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Abstract

In this investigation, it was proposed to analyze the optimized geometry, density of states

(DOS) and electronic band structures of copper (4.16%, 4.16%+oxygen vacancy & 8.33%)

doped Titanium Dioxide (Cu-TiO2) photocatalysts using density functional theory corrected

for on-site Coulombic interactions (DFT+U). The photocatalytic reactivity of pristine TiO2

material is limited because of its wider bandgap and faster excitons recombination.

Nevertheless, the transition metal ions doping like Cu ions reduce the energy requirement for

electronic transition and thereby a maintain higher redox potential which might enhance the

catalytic efficiency. DFT+U calculations revealed that inserting Cu atom modifies the band

gap distribution and forms new unoccupied energy levels in the band gap near the top of

valence band due to hybridization of Cu 3d states with Ti 3d states. The first principles

calculations showed that the charge compensating oxygen vacancies form adjacent to the
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conduction band. Also, the oxygen vacancy creation brings modification in coordination

geometry and makes the possibility of tuning the optical and catalytical properties of Cu

doped TiO2-x material intensely.

Keywords: DFT, Cu-TiO2, Hubbard U correction, Oxygen vacancy

1. Introduction

The transition metal oxide semiconductor TiO2 is an essential and a widely used material in

most of the industrial products like sunscreen, paints, coatings, and self-cleaning glasses

because of its high photoactive ability [1,2]. Besides, more research works are going on TiO2

materials because of its abundant, non-toxic, economically cheap, and thermally and

chemically stable in nature. Catalytic oxidation and reduction processes are one of the

possible remediations to solve the environmental pollution issues. TiO2 semiconductor

photocatalyst is a well-known commercially available catalyst material. Still, the wider band

gap (3.2eV), high energy requirement for exciton generation & faster rate of recombination of

excitons of TiO2 photocatalyst hold back its extended benefits in the fields of photocatalytic

and photovoltaic applications [3]. Lots of research articles have been published on improving

its quantum efficiency (conversion of absorbed photon to electron generation) and increasing

lifetime of photogenerated excitons by metal and non-metal impurity ions doping. In such a

context, transition metal ions doping into the TiO2 matrix influences the photon absorption

ability and modifies the band gap of pristine TiO2 significantly [4,5]. Cu dopant at the anatase

TiO2 surface exhibits enhanced photocatalytic activity under sunlight or visible light

irradiation [6]. It displays excellent electron-hole separation with photo excitation as well it

preserves the association of adsorbed water to hydroxyls better than other transition metals [7-

9]. Another way to improve the catalytic efficiency of TiO2 material is the creation of point

defects or lattice defects in the TiO2 system which can modulate the light photon absorption

ability and photo catalytic reaction of TiO2 in a remarkable way. Oxygen vacancy defects are

obvious in TiO2 matrix during synthesis and materials preparation. However, these defects

serve as adsorption sites for pollutant reactants and enhance the rate of photocatalytic reaction.

To refine the electronic properties of TiO2 photocatalyst, an optimization of the band structure

is mandatory. Therefore, we focus on streamlining the process of narrowing the bandgap, Eg

(improves visible light absorption), that is proper positioning of the valence band and the
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conduction band into the system [10]. The theoretical simulation on TiO2 and metal doped

TiO2 semiconductor is obligatory for eventual understanding and designing materials for

advanced technology since the results from the first-principles calculations would be more

supportive to give greater understanding about the electronic band structure of TiO2 material.

In this work, the impacts of transition metal ions incorporation and lattice defects or oxygen

vacancies creation into TiO2 matrix were investigated via the first principles calculations

based on the density functional theory (DFT) study. DFT is a computational quantum

mechanical modelling that describes the quantum behavior of atoms and molecules employing

functionals of spatially dependent electron density [11-13]. The main advantage of this

method is that it reduces the quantum mechanical ground state many-electron problem to self-

consistent one-electron form, through the Kohn-Sham equations [14]. Moreover, DFT is an

ideal method for the calculation of the electronic band structure, optical properties, and

potential energy surface of the smallest chemical systems [15] in consideration with their

structural and cohesive properties. However, it shows few discrepancies in the prediction of

electronic bandgap values. One of the corrective approaches employed to dissolve the DFT

electronic bandgap problem is the GGA+U correction method. The U correction leads to the

strong on-site Coulomb interaction of localized electrons with an additional Hubbard-like

term and describes the strongly correlated electronic states (d and f orbitals), while treating

the rest of the valence electrons by the normal DFT approximations [16]. Here the mechanism

of band gap narrowing, and the associated optical properties have been conferred. The main

idea of this work is execution of the planewave ultra-soft pseudopotential method within the

framework of density functional theory (DFT) to reveal the reactive mechanism and to

optimize the doping concentration value which determines the performance of Cu doped TiO2

photocatalyst under visible light irradiation.

1.1 Methodology

1.1.1 Density functional theory

First principles density functional theory (DFT) permits the calculation and prediction of

material properties directly from quantum mechanical considerations. The single electron

Schrodinger wave equation with the potential V(r) is given by
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Ĥ -single electron Hamiltonian, Ei energy eigen values, and ( )n r -wave functions. It

describes the quantum state of a set of particles in an isolated system, r-position vectors. By

solving the Schrodinger wave equation, the ground-state energy, Eg, of the material (energy

of most stable state of a system) can be calculated. The ground-state energy is a function of

the electron density  (r) (which has lattice periodicity), external potentials V(r) and the

ground-state expectation value of Hamiltonian (H0) is F [(r)].

( ) ( ) [ ( )]gE drV r r F r  

The electron density that minimizes the energy of the overall functional is known as the true

state electron density. According to Hohenberg Kohn, it is sufficient to know the electron

density of a system to determine its total energy [17-23]. The Kohn–Sham equations related

the electron density to wavefunctions of non-interacting electrons by

*
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and F [(r)].is written as

[ ( )] [ ( )] [ ( )] [ ( )]k H XCF r E r E r E r     

where Ek is the kinetic energy for the system of noninteracting electrons that produce (r), EH

is the Hartree–Coulomb energy, and Exc is the exchange–correlation energy and it is the

measure of how much the movement of one electron is influenced by the presence of all other

electrons. Also, it depends on electron density distribution completely. The KS potential is

built from parts that are exactly known as the external potential, Hartree potential and

exchange-correlation (EXC) potential. The effective potential in the Kohn–Sham

methodology is then given by
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Self-consistency of Kohn-Sham states
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To closely approximate a solution to the Kohn–Sham equations, the exchange–correlation

energy, Exc, is introduced in the form described in the local-density approximation

(LDA):

[ ( )] ( ) [ ( )]LDA
XC XCE r dr r E r   

   

where Exc is the exchange–correlation energy per electron

LDA assumes electron gas is homogeneous locally, so that exchange correlation energy

depends only on the local electron density around each volume element dr in the system.

4/3
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GGA includes gradient corrections to the electron density and does a better job for most

things, especially less dense systems like molecules bonding to oxide surfaces ionic and

covalent crystals etc. GGA reduce the LDA error in the atomization energy significantly [24-

28]. Fundamentally, it is a cost-effective method for conducting the DFT calculations.

1.1.2 Fermi Energy

Fermi level governs the charge carrier population according to the integral over density of

states times Fermi Dirac distribution.

0

( ) ( )N g E f E dE


 

g(E)-density of states

The Fermi function f(E) gives the probability that an energy state is full.
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KB -Boltzmann constant -1.3810-23 J/K

For the valence and conduction bands the Fermi function can be written as
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The probability that the state is empty
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2. Computational details

The total energy calculation and geometry optimizations has been performed by using a

plane-wave basis set and ultrasoft pseudopotentials [29-31] as implemented in the Quantum-

ESPRESSO package. The exchange–correlation (XC) functional used was ultra-soft

pseudopotentials with Perdew–Burke–Ernzerhof (PBE) scheme [32,33]. Exchange and

correlation energy is defined as the energy difference between the exact total energy of a

system and the classical Hartree energy. The assigned gradient approximation for DFT

method is Generalized gradient approximation (GGA)+U. The GGA approximations to

Exchange and correlation energy make the functional depend on both the electron density and

the gradient of the density since electron density can vary rapidly over a small region of space.

Ultrasoft pseudopotential (USP) method defines the interaction between ions and electron and

make faster calculations. Besides, it allows performing the calculations at lowest possible

cutoff energy for the plane-wave basis set. We can attain much smoother (softer) pseudo-

wavefunctions even with fewer plane-waves for calculations to obtain higher accuracy. In

other words, a soft potential for valence electrons only (core electrons disappear from the

calculation) having pseudo-wavefunctions containing no “orthonormality wiggles”. In many

systems, Norm Conserving Pseudopotentials allow accurate calculations with moderate-size

(Ec ∼ 10 − 20Ry) plane-wave basis sets. The GGA with Hubbard parameter (U) advance the

extrapolation of ground state properties and electronic structure of the TiO2 with respect to the

conventional GGA. The GGA+U method also allows a correct prediction of phase stability at

high pressure [34]. Here the model structures used are Pristine TiO2 (SYS-1), 4.17%

Cu+TiO2 (SYS-2), 4.17% Cu+ Oxygen Vacancy +TiO2 (SYS-3), and 8.33%Cu+TiO2 (SYS-4).

In all the four model structures, two-unit cells of anatase phase TiO2 were put together along

‘a’ axis with the supercell dimension of 211. The number of atoms present in all four

structures are 24 atoms. The spheres in grey color represent Ti-atoms where red and green

spheres represent O and Cu atoms respectively. To understand the influence of substitutional

impurity in the anatase phase TiO2, the Cu dopants of different concentration have been

introduced into the Ti lattice sites to produce three different configurations such as SYS-2,

SYS-3, and SYS-4. In SYS-2, one Ti atom has been replaced by a Cu atom i.e.,4.17 atomic%
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of Cu dopant. In SYS-3 model, one Ti atom was replaced by a Cu atom along with one

oxygen vacancy creation i.e.,4.17 atomic % of Cu plus Vo -Oxygen vacancy. As well, two Ti

atoms are replaced by 2 Cu atoms in SYS-4structure i.e., 8.33 atomic % of Cu.

3. Results and Discussions

3.1 Geometry optimization

To determine the molecular structure or to find an atomic arrangement in the unit cell, the

geometry optimization study need to be carried out. It can give the atomic arrangement which

makes the molecule most stable. For geometry optimization, the total energy and its first

derivatives with respect to ionic coordinates are to be minimized by the displacement of ionic

positions. Geometry optimization calculations were performed on the pristine TiO2 (SYS-1),

as well the doped systems SYS-2, SYS-3, and SYS-4, for allowing all atoms to relax. The

optimized structure of pristine and Cu doped TiO2 are shown in Fig.1. All the structures were

found as relaxed. It is noticed that the modelled structures show no variation in the lattice

parameters. The standard DFT methods undervalue the band gap, whereas GGA+U, because

of the contribution of exact exchange in the exchange functional provide values in closer

agreement with experiments. The general gradient approximation (GGA) + U (Hubbard

coefficient) method has been adopted to describe the exchange-correlation effects accurately.

For oxide materials the suggested U value is ~7 eV for first principles calculations [35].

Hence an optimized Hubbard correction term U=7.5eV in the conventional GGA has been

introduced to stabilize the phase of TiO2 effectively. The convergence threshold set for ionic

minimization/relaxation is 10-6 eV. The total force on the pure TiO2 system was found as

0.001925Ry/Bohr. Cu dopant in Cu2+ valence might occupy as a substitutional impurity ion

by replacing Ti4+ ion. The photo excited electron facilitates the reduction of Cu2+ into Cu+

thus extending the lifetime of positive charge carriers which is a perquisite for enhanced

catalytic activity.
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Fig.1 Geometry optimized structure of

a) Pristine TiO2 (b) SYS-2 (c) SYS-3 (d) SYS-4

3.2 Density of states (DOS)

The density of states calculation offers geometric information on the state’s availability at

each energy level. A high value for the density of states signifies a high number of energetic

states ready to be occupied. If there are no available states for occupation in an energetic level,

the value for the density of states will be zero where the zero-point energy represents the

Fermi level. In such a way in pristine TiO2, it defines the occupation of titanium (Ti) and

oxygen (O) atoms at each energy level. The schematic diagrams of band structure and p-d

orbitals hybridization are shown in Fig.2a and 2b respectively.

Fig.2a & 2b Schematic diagram p-d orbitals hybridization

The calculated DOS and Partial DOS of modelled pristine TiO2 and Cu doped TiO2 materials

are shown in Fig.3a and 3b. The DOS showed that in pristine TiO2 (SYS-1), Ti-(4s2 3d2) and

O-(2p4) valence electrons take part in p-d molecular orbital hybridization. Hence the valence

band is dominated by O 2p orbitals (fully occupied) and the conduction band is dominated by
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Ti 3d orbitals (unoccupied). Nevertheless, the integration of the Cu atom significantly alters

the DOS, further inducing variations in both the valence band and conduction band characters

with the increase of dopant concentration. The Cu substitutional impurity ions create empty

levels (Cu, 3dx2-y2, dz2 states) near the top of valence band about ~0.5eV. The delocalized 3d

states of Cu dopant contributes to the creation of impurity energy level by hybridizing with O

2p states or Ti 3d states which provide a trapping potential well for photo induced holes and

delay the recombination of excitons in a substantial way [36]. It is also observed that the

width of valence band is ~4.8eV in pure TiO2. However, the doped samples demonstrate

increase in the width of the valence band by ~1.3eV. The TDOS shape of Cu doped TiO2 turn

into broader than that of pure TiO2 which lead to reduction of band gap of Cu doped TiO2

materials. In all the doped samples, the reduction in the band gap is attributed to the grouping

of Cu 3d and O 2p states above the valence band maximum [37]. Similarly, in SYS-3, the

impact of oxygen vacancy creation, and 3d metal ion incorporation exhibits distribution of

defects levels near the conduction band around ~1.5eV. These defect levels (reaction sites)

determine the chemical reactivity, catalytic, electrical, optical, and mechanical properties of

the Cu doped systems.

Fig.3a & 3b Density of states and partial density of states of

(a) pristine TiO2 (b) SYS-2 (c) SYS-3 (d) SYS-4

3.2.1 Fermi Energy

The Fermi energy is the energy of the highest filled planewave state where the fermi level

illustrates the occupation of energy levels at thermal equilibrium. The position of Fermi level

can be affected by the produced charge compensators, carrier concentration, effective masses,

temperature, and presence of Co-dopants. Thus, the presence of impurity metal ions as well
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the surface defects/oxygen vacancies might change the position of fermi levels in the TiO2

host system

since the fermilevel position can modify the charge transfer direction and the corressponding

recombination kinetics in undoped and Cu doped TiO2 material. In electronic properties

investigation, the fermi energies were evaluated for all four configurations. The calculated

fermi energies of pure and Cu doped TiO2 systems are given in Table 1. The Fermi level is

arbitrarily chosen as the origin of the energy [38]. The Fermi level of modeled structures

were dependent on their surface defects. The fermi energy for pristine TiO2 was 8.911 eV.

However, it is seen in Cu-doped TiO2 systems (SYS-2, SYS-3, SYS-4), the fermi energy has

been reduced significantly. The Cu (4.16% and 8.33%) doped TiO2 systems show marginally

higher reduction in fermi energy compared to the fermi energy of SYS-3 (modelled with

oxygen vacancy). In Cu doped TiO2, the integrated impurity atoms act like electron acceptor

since some electrons of the valence band bound to acceptor impurities leaving empty states or

holes. i.e., After doping Cu atoms, (Cu has lower fermi levels than TiO2), the TiO2

semiconductor becomes p-type characteristic, which means the fermi energy level shifts

closer to valence band to attain pseudo equilibrium [39]. In SYS-2, the fermi level has been

shifted slightly about ~0.8eV above the valence band (towards conduction band), accordingly

the improvement of charge mobility/charge transfer happens (offers a trapping potential well),

in turn, it can limit the excitons recombination. Thus, the integrated cations (by Cu doping)

act as oxidizing agents in chemical reactions. In SYS-3, the oxygen vacancies (point defects)

lead to the formation of unpaired electrons (serve as deep donors). Thus, the localized

electronic states are established near the conduction band minimum and acts like electron trap

for the charge carriers. In addition, the energy levels from conduction band low down to touch

the fermi level, which supports n-type behavior of the material. However, to fulfill the

electrical charge neutrality, the fermi level has shifted towards the valence band. The shift

observed in the fermi energy level signifies the oxygen vacancy formation greatly. Adjusting

the fermi level of metal doped TiO2 can change the charge transport path which influence the

behaviors of reactants in photocatalytic oxidation process. When the Cu concentration in TiO2

is about 8.33 at%, the Fermi level shifts above the valence band which indicates that this

sample is a P-type semiconductor. It means that shallow acceptor states are created around the

fermi level in the top of the valence band, leading to the increase of cation carrier

concentration.
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Table. 1 Fermi energy of pure and Cu doped TiO2 systems

System Ef (eV)

Pure TiO2 (SYS-1) 8.9116 eV

4.16% Cu-TiO2 (SYS-2) 7.6715 eV

4.16%Cu+oxygen vacancy+TiO2(SYS-3) 8.4994 eV

8.33% Cu+-TiO2 (SYS-4) 7.3088 eV

3.3 Band structure of Pure TiO2 and Cu doped TiO2

The electrical, optical, and magnetic properties of semiconducting materials can be delineated

in terms of the band structure. It imparts the electronic levels in crystal structures, which are

categorized by two quantum numbers, the Bloch vector k and the band index n. Bloch vectors

provide a visual insight into the quantum states of the materials. It is an element of the

reciprocal space (in units 1/length) and the energy of the electron En (k) is a continuous

function of k, so that one obtains a continuous range of energies referred to as the energy band.

The ab initio calculated electronic band structure using the density functional theory (DFT)

depicted in Fig. 4 applying the localization of the excess electronic charge using +U

correction. The corresponding band gap is 3.2 eV, which is in good agreement with the

experiment. It is observed that the lowest point of the conduction band is located at the

symmetry point G and the highest point of the valence band is located at symmetry points Y

which confirm all modelled structures are indirect band gap semiconductors [40]. Therefore,

the valence band electron doesn't transport directly to the conduction band and both a photon

and a phonon are involved for momentum conservation.

Usually, in pristine TiO2. the conduction band edge and the fermi level are much close to each

other. In SYS-2, more bands are available near the valence band maximum. These energy

bands comprised mostly the 3d states of Cu and Titanium and 2p states of Oxygen. Thus, the

Cu doping leads to the development of d states near the uppermost part of the valence band

and modify the energy separation between the O 2p and the Ti t2g bands of TiO2. Oxygen

vacancy (Vo) is the most important point defect in TiO2 which make dominant contribution to

the band gap states of TiO2 surface [41]. Oxygen vacancies create fully occupied defect states

near the conduction band and serve as shallow donors and plays an important role in altering

the energy of levels of conduction band. Oxygen vacancy or defects created determines the
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overall charge distribution of the TiO2 material and have a dominant effect on heterogeneous

catalysis. [42,43]. Removal of one oxygen from the substance leads to addition of two

electrons (i.e., electron-doping) in the lattice and these electrons will be transferred to empty

sates of Ti 3d states and forms Ti3+ centres. In SYS-3, it could be seen the presence of defect

state about ~1eV below the conduction band which leads to the energy reduction in the mid-

range of conduction band due to oxygen vacancy existence (lattice distortion). Thus, the

existence of Ti3+ species supports the different applications like photochemical water splitting,

photocatalysis, and dye sensitized solar cells [44]. In SYS-4, due to the higher concentration

of Cu dopant, accumulation of larger number of holes (deficiency of electrons) moves up the

Cu 3d states about ~ 0.8eV above the valence band.

Fig.4 Band structures of (a) pristine TiO2 (b) SYS-2 (c) SYS-3 (d) SYS-4

3.4 Magnetization

The integration of transition metal dopants like Cu, Ni, Fe and Co into the pristine TiO2

matrix leads to an interaction between the metal ions and the delocalized electrons formed via

the defects present in the TiO2 lattice which in turn induces ferromagnetic behavior in the

doped system [45]. In this work, the pristine sample do not display any magnetic nature.

However, the doped SYS-2, SYS-3, SYS-4 exhibit remarkable magnetization effect.

Specifically, with the higher concentration of oxygen vacancies or with the structural point
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defects, Cu doped TiO2 displays higher magnetization value. The calculated magnetization

values are shown in Table 2.

Table. 2 Calculated Magnetization values of pure and Cu doped TiO2 systems

System Total magnetization
(Bohr mag/cell)

Pristine TiO2 (SYS-1) 0.00

4.16% Cu-TiO2 (SYS-2) 0.67

4.16% Cu oxygen vacancy+TiO2 (SYS-3) 1.67

8.33% Cu-TiO2 (SYS-4) -0.25

4. Conclusion

All the four modelled structures were constructed from an optimized anatase phase TiO2 unit

cells.

The electronic structures and the band edge positions of anatase TiO2 doped with Cu

transition metals have been analyzed by ab initio band calculations based on the density

functional theory with the planewave ultra-soft pseudopotential method. The electronic

structure of transition metal oxide semiconductor TiO2 doped with 3d transition metals Cu

ions has been modified by introducing impurity energy levels at the top of valence band and

band gap reduction. The hybridization of p-d molecular orbitals taken place between dopant

Cu 3d states and O 2p states lead to creation of impurity levels above the valence band the

overlap among the 3d states of Cu, Ti, and 2p states of oxygen, which enhances photocatalytic

activity in the visible light region. Both the broadening of the valence band and Cu impurity

states within the band gap might also enhance the photocatalytic activity. Here Cu doping

delays electron-hole recombination and thus promotes the photo induced interfacial charge-

transfer between Cu and TiO2 energy levels. This leads to the production of more reactive

species. Thus, the systems with more adsorption sites can enhance the surface contact

between photo reactor dyes and doped catalyst. The produced OH and O2- radicals oxidize

and decompose the molecules of pollutants. The enhancement in the catalytic performance of

Cu doped TiO2 metal oxide systems make them as excellent materials in the field of catalytic

water splitting and purification applications.
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