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Abstract

Compositionally modified PZT powders of Nb-doped PZT and PMN–PZT were synthesized via two processing routes, namely

coprecipitation and evaporative decomposition. The new precursor of ZrxTi1�x-peroxo-nitrate solution was stable and suitable for
the synthesis processes. For Nb-doped PZT, reactive fine powders of single-phase perovskite were formed at temperature as low as
600 �C in both methods and fairly high specific surface areas of 17 m2/g (coprecipitation) and 8 m2/g (evaporative decomposition)

were obtained for the synthesized powders. For PMN–PZT, evaporative decomposition process effectively yielded the phase-pure
perovskite without the pyrochlore at 700 �C.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Wet chemical process has been extensively studied for
the synthesis of various ceramic powders due to the
merits of easy composition control, better homogeneity
and low processing temperature in comparison to the
conventional solid-state reaction process. Among the
chemical processes, coprecipitation technique has been
most widely investigated to prepare compositionally
modified lead zirconate titanate (PZT) ceramics.1�4

Coprecipitation uses low cost precursors of inorganic
salts, such as metal chlorides or nitrates, and has con-
siderable practical merits to prepare commercially
viable powders. Although the process has achieved
great successes in preparing the PZT ceramics, still some
limitations, such as a preferential precipitate formation
and an incomplete precipitation, may occur. For exam-
ple, the preferential precipitate of lead (Pb) chloride,
which is hard to re-dissolve, is easily formed in mixed
chlorides and nitrates solutions prior to the coprecipi-
tation.3 To avoid the lead chloride precipitation and
chlorine contamination in the prepared powders, aqu-
eous solutions of metal nitrates are often used as pre-
cursors to prepare some PZT powders.2�4 In the starting
materials, however, titanium (Ti) nitrate solution is
highly unstable to temperature and solution pH. There-
fore, the solution must be stored in a refrigerator and
kept at strong acidity.5 Furthermore, the coprecipi-
tates, such as metal hydroxides or oxalates, have dif-
ferent solubilities in the reaction solution and washing
media (distilled water or alcohols), which leads to the
incomplete precipitation. Especially, for PMN–PZT
{Pb(Mg1/3Nb2/3)O3–PbZrxTi1�xO3} powders, Mg2+

has high solubility for most precipitants, and hence
causes an incomplete precipitation of the magnesium
component.
In the present study, compositionally modified PZT

ceramics of Nb-doped PZT and PMN–PZT at near the
rhombohedral–tetragonal morphotropic phase bound-
ary (MPB) were prepared by wet chemical processes. To
synthesises the single-phase powders at low tempera-
tures and to overcome the described problems, copreci-
pitation and evaporative decomposition with use of
modified nitrates based solutions are adapted.
2. Experimental

Nb-doped PZT (PbZr0.53Ti0.47O3+0.5 wt.% Nb2O5)
and PMN–PZT {0.375Pb(Mg1/3Nb2/3)O3–0.625PbZr0.4
Ti0.6O3} powders of near the MPB compositions were
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prepared by the coprecipitation and the evaporative
decomposition method.
Aqueous solutions of reagent grade Pb-nitrate, Mg-

nitrate and Nb-ammonium oxalate were used as pre-
cursor materials. For both the Zr and Ti components,
the new precursors of Zrx.Ti1�x-peroxo-nitrate (x=0.4
and x=0.53) complexes were used. The Zrx.Ti1�x-per-
oxo-nitrates for the modified PZT were prepared as
follows: concentration determined ZrOCl2 and TiCl4
aqueous solution was mixed and hydrogen peroxide
(H2O2) was added to form a peroxo-complex solution of
Zrx.Ti1�x. The H2O2/Ti molar ratio was fixed at 3.
Zrx.Ti1�x-peroxo-hydroxide was precipitated by the
hydrolysis of the mixed (peroxo) solution with an
ammonium solution, and washed with distilled water to
remove chlorine ions. Zrx.Ti1�x-peroxo-nitrate solution
was prepared by dissolving the Zrx.Ti1�x-peroxo-
hydroxide in a nitric acid solution.
The flow diagram of the powder processing methods

employed in this study is shown in Fig. 1. The mixed
aqueous solutions of the modified PZT compositions
were prepared for both methods. For coprecipitation
method, extra amount of hydrogen peroxide added
again to the mixed aqueous solution for improved
coprecipitation.3 The metal peroxo-hydroxide pre-
cipitates were formed when the mixed precursor solu-
tion added to an ammonium solution by maintaining
the final pH value above 12. The precipitates were fil-
tered and washed by distilled water to remove all the
soluble reaction products, and then dried at 80 �C for
12 h.
In the case of evaporative decomposition, citric acid

was added in the mixed aqueous solution. The molar
ratio of citric acid to metal ions was maintained at a
value of 2. The clear solution with pH 6 was prepared
by adding the required amount of ammonium solution.
The solution was slowly evaporated at 70 �C until a
viscous gel was obtained. The viscous gel was kept in
vacuum oven at 80 �C for 12 h to form a solid (resin)
precursor, and then the resultant solid product was heat
treated at 250 �C for 10 h; this resulted in a fluffy mass
as decomposed product.
The as-synthesized materials from both the methods

were calcined in air at various temperatures up to 800,
for 2 h. The calcined powders were sintered at 1150 �C,
for 2 h by an ordinary two-crucible method with
Fig. 1. Flow diagram for the powder preparation procedure.
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PbZrO3 atmosphere powders. For comparison, some
PZT powders were also prepared by the conventional
solid-state reaction of metal oxides.
ICP, TG-DTA, XRD, BET, and SEM analysis were

performed on the prepared powders.
3. Results and discussion

3.1. Stability of Zrx.Ti1�x-peroxo-nitrates solution

Aqueous solution of TiO(NO3)2, as a Ti source in
PZT preparation, is known to be unstable under normal
conditions, as mentioned.5 Hydrous TiO2 is easily
formed in the solution and the quantity of TiO2
increased with increasing temperature. Therefore, all the
reaction temperatures during preparation process must
be kept less than 15 �C and the solution stored in a
refrigerator. Furthermore, the solution becomes stable
only when the pH was kept at less than 0.2. In this
study, it was found that the peroxo-aqueous solution of
TiO(NO3)2 with H2O2 was far more unstable with pro-
ducing higher TiO2 product than the TiO(NO3)2 aqu-
eous solution alone at the same temperature. By
contrast, the combined peroxo-nitrate solution of Zr
and Ti was quite stable and could be kept for months at
room temperature without any precipitation formation.
Also, there was no precipitate formed up to pH 1. The
stable Zrx.Ti1�x-peroxo-nitrate solution was a quite
effective precursor to prepare PZT powders by the wet
chemical processes.

3.2. Preparation of Nb-doped PZT

TG–DTA analysis of Nb-doped PZT powders pre-
pared by the coprecipitation and the evaporative
decomposition is presented in Fig. 2. For the coprecipi-
tates [Fig. 2(a)], the reaction involving a weight loss
resulting from decomposition of hydroxide was finished
at around 450 �C. The endothermic peak at 510 �C was
due to the transition from amorphous to perovskite.
For the evaporative decomposition product [Fig. 2(b)],
the consecutive reactions of the weight loss up to 500 �C,
which resulted from decomposition of organic compo-
nents, was found. There was decomposition oxidation
with strong exothermic reaction at round 400 �C. The
TG–DTA results for the Nb doped PZT powders were
identical, as were the results obtained by XRD patterns
(Fig. 3) of heat-treated powders at different tempera-
tures. For the coprecipitates [Fig. 3(a)], well-developed
peaks of perovskite phase were formed at 600 �C from
amorphous. No intermediate impurity phase was
formed. For the powders by evaporative decomposition,
the well-developed perovskite phase was also formed at
600 �C [Fig. 3(b)]. Below the synthesis temperature for
the perovskite phase, an impurity phase indexed as PbO
was formed in the prepared powders. In this evaporative
decomposition, the single-phase perovskite was formed
at the low temperature without use of any complexing
agents, such as ethylene glycol or ethylenediamine-
tetraacetic acid (EDTA), which were often used in nor-
mal evaporative decomposition process of citrate salts
to help the low temperature synthesis.6,7

The results show that the synthesis temperature was
as low as around 600 �C in both the preparation meth-
ods and the temperature was substantially lower than
those (800–1000 �C) of the conventional solid state
reaction process.8 In both methods, the composition
between the starting solution and the prepared powders
determined by ICP analysis was identical.
Fig. 4 shows morphologies of the synthesized powders

prepared at 600 �C for 2 h. Coprecipitation method
yielded very fine powder with a median particle size of
around 0.1 mm. The powder obtained by evaporative
decomposition contained a large portion of agglom-
erates with small particulates. The values of specific
surface area determined by BET analysis were 17 m2/g
(coprecipitation) and 8 m2/g (evaporative decomposi-
tion). The results indicate that the powder prepared by
coprecipitation is a much more reactive fine powder
with a uniform size distribution than the powder by
Fig. 2. TG–DTA curves of the Nb-doped PZT powders prepared by

(a) coprecipitation and (b) evaporative decomposition.
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evaporative decomposition. These BET values are quite
larger than the value below 2 m2/g for the ordinary
solid-state reaction product.8

The sinterability of calcined powders was in propor-
tion with their specific surface areas. The higher surface
area lead to the higher sintered density. It was shown
that the fairly high densities of 99% (coprecipitation)
and 95% (evaporative decomposition) of theoretical
were obtained for the ceramics sintered at 1150 �C and
the sintering temperature was also a lower temperature
than that (around 1250 �C) of the solid state reaction.

3.3. Preparation of PMN–PZT

The powders obtained by different processing routes
were characterized by XRD as shown in Fig. 5. Phase-
pure perovskite PMN–PZT was synthesized at 700 �C
only by evaporative decomposition process. For the
powders prepared by coprecipitation and solid-state
reaction process, the pyrochlore phase was found at
800 �C and did not disappear even after calcinations
at 1000 �C. The formation of pyrochlore at high
temperatures in the solid-state reaction powder was
mainly due to a compositional in-homogeneity resulting
from an insufficient mixing.9,10 On the other hand, for
the powder prepared by coprecipitation, the pyrochlore
was formed by an incomplete magnesium precipitation.
Fig. 4. SEM micrographs of the prepared Nb-doped PZT powders

calcined at 600 �C for 2 h: (a) coprecipitation and (b) evaporative

decomposition.
Fig. 5. XRD patterns of the PMN–PZT powders prepared by (a)

evaporative decomposition at 700 �C for 2 h, (b) coprecipitation at

800 �C for 2 h, and (c) solid state reaction at 800 �C for 2 h.
Fig. 3. XRD patterns of the prepared Nb-doped PZT powders heat-

treated at different temperatures: (a) coprecipitation and (b) evapor-

ative decomposition.
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An ICP analysis in this study has shown that the Mg
still remained unreactive in the solution after precipita-
tion. It has been known that the magnesium deficiency
in the prepared powders resulted in the lead niobate
based pyrochlore.10

Since there was no compositional difference between the
starting solution and the prepared powder, the evaporative
decomposition process provided a precise composition
control, which was hardly obtainable in the coprecipita-
tion method involving the high solubility component.
4. Conclusion

Compositionally modified PZT powders were pre-
pared by coprecipitation and evaporative decomposi-
tion process. In this study, the modified wet chemical
approaches by using the Zrx.Ti1�x-peroxo-nitrate solu-
tions were found to be quite applicable routes for the
powder synthesis at lower temperatures.
For Nb-doped PZT, the processing temperatures of

perovskite phase synthesis and dense ceramic formation
were substantially lowered in both wet chemical meth-
ods. Coprecipitation was more effective to prepare
reactive fine powders of higher surface area.
In the case of PMN–PZT, the evaporative decom-

position process effectively yielded homogeneous pow-
ders of the phase-pure perovskite with a precise control
of the desired composition of exact Mg content.
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