Chin. Phys. B Vol. 23, No. 3 (2014) 038103

Enhancing visible-light photocatalytic activity of «-Bi,O; via
non-metal N and S doping*

Shang Jun(i %), Gao Yuan(7F iZ), Hao Wei-Chang(#4kE)", Jing Xi(H %),
Xin Hui-Ju(f§ %)), Wang Liang(E 5%), Feng Hai-Feng(%i##/®), and Wang Tian-Min(E X [X)

Center of Materials Physics and Chemistry and Department of Physics, Beihang University, Beijing 100191, China

(Received 24 June 2013; revised manuscript received 21 August 2013; published online 24 January 2014)

In recent years, some important research indicated that the visible-light activity of photocatalysts could be enhanced
via incorporating p-block non-metal elements into the lattice. In this paper, we investigated the electronic structures of
pure and different non-metal (C, N, S, F, CI, and Br) doped «-Bi,O3 using first-principles calculations based on the density
functional theory. The band structures, the electronic densities of states, and the effective masses of electrons and holes for
doped o-Bi; O3 were obtained and analyzed. The N and S dopings narrowed the band gap and reduced the effective mass
of the carriers, which are beneficial for the photocatalytic performance. The theoretical predication was further confirmed

by the experimental results.
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1. Introduction

Nowadays, semiconductor-based photocatalysts have re-
ceived increasing attention due to their potential applica-
tions in environmental pollution purification!'=3! and energy
conversion.[*-®! TiO, is considered as a typical photocatalyst
and has been widely studied for its outstanding stability and
high photocatalytic activity.”-'!l However, TiO, can only uti-
lize the ultraviolet irradiation which occupies no more than
4% of the solar spectrum owing to its relatively wide band gap
(3.2 eV).’ To date, great efforts have been made to explore
visible-light photocatalysts. It has proved to be very successful
in the enhancement of visible-light activity via incorporating
p-block non-metal elements into transition metal oxides such
as TiO,_ M, (M =N, C, B, S),l'>"151 TaON, [16] LaTiO,N,[!7]
and Sm,TiS,0s.['8! The incorporated non-metal elements par-
ticipate in the formation of the top of the valence band (VB),
which results in the up-shift of the VB and narrowing of the
band gap.!!”] Moreover, the hybridization between non-metal
np states and O 2p states can lead to a highly dispersive VB. 0]
The dispersive band structure means that the effective mass
of the hole is light, which is advantageous for the transfer of
photo-induced charge carriers.?!!

As an important metal-oxide semiconductor, bismuth ox-
ide (Biy03) has attracted growing interest for years.[?>~23]
There are mainly four polymorphs of bismuth oxide, noted
as a-, B-, 7-, and 8-Biy03.1%) Among them, the monoclinic
a-Biy O3 remains stable at room temperature.?) Bi; Oy is be-
lieved to be a potential visible-light-driven photocatalyst be-
cause of its remarkable photoconductivity and relatively nar-
row band gap (2.85 eV).[?728] However, the photocatalytic ac-
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tivity of Bi;O3 in the visible-light region is not satisfactory,
and we believe there is still room to further optimize the per-
formance of Bi;O3. Inspired by the case of TiO;, we expect
that incorporating non-metal elements into Bi,O3 could be a
promising route to further improve the visible-light photocat-
alytic activity of BirO3.

In this article, we study the electronic structures of pure
and different p-block non-metal elements (C, N, S, F, ClI and
Br) doped a-BiyO3 systems by first-principles calculations.
The geometry is optimized. The band structures, the electronic
densities of states (DOS), and the effective mass of carriers are
obtained. The visible-light photocatalytic activities of N and
S doped &-Biy O3 are improved compared with that of pure -
BiyO3. The experimental results validate the theoretical sim-
ulation very well. Meanwhile, some suggestions are given on
how to effectively adjust the electronic structures of o¢-BipO3
and other oxides by non-metal element doping for enhancing
the visible-light photocatalytic performance.

2. Computation and experimental details
2.1. Computation method

a-BiO3 has a monoclinic structure and belongs to the
P121/C1 space group with measured lattice parameters a =
5.8499 A, b =8.1698 A, ¢ =7.5123 A, B = 112.988°. Our
calculations were performed with a 40-atom supercell, con-
taining 16 Bi atoms and 24 O atoms in two unit cells stacking
along the b axis. In this paper, we obtained doped a-Bi;O3 via
replacing O with a non-metal element. The impurity concen-
tration (atomic fraction) of the doped system BijOx3M (M =
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C, S, N, E, Cl, Br) was 4.17%. The crystal structure is shown
in Fig. 1.
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Fig. 1. (color online) Structure of the supercell for BijcO;M (M =S,
N, C, F, Cl, Br).

All the first-principles calculations were carried out with
the CASTEP codes of Material Studio (MS) based on the den-
sity functional theory (DFT), using the plane-wave ultrasoft
pseudopotential for the interaction between the ion core and
the valence electrons. The exchange and correlation functional
was described by the Perdew—Burke—Ernzerhof (PBE) func-
tional, one of the most famous and widely used generalized
gradient approximations (GGA). The valence electrons dis-
cussed in this paper were 6s26p> for Bi, 2s?2p* for O, 2s22p>
for C, 2522p3 for N, 3523p4 for S, 2522p5 for F, 3523p5f0r Cl,
and 4s?4p’ for Br. The energy cutoff for the plane wave basis
was set at 380 eV, and a 5x4 x4 grid of special k-points was
used for the Brillouin zone integration. The relaxation process
was considered converged when the self-consistent conver-
gence of the total energy was better than 1.0x 107> eV/atom.
The force, the stress, and the displacement of each atom were
no more than 0.03 eV/A, 0.05 GPa, and 0.001 A, respectively.

2.2. Experimental details
2.2.1. Preparation of catalyst

Pure and S doped a-BiO3 were synthetized by a sim-
ple chemical precipitation method. In a typical case, 1.94 g
Bi(NO3)3-5H,0 was dissolved in 20 mL dilute nitric acid
(1 mol/L) to prevent the hydrolyzation of Bi** ions. Then,
certain amounts of cetrimonium bromide (CTAB) used as the
surfactant and thiourea used as the source of S were added into
the above solution under sustained stirring. 200 mL NaOH
aqueous solution (0.21 mol/L) was slowly dropped into the
solution after it became homogeneous. With constant stirring
for 30 min, white precipitates formed in the above solution. Fi-
nally, the obtained solids were dried at 353 K for 8 h and then

calcined at 773 K in air for 2 h. We prepared N doped a-Bi, O3
by the atmosphere calcination method. A certain amount of
the above prepared a-BiyO3 was calcined in a tube furnace
at 573 K under NH3 flow for 3 h. The exhaust was carefully
treated with acid to avoid environmental pollution.

2.2.2. Photocatalytic activity evaluation

The visible-light photocatalytic activity of pure and N/S
doped a-Bi;O3 was evaluated by the degradation of rho-
damine B (RhB) in aqueous solution. The optical system for
detecting the catalytic reaction included a 350 W Xenon lamp
with a UV cut-off filter (A > 420 nm). Before illumination,
an 80 mL suspension of RhB (0.02 mmol/L) with 0.1 g Bi»O3
or N/S doped Bi,O3 was magnetically stirred in the dark for
60 min to reach the adsorption/desorption equilibrium. Then,
the suspension was irradiated by the 350 W Xenon lamp and
analyzed at regular intervals by a UV-Vis spectrophotometer.

X-ray photoelectron spectroscopy (XPS) was checked by
a PHI Quantera SXM equipment in Tsinghua University. The
energy of X-ray was 2 kV. The X-ray absorption near edge
structure (XANES) was obtained at the X-ray absorption fine
structure station of Beijing Synchrotron Radiation Facility of
the Institute of High Energy Physics, Chinese Academy of Sci-
ences.

3. Results and discussion
3.1. Electron structure computation

a-Biy O3 is optimized by using the CASTEP codes in the
MS program with the GGA. We obtain the equilibrium lat-
tice parameters a = 5.8968 A, b = 8.1691 A, ¢ = 7.4461 A,
B = 112.232° which are in good agreement with the JCPDS
file No. 41-1449 (space group P121/C1, a = 5.8499 A, b =
8.1698 A, ¢ =7.5123 A, B = 112.988°). Because of the dif-
ferences in ion radius and electronic states, a lattice distortion
usually occurs when other ions incorporate into the host lat-
tice. So we obtain the equilibrium lattice parameters of the
doped system BijgO23M (M =C, N, S, F, Cl, Br) and compare
them with those of pure Bi;O3z (shown in Table 1). The lat-
tice distortions are not serious. Thus, the doped -Bi,O3 can
remain its parent structure.

Table 1. Calculated lattice distortion of non-metal doped system
BijgO03M (M =C, N, S, F, Cl, Br) compared to pure &-Bi;O3.
AalA AbIA Ac/A ABIC)  AVIA3

c-0 -0.019 0.085 -0.124 -1.01 -5.31
N-O -0.032 0.052 -0.061 -0.59 —4.11
S-O0 0.021 0.103 0.034 -1.509 12.09
F-O 0.015 0.011 0.019 0.45 0.74
ClI-0 0.101 0.081 0.143 1.65 19.26
Br-O 0.135 0.169 0.181 1.99 28.38

Figure 2 shows the calculated band structure and DOS of
pure a-BiyOs. It has a direct band gap. The calculated band
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gap is 2.39 eV, smaller than the reported value of 2.58 eV[?7]

due to the well-known GGA weakness. It is important to note
that the top of the VB with a flat dispersion is composed of
O 2p as well as some parts of the hybridized Bi 6s6p or-
bitals, while the bottom of the CB is composed of the hy-
bridized Bi 6p and a small amount of Bi 6s and O 2p orbitals.
These characteristics are in good accordance with the previous

calculations. 20!
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Fig. 2. (color online) (a) The band structure, (b) total and partial densi-
ties of states of pure &¢-BirO3.

We obtain the doped a-BipO3 via replacing O with non-
metal elements, calculated their electron structures and com-
pared them with that of pure -Bi,O3. Figure 3 shows the
band structures of non-metal doped system Bij4023M (M = C,

5 5

N, S, F, C], Br). They all have a direct band gap, and the band
gaps are narrower than that of «-Bi;O3. The incorporation
of S narrows the band gap most obviously with a decrease of
0.71 eV, followed by N with a decrease of 0.61 eV. For both S
and N dopings, the bottom of the CB shifts down apparently
while the VB broadens and becomes more dispersive. As a
result, the band gap is obviously narrowed, which is benefi-
cial for the enhancement of the photocatalytic performance.
The band gap of the halogen element (F, Cl, and Br) doped a-
BiyO3 decreases slightly with the increase of the atomic num-
ber, and both the VB and the CB shift down significantly com-
pared to those of pure Bi;O3. Impurity bands appear near the
Fermi level for C, F, Cl, and Br dopings, which may make the
transfer of electrons easier.

To investigate the band composition of the doped system,
we further study the projected density of states (PDOS), as
shown in Fig. 4. The s states of the non-metal appear near
the bottom of the VB with a deeper level, while most p states
of the non-metal are involved in the composition of the top of
the VB, except a tiny amount of p states appearing in the CB.
For N and S doped Bi,O3, the 3p state peaks of N and S have
broad distributions, ranging from —6 eV to 0.5 eV, as a result,
the orbital electrons have a much stronger delocalization. The
hybridization between the np states of the non-metal and O 2p
also contributes to forming a highly dispersive VB. The impu-
rity level (from —6.03 eV to 1.38 eV) is mainly made up by C
2p for the C doped Bi; O3, while Bi 6p states constitute that of
the halogen element (F, Cl, and Br) doped o-Bi;O3. For F, Cl,
and Br doped BiO3, there are no great changes on the width
and the composition of the band except the band as a whole
moves towards the low energy level. Comparing the PDOS
with the band structures, all the results are in fairly good cor-
respondence, particularly for the VB.

5
0 0
% z 5 0
S S <
%D -5 %0 -5 gﬁ -5
5 8 z
~10 ~10 M 10
(a) |E, =2.03 eV s (b) =178 V NG [, =1.76 o\
o F a z G G F G Z G G F G z G
5 5 5

Energy/eV

Fig. 3. (color online) Calculated band structure of Bij¢O23M, where M is respectively C, N, S, F, CI, and Br in panels (a)—(f).
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Fig. 4. (color online) Total density of states of Bij023M and the corresponding local partial density of states, where M is respectively

C, N, S, F, Cl, and Br in panels (a)—(f).

In order to further study the non-metal doping effect, we
calculate the effective mass of the electron on the bottom of
the CB and that of the hole on the top of the VB, and the re-
sults are shown in Table 2. The light effective mass of hole
or electron means that the photo-induced charge carrier can be
transferred rapidly. The effective mass of the electron for all
doped systems is reduced, and the effective mass of the hole
is decreased except for F and Cl doped Bi,O3, consistent with
the results of the PDOS and the band structure. Particularly,
the effective masses of electron and hole for N and S doped
Bi, O3 are greatly reduced, which is accordant with the disper-
sive band structures. It implies that more carriers can move
to the surface of the semiconductor in a typical redox reaction

within limited time in the N and S doped Bi;O3 samples.

Table 2. The minimum effective mass of the hole on the top of the VB
and that of the electron on the bottom of the CB for BijsO23M (M =C,
N, S, F, Cl, Br).

me/mO my /mo E,
Pure a-Biy O3 0.68 1.43 2.39
C-0 0.51 1.32 2.03
N-O 0.45 1.12 1.78
S-0 0.68 0.71 1.68
F-O0 0.43 1.96 2.32
Cl-0 0.39 1.74 2.27
Br-O 0.41 1.39 2.19

The non-metal can affect the electron structure according
to the calculations. Particularly, N and S dopings not only nar-

row the band gap, but also reduce the effective mass of the

carriers, which are advantageous for the photocatalytic perfor-
mance. In order to verify the calculation results, we prepared
non-metal N and S doped a-Bi;O3; powders, and evaluated
their visible-light photocatalytic activities.

3.2. Experimental verification

Figure 5 shows the XRD patterns of N and S doped «-
BiyO3. All peaks are assigned to bismite crystallized in the
monoclinic form according to JCPDS file No. 41-1449 (space
group P121/C1, a=5.8499 A, b =8.1698 A, ¢ = 7.5123 A,
B = 112.988°). The sharp diffraction lines of the Bi,O3 pat-
terns indicate that the powder has a high degree of crystallinity.
Meanwhile, the incorporation of N and S does not break the
crystal structure of Bi»O3. Thus non-metal N and S doped
Biy O3 were synthesized.

— pure a-BiyOg3
— N-doped a-BiyOg
— S-doped a-BisO3
TS WP A

N PR P

Intensity

WLWMMUMMW

20 30 40 50 60 70 80
20/(°)

Fig. 5. (color online) X-ray diffraction patterns of pure o-Bi,O3 and
N/S doped -BiyO3.
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Fig. 6. (color online) (a) XPS of N-doped Bi; O3, (b) XPS of S-doped
Biy03, (c) XANES of S in S-doped Bi»O3 and Bi(SO4)3.

In order to check whether N/S is doped into a-Bi,O3 or
not, XPS of N/S doped a-Bi,O3 is detected and shown in
Fig. 6. The N Is peak at 395.5 eV is found in the XPS of
N doped a-Bi>O3. This result proves the success of N doping
into Bi;O3. In Fig. 6(b), the S 2p peak at 164.0 eV is found.
This confirms the existence of S in the S-doped a-Bi; O3 sam-
ple. However, the S 2p peak overlaps with the Bi 4f peak,
which leads to a difficulty in distinguishing between these two
peaks. In order to further prove the existence of the S element,
XANES of S element is obtained and shown in Fig. 6(c). The

S-doped Bi> O3 sample has the same characteristic peak as that
of S from Bi(SO4)3, which demonstrates the success of S dop-
ing into BiyO3. Furthermore, the S in S-doped Bio O3 has the
same valence state as that in Bi(SOy4)3.
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Fig. 7. (color online) Photocatalytic degradation of RhB for pure and
N/S doped a-Bi;O3: (a) the decolorization of RhB, (b) logarithmic plot
of the decolorization, (c) rate constant of the first order reaction.

Figure 7 shows degradation tests of RhB over pure and
N/S doped BiyO3. All the a-Bi, O3 samples show visible-light
photocatalytic activities. The discoloration rates of RhB are
10.9%, 41.28%, and 45.5% for pure Bi;O3, N and S doped
Bi, O3, respectively. Since the Langmuir—Hinshelwood model
has been widely used to investigate the photocatalytic process,
the apparent rate constant & is chosen as the basic kinetic pa-
rameter for different photocatalysts. The first order kinetic
equation is used to fit experimental data in Fig. 7(a)

In(C,/C) = kt, (1)
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where C is the concentration of RhB remaining in the solu-
tion at irradiation time ¢, and Cj is the initial concentration
at 7 = 0. The variation in In(Cyp/C) as a function of the ir-
radiation time is given in Fig. 7(b). The calculated k values
are 0.00059 min~!, 0.00303 min~!, and 0.00335 min~"! for
pure Bi;O3, N and S doped Bi, O3, respectively. Apparent rate
constants are clearly displayed in the histogram, as shown in
Fig. 7(c). It confirms that the photocatalytic activity has been
indeed enhanced by non-metal doping as expected.

4. Conclusion

In summary, the electronic structures and the photocat-
alytic properties of pure and non-metal (C, N, S, F, Cl, and
Br) doped a-BiyO3 are investigated by first-principles calcu-
lations based on the DFT. The N and S doped Bi,O3 not only
have narrow band gaps but also possess light effective masses
of electrons and holes, which are beneficial for photocataly-
sis. Experimental results for the photocatalytic activity of N
and S doped Bi;O3 are consistent with the theoretical calcu-
lations. The theoretical calculation is a reliable tool to predict
the electronic structure of oxides doped with non-metals.
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