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For this study, lead molybdate (PbMoO4) microcrystals were prepared by the co-precipitation
method and processed using a conventional hydrothermal method at 100 1C for 10 min with
polyvinyl alcohol (PVA) as the capping agent. These microcrystals were structurally
characterized by X-ray diffraction (XRD) and micro-Raman spectroscopy, and their morphol-
ogy was investigated by field-emission gun scanning electron microscopy (FEG-SEM).
The optical properties were analyzed by ultraviolet–visible (UV–vis) absorption spectroscopy
and photoluminescence (PL) measurements. XRD patterns and MR spectrum indicate that the
PbMoO4 microcrystals have a scheelite-type tetragonal structure. FE-SEM images reveal that
the PVA promotes the aggregation of several octahedrons and the formation of large porous
stake-like PbMoO4 microcrystals which are related to the oriented attachment growth
process. Moreover, the effect of the capping agent hinders the growth of a large amount of
micro-octahedrons which can be verified with by several nanocrystals on large crystals.
Intense green PL emission was observed at room temperature for PbMoO4 microcrystals
which are related to structural defects at medium range and intermediary energy levels
between the valence band (VB) and the conduction band (CB). Photocatalytic activity was
observed for PbMoO4 as a catalyst in the degradation of the rhodamine B (RhB) dye, achieving
total degradation after 90 min under UV-light.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Lead molybdate (PbMoO4) crystals belong to the large
family of alkaline earth metal molybdates with a general
formula (AMoO4) where A represents divalent cations (Ca2þ ,
raújo).
Sr2þ , Ba2þ and Pb2þ) with a scheelite-type tetragonal
structure and a space group of (I41/a) at room temperature
[1]. These materials have attracted attention from the scien-
tific community in the scientific literature due to their
significant potential for different industrial applications such
as birefringent filters [2], scintillation detectors [3], photo-
conductivity [4], fiber optics [5], luminescence [6–11], ther-
moluminescence [12,13] and photocatalysis [14,15].

In order to obtain PbMoO4 structures, many synthetic
techniques have been exploited such as classic solid state
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reaction [16], Czochralski crystal growth [17], galvanic cell
method [18], citrate complex [19], and sonochemical route
[20–22]; more facile preparations have been developed,
including microemulsion method [23], microwave-assis-
ted synthesis method [24,25], precipitation method [26,
27], solvothermal route [7,28] and hydrothermal method
[10,14,29,30], but these methods require the introduction
of organics as templates, the use of surfactants, complex-
ing agents and/or mineralizers which tend to complicate
the synthetic procedure and may interfere with the
photocatalytic performance of the as-synthesized mate-
rials [31,32]. A significant challenge still remains: to
control the synthesized PbMoO4 crystals with homoge-
nous and well defined morphologies via facile routes.
Among the chemical synthesis methods, the hydrothermal
process has several advantages in terms of the control of
synthesis parameters, especially the possibility of crystal-
lization at mild temperatures and in liquid media, includ-
ing the addition of templates or additives which produces
samples with different morphologies and structures in a
simple manner [31,33–36].

Similar to several technological applications of micro-
and nanostructured materials, photocatalytic performance
is related to factors such as morphology, size, crystalline
phase, dopants and activity of specific crystalline plane
[31,37–40]. Photocatalytic processes occur on the surface
of catalysts, and thus, the size, shape and exposed crystal
facets of crystals are essential in the activity and efficiency
of photocatalysts; engineering the shapes of functional
materials to desirable morphologies has long been actively
pursued. The exposed facet of the PbMoO4 crystal is an
important factor which influences its photocatalytic per-
formance for the degradation of pollutants such as organic
dyes. The essence of exposed facets is the surface atomic
configuration and coordination which affect the adsorp-
tion and reactivity of semiconductor materials [14]; in
particular, studies on the photocatalytic activity of PbMoO4

for the degradation of organic pollutants under UV light
irradiation have been reported by different authors
[28,30,41–46].

In our previous research, we studied the morphology
and blue PL emission of PbMoO4 [10]; in a more recent
paper, the growth mechanism, infrared/Raman spectro-
scopies and PL properties of PbMoO4 crystals obtained
by the hydrothermal method have been reported [11].
In addition, a complimentary combination of experimental
work and first principles calculations was carried out to
obtain a deeper insight into the enhanced photocatalytic
activity of PbMoO4 crystals with predominant (111), (100),
(011), and (110) facets [14].

Therefore, in this study, as a continuation of previous
studies, we obtained PbMoO4 (PMO) microcrystals by the
co-precipitation (CP) method and processed by the
hydrothermal method with PVA being the capping agent.
These micro-octahedrons were analyzed by X-ray diffrac-
tion (XRD), micro-Raman spectroscopy, ultraviolet–visible
(UV–vis) absorption spectroscopy, photoluminescence (PL)
spectroscopy and field-emission gun scanning electron
microscopy (FEG-SEM). The photocatalytic activity of the
material was evaluated for degradation reactions of
rhodamine B (RhB).
2. Experimental

2.1. Synthesis of PbMoO4 microcrystals

All chemicals used were analytical grade reagents
without further purification, PbMoO4 (PMO) crystals were
obtained by CP and hydrothermal methods with polyvinyl
alcohol (PVA) (Vetec) as the capping agent. The typical
synthesis procedure is described as follows: 0.005 mol of
molybdic acid (H2MoO4) (Synth), 0.005 mol of lead nitrate
[Pb(NO3)2] (Merck) and 0.1 g of PVA were dissolved in
75 mL of deionized water. Then 5 mL of ammonium
hydroxide (NH4OH) (30% in NH3, Synth) was added to
the solution until the pH value reached 10. These suspen-
sions were stirred for 10 min in an ultrasound bath at
room temperature.

This obtained suspension was transferred into a stain-
less steel autoclave (lined with quartz glass) which was
sealed and processed at 100 1C for 10 min using a heating
rate fixed at 2 1C/min. After hydrothermal processing, the
autoclave was cooled down to room temperature. The
resulting suspensions were washed several times with
deionized water to neutralize the solution to pH (E7);
the white precipitates were dried with acetone and finally
collected for characterization.

2.2. Characterization of PbMoO4 microcrystals

After hydrothermal processing at 100 1C for 10 min, PMO
crystals were structurally characterized by XRD using a
Rigaku-DMax/2500PC (Japan) with Cu-Kα radiation (λ¼
1.5406 Å) in the 2θ range from 101 to 751 with scanning rate
of 0.021/s and total exposure time of 15 min. Micro-Raman
measurements were recorded using a T-64000 spectrometer
(Jobin-Yvon, France) triple monochromator coupled to a CCD
detector at 488 nm wavelength of an argon ion laser. Its
maximum output power was kept at 10 mW with the use of
lens (100 mm) to prevent sample overheating. Morphologies
were investigated using FEG-SEM (Carl Zeiss, Supra 35-VP
Model, Germany) operated at 6 kV. UV–vis spectrawere taken
using a Varian spectrophotometer, (Cary 5G Model, USA) in a
diffuse reflection mode with MgO as the standard. PL mea-
surements were carried out through a Monospec 27 mono-
chromator (Thermal Jarrel Ash, USA) coupled to a R446
photomultiplier (Hamamatsu Photonics, Japan). A krypton
ion laser (Coherent Innova 90K, USA) (λ¼350 nm) was used
as an excitation source, and its maximum output power was
maintained at 500 mW; the maximum power maintained
on the sample after passing through the optical chopper
was 40 mW. All measurements were performed at room
temperature.

2.3. Photocatalytic activity measurement

Photocatalytic properties of PMO crystals (as catalyst
agents) for the degradation of rhodamine B (RhB) dye with
a molecular formula of [C28H31ClN2O3] (99.5% purity,
Mallinckrodt) in an aqueous solution were tested under
UV-light illumination. About 50 mg of catalyst crystals
were placed in a 250 mL beaker, and 50 mL of RhB solution
(1�10�5 mol L�1) was added at pH 4. These suspensions



Fig. 2. Raman spectra of PbMoO4 samples synthesized with PVA as the
capping agent at 100 1C.
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were ultrasonicated for 10 min in an ultrasonic cleaner
before illumination and were then stored in dark for 5 min
to allow the saturated absorption of RhB onto the catalyst.
The beakers were then placed in a photo-reactor at 20 mC
and illuminated by six UV lamps (TUV Philips, 15 W with
maximum intensity at 254 nm). The power light was
measured (Coherent Power Max No. PM10 Model), and
the optical energy density value was 20 mW cm�2. At
two-minute intervals, one 3 mL aliquot of these suspen-
sions was removed and centrifuged at 9000 rpm for 5 min
to remove crystals in suspension. Finally, variations of the
maximum absorption band of supernatant solutions were
monitored by UV–vis absorbance spectra measurements
using a double-beam spectrophotometer with double
monochromator and a JASCO photomultiplier tube detec-
tor (Model V-660, USA).

3. Results and discussion

Fig. 1 shows all PMO microcrystal XRD patterns which
can be indexed to a scheelite-type tetragonal structure
with a space group of (I41/a) and a point-group symmetry
of (C6

4h) which is in agreement with Inorganic Crystal
Structure Database (ICSD) no. 26784. XRD peaks are
intense and well defined which suggests a good degree
of structural order at long range.

Fig. 2 shows Raman spectra of samples that comple-
ment the structural characterization. Group theoretical
considerations suggest 13 Raman-active modes at the Γ
point [47,48]:

ΓðRamanÞ ¼ υ1ðAgÞþυ2ðAgÞþυ2ðBgÞþυ3ðBgÞþυ3ðEgÞ
þυ4ðBgÞþυ4ðEgÞþRðAgÞþRðEgÞþ2TðBgÞþ2TðEgÞ

ð1Þ
Raman-active vibrational modes (Ag and Bg symmetry)

are single modes while the Eg symmetry is doubly degen-
erated. Translational (T) modes and rotational (R) modes
are considered to be external modes of tetrahedral [MoO4]
clusters and are the smallest in frequency. The modes
Fig. 1. XRD patterns of PbMoO4 samples synthesized with PVA as the
capping agent at 100 1C.
(υ1 to υ4) are considered to be the internal modes (stretch-
ing and bending) of tetrahedral [MoO4] clusters and are
higher in frequency, being the stretching modes the high-
est in frequency [48].

An analysis of the results indicates that all Raman-
active modes of PbMoO4 samples are characteristic of a
tetragonal structure which is in agreement with results
previously reported in the literature [49,50]. As seen in
samples synthesized without the use of PVA [10,11,14],
small shifts observed on Raman mode positions can be the
result of different factors such as preparation methods,
average crystal size, distortions involving the O–Mo–O and
O–Pb–O moieties, interaction forces between the ions or
the degree of structural order in the lattice [10]. Moreover,
well defined active-Raman modes confirm that PbMoO4 is
structurally ordered at short-range.

The morphologic behavior of as-obtained PMO microcrys-
tals was investigated by FEG-SEM images (see Fig. 3(a)–(d))
which confirm that PMO microcrystals have a large quantity
of anisotropic microcrystals with octahedron-like shapes (see
Fig. 3(a)); several quasi-spherical PMO nanocrystals are under
large PMO microcrystals (see Fig. 3(b)). In addition, the initial
growth process of these crystals produces large porous stake-
like PMO microcrystals by using PVA as the capping agent
through a self-organization of adjacent microcrystals in a
similar crystallographic orientation “oriented attachment”
process [51,52] along the [001] direction [10] which is
followed by a subsequent coalescence process among these
porous stake-like PMO microcrystals (see Fig. 3(c) and (d)). In
fact, a similar previous mechanism established that PMO
microcrystals with a scheelite-type structure that is composed
of Pb2þ ions tend to be faceted and aligned by “docking”
processes involving crystallographic fusion between faces
with high surface energy which creates an extended mor-
phology [10,53]. Also, PVA is essential for the formation of
these porous stake-like PMO microcrystals. Researchers have
found that PVA is a non-ionic polymer which is efficient only
for binding metal cations to form a strong metal-binding
ligand through a deprotonation process with high alkaline
conditions [54–56]; due to its molecular chain, this process



Fig. 3. (a–d) FEG-SEM images of PMO microcrystals synthesized with PVA as the capping agent.

Fig. 4. PL spectrum of PMO microcrystals synthesized with PVA as the
capping agent at 100 1C. The dashed lines represent a Gaussian profile fit
for the PbMoO4 sample. Inset shows the optical band gap estimated from
UV–visible spectra.
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can induce the formation of porous stake-like PMO micro-
crystals and quasi-spherical PMO nanocrystals [57–60]. Thus,
we confirmed the effect of PVA as the capping agent, because
we did not observed this morphological behavior in pure PMO
microcrystals (Supporting information, Fig. SI-1(a,b)).

Fig. 4 shows the photoluminescence spectra of the PMO
microcrystals obtained with an excitation wavelength of
325 nm. A simple Gaussian fit of the PL curve for PMO
microcrystals is also illustrated (dashed curves) while the
inset shows the optical band gap energy (Egap) calculated
by the method proposed by Wood and Tauc [61]. From the
absorption edges, the band gap of as-obtained PbMoO4

samples was estimated to be 3.15 eV which is in good
agreement with band gap values obtained in data pre-
viously reported [10,14].

The Gaussian fit performed for PMO microcrystal PL
emission reveals that this luminescence spectrum is formed
by blue (495 nm – 33.04%), green (540 nm – 44.30%) and
orange (600 nm – 22.66%) contributions with a maxima
centered around 520 nm (green region). Several papers
discuss the origin of PL emission in molybdates and tung-
states crystalline structures. When excited with high-energy
radiation (such as ultraviolet), these systems show a char-
acteristic blue–green emission related to tetrahedral [MoO4]
clusters for molybdates or tetrahedral [WO4] clusters for
tungstates [62–64]. The origin of the green PL emission is
controversial and is sometimes related to intrinsic transitions
of the [MoO4] complex [65]. Based on our previous report
[10], the PL emission obtained with maximum green inten-
sity is due to locally distorted tetrahedral [MoO4] clusters
and deltahedral [PbO8] clusters in the tetragonal lattice.

To demonstrate the photocatalytic activity of PMO
microcrystals synthesized with PVA as the capping agent
at 100 1C for 10 min, photodegradation of RhB dye was
carried out in an aqueous dispersion (RhB dyesþPMO
catalyst) under UV light with the maximum intensity at
254 nm. The temporal evolution of adsorption and photo-
catalytic degradation of aqueous RhB dye solution is
shown in Fig. 5.

As can be seen in Fig. 5, the RhB dye was totally
photodegraded after 90 min under UV light illumination
(see the inset of Fig. 5). A previous study [14] reported the
photocatalytic activity of PMO microcrystals synthesized
with different types of modifiers such as acetylacetone
(ACAC) or polyvinylpyrrolidone (PVP) as well as PMO
microcrystals without any modifier. That study verified
that the RhB dye was totally photodegraded after 14 min
for a sample synthesized with ACAC, 45 min for a sample



Fig. 5. UV–vis absorption spectra for PbMoO4 sample synthesized with
PVA as the capping agent during different exposure time of illumination
for the photodegradation of RhB dyes. Inset shows photodegradation
efficiencies of RhB dyes as a function of irradiation time.
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with PVP and 55 min for PMO microcrystals synthesized
without any modifier (Supporting information, Fig. SI-2).
These results suggest that the photocatalytic enhancement
of PMO microcrystals with ACAC as the capping agent
(system without the (001) surface) could be related to
surface/bulk defects that can influence the separation of
photogenerated electron–hole pairs on PMO crystals under
irradiation as well as exposed high-energy (111), (100),
(011), and (110) facets.

In thework presented here, the photocatalytic formation is
explained in terms of photo-generated electron–hole pair
(excitons) processes and electronic transition between the
valence band and the conduction band [14]. Initially, we
assume that before the UV excitation reaches the system,
the PbMoO4 catalyst has the ability to generate electron–hole
pairs. This behavior can be related to a reduction of band gap
energy and an increase in the electronic intermediate levels
between conduction and valence bands. Therefore, a consid-
erable reduction in the optical band-gap is probably linked to
exchange ordered complex clusters to disordered complex
clusters. In this typical semiconductor, the PbMoO4 crystal
lattice can have different types of electronic structure char-
acteristics such as intercluster (intermediary range) and
intracluster (local range) interactions, which can be due to
three different sources: orientation, induction, and dispersion
interactions [66]. The orientation interaction is associated
with correlation between rotational motion of permanent
moments in different [MoO4]o–[MoO4]d or [PbO8]o–[PbO8]d
complex clusters (medium range), where o¼order and
d¼disorder. The induction interaction occurs via polarization
processes of [MoO4] or [PbO8] clusters (short range).
The dispersion interaction arises from correlation between
electrons situated in the neighborhood of [MoO4] or [PbO8]
clusters (long range). The cluster-to-cluster charge transfer
(CCCT) in PbMoO4 crystal containing more than one kind of
cluster is characterized by excitations involving electronic
transitions from one cluster to another. Therefore, these
defects which are caused by [MoO4]o, [MoO4]d, [PbO8]o and
[PbO8]d complex clusters can polarize in the lattice and lead
to possible electronic transitions between disordered clusters
and ordered clusters. In our model, the most important events
occur before the arrival of the photon. Thus, different surfac-
tants, temperatures and synthesis methods may affect the
photocatalysis time due to formation of different short,
medium and long distance defects. The clusters formed by
PbMoO4 interact with water and separate it into hydroxyl
radicals and hydrogen ions. These radicals exhibit high oxida-
tion power and produce mineralization of an organic com-
pound in water.

It is still challenging to correlate surface defects with
photocatalytic activity, because there are many other impor-
tant effects such as crystalline phases, exposed crystal facets,
etc. Therefore, the photocatalytic activity of PMOmicrocrystals
is associated with the balance between all these factors;
however it is rational to investigate the sole effect of defects
on the photocatalytic activity of PMO microcrystals if other
factors remain unchanged [14]. Thus, the lower photocatalytic
activity of PMO microcrystals synthesized with PVA as the
capping agent compared to pure PMO microcrystals or PMO
microcrystals with ACAC as the capping agent and PMO
microcrystals with PVP as the capping agent [14] could be
related to structural defects in our samples which originate
from the oriented attachment growth process and to less
exposed active surfaces due to the formation of large porous
stake-like PMO microcrystals (shown in Fig. 3(d)).

4. Conclusions

In summary, PMO microcrystals were obtained by the
co-precipitationmethod and processed at 100 1C for 10 min in
a conventional hydrothermal systemwith PVA as the capping
agent. XRD patterns and micro-Raman spectrum indicate that
PMO microcrystals have a scheelite-type tetragonal structure
without deleterious phases. These results suggested that these
structures are well ordered at long- and short-ranges. FEG-
SEM images show that PMO microcrystals have a large
quantity of anisotropic microcrystals with octahedron-like
shapes or quasi-spherical PMO nanocrystals under the large
PMO microcrystals which form large porous stake-like PMO
microcrystals. The RhB dye was totally photodegraded after
90 min under UV light illumination. These results indicate
that our PMO microcrystals have lower photocatalytic activity
than that of pure PMO microcrystals synthesized without
surfactant or as the capping agent. This behavior can be
related to the minor exposed active surfaces due to the
formation of large porous stakes-like PMO microcrystals via
an oriented attachment process.
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