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ABSTRACT: A heterostructured photocatalyst containing the same Bi, Mo, and O elements (Bi3.64Mo0.36O6.55/Bi2MoO6) was
realized by a facile hydrothermal method. The heterostructured composite was characterized by powder X-ray diffraction, selected-
area electron diffraction, scanning electron microscopy, and high-resolution electron microscopy. The Bi3.64Mo0.36O6.55/Bi2MoO6

composite exhibited notable enhanced photocatalytic activity compared to Bi2MoO6 or Bi3.64Mo0.36O6.55 in the photocatalytic
degradation of rhodamine B and phenol under visible-light irradiation. More interestingly, it is found that the heterostructured
composite could mineralize organic substances into CO2 efficiently. This study offered a clue for the design of an efficient
photocatalyst in the application of environmental treatment.
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’ INTRODUCTION

Photocatalysis over semiconductors using solar energy has
attracted extensive attention in the splitting of water and the
degradation of organic pollutants.1�3 However, how to improve
the photocatalytic efficiency to meet practical requirements is
still a big challenge for solving the global energy and environ-
mental issues. Recently, semiconductor-based heterostructures
have received a great deal of attention, arising from the following
two considerations.4,5 First, control over the composition of
wide-band-gap energy semiconductors can realize the effective
utilization of solar energy. Metal�oxide semiconductors such as
TiO2 and ZnO coupling with a narrow-band-gap semiconductor
have been studied intensively to extend the photoresponding
range.6�9 Second, charge transfer from one semiconductor to
another can lead to efficient charge separation by reducing the
electron�hole pair recombination.10,11

Generally, heterostructured composites, which contain two or
more different photocatalysts such as Cu2O/TiO2, WO3/TiO2,
CdS/TiO2, Co2O3/BiVO4, or AgBr/Ag/Bi2WO6, were studied
extensively, and they exhibited enhanced photocatalytic
activities.12�16 However, a heterostructured photocatalyst con-
taining the same elements is rarely investigated. For the compo-
site photocatalysts, the interface should be very important, which
is the key pass connecting different components. Many methods
have been carried out to obtain composites, i.e., the electro-
chemical method, electrospinning, physical or chemical vapor
deposition, etc.12,13,17,18 In addition, most of the combination
processes were realized through two or more steps. Hydrother-
mal synthesis not only is a mild and facile process but also offers a
high degree of crystallinity and controllable particle size of the
products.

γ-Bi2MoO6, as an Aurivillius-phase perovskite represented by
(Bi2O2)

2+(An�1BnO3n+1)
2� (A = Ba, Bi, Pb, etc.; B = Ti, Nb, W,

Mo, etc.), possesses unique layered structures in which perov-
skite slabs of (An�1BnO3n+1)

2� are sandwiched between (Bi2O2)
2+

layers. Its dielectric, ion-conductive, and catalytic properties have
attracted attention.19�21 Also, its visible-light-responsive prop-
erty makes Bi2MoO6 worthy of consideration as an advanced
material for photocatalytic application. Many studies about the
effects of the crystallinity, size, and morphology on the photo-
catalytic property of Bi2MoO6 synthesized by the hydrothermal
process have been carried out.22�24 Bi3.64Mo0.36O6.55 with a
cubic phase is another kind of bismuth molybdate. There are a
few investigations concerning Bi3.64Mo0.36O6.55 as a photocata-
lyst. Synthetic processes, such as low-temperature molten salt
and microwave-assisted methods, have been studied for the
preparation for Bi3.64Mo0.36O6.55.

25,26 In this study, a hetero-
structured photocatalyst, Bi3.64Mo0.36O6.55/Bi2MoO6, with the
same Bi, Mo, and O elements was realized by a simple hydro-
thermal method and characterized in detail. The photocatalytic
activity of a Bi3.64Mo0.36O6.55/Bi2MoO6 composite was investi-
gated in comparison with that of pure Bi2MoO6 and Bi3.64-
Mo0.36O6.55 obtained by the hydrothermal method through the
photocatalytic degradation of respectively an organic dye of
rhodamine B (RhB) and a colorless model pollutant of phenol
under visible-light irradiation. The results revealed that the
Bi3.64Mo0.36O6.55/Bi2MoO6 composite exhibits the best photo-
catalytic performance in the degradation of both RhB and
phenol. To the best of our knowledge, investigations on the
photocatalytic activity of a bismuth molybdate heterostructured
composite have not been attempted yet.

’EXPERIMENTAL SECTION

All of the reagents were of analytical grade and were used without any
further purification. In a typical procedure, 0.970 g of Bi(NO3)3 3 5H2O
was first dissolved in 5 mL of a 4 M nitric acid solution and then diluted
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to 18 mL with deionized water. A total of 0.242 g of Na2MoO4 3 2H2O
was dissolved in 18 mL of deionized water. A white precipitate was
formed when the Na2MoO4 solution was added dropwise to the above
mixed solution. The pH value of the precursor suspension was changed
from 5 to 11 by the addition of a 2 M NaOH solution when necessary.
The samples denoted as p5, p6, p6.6, p7, p9, and p11 represent the
samples prepared at pH values of 5, 6, 6.6, 7, 9, and 11, respectively. After
being stirred for 3 h, the suspension was transferred to a 50 mL Teflon-
lined autoclave up to 80% of the total volume. Then the autoclave was
sealed in a stainless steel tank and kept under a series of experiment
conditions. Subsequently, the autoclave was cooled to room tempera-
ture naturally. The temperature series of samples denoted as T140,
T160, and T180 represent the samples prepared at 140, 160, and 180 �C
for 12 h with a pH value of 7. The resulting samples were collected,
washed with deionized water, and dried at 60 �C in air. All of the time
series of samples were prepared at 160 �C with a pH value of 7 for
different hours.
The powder X-ray diffraction (XRD) patterns of the as-synthesized

samples were recorded on a D/MAX 2250 V diffractometer (Rigaku,
Japan) using monochromatized Cu KR (λ = 0.154 18 nm) radiation
under 40 kV and 100 mA and with 2θ ranging from 10� to 70�. UV�vis
diffuse-reflectance spectra of the samples were obtained on an UV�vis
spectrophotometer (Hitachi U-3010) using BaSO4 as the reference. The
morphologies and microstructures of as-prepared samples were ana-
lyzed by a field-emission scanning electron microscope (JEOL JSM-
6700F). Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) images were obtained
using a JEOL JEM-2100F field-emission electron microscope at an
acceleration voltage of 200 kV. Nitrogen adsorption�desorption mea-
surements were conducted at 77.35 K on a Micromeritics Tristar 3000
analyzer after the samples were degassed at 150 �C for 3 h. The
Brunauer�Emmett�Teller (BET) surface areas of the products were
estimated using the adsorption data.
Photocurrent measurements were carried out on an Electrochemical

Station CHI660D in a standard three-electrode system. A total of 25 mg
of the photocatalyst was suspended in distilled water (50mL) containing
acetate (0.1 M) and Fe3+ (0.1 mM) as an electron donor and acceptor,
respectively. A platinum plate (both sides exposed to the solution), a
saturated calomel electrode (SCE), and a platinum wire were immersed
in the reactor as working (collector), reference, and counter electrodes,
respectively. Photocurrents were measured by applying a potential
(+1 V vs SCE) to the platinum electrode using a potentiostat (EG&G).
The photocatalytic activities of the samples were evaluated by the

degradation of RhB and phenol under visible-light irradiation of a 500W
xenon lampwith a 420 nm cutoff filter. The experiments were carried out
at room temperature. A total of 0.05 g of the as-prepared sample was
added to 10 mg/L of RhB with a magnetic stirrer to prevent settling of
the photocatalysts. Before illumination, the solution was stirred in the
dark overnight in order to reach the adsorption�desorption equilibrium
of RhB on the photocatalysts. The concentrations of RhB were
monitored with a Hitachi UV-3010PC UV�vis spectrophotometer in
terms of the absorbance at 553 nm during the photodegradation process.
For the degradation of phenol, 0.05 g of the photocatalyst was added to
100 mL of a phenol solution (7 mg/L). The reaction was carried out in a
gas-closed reactor at room temperature (capacity 600 mL). The
absorption spectrum of the centrifugated solution was recorded using
aHitachiU-3010UV�vis spectrophotometer. The concentrationof carbon
dioxide was determined by using a gas chromatograph equipped with a
flame ionization detector (N2 carrier) and a catalytic conversion furnace.

’RESULTS AND DISCUSSION

The formation of bismuth molybdate was well confirmed by
XRD analysis. As shown in Figure 1, all of the diffraction peaks of

the XRD patterns were indexed as orthorhombic Bi2MoO6 and
cubic Bi3.64Mo0.36O6.55. After refinement, the cell parameters of
Bi2MoO6 were calculated as a = 5.503 Å, b = 16.207 Å, and c =
5.484 Å, which correspond to the standard pattern (JCPDS 21-
0102 with a = 5.502 Å, b = 16.213 Å, and c = 5.483 Å). Also, the
cell parameters of Bi3.64Mo0.36O6.55 are a = b = c = 5.639 Å after
refinement, which are in agreement with the standard pattern
(JCPDS 43-0446 with a = 5.639 Å). No other peaks from
possible impurities are detected.

Bismuth molybdates were characterized by scanning electron
microscopy (SEM). Figure 2a shows that the as-prepared
Bi2MoO6 consists of platelet-type particles with a length of up
to 400 nm. Octahedron-like nanoparticles are observed in the
image of Bi3.64Mo0.36O6.55, implying its cubic structure (Figure 2b).
It can be clearly seen from Figure 2c,d that the Bi3.64Mo0.36O6.55/
Bi2MoO6 composite is composed of sheets with the size of 2 μm
and nanoparticles with the size of 100 nm embedded in the
sheets. To further confirm the composition of the composite, the
sample was characterized by TEM and selected-area electron
diffraction (SAED) analysis. As shown in Figure 3a, the sample
exhibits two different kinds of morphologies. The SAED pattern
(Figure 3b) taken along the [011] direction on the area marked 1
in Figure 3a indicated that the sheet is a single crystal. The angle
between the (0�11) and (100) planes was 90.0�, which is
consistent with the crystal structure of Bi2MoO6. The SAED
pattern (Figure 3c) was taken along the [110] direction on the
area marked 2 in Figure 3a, indicating that the nanoparticle is a
single crystal. Also, the angle between the (1�11) and (1�1�1)

Figure 1. XRD patterns of the samples prepared at 160 �C for 12 h at
different pH values.

Figure 2. Typical SEM images of three kinds of bismuth molybdate
samples prepared at 160 �C for 12 h: (a) Bi2MoO6 (pH = 5); (b)
Bi3.64Mo0.36O6.55 (pH = 9); (c and d) Bi3.64Mo0.36O6.55/Bi2MoO6

composite (pH = 6.6).
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planes was 70.5�, which is consistent with the crystal structure of
Bi3.64Mo0.36O6.55. As shown in the HRTEM image, the lattice
fringes with interplanar spacing of 0.275 nm corresponded to the
(200) plane of Bi2MoO6, while the fringes of d = 0.325 nmmatched
the (1�11) crystallographic planes of cubic Bi3.64Mo0.36O6.55

particles. On the basis of the above analysis, it can be confirmed
that a Bi3.64Mo0.36O6.55/Bi2MoO6 composite with heterostruc-
ture was obtained in our synthetic process.

The pH value is the key factor in the formation of bismuth
molybdate. The samples prepared at pH values ranging from 5 to
11 are assigned to three compositions, namely, pure Bi2MoO6,
pure Bi3.64Mo0.36O6.55, and the Bi3.64Mo0.36O6.55/Bi2MoO6

composite. It is clear that the samples p5 and p6 are pure
Bi2MoO6. When the pH value was increased to 6.6 and 7, the
XRD pattern showed mixed phases of Bi2MoO6 and Bi3.64-
Mo0.36O6.55. As the pH value was further increased to 9, the
XRD pattern exhibited a pure Bi3.64Mo0.36O6.55 phase, without
any detectable Bi2MoO6, and so did sample p11. On the basis of
these results, we can conclude that the acidic condition is favorable
for the formation of Bi2MoO6, while the alkaline medium favors the
formation of Bi3.64Mo0.36O6.55. The Bi3.64Mo0.36O6.55/Bi2MoO6

composite can only be obtained when the pH value is appro-
priate. The effects of the temperature and time of hydrothermal
treatment on the synthesis of the composite photocatalyst were
also investigated. With a pH value of 7.0, the sample prepared at
140, 160, and 180 �C was the Bi3.64Mo0.36O6.55/Bi2MoO6

composite (Figure S1 in the Supporting Information). However,
the ratios of the two phases were different, which was reflected by
the different relative intensities of the diffraction peak of the two
phases. In comparison with the effect brought by the pH value,
the differences arising from the time of hydrothermal treatment
are negligible (Figure S2 in the Supporting Information).

Diffuse-reflectance spectroscopy (DRS) is an important meth-
od for characterizing the electronic states and optical properties
of semiconductormaterials. TheDRS spectra of as-preparedbismuth
molybdates are shown in Figure 4. The samples exhibited an
intense absorption in the visible-light range, which suggests the

property of being photoactive under visible-light irradiation. The
steep shape of the spectra suggests that the light absorption is due
to a band-gap transition instead of a transition induced by impurity
levels.27 The absorption edges of Bi2MoO6, a Bi3.64Mo0.36O6.55/
Bi2MoO6 composite, and Bi3.64Mo0.36O6.55 are located around
510, 538, and 547 nm, respectively. Their band gaps are
estimated to be 2.43, 2.30, and 2.26 eV from the onset of
absorption edges. The band gap was mainly influenced by the
coordination number of the oxygen ions to a molybdenum ion.
The as-prepared Bi2MoO6 in this study exhibited a narrower
band gap compared with that reported by Kudo and co-workers.
Visible-light adsorption of γ-Bi2MoO6was revealed by the plane-
wave-based DFT method to be due to a transition from the
valence band consisting of the O 2p orbitals to the conduction
band derived from the primary Mo 4d orbitals in MoO6

octahedra and the secondary Bi 6p orbitals.28

To demonstrate that the heterostructured composite semi-
conductors were preferred for efficient charge separation, the
photocurrents generated on the samples with different phases
were measured. Generally, the value of the photocurrent in-
directly reflects the semiconductor’s ability to generate and transfer
a photogenerated charge carrier under irradiation, which corre-
lates with the photocatalytic activity.29 It is shown in Figure 5 that
the Bi2MoO6 and Bi3.64Mo0.36O6.55/Bi2MoO6 spectra are more
efficient in photocurrent generation compared to Bi3.64Mo0.36O6.55,
and the composite Bi3.64Mo0.36O6.55/Bi2MoO6 generates higher
photocurrent than Bi2MoO6. Therefore, the composite composition

Figure 4. UV�vis absorption spectra of the bismuth molybdate
samples prepared at 160 �C for 12 h: (a) Bi2MoO6 (pH = 5); (b)
Bi3.64Mo0.36O6.55/Bi2MoO6 composite (pH = 7); (c) Bi3.64Mo0.36O6.55

(pH = 9).

Figure 5. Photocurrent generation under visible light in aqueous
photocatalyst suspensions with acetate and Fe3+ as an electron donor
and an acceptor, respectively: (a) Bi3.64Mo0.36O6.55/Bi2MoO6 compo-
site (160 �C for 12 h, pH = 7); (b) Bi2MoO6 (160 �C for 12 h, pH = 5);
(c) Bi3.64Mo0.36O6.55 (160 �C for 12 h, pH = 9).

Figure 3. (a) TEM image of a sample Bi2MoO6/Bi3.64Mo0.36O6.55

composite with a pH value of 6.6, (b) SAED pattern taken on the area
marked 1 in part a, (c) SAED pattern taken on the area marked 2 in part
a, (d) HRTEM image of a Bi2MoO6/Bi3.64Mo0.36O6.55 composite.
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enhanced the charge carrier transfer and reduced the electron�
hole recombination. It is assumed that interactions between
Bi3.64Mo0.36O6.55 and Bi2MoO6 are favorable for enhancing the
photocatalytic activity of Bi3.64Mo0.36O6.55/Bi2MoO6.

The photocatalytic activity of the composite photocatalyst
Bi3.64Mo0.36O6.55/Bi2MoO6 was compared with those of Bi2-
MoO6 and Bi3.64Mo0.36O6.55 by photocatalytic dye degradation
under visible-light irradiation (λ > 420 nm). RhB was chosen as a
representative model pollutant. The establishment of adsorp-
tion�desorption equilibrium was obtained under continuous
stirring overnight before the degradation reaction was carried
out. The absorption of an aqueous solution of RhB at a wave-
length of 553 nm decreased under visible-light irradiation, which
suggested an apparent decrease of RhB. Figure 6 displays a plot of
the photodegradation extent ofRhBmolecules (monitored at 553nm)
as a function of the irradiation time by different bismuth moly-
bdate samples. C is the absorption of RhB at a wavelength of
553 nm during the photocatalytic process, and C0 is the absorp-
tion after adsorption equilibrium on photocatalysts. The photo-
lysis of RhB is quite slow under xenon lamp irradiation without
photocatalysts. The Bi3.64Mo0.36O6.55/Bi2MoO6 composite ex-
hibits the highest photocatalytic activity. Up to 99% of RhB was
degraded under visible-light irradiation after 30 min in the
presence of the Bi3.64Mo0.36O6.55/Bi2MoO6 composite, while
the photocatalytic degradation rates are 82% and 33% for
the photocatalysts Bi2MoO6 and Bi3.64Mo0.36O6.55 with other-
wise identical conditions, respectively.

In addition, it is found that the Bi3.64Mo0.36O6.55/Bi2MoO6

composite in different ratios of Bi2MoO6 to Bi3.64Mo0.36O6.55

also exhibits different photocatalytic activities (Figure S3 in the
Supporting Information). Totals of 98%, 61%, and 81% of RhB
are degraded in 10 min on the samples T140, T160, and T180,
respectively. It is obvious that the sample T140 with the largest
ratio of Bi2MoO6 to Bi3.64Mo0.36O6.55 shows the highest photo-
catalytic activity in degrading RhB, while the sample T160 with
the smallest ratio in which Bi3.64Mo0.36O6.55 is the major phase
exhibits the lowest photocatalytic activity. On the basis of the
above analysis, we conclude that the Bi3.64Mo0.36O6.55/Bi2MoO6

composite possesses higher photocatalytic activity compared
with the pure Bi2MoO6 and Bi3.64Mo0.36O6.55. Also, the ratio
of Bi2MoO6 to Bi3.64Mo0.36O6.55 affects the photocatalytic
activity of the composite.

Considering that photosensitization exists when organic dyes
such as RhB were used as model pollutants, which also absorb
visible light and contribute to photodegradation, a colorless

compound would be a better choice to reveal the photocatalytic
activities of the products. Thus, besides RhB, phenol was also
selected to evaluate the photocatalytic properties of the bismuth
molybdate composites so as to exclude the influence of photo-
sensitization. To confirm that phenol is really mineralized by
photocatalysis, the concentration of produced CO2 was detected,
which reflects the extent of mineralization of phenol in the
photocatalytic degradation process. As shown in Figure 7, the
photocatalytic activities of Bi2MoO6 and Bi3.64Mo0.36O6.55 were
low in degrading phenol under visible-light irradiation. By
contrast, the Bi3.64Mo0.36O6.55/Bi2MoO6 composite exhibited
an obviously enhanced photocatalytic activity. A total of 59% of
phenol was degraded, and about 952 ppm of CO2 was produced
after 6 h of irradiation. Up to 90% of the degraded phenol was
mineralized into CO2 during the photocatalytic process. The
enhanced photocatalytic activity of the Bi3.64Mo0.36O6.55/Bi2-
MoO6 heterostructured composite should be correlated with the
synergetic effect between Bi3.64Mo0.36O6.55 and Bi2MoO6.More-
over, the BET specific surface area of the Bi3.64Mo0.36O6.55/
Bi2MoO6 composite was measured to be ∼10 m2/g, while
Bi2MoO6 and Bi3.64Mo0.36O6.55 were 4 and 6 m

2/g, respectively.
The higher photocatalytic activity of the Bi3.64Mo0.36O6.55/Bi2MoO6

composite might be related to its higher BET surface area.

’CONCLUSIONS

The heterostructured composite Bi3.64Mo0.36O6.55/Bi2MoO6

was successfully synthesized by the hydrothermal method. By
tuning of the pH value of the reaction system, the composition of
the target compounds could be controlled. The hydrothermal
temperature also affected the composition of bismuth moly-
bdates. Photocatalysis investigations reveal that theBi3.64Mo0.36O6.55/
Bi2MoO6 composite exhibits the highest photocatalytic activity
compared with the pure Bi2MoO6 and pure Bi3.64Mo0.36O6.55.
The photocatalytic activity improvement could be attributed to
the higher surface area and the enhancement of the carrier
mobility in the heterostructured composite material. In addition,
the photocatalytic activity of the Bi3.64Mo0.36O6.55/Bi2MoO6 com-
posite is related to the ratios of the two phases. The Bi3.64-
Mo0.36O6.55/Bi2MoO6-based heterostructured materials are pro-
mising visible-light-driven catalysts.
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Figure 6. Plot of the photodegradation of RhB as a function of the
irradiation time for the blank and the samples prepared at 160 �C for
12 h: (a) RhB photolysis; (b) Bi3.64Mo0.36O6.55 (pH = 9); (c) Bi2MoO6

(pH = 5); (d) Bi2MoO6/Bi3.64Mo0.36O6.55 composite (pH = 7.0).

Figure 7. Photodegradation of phenol on samples p5 (Bi2MoO6), p7
(Bi3.64Mo0.36O6.55/Bi2MoO6), and p9 (Bi3.64Mo0.36O6.55) after 6 h of
visible-light irradiation.
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