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Antiferroelectric PbZrO3 has been synthesized by homogeneous precipitation from aqueous solutions in the presence
of urea (NH2CONH2) and calcination for 6 h at 700°C.
SEM studies displayed the presence of submicrometer powder, with a significant degree of agglomeration.
I.

smooth pH increase obtained by the decomposition of urea, in
unison with the steady supply of OH− and CO32− ions, typically
leads to the precipitation of metal hydroxycarbonates of controlled particle morphology.11–13 Homogeneous precipitation
from aqueous solutions, in the presence of urea, has been used
to produce dispersed spherical particles of basic lanthanide
carbonates,14 cerium oxide,15 Y3Al5O12,16 and LaAlO3.17 In
this study, homogeneous precipitation techniques, similar to
those described in the literature,11–17 were employed and
shown to be successful for the preparation of phase-pure
PbZrO3 after calcination at 700°C.

Introduction

L

EAD ZIRCONATE (PbZrO3) is an antiferroelectric ceramic
with a Curie temperature of 230°C. It is reported that the
antiferroelectric (AFE) to ferroelectric transition (under the application of a strong electric field to the ceramic in the antiferroelectric state) leads to significant energy storage for a dc
field. This feature of PbZrO3 makes it a candidate material for
energy storage applications.1 Piezoelectric and dielectric properties of lead zirconate thin films, derived from a sol–gel technique, were studied and compared with the most significant
piezoelectric compositions.2,3 PbZrO3 was also searched for its
microwave dielectric properties but it shows a dielectric relaxation near microwave frequencies.4 A strong correlation between the lattice defect concentration and dielectric loss at
microwave frequencies has also been reported.5,6 The volatility
of Pb species at the temperatures needed to prepare lead zirconate ceramics is believed to be the reason for the relaxation
in PbZrO3 phase.4 Therefore, a decrease in the processing temperature of lead zirconate phase may result in an improvement
in the final electrical properties of the ceramic part.
Preparation of lead zirconate by conventional processes, that
is, mixing and firing of the binary oxides (PbO and ZrO2),
requires the use of high temperatures at which PbO volatility
also becomes significant. It is reported that the full development of pure PbZrO3 phase occurs after sintering at temperatures above 1200°C for at least 2 h in controlled PbO atmospheres.4,5,7,8
Lead zirconate was previously synthesized by a sol–gel
method,8 which necessitated the use of complex processing
practices and strict control of many process parameters, such as
pH of the solutions, temperature, and concentrations of the
cations. For the sol–gel method, the calcination temperature to
yield pure PbZrO3 was reported to be as low as 700°C for 6 h
of soaking time.8 The phase formation temperature for pure
PbZrO3, by the citrate route, was also reported to be in the
vicinity of 700°C.9
In the present study, the experimental details and results of
the synthesis of the lead zirconate phase from water-soluble
salts of Pb and Zr (chlorides) by homogeneous precipitation via
urea decomposition are presented. The decomposition of urea
in aqueous solutions is accompanied by the slow and controlled
supply of ammonia and carbon dioxide into the solution.10 The

II.

Experimental Procedure

The lead source was 99.5% pure PbCl2 (Merck, Darmstadt,
Germany), whereas the zirconium source was 99% pure ZrCl4
(Merck, Darmstadt, Germany). Appropriate amounts of ZrCl4
and PbCl2 were dissolved in distilled water to prepare 0.2M
ZrCl4 and 0.02M PbCl2 stock solutions. Reagent-grade urea
(CH4N2O, 99.5% Riedel-De Haen AG, Germany) was used as
the precipitation agent.
(1) Homogeneous Precipitation
A total of 157 mL of cation stock solutions (i.e., lead and
zirconium chlorides) was thoroughly mixed in a glass beaker.
Distilled water (343 mL) containing 24.4 g of urea was then
mixed with the above solution. The resultant clear solution was
slowly heated (in about 2 h) to 90°C on a hot plate. Precipitation started in ∼2 h with a slight turbidity in the clear solution.
Precipitates were aged for 2 h at 90°C on the hot plate without
stirring. Precipitation experiments were also repeated at larger
volumes, e.g., 493 mL of cation solutions + 1081 mL of distilled water with 76.7 g of urea. After aging, the precipitates
were separated from the mother liquor either by centrifugal
filtration (at 4500 rpm) or by a filter-press. The recovered
precipitates were washed twice with distilled water. The
washed precipitates were oven-dried overnight at 90°C.
(2) Powder Sample Characterization
Powder XRD spectra were obtained for the dried precipitates, as well as for powders heat-treated at 350°–700°C, in
open alumina crucibles or dishes in a dry air atmosphere. A
powder diffractometer (Model D-Max/B, Rigaku Co., Tokyo,
Japan) was used with monochromatic FeKa radiation at a step
size of 0.04° and a preset time of 1 s for runs performed to
accomplish phase characterization and to check the phase purity of the synthesized ceramic powders.
Particle size and morphological characteristics of the powders were monitored through scanning electron microscopy
(SEM) photomicrographs (Model JSM6400, JEOL, Tokyo, Japan). Prior to examination, the powder samples were sputtercoated with a layer of gold–palladium ∼30 nm thick. Energydispersive X-ray spectroscopy (EDXS) (Kevex, Foster City,
CA) was performed on the pelletized samples to acquire semiquantitative elemental-distribution information. A pure sample
of 1.1 at.% neodymium-doped yttrium aluminum garnet
(Nd:YAG) polycrystalline disk (quantitatively analyzed by the
inductively coupled plasma (ICP) method prior to this study)
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Fig. 1. XRD spectra of the PbZrO3 precursor powders heated at various temperatures in a stagnant air atmosphere.

was used as a standard material in the EDXS runs. The analysis
was performed on the polished (0.1 mm diamond paste) surfaces of our samples. The EDXS information was believed to
be accurate to about ±3 wt%.
III.

Results and Discussion

The formation of the solid phase in the glass aging beakers
was governed by the controlled and slow generation of hydroxide and carbonate ions through the decomposition of urea. The
decomposition behavior of urea appears to be dependent on the
urea concentration, as well as other variables such as temperature and the concentrations of cations in the solution.
The precipitates recovered from the mother liquors and
oven-dried at 90°C in air were found to be crystalline. The
XRD spectrum labeled ‘‘90°C’’ in Fig. 1 belongs to the ovendried precursor powders. The phases detected in this spectrum
were hydrocerussite [Pb3(CO3)2(OH)2] of ICDD Powder Diffraction File (PDF) Card No. 13-131 and cerussite [PbCO3] of
ICDD PDF Card No 5-417. Upon heating the precursor powders to 350°C (6 h), the phase mixture of lead carbonates and
lead hydroxycarbonates decomposed into litharge (ICDD PDF
Card No. 5-561) and massicot (ICDD PDF Card No. 5-570).
ZrO2 (ICDD PDF Card No. 24-1164) began to show up, for the
first time in the XRD spectra, as a crystalline phase at 350°C.
The phase assemblage remained almost unchanged (Fig. 1)
when heated at 500°C (6 h) in a stagnant air atmosphere.
The free PbO phases (litharge and massicot) disappeared
when the temperature of air calcination increased to 600°C
(Fig. 1). There was still a mixture of two phases, i.e., PbZrO3
(ICDD PDF Card No. 20-608 or 35-739) and ZrO2 (ICDD PDF
Card No. 24-1164 or 37-1413) in the XRD patterns of these
powders. However, the only phase present in powders heated to
700°C (6 h) was PbZrO3 (ICDD PDF Card No. 35-739), and
this represented the temperature of complete conversion of the
precursor powders produced by homogeneous precipitation
into tetragonal lead zirconate. A typical SEM micrograph of

precursor powders heated at 700°C is given in Fig. 2, and it
shows the submicrometer and spherical nature of the PbZrO3
powder produced. It is apparent from this micrograph that the
particles are not as uniformly sized and disperse as expected
from the previously proven ability of the urea/homogeneous
precipitation method tested in other material systems.10–16
However, our powders displayed a significant level of necking
and bonding (Fig. 2) as if they were in the initial stages of
sintering even at this low temperature of calcination of 700°C.
The semiquantitative EDXS analysis performed on the
samples heated at 700°C typically produced the empirical composition of 58.8 wt% Pb, 26.9 wt% Zr, and 14.3 wt% O. These
values were regarded to be in accordance with the theoretical
composition of PbZrO3, as far as the accuracy of the technique
used here is considered.
The lattice parameters and unit cell volume of synthesized

Fig. 2. SEM photomicrograph of the PbZrO3 precursor powders
heated at 700°C for 6 h.
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PbZrO3 powders (calcined at 700°C) were determined (by a
least-squares refinement18 on the gathered XRD data) as a 4
11.769 Å, c 4 8.229 Å, and V 4 1139.81 Å3. These values
coincided well with the lattice parameter data of ICDD PDF
Card No. 35-739.
IV.

Conclusions

The lead zirconate (PbZrO3) phase has been synthesized
from aqueous solutions, following calcination at 700°C in an
air atmosphere. This study showed that it is possible to obtain
chemically homogeneous submicrometer particles of PbZrO3
by homogeneous precipitation throughout aqueous solutions of
the chlorides of the respective cations via the decomposition of
urea. A considerable decrease in the processing temperature is
obtained when compared to the processes which involve powder mixing and reactive firing in the solid state. This decrease
in synthesis temperature is also believed to help in eliminating
the need for the use of atmosphere control to compensate for
the problems of lead volatilization in commercial processing
and firing steps.
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