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a b s t r a c t

A new strategy has been successfully designed to synthesize lead tungstate (PbWO4) microcrystals on
a lead surface by employing a novel solution-phase approach at room temperature. This method con-
sists of a liquid–solid reaction between Na2WO4 solution and lead substrate itself in the assistance of
glycine, l-glutamic acid, sodium citrate, or sodium adipic acid, respectively. The existence of these organic
vailable online 10 May 2010

eywords:
ead tungstate
icrocrystals

hemical synthesis

molecules plays an important role in the current synthetic process (serves as a growth promoter and
organic structure-directing agent). This approach provides a facile strategy to produce PbWO4 micro-
crystals on a lead substrate, which may be applicable to the synthesis of other inorganic materials on
other metal substrates with various potential applications.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, the chemical synthesis of inorganic materials
ith different morphologies has attracted considerable attention.

ince the morphology of materials and their properties are closely
elated, different morphologies often have different properties
1–5]. The solution-phase chemical synthesis has been considered
s one of the most promising methods, due to its low cost and
otential advantage for large-scale production. In particular, low-
emperature (typically <100 ◦C) aqueous-phase approaches are
ttractive because of their low energy requirements, and environ-
entally friendly processing [6,7]. In the aqueous-phase synthesis,

riented crystalline films are deposited on a substrate in aque-
us media by a heterogeneous nucleation and subsequent growth.
he resultant film structure is controlled by a complicated set of
nteractive processes in both solution and solid phases [8–10].

Lead tungstate (PbWO4) has been attracting increasing atten-
ion because of its technological importance as an inorganic
cintillating crystal (now widely used in particle and nuclear
hysics). As compared to other well-known scintillators, PbWO4

s most attractive for high-energy physics applications because of
ts high density (8.3 g/cm3), short decay time (less than 10 ns for
large part of light output), high-irradiation damage resistance
107 rad for undoped and 108 rad for La-doped PbWO4), interest-
ng excitonic luminescence, thermoluminescence, and stimulated
aman scattering behavior [11,12]. PbWO4 single crystals have
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usually been grown from the melt using the Czochralski and Bridge-
man methods [13,14]. Several references reported the synthesis of
PbWO4 nano- and microcrystals with various morphologies by wet
chemical methods [15–19]. However, it is still very important to
develop some other, more convenient methods for the preparation
of PbWO4 in mild reaction conditions.

Herein, a new strategy has been successfully designed by
employing a liquid–solid reaction between an aqueous solution
of Na2WO4 and a lead substrate at room temperature. The lead
substrates are used not only as a source of lead, but also as a sup-
port for PbWO4 crystals. The controlled reactions allow the large
scale, template-free, cost-effective synthesis of PbWO4 with an
ordered, uniform, and stable structure. Especially, PbWO4 crystals,
they grow directly on the conducting lead substrate with good elec-
trical contact, which is of crucial importance for the development
of a device with high performance.

2. Experimental

The starting solutions of analytical grade glycine (NH2CH2COOH) and sodium
tungstate (Na2WO4) were freshly prepared. Lead foils (99.9%) were freshly cut from
the lead rod (the diameter is about 8.0 mm). In a typical procedure, a piece of
lead foil was first laid on the bottom of a 20-mL glass vial containing glycine and
sodium tungstate aqueous solution. The mixed reaction solution was left undis-
turbed at room temperature (∼20 ◦C) under atmospheric environment for 4–7 days.
The lead foil was then removed from the glass vial, washed with deionized water and
anhydrous ethanol (respectively) several times, and dried in the air for subsequent
characterizations. In parallel experiments, glycine (NH2CH2COOH) was replaced by

l-glutamic acid (HOOCCH2CH2CH(NH2)COOH), sodium citrate, or sodium adipic acid
(NaOOC(CH2)4COONa), respectively.

The phase and crystallographic structure of the as-prepared samples were
determined by powder X-ray diffraction (XRD, Rigaku mini diffractometer
equipped with the graphite monochromatized Cu K˛ radiation) in the 2�
angles ranging from 10◦ to 70◦ . The morphology and size of these microcrys-

dx.doi.org/10.1016/j.jallcom.2010.05.010
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as follows: at the beginning of reaction, the lead surface was first

F
f

ig. 1. XRD patterns of PbWO4 microcrystals on the lead substrate with a high sur-
ace coverage. The solid curve is the experimental XRD pattern; the dashed curve is
he simulated one, which is taken from the data in JCPDS No. 19-0708, the reflection
eaks generated by the lead substrate are marked with an asterisk.

als were characterized by a Hitachi S-3000N scanning electron microscope
SEM).

. Results and discussion
Lead tungstate (PbWO4) occurs in nature as tetragonal stolzite,
pace group I41/a and monoclinic raspite, space group P21/a. A
igh-pressure form, with space group P21/n has also been reported
20]. Fig. 1 shows the XRD patterns of the as-prepared products

ig. 2. SEM images of PbWO4 microcrystals on a lead substrate (experimental conditions:
or 4 days). (a and b) Panoramic morphologies, scale bar = 10 and 5 �m, respectively. (c an
pounds 503 (2010) 248–252 249

via the mild solution route. These diffraction peaks can be clearly
indexed as a pure tetragonal stolzite structure (space group I41/a)
and matched well with the reported data (JCPDS Card No. 19–0708),
except those marked with asterisks from the lead substrate. No
diffraction peaks for other materials or phases are observed in XRD
patterns, within the resolution limit of XRD, the lead tungstate
crystals appear pure.

Lead is a soft, heavy, toxic and malleable poor metal. Lead is
bluish white when freshly cut, but tarnishes to a dull gray when
exposed to air [21]. The surfaces of all these lead substrates were
tarnished (when viewed by the naked eye) after they had been
treated in the mixed solution at room temperature. Further exam-
ination under an electron microscope indicated that the formation
of PbWO4 microcrystals is over the entire surfaces of these sub-
strates, which covered a large area of the lead substrate uniformly
and compactly. Fig. 2a and b clearly shows a large-area microcrys-
tals of PbWO4 grown on a lead foil substrate, which was successfully
covered with well-defined sheaves of PbWO4 microcrystals. As
shown in Fig. 2c and d, dumbbell-shaped PbWO4 aggregates were
obtained. These PbWO4 dumbbells consist of two dandelion-like
heads that are composed of radially aligned, needle-like crystals.

In the presence of aqueous solution of glycine, lead can form Pb2+

and react easily with WO4
2− to form PbWO4 crystals on the surface

of lead substrates. The formation processes of the arrays prepared at
different reaction stages are, respectively studied by SEM measure-
ments, as shown in Fig. 3. The growth procedure can be described
oxidized into a large quantity of PbWO4 nanoclusters, which served
as the nuclei for the crystal growth. The growth of PbWO4 stemmed
from these clusters and continued. During this period a typical
dissolution-crystallization state was established under the current

1.0 mL Na2WO4 (1.0 M) + 1.0 mL glycine (1.0 M) + 8.0 mL H2O, at room temperature
d d) Detailed views in high magnification, scale bar = 2 and 1 �m, respectively.
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Fig. 3. Shape-evolution of PbWO4 microcrystals on a lead substrate at different growth stages (experimental conditions: 1.0 mL Na2WO4 (1.0 M) + 1.0 mL glycine
(1.0 M) + 8.0 mL H2O, at room temperature). (a) 1 day; (b) 2 days; (c) 3 days, respectively. Scale bar = 5 �m.

Fig. 4. SEM images of PbWO4 microcrystals on a lead substrate (experimental conditions: 1.0 mL Na2WO4 (0.2 M) + 9.0 mL l-glutamic acid (0.01 M), at room temperature for
7 days). (a) Panoramic morphologies, scale bar = 5 �m. (b and c) Detailed views in high magnification, scale bar = 2 and 1 �m, respectively.
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Fig. 5. SEM images of PbWO4 microcrystals on a lead substrate (experimental conditions: 1.0 mL Na2WO4 (0.2 M) + 1.0 mL sodium citrate (1.0 M) + 8.0 mL H2O, at room
temperature for 7 days). (a) Panoramic morphologies, scale bar = 10 �m. (b and c) Detailed views in high magnification, scale bar = 5 and 2 �m, respectively.

Fig. 6. SEM images of PbWO4 microcrystals on a lead substrate (experimental conditions: 1.0 mL Na2WO4 (0.2 M) + 1.0 mL sodium adipic acid (1.0 M) + 8.0 mL H2O, at room
temperature for 7 days). (a) Panoramic morphologies, scale bar = 10 �m. (b and c) Detailed views in high magnification, scale bar = 2 and 1 �m, respectively.
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xperimental conditions. The formation of PbWO4 microcrystals on
lead substrate includes a simple oxidation-crystallization process,
nd the involved chemical process is as follows:

b + 2NH2CH2COOH → Pb(NH2CH2COO)2 + H2 (1)

b(NH2CH2COO)2 + Na2WO4 → PbWO4 + 2Na(NH2CH2COO) (2)

In the presence of Na2WO4 aqueous solution, Pb(NH2CH2COO)2
an react with WO4

2− to form PbWO4 crystals on the lead sur-
ace, as shown in Formulae (1) and (2). During the whole process,
b2+ ions were released slowly and gradually from the lead sub-
trate, which is essential to form the well-defined morphology. As
e known, well-defined morphologies are usually difficult to be
roduced by directly mixing two incompatible solutions of metal
alts because of a rapid decrease in supersaturation and further
epletion of reaction nutrients in a short period of time. For exam-
le, when equimolar Na2WO4 was mixed with a Pb(CH3COO)2 in
reaction solution, immediate fast precipitation of PbWO4 with a
ighly reduced growth rate, results in a rapid formation of poorly
ontrolled morphology. In the present synthetic approach, pure
ead ions can be supplied statically to retain sustained supersat-
ration via the natural oxidation of metal lead during a long period
f time. As opposed to the previous solution-based synthesis, the
igh rate of crystallization and continuous environmental distur-
ance can be avoided for the slow and progressive growth of PbWO4
icrocrystals.
Understanding the nucleation and growth kinetics in solution

ynthesis is significant in fundamental crystal science. The use of
rganic species for controlling the inorganic crystal growth has
een extensively studied [22]. COOH-terminated organic molecules
such as l-glutamic acid, sodium citrate, and sodium adipic acid) are
lso suitable for growing PbWO4 microcrystals in the current syn-
hetic system. These organic molecules (also call as ligands) have
he similar function with glycine. All of these organic molecules
acilitate the oxidation of metal lead into Pb2+ ions in the mix-
ure solution at room temperature (as shown in Formulae (1) and
2)). The corresponding SEM images of the as-prepared samples are
hown in Figs. 4–6, respectively.

As compared with glycine (NH2CH2COOH), l-glutamic
cid molecules with two functional groups (HOOCCH2CH2
H(NH2)COOH) have higher binding affinity to lead atoms, leading
o the formation of PbWO4 microcrystals. Fig. 4 shows SEM images
f the as-prepared samples, which are similar to the results of
ig. 2. Citrate is an important biological ligand for metal ions.
t can form strong complexes with Ca2+, Mg2+, Fe3+, Zn2+, and
g+ ions. In previous works, citrate has been most widely used
s a shape controller and stabilizer in the synthesis of inorganic
unctional materials [23]. On the basis of our experiment results,
e believe citrate has similar effects with glycine on the growth

f the PbWO4 crystals (compared Fig. 5 with Fig. 2). Sodium
dipic acid (NaOOC(CH2)4COONa) is a linear molecule with two
OOH functional groups at the heads of the molecule. As shown

n Formulae (1) and (2), sodium adipic acid can also accelerate
xidation of metal lead and combine with Pb2+ ions, resulting
n the formation of PbWO4 crystals at room temperature (Fig. 6
hows PbWO4 crystals with the rod-like morphology).

It is well-known that the crystal growth and morphology are
etermined by the degree of supersaturation, diffusion of the reac-
ion, surface energy and crystal structure. That is the extrinsic and

ntrinsic factors (both crystal growth environments and crystal
tructure) have significant effects on the final morphology [24–26].
uring the crystallization process (as shown in Formula (1)), lead

ons (Pb2+) with different ligands (organic molecules) have sig-
ificant effect on the formation of PbWO4 crystals (as shown in

[
[
[
[

pounds 503 (2010) 248–252

Formula (2)) in the real growth environments. It should be noted
that selective adsorption of organic molecules (including glycine,
l-glutamic acid, sodium citrate, or sodium adipic acid) on different
crystallographic planes of PbWO4 crystals may play an important
role in the anisotropic growth. The default experiments (in the
absence of any organic molecules) have been employed for eval-
uating the role of organic molecules in crystal growth. Only some
irregular particles are formed on the surface of the lead substrate.
Therefore, the existence of organic molecules play multiple roles
during the whole crystallization process.

4. Conclusions

A useful strategy has been successfully designed to synthe-
size PbWO4 microcrystals on lead substrate at room temperature.
This synthesis involves a template-less and surfactant-less aqueous
method, which enables us to generate, at large scale, low cost, and
moderate temperature, advanced PbWO4 films with a selectable
complexity. This innovative, soft-solution approach provides a gen-
eral route to the synthesis of PbWO4 microcrystals on the lead
substrate. Furthermore, this new strategy may be applicable for
making other interesting structures or changing the substrate to
another metal, alloy, and any substrate coated with lead.
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