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The electronic properties of Bi,MOg (M=Mo and W) are studied by using the first-principles
calculations. It is attributed to its smaller electron effective mass that Bi,WOg has higher photocatalytic
activity than Bi,MoOg. The oxygen vacancy in Bi,MOg serves as a trapping center of photogenerated
electrons and thus is in favor of the photocatalytic efficiency. Nitrogen-doping induces localized
structure distortion and thus improves the separation of photogenerated electron-hole pairs. Moreover,
band gaps decrease obviously with doping concentration increasing, therefore the photoabsorption
edges will give rise to a redshift in Bi,MOg.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Concerning the environmental pollution and energy shortage,
semiconductor photocatalysts have been paid much attention due
to the applications in solar energy conversion and photo-oxida-
tion of organic pollutants [1-3]. In the past years, TiO, as a
photocatalyst has been investigated extensively because of its
high reactivity, low cost and environmentally friendly features
[4,5]. Nevertheless, due to its wide band gap of about 3.0 eV, TiO,
can only absorb ultraviolet (UV) light, which is less than 5% in the
whole energy of the incoming solar light. Hence, effective utiliza-
tion of solar energy becomes the main objective in photochemical
research nowadays. For the sake of this, many efforts have been
dedicated to modify the energy band structure of TiO, to shift its
spectral response into the visible light region and improve its
photocatalytic performance by doping elements, depositing
metals on photocatalyst surfaces [6,7]. On the other hand,
exploring new types of photocatalysts except TiO, has also
become a crucial subject for higher energy conversion efficiency.
Many efforts have been made to exploit active oxide photocata-
lysts for visible sunlight harvesting. Some binary, ternary and
multicomponent metal oxide photocatalysts with intense visible
light absorption and high activity, such as SrTiO3 [8], Caln,04 [9],
Ta,0s [10], BaTisO9 [11], ZrO; [12], ReVO3 (Re=Ce, Pr, Nd) [13],
bismuth oxides [14-18], have been reported. Particularly,
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Bi-based photocatalysts have attracted much attention because
of the up-shifted valence band (VB) and a smaller band gap
resulted from hybridization between Bi 6s and O 2p states. At the
same time, the hybridization makes the VB more dispersive,
which is benefit to the transition of photogenerated holes in the
valence band. It has been identified that Bi,MOg (M=W and Mo),
with an Aurivillius layered structure composing of MOg octahe-
dron and Bi-0-Bi layers, shows promising photocatalytic activity
[19-28]. The MOg octahedra are connected to each other corner-
sharingly. The (Bi,0,)** layers are sandwiched between MOg
octahedral layers. It is found that the corner-sharing structure
makes photogenerated electron-hole pairs migrate easily and
transfer effectively to the surface, which contributes to the
photocatalytic performance under visible-light [16]. The band
gaps of Bi,MoOg have been evaluated to be 2.63 eV [26], 2.58 eV
[27] and 2.56 eV (calcined) or 2.59 (uncalcined) [28], while for
Bi,WOg are 2.77 eV [26], 2.79 eV [27] and 2.7 eV [23] in different
experimental observations. The unique physical and chemical
properties, such as chemical inertness, photo stability and envir-
onmental friendly features, make them ideal potential photoca-
talytic materials under visible-light irradiation. However, most of
Bi,MOg samples were in general prepared by solid-state reaction,
and the photocatalytic activity was low due to the large crystal
size and small surface area [21,26]. The photocatalytic activity of
semiconductors relates to the separation and migration of photo-
generated carriers. Therefore, it is significant and meaningful to
promote the separation efficiency and increase the redox power
of photogenerated carriers in order to improve the photocatalytic
activity of Bi,MOg for practical application. Fu et al. reported that
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fluorinated Bi,WOg presents enhanced photoactivity in the degra-
dation process of RhB [29]. Shi and co-workers indicated that
fluorinated Bi,WOg shows excellent photoactivity in the degrada-
tion process of MB [30]. Shang and Zhang et al. [31,32] demon-
strated that nitrogen doped Bi,WOg displays preferable
photoactivity in the degradation process of RhB and CH3CHO
under the visible light. The oxygen vacancy (V,) can be inevitably
introduced during the sample preparing process. Zhou [26] and
Belver [27] pointed that Bi,WOg exhibites higher photocatalytic
activity than Bi;MoOs. As a consequence, there are still many
issues open for these materials. For example, what is the micro-
scopic origin of the difference in photocatalytic activity between
Bi,WOg and Bi;MoOg? What are the effects of inevitably existent
V, on the photocatalytic performance? How do N dopants modify
the electronic structure and the related photocatalytic properties
of Bi,MOg? To understand these issues, it is necessary to carry out
a more profound and detailed investigation on the electronic
structure and related properties of Bi,MOg. In the present work,
the geometric and electronic structures of Bi,MOg with and
without V, and the effects of N-doping have been examined by
means of density functional theory (DFT). Our results may provide
new insights and understanding on the photocatalytic mechan-
isms of Bi,MOg and the influence of V, and N dopants on the
photocatalytic activity.

2. Computational details and models

The first-principles calculations were performed using Vienna ab
initio Simulation Package (VASP) [33,34] with the projector aug-
mented wave (PAW) [35] pseudopotential method. Generalized
gradient approximation (GGA) [36] in the scheme of the Perdew-
Burke-Ernzerhof (PBE) functional [37] was employed to treat the
exchange-correlation potentials referring to the previous researches
[14-15,30]. We have tested the total energy convergence of 36-atom
primitive cell with respect to different plane-wave energy cutoff.
The total energies with energy cutoff 300, 350, 400, and 450 eV are
—266.334, —263.956, —263.317 and —262.963 eV, respectively.
For the sake of more accurate results we used a kinetic energy cutoff
of 400eV. The Brillouin-zone sampling was integrated using
Monkhorst-Pack generated sets of k-points [38]. k-points mesh
2x2x5 found to be sufficient to reach convergence for bulk
supercell calculations. The outright box geometry optimizations
were adopted whose Pulay stress was zero. The convergence
threshold for self-consistence-field iteration was set at 10~ %eV.
Both the atomic positions and cell parameters were optimized until
all the residual force components were smaller than 0.02 eV/A. Band
structures were calculated along the paths connecting the following
high-symmetry points: I" (0, 0, 0), F(0, 0.5, 0), Q (0, 0.5,0.5),and Z (0,
0, 0.5) in the k-space. For both the two structures, the experimental
atomic positions were employed as the starting points of relaxation,
and subsequent calculations were conducted using the relaxed
atomic positions.

The DFT+U method is applied to strong correlation systems
and the hybrid density functional methods usually used to
improve its band gap values close to experiments [3,39]. GGA
method introduces the underestimated band gap because the
Kohn-Sham potentials lack pronounced atomic shell structures of
accurate potential, which are too shallow in the molecular region
and decay faster than Coulombic asymptotic behavior. However,
the character of band structure and the trend of the energy gap
variations are expected to be reasonable and reliable [14-15,30].
So that, in the present work, the GGA method is employed.

We studied Bi;WOg and Bi,MoOg belonging to the orthorhombic
crystal system with space group of Pca2(1). A 72-atom 2 x 1x 1
supercell of relaxed Bi;WOg (Bi;gWg0sg) employed in the
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Fig. 1. The 72-atom supercell of Bi;WOg. The big purple, the small blue, and the
red spheres represent Bi, W and O atoms, respectively. 1, 2 and 3 represent defect
position considered in the calculation. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

calculations is illustrated in Fig. 1 as a representation. The later
discussion will also implement the site notations here. The lattice
parameters are a=>5.4326, b=16.4302 and c=5.4584 with a cell
volume ca. to 487.21 for Bi;WOg [40] and a=5.4822, b=16.1986
and c=5.5091 with a cell volume equal to 489.23 for Bi,MoOg [41].

There are three kinds of unequal O sites in this 72-atom
supercell: 1, 2 and 3 (see Fig. 1). To understand the effects of V,
on electronic properties of Bi,MOg, one V, was introduced into
the supercell of Bi;sMgO4g by removing one O atom from one of
three unequal sites (see Fig. 1). One and two O atoms (at site 1,
2 and 3 in Fig. 1) were replaced by one and two N atoms in the
supercell are employed to simulate the N-doped system with the
atomic ration of N to Bi of 0.0625 and 0.125, respectively. This is
reasonable and credible to understand the experiments results
corresponding to the atomic ration of N to Bi, Ry=0, 0.05, 0.25,
0.5, and 0.75 [31]. In the present work, eight different configura-
tions with two N atoms at different O sites were considered. The
geometry optimizations were carried out in all of the calculations.

3. Results and discussion
3.1. Defect formation energy

The defect formation energies are firstly examined as follow-
ing relations to study the relative stability of all relaxed
structures.

Etorm1=E(Bi16Mg047) — [E(Bi16MgOas) — o]
Eform2=E(Bi;sMgNO47) — [E(Bi1sMgO4s) — Lio+ Lin]
Eform3=E(Bi16MgN2046) — [E(Bi;6MgO048) — 2 tto+ 2 un]

where Eform1, Eform2 and Egorms are the defect formation energies
of Bi]6M3047, Bi15M8N047 and Bi]5M8N2046, respectively.
E(Bi;sMgO47), E(BijeMsNOa47), E(Bi;sMsN2046) and E(BijsMgOas)
denote the total energies of Bi;6Mg047, Bi;gMgNO47, Bi;gMgN5046
and Bi;sMgO4s supercells, respectively. The values of chemical
potentials of nitrogen and oxygen are uy and po, which are
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determined by the energy of an O or a N atom in an O, or a N,
molecule, po=1/2u(02), un=1/2p(N3).

In the case of Bi;gMgO4; with one V,, the calculated defect
formation energies of three configurations with V,, at different sites
(see Fig. 1) are listed in Table 1. It shows that the V, in Bi;gMgO47
preferably locates at site 2 in MOg octahedron adjacent to M in MOg
octahedron, which is consistent with the result of Islam et al. [42].

For the N-doped Bi,MOg (Bi;¢MgNQ47), the calculated defect
formation energies listed in Table 1 indicate that the substitu-
tional N prefers to locate at site 2 adjacent to M in MOg
octahedron. While for the two N atoms doped cases, eight distinct
configurations denoted by 11, 12, 13, 222, 22°, 23, 332 and 33"
(see Fig. 1, the numbers indicate different O sites, while a and b
mean adjacent and opposite sites) are considered. The calculated
defect formation energies of these configurations are listed in
Table 2. It is demonstrated that the two substitutional N atoms in
Bi,MoOg prefer to locate at two neighbor sites next to Mo in MoOg
octahedron (site 33°), while in Bi,WOg they prefer to situate at
the nearest opposite sites to Bi in the [Bi,0,]?* layers (site 222).

The corresponding local structures before and after relaxations
are displayed in Fig. 2(a)-(e) and Fig. 2 (f)-(j), respectively. It is
found that changes in the morphology and symmetry of eight
configurations before and after optimization are negligible, which
is in consistent with the experimental results of N-doped Bi,WOg
[31]. However, the bond lengths near defects are obviously
changed, which indicates that defects induce localized structure
distortion and cause dipole moment in the crystals. The dipole
moment arouses the internal field, which promotes the separa-
tion of the photoinduced electrons and holes [43-48]. Meanwhile,
lattice strain growing out of distortion deviates the surface
oxygen atoms from the lattice, which primarily acts as an efficient
e trap, leading to the generation of O; and preventing the
recombination of photogenerated electrons and holes. A syner-
gistic effect between the two aspects mentioned above can reduce
the recombination probability of the photogenerated electrons
and holes, and improve the photocatalytic efficiency [49-51].

3.2. Electronic structures

The calculated band structures of pure, V,-contained and
N-doped Bi;WOg and Bi;Mo0Og are displayed in Fig. 3. The total
density of states (TDOS) and projected density of states (PDOS) of

Table 1
Defect formation energies of BiMOg with one O vacancy and one N atom doped.

Defect formation energy (eV)

1 2 3
Bi,WOg O vacancy 3.582 3.576 4,059
N-doping 5.568 5.205 5.479
Bi;MoOg O vacancy 3.974 2.973 2.979
N-doping 5.370 5.026 5.411
Table 2

Defect formation energies of BiMOg with two N atoms doped.

Defect formation energy (eV)

11 12 13 227 220 23 33 33P

Bi;WOg 11.00 10.50 1047 1046 1049 1050 1064 10.33
Bi;MoOs 10.72 10.08 10.60 10.00 10.10 10.31 10.01 10.28

2 Adjacent.
b Opposite.

pure Bi;MOg are shown in Fig. 4. The TDOS and PDOS of Bi,WOg
including one V, and one or two N atoms are presented in Fig. 5.

3.2.1. Pure Bi;MOg

The band structure of Bi;gWgO4s shows that the calculated
direct band gap is about 1.91 eV (see Fig. 3(a)), which is under-
estimated compared with the experimental value of 2.79 eV. [27]
The difference in the theoretical and experimental band gaps is
0.88 eV. The TDOS and PDOS are shown in Fig. 4(a) displaying that
the VB is mainly composed of O 2p, Bi 6s, Bi 6p and small W 5d
states, while the CB is formed dominantly by W 5d, Bi 6p and
small O 2p states. It is revealed that the visible-light response for
Bi,WOg is due to the transition from the hybridized Bi 6s and O 2p
states in VB to W 5d states in the CB. Moreover, we can see from
Fig. 3 that Bi 6s states mainly contribute to the upper of valence
band, the hybridization of Bi 6s and O 2p states makes the VB
largely dispersed, which favors the mobility of photoexcited holes
in the valence band and thus facilitates the high photocatalytic
efficiency [30,52-55].

Bi,M0Og also presents photocatalytic activity under visible
light [16,21]. Here, we study orthorhombic Bi;MoOg with space
group of Pca2(1). The sample has a corner-sharing structure of
MoOg octahedron correlated to energy gap and the width of CB,
which drives the visible light response and controls the photo-
catalytic performance. The calculated band structure of
Bi;sMogQOyg is similar to that of Bi;gWg04g with the band gap is
1.77 eV (see Fig. 3(b)). This is also underestimated compared with
the experimental value of 2.58 eV [27]. The difference between
the theoretical and the experimental band gap is 0.81 eV. On the
other side, it has been estimated that the VB of Bi,MoOg is
composed mainly of O 2p states and the CB derives primarily
from Mo 4d states and secondarily from Bi 6p states [16,56]. It is
worth mentioning that the difference in the photocatalytic
efficiency was dominantly ascribed to the different components
in the VB of Bi,WOg and Bi;Mo00Og [21,26]. Our calculated results
(see Fig. 4(b)) indicate that the VB of Aurivillius Bi;MoOg
structure is contributed by not only O 2p states, but also Mo 4d,
Bi 6s states located at VB edge and small Bi 6p states, while the CB
is derived from the Mo 4d, Bi 6p and O 2p states. As a result,
different components of VB cannot be responsible for the differ-
ence in the photocatalytic efficiency of the two samples. In
addition, Belver et al. [26,27] reported that Bi,WOg exhibited
higher photocatalytic activity than that of Bi;MoOg under UV-vis
light, which could be ascribed not only to the different electronic
structures but also to the textural properties and the lower
surface area of the Bi;MoOsg.

It is known that the electronic effective mass is inversely
proportional to the curvature of conduction bands [57-58].
Namely, steep band curve means a small effective mass and
shallow band curve means a heavy effective mass. The smaller
effective mass implies better electron mobility. Comparing the CB
bottoms of Bi,WOg and Bi,MoOg, from Fig. 3(a) and Fig. 3(b), the
CB bottom of Bi,WOg has bigger curvature than Bi,MoOg' and
therefore smaller effective mass. The smaller effective mass of
electrons for Bi,WOg benefits to the separation and migration of
photogenerated carriers and thus results in better photocatalytic
performance than Bi,MoOg. Different electronic effective mass
should be one of the important factors leading to the different
photocatalytic efficiency between Bi,WOg and Bi,MoOsg.

To explore the influence of V, on the electronic properties, the
electronic band structures of Bi,MOg with one V, are examined. The
calculated band gap of Bi;gWgO4;7 (Fig. 3(c)) and Bi;gMogO4; are
about 1.44 and 1.34 eV, respectively. The oxygen vacancies could
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reduce the cation charge and coordination number leading to
localized states in band gap and thus allowing excitation pathways
to be initiated with sub-bandgap energy. [59-61] Comparing with
that in pure cases, some W 5d and Mo 4d states depart from the CB
emerging in the band gap of Bi;sWs0,47 (Fig. 5(a2)) and Bi;gMog0.7,
respectively. The Fermi level shifts upward to the CB and locates in
the band gap. These in-gap states near conduction band edge act as
barrier of photogenerated electrons and form trapping center. This
means that these in-gap states will hinder the electron transition
from CB to VB and slow down the recombination of photoinduced
carriers and then improve photocatalytic performance.

3.2.3. N-doped Bi>MOg

Fig. 3(d) shows that some new in-gap levels are introduced on
the top of the VB in N doped Bi,WOg (Bi;gWsNO,7). The direct
electron transition energy from these gap states to the CB is about
1.76 eV, which is reduced by 0.15eV comparing with the pure
Bi,WOg and the decreasing trend is consistent with the experimen-
tal results reported by Shang et al. [31], and thus it confirms the red-
shift of N-doped Bi,WOg observed in experiment. The TDOS and
PDOS of N-doped Bi;WOg shown in Figs. 5(b1) and (b2) indicate that
the Fermi level falls into the VB, which means that each N atom
requires one more electron from the lattice than does each O atom.
The VB is predominantly composed of the hybridized states of O 2p
and N 2p. Comparing with pure Bi;WOg, the substitution N for O
results in the increases of the VB width by about 0.28 eV (6.67 eV vs.
6.95 eV) without the appearance of defect states in the band gap.
This indicates that the increased mobility of photoexcited carriers in
the VB and CB enhances the visible-light absorption and thus
improves the photocatalytic behavior.

For Bi,WOg doped with two N atoms (Bi;gWgN>046), more gap
states near Fermi level are introduced and the intensity of DOS
near the Fermi level is obviously enhanced compared with
Bi;sWgN1047; (see Fig. 5(b2), (c2)). The band gap (1.65¢eV)
narrows by about 0.11 eV comparing with Bi;gWgN;047, which
demonstrates that the electron transition energy decreases and
the redshift of absorption edge of Bi,WOg increases with the
nitrogen doping concentration. This is in agreement with the
previous experiment results reported by Shang et al. [31]. Conse-
quently, higher nitrogen content in Bi;WOg may enhance the
visible light absorption and photocatalytic activity.

It is similar to Bi;gWgNO,7, substitution N for O also introduces
gap states near the top of the VB in Bi;MoOg (Bi;gMogNOg47), which
results in the smaller electron direct transition energy from the gap
states to the CB, 0.15 eV smaller than that of pure Bi,MoOg, and thus
the redshift of adsorption edge occurs in N-doped BiMoOQg. It is
similar to Bi;WOg, for Bi,MoOg doped with two N atoms
(BijgMogN3046), the band gap of Bi;gMogN,0O46 decreases to
1.57 eV and the intensity of gap states increases with N concentra-
tion increasing. The electron transition energy decreases, which
implies that the absorption edge of N-doped Bi;MoOg may redshift
with nitrogen doping concentration increasing.

The optical absorption spectra of pure Bi,MOg, N-doped Bi,MOg
and Bi,MOg with oxygen vacancy were also calculated and shown in
Fig. 6. To reduce the underestimation band gap for GGA method, the
scissor operator corrections of 0.88 and 0.81 eV were applied in the
absorption spectra for Bi;WOg and BiMoOg respectively.
Fig. 6(a) shows that there is redshift of adsorption edges with
nitrogen doping concentration increasing. The optical absorption
curves of pure and N-doped Bi,WOg are consistent with experi-
mental optical absorption spectra [31]. At the same time, it directly
shows that the O vacancy makes the aborption edge redshift and
effectively improves the ability to absorb visible light. As to N-doped
Bi,Mo0Og, the results are similar to Bi,WOg. Fig. 6 (b) shows that O
vacancy and N dopants can result in redshift of adsorption edges.
Meanwhile, along the increase of N-doping concerntration, the
redshift will be more apparent. In addition, it directly shows that
the O vacancy may effectively improve the ability to absorb
visible light.

Usually, a higher doping level becomes relatively difficult in the
experiment because a much larger formation energy is required, but
there should be an optimal doping level [62]. Shang et al. pointed out
experimentally the photoactivity of the sample is strongly dependent
on the doping level and the atomic ration of N to Bi of 0.5 seems the
best concentration for the photoactivity [31]. How to overcome the
doping limitation to obtain higher dopant solubility in experiments
and what is the best doping level for photoabsorption and photo-
catalytic effeciency are open issues.

Finally, we would like to refer to that the photocatalytic
reactions consist mainly of three processes: (1) photoexcitation
of electron and holes, (2) carrier transfers to the surface area, and
(3) chemical reactions on the surface [57]. Our current study is
related to the first two processes, which are determined by bulk
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Fig. 6. The absorption spectra of pure Bi,MOg, Bi,MOg with oxygen vacancy and
N-doped Bi,MOg.

properties, such as electronic structures, and so on. Hence, there
are some open issues. Whether the surface structure of Bi,MOg is
advantageous for the photocatalytic reactions? How to modify
surface to improve reaction activity and efficiency? The answers
to these issues are out of the scope of this work and are also left
for future research.

4. Conclusion

The electronic structures of Bi,MOg (M=Mo and W) with/
without V, and N-doping are studied by using first-principles
calculations based on DFT within GGA scheme. The defects may
induce localized geometry structural distortion and lead to the
improvement of photocatalytic efficiency. The pure Bi,WOg and
Bi,M00Og have similar band structures showing direct band gaps
of 1.91 eV and 1.77 eV, respectively. The VBs are mainly com-
posed of O 2p and Bi 6s, Bi 6p and a small part of M nd states,
while the CBs are dominated by M nd, Bi 6p and a small part of O
2p states. The smaller effective mass in Bi;,WOg than in BiMo0Og
may be responsible for the higher photocatalytic performance of
Bi,WOsg. Vo in Bi,MOg (M=W, Mo) introduces localized W 5d or
Mo 4d states in band gap, which may serve as a trapping center of
photogenerated electrons and consequently improve photocata-
lytic reaction. Substitution of N for O induces hybrid states of O 2p
and N 2p near the top of valence band, leading to the decrease of
band gap and redshift of the photoadsorption. With increasing the
nitrogen concentration, the band gap clearly decreases and the
intensity of DOS near the Fermi level obviously becomes stronger.
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