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Abstract

Nanocrystalline lead tungstate (PbWO,) powders, which have scheelite-type structure, were successfully synthesized at low temperatures
using a modified citrate complex method assisted by microwave irradiation. The citrate complex precursors were heat-treated at temperatures
from 300 to 600 °C for 3 h. Crystallization of the PbWO, precursor was detected at 400 °C, and completed at 500 °C. Nanocrystalline PboWO,
powders heat-treated between 400 and 600 °C primarily showed spherical and disperse morphology. The average crystallite sizes of PboWO,
were between 17 and 28 nm at temperatures between 400 and 600 °C, showing a tendency to increase with the temperature. The PbWO,
powders prepared at 600 °C showed the strongest photoluminescent intensity, which was ascribed to the higher crystallinity and homogeneous
particle morphology.
© 2005 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lead tungstate (PbWO,) has a scheelite-type structure
(I41/a) with a tetragonal unit cell [1]. The structure of
Czochralski-grown PbWO, consists of WO, tetrahedra
linked to the Pb ions. The first coordination sphere of Pb ions
is created by eight oxygen ions in a distorted cube
arrangement. The scintillation and luminescence properties
of PbWO, have been intensively studied in the past years [2—
6]. At present, there is a strong interest in this material
because it satisfies the requirements for modern scintillation
detectors in high energy physics [7]. Recently, PbWO, was
selected as a scintillating medium for a new generation
crystal calorimeter for the Large Hadron Collider (LHC)
project at Conseil Europeen Pour La Recherche Nucleaire
(CERN) [8].
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Most of the previous approaches for the preparation of
PbWQO, required high temperatures and harsh reaction
conditions, such as a high temperature solid-state reaction
for powders [9] or a hydrothermal method [10]. Lead
tungstate thin films have been prepared by reacting various
metal oxide thin films with WO5; vapor [11] and single
crystals have been grown from the melt using the methods of
Czochralski [12,13] and Bridgman [14]. However, PbWO,4
powders prepared by these processes are relatively large
with inhomogeneous morphology and composition because
WO; has a tendency to vaporize at high temperatures [15].
These problems may be solved by applying an advanced wet
chemical solution method that employs a citrate complex
(modified Pechini method [16]). This method has been used
to successfully prepare highly pure powders of various
double oxides [17] and various superconductors [18] with
multiple cationic compositions.

Microwave irradiation as a heating source has been
developed for a number of applications in chemical synthesis
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and has also shown how rapid heating rate can be harnessed to
produce binary and ternary solid-state compound [19-22].
Compared with the usual methods, microwave-assisted
synthesis has the advantages of shortening the reaction
time, giving products with small particle size, narrow particle
size distribution and high purity. Unfortunately, the exact
nature of the interaction of the microwaves with the reactants
during the synthesis is somewhat unclear and speculative.
However, it is well known that the interaction of dielectric
materials, liquids or solids, with microwaves leads to what is
generally known as dielectric heating. In liquids, this constant
reorientation leads to friction between molecules, which
subsequently generate fast homogeneous nucleation and easy
dissolution of the gel [19].

Recently, nanometer-sized inorganic materials have
attracted much interest from scientists, due to their wide
range of optical and electrical properties [23,24]. However,
few reports on the synthesis of PbWO, nanocrystalline
powders are found in the literature. In this work, the
synthesis of nano-sized PbWO, powders from citrate
complex precursor assisted by microwave irradiation is
reported. The precursors and powders were evaluated for the
crystallization process, thermal decomposition and particle
morphology. Furthermore, photoluminescence of synthe-
sized powders was measured with respect to its effect of the
crystallization process and microstructural morphology.

2. Experimental

Lead nitrate (Pb(NOj3),, Fluka Chemical Co. Ltd., Japan)
and ammonium tungstate para pentahydrate ((NHy);o-
W1,04;-5H,0, Wako Chemical Co. Ltd., Japan) were used

as the metallic cations. De-ionized water (DW) and citric
acid (HOC(CO,H)(CH,CO,H),, CA, Yukiri Pure Chemical
Co. Ltd., Japan) were used as the solvent and chelating agent
for the process. Fig. 1 shows the flow chart for the synthesis
of nano-sized PbWO, powders using a modified citrate
complex method using microwave and conventional heating.
The citrate solution was prepared by dissolving appropriate
molar ratios of citric acid in de-ionized water (CA:DW
molar ratio = 1:4). After complete homogenization of the
citrate solution, lead nitrate and ammonium tungstate para
pentahydrate were dissolved in the molar ratio of total
chelate metal cations (TO) and citric acid (TO:CA molar
ratio = 1:5). After heating, the solution is kept at a
temperature of 100 °C for 1 h under constant stirring. The
solution becomes viscous. A microwave oven with 1200 W
(Samsung Electronic Corp., Korea 2.45 GHz) was used to
treat the solution. The solution was placed in the microwave
oven and the reactions were performed under ambient air for
30 min. The working cycle of the microwave oven was set
between 40 s on and 20 s off. The solution became more
viscous with time and the color changed to brown. No visible
precipitation was observed during the heating process. As
this solution condensed, the brown product was converted
into powders with a Teflon bar. Thermal analysis was
performed on this powder, hereinafter referred to as the
‘precursor’. Heat-treatment of the precursor was performed
at various temperatures from 300 to 600 °C for 3 h.

The crystallization process of the polymeric precursor
was examined by thermogravimetry-differential thermal
analysis (TG-DTA, SETRAM, France), using a sample
weight of 8 mg and a heating rate of 5 °C/min. The existing
phase in the particles after heat-treatment was identified by
X-ray diffraction (XRD, Cu Ka, 40 kV, 30 mA, Rigaku,
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Fig. 1. Flow chart for synthesis of nanocrystalline PboWO, powders by the modified citrate complex method assisted by microwave irradiation.
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Fig. 2. XRD patterns of the nanocrystalline PbWO, powders heat-treated at
(a) 300, (b) 400, (c) 500 and (d) 600 °C for 3 h.

Japan) with a scan rate of 3°/min. The average crystallite
size of the heat-treated powders was calculated by using X-
ray diffractometry line broadening method through Scher-
rer’s relationship [25]. The microstructure and surface
morphology of the nanocrystalline powders were observed
by transmission electron microscopy (TEM, JEM 2010,
JEOL). The photoluminescent (PL) spectra were analyzed
by a Japan Hitachi 850 Spectrophotometer.

3. Results and discussion
3.1. Synthesis of nanocrystalline PbWO, powders

The crystallization process of the precursor was evaluated
by XRD, TG-DTA and electronic diffraction pattern (EDP).
Fig. 2 shows the phase identification of the PbWO,
nanocrystalline powders heat-treated for 3 h as a function
of heating temperature in detail using XRD. In Fig. 2(a) the
powders of PbWO, at 300 °C were amorphous with no
crystallized phases. Above 400 °C in Fig. 2(b)—(d), the
powders were identified as the PbWO, phase. Unreacted or
additional phases were not detected and the crystallinity of
the particles increased with heat-treatment temperature. All
of the diffraction peaks could be indexed to the tetragonal
cell of PbWO, with lattice constants a=5.4521 10\,
c=12.0366 A which are consistent with reported values

Table 1
Crystallographic data of PbWO,

Tetragonal stolzite [26] Monoclinic respite [1]

Pb-O x N 2.580 x 4, 2.65,2.77, 2.31,
2.637 x 4 2.68, 2.85, 2.51,
247 x 1
Mean Pb-O 2.609 x 8 2.61 x7
W-0 x N 1.795 x 4 2.17,1.92, 1.97,
2.07,1.70, 1.83 x 1
Mean W-O 1.795 x 4 1.94 x 6

Fig. 3. Schematic view of tetragonal PboWO,. Pb, W and O atoms are
represented by middle, small and large spheres, the radii of which are halves
of the ionic ones proposed by Shannon for convenience. Symmetry codes
for general site are in reference [1]. The 8e site (0 0 z) of /4,/a symmetry
with the equivalent position are depicted by the thin cross marks.

(JCPDS Cards 19-0708). The PbWO, crystals occur in
nature as tetragonal stolzite, scheelite type and monoclinic
respite at normal pressure. The crystallographic data for the
two types of PbWO, crystals are shown in Table 1. The XRD
results show that the nanocrystalline PbWOQO, powders
prepared by the citrate complex method have the tetragonal
stolzite structure as shown in Fig. 3, where the tungsten atom
adopts a tetrahedral coordination.

Fig. 4 shows the TG-DTA curves for the PbWO,
precursor. In Fig. 4, with an increase of temperature, weight
loss occurs in the TG curve up to 490 °C. Thereafter the
weight remains constant, indicating that the decomposition

TGA DTA
mg uV
4 60
sl <« 450°C
140
120
8t
10
b nucleation and 1-20
crystallization
-40
100 200 300 400 500 600 700
Temp [C]

Fig. 4. TG-DTA curves of the PboWO, precursor in flowing air.
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of all organic materials completed in the precursor, their
combustion and the crystallization of PbWQ, occurred
below 490 °C. No significant plateau corresponding to well-
defined intermediate products appeared in the heating
process. The DTA curve in Fig. 3 is interpreted as follows:
(1) the increase of DTA curve from 350 °C corresponds to
the initial decomposition of the precursor and formation of
the nuclei of the PbWO, nanocrystallites; and (2) the
exothermic peak at 450 °C corresponds to the crystallization
of PbWO,. Below 350 °C, the resultant particles were dark
brown and porous in structure. It is attributed to the presence
of a lot of carbons and ignitable organics. When the
temperature is increased above 350 °C, crystal nuclei begin
to form, and consequently the primary crystallization
process is completed following the combustion of the
residual carbons and ignitable organics.

Fig. 5 shows TEM and electronic diffraction pattern
(EDP) of the PbWQ, nanocrystallites prepared from 300 to
600 °C. The EDP of PbWOQO, powders heat-treated at 300 °C
in Fig. 5(a) shows only diffuse hollow rings, corresponding
to an amorphous phase. With the increase in temperature, at
400 °C in Fig. 5(b), dotted rings are observed, signifying the
nanocrystalline formation. The TEM morphology in
Fig. 5(b)-(d) shows that the sizes of the crystallites
gradually increase with the heating temperature. The

30 nm

Table 2
Calculated average crystallite size of PbWO, powders as a function of
heating temperature

Temperature (°C) Average crystallite size (nm)

400 17
500 23
600 28

PbWO, nanocrystalline powders heat-treated at 400 °C
showed primarily co-mixed morphology with spherical and
silkworm-like forms. The powders at 500 and 600 °C in
Fig. 5 have a relatively spherical and a more homogeneous
morphology with a narrow size distribution than those
treated at 400 °C.

The average grain sizes were determined from XRD
powder pattern according to the Scherrer’s equation [25].

kX

:,BCOSG7 M

where D is the average grain size, k a constant equal to 0.89,
A the wavelength of X-rays equal to 0.1542 nm and S is the
corrected half-width that is obtained by using (1 1 1) line of
the pure silicon as the standard. Table 2 shows the average
crystallite sizes for the heat-treated PboWO, powders calcu-
lated by XRD line broadening method. The calculated

Fig. 5. TEM and EDP of nanocrystalline PboWO, powders heat-treated at (a) 300, (b) 400, (c) 500 and (d) 600 °C for 3 h.
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average crystallite sizes of PbWO, were between 17 and
28 nm at temperatures range between 400 and 600 °C. These
correspond to the TEM observation as shown in Fig. 5
indicating grain growth with increasing temperature.

3.2. Photoluminescence of synthesized nanocrystalline
PbWO, powders

Room-temperature photoluminescent (PL) properties of
the prepared nano-sized PbWOQO, powders are shown in
Fig. 6. The PbWO, has been identified as intrinsic blue and
green luminescence at 400-500 nm with decay time of a few
nanoseconds at room temperature, due to the radiative
transition of the [WO,]*~ group [27]. It is generally assumed
that the measured emission spectrum of PbWO, is mainly
attributed to the charge-transfer transitions within the
[WO4]2* complex [28].

Fig. 6 shows emission spectra of the nanocrystalline
PbWO, powders heat-treated at (a) 400, (b) 500 and (c)
600 °C. With the excited wavelength at 240 nm, the powders
exhibited blue emission peaks at 400 nm in Fig. 6(a)—(c),
which is a lower wavelength than that of the peaks reported
for PbWO, powders prepared by the hydrothermal method
(500 nm [10]) and that of undoped PbWO, single crystal
annealed in air (515 nm [29]). In addition, weak red
emission bands near 680 nm were observed. This additional
emission band can be ascribed to a defect tungstate
tetrahedron [30]. The PL spectrum of samples shown in
Fig. 6(a)-(c) have the same maximum peak position.
However, the luminescent intensity of sample in Fig. 6(b)
and (c) was much stronger than that of sample in Fig. 6(a).
The results indicate the dependence of PL properties on the
morphology, crystallinity and sizes of the prepared PbWO,
powders. According to literature, the luminescence property
of PbWOQy, is very sensitive to its structure and strongly relies
on structural defects [29]. Generally, it is noted that the
synthesizing process for obtaining particles with the shape
of a non-agglomerate as well as high crystallinity plays an
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Fig. 6. Emission spectra of the nanocrystalline PbWO, powders heat-
treated at (a) 400, (b) 500 and (c) 600 °C for 3 h.

important role in the improvement of luminescent efficiency
[31]. The difference in XRD intensities due to crystallinity
of powders causes variations in luminescence efficiency. For
similar morphological samples, the homogenized particles
must be favorable to luminescent characteristics due to
lower contamination or fewer dead layers on the phosphor
surface [32,33].

The enhancement of PL intensity at 500 and 600 °C is
ascribed to a higher crystallinity, higher uniformity in
particle size distribution, and a more homogeneous particle
morphology than of those treated at 400 °C.

4. Summary

The PbWOQO, nanocrystalline powders were successfully
synthesized using a modified citrate complex method
assisted by microwave irradiation. Crystallization of PboWO,
precursor was detected at a low temperature of 400 °C, and
completed by 500 °C. The PbWO, powders heat-treated
between 400 and 600 °C showed primarily spherical and
homogeneous morphology. The average crystalline sizes of
PbWO, were between 17 and 28 nm at the temperature
range between 400 and 600 °C, showing an ordinary
tendency to increase with the temperature. The powders
prepared at 600 °C showed the strongest photoluminescent
intensity, which was attributed to a higher crystallinity,
higher uniformity in particle size distribution and more
homogeneous particle morphology.
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