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In  this  work,  TiO2 nanorods  were  prepared  by  a  hydrothermal  process  and  then  Bi2MoO6 nanoparticles
were  deposited  onto  the  TiO2 nanorods  by  a solvothermal  process.  The  nanostructured  Bi2MoO6/TiO2

composites  were  extensively  characterized  by X-ray  diffraction,  scanning  and  transmission  electron
microscopy,  X-ray  photoelectron  spectroscopy  and  UV–vis  diffuse  reflectance  spectroscopy.  The  pho-
tocatalytic  activity  of  the  Bi2MoO6/TiO2 composites  was  evaluated  by degradation  of  methylene  blue.
eywords:
anostructured composites
i2MoO6/TiO2

i2MoO6 nanoparticles
iO2 nanorods

The  Bi2MoO6/TiO2 composites  exhibit  higher  catalytic  activity  than  pure  Bi2MoO6 and  TiO2 for  degrada-
tion  of  methylene  blue  under  visible  light  irradiation  (� >  420 nm).  Further  investigation  revealed  that  the
ratio of  Bi2MoO6 to TiO2 in the composites  greatly  influenced  their  photocatalytic  activity.  The  experi-
mental  results  indicated  that  the  composite  with  Bi2MoO6:TiO2 =  1:3 exhibited  the  highest  photocatalytic
activity.  The  enhancement  mechanism  of  the  composite  catalysts  was  also  discussed.
hotocatalytic activity

. Introduction

In recent years, because of the extensive use of dyes, the organic
ye pollutants in liquid waste have become one of the main
ollutants in wastewater. To resolve this problem, besides other
ell-established techniques, the method based on semiconductor
hotocatalysts is a promising solution to degrade organic pollutants

n waste water [1].  Among the various semiconductor photocata-
ysts, TiO2 has been extensively investigated and proved to be the

ost effective photacatalyst for degradation of organic pollutants
ecause of its low cost, non-toxicity, high activity and stability
o photo or chemical corrosion [2–6]. However, as it is known
o all, TiO2 is a semiconductor with wide band gap (3.18 eV for
natase and 3.02 eV for rutile) and relatively high rate of pho-
ogenerated electron–hole recombination. TiO2 only responds to
ltraviolet irradiation but not to visible light that accounts for
3% of the incoming solar energy [7,8] and has low quantum
fficiency. To overcome the two drawbacks, a heap of studies
ave been carried out over the past decades to develop modi-
ed TiO2 in order to make it active under visible-light. Two  main
pproaches have been applied. One is to dope TiO2 with foreign
ons, including metal and nonmetal elements, such as N-doped

iO2 [9],  C-doped TiO2 [10], Bi3+-doped TiO2 [11], C, Cl-codoped
iO2 [12], Cu, S-codoped TiO2 [13] and so on. Because of forming

 relatively narrow band between TiO2 and the foreign ions, this
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method can indeed extend the absorption region of TiO2 to visi-
ble light. However, the metal elements-doped TiO2 shows weaker
oxidation ability and the less mobility of photogenerated holes in
the relatively narrow band than those in the valence band (VB) of
TiO2 [14]. Moreover, the doped TiO2 cannot absorb sufficient vis-
ible light and massive charge carriers inevitably recombine [15].
So, these photocatalysts typically cannot exhibit the same activ-
ity under UV light as under visible light. That means the doping
of foreign elements into TiO2 is not a perfect approach to develop
TiO2 photocatalysts sensitive to visible light [16]. Another method
is to combine TiO2 with other narrow band gap semiconductors
to form composite photocatalysts. In the composite photocata-
lysts, the narrow band gap semiconductors can be excited under
visible light irradiation. With the matching band potentials, the
photogenerated electrons or holes will then be transferred to TiO2,
which leads to efficient charge separation and enhances photo-
catalytic ability. Recently, some novel photocatalysts based on
semiconductor composites, for example, coupling TiO2 with CdS
[17], Cr2O3–CNT [18] and SnO2 [19] have been developed, which
are not only visible light active but also with improved quantum
efficiency. Modification of TiO2 by other narrow band gap semicon-
ductors could be an effective way to extend the photoabsorption
range and facilitate the separation of the photoinduced carriers [8].

As a new photocatalyst, Bi2MoO6 has attracted considerable

attention recently. Its band gap is 2.71 eV, so it can absorb vis-
ible light with an absorbance wavelength of 490 nm. Moreover,
it can thoroughly decompose dye pollutants to inorganic com-
pounds. Its band positions (ECB = −0.32 eV, EVB = 2.39 eV) are in

dx.doi.org/10.1016/j.jallcom.2011.07.102
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The morphologies and microstructures of the as-prepared samples were ana-
ig. 1. XRD patterns of the as-prepared TiO2 nanorods, Bi2MoO6/TiO2 composites
nd  Bi2MoO6 nanoparticles.

ood alignment with those of TiO2 (ECB = −0.29 eV, EVB = 2.91 eV)
o form a heterojunction photocatalyst. Therefore, modification of
iO2 by Bi2MoO6 is promising to endow the composite catalysts
ith enhanced photocatalytic activity. Herein, for the first time, we

eport the modification of TiO2 nanorods by Bi2MoO6 nanoparticles
s a visible light responsive photocatalyst, which exhibits excellent
isible-light-driven photocatalytic activity for the degradation of
ethylene blue (MB), a common model pollutant in wastewater.
wing to the synergistic effect of Bi2MoO6 and TiO2, the compos-
tes also show enhanced photocatalytic activity under visible-light
rradiation. The results reported in this study also provide insight
o construct other composite photocatalysts.

Fig. 2. XPS spectra of Bi 4f, Mo  3d, Ti 2p and O
pounds 509 (2011) 9770– 9775 9771

2. Experimental

2.1. Preparation of Bi2MoO6/TiO2

All chemicals were of analytical grade and purchased from local chemical agents
without further purification. Anatase TiO2 nanorods were synthesized by hydrother-
mal  reaction according to Ref. [20]: 1.0 g commercial TiO2 was added into a 50 mL
Teflon vessel then filled with 10 M NaOH aqueous solution up to 80% of the total vol-
ume. The Teflon-lined autoclave was heated up to 200 ◦C and then maintained for
24  h. After cooling down naturally, the product was centrifuged, washed and dried.
The obtained product was immerged into a 0.1 M HNO3 solution for 6 h, washed
until the pH of the solution to be about 7, and then dried at 60 ◦C for 12 h to get H-
titanate nanofibers. The obtained H-titanate nanofibers were added into a 100 mL
Teflon vessel then filled with dilute HNO3 aqueous solution (pH = 2) up to 80% of
the total volume and maintained at 180 ◦C for 24 h. Finally, the product was isolated
from the solution by centrifugation and sequentially washed with deionized water
for  several times, and dried at 60 ◦C for 12 h.

In order to deposit Bi2MoO6 nanoparticles onto TiO2 nanorods, the starting
materials, Bi(NO3)3·5H2O and (NH4)6Mo7O24·4H2O with molar ratio (Bi/Mo) of 2:1
were dissolved in diethylene glycol. Then, 1.2 mmol TiO2 nanorods and various
doses of the above solution with desired amount of the precursors to corresponding
amount of Bi2MoO6 (0.2 mmol, 0.4 mmol, 0.8 mmol) were added into the Teflon-
lined autoclave. The hydrothermal reaction was carried out at 160 ◦C for 12 h. The
product was  isolated from the solution by centrifugation and thoroughly washed
with deionized water and ethanol to remove any ionic residual, and then dried in
an  oven at 60 ◦C for 12 h for further characterization.

For comparison, the pure TiO2 nanorods and Bi2MoO6 nanoparticles prepared
via the same solvothermal process and the mechanical mixture of Bi2MoO6 nanopar-
ticles and TiO2 nanorods (Bi2MoO6 + TiO2) by grinding in a mortar were also
prepared.

2.2. Characterization

The morphology and crystal structure of the prepared samples were carefully
characterized. The X-ray diffraction (XRD) patterns of the samples were recorded
on  a Bruker D8 Focus X-ray diffractometer with Cu K� radiation (� = 0.154184 nm).
lyzed  by scanning electron microscopy (SEM, JEOL JSM-6380-LA, Japan) and
high-resolution transmission electron microscopy (HRTEM, FEI Tecnai F20). UV–vis
diffuse reflectance spectra (DRS) were recorded on an UV–vis spectrophotome-
ter  (Hitachi U-3010) by using BaSO4 as a reference in wavelength of 200–800 nm.

 1s of the 0.4Bi2MoO6/TiO2 composite.
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ig. 3. SEM images of the prepared samples: (a) TiO2 nanorods, (b) 0.2Bi2MoO6/TiO

he  XPS spectra of the photocatalysts were measured on a Kratos Axis Ultra DLD
hotoelectron spectrometer.

.3. Evaluation of photocatalytic activity

Methylene blue was chosen as the target pollutant for evaluating the photocat-
lytic activity of the catalysts, since it is a typical azo dye and difficult to degrade.

 400 W metal-halide lamp was used as the light source with a 420 nm cutoff filter
o  provide visible light irradiation. In a typical photocatalytic experiment, 0.10 g of
he  photocatalyst was  dispersed in 150 mL  MB  solution (10−5 mol/L). Before visible
ight illumination, the suspensions were magnetically stirred in dark for 30 min  to
nsure the adsorption–desorption equilibrium of MB  on the catalyst. Then, the solu-
ion  was exposed to visible light irradiation under magnetic stirring. At given time
ntervals, 5 mL  suspension was  taken out and centrifuged to remove the photocat-
lyst powders. The concentration of MB  was  analyzed by a Hitachi U-3310 UV–vis
pectrophotometer, and the absorbance at 664 nm was monitored.

. Results and discussion
.1. XRD analysis

The crystal structure and phase composition of the prepared
iO2, Bi2MoO6 and Bi2MoO6/TiO2 samples were characterized by
0.4Bi2MoO6/TiO2, (d) 0.8Bi2MoO6/TiO2 composites and (e) Bi2MoO6 nanoparticles.

X-ray diffraction, as shown in Fig. 1. The TiO2 sample used as the
substrate is composed of anatase crystal phase (Fig. 1a). The diffrac-
tion peaks at 2� of 25.28◦, 37.80◦, 48.04◦, 53.89◦, 55.06◦ and 62.68◦

can be indexed to the characteristic peaks (1 0 1), (0 0 4), (2 0 0),
(1 0 5), (2 1 1) and (2 0 4) of anatase TiO2 (JCPDS 21-1272), respec-
tively. The diffraction peaks at 2� of 10.92◦, 28.30◦, 32.64◦, 33.14◦,
36.05◦, 46.73◦, 55.58◦ and 58.47◦ could be indexed to the char-
acteristic peaks (0 2 0), (1 3 1), (0 0 2), (0 6 0), (1 5 1), (2 0 2), (1 3 3)
and (2 6 2) of the orthorhombic structure of Bi2MoO6, respectively
(Fig. 1f). All the peaks can be well indexed to the orthorhom-
bic structure of Bi2MoO6 with lattice constants of a = 0.550 nm,
b = 1.621 nm,  and c = 0.548 nm,  which is in good agreement with
the standard data (JCPDS 21-0102). Moreover, all of the diffraction
peaks of the Bi2MoO6/TiO2 samples can be indexed as well-
crystallized orthorhombic Bi2MoO6 (JCPDS 21-0102) and anatase
TiO2 (Fig. 1b–e). Furthermore, it can be observed that with the
increase of Bi2MoO6 to TiO2 ratio, the diffraction peaks of Bi2MoO6

are stronger but the peaks of TiO2 become weaker. Compared
with Fig. 1f, the peaks corresponding to orthorhombic Bi2MoO6 in
Fig. 1b–e become broader, which means that the size of Bi2MoO6
becomes smaller. This result will be further testified by SEM obser-
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when the TiO nanorods were mixed with Bi MoO nanoparti-
Fig. 4. HRTEM image of the 0.4Bi2MoO6/TiO2 nanocomposite.

ation. Therefore, it can be concluded that the introduction of TiO2
nhibits the Bi2MoO6 nanoparticles from growing bigger, which

ay  be caused by heterostructural formation between Bi2MoO6
nd TiO2 nanocrystals in the composites [1,21].

.2. XPS analysis

To determine the chemical composition of the Bi2MoO6/TiO2
omposites, XPS analysis was carried out. Fig. 2 illustrates the XPS
pectra of Bi 4f, Mo  3d and Ti 2p. The two peaks at 164.0 and 158.7 eV
re assigned to Bi 4f5/2 and Bi 4f7/2, respectively (Fig. 2a), corre-
ponding to Bi3+ [22]. The two strong peaks at 235.1 and 231.9 eV
n Fig. 2b can be assigned to Mo  3d1/2 and Mo  3d3/2, respectively,
emonstrating that the main chemical state of Mo  in the compos-

te is Mo6+ [23]. The binding energy of TiO2 was obtained at 458.4
nd 464.4 eV, corresponding to Ti 2p3/2 and Ti 2p1/2, respectively,
hich is the same as the pure TiO2 photocatalyst [24,25].  In sum-
ary, from the XPS analysis, all of the elements expected appeared.
o doped phenomenon in the composite was observed.

.3. SEM and TEM observation

The morphology and crystal structure of the Bi2MoO6/TiO2 com-
osites were further observed by SEM and TEM. As shown in Fig. 3, it
an be obviously observed that Bi2MoO6 nanoparticles are success-
ully attached onto the TiO2 nanorods. Furthermore, it is clear from
EM images that the nanoparticles in the Bi2MoO6/TiO2 composites
re decentralized very well than pure Bi2MoO6 ones. With increas-
ng Bi2MoO6 loading level, some bigger particles were also found
Fig. 3c and d). During the deposition, the TiO2 nanorods served as
eterogeneous nuclei for the growth of Bi2MoO6, while the exis-
ence of TiO2 nanorods also inhibit the growing up of Bi2MoO6
anoparticles [1,26].  Further observation of the prepared sample
y HRTEM reveals that the Bi2MoO6 nanoparticles are not just

oosely attached to the nanorods surface but rooted inside the TiO2
anorods (Fig. 4). The HRTEM observation demonstrates two sets of
ifferent fringes. The lattice fringe of 0.190 nm corresponds to the
2 0 0) crystal plane of an anatase structure of TiO , while the fringe
2
f 0.274 nm matches well with the (0 0 2) plane of Bi2MoO6. The
ell-defined fringes and the high crystalline of the Bi2MoO6/TiO2

omposites facilitate the separation of the photoinduced carrier,
Fig. 5. UV–vis diffuse reflectance spectra of the prepared samples.

which is beneficial for improving the corresponding photocatalytic
activity [8].

3.4. Optical absorption property

The UV–vis diffuse reflectance spectra of the photocatalysts are
shown in Fig. 5. From the typical diffuse absorption spectra, TiO2
displays photoabsorption property in the UV light region, with
an absorption edge at about 400 nm,  while Bi2MoO6 has broader
absorption in the visible region with an absorption edge of about
460 nm.  Moreover, the plot of (ah�)1/2 versus the energy of light
[27] afforded band gap energy of 3.10 eV for TiO2 and 2.70 eV for
Bi2MoO6. However, it is noted that the absorption edge of the
Bi2MoO6/TiO2 composites shifts to longer wave (from 460 nm to
550 nm), and the red-shift increases upon the increase of Bi2MoO6.
This can be attributed to the interaction of TiO2 and Bi2MoO6 [6,28].
Large quantities of semiconductor with narrow band gap, that is,
Bi2MoO6 in the Bi2MoO6/TiO2 composites can result in stronger
photosensitization and larger red-shift of the absorption edge.

3.5. Photocatalytic activity

In order to prove the enhanced photocatalytic activity of
the nanostructured Bi2MoO6/TiO2 composites compared with
Bi2MoO6 nanoparticles, TiO2 nanorods as well as mechanically
mixed Bi2MoO6 nanoparticles and TiO2 nanorods (Bi2MoO6 + TiO2),
the photocatalytic degradation of methyl blue under visible light
irradiation was carried out. As a kind of typical organic dye, MB
is chemically stable and difficult to be decomposed. The absorp-
tion of MB  at the wavelength of 664 nm was monitored. Fig. 6
shows the photocatalytic degradation rate over different photocat-
alysts, where C0 is the concentration of MB  after the adsorption
equilibrium on the samples in dark. Compared with the pure
Bi2MoO6, TiO2 and Bi2MoO6 + TiO2, the composites show higher
photocatalytic activity toward degradation of MB  under visible
light irradiation. As can be seen, the photodegradation of MB  over
TiO2 was  very limited because TiO2 was  not excitated under vis-
ible illumination. Though Bi2MoO6 can be excitated under visible
illumination, the photodegradation of MB  over the pure Bi2MoO6
is also almost negligible compared with the Bi2MoO6/TiO2 com-
posites. The reason is that photoinduced electrons and holes
will recombine quickly on the surface of Bi2MoO6. Furthermore,
2 2 6
cles mechanically, the photocatalytic activity was  not enhanced
because the heterostructure was  difficult to form in such case.
One point emerges with stark clarity from all we  have said: the
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ig. 6. Photodegradation of MB  by using the prepared photocatalysts under visible
ight.

eterostructure plays an important role in improving the photo-
atalytic activity. It is also observed that the loading amounts of
i2MoO6 in the Bi2MoO6/TiO2 composites play a crucial rule in the
hotocatalytic activity. A small amount of Bi2MoO6 on the TiO2
anorods leads to a sharp increase of MB  degradation. The pho-
ocatalytic activity increased upon the increase of the Bi2MoO6
n the composite catalysts. The reason is that the existence of
iO2 can facilitate the transfer of the photoinduced carriers so the
ecombination of photoinduced carriers can be suppressed and the
hotocatalytic properties will be improved. However, the photo-
atalytic activity decreased when the Bi2MoO6 amount continued
ising. Upon the increase of Bi2MoO6 in the Bi2MoO6/TiO2 compos-
tes, the photoinduced electrons and holes produced in Bi2MoO6
annot efficiently transfer to the TiO2 and they will recombine
nevitably, thus decreasing the activity of the catalysts [8].  The
xperimental result reveals that the 0.4Bi2MoO6/TiO2 shows the
ptimal photocatalytic activity, with nearly 100% degradation of
B  after 6 h visible-light irradiation.
Fig. 7 shows the temporal evolution of the spectral

hanges of MB  solution in the photodegradation process over
.4Bi2MoO6/TiO2 under visible light illumination (� > 420 nm).
t can be seen that the maximum absorption peak gradually

ecreased with irradiation time. After illumination for 6 h, both
f the absorption peaks at 291 nm and 664 nm are very weak.
eanwhile, it is observed that the color of the MB solution almost

hanged from blue to colorless after visible light illumination

ig. 7. Time-dependent UV–vis spectra of MB  over the 0.4Bi2MoO6/TiO2 photocat-
lyst.
Fig. 8. Scheme diagram of the band levels of the Bi2MoO6/TiO2 heterojunction and
the possible reaction mechanism of the photocatalytic reactions.

for 6 h, indicating a nearly complete degradation of MB.  It is
also clearly found that the spectral maximum shifted toward the
blue region (from 664 to 621 nm)  as reaction time went on. The
blue-shift of the major absorption peak corresponds to a step-
by-step N-demethylation of MB  [29]. As a result, it confirms that
MB was truly photodegraded by the Bi2MoO6/TiO2 composites.
The enhanced photocatalytic activity of the Bi2MoO6/TiO2 com-
posites can be ascribed to two  main reasons: firstly, attachment
of Bi2MoO6 nanoparticles onto TiO2 nanorods improves their
dispersion and inhibits their aggregation, which can be found from
SEM observation. When the Bi2MoO6 nanoparticles disperse well,
the contact between photocatalyst and dye molecules increases
and the reaction efficiency will improve. More importantly, in
the Bi2MoO6/TiO2 composites, because Bi2MoO6 and TiO2 have
matching band potentials, the transfer of the photoinduced carriers
was  facilitated, thus improved the corresponding photocatalytic
properties. When the Bi2MoO6/TiO2 composite is under visible
light irradiation, electrons (e−) are excitated to the conduction
band of Bi2MoO6, leaving equal holes (h+) in the valence band.
Furthermore, the conduction band edge potential of TiO2 is less
negative than that of Bi2MoO6. Thus, electrons will transfer from
the conduction band of Bi2MoO6 to TiO2, which could react
with electron acceptors such as O2, reducing it to superoxide
radical anion O2

•− (Fig. 8). The anatase TiO2 is used mainly as
an electron-accepting semiconductor and Bi2MoO6 as a hole-
holding semiconductor which has a strong oxidation potential
and the holes consequently degrade the MB  effectively [21,30].
As a result, the Bi2MoO6/TiO2 composites showed much better
photocatalytic activities than the pure Bi2MoO6. However, with
increasing Bi2MoO6 in the Bi2MoO6/TiO2 composites, there was
an appropriate value, over which more photoinduced electrons
and holes would recombine in Bi2MoO6, thus the photocatalytic
activity would decrease. The optimal photocatalytic activity is
obtained with the 0.4Bi2MoO6/TiO2, which is also coincident with
its longest absorption edge.

4. Conclusions

We  have demonstrated for the first time diethylene glycol-
induced solvothermal synthesis of Bi2MoO6/TiO2 composites via
two-step hydrothermal process. The as-prepared Bi2MoO6/TiO2
composites display enhanced visible light photocatalytic activity
toward methylene blue, which has been greatly improved in com-

parison with pure Bi2MoO6 and TiO2 nanorods. It is also found
that the loading level of Bi2MoO6 in the Bi2MoO6/TiO2 compos-
ites plays an important role in the photocatalytic property and
the optimal ratio of Bi2MoO6 and TiO2 is obtained at 1:3. The
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