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Titanium (IV) oxide (TiO2) has gained much attention due to its application in technologies such as optoelectronics, electronics, 

sensors, photocatalysts, and sustainable energy generation. However, its optical absorption falls in the ultraviolet part of the 

electromagnetic spectrum, resulting in a low absorption ratio of solar light. In addition, rapid electron-hole recombination limits 

its photocatalytic activity. To extend the application range of TiO2, the structural and chemical properties can be modified by 

adding various dopants to tune its electronic structure for applications within a wider range of the solar energy spectrum and 

ideally extend towards the visible region, which forms the dominant part of the solar energy spectrum. In this study, the structural 

and electronic properties of three polymorphs of TiO2 have been studied using density functional theory (DFT) as implemented in 

the Quantum ESPRESSO simulation package. The exchange-correlation potential has been treated with the generalised gradient 

approximation (GGA). Cationic substitution with non-toxic alkaline earth metal dopants Mg and Ca has been carried out with the 

aim of modifying the electronic structure of the polymorphs of TiO2. On 1–4% Mg and Ca cationic substitution, there is a slight 

expansion of the optimal unit cell volume and modulation of the band gap energy by raising the valence band maximum to higher 

energies. In addition, dopant inter and intra-band states are observed. 

 

 

 

1. Introduction 

Transition metal oxide, titanium (IV) oxide, TiO2, also 

known as titania, has attracted increased research attention 

due to its properties such as excellent optical [1, 2], chemical, 

and electrical properties [2], low cost [3, 4], natural geologic 

abundance  [5,  6],  high  thermal  stability  [5],  super- 

hydrophilicity [2], and low toxicity [5, 6]. These properties 

can be exploited for advances in various technological ap- 

plications such as in electronics [7], photocatalysis 

[2, 6, 8–11] and environmental cleanup [2, 10, 11], hydrogen 

production and storage [6, 7], novel solar cells [6, 11], re- 

alization of spintronic devices [12, 13], antireflection coat- 

ings and sensors [9, 12], and UV-induced electron 

photoexcitation in paint pigment [2, 6] and as a ferroelectric 

material at low pressures [12] among other applications. 

Others include light-induced amphiphilic surfaces and an- 

tibacterial applications [2]. 

Titania is a polymorphic material consisting of eleven 

polymorphs with the crystal structures ranging from the 

high symmetry cubic structure to the low symmetry 

monoclinic crystalline structure. The forms that occur 

naturally are the rutile (tetragonal, P42/mnm), anatase 

(tetragonal, I41/amd) and brookite (orthorhombic, Pbca) 

crystalline phases [2]. While the anatase phase commonly 

exists in TiO2 nanoscale materials [6] and is the most 

photoactive phase than other TiO2 polymorphs [2], rutile is 

the most thermodynamically stable and abundant phase [5]. 

TiO2 has a low efficiency for applications involving solar 

energy due to the wide band gap of 3.2 eV for anatase and 

3.06 eV for rutile, which restricts its photocatalytic appli- 

cation to the ultraviolet range, utilizing only about 3–5% of 

total sunlight [6, 8, 14, 15]. Further, weak separation effi- 

ciency of photo-carriers results in charge recombination, 

which restricts the photocatalytic activity in TiO2 [8]. To 

overcome these limitations, techniques aimed at extending 
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the spectral response of TiO2 to the visible region, which 

accounts for approximately 40% of the solar energy spec- 

trum, such as energy band gap modulation and better light 

sensitization of TiO2 have been undertaken [3, 5, 10, 15–17]. 

Band gap modulation has been pursued by techniques such 

as doping with metals and non-metals, construction of 

heterojunctions by combining TiO2 with metals such as Pt 

or Pd, and other semiconductors such as MnO2, RuO2, and 

WO3, surface modifications, and size optimization. Tech- 

niques such as addition of quantum dots or dyes on the 

surface of TiO2 have been used to improve light sensitization 

[3, 5, 16]. 

Doping is carried out through the introduction of ions 

into the TiO2 matrix through various physical or chemical 

methods. This results in the introduction of impurity states 

within the bandgap, which contribute to the improved 

photocatalytic activity of TiO2 in various ways, such as either 

narrowing the bandgap, reduction of bulk recombination 

due to the increased charge traps that improve the separation 

of photocarriers, or by altering the conduction band position 

[10]. 

According to theoretical calculations, non-metal dop- 

ants mainly elevate the valence band edge to narrow the 

energy gap [18]. Photocatalytic improvement arising from 

non-metal doping has been attributed to various factors such 

as effective separation of photogenerated electron-hole pairs 

due to the shallow traps formed by the dopant states at the 

valence band edge, band gap narrowing due to the mixing of 

2p orbitals of dopants such as N with O, and formation of 

defects arising from a charge compensation effect induced by 

the doping, bringing about the formation of a certain 

amount of oxygen vacancies and Ti3+ in TiO2 and a tail state 

in the band gap of TiO2, which favors more efficient uti- 

lization of incident light, leading to improved visible light 

activity [5, 10]. Trivalent dopants such as Ga and In have also 

shown a small red shift in the band gap of TiO2 which is 

attributed to the formation of oxygen vacancies [9]. 
Theoretical investigations reveal that transition metals 

mainly reduce the conduction band edge [18]. For transition 

metal dopants, such as Mn, V, and Cr, impurity states within 

the band gap are formed due to cation vacancies. Rare earth 

metal ion dopants improve the charge carrier separation 

efficiency, due to the 4f electrons, which act as a shallow trap 

for photogenerated electrons and holes [10]. However, there 

have been reports of higher visible light absorption without 

photocatalytic improvement with dopants such as Cr, while 

others reported an improvement above a critical Cr doping 

level [7]. This underscores the importance of other factors 

that affect photocatalytic performance of semiconductors 

such as their structural and morphological characteristics at 

the nanoscale, size, dimensionality, pore structure and 

volume, specific surface area, exposed surface facets, and 

crystalline phase content [10, 18]. 
Alkaline earth metallic dopants have been reported both 

from experimental and theoretical studies to improve the 

performance of anatase TiO2 in photocatalytic applications 

and perovskite solar cells due to shifting of the conduction 

and valence bands [6]. Non-toxic dopants such as alkaline 

earth metals would be suited for photocatalytic applications 

aimed at water treatment. Mg-doped TiO2 prepared using 

the mild sol-gel technique has been shown to have a mixed 

phase of anatase and rutile, with adequate photocatalytic 

activities under visible range of light [16]. Heterojunction 

photocatalysts, such as the anatase-rutile and anatase- 

brookite systems, have demonstrated superior visible light- 

induced photocatalytic activity [5]. 

Due to the mixed phase nature of TiO2 photocatalysts 

realized from experiments, more studies are required to 

further understand the effect of alkaline earth metal doping 

on the structural and electronic properties of the naturally 

occurring phases, rutile, anatase, and brookite TiO2. The 

orbital contributions of the wavefunctions at the valence 

band and conduction band edges can be a suitable method to 

provide clarity on the effect that alkaline earth metals have 

on TiO2 in general. 

 

2. Computational Details 

Density functional theory (DFT) calculations were carried 

out using the opEn-Source Package for Research in Elec- 

tronic Structure, Simulation, and Optimization (Quantum 

ESPRESSO) package, which uses plane wave basis sets and 

pseudopotentials. The electronic wavefunctions were ex- 

panded in plane waves up to a cutoff energy of 40 Ry, while 

the core-valence interaction was treated using ultrasoft 

pseudopotentials (USPPs). The exchange-correlation was 

treated using the generalised gradient approximation 

(GGA), employing the Perdew–Burke–Ernzerhof (PBE) 

exchange-correlation functional (PBE-GGA). k-Point 

sampling used a (4 × 4 × 7) Monkhorst–Pack sampling grid 

for the bulk unit cells to carry out the integration using the 

linear tetrahedron method with Bloechl’s corrections over 

the irreducible Brillouin zone and the Marzari–Vanderbilt 

smearing scheme with a Gaussian spreading of 0.05 Ry. 

Electronic ground state energy was calculated through self- 

consistent cycles together with numerical methods such as 

Davidson iterative diagonalization schemes for evaluation of 

the solution to the Kohn–Sham equation. The iterations 

ended at a convergence criterion of 10–8 eV. The maximum 

number of geometric and electronic iterations was set at 100. 

Generally, all calculations began from scratch for geometry 

optimization and electronic property calculations. The Vi- 

sualization for Electronic Structural Analysis (VESTA) vi- 

sualization software was used to realize the TiO2 unit and 

supercells and to obtain the atomic positions. Optimization 

of the bulk structures was carried out, starting with ex- 

perimental lattice parameters. 2 × 2 × 1 supercells, having 4- 

unit cells each, were then constructed. The number of atoms 

in each supercell is 48, 24, and 96, for anatase, rutile, and 

brookite, respectively. Mg (Ca) mono-doped TiO2 models 

were realized by single cationic substitution of one Mg (Ca) 

atom for one Ti atom. The substitution site is chosen based 

on X-ray diffraction data, which establish that Mg occupies a 

lattice Ti site [6]. Hence, the obtained configuration is Ti(15) 

XO(32), Ti(31)XO(64), and Ti(7)XO(16), where X � Mg(Ca), 
representing 2.08 at%, 1.00 at%, and 4.16 at% doping 
concentrations for anatase, brookite, and rutile, respectively. 

After atomic substitution, both atomic positions and cell 
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parameters of doped models were relaxed until the residual 

forces were below 10–03 Ry/Bohr. 

 

3. Results and Discussion 

In this section, the structural and electronic properties of 

doped and undoped anatase, brookite, and rutile will be 

discussed. The results for structural optimization of the unit 

cells for the three polymorphs from which the 2 × 2 × 1 

supercells were constructed from will first be discussed, 

followed by the structural properties of the Mg(Ca)-doped 

polymorphs. The electronic properties of the undoped and 

doped polymorphs will then be discussed. 

 

3.1. Structural Optimization. Figure 1 shows the unit cells of 

anatase, brookite, and rutile as modelled using VESTA vi- 

sualization software, consisting of TiO6 octahedra, where a 

Ti atom binds with six O atoms. 
The unit cells consist of 4 titanium (Ti) and eight oxygen 

(O) atoms, 8 Ti and 16 O atoms, and 2 Ti and 4 O atoms for 

anatase, brookite, and rutile, respectively. 
To optimize the tetragonal structures of anatase and 

rutile, minimization with respect to the lattice parameter a 
was carried out at a constant c/a ratio. For anatase, the 

After atomic and lattice parameter relaxation, optimi- 

zation of the supercells was carried out. In general, the lattice 

parameters of the doped systems are proportional to the 

dopant ionic radius and increase in the order of undoped 

TiO2 ⟶ Mg-doped ⟶ Ca-doped, as expected. This is 

more obvious in the case of the tetrahedral structures, 
compared to the orthorhombic brookite structure, in which, 

even though an increase in volume with both dopants is 

noted, the increase is very slight with Mg doping due to its 
smaller ionic radius compared to Ca as shown in Table 1. 

This indicates that the introduction of the dopant causes 
volume expansion. 

The reduced volume expansion in brookite can be at- 

tributed to the symmetry of the orthorhombic unit cell, 
which influences the extent of the interaction between the 

orbitals upon doping. Bonding in Ti–O is described as 

having both a covalent and ionic character, arising from 
hybridization between Ti 3d and O 2p orbitals on one hand 

and from charge transfer between Ti and O on the other 
hand, respectively, resulting in the formation of Ti with 

varying charges [28, 29]. The covalent nature increases as the 

charge on Ti increases, in the order of Ti2+ ⟶ Ti3+ ⟶ 
Ti4+ and with an associated decrease in the ionic radii in the 

same order [29]. We infer that doping with Mg and Ca in 
brookite causes an increase in the covalent nature of the 

optimized lattice constant of a � 7.22 Bohr � 3.821 Å was Ti–O bond in the orthorhombic brookite structure, arising 

obtained as shown in Figure 2. Fixing the lattice parameter a 
at the optimized value, minimization was carried out at 
varying c/a ratios. The optimal ratio of 2.58 was obtained as 

shown in Figure 2. The optimized cell parameters for pure 

anatase TiO2 are therefore a � b � 3 .821Å c � 9.856 Å , 

which is comparable to the results of Ma et al. of 

a � b � 3.796 Å c � 9.722 Å , also obtained using the GGA 
approximation with a 2 × 2 × 1 supercell [6]. 

The lattice parameters obtained in this work agree well 

with other theoretical [3, 6, 8, 19, 20] and experimental 

results [6, 8, 21]. The optimal lattice parameter obtained for 

from the substitution of a Ti atom with a divalent dopant ion. 

As is evident from Figure 5, the doped rutile structures 

are more energetically stable than the pure rutile, with Mg 

rutile being most stable. 

 

 

3.2. Electronic Properties. In this section, a detailed de- 

scription of the orbital nature of the wave functions at the 

valence and conduction band edges of the TiO2 polymorphs 

will be provided. This is critical in the understanding of 

modification of its electronic structure through the intro- 

rutile is a � 8.7 Bohr � 4.603 Å and a  c/a  ratio of duction of impurities. In order to study the doping mech- 

c/a � 0.65. The optimized cell parameters for pure rutile 

TiO2 are therefore a � b � 4 .603Å c � 2.992Å , which are in 
good agreement with other theoretical [15, 19, 22–25] and 
experimental values [19, 21], including those obtained using 

the full-potential linearized augmented plane-wave method 

(FP-LAPW), employing the GGA exchange-correlation 

functional [19], showing the reliability of our method. The 

optimized lattice parameter of brookite is a � 17.44 Bohr 
� 9.234 Å . The b/a and c/a ratios are 0.599 and 0.554, re- 

spectively. These results are quite comparable to those from 

other theoretical [20, 26] and experimental studies [20, 27]. 
The optimized lattice parameters for brookite are 

therefore a � 9.234 Å , b � 5 .530Å , and c � 5 .116Å . 

From the optimized bulk unit cells, 2 × 2 × 1 supercells 

were constructed, each consisting of 4 unit cells, having 48, 

96, and 24 atoms for anatase, brookite, and rutile, respec- 

tively, as shown in Figure 4. 

Single cationic substitution of Mg(Ca) was carried out 

into the Ti site of the supercells of the three polymorphs as 

shown in Figure 4(d) for anatase. 

anism, the total density of states (TDOS) and projected 

density of states (PDOS) of pure and doped TiO2 poly- 

morphs will be discussed. Figure 6 represents the TDOS and 

PDOS of both rutile and brookite polymorphs of TiO2, while 

TDOS of anatase is shown in Figure 7. 

The valence band edge for rutile lies higher than that of 

anatase and brookite and it comprises mainly of O-2p states, 

while the conduction band edge comprises mainly of Ti- 3d 

states in the three cases, in agreement with previous reports 

on the orbital nature of the wave functions near the valence 

edge of TiO2 [10]. 

Figure 7(a) shows the band structure of anatase before 

doping. As is evident from Figure 7(b), introduction of 

dopant states results in a shift of the valence band edge to 

higher energies in both cases of Mg and Ca doping of anatase 

TiO2, with the increase of the valence band edge being more 

prominent with Ca doping. 

This effect is clearly seen from the band structure dia- 

grams. Figure 8 shows the increase of the valence band edge 

to higher energies in brookite, upon doping with Mg, which 
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(a) (b) (c) 

 

FIGuRE 1: Bulk unit cells for (a) 12 atom tetragonal anatase (space group 141/amd), (b) 24 atom orthohormbic brookite (space group pbca), 

and (c) 6 atom tetragonal rutile (space group P42/mnm). 
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FIGuRE 2: (a) c/a ratio optimization and (b) lattice parameter a optimization at c/a � 2.58 of anatase unit cell. 

 

occurred for all the polymorphs upon doping with either Mg 

or Ca. 

Figure 9 illustrates the PDOS of the Mg and Ca dopant 

states in brookite. It is evident that the Ca states are of higher 

energies and are closer to the edge of the valence band, 

compared to Mg dopant states. 

The result of this is that there are intra-band Mg p and s 

states which are of sufficiently low localized energy levels to 

lie at the top of the valence band as shown in Figure 9(a), 

while Ca causes the formation of both intra-band and inter- 

band (mid-gap states), by pushing the valence band maxi- 

mum to higher energies, slightly above the Fermi level as 

shown in Figure 9(b). Similar to N doping, the mixing of 

dopant and O 2p orbitals leads to band gap narrowing [5], 

with the effect being most pronounced in anatase compared 

to rutile and brookite from the results of this study. This 

observation would have implications on the performance of 

the doped TiO2 as a photocatalyst. 

One of the consequences that would arise from the 

introduction of dopant states is trapping of photogenerated 

electrons and holes, which would lead to the separation of 

the carriers from the bands. This would reduce charge re- 

combination, allowing the carriers to successfully diffuse to 

the surface, hence improving the photocatalytic effect as 

explained in literature [30]. Additionally, by substituting Ti 

with Mg (Ca), two holes per single dopant ion are injected 

into the system, resulting in impurity band states arising 

from isolated O 2p states above the valence band maximum 

[31]. This effect is well observed in this work, with the O 2p 

isolated tail states appearing more prominently in the case of 

Ca doping for the case of anatase, while the valence band is 

fully occupied in pure anatase as shown in Figure 10. 

Similar to Sn doping, the Ca states lie above the valence 

band and could act as trapping sites for holes. This effect was 

observed to cause Sn-doped TiO2 to exhibit enhanced visible 

light region photocatalytic activity compared to undoped 

TiO2 in dye degradation experiments [30]. 

The calculated band gaps are 2.10 eV, 1.8 eV, and 2.35 eV 

for anatase, rutile, and brookite, respectively. The values are 

compared favorably with other theoretical values such as 
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FIGuRE 4: 2 × 2 × 1 supercells of (a) 48-atom anatase, (b) 96-atom brookite, and (c) 24-atom rutile. (d) Single cationic substitution at Ti site in 

anatase supercell. Ti atoms are represented by light blue circles, and O atoms are represented by red circles. 
 

 

 

TABlE 1: The optimized structural parameters of pure and doped polymorphs. 
 

Configuration a (Å ) b (Å ) c (Å ) 

Pure anatase 3.820 3.820 9.857 

Mg-doped anatase 3.840 3.840 9.988 

Ca-doped anatase 3.930 3.930 10.660 

Pure brookite 9.234 5.540 5.116 

Mg-doped brookite 9.207 5.524 5.156 

Ca-doped brookite 9.247 5.548 5.179 

Pure rutile 4.603 4.603 2.992 

Mg-doped rutile 4.736 4.736 3.221 

Ca-doped rutile 4.974 4.974 3.730 

 

2.17 eV [6] and 2.04 eV [26] for anatase, 1.86 eV [20], 1.87 eV 

[15], and 1.78 V [26] for rutile and 2.20 eV [26] and 2.38 eV 

[20] for brookite. Doping with Mg(Ca) raises the valence 

band maximum in all the cases, with a negligible effect on the 

conduction band minimum. This causes a reduction in the 

band gap, of 0.2 eV for anatase and rutile and 0.1 eV for 

brookite for single cationic substitution. It is noted that the 

least reduction in band gap is exhibited in brookite with the 
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FIGuRE 7: (a) Anatase band structure and (b) TDOS and PDOS of doped and undoped anatase. 
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FIGuRE 8: Band structures for (a) brookite and (b) Mg-doped brookite. 
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FIGuRE 9: (a) Mg dopant states and (b) Ca dopant states in brookite. 
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lowest doping concentration, pointing to the importance of 

crystalline phase and doping concentration in band gap 

tuning. 

 

4. Conclusion 

Doping of titania with Mg and Ca dopant ions leads to the 

reduction of the band gap energy due to the mixing of 

dopant and O 2p orbitals, an effect normally mostly ob- 

served with non-metal doping such as with N. Intra and 

inter-band states are formed at the edge of the valence band 

minimum. A tail state is observed in the band gap of TiO2 

upon doping, as a result of oxygen vacancy defects arising 

from charge compensation. These electronic structure 

modifications which are most pronounced in the anatase 

crystalline phase would be favorable for photocatalytic 

improvement, through factors such as effective separation of 

photogenerated electron-hole pairs and more efficient uti- 

lization of incident light. 
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