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Nowadays photocatalysts are widely used to degrade industrial and waste by-products. Among different catalysts, anatase is the most
applied one due to its abundance and low cost. However, its large band gap (3.2 eV) limits its efficiency. Many metal and non-metal atoms
have been used experimentally to reduce the band gap of anatase. In this paper, we tried to use a hybrid periodic density functional theory
(DFT) method to model the solid-state phase of anatase photocatalyst and investigate nitrogen and cobalt substitutional doping on the band
gap reduction. In addition to the band gap value, the magnetic properties of defected anatases are also studied. Results show that Co-doping
by itself reduces the band gap from 3.56 (for pristine anatase) to 2.4 eV. The band gap reduction for (N, Co) dual-doping depends on the
relative positions of N and Co to each other. If Co and N are located far from each other, the band gap reduces from 3.56 to 2.5 and 2.0 eV
for spin-up and spin-down, respectively. If they are nearest neighbors, the band gap reduces from 3.56 to 3.2 and 2.6 eV for spin-up and spin-
down, respectively. It means that if the position of the doped elements is changed by changing a variable such as the synthesis method, the

photocatalytic efficiency of the dual-doped anatase is changed. The spin magnetic moments of single and dual-doped anatase are 1ps and

2uB, respectively, which are in line with the experimental data.
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INTRODUCTION

Anatase are used in different industries such as solar cells
and pollutant degradation. The main problem of anatase is its
large band gap (3.2 eV) which limits its efficiency because
only 5% of the solar spectrum can be used by this large band
gap [1]. To increase the efficiency, it is tried to reduce the
band gap by interstitial and substitutional metal and non-
metal ions. Different cations and anions have been used for
anatase band gap engineering to increase its photocatalytic
efficiency [2]. Recently, in many cases, a cation and an anion
are doped simultaneously (co-doped) to enhance the anatase
properties. For example, Sun and Searles studied visible
absorption for (N, B) co-doped anatase [3]. They showed that
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the catalyst has a 2.0 eV of optical band gap due to the
electron excitation from the impurity band to the conduction
band. Rashid et al. used (N, S) co-doped TiO, for the removal
of cationic dyes [4]. (N, S) Doping provides new electrostatic
binding sites for the dye adsorptions. Geometrical details,
density of states, and dielectric functions of (N, S) co-doped
rutile were studied by Chen et al. [5]. They showed that
interstitial co-doping of nitrogen and sulfur atoms exhibits
more red-shift of absorption edge compared to the
substitutional doping. Their simulated UV-Vis spectra
showed that the co-doped rutile has more photocatalytic
activity than the pristine one.

Nitrogen is one of the most common non-metal dopants
for anatase, and many experimental and theoretical studies
have been done for N-doped TiO,. For example, Chen et al.
investigated how nitrogen doping promotes the formation of
oxygen superoxide radicals on the surface of TiO, [6]. In this
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research, they showed that N-doped TiO; is 1.8 times more
active than thermal catalysts for toluene oxidation. Carbon
nanotube/(N, F) co-doped TiO, composite has been used for
water decontamination [7]. Wang et al. showed that (C, N)
co-doped TiO; can absorb more visible light for degradation
[8]. Theory can provide us with detailed information about
the compounds [9,10]. In the field of semiconductors,
theoretical efforts have been made to derive detailed
electronic information about single and dual-doped TiO,. For
example, a hybrid method of PBEO has been used to calculate
the band gaps of TiO; (001) nanotubes [11]. Navarra et al.
used DFT for studying ZnO/N-doped TiO; heterojunction
[12]. Their results showed that there is a minimal band gap
due to the interface between ZnO and N-doped TiO». This
minimal band gap is smaller than the band gaps of the two
separated semiconductors. In conjunction with N, first-row
transition metal (TM) cations such as Sc [13], V [14], Cr[15],
Fe [16], Cu[1l7], ... were used to reduce further the band gap
of TiO,. Almost for all these TM cations (except some cases),
theoretical studies have been done to find their electronic
structure (see for example, [18-20]). Cobalt is one of the
cases with many experimental studies but few theoretical
ones. These theoretical studies contain the work of Yang and
Zhou about hydrogen spillover barrier energy on cobalt-
doped anatase [21], the research of Jensen and Kilin about
the charge transfer process for Co-doped anatase [22], Liu
et al.’s work on the magnetic property of Co-doped rutile
[23], Weng et al.’s work on the electronic, optical and
magnetic properties of Co-doped anatase [24,25], and
Janisch’s work on the ferromagnetism of Co-doped anatase
[26]. All the above theoretical papers discuss about single-
doping of Co without co-doping of nitrogen. Meng et al. used
DFT+U to investigate (N, M) co-doped TiO,, with M=Sc, V,
Cr, Mn, Fe, Co, Ni, Cu, and Zn [27]. DFT+U is an alternative
approach to the hybrid method that opens the gap compared
to the band gaps of pure DFT methods. Increasing Usg on
transition metals has been shown to monotonically open the
gaps of transition metal oxides [28]. The main drawback of
the DFT+U method for opening the band gap is using a high
value of the Usq parameter for simulating the experimental
band gap. Utilizing large values of Usq is typically regarded
as an ad hoc fitting parameter lacking a physical basis [28].
To offset a small increase in the band gap caused by the
low Usq value, researchers employ Us, for oxygen atoms in
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transition metal oxides [28]. Meng et al. in their work used
only Usq parameters with very high values (for example, they
used Uco=10.1 and U= 12 eV).

In this paper, we used, for the first time, a hybrid method
instead of the Hubbard model to simulate the effects of
nitrogen and cobalt dual-doping in anatase. To study the
synergistic effects of N and Co, both single and dual-doped
TiO, were modeled and their data were compared. Two
models of far’ and ‘nearest neighbor’ were defined to
investigate the effects of position doping on the band gap
reduction. The paper is organized as follows: initially, we
will provide an overview of the optimization and post-
processing models. Subsequently, we will report the
electronic properties of the pure perfect anatase phase with
the available experimental data. Then, we will predict the
electronic and optical properties of single Co- and dual
(N+Co) co-doped anatase. Finally, we will summarize our
conclusions.

COMPUTATIONAL METHODS

The periodic DFT calculation was used to model solid-
phase anatase photocatalyst. The lattice parameters and the
atomic positions of a pure and doped 2x2x1 supercell of
anatase bulk phase were optimized during the calculations.
All calculations were done by full-potential FHI-aims code
[29-32]. Single and dual-doped anatase were modeled to
investigate the synergistic effects between dopants on the
reduction of the band gap. In the single-doped case, a Co is
replaced by a Ti atom, while in the dual-doped cases, N and
Co are simultaneously replaced by O and Ti atoms. The
Monkhorst-Pack algorithm was used to generate a K-grid of
4x4x4 to sample the first Brillouin zone [33]. The spin-
collinear version of the self-consistence field method was
used for all cases. Perdue-Burke-Ernzerhof (PBE) [34] and
hybrid version of Perdue-Burke-Ernzerhof (PBEO) [35]
methods were used for the optimization of the bulk phase and
the post-processing calculations, respectively. The parameter
alpha was chosen as 0.18 according to the previously used
hybrid DFT works [36]. Scalar relativistic effects were
included in all calculations using Zero Order Regular
Approximation (ZORA). The SCF convergence criteria
for energy and density were less than 10 and 10* eV,
respectively. The optimization of each structure was
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continued until the force on each atom was less than
0.05eV A"l The VESTA program was used for any graphical
representation of the supercells [37].

RESULTS AND DISCUSSION

Perfect Pristine Anatase Phase

The unit cell of anatase was optimized as a = b
3.823 A and ¢ 9.846 A which deviate from the
experimental data [38] by less than 3% error (Fig. 1). There
are two distinct Ti-O bonds with lengths of 1.96 A (axial
bond) and 2.02 A (equatorial bond). The calculated band gap
is equal to 3.56 eV (Fig. 2), which is only +11.3% greater
than the experimental value of 3.2 eV. The value of 11.3%

error for the band gap is acceptable in the literature which is
much less than generalized gradient approximation (GGA)
methods with more than 40% error (for example, we tested
PBE functional which shows 2.2 eV for the band gap of
perfect pristine anatase phase). The method predicts correctly
that the band gap is indirect where the valence band located
between k-point M and k-point Gamma (G), and the
conduction band located on the Gamma k-point (Fig. 2).

Fig. 1. The optimized unit cell of the perfect pristine anatase.
The red circles are O and the others are Ti atoms.
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Fig. 2. Band structure for perfect pristine anatase phase. The
valence band at -0.89 eV located between M and G, and the
conduction band at 2.67 eV located on G. The calculated
band gap is equal to 3.56 eV which is 11.3% greater than the
experimental value of 3.2 eV. The Fermi level (Ef) is at
-9.05 eV, and the band gap is indirect.

Co-doped Anatase

Cobalt is one of the transition metals that is usually used
for doping TiO,. Many experimental works used Co as a
dopant for TiO, (For example, Ferreira et al. synthesized
Co-doped TiO, for the degradation of triclosan [39]).
Figure 3 shows the density of states (DOS) for the Co-doped
anatase phase. The model shows that the band gap has been
reduced by 32% from 3.56 eV to 2.40 eV. The spin magnetic
moment for the studied model (Ti;5C003,) is equal to 1ug.
This value is the same as the experimental value of Yerkamov
et al. for a Co concentration of 4.5 at % [40]. In the model,
the Co concentration is equal to 6.25 at % (T10.9375C00.062502).
On the other hand, this value is the same as the magnetic
moment for the Co-doped rutile phase studied by Geng and
Kim [41]. Substitutional Co-doping altered the Fermi level of
anatase from -9.05 eV to -8.58 eV. This means that the
electrostatic interaction for Co-doped anatase is less than the
perfect one and this is attributed to the changes in the charge
density of Co atom which is less than the charge density of
Ti atoms. The calculated Hirshfeld charges show that the Co
atom has a charge of +0.39 e while the Hirshfeld charge of a
Ti atom is +0.62 e.
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Fig. 3. Total and partial DOS for Co-doped anatase phase.
The up-gap and down-gap are nearly the same (2.4 eV). The
Fermi level is at -8.58 eV. The gap decreased by 32%
compared to the perfect pristine anatase phase.

(N, Co) co-doped Anatase

Several experimental studies have been done for (N, Co)
dual-doping TiO; [42-46]. Experiments show that N and Co
have synergistic effects on the band gap reduction compared
to the Co single-doped one. We modeled dual (N, Co) doped
by optimizing two different supercell structures. In the first
one N and Co are located far from each other, and in the
second one, they are nearest neighbor. Figure 4 shows the
supercells studied for this purpose. Figures 5 and 6 show
DOS for these models, respectively. Data show that the band
gap reduction is higher for the model in which N and Co are
far from each other. The far’ model reduces the band gap by
44%, and the ‘nearest neighbor’ model reduces it by 27%.
The probability that N and Co are located in the nearest
neighbor is less than the probability that they are placed far
from each other. So, in many cases we will see the synergistic
effects between N and Co which reduces the band gap more
than the band gap reduction in the Co single-doped case;
however, a situation may happen when N and Co are located
nearest neighbors. In this case, N and Co show different
behavior, and the band gap will be higher than the Co single-
doped one. The most important factor that determines where
N and Co are located is the synthesis method of doped
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anatase. In both models, the magnetic moments are the same
and equal to 2up. It means that the photocatalyst can be
recycled by using a magnet. Figure 7 shows the absorption
coefficient for the two studied ‘nearest neighbor’ and ‘far’
models. The figure shows that there is a small peak in the
range of 300 to 600 nm. This peak shifts to the wavelengths
less than 400 nm for the ‘nearest neighbor’ model, while it
shifts to the wavelengths higher than 400 nm for the far’

model.

Fig. 4. The geometrical structures that were used to model
(N, Co) dual-doped anatase (2x2x1) Supercell was used with
the formula of Ti;5CoO3N. All atoms in the boundaries have
been shown. Since Co has been located in the boundary
position, its periodic image has been also shown, and we see
two nitrogen atoms. The up figure is for the model in which
Co and N atoms are far from each other, and the down figure
is for the model in which Co and N are the nearest neighbors.
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Fig. 5. Total and partial DOS for (N, Co) dual-doped ‘far’
model. N and Co atoms have been located far from each
other. The up-gap is 2.5 eV, and the down-gap is 2.0 eV. The
Fermi level is at -8.62 eV. The down-gap decreased by 44%
compared to the perfect pristine anatase phase.
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Fig. 6. Total and partial DOS for the (N, Co) dual-doped
‘nearest neighbor’ model. The up-gap is 3.2 eV, and the
down-gap is 2.6 eV. The Fermi level is at -8.66 eV. The
down-gap decreased by 27% compared to the perfect pristine
anatase phase.
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Fig. 7. Absorption coefficient for (N, Co) dual-doped anatase
phase. (up): For the far’ model and (down): for the ‘nearest
neighbor’ model.

CONCLUSION

In this paper, the electronic structures of pure and doped
anatase in the solid-state phase were modeled. A high-level
hybrid periodic DFT method was used for the band structure
and DOS calculations. Results show that the Co-doping by
itself reduces the band gap from 3.56 to 2.4 eV. For the
(N, Co) dual-doped case, the synergistic effects depend on
the positions of N and Co dopants. If Co and N are located in
the positions of the nearest neighbors, the band gap is reduced
from 3.56 to 3.2 eV for spin-up, and from 3.56 to 2.6 eV for
spin-down electrons, respectively. For the ‘far’ model, the
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band gap reduces from 3.56 to 2.5 eV for spin-up, and from
3.56 to 2.0 eV for spin-down electrons, respectively. Similar
to the DOS graphs, the absorption coefficient shows that co-
doping causes a small peak is formed in the visible light
range. This peak shifts to the wavelengths higher than 400
nm for the ‘far’ model. The models predict that the synthesis
method of co-doped anatase is crucial for observing the best
efficiency for photocatalytic pollutant degradation. The spin
magnetic moment of single and dual-doped anatase are 1up
and 2ug, respectively, which are in line with the experimental
data.
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