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ABSTRACT: The photocatalytic application of pure TiO2 is
limited because of its wide band gap, which restricts its activity
only in the UV (ultraviolet) region of the solar spectrum. The high
recombination of electron and hole charge carriers is another
drawback to photocatalytic activity. In this work, we explore the
electronic interfacial characteristics of pseudomorphic rutile(110)
heterostructures, such as SnO2/TiO2, NbO2/TiO2, and MnO2/
TiO2, using density functional theory (DFT)-based computations.
The nature of the electronic structure and the band alignment are
studied, which helps to identify the heterostructure. The internal
electric field created at the interface of the heterostructure is crucial for defining the flow of electron and hole charge carriers, which
is understood by the charge density difference plots. The enhancement of optical absorption of the heterostructure toward the visible
region of the solar spectrum is further confirmed. From our analysis, we conclude that the nature of the electronic structure and band
alignment of the rutile heterostructure are explored. Here, SnO2/TiO2 shows a type II heterostructure, MnO2/TiO2 shows a type I
heterostructure, and NbO2/TiO2 shows a metal−semiconductor interface. From the heterostructure model, we proved that the band
gap can be reduced toward the visible light absorption, and also, the electron and hole recombination can be avoided by generating
the internal electric field along the interface of the heterostructure. From our analysis, we conclude that the pseudomorphic
rutile(110) heterostructure will act as a potential photocatalyst for environmental pollution reduction.
KEYWORDS: pseudomorphic heterostructure, density functional theory, internal electric field, band alignment, optical absorption

1. INTRODUCTION
TiO2 is considered the most promising semiconductor
photocatalyst for its advantages, such as chemical stability,
nontoxicity, low cost, and biocompatibility.1 The photolysis of
water by TiO2 makes it useful for various environmental
applications such as hydrogen production, water treatment,
antifogging applications, organic synthesis, and environmental
pollution reduction.2 However, some of the disadvantages of
TiO2, such as its large band gap and higher recombination of
photogenerated charge carriers, restrict its photocatalytic
efficiency. Many methodologies are followed to reduce its
band gap and also to improve its photocatalytic activity by
metal doping, nonmetal doping, and the formation of
semiconductor heterojunctions.3 Our previous study showed
that TiO2 can be made into visible-light-active photocatalysts
by transition metal doping and codoping.4 Among various
surfaces, TiO2 rutile(110) is the most stable and has superior
photocatalytic properties.5 TiO2 rutile(110) can be used for
the photodegradation of harmful pollutants.6

For large-scale industrial applications, heterostructures
should be cost-effective, and they should be based on the
Earth’s abundant materials. Hence, in this work, the
heterostructure is based on TiO2- and SnO2-based materials.
These are generally considered low-cost materials for the

heterostructure construction. Another very important factor in
the large-scale industrial production of photocatalytic materials
is their stability. Here, we used TiO2-based materials as the
heterostructure model construction, and TiO2 is known for its
most prominent photostability and thermal and chemical
stability. Some literature shows evidence that heterostructure
construction can also enhance the stability of the materials.
Scalability is considered another important factor that
influences the industrial-scale production of photocatalytic
materials. Achieving the uniform morphology and maintaining
the interfacial contact are considered some of the challenges in
the scalability of the photocatalytic materials.44,45

Compared to the bare TiO2 surfaces, the heterostructure of
other transition metal oxides deposited on top of TiO2 attracts
considerable interest due to their enhanced photocatalytic
properties and enhanced separation of electron and hole
charge carriers.7 Lin et al. fabricated the MoS2/TiO2
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heterostructure by the hydrothermal method and found that
this heterostructure exhibits superior photocatalytic properties
for the degradation of Rhodamine B, compared to pure TiO2.

8

Similarly, the Bi2O3/TiO2 heterostructure exhibits superior
photocatalytic degradation of ofloxacin than pure TiO2.

9 The
one-dimensional heterostructure of CeVO4/TiO2 shows higher
photocatalytic degradation compared to bare CeVO4 and
TiO2.

10 The ZnO/TiO2 heterostructure,11 prepared by the
hydrothermal method, shows good photocatalytic activity with
a higher hydrogen production rate compared to bare TiO2 and
ZnO. The heterostructure model has enhanced light
absorption and also has superior separation of electron and
hole charge carriers. Previously, several studies regarding the
heterostructure have been reported and are discussed in the
following.

The SnO2/TiO2 heterostructure shows improved photo-
catalytic activity compared to pure SnO2 and TiO2. Moreover,
the band gap of the heterostructure can be tuned toward
visible light absorption, and the recombination of electron and
hole charge carriers is suppressed.12 The Cu2O/TiO2
heterostructure prepared by the solvothermal method has
good morphological properties with type II band alignment
and shows four times higher photocatalytic reduction of CO2
than that of pure Cu2O.13 The Cu2O/TiO2 heterostructure
prepared by the electrodeposition method shows both
ultraviolet and visible light absorption and a better
decomposition of methylene blue than pure TiO2.

14 The
addition of NiO to TiO2 generates an absorption band and
results in increased visible light activity. Moreover, it enhances
the separation of electron and hole charge carriers by the
formation of a p−n junction. The photocatalytic activity can be
tuned by the content of NiO.15 The WO3/TiO2 hetero-
structure prepared by the hydrothermal method shows a band
gap value of 0.5 eV lower than that of pure TiO2.

16 Wei et al.
studied the pseudomorphic RuO2/TiO2 heterostructure with
(110) orientation by a density functional theory (DFT) study.
They found that the accumulation of electron charges at the
interface of the heterostructure creates an internal electric field,
which further helps us to enhance the separation of electron
and hole charge carriers.17

Yong-dong et al. studied the SnO2/TiO2 heterostructure in
both (110) and (101) orientations with a graded and abrupt
model by DFT. They reported that the graded heterostructure
is more stable than the abrupt heterostructure. They also
conclude that there was a generation of electric dipole moment
at the interface of the heterostructure, which will enhance the
separation and restrain the recombination of electron and hole
charge carriers. In the heterostructure model, there was an
accumulation of electrons in the conduction band (CB) of
TiO2 and holes in the valence band (VB) of SnO2.

18

Experimental studies on the SnO2/TiO2 heterostructure
show that it has good transport of charge carriers and also
inhibits charge carrier recombination.19 Zhang et al. synthe-
sized the MnO2/TiO2 heterostructure experimentally, and they
found that the heterostructure model shows enhanced
photocatalytic activity for the degradation of volatile organic
compounds, and also, the heterostructure has the suppression
of recombination of electron and hole pairs, which eventually
degrades the photocatalytic activity.20,21 However, in the
previous studies, there was no clear information regarding the
structural, optical, and electrical properties of the pseudomor-
phic heterostructure. The exact mechanism of the charge

transport process along the interface of the heterostructure has
not been discussed so far.

In this work, the pseudomorphic rutile(110) heterostructure
of SnO2/TiO2, NbO2/TiO2, and MnO2/TiO2 was considered
for the DFT studies. The (110) surface of the rutile crystal
structure (P42/mnm) of transition metal oxides was taken for
the heterostructure model. The surface geometry and
interfacial formation energy of the heterostructure are studied.
The electronic structure analysis was carried out by hybrid
density functional analysis calculations. The optical absorption
spectra for the three different heterostructures are calculated.
The electrostatic potential along the Z-direction of the
heterostructure is derived, and the creation of an internal
electric field on the heterostructure is analyzed by charge
density difference plots along the interface. The chemical
bonding characteristics are analyzed by charge density and
electron localization function (ELF) plots. The band alignment
of these heterostructures is studied, and the type of
heterostructure is identified. A possible way to enhance the
photocatalytic activity by tuning the heterostructure model is
proposed.

2. COMPUTATIONAL DETAILS
The computational calculations are done by the DFT analysis.
The plane-wave-based pseudopotential approximation is used,
as implemented in the Vienna Ab initio Simulation Package
(VASP).22,23 For the exchange−correlation functional, the
generalized gradient approximation with the Perdew, Burke,
and Ernzerhof (GGA-PBE) formalism is followed.24,25 For the
expansion of the electron wave function, a 500 eV kinetic
energy cutoff for the plane wave is used. In this work, a 3 × 1
supercell of the rutile(110) heterostructure slab model with a
vacuum of 12 Å is taken to avoid the periodic boundary
condition in the Z-direction. For the simulation, four layers of
heterostructure are taken, and the bottom layer of the cell is
fixed during the relaxation. A 4 × 4 × 1 Monkhorst−Pack K-
Point sampling is taken for the Brillouin zone integration.26

The convergence is achieved by setting threshold values as
10−6 eV and 0.01 eV/Å for energy and force, respectively. For
force minimization, the conjugate gradient algorithm is
adopted. For the accurate prediction of the band gap of the
heterostructure, the hybrid functional calculations (HSE06)
are used.27 Spin-polarized calculations are carried out to
consider the magnetization. For the visualization of the slab
model, the VESTA package is used,28 and for the
postprocessing of the results of VASP calculations, the
VASPKIT tool is used.29 For plotting the charge density
plots for the heterostructure, the XCRYSDEN tool is used.30

The valence electrons are taken as d3s1, s2p2, 4p5s4d, d6s1,
and s2p4 for Ti, Sn, Nb, Mn, and O, respectively. The amount
of charge transferred along the interface of the heterostructure
is calculated by the Bader charge analysis.47 The electrostatic
potential is calculated by enabling the local potential functions,
as implemented in the VASP packages.48 The chemical
bonding analysis is carried out with the aid of the ELF,
which is further used to find the probability of the electron
pair.49

E E E EForm eng Htr
total

XO2
total

TiO2
total= (1)

The stability of the pseudomorphic rutile(110) heterostructure
can be studied by calculating the interfacial formation energy
of the three heterostructures. Eqn 1 can be used to calculate
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the interfacial formation energy (EForm‑eng) of the hetero-
structure,17 where EHtr

total is the total energy of the hetero-
structure, such as SnO2/TiO2, NbO2/TiO2, and MnO2/TiO2.
EXO2

total is known as the total energy of SnO2, NbO2, and MnO2
part of the heterostructure. ETiO2

total is known as the total energy
of the TiO2 portion of the surface.

3. RESULTS AND DISCUSSION

3.1. Geometrical Surface Structure
The relaxed structures of the geometrical model of the
rutile(110) heterostructure of SnO2/TiO2, NbO2/TiO2, and
MnO2/TiO2 are shown in Figure 1. The rutile(110) surface is

terminated by the 2c (two-coordinated) bridge oxygen atom,
followed by an in-plane 5c (five-coordinated) metal atom and
3c (three-coordinated) oxygen atoms. After the relaxation, the
top layer of the heterostructure is shifted along the Z-direction.
The 5c metal atom (Sn, Nb, Mn) on the surface is shifted
slightly downward, whereas the 6c (six-coordinated) metal
atom and 3c oxygen atoms are shifted upward; these results
agree well with our previous study.50,31 The calculated bond
lengths for bulk rutile TiO2 are 2.009 and 1.964 Å in planar
and axial directions, respectively, which also agree well with the
previous study.32,33 Similarly, the bond lengths for SnO2,
NbO2, and MnO2 surfaces are 2.091, 2.049, and 1.861 Å in the
planar direction, respectively. The calculated bond lengths and
bond angles for the bulk and surface regions of the
heterostructure are shown in Table 1. Due to the surface
relaxation, the angle between the O3c and 6c metal atoms (Sn,
Nb, and Mn) is slightly changed, and the bond angles are
167.91°, 169.67°, and 175.55° for SnO2, NbO2, and MnO2
surfaces, respectively. The calculated lattice parameters of bulk
TiO2, SnO2, NbO2, and MnO2 are shown in Table S1 in the
Supporting Information.

The octahedral distortions of the TiO2, SnO2, NbO2, and
MnO2(110) surfaces and their heterostructure are studied and
are shown in Figure 2. The bond length in both planar and
axial bonds was calculated, and the corresponding bond
lengths and bond angles are also shown in the figure. Here, the
atomic radii (pm) for Ti, Sn, Nb, Mn, and O are 140, 145, 145,
140, and 60, respectively. Here, the angles between the axial
bond and planar bonds are 86.39°, 84.20°, 80.13°, and 88.58°
for TiO2, SnO2, NbO2, and MnO2 rutile(110) surfaces,
respectively. Compared to all of the surfaces, the axial bonds
of Nb−O have the longest bond length (Figure 2d), and Mn−
O has the shortest bond length (Figure 2d). For the case of the
heterostructure model, NbO2/TiO2 has the highest bond angle
deviation of 152.10° (Figure 2f), and MnO2/TiO2 has a
minimum bond angle deviation of 172.52° (Figure 2g). Similar

Figure 1. Relaxed structure of the 3 × 1 supercell of the SnO2/TiO2
(a), NbO2/TiO2 (b), and MnO2/TiO2 (c) rutile(110) hetero-
structure.
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to the monostructure, in the heterostructure model, Nb−O has
the longest axial bonds, and Mn−O has the shortest axial
bonds.

The lattice mismatch of the heterostructure is shown in
Table 2. SnO2/TiO2, NbO2/TiO2, and MnO2/TiO2 hetero-
structures have lattice mismatches of about 7.55, 3.64, and
5.59%, respectively. Among these, the NbO2/TiO2 hetero-
structure has the minimum lattice mismatch; these results
agree well with the previous study on the pseudomorphic
heterostructure.17

3.2. Interfacial Formation Energy and Oxygen Vacancy

The calculated formation energies are shown in Table 2. All
three heterostructures contain the negative formation energy
due to the creation of charged layers that occur along the
interface of the heterostructure. The negative formation energy
is a sign of their thermodynamic stability, indicating the
possibility of experimental fabrication of the pseudomorphic
(110) heterostructure on top of the TiO2 rutile(110) surfaces.
In the all-heterostructure model, the top layer of the surface
strongly binds to the bottom TiO2 surface. The results are in
good agreement with the previous study on the rutile(110)
heterostructure.17 Among the three heterostructures, NbO2/
TiO2 shows the highest negative formation energy of −13.03
eV, which shows the highest stability among all three

heterostructures. The highest interfacial formation energy of
the NbO2/TiO2 heterostructure is directly attributed to its
lowest lattice mismatch (3.64%); hence, it can be considered
the most stable among the others. Also, the lowest work
function of NbO2/TiO2 helps with the ejection of electrons
from the surface (Table 2).

In order to reflect the actual physical and chemical
environment, the oxygen vacancies are studied at the
heterostructures. Among the various oxygen sites, O2c is
considered the most common oxygen vacancy.17 The following
formula (eqn 2) was used to study the oxygen vacancy
formation energy.

E E E E
1
2Form eng(Ov) Ov

total
pure
total

O2
total= +

(2)

The formation energy of the O2c vacancy on the rutile(110)
heterostructure can be studied by calculating the vacancy
formation energy of the three heterostructures. equation 2 can
be used to calculate the vacancy-interfacial formation energy
(EForm‑eng(Ov)) of the heterostructure,17 where EOv

total is the total
energy of the heterostructure with O2c vacancy, such as SnO2/
TiO2, NbO2/TiO2, and MnO2/TiO2; Epure

total is the total energy
of the heterostructure without O2c vacancy, such as SnO2/
TiO2, NbO2/TiO2, and MnO2/TiO2; and EO2

total is known as the
total energy of the isolated oxygen molecules. The calculated

Figure 2. Octahedral distortions of pure (a) TiO2, (b) SnO2, (c) NbO2, (d) MnO2 rutile (110) surfaces and (e) SnO2/TiO2, (f) NbO2/TiO2, and
(g) MnO2/TiO2 heterostructures.

Table 2. Calculated Interfacial Formation Energy of the Rutile(110) Heterostructure and Its Corresponding Calculated Band
Gap, Work Function, Bader Charges, Lattice Mismatch, and Oxygen Vacancy Formation Energy

surface EForm‑eng (eV) band gap (eV) work function (eV) Bader charges lattice mismatch (%) O2c vacancy formation energy (eV)

TiO2 3.26 7.091 Ti = +1.92e, O = −0.95e +3.89
SnO2/TiO2 −5.1007 1.92 7.262 Sn = +2.32e, O = −1.11e 7.55 +2.43
NbO2/TiO2 −13.0346 0 5.014 Nb = +2.26e, O = −1.11e 3.64 +4.00
MnO2/TiO2 −4.2717 0.56 6.022 Mn = +1.61e, O = −0.82e 5.59 +2.33
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oxygen vacancy formation energy for the TiO2 surfaces and the
heterostructures is mentioned in Table 2. Among these, the
MnO2/TiO2 heterostructure has the lowest oxygen vacancy
formation energy of about +2.33 eV. The NbO2/TiO2
heterostructure has the highest formation energy of about
+4.00 eV. Here, the positive oxygen vacancy formation energy
represents the required energy for the creation of surface
oxygen vacancies. The optimized structure of the hetero-
structure with an oxygen vacancy is shown in Figure S5 of the
Supporting Information.
3.3. Electronic Structure Analysis

The projected density of states (PDOS) by HSE06 calculations
for the SnO2/TiO2 (a), NbO2/TiO2 (b), and MnO2/TiO2 (c)
heterostructure is shown in Figure 3, and that for the
monostructure of (110) surfaces of TiO2, SnO2, NbO2, and
MnO2 is shown in Figure S1 of the Supporting Information.
From the hybrid functional calculation (HSE06), we obtained
the band gap values of 3.26 and 4.43 eV, respectively, for the
TiO2(110) and SnO2(110) surfaces. The previously calculated
band gap values of TiO2(110) and SnO2(110) surfaces were
3.134 and 3.6 eV,35 respectively. Due to the mixing parameter
in the hybrid functional calculations, we get slightly over-
estimated band gap values for SnO2.

36 In the electronic
structure of the TiO2 (110) surface (Figure S1a in the
Supporting Information), the valence band is predominantly
formed by O-2p orbitals, and the conduction band is
predominantly formed by Ti-3d orbitals. For the SnO2(110)
surface (Figure S1b), the valence band is mainly dominated by

O-2p orbitals, whereas the conduction band is mainly
dominated by Sn-5s orbitals. The PDOS of the SnO2/
TiO2(110) heterostructure is shown in Figure 3a, and we
obtained the calculated band gap value of the SnO2/TiO2
heterostructure, which is 1.92 eV. The valence band maximum
(VBM) of the heterostructure is mainly dominated by the
hybridized orbitals of O-2p and Ti-3d, respectively. In the
inner valence band, from −0.5 eV onward, it has the
hybridization of Ti-3d, Sn-4d, and O-2p orbitals. The
conduction band minimum (CBM) is mainly dominated by
Sn-5s orbitals, whereas the inner conduction band from 2.5 eV
onward is predominantly formed by Ti-3d orbitals. From the
electronic structure analysis, it is found that the SnO2/TiO2
heterostructure has a type II heterostructure, which can be
explained by further analysis. Our results agree well with the
previously studied SnO2/TiO2 heterostructure.18

The PDOS for the NbO2/TiO2(110) heterostructure is
shown in Figure 3b. From the literature, it is known that rutile
NbO2 of the P42/mnm space group shows a metallic
nature.37,35 The calculated PDOS for the NbO2(110)
monostructure is shown in Figure S1c in the Supporting
Information, where the Fermi level falls on the Nb-4d states.
The valence band is dominated by the O-2p orbitals, whereas
the conduction band is dominated by the Nb-4d orbitals. Our
electronic structure plots agree well with the previous study on
rutile NbO2.

38 The PDOS of the NbO2/TiO2(110) hetero-
structure, as shown in Figure 3b, also shows the metallic
nature, where the Nb-4d states cross the Fermi level. Apart
from Nb-4d, Ti-3d also crosses the Fermi level, thus indicating

Figure 3. Total density of states (TDOS) and the projected density of states for the SnO2/TiO2 (a), NbO2/TiO2 (b), and MnO2/TiO2 (c)
heterostructure.
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the flow of charges from NbO2 to TiO2. The inner valence
band is predominantly formed by the O-2p orbitals. The
conduction band minimum is formed by the hybridization of
Ti-3d and Nb-4d orbitals. From our PDOS plots of the NbO2/
TiO2(110) heterostructure, it was found that there were
significant differences in the band alignment between the Ti-3d
and Nb-4d bands, which leads to creating the internal electric
field along the interface, thus enhancing the separation of
electron and hole charge carriers. Unlike the SnO2/TiO2
heterostructure (semiconductor−semiconductor interface),
the NbO2/TiO2 heterostructure shows the metal−semi-
conductor interface.17 The crystal field splitting of the eg and
t2g orbitals of Nb-4d states was analyzed by the orbital
projected density of states, as shown in Figure S2 in the
Supporting Information.

The PDOS for the MnO2/TiO2(110) heterostructure is
shown in Figure 3c. The PDOS for the MnO2(110)
monostructure is shown in Figure S1d of the Supporting
Information. The calculated band gap of the MnO2(110)
surface is 0.43 eV, which agrees well with the previously
calculated band gap.39 The conduction band and the valence
band maximum are predominantly formed by Mn-3d orbitals,
and the inner valence bands (from −2.0 eV onward) are only
formed by the O-2p orbitals. For the case of the MnO2/
TiO2(110) heterostructure, the calculated band gap value is
about 0.56 eV. In the PDOS of the MnO2/TiO2 hetero-
structure (Figure 3c), the conduction band minimum is only
formed by Mn-3d orbitals, whereas the inner conduction band
from 1 eV onward is predominantly dominated by a hybridized
form of both Ti-3d and Mn-3d orbitals. The valence band
maximum is formed only by the Mn-3d orbitals, and the inner
valence band from 2.0 eV is mainly dominated by the O-2p
orbitals. From the electronic structure analysis, it is concluded
that in the MnO2/TiO2(110) heterostructure, both the VBM
and CBM are formed by only Mn-3d orbitals, unlike SnO2/
TiO2 and NbO2/TiO2 heterostructures. Hence, it is concluded

that it shows a type I heterostructure, which can be explained
by further analysis. From the antiferromagnetic calculation, the
calculated magnetic moment for Mn is about 2.66 μB. Figures
S3 and S4 show the PDOS for the MnO2(110) surface and
MnO2/TiO2 heterostructure, respectively.
3.4. Electrostatic Potential, Charge Density Difference, and
Bader Charge Analysis

The creation of an internal electric field and the nature of the
charge flow mechanism between the interface of the
heterostructure are further studied by electrostatic potential,
charge density difference, and Bader charge analysis. The
calculated electrostatic potential along the Z-axis for the SnO2/
TiO2 heterostructure is shown in Figure 4b. The calculated
work function for the SnO2/TiO2 heterostructure is about
7.262 eV, which is known as the amount of energy required to
remove an electron from the Fermi level to vacuum.40 From 0
to 6 Å, the potential goes up to −25 eV, which corresponds to
the TiO2 layers. From 6 to 13 Å, the potential increases to −35
eV, corresponding to the SnO2 layers. However, the overall
potential along the Z-axis is the same due to the symmetric
layers of the SnO2/TiO2 heterostructure. The planar average
charge density difference plot for the SnO2/TiO2 hetero-
structure is shown in Figure 4c, which can be calculated by
subtracting the monostructure charge density of SnO2 and
TiO2 from the SnO2/TiO2 heterostructure charge density. In
the planar average charge density difference plot, the positive
values describe the charge accumulation region, and the
negative values describe the charge depletion region. The
interface of the heterostructure is mentioned by the violet
dotted lines in Figure 4. From the plot, it was found that there
is a strong creation of an internal electric field along the
interface of the heterostructure. There was the transfer of an
electron from the SnO2 layer to the TiO2 layer, which can be
understood by the highest negative peak at 7−8 Å on the SnO2
side and the highest positive peak at 5−6 Å on the TiO2 side.
The highest negative and positive peaks are going up to −0.4

Figure 4. Calculated electrostatic potential and charge density difference analysis of the SnO2/TiO2 heterostructure. Heterostructure model with Z-
direction (a), electrostatic potential plot (b), planar average charge density plot (c), and charge density difference plots (d).
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and 0.6 Δρ, respectively. The Bader charge analysis shows an
increase in charge after constructing the heterostructure for Sn
and O atoms, with values of +2.32e and −1.11e, respectively,
which is higher than the pure TiO2 (please see Table 2). This
can be further confirmed by charge density difference plots
shown in Figure 4d, where the charge accumulation is denoted
by a yellow color, and the charge depletion is denoted by a
cyan color. There was a depletion of charges at the SnO2 layer
and an accumulation of charges at the TiO2 layer. These results
confirm that there was the creation of an internal electric field
and the flow of electrons from SnO2 to TiO2 layers. Our results
agree well with the previous work.18 The transfer of charge
carriers from SnO2 to TiO2 through the interface proves that it

came under the category of a type II heterostructure. The band
alignment for this type II heterostructure is explained in the
next section. The creation of an internal electric field leads to
enhanced separation of electron and hole charge carriers,
which will eventually increase the photocatalytic application of
the heterostructure compared to the pristine material.41

The calculated electrostatic potential along the Z-axis for the
NbO2/TiO2 heterostructure is shown in Figure 5b. The work
function for this heterostructure is 5.014 eV, which is very low
compared to other structures and improves the extraction of
electrons. The electrostatic potential value for the TiO2 layers,
from 0 to 6 Å, goes up to −25 eV, while for the NbO2 layers,
from 6 to 13 Å, it goes up to −28 eV. There was a small

Figure 5. Calculated electrostatic potential and charge density difference analysis of the NbO2/TiO2 heterostructure. Heterostructure model with
Z-direction (a), electrostatic potential plot (b), planar average charge density plot (c), and charge density difference plots (d).

Figure 6. Calculated electrostatic potential and charge density difference analysis of the MnO2/TiO2 heterostructure. Heterostructure model with
Z-direction (a), electrostatic potential plot (b), planar average charge density plot (c), and charge density difference plots (d).
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fluctuation in the electrostatic potential along the interface at 6
Å of the heterostructure. The creation of the internal electric
field along the interface of the heterostructure can be explained
by the charge density difference plot. The calculated planar
average charge density difference plot for the NbO2/TiO2
heterostructure is shown in Figure 5c. From the plot, it is
observed that the highest negative peaks appeared at 7−8 Å in
the NbO2 layer, whereas the highest positive peak appeared at
6 Å in the TiO2 layer of the heterostructure. The highest
negative and positive peaks go up to −1.5 and 1.0 Δρ,
respectively. The Bader charge analysis shows an increase in
charge after constructing the heterostructure for Nb and O
atoms, with values of +2.26e and −1.11e, respectively, which is
higher than the pure TiO2 (please see Table 2). Hence, there
was a flow of electrons from the NbO2 layers into the TiO2
layers due to the strong creation of an internal electric field.
Our results agree well with the previously studied experimental
Nb2O5/TiO2 heterostructure.42 These can be further explained
by the charge density difference plots shown in Figure 5d,
where the charge depletion occurs at NbO2 layers and the
charge accumulation occurs at TiO2 layers of the hetero-
structure. There will be higher possibilities of the separation of
electron and hole charge carriers compared to the pristine
TiO2. The quantity of charge flow between the NbO2/TiO2
heterostructure is higher than the SnO2/TiO2 heterostructure.

The calculated electrostatic work function for the MnO2/
TiO2 heterostructure is shown in Figure 6b. The work function
value of the heterostructure is about 6.022 eV. The
electrostatic potential for TiO2 layers, from 0 to 6 Å, goes
up to −25 eV, while for MnO2 layers, from 6 to 13 Å, it goes
up to −28 eV. Due to the symmetric layers of the
heterostructure between TiO2 and MnO2, there were no
considerable fluctuations in the electrostatic potential. The
calculated planar average charge density difference plot for the
MnO2/TiO2 heterostructure is shown in Figure 6c. The
highest negative peak appeared in 7−8 Å in the MnO2 layer,
whereas the highest positive peak appeared in 5−6 Å in the
TiO2 layer of the heterostructure. The highest negative and the
positive peaks go up to −0.5 and 0.6 Δρ, respectively. The

Bader charge analysis shows a decrease in charge after
constructing the heterostructure for Mn and O atoms, with
values of +1.61e and −0.82e, respectively, which is lower than
the pure TiO2 (please see Table 2). Hence, there was a flow of
electrons from the TiO2 layer to the MnO2 layers by the
creation of an internal electric field. The creation of charge
depletion on MnO2 layers and the charge accumulation on
TiO2 layers can be visualized by the charge density difference
plot, as shown in Figure 6d.
3.5. Band Alignment

The schematic representation of the calculated band offsets for
the vacuum potential is shown in Figure 7. For the SnO2/
TiO2(110) heterostructure, the band alignment is shown in
Figure 7a because the calculated work function is 7.091 and
10.706 eV for TiO2 and SnO2, respectively. The work function
value is considered as the difference between the VBM and the
vacuum level. Here, the vacuum level is set to zero. The
calculated band gap values for TiO2 and SnO2 are 3.26 and
4.43 eV, respectively. Hence, for TiO2, the CBM lies at 3.831
eV, and for SnO2, it lies at 6.276 eV. The SnO2/TiO2
heterostructure has a difference in valence band energy
(ΔEV) and conduction band energy (ΔEC), which are 3.615
and 2.455 eV, respectively. From the band alignment, we
conclude that, after the irradiation of sunlight, electrons get
excited from the VBM into the CBM, and the hole remains in
the VBM. Furthermore, there will be a flow of electron charge
carriers from the CBM of TiO2 to the CBM of SnO2 and also a
flow of hole charge carriers from the VBM of SnO2 to the
VBM of TiO2. Hence, there was an accumulation of electrons
on the CBM of TiO2 and an accumulation of holes on the
VBM of SnO2. The flow of electron and hole charge carriers
leads to the creation of an internal electric field on the interface
of the heterostructure. Our band offset calculations agreed well
with the previously reported theoretical and experimental
evidence of the type II heterostructure of SnO2/TiO2.

18,43

The calculated band alignment for the NbO2/TiO2
heterostructure is shown in Figure 7b. The calculated work
function of NbO2 is 4.187 eV. Both the CBM and VBM of

Figure 7. Calculated band edge position for the SnO2/TiO2 (type II) (a), NbO2/TiO2 (metal−semiconductor interface) (b), and MnO2/TiO2
(type I) (c) heterostructure to vacuum potential.
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NbO2 lie at 4.187 eV. The NbO2/TiO2 heterostructure has
ΔEV and ΔEC values of 2.904 and 0.356 eV, respectively. From
the band alignment calculation, we concluded that, in the
NbO2/TiO2 heterostructure, there were possibilities of the
flow of electron charge carriers from the CBM of TiO2 to the
CBM of NbO2 and the flow of hole charge carriers from the
VBM of TiO2 to the VBM of NbO2.

The calculated band alignment for the MnO2/TiO2
heterostructure is shown in Figure 7c. The calculated work
function and band gap of MnO2 are calculated to be 5.891 and
0.43 eV, respectively. The CBM and VBM values of MnO2 lie
at 5.461 and 5.891 eV, respectively. The MnO2/TiO2
heterostructure has ΔEV and ΔEC values of 1.20 and 1.63
eV, respectively. From the band offset calculation, it is
concluded that there was a flow of electron charge carriers
from the CBM of TiO2 to the CBM of MnO2 and a flow of
hole charge carriers from the VBM of TiO2 to the VBM of
MnO2. Hence, it is concluded that the MnO2/TiO2
heterostructure shows the type I heterostructure, and our
prediction on band alignment agrees well with the previously
reported experimental work.20

3.6. Chemical Bonding Analysis
To understand the chemical bonding between the hetero-
structure, the charge density analysis and ELF are plotted. The
top row in Figure 8a−c represents the charge density plots, and

the bottom row in Figure 8d−f represents the ELF plots. In all
the figures, the MO2 layers (SnO2, NbO2, and MnO2), are seen
at the top of the TiO2 layers. Most of the charge density is only
accumulated around the O atom of the heterostructure. Both
charge density and ELF plots show the ionic bonding
characteristics of Ti−O bonds. From our previous analysis,
Ti−O bonds are considered iono-covalent, i.e., ionic bonds
with non-negligible covalent characters.44,4 From charge
density and ELF plots, it is found that there was clear ionic
bonding for SnO2 layers. There was no sharing of electrons
between the Sn and O atoms (Figure 8a,d). The charge density
plots and ELF plots for the NbO2/TiO2 heterostructure are
shown in Figure 8b,e, respectively. From both charge density
and ELF plots, NbO2 shows the ionic bonding characteristics;

however, there were some non-negligible covalent character-
istics. There was the sharing of electrons on axial bonds
between Nb and O of the top layer of the heterostructure.
Hence, the axial Nb−O bonds exhibit a more covalent nature
than the planar Nb−O bonds. The charge density and ELF
plots for the MnO2/TiO2 heterostructure are shown in Figure
8c,f, respectively. From both charge density and ELF plots, it is
found that the Mn−O bonds of the MnO2 layers show an ionic
bonding nature. The charge accumulation occurs at both the
Mn and O atoms. However, there was some non-negligible
covalent interaction between the Mn−O bonds in its axial
bonds. There was a non-negligible sharing of electrons
between the O2+ and Mn4+ atoms.
3.7. Optical Absorption
The calculated optical absorption spectra for the SnO2/
TiO2(110), NbO2/TiO2(110), and MnO2/TiO2(110) hetero-
structures and TiO2(110) plots are shown in Figure 9, as a

function of energy (eV). The visible region in the solar
spectrum from 1.8 to 3.1 eV is mentioned in the absorption
plot. Since the optical excited state calculation was carried out
in the GGA calculation, the scissor operation is carried out to
overcome the band gap difference between the GGA and HSE
calculations. From the absorption plot, the following
conclusions are understood. The SnO2/TiO2 heterostructure
shows poor optical absorption compared to pure TiO2, and it
is active only in the UV region of the solar spectrum. Both the
NbO2/TiO2 and MnO2/TiO2 heterostructures show a long
range of optical absorption in the IR, visible, and UV regions.
Due to the higher number of electron charge carriers, the
NbO2/TiO2 and MnO2/TiO2 heterostructures show improved
optical absorption in both the IR and visible region spectra.
Compared with NbO2/TiO2, the MnO2/TiO2 heterostructure
has a higher optical absorption coefficient. Hence, these can be
used as potential photocatalysts for environmental pollution
reduction.46 Optical absorption by the conventional GGA
functionals underestimates the band gap. Here, the scissor
operation has been included to overcome the optical band gap
underestimation by the GGA functional.
3.8. Improvement in Photocatalytic Activity
The structural part discusses the geometrical microstructure
upon modeling the different transition metal oxides on TiO2

Figure 8. Charge density analysis along the (010) plane for SnO2/
TiO2 (a), NbO2/TiO2 (b), and MnO2/TiO2 (c) heterostructure. ELF
along the (010) plane for SnO2/TiO2 (d), NbO2/TiO2 (e), and
MnO2/TiO2 (f) heterostructure.

Figure 9. Optical absorption spectrum plots for the SnO2/TiO2,
NbO2/TiO2, and MnO2/TiO2 heterostructures and the TiO2 layer.
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surfaces along the (110) direction. The variation in bond
length, bond angle, and the octahedral distortion at the surface
and the interface of the heterostructure is clearly studied. The
variation in structural modification at the three variants of the
heterostructure is thoroughly studied. The thermodynamic
stability of the heterostructure interface and the possibility of
oxygen vacancy formation are analyzed by interfacial formation
and the oxygen vacancy formation energetics. The variation in
stability along the three heterostructures is analyzed. The band
gap tuning is achieved by heterostructure formation, with the
aid of the HSE06 functional. The reduction in the band gap
helps us to achieve visible-light-active photocatalytic activity.
Now, the ultraviolet-active photocatalyst is turned into a
visible-light-active photocatalyst. Now, the material is able to
harvest 40% of the solar spectrum. Earlier, it was hardly
restricted to using only 5% of the solar spectrum. The
generation of electron and hole charge carriers plays an
important role in the photocatalytic activity of the materials,
which is further involved in the photocatalytic redox reaction
and other mechanisms. Unfortunately, pure TiO2 has a short
lifetime of electron and hole charge carriers and the highest
probability of the recombination of those charge carriers. The
drawback can be overcome by the formation of the
heterostructure model. The creation of an internal electric
field and interfacial charge transfer process is further confirmed
by the charge density difference and Bader charge analysis. The
internal electric field created on the interface of the
heterostructure can reduce the possibility of recombination
of electron charge carriers. If the recombination of charge
carriers is reduced, it can be able to perform enhanced
photocatalytic reactions with the aid of electron and hole
charge carriers. Furthermore, the work function and band
alignment analysis are carried out in order to further explore
the photocatalytic mechanism of the heterostructure. The
nature of the type of heterostructure is explored. The optical
absorption studies further validate the improvement in the
possibilities of photocatalytic activity, as compared to pure
TiO2, NbO2/TiO2, and MnO2/TiO2 heterostructures, which
exhibit improved optical absorption in both the ultraviolet and
visible regions of the solar spectrum.

4. CONCLUSIONS
The pseudomorphic rutile(110) heterostructure of SnO2/
TiO2, NbO2/TiO2, and MnO2/TiO2 was modeled and studied
by the DFT formalism. The bond length and angle between
the different layers of the heterostructure were analyzed. The
variation in the octahedral distortion was understood. From
the interfacial formation energy calculation, all the hetero-
structures have negative formation energy. Among these,
NbO2/TiO2 has the highest negative formation energy and the
lowest lattice mismatch; hence, it will be thermodynamically
more stable. From the hybrid functional calculation (HSE06),
the electronic structure and the band gap for the SnO2/TiO2,
NbO2/TiO2, and MnO2/TiO2 heterostructures were studied.
The conduction and valence band energy states and their
orbital hybridizations were analyzed by the density of states
plots of the heterostructure. The creation of an internal electric
field on the interface of the heterostructure is considered an
important phenomenon, which further causes the enhanced
separation of electron and hole charge carriers and eventually
increases the photocatalytic activity of the material. The
creation of an internal electric field on the rutile hetero-
structure is confirmed, and the accumulation and depletion of

charges are further studied by the charge density difference
plot; the possibility of the transport of electron and hole charge
carriers is understood. The nature of the type of hetero-
structure is analyzed by the band alignment calculation. From
our prediction, it is understood that SnO2/TiO2 shows type II
heterostructure characteristics, MnO2/TiO2 shows type I
heterostructure characteristics, and NbO2/TiO2 shows the
metal−semiconductor interface. The relative electron and hole
charge carriers’ transport mechanism was further understood
by the band alignment calculation. The improvement in the
optical absorption toward the visible spectrum of the
heterostructure is confirmed by the optical absorption
coefficient plot. Compared to the pristine TiO2, both NbO2/
TiO2 and MnO2/TiO2 heterostructures show good optical
absorption in both the IR and visible spectra. The internal
electric field of the pseudomorphic rutile(110) heterostructure
was explored, the nature of the type of heterostructure was
found, and its band alignment was calculated. A possible way
to tune the heterostructure toward enhanced photocatalytic
activity is proposed. From our theoretical calculations, we
strongly concluded that the growth of the rutile hetero-
structure on top of TiO2 will act as a potential photocatalyst
for environmental pollution reduction and also for other
photocatalytic applications. We believe that our results will
attract researchers from both the experimental and theoretical
communities for further studies.
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