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Abstract— TiO2 is a well-known photocatalyst with several 

potential applications. But because of its wider band gap, its 

optical activity is restricted to the UV region of the electromagnetic 

spectrum. These peak limits the photocatalytic activity of the 

specimen. To boost the photocatalytic activity of TiO2, it is 

necessary to shift its absorption peak from the ultraviolet to the 

visible range by reducing its bandgap. Doping of several metals 

and non-metals is one of the strategies adopted to decrease the 

bandgap of TiO2. This research article provides an overview of the 

effects of co-doping with Vanadium, Manganese, and Nitrogen on 

the structural and optoelectronic properties of anatase TiO2 using 

the framework of Density Functional Theory (DFT). V–N/TiO2, 

Mn–N/TiO2, and Mn–V/TiO2 were prepared, in which Mn and V 

were completely replaced at the i site, while N was at the O site. It 

was predicted that (V–N) doping in TiO2 decrease the bandgap 

from 2.13eV to 1.66eV. This decrease occurred due to the newly 

generated electronic states, i.e. V–3d and N–2p, below the 

conduction band minimum and the valence band maximum, 

respectively. (Mn– N) and (Mn–V) co-doping in TiO2 decrease the 

value of bandgap to 1.36eV and 1.22eV respectively. In these two 

models, the Fermi surface moved above the conduction band 

minimum, and thus, these models acted as N–type semiconductor. 

Co-doping also enhanced the optical performance of the specimen. 

It was observed that optical absorption increases as the model's 

bandgap energy decreases. The most enhanced optical absorption 

performance was predicted for Mn–V/TiO2 due to the effective 

electron-hole pair recombination. 

 
Index Terms— Anatase TiO2, CASTEP Materials Studio, 

Density Functional Theory (DFT), photocatalysis, Fermi energy 

level, photoelectric conversion, electron-hole pair generation. 

 

I. INTRODUCTION 

n recent years, Titanium Dioxide, also known as titania, a 

well-known transition metal oxide has gained the attention 

of potential researchers because of its promising 

characteristics such as optical and electronic properties[1], 

natural and geological availability, low cost and low 

toxicity[2] and high chemical and thermal stability[3]. Due 

to these unique characteristics, researchers are trying to 

utilize it for various technological advancements and 

 
 

applications, e.g., environmental cleanup such as air and 

water pollution[4], photo-catalytic water splitting for 

hydrogen production and storage[5], as electrode materials 

for super capacitors and energy storage[6], electronic and 

optoelectronic devices such as LEDs, Solar cells and nano 

sensors[2], and as an anti-reflection coating[7]. Since TiO2 

exhibits good optical and electrical properties, it can also be 

used as one of the promising semiconductors due to its 

effective utilization of the electron-hole pair. 

Naturally, TiO2 exists in three polymorphic states named 

Anatase, Brookite, and Rutile. Anatase is the metastable form 

of TiO2 with a tetragonal crystal structure that is usually 

colorless or white in nature. Due to its potential applications, 

anatase TiO2 is often prepared in the laboratory by chemical 

methods such as sol-gel route[8] through controlled 

hydrolysis of Titanium tetra-ethoxide (Ti4(OCH2CH3)16) [9] 

and titanium tetrachloride(TiCl4)[10]. Anatase TiO2 has a 

space group of 141/AMD having the lattice constants as a = 

3.776 Å, b = 3.776 Å , c = 9.486 Å. 

Brookite is another polymorph of TiO2 having 

orthorhombic geometry [11]. Brookite is a brittle mineral 

having reddish brown or deep red color. Brookite belongs to 

the space group of Pcba with lattice constants as a=5.4558 Å, 

b= 9.1819 Å. amd c= 5.1429 Å. having all three angles equals 

to 90. The formula mass for brookite is 79.88g/mol. 

Rutile is the most common mineral oxide of TiO2. Due to 

its high refractive index, it can be used in several optical 

instruments. It is thermodynamically the most stable 

polymorph than the other two. The unit cell of rutile is 

tetragonal having lattice constants a= 4.584 Å, b= 4.584 Å 

and c= 2.953 Å [12]. 

All the three polymorphs of TiO2 shows good photocatalytic 

activity under UV radiation. But fundamental studies have 

revealed that the anatase is the most active polymorph than 

the other two forms due to the existence of reactive [001] face 

[13]. 
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   But this photocatalytic activity is subject to Ultra-Violet 

region of the solar irradiance only as the efficiency in the 

visible range is very low. 

Rutile and anatase both have good photoconversion 

efficiency in Ultra-Voilet region but this efficiency is very 

low in Visible region. The high bandgap value of TiO2 is only 

reason behind this limitation. Experimentally, rutile and 

anatase have observed to have a bandgap value of 3.3 ± 0.5 

eV [14] and 3.2 eV [13][15] respectively for k- points meshes 

of 9 x 9 x 3, 7 x 7 x 11 and 3 x 5 x 5 which corresponds to the 

optical absorption of solar light having wavelength less than 

410nm and 390nm for rutile and anatase [16]. Moreover, pure 

TiO2 utilize the UV-light efficiently which contributes to 

only 4% of the total solar spectrum [15] [17] [18]. 

Furthermore, the performance of TiO2 is also limited due 

to the fast electron-hole pair recombination process. Enough 

energy is required for the electronic transitions within the 

bands and thus only light having more energy i.e. UV can be 

utilized [19]. Thus, it is necessary for the optical absorption 

peak to be shifted from UV region to Visible which 

contributed to about 45% of the electromagnetic spectrum 

[13] [18]. 

Several techniques have been developed to enhance the 

absorption peak from Ultra-Voilet region to the region of 

Visible spectrum. Amongst all the techniques, doping is one 

of the most common and useful method. Several metals such 

as Sulphur (S) [20] [21], Chromium (Cr) [22], Iron (Fe) [23], 

Molybdenum (Mo), Copper (Cu) [24] and Cobalt (Co) etc. 

and non-metals such as Nitrogen (N)[25] and Carbon (C)[26] 

are doped in TiO2 to reduce the bandgap an enhance visible 

light sensitivity. Metals and non-metals co-doping such as 

Ce–N [27], Fe—N [13] [28], Co–N [29] etc. and tri-doping 

such as In–Ag–N [30], Co–Mn–Fe [31] are also been 

calculated. 

In this investigation, we showed the efficient photo-

catalytic and optoelectronic properties of TiO2 through 

Manganese (Mn), Vanadium (V) and Nitrogen (N) co doping. 

Using the CAmbridge Serial Total Energy Package 

(CASTEP) code in Materials Studio, pure TiO2 and three co-

doped models N–V/TiO2, N–Mn/TiO2, and V–Mn/TiO2 

were pre- pared in which V, Mn are replaced at Ti position 

and N at O position. The N–2p energy level successfully fuses 

with the O–2p levels due to the comparable ionic sizes of  

 

 

Oxygen and Nitrogen, altering the electronic distribution 

of the valence band leading to the easily conduction of load 

carriers [32]. Due to the comparable ionic radii, all the three 

dopants (Mn, V, N) give least percent symmetry deviation 

resulting in the obtaining of least distorted co-doped models. 

All the models were then optimized geometrically using 

different regular k-points meshes and cutoff energy values. It 

was observed that the value of symmetry distortion was 

minimum at cutoff energy value of 400 eV and the centered 

k-point mesh of 3 x 3 x 2. 

After the geometry optimization, using the Density 

Functional Theory (DFT) calculations, electronic properties 

like Band Structure and Density of States (total and partial) 

and Optical Properties were calculated. After the 

calculations, the opto-electronic properties were then 

compared graphically for the selection of best performing 

model. 

II.  CALCULATIONS 

For all theoretical calculations, spin dependent Density 

Function Theory Calculations were performed utilizing 

CASTEP command of Material Studio, which uses 

pseudopotentials and plane wave basis sets. The following 

equation of Perdew–Burke–Ernzerhoff (PBE) exchange 

correlation function in the framework of Generalized 

Gradient Approximation (GGA) was used for all calculations. 

The electronic wave function was extended in plane waves to 

a cut-off energy of 400 eV keeping the centered k-point mesh 

of 3x3x2 Monkhorst-Grid pack in the Brillouin zone. The 

pseudopotential option, which is the core- valence interaction, 

was set to Ultrasoft using Koelling-Harmon relativistic 

treatment. The unit cell of TiO2 Anatase was extended to 

2x2x1 supercell using the structural library of Materials 

Studio. Using the same parameters, a pure and three co-doped 

models were prepared where single Nitrogen (N), Manganese 

(Mn) and Vanadium (V) were substitutionally replaced at 

Oxygen and Titanium sites respectively as shown in the figure 

above. 

 

Figure 1: Structures of (a) Anatase (b) Brookite and (c) Rutile TiO2 
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       In order to get the most stable structures of all three 

models, their geometries were optimized by using Limited- 

memory Broydeen-Fletcher-Goldfard-Shanno (L-BFGS) 

algorithm from the family of quasi-Newton methods. The 

iterations were set to a maximum number of 100. All the 

models were converged by using displacement value of 

0.002 Å, a maximum force of 0.05 eV/Å for total energy value 

of 2 × 10−5 eV/atom. The geometries of all models were 

optimized till the ground state electron density ρGS(r) was 

computed from numerical method such as Kohn-Sham 

equation as: 

[− 
ℏ2

2𝑚𝑒

∇2 + 𝑉𝑒𝑥𝑡(𝑟) + 𝑉𝐻(𝑟) + 𝑉𝑋𝐶(𝑟)] Ψ(𝑟) =  𝐸Ψ(𝑟) 

 

Where ε is the energy eigen values of the orbitals. 

After solving the Kohn-Sham equation, the electron density 

can be calculated as; 

 
                                     𝜌(𝑟) =  ∑ |Ψ𝑖(𝑟)|2𝑛

𝑖=1   

The density is then used to update potentials, and the 

equation is solved again and again until true ground state 

electron density is computed which is called self-consistent 

field (SCF). 

After geometry optimization, electronic band structure, 

band density of states (TDOS), and partial density of states 

(PDOS), as well as optical properties, were computed. When 

photons of appropriate energy interact with the electrons in the 

orbitals, the electrons get excited from the valence to the 

conduction band, corresponding to transitions from occupied 

to unoccupied states. Optical properties were derived from 

the calculated complex dielectric function. The electronic and 

optical characteristics of pure and co-doped models were then 

graphically compared for identification of the most efficient 

performing specimen. 

 

 

 

III-RESULTS AND DISCUSSIONS 

3.1. Electronic Properties 

3.1.1 Band Structure 

Figure 3 shows the predicted diagrams of band structures 
of pure TiO2, N–V/TiO2, N–Mn/TiO2, and V–Mn/TiO2. The 
calculations were performed using Density Functional 
Theory (DFT) with a plane-wave cutoff energy of 400 eV and 

a 3 × 3 × 2 k-point mesh. The pure TiO2 was found to have 

a band gap of 2.13 eV, which is consistent with previously 
reported theoretical values such as 2.10 eV [2], 2.14 eV [33], 
2.17 eV [34], 2.18 eV [35], 2.2 eV[36] and 2.21 eV [3]. 

In the N–V/TiO2 doped TiO2 system, Nitrogen (N) and 

Vanadium (V) were replaced at one Ti and one O site, 

respectively. This co-doping decreases the band gap to 1.65 

eV. The narrowing originates by introducing N—2p acceptor 

states over the valence band maximum and V-–3d donor 

states just beneath the conduction band minimum. Although 

N—2p states act as electron-trapping recombination centers, 

the V—3d donors compensate by filling these traps. 

Consequently, the Fermi level does not shift significantly 

toward either band edge, and the (V-–N) system does not 

exhibit either p–type or n–type behavior. 

 

For the (Mn-–N) doped TiO2 configuration, the band 

energy value decreases further to 1.36 eV. In addition to N—

2p states, Manganese generates donor states beneath the edge 

of the conduction band. The Mn substitution shifts the Fermi 

level toward the conduction band, resulting in n–type 

semiconducting behavior. The photocatalytic performance 

improves because Mn donors suppress the recombination 

associated with N-–2p trapping centers. 

In the (Mn-–V) co-doped TiO2 model, the band gap is 

significantly reduced to 1.22 eV. Both Mn and V contribute  

(a)                                                      (b)                                                  (c)                                             (d) 

 

Figure 2: 2 x 2 x 1 Supercells of Pure, N–V/TiO2, N–Mn/TiO2, and V–Mn/TiO2 respectively 
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donor states within the band energy gap beneath the edge of 

conduction band. Since, there was no nitrogen, no additional 

trapping centers were introduced, preventing recombination 

via N—2p levels. The combined effect of Mn and V doping 

shifts the Fermi level by approximately 0.5 eV above the 

conduction band minimum, confirming strong n–type 

character. The enhanced photocatalytic activity of this model 

is attributed to the time increment in recombining the 

photogenerated electron-–hole pairs. 

3.1.2. Band Density of States 

Figure 4 gives a comparative overview of the band 

density of states (TDOS) of TiO2 and the three co-doped 

configurations. For pure TiO2, a band gap of 2.13 eV is 

observed, with the Fermi energy level lies at the top of the 

valence band, reflecting intrinsic semiconducting behavior. 

The valence energy band is primarily comprises of O–2p 

levels, and the conduction band mainly comprises of Ti–3d 

orbitals. 

 

 

 

 

 

When (V–N) is doped in TiO2, the band energy value 

decreases to 1.65 eV. This narrowing is subjected to the 

introduction of N–2p acceptor states above valence band and 

V–3d donor states just beneath the conduction band 

minimum. Although these impurity levels modify the 

electronic structure, the Fermi energy level remains located 

at the valence band edge, predicting that the N–2p trapping 

centers have been filled by V–3d donor resulting in an 

intrinsic semiconductor behavior. 

For the (Mn–N) co-doped configuration, band energy 

value decreases further to 1.36 eV. In this configuration, Mn 

introduces additional donor states within the band gap down 

the conduction band minimum, shifting the Fermi level 

slightly toward the conduction band. The combined presence 

of Mn–3d donor states and N–2p acceptor states en- hances 

visible-light absorption and reduces recombination by 

partially neutralizing the N–2p trapping centers, thereby 

improving the photocatalytic activity. 

 

Figure 3: Theoretically Predicted Band Structures of Pure, V–N doped TiO2, Mn–N doped TiO2, and Mn–V doped TiO2 
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In the (Mn–V) co-doped TiO2 structure, the band gap 

reaches its minimum value of 1.22 eV. Both Mn and V 

introduce donor energy levels down the conduction band 

edge, significantly reducing the band gap and shifting the 

Fermi level upward. Since no nitrogen is involved this time, 

no new carrier trapping states are formed, which reduces 

electron–hole recombination pathways. Consequently, this 

model exhibits enhanced n-type behavior and improved 

photocatalytic performance due to better charge carrier 

separation. 

Overall, the DOS analysis suggests that co-doping TiO2 

with transition metals and nonmetals effectively refines the 

electronic symmetry by making the band width narrower and 

introducing new impurity states, therefore enhancing visible-

light-driven photocatalytic performance. 

 

3.1.3. Partial Density of States 

Partial density of states (PDOS) peaks for pure model of 

TiO2 is shown on the figure 5(a). The plot suggests that the 

valence energy band comprises of O–2p states, whereas the 

conduction energy band consists of Ti–3d states. This 

distribution reflects the intrinsic electronic nature of TiO2, 

with a wide value of band gap energy of 2.13 eV. 

 

 

 

 

 

Figure 5(b) illustrates the PDOS of (N–V) co-doped TiO2  

Vanadium introduces V–3d donor levels near the conduction 

band edge. Similarly, Nitrogen generates N–2p acceptors near 

the edge of valence energy band. Introduction of these new 

impurity states results in reducing the band gap from 2.13 eV 

to 1.65 eV. 

Figure 5(c) shows the PDOS of the (Mn–N) co-doped 

configuration. Both Mn–3d and N–2p impurity states appear 

inside the band gap; however, the peak of Mn–3d is more 

dominant than that of N–2p, indicating a dominant Mn 

contribution to band-gap narrowing. As a result, the band gap 

decreases to 1.36 eV. The strong donor behavior of Mn–3d 

states shifts the Fermi surface toward the conduction energy 

band, giving (Mn–N) model a clear n-type semiconducting 

behavior. 

Finally, Figure 5(d) illustrates the PDOS of the Mn–

V/TiO2. Both Manganese and Vanadium generate donor 3d 

states below the bottom level of the conduction energy band, 

significantly narrowing the band gap from 2.13 eV to 1.22 

eV. The intrinsic Fermi surface shifts upward by 

approximately 0.5 eV into the conduction band due to the 

generation of these new energy level. Consequently, the (Mn–

V) co-doped structure exhibits strong n-type semiconducting 

characteristics. 

 

Figure 4: Band Density of States Comparison for Pure and Doped TiO2 Models 
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3.2. Optical Properties 

Figure 6 presents the mutual comparison of predicted 

photo-absorption spectra of TiO2 and its doped models. For 

pure TiO2, the band gap is 2.13 eV, indicating that electrons 

should have 2.13 eV energy for transition from the O–2p level 

(valence band) to the Ti–3d level (conduction band). Such a 

large band gap limits absorption primarily to the region of 

ultraviolet (UV) spectrum. The figure clearly demonstrates 

that introducing external impurities into TiO2 shifts the 

absorption peak toward the visible region, which covers 

nearly 45% of the solar spectrum, thereby enhancing its 

photocatalytic potential. 

A comparison of the absorption spectra shows that all co-

doped models exhibit improved absorption relative to pure 

TiO2. In the (V–N) co-doped system, the absorption is only 

slightly enhanced. This slight enhancement arises because 

the number of donor states introduced by Vanadium are  

 

 

 

 

 

 

partially reduces by the N–2p acceptor states, which act as 

trapping centers and hinder significant absorption.  

Similarly, (Mn–N) doped model shows stronger 

absorption in the visible region. This is attributed to the 

dominant contribution of Mn–3d donor states, which 

dominates the trapping effect associated with N–2p states and 

allows more efficient electronic excitation. Consequently, 

(Mn–N) TiO2 exhibits a higher absorption intensity than both 

the pure and the (V–N) models. 

For the (Mn–V) co-doped TiO2, both Vanadium and 

Manganese generate donor states without generating new trap 

centers. As a result, all donor contributions effectively 

enhance photon absorption across the visible range. The 

absorption curve for (Mn–V)/TiO2 remains consistently high 

with increasing wavelength, unlike the other models whose 

absorption intensity decreases when the wavelength increases 

to the visible region of the solar spectrum. This behavior  

Figure 5: Partial Density of States peaks of (a) Pure, (b) V–N doped TiO2, (c) Mn–N doped TiO2, and (d) Mn–V doped TiO2 
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originates from the significantly reduced band gap value to 

1.22 eV and the absence of carriers trapping centers, as found 

in the other two systems.  

Overall, the (Mn–V) co-doped TiO2 model exhibits the 

most pronounced improvement in optical absorption, 

indicating excellent photocatalytic performance for both UV 

and visible-region. 

IV. CONCLUSION 

In this article, we carried out Density Functional Theory 

(DFT) calculations to show the effect of co-doping on the 

optoelectronic properties of anatase TiO2. Four models were 

considered: Pure, V–N/TiO2, Mn–N/TiO2, and Mn–V/TiO2, 

which were prepared using structural library of Materials 

Studio. Electronic properties, such as band structure and 

density of states, as well as optical absorption spectra, were 

calculated for each model. The band gap values were 

predicted to be 2.13 eV, 1.65 eV and 1.36 eV for pure TiO2, 

(N–V) doped TiO2 and (N–Mn) doped TiO2 respectively with 

the smallest band gap of 1.22 eV predicted for (Mn–V) doped 

TiO2. Analysis of the optical properties revealed that the (V–

Mn) co-doped model exhibits the more efficient optical 

absorption among all the studied systems, indicating its 

potential for photocatalytic applications. 
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