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Abstract

The structural and electronic properties of selected compositions of SnxTi1−xO2 solid solutions (x = 0, 1/24, 1/16, 1/12,
1/8, 1/6, 1/4, 1/2, 3/4, 5/6, 7/8, 11/12, 15/16, 23/24 and 1) were investigated by means of periodic density functional theory
(DFT) calculations at B3LYP level. The calculations show that the corresponding lattice parameters vary non-linearly with
composition, supporting positive deviations from Vegard’s law in the SnxTi1−xO2 system. Our results also account for the
fact that chemical decomposition in SnxTi1−xO2 system is dominated by composition fluctuations along [0 0 1] direction. A
nearly continuous evolution of the direct band gap and the Fermi level with the growing value ofx is predicted. Ti 3d states
dominate the lower portion of the conduction band of SnxTi1−xO2 solid solutions. Sn substitution for Ti in TiO2 increases the
oxidation–reduction potential of the oxide as well as it renders the lowest energy transition to be indirect. These two effects
can be the key factors controlling the rate for the photogenerated electron–hole recombination. These theoretical results are
capable to explain the enhancement of photoactivity in SnxTi1−xO2 solid solutions.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The adsorption of gaseous molecules on the surface
of some simple semiconductor oxides, among them
SnO2 and TiO2, is known to change the conductivity
of the material affording the use of this feature for
purpose of gas detection. Due to their chemical stabil-
ity and their intrinsic mechanism of detection, SnO2
and TiO2 are employed in a wide range of thermody-
namic conditions. Owing to its high sensitivity to the
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reducing atmosphere, SnO2 is the most used oxide as
active component of sensor devices. Relatively low
thermodynamic stability manifested by its high equi-
librium oxygen pressure (SnO2 ↔ SnO+ (1/2)O2) is
responsible for the degradation of its electrical prop-
erties upon prolonged thermal treatment in reducing
gas atmosphere[1]. On the other hand, TiO2 exhibits
much lower equilibrium pressure of oxygen than that
of SnO2, and consequently, major resistance to the
reducing atmosphere. As far as the mechanism of de-
tection is concerned, SnO2 and TiO2 present different
behavior. Surface and bulk interactions control the gas
sensing mechanism of SnO2- and TiO2-based devices,
respectively. This fact has profound implications
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in the applicability of these oxides as ultimate com-
ponent in gas sensor devices, since surface inter-
actions restrict their use at moderate temperatures
(300–400◦C), while bulk interaction, in which the
bulk TiO2 diffusion of defects determines the sensor
response, restricts the operating system to tempera-
tures on the order of 1000–1200◦C (due to extremely
high TiO2’s resistivity) [2].

SnxTi1−xO2 system has proven to be a good can-
didate for gas sensor[1,3–6] and low-voltage varistor
[7] application. For example, small additions of SnO2
to TiO2 lattice allow the operating temperature for hy-
drogen sensor to be lowered to about 500◦C [3]. It
has also been shown that the response of SnO2 sensors
containing small additions of Ti is comparable with
that of undoped SnO2, however the long-term stability
is improved[4]. In addition, the use of SnxTi1−xO2
solid solution in environmental catalysis has also been
examined because of its photocatalytic activity as it
exhibits high quantum yield. It has been shown that
small Sn substitution for Ti in rutile TiO2 increases the
photoactivity of the rutile by 15 times for the oxida-
tion of acetone[8]. Addition of Sn into TiO2, endows
the catalyst with major photoactivity to decompose
methyl orange which is an organic compound model
that exhibits good resistance to light degradation[9].
Yet, Pt/SnxTi1−xO2 (at higher TiO2 contents) appears
to be a good catalyst for CO oxidation[10].

Due to their similar structure and close lattice pa-
rameters (tetragonal rutile (Fig. 1), lattice constants
SnO2, a = 4.738 Å and c = 3.188 Å, and TiO2,
a = 4.593 Å andc = 2.959 Å), it is possible to obtain
solid solutions SnxTi1−xO2 from SnO2 and TiO2 un-
der certain processing conditions. Indeed, the phase
diagram for SnO2–TiO2 binary composition predicts
an immiscibility dome, where favorable conditions
are created for spinodal or chemical decomposition
(unmixing; formation of the modulated phase com-
posed of TiO2-rich and SnO2-rich plates)[11–13].
However, even in this region, which is function of
the temperature, SnxTi1−xO2 solid solutions can be
obtained, since the conditions of growth are out of
equilibrium [2]. It is expected that the SnxTi1−xO2
system could reconcile the best features of its pure
components, for instance, remarkable sensing prop-
erties of SnO2 for reducing gases, combined with the
good chemical stability of TiO2 at high temperatures.
The knowledge of the bulk electronic structure of

Fig. 1. Primitive unit cell of the bulk rutile structure, space group
P42mnm. Small white balls correspond to titanium (or tin) atoms,
and big light gray balls to the oxygen atoms. There are two units
of TiO2 (or SnO2) in the unit cell.

this mixed oxide would aid in the design of gas sens-
ing devices and catalysts exhibiting unique features.
Therefore, the structural and electronic properties of
SnxTi1−xO2 solid solutions have been subjected to
extensive experimental[1,3–6,8,12–19]and recent
theoretical[20] studies. A detailed understanding of
the electronic structure of SnxTi1−xO2 solid solution,
however, lags behind these achievements.

Over the last years, first-principles calculations have
been recognized as an outstanding tool so as to elu-
cidate the electronic structure of crystalline materials
[21–27]. Reliable description of the electronic struc-
ture of rutile-type compounds has been achieved by
means of density functional theory (DFT) periodic cal-
culations. Although the electronic properties of bulk
and surfaces of the end-members oxides TiO2 [28–32]
and SnO2 [33–38] have been extensively studied in
the literature, no periodic first-principles study has
been done for the SnxTi1−xO2 system. Here we re-
port a DFT periodic study on selected compositions
of SnxTi1−xO2 solid solution. Results are discussed in
terms of density of states (DOS) and band structure.

2. Computing method and model system

Calculations were performed with the Crystal’98
program package[39]. Becke’s three-parameter
hybrid non-local exchange functional[40] combined
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with the Lee–Yang–Parr gradient-corrected correla-
tion functional [41], B3LYP, has been used. This
hybrid functional has been shown to reproduce ob-
served geometrical parameters and band gaps reliably
in a wide variety of materials. DFT/B3LYP results are
at least as good as those obtained with more sophisti-
cated correlated calculations or perturbation theories
[42,43]. Furthermore, DFT/B3LYP approach was also
employed in our recent studies on the electronic and
structural properties of the bulk and surfaces of SnO2
[37] and TiO2 (anatase)[44] systems. Sn, Ti and O
centers have been described in the scheme [DB]-21G,
[DB]-21G and [DB]-31G, respectively, where [DB]
stands for the Durand–Barthelat’s non-relativistic
large effective core potential[45]. The definition
of core and valence electrons is as follows: Sn=
[Kr]5s25p2, Ti = [Ar]4s23d2 and O= [He]2s22p4.
The corresponding exponents and coefficients for the
valence double-zeta basis set representing the Sn and
O centers have already been reported in our previous
study[34], while the valence basis set for Ti has been
taken from[46]. The band structure was obtained at 80
�k points along the appropriate high-symmetry paths
of de Brillouin zone for a tetragonal primitive system.

We have performed electronic structure calculations
for SnxTi1−xO2 solid solution atx = 0, 1/24, 1/16,
1/12, 1/8, 1/6, 1/4, 1/2, 3/4, 5/6, 7/8, 11/12, 15/16,
23/24 and 1. The calculations for end-members oxides
TiO2 and SnO2 are performed using the conventional
unit cell as the building unit. Models representing
SnxTi1−xO2 solid solutions where 0< x < 1 are built
within the supercell approach. A supercell is obtained
by defining the new unit cell vectors as linear combina-
tions of the primitive unit vectors. The point symmetry
is defined by the number of symmetry operators in the
new cell. The new translation vectors (a′, b′, c′) are
defined in terms of the old vectors (a, b, c). The sym-
metry is automatically reduced to the point symmetry
operators without transitional components. Atoms that
are related by symmetry in the unit cell are consid-
ered inequivalent in a supercell. Our supercell models
are made as follows: atx = 1/24 and 23/24 we use a
2×2×3 supercell (a′ = 2×a, b′ = 2×b, c′ = 3×c), at
x = 1/16 and 15/16 a 2×2×2 supercell (a′ = 2×a,
b′ = 2×b, c′ = 2×c), atx = 1/12 and 11/12 a 1×2×
3 supercell (a′ = a, b′ = 2×b, c′ = 3×c), atx = 1/8
and 7/8 a 1×2×2 supercell (a′ = a, b′ = 2×b, c′ =
2×c), atx = 1/6 and 5/6 a 1×1×3 supercell (a′ = a,

b′ = b, c′ = 3 × c), at x = 1/4 and 3/4 a 1× 1 × 2
supercell (a′ = a, b′ = b, c′ = 2× c), and atx = 1/2
a 1× 1× 1 supercell (a′ = a, b′ = b, c′ = c). The to-
tal energy of each studied model has been minimized
with respect to the tetragonal lattice constantsa and
c and the internal parameteru. Different optimization
algorithms have been tested to yield similar results,
and the less computationally demanding Nelder–Mead
[47] method has been finally used. Optimizations have
been carried out until the convergence in the energy
achieved 10−5 a.u. The XCrysDen program was used
to draw the band structure diagram[48].

3. Results and discussion

3.1. Structural properties

In Fig. 2, the calculated values of the lattice pa-
rametersc and a, are plotted as a function ofx for
SnxTi1−xO2. The axial ratioc/a and the unit-cell
volume V = a2c are also presented. A comparison
of these results with experimental data reported by
Hirata et al.[18] shows good agreement. It is evident
that the lattice parameters and cell volume of the solid
solutions increase withx indicating the lattice expan-
sion. However, the magnitude of the corresponding
structural parametersa and c do not vary linearly
with x. Therefore, some deviation from Vegard’s law
is found. Hirata et al.[18] and Park et al.[19], in
contrast with the interpretation done by some au-
thors [11,15], also reported positive deviations from
Vegard’s law in the SnxTi1−xO2 system, that is, the
lattice parameters are greater than those obtained just
from a linear interpolation from the endpoint binary
oxides TiO2 and SnO2. Thus, our results indicate that
the deviation from Vegard’s law in the SnxTi1−xO2
solid solution is not a consequence of the spinodal
decomposition. Deviation from Vegard’s law is, how-
ever, frequently accompanied by phase separation
caused by spinodal decomposition. This behavior can
be rationalized by an analysis ofFig. 2. As a rule, the
composition should fluctuate in the direction which
minimizes the elastic strain while maintaining co-
herency. In particular, it can be observed fromFig. 2
that thec lattice parameter experiences a larger de-
viation from the linearity than do so thea parameter.
Thus, our results suggest that the [0 0 1] coherent



148 F.R. Sensato et al. / Catalysis Today 85 (2003) 145–152

0.0 0.2 0.4 0.6 0.8 1.0

3.00

3.05

3.10

3.15

3.20

0.0 0.2 0.4 0.6 0.8 1.0

4.65

4.70

4.75

0.0 0.2 0.4 0.6 0.8 1.0

0.65

0.66

0.67

0.68

0.0 0.2 0.4 0.6 0.8 1.0
64

65

66

67

68

69

70

71

c 
(̄

)

x (b)

a 
(̄

)

x

(c)

c/
a

x (d)

(a)

V
 (̄

3 )

x

Fig. 2. Calculated lattice parameters: (a)c, (b) a, (c) the axial ratioc/a, and (d) the unit-cell volume (V) as a function ofx for SnxTi1−xO2

solid solution.

spinodal is then relevant for this system. In fact, it
has been shown by experiments that decomposition in
the SnxTi1−xO2 system is dominated by composition
fluctuations along [0 0 1] direction[11,19].

Fig. 2d shows that the unit-cell volume of
SnxTi1−xO2 increases monotonously withx. This be-
havior can be explained by the fact that the lattice
of the SnxTi1−xO2 relax as Sn4+ with a larger ionic
radius is substituted for Ti4+ in TiO2 [18].

3.2. Electronic structure

In Fig. 3, we display how energies related to the
top of the valence band, the bottom of the conduc-
tion band, the direct band gap and Fermi level of
SnxTi1−xO2 solid solutions vary withx. The corre-
sponding Fermi levels were estimated by the equation
EF = E − Eg/2, whereE is the energy related to
the bottom of the conduction band andEg the band
gap. Sn and Ti are isovalent, thus Sn substitution for
Ti in rutile TiO2 or vice versa, does not give rise to

extra electrons in the conduction band or holes in the
valence band of the material, and therefore, there is no
reason for the Fermi level shifting away from its ideal
mid-gap position. From an analysis ofFig. 3, it is ob-
served continuous evolution of all these electronic pa-
rameters from those of TiO2, x = 0, to those of SnO2,
x = 1. For instance, the Fermi level monotonically
increases withx, resulting in a separation of 1.1 eV
between end members. Still, the direct band gap in-
creases continuously with increasing SnO2 concentra-
tion from about 2.9 eV for TiO2 to 3.3 eV for SnO2.
In particular, a systematic shift in the fundamental ab-
sorption edge with the growing content of SnO2 in
TiO2 films has been verified by experiment[3].

We have calculated the electronic DOS, i.e. the to-
tal number of electronic states per unit energy, for all
valuesx here considered. Since there are no substan-
tial differences in the structure of the corresponding
DOS of TiO2-rich solid solutions (O< x < 1/2)
and between the SnO2-rich ones (1/2 < x < 1), we
present and discuss the total and atom-resolved partial
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Fig. 3. Energies related to the band gap, the top of the valence band, the bottom of the conduction band and Fermi level of SnxTi1−xO2

solid solutions in function ofx.

DOS of SnxTi1−xO2 at x = 1/4 and 3/4. The former
is intended to represent the TiO2-rich solid solutions,
while the latter refers to the SnO2-rich systems.

The total and partial DOS for Sn0.25Ti0.75O2 (x =
1/4) is shown inFig. 4. The zero of the energy was
set at the top of the valence band. The upper valence
band is made up predominantly of the O 2p compo-
nents and its width is calculated to be about 8.0 eV.
There is also a very limited Ti 3d and Sn 5s contri-
bution in this energy range. The lower valence band
region between−20.0 and−17.5 eV, originates essen-
tially from O 2s component. Between these valence
bands, there is a wide region, around 9.5 eV, which is
devoid of electronic states. The direct band gap for this
composition is 3.0 eV. The region above the conduc-
tion band edge (comprised between 3.0 and 7.5 eV) is
contributed mainly by Ti 3d. Sn 5s and Sn 5p states
are mainly located above 8.5 eV.

In Fig. 5, the total and partial DOS forx = 3/4 are
displayed. Again, the upper valence band is constituted
by O 2p states, however its width is of 9.0 eV, which is
somewhat larger than that forx = 1/4. Again, the Ti
3d states dominate the lower portion of the conduction
band of SnxTi1−xO2 solid solutions, thus the conduc-
tion band is an admixture of extended Sn 5s states and

more localized Ti 3d states. The corresponding band
gap,Eg, is 3.2 eV.

The exact location of energy levels induced by Ti
into the band gap of bulk SnO2 was determined with
the largest 2× 2 × 3 supercell (x = 23/24) in or-
der to minimize defect–defect interactions. The band-
width of the Ti-induced states was found to be 0.3 eV,
while the difference in energy between top of the O
2p valence-band states and the bottom of the Sn 5s
conduction-band states increases from the calculated
value of 3.3 eV for pure SnO2 to 3.8 eV for Ti-doped
SnO2. The center of the Ti-induced states is approxi-
mately 0.3 eV below the Sn 5s manifold.

3.3. Photocatalytic activity of SnxTi1−xO2 solid
solutions

In a semiconductor when a photon with energy of
hν matches or exceeds its band gap energy,Eg, an
electron is promoted from the valence band into the
conduction band leaving a hole behind. Excited-state
conduction-band electrons and valence-band holes can
react with electron donors and electron acceptors on
the semiconductor surface or recombine and dissipate
the input energy as heat. Thus, if suitable electron and
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(x = 1/4). The top of the valence band has been taken as energy
zero.

hole scavengers are available to trap the electron or
hole, recombination is suppressed and the photoactiv-
ity of the semiconductor catalyst is enhanced.

Lin et al. found that Sn substitution for Ti in rutile
TiO2 increases the photoactivity of the rutile by 15
times for the oxidation of acetone[8]. Furthermore, the
activity increases with increasing Sn in SnxTi1−xO2
solid solution, and it peaks at a tin content of 0.075.
The authors conclude that Sn substitution for Ti in
TiO2 lattice results in a decrease in the rate of pho-
togenerated electron–hole recombination. This lower
recombination is attributed to an increase in the band
gap of the solid solution. They infer that the increase
in the band gap with the Sn content in the SnxTi1−xO2
system is in large part due to an increase in its con-
duction band. In fact, our calculations predict, for all
investigated compositions, that the increase in energy
of the bottom of the conduction band is about 30%
larger than the augment of the top of the valence
band. When the system is illuminated by UV light of
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zero.

adequate wavelength, some electrons are promoted to
the conduction band. Since the conduction band shifts
toward higher potential, the energy of the electrons on
the conduction band is enough to reduce oxygen in air.
Thus, the photoexcited electrons and holes on the solid
solution can be separated effectively and have a longer
lifetime. Therefore, the increase in the photocatalytic
oxidation–reduction potential of the semiconductor is
inferred to be the origin of the enhanced photoactivity
of SnxTi1−xO2 system. Our results reveal that this ar-
gument can be correct, sinceFig. 2 shows that Fermi
level of SnxTi1−xO2 solid solution increase with in-
creasingx. However, theoretical results indicate that
other effect can play a more important role as far
as electron–hole recombination is concerned.Fig. 6
shows the band structure of SnxTi1−xO2 for x = 1/12
in the high-symmetry directions in the Brillouin zone,
calculated with a 1× 2 × 3 supercell. This value of
x has been selected as it approaches the optimum
composition 0.075. It can be observed that the lowest
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Fig. 6. Calculated energy-band structure for SnxTi1−xO2 system (x = 1/12). The energy scale is in eV and the origin of energy was
arbitrarily set to be at the valence band maximum. The fractional coordinates of the high-symmetry points of de Brillouin zone used are:
Γ = 0, 0, 0; Z = 0, 0, 1/2; A = 1/2, 1/2, 1/2; M = 1/2, 1/2, 0; X = 0, 1/2, 0; R = 0, 1/2, 1/2.

energy transition is forbidden, since it corresponds to
an indirect band gap (Γ → Z) of 2.9 eV. It is well
known that an indirect band gap tends to inhibit the
recombination of electrons and holes, since transitions
from the bottom of the conduction band into the top
of the valence band are forbidden[49]. Thus, in ad-
dition to increase in the oxidation–reduction potential
of the oxide, Sn substitution for Ti in rutile TiO2 pre-
vents photogenerated electron–hole recombination by
causing the lowest energy transition to be forbidden.
These results account for the enhanced photoactivity
of SnxTi1−xO2.

4. Conclusions

The electronic and geometrical structures of se-
lected SnxTi1−xO2, x = 0–1, binary composition
were investigated using periodic DFT calculations.
The main results of the present study can be sum-
marized as follows: (i) deviations from Vegard’s law
was found in the SnxTi1−xO2 system, (ii) band gap
and Fermi level of SnxTi1−xO2 vary continuously
from those of pure TiO2 to those of pure SnO2 with
increasingx, and (iii) Sn substitution for Ti in rutile
increases the oxidation–reduction potential of the
oxide and renders the lowest energy transition to be

indirect. These effects are believed to inhibit the pho-
togenerated electron–hole recombination, and thus
endow the enhanced photoactivity for SnxTi1−xO2
solid solutions.
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