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Abstract The supercells of pure anatase TiO,, nitrogen
and/or vanadium doping anatase TiO, were calculated by
first-principles with the plane-wave ultrasoft pesudopoten-
tials method. The effects of different ions doping on the
crystal structure, electronic structure, optical properties and
photocatalytic activity were investigated by means of the
calculational data. At the same time realizing visible-light
response, nitrogen and vanadium codoping TiO, photocat-
alysts have strong redox potential, and its photocatalytic
efficiency would be remarkably improved due to enhance-
ment of electron-hole pairs’ separation. The conclusions
would have important significance for understanding and
further developing of TiO, photocatalyst that are activity
under visible-light irradiation.

Keywords Anatase TiO, - Codoping - Photocatalyst -
First-principle calculation

1 Introduction

Energy depleting and ecological environment deteriorating
are two important issues which urgently need to be solved
in today’s society. In many means of settlement, hetero-
geneous photocatalysis based on oxide semiconductor is a
promising technology, and has become one of the most
active research fields in recent years. So far, researchers
developed many materials that have the potential of
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application to act as photocatalysts, including TiO,,
SrTiO3, a-Fe,03, WO3, ZnO, Bi;WO¢ and ZnS. Among
them, TiO, has been attracted extensively attention as an
ideal photocatalytic material because of its excellent
properties, such as nontoxic, highly oxidative, chemically
stable and inexpensive [1-3]. However, as a wide band gap
oxide semiconductor (E; = 3.23 V), anatase TiO, only
shows photocatalytic activity under UV-light irradiation
(2 <384 nm) that accounts for only a small fraction
(~5%) of the solar energy. The sun can provide an
abundant source of photons, and the visible-light
(4 = 400-700 nm) accounts for a large fraction (~45%),
so its solar energy utilization is very low [4]. Furthermore,
its photo quantum yield value is also very low due to its
photoexcited electron-hole pairs easily recombining.
Therefore, to develop highly effective TiO, photocatalyst,
which has high photo quantum yield value and strong
redox potential with suitable band structure responsive to
visible-light irradiation, is the most challenging subject in
present photocatalytic research.

Recently, many attempts have been made to improve the
photocatalytic performance of TiO, under visible-light
irradiation, such as transition metal [5] or nonmetal [6, 7]
doping, noble metal loading [8], semiconductor com-
pounding [9], organic dye sensitizing [10]. In these
methods, ion doping is considered as one of the most
efficient methods. According to the semiconductor theory,
introducing defect (impurity atom, vacancy, etc.) into TiO,
can cause certain distortion for local lattice potential. This
distortion equals to introduce perturbation for the lattice
potential; it will be having some corresponding impurity
energy levels in the band structure. These impurity energy
levels (donor or acceptor) will act as the capture trap for its
photoexcited carriers that are produced by intrinsic exci-
tation. The deep potential capture trap often becomes
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recombination center; but the appropriate amount of shal-
low potential capture trap can promote the photoexcited
carriers’ internal diffusion process, which can greatly
extend their lifetime and reduce their recombination rate,
resulting in enhancement of the photocatalytic activity of
TiO, [11]. However, ion-doping also could change the
band structure of TiO,—some dopants might narrow its
band gap, and the redox ability of TiO, is related with its
band edge position. Moreover semiconductor’s band gap is
smaller; the recombination rate of photoexcited carriers is
greater. Therefore band gap narrowing can cause the redox
ability of TiO, to be weakening and the recombination rate
of photoexcited carriers to be greatening. This is an
extremely contradictory problem at present. So Asahi et al.
[6] have set some requirements for ion-doping: (1) doping
should produce states in the band gap of TiO, that absorb
visible light; (2) the conduction band minimum (CBM),
including subsequent impurity states, should be as high as
that of TiO, or higher that the H,/H,O level to ensure its
photoreduction activity; and (3) the states in the gap should
overlap sufficiently with the band states of TiO, to transfer
photoexcited carriers to reactive sites at the catalyst surface
within their lifetime.

The previous research mostly have been concentrated on
the single ion-doping into TiO,, but a few latest research
show that different ions codoping into TiO, can further to
enhance its optical absorption scope and photocatalytic
activity [12-14]. Although, different ions codoping into
TiO, has been a hot topic of experimental study, it remains
difficult to make direct comparisons and unifying conclu-
sions due to the widely varying experimental conditions,
sample preparation and the determination of photoreac-
tivity, and most research are only focus on their application
performance. At the same time, because of lack of the
detailed microscopic information about effects of ion
doping on crystal structure and electronic structure, there is
still much dispute about these issues. Comparing with
experimental investigation, the theoretical analysis by
computer simulation is expected to clarify the ion-doping
effects in detail, because it can overcome the effects of
complex experimental factors. Thus, it is very favorable to
in-deep analyze the modification mechanism of ion doping
and to design more reasonable and practicable highly
effective TiO, photocatalyst. For this purpose, in this
article, the plane-wave ultrasoft psedopotential (PW-USP)
method within the framework of the first-principles has
been used to design a highly effective photocatalyst of
anatase TiO, codoped with nitrogen and vanadium. So, we
calculated the electronic structure and optical properties of
N + V-doped anatase TiO,, and compared them with that
of N-doped, V-doped and pure anatase TiO,, in order to
clarify how these ions impact the photocatalytic activity of
TiO,.
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2 Calculation Models and Methods

Anatase TiO, has a tetragonal structure (space group: 14,/
amd, local symmetry: Dj) and contains two titanium
atoms and four oxygen atoms in the unit cell. Our models
(2 x 2 x 1 supercell) consisted of eight unit cells stacked
along the a-axes and b-axes, as shown in Fig. 1. In N 4 V-
doped TiO, model, a Ti atom was substituted by a vana-
dium atom or an O atom was substituted by a nitrogen
atom. Thus, one supercell consisted of 15 titanium atoms,
31 oxygen atoms, one vanadium atom and one nitrogen
atom. The atomic concentration of impurity was about
2.08% (atomic fraction) in total, which was comparable to
that used in the experiments. The other models are created
by the same method.

All calculations were performed with the CASTEP
module in Materials Studio 3.2 developed by Accelrys
Software Inc. [15]. The wave functions of the valence
electrons were expanded using a plane wave basis set
within a specified energy cutoff that was chosen as 380 eV.
The electronic exchange-correlation energy was treated
within the framework of the local density approximation
(LDA: CA-PZ) [16, 17]. The ultrasoft pseudopotential was
chosen in the calculation, and its representation was in the
reciprocal space, because it has several advantages both
in efficiency and veracity. The Monkhorst—Pack scheme
K-points grid sampling was set as 3 x 7 x 3 for the irre-
ducible Brillouim zone. A 45 x 24 x 54 mesh was used
for fast Fourier transformation. The convergences were set
as 5 x 107* nm for maximum displacement tolerances,
0.1 eV/nm for maximum force, 0.02 GPa for maximum
stress and 5 x 107® eV/atom for total energy change in the
geometry optimization.

In order to get accurate results that can be compared
with experimental results, we firstly optimized the crystal
structures and atomic coordinates, which obtained by
minimizing the total energy and atomic forces. In our

(J Ti atom
o V atom

N doping site

V doping site

Fig. 1 Supercell model for N + V-doped anatase TiO; in the present
work and the site of dopants
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calculations, the cell parameters had optimized during the
geometry optimization, in addition to the atomic coordi-
nations. This is done by performing an iterative process in
which the coordinates of the atoms and the cell parameters
are adjusted so that the total energy of the structure is
minimized. By doing so, we could obtain stable structures
for all the models. Then we calculated electronic structures
and optical properties of the optimized supercells. In
optical properties calculations, we used unpolarized poly-
crystalline models and “scissors operators” [18] which
were introduced to shift all the conduction levels to meet
with the measured value of the band gap.

3 Results and Discussions

By optimizing the pure anatase TiO, supercell, we got the
lattice parameters as follows: a = b = 3.7436 Aos, c=
9.4779 A, dy, = 1.9695 A, d.q = 1.9138 A,20 = 155.917°.
They were in good agreement with experimental results [19]:
a=b=37848 A, c = 95124 A, d,, = 1.9799 A, dq=
1.9338 A, 260 = 156.230°. This result implies that our cal-
culation methods are reasonable, and the calculated results
should be authentic.

We analyzed the relative difficulty for different ions
doping into anatase TiO, by impurity formation energies
that is a widely accepted method. When the TiO, crystal
react with nitrogen and/or vanadium, a few lattice oxygen
atoms are replaced by nitrogen atom, and/or a few titanium
atoms are replaced by vanadium atoms. Finally, the nitro-
gen and/or vanadium doping TiO, is obtained along with
oxygen emission and/or titanium metal formation.
According to the law of energy conservation, before and
after the reaction, the difference between the energy of
total systems is the energy that is required for the products.
Namely, it is the impurity formation energy. In present
work, the impurity formation energy (Ey) is defined as the
following formula [20]:

E¢ = Etio,.0 — ETio, — %ENZ —Ey+ %Eoz + Eri (1)
where Etio,.n, and ETio, are the total energy of N 4 V-doped
TiO,, pure TiO; in the same size supercells. Ey, and Eo, are
the energy of N, and O, gas molecular, E, and Er; are the
energy of bulk V and Ti metal, respectively. The calculated
results were shown in Table 1. The results agree nicely with
experimental observation and other theoretical method cal-
culations [21, 22]. According to the results, we discover that
the Er of N + V-doped is larger than others. As a conse-
quence, the synthesis of the N + V-doped TiO, becomes
relatively difficult in the experiment because much larger
formation energy is required.

Sato et al. [23] reported that the local internal fields due to
the dipole moment of distorted octahedral can promote the
charges separation in the initial process of photoexcitation,
and are useful for enhancing photocatalytic activity.
In Table 1, the lattice distortions, average bond lengths,
average net charge by Mulliken population analysis and
average dipole moments of octahedral in different ions
doped anatase TiO, by geometry optimizing were given. The
changes of cell volume, bond length and charge on atoms
result in that the center of the gravity of negative electric
charges would be deviated from the position of Ti** ion in
TiOg octahedron and its dipole moment would not be still
zero. The average dipole moments of TiOg, TiOsN and VOgq
that are averaged the magnitude of dipole moment neglecting
the direction are obviously increased. Increasing of the
internal fields, the separation of photoexcited electron—hole
pairs would be easier. So that nitrogen doping or vanadium
doping can greatly enhance the photocatalytic activity of
TiO,. This conclusion is consistent with the experimental
results in recent literatures [24, 25]. For N 4+ V-doped TiO,,
these changes are more obvious than that of N-doped or
V-doped TiO,. This means that nitrogen and vanadium
codoping can further enhance the photocatalytic activity of
TiO, comparing with single ion doping.

In order to conveniently compare the electronic struc-
tures of different ions doping models, we set the same K-
points mesh to sample the first Brillouim zone for all
models. The calculated band gap of pure anatase TiO, was
2.55 eV, as shown in Fig. 2, which is similar to the
reported results [26, 27], but underestimated comparing
with the experimental E, = 3.23 eV [28] due to the limi-
tation of DFT: the discontinuity in the exchange-
correlation potential is not taken into account within the
framework of DFT [29, 30]. The calculated band structures
of N-doped, V-doped and N + V-doped are displayed in
Fig. 2, respectively. In these figures, we can see that the
energy levels are split because of decrease of their degree
of degeneracy and crystal symmetry. If regardless the
impurity energy levels, the band gaps are broadened to
2.57, 2.78, and 2.61 eV, respectively. For N-doped, three
isolated impurity energy levels are located just above the
top of the VB of TiO,. For V-doped TiO,, three isolated
impurity energy levels are located just below the bottom of
the CB of TiO,. These impurity energy levels sufficiently
overlap with valence band maximum (VBM) or CBM of
TiO,. For N + V-doped TiO,, the splitting of energy levels
become obvious. And the overlapping between impurity
energy levels and VBM or CBM is more obviously than
that of single ion doping, so we only found two isolated
energy states above the top of VB. Thus nitrogen and
vanadium codoping can further improve the transfer of
photoexcited carriers to reactive sites.

@ Springer



114

Z. Zhao, Q. Liu

Table 1 Formation energies, lattice distortions, average bond lengths, average net charges and average dipole moments of different ions doped

TiO, by geometry optimizing

E¢ (eV) Bond length (10\) AV (A3 ) Net charge (e) Dipole moment (Debye)
Ti-O N-O V-0 Ti (0] N \" TiOg TiOsN  VOg¢
Pure TiO, 1.9363 1.270  —0.630 0.0000
N-doped 5.422 1.9347  1.9642 1.029 1.258  —0.631 —0.560 0.0300 1.7099
V-doped 2.714 1.9329 1.8870  —2.664 1.264  —0.625 1.120  0.0281 0.0000
N + V-doped 6.489 1.9403  1.8751 1.8703  —1.346 1.255 —0.621 —0.660 1.120 0.1674  2.1980  0.7091
Fig. 2 Calcualted band a)5s (b) N
structure of (a) pure TiO,, (b)
N-doped TiO,, (¢) V-doped 3f
TiO,, and (d) N 4+ V-doped
TiO, along the symmetry lines 2 2 2
of the first Brillouin zone gy o 1
2 =
[T} (7]
i G of
-
-2
(0)2 (d)4

Energy /eV

Energy /eV

To further understand the origin of the band gap chan-
ges, the calculated total density of states (TDOS) and
partial density of states (PDOS) (as depicted in Fig. 3) are
inspected. In the pure TiO,, VB and CB consist of both the
O 2p states and Ti 3d states. Because the Ti 3d states is
split into two parts (the t,, and e, states) in an octahedral
ligand field with Oy, symmetry, the CB is divided into the
lower and upper parts. In summary, the calculated elec-
tronic structures described in this work are consistent with
the results from other theoretical methods [31]. It is clear
from these plots that the N 2p states or V 3d states are
somewhat delocalized, thus greatly contributing to the
formation of impurity energy levels by hybridized with O
2p states, Ti 3d states. The hybrid effect is very in favor of
the migration of photoexcited carriers and the process of
photocatalysis [2, 32]. Because of these impurity energy
levels in the band gap, the electrons in the VB can be
excited to them and then subsequently excited to the CB by
absorption of visible-light. So these impurity energy levels
are beneficial for extending the sensitive light wavelength
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towards visible-light region. Owing to the shallow acceptor
(for N-doped TiO,) or shallow donor (for V-doped TiO,)
would be act as capture trap for photoexcited holes or
electrons, the impurity energy levels at VBM or CBM
could reduce the recombination rate of photoexcited car-
riers. Thus they are very crucial for the enhancement of the
photocatalysis efficiency. Furthermore, for N + V-doped
TiO,, it simultaneously process shallow acceptor and
shallow donor, and the distance between acceptor and
donor is 1.62 eV. All these effects imply that nitrogen and
vanadium codoping is very beneficial for the separation of
photoexcited electron-hole pairs, and thus can greatly
enhance the photocatalytic activity of TiO,.

On the basis of the electronic band structure, the optical
absorption spectra of pure polycrystalline anatase TiO,
between 300 and 800 nm were calculated. The results are
shown in Fig. 4. For these calculations, the scissors oper-
ator applied was 0.58 eV, accounting for the difference
between the experimental band gap (3.23 eV) and the
calculated band gap (2.55 eV). This curve for pure anatase
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Fig. 4 The optical absorption curves of calculated for various types
ion-doped TiO,

TiO, accords with experiment very well [33], and will be
used as a benchmark for comparing the results from

The ability of a semiconductor to undergo photoexcited
electron transfer to adsorbed species on its surface is
governed by the band energy position of the semiconductor
and the redox potentials of the adsorbate. The relevant
potential level of the acceptor is thermodynamically
required to be below (more positive than) the conduction

@ Springer



116

Z. Zhao, Q. Liu

band potential of the semiconductor. The potential level of
the donor needs to be above (more negative than) the
valence band position of the semiconductor in order to
donate an electron to the vacant hole [34]. So, we also
calculated the band edge position of the photocatalyst
according to the electronegativity of the oxide. Here in the
electronegativity of an atom is the arithmetic mean of the
atomic electron affinity and the first ionization energy,
other than the common-defined term. The CB edge position
of a semiconductor at the point of zero charge can be
expressed empirically by [35, 36]:

Ecp = X — E° — 0.5E, (2)

where Ecp is the CB edge potential, X is the electronega-
tivity of the semiconductor which is the geometric mean of
the electronegativity of the constituent atoms. E° is the
energy of free electrons on the hydrogen scale (~4.5 eV),
and E, is the band gap energy of the semiconductor.
According to this expression, the rough CB edge potential
of TiO, is —0.303 eV with respect to the normal hydrogen
electrode. Subsequently the edge position of the VB of the
photocatalyst is determined as 2.927 eV based on its band
gap energy. This result is very consistent with the band
energy position of TiO, in Ref. [34]. In Fig. 5, we plotted
the band energy position of different ions doped TiO.. It is
well known that H,O, and Os; can oxide many organics
because they have strong oxidative potential 1.77 eV
(H,0,) and 2.07 eV (O3). Compared with them, N-doped,
V-doped and N + V-doped TiO, photocatalysts have
excellent redox ability. Moreover, comparing with that of
pure TiO,, the CB edges are slightly upper shifting, and the
VB edges are slightly downward shifting. This means that
nitrogen or vanadium doping could enhance the redox
potentials of TiO,.

-1.0
- Conduction Band
05 i
0.0 _ B
05 E
> A ]
2 1.0 | -
o | 3.23eV 2.55eV 2.94 eV 230eV |
Z 150 [384nm 486 nm 422 nm 53gnm
i} 3 ]
20+ -
251 l— ]
30 - " = B =
2 Valence Band
3.5
pure TiO, N-doped V-doped N+V-doped

Fig. 5 The calculated band energy position of different ions doped
TiO,. The band gaps and corresponding wavelength threshold were
corrected by “scissors operator” in this figure
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4 Conclusion

In summary, by means of the first-principles calculation,
we designed highly effective photocatalyst of anatase TiO,
codoped with nitrogen and vanadium that can response for
visible-light. The calculated results shown that nitrogen
and vanadium codoping can effectively red-shifted the
fundamental absorption edge of TiO,. It simultaneously
has shallow acceptor and shallow donor in the band gap,
and has local internal fields, which enable photoexcited
electron—hole pairs’ separation become very easily. On the
other hand, the band edge was slightly changed by cod-
oping, so it has stronger redox potential than that of pure
TiO,. All the effects result in a significant improvement for
the photocatalytic activity of TiO, under visible-light
irradiation. Thus, nitrogen and vanadium codoping TiO,
photocatalyst that we designed in this article is meeting the
requirement of highly effective photocatalyst.
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