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Doping with various impurities is an effective approach to improve the photoelectrochemical
properties of TiO2 . Here, we explore the effect of oxygen vacancy on geometric and electronic properties of compensated (i.e. V-N and Cr-C) and non-compensated (i.e. V-C and
Cr-N) codoped anatase TiO2 by performing extensive density functional theory calculations.
Theoretical results show that oxygen vacancy prefers to the neighboring site of metal dopant
(i.e. V or Cr atom). After introduction of oxygen vacancy, the unoccupied impurity bands
located within band gap of these codoped TiO2 will be filled with electrons, and the position of conduction band offset does not change obviously, which result in the reduction of
photoinduced carrier recombination and the good performance for hydrogen production via
water splitting. Moreover, we find that oxygen vacancy is easily introduced in V-N codoped
TiO2 under O-poor condition. These theoretical insights are helpful for designing codoped
TiO2 with high photoelectrochemical performance.
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ative high electron-hole recombination rate, resulting
the loss of photo-generated electron-hole pairs [14, 15].
To avoid these problems, two most important theoretical concepts have been well established. One is the
compensated n-p codoping approach, which does not
change the basic electronic structures of the host lattice, but generates dopant levels at the band edges [7].
The other is non-compensated n-p codoping approach,
which ensures the creation of intermediate bands within
the band gap, and effectively narrow the band gap [8, 9].
Note that the photoelectrochemical properties of
TiO2 , such as light absorption, photocatalytic reactivity and selectivity, can be modulated by the always existing defects [16−18]. For example, oxygen vacancy
is one of the most important and prevalent defects in
metal oxides [19], which have been extensively investigated by both theoretical calculations and experimental characterizations [20, 21]. Previous investigations
have revealed that the band structures, the electronhole recombination process as well as the photoelectrical
properties of TiO2 can be effectively tuned by oxygen
vacancies which will lead to an unpaired electron in the
primitive cell, and in the absence of additional defects
will turn the material into a conductor [22]. Unfortunately, no theoretical effort has been made to explore
the impact arising from oxygen vacancy on the electronic properties of n-p codoped TiO2 . Here, we perform extensive density functional theory (DFT) calculations to investigate the geometry structures, formation

I. INTRODUCTION

The development of advanced catalytic materials for
energy and environmental applications is an active research area around the world. As a promising photocatalyst for hydrogen production of water splitting, titanium oxide (TiO2 ) has received much research attention due to its high photocatalytic activity, resistance to
photo-corrosion, low cost, and nontoxicity [1−4]. However, the photo-reaction efficiency of TiO2 is severely
limited by its large intrinsic band gap (e.g., 3.20 eV
for the anatase phase), the capability of absorbing in
ultraviolet portion of the solar spectrum [5, 6]. A crucial prerequisite for enhancing the solar energy conversion efficiency is to enable TiO2 to absorb more abundant visible light by reducing its band gap below 2.0 eV
[7−9].
Till now, many attempts have been made to optimize the band gap of TiO2 by diffierent methods [7−11].
Doping with various elements including non-metals [10,
11] and transition metals [12, 13] would be promising
ways to optimize the band gaps and enhance the visible light photo-catalytic activity of TiO2 . However, the
photoelectochemical efficiency of these non-metal and
transition metals doped TiO2 is still limited by a rel-
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energies and electronic properties of the n-p codoped
anatase TiO2 with oxygen vacancy. The calculated results clearly reveal that oxygen vacancy prefers to occupy the neighboring site of metal dopant (i.e. V and
Cr atom). Upon the introduction of oxygen vacancy,
these unoccupied impurity bands within the band gap
in n-p codoped anatase TiO2 will be filled with electrons, and the alignment of conduction bands in the
codoped systems are not sensitive to the presence of
oxygen vacancy, which benefits for hydrogen production via water splitting. We find that oxygen vacancy
can be easily introduced in V-N codoped systems under
O-poor condition.
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The first-principles calculations are performed using
the projected augmented wave (PAW) plane-wave basis,
implemented in the Vienna ab initio simulation package
(VASP) [23, 24]. In our calculations, an energy cutoff of
520 eV is employed. The exchange-correlation interaction is treated with the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation [25]. A 2×2×2 and
4×4×4 Morkhost-Pack k-point mesh is used to sample
the Brillouin zone for geometric and electronic structures calculations, respectively [26]. All atomic positions are optimized using the conjugate gradient scheme
without any symmetric restrictions until the maximum
force on the each of them is less than 0.02 eV/A. It is
well known that conventional DFT methods do not accurately predict the positions of these impurity bands
within the band gap. To overcome this shortcoming, we
used the DFT+U method [27, 28] to treat the 3d electrons of the transition metals with the Hubbard on-site
Coulomb interaction. Similar to Anisimov et al. report
[28], the value of U for Ti, V, and Cr atom is set to be
7.0, 3.0, and 3.0 eV, respectively.
To examine these n-p co-doped anatase TiO2 systems
with oxygen vacancy, a 3×3×1 supercell with 108 atoms
(36 Ti and 72 O atoms) is adopted, as shown in Fig.1(a).
Here, the n and p-type dopants substitute Ti and O sites
in TiO2 , which are labeled with cyan and gray colors,
respectively. The optimized lattice parameters (a and c)
of pure TiO2 are predicted to be 3.82 and 9.69 Å, which
are close to the previous experimental and theoretical
values [29].

III. RESULTS AND DISCUSSION
A. Formation energy and optimized structure

We first determine the location of oxygen vacancy in
TiO2 codoped with four different n-p pairs. In these
systems, the dopants are introduced into anatase TiO2
by replacing a host Ti atom with an n-type dopant (i.e.
V or Cr atom), and a neighboring O atom with a p-type
DOI:10.1063/1674-0068/28/cjcp1411196
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FIG. 1 (a) Computational model for the n-p codoped TiO2
with oxygen vacancy. The location of oxygen vacancy in a
3×3×1 supercell is labeled with numbers from 1 to 10. The
gray and red balls stand for Ti and O atoms, respectively
and the colour balls labeled on the Ti and O atoms are used
to illustrate the doped sites. (b) The calculated relative
formation energy for these n-p codoped TiO2 with oxygen
vacancy as a function of the O-poor and O-rich chemical
potentials, the most stable and metastable sites for oxygen
vacancy are labeled with the purple and green shadow areas,
respectively.

dopant (i.e. C or N atom). It has been revealed that
two n-type and p-type dopants prefer to form a pair occupying neighboring lattice sites [8]. That is to say, we
examine the net p-type (V-C), the net n-type (Cr-N),
and the compensated (V-N and Cr-C) codoped TiO2
systems with oxygen vacancy. Before examining the
geometric and electronic structures of these codoped
TiO2 with oxygen vacancy, we perform test calculation
for these codoped TiO2 to check the accuracy of our
procedure. The obtained band structures are similar to
these reported in Refs.[7, 8].
To find the energetically preferred site of oxygen vacancy in these codoped systems, we define the formation
energy (Eform ) as
Eform = ETiOnp+Ov − ETiOnp
+ µO
2

(1)

2

here, ETiOnp+Ov and ETiOnp
stand for the total ener2
2
gies of these n-p codoped TiO2 with or without oxygen vacancy, µO denotes the chemical potential of oxyc
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gen. Clearly, the predicted formation energies for these
codoped systems oxygen vacancy vary as a function of
µO , which depends on the experimental environment.
Namely, the low and high values of µO correspond
to the O-poor and O-rich conditions, respectively. For
pure TiO2 , the µTi and µO satisfy the relationship:
µTi +2µO =µTiO2 , µO ≤µO2 /2, and µTi ≤µTibulk . In our
calculations, the µO in the O-rich growth condition
is defined by the binding energy of an isolated O2
molecule, while µTi is determined by µTiO2 −2µO . In the
O-poor growth condition, µTi amounts to the binding
energy of a Ti atom in its bulk, and the µO is calculated
from µO =(µTiO2 −µTi )/2 [30, 31].
In this work, we examine ten different sites for oxygen
vacancy in these codoped TiO2 , which is labeled with
different numbers from 1 to 10 in the supercell, as shown
in Fig.1(a). Figure 1(b) presents the calculated formation energies for these examined n-p codoped TiO2
with oxygen vacancy as a function of µO . It is clear
that oxygen vacancy prefers to the neighboring site of
metal dopant (i.e. V or Cr atom). Except the Cr-N
codoped case, the next stablest configuration is that
oxygen vacancy appears at the position. For clarity,
the most stable and the metastable sites for oxygen vacancy are labeled with the purple and green shadow
areas in Fig.1(b), respectively. According to the predicted Eform , we find that it is easy to induce oxygen
vacancy in these codoped TiO2 systems under O-poor
condition. For example, the Eform for oxygen vacancy
in V-C codoped TiO2 under O-poor and O-rich growth
conditions is predicted to be −2.48 and 1.92 eV, respectively.
The side views of optimized structures are plotted
in Fig.2 for the stablest configurations of n-p codoped
TiO2 with oxygen vacancies. In pure TiO2 , as shown in
Fig.2(a), each Ti atom is coordinated to six O atoms
to form a TiO6 octahedron. Upon the introduction
of oxygen vacancy in pure TiO2 , there are three fivecoordinated Ti atoms around the oxygen vacancy, as
shown in Fig.2(b). The averaged optimized Ti−O distances around the oxygen vacancy are about 1.92 Å,
which is slightly less than that of pure TiO2 (1.98 Å).
As shown in Fig.2 (c)−(f), when an oxygen vacancy
is introduced in the V-C, V-N, Cr-C, and Cr-N pairs
codoped antanse TiO2 , the oxygen vacancy prefers to
the neighboring site of metal dopant, such as V or
Cr atom. Then the n dopant is five-coordinated, and
Ti atoms around the oxygen vacancy are also fivecoordinated for the most stable configurations. In these
optimized structures of codoped systems with oxygen
vacancy, the V−C, V−N, Cr−C, and Cr−N distances
are predicted to 1.71, 1.69, 1.65, and 1.81 Å, which are
slightly different from these codoped without oxygen vacancy (dV-C =1.78 Å, dV-N =1.67 Å, dCr-C =1.64 Å, and
dCr-N =1.61 Å), respectively. Note that the averaged
Ti−O distance around the oxygen vacancy in these
codoped TiO2 systems just changes slightly (about
1.86 Å).
DOI:10.1063/1674-0068/28/cjcp1411196
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FIG. 2 Optimized structures of n-p codoped TiO2 with
oxygen vacancy (side view).
(a) TiO2 , (b) Ov /TiO2 ,
(c) VC-Ov /TiO2 , (d) VN-Ov /TiO2 , (e) CrC-Ov /TiO2 ,
(f) CrN-Ov /TiO2 . The gray and red balls stand for Ti and
O atoms, respectively. Oxygen vacancy and codoping pair
are also labeled for clarity.

B. Electronic structure and band alignment

The spin-polarized band structures of these examined
n-p codoped TiO2 without and with oxygen vacancy at
the most stable case are calculated and plotted in the
left and right panels of Fig.3, respectively. Compared
with pure antanse TiO2 , a n-p pair codoped TiO2 ensures the creation of impurity bands within the band
gap, which effectively narrows the band gap of TiO2 .
For example, the effective band gaps of V-C, V-N, CrC, and Cr-N codoped TiO2 are tuned to be 0.9, 2.4,
1.6, and 1.8 eV, respectively, which agree well with
those previous theoretical reports [8]. To improve the
photoelectrochemical (PEC) water splitting efficiency
of TiO2 , band gap needs to be tuned to match the
visible-light region, and the band-edge offset is engineered to maintain the redox performance at the same
time. This implies that, to improve the reduction ability
for hydrogen production, the position of the conduction
band minimum (CBM) of the codoped TiO2 should be
kept as high as possible. In view of this requirement,
the ability for H2 production based on TiO2 with n-p
codoping pairs is not better than pure TiO2 due to the
downward shift of the CBM. Note that the intermediate bands mainly locate above the Fermi level, these
empty intermediate bands contributed by n-p dopants
act as the recombination centers for the photoinduced
electrons and holes, then reduce the PEC efficiency of
antanse TiO2 .
When an oxygen vacancy is introduced in the pure
antanse supercell, the defect states, plotted with two
c
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FIG. 3 Band structures of TiO2 without and with oxygen
vacancy. The dashed lines stand for the Fermi level.
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red lines below the Fermi level about 1.6 and 2.5 eV
in the right panel of Fig.3(a), are fully occupied, which
are mainly contributed by Ti3d orbitals. It has been
well established that the reduction of Ti4+ to Ti3+ occurs in TiO2 with oxygen vacancy due to the charge
imbalance. This observation indicates that the oxygen
vacancy results in n-type semiconducting behaviors in
TiO2 . As shown in the right panels of Fig.3 (b)−(e),
it is clear that, upon the introduction of oxygen vacancy, the valent band maximum (VBM) increases significantly, compared to the n-p co-doped TiO2 system,
while the position of the CBM changes slightly. This
observation is easy to understand. The presence of
oxygen vacancy as well as the V-C, V-N, Cr-C, and
Cr-N codoping pair in antanse TiO2 breaks the crystal
field of oxygen octahedra, lowers the symmetry and degeneration, which allows additional energy level splitting. Moreover, these unoccupied impurity bands in
n-p codoped TiO2 are filled, which is benefited for the
reduction of recombination centers, and then improves
the PEC performance of antanse TiO2 . On the other
hand, the position of the CBM changes slightly upon
the introduction of oxygen vacancy, which implies that
the hydrogen production of water splitting processes is
thermodynamically feasible for the n-p codoped TiO2
with oxygen vacancy.
It is well known that the photoinduced electron transfer between the semiconductor and the adsorbates is
dominated by the band energy positions of a semiconductor with respect to the redox potential of the adsorbed species on its surface dominate [32, 33]. Thermodynamically, to donate an electron to the vacant hole,
the valence band potential of the semiconductor needs
to be below the potential level of the donor dopants,
while the conduction band potential of the semiconductor should be above the relevant potential level of the
acceptor species [34, 35]. To evaluate the oxygen vacancy effect on the photocatalytic activity of the most
preferred V−N codoped TiO2 , we illustrate the alignment of water reduction and oxidation potential with
respect to the band edges of V-N codoped TiO2 system in Fig.4. Here, the values of the VB edge and CB
edge positions of the pure anatase TiO2 with respect
to the normal hydrogen electrode (NHE) potential are
taken from the experimental values [36]. Clearly, we
can observe the following main features: (i) TiO2 has
a strong reducing ability ascribed to its relative higher
CBM (about 0.3 eV higher than the H+ /H2 potential)
as compared to the NHE potential, while the VBM is
more positive (about 1.2 eV) than the O2 /H2 O potential. (ii) For TiO2 with oxygen vacancy, the VBM shifts
upward by 0.20 eV compared with pure TiO2 , but its
water oxidation ability is still good. The CBM slightly
shifts with respect to that of pure TiO2 . The main feature is that two occupied impurity bands appear within
the band gap. (iii) The V-N codoped TiO2 is not suitable for H2 production since the impurity band appears
within the band gap is unoccupied, which can act as
c
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FIG. 5 The calculated relative formation energies of n-p
codoped TiO2 with oxygen vacancy as a function of the Opoor and O-rich chemical potentials. (a) Case 1. (b) Case 2.
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FIG. 4 The band edge alignment of the TiO2 , Ov /TiO2 ,
VN/TiO2 , and VN-Ov /TiO2 with respect to the water reduction and oxidation potentials. Here, the gray and light
blue regions stand for the CBs and VBs, while the localized
and delocalized impurity bands are labeled with the narrow
and broad lines, the blue and red bands stand for unoccupied and occupied states, respectively.

the recombination centers of the photoinduced electrons
and holes, and then reduce the PEC efficiency. (iv) For
V-N codoped TiO2 with oxygen vacancy, we find that it
has the highest figure of merit for the PEC water splitting, because it not only does narrow the band gap,
which is ideal for absorbing visible light, but also the
impurity band is occupied, resulting in the reduction
of recombination centers. Note that H2 production are
thermodynamically feasible for V-N codoped TiO2 with
oxygen vacancy under visible light.

C. Optimal growth condition

In search for the optimal growth condition in experiments, we examine the formation energies of the V-C,
Cr-N, V-N, and Cr-C codoped TiO2 systems with oxygen vacancy under O-poor and O-rich conditions. We
examine two situations: TiO2 is firstly codoped with
n-p pairs, then oxygen vacancy is introduced (case 1);
TiO2 is firstly introduced with an oxygen vacancy, then
the system is codoped with n-p pairs (case 2). The
responding calculated results are shown in Fig.5. It is
clear that the relative formation energies vary as a function of the chemical potentials of oxygen element. The
formation energies are positive for the V-C and Cr-C
codoped TiO2 systems, which suggests that it is hard to
introduce the V-C and Cr-C pairs into TiO2 , while it is
possible to realize the V-N and Cr-N codoping in TiO2
under O-rich condition. Interestingly, due to the negaDOI:10.1063/1674-0068/28/cjcp1411196

tive formation energies for case 1, oxygen vacancy can
be produced in the V-C, Cr-N, V-N, and Cr-C codoped
TiO2 systems under O-poor condition. For case 2, it
is easier to codope V-C, Cr-N, V-N, and Cr-C pairs
into TiO2 with oxygen vacancy under O-rich condition.
Fortunately, under O-poor condition, the formation energies for V-N codoped TiO2 with oxygen vacancy are
negative for both case 1 and case 2. This implies that
this system is energetically favorable and can be easily
achieved in experiments under the O-poor condition.
IV. CONCLUSION

We examine the effect of oxygen vacancy on the geometric and electronic structures of n-p pairs including V-C, V-N, Cr-C, and Cr-N codoped TiO2 systems.
Theoretical results show that oxygen vacancy prefers
energetically to the neighboring site of metal dopant
downward. The partially unoccupied impurity bands of
n-p codoped systems can be filled due to the presence of
oxygen vacancy, which results in the reduction of photoinduced carrier recombination. Among these examined V-N codoped systems, the band edge alignments
in the V-N codoped TiO2 with oxygen vacancy are
desirable for hydrogen production via water-splitting.
Moreover, oxygen vacancy is easily introduced in V-N
codoped TiO2 under O-poor condition. These theoretical findings are useful for understanding and explaining
the related experimental observations, also are helpful
for improving the PEC performance of codoped TiO2 .
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