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a b s t r a c t

Bismuth molybdate (Bi3.64Mo0.36O6.55) powders as a novel photocatalyst was prepared using
Bi(NO3)3·5H2O and Na2MoO4·2H2O as raw materials by a simple low temperature molten salt method
at 160 ◦C for 2 h. The as-prepared samples were characterized with X-ray diffraction (XRD), transmission
electron microscopy (TEM) and UV–visible (UV–vis) absorption spectra. The photocatalytic activity of
vailable online 7 May 2010
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Bi3.64Mo0.36O6.55(BMO) nanocrystals was evaluated using the photocatalytic oxidation of rhodamine B
(RhB) at room temperature under ultraviolet irradiation. The factors affecting the photocatalytic activ-
ity, such as photocatalysts concentration, RhB concentration and compressed air as the assisted oxidant
species additives, had been studied.
anoparticle
ow temperature molten salt
hodamine B

. Introduction

Photocatalytic degradation of organic compounds using semi-
onductors has been the subject of extensive studies as a potential
ay of solving energy and environmental issues over the past

wo decades [1–7]. Most investigations have focused on anatase-
ype TiO2, because it exerts a relatively high photocatalytic activity
nder irradiation of light with wavelength � < 390 nm and high
hemical stability [8–10]. In addition, TiO2 has another advantage
f relatively low cost. However, their reactivity and selectivity are
ot enough for large-scale applications. On the other hand, because
f the value of its band gap (3.2 eV), TiO2 is effective only under
ltraviolet irradiation (� < 390 nm). Sunlight comprises less than
% ultraviolet light, so it is a challenge to develop new photocat-
lysts with high photocatalytic properties to extend the absorbed
avelength range into the visible region, where less expensive light

ources exist.
In the past several years, to develop new photocatalysts active

nder visible light, various efforts have been made so far. Especially,
here are a number of studies related to the photocatalytic activ-

ty of containing Bi ion compounds, such as Bi2O3 [11], Bi2S3 [12],
i12TiO20 [13], Bi2Ti2O7 [14], Bi2InNbO7 [15], Bi2WO6 [16], BiVO4
17] and Bi2MoO6 [18]. Their photocatalytic activities are mainly
ttributed to their crystal structures.

∗ Corresponding author. Tel.: +86 57462838190; fax: +86 57462838190.
E-mail address: xie li jin@yahoo.com.cn (L. Xie).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.04.221
© 2010 Elsevier B.V. All rights reserved.

Unfortunately, to the best of our knowledge,
Bi3.64Mo0.36O6.55(BMO) has not been utilized as photocata-
lysts. In the present study, we report a simple and effective
method for the preparation of nanoscale BMO powders by the low
temperature molten salt (LTMS) method. The characterization for
as-prepared powders was carried with various methods, including
X-ray diffraction (XRD), transmission electron microscopy (TEM)
and UV–visible (UV–vis) absorption spectra. Here, we report for the
first time the application of BMO for photocatalytic decomposition
of RhB under the UV light. RhB (C28H31N2O3Cl, its structure is
presented in Fig. 1) is one of the most important xanthene dyes,
which has been well studied [19–21]. The parameters studied
include photocatalysts concentration, the pH value of the reaction
suspension, RhB concentration and compressed air as the assisted
oxidant species additives.

2. Experimental

2.1. Preparation of nanosize BMO

BMO crystals were synthesized by a low temperature molten salt (LTMS) method
with analytic reagent grade (99%) chemicals of bismuth nitrate (Bi(NO3)3·5H2O) and
sodium molybdate (Na2MoO4·2H2O). The whole procedure included the follow-
ing steps: at first, stoichiometric amounts of Bi(NO3)3·5H2O and Na2MoO4·2H2O
were dissolved into a dilute HNO3 aqueous solution. After the above mixed solution

became clear by constant stirring, it was put into a beaker and then dried in air
at 70 ◦C. When the solvent evaporated completely, the white residue was obtained
and used as a precursor. The precursor was mixed with LiNO3–KNO3 (weight ratio of
LiNO3/KNO3 = 2/3) salt by grinding in a weight ratio of 1:8 of the precursor to the salt.
The above mixture was placed in a crucible, and heated at 160 ◦C for 2 h. The resulting
products were thoroughly washed with dilute ammonia water to remove residual

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:xie_li_jin@yahoo.com.cn
dx.doi.org/10.1016/j.jallcom.2010.04.221
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particles, which were about 70 nm in size, and that each particle
was nearly spherical in shape and thickness. It could be concluded
that nano-sized photocatalyst BMO powders were easily synthe-
sized by our method.
Fig. 1. Chemical structure of rhodamine B.

ithium salt, and washed with distilled water and absolute alcohol for several times,
nd finally, dried at 80 ◦C overnight.

.2. Characterization of as-prepared samples

To determine the crystal phase composition of the prepared powders, X-ray
iffraction (XRD) measurement was carried out at room temperature using a Rigaku
/max diffractometer (Japan) with Cu K� radiation (� = 1.5406 Å). The accelerating
oltage of 40 kV, emission current of 100 mA and the scanning speed of 6◦/min were
sed. A JEM-1200 EX transmission electron microscope (Japan) was employed to
xamine the particle size and morphology of the as-prepared powders, operated at
0.0 kV. Samples were prepared by adding ethanol to a fraction of the powders syn-
hesized, and droplet of it was dropped on a carbon-coated copper grid. To determine
he band gap energy of the photocatalysts, UV–vis absorption spectra were recorded
n the wavelength range of 200–1000 nm using a U-3010 spectrophotometer (Japan).
amples for UV–vis characterization were prepared by dispersing the as-prepared
owders in the absolute ethanol by ultrasonic, and the absolute ethanol was used
s a reference sample.

.3. Photocatalytic experiments

Photocatalytic experiments were conducted using the photocatalysts to pho-
ocatalytically degrade RhB in water solution. The RhB is AR grade, obtained from
hanghai Chemical Reagent Corporation. The photocatalytic system consists of three
arts: a sealed black box, a 600 ml Pyrex glass vessel and a 400 W high pressure Hg

amp with a major emission at about 365 nm, which was positioned parallel to the
yrex glass vessel, as shown in Fig. 2. In all experiments, the reaction temperature
as kept at 25 ± 2 ◦C using a circulating water.

Reaction suspensions were prepared by adding an appropriate amount of pho-
ocatalyst powders into a 500 ml of aqueous RhB solutions. The compressed air was
ubbled into the reaction solution by air pump to ensure a constant supply of oxygen

n air to the reaction volume and complete mixing of solution and BMO photocata-
ysts during the photoreaction. Prior to irradiation, the suspension was ultrasonically
onicated for 20 min and then magnetically stirred in a dark condition for 60 min

o establish an adsorption/desorption equilibrium. The suspensions containing RhB
nd photocatalyst were then irradiated under the UV light.

At given time intervals, analytical samples were taken from the reaction sus-
ension, centrifuged and filtered through a 0.2 �m Millipore filter to remove the
hotocatalysts, and the filtrate was then analyzed by UV–vis spectrophotometer.

Fig. 2. Schematic diagram of photocatalytic reactor.
Fig. 3. X-ray diffraction patterns of the Bi3.64Mo0.36O6.55 powders synthesized by
the LTMS method at 160 ◦C for 2 h.

3. Results and discussion

3.1. Characterization of the prepared samples

The XRD spectrum of the BMO powders prepared by the LTMS
process at 160 ◦C for 2 h is shown in Fig. 3. All the diffraction peaks
in the XRD pattern can be indexed as BMO phase. After refinement,
the cell parameters were calculated to be a = b = c = 5.636 Å, which
were well consistent with the literature data (JCPDS No. 43-0446).
No other phases could be detected. The sharp peaks in the XRD
patterns indicate a well crystallinity of the prepared samples.

Fig. 4 is the transmission electron microscopy (TEM) micrograph
of the BMO powders synthesized by the LTMS method at 160 ◦C for
2 h. It showed that BMO powders were composed of nano-sized
Fig. 4. TEM images of the Bi3.64Mo0.36O6.55 powders synthesized by the LTMS
method at 160 ◦C for 2 h.
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the photocatalyst surface and then inhibits the reaction of dye
molecules with photogenerated holes or hydroxyl radicals. Similar
result was also found in the study of the Ti–Ag–US and Bi4Ti3O12
photocatalysts [27,28].

Table 1
The apparent reaction rate constants calculated from Fig. 6 for various concentra-
tions of Bi3.64Mo0.36O6.55 catalyst in RhB solution.

Catalyst
concentration

Apparent reaction
rate constants k
(×10−3 min−1)

RhB degradation
(min)a
ig. 5. UV–vis absorption spectrum of the BMO powders prepared by the LTMS
ethod at 350 ◦C for 2 h.

The UV–vis absorption properties of the BMO nanocrystals syn-
hesized by the LTMS method at 160 ◦C for 2 h are displayed in
ig. 5. As shown in Fig. 4, the band gap adsorption edge of BMO
s estimated to be 532 nm corresponding to the band gap energy
o be 2.33 eV (Eg = hc/�, where h is elementary quantum, c is speed
f light, and � is absorption wave length). It can be expected that
he BMO nanocrystals prepared in the present study should have
good photocatalytic potential not only in the ultraviolet light but
lso in the visible light region.

.2. Photocatalytic activity of the prepared samples

The band at 554 nm was used to monitor the effect of the
hotocatalysis on the degradation of RhB because the band was
bsorption maximum in the UV–vis spectra for RhB solution.
t is known that RhB can be adsorbed onto catalysts from its
queous solution. Hachem et al. [22] pointed out that the absorp-
ion was quite fast and the equilibrium concentration could be
eached within 45 min. In this paper, the absorption/desorption
quilibrium of the suspensions was established by ultrasonically
onicated for 20 min and then magnetically stirred in a dark condi-
ion for 60 min. In general, the photocatalytic degradation follows a
angmuir–Hinshelwood mechanism [23,24], with the rate r being
roportional to the coverage � which becomes proportional to C at

ow concentrations

= k� = kKC
1 + KC

(1)

here k is the true rate constant which includes various parame-
ers such as the mass of catalyst, the flux of efficient photons, the
overage in oxygen, etc., and K is the adsorption constant. Since
he initial concentration is low (C0 = 20 mg/L), the term KC in the
enominator can be neglected and the rate becomes, apparently,
rst order

= −dC

dt
= kKC = kappC (2)

here kapp is the apparent rate constant of pseudo-first order.
herefore, the integral form C = f(t) of the rate equation is

n
C0

C
= kappt (3)
.2.1. Effect of photocatalyst concentration on the photocatalytic
ctivity

In order to determine the optimal amount of photocatalyst, a
reliminary study (Fig. 6) has been carried out to optimize the quan-
ity of BMO catalysts, where the amount of the photocatalyst was
Fig. 6. The effect of the concentration of BMO catalysts on the degradation of RhB
under the irradiation of UV light: [RhB] = 20 mg/L; pH = 3.0; with compressed air.

varied from 1 to 4 g/L. It could be considered that the concentration
of RhB decreased negligibly over the time span of these experiments
in the absence of photocatalysts. A blank experiment in the absence
of irradiation but with the prepared catalysts demonstrated that no
significant change in the quantity was found. As shown in Fig. 6, the
quantity of BMO catalysts, indeed, has a great effect upon its ability
to degrade the aqueous RhB in the photocatalyst quantity range var-
ied from 1 to 4 g/L. The calculated apparent reaction rate constants
of each case are listed in Table 1. The experiment results reveal that
the degree of degradation of RhB solution increases with increas-
ing the amount of the photocatalyst, and reaches the higher value
at catalyst loading = 2 g/L and then decreases. This phenomenon
results from the so-called shielding effect; after exceeding the opti-
mal amount, the suspended catalysts reduce the penetration of the
light in the solution [25]. Similar phenomena were also found in the
study of the TiO2 and Bi2Ti2O7 photocatalysts [14,25], the catalysts
quantity were all shown having an optimal amount, to support the
catalysts showing the highest activity. Because the most active was
the photocatalyst with quantity of 2 g/L, the rest of experiments
were carried out using this quantity.

3.2.2. Effect of RhB concentration on the photocatalytic activity
The effect of initial RhB concentration in water on the photocat-

alytic process was examined. The reactions of RhB decomposition
were carried out in the range 20–50 mg/L. As shown in Fig. 7 and
Table 2, the degradation efficiency is decreased with the increasing
concentrations of RhB. It was found that the best degradation was
obtained with 20 mg/L RhB. The result is same with that obtained
for the degradation of methyl orange using TiO2 [26], which can
be related to the formation of several layers of adsorbed dye on
1 56.3 18.6
2 80.9 11.9
3 62.9 15.2
4 47.7 17.4

a Time required for 50% degradation of 20 mg/L RhB solution.
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Fig. 7. The effect of initial RhB concentration on the photocatalytic activity of
Bi3.64Mo0.36O6.55: pH = 3.0; with compressed air.
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Table 3
The influence of compressed air on the photocatalytic activity of Bi2MoO6 catalysts.

Compressed air Apparent reaction rate
constants k (×10−3 min−1)

RhB degradation (min)a

[

[
[

[

[

[
[

[

ig. 8. The effect of compressed air on the degradation of RhB under the irradiation
f UV light, A: with compressed air; B: without compressed air; [RhB] = 20 mg/L;
H = 3.0.

.2.3. Effect of compressed air on the photocatalytic activity
In our experiment, the influence of compressed air as the

ssisted oxidant species additives on the photocatalytic activity
f BMO catalysts was also studied. Fig. 8 shows the comparisons
f changes of RhB degradation under the irradiation of UV light
ith compressed air or not. The rate constant values of RhB degra-
ation obtained from Fig. 8 are reported and listed in Table 3. As
hown in Fig. 8 and Table 3, the rate constant with compressed
ir is obviously higher than that without that. The improved cat-
lytic activity of BMO in the presence of compressed air can be
ttributed to the dissolved oxygen from the compressed air, which

an enhance the separation of photogenerated electrons and holes,
nd then improve the efficiency of producing •OH radical [29]. In
ddition, the compressed air enables the reaction solution to mix
ompletely, which favor the degradation of RhB.

able 2
he influence of rhodamine B concentrations on the activity of Bi3.64Mo0.36O6.55.

Concentration of
rhodamine B (mg/L)

Apparent reaction rate
constants k
(×10−3 min−1)

Rhodamine B
degradation (min)a

20 80.9 11.9
30 37.7 17.5
40 29.2 23.8
50 8.1 44.1

a Time required for 50% degradation of 20 mg/L RhB solution.

[

[
[
[

[
[

[
[
[
[

[
[
[
[

With 80.9 11.9
Without 46.9 16.2

a Time required for 50% degradation of 20 mg/L RhB solution.

In this paper, the high activity of BMO as a new photocata-
lyst might be mainly ascribed to the presence of the ion defects
in the BMO crystal structure, which can enhance the separation of
photogenerated electrons and holes, resulting in the improvement
of photocatalytic activities [30,31]. The photocatalytic mechanistic
study for RhB degradation is in progress at present.

4. Conclusion

The spherical nanoscale BMO powders as a novel photocatalyst
can be successfully synthesized using a simple low temperature
molten salt method for the first time. The BMO powders exhibit
good photocatalytic properties to photodegrade RhB at room tem-
perature. The photocatalyst concentrations, the RhB concentrations
and the compressed air as the assisted oxidant species additives are
important factors affecting the photocatalytic activity. Under the
irradiation of the high pressure Hg lamp, the high activity of BMO
as a new photocatalyst might be mainly ascribed to ion defects,
which can enhance the separation of photogenerated electrons and
holes. Further work is under way to study the specific mechanism
of photocatalytic degradation of RhB on BMO.
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