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For the propose of considering the actual situation of electronic neutral, a simulation has been down on the basis of choosing the
position of dual N and researching the oxygen vacancy. It is found that the reason why crystal material gets smaller is due to the
emergence of impurity levels. By introducing the oxygen vacancy to the structure, the results show that while the oxygen vacancy
is near the two nitrogen atoms which have a back to back position, its energy gets the lowest level and its structure gets the most
stable state. From its energy band structure and density, the author finds that the impurity elements do not affect the migration of
Fermi level while the oxygen vacancy has been increased. Instead of that, the conduction band of metal atoms moves to the Fermi
level and then forms the N-type semiconductor material, but the photocatalytic activity is not as good as the dual N-doping state.

1. Introduction

Since the discovery of TiO
2
Fujisima-Honda [1] effect exists,

different preparation methods have been used to further
enhance the photocatalytic performance of TiO

2
. N doped

TiO
2
catalyst which is used for improving the ability of visible

light shows good effect [2–10]. But in the TiO
2
photocat-

alytic material preparation process, the oxygen vacancy is
an intrinsic defect, that is very easy to occur [11], though
researchers have done a lot of research on it [12–21], However,
the different methods of calculation results are not totally
unanimous.

Research shows that the most common form of a defect
of three-dimensional periodic crystals is vacancy defects,
which will affect the physical properties of the material,
and the oxygen vacancies are also more prone to N doped
TiO
2
system [22–24]. However, effect of oxygen vacancy on

the electronic structure and optical activity is still not very
clear. On one hand, the oxygen vacancy is the key factor
causing visible light photocatalytic activity [25–29]. But it is
discussed by Irie et al. [30] that, with increasing N content,
the amounts of oxygen vacancies act as recombination centers
electron hole, which reduces the visible light photocatalytic
activity. It is N doped TiO

2
with oxygen vacancies which

is studied through theoretical and experimental methods by
Wang et al. [31]. They believe that the doping of N and Vo
both can cause the red shift of absorption edge to visible
light region. However, as oxygen vacancies and Ti3+ act as
a recombination center electron hole, it is not conducive to
visible light photocatalytic activity increase. So the electronic
structure of point defects in the study that will be important
for understanding the characteristics of TiO

2
materials plays

a role.
Although the photocatalytic effect of single rutile is not

as good as anatase [32], in fact, rutile TiO
2
also has higher

photocatalytic activity in the degradation of some pollutants;
under certain conditions, rutile and anatase particles can be
synergistic [33–35]. Therefore, research on doped rutile has
some practical needs.

Based on the density functional theory (DFT), the plane-
wave ultrasoft pseudopotential method has been successfully
applied to study the electronic structure and dynamical
properties for variety of materials [36–42] in order to more
clearly reveal the influence of N element and oxygen vacan-
cies of rutile geometry and electronic structure. Based on
the first-principles density functional theory of energy band
calculation method and the super cell model, this paper
has taken a geometrical optimization for the rutile-TiO
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Table 1: Comparisons of lattice constants between calculation (including those obtained in another work) and experiment.

Exp. [47] This work Relative error Another work [45]
𝑎/nm 0.45929 ± 0.00005 0.4594 2.3950 × 10−2% 0.4594
𝑐/nm 0.29591 ± 0.00003 0.2959 3.3794 × 10−3% 0.2959
𝑈 0.03056 ± 0.00006 0.03059 9.8168 × 10−2% 0.03059
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Z

(b)

Figure 1: (a) The structure of rutile TiO
2
primitive cell. (b) The super cell structure of rutile TiO

2
(2 × 2 × 2).

doped N elements and analyzes the geometric structure and
electronic structure of the double nitrogen. After that, the
paper theoretically analyzes the oxygen vacancy doping cases
and its related properties.

2. The Computational Model and Method

Rutile TiO
2
has a tetragonal crystal structure, with a space

group of P42/MNM. In this paper, we employed the rutile-
phase TiO

2
single cell and super cell (2 × 2 × 2) models as

shown in Figures 1(a) and 1(b). The super cell model consists
of eight single cells, which were arrayed along the 𝑥-axis, 𝑦-
axis, and 𝑧-axis. The crystal structure formula is Ti

16
O
32
.

The calculation in this paper is based on the wavelet plane
ultrasoft pseudopotential method. In order to minimize the
number of plane waves, we apply ultrasoft pseudopotential to
describe the ion-core interaction with the valence electrons.
In the reciprocal 𝑘-space, the cut-off energy is selected as
300 eV, the generalized gradient approximation (GGA) [43]
method is used in the work. The integral calculation of
total system energy and charge density which works in the
Brillouin zone takes the Monkhorst-Pack scheme to select
the 𝑘 grid as 2 × 2 × 7. In the calculation, the involved
valence electron configurations areO2s22p4, N 2s22p3, andTi
3s23p63d24s. The calculation is accomplished by employing
CASTEP [44] quantummechanics module which is based on
density functional theory, and the software package is MS4.4
version.

3. The Calculation Results

3.1. Pure Rutile Lattice Constant and Electronic Structure.
Firstly, we carry out structural optimization of TiO

2
and then

we obtain the rutile phase TiO
2
lattice constants and energy

band structures. The lattice constant parameters are listed
in Table 1, and the experimental data are also included in
the table. Apparently, Our calculation results are well consis-
tent with the experimental and the predecessors’ simulated
results.

The rutile TiO
2
band structure and density of states are

shown in Figure 2, the Fermi level has been chosen at zero-
point energy, which is shown as dotted line in the figure.
The calculated band gap is 2.048 eV, which is less than the
experimental value of 3.0 eV, while it matches the band gap
of 1.9 eV calculated by Song et al. [45]. As we all know that
a certain degree of bias by DFT [45, 46] in the calculation of
electronic band structure.

Based on the above calculation of pure rutile, we can
determine that themethod of calculation is suitable for doped
TiO
2
System.

For comparison, we also optimized a single N atom
doped-rutile structure; then we obtained its geometric struc-
ture and electronic properties. Figure 3 shows the models of
geometry diagram about a N atom and two-N-atom doped
TiO
2
on different positions. By optimizing the geometries,

then we calculated the total energy, energy band gap, and
the distances between the two impurity N atoms; the related
parameters are listed in Table 2.

For the two-N-atom doped TiO
2
, for convenience, in this

paper, we take a Ti atom as the benchmark calibration; in the
three models of two-N-atom doped structure, the N atoms in
the same position are labeledN1, N atoms changes in position
are written as N2. Through geometry optimization, it can be
found that when the two doped N atoms have a minimum
distance (the minimum is 0.2546 nm), the structure has the
lowest energy, with the highest stability. This indicates that if
N atoms doped in rutile TiO

2
, it will take the nearest neighbor
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Figure 2: (a) The band structure of rutile TiO
2
. (b) The total density of rutile TiO

2
.
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Figure 3:The structures of single N doped and double N doped-rutile TiO
2
. (a) Single N doped TiO

2
: (b) Model A of double N doped-TiO

2
;

(c) Model B of double N doped TiO
2
; (d) Model C of double N doped-TiO

2
.

occupancy mode. By comparing Figures 3(b), 3(c), 3(d), and
1(b) we find that doping will result in different levels of local
deformation. Comparing the data in Table 2, it seems that
when the location of N atoms is in the adjacent position, the
two doped N atoms will affect one another.

Considering N atom has one electron less than O atom,
the two N atoms in the adjacent position can share electrons
more easily and then reach a steady state; from the optimized
model in Figure 3(b), we also found that if two N atoms are
close to each other, the N–N bond has the shortest distance;
the structural optimization parameters are consistent with
the above analysis.

3.2. Comparative Analysis of Six Kinds of Ti
16
O
30
N
2
Model.

When creating a dual N super cell Ti
16
O
32
for orthodoping,

taking into account the bond lengths, bond angles, and
symmetry, it is still possible to build six different types of
doping methods. This paper considers mainly six kinds of
geometrical and electronic structure analysis.

3.2.1. The Geometrical Structure of the Six Models of
Ti
16
O
30
N
2
. Figure 4 is a pair of N-atom super cells in Ti

16
O
32

oxygen doping orthosubstitution optimized geometric struc-
ture. By optimizing calculation, the total energy, energy band
gap, and the distance between the two impurity atoms have
been listed in Table 3. After the geometry optimization, by

Energy band analyzing and the size of the bond angle between
N–O–N and the atomic distance of N–N, we identified six
calibration models which are named Model 1 (Ti

16
O
30
N
2
1),

Model 2 (Ti
16
O
30
N
2
2), Model 3 (Ti

16
O
30
N
2
3), Model

4 (Ti
16
O
30
N
2
4), Model 5 (Ti

16
O
30
N
2
5), and Model 6

(Ti
16
O
30
N
2
6).

The results show that the pure direct band gap of
Ti
16
O
32

is 1.887 ev which is different from the band gap
Ti
8
O
16
(1.921 ev). As we get the result under a professional

analysis, the calculation is precise. Therefore, it must comply
with the same initial conditions and computing platform
when we make a horizontal contrast. For the same object
we can exclude the difference caused by different software
versions. Qualitative analysis has been used to analyze the
property of the six different models. After having a geometry
optimization, the distance between the two nitrogen atoms
gets its minimum. When the minimum gets 0.1372mm, the
smallest band gap becomes 1.498 ev. It indicates that while the
N atom doped into rutile, it will occupy the nearest neighbor
position. By comparing Figures 4(a), 4(b), 4(c), 4(d), and 4(f)
with Figure 1, we find there is a replacement bit with different
degree of local deformation replacement. With the data in
Table 3, take into account that O atoms lack one electron than
N atoms, while twoN atoms that are in adjacent positions can
be better sharing electrons and it is easier to achieve steady
state. FromTable 3we also foundTi

16
O
30
N
2
1minimum total

energy model, and it is also more stable. Combining with
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Table 2:The total energy and band gaps of rutile and four kinds of N-doped rutile TiO2 and the bond distance between the two doped N–N.

Final free energy (eV) Energy gaps (eV) Atomic distance of N–N (nm)
Ti8O16 −19890.0596 2.048 —
Ti8O15N −19678.9163 1.553 —
Model A −19552.3673 1.63 0.3377
Model B −19552.8169 1.24 0.2546
Model C −19552.2915 1.28 0.2715

Table 3: The total energy and band gaps of rutile and six kinds of N-doped rutile TiO2 and the bond distance between the two doped N–N
and Angle of N–Ti–N.

Final free energy (eV) Energy gap (eV) Atomic distance of N–N (nm) Angle of N–Ti–N
Ti16O32 −39780.209 1.887 0.2780 (O–O) 90.000 (O–Ti–O)
Ti16O30N2 1 −39444.4974 1.508 0.1373 39.968
Ti16O30N2 2 −39444.4952 1.501 0.1373 39.924
Ti16O30N2 3 −39444.4928 1.498 0.1372 39.975
Ti16O30N2 4 −39444.4949 1.502 0.1372 39.914
Ti16O30N2 5 −39442.4369 0.182 0.2602 84.036
Ti16O30N2 6 −39442.4177 0.208 0.2959 95.114

(a) Ti16O30N2 1 (b) Ti16O30N2 2 (c) Ti16O30N2 3

(d) Ti16O30N2 4 (e) Ti16O30N2 5

X

Y

Z

(f) Ti16O30N2 6

Figure 4: The structures of six kinds of Ti
16
O
30
N
2
.
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Figure 5: The total density of states of six kinds of Ti
16
O
30
N
2
model.
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Figure 6: The density of states of Ti atom.

the author’s dual N doped in the conclusions of the study, he
finds that Ti

16
O
30
N
2
1 may be more closer to the actual state.

3.2.2. The Electronic Structure of Six Kinds of Ti
16
O
30
N
2

Model. Figure 5 shows the density graph of six models. From
Figures 5 and 4(a) we find that the band gap of TiO

2
has

been changed. The calculated band gap has been shown
in Table 3. The generated doping which occurred during
O atoms replaced N atoms has been apparently reduced.
However, it shows band gapminimum inModel 5 andModel
6 which is much lower than the normal band gap. It is due to
the Fermi level caused through the band. From the energy
band structure of the state we saw that a small amount of
energy level cross the Fermi energy level, since the band gap
cannot be accurately obtained.

From Figure 5 we can see the density graph of Model 5
and Model 6 is different from the other four models. It is
mainly reflected by smaller direct band gap, which is farther
from band Fermi level. The valence band is closer to Fermi
level which is only 0.208 ev.This is because the Fermi level has

crossed the band level, so the material gets metallic character.
We can no longer classify it as a semiconductor material and
the band gap cannot be given directly.

Figures 6 and 7 show us the density graph of N-atom and
Ti atom. From Figure 7, we see N 2p orbital located in the
middle band, which forms an intermediate level. It indicates
that the introduction of N atom will better change the band
gap. Since the density near the Fermi energy of Model 1,
Model 2, Model 3, and Model 4 is low, and the band gap
is small there, thus they will more likely result in excitation
phenomenon.The density of N atoms of Models 5 and 6 near
the Fermi energy is very large, but its band gap is wide. With
Figures 5, 6, and 7 we can conclude that the dope of the first
four models may affect the valence of Ti atom. The valence
band energy levelmayhave a certain extension to higher level,
but there are not any prominent changes in conduction band.
Besides, the width and lower restrict of the guiding band do
not change significantly, while near the Fermi level it showed
amore gentle impurity energy level. ForModels 5 and 6, their
conduction band has been removed away from Fermi level.
According to the contents in Table 3, we found that when
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Table 4:The total energy and band gaps of rutile and eight kinds of neutral doped rutile TiO2 and the bond distance between the two doped
N–N and angle of N–Ti–N.

Final free energy (eV) Energy gap (eV) Atomic distance of N–N (nm) Angle of N–Ti–N
Ti16O29N2 1 −39003.2719 — 0.1369 39.934
Ti16O29N2 2 −39004.1026 0.014 0.1373 39.968
Ti16O29N2 3 −39003.568 — 0.1388 40.475
Ti16O29N2 4 −39003.7126 — 0.1372 39.914
Ti16O29N2 5 −39003.5715 0.008 0.1373 39.968
Ti16O29N2 6 −39003.7321 0.040 0.1371 40.104
Ti16O29N2 7 −39004.4015 — 0.1420 42.348
Ti16O29N2 8 −39004.1177 0.014 0.1367 38.307
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Figure 7: The density of states of neighbors bit N atom.

the super cell was (2×2×2), the NN neighbor position would
have a different doping effect which has a close relationship
with the distance of the two N atoms. From Figure 4 the
structure optimized model also shows us the two atoms
become more stable and closer to each other. So, we take
Model 1 as our basis in the follow-up study of electrical
neutral doping while we continue an electrical neutral study.

3.3. Comparative Analysis of Electrical Neutral Doping
Ti
16
O
29
N
2
Model. Based on the partial results of the analysis,

we select model 1 in Figure 4 in this section as a basic doping
blueprint and then consider the case when the position of the
oxygen is vacancy.

3.3.1. Eight Geometrical Structure Models of Ti
16
O
29
N
2
. On

the basis of the distance between anO atomand aTi atom and
their corresponding angle, we set 8 models of comparative
analysis. As the selected super cell still follows in the previous
section, thus the initial parameters are still without any
change.

The black circle in Figure 8 is the missing oxygen atoms.
Black lines represent the oxygen atoms which form a bond
before they miss. We found that oxygen deletion does not
cause big changes in the crystal structure. That means the
geometry of the optimization is still in the acceptable range

which corresponds to the actual situation, From this state,
we discover that in daily growth of the crystal, oxygen atoms
in rutile crystal will be easier to form such kind of vacancy,
but when the oxygen has been lost, catalytic reaction may get
lower effect and lower oxidation resistance.When research of
impurity atoms appeared, whether it can be more effective to
inhibit oxygen atoms will be the focus of it. In physics, it was
easier to explain through their electronic structure.

By analyzing the results in Table 4, it is easy to see each
doping crystal in the electronic structure tends to move to
the valence band from Fermi level. If the impurity level gets
through the Fermi level, it becomes more sensitive to light.
Meanwhile, from Table 4, we know Model 7 has the lowest
total energy. After analyzing the N–N distance and the angle
between N–O–N atoms, we find different oxygen vacancies
in different positions may cause different forms though dual
N atoms are in the same position. Obviously, for Model 7
the distance between two atoms is significantly increased.
Comparing the geometry of the model 7, we find the vacancy
of oxygen atom is in Adjacent positions of the two N atoms.
Compared to the distance of Model 1, Model 3, Model 4,
Model 5, and Model 6, its deformation is relatively small,
as the vacant positions are in the opposite angle between
the two N atoms. Missing 2 electrons, two N atoms have to
fill the vacancy position, so the two N atoms must move to
fill the vacancy, which actually opened the distance between
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(a) Ti16O29N2 1 (b) Ti16O29N2 2 (c) Ti16O29N2 3 (d) Ti16O29N2 4
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Figure 8: The structures of eight kinds of Ti
16
O
29
N
2
.
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Figure 9: The total density of states of eight kinds of Ti
16
O
29
N
2
model.

two atoms which comply with the conclusion of the previous
section. It has been reflected that crystals among atoms
are all mutually shared electrons as they all lose necessary
electrons; then it may achieve electronic balance. In this
section, because of the absence of electrons, atoms around
the vacant position have to coshare their electrons. Without
a doubt, in actual situation, N atoms still present in the
form of doped ions. Thus, the anionic dopants obtain more
advantages than cation in specific tests.

3.3.2. The Electronic Structure of Eight Kinds of Ti
16
O
29
N
2

Models. In the former part, a qualitative analysis is taken
from the geometry optimized structure from the figure of
eight models. Then, a further analysis is taken from the
perspective of the electronic structure to study the interaction
among atoms which have electronic structure changes.

FromFigure 9 we can see the total density of eightmodels
is very different from the density graph where oxygen is not
vacant. They have smaller band gap. For Fermi level has got
into the conduction band, it indicates that the introduction
of oxygen vacancy makes the eight models form a typically
𝑛-type semiconductor. The occupation of conduction band
spread all super cells. By analyzing the occupation of con-
duction band, it is known that excess electrons near oxygen
vacancies have made great contribution to the valence band,
which have caused changes of valence band.

Figures 10 and 11 give us the N-atom and Ti atomwhich is
in the orthoposition of the density of states. From Figure 11,
we can see that N 2p’s orbital is in the valence band, and
its valence band level has been reduced which cannot form
intermediate level. The state indicates contribution of the N
atoms to light catalytic is not as good as vacant oxygen atoms.
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Figure 10: The DOS of Ti atom of eight kinds.
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Figure 11: The DOS of N atom of eight kinds.

Figure 9 shows that the model 7, the model 8 significantly
reduced the number of electrons in the valence band, and
the band gap is large. The valence band and the conduction
band electrons of Ti of model 7 are also reduced accordingly
in Figure 10. Consider a large number of electrons need to
be compensated to fill the oxygen vacancies, thus leading
the conduction band moves to the Fermi level. To the whole
trend, Model 7 also has some semiconductor properties, and
there remains a certain band gap. However, as the impurity
levels are near the Fermi energy, we cannot clearly calculate
the forbidden band of the state.

4. Conclusion

In this paper, the study concludes that the growth of rutile
in the natural process always rises oxygen vacancy. By
theoretical calculation and analysis, we found reasons for its
formation are consistent with the scientific premise.

By means of the N-doping research in the first part, it
has the lower total energy, but not necessarily the smallest

band gap when the dual N doped is in the nearest neighbor
position. Smallest band gap appears in symmetrical position.
After further research we found that the band gap becomes
smaller as impurity energy level appeared in the Fermi level,
while the bandwidth between conduction band and the
valence band is not reduced obviously. We selected one of
the models to continue the study of objects. The second part
is for the selected model, where we introduce an oxygen
vacancy situation to show that when the two neighboring
oxygen atoms and nitrogen atoms are in its back position,
the energy is the lowest and most stable. From the band
structure and density analysis it is also found that the increase
of the vacancy doping leads the metal atoms to move to
Fermi level and then generate the N type semiconductor
material. The effort of impurity elements is limited, but the
catalytic activity is not as good as dual N situation. This is
consistent with reality. As the rutile crystal growth usually
causes daily oxygen vacancies, the oxygen vacancy has to
be taken carefully, be reduced as good as we can, and then
increased the doping density of ion.
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