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ABSTRACT
Formation energy, crystal structure and electronic structure of C, N doped anatase TiO2 are calculated based on the 

density functional theory of plane-wave ultrasoft pseudopotential. Results indicate that, due to doping of the C or N at-
oms in anatase TiO2, the lattice distorts obviously. The substitution of C tends to Ti site while N tends to O site. All the 
substitutions lead to the red shift of the optical absorption and increasing coefficient of light absorption. When N con-
centrations are 2.08% and 3.13% in N-doped TiO2, the highest photocatalytic activity is obtained, while it is 2.08% for 
C-doped one.
Keywords: Anatase TiO2; DFT; N-doped; C-doped; Formation Energy

1. Introduction
TiO2 has been widely used in the conversion and storage of sun-

light, photocatalytic oxidation-reduction of greenhouse gases and deg-
radation of environmental organic pollutants, and has become the most 
potential photocatalyst[1–4]. However, based on the large band gap (3–3.2 
eV), pure TiO2 is only sensitive to ultraviolet light (λ ＜ 400 nm), but 
it does not respond to the visible light accounting for 43% of the solar 
energy. Therefore, how to improve TiO2 and expand its light response 
range from ultraviolet light region to visible light region has become 
the focus of current research. At present, the modification methods of 
TiO2 mainly include non-metallic ion doping[5], semiconductor recom-
bination[6], metal deposition[7], etc. However, it is found that transition 
metal ion doping can improve the photocatalytic activity of TiO2 by 
relying on the migration of d electrons, but transition metal doping 
will promote carrier recombination and reduce the thermal stability of 
TiO2

[8]. A large number of experiments have also proved that the sur-
face deposition of noble metal atoms, such as Ag/TiO2

[9], Pt/TiO2
[10], 

Sn/TiO2
[11], etc., plays a significant role in improving the photocatalytic 

activity of TiO2. However, the extensive use of precious metals will in-
evitably increase the manufacturing cost, which is not conducive to the 
promotion of industrial production. Since it was reported that N-doped 
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TiO2 has better photocatalytic activity and proposed 
that non-metallic doping can effectively reduce the 
band gap and adjust the energy band distribution of 
TiO2

[12], reports of TiO2 doped with non-metal such 
as C[13], N[14], S[15] and B have increased.

TiO2-XNx visible light response catalyst was pre-
pared by NOx doping N[12], but it has the disadvan-
tages of low preparation efficiency and high cost[12]. 
Cui et al. obtained N-doped TiO2 by calcining TiN 
in air and found that it can effectively catalyze the 
decomposition of water to produce H2 under visible 
light[16]. The N-doped TiO2 prepared by Liu Shouxin 
et al. has good light response efficiency under vis-
ible light[17]. For C-doping, Khan et al. found that 
C-doped TiO2 films have two absorption bands at 
440 nm and 535 nm[18]; Sakthivel and Kisch et al. 
reported that the photocatalytic efficiency of C/TiO2 
prepared by them was 5 times higher than that of 
un-doped[19]. Chen et al. prepared C, N and S single 
doped anatase TiO2 powder by the high temperature 
oxidation method[20]. It was found that the visible 
light photocatalytic effect of N doping was the most 
obvious, while the impurity energy level of C was 
deeper. Because the substitution mode of doped par-
ticles in the material preparation process is greatly 
affected by the growth environment, the results of C 
and N doped TiO2 systems will be quite different in 
different chemical environments. However, so far, 
the effects of doping methods, defect forms and dop-
ing ratio on photocatalytic properties have not been 
systematically reported.

Based on the density functional theory, the for-
mation energy, crystal structure and electronic struc-
ture of C and N doped TiO2 were calculated by using 
the super cell model. The position of substitution 
doping of C and N atoms and the effects of different 
doping ratios on the electronic structure and optical 
properties of TiO2 are analyzed theoretically, and the 
effects of single doping on the properties of TiO2 are 
revealed.

2. Calculation methods
The plane-wave ultrasoft pseudopotential meth-

od based on the density functional theory, we adopt 
the GGA + PBE exchange correlation method for 

TiO2 2 × 2 × 2 to obtain the best structural parame-
ters[21]. Select the plane wave truncation energy in the 
inverted lattice space: Ecut = 400 eV, and point K is 4 
× ４ × 4. The accuracy of self-consistent field oper-
ation is set as that the single atom energy converges 
to 2.0 × 10–6 eV[22]. Because the traditional GGA 
theory underestimates the energy band in energy 
band calculation, in order to form a comparison with 
the experiment, the calculated energy band structure 
and density of states are modified by the GGA + U 
method[23] to make it consistent with the experimen-
tal results. The correction parameters selected in the 
calculation are: U = 6.3 eV and J = 1 eV[24]. All dop-
ing parameters selected later adopt the same settings 
to ensure the comparability of calculation results. 
To construct multi concentration doping in anatase 
TiO2 2 × 2 × 2 based on the optimized super cell 
structure, and randomly replace 1–4 O or Ti atoms in 
the lattice with N or C, the doping ratio is similar to 
the experimental scheme. Because of the extremely 
high formation energy and instability, the interstitial 
defect models of N and C are not discussed in this 
paper. In addition, due to the proximity of N and O 
atoms in the periodic table, it has been proved that 
N can only replace O atoms; however, for C substi-
tution, due to the particularity of its position in the 
periodic table, its doping mode has not been clear. In 
order to obtain its real substitution mode, this paper 
adopts different methods to replace Ti and O sites re-
spectively, and optimizes the structure on this basis. 
All calculations in this paper are carried out in VASP 
software package[25,26].

3. Results and discussion
In order to effectively discuss the effect of dif-

ferent proportion of C and N doping on TiO2, the 
formation energy after doping at different positions 
of C and N was calculated. According to the special 
position of C in the periodic table, it is considered 
that C2– and C4+ ions may appear in TiO2 crystals. 
Based on the stability conditions of different doped 
systems, in order to further clarify the real occupied 
position of elements in TiO2 after doping, the for-
mation energy Eform of impurities in different doped 
systems is calculated:
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Eform = Edoped – Epure ‒ m • μC – n • μN + u • μO + υ • μTi

(1)

In the formula, Epure and Edoped are the energies of 
pre-doping and post-doping anatase TiO2 respective-
ly. μN, μC, μO and μTi represent the chemical potentials 
of N, C, O and Ti respectively; m, n, u, υ are the 
numbers of doped atoms and the number of substi-
tuted atoms in the corresponding system. The above 
formula is used to calculate the formation of C and 
N replacing one Ti or O respectively, as shown in 
Table 1.

Table1. Formation energies Eform of different doped TiO2

As can be seen from Table 1, the formation 
energy of N@O is lower than that of N@Ti, and the 
formation energy of C@Ti is lower than that of C@O. 
It is indicated that the primary N is inclined to O and 
C is inclined to Ti. This result is different from the 
experimental conjecture of Zhang Xiaoyan et al.[27].

Table 2. Lattice parameters and average bond lengths of the 
doped TiO2 after geometry optimization (in Å)

Table 2 lists the structural parameters of the 
three systems after structural optimization. As can 
be seen from Table 2, the optimized 2 × 2 × 1 the 
lattice parameters of pure TiO2 super cells are a = 
b = 7.577 Å and C = 9.541 Å, which are consistent 
with the experimental results[4]. After doping, due to 
the different ion radii of impurity elements, the sym-
metry of crystal structure decreases and the lattice is 
distorted. Because the radius of N3– ion is larger than 
that of O2– ion, the Ti-N bond length after N doping 
is longer than that of un-doped Ti–O bond. The radi-
us of C4+ ion is 0.16 Å, which is much smaller than 
0.68 Å of Ti4+ ion. Therefore, the C–O bond formed 
by C replacing Ti is much smaller than that of Ti–
O bond (1.961 Å), only 1.242 Å. Due to the doping 
of impurity ions, the lattice distortion will also lead 

to the generation of internal dipole moment. The 
change of dipole moment can promote the photocat-
alytic performance of TiO2.

3.1 Electronic structure of N-doped TiO2 with 
different concentrations

Based on the displacement results, the variation 
trend of doping amount and material properties of 
N@O system was studied. Based on this model, the 
energy band structure and density of states of TiO2 
under various proportions are calculated, as shown 
in Figures 1 and 2. After N atoms in the lattice re-
place some O atoms, O–Ti–N bonds are formed in 
the lattice, and the crystal structure is distorted due 
to the difference between the radii of N and O atoms, 
resulting in the change of the doped band gap (Eg) 
and the bandwidth between the impurity energy level 
and the bottom of the conduction band (Im-CBM), 
see Table 3 for specific values. It can be seen from 
Figure 1 and Table 2 that N doping has little effect 
on the band gap width, and new impurity levels are 
generated at the top of the valence band of the four 
doped structures. When the impurity energy level is 
ignored, the band gap width is minimum at 2.08% 
(2.97 eV). If the auxiliary effect of impurity energy 
levels on the transition is considered, the superposi-
tion of impurity energy levels will move the absorp-
tion band edge of TiO2 to the visible region. With 
the increase of doping concentration, the density of 
impurity energy level increases, which increases the 
transition probability of electrons. By comparing 
the density of impurity energy levels near the Fermi 
plane in Figures 1 and 2, it can be seen from Figure 
2 that when the doping ratio is 3.13%, the probabil-
ity of ion transition is the largest, which is the better 
doping ratio. When the doping concentration contin-
ues to increase (>4.17%), the impurity energy levels 
will overlap at the top of the valence band and move 
up the top of the whole valence band. This result 
is conducive to the transmission of photogenerated 
carriers under certain conditions, but if the N content 
is too high, it is easy to form TiN structure and make 
the doped system cash attribute and opaque in the 
visible region. With the increase of N content, it will 
also lead to a large number of defects in the lattice 

N@O N@Ti C@O C@Ti
Eform /eV 4.37 7.51 6.51 5.27

a b c Ti-O Ti-N C-O
Pure 7.577 7.577 9.541 1.976
N@O 7.603 7.570 9.508 1.980 2.008
C@Ti 7.786 7.786 9.389 1.961 1.242
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and become the composite center of electron hole 
pairs, so as to reduce the photocatalytic activity of 
the material. Therefore, N doping can improve the 
photocatalytic performance of TiO2 only in the ap-
propriate concentration range.

Figure 1. Band structure for N-doped configurations with vari-
ous doping levels.

Figure 2. Total DOS of N-doped configurations with different 
ratios. 

Table 3. Band gaps of N-doped configurations with different 
ratio (in eV)

Figure 3. PDOS for N-doped configurations. N-2p and O-2p are 
shown with red solid and dash lines while blue ones indicate the 
Ti-3d levels.

In order to further understand the effect of N 
doping on TiO2 energy level, the partial density of 
states of different doping concentrations are given, 
as shown in Figure 3. The impurity level near the 
Fermi level is mainly composed of N-2p state and 
relaxes at the top of the valence band, while the con-
tribution of O-2p and Ti-3d States is small. It can be 
seen from the above comparison that after N doping, 
the position of the valence band top of the system is 
mainly determined by the N-2p state, and the O-2p 
state overlaps with N-2p, increasing the energy band 

Ratio 1.04% 2.08% 3.13% 4.17%
Eg 2.99 2.97 3.00 2.98
Im-CBM 2.56 2.53 2.58 2.60
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density. The conduction band bottom of doped and 
un-doped TiO2 is determined by Ti-3d state without 
obvious change. Given that the doping concentration 
is 2.08% and 3.13%, the Ti-3d state in the conduc-
tion band moves down slightly due to the p-d hybrid-
ization between N-2p and Ti-3d states.

It can be seen from the above analysis that when 
the doping concentration is low, the change of dop-
ing concentration has no obvious effect on the elec-
tronic structure of TiO2, and the best content of N 
is 2.08% and 3.13%, which is the most favorable to 
improve the photocatalytic performance of TiO2.

3.2 Electronic structure of C-doped TiO2 with 
different concentrations

Based on the fact that C atoms in the single 
doped system tend to replace Ti atoms and exist 
in the form of C4+ cations, when constructing the 
C-doped TiO2 crystal model, all calculations only 
consider the substitution of C atoms for Ti atoms and 
ignore the substitution of O atoms. Figure 4 shows 
the band structure of C-doped TiO2 with different 
concentrations. As can be seen from Figure 4, due 
to the nonmetallic nature of C, although it replaces 
Ti, the impurity level is not introduced into the band 
gap, but directly causes the conduction band to move 
to the low energy level, reduces the band gap width 
and increases the transition probability of electrons. 
Comparing the band gap widths of different doping 
concentrations, it can be seen that when the doping 
amount is 3.13% and 4.17%, the band gap width is 
the same, both of which are 2.51 eV; when the dop-
ing concentration is 1.04%, the band gap is the larg-
est, which is 2.60 eV; when the doping concentration 
is 2.08%, the band gap is the smallest, which is 2.30 
eV. It is proved that TiO2 has obvious red shift after 
doping, especially when the C doping concentration 
is 2.08%.

Figure 4. Band structure for C-doped configurations with vari-
ous doping levels.

In order to further reveal the concentration effect 
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of C on TiO2 doping, the partial density of states of 
doped systems with different concentrations are also 
calculated, as shown in Figure 5. It can be seen from 
Figure 5 that the valence band of C-doped TiO2 is 
mainly composed of O-2p state and T-3d state, and 
mainly occupies the low energy region. The O-2p 
state mainly contributes to the energy level near the 
Fermi plane and determines the position of the top 
of the valence band; the conduction band is main-
ly composed of Ti-3d state and C-2p state, and the 
strong pd orbital hybridization makes the conduc-
tion band move down obviously, so as to reduce the 
band gap. When the doping concentration is 2.08% 
and 4.17%, the pd hybrid phenomenon between Ti-
3d state and C-2p state is very obvious, and a strong 
hybrid peak appears. By comparing the density of 
states of O-2p state in different systems, it can be 
seen that when the doping concentration is 4.17%, 
the impurity peak of O-2p state near Fermi level 
is significantly stronger than that of the other three 
doping cases, which proves that the probability of 
valence electron guide band transition increases un-
der visible light, which is conducive to the improve-
ment of photocatalytic efficiency of TiO2.

Figure 5. PDOS for C-doped configurations with different ratios.

It can be seen from the above analysis that when 
C changes with doping concentration, the hybridiza-
tion effect between C-2p state and Ti-3d state direct-
ly leads to the movement of the conduction band to 
the low energy direction, which leads to the reduc-
tion of the band gap and the obvious red shift of the 
absorption band edge. According to the comparison 
of band gap width, it can be seen that when the dop-
ing concentration is 2.08%, the response to visible 

light is the strongest, and the catalytic activity should 
be the highest. Compared with the results of N-doped 
TiO2, it can be seen that the concentration effect has 
a more obvious effect on the photocatalytic perfor-
mance of the C-doped system.

4. Conclusion
Based on the density functional theory, the for-

mation energy, lattice structure and electronic struc-
ture of anatase TiO2 doped with different proportions 
of N and C atoms were calculated. By comparing the 
formation energies, it can be seen that N atoms tend 
to replace O sites and C replace Ti sites; through the 
analysis of energy band and band density of doped 
crystals with different proportions, it can be seen that 
when N is doped at low concentration, the effect of 
doping concentration on the electronic structure of 
TiO2 is not obvious, and when N content is 2.08% 
and 3.13%, TiO2 has the best response to visible 
light, which has better photocatalytic performance; 
when the C doping concentration is 2.08%, its re-
sponse to visible light is the best. Compared with 
N-doped TiO2, the concentration effect has a more 
obvious effect on the photocatalytic performance of 
C-substituted Ti-doped system.
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