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ABSTRACT: Phase-pure BiMo,W; ,O4 (0 < x < 1) photocatalysts were
synthesized via a hydrothermal method. The as-prepared Bi,Mo,W;_,O¢ photo-
catalysts had an Aurivillius crystal structure and showed special anisotropic
growth. The optical absorption spectra of Bi,Mo,W;_,Os were red-shifted
monotonically as the value of x increased. On the basis of theoretical calculations,
the introduction of Mo atom into Bi,WO, could reduce the conduction band level
of Bi, WOy, so the band gap energy was reduced. The curvature of the conduction
band became smaller with an increase in the Mo content due to the different
electronegativities of Mo 4d and W Sd. The photocatalytic activities determined
by rhodamine B degradation under visible light irradiation (4 > 420 nm) of
Bi,Mo,W;_,O¢ photocatalysts were significantly improved as compared with
Bi;MoOg. The higher efficiency of Bi,WO4 was attributed to more effective
photoelectron transfer in the conduction band with larger curvature. The photocatalytic activities under visible light irradiation (4 >
450 nm) of Bi,Mo, W, O photocatalysts were much higher than that of Bi,WOg. The mechanism was discussed on the basis of
the cystal structure, morphology, and electronic stucture. This work provides a strategy for developing active photocatalysts with
more utilization of visible light.
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B INTRODUCTION

Heterogeneous photocatalysts offer great potential for envir-
onmental remedlatlon and for converting photon energy into
chemical energy.' > Typical examples are TiO,-based photocata—
lytic decomposition of organic contaminants and water splitting. "
Unfortunately, the band gap of TiO, is larger than 3.0 eV, which
means it can show activity only under UV irradiation, so a great
deal of effort has been devoted to developing visible-active TiO,
photocatalysts.*~” Anions doping with N, C, and S or transition

edge can be extended to 520 nm."*”'® Bi,MoOy possesses a
much smaller band gap than that of Bi,WOg and is a more ideal
photocatalyst from the viewpoint of using visible light. Unfortu-
nately, its photocatalytic activity is much lower than that of
Bi, WO

Recent studies have shown that substitution of the M site
(A.M,0,) with other metal ions could considerably improve the
catalytlc activity.'®~'® The substitution of M sites might induce
a slight modification of crystal structure due to the different ion
radii, resulting in dramatic influence on the mobility of the charge

metal cation dopmg is commonly used to function TiO, as a visible
light photocatalyst.*~” However, these doped TiO,'s show little
absorption of the visible light; moreover, the photocatalytic
activities are still very low due to complicated factors. Therefore,
the development of efficient visible-light-active photocatalysts has
been an urgent issue from the viewpoint of using solar energy.
The pioneering works done by Kudo et al. found that Bi,WOgq
exhibited photocatalytic activities for O, evolution, and Zou
revealed that Bi,WOg could degrade the organic compound under
visible light irradiation.** We have reported nanostructured
Bi,WOg ghotocatalysts could be synthesized via a hydrothermal
method'”'" and an amorphous complex precursor method,">
and the photocatalysis experiment indicated that Bi,WOg could
perform as an excellent visible light photocatalyst for dye degrada-
tion; however, its efficiency of visible light utilization was still
limited due to its absorption edge of 460 nm. Recently, Bi,MoOg
has been used as a visible light photocatalyst, and its absorption
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carrier and change the photocatalytic and photophysical properties.
Moreover, the optical response could also be changed due to the
substitution, which could change the d electronic configuration.
Therefore, from the viewpoint of developing a highly efficient
Bi,WOg photocatalyst with a wider optical response in the visible
spectral range, the substitution of W sites in Bi, WO, with Mo is
studied in the present work. W substitution for Mo in Bi;MoO,
and Bi,Mo;_,W,Og¢ with single phases have been prepared by
solid state reaction and mechanochemlcal activation to improve
the ferroelectric property of Bi,M0Og.>° Bi,Mo,W,_,Og solid
solutions with adjustable band gaps have been prepared by Yu’s
group via hydrothermal treatments, and the visible-light-induced
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photocatalytic activity of Bi;WOg was found to be improved with
a certain content of Mo substitution.”! However, the mechanism
of the effects of Mo replacement on the local structures and
photocatalytic activities of Bi;WOg photocatalysts is still not very
clear. Theoretical studies using density functional theory (DFT)
calculations for the purpose of probing the correlation between
band structure and photocatalytic activity in substituted photo-
catalysts are still reported poorly. Herein, BiMo, W, ,O4 (0 < x
< 1) photocatalysts were synthesized, and the mechanism of the
effects of Mo replacement on the photocatalytic activities of
Bi,WOg photocatalysts were systematically studied on the basis
of the crystal structure, electronic structure, and morphology of
Bi, WOg photocatalysts revealed by X-ray diffraction; density
functional theory (DFT) calculations; transmission electron micro-
scopy, UV—visible diffuse reflection spectra, Raman spectra, etc.

B EXPERIMENTAL SECTION

Preparation. Bi,Mo,W,_,O¢ nanosheets with x = 0, 0.05,
0.25,0.5,0.75, 0.95, 1 were synthesized via a simple hydrothermal
method. Bi(NO;)5+5H,0, (NH,)¢Mo,0,,:6H,0, and H,WO,
were chosen as starting metal sources in stoichiometric proportion
to form Bi;Mo,W;_,Og. All chemicals used were analytical grade
reagents without further purification. The starting chemicals
were mixed together, and 10 mL of deionized water was added.
The pH value of the precursor solution was adjusted to 7 with
1 mol/L KOH. The solution and precipitate were added into a
40 mL Teflon-lined autoclave and filled with deionized water up
to 80% of the total volume. Then the autoclave was sealed into a
stainless steel tank and kept at 180 °C for 24 h. Then the autoclave
was cooled to room temperature naturally. After cooling, the
yellow precipitate was washed with deionized water and dried at
80 °C in an oven.

Characterization. Crystallinity of the as-prepared samples
were characterized by powder X-ray diffraction (XRD) on a
Bruker D8 Advance X-ray diffractometer with Cu Ka radiation
and a 20 scan rate of 2°/min. The morphology and particle sizes
of samples were determined by a JEOL JEM-1200EX transmis-
sion electron microscope (TEM) at 120 kV. UV—vis diffuse
reflectance spectra (DRS) were recorded in the range 200—
700 nm using BaSOy, as the reference sample in a Hitachi U-3010
spectroscope. Raman spectra were recorded on a RM 2000
microscopic confocal Raman spectrometer (Renishaw Company)
with an excitation of 514 nm laser light at 0.5 mW and were
accumulated three times for 30 s each. The spectra were recorded
with a charge-coupled device camera. The Brunauer—Emmet—
Teller surface area was determined by nitrogen absorption—
desorption isotherm measurements at 77 K on a nitrogen
absorption apparatus (Micrometrics ASAP 2010).

Photoreactor. The visible light source was a 500 W xenon lamp
(Institute of Electric Light Source, Beijing) that was positioned
beside a cylindrical reaction vessel and cooled to maintain the
ambient temperature. Cutoff filter (A > 420 nm or 4 > 450 nm,
bought from Nantong Xiangyang Optical Element Co., Ltd.)
was placed upside the vessel. The average light intensity was
35 mW/cm” at the surface of the solution. The photocatalytic
experiments were performed at a temperature of 25 °C.

Procedure and Analyses. Aqueous suspensions of RhB
(100 mL, 1 x 10° M) and 100 mg of Bi;Mo,W; ,O4 powder
photocatalysts were placed in the vessel. Prior to irradiation, the
suspensions were dispersed in an ultrasonic bath for 10 min and
then magnetically stirred for 10 min in the dark to ensure the
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Figure 1. X-ray diffraction patterns of Bi,Mo,W,;_,Os.

establishment of adsorption/desorption equilibrium. At given time
intervals, 4 mL of liquid was sampled and centrifuged to remove
the particles. The filtrates were then analyzed by the Hitachi
U-3010 UV—vis spectrophotometer.

B RESULTS AND DISCUSSION

Effects of Mo Replacement on Crystal Structure of Bi,WOg
Photocatalysts. XRD patterns of Bi,Mo,W;_,Og4 samples are
shown in Figure 1.1t can be observed that Bi,Mo,W;_,Og samples
with single Aurivillius phase can be synthesized via a hydrothermal
method, which was also reported by Yu’s group,”’ in which the
Mo powder and W powder dissolved in H,O, were used as the
metal source. In the current work, (NH,)sMo,0,,-6H,0 and
H,WO, were directly utilized without further treatment to
synthesize the Bi,Mo,W;_,O¢ with a single Aurivillius phase.

The diffraction peaks of Bi,WOg and Bi,MoOg can be exactly
indexed as JCPDS 79-2381 and 21-0102, respectively. The simi-
larity of the diffractograms suggests that these compounds are
isostructural with Aurivillius BiWOy, with slight shifts in the 20
values being observed for several diffraction peaks (peaks at 26 =
10.8°,28.4°, and 47.0°). The standard intensity of the (113) peak
was about S times that of the (200) or (010) peak, whereas the
I(113)/1(200) of the samples was smaller than 2, implying the as-
prepared Bi, WO, nanoparticles had special anisotropic growth,"®
in accordance with the nanoplate morphologies observed by TEM.

Meanwhile, it was observed that the Bi;Mo,W;_,Og samples
also had special anisotropic growth. The enlarged parts of Figure 1
with XRD patterns from 27° to 35° are shown in Figure 2a. It was
noteworthy that the (113) diffraction peaks of Bi,Mo, W, ,O¢
samples shifted to a lower angle with the increase in the Mo
content in the compounds. Mo has a slightly smaller atomic
radius than W (134.2 vs 137 pm); however, the effective electro-
negativity of 4d transition metal ions is higher than their 5d
counterparts, and as a consequence, they should be expected
to form more covalent bonds with oxygen, which would slightly
modify the crystal structure and could be the reason for the lower
angle shift of the (113) diffraction peaks.” It is also observed in
Figure 2a that the (113) diffraction peak is sharpened as the Mo
content increases, indicating the crystallite size is larger when Mo
atoms are incorporated, in accordance with the TEM images.

The evolution of the lattice parameters with the composition is
shown in Figure 2b, ¢, d. The cell constants of g, b, c values were
calculated on the basis of the orthorhombic symmetry reported
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Figure 2. (a) The enlarged XRD patterns part of Bi,Mo, W, O ranging from 26 = 27 to 35% (b—d) The lattice parameter of 4, b, c, respectively, of
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Figure 3. Raman spectra for prepared Bi,Mo,W;_,Og.

in the JCPDS card file of Bi,WOg. With the increased content of
Mo, the value of 4, ¢ increase regularly, while the value of b
decreases. Interestingly, the calculated cell volume increases with
increasing Mo content, although Mo possesses a slightly smaller
atomic radius, which is in accordance with the cell volume data
from ICSD database for Bi;WOg and Bi,MoOg (487.6 vs 489.2).
The shifted XRD peaks and the changes of the lattice parameters
indicate that the direct substitution of Mo®" for the W site in
Bi,WOgq is possible, and the ternary compounds were synthesized
as single Bi;Mo,W;_,Og phases corresponding to a continuous
series of solid solutions between Bi,WOg4 and Bi,MoOg,
Raman spectra of Bi,Mo,W; _,Og4 samples are shown in Figure 3.
In general, all Raman bands for Bi;WOg4 above 400 cm™~ were
assigned to W—O stretching modes and were assumed to reflect
directly W—O bond lengths in tungstate species.”> The peaks in the
range 600—1000 cm” ' were assigned to the stretches of the W—O
bands. In more detail, the bands at 790 and 820 em ' were

associated with antisymmetric and symmetric A; modes of the
WOg octahedra that involve motions of the apical oxygen atoms that
are perpendicular to the layers.”* Raman bands observed in the range
600—1000 cm ™! for Bi,MoOg were assigned to Mo—O stretches,
and those below 400 cm ™' were assigned to bending, wagging, and
external modes by directly correlating Mo—O bond lengths.>® A
strong band at 795 cm ™ along with two shoulder bands at 845 and
714 ecm™ " of Bi,MoOg were observed, corresponding to Mo—O
stretching modes of the distorted MoOg octahedra. It is notable that
with the increasing Mo content, the band at 820 cm ' is shifted to
higher wavenumbers, which could be attributed to the different
metal—oxygen bond lengths within WO4 and MoOg octahedra
related to the apical oxygen atoms. However, the mode at 715 cm ™'
exhibits no evident shift and broadening, which is due to the
asymmetric stretching vibration (E, mode) of the WOg octahedra
involving the motion of the equatorial oxygen atoms within layers,
further confirming that the variation of WO structure exists in only
the apical oxygen atoms, not equatorial oxygen atoms. The relation-
ship between Raman stretching frequency and bond length was

found to follow a simple exponential form,
Ry_o = 0.48239 In(32895/7)

where v is the Raman stretching frequency in wavenumbers and R is
the metal—oxygen bond length in angstroms. It can be concluded
that the lower frequencies of the Raman stretching band correspond
to the longer bond lengths. With the increasing Mo content, the
band at 820 cm ™ is shifted to higher wavenumbers, indicating the
apical W—0 bond length is decreased.

Morphologies of Bi,Mo,W,_,0¢ Samples and Effects of
Mo Replacement on Surface Area and Pore Size Distribu-
tion. Morphologies of Bi,Mo,W;_,Og samples were investi-
gated by TEM; the result is shown in Figure 4. Figure 4a and
f shows the morphologies of Bi;MoOg and Bi, WO samples,
respectively. It is observed that the Bi,WOg particles have a
sheetlike morphology, whereas the Bi,MoO particles have a much
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Figure 4. TEM micrographs of BiMo, W, _,Og samples; x = (A) 1, (B) 0.95, (C) 0.75, (D) 0.25, (E) 0.0S, and (F) 0.

thicker platelike morphology. The sheetlike and platelike mor-
phologies indicate a preferential growth of the crystal, in accor-
dance with the XRD results. Figure 4b—e shows the morphologies
of Bi,Mo, W, _,Og from x = 0.95 to x = 0.05. With the decrease in
x, the particles became smaller and thinner. The sample of
Bi;Mo0,0sWo95Og has an average particle size of ~200 nm, but
the particle size of Bi;Mog 9sWo 05Og is ~700 nm. Moreover, the
thickness of the latter particles is also much greater, so it could be
concluded that the substitution of the Mo atom for the W atom may
significantly influence the crystal growth and the tungstate prefers
to form nanosheet morphology when the amount of Mo is lower.
Figure S shows the nitrogen adsorption—desorption isotherm
for Bi,Mo, W, _,Og4 samples. The nitrogen adsorption isotherms
and pore size distributions of Bi,Mo,W;_,O¢ with x = 1, 0.25,
0.05, and 0 are shown in Figure Sa—d, respectively. The
adsorption isotherms for all these samples can be assigned as
type II, which is characteristic of nonporous or macroporous
solids in BDDT classification.*® In addition, the hysteresis loop
resembled H3 in IUPAC dlassification, which did not exhibit any
limiting adsorption at high relative pressure. These results
indicate that the adsorbents do not possess well-defined meso-
porous structures. A pore-size-distribution curve was calculated
from the desorption branch of nitrogen isotherm by the BJH
method. The pore size ranges of Bi;MoQOg, Bi,Mog,5W¢750¢,
Bi;Mog 9sWo.050s, and Bi, WO were 0— 160, 0—90, 0— 160, and
0—140 nm, respectively, and the main pore sizes were 80, 30,
25, and 20 nm, respectively. With the increased Mo content in
Bi,Mo, W, _,O¢ samples, the pore size is also increased. The surface
area for Bi,MoOg was 16.39 m?*/ g, whereas the surface area for
Bi,WOg was 42.89 m?*/ g. From x = 0.05 to x = 0.95, the surface
areas of Bi;Mo,W,_,Og¢ decreased from 33.6 to 20.24 mz/g, in
accordance with the TEM results, which showed the samples
possess a larger particle size with more Mo atoms in the sample.

Effects of Mo Replacement on the Optical Properties of
Bi,WOg. Figure 6 shows the DRS spectra of the BiMo,W;_,O¢
samples. It is found that the DRS spectra of Bi;Mo,W,;_,O¢
samples possessed steep edges in the profile, indicating that the
visible light absorption was not caused by the transition from the
impurity level but was due to the band gap transition.”” From the
onsets of the absorption, the band gaps of Bi,MoOg and Bi, WO
were estimated to be 2.36 and 2.7 eV, respectively. The absorp-
tion edges of Bi,Mo,W;_, O were located in a position between
those of Bi;M0oOg and Bi; WOy, and the absorption spectra were
red-shifted as the value of x increased. The band gap energies
estimated from the (absorbance)**(hv)®® versus photon energy
plots were 2.56, 2.46, 2.44, 2.43, and 2.42 eV, respectively, for
Bi,Mo,W,;_,O¢ with x = 0.05, 0.25, 0.5, 0.75, and 0.95, respec-
tively. The difference of band gaps in the photocatalysts might
result from the conduction band. Mo®* substituting can decrease
the conduction band level of Bi,WOg. It is noteworthy that the
onset of the diffuse reflection spectra with Mo substitution is not
linearly shifted. The overall band gap of a given Bi,Mo,W;_,O¢
compound can be thought to depend mainly upon two factors:
(i) the degree of Mo 4d and W 5d orbitals being involved in
the conduction band of Bi,Mo, W, O and (ii) the degree of
delocalization of excitation energy due to the distortion of
the crystal structure arising from Mo substitution. It may thus
be said that change in the band gap energy is not necessarily
proportional to that in the amount of Mo substitution. A similar
result was also reported in Sr,Nb, ,Ta,0-'® and Ca,Nb, ,Ta O,
solid solution.*®

Effects of Mo Replacement on Electronic Structure of
Bi,WOs. The quantum-mechanical calculations performed here
are based on density functional theory.”” Exchange-correlation
effects were taken into account by using the generalized gradient
approximation.*® The total energy code CASTEP was used,*"*

dx.doi.org/10.1021/cs200155z |ACS Catal. 2011, 1, 841-848
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Figure 6. Diftuse reflectance spectra of a series of prepared Bi, Mo, W;_,O¢
crystallines.

which utilizes pseudopotentials to describe electron—ion inter-
actions and represents electronic wave functions using a plane-
wave basis set. The kinetic energy cutoff was set at 380 eV.

Herein, the electronic structures of Bi, WO¢ and Bi,Mog 33W,6706
were investigated. The model of Bi;Mog 33Wo 6,0 was built by
replacing two W atoms with Mo in a primitive cell of Bi,WOg
(Figure 8a). The P(—1) crystal symmetry was preserved to give
these models. The structure was optimized with a constraint of
lattice parameters.

The calculated band dispersions and densities of states for
Bi;,Mog 33Wy 67,06 are shown in Figure 7. The top of the valence
band corresponds to orbital 108, and the bottom of the conduc-
tion band corresponds to orbital 109. The contents of each band
are shown in Figure 7a. For example, orbitals 77—108 were
composed of O 2p + Bi 6s6p orbitals. The band gap lies between
orbitals 108 and 109. The valence band was composed of O 2p +
Bi 6s6p and Bi 6p + O 2p + W 5d + Mo 4d, whereas the
conduction band was composed of W 5d and Mo 4d orbitals. The
conduction band also contains small contributions from Bi 6p
orbitals by the overlap with W Sd and Mo 4d orbitals. The band

gap was reasonably estimated to be 0.53 eV, taken as the energy
difference between the top of the O 2p + Bi 6s band and the
bottom of the W Sd + Mo 4d + Bi 6p band. The PDOS (partial
density of states) of Bi, W, Mo, and O atoms are shown in the
Supporting Information (Figures 1S and 2S). Figure 7b shows
the composition of the density of states for Bi,WOg4 and
Bi,M00.33Wo.670¢-

Figure 8 indicates the evolution of the electronic structure
with the increased Mo content in Bi,WQOjg. The valence bands
of all compounds were similar, but the potential level of the
conduction band of Bi,Mog 33W( 6706 and Bi;MoO¢ was lower
than that of Bi,WOyg. Generally, the potential level of the
conduction band was lowered as the amount of Mo increased.
The XPS valence band spectra have been reported and dis-
cussed by Yu’s group.”" In their work, a similar value of the VB
maximum was observed from the XPS valence band spectra;
this could be attributed to the similar compostion of the VB
maximum (O 2p + Bi 6s6p) based on the DFT calculation. The
difference in the width of the VB could be attributed to the
incorporation of Mo 4d at the lower part of VB. The substitu-
tion of Mo in Bi;WOg4 would reduce the conduction band level
of Bi,WQOg because the Mo 4d band was involved in the
conduction band, so the band gap of Bi;Mo, W, _,O¢ decreased
as the value of x increased, which is in accordance with the
results of diffuse reflection spectra. It is noteworthy that a larger
curvature is observed in the conduction band of Bi,WOg than
that of Bi,Mog 33Wy 704 and Bi,MoOg. As a consequence, the
widths of the conduction of Bi;Mo 33Wj 6704 and Bi,MoOg
are 2.2 and 2.0 eV, respectively, which are narrower than that of
Bi,WOjg (2.5 eV). Namely, the width of the conduction and
curvature decreased as the amount of Mo increased. The
mobility of the electronic carrier is proportional to the recipro-
cal effective mass of carrier, which is in proportion to the
curvature.® This means that Bi; WO, has a larger electron
mobility than Bi;Mog 33Wy 6706 and Bi;MoOg.

845 dx.doi.org/10.1021/cs200155z |ACS Catal. 2011, 1, 841-848
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Figure 7. (a) Energy-band diagram and density of states for
Bi,Mo,W, O with x = 0.333 calculated by a DFT method; (b)
Comparison of density of states between Bi,WOg, and Bi,Mo,W,_,O¢
with x = 0.333.

The optimized model of Bi;Mog 33Wy 6706 and the electron
density contour maps for the top of valence band (HOMO) and
bottom of conduction band (LUMO) are shown in Figure 9.
Orbital 108 was the top of the valence band. This orbital, shown in
Figure 9b, was formed by the O 2p orbital with a small mixing of
Bi 6s. The contour map of orbital 109, the bottom of the
conduction band, is shown in Figure 9¢; the electron density
was localized to W Sd and Mo 4d orbitals only. The upper part of
the conduction band consists of W 5d, Mo 4d, and O 2p orbitals,
whereas the lower part was composed of W 5d and Mo 4d orbitals
only. The contour map of the upper part is not shown.

Effects of Mo Replacement on Photocatalytic Activities of
Bi,WOg. RhB photodegradation was used as a model reaction to
evaluate the photoactivities of the as-prepared samples. The
photodegradation of RhB under visible light (A > 420 nm) is
shown in Figure 10. The first-order linear relationship was revealed
by the plots of In(C/C,) vs irradiation time (£). When x = 0.05 and
0.25, the photocatalytic activities of Bi,Mo,W;_,Og were better
than that of the Bi,MoOg sample, but they were lower than that
of the Bi;WOg sample. From x = 0.5 to x = 0.95, the photo-
catalytic activities of Bi,Mo,W;_,O4 were lower than BiMoO.
The determined reaction rate constants (k) were 0.045, 0.014,
0.0218, 0.0053, 0.0021, 0.0025, and 0.00834 min~ " for x = 0,
0.05, 0.25, 0.5, 0.75, 0.95, 1, respectively.

Bi,WOg and Bi;MoOg were synthesized with identical pre-
paration process, but the photocatalytic activity of Bi,WOgq
was ~5 times higher as compared with Bi;MoOg. One reason
could be the surface area. The surface area of Bi, WO4 was 3 times
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Figure 8. The evolution of electronic structure with the increased
amount of Mo.

Figure 9. (a) The optimized model of Mo-doped Bi,WOg. (b) Electron
density contour map for the top of the valence band (HOMO). (c)
Electron density contour map for the bottom of the conduction band
(LUMO). Purple, blue, and red balls represent Bi, W, and O atoms,
respectively.

bigger than that of Bi;MoO. A big surface area is greatly favored
for the photocatalytic degradation of RhB. Another reason that
must be considered is the different electronegativities of W and
Mo ions. Band structure calculations performed on Mo-substi-
tuted Bi,WOg4 found that the curvature of conduction band
becomes smaller. The pentavalent ions W®* and Mo®* are often
thought of as almost interchangeable, because they have nearly
identical ionic radii and oftentimes very similar crystal chemistry.
However, the effective electronegativity of 4d transition metal
ions is higher than their Sd counterparts, and as a consequence,

dx.doi.org/10.1021/cs200155z |ACS Catal. 2011, 1, 841-848
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Figure 11. First-order plots for the photocatalytic degradation of RhB
for prepared Bi,Mo,W;_,O¢ under the irradiation of visible light 4 >
450 nm.

they should be expected to form more covalent bonds with
oxygen, which results in the formation of a narrower conduction
band with a smaller curvature and a possible delocalization of the
charge carriers. More covalent bonds, resulting in a relatively narrow
conduction band with a smaller curvature, were not effective for the
movement of photogenerated electron—hole pairs.>*** Conse-
quently, Bi,WO¢ had a higher photocatalytic activity than
BizMOOé.

As the structure of Bi;Mo,W;_,0O4 changed from Bi, WO, to
Bi,MoOs with x increasing, the photocatalytic activities of
Bi,Mo,W,_,Og¢ decreased as the value of x increased. It is worth
noting that at x = 0.05 and x = 0.95, the photocatalytic activities of
Bi;Mog 0sWo.0506 and Bi,MogosW( 05O were lower than the
samples with more Mo substitution: Bi;Mog,5Wq 750 and
Bi,MoOy, respectively. Both of these samples possess a low level
substitution. Low-level substitution of W(Mo) in Bi,W(Mo)Oj
with Mo(W) would produce more defects, which could act as an
electron—hole recombination center. The sample Bi,Moy,s.
Wo7506 shows the highest activity in the Mo-substituted Bi; WOy
samples; a higher content of Mo did not further increase the
activity, despite improved photon absorption. This is attributed
to the decreased electron mobility and surface area, as discussed
above. The incorporation of Mo, resulting in a relatively narrow
conduction band with smaller curvature, was not effective for the
movement of photogenerated electron—hole pairs, as shown in
the electronic structure calculation. The recent work from Yu’s
group21 also showed that Bi;Mog,sWy 7505 exhibited the highest
photocatalytic activity, even higher than that of Bi;WOj, which
might be attributed to the different filter (1 > 400 nm), metal

source (W and Mo metal powders), and dye (methylene blue)
employed in their work.

The photodegradation of RhB under visible light (4 >
450 nm) is further studied to study the effect of Mo replace-
ment; the results are shown in Figure 11. It is observed that
Bi,Mog ,5Wy 7506 shows much higher photocatalytic activity as
compared with B, WOg. The other two samples, Bi,Mog sW( 5Og
and Bi;MoOQg, also show higher activity than Bi,WOg, but lower
than Bi;Mog,5Wo750s. The higher performance of Mo-substi-
tuted samples under visible light 4 > 450 nm could be attributed
to their lower band gap compared with Bi;WOg, as shown in
diffuse reflectance spectra in Figure 6. It is indicated that the
optical absorption property of Bi,WOg could be significantly
enhanced by Mo substitution, which is very important from the
viewpoint of utilizing solar energy.

Il CONCLUSIONS

Bi,Mo,W;_,Og photocatalysts were synthesized via a hydro-
thermal method. The substitution of Mo in Bi,WQOg would
reduce the conduction band level of Bi;WOg and the curvature
of the conduction band. Bi,WO4 and Bi;Mog,sW( 7504 showed
relatively higher photocatalytic activity than other samples under
visible light A > 420 nm. Bi,Mog,5W7504 shows much higher
activity than Bi,WOg under visible light A > 450 nm. Mo substitu-
tion could effectively reduce the band gap of Bi,WOg and increase
the efficiency of utilization of visible light.
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