3d orbitals of the
two Ti atoms nearest the vacancy. The band gap is reduced
considerably compared to that of the nondefective bulk sys-
tem. Local d-d transitions are possible and therefore the pig-
ment will appear colored. The best agreement between the
calculated excitation energy and optical spectroscopy was
obtained with the PW1PW approach.

The substitution of a single Ti by Al introduces an un-
paired electron which is localized on one of the oxygen at-
oms closest to Al. An unoccupied peak in the beta ladder
appears, which reduces the band gap to 1.6 eV. This would
make the system colored, which contradicts the general pur-
pose of Al doping and disagrees with experimental observa-
tion. Therefore, we conclude that the nonstoichiometric sub-
stitution is not likely to occur in the chloride process. Charge
compensation by additional substitution of O by Cl removes
the defect level. In that case, the band gap is even slightly
increased compared to that in the undoped system. A similar
electronic structure is obtained by substitution of two Ti4+ by
Al3+ together with the formation of an oxygen vacancy.
Therefore, stoichiometric rutile doping with Al is predicted
to enhance the photostability of the pigment as compared to
O deficient pigments.
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