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We have shown the effect of mono and co-doping of non-metallic anion atoms on the
electronic structure in BiTaO, using the first-principles method. It can improve the pho-
tocatalytic efficiency for hydrogen production in the presence of visible sunlight. It is found
that the band gap of BiTaO, has been reduced significantly up to 54% with different non-
metallic doping. Electronic structure analysis shows that the doping of nitrogen is able
to reduce the band gap of BiTaO,4 due to the impurity N 2p state at the upper edge of the
valence band. In case of C or C-S doped BiTaO,, double occupied (filled) states have been
observed deep inside the band gap of BiTaO,. The large reduction of band gap has been
achieved, which increases the visible light absorption. These results indicate that the
doping of non-metallic element in BiTaO, is a promising candidate for the photocatalyst
due to its reasonable band gap.
Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

a subject of intensive research in the context of nanoscale
electronics and photocatalyst for the maximum utilization of

Suitable semiconductors electrodes and photocatalyst for the
splitting of water into hydrogen and oxygen gas using solar
light is one of the promising issue for material science in
the frame work of future clean and renewable energy source
[1-5]. Conversion of solar-in-chemical energy in the form of
hydrogen via photocatalytic decomposition of water is attrac-
tive because of the abundance of water and availability of the
sunlight. A few metal oxides which contain Bi such as, BiVO,
and Bi,WOg are good candidates for the efficient photocatalytic
process under visible light irradiation [6,7]. Recently, band
gap engineering of semiconductor materials have become
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the visible light to suppress the rapid combination of photo-
generated electrons and holes.

BiTaO, has considerable attention for the hydrogen
production material from water in the presence of the
sunlight. It is mainly because of the position of the band edges
with respect to water redox potentials [8—10]. However, as
a wide band gap semiconductor (2.75 eV), BiTaO, allows
absorbing only 19% of the visible light spectrum which is not
enough for efficient photocatalyst material. For efficient
photocatalyst material, semiconductors would need to have
optimal band gap around 2.0 eV. The position of the reduction
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and oxidation levels of water should lie between the valence
band maximum (VBM) and the conduction band minimum
(CBM) [11]. Therefore, band gap engineering has been required
for improving the performance of semiconductors as a pho-
tocatalyst by the induction of electronic states. Usually,
the broad spectrum of the solar energy can be used by the
cation/anion doping in the wide band gap semiconductors to
generate donor/acceptor states in their band gap [12-15]
Impurity states in the band gap could work as recombina-
tion center and lower the efficiency of photocatalyst. We
would like to add states on the top of the valence band.
According to the experimental studies, it has been found that
partially occupied impurity states in the band gap can act as
recombination centers, which reduces the efficiency of pho-
tocatalyst. Controlled creation of such intermediate donor or
acceptor levels at the top of valence band or bottom of
conduction band are highly appreciating for solar cell appli-
cations [16]. Doping of non-metallic anion elements in semi-
conductors such as, TiO,, WO;, and CsTaWOg are very
effective to shift the VBM upwards and narrowing the band
gap to active visible-light-driven photocatalyst [17—20]. Holes
mediated dopant—dopant coupling play more effective role in
the reduction of the band gap as compared to the single
dopant [21,22]. Induction of disorder in the surface layers of
nanophase by hydrogenation is a new approach to enhance
solar absorption [23].

In this work, we present the effect of mono and co-doping
of non-metallic atoms on the electronic, energetic properties
and the band gap engineering in BiTaO4 for improving the
photocatalytic efficiency. We also show that the position of
the occupied and unoccupied bands can be tuned by choosing
different non-metallic atoms or combination of these atoms.
Unoccupied states are found just above the VBM by the doping
of N or N-N, whereas in the case of the C-doping, fully occu-
pied double states lie in the middle of the band gap, which has
a large effect on the optical properties of BiTaO,. By the doping
of non-metallic atoms in the BiTaOy,, possibility of reduction
and oxidation process has also been investigated by
comparing it with pure BiTaO,4 redox alignment plot.

2. Computational Details

In our work, the first-principles calculations were performed
using projected augmented wave (PAW) method [24] as
implemented in the Vienna ab initio simulation package
(VASP) [25—27]. The exchange—correlation interaction was
treated in the level of the GGA using Perdew-Burke-Ernzerhof
(GGA-PBE) [28]. The Brillion zone was integrated using
Monkhorst-Pack generated sets of k-points [29]. K-points
mesh 3 x 3 x 5and 3 x 5 x 5 found to be sufficient to reach
convergence for bulk supercell and (100) surface calculations,
respectively. For the assessment of the oxygen and nitrogen
molecules, a 12 x 12 x 12 A® sized box was created. We had
employed a plane wave basis set with an energy cutoff of
400 eV to describe the electronic wave function. The PAW
potentials with the valence states 6s and 6p for Bi, 5d and 6s
for Ta, 2s and 2p for O, N, C and S had been employed. In all
calculations, self-consistency was achieved with a tolerance
in the total energy of at least 0.01 meV. For doping cases,

a2 x 2 x 1 supercell with 96 atoms was used, where dopant
complexes substituting on the O site were placed at the center
of the supercell. In the conventional method, the work func-
tion (vacuum level) could be calculated as ¢ = V () — Eg,
where V («) and Er are the electrostatic potential in a vacuum
region far from the neutral surface and the Fermi energy of the
neutral surface system, respectively [30].

3. Results and discussion

BiTaO,4 has a triclinic structure with space group P1 at ambient
conditions. The calculated lattice parameters are a = 5.57 A,
b=7.65A,c=773A, a=10298, p =89.91°, y = 93.36° within
GGA/PBE, in good agreement with experimental data [9]. We
have studied the electronic structure of the pure BiTaO, using
density functional theory (DFT). The calculated band gap of
the pure BiTaO, is 2.4 eV with GGA-PBE, which is slightly
under estimated the experimental band gap [8—10] due to the
well known LDA/GGA errors for semiconductors and insula-
tors [31]. The valence band has been derived mainly from the
2p states of oxygen and Bi 6p but conduction band is domi-
nated by the Ta 5d states. The total and partial density of
states of pure BiTaO, has been plotted in Fig. 1. This band gap
is sufficiently large to overcome the endothermic character of
the water-splitting reaction (requiring 1.23 eV).

The work function has been calculated using conven-
tional method by taking the difference between electrostatic
potential and fermi energy [30]. The work function for the
(100) surface of BiTaO, is 6.3 eV. In Fig. 2, we have aligned
the redox energy levels with respect to the vacuum level.
Here we consider the experimental standard water reduc-
tion and oxidation levels, which are 4.44 and 5.67 eV
respectively [32,33]. A schematic illustration of the DOS of
bulk BiTaO, is shown in Fig. 2. It shows that the energy level
for hydrogen reduction (H"/H,) exist 0.54 eV lower than the
CBM, which lead to inject electrons into the solution for
hydrogen production. Oxidation level (O,/H,0) exists about
0.63 eV higher the VBM, which would permit transfer of
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Fig. 1 — The calculated total and partial density of states for
bulk BiTaO,.


http://dx.doi.org/10.1016/j.ijhydene.2011.11.068
http://dx.doi.org/10.1016/j.ijhydene.2011.11.068

3016

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 37 (2012) 3014—3018

CB
N
2.40eV 0.54eV
________ = ____T___ H“/H2
1.23 eV
—————— —-———-—l——' 02/H20
0.63 eV
\ 4
VB

Fig. 2 — Schematic diagram of the positions of redox levels
with respect to the band edges for pure BiTaO,4. The
position of the redox levels of pure BiTaO, are indicated by
the horizontal dashed lines, which are aligned with respect
to vacuum level.

holes. The amount of energy equal to the band gap is
required to transfer electrons from valence band to
conduction band, so that holes are generated in the valence
band. Both redox levels lie in the band gap, which shows that
the reduction and oxidation process is energetically possible
in pure BiTaO,. These calculations show that BiTaO, may be
used as a good candidate for the hydrogen production. But
this material has two limitations, (i) Large band gap so that it
absorbs very small amount of the visible light (ii) the driving
force required for the redox process. To overcome these
problems, we have to do the band gap engineering by the
doping of non-metallic atoms to achieve efficient photo-
catalytic properties.

In order to elucidate the doping effect on the electronic and
optical properties of BiTaO,, single non-metallic atom (C, N
and S) has been replaced with one of the oxygen atom in 96
atom supercell of BiTaO,4, which gives doping concentration
~1.56%. We have studied the electronic and energetic prop-
erties of doped BiTaO,. The formation energy of these doping,
AE; is defined as the energy needs to introduce such doping in
bulk BiTaO,4, which is calculated as follows [34,35]:

AEf = ET(D) — ET(H) + Nug — Nuy, (1)

Here Er(H) and Er(D) are the total energies of pure and
doped BiTaOy, respectively. The term n is the number of the
doping atoms. u, and uy are the atomic potential of the oxygen
and doped atom, respectively. The calculated formation
energies required for the different doping are described in
Table 1.

Substitution of N with O in BiTaO, lattice are found to be
effective since N 2p states contribute the band gap narrowing
by the mixing with O 2p states. Doping of single nitrogen
generates shallow acceptor levels at the top of the valence

Table 1 — Formation energy, shifting of valence (AE,) and
conduction band (AE.) for non-metallic doping in BiTaO,.

Positive value indicates an increase in energy with
respect to the pure BiTaO,.

Dopants Formation AEy(eV) AE.(eV) Band
Energy/f.u (eV) gap (eV)

Pure BiTaO, - — — 2.40
No 0.31 +0.28 0.01 213
No-No 0.63 +0.48 0.04 1.96
Co 0.47 —-0.07 —-0.08 11

So 0.16 +0.09 —0.03 2.28
Co-So 0.64 —0.04 -0.07 1.45

band. It is because of the N 2p orbital energy is higher than the
O 2p orbital energy. VBM has been shifted 0.28 eV upward,
CBM remains the same in its position. Shifting of the band
edges are due to the doping of non-metallic elements in the
system, which have been presented in Table 1. Overall band
gap of single N-doped BiTaO,4 has been reduced by 11% as
compared to the undoped system. VBM is comprised of N
(p-state) and Bi (p-state) but N 2p is more prominent as
compared to the others. The main contribution of the CBM is
5d Ta, which is not affected by this doping. The band gap
narrowing would serve to contribute the enhancement of
visible light absorption.

To study the dopant—dopant coupling, we have induced
the two nitrogen atoms in the substitution of neighboring
oxygen atoms, which are very close with distance, 2.79 A. This
gives almost the similar CBM as the undoped BiTaO,. For this
system, the VBM moves further in the upward direction, with
empty band just above the Fermi level, which has contributed
to the extra holes at the valence band as compared to the
single nitrogen doping (shown in Fig. 3). In this case, band gap
of the system has been reduced by 18% as compared to the
pure BiTaO,4. The redox energy levels still lie in the band gap,

Pure
—— N doped
— N-N doped

DOS (arb. units)

50 55 60 65 70 75 8.0
Energy (eV)

Fig. 3 — The calculated total density of states for N and N-N
doped BiTaO, compared with the pure BiTaO,; the DOSs for
doped BiTaO, are shifted so that the peaks of the O 2s
states (at the farthest site from the dopant) are aligned with
each other. The vertical lines indicate the fermi levels.
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which are important for hydrogen production. Holes mediated
N-N coupling in BiTaO, is not short range coupling but N-N
distance has been reduced by 0.22 A after relaxation. Reduc-
tion in the band gap is larger than the individual N atom
doping. To verify this N-N coupling, we have also studied
dopant—dopant coupling with far distance (7.56 A) in BiTaO,.
Total energy of the N-N doped BiTaO, with near configuration
is 0.23 eV lower than far configuration. We have observed that
the dopant—dopant coupling in far configuration has no effect
on the band gap reduction and got the same band gap as in the
case of single nitrogen doped system. The band gap of No
and No-Nop doped BiTaO, are 2.13 and 1.96 eV, respectively,
which are convenient for maximum utilization of the visible
sunlight. It is also reduced the driving force for the oxidation
process from 0.63 eV to 0.19 eV. We have been found that the
N-N coupling in BiTaO, is very weak as compared to the TiO,,
which may be due to the N-N distance [21].

Let us consider S substitution with O, both S and O lie in the
same column of the periodic table, sulfur element is just
below the oxygen. One would expect that their electronic
properties would not significantly change. The gap between
the valence band and the conduction band is 2.28 eV, which is
slightly less than the undoped BiTaO, gap. Doping of single
sulfur atom in the BiTaO, does not have much effect on the
VBM and CBM positions. But in the case of C doping in the
system, the neutral 2p state of carbon is higher in energy than
O 2p states. Therefore, double occupied (filled) states are
developed and have situated deep inside the gap of BiTaO,,
which is shown in Fig. 4 These states are mainly composed of
C 2p and Bi 6p, acts as double donor. The band gap of C-doped
BiTaO,4 between the fully occupied states edge and CBM is only
1.1 eV. For the extraction of reasonable band gap between 1.1
and 2.28 eV, we have applied co-doping of C and S in the
substitution of O in BiTaO,4, which may be more effective for
the efficient photocatalyst material. In this case, the band gap
of C-S co-doped BiTaO, has been reduced to 1.47 eV as
compared to the pure BiTaO4, which is suitable for the
maximum utilization of the visible light spectrum but only
reduction level lie in the band gap. It means that the oxidation

DOS (arb. units)

: A X ; : ;
30 35 40 45 50 55 60 65 70 75 8.0
Energy (eV)

Fig. 4 — The calculated total density of states for C, S and
C-S doped BiTaO, compared with the pure BiTaO,; the
vertical lines indicate the fermi levels.
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Fig. 5 — The calculated optical absorption spectrum of pure
BiTaO, compared with mono- and co-doped BiTaO,.

process is not possible in this system because the hole cannot
spontaneously transfer to the oxidation potential. Total
density of states (TDOS) are plotted by taking O 2s core states
as reference, which are very far from the dopant and also
indicates the Fermi levels by vertical lines (Fig. 4). If we
compare this system with pure BiTaO4 (shown in Fig. 2),
oxidation level (O,/H,0) lie at the occupied levels, so oxidation
is not possible in C and C-S doped BiTaO,4 but the reduction
process (H/H,) is still energetically possible.

We have presented the optical absorption spectrum for C,
and C-S doped BiTaO, and compared it with the pure bulk
BiTaO,, which is shown in Fig. 5. It is clearly observed that
individual C has maximum narrowing the band gap as
compared to others. C-S co-doping would lead to reasonable
band gap reduction, which is very close to the required
band gap for efficient photocatalytic material. To improve
the photocatalyst efficiency of BiTaO, for water splitting,
maximum absorption of solar visible light and driving force
for the redox process are very important. For the doping of
different non-metallic doping in the system, we need to shift
the band edges or find some intermediate occupied states in
the band gap. The occupied and unoccupied states in the band
gap reduce the driving force for the transfer of holes for the
oxidation process and increase the absorption of the visible
light spectrum.

4, Conclusions

In summary, mono and co-doping of non-metallic elements is
established for enhancing the visible-light photoactivity of
BiTaO, by narrowing its band gap. First-principle calculations
confirm that the band gap narrowing due to the N doping
originates from mixing the O 2p and N 2p states in the VBM,
which leads to move the valence band edge upward. Both the
reduction and the oxidation process are energetically possible
in the case of N or N-N doping in BiTaO,. It has been observed
that C-S co-doping reduce the band gap up to 39%, which is
more favorable as compared to the single C or S. Shifting of
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band edges play an important role to reduce required driving
force for the redox process and absorbs the maximum visible
sunlight, which are the main requirement of photocatalyst for
the hydrogen production.
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