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Abstract

Oxalate precursors of lead zirconate were synthesised in the nanosized aqueous domains of an inverse microemulsion
consisting of cyclohexane, NP5qNP9 and an aqueous phase of mixed lead and zirconium nitrates. Polyaniline was added
into the microemulsion-derived precursor via an in-situ polymerisation in the aqueous phase when lead oxalate and
zirconium oxalate are coprecipitated. The in-situ polymerisation of anilines in the microemulsion resulted in the formation of
a well dispersed precursor powder, after the nanosized oxalate particles were retrieved from the reacted microemulsions by
repeated washing using distilled ethanol. Upon calcination at 8008C, the microemulsion-derived oxalate precursor led to the
formation of an ultrafine lead zirconate powder, which was characterised for various powder characteristics. q 1998 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Ž .Lead zirconate PZ exhibits an orthorhombic
structure at room temperature and transforms to cu-

w xbic at around 2308C 1 . It has been extensively
studied because of its unique pyroelectric, electroop-

w x w xtical 2,3 , and piezoelectric properties 1,4–7 , which
are required for many applications in electronics and

) Corresponding author. Tel.: q65-874-2958; fax: q65-776-
3604; e-mail: maswangj@leonis.nus.edu.sg.

1 Tel.: q65-874-2924; fax: q65-779-1691; e-mail:
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w xmicroelectronics 8,9 . Lead zirconate is also a candi-
w xdate material for energy storage applications 10 due

to its antiferroelectric to ferroelectric transition, as
well as an important source material for the fabrica-

Ž . w xtion of lead zirconate titanate PZT 11 . PZ pow-
ders and sintered PZ ceramics have been synthesised
via various ceramic and chemistry-based novel pro-

w xcessing routes 11–14 .
Among the chemistry-based novel processing

routes developed for the preparation of fine func-
tional ceramic powders, microemulsion processing
w x15–17 is superior to many others in terms of being
able to deliver a homogeneous, nanosized precursor.
Unfortunately, the technological potential of mi-
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croemulsion processing has been limited by the ag-
gregation of precursor particles during the subse-
quent drying and calcination stages, although the
particle size of microemulsion-derived precursors
may easily be controlled to as small as a few
nanometers. This also applies to almost all the other
wet chemistry-based processing routes, i.e., many of
them are able to deliver an ultrafine precursor, but
not an ultrafine ceramic product powder simply due
to the fact that the unwanted aggregation of powder
particles is out of control when the precursor is
retrieved, dried, and finally calcined. The occurrence
of hard particle agglomerates adversely affects the
sintering of a ceramic powder and may lead to the
formation of microstructural defects in the sintered

w xceramic 18 . Their elimination often requires an
additional post-calcination de-agglomeration step
w x19 , such as by ultrasonic fragmentation, shear and
ball millings, which cause an apparent contamination
to the resulting ceramic powders. Therefore, it is
important to prevent the aggregation of precursor
particles in order to avoid the formation of hard
agglomerates. One of the feasible techniques for this
is to ‘isolate’ each precursor particle from contacting
with each other by forming a thin organic layer on
their surfaces. The organic additive may be removed
from the ceramic phase when the precursor is cal-
cined at an appropriate temperature.

In the present work, a novel microemulsion pro-
cessing route has been used for the preparation of
ultrafine lead zirconate precursor. Polyaniline was
introduced into the microemulsion-derived precursor
via an in-situ polymerisation of anilines in the nano-
sized reaction domains when lead oxalate and zirco-
nium oxalate are coprecipitated in the microemulsion
consisting of cyclohexane, NP5qNP9 and an aque-
ous phase.

2. Experimental procedure

The starting materials used in the present work
Ž . Žincluded: a high purity lead II nitrate )99.7%,

. ŽJ.T. Baker, USA , oxalic acid dehydrate )99.9%,
. ŽJ.T. Baker ; hydrogen peroxide 30%, Merck, Ger-

. Ž .many , anilines )99%, Merck ; a high purity zirco-
Žnium oxynitrate solution 20 wt.% ZrO , MEL,2

. ŽManchester, UK , a high purity cyclohexane Ajax,

.Australia , and a mixed non-ionic surfactant consist-
Ž .ing of poly oxyethylene nonyl phenol ether and5

Ž . Žpoly oxyethylene nonyl phenol ether NP5:NP99
.weight ratio: 2:1, Albright and Wilson, Singapore .

The procedure of establishing a partial phase dia-
gram at room temperature for the ternary system
consisting of cyclohexane, NP5qNP9 and an aque-

w xous solution has been detailed elsewhere 17,20–23 .
Partial phase diagrams at room temperature for two
ternary systems were established. They both con-
sisted of cyclohexane, NP5qNP9, together with an

Ž .aqueous phase containing 0.10 M Pb NO q0.103 2
Ž .M ZrO NO q4.5 M H O , or 0.30 M oxalic3 2 2 2

acidq1.0 M HClq0.50 M freshly distilled ani-
lines. Fig. 1a,b show the partial phase diagrams
established at room temperature for the two ternary
systems, respectively.

The concurrent coprecipitation of lead oxalate and
zirconium oxalate and in-situ polymerisation of ani-
lines were brought about by mixing via vigorously
stirring for 48 h two compositions both consisting of
56.0 wt.% cyclohexane, 24.0 wt.% NP5qNP9 and
20.0 wt.% aqueous phase containing 0.10 M

Ž . Ž .Pb NO q0.10 M ZrO NO q4.5 M H O , and3 2 3 2 2 2

0.30 M oxalic acidq1.0 M HClq0.50 M freshly
distilled anilines, respectively. As shown in Fig.
1a,b, these two compositions are within the respec-
tive microemulsion regions. It was observed that the
mixture turned from colourless to light green ini-
tially, then dark green and finally dark brown. To
retrieve the precipitates, the mixture was washed
repeatedly using distilled ethanol to remove the oil
and surfactant phases, and subsequently was washed
using deionised water until no trace of chloride was
detected. The resulting precursor appeared dark grey
when dried in a vacuum oven at room temperature.

The as-dried precursor powder was characterised
Žusing thermogravimetric analysis TGA2950, Du

.Pont Instruments and differential thermal analysis
Ž .DTA1600, Du Pont Instruments at a heating rate of
108C per minute in air from room temperature up to
9008C. It was then calcined in air at various tempera-
tures, up to 9008C, followed by phase analysis using

Ž .a X-ray diffractometer Cu-Ka , Philips PW1729 .
Crystallite sizes in the calcined PbZrO powders3

were estimated on the basis of line broadening at
Ž .half maximum of 221 peak. The calcined and

uncalcined powders were also analysed using a FTIR
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Fig. 1. Partial phase diagrams established at room temperature for
the ternary systems consisting of cyclohexane, NP5qNP9, and

Ž . Ž .aqueous solution containing a 0.10 M Pb NO q0.10 M3 2
Ž . Ž .ZrO NO q4.5 M H O ; and b 0.30 M oxalic acidq1.0 M3 2 2 2

HClq0.50 M aniline.

Ž .spectrometer Bio-Rad, FTS135 over the spectrum
range from 4000 to 400 cmy1, where the spectra
were averaged over 64 scans with a nominal resolu-

y1 Ž .tion of 2 cm KBr pellet . Particleragglomerate
size and size distribution of the calcined powders

Žwere measured by laser scattering technique LA-910,
.Horiba . The discrete particle size was also estimated

on the basis of the specific surface area obtained
Ž .using a BET analyser Nova 2000, Quantachrome .

Ž .Transmission electron microscope JEOL 100CX
Žand scanning electron microscopes JEOL, JSM-

. Ž .35CF and Philips, FEG-XL30 were employed to
analyse the particleragglomerate morphology.

3. Results and discussion

When the two microemulsions, containing 0.10 M
Ž . Ž .Pb NO q0.1 M ZrO NO q4.5 M H O , and3 2 3 2 2 2

0.30 M oxalic acidq1.0 M HClq0.50 M freshly
distilled anilines, respectively, were mixed together,
the following two reactions were expected to occur
within the nanosized aqueous domains.

Ž .i Coprecipitation of lead oxalate and zirconium
oxalate:

Pb NO qZrO NO q2H C O qxH OŽ . Ž .3 3 2 2 4 22 2

w xs PbC O PZrOC O PxH O xq4HNO2 4 2 4 2 3

Ž .ii Polymerisation of anilines:

As indicated by the gradual change in colour from
an initially colourless to light green dark green and
finally dark brown, it was believed that the polymeri-
sation of anilines took place at a slower rate than the
coprecipitation of lead oxalate and zirconium ox-
alate. In other words, the formation of oxalate pre-
cursor particles precede that of polyaniline in the
nanosized aqueous droplets of the mixed microemul-
sion composition. This created an opportunity for
each of the precursor particles to be coated with a
polyaniline surface layer.

Fig. 2 is a bright-field TEM micrograph showing
the as-dried oxalate precursor particles. They exhibit
a rounded morphology and they are 15 to 30 nm in
sizes. A loose coating layer was observed on the
surface of these precursor particles and it was be-
lieved to be polyaniline. To confirm the existence of
polyaniline, the as-dried precursor powder was anal-

Ž .ysed using a Bio-Rad FTIR spectrometer FTS13 .
Fig. 3 shows the FTIR spectrum of the as-dried
precursor and that of the powder calcined at 7008C

y1 Ž .for 1 h. The absorption at 822 cm CH o.p. bend ,
y1 Ž . y1 Ž .1149 cm CH o.p. bend , 1291 cm CNC str. ,

y1 Ž .and 1512 cm ring str. clearly indicate the occur-
rence of polyaniline in the microemulsion-derived

w xprecursor 24,25 . Fig. 4 is a SEM micrograph show-
ing the size and morphology of particle agglomerates
in the as-dried oxalate precursor. The particle ag-
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Fig. 2. A transmission electron micrograph of the as-dried precur-
sor powder.

glomerates are 0.5 to 2.0 mm in sizes and they are
well-dispersed. In support of the SEM observation,
Fig. 5 shows the particleragglomerate size distribu-
tion for the precursor powder, as measured by laser
scattering technique. It covers a size range from 0.4
to 5.0 mm with an average size of 0.8 mm.

The thermal analysis results of the as-dried pre-
Ž .cursor powder are shown in Fig. 6 TGA and Fig. 7

Ž .DTA , respectively. An initial fall in specimen
weight is observed with increasing temperature from
room temperature to 2008C, followed by a slow-down
in weight loss rate over the temperature range from

Fig. 3. The FTIR spectrum of the as-dried precursor and that of
the powder calcined at 7008C for 1 h.

Fig. 4. A scanning electron micrograph of the as-dried precursor
powder.

200 to 2808C. The major fall in specimen weight
occurs over a very narrow temperature range from
300 to 3508C. It is believed that the initial fall in
specimen weight is due to the elimination of residual
water and organic residuals. The major weight loss is
believed to be a result of the decomposition of
oxalates together with the further elimination of or-
ganic residuals in the precursor. To estimate the total
weight loss in association with the elimination of
polyaniline in the microemulsion-derived precursor,

Ž .TG analysis was conducted on: i a pure polyaniline
Ž .synthesised in an aqueous solution; and ii a

polyaniline-free oxalate precursor. It was found that

Fig. 5. Particleragglomerate size distribution of the as-dried
precursor powder.
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Fig. 6. TGA trace at a heating rate of 108Crmin in air for the
as-dried precursor.

polyaniline exhibits a major weight loss over the
temperature range of 350 to 5208C, which agrees
well with the established decomposition temperature
of polyaniline. It was also observed that the weight
loss of polyaniline-free oxalate precursor was com-
pleted at temperatures below 3508C. It is therefore
believed that the weight loss at temperatures above
3508C in Fig. 6 is due to the decomposition of
polyaniline in the microemulsion-derived oxalate
precursor. On the basis of this, a total of ;4 wt.%
polyaniline was estimated.

As shown in Fig. 7, the microemulsion-derived
oxalate precursor exhibits a small endothermic peak
at ; 1808C, together with a large, broadened
exothermic peak extending from 330 to 4408C. The
small endothermic peak corresponds to a noticeable
fall in specimen weight over the same temperature
range as shown in Fig. 6. Similarly, the broadened
exothermic peak covers the temperature range of the
major weight loss from 300 to 3508C, although it

Fig. 7. DTA trace at a heating rate of 108Crmin in air for the
as-dried precursor.

peaks at 3708C. This is a result of the decomposition
of oxalates and the subsequent crystallisation of lead
and zirconium oxides.

To study the phase development with increasing
calcination temperature, the as-dried oxalate precur-
sor was calcined for 1 h in air at 700, 800 and
9008C, respectively, followed by phase analysis us-
ing XRD at room temperature. Fig. 8 shows the
XRD patterns for the powders calcined at these
temperatures, indicating that a high percentage of
orthorhombic PbZrO was obtained at a calcination3

temperature as low as 7008C. This is ;1008C lower
than that normally required for the formation of lead
zirconate via either solid state reaction of mixed

w xoxides or conventional coprecipitation 11,26 . Using
w xCohen’s method of least-squares refinement 27 , the

lattice constants of the microemulsion-derived lead
zirconate calcined at 8008C for 1 h are estimated as

˚ ˚ ˚as8.242 A, bs11.813 A and cs5.903 A. These

Fig. 8. XRD traces of the PbZrO powders calcined for 1 h at3

700, 800 and 9008C, respectively.
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Fig. 9. The average crystallite size estimated on the basis of peak
Ž .221 broadening as a function of calcination temperature.

values are in good agreement with the data of ICDD
Ž .PDF for lead zirconate Card No. 35-0739 . As

expected, the average crystallite size of lead zir-
conate increases with increasing calcination tempera-
ture. Fig. 9 plots the average crystallite size, ob-

w xtained using Scherrer equation 28 on the basis of
Ž .XRD line broadening of peak 221 , as a function of

calcination temperature from 700 to 9008C.
The particle size distributions of the lead zir-

conate powder after calcination at 8008C for 1 h are
shown in Fig. 10. The size curve on the righthand
side was obtained when the powder was measured

Fig. 10. The particleragglomerate size distributions of the powder
calcined at 8008C for 1 h. The curve on the righthand side was
obtained when the powder was not subjected to any ultrasonic
dispersion and that on the left hand side was obtained after the
powder was ultrasonically dispersed for 5 min in distilled water.

Fig. 11. A SEM micrograph showing the powder calcined at
8008C for 1 h.

without being subjected to any ultrasonication treat-
ment and that on the left hand side was obtained
after the powder had been ultrasonically dispersed in
distilled water for 5 min. Therefore, the difference
between them serves an indication on whether the
particle agglomerates in the lead zirconate powder
calcined at 8008C for 1 h can be easily eliminated by
a conventional ultrasonic stirring. As expected, there
is an apparent shift in particle size distribution to-
wards the lower size range when the calcined lead
zirconate powder was ultrasonicated for 5 min. In
particular, the average particle size was shifted from
400 nm to 120 nm. It is thus believed that these sizes
represent the agglomerate size distribution in the
calcined lead zirconate powder, rather than the dis-
crete particle size distribution. This is supported by
the SEM micrograph in Fig. 11, which shows that
particle agglomeration takes place although the dis-

Fig. 12. A TEM micrograph showing the powder particles cal-
cined at 8008C for 1 h.
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crete particles are very small and exhibit a more or
less spherical morphology.

As illustrated by the TEM micrograph shown in
Fig. 12, most of the lead zirconate particles calcined
at 8008C for 1 h are in the range of 10 to 20 nm
although there is a small percentage of relatively
larger crystallites. In support of the occurrence of
nanosized lead zirconate particles in the powder, a
BET specific surface area of 60.02 m2rg was mea-
sured. This corresponds to an average particle size of
12.6 nm, as estimated by assuming that the powder
particles are monosized spheres.

4. Conclusions

A lead zirconate powder of nanosized particles
has been synthesised via a microemulsion processing
route in the ternary system consisting of cyclohex-
ane, NP5qNP9 and an aqueous phase. A small

Ž .amount ;4 wt.% of polyaniline was retained in
the microemulsion-derived oxalate precursor by an
in-situ polymerisation in the nanosized aqueous do-
mains when lead oxalate and zirconate oxalate were
coprecipitated. The in-situ polymerisation of anilines
on the surface of oxalate particles resulted in the
formation of a well-dispersed precursor powder.
Upon calcination at 8008C, the microemulsion-de-
rived oxalate precursor led to the formation of an
ultrafine lead zirconate powder, which was charac-
terised for various powder characteristics.
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