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ABSTRACT 
The first principles study on the electronic structures, formation energies of anatase TiO2 with 3d transi'on metals doped were 

performed. The model structures of 3d transi'on metal doped TiO2 were calculated by using the 24-atom supercell of anatase TiO2 

with one Ti atom replaced by a transition metal atom. The results show that most transition metal doping can narrow the band gap 

of TiO2 and improve photoactivity of TiO2. Under O-rich growth condition, the preparation of Co, Cr, and Ni doped TiO2 becomes 

relatively easy in the experiment due to the negative impurity formation energies. The calculation results could provide meaningful 

guides to develop more active photocatalysts with visible light response. 
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Introduction 
The wide gap semiconductor TiO2 is the subject of a vast 

research due to its applicability to many areas of technology 

including photovoltaics, photocatalysis, sensing devices, 

protective coatings and batteries and so on.[1, 2] As an 

example, nanostructure anatase TiO2 films sensitized with 

molecular dyes are the fundamental building blocks of dye-

sensitized solar cells.[3] 

TiO2 structures form the photoactive component in 

heterogeneous photo-catalysts which, by absorbing energy 

from the sunlight, degrade environmentally hazard materials 

and spilt water into H2 and O2.[4, 10, 14] Sintered anatase 

TiO2 nanoparticles provide the backbone for electron 

transport and the substrate for organic chromophores in the 

Gratzel photovoltaic solar cells. Fundamental to all of these 

applications are the relative alignments of essential energy 

levels near the valence and conduction band edge of TiO2 

crystal phases and the corresponding optical transition 

energies. 

However, TiO2 is a wide band gap semiconductor (3.0eV for 

ru'le and 3.2eV for anatase), so this restricts sunlight 

absorbance in the UV range, accoun'ng for less than 5% of 

the full solar spectrum and rendering pure TiO2 inefficient for 

solar energy conversion. Suitable reduction of the band gap, 

either by doping or by surface engineering, can lead to 

significant improvements in the photocatalytic activity of 

TiO2.[9, 15, 17] 

TiO2 doped with rare earth metals possess significantly 

improved photo activity owing to the enhanced electron 

density that is imparted of the titania surface by the dopant 

oxide. The fact that the photocatalytic activity of TiO2 doped 

with various materials has been improved was reported by 

Choi et al.[7] 

These intra-band states may also serve as recombination 

centres leading to a significant drop in the overall 

photocatalytic efficiency.[7] Anpo reported that the optical 

absorption range of system doped with transition metal 

elements was changed to visible light range.[7] Even though 

the effects of the transition metal doped TiO2 have been 

investigated frequently, it remains difficult to make direct 

comparisons and draw conclusions due to the various 

experimental conditions and different methods for sample 

preparation and photo reactivity testing. Thus comparing 

with the experimental investigation, the theoretical analysis 

by computer simulation can be a proper method to clarify 

the effects of transition metal doping in detail. 

In order to investigate the influence of transition metal 

doping into anatase TiO2, we adopted the PAW (Projected 

Augmented Wave) within the framework of density 

functional theory (DFT) and GW method to calculate the 

electronics structures, formation energies. In the present 
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work, the 3d transi'on metal atoms were studied. Moreover, 

the present calculation results were compared with the 

experimental results reported in the literatures. The 

conclusions help us to understand the reactive mechanism 

and optimize the performance of TiO2 photocatalysts that are 

active under visible light irradiation. 

Computational model and numerical 

details  

• Computational model 
Titanium dioxide exists in nature in three crystalline 

modifications, rutile (tetragonal), anatase (body cantered 

tetragonal), and brookite (orthorhombic). In this work we 

limit our investigations to anatase which is widely used. 

The conventional primitive cell of anatase is shown in 

Fig.1(a). 

 

Fig. 1. Models (a) Unit cell of anatase TiO2 (b) 2××××1××××1 

supercell model of transition metal doped TiO2. 

Anatase TiO2 has a tetragonal structure (space group, 

I41/amd), which has six atoms per unit cell. Anatase is a body 

centred structure so that the represented conventional cell 

contains two unit cells (12 atoms). The two standard 

parameters a and c\a, an internal parameter u is needed in 

order to fully determine the two structures. 

The electronic structures of the transition metal-doped TiO2 

were studied using first-principles calculation with the 

supercell model. The 2×1×1 supercell model considered is 

shown in Fig.1 (b). This model consists of two unit cells 

stacked along the a-axes, which one Ti atom was substituted 

by a 3d transi'on metal atoms (i.e. V, Cr, Mn, Fe, Co, Ni, Cu 

and Zn). The atomic percentage of the impurity was 4.17%. 

• Numerical details 
The LDA eigenvalues and eigenvectors of TiO2 are calculated 

with a plane-wave basic set using PAW pseudopotentials 

using ABINIT package.[22] All of pseudopotentials are taken 

from the ABINIT pseudopotential database generated using 

the ATOMPAW package.[11, 18] 

In all calculations, the Perdew-Wang representation of 

Ceperly-Alder exchange-correlation potential is used.[5, 13] 

To examine the accuracy of the pseudopotentials, we 

calculate the optimized lattice constants for anatase. 

The kine'c energy cutoff of 80Ha is used for wave func'ons. 

Brilliouin zone integrations were performed using a 

Monkhorst-Pack grid of 4×4×4 k-points.[16] The pulay density 

mixing method was used in the self-consistent field, and the 

self-consistent accuracy was set to degree that every atomic 

energy converges to 1.0×10-6eV. The structure were relaxed 

using a conjugate gradient minimization algorithm until the 

Hellman-Feynman force on every atom was less than 

0.05eV/Å. All calculations were spin unpolarized. 

Table 1. The parameters of TiO2 structure 

 Calculated(ÅÅÅÅ) Experiment(ÅÅÅÅ) 

a 7.155 7.138 

c 18.400 17.932 

u 0.206 0.208 

 

Results and Discussion 

• DFT Calculations 
The band gap using DFT is 2.07eV. Underes'ma'on of band 

gap and delocalization of d and f electrons are well known 

limitations of DFT, so we used DFT+U method. U is calculated 

using linear response method.[8, 21] 

This method is based on the fact that U corresponds to the 

energy to localize an additional electron on the same site: 

This can be reformulated as the response to an infinitesimal 

change of occupation of the orbital by the electron dn. 

2
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In ABINIT package we obtain U = 4.4eV in linear response 

method. The band structure using DFT+U is as follows. 

 

Fig.2. The band structure of TiO2 in DFT+U 

In Fig. 2, we found that TiO2 anatase has an indirect band 

gap(X → Γ). 

• GW Calculations 
The LDA eigenvalue and eigenvector can be corrected by 

one-particle Green’s function, with the effect of electron-

electron interactions represented by an electron self-energy 

operator. 

A practical approximation to calculate Σ has proven to be the 

so-called GWA of Hedin[12], in which the self-energy ∑(r, r'; 

E) can be written as 
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Here G is the Green’s function of the electron and W is the 

dynamically screened Coulomb interaction. 

All the GW Calcula'ons are performed using Abinit 7.2.2 

software package. 

The calculation of GW quasiparticle energies using DFT+U as 

the starting non-interacting Hamiltonian is performed as 

follows. The G0W0 self-energy using eigenstates and 

eigenvalues were obtained from a DFT+U calculation. Then 

the quasiparticle energy is obtained from: 

( ) ( ) ψωψωεε
UxcKS

QP VVZ −−Σ+=            (3) 

where Z is the quasiparticle renormalization, Vxc is the DFT 

exchange and correlation potential, and 
U

V  is the Hubbard 

term in the Kohn-Sham Hamiltonian. In the following we will 

refer to this method simply as GW+U method. 

For U = 4.4eV we find the standard DFT band gap of 3.4eV, 

which is close to experimental value. A key result of the 

present work is that, in the case of anatase TiO2, the use of 

DFT+U as a starting Hamiltonian for calculating GW 

quasipar'cle energies leads to band gaps which is 0.4eV 

smaller than standard GW calculations starting from DFT.[6, 

20] In conclusion we investigate GW calculation starting from 

DFT+U on TiO2 anatase. Here U parameter is determined in 

linear response method. We find that this parameter yields 

the band gap of 3.4eV, which is smaller than the value of 

3.7eV obtained standard GW calcula'on from DFT. 

• Electronic Structure of TiO2 doped 3d 

transition metal 
First of all, the DOS and PDOS of pure TiO2 anatase were 

calculated. (Fig.3.) A 2×1×1 supercell containing 24 atoms is 

considered in the present calculations. The interaction 

between valence electrons and the ionic core was described 

by the LDA-PW with Vanderbilt ultrasoft pseudo-

potentials.[15, 19] 

In order to conveniently investigate the electronic structures 

of transition metal doped TiO2, we set the same k-points 

mesh to sample the first Brillouin zone for pure and 

transition metal-doped models. The calculated band gap is 

underestimated, however, out discussion about energy gap 

will not affected because only the relative energy changes 

are of concern. 

The total density of states (TDOS) and partial density of 

states (PDOS) of transition metal-doped anatase TiO2 in 

comparison with those of pure anatase TiO2 are shown in 

Fig.3, which are treated by Gaussian broadening. The band 

gap is defined as the separation between the VBM and CBM. 

The TDOS shape of transition metal-doped TiO2 becomes 

broader than that of pure TiO2, which indicates that the 

electronic nonlocality is more obvious, owing to the 

reduc'on of crystal symmetry. The transi'on metal 3d states 

are somewhat delocalized, which contributes to the 

formation of impurity energy levels (IELs) by hybridizing with 

O 2p states or Ti 3d states. Such hybrid effect may form 

energy levels in the band gap or hybrid with CBM/VBM, 

providing trapping potential well for electrons and holes. It 

gives a contribution to separation of photo generated 

electron–hole pairs, as well as in favor of the migration of 

photoexcited carriers and the process of photocatalysis. For 

TiO2 doped with V, Cr, Mn, Fe, Co, Ni, Cu, Zn, considering the 

underestimation of the calculations, the band gaps of the 

transition metal-doped anatase TiO2 are corrected by scissors 

operator. Scissors operator is used for a purpose as 

correction to the band gap, which has a clear separation 

between the CB and VB. For these calculations, the scissors 

operator is set at 1.22 eV, accounting for the difference 

between the experimental band gap (3.23 eV) and the 

calculated band gap (2.01 eV) for pure anatase TiO2. Then, 

the band gaps of TiO2 doped with V, Cr, Mn, Fe, Co, Ni, Cu, 

are determined as 2.19, 2.14, 2.70, 2.21, 2.15, 2.60 and 2.55 

eV, respectively. It should be noted that the band gap of 

transition metal-doped TiO2 is not related to the band gap 

between the Ti t2g (dxy, dxz, dyz) and eg (dz2, dx2−y2) 

bands, but to the energy separa'on between the O2p and 

the Ti t2g bands of TiO2 that is modified by doping atoms. 

In comparison with pure TiO2, the calculation results of the 

electronic structures of Ti7MO16 can be classified into six 

groups according to the posi'on of the IELs in Fig.3: 

1..1 Ti7CrO16 

The IELs are located below the CBM with a small distance. For 

Cr-doped TiO2, the IELs act as a shallow donor, and their 

occurrence is mainly due to the Cr 3d states that lie at the 

boXom of CB as shown in Fig.3. As the EF crosses it, it is 

partially filled with electrons at the ground state. In this case, 

the optical transitions are expected to be two transitions. 

One is the acceptor transition from the VBM to the IELs. The 

other is a donor transition from the IELs into the CBM. 

Meanwhile, VB holes and CB electrons appear. The former 

contributes to the anodic photocurrent, and the latter 

contributes to the cathodic photocurrent under visible light. 

1..2 Ti7MnO16, Ti7FeO16, Ti7CoO16, Ti7NiO16 

The IELs occur in the middle of the band gap, namely the 

intermediate level. They may reduce the energy required for 

electron transition, lower the threshold of photo excitation, 

and thus expand the optical absorption spectrum without 

reducing the energy of electrons or holes. The electrons in 

the VB can be excited to the IELs and then subsequently 

excited to the CB by the visible light irradiation. So, IELs are 

beneficial for extending the sensitive light wavelength. The 

result gives a good explanation of the red shift.[23, 24, 25]  

However, for these kinds of IELs, high impurity doping 

concentration might form a recombination centre for 

photoexcited electron–hole pairs and results in a decrease in 

the quantum yield for the photocatalytic reactions. 

Therefore, we must control the doping concentration to 

avoid them to act as the recombination centre of photo-

generated electrons and holes. 

 

Ti7CuO16 
The IELs are located above the VB and partially overlap with 

the VBM. These kinds of IELs could act as trap centres for 

photoexcited holes, which can also reduce the recombination 

rate of charge carriers.[26] The holes generated in the VB 

produce an anodic photocurrent. Because the Cu t2g level is 

close to the VB, the holes easily overlap in highly impure 

media.[27] 
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Fig.3. DOS and PDOS of TiO2 doped transition metals 

1..3 Ti7ZnO16  

The IELs are located at the top of the VB and completely 

mixed with the O 2p states to form a new VBM (seen in 

Fig.3). The band gaps of Zn- anatase TiO2 are narrowed to 

2.55eV. 

• Formation energy 
We analyze the relative difficulty for different transition 

metal doping into anatase TiO2 using formation energy. This 

first-principle method for the relative stability can help us 

understand the formation of doping material and provide 

guidance to prepare samples. 

To study the relative difficulty for single doping atom to 

incorporate into the lattice, we calculate the impurity 

formation energy Eform as follows.[28] 

( ) ( ) ( )

∑ 
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VEEqn
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Where ( )qME
total

 is the total energy of metal-doped TiO2, 

and ( )pure
total

E  is the total energy of the pure TiO2. 
i

n  is 

the number of atoms from species M(=Ti) being removed 

from a defect-free cell to its respective reservoir with 

chemical potential 
i

µ . 
F

E  is the reference level according 

to the valence band level (
V

E ), and V∆  is often simplified 

as zero. The transition metal M substitutes Ti in the 

calculated models, and the impurity formation energy 

( )ME
form

 could thus be defined using the following 

formula.[29] 

( ) ( ) ( )
TiMtotaltotalform

pure µµ +−−= EMEME               (5) 

where 
M

µ  is the chemical potential of the doping metal. 

Ti
µ is the chemical potential of Ti and depends on the 

experimental growth condition, which can be Ti-rich or O-

rich(or any case in between). Under Ti-rich condition, the Ti 

chemical potential can be assumed in thermodynamic 

equilibrium with the energy of bulk Ti, while the O chemical 

potential can be obtained by the growth condition: 

0TiTiO
2

2

µµ +=E                                                   (6) 

Under O-rich condition, the chemical potential of O can be 

calculated from the ground state energy of O2 molecule, 

while the chemical poten'al of Ti is fixed by Equa'on (6). 

The chemical potentials for metals (
M

µ ) are fixed and 

calculated from the formula below.[30, 31] 

mn /
OOMM

nn








 −= µµµ                                               (7) 

Where 
nn

OM
µ  is the energy of the most stable oxide for 

doping atoms at room temperature. The formation energies 

for different metal-doped models of 24-atom supercell under 

O-rich condi'on are calculated and listed in Table 2. 

Table 2. Forma�on energies of transi�on metal doped 

system. 

Transition metal doping 

system 

Formation energy(eV) 

V 1.576 

Cr -0.374 

Mn 1.059 

Fe 0.404 

Co -1.301 

Ni -0.671 

Cu 1.159 

 

In terms of the formation energy, the transition metals that 

intend to substitute Ti are in the order of 

Zn<V<Cu<Mn<Fe<Cr<Ni<Co under O-rich growth condition. 

The formation energies of substitution Co, Ni, and Cr- doped 

models are negative and less than those of the models 

substituted by other transition metals under O-rich growth 

condition. This means that under O-rich growth condition, it 

is more favourable to replace Ti with Co, Ni and Cr than other 

metals. So synthesis of the Co, Ni and Cr doped anatase TiO2 

system with a higher doping level would be relatively easy in 

the experiment because a much smaller formation energy is 

required. This might be because the ionic radii of Cr3+, Co3+, 

and Ni2+ are close to Ti4+. We suggest that the impurity 

formation energy is sensitive to the ionic radius of impurity. It 

can provide some useful guidance of prepare metal-doped 

TiO2 and other oxide semiconductor. 
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Fig.4. Rela�onship between the band gaps and formation 

energies of 3d transi�on metal-doped TiO2 

We combine the band gap values and the formation energies 

of the transition metal-doped TiO2 in Fig.4. This provides 

important guidance to prepare thermodynamically stable 

photo catalysts with visible light response. Under O-rich 

growth condition, the formation energy of Cr, Co, Ni doped 

TiO2 are nega've. We can find that the band gap is narrowed 

to 1.65eV for Co doping, but broadened 2.11eV and 2.12eV 

for Cr and Ni doping, respectively. However, TiO2 doped with 

Cr, Co, and Ni, as well as Fe, Mn, and Cu, which are marked 

red in Fig.4 and forma'on energy levels is shown in Fig.3, 

might improve the photocatalytic activity with a low doping 

concentration, but it can act as the recombination centre for 

the photo-generated electron-hole pairs with a high doping 

concentration electron-hole pairs with a high doping 

concentration and result in an unfavourable effect on the 

photocatalytic activity. 

These doping systems result in red shift of absorption edge 

without forming a recombination centre and could improve 

the photocatalytic activity well. 

Conclusions 
In this paper we calculate the band gap of the TiO2 using 

DFT+U and GW. 

First, we suggested the linear-response method which can 

calculate the Hubbard U using First-principle method. We 

suggest the Hubbard parameter U=4.4eV, es'mate band gap 

which is similar experiment value. 

Second, we have calculated the band gap of TiO2 doped with 

3d transi'on metal. 

The calculated results show that owning to the formation of 

the impurity energy levels, which is mainly hybridized by 3d 

states of impuri'es with O 2p states or Ti 3d states, the 

response area in spectra could be extended to the visible 

light region. The position of the impurity energy level in the 

band gap determines the effects of metal doping. Most 

transition metal doping could narrow the band gap of TiO2, 

lead to the improvement of the photocatalytics of TiO2. 

Third, Under O-rich growth condition, formation energies of 

anatase TiO2 doped with Cr, Co, and Ni are found to be 

negative. These doping systems can be easily obtained and 

with good stability. 

Theoretical research on transition metal doped TiO2 have a 

great important to develop the new photocatalytic 

application. Theoretical understanding on its mechanism will 

be useful to optimize the performance of TiO2. 
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