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ABSTRACT: TiO2 was known as a golden heterogeneous photocatalyst due to its chemical
stability, low cost, nontoxicity, and strong oxidizing power. However, anatase TiO2 predominantly
absorbs the photon energy in the ultraviolet region (λ < 387.5 nm); therefore, to increase the
utilization of sunlight, the approach of doping of metals and nonmetals into pure TiO2 is
implemented. Here we incorporate the dopants of Zr, Si, V, W, Ge, Cr, Sn, Mo, and Pb into the
TiO2 lattice and study the optoelectronic properties, including the formation energies and the
electron charge distributions, using the Vienna ab initio Simulation Package (VASP) from the
hybrid functional of Heyd, Scuseria, and Erhzerhof (HSE06). We observed that V-, Mo-, and Cr-
doped systems introduce shallow impurity states within the band gap, and those states influence
the shift of the absorbance spectra to visible light by enhancing the photocatalytic efficiency. W-
doped anatase TiO2 structure reduces the band gap of the pure anatase TiO2 by 0.7 eV. Notably,
this reduction occurs without the introduction of any impurity states between the band edges. Additionally, the absorption edge of
the solar spectrum shifts toward lower photon energy from 3.5 to 3.1 eV. From Bader charge analysis, we observed that mainly the
charge transfer occurred from the dopants and charge accumulation happened around nearby oxygen atoms. The ferromagnetism
was observed in V-, Cr-, Mo-, and W-doped anatase TiO2 structures due to the charge imbalance of the spin-up and spin-down
states.

■ INTRODUCTION
The visible region covers most of the part (43% of the
incoming solar energy) in the solar spectrum. The role of
photocatalysts is crucial for the utilization of solar energy in
this region. Over the previous 20 years, there has been a
noteworthy scientific focus on photocatalysts, particularly in
processes like water splitting and degradation of the organic
contaminants under visible light irradiation.1 The process of
photocatalytic water splitting occurs when the oxide semi-
conductor absorbs the photon energy. Consequently, if the
energy of incoming photons matches the band gap energy of
the photocatalytic material, this leads to the separation of the
electrons and holes within the photocatalyst. So far, scientists
have worked out for these photocatalyst materials, including
TiO2, SrTiO3, α-Fe2O3, WO3, ZnO, Bi2WO6, and ZnS.2

Among them, TiO2 is known as a proficient photocatalyst
capable of facilitating self-cleaning surfaces and contributing to
the purification of both air and water. Due to its strong
oxidation activity and exceptional hydrophilicity, TiO2 was
acknowledged as possessing antibacterial properties. Addition-
ally, it retains remarkable chemical stability during the process
of photocatalysis. Furthermore, TiO2 is characterized by its
nontoxic nature and affordability, thus it has played a
significant and engaged role in research areas related to
renewable energy. TiO2 exists in three distinct polymorphs:

rutile, anatase, and brookite. These three structural variations
arise from different distortions in the octahedral TiO6
configuration. The electronic and optical characteristics are
predominantly influenced by the specific characteristics of the
Ti−O bonds. The rutile phase is the most stable polymorph,
while the remaining two polymorphs are metastable phases.
Phase transitions can occur among these three phases
depending upon their particle size, high-temperature con-
ditions, pH, and fabrication conditions3−5

Mainly rutile and anatase are employed as photocatalysts for
water splitting. Anatase TiO2 polymorph offers superior
attributes as a photocatalyst compared to rutile. For instance,
the surface of anatase TiO2 exhibits greater absorption capacity
on hydroxyl groups and a lower recombination rate of
photogenerated charge carriers. These attributes are conducive
to facilitating the surface chemical reaction.6 Collectively, these
features suggest that the anatase phase of TiO2 holds greater
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potential as a material for effective photocatalytic activity when
compared with the rutile phase.
However, the anatase phase of TiO2 semiconductor

possesses a wide bandgap of around 3.23 eV. The wavelength
of light needs to be less than 384 nm to be irradiated on this
semiconductor to function as a photocatalyst. However, this
particular wavelength range constitutes only about 5% of the
solar spectrum, falling within the ultraviolet (UV) region. To
utilize most of the solar light that falls to the earth in the visible
region, it is essential to adjust the bandgap of TiO2
accordingly. To overcome this challenge, researchers have
developed innovative concepts aimed at tuning the band gap
and enhancing photocatalytic performance over the visible
region.2 Researchers have pursued two primary strategies to
address this challenge: (1) Bandgap engineering; This
approach involves the introduction of specific elements into
TiO2 to enable the absorption of light in the visible region,
which can modify the bandgap of the material, allowing it to
absorb a broader range of wavelengths, including the visible
area of the solar spectra (2) surface sensation; In this strategy,
light harvesting materials are applied to sensitize the TiO2.
These materials can absorb visible light and then transfer the
absorbed energy to TiO2 material, thereby enhancing the
photocatalytic activity in the visible region.7

Theoretically, the majority of calculations involving anatase
TiO2 and its doped structures have been analyzed by using the
generalized gradient approximation (GGA) and GGA + U
methods.8,9 In this work, we conducted a comprehensive study
aiming at the optoelectronic properties of anatase TiO2 doped
with the elements of Zr, V, W, Cr, Sn, Mo, Si, Ge, and Pb. The
majority of the doped structures involving these elements were
studied in both theoretical calculations and experimental
analyses. Umebayashi et al. reported that the TiO2-doped V
and Cr showed the midgap states where the electrons were
occupied and the electrons localized around each dopant.10

Ibrahim et al. performed density functional theory (DFT)
calculations on the monodoped Cr structures, which showed
the shallow donor states located above the valence band
maximum (VBM) resulted in the band gap narrowing of the
undoped TiO2 lattice, and the partially occupied deep states
were found away from the conduction band minimum (CBM).
Those impurity states were able to shift the absorption edge to
the visible light; however, the deep-level states suppressed the
charge separation of electron-hole pairs because they act as the
recombination centers for the photoinduced carriers.11 Soussi
et al. observed that the impurity levels within spin-up and spin-
down channels were increased as the concentration of Mo in
the TiO2 lattice increased which had a significant impact on
effectively reducing the bandgap.12 It is well known that
standard DFT calculations based on LDA and GGA have
limitations as they underestimate the band gap values of
semiconductors due to the discontinuity of exchange−
correlation potential.13,14 Calculations based on developed
exchange correlation functionals included in GGA + U and
HSE06 provide accurate band gap values compared with the
experimental values. The Cr-doped anatase TiO2 showed the
semimetallic nature under the GGA and GGA + U
approximation,15,16 as experimentally it acts as a ferromagnetic
oxide semiconductor.17 Those approximations have the
possibility of providing the wrong predictions. Under the
GGA + U approximation, the Hubbard U values are estimated
by selecting the U value that aligns with the band gap value of
the dopant oxide. For the TiO2, the U value was 7 eV, which

gives the correct band gap of TiO2 as 3.2 eV.18 Likewise, when
finding the U values for the dopants, the dopant oxide’s band
gap value should be approximately derived from the
appropriate U values. However, most of the U values of
metal oxides do not agree with their band gap values.
Therefore, we chose the hybrid functional method to study
the optoelectronic properties of the doped anatase TiO2
models using the density functional theory, which is well-
known to reproduce the experimental electronic properties in
the periodic crystal lattice. The HSE06 functional was used for
the elementally doped TiO2 by the past theoretical researchers
to examine the in-depth calculations of electronic structures,
but there is a lack of optical calculations under the hybrid
functional method.19

In this work, we focus on the electronic and optical
calculations of anatase TiO2-doped models where the dopants
are metals (Zr, V, W, Cr, Sn, Mo, and Pb) and nonmetals (Si
and Ge), which were analyzed in the HSE06 approximation
using VASP software. As discussed above, many attempts have
been taken to improve the photocatalytic performance of TiO2
through the metals (Zr,20,21 V,22,23 W,14 Cr,15,16 Sn,24 Mo,25,26

and Pb21) and nonmetals (Si19,27 and Ge21) doping. Due to
the high computational cost and time consumption, optical
property calculations in the HSE06 approximation were not
employed in most of the research works. Here we include both
electronic and optical calculations under the HSE06 method,
which is a computationally expensive tool but yields accurate
results, providing bandgap values that closely align with
experimentally derived values for the aforementioned models.
This will be worth studying the optoelectronic calculations of
the doped anatase TiO2 with another approach of ab initio
investigations rather than the standard DFT methods. Here we
described the computational methodologies that were involved
in our electronic density of states and the optical properties.
Subsequently, we present the obtained results and discuss
them along with the previous theoretical and experimental
findings. In the end, we conclude our study by summarizing
the findings based on the analysis conducted.

■ COMPUTATIONAL METHODOLOGY
The projector-augmented wave (PAW)28 pseudopotentials
were used for all the DFT calculations in the VASP code.29

Initially, geometry optimization was done for both the pure
and doped models in the GGA method, which was
parametrized at the Perdew−Burke−Ernzerhof (PBE) level30

with the Monkhorst−Pack k-point mesh31 of 4 × 4 × 4. Here
we used the plane wave basis set with a cutoff energy of 560 eV
for our calculations. For the electronic property calculations,
the density of states (DOS) of the doped structures were
computed on the Monkhorst−Pack k-point grid on 7 × 7 × 5
along the x, y, and z directions of high symmetry in the first
Brillouin zone. All of the doped structures of the DOS
calculations were performed using the spin-polarized approach.
The electronic and optical property calculations were done in
the screened hybrid functional called (Heyd−Scuseria−
Ernzerhof) HSE06.32 This hybrid functional was chosen
because it will provide accurate band gap values that closely
match the experimental measurements, unlike the results
obtained from the GGA method. VESTA is a three-
dimensional visualization program that was used to visualize
the equilibrium crystal lattices.33

The transition metal or nonmetal was doped to the anatase
TiO2 supercell (2 × 2 × 1) and optimized the doped structure
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using the GGA approximation. The doped system consists of
48 atoms by 15 titanium atoms, 1 dopant, and 32 oxygen
atoms, which corresponds to the 6.25% dopant percentage
(Figure 1).

■ RESULTS AND DISCUSSION
Structural Optimization. The total energies and corre-

sponding volumes of the two polymorphic compounds of
TiO2, rutile, and anatase were fitted to the Birch−Murnaghan
equation, where the optimization was utilized in GGA. The
stability of the anatase phase is higher compared to the rutile
phase, as depicted in Figure 2, which consists of the past
theoretical results.34 At elevated temperatures, the rutile phase
has the capability of undergoing a transformation into the
anatase phase.

Initially, the optimized configurations (at the GGA level) of
both the pure and doped systems were achieved. Their
equilibrium lattice parameters are tabulated as shown in Table
1. Here the optimization is carried out at the PBE level,

resulting in an overestimation of the cell volume by 1 and 4%
in comparison to previous theoretical and experimental studies,
respectively,6,35 with an error of 0.3 Å on the elongation of the
lattice parameter in the c direction, which was confirmed by
Tosoni et al.36 The anatase TiO2 with substitutional doping
shows minor alterations in its lattice parameters when
compared to the undoped anatase TiO2. All the doped
structures maintain the same crystal group as pure TiO2 called
the tetragonal, regardless of the specific dopant element.
Formation Energy. The calculation of the formation

energy (described in eq 1) for the doped structures provides

Figure 1. 2 × 2 × 1 supercell of the doped TiO2 structure. The blue
atoms are titanium atoms, the red atoms are denoted as oxygen atoms,
and the doped element is represented by the brown color sphere.

Figure 2. Total energy variation with the volume of both phases of rutile and anatase TiO2.

Table 1. Computed Lattice Parameters of the Compounds
along with Other Experimental (expt) and Theoretical
(Theo) Studies

doped system lattice parameters (Å) cell volume (Å3)

a B c

TiO2-pure
(anatase)

3.8179 3.8179 9.7473 142.08

3.796
(exp.)35

3.796
(exp.)35

9.444
(exp.)35

136.084(exp.)35

3.80
(Theo)6

3.8
(Theo)6

9.7
(Theo)6

140.068 (Theo)6

Cr-doped TiO2 7.6263 7.6263 9.6782 562.88
Mo-doped
TiO2

7.6697 7.6697 9.7020 570.71

Pb-doped TiO2 7.6762 7.6762 9.8810 582.23
Si-doped TiO2 7.6016 7.6016 9.6569 558.02
Sn-doped TiO2 7.6572 7.6572 9.7928 574.18
V-doped TiO2 7.6332 7.6332 9.6794 563.98
W-doped TiO2 7.6849 7.6849 9.6725 571.24
Zr-doped TiO2 7.6691 7.6691 9.7760 574.98
Ge-doped
TiO2

7.6261 7.6261 9.7176 565.14
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insight into their thermal stability, offering valuable guidance
for the experimental synthesis procedures.

E X E X E

n q E E V

Ti O

i
i i

f q
tot

q
tot 16 32

F v

[ ] = [ ] [ ]

+ [ + + ]
(1)

Where Etot[Xq] is the total energy of the single impurity-doped
TiO2 supercell structure, and Etot [Ti16O32] is the total energy
of the undoped equivalent supercell. ni is the number of atom
types being added or removed, μi is the respective chemical
potential of the ni. EF is the Fermi level reference to the VBM,
Ev of the bulk materials. ΔV is simplified as zero.37,38 In the
present work, the formation energy of the single-doped system
can be found using eq 2.

E X E X E Ti Of q
tot

q
tot 16 32 TM Ti[ ] = [ ] [ ] + (2)

Here μTM is the chemical potential of the dopant element. μTi
is considered to be the total energy of the thermodynamic
equilibrium of bulk Ti, while the oxygen chemical potential
(μO) can be obtained from the thermodynamical condition of
the TiO2, the μTi+ 2 μ0 = μTiOd2

. The μO is the total energy of
the molecule of the O2, the same as the Ti chemical potential
that can be obtained from the above stability condition of
TiO2. The formation energies of the dopant elements are listed
in Table 2 under the GGA approximation. The computed
values for Etot [Ti16O32], μO, and μTi are equal to −423.89,
−4.95, and −11.23 eV, respectively.

The formation energies (Ef [Xq]) for the doped models of
48-atom supercells are derived and listed in Table 2. Ef values
are in the order of Zr < Si < V < W < Ge < Cr < Sn < Mo <
Pb. The magnitude of the calculated formation energy depends
upon the doped structures’ electronic structure, charge
compensation, atomic size, lattice mismatch, defect formation,
chemical compatibility, etc. The specific electronic config-
uration and charge compensation mechanisms of each dopant
play a crucial role in determining the formation energy.
Positive formation energies can arise due to the difficulty in
accommodating the dopant’s electronic structure within the
host material’s lattice. Some dopants may introduce charge
imbalance or create electronic states that are energetically
unfavorable, leading to higher formation energies. From the
structural point of view; the influence of atomic size and lattice
mismatch between the dopant and host material affects the
formation energy of these doped models. Dopants with similar
atomic sizes to the host lattice elements (e.g., Zr and Si) might
be more likely to substitute into the lattice without causing
significant distortions, resulting in lower formation energies.

On the other hand, larger or smaller dopants (e.g., W and V)
could lead to lattice strain and higher formation energies due
to lattice distortion. Another possible mechanism is defect
formation. The possibility that certain dopants may form
defects or local distortions in the host lattice. These defects can
contribute to positive formation energies as they introduce
disruptions in the regular lattice arrangement. The type and
severity of defects caused by different dopants can vary,
impacting the overall formation energy. It should be noted that
the chemical compatibility between the dopant and the host
material is also very important. Some dopants may have
stronger chemical interactions with the host lattice, allowing
them to be more readily incorporated with lower formation
energies. This compatibility can be influenced by factors such
as electronegativity, valence state, and bonding characteristics.
The negative formation energies of W, V, Si, and Zr show that
they are thermodynamically stable to replace Ti with W, V, Si,
and Zr than other dopants. Therefore, W- and V-doped TiO2
models will be better candidates for optoelectronic applications
by considering the optical property calculations where the
absorption edge moves toward the visible region. Here, the
positive formation energies indicate that the doped anatase
models may not be thermodynamically stable under standard
conditions, but there is still scientific interest in exploring their
properties and behavior. These dopants may be formed as
metastable phases, meaning they persist in a nonequilibrium
state due to kinetic barriers hindering them from transitioning
to the most stable state. External influences like temperature
and pressure may alter the thermodynamic landscape. Certain
materials can be stabilized at higher temperatures or pressures
that are not encountered under standard conditions.
Experimentally, most of these elements were used as dopants
for the anatase TiO2.

39,40

Electronic Properties. The band structure of pristine
anatase TiO2, as illustrated in Figure 3a, exhibits the indirect
bandgap feature with the band gap value of 3.4 eV under
HSE06 approximation, consistent with previous theoretical
investigations.19 Its partial density of states, depicted in Figure
3b, shows the valence band primarily consists of oxygen 2p
orbitals, with little contribution from Ti 3d states and 4p
orbitals. The conduction band (CB) is mainly dominated by Ti
3d orbitals. The spin polarization in a pure TiO2 lattice is not
detected, as electrons are evenly distributed in both the spin-up
and spin-down states. Similar features of the density of states in
undoped TiO2 structures were explored in prior theoretical
works.21,41,42 The doping with cations in replacement of the
Ti4+ cation can introduce intermediate energy levels in the
pure TiO2 band structure. These intermediate states act as
either electron acceptors or electron donors in pure TiO2,
thereby aiding the material’s ability to absorb visible light.
The Zr-doped TiO2 (Figure 4) exhibits a comparable partial

density of states to the undoped TiO2 structure because both
have the same valency four under groups IV-B of transition
metals. The band gap is almost similar to that of undoped
TiO2. However, there is a slight extension of 0.09 eV compared
to that of pure TiO2. Notably, there are no impurity levels
located within the band gap, aligning with the findings of
earlier theoretical investigations.20,21 The similar partial density
of states patterns are evident in the Si-, Ge-, Sn-, and Pb-doped
models, all of which possess valency of four in group IV-A
identical to the Zr-doped structure (Figures 5−8). The
incorporation of Si doping to the pure TiO2 (Figure 5) leads
to a band gap extension of 0.07 eV in comparison to the

Table 2. Formation Energies of the Doped TiO2 Systems

doped system μTM/eV Etot[Xq] Ef [Xq]

Cr/TiO2 −9.50 −421.69 0.47
W/TiO2 −13.01 −425.89 −0.22
Mo/TiO2 −10.95 −420.49 3.12
V/TiO2 −8.94 −422.62 −1.03
Si/TiO2 −5.43 −420.02 −1.98
Ge/TiO2 −4.18 −416.37 0.42
Sn/TiO2 −3.83 −415.75 0.74
Pb/TiO2 −3.58 −412.62 3.62
Zr/TiO2 −8.47 −425.55 −4.42
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undoped TiO2. Theoretical findings demonstrate that the band
gap was reduced at a lower concentration of 3%. However, as
the concentration was raised to 6, 9, and 12.5%, the band gap
of the Si-doped model exhibited an increase which matches
with the band gap increment observed in our Si-doped TiO2
model at a 6% Si concentration.27 Similar observations were
identified in another study conducted using the HSE06
method for these models.19 The band gap value of the Sn-
doped structure increases by approximately 0.1 eV. This
finding correlates with the theoretical study indicating where
the band gap tends to rise as the Sn content increases in the
doping of TiO2.

24

The V (Figure 9) and Mo (Figure 10) doped systems have
defect states mainly originating from the 3d and 4d orbitals of
the V and Mo, respectively. Those states are integrated with
the CB, and some are away from the CB and the valence band.
Due to the integration of the CB of the V- and Mo-doped
TiO2, the band gap was reduced, facilitating the absorption of
visible light. Experimental studies have reported a decrease in
the band gap, consequently shifting the absorption spectrum to
longer wavelengths.22,25 Ge- and Pb-doped anatase TiO2

structures result in an enlargement of the band gap, shifting
it from the original value of 3.4 eV (pure TiO2) to 3.51 and
3.44 eV, respectively. The extension is approximately 0.11 eV
for Ge- and 0.04 eV for Pb-doped models. In the case of the V-
doped system (as shown in Figure 9), the energy difference
between the VBM and defect states is 1.1 eV, which is less than
the energy gap of 2.2 eV separating the defect states and the
CBM. Additionally, the band gap of the V-doped model is
reduced by 0.1 eV compared with pure anatase TiO2. These
intermediate states are located near the VBM, and they act as
shallow acceptor levels, primarily comprising the V 3d orbitals.
Those states have the potential to trap the photoexcited holes,
thereby mitigating the recombination rate of electron−hole
pairs. Due to the creation of electron vacancies near the
valence band, an anodic photocurrent can be produced. Here
more probability can be predicted for the excitation of
electrons to the intermediate states where the low photon
energy is sufficient to jump the electrons into the CB. As a
result of this occurrence, we could expect the visible light
absorption for the V-doped model system. The reduction in

Figure 3. Calculated (a) band structure (top) and (b) partial density of states (bottom) of anatase TiO2 under the HSE06 approximation.
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the band gap of the V-doped system has been documented in
previous experimental investigations.22,43

In the Mo-doped system (Figure 10), there is a noticeable
shift of the Fermi level toward the CB. This would be a
potential benefit for the photocatalytic performances as free
electrons are moving in the CB. These findings align with the
previous observations seen in monodoped Mo in anatase TiO2
under the GGA and GGA + U approximations.25,26 The
electrons are more likely to be excited from the defect states to
the CB than the electrons’ transitions from the valence band to
the defect states. This occurrence is due to the energy gap
between the valence band and defect states being 2.38 eV,
which is greater than the energy gap of 0.98 eV between the
defect states and the CB. Those defect states composed of the
hybridization of Mo-4d−Ti-3d states are located at a certain
distance away from the CB and act as shallow donor states.
This phenomenon also contributes to lowering the recombi-
nation rate of the charge carriers in semiconductors by

trapping the photogenerated electrons, and it will produce the
cathodic photocurrent. The reduction of the band gap can be
seen in the W-doped TiO2 by about 0.7 eV, as shown in Figure
12. Here the Fermi level resides in the CB, similar to the Mo-
doped configuration. This alignment adheres to both the
Mossec-Burstein effect and the Urbach band-tail effect, leading
to the population of the CB by the electrons.44 Nevertheless,
there are no impurity states found within the band gap of the
W-doped model; this absence of impurity states prevents the
electron−hole recombination, which has the potential to
enhance the photocatalytic efficiency.
The Cr-doped structure (Figure 11) consists of shallow

donor states that play a beneficial role in facilitating the
separation of the electron−hole pairs, much like those in the
V- and Mo-doped systems. The presence of defect states of the
3d orbitals of chromium has been identified in other
theoretical findings that investigate the substitutional doping
of chromium atoms into the anatase TiO2 using the GGA + U

Figure 4. Density of states of Zr-doped anatase TiO2 using the HSE06 functional.

Figure 5. Density of states of Si-doped anatase TiO2 using the HSE06 functional.
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approximation.16 Nonetheless, prior theoretical works which
were carried out on Cr-doped anatase TiO2 under the GGA
approximation revealed the half-metallic characteristic of the
doped structure where the Cr states are positioned across the
Fermi level.15 However, experimental evidence17 proved that
the Cr-doped model displays semiconductor behavior that can
support our HSE06 calculations. Furthermore, the Cr-doped
model structure exhibits a wider CB and valence band. This
broadening effect contributes to an increased mobility of the
electron−hole pairs, which will positively impact the photo-
activity of TiO2. All three doped models of V, Cr, and Mo
feature shallow impurity states rather than deep defect states.
Consequently, this characteristic will be a pivotal factor for
elevating photocatalytic efficiency due to promoting the charge
carrier separation rather than acting as recombination centers.
(The Fermi level is represented as EF in all the density of states
diagrams).

Optical Properties. In this section, the optical property
calculations were described using the complex dielectric
function, ε(ω), as shown in eq 3.

( ) ( ) ( )1 2= + (3)

The imaginary part of the dielectric function is shown by45
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where M is the momentum matrix, k is the crystal wave vector,
and i and j are the initial and final states along with their
energies of Ei,k and Ej,k, respectively.
The real part of ε(ω) was derived (eq 5) using the ε2(ω)

from the Kramers−Kronig relationship

Figure 6. Density of states of Ge-doped anatase TiO2 using the HSE06 functional.

Figure 7. Density of states of Pb-doped anatase TiO2 using the HSE06 functional.
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Using ε1(ω) and ε2(ω), other linear frequency-dependent
properties can be derived, where the absorption coefficient,
α(ω) is one of the derivations that can be illustrated as46
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Here we mainly concentrate on the absorption coefficient
for all of the doped systems. The optical absorption spectra
were computed for the doped models utilizing the HSE06
approximation. Pure TiO2 can absorb the photon energy
within the ultraviolet (UV) region. This is illustrated in the
optical spectrum diagrams. The presence of intermediate states
between the valence band and CB in metal-doped systems,
along with the reduction in the band gap of TiO2, causes the
absorption edge of optical spectra to move toward the visible

light range (Figures 13 and 14b). This occurs as a result of the
electron transition from the O-2p states to the Ti-3d states
through the doped elements’ valency states. Based on the
electronic property calculations, the impurity states are located
within the band gaps of V-, Cr-, and Mo-doped anatase TiO2
structures. As a consequence, this led to a shift in the
absorbance spectra toward the visible light region with a higher
absorbance of 105 cm−1, as depicted in Figure 13. V-, Cr-, and
Mo-doped anatase TiO2 models shift the absorption edge of
pure TiO2 from 3.5 to 2.37, 1.67, and 2.29 eV, respectively. A
similar optical absorbance was observed for the Cr monodoped
situation, where the absorption edge extended into the visible
light region.11,42 The previous study shows that the absorption
edge of Mo-doped anatase TiO2 at the energy of 1.2 eV
absorbs the visible light region.26 They discussed that those
electrons’ excitations occurred due to the electron transitions
from the O-2p to Mo-4d states. Another study noted that an
additional absorption occurred below the absorption edge of

Figure 8. Density of states of Sn-doped anatase TiO2 using the HSE06 functional.

Figure 9. Density of states of V-doped anatase TiO2 using the HSE06 functional.
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the Mo-doped system where the electrons’ intraband
transitions influenced between the Mo-4d impurity band and
Ti-3d states in the CB.47 Our V-doped optical absorption
(Figure 13b) yielded an outcome similar to the experimental
findings because it absorbs visible light in the range of 2.7−2.5
eV.48 The theoretical study explains that the visible light
absorption of the V-doped model was due to the presence of
V4+ ions in the crystal lattice that enabled the electron
transitions from V-3d states to the host CBM.23 Another
experiment involving the heavy doping of vanadium on TiO2
revealed a notable redshift, particularly evident with higher
vanadium doping concentrations, within the visible range of
380−750 nm.22 These experimental findings agree with our
HSE06 results. Hence, anatase TiO2 models doped with V, Cr,
and Mo efficiently harness solar power, where the absorbance
is red-shifted, thereby enhancing the absorption of visible light.
The Si-doped anatase TiO2 model shows the absorbance

that is blue-shifted (Figure 14a), aligning with the experimental

results observed in Si-doped TiO2 nanotube arrays where the
enhancement of photo response occurred under the UV
region.49 A different experimental study provided evidence that
the Si-doped TiO2 nanotubes improved the methylene blue
photocatalytic degradation activity of the TiO2 nanotubes, and
the highest degradation efficiency was observed at 10% dopant
concentration under ultraviolet light conditions.50

Sn-doped TiO2 showed the blue-shifted absorption curve
(Figure 15a), in line with both theoretical and experimental
findings. In theoretical calculations using the DFT approach
with the GGA approximation, it was calculated that the band
gap of Sn-doped anatase TiO2 broadened by about 0.06 eV,
while experimental findings indicated a broader band gap
increase of about 0.13 eV. These findings collectively suggest
that Sn-doped TiO2 induces the blueshift of the absorption
spectra in pure anatase TiO2.

21,24 Zr- and Ge-doped anatase
TiO2 structure models exhibit a blueshift of the absorption
spectra (Figure 16) due to the extension of the band gap of

Figure 10. Density of states of Mo-doped anatase TiO2 using the HSE06 functional.

Figure 11. Density of states of Cr-doped anatase TiO2 using the HSE06 functional.
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Figure 12. Density of states of W-doped anatase TiO2 using the HSE06 functional.

Figure 13. Computed absorption coefficient for the (a) Cr-, (b) V-, and (c) Mo-doped anatase TiO2 in the HSE06 approximation.
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undoped TiO2. In a previous theoretical study conducted using
the GGA approximation, it was noted that the blue shift in Zr-

doped anatase TiO2 occurred due to the extension of the band
gap when the impurity percentage reached 4.17%.38 The Pb-

Figure 14. Computed absorption coefficient for the (a) Si- (b) W-doped anatase TiO2 in the HSE06 approximation.

Figure 15. Computed absorption coefficient for the (a) Sn- (b) Pb-doped anatase TiO2 in the HSE06 approximation.

Figure 16. Computed absorption coefficient for the (a) Zr- (b) Ge-doped anatase TiO2 in the HSE06 approximation.
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doped anatase TiO2 model displays the blueshift of the
absorption spectra (Figure 15b), which agrees with the
theoretical investigation of the Pb-doped anatase TiO2. This
consistency is attributed to the extension of the band gap value
by 0.02 eV.21 W-doped TiO2 model shows the redshift of the
absorbance spectra, transitioning from 3.5 to 3.1 eV as shown
in Figure 14b. Our HSE06 calculations are well correlated with
the past experimental findings, wherein the W-doped TiO2
model demonstrated a red shift as the concentration of W
dopant in the regular TiO2 lattice increased.51,52

Bader Charge Distribution. The Bader charge (BC)
analysis was conducted for all of the doped structures, and the
resulting charge distribution plots are presented in Figure 17.
The charge imbalance can occur when a foreign atom is
introduced into the regular TiO2 lattice. The charge density
difference, ΔρChargedifference, which was computed in the self-
consistency scheme by subtracting the electron density of the
doped system, ρDopedSystem from the electron density of
undoped, ρpure and the dopant, ρDopant, respectively. i.e.,
ΔρChargedifference = ρDopedSystem − ρpure − ρDopant.

Figure 17. Charge density difference of elemental doped anatase TiO2. (a) Sn-, (b) Zr-, (c) V-, (d) Si-, (e) Cr-, (f) W-, (g) Ge-, (h) Pb-, and (i)
Mo-doped systems. Yellow and cyan colors represent the charge accumulation and depletion, respectively.
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The Bader charges were used to quantify the charge transfer
of the dopant to the lattice, and this information is presented
in Table 3. Each of the dopants exhibits electron loss, as

indicated by their positive Bader charge values, implying their
role as electron donors. In the Mo-doped model, it is observed
that the Mo atom carries a charge of 2.2e. Additionally, nearby
oxygen atoms display a charge accumulation of −0.97e, while
the adjacent Titanium (Ti) atoms exhibit a charge depletion of
+1.9e. Likewise, the dopant and the neighboring titanium
atoms release the electrons, while the adjacent oxygen atoms
tend to attract electrons, as shown in Figure 17. This alignment
with the BC analysis is shown in Table 3. More electron charge
depletion occurs around the dopant compared to the Ti atom.
This discrepancy can be attributed to the higher and analogous
oxidation states (Mo6+, V5+, Cr6+, W6+, Si4+, Pb4+, Sn4+, Ge4+,
and Zr4+) of the dopants in contrast to the Ti (Ti4+) atoms.
Due to the higher electronegativity of oxygen atoms compared
to both the dopants and Ti atoms, they exert a stronger
attraction on electrons, drawing more electrons toward them.
Mo-, Cr-, W-, and V-doped systems exhibit magnetic moments
arising from the asymmetric nature of spin-up and spin-down
channels, which is clearly depicted in the above electronic
density of states diagrams (Figures 9, 10, 11, and 12). They are
stable in the ferromagnetic state as they exhibit positive
magnetic moments.53 The other doped models remain in the
paramagnetic property since their total net spin values sum up
to zero. The ferromagnetism has been observed in the
structures of TiO2 doped with V and Cr, confirmed through
both theoretical and experimental investigations.17,53,54 Ex-
perimental evidence supports the assertion that Mo-doped
anatase TiO2 displays ferromagnetism at room temperature,
attributed to the overlapping of Mo-4d and O-2p orbitals.55

■ CONCLUSIONS
In summary, we performed the electronic, optical, and
formation energy calculations for Zr-, Si-, V-, W-, Ge-, Cr-,
Sn-, Mo-, and Pb-doped anatase TiO2. The doping is
energetically favorable in the order of Zr < Si < V < W <
Ge < Cr < Sn < Mo < Pb. Here W, V, Si, and Zr have shown
negative formation energies making them thermodynamically
stable when substituting these foreign atoms to the regular
TiO2 lattice. The intermediate states and the bandgap
reduction of the host compound were not found for the Zr-,
Si-, Ge-, Pb-, and Sn-doped structures. Also, the optical spectra

were shifted to higher photon energies. Therefore, these
dopants will not affect the efficiency of the optoelectronic
applications rather than the undoped anatase TiO2. V-, Mo-,
and Cr-doped models include the impurity levels within the
band gap as shallow and deep defect states; the Mo-doped
structure consists of the shallow defect states where the Fermi
level is located in the CB. These three dopants and the W-
doped model where there are no impurity states located but
the band gap reduction occurred with the redshift of the
optical spectra. Also, those models show the nature of
ferromagnetism, which can be considered as magnetic
semiconductors, and the charge density difference analysis
shows that charge depletion occurs around the dopant. These
V-, Mo-, Cr-, and W-doped models will enhance the
photocatalytic efficiency more than the pure anatase TiO2.
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