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a  b  s  t  r  a  c  t

The  geometrical  structures  and  electronic  properties  of  Ni-doped  anatase  and  rutile  TiO2 were  success-
fully  calculated  and  simulated  by  a  plane  wave  pseudopotential  method  based  on  density  functional
theory  (DFT).  Our  results  show  that  most  Ni  3d states  are  located  in the  forbidden  band  of  substitutional
Ni  to  O-doped  anatase  and  rutile  TiO2, and  mix with  O  2p  states,  resulting  in  a decrease  of  the  photon
excitation  energy  and  red-shift  of  absorption  edge  compared  to  pure  anatase  and  rutile.  For  substitutional
Ni  to Ti-doped  anatase  TiO2 under  O-rich  growth  condition,  the  band  gap has  a  slight  decline  of  about
0.05  eV  compared  with  pure  anatase  TiO2 and  contains  a  series  of  impurity  energy  levels,  which  may  be
responsible  for  the  experimental  photocatalytic  activity  and  red-shift  of  absorption  edge.
1.20.−b
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. Introduction

Titanium dioxide (TiO2) has received much attention as a
ell-known photocatalytic material for the photogeneration of
ydrogen from water and the remediation of organic pollutants
1,2]. However, a large intrinsic band gap of TiO2 (3.2 eV for anatase
tructure [3] and 3.0 eV for rutile structure [1])  allows only a small
ortion of solar spectrum in the ultraviolet (UV) light region to be
bsorbed. Therefore, one of the major goals in photochemical appli-
ations is to improve the photocatalytic efficiency of TiO2 under
isible-light. It has been suggested that transition metal ions doped
iO2 could realize visible-light absorption and impurity levels in
he forbidden band of TiO2 produced by transition metal ions were
esponsible for the visible-light absorption [4–6].

In recent years, Jin et al. [7] reported that the photocatalytic
ctivity of Si-doped TiO2 prepared via hydrothermal process is
igher than that of Degussa P25 and pure TiO2. Yang et al. [8],  Shi

t al. [9] studied the electronic properties of Si-doped and Si/N-
odoped TiO2, respectively. Sakthivel et al. [10], Li et al. [11], Choi
t al. [12], Khan et al. [13], Wu et al. [14], Hsu et al. [15], and Irie
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et al. [16] also observed lower band gap energy and visible-light
absorption of C-doped TiO2. Zhao et al.’s report showed that incor-
poration of B into TiO2 could extend the spectral response to the
visible region and the photocatalytic activity is greatly enhanced as
it is further loaded with Ni2O3 [17]. In addition, some researchers
have made an attempt to improve the photocatalytic activity of
TiO2 and extend its optical absorption to the visible-light region
by doping with Ni [18]. For example, Tseng et al. [19] studied the
degradation of xylene vapor over Ni-doped TiO2 photocatalysts
prepared by polyol-mediated synthesis, and found that the pho-
tocatalytic activity of TiO2 doped with appropriate content of Ni2+

exceeded that of P25 under UV light irradiation. Nakhate et al. [20]
also observed that Ni-doped TiO2 catalyst exhibits 63% more effi-
ciency than undoped nanosize TiO2 to degradation of methylene
blue under visible-light irradiation, and found that Ni-doped TiO2
shows red-shift to 550 nm which is due to Ni doping of rutile TiO2.
However, to the best of our knowledge, there have been few reports
regarding the Ni doping effects on the electronic structures and
optical properties of TiO2 to reveal the physical and chemical origin
of the enhanced photocatalytic activity and the longer wavelength
optical absorption.
In this study, we performed density functional theory (DFT)
calculations for the geometrical structures and the electronic
properties of substitutionally Ni-doped anatase and rutile TiO2
systematically. Our theoretical analysis provided a possible

dx.doi.org/10.1016/j.matchemphys.2012.01.083
http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:jiangzy@nwu.edu.cn
mailto:jiang_zhenyi@hotmail.com
mailto:linymnwu@gmail.com
mailto:hxy3275@nwu.edu.cn
dx.doi.org/10.1016/j.matchemphys.2012.01.083


Y.-M. Lin et al. / Materials Chemistry and Physics 133 (2012) 746– 750 747

2). Tit

e
e
p
b

2

I
s
t
F
w
l
(
t
N

S
s
p
(
v
a
M
g
a
m
t
r
f

T
c
v
w

F
t

Fig. 1. (a) Anatase supercell (Ti16O32) and (b) rutile supercell (Ti16O3

xplanation for experimentally observed optical absorption broad-
ning to visible-light in Ni-doped TiO2, and the thermodynamical
roperties of two possible Ni-doped TiO2 modes are also discussed
y calculating the formation energies of the substitutional defects.

. Computational details

Crystallographic lattice of anatase and rutile TiO2 belong to the
41/amd and P42/mnm tetragonal space group, respectively. We
imulated Ni doping effects using 2 × 2 × 1 (48-atom) repetition of
he unit anatase and 2 × 2 × 2 (48-atom) rutile TiO2 supercell (see
ig. 1). Two possible Ni-doped anatase and rutile TiO2 structures
ere considered by replacing an oxygen or titanium atom in the

attice with a nickel atom, such as substitutional Ni at the O site
Ni@O) and substitutional Ni at the Ti site (Ni@Ti) for the doped sys-
ems. The partial geometries taken from the structurally optimized
i-doped anatase and rutile TiO2 supercell are shown in Fig. 2.

All of the calculations were performed with the Vienna ab initio
imulation Package (VASP) code based on first-principles den-
ity functional theory [21]. The Perdew–Burke–Ernzerhof (PBE)
arameterization [23] of the generalized gradient approximation
GGA) [22] was adopted for the exchange-correlation potential. The
alence states are 2s and 2p shells for O with 6 valence electrons
nd 3s, 3p, 3d, and 4s states for Ti with 12 valence electrons. The
onkhorst–Pack [24] grid with 5 × 5 × 5 k-points was  used for inte-

ration in the Brillouin zone of the supercell, and the wave functions
re expanded with the cutoff energy of 500 eV. Geometry opti-
ization was carried out before static calculation. The convergence

hreshold of the self-consistent energy error is 10−5 eV and atomic
elaxations were carried out until all components of the residual
orces were less than 10−3 eV Å−1.

The calculated crystal parameters of pure anatase and rutile

iO2 model are a = b = 3.788 Å, c = 9.497 Å and a = b = 4.595 Å,

 = 2.957 Å, which are in good agreement with the experiment
alues of a = b = 3.782 Å, c = 9.502 Å and a = b = 4.593 Å, c = 2.959 Å
ithin 0.16%, respectively [25,26]. These results indicate that our

ig. 2. Partial geometries for (a) Ni-doped anatase TiO2 (Ni@O), (b) Ni-doped anatase T
itanium (Ti) atoms, the small gray spheres represent oxygen (O) atoms, and the big black
anium atoms are gray spheres and oxygen atoms are black spheres.

calculation methods are reasonable, and the calculated results are
authentic.

3. Results and discussion

3.1. Defect formation energies

To probe the relative stability of two  substitutional Ni-doped
structures, we calculated the formation energies (Ef) for the two
doping cases. The formation energies of substitutional Ni to O
model and substitutional Ni to Ti-doped model are calculated
according to the following formula

Ef (Ni@X) = E(Ni@X) − E(pure) − (�Ni − �X) (X = O, Ti)

where E(Ni@X) and E(pure) are the total energies of Ni-doped and
pure TiO2 supercell, respectively. It should be noted that the for-
mation energy depends on growth conditions, which may  be either
O- or Ti-rich. For TiO2, the chemical potentials of O and Ti satisfy
the relationship �Ti + 2�O = �TiO2

, �O � �O2 /2, and �Ti � �metal
Ti .

The chemical potential �O is determined by the energy of an O2
molecule in the O-rich growth condition (corresponding to a high
value of �O). By referencing �O to the energy of an O atom in the
O2 molecule, �Ti in the Ti-rich condition (corresponding to a high
value of �Ti) amounts to the energy of one Ti atom in bulk Ti. �Ni
is the chemical potential of Ni impurity, which is calculated from
bulk nickel.

In the experiments [19,20], nickel is doped in the form of Ni2+

ion in Ni-doped TiO2. Therefore, the Ni impurity in the form of Ni2+

ion is incorporated into the crystal of TiO2 in our theoretical cal-
culation. Our calculations show that the defect formation energies
for Ni substitution depend on the growth conditions. The calcu-
lated formation energies in Ni-doped anatase and rutile TiO2 were

listed in Table 1. It can be observed that the formation energy of
Ni@O is smaller than that of Ni@Ti under Ti-rich growth condi-
tion in Ni-doped anatase TiO2 structure, and the formation energy
of Ni@O is higher than that of Ni@Ti under the O-rich growth

iO2 (Ni@Ti), and (c) Ni-doped rutile TiO2 (Ni@O). The big gray spheres represent
 spheres represent nickel (Ni) atoms.
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Table 1
Calculated defect formation energies of Ni-doped anatase and rutile TiO2 models (in
eV).

Doped models Defect formation energy (eV)

Ti-rich O-rich

Anatase
Ni@O 2.6591 8.0688
Ni@Ti 8.0914 −2.7280

Rutile
Ni@O 5.3030 −5.5163

T

c
a
o
u

F
t
X

Ni@Ti 7.5789 −3.2404

he error range is 10−5 eV.
ondition. The calculated results suggest easier replacement of O
tom with Ni atom under Ti-rich growth condition, replacement
f Ti atom with Ni atom under O-rich growth condition. In partic-
lar, under the O-rich growth condition, the formation energy of
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ig. 3. Band structures for (a) pure anatase TiO2, (b) Ni-doped anatase (Ni@O), (c) Ni-dop
he  valence band of pure anatase and rutile TiO2 are taken as the reference level. X-axis is 

(0,0,1/2), Z(1/2,1/2,-1/2), and P(1/4,1/4,1/4). For rutile, �(0, 0, 0), M(1/2,1/2,0), Z(0,0,1/2
nd Physics 133 (2012) 746– 750

Ni@Ti is negative, indicating that the Ni2+ impurity is readily incor-
porated into the crystal, partial geometries are shown in Fig. 2(a
and b). For Ni-doped rutile TiO2, our calculations suggest that the
formation energy of Ni@O is smaller than that of Ni@Ti under
both Ti-rich and O-rich growth conditions, this theoretical result
indicates that Ni2+ impurity is preferred to substitute the O atom
under both Ti-rich and O-rich growth conditions, partial geome-
try is shown in Fig. 2(c). Replacing an O or Ti atom with an Ni
atom in anatase and rutile TiO2 supercells results in significant local
structural changing because Ni (0.69 Å) has a smaller ionic radius
than O (1.4 Å) ion and a larger ionic radius than Ti (0.61 Å) ion.
The results show that Ni-doped anatase and rutile TiO2 leads to a
significant lattice deformation, which changes the charge distribu-

tion pattern and the dipole moments, making a vacancy created
nearby and the separation of photo-excited electron–hole pairs
easier.
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ed anatase (Ni@Ti), (d) pure rutile TiO2, and (e) Ni-doped rutile (Ni@O). The top of
high symmetry k points of the first Brillouin zone. For anatase, �(0, 0, 0), N(0,1/2,0),
), A(1/2,1/2,1/2), R(0,1/2,1/2), and X(0,1/2,0).
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ig. 4. Total density of states (TDOS) and partial density of states (PDOS) for anatase
Ni@Ti).  The top of the valence band of pure anatase is taken as the reference level.

.2. Electronic properties

In order to analyze the electronic properties of Ni-doped anatase
nd rutile TiO2, the calculated energy band structures of the models
re shown in Fig. 3. We  set the same k-points mesh to sample the
rst Brillouin zone for the anatase and rutile models, respectively,
hich is to conveniently compare the electronic structures of mod-

ls. The top of the valence band of pure anatase and rutile TiO2 are
aken as the reference level. As previous density functional theory
DFT) calculations employing GGA functional [27,28], our calcu-
ated band gap of pure anatase and rutile at � point (Gamma point)
s about 2.05 eV and 1.80 eV, respectively, smaller than the exper-
mental value (3.2 eV for anatase structure and 3.0 eV for rutile
tructure) due to the well-known shortcoming of exchange-change
unctional. Our theoretical results are consistent with the previ-
us study of Yang et al. (2.2 eV for anatase and 1.9 eV for rutile)
8]. However, DFT is still a widely accepted method to depict the
efect states in the electronic structure calculations, and this gives
easonable explanation for the experimental results because only
he relative positions of the occupied states and empty states need

aking into account [27,29–31].

In  Ni-doped anatase TiO2 (Ni@O) (see Fig. 3(b)), a series of impu-
ity energy levels (Ni 3d orbital) appear in the forbidden gap, and
ll of impurity energy levels are located above the valence band

ig. 5. Total density of states (TDOS) and Partial density of states (PDOS) for rutile supe
alence  band of pure rutile is taken as the reference level.
cell (Ti16O32): (a, a′) pure anatase TiO2, (b, b′) Ni-doped (Ni@O), and (c, c′) Ni-doped

maximum (VBM) and below the conduction band minimum (CBM).
The host band gap is about 2.15 eV and increased by 0.1 eV versus
the pure anatase case. However, the excitation energies from the
occupied states above the VBM to CBM should be much smaller
than the optical absorption energy of pure anatase TiO2, which
can explain why  Ni-doped TiO2 has better visible-light photocat-
alytic activity and a red-shift of optical absorption compared to pure
TiO2 reported in the experiment [19,20]. For Ni-doped anatase TiO2
(Ni@Ti) (see Fig. 3(c)), two  isolated states are located above the VBM
and the resultant band gap is 2.0 eV. As consequence, the electron
transition from these isolated states to the conduction band would
lead to an obvious reduction of absorption energy, which also gives
a good explanation for the experimentally observed red-shift of
the absorption edge. These results are consistent with the exper-
imental observations of Tseng et al. [19] and Nakhate et al. [20].
For pure rutile TiO2, Fig. 3(d) shows that the calculated band gap is
1.8 eV. For Ni-doped rutile TiO2 (Ni@O), Fig. 3(e) shows that there
are two isolated energy states in the band gap of Ni@O rutile struc-
ture. This result indicates that electrons can be excited between
these impurity states as well as to the host band, and thus it may

improve the visible-light photocatalytic activity [19,20]. In Tseng’s
and Nakhate’s experiments, the DRS analysis confers visible absorp-
tion edge to Ni-doped TiO2 at 550 nm,  and the XRD measurements
show that samples are a mixture of anatase and rutile phases.

rcell (Ti16O32): (a, a′) pure rutile TiO2 and (b, b′) Ni-doped (Ni@O). The top of the
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ence, the shift of the optical absorption edge corresponds to a
ecrease of absorption energy.

To have a clear comparison, the total density of states (TDOS)
nd partial density of states (PDOS) of pure anatase TiO2 are plot-
ed in Fig. 4(a and a′), which indicate that the valence band mostly
omprises the O 2p states while the conduction band is mostly
omposed of Ti 3d states. For Ni-doped (Ni@O) anatase TiO2, TDOS
nd PDOS are also plotted in Fig. 4(b and b′), it can be observed
hat the band gap increases by about 0.1 eV and most Ni 3d states
re located in the band gap compared with the pure anatase TiO2,
hich may  be due to stronger interactions between the Ni 3d and O

p orbitals. Hence, the excitation from these occupied Ni 3d states
o conduction band might also lead to a decrease of the photon
xcitation energy and induce a more significant red-shift of the
bsorption edge, which can possibly explain why Ni-doped TiO2
as better photocatalytic activity than pure TiO2 reported in experi-
ent [19,20].  In Ni-doped (Ni@Ti) anatase TiO2 (see Fig. 4(c and c′)),

t is shown that the band gap has a slight decline about 0.05 eV and
ost Ni 3d states are located in the forbidden gap compared with

he pure anatase TiO2. The photon excitation energy from these
ccupied Ni 3d states to the conduction band can be decreased. The
alculated result gives a good explanation for experimental optical
bsorption broadening to longer wavelength in Ni-doped TiO2.

As to Ni-doped rutile TiO2, our calculation of the energies of
efect formation indicates that Ni impurity is preferred to substi-
ute the O atom under both Ti-rich and O-rich growth conditions.
herefore, only configuration of Ni@O is considered in the Ni-doped
utile TiO2. The TDOS and PDOS of pure and Ni-doped (Ni@O) rutile
iO2 are shown in Fig. 5. The band gaps of pure and Ni-doped
utile TiO2 are 1.8 eV and 1.6 eV, respectively. Several impurity lev-
ls appear in the forbidden band, which may  be due to stronger
nteractions between the Ni 3d and O 2p orbitals. It is obvious that
i 3d electrons have significant contribution to these impurity lev-
ls while little contribution to the valence bands and conduction
ands. Hence, the excitation from these impurity levels to conduc-
ion band can lead to a decrease of the photon excitation energy and
nduce a significant red-shift of the absorption edge. These results
ive a good explanation for the experimentally observed red-shift
f the absorption edge and enhanced photocatalytic activity in the
isible-light range.

Consequently, Ni-doping (anatase and rutile) can lead to a
ecrease of the photon excitation energy, which may  be respon-
ible for the visible-light photocatalytic activity and the red-shift
f optical absorption edge in Ni-doped anatase and rutile TiO2. This
onclusion is consistent with the experiment reported by Tseng
t al. [19] and Nakhate et al. [20]. On the other hand, one should
ote that photocatalytic efficiency is a complex phenomenon, and
xperimental results are influenced by many factors, such as pro-
edure of preparation, materials ratio, heat-treated temperatures,
eat-treated times, diffusion time scales of photoexcited electron
ransfer from bulk to surface, and by electron–hole recombination
ates. This implies that the forbidden band with impurity levels
lone is not a sufficient factor to lead to high photocatalytic effi-
iency.

. Conclusion

We have calculated the electronic structures of substitutionally
i-doped anatase and rutile TiO2 by means of density functional
heory calculations based on plane-wave method. The calculated
esults indicate that substitutionally Ni to O-doped anatase and
utile TiO2 have a series of impurity energy levels appearing in
he forbidden gap, which may  be responsible for the red-shift of

[

[
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optical absorption edge and visible-light photocatalytic activity
in substitutionally Ni to O-doped TiO2. For substitutionally Ni to
Ti-doped anatase TiO2 under O-rich growth condition, Ni 3d elec-
trons have significant contribution to these impurity levels and
the band gap narrowing, which can lead to a decrease of the pho-
ton excitation energy. These results give a good explanation for
the experimentally observed red-shift of the absorption edge and
enhanced photocatalytic activity in the visible-light range. In addi-
tion, our calculated formation energies indicate that the synthesis
of substitutionally Ni to O-doped anatase TiO2 is chemically pre-
ferred under Ti-rich growth condition. Since substitutionally Ni to
O-doped rutile TiO2 has the lowest formation energy of all under
O-rich growth condition, Ni doped rutile is overall the best host
in view of visible-light excitation. Moreover, O-rich substitution is
preferred over Ti-rich substitution to Ni doping of rutile TiO2.
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