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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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