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a  b  s  t  r  a  c  t

To  fully  comprehend  the  photocatalytic  mechanisms  of  anatase  TiO2−xNx of  various  nitrogen  concentra-
tions,  this  study  performed  first  principles  calculations  based  on  density  functional  theory,  employing
Hubbard  U  on-site  correction,  to  evaluate  the  crystal  structure,  impurity  formation  energy,  and  elec-
tronic  structure.  An  effective  Hubbard  U  of  8.47 eV  was  adopted  to correctly  determine  the  band  gap  of
pure  anatase  TiO2. The  calculations  show  that  increasing  the  concentration  of  nitrogen  requires  greater
eywords:
-doped TiO2

irst principles
hotocatalyst
lectronic structure

formation  energy  during  the synthesis  of  N-doped  TiO2.  Under  light  nitrogen  doping  (≤6.25  at.%),  N  iso-
lated impurity  states  form  above  the  top  of  valence  band  meanwhile  the  band  gap  does  not  change
noticeably.  Under  heavy  nitrogen  doping  (≥8.33  at.%),  a  narrowing  of  the  band  gap  and  broadening  of  the
valence  band  occur,  which  might  explain  the  red shift  at the  edge  of  the  optical  absorption  range  observed
in some  experimental  studies.  These  findings  provide  a  reasonable  explanation  of  recent  experimental

results.

. Introduction

Reducing environmental pollution and developing renewable
nergy sources are two issues of global concern. Titanium diox-
de (TiO2) has attracted considerable attention in the degradation
f environmental pollutants and the conversion of solar energy
ue to its high photocatalytic activity, nontoxicity, low cost, and
hemical stability. However, anatase TiO2 only absorbs ultravio-
et (UV) light (less than 387 nm)  due to its wide band gap (3.2 eV).
V light accounts for a small fraction (∼5%) of solar energy and

herefore its solar energy utilization is very low. Limitations due to
he wide band gap make TiO2 ineffective for many potential appli-
ations. Because visible light (400–700 nm)  accounts for a large
raction (∼45%), extending optical absorption to the visible light
egion in wide band gap semiconducting materials has become a
ell researched topic in recent years.

A great deal of research has gone into modifying the band gap
f TiO2, using a variety of approaches [1].  One of the most effective
ethods has been doping the TiO2 with impurity elements includ-
ng transition metals, noble metals, and nonmetals. Since Asahi
t al. [2] reported in 2001 that doping with nitrogen can enhance
hotocatalytic activity under visible light irradiation, TiO2 has been
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doped with a variety of nonmetal elements, such as N [3–8], S [9],  B
[10], F [11], C [12] and P [13] to study its photocatalytic activity
under visible light, with nitrogen doping proving to be particu-
larly effective. Asahi et al. [2] indicated that the N 2p states could
hybridize with O 2p states, resulting in a narrowing of the band gap
with the material becoming photoactive in the visible light region.
However, other studies supported the notion that N-doping does
not cause a narrowing of the band gap of TiO2 [3,4]. For example,
Irie et al. [4] prepared TiO2−xNx (x < 0.02) powders and formed an
isolated narrow band above the valence band. It was determined
that the isolated N 2p band was responsible for the response to vis-
ible light. On the theoretical side, Yang et al. [5] investigated the
effects of nitrogen concentration (0–4.17 at.%) on electronic band
structure using calculations based on density functional theory
(DFT). The calculated band gap of pure anatase was approximately
2.2 eV, which represents an underestimation of approximately 30%
compared with the experimental value of 3.2 eV. Underestimations
always result from band gap calculations due to well-known lim-
itations related to DFT theory. The results show that at reduced
doping levels, a number of localized N 2p states formed above the
valence band in N-doped anatase, leading to a reduction in the pho-
ton transition energy. As the doping level was increased, the energy
gap narrowed only slightly compared with lower doping levels.
Recently, doping with high concentrations of nitrogen has been

achieved using novel processes, which have resulted in a significant
reduction in the band gap. Wu  et al. [6] synthesized TiO2−xNx thin
films using ion-beam-assisted deposition to obtain a wide range of
nitrogen concentrations. The results show a decreasing trend in the
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ig. 1. The 2 × 2 × 1 supercell model considered in this work. Red and gray spheres
epresent O and Ti atoms, respectively. (For interpretation of the references to color
n  this figure legend, the reader is referred to the web version of the article.)

and gap of the films within a particular range of increasing dopant
oncentrations, with the minimum band gap of 2.67 eV, occurring at

 = 0.71 (23 at.%). In 2011, Jiang et al. [7] introduced a novel process
ombining the technique of plasma nitriding and micro-arc oxida-
ion to prepare high concentration N-doped TiO2 film (TiO2−xNx, x
o 0.11), exhibiting a significant red-shift in the band gap transition,

 narrow band gap of 2.6 eV, higher photo-generated charge carrier
ensity, and improved photocatalytic properties.

As discussed above, the origin of the visible light photoactivity
f N-doped TiO2 remains an issue of debate. In addition, most theo-
etical calculations greatly underestimate the band gap in TiO2 due
o the adoption of conventional DFT method, which is known to
nclude an insufficient description of the on-site Coulomb interac-
ion between electrons occupying the Ti 3d orbitals. In this paper,
rst principles calculations employing the DFT + U (Hubbard U)
pproach are performed to investigate the crystal structure, for-
ation energy, electronic structure, and charge density of N-doped

natase TixO2−xNx. Various concentrations of nitrogen, x = 0.0625,
.125, 0.1875, 0.25 and 0.3125 (2.08, 4.17 and 6.25, 8.33 and
0.42 at.%), are analyzed.

. Calculation models and methods

Anatase TiO2 has a tetragonal structure belonging to the spatial
roup I41/AMD with lattice parameters a = b = 3.776 Å, c = 9.486 Å.
oping systems were constructed from a 48-atom anatase super-
ell with a 2 × 2 × 1 repetition, as shown in Fig. 1. The N-doped
onfiguration was constructed by replacing one oxygen atom with
ne nitrogen atom. The reason to choose substitutional N-doped
iO2 was that the substitutional model required much smaller
ormation energy than the interstitial doping model. Different sub-
titutional nitrogen doping levels were modeled by substituting

ne, two, three, four, or five oxygen atoms in the 48-atom super-
ell. The x values of the TiO2−xNx system were x = 0.0625, 0.125,
.1875, 0.25 and 0.3125, which correspond to 2.08, 4.17, 6.25, 8.33
nd 10.42 at.%, respectively.
 Compounds 522 (2012) 46– 50 47

First principles calculations were performed using the CASTEP
module [14] in Materials Studio 5.0 developed by Accelrys Soft-
ware Inc. Electron-ion interactions were modeled using ultrasoft
pseudopotentials in the Vanderbilt form [15]. The valence atomic
configurations were 2s22p4 for O, 2s22p3 for N and 3s23p63d24s2

for Ti. The wave functions of the valence electrons were expanded
through a plane wave basis set and the cutoff energy was selected
as 400 eV. The Monkhorst–Pack scheme [16] K-points grid sam-
pling was  set at 4 × 4 × 3 (less than 0.04 Å−1) in the supercells.
The convergence threshold for self-consistent iterations was set
at 5 × 10−6 eV. In the optimization process, the energy change,
maximum force, maximum stress, and maximum displacement
tolerances were set at 9 × 10−5 eV/atom, 0.09 eV/Å, 0.09 GPa, and
0.009 Å, respectively. To more accurately describe the electronic
structures, the DFT + U method was adopted and the strong on-
site Coulomb repulsion among the localized Ti 3d electrons was
described using the following formalism [17,18]:

EDFT+U = EDFT + U − J

2
˙�Tr[�� − ����] (1)

where �� denotes the spin (�) polarized on-site density matrix. The
spherically averaged Hubbard parameter U describes the increase
in energy caused by placing an extra electron at a particular site, and
the parameter J (1 eV) represents the screened exchange energy.
The effective Hubbard parameter Ueff = U − J, which accounts for
the on-site Coulomb repulsion for each affected orbital, is the only
external parameter required in this approach.

3. Results and discussion

3.1. Structural optimization

The lattice parameters, average bond lengths and volume ratio
of the optimized supercell, obtained from geometric optimization,
are summarized in Table 1. The optimized crystal parameters of
pure TiO2 are a = b = 3.778 Å and c = 9.549 Å, which are in good agree-
ment with the experimental values of a = b = 3.782 Å, c = 9.502 Å
[19]. This result implies that our calculation methods are reason-
able and the calculation results reliable. In anatase TiO2, each Ti
atom is bonded to its four nearest and two second nearest oxygen
neighbors. Average bond lengths are represented as Ti O1st and
Ti O2nd, respectively. For pure anatase TiO2, the average Ti O1st

and Ti O2nd are 1.931 and 1.986 Å, respectively. The Ti O bond
lengths in the N-doped structure are much longer than those of the
pure TiO2 and with a tendency to increase with increasing nitrogen
concentration, as do the Ti N bond lengths. At the same nitrogen
concentration, most of the Ti N bond lengths are longer than those
of Ti O. Therefore, the volume ratio of N-doped TiO2 (VN) to pure
TiO2 (Vp) also tends to increase with an increase in nitrogen con-
centration. This indicates that nitrogen doping causes an expansion
of the cell volume for which there are two  reasons. First, the radii of
the ions differ: 1.71 Å for N3− ions and 1.32 Å for O2− ions. Second,
compared with the O atom, the smaller electronegativity of the N
atom induces a weaker attraction in the Ti N bond and a longer
bond length.

3.2. Hubbard U parameter

The DFT + U approach introduces an intra-atomic
electron–electron interaction as an on-site correction in order
to describe systems with localized d and f electrons, capable of
producing an accurate band gap. Determination of an appropriate

effective Hubbard Ueff parameter is necessary in DFT + U calcula-
tions to correctly interpret the intra-atomic electron correlation. As
shown in Fig. 2, for anatase TiO2 phases, the band gap widens when
the effective Hubbard Ueff is increased. The band gap of anatase
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Table 1
Optimized lattice parameters, average bond lengths and volume ratio of TiO2−xNx .

TiO2−xNx Lattice parameters (Å) Bond lengths (Å) Volume ratio

x a b c Ti O1st Ti O2nd Ti N1st Ti N2nd VN/Vp

0.0000 3.778 3.778 9.549 1.931 1.986 1.0000
0.0625 3.773 3.793 9.561 1.933 1.990 1.936 2.023 1.0038
0.1250 3.815 3.772 9.510 1.935 1.995 1.921 2.061 1.0037
0.1875 3.769 3.826 9.516 1.936 1.999 1.943 2.026 1.0067
0.2500 3.802 3.802 9.496 1.935 2.002 1.949 2.057 1.0071

1.988 2.034 2.261 1.0215
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Table 2
Formation energy and average Mulliken population of TiO2−xNx .

TiO2−xNx Formation energy Mulliken population (|e|)

x Ti-rich O-rich Ti O N

0 1.470 −0.730
0.0625 0.48 5.07 1.464 −0.737 −0.620
0.1250 0.96 10.15 1.454 −0.733 −0.610
0.1875 1.34 15.12 1.448 −0.733 −0.620
0.2500 2.22 20.59 1.443 −0.732 −0.623
0.3125 −0.80 22.17 1.276 −0.661 −0.522
0.3125 3.812 3.798 9.612 1.949 

an be effectively widened by increasing Ueff from 2 to 8 eV. Here,
he effective on-site Coulomb interaction is Ueff = 8.47 eV for Ti
d in the DFT + U approach, and the calculated band gap of pure
natase is 3.21 eV, which is very close to the experimental value.

.3. Formation energy

To examine the relative stability of N-doped TiO2 for different
 concentrations, the defect formation energies were calculated
ccording to the following formula:

f = Etot(N-doped) − Etot(pure) − n�N + n�O (2)

ere, Etot(N-doped) and Etot(pure) are the total energies of N-doped
iO2 and pure TiO2, respectively; n is the number of substitutional
itrogen atoms; and �N and �O represent the chemical potentials
f the N and O atoms, respectively. The formation energy depends
n growth conditions, which can be Ti-rich or O-rich. For TiO2, �Ti
nd �O satisfy the relationship �Ti + 2�O = �TiO2

. Under the O-rich
rowth condition, �O is determined by the total energy of an O2
olecule (�O = �O2 /2) and �Ti is determined by the formula �Ti =
TiO2

− 2�O. Under the Ti-rich growth condition, �Ti is the energy
f one Ti atom in bulk Ti and �O is determined by �O = (�TiO2

−
Ti)/2. The calculated formation energies for different N doping

evels in TiO2 are summarized in Table 2. It should be noted that the
maller the Ef value is, the easier it is to incorporate impurity atoms
nto the TiO2 supercell. The formation energies associated with N-
oped TiO2 are reduced under Ti-rich conditions than under the
-rich conditions, indicating that the incorporation of N into TiO2
t the O atom site is favorable. This makes it easier to incorporate
 into the O matrix. In addition, the formation energies increase
ith an increase in N concentration under both Ti-rich and O-rich

onditions, suggesting that the synthesis of the N-doped anatase
iO2 system at a higher doping level becomes relatively difficult.

ig. 2. Relationship between the effective Hubbard parameter (Ueff) and the band
ap (Eg) of anatase TiO2.
3.4. Band structure

The calculated band structure for pure TiO2 is shown in Fig. 3.
The zero-point energy is taken as the Fermi level. The valence band
maximum (VBM) and the conduction band minimum (CBM) are
both located at the G point, indicating that pure TiO2 is a direct-gap
semiconductor material. The minimum gap between VBM and CBM
(Eg) is 3.21 eV, which is consistent with the experimental value of
3.2 eV.
Fig. 3. Band structure for the 2 × 2 × 1 supercell of pure anatase TiO2.
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Fig. 4. Total density of states (TDOS) of TiO2−xNx with (a) x = 0, (b) x = 0.0625, (c)
x
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 = 0.125, (d) x = 0.1875, (e) x = 0.25 and (f) x = 0.3125.

.5. Density of states

To investigate the electronic properties of N-doped anatase TiO2,
he total density of states (TDOS) of each TiO2−xNx system was
alculated and is shown in Fig. 4. Other related values that were
alculated include VBM, CBM, the width of the valence band, and
he band gap, which are shown in Fig. 5(a)–(d) show that at lower
oncentrations, N doping in TiO2 does not result in significant
ariations in VBM or CBM compared to pure anatase TiO2. This
mplies that light nitrogen doping (x ≤ 0.1875) does not notice-

bly influence the band gap of TiO2. With an increase in the N
oping levels, the CBMs at x = 0.25 and x = 0.3125 decrease to 2.79
nd 2.36 eV, respectively (see Fig. 5(e)–(f)). Meanwhile, the VBM

ig. 5. The schematic illustrations of the band structure and calculated band energy
osition of TiO2−xNx with (a) x = 0, (b) x = 0.0625, (c) x = 0.125, (d) x = 0.1875, (e)

 = 0.25 and (f) x = 0.3125.
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value increases to 0.46 at x = 0.25 before subsequently decreasing
to zero at x = 0.3125. The band gaps at x = 0.25 and x = 0.3125 are 2.33
and 2.36 eV, respectively. Therefore, it should be emphasized that
a narrowing of the band gap of N-doped TiO2 occurs only for heavy
nitrogen doping (x ≥ 0.25). The narrowing of the band gap due to
heavy nitrogen doping is the result of a decrease in CBM and an
increase in VBM. The observed relationship between band gap and
N concentration is similar to that described by Zhao’s theoretical
calculations [20]. As a result, the electron transition energy from the
valence band to the conduction band decreased by approximately
0.88 eV as a result of heavy nitrogen doping, and thus may  induce a
red shift at the edge of the optical absorption range. In addition, it
was  found that the valence band broadens after N is incorporated
into TiO2, especially in the case of heavy nitrogen doping, which
increases the mobility of the photo-generated electron–hole pair.
Therefore, both the narrowing of the band gap and the increased
mobility of photo-generated carriers in heavy nitrogen doping con-
centrations can improve the photocatalytic activity under visible
light, as illustrated in recent experimental results [6,7].

To further analyze the constitution of each of the related orbitals
in the TDOS, a projected density of states (PDOS) analysis of each
configuration was performed, and the results are shown in Fig. 6.
In pure anatase TiO2 (Fig. 6a), the valence band mainly comprises
O 2p states with a small number of Ti 3d states while the con-
duction band consists of Ti 3d states with a small number of O
2p states. This indicates that there exists a little covalence bond
character between Ti and O atoms. The valence band of TiO2 has
a large bandwidth of approximately 5 eV, showing a strong delo-
calization among the O 2p electrons. At x = 0.0625, it is clear from
Fig. 6(b) that one isolated N 2p state is localized only 1.1 eV above
the top of the VB of the host TiO2, which is consistent with the
calculations of Long and Ma  [21,22].  This is because the N atom
can receive two electrons and its 2p states are not fully occupied,
leading to a shallow acceptor state localized only above the valence
band. The electron in the VB can be excited to localized impurity
states in the band gap and subsequently to the CB through absorp-
tion of visible light. However, empty N 2p states can act as traps for
excited electrons, promoting electron–hole pair recombination. At
x = 0.125 and x = 0.1875 (Fig. 6(c) and (d)), the isolated N 2p states
are localized above the top of the VB, and are similar to the PDOS
at x = 0.0625. At x = 0.25 (Fig. 6(e)), the strong hybridization of N
and its first neighboring O atoms leads to an increase in VBM. The
full overlap of the impurity band and valence band can reduce the
number of charge carrier traps and suppress the recombination of
photo-excited carriers. From x = 0.25 to x = 0.3125, the conduction
band moves continuously toward the Fermi energy, resulting in a
reduction of the band gap. This is due to the transformation of Ti4+

to Ti3+. It has been proven that the reduction of Ti4+ to Ti3+ occurs
in N-doped TiO2 due to a charge imbalance between the O2− and
N3− ions [23]. We discuss charge transformation in the following
section.

3.6. Electronic density

Mulliken populations of each model are summarized in Table 2.
At x = 0.0625, the Mulliken population of N (−0.62 |e|) is larger than
that of O (−0.737 |e|). This is because the electronegativity of N is
lower than that of O. With an increase in the N concentration to
x = 0.25, variation in the charge of O and N is not obvious by, but the
charge of the Ti atom decreases slightly. These results indicate that

the incorporation of N results in ever fewer electrons transferring
from Ti to O or N atoms. At x = 0.3125, the Mulliken population of
Ti atoms significantly decreases to 1.276, providing evidence of the
transformation of Ti4+ to Ti3+.
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Fig. 6. The projected density of states (PDOS) of TiO2−xNx with (a) x = 0, (b) x = 0.0625, (c) x = 0.125, (d) x = 0.1875, (e) x = 0.25 and (f) x = 0.3125.
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. Conclusions

Using the DFT + U method, this study investigated the influence
f dopant concentration on the crystal structure, impurity forma-
ion energy, and electronic properties of N-doped anatase TiO2. An
ffective Hubbard U of 8.47 eV was adopted to correctly determine
he band gap. The calculated results show that under visible light,
he mechanisms of photocatalytic activity are different for light
itrogen doping concentrations than for heavy concentrations.
ith light nitrogen doping, the mechanisms are the result of N

solated impurity states; however, with heavy nitrogen doping,
he mechanisms are the result of a narrowing of the band gap
nd broadening of the valence band. These theoretical results
rovide insight into a number of controversial experimental
bservations.
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