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A B S T R A C T

Binary films of semiconductors have lots of potential applications in material science. Initially, these films were
based on In2O3 but, because of its high coast, alternative materials to replace it have been intensely sought after.
In this sense, TiO2 and PbO2 are both n-type degenerated semiconductors, which can be good alternatives due to
its easy preparation and low cost. Its unique characteristics justify investigating the properties of films composed
of both materials. Structural and electronic surface properties of thin films with crystallographic planes (0 0 1),
(0 1 0), (1 0 1), and (1 1 0) of TiO2 coated with PbO2 (TiO2/PbO2), both in rutile form, have been investigated in
this study. Pure TiO2 and PbO2 bulk and TiO2 thin films have also been studied for comparison purposes.
Periodic quantum mechanics DFT calculations have been performed using B3LYP hybrid density functional and
taking into account long-range interactions. In both bulks, the energy near the top of the valence band comes
mainly from the O 2p orbitals. In the PbO2 the states in the lower energy region of the conducting band are
basically composed of Pb 6s and 6p orbitals, while in TiO2 those states come mainly from the Ti 3d orbitals. The
relative stability of the TiO2 thin films (surfaces) follows the sequence (1 1 0) > (0 1 0) > (1 0 1) > (0 0 1), but
changes substantially in the TiO2/PbO2 binary thin films increasing as (0 1 0) > (1 0 1) > (0 0 1) > (1 1 0).
Band gap energies of the four studied pure TiO2 thin films are practically the same as the bulk. However, there is
a remarkable decrease in the band gap energies of binary films compared to pure TiO2 films. The decrease in the
bottom of the conduction band is due to the contribution of Pb 6s and 6p orbitals at energies below the bottom of
the conduction band of the pure TiO2 films.

1. Introduction

Binary films of semiconductors have attracted a big deal of attention
thanks to the possibility of achieving improved functional performances
comparatively to those of the constituent components. Those films have
too many applications in advanced technological fields such as optoe-
lectronic, catalysis, sensing and solar cells [1–3]. Additionally, sub-
stantial changes in the electronic properties and surface activity are
possible through doping and/or control of methods of synthesis [4].

Initially, that technology was based on In2O3 but its high price
makes it prohibitive for many applications. Therefore, the search for
alternative materials has been very intense for both theoretical and
experimental researchers. In this sense, computational modeling and
simulation are shown as important tools which can assist experi-
mentalists in rationalizing and directing researches in situ. Both rutile
TiO2 and PbO2 are an interesting class of materials in terms of elec-
tronic and optical properties and can be seen as a viable alternative for
such applications. Its properties have been explored both for experi-
mental technics and theoretical methods [5–12].

Rutile TiO2 is a semiconductor with a wide band gap energy of
about 3 eV which is used as a photocatalyst, in solar cells for production
of hydrogen and electric energy, as a gas sensor, and in heterogeneous
catalysis for catalytic conversion of a great variety of organic pollutants
and gases, just for mention some of its applications [13,14]. It plays an
important role in the biocompatibility of bone implants in addition to
being efficient against microorganisms [14–16]. It has also applications
related to the large value of its dielectric constant and the large di-
electric anisotropy [17]. Its electronic structure is usually described in
terms of an ionic model based on the ions Ti4+ and O2−, although
surface oxygen vacancies, which gives rise to two excess electrons, re-
sults on the reduction of Ti4+ to Ti3+ [7,18]. The TiO2 valence band is
mainly built of oxygen p states and the conduction band of empty ti-
tanium d states [6,19,20].

PbO2 has emerged as an attractive material to be used as anode for
direct oxidation of organic compounds thanks to its good stability under
the high positive potentials required, temperature stability, and high
oxygen evolution potential [5]. One of its main applications is as the
active material of positive plates of the lead-acid batteries. Although, as
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everybody knows, Pb is a highly toxic, not environmentally friendly
metal, nowadays there are efficient recycling techniques that prevent
its disposal in the environment and makes its use safe. Add to that its
low price and one have a material worth paying attention to. Rutile
PbO2 is a narrow band gap semiconductor [10,21,22]. These types of
semiconductors are coloured or black when closed to stoichiometry, but
may potentially become transparent when donor doped to high carrier
concentrations, as it has been found for CdO [23,24], thanks to the
blue-shift of the optical band gap, accordingly to the Moss-Burstein
effect [25,26]. Besides this phenomenon, the dependence between the
conduction band structure and the optical transparency has also been
analysed [27,28]. In order to obtain optical transparency the transitions
from the filled conduction band states to the next highest conduction
band must lie above the threshold for visible light absorption. Ac-
cording to band structure calculations the rutile PbO2 conductor be-
haviour arises from the superposition of the Pb 6s states in the con-
duction band and O 2p orbitals on the top of the valence band [11].
However, the concentration of n-type transporters changes too much
according to the preparing conditions, fact that suggest the conductivity
is caused by lack of symmetry as oxygen vacancies or substitution of
surface oxygens by hydroxyl groups [11].

Coating a substrate with a layer of other material can affect the
electronic structure and can thus change to some extent the surface
properties of these systems [29–31]. In this work is being investigated
the surfaces and electronic structures of TiO2 films coated with PbO2

via density functional theory (DFT) calculations, in the wake of a series
of studies that have been developed in our laboratory since some time
ago [32–38]. As far as we know, this is the first time this system is being
investigated. Bulk of both neat PbO2 and TiO2 and surfaces of neat TiO2

have also been simulated for comparison. The films have been com-
putationally modelled in the crystallographic directions [1 1 0], [1 0 1],
[0 1 0], and [0 0 1], and the analysis will be done in terms of optimized
geometric parameters, band structure, density of states (DOS) structure
analysis, distribution of charge density, and surfaces order stability of
the coated films.

2. Model system

The crystalline rutile structure belongs to the tetragonal space group
(P42/mnm), as shown in the Fig. 1, with 6 ions per primitive unit cell
and cell parameters a and c, and internal u parameter. The internal u
parameter is related to the vertical distance between an oxygen and a
metal atom.

The experimental values of the TiO2 parameters are
a=c=4.594 Å, b=2.959 Å, and u=0.305 Å [39], while they are
a=c=4.958 Å, b=3.338 Å, and u=0.296 Å, for PbO2 [10]. The
difference between the cell parameters of the two oxides is significative
(about 0.3 Å), consequence of the difference between the metals atomic
radius, which makes the convergence of the calculations for the coated
TiO2 thin films somewhat difficult. Even so, convergence is achieved for
thick coatings of a few layers, which, from an experimental point of
view, suggests an easy synthesis of the bi-layers films.

To model experimental thin films, slabs with crystallographic planes
with Miller indices (h k l) (0 0 1), (0 1 0), (1 0 1), and (1 1 0), were
constructed from the bulk with the geometry previously optimized. The
bulk was cut perpendicularly to the vector of the aimed direction,
making a two-dimensional periodic structure with a finite number of
layers in the c-direction. The slabs must be thick enough so that the
interactions between the upper and lower faces are negligible. To find
the minimum thickness required to satisfy this criterion, calculations
are made with increasing thickness of the films up to achieve con-
vergence in the surface energy [40]. Following that approach, simula-
tions were performed with slabs having a thickness of approximately
25 Å, with little differences of thickness as a function of the crystal-
lographic direction. It deserves to mention that, at variance with the
procedure adopted in the plane waves codes, the system is truly a bi-
dimensional crystal, that is, the slab model does not include images
above and below the reference slab. The slabs are then submitted to
geometry optimization in order to allow relaxation of the surface atoms
and minimize de surface energy. Once the pure TiO2 slabs have been
simulated the Ti atoms on the two first layers of the surface are sub-
stituted for Pb atoms and the optimization procedure was repeated. For
reasons of symmetry, which influences the convergence of calculations,
the system effectively simulated was PbO2/TiO2/PbO2; in other words,
dividing the slab in half the two halves are a mirror image of each
other. Values of the thickness of the slabs after relaxation are reported
in Table 1. The number of layers is the same in all cases. A scheme of
the simulated pure slabs and the surface Ti/Pb substituted ones is re-
presented in Fig. 2.

3. Computational setup

The computational simulations were performed using the periodic
DFT combined with hybrid functionals based on the generalized gra-
dient approximation (GGA) [41,42]. Hybrid methods of density func-
tionals have been widely used for molecules and also provide a good
description of crystalline structures, such as bonding lengths and
bonding energies, and band gap energy values in good agreement with
experimental results. B3LYP [43,44] is one of the most popular hybrid
functional used for studying solids. Several studies reveal that it de-
scribes a great set of molecules with good accuracy and high reprodu-
cibility [45–47].

The simulations were made with the CRYSTAL14 program [9],
which uses Gaussian-type basis set to describe the crystalline orbitals
[49]. Long-range interactions were also accounted through the Grimme
approach [50,51] (namely B3LYP-D), which consider an increase in the
total energy with a semi-empirical dispersion term [52]. More details
can be found in a previous report [33]. A full optimization procedure
(crystalline parameters a= b, and c, and inner coordinate u) was car-
ried out for both bulk structures to determine the equilibrium geo-
metry. Aiming to obtain better materials modelling, a couple of dif-
ferent basis set (chosen from the CRYSTAL basis set library http://
www.crystal.unito.it/basis-sets.php) were tested both for Pb and Ti (see
Table 2). Several basis set have also been tested for oxygen atoms.
Unfortunately, it was not found a single basis set that could be used for
both the oxides. Calculations with one of the oxygen basis set to both
oxides lead to band gap and cell parameters that do not agree with the
experimental ones for one of the oxides, leading to an inaccurate

Fig. 1. The conventional rutile unit cell (blue: Pb or Ti; red: O).

Table 1
Thickness (Å) values for the different pure TiO2 and TiO2/PbO2 thin films.

Planes TiO2 TiO2/PbO2

110 22.0 22.8
010 24.7 23.0
001 26.1 28.1
101 26.3 27.2
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description. Thus, two different basis set were used for oxygen, the 6-
31d1 for PbO2 [53], and the 8-411d1 for TiO2 [54].

The bulk structure was optimized by the use of analytical energy
gradients with respect to both atomic coordinates and unit cell para-
meters while the slabs were optimized with respect to the atomic co-
ordinates only. The minimized structures were characterized by diag-
onalizing the Hessian matrix with respect to the lattice parameters and
atomic coordinates; and the nuclear displacements and gradient com-
ponents convergence were checked with tolerances on their root-mean-
squares set to 10−3 and 10−4 a.u., respectively. The 10−10, 10−10,
10−10, 10−10, and 10−20 parameters were chosen for the Coulomb
overlap, Coulomb penetration, exchange overlap, first exchange
pseudo-overlap, and second exchange pseudo-overlap, respectively
[33]. The shrinking (Monkhorst-Pack and Gilat) [55] factor was set up
to 10. The percentage of Fock/Kohn-Sham matrices was kept at 80%
and was also used the BROYDEN method to calculate only the first
interactions [48], with a percentage of Fock/Kohn-Sham matrices
changed to 50%.

4. Results and discussion

4.1. Bulk

Table 2 lists the calculated values of lattice parameters, inner co-
ordinate, and band gap energy obtained with the different basis sets
used for Ti and Pb, and the respective experimental values. Based on the
results listed on the table, one can conclude that the 411(311d)G and

DB-31G* (where DB refers to the Durand-Barthelat’s pseudopotential)
are the basis sets that fit better the experimental results shown for the
bulks of TiO2 and PbO2 respectively, and were chosen to perform the
remaining calculations. As a general found, it is noticed that the basis
sets used for Ti overestimate the band gap energy values, while for Pb
are found values larger and smaller than the experimental one.

Having chosen the most appropriated basis set to model the mate-
rials, it is possible to begin exploring theoretically its properties. The
bulk band structure of both materials, to be used as a reference for
posterior comparison (Fig. 3), has direct band gap at Г point. It is easy
to realize the huge difference in the behaviour and distribution of the
bands from one material to the other. The PbO2 upper valence band
width is about 8.75 eV, in accordance with other theoretical values
reported previously, 8.02 eV and 8.45 eV [10,11]. In turn, the TiO2

upper valence band width is about 6 eV, which agrees well with early
experimental data of 5.4 eV [62]. Thus, the valence orbitals in TiO2 are
distributed through a smaller energetic range than that of PbO2, in strict
agreement with the electronic distribution of the metal atoms. On the
other hand, the conducting bands clearly reflect the difference in the
conducting behaviour of the materials. That is a strong motivation to
explore the influence of one material in the behaviour of the other, the
aim of this study. In particular, PbO2 presents a very characteristic
conduction band, with a large gap of about 7 eV between the bottom of
the band to the next lower portion of it on the Г point, whose con-
sequences on the optical behaviour of the material have been analysed
previously [33].

According to what has been discussed by Walsh et al., the

Fig. 2. Schemes of the (a) (0 0 1), (b) (0 1 0), (c) (1 1 0) and (d) (1 0 1) surface (blue: Ti; grey: Pb; red: O (in the case of pure TiO2 films all metallic atoms are Ti).

Table 2
Experimental and calculated equilibrium lattice parameters and inner coordinate (Å) and band gap energy (eV) for neat rutile TiO2 and PbO2, using different basis
sets for Ti and Pb.

TiO2 PbO2

a c u Eg a c u Eg

Experimental [39] 4.594 2.959 0.305 3.06 [57] Experimental [10] 4.958 3.338 0.296 0.61 [61]
411(311d)G [60] 4.571 2.987 0.305 3.533 DB-31G* [59] 4.793 3.474 0.308 0.16
86–411(31d)G [54] 4.627 2.982 0.306 3.705 211(1d)G [60] 4.801 3.256 0.308 1.485
86-51(3d)G [58] 4.591 2.966 0.305 3.789 6111(51d)G [56] 5.022 3.462 0.308 0.03

D.H.M. Azevedo, et al. Computational Materials Science 171 (2020) 109222

3



transparency of the PbO2 could be manipulated, for instance, control-
ling the oxygen vacancies or doping, thanks to move the electron che-
mical potential inside the conduction band, and, consequently, chan-
ging the optical band gap energy [12].

Thus, the next natural step is to analyse the calculated density of
states (DOS) profiles of each oxide to capture the contribution of the
frontier atomic orbitals to the conducting behaviour of each of them.
Those profiles are shown in the Fig. 4.

The agreement between these diagrams and experimental and the-
oretic ones published previously is outstanding. [9,11,19–21,62] In
both TiO2 and PbO2 the O 2s orbital is responsible for the energy dis-
tribution in the lower range of the valence band (between −15 eV and
−20 eV – not shown in the DOS diagram), corresponding to the lower
energy levels in the band structure. In both cases, the energy near the

top of the valence band comes mainly from the O 2p orbitals. As it is
known, these orbitals are very localized, leading to small hole effective
mass. This aspect, added to the small dispersion of the valence band,
which makes it difficult the hole doping, is a strong reason for the n-
type semi-conduction of these materials [63]. In the PbO2 the states in
the lower energy region of the conducting band are basically composed
of spatially spread spherical Pb 6s, and 6p orbitals. Thus, electrons in
PbO2 have small effective masses and high electronic conduction is
achieved. This is one reason why PbO2 is a narrow band gap semi-
conductor [11,21,22]. Its charge transporters concentration is about
1021 cm−3 [10].

Unlikely, in TiO2 those states come mainly from the Ti 3d orbitals.
Because that the correct representation of the electronic properties of
TiO2 depends largely on the accurate representation of the O 2p and Ti

Fig. 3. Band structures of bulks of PbO2 (left) and TiO2 (right), with the energy scale set so that the Fermi level corresponds to 0.0 eV. The band structures were
calculated along the high symmetry way of the Brillouin zone.

Fig. 4. Total and partial DOS diagram for PbO2 (left) and TiO2 (right).
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3d orbitals. This is particularly important in the gap region where the
range of interaction of O2p and Ti3d orbitals strongly influence the gap
width [63]. As d orbitals have the energy level close to those of the O 2p
orbitals they may form highly hybridized orbitals. That might raise the
valence band maximum level and make hole doping easier, which
might turn TiO2 a p-type semiconductor [63]. The TiO2 carrier con-
centration is about 1016 cm−3 [63]. Thus, it is noticed a remarkable
agreement between the calculated results and the expected behaviour
of both materials. On the other hand, the Ti 4s orbitals in TiO2 do not
contribute for the valence or conduction bands in the energy range
investigated.

It deserves to pay attention that in both oxides the extreme metals s
and d orbitals are empty (valence +4), that is, the metal ions are closed
shell. It is clear than that the contribution of the atomic orbitals for the
conduction band states and the electrical properties of the materials is
strongly dependent on the atomic number of the metallic atoms. In
PbO2 is very explicit the separation of about 1 eV between the Pb 6s and
Pb 6p conduction band states, with a region between about 7 and 8 eV
where the density of states is virtually zero, as it has been reported
previously, although in that case the range of zero density of states is
between 4.2 and 5.8 eV [11].

Finally, in both cases is verified some penetration of orbitals of one
band into the other, what agree with a hybridization of orbitals
[11,63–65]. Thus, although in the electron distribution of the isolated
metal atoms, the Ti d orbitals and Pb 6s and 6p orbitals are empty, as it
has been said above, there is some distribution of charge through these
orbitals in the oxides. That distribution will be directly related with the
ionic/covalent character of the metal-oxygen chemical bond. Trying to
rationalise the oxides behaviour related to the metal-oxygen bond it has
been calculated the charge on the metal and oxygen atoms in each
oxide, obtained through the Mulliken population analysis. The choice of
Mulliken partitioning is arbitrary, since there is no unique method of
performing the partition of the charge density. Paralleling, the results
depend on the basis set used. Even so, the choice of a particular scheme
is useful to support an analysis, especially when comparing different
systems. The charges obtained for TiO2 were 2.66 for Ti and −1.16 for
O, while for the PbO2 the charges on the atoms were 1.95 for Pb and
−1.00 for O. These values lead to the conclusion that the Pb–O bonds
in PbO2 have a percentage of covalent character bigger than the Ti–O
bonds, which are comparatively more ionic. That is because the larger
size of the metallic atom in the PbO2 results in a lower positive charge
density, which leads to a lower charge transfer of the oxygen, whereas
in the other case this electron transfer occurs in a greater extension.
Consistently, while in the TiO2 the O2p – Ti3d hybridization is verified in
the energy range of 0 to −6 eV, in the PbO2 the O2p – Pb6s and O2p –
Pb6p hybridization covers a range of 10 eV. The O2p – Pb6p hybridiza-
tion occurs in the upper energy range of the valence band (0 to −5 eV),
while the O2p – Pb6s hybridization occurs in the lower energy range of
the band.

4.2. TiO2 surfaces

Hereafter, attention is focused on TiO2 surfaces, since our purpose is
to investigate the film properties of this material coated with PbO2. It is
well known that oxide films may exhibit properties significantly dif-
ferent from those of their bulks. In particular, there may be large
changes in the band gap energy values of the material, including
transitions from the indirect to direct type of the band gap, induced by
2D quantum confinement [66,67]. The study of surfaces permits to
investigate the relationship between surface properties and the atomic
surface distribution. The surface structure in metal oxide materials has
a stronger influence on surface properties as compared to other metal or
elemental semiconductors, because the mix of ionic and covalent
bonding [14].

Fig. 5 shows the band structure calculated for these slabs. Although
perhaps desirable, it is not shown the band structure in the same energy

range shown for the bulk because the number of lines in the case of
slabs is very large. Of course, this is a consequence of the great number
of different neighbourhoods of each atom in the slabs.

That band structure is perfectly comparable with the first Г – Г in-
terval (left side) of the bulk TiO2 band structure (Fig. 3 – right) and
differ little from those reported previously by Beltran and others using
another basis set [68]. It is clear that the number of lines shown in both
the valence and the conduction band is much larger in the slabs than in
the bulk, in the corresponding energy range. Concomitantly, it is no-
ticed also a minor change in the band gap value compared to that of the
bulk. There is a slight increase of 0.1 eV in the case of the surfaces
(0 1 0) and (1 0 1) and a slight decrease of 0.1 eV in the case of the
surface (1 1 0). Interestingly, in the (0 1 0) and (1 0 1) surfaces the Ti
atoms are 5-fold coordinated, while in the (1 1 0) surface the metal
atom exhibits two coordination numbers: six and five.

These results suggest that there is a relation between the band gap
of films and the coordination number of the surface metallic atoms,
such that films whose surfaces have atoms less coordinated tend to have
a band gap larger than the bulk, whereas films whose surfaces have
atoms more coordinated tend to have a band gap smaller than that of
the bulk. On the other hand, the surface (0 0 1) keeps the same value of
the bulk band gap, however the band gap is tuned from direct to in-
direct (the direct band gap is 3.53 eV). In this case the surface Ti atoms
are 4-fold coordinated. From the analysis of those results it is difficult to
rationalise the relation between surface atom distribution or film
crystalline direction and band gap variation. The changes in the band
gap values are so small that any little change in the structure and/or in
the electron distribution will cause those variations. It is valuable to
have in mind that the bulk band gap energy can be seen as an average of
the material band gap in the different crystallographic directions. Thus,
it is not surprising that there are materials whose bulk band gap energy
is very approximately equal to the band gap of the thin films grown in
different crystallographic directions.

As a way of detailing the band structure let us starting to analyse the
calculated density of states (DOS) profiles of each surface. These pro-
files are shown in the Fig. 6.

Just as in the bulk the main contribution to the valence band comes
from oxygen 2p orbitals, whereas the conduction band is basically
formed from Ti 3d orbitals. Also, as in the bulk, there is some con-
tribution of 2p orbitals in the conduction band and 3d orbitals in the
valence band, which denotes a certain degree of hybridization between
these orbitals. Thus, from the point of view of the valence and con-
duction bands partition there is no significant change in the band
structure between the bulk and the films. However, it is clear that the
energy distribution of the orbitals, particularly the structure of the
valence band, is strongly dependent on the growth direction of the films
(minor differences are noticed in the conduction band, pointed to a
homogeneous ambient of the charge transporters and a similar con-
ductive behaviour for all of the slabs). As a general statement it can be
said that the TiO2 films conductive behaviour is quite similar to that of
the bulk.

Of course, the growth direction of the films will dictate the surface
energies in each case, since the surface distribution of atoms will be a
function of the surface plane. Such energies will be a measure of the
stability of the respective surfaces and will inform the preferred faces of
growth of the crystals. The surface energy Esurf (J.m−2) can be defined
as the surface excess free energy per unit area and is a fundamental
quantity to understand the direction of the crystal growth [52]. The
standard method to calculate the Esurf is based on the equation
Esurf = (Eslab− nEbulk)/2A, were Eslab and Ebulk are the total slab and
bulk per oxide unit formula energies, respectively, n is the number of
oxide units per unit cell, and A is the area of the unit cell [69]. The
factor ½ arises from the existence of two faces on the film. This equa-
tion considers that the number of slab layers is large enough such that
Esurf is not dependent of the slab thickness anymore.

The energies show the relative stability of the surfaces and then,
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permit to estimate which is the face most favorable for the growth of
the crystal grain. The values are listed in the Table 3 (the energies of the
coated slabs will be object of analysis later). The surface stability obeys
the sequence (1 1 0) > (0 1 0) > (1 0 1) > (0 0 1). Thus, the (1 1 0)
crystal face is the most stable in the pure oxide, which agree with the
thermodynamic behavior, and accounts for the highest content of the
massive rutile TiO2 surface. It is noticed a straight correlation between
the surface energy and the coordination number of Ti in the surface.
The Ti coordination number decrease from top to bottom from 6 to 4 (it
is 5 for (1 0 1) and (0 1 0)), as it has been discussed above. Thus, the
surface with Ti 6-fold coordinated is the most stable ((1 1 0)) and the
TiO2 crystals must growing preferentially in that direction.

The order of stability of the surfaces calculated in this work agree
perfectly with that obtained previously for Barbosa et al. [70], although
in our case the energies are higher than those. Apart from we have used
different basis set to account for the atomic electrons we have also
considered Grimme approach to takes into account atomics long range
interactions in the calculations. Comparing to the previous results, this
contribution to the surface energy decreases relatively from 30% to
14% of the total energy going from up to down in the Table 3. Con-
sidering those results is realized that the contribution of the long-range
interactions to the surface energy is proportional to the surface atomic
packing.

Using the rutile TiO2 lattice parameters and the surface energies
calculated it is possible to calculate the Wulff’s solid of the oxide. The
Wulff construction is based in the work of Gerge Wullf, developed in the
early 20th century [71], and has been successfully used in materials
science to obtain the shapes of materials [72–74]. The Fig. 7 shows the

calculated and the natural crystal of it (a complete analysis of the
scheme shown in this figure will be done in the next section). The
agreement between the natural crystal (solid at the beginning of the
line) [75] and the Wulff’s solid calculated (at right of the previous) is
quite good, which gives a high degree of reliability to the calculated
surface energies and to the simulation as a whole. It deserves to men-
tion also that the stability of the surfaces correlates perfectly well with
the amplitude of the peaks in the powder X-ray diffraction published of
the material [76]. The diffraction pattern shows that the surface (2 1 1),
not studied in the present work, has an amplitude very similar to the
(1 0 1) [76].

Table 4 lists the charge on the Ti and O atoms in the surface of the
TiO2 slab (the charges of the coated slabs will be object of analysis
later). Remembering, the charges on the atoms for the TiO2 bulk are
2.66 for Ti and −1.16 for O. It is necessary to point out that in the film
each simulated atom has its own charge and, therefore, the charges on
the metal and oxygen surface atoms do not cancel each other. The
electric neutrality is verified through the film as a whole. Also, from the
data in the Table 4 it is noticed that while the charge on the surface Ti
atom becomes more positive, the charge on the O atom do not becomes
more negative, as it would be expected. That asymmetry in the charge
distribution is compensated as one goes deeper into the film. Analysing
those results, one can conclude that although the charges on the atoms
change from one slab to the other, in the average, the charge on the
surface atoms decrease compared to the bulk. Thus, in the surfaces, the
Ti–O bonds have a slight increase in the covalent character compared to
the bulk.

These founds shown clearly that the semiconductor behaviour of the

Fig. 5. Band structure of the TiO2 surfaces: a) (0 0 1), b) (0 1 0), c) (1 1 0), and d) (1 0 1). The first Brillouin zone with high symmetry points for the surfaces is also
shown below.
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slabs, specifically the value of the band gap for each of them, is not
affected by the charge distribution on the surface atoms. On the other
hand, there is a perfect correlation between the charge on the atoms on
each surface and the Ti coordination numbers, suggesting that these
charges are mainly dictated by the surface atomic packing, in the sense
that, as the coordination number of titanium on the surface increases,
the charge on the atom increases. It is very interesting realizing that the
positive charge on the Ti increase as the number of oxygen atoms
around it increase, what seems to be very logical, since the oxygens
have negative charge. On the other hand, these founds permit

understand why the charge on the oxygen do not increase proportion-
ally to the charge on the Ti, that is, the charge is distributed over a
larger number of oxygen atoms and, so, each one has a smaller charge.

Thus, now the question is what changes will occur in the general
behaviour of the films due to the surface coating with PbO2.

Fig. 6. Total and partial DOS diagram for neat TiO2 surfaces: a) (0 0 1), b) (0 1 0), c) (1 1 0), and d) (1 0 1). Y axis is in arbitrary units.

Table 3
Surface energies (J/m2) for TiO2 and TiO2/PbO2 slabs.

Surface TiO2 TiO2/PbO2

(1 1 0) 0.96 1.59
(0 1 0) 1.21 0.49
(1 0 1) 1.47 0.82
(0 0 1) 1.85 0.96

Fig. 7. Map of the morphology route leading from the pure TiO2 to the TiO2 coated with PbO2. The pure oxide is changed to the coated one (surface energies shown
in Table 3) through 2 randomly chosen steps of intermediate surface energies. The smaller arrows indicates a energy increase or decrease, and their color represents
the respective surface. On the left is shown a photo of the mineral pure TiO2 crystal [75].

Table 4
The atomic charge (e) on Ti and O atoms for pure TiO2 and TiO2/PbO2 slabs.

Crystallographic planes Pure Coated

Ti O Ti O

(0 0 1) 2.35 −1.13 2.66 −1.15
(0 1 0) 2.50 −1.04 2.69 −1.18
(1 0 1) 2.52 −1.05 2.68 −1.13
(1 1 0) 2.57 −0.99 2.72 −1.14
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4.3. TiO2 slabs coated with PbO2

Let’s start to analyze the changes in the properties of TiO2 slabs due
to the coating with PbO2. The TiO2/PbO2 slabs have a thickness slightly
larger than that of the pure TiO2 ones (listed in Table 1), consequence of
the larger radius of the Pb atom.

Fig. 8 shows the band structure calculated for the studied systems.
Calculations were performed through the same Brillouin K-points used
for the pure TiO2 slabs. It is direct to notice the influence of the PbO2 in
the slab band gap, notably in the Г point. The bottom of the conduction
band structure is clearly dictated by the coating oxide. This imply in a
significant decrease in the slabs band gaps comparing to the pure TiO2

ones, which signify a better semiconductor behaviour of the TiO2/PbO2

slabs. It deserves to point out that while TiO2 films, with a band gap of
about 3.65 eV, absorb on the region of 340 nm of the electromagnetic
spectrum (ultraviolet), the slabs will absorb from 475 nm (blue - surface
(1 1 0)) up to 750 nm (red – surface (0 0 1)), depending on the film
crystalline direction. Thus, incorporating of Pb on the TiO2 slabs sur-
faces is an efficient method of modulating the films band gap. On the
other hand, the energetic difference between the bottom level of the
conducting band and the next one (about 2 eV for the (0 0 1) surface,
1.2 eV for surfaces (0 1 0) and (1 0 1), and 0.8 for surface (1 1 0)) sug-
gests several possibilities to obtain different opto-electronic properties
[10,12,33].

However, as the band gap energy is lower than 3.1 eV, it can be
expected a lost in the films transparency comparing to the pure TiO2,
since electrons in the conduction band will be excited by visible light
for the next conduction band, decreasing the optical transparency [27].
Table 5 lists the band gap variation between pure TiO2 and TiO2/PbO2

slabs.
It is noticed that the band gap variation changes to much from one

slab to the other, however, there is no relation between the band gap
variation and the direction of the film growth or the surface stability.
This is a direct influence of the PbO2 coating in the properties of the
slabs. Looking for an atomic property that can be associated to the
change in the band gap energy of the slabs it is listed the Ti and O
atomic charges in the Table 4. As a first found is noticed that the film
covering with Pb atoms leads to an increase in the atomic charges
compared to the pure TiO2 slabs. Thus, the Ti–O bonds in the matrix
become more ionic with a consequent increase in the conductive
character of the film. However, there is no direct relation between the
atomic charges and the slabs band gap values, what confirms that the
conductive character of the films is influenced mainly for the PbO2

deposited on the surface. Interestingly, it is noticed a decrease in the Pb
and oxygen charges (not shown), compared to the bulk oxide, denoting
that the Pb–O bonds become more covalent than those of the pure
material.

The DOS profiles of each slab permit to detail de atomic orbitals
contribution for the valence and conduction bands of each slab. These
profiles are shown in the Fig. 9. Similarly to the TiO2 pure slabs, the
valence band is constituted almost exclusively for oxygen 2p orbitals
with Ti 3d orbitals contributing in a residual way, while the Ti 3 d
orbitals are basically the only responsible for the conduction band.
However, it is noticed a minor contribution of O 2p and Pb 6s orbitals
(the contribution of the Pb 6p orbitals is even smaller) for the con-
duction band. As a way of detailing the contribution of the Pb orbitals
to the variation in the slabs band gap relatively to the pure TiO2 slabs,
we have plotted only the contribution of those orbitals to the DOS
structure. The plots for the slabs with the (0 0 1) and (0 1 0) surfaces,
those which have the lower band gap, are shown in the Fig. 9 as insets.
It is easy to realize the participation of Pb 6s and 6p orbitals to the
decrease in the slabs band gap. They are responsible for the energy in a
lower energy region of the conduction band unoccupied in pure TiO2,
which reduces the band gap width.

Although in the Pb4+ the 6s and 6p orbitals are virtually empty,

Fig. 8. Band structure of the TiO2/PbO2 slabs. Surfaces: a) (0 0 1), b) (0 1 0), c) (1 1 0), and d) (1 0 1). The first Brillouin zone with high symmetry points used to plot
the structure band was the same used in the Fig. 5.

Table 5
The band gap variation (ΔEg) for Eg(TiO2) – Eg(TiO2/PbO2) slabs.

Crystallographic planes (0 0 1) (0 1 0) (1 0 1) (1 1 0)

ΔEg (eV) 1.88 1.20 1.03 0.90

D.H.M. Azevedo, et al. Computational Materials Science 171 (2020) 109222

8



they are partially occupied in the films. According to the Mulliken
charge calculations, about 2.1 electrons are distributed for those 2 or-
bitals. Comparing to the charge of the Ti atoms (Table 4), it is noticed
that the Pb–O bond has a stronger covalent character than the Ti–O
bond, which is more ionic. Being so it is the case now to have a look into
the surface energy behaviour, and compare these energies with those of
the pure TiO2 slabs. With the coating it is noticed an atomic displace-
ment leading to a new atomic distribution and consequent different
surface energy compared to the pure slabs. In these cases, the surface
energy is calculated according to the expression:
Esurf = (Eslab− n1ETiO2− n2EPbO2)/2A, where Eslab is the slab total
energy, ETiO2 is the bulk energy of TiO2 divided by the number of TiO2

molecules in the bulk, n1 is the number of TiO2 molecules per slab,
EPbO2 is the bulk energy of PbO2 divided by the number of PbO2 mo-
lecules in the bulk, n2 is the number of PbO2 molecules in the slab and A
is the slab area.

In the Table 3 is listed the energies for each slab. The values show a
radical change in the surface stability comparing to the neat TiO2 slabs.
As a general statement, whatever the surface it becomes more stable
than that of pure slab. Curiously, preliminary calculations of the surface
energy of pure PbO2 slabs with the same crystalline directions, shown
that the surfaces of PbO2 are much less stable than those of TiO2. Of
course, changing Ti for a so huge atom like Pb, should provoke sig-
nificant changes in the surface atomic distribution and it would be
expected that this substitution would promote more or less perturbation
as a function of the direction of growth of the film and the coordination
number of the metallic atom on the surface. On the other hand, in the
same preliminary calculations of the surface energy of pure PbO2 slabs
above mentioned, it is verified that the relative stability of the surfaces
(although both oxides have the same crystalline structure) is not the
same as for TiO2 slabs. So, it is understandable that the relative stability
of the surfaces changes comparing to the pure TiO2 sequence. Changes
in the sequence of TiO2 surfaces stability have already been reported

previously for the binary system TiO2/SnO2 [68]. As a consequence of
this, a TiO2/PbO2 film will preferably grow in the direction favouring
the surface (0 1 0). Taking into account the surface energies obtained it
was calculated, using the Wulff’s theory, the morphologic route leading
from the pure TiO2 to the TiO2 coated with PbO2, which scheme is
shown in the Fig. 7.

It is known that morphologies can change as a function of surface
stability. A given surface treatment can act in different ways in each of
the surfaces, modifying the rate of growth in the respective directions
[70]. The morphology transformations based on the modulation of the
relationship between the surface stabilities of different faces and the
areas of those parts which are exposed in the final shape has been ex-
plored previously by our group [70,72–74]. It is easy realizing that the
morphology of the TiO2 nanostructure is sensibly modified after coating
with the PbO2 film. Each face of the nanostructure is composed of a
different termination and the characteristics of these faces govern the
properties of the nanostructure. There is a vanishing of the surface
(1 1 0), the surface (1 0 1) is maintained but changes to a pyramidal
form and the surface (0 1 0) is more exposed, since it is the most stable.
As it has already been commented, the band gap of the TiO2 bulk can be
understood as an average of the band gap of the respective film sur-
faces. In the same way, the approximate band gap of the new nanos-
tructure might be a average band gap of the new crystalline faces.
Considering the coated film band gap decreasing and the electronic
properties of the faces, one can target new TCO applications, not fa-
voured in the pure material.

5. Conclusions

Thin films of pure TiO2 with faces (1 1 0), (0 1 0), (1 0 1), (0 0 1) and
the films covered with PbO2 have been simulated and the results
compared to each other and with the bulk. The band gap energy of the
pure films is practically the same of the bulk, but it changes

Fig. 9. Total and partial DOS diagram for neat TiO2/PbO2 surfaces: a) (0 0 1), b) (0 1 0), c) (1 1 0), and d) (1 0 1).
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significatively in the covered ones. The top of the valence band of the
pure films is composed of O 2p orbitals, while the bottom of the con-
duction band is composed of Ti 3d orbitals. High hybridization of these
orbitals is noticed, which imply that there is some distribution of charge
through 3d orbitals in the oxide. The surface stability obeys the se-
quence (1 1 0) < (0 1 0) < (1 0 1) < (0 0 1). It is noticed a straight
correlation between the surface energy and the coordination number of
Ti in the surface, in the sense that the higher the coordination number
of Ti, the greater the surface stability. The Ti–O bonds of the films have
a slight increase in the covalent character compared to the bulk.
Concomitantly, there is a perfect correlation between the charge on the
atoms on each surface and the Ti coordination numbers, suggesting that
these charges are also dictated by the surface atomic packing.

Coating imply in a significant decrease in the films band gaps
comparing to the pure TiO2 ones. Thus, incorporating of Pb on the TiO2

surfaces is an efficient method of modulating the films band gap. On the
other hand, the energetic difference between the bottom level of the
conducting band and the next one suggests several possibilities to ob-
tain different opto-electronic properties. The Ti–O bonds in the matrix
become more ionic with a consequent increase in the conductive
character of the film. Pb–O bonds in PbO2 are more covalent, while
Ti–O bonds are comparatively more ionic. The analysis of the DOS
shows that the Pb 6s and 6p orbitals are the responsible for decreasing
the gap between the valence and conduction bands, because their en-
ergies are smaller than that of the Ti 3d orbital. As a general statement,
whatever the surface it becomes more stable than that of pure slab and
the order of surface stability changes for
(0 1 0) > (1 0 1) > (0 0 1) > (1 1 0). The morphology transformation
suggests new TCO applications, not favoured in the pure material.
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