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In this  study,  fullerene-modified  lead  molybdate  (C60–PbMoO4) was  prepared  via  a hydrothermal  method,
and  characterized  by X-ray  diffraction,  UV–vis  diffuse  reflection  spectroscopy,  high-resolution  transmis-
sion  electron  microscopy,  Raman  spectroscopy,  and  X-ray  photoelectron  spectroscopy.  It was  shown  that
the introduction  of  C60 reduces  the  crystallite  size  of PbMoO4, slightly  influences  the  textual  properties
vailable online 10 April 2013

eywords:
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and  optical  characteristics  (UV–vis  absorption).  The  effect  of C60 content  on  the  photocatalytic  activity
of  C60–PbMoO4 was  studied  in  the  photocatalytic  degradation  of rhodamine  B under  UV  light  and  visible
light  irradiation.  After  modification  with C60, the photocatalytic  activity  of  PbMoO4 increased  3.8  times
at  a C60 weight  ratio  of  0.5  wt%  under  UV light  irradiation,  and  4.1  times  at a  C60 weight  ratio  of 5.0  wt%
under  visible  light  irradiation.  The  significant  photocatalytic  activity  of  C –PbMoO was  attributed  to

tion  
ead molybdate
anocomposites
hotocatalytic degradation

the  excellent  light  absorp

. Introduction

Environmental pollution and destruction on a global scale are
ssues of increasing concern in today’s society [1–4]. There is a need
or effective method for removal of pollutants [5–10]. Photocataly-
is has been widely used as a unique treatment for the destruction
f organic pollutants [11–16]. Up till now, TiO2 has been extensively
nvestigated as the most important photocatalyst [17]. But the large
and gap and quick recombination of charge carriers of TiO2 limits

ts application [18,19]. Molybdates such as Ag2Mo4O13, CdMoO4,
i2MoO6, PbMoO4, and others have emerged as attractive alterna-
ives to TiO2 and have been widely studied in recent years [20–24].
owever, few molybdates exhibit efficient photocatalytic activity
nder visible light irradiation. Several methods are employed to
odify the molybdates and to enhance their photocatalytic activity,

ncluding controlling their morphology and exposed facets [25,26],
oping with metals [27] or nonmetal elements [28], coupling with
ther semiconductors [29] and hybridization with carbonaceous
aterials [30].
Carbon-based-material modified semiconductors demonstrate
dvantages such as strong absorption of visible light and high
hotocatalytic activity [31–33]. Fullerenes have unique three-
imensional structures for its delocalized � electrons. As the most
epresentative fullerene species, C60 has been widely used in many

∗ Corresponding author. Tel.: +86 27 8728 7046; fax: +86 27 8728 7369.
E-mail address: hchenhao@mail.hzau.edu.cn (H. Chen).
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and  charge  separation  on the  interfaces  between  C60 and  PbMoO4.
© 2013 Elsevier B.V. All rights reserved.

fields for its superior performances [34,35]. Modifying semiconduc-
tor photocatalysts through the utilization of the special electronic
properties of C60 can arouse rapid photoinduced charge separation
and reduce electron–hole recombination, thus enhancing the pho-
tocatalytic activity [36]. Zhao and co-workers [37] have reported
Bi2MoO4 nanoparticles via hydrothermal method and modified by
C60. It is observed that the photocatalytic activity in the reduction
of bromate ions was increased by the C60 modification. Fu and co-
workers [38] dispersed C60 with monomolecular layer state on the
surface of ZnO and gained C60-hybridized ZnO, of which showed
enhanced photocatalytic activity for the degradation of methylene
blue. Moreover, the hybridization of C60 also improved the photo-
stability of ZnO. Furthermore, C60 modified Bi2WO6 photocatalysts
were prepared by a simple absorbing process by Zhu et al. [39].
Much higher efficiency was obtained in degradation of methy-
lene blue and rhodamine B (RhB). However, part of the research
only synthesized a hybrid by the simple adsorption of C60 on the
other semiconductors in toluene suspension [38,39]. It is reported
that intimate contact in the hybrid would benefit the quick trans-
fer of photogenerated electrons during the photocatalysis [40],
which suggest the hybrid with chemical bonding between the two
components would have better photoactivity than that with only
adsorption.
In this study, for the first time, C60 modified lead molyb-
date (C60–PbMoO4) was synthesized through the hydrothermal
method. The photocatalytic activities of C60–PbMoO4 with vari-
ous contents of C60 were tested under UV light and visible light
irradiation.
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. Experimental

.1. Preparation of C60–PbMoO4

A high-purity (99.9%) C60 sample was purchased from Nan-
ing XFNano Material Tech Co., Ltd. The sample was  functionalized
y refluxing and stirring vigorously in 10% (w/w) HNO3 for 2 h.
fter the treatment, the sample was subjected to centrifugation,
ecantation, and dilution with 18 M� cm deionized water until the
upernatant pH became neutral. Resultant sample was  dried for 8 h
t 80 ◦C. C60–PbMoO4 was prepared as follows: the starting mate-
ials of Pb(NO3)2 were dissolved in 1.0 mol  L−1 HNO3 and mixed
ith Mo7O24·6(NH4)·4(H2O) aqueous solution with the molar ratio

f 7:1. An appropriate amount of functionalized C60 was added to
he solution, which was then stirred vigorously for 30 min. The sus-
ension was transferred into a 100 mL  Teflon-lined stainless steel
utoclave and heated at 160 ◦C for 24 h. The resultant solid was  sep-
rated via centrifugation, washed with water and ethanol several
imes, and then dried overnight at 60 ◦C.

.2. Characterization

X-ray diffraction patterns of C60–PbMoO4 were recorded at
oom temperature by a Bruker D8 Advance X-ray diffractometer.
aman spectra were obtained on a Renishaw RM1000 spectrome-
er. The diffuse reflectance absorption spectra of the samples were

ecorded on a Shimadzu UV-3100 spectrophotometer equipped
ith an integrated sphere attachment. High-resolution transmis-

ion electron microscopy images were obtained by using a JEM
100F field emission transmission electron microscope. X-ray
hotoemission spectroscopy was carried out by a Kratos Ana-

Fig. 2. HRTEM images of PbMoO4 (a) and C60–PbMoO4 (b), EDS spectrum
Fig. 1. XRD patterns of PbMoO4 and C60–PbMoO4 with various contents of C60.

lytical XSAM800 spectrometer. Brunauer–Emmett–Teller specific
surface areas (SBET) of the samples were measured by nitrogen
adsorption–desorption in a Micromeritics ASAP 2020 apparatus.

2.3. Photocatalytic degradation

Photocatalytic degradation of dye can be used for testing the

activity of photocatalyst [41,42]. The photocatalytic activities of
C60–PbMoO4 were evaluated through the degradation of RhB under
UV light and visible light irradiation. An 18 W low-pressure mer-
cury lamp was  used as the UV light source, with an average light
intensity of 14.5 �W cm−2. A 300 W Xenon lamp (PLS-SXE300C,

 taken from the edge (c) and the center of C60–PbMoO4 sample (d).
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the photocatalytic activity of PbMoO4 under visible light irradiation
[44].

The Raman spectra of C60, PbMoO4, and 0.5 wt%  C60–PbMoO4
are shown in Fig. 4. The specific band at 1467.0 cm−1 is assigned
K. Dai et al. / Journal of Molecular Cataly

eijing) with a 420 nm cutoff filter was used as the visible light
ource, with an average light intensity of 600 �W cm−2. In each
xperiment, 20 mg  photocatalyst was added into 50 mL  of RhB
olution (1 × 10−5 M).  Before irradiation, the suspensions were
agnetically stirred in the dark for 30 min  to achieve the adsorp-

ion equilibrium. Then the suspensions were exposed to UV light
r visible light irradiation. At given irradiation time intervals, 3 mL
f the suspension was collected and centrifuged to remove the
hotocatalyst. The centrifuged solution was analyzed by a Nicolet
00 evolution UV–vis spectrophotometer, monitoring the char-
cteristic absorption peak of RhB at 554 nm to quantify the RhB
oncentration in the solution.

. Results and discussion

.1. Characterization of C60–PbMoO4

Fig. 1 illustrates the XRD patterns of C60–PbMoO4 with various
ontents of C60. PbMoO4 of pure phase is a tetragonal structure,
nd the corresponding JCPDS-ICDD number is 74-1075. The peaks
t 27.5◦, 32.9◦, and 44.8◦ show an excellent match with the {1 1 2},
2 0 0}, {1 1 4} crystal planes of wulfenite PbMoO4. Comparing with
hat of PbMoO4, the characteristic peaks of C60–PbMoO4 with vari-
us contents of C60 remain the same, indicating the lattice structure
f PbMoO4 did not changed after modification with C60. How-
ver, the XRD patterns of C60–PbMoO4 with various contents of
60 showed different peak intensities.

As estimated according to the peak broadening based on the
cherrer equation, the mean crystallite sizes are 55.4, 50.2, 48.2,
3.3, and 40.8 nm for pure PbMoO4 and C60–PbMoO4 with C60
ontents of 0.2, 0.5, 1.0, and 5.0 wt%, respectively. The crystallite
ize clearly decreases gradually with the increase in C60 content,
hich demonstrates that the introduction of C60 can inhibits the

rowth of the PbMoO4 grain and decrease the crystallinity of
bMoO4.

As shown in Fig. 2a, one individual polyhedron can be observed
s having a well-defined 18-facet polyhedron with a particle size
f 5 �m,  which are similar to the report of Bi [23]. The lattice-
esolved HRTEM image of PbMoO4 indicates that the lattice spacing
s 0.324 nm,  which is consistent with the (1 1 2) plane of wulfenite
bMoO4. No obvious change in the lattice structure of PbMoO4 is
bserved after C60 is modified, which is in accordance with the XRD
nalysis. However, after the introduction of C60, defects are visible
n the surface of PbMoO4 (Fig. 2b), which can be attributed to the
ecreased crystallinity. During the hydrothermal process, C60 was
dsorbed onto or bonded to the newly formed PbMoO4 nucleus,
hich suppressed the growth of PbMoO4, resulting in the crystal
efects [43].

To investigate the C60 covering the surface of PbMoO4, energy-
ispersive spectrometry (EDS) was employed to analyze the
lement composition of C60–PbMoO4. As shown in Fig. 2c and d,
here is a large amount of carbon on the surface of C60–PbMoO4,
hich can be attributed to the fact that the introduced C60 formed a

ayer coating the surface of PbMoO4. Considering C60–PbMoO4 was
ashed with water and ethanol several times, C60 that physically

dsorbed on the surface of PbMoO4 can be washed away. There-
ore, it can be concluded that a tight intact was formed between
60 layer and PbMoO4.

The DRS spectra of the C60–PbMoO4 with different contents
f C60 are shown in Fig. 3a. PbMoO4 showed an absorption edge

round 400 nm,  corresponding to band-gap energy of about 3.1 eV.
ith the increase of the loading amount of C60 from 0.2 wt% to

.0 wt%, the absorption wavelength range of the PbMoO4 extended
oward visible light. By plotting (˛h�)1/2 versus h�, in which  ̨ being
he absorption coefficient, the band-gap energies were calculated
Fig. 3. (a) UV–vis diffuse reflection spectra of PbMoO4 and C60–PbMoO4 with various
contents of C60. (b) Plot of (˛h�)1/2 versus photon energy (h�) according to the DRS
in  (a).

(Fig. 3b) to be 3.08, 3.08, 3.07, 3.05, and 2.93 eV for PbMoO4 and 0.2,
0.5, 1.0, and 5.0 wt%  C60–PbMoO4, respectively. This shows that C60
can shift the absorption edge of PbMoO4 to the visible light range
and narrow the band-gap, which may  be beneficial for improving
Fig. 4. Raman spectra of C60, PbMoO4, and C60–PbMoO4.
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Fig. 5. XPS spectra: survey spectrum, Mo 3d, O 1s

o the bending vibration of C60 [45], and the characteristic band
f PbMoO4 is at 868.5 cm−1 [46]. Due to the small amount of
60 in C60–PbMoO4 and the good dispersion, the signal of C60

n C60–PbMoO4 is quite weak. However, the signal of C60 in
60–PbMoO4 suggests that C60 maintains its original structure after
eing bonded to the surface of PbMoO4. According to the decrease
f the characteristic band of C60–PbMoO4 at 868.5 cm−1, it can
e concluded that the crystallinity of PbMoO4 was decreased due

o the introduction of C60, which is in accordance with the XRD
esults of C60–PbMoO4. These experimental results reveal that
here maybe exist chemical interaction between C60 and PbMoO4.

PbMoO4, a mechanical mixture of functionalized C60 and
bMoO4 (C60 + PbMoO4), and C60–PbMoO4 were identified via XPS
, C 1s of PbMoO4, C60 + PbMoO4 and C60–PbMoO4.

spectroscopy. XPS patterns of Mo  3d, O 1s, Pb 4f and C 1s for
the PbMoO4, C60 + PbMoO4 and C60–PbMoO4 are shown in Fig. 5a
[27,47,48]. As can be seen from Fig. 5b, the value of 232.3 eV
for Mo  3d 5/2 can be assigned to a Mo6+ oxidation state in
PbMoO4. No obvious difference can be found between that of
PbMoO4 and C60 + PbMoO4, but the binding energy of Mo  3d 5/2
increased from 232.3 eV in PbMoO4 and C60 + PbMoO4 to 235.0 eV
in C60–PbMoO4. These experimental results indicates that mix-

ing of C60 and PbMoO4 would not change the chemical state of
Mo,  but the introduction of C60 via hydrothermal synthesis would
change the chemical state of Mo.  In addition, the binding energy
of O 1s increased from 531.1 eV in PbMoO4 and C60 + PbMoO4 to
533.8 eV in C60–PbMoO4 (Fig. 5c), which indicates the change in the
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hemical state of O. As discussed in our previous study on the car-
on nanotube–TiO2 hybrid [49,50], hydrothermal reaction would
ive birth to chemical bonding between carbon nanotube and TiO2.
n this study, the change in the chemical state of Mo  also pre-
icted some kind of chemical bonding was formed between C60 and
bMoO4, which would inevitably affect the photocatalytic activity
f C60–PbMoO4.

The binding energy of Pb 4f 5/2 in C60–PbMoO4 is 146.2 eV
Fig. 5d), which is 2.8 eV higher than that of pure PbMoO4
143.4 eV), represented the increasing of the electron density
round the Pb2+ ions after modified by C60. The binding energy of

 1s in C60–PbMoO4 increases to 287.1 eV, whereas it is 284.7 eV in
he mechanical mixture of functionalized C60 and PbMoO4 as well
s in pure C60. These phenomena indicate that the C60–PbMoO4
repared via the hydrothermal process possesses a strong binding
etween C60 and PbMoO4, whereas there is no strong binding in
he C60 + PbMoO4.

Signal deconvolution with a Gaussian curve fitting for O 1s in
bMoO4 and C60–PbMoO4 is shown in Fig. 5f. The peaks in the
urve for O 1s in PbMoO4 were attributed to the bond of Mo–O
t 530.3 eV, the bond of Pb O at 531.1 eV, and the bond of C O
t the surface of PbMoO4 at 529.5 eV, respectively. The increas-
ng of the intensity of C O and C 1s of C60–PbMoO4 indicated
hat the C O bonds may  have been formed between the C60 and
bMoO4.

.2. Photocatalytic activities

The photocatalytic activities of PbMoO4, C60 + PbMoO4 and
60–PbMoO4 were tested upon the degradation of RhB under UV

ight and visible light irradiation. As Fig. 6a shows, the photolysis
est confirmed that RhB degraded rarely under UV light irradi-
tion in the absence of photocatalyst. Only 37% RhB could be
egraded over pure PbMoO4 after UV light irradiation of 2 h. The
hotocatalytic activity of mechanical mixture of C60 and PbMoO4
C60 + PbMoO4) was a little higher than that of pure PbMoO4, which
an be attributed to that C60 can arouse rapid photoinduced charge
eparation and reduce electron–hole recombination [51]. It should
e underlined that all C60–PbMoO4 samples exhibited better pho-
ocatalytic activities than those of pure PbMoO4 and C60 + PbMoO4.

ith regard to the 0.5 wt% C60–PbMoO4 and 0.5 wt% C60 + PbMoO4,
he photocatalytic activity of former is almost as twice as that of
atter.

The SBET of PbMoO4 and C60–PbMoO4 are measured to be
.31 m2 g−1 and 0.45 m2 g−1, respectively. The SBET of PbMoO4 and
60–PbMoO4 is quite close, which indicates the difference in surface
reas of PbMoO4 and C60–PbMoO4 do not have a dominant effect
n their photocatalytic activities. In addition, in our recent study
26], it was found that the photocatalytic activity of the PbMoO4

icrocrystals is more directly related to its surface structures or
orphology rather than its specific surface area. The enhanced pho-

ocatalytic activity of C60–PbMoO4 could be explained by the fast
ransfer of photogenerated electrons and high charge separation
fficiency in C60–PbMoO4, because C60 can act as “electron accep-
ors” [38,39,52] and the intimate contact (i.e. chemical bonding)
etween C60 and PbMoO4 formed in the hydrothermal process is
eneficial for the electron transfer.

In addition, the mass ratio of C60 has a great influence on
he photocatalytic activity of the C60–PbMoO4 samples. After the
ntroduction of 0.2 wt% C60, the photocatalytic activity of PbMoO4
an be increased largely. Among all photocatalysts containing

bMoO4, 0.5 wt% C60–PbMoO4 showed the best photocatalytic
ctivity, which is about 3.8 times higher than that of pure PbMoO4.
urther enhancing the proportion of C60 in C60–PbMoO4 led to

 gradually decrease in the degradation rate of RhB though it
emained higher than that of the bare PbMoO4. The decrease
Fig. 6. Photocatalytic degradation of RhB over PbMoO4 and C60–PbMoO4 under UV
light  irradiation (a) and visible light irradiation (b).

in photoactivity at higher C60 mass ratio may  be attributed
to the fact that too much C60 in the composite would lead
to a high recombination rate of photogenerated electrons and
holes.

The photocatalytic activities of the samples under visible light
irradiation were also investigated. As depicted in Fig. 6b, the
degradation of RhB was  negligible by the photolysis. Although the
sensitization effect of RhB on its photocatalytic degradation can
increase the degradation efficiency [53], RhB degraded rarely over
pure PbMoO4, which might imply the sensitization effect of RhB
was weak upon pure PbMoO4. As expected, C60 + PbMoO4 demon-
strated similar photoactivity to that of pure PbMoO4. However,
all samples of C60–PbMoO4 showed much higher photocatalytic
activities than those of pure PbMoO4 and C60 + PbMoO4. The
degradation rate of RhB over C60–PbMoO4 increased sustainedly
with the mass ratio of C60 increasing from 0.2 wt%  to 5.0 wt%,
and then decreased with further increment. 5.0 wt%  C60–PbMoO4
displayed the greatest photocatalytic activity, demonstrating
an increase of about 4.1 times compared with that of pure
PbMoO4.

To test the stability of C60–PbMoO4, 0.5 wt% C60–PbMoO4 after
photocatalytic reactions were collected and dried for the subse-
quent photocatalytic reaction cycles. Five cycles of the RhB removal
experiments under an 18 W low-pressure mercury lamp were per-
formed under the same experimental conditions and the result
is shown in Fig. 7. The photoactivity of the photocatalyst used

remains 92.6% after 5 recycles and did not exhibit any signifi-
cant loss, implying that the as-prepared particles have a good
photostability.
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To uncover the effect of C60 modification on the stability of
bMoO4, the remnant RhB solutions containing pure PbMoO4 and
60–PbMoO4 after 10 h of UV light irradiation (five cycles) were
etected through graphite furnace atomic absorbance spectrom-
try. In the RhB solution containing pure PbMoO4, 98.3 �g L−1

b2+ was found, which is about 0.0049% to the whole PbMoO4
dded into the suspension. However, after UV light irradiated for
0 h, there is only 0.75 �g L−1 Pb2+ detected for the RhB solu-
ion containing C60–PbMoO4, which is about 0.00019% to the
hole C60–PbMoO4 added. These experimental results indicate

60–PbMoO4 has a good photostability and chemical stability and
60 modification could largely increase the chemical stability of
bMoO4.
.3. Possible mechanism

As demonstrated by the experimental results, C60–PbMoO4
xhibits significant enhancement compared with pure PbMoO4.

ig. 8. The schematic of photocatalytic mechanism under UV light irradiation (a)
nd visible light irradiation (b).
over 0.5 wt% C60–PbMoO4 under UV light irradiation.

Under UV light irradiation, the enhancement of photocatalytic
activity can be attributed to the effective transfer of the pho-
toinduced electrons from the conduction band of PbMoO4 to C60
(Fig. 8a), which is facilitated by the delocalized � electrons of C60
[54].

Under visible light irradiation, the photocatalytic activity of
C60–PbMoO4 is also largely enhanced compared with that of pure
PbMoO4. As illustrated in Fig. 8b, when the suspension contain-
ing RhB and C60–PbMoO4 is irradiated by visible light (� > 420 nm),
RhB can be stimulated to the excited state (RhB*), and the elec-
trons of RhB* adsorbed on the surface of PbMoO4 can be injected
into the conduction band of the PbMoO4 because of the suitable
energy level between the conduction band of PbMoO4 and the RhB*.
Meanwhile, RhB* is converted into the cationic radical (RhB•+).
In the absence of C60, most of these electrons quickly recombine
with RhB•+. However, in the case of C60–PbMoO4, the electrons
can quickly transfer from the conduction band of the PbMoO4 to
C60 according to the conduction band position of PbMoO4 and
the potential of C60/C60

•−. This transfer results in an efficient
charge separation and a low recombination rate. Hence, a much
higher photocatalytic activity under visible light irradiation can be
obtained.

4. Conclusions

C60–PbMoO4 was  synthesized via a hydrothermal method and
employed in the photocatalytic degradation of RhB. The intro-
duced C60 formed a layer coating the surface of PbMoO4, which
reduces the crystallite size of PbMoO4 and increases the light
absorption in the visible light region. Compared with a mixture
of C60 and PbMoO4 (C60 + PbMoO4), the chemical states of Mo
and Pb in C60–PbMoO4 are changed, indicating chemical bond-
ing was  formed between C60 and PbMoO4 via hydrothermal
reaction. In addition, C60–PbMoO4 showed better photocatalytic
activities than those of pure PbMoO4 and C60 + PbMoO4, which
indicates the interfacial contact between C60 and PbMoO4 play
important roles in the photocatalysis. The photocatalytic activity

of PbMoO4 increased 3.8 times at a C60 weight ratio of 0.5 wt%
under UV light irradiation, and 4.1 times at a C60 weight ratio
of 5.0 wt%  under visible light irradiation. The enhanced photocat-
alytic activity of C60–PbMoO4 can be rationalized by the effective
transfer of the photoinduced electrons on the interface of C60
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