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The present study is concerned with the structural and electronic properties of the TiO2/SnO2/TiO2 and
SnO2/TiO2/SnO2 composite systems. Periodic quantum mechanical method with density functional theory
at the B3LYP level has been carried out. Relaxed surface energies, structural characteristics and electronic
properties of the (110), (010), (101) and (00) low-index rutile surfaces for TiO2/SnO2/TiO2 and SnO2/
TiO2/SnO2 models are studied. For comparison purposes, the bare rutile TiO2 and SnO2 structures are
also analyzed and compared with previous theoretical and experimental data. The calculated surface
energy for both rutile TiO2 and SnO2 surfaces follows the sequence (110) < (010) < (101) < (001) and
the energy increases as (010) < (101) < (110) < (001) and (010) ≈ (110) < (101) < (001) for SnO2/
TiO2/SnO2 and TiO2/SnO2/TiO2 composite systems, respectively. SnO2/TiO2/SnO2 presents larger values
of surface energy than the individual SnO2 and TiO2 metal oxides and the TiO2/SnO2/TiO2 system renders
surface energy values of the same order that the TiO2 and lower than the SnO2. An analysis of the
electronic structure of the TiO2/SnO2/TiO2 and SnO2/TiO2/SnO2 systems shows that the main characteristics
of the upper part of the valence bands for all the studied surfaces are dominated by the external layers,
i.e., by the TiO2 and the SnO2, respectively, and the topology of the lower part of the conduction bands
looks like the core layers. There is an energy stabilization of both valence band top and conduction band
bottom for (110) and (010) surfaces of the SnO2/TiO2/SnO2 composite system in relation to their core
TiO2, whereas an opposite trend is found for the same surfaces of the TiO2/SnO2/TiO2 composite system
in relation to the bare SnO2. The present theoretical results may explain the growth of TiO2@SnO2

bimorph composite nanotape.

I. Introduction

The design and preparation of nanocomposites based on
semiconducting oxides is an important goal for the obtain-
ment of improved functional performances in advanced fields
such as optoelectronics, sensing, and catalysis.1-9 Recently,
mixed metal oxides or binary semiconducting systems have
attracted more and more attention and some researchers
pointed out that they were promising candidates for the
fabrication of materials showing novel technological applica-
tions thanks to the possibility of achieving a synergistic
combination, which are often superior to those of the
component characteristics.10-14

Particularly, systems based on both rutile TiO2 and SnO2

surfaces are a fascinating class of materials in terms of the
electronic and optical properties and they are prepared and
characterized by surface science techniques15-19 and studied
by means of theoretical methods.20-33 The coupling of TiO2

with SnO2 can affect the electronic structure and can thus
be used to control and enhance to some extent the surface
chemical and physical properties of these systems.

Lee and Hwang17 investigated the fabrication of SnO2/TiO2

thin films to obtain an appropriate substrate material for oxygen
gas sensors. The electronic properties of TiO2/SnO2 layers34,35

as well as the optoelectronic properties of the TiO2/SnO2

junctions have been also reported by Kunst et al.36 Akurati et
al.37 synthesized TiO2/SnO2 composite nanoparticles and tested
their photocatalytic activity for the degradation of methylene
blue. A coupled photocatalysts SnO2/TiO2 was prepared by Chen
and co-workers.38 For these authors the improved photocatalytic
activity may be attributed to the enhance charge separation
efficiency and extend the wavelength range of photoexcitation.
Liu et al. showed that the photocatalytic efficiency of a TiO2

catalyst was enhanced by adding SnO2 onto TiO2.39 Ohsaki and
co-workers35 investigated the photocatalytic activity of TiO2

overcoated with SnO2. They found that the interface between
TiO2 and SnO2 acts as a potential barrier for the carriers
photogenerated in TiO2 and the photogenerated species pass
through the SnO2 overlayer depending on the SnO2 film
characteristics. SnO2 nanoparticles in the rutile phase were
loaded by Chai et al.40 on the surface of TiO2 to form SnO2/
TiO2 nanocomposite structure. The SnO2/TiO2 with 1 mol %
SnO2 demonstrated 1.5-1.7 times of photocatalytic activity
compared to the pure TiO2 in decomposing gaseous 2-propanol
and in evolving CO2. The role of SnO2 nanoparticles on TiO2

surface is considered to be retardation of recombination rate
between electrons and holes by trapping the photoexcited
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electrons from the conduction band of TiO2. Tada et al.41

demonstrates that the sol-gel patterned TiO2 films formed on
SnO2-film coated Soda Lime-glass exhibit very high levels of

photocatalytic activity for both gas and liquid phase reactions.
These authors comment the efficient interfacial electron transfer
from the TiO2 overlayer to the SnO2 underlayer.

Figure 1. Schematic representation of the four surface models (a) (110), (b) (101), (c) (010) and (d) (001) and the corresponding directions
for the four studied systems. The atomic labels Me (Ti or Sn) and O are shown for the most external surface positions.
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The results reported by Ribeiro et al.42 are focused on the growth
mechanism in the formation of TiO2/SnO2 heterostructures. Pulsed
laser ablation was used to deposit TiO2 onto a SnO2 nanoribbon
to yield composite TiO2@SnO2 nanotapes.43 Recently, Hou et al.44

synthesized SnO2/TiO2 nanotube composite photocatalysts with
different SnO2 contents by means of a solvothermal process, and
Liu et al.45 reported a simple approach for fabricating bicomponent
TiO2/SnO2 nanofibers with controllable heterojunctions. Both of
the TiO2 and SnO2 components in the nanofibers are fully exposed
to the surface. This morphology fully utilized the photogenerated
holes and electrons during the photocatalytic process, thus leading
to a high photocatalytic activity.

Zakrzewska et al. carried out extensive studies on
TiO2-SnO2 system for gas sensing46-48 and they found, on
the basis of atomic force microscopy and transmission
electron microscopy studies, that the grain size and the
surface roughness of thin films were affected by the chemical
composition of TiO2-SnO2. In addition, they note that the
band gap (BG) increases systematically from that of TiO2 to
that of SnO2 upon variation of the composition. These results
agree with previous calculations reported by us.49,50 In our
study on TiO2-SnO2 solid solution49 we found that the 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
photogenerated electron-hole recombination, and thus endow
the enhanced photoactivity for SnxTi1-xO2 solid solutions.

Compared with bare TiO2 and SnO2 metal oxides, both
SnO2/TiO2/SnO2 and TiO2/SnO2/TiO2 composite systems
have not received the same theoretical attention, and to our
knowledge, the electronic structures of these systems have
not been reported despite the broad interest and their
importance. The motivation of this work was to shed light,
at the atomic level, on the surface and electronic structures

of these composite systems. This study was mainly based
on the first-principles method in conjunction with slab
models. It is then of interest to learn how stability is related
to electronic structure, in terms of optimized geometric
parameters, band-structure analyses, and the redistributions
of charge density. Finally, for comparison purposes, the bare
TiO2 and SnO2 surfaces have been also studied.

II. Theoretical Methods and Model Systems

Calculations were performed with the CRYSTAL06 pro-
gram package.51 For the titanium atom, the 6-31G basis set
developed by Rassolov et al.52 was selected, as in previous
papers.27,53,54 Oxygen and tin centers have been described
by the standard 6-31G* basis set and in the scheme
PS-21G*,55 respectively,wherePSstandsforDurand-Barthelat’s
nonrelativistic large effective core potential.56 Becke’s three-
parameter hybrid nonlocal exchange functional57 combined
with the Lee-Yang-Parr gradient-corrected correlation
functional, B3LYP,58 has been used. Hybrid density func-
tional methods have been extensively used for molecules and
provide also an accurate description of crystalline structures
as bond lengths, binding energies, and BG values are
regarded.59 The diagonalization of the Fock matrix was
performed at adequate k-point grids in the reciprocal space
being the Pack-Monkhorst/Gilat shrinking factors IS ) ISP
) 4. The thresholds controlling the accuracy of the calcula-
tion of Coulomb and exchange integrals were set to 10-8

(ITOL1 to ITOL4) and 10-14 (ITOL5), whereas the percent
of Fock/Kohn-Sham matrices mixing was set to 40 (IPMIX
) 40).51

Full optimization of the cell parameters (a and c) and
internal coordinate (u) for the bulk SnO2 and TiO2 systems
have been carried out. In this work we report the results for

TABLE 1: Thickness Values (Å), after Relaxation, for the
Core and Both External Layers of Different Surfaces of
SnO2/TiO2/SnO2 and TiO2/SnO2/TiO2 Model Systems

SnO2/TiO2/SnO2 TiO2/SnO2/TiO2

surface core TiO2 external SnO2 core SnO2 external TiO2

(110) 17.28 6.90 15.95 6.36
(010) 10.99 6.38 11.23 4.46
(101) 11.45 5.38 12.00 4.90
(001) 9.38 3.28 9.81 2.94

TABLE 2: Cell Parameters, a and c (in Å), Oxygen Fractional Coordinate (u) and Band Gap Energy, Eg (eV), for Bare TiO2

and SnO2
a

TiO2 SnO2

a c u Eg a c u Eg

this work 4.6055 3.0040 0.3051 3.31 4.7250 3.1657 0.3062 3.61
exp 4.5936 2.9587 0.3048 3.06iii-3.0iv 4.737 3.186 0.306 3.6vi

B3LYPi,ii 4.6400 2.9683 0.3051 3.24v 4.718 3.187 0.307 3.51vii

a TiO2 references: i ) ref 50, iii ) ref 70, iv ) refs 71-73, v ) ref 27. SnO2 references: ii ) ref 60, vi ) refs 26, 60, 74-78, vii ) ref 79.

TABLE 3: Atomic Displacements, ∆x, ∆y and ∆z (Å), and Mulliken Charges, Q (in |e|), for the (110) Surface Systemsa

Ob Me6f Me5f Op

∆z Q ∆z Q ∆z Q ∆y ∆z Q

TiO2 0.06 -0.67 0.28 1.58 -0.15 1.66 -0.04 0.17 -0.84
SnO2/TiO2/SnO2 0.42 -0.86 0.45 2.15 -0.14 2.10 -0.03 0.32 -1.10
SnO2 0.07 -0.90 0.20 2.09 -0.13 2.05 -0.06 0.13 -1.05
TiO2/SnO2/TiO2 -0.30 -0.72 0.03 1.63 -0.33 1.67 -0.06 -0.05 -0.85

a ∆x for all the atomic positions and ∆y for O bridge and Me (6-fold and 5-fold) are negligible.

TABLE 4: Atomic Displacements, ∆x, ∆y and ∆z (Å), and
Mulliken Charges, Q (in |e|), for the (010) Surface Systemsa

Ob Me5f

∆y ∆z Q ∆y ∆z Q

TiO2 -0.31 0.04 -0.66 0.10 -0.03 1.53
SnO2/TiO2/SnO2 -0.21 0.43 -0.81 0.05 0.24 1.93
SnO2 -0.27 0.14 -0.84 0.06 0.02 1.92
TiO2/SnO2/TiO2 -0.36 -0.22 -0.71 0.13 -0.21 1.58

a ∆x for all the atomic positions is negligible.
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the low index (110), (101), (100) and (001) surfaces and for
this purpose these surfaces of both bare SnO2 and TiO2 metal
oxides as well as the SnO2/TiO2/SnO2 and TiO2/SnO2/TiO2

composite systems have been modeled by unreconstructed
(truncated bulk) slab models using the calculated equilibrium
geometry. As these surfaces have different numbers of atoms
in each layer, the low-index surfaces were modeled with
different thicknesses in the z-direction but were periodic in
the x- and y-directions. To confirm the convergence of the
total energy with respect to slab thickness of the different
surface models, we calculate the surface energy for the four
different surfaces. The values are converged in the range
0.031 (0.020), 0.006 (0.091), 0.001 (0.011) and 0.054 (0.009)
J m-2 for TiO2 (and SnO2) slab models containing nine
trilayers for the 110, 010 and 101 surfaces and eleven layers
for the 001, respectively. On the other hand, the band gap
values are converged to better than 0.04 eV for both bare
SnO2 and TiO2 slab models.

It is worth noting that, at variance with the procedure
adopted in the plane waves codes, our slab model does not
include images above and below the reference slab and the
system is a true bidimensional crystal. Internal degrees of
freedom have been optimized for both the external and core
layers of each slab.

Figure 1 schematizes the four studied surface models for
bare TiO2 and SnO2 as well as SnO2/TiO2/SnO2 and TiO2/
SnO2/TiO2 composite systems including the corresponding
atomic labels. Values of the thickness, after relaxation, of
the core and both external layers for SnO2/TiO2/SnO2 and
TiO2/SnO2/TiO2 model systems are reported in Table 1.

The band structures have been obtained along the appropriate
high-symmetry paths of the Brillouin zone. For the 2D Brillouin
those paths are the same used by Mäki-Jaskari and Rantala23

and also by us in a previous work.50

III. Results and Discussion

IIIa. Bulk Properties. The structural parameters and the
BG values for SnO2 and TiO2 are reported in Table 2. There
is good agreement between the present results, experimental
data and those obtained in our previous studies,49,50,60

performed with the same basis set for Ti but slightly different
for Sn and O centers.

IIIb. Surface Geometry. Geometrical displacements and
Mulliken charges for the (110), (010), (101) and (001)

surfaces are summarized in Tables 3, 4 and 6, respectively.
Figure 1 shows that the (110) surface has metal atoms
yielding coordination six (Me6f) and five (Me5f) and two kinds
of oxygen atoms, bridge atom (Ob) and in-plane atom (Op).
The (101) surface exhibits two kinds of atoms, 5-fold, Me5f,
and 2-fold coordinated, O2b. For the (010) surface, the first
two atomic layers exhibit Ob and Me5f atoms, respectively.
In the (001) surface, there is 4-fold (Me4f) and 2-fold (O2f)
coordinated atoms.

In our models the top and bottom slabs are equivalent by
symmetry. Although TiO2 is isostructural to SnO2 the lattice
mismatch is substantial (aSnO2 - aTiO2)/aTiO2 ) (4.73 - 4.61)/
4.61 ) 2.6% and (cSnO2 - cTiO2)/cTiO2 ) (3.17 - 3.00)/3.00
) 5.4% and consequently the interface between substrate and
film has to accommodate this lattice mismatch. Relaxed
positions of the atoms on all the surfaces studied in the x-,
y- and z-directions, ∆x, ∆y and ∆z being the difference
between bulk-truncated and relaxed positions. The positive
displacements in the z-direction, ∆z, denote relaxations
toward the vacuum region and the negative displacement
denote relaxations inward the bulk. When ∆x, ∆y are close
to zero, they are not included in the corresponding tables.

For the TiO2/SnO2/TiO2 (110) surface the displacements
of the Ob, Op and Ti5f in the z-direction are inward (see Table
3); on the other hand, for the Ti6f ∆z displacements the
corresponding values are positive, toward the vacuum region,
and the values for bare TiO2 (110) surface are always positive
except for the Ti5f atoms, where there is an overall decrease
in the surface corrugation. For the SnO2/TiO2/SnO2 (110)
surface, the relaxation in the z-direction is positive and larger
than that for the bare SnO2 for the Ob, Op and Sn6f atoms,
and negative but with a lower value than for the Sn5f atoms.
The ∆x and ∆y displacements are negligible or very small
(Op).

An analysis of the results presented in Tables 4-6 shows
that there are pronounced displacements outward for Ob

((010) and (101) surfaces) and O2f (001) as well as for Sn5f

((010) and (101) surfaces) whereas for the Sn4f (001) SnO2/
TiO2/SnO2 surface there is a slight inward displacement of
-0.02 Å. For the TiO2/SnO2/TiO2 equivalent systems nega-
tive ∆z displacements relative to the bare SnO2 are found;
all the oxygen and titanium atoms present inward displace-
ments except the Sn6f atoms of the (110) surface that shows
a slight outward displacement of 0.03 Å.

The relaxation of (010) surfaces, shown in Table 4, gives
noticeable negative displacements in the y-direction for the
oxygen bridge (Ob) in all the systems, ∆x for all the atomic
positions being negligible. Table 5 shows the atomic
displacements for the first and second layers of the (101)
surface systems. Bare TiO2 presents negative and positive
displacements along the x-direction for Ob for Ti5f atoms,
respectively; the same behavior is found for the corresponding
TiO2/SnO2/TiO2 surface. For the SnO2 and SnO2/TiO2/SnO2

systems the corresponding ∆x displacements are positive for
the Ob and Ti5f atoms, respectively. Ob ∆y displacements
become negative in the TiO2 and TiO2/SnO2/TiO2 systems,

TABLE 5: Atomic Displacements, ∆x, ∆y and ∆z (Å), and Mulliken Charges, Q (in |e|), for the (101) Surface Systems

Ob Me5f

∆x ∆y ∆z Q ∆x ∆y ∆z Q

TiO2 -0.12 -0.08 -0.07 -0.71 0.19 0.11 -0.08 1.53
SnO2/TiO2/SnO2 0.12 0.26 0.35 -0.88 0.14 0.20 0.24 1.95
SnO2 0.03 0.00 0.02 -0.88 0.18 0.03 0.00 1.92
TiO2/SnO2/TiO2 -0.15 -0.20 -0.25 -0.73 0.16 0.16 -0.18 1.54

TABLE 6: Atomic Displacements, ∆x, ∆y and ∆z (Å), and
Mulliken Charges, Q (in |e|), for the (001) Surface Systemsa

Me4f O2f

∆z Q ∆x ∆y ∆z Q

TiO2 -0.26 1.38 -0.09 0.09 0.03 -0.72
SnO2/TiO2/SnO2 -0.02 1.67 -0.06 0.06 0.29 -0.86
SnO2 -0.21 1.66 -0.08 0.08 0.11 -0.86
TiO2/SnO2/TiO2 -0.41 1.48 -0.10 0.10 -0.16 -0.75

a ∆x and ∆y for the Me4f atomic positions is negligible in all
systems.
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and positive in the SnO2/TiO2/SnO2 and SnO2 cases. Me5f

∆y displacements are always positive, being more important
in the SnO2/TiO2/SnO2 and TiO2/SnO2/TiO2 systems. Finally,
in Table 6 we can see that the O2f ∆x and ∆y displacements
in the (001) surface are negative and positive, respectively
in all systems.

The relaxation of bare TiO2 (110) surface has been recently
restudied both experimentally and theoretically, and our results
are in agreement with the most recent bibliography.24,61,62 SnO2

(110) surfaces also give displacements of the same range that
those reported by previous studies.24,50,63 The results of Mulliken
population analysis for the four surfaces listed in Tables 3-6
indicate that the values of positive and negative charge on metal
and oxygen atoms, respectively, are larger for bare SnO2 and
SnO2/TiO2/SnO2 systems than for bare TiO2 and TiO2/SnO2/
TiO2 models.

IIIc. Surface Energy. The standard method for calculating
the surface energy, Esurf, is based on the general expression

Esurf ) lim
Nf∞

EN(slab)- nE(bulk)- n′E(bulk ′ )
2A

(1)

where E(bulk) is the total energy of bulk TiO2 or/and SnO2 per
unit formula, EN(slab) is the energy of the slab containing n
layers of TiO2 and/or n′ layers of SnO2 units, with n + n′ ) N;
A is the area of the unit cell, and the factor 2 comes from the
fact that each slab has two surfaces. To calculate E(bulk), two
approaches can be used: (i) E(bulk) can be obtained from the
slope of the slab total-energy data versus N, as it was proposed
by Fiorentini and Methfessel64 and later applied by Marlo and
Milma.65 (ii) E(bulk) can be calculated from bulk crystal
calculations. When the number of layers N becomes large and
convergence is approached, Esurf can be calculated as follows:

Esurf ≈ EN(slab)- nE(bulk)- n′E(bulk′)
2A

(2)

Although the linear behavior in the calculated surface energy
can be already prominent for thicknesses of seven or more
layers, using slab thicknesses of nine or eleven MO2 layers the
differences in energy between different surfaces are clear, the
reported calculations can be considered reasonably reliable from
a qualitative point of view and the general trends correct. This
procedure has been used in the present work and in previous
studies of our group27,53,66 and other workers.21,22,67,68

Unrelaxed (Esurf
unrelax) and relaxed (Esurf

relax) surface energies of
the low index studied planes, compared with experimental and
some theoretical values, and the corresponding energy gap, Eg,
values with a direct or indirect character are showed in Table
7. Assuming that the error due to the exchange and correlation
functional is systematic to all the surfaces, not greatly affecting
the relative energies of two different surfaces, it is still possible
to extract some trends from our results.

The calculated energy increasing order is (110) < (010) <
(101) < (001) and the values of surface energy for different
rutile TiO2 surfaces obtained by means of B3LYP computing
level are similar with other theoretical studies carried by
Ramamoorthy et al. using the DFT-LDA method21 and by
Perron et al. using the GGA-PAW method,68 whereas lower
values of surface energy are reported by Barnard et al.67 The
calculated values of surface energy for SnO2 surfaces follow
the same energy increasing sequence that those reported by
Oviedo and Gillan22 and our previous study.66 It is apparent
that the relaxation of the atoms on the surface decreases
significantly the calculated surface energies. As expected,T
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surface energies appear to be related to the presence of
undercoordinated Me and O atoms.

The results shown in Table 7 indicate that the surfaces with
4-fold-coordinated Me (i.e., the (001) ones) have a larger energy
than those with 5-fold-coordinated Me (the rest). Furthermore,
the surface energy (of the relaxed structure) approximately
increases with the increase of the density of undercoordinated
Me atoms.

The composite SnO2/TiO2/SnO2 system exhibits much higher
surface energy than the bare SnO2 and TiO2 systems whereas
the TiO2/SnO2/TiO2 one presents surface energy values of the
same order and lower than the bare TiO2 and SnO2 systems,
respectively. For the SnO2/TiO2/SnO2 model the calculated
energy increasing sequence is (010) < (101) < (110) < (001)
and an inversion in the order is found between the (110) and
(010) surfaces when compared with the bare SnO2 and TiO2

systems, the (010) surface being the most stable by 0.52 J m-2

before and 0.45 J m-2 after relaxation than the (110) one. In
this case, the relaxation process decreases the surface energy
of the (110) and (010) systems by 21% and 23%, respectively.
On the other hand, the (101) surface energy is 0.15 J m-2 before
and 0.30 J m-2 after relaxation, lower than the (110) one, and
the relaxation diminishes the energy by 26%. The gain of
stability of (010) and (101) surfaces in relation to (110) can be
associated with their more open ((010)) and corrugated ((010)
and (101)) structures in which the large Sn atoms of the SnO2

layer can be accommodated better on the TiO2 core. As we can
see in Table 1, the wide of the external slabs in SnO2/TiO2/

SnO2 system are 6.38, 5.38 and 6.90 Å for the (010), (101) and
(110) surface models, respectively.

For the TiO2/SnO2/TiO2 model, the relaxation process
decreases the surface energy of the (110) and (010) by 64%
and 65%, respectively, and the difference in energy between
the (110) and (010) surfaces is only 0.07 J m-2 before, and
-0.01 J m-2 after relaxation; then the stability energy sequence
is (010) ≈ (110) < (101) < (001) and the TiO2 external slabs
have a smaller thickness in the (010) surface, 4.46 Å, than in
the (110) one, 6.36 Å (see Table 1).

Our results may explain the growth of the TiO2@SnO2

bimorph composite nanotape reported by He et al.43 They
obtained rutile SnO2 single-crystalline nanoribbons with a [101]
growth direction and well-faceted, nearly rectangular cross-
sections bounded by (101j) and (010) surface planes. Then, these
atomically flat surface facets were appropriate substrates for the
epitaxial growth of materials with appropriate crystal symmetries
such as TiO2, and high resolution transmission electron micros-
copy confirms that TiO2 deposition results in an atomically sharp
interface between TiO2 and SnO2. This nanotape has the TiO2

epitaxially oriented on the narrow side (010) surface. These
experimental data of He and co-workers43 give credence to the
theoretical predictions and allows us to be confident in our study.

IIId. Electronic Structure. An analysis of the results
reported in Table 7 render that the bare TiO2 surfaces present
values of direct BG in the range from 3.24 to 3.46 eV, except
in the (001) surface in which the BG is indirect with a value of
3.19 eV, the direct gap being 3.32 eV; the upper valence band

Figure 2. Band structure of the (110) surfaces: TiO2 (a); SnO2 (b); SnO2/TiO2/SnO2 (c); TiO2/SnO2/TiO2 (d). The first Brillouin zone with high
symmetry points for the surfaces is also shown (e).
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(VB) of the four surfaces is located at Γ. For the bare SnO2

(110) surface the top of the VB is located in a point of the path
between the X and Γ points, the bottom of the conduction band
(CB) being at Γ, the gap of 2.68 eV is indirect, and the upper
part of the VB is very flat in agreement with the band structure
calculated by Mäki-Jaskari and Rantala.23 The BG for the SnO2

(010) surface is also indirect, between M and Γ points, its value
being 3.55 eV. For the (101) and (001) surfaces the BG becomes
direct at Γ, being 2.77 and 2.53 eV, respectively.

Our models for composite systems have two TiO2 (or SnO2)
layers on both sides of each core composed of seven (nine in
the (001) surfaces) SnO2 (or TiO2) layers. We have checked
that, before the relaxation, the positions of the top of VB and
the bottom of the CB do not change significantly when the
amount of external layers is equal or larger than 2. The relative
energy gap values do not change either. For the SnO2/TiO2/
SnO2 system, as in the bare SnO2, the BG is direct in the (101)
and (001) surfaces and indirect for the (110) and (010) ones. In
the TiO2/SnO2/TiO2 (110) surface the top of VB and the bottom
of the CB are located at the Γ point, the direct gap being 3.70
eV. Lin and co-workers69 found that the doping process of Ti
on the SnO2 (110) surface yields an indirect BG when the doped
position is the 5-fold whereas the band gap is direct when the
doped position is the 6-fold. In our model Ti atoms occupy both
5-fold and 6-fold positions and this fact can explain the
discrepancy. All the remaining low index surfaces investigated
of TiO2/SnO2/TiO2 have direct BG. As commented above, the
corresponding bare TiO2 surfaces also present direct BG, except

the (001) surface, but in this case the direct gap is close to the
indirect one.

The band structures of the (110) and (010) surfaces are
depicted in Figures 2 and 3, 5, respectively. An analysis of
Figure 2 shows that the top of VB in the (110) surface has the
following energy values: -8.31 eV (at Γ) for TiO2, -8.26 eV
(at ∼X) for SnO2, -8.91 eV (at ∼X) for SnO2/TiO2/SnO2 and
-7.86 eV (at Γ) for TiO2/SnO2/TiO2, and for the bottom of the
CB the corresponding values are -5.08 eV (at Γ) for TiO2,
-5.58 eV (at Γ) for SnO2, -6.34 eV (at Γ) for SnO2/TiO2/
SnO2 and -4.16 eV (at Γ) for TiO2/SnO2/TiO2. In the SnO2/
TiO2/SnO2 (110) surface the BG is indirect (as in the bare SnO2

(110) case) and its value is only of 2.57 eV, due to the low
value of the energy of the bottom of the CB. The analysis of
the corresponding projected density of states (PDOS) (not
presented here) shows that the lower part of the CB has a
dominant Ti 3d (core) character, with little contribution of Sn5f

5s states and very little of Op 2p states. The Sn5f 5s and to a
lesser extent Op 2p states are predominant in the bottom of the
CB of the bare SnO2 (110) surface. On the other hand, the TiO2/
SnO2/TiO2 (110) surface presents a direct BG with an energy
gap value of 3.70 eV due to the high value of the energy of the
bottom of the CB, and the corresponding PDOS indicates that
the lower part of the CB is mainly composed of the Ti5f and
Ti6f 3d states and very little of Op 2p states as in the TiO2 (110)
surface. In both coupled systems the upper VB is mainly
composed of the Ob and Op 2p states. The upper VB of both
composite systems show the topology of the external layers.

Figure 3. Band structure of the (010) surfaces: TiO2 (a); SnO2 (b); SnO2/TiO2/SnO2 (c); TiO2/SnO2/TiO2 (d). The first Brillouin zone with high
symmetry points for the surfaces is also shown (e).
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Figure 3 shows that the top of VB for theTiO2 as well as the
TiO2/SnO2/TiO2 (010) surface is located at Γ having values of
-8.65 and -8.20 eV, respectively, whereas for SnO2 and SnO2/
TiO2/SnO2 it is located at M with values of -9.14 and -9.84
eV, respectively. The bottom of the CB in all systems is located
at Γ with the following values: -5.19 eV (TiO2), -6.29 eV
(SnO2/TiO2/SnO2), -5.59 eV (SnO2) and -4.45 eV (TiO2/SnO2/
TiO2). An analysis of the PDOS for the SnO2/TiO2/SnO2 system
shows a dominant Ti 3d (core) character in the lower part of
the CB, being the upper VB composed, as in the bare SnO2

(010) surface, of Ob 2p states with little contribution of the Sn5f

5s states. The PDOS analysis of the TiO2/SnO2/TiO2 (010)
system shows that the Ti5f 3d and to a lesser extent the Ob 2p
states are predominant in the lower part of CB, whereas the
upper VB is composed mainly of the Ob 2p and Ti5f 3d states,
showing a clear resemblance with the corresponding bare TiO2

system.
In the four studied surfaces the upper VB part present the

characteristics of the external layers for SnO2/TiO2/SnO2 and
TiO2/SnO2/TiO2 composite systems, whereas the lower part of
the CB maintains the behavior of their respective cores, i.e.,

TiO2 and SnO2, respectively, and accordingly the direct or
indirect character of the BG is mainly due to the external layers
(see Table 7). Only the TiO2/SnO2/TiO2 (001) surface presents
a direct gap whereas for the corresponding bare TiO2 (001)
surface the energy gap is indirect.

The values of the BG for the four surfaces are affected in a
different way by the presence of the external surface; i.e., there
is a decrease of these values from bare TiO2 to SnO2/TiO2/
SnO2 for the (110), (101) and (001) surfaces and an increase
for the (010) one. On going from the bare SnO2 to the TiO2/
SnO2/TiO2 systems, the BG values increase in all cases except
for the (001) surface in which the value is slightly lower.

A schematic diagram of the relative position of the VB and
CB for the (110) and (010) surface for TiO2, SnO2, TiO2/SnO2/
TiO2 and SnO2/TiO2/SnO2 systems can be found in Figure 4a,b,
respectively. In Figure 4a we can see that the bottom of the CB
of the bare TiO2 and SnO2 (110) surfaces have very close energy
values but the top of VB of the SnO2 has a higher energy value
than the TiO2. In Figure 4b we can observe that the bare SnO2

(010) surface presents the top of the VB as well as the bottom
of CB at lower energy values than the bare TiO2. These results

Figure 4. Schematic representation of the relative position of top of VB and the bottom of CB for the most stable a) (110) and b) (010) surface
systems.
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also have been found for the bulk SnO2 and TiO2 metal oxides
(see Figure 2 in Zakrzewska and Radecka48). In addition, there
is a stabilization of both the top of the VB and the bottom of
CB in the SnO2/TiO2/SnO2 (010) composite in relation to the
bare TiO2 (010) whereas an opposite trend is found for the TiO2/
SnO2/TiO2 (010) system. A similar behavior is found for (110)
surface.

IV. Conclusions

We have clarified the interfacial and surface structures of
TiO2/SnO2/TiO2 and SnO2/TiO2/SnO2 model systems by means
of density functional theory calculations at B3LYP computing
level. The surface energy, relative stability, structural and
electronic properties of the (110), (010), (001) and (101) low
index surfaces of bare TiO2 and SnO2 as well as the TiO2/SnO2/
TiO2 and SnO2/TiO2/SnO2 composite systems have been
obtained. The main results can be summarized as follows:

(1) The order of the energy increasing from the calculated
data of bare TiO2 and SnO2 systems follows the sequence (110)
< (010) < (101) < (001), whereas for SnO2/TiO2/SnO2 and
TiO2/SnO2/TiO2 it is (010) < (101) < (110) < (001) and (010)
≈ (110) < (101) < (001), respectively.

(2) The composite SnO2/TiO2/SnO2 system has a higher
surface energy than the individual SnO2 and TiO2 oxides
whereas for the TiO2/SnO2/TiO2 the corresponding values are
of the same order that the TiO2 oxide and lower than those of
SnO2 oxide.

(3) The stabilization of (010) surface for SnO2/TiO2/SnO2

composite system can be associated with the fact that the more
open and corrugated structure of the (010) surface allows the
large Sn atoms of the SnO2 layer to accommodate better than
the (110) one on the respective TiO2 cores.

(4) The Ti atoms of the TiO2 (010) and (110) layers show
similar ability to accommodate on the SnO2 cores of the TiO2/
SnO2/TiO2 composite system, due to their small size when
compared with the Sn ones.

(5) The relaxation of the surfaces in the z-direction seems to
follow a general behavior for both SnO2/TiO2/SnO2 and TiO2/
SnO2/TiO2 systems that have to accommodate the lattice
mismatch between the TiO2 and the SnO2, i.e., pronounced
displacements outward for the SnO2 on TiO2 and inward for
the TiO2 on SnO2 for all the surfaces.

(6) In both SnO2/TiO2/SnO2 and TiO2/SnO2/TiO2 composite
systems, the main characteristics of the upper VBs for all the
studied surfaces are dominated by the external layers, i.e., by
the SnO2 and the TiO2, respectively, whereas the bottom of the
CBs are located at the same points of the first Brillouin zone
than their corresponding cores, i.e., TiO2 and SnO2, respectively;
the exception to this rule is the (001) TiO2/SnO2/TiO2 surface
in which the bottom of CB is located at Γ instead of at M as in
the bare TiO2.

(7) There is an energy stabilization of both VB top and CB
bottom for (110) surface of the SnO2/TiO2/SnO2 composite
system in relation to the core TiO2, but an opposite trend is
found for the (110) surface of the TiO2/SnO2/TiO2 composite
system in relation to the core SnO2. A similar behavior is found
for (010) surface of both composite systems.

(8) Our results may explain the growth of the TiO2@SnO2

bimorph composite nanotapes experimentally reported in which
the TiO2 is epitaxially oriented on the side (010) surface.

With this work, we hope to provide results that will be useful
for studies on TiO2/SnO2/TiO2 and SnO2/TiO2/SnO2 composite
systems and for future investigations of the physics/chemistry
of their surfaces as well.
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dació Bancaixa (project P1 1B2005-20) and Brazilian funding:
FAPESP and CNPq. JRS thanks Spanish Generalitat Valenciana
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