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Abstract: Ultrafine perovskite lead zirconate powders have been prepared via
three types of processing routes: conventional solid reaction, conventional
coprecipitations using either oxalic acid or ammonia solution as the precipitant,
and microemulsion-refined coprecipitations using either oxalic acid or ammonia
solution as the precipitant. The microemulsion-derived precursors exhibit a lower
formation temperature for orthorhombic PbZrO; than the conventionally
coprecipitated precursors. Ammonia solution appears to be a more attractive
precipitant than oxalic acid in reducing the formation temperature for PbZrOs.
The microemulsion-derived lead zirconate powders, which are of dimension in
the range of nanometers, are much finer in particle size and lower in particle
agglomeration than the conventionally coprecipitated powders. © 1998 Elsevier

Science Limited and Techna S.r.l.

1 INTRODUCTION

Lead zirconate has an orthorhombic structure at
room temperature and transforms to cubic at
around 230°C. It is an important end member of
lead zirconate titanate (PZT) series and has been
extensively studied because of its useful electro-
optical' 3 and piezoelectric properties.*® Lead zir-
conate is also an important antiferroelectric mate-
rial used in electronic devices such as capacitors.’
Solid state reaction between PbO and ZrO, has
often been used to prepare PbZrO; powders and
sintered ceramics. Unfortunately, the completion
of the solid reaction requires a considerably high
temperature and the resulting powders exhibit
many of the undesirable characteristics, such as a
low chemical homogeneity, large particle size, wide
particle size distribution and therefore low sinter-
ability. Thus, a number of chemistry-based powder
processing routes have recently been developed for
the preparation of fine and homogeneous lead zir-
conia powders, including coprecipitation,'0-12
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hydrothermal  synthesis,!>'>  sol-gel techni-

ques,'® 2! solution combustion®>?* metalorganic
chemical vapour deposition®* and thermal decom-
position.??

Several important ceramic powders have also
been successfully prepared from water-in-oil
microemulsions.?63? It has been shown that the
microemulsion-derived ceramic powders are finer
in particle size, narrower in particle size distribu-
tion, higher in sinterability, and more homoge-
neous in composition than many of those prepared
via other processing routes. A microemulsion sys-
tem, which consists of an oil phase, a surfactant
phase and an aqueous phase, is a thermodynami-
cally stable isotropic dispersion of the aqueous
phase in the continuous oil phase.?’-3! The size of
the aqueous droplets is in the range of 5 to 20 nm,
rendering the microemulsion systems optically
transparent. Chemical reactions, such as precipita-
tion and co-precipitation, will take place when
droplets containing the desirable reactants collide
with each other. Each of these aqueous droplets in
the two microemulsion systems will thus be acting
as a nanosized reactor for forming nanosized pre-
cursor particles.
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The objective of the present work is to synthesize
and characterize ultrafine lead zirconate powders
via microemulsion processing routes, and compare
with those prepared via conventional solid reaction
and coprecipitations. Two types of precipitant were
used for both the conventional and microemulsion
refined coprecipitations.

2 EXPERIMENTAL PROCEDURES
2.1 Starting materials

The starting materials used in the present work
included: a high purity lead (II) nitrate (>99.7%),
oxalic acid dehydrate (>99.9%), ammonium
hydroxide (28.0-30.0%, all from J. T. Baker Inc.,
USA), a high purity zirconium oxynitrate solution
20wt% ZrO,, MEL, Manchester, UK), a high
purity cyclohexane (AJAX Chemicals, Australia),
lead oxide (>99.5%, Hayashi Pure Chemical
Industries Ltd., Japan) and a mixed non-ionic sur-
factant consisting of poly (oxyethylene)s nonyl
phenol ether (NP5) and poly (oxyethylene)s nonyl
phenol ether (NP9) (weight ratio: 2:1, Albright and
Wilson Asia Pte Ltd, Singapore).

2.2 Phase diagrams

The procedure of establishing a partial phase dia-
gram at room temperature for the ternary system
consisting of cyclohexane, NP5+ NP9 and an aqu-
eous solution has been detailed elsewhere.?¢3° To
locate the demarcation between the microemulsion
and non-microemulsion regions, the aqueous phase
was titrated into a mixture of given cyclohexane to
surfactant ratio. Thorough mixing of the three
components was achieved using a Vortex mixer.
Microemulsion compositions appear optically
transparent when the size of aqueous droplets is in
the range of 5 to 20nm, due to the fact that the
nanosized aqueous droplets do not cause a sub-
stantial degree of light scattering. A series of such
demarcation points were obtained by varying the
cyclohexane to surfactant ratio. Partial phase dia-
grams at room temperature for three ternary systems
were established. They consisted of cyclohexane,
NP5+NP9 and an aqueous phase containing
0.20M PDb(NO;),+0.24M ZrO(NOs),, 1.78M
ammonia and 0.67 M oxalic acid, respectively.

2.3 Preparation of PbZrOz powders
Five processing routes were used to prepare PbZrQOs,

namely conventional solid reaction, conventional
coprecipitations using either oxalic acid or ammonia
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solution as the precipitant; and microemulsion-
refined coprecipitations using either oxalic acid or
ammonia solution as the precipitant. The precur-
sors and resulting PbZrO; powders derived from
these five processing routes will be referred to as
CSR, CCA, CCB, MRA and MRB, respectively.

In the conventional solid reaction route, lead
oxide and zirconium oxide powders were mixed
together by ball milling for 12h in a mixture con-
sisting of 60 wt% cyclohexane, 5wt% NP5+ NP9
and 35wt% deionized water. The suspension was
then dried and subsequently calcined at various
temperatures ranging from 700 to 900°C.

In the conventional coprecipitation routes,
100ml of aqueous solution containing 22.8 mmol
Pb(NO3), and 22.8 mmol ZrO(NOj), was titrated
dropwise when vigorously stirred with 104ml of
0.67 M oxalic acid (H,C,0,) solution (CCA route).
Similarly, the solution was titrated with 40ml of
1.78 M ammonia solution in the CCB route. The
resulting precipitates were washed repeatedly
using de-ionized water and recovered by centrifuga-
tion, followed by drying first at 60°C and then at
140°C.

In the microemulsion-refined coprecipitation
routes, three microemulsion compositions were
prepared. They all consisted of 59.5wt% cyclo-
hexane, 25.5wt% NP5/NP9 and 15.0 wt% aqueous
phase. The aqueous phase contained either 0.20 M
Pb(NO3),+0.24 M ZrO(NOs),, or 0.67M H,C,0,
or 1.78 M ammonia solution. Precursor MRA was
prepared by reacting the microemulsion containing
15wt% of 0.20M Pb(NOs),+0.24M ZrO(NOs),
with the one containing 0.67 M H,C,04. The reac-
tion was brought about by mixing the two compo-
sitions together via vigorously stirring for more
than 30 min. Similarly, precursor MRB was pre-
pared by mixing the microemulsion containing
15wt% of 0.20M Pb(NO3),+0.24M ZrO(NO;),
with the one containing 1.78 M ammonia solution.
To retrieve the precipitates formed in microemul-
sions, the oil and surfactant were washed off using
distilled ethanol, followed by recovery by centrifu-
gation. They were dried first at 60°C and then at
140°C.

2.4 Powder characterizations

The as-dried precursors from the above five pro-
cessing routes were characterized using thermogra-
vimetric analysis (TGA) and differential thermal
analysis (DTA) (Dupont Instruments) at a heating
rate of 10°C per min in air from room temperature
up to 900°C. They were then calcined in air at var-
ious temperatures, up to 900°C, followed by phase
analysis using X-ray diffraction (CuKa, Philips
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PW1729). Crystallite sizes in the calcined PbZrO;
were estimated on the basis of line broadening at
half maximum of the (221) peak. The calcined
powders were also characterized for particle/
agglomerate size distribution using laser light scat-
tering technique (Horiba LA-910). BET surface
analyser (Nova 2000, Quantachrome) and scanning
electron microscope (JEOL, JSM-35CF) were
employed to analyse the specific surface area, and
particle/agglomerate morphology of these powders,
respectively.

3 RESULTS AND DISCUSSION

Figure 1(a) shows the partial phase diagram estab-
lished at room temperature for the ternary system
consisting of cyclohexane, NP5+ NP9 and aqueous
solution containing 0.20M Pb(NO3),+0.24 M
ZrO(NOs),. Similarly, the partial phase diagrams
for those containing 0.67M (H,C,04) and 1.78 M
ammonia solution are shown in Fig. 1(b) and (c),
respectively. In all three systems, the microemul-
sion region increases with increasing the ratio of
(NP5+NP9) to cyclohexane, although it is nar-
rower in the system containing 1.78 M ammonia
solution than in the other two. For example, the
maximum loading of 0.20M Pb(NOs;),+0.24M
ZrO(NOs), and 0.67M H,C,04 in the microemul-
sion is up to ~30wt% at a fixed cyclohexane to
NP5+ NP9 weight ratio of 70:30, as compared to
~20wt% for the 1.78 M ammonia solution.

Figure 2 shows the TGA and DTA traces at a
heating rate of 10°C per min in air for precursors
CCA, CCB, MRA and MRB, respectively. When
oxalic acid is used as the precipitant, the precursors
derived from the conventional coprecipitation and
microemulsion-refined coprecipitation show simi-
lar weight loss steps with increasing temperature. A
steady weight loss over the temperature range from
room temperature to 300°C is followed by a fall in
specimen weight at around 320°C. The steady
weight loss over the low temperature range is due
to the elimination of residual water and organic
substance from these precursors. The fall in speci-
men weight over the high temperature range is
related to the decomposition of Pb-Zr oxalate-
hydrate. When 1.78 M ammonia solution is used as
the precipitant, a considerable difference in weight
loss with rising temperature is observed between
the precursors derived from the above two proces-
sing routes. The precursor derived via the micro-
emulsion-refined coprecipitation route does not
show much weight loss with increasing tempera-
ture until 220°C, where a fall in specimen weight
starts. In contrast, the precursor derived via the

cyclohexane (wt%)

Pb-Zr aqueous INPS (2:1
solution (wt%) Nps(v’\;lt%)( )

cyclohexane (wt%)

(¢}

oxalic acid aqueous S/NP9 (2:1
solution (wt%) NP (wt%)( )

ammonia aqueous 1
solution (wt%) NPS((Ilv\ltl;‘/?} (2:1)

Fig. 1. Partial phase diagram established at room tempera-

ture for the ternary system consisting of cyclohexane,

NP5+ NP9, and aqueous solution containing (a) 0.20M

Pb(NO3), +0.24M ZrO(NOs),; (b) 0.67M oxalic acid solu-
tion; (c) 1.78 M ammonia solution.
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Fig. 2. TGA and DTA traces at a heating rate of 10°C per
min in air for the precursors prepared via (a) conventional
coprecipitation with oxalic acid solution as the precipitant,
CCA; (b) conventional coprecipitation with ammonia solu-
tion as the precipitant, CCB; (¢) microemulsion-refined copre-
cipitation with oxalic acid solution as the precipitant, MRA;
and (d) microemulsion-refined coprecipitation with ammonia
solution as the precipitant, MRB.

conventional coprecipitation route shows a slow
weight loss over the wide temperature range from
room temperature to 400°C, followed by a minor
fall in specimen weight. Its completion temperature
for weight loss (600°C) is higher than that in the
former (500°C). Well defined exothermic peaks are
observed for precursors CCA, MRA and MRB
over the temperature range from 300 to 400°C.
They occur at temperatures almost identical to
those corresponding to the respective fall in speci-
men weight in the these precursors as shown in
Fig. 2. This indicates that they are due to the
decomposition of oxalate or hydroxide hydrates and
the subsequent crystallization of lead and zirconium
oxides. The absence of a well defined sharp exo-
thermic peak in precursor CCB may be explained
by a slow weight loss over the very wide tempera-
ture range from room temperature to 550°C.

To study the phase development with increasing
calcination temperature in each of these precur-
sors, they were calcined in air at various tempera-
tures in the range from 400 to 1000°C. Calcination
time was varied from 1 to 4 h at each temperature.
Figure 3(a)-(e) the XRD traces for precursors
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Fig. 3. XRD traces of the PbZrO; powders calcined for 1
hour at various temperatures and prepared via (a) the con-
ventional solid processing route (CSR), (b) the conventional
coprecipitation processing route with oxalic acid solution as
the precipitant (CCA), (c) the conventional coprecipitation
processing route with ammonia solution as the precipitant
(CCB), (d) the microemulsion-refined coprecipitation proces-
sing route with oxalic acid solution as the precipitant (MRA),
(e) the microemulsion-refined coprecipitation processing route
with ammonia solution as the precipitant (MRB).

CSR, CCA, CCB, MRA and MRB, respectively.
They show considerably difference in the calcina-
tion temperature at which a high purity orthor-
hombic PbZrO; is obtainable. In the case of CSR,
calcination at 700°C resulted in the formation of a
small amount of orthorhombic PbZrO; in the
mixed oxides. A calcination temperature of 900°C
is required in order to develop a high purity
orthorhombic PbZrO; phase. The precursor CCA
derived via the conventional coprecipitation route
using oxalic acid as the precipitant requires a simi-
lar calcination temperature for obtaining a predo-
minant  orthorhombic PbZrO; phase. In
comparison, orthorhombic PbZrO; was the only
detectable phase for the precursor CCB when cal-
cined at 700°C for 1 h. Predominant orthorhombic
PbZrOj; phase is also obtainable in precursor MRA
when it is calcined at 700°C, which is 200°C lower
than that observed in precursor CCA. This indi-
cates that the microemulsion refinement results in a
lower formation temperature for orthorhombic
PbZrO; when oxalic acid is used as the precipitant.
But the precursor MRB derived via the micro-
emulsion refined processing route with ammonia
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solution as the precipitant shows the lowest for-
mation temperature for orthorhombic PbZrO; as
shown in Fig. 3(e).

A high purity orthorhombic PbZrO; phase is
already developed when precursors MRB is cal-
cined at 600°C, which is 100°C lower than that
observed in the precursor MRA. The formation
temperatures for orthorhombic PbZrO; observed
in the precursors derived from microemulsions
(especially with ammonia as the precipitant) are
much lower than those reported for the precursors
prepared via many other chemistry-based proces-
sing routes. For example, Jimenez and co-work-
ers'> coprecipitated an amorphous PbZrO;
hydroxide precursor, which required a calcination
at 800°C for forming a well-developed orthorhom-
bic PbZrO; phase, although PbZrO; crystallites
were observed to form at 700°C. The precursor
synthesized by Li et al.?° via a sol-gel processing
route also requires a similar calcination tempera-
ture for forming the perovskite PbZrO; phase.

The average crystallite size in each of the cal-
cined powders was calculated on the basis of line
broadening of peak (221), using Scherrer equa-
tion.’? Figure 4 shows the plots of the average
crystallite size as a function of calcination tem-
perature for samples CSR, CCA, CCB, MRA and
MRB, respectively. As expected, they increase with
increasing calcination temperature over the range
from 600 to 1000°C. At each calcination tempera-
ture, MRA exhibits the smallest crystallite size,
followed by MRB, CCB and CCA.

Calcined PbZrO; powders at 800°C for 1h pre-
pared via the CCA, CCB, MRA and MRB pro-
cessing routes exhibit a BET specific surface area of
3.44, 6.14, 54.42 and 32.98m?g~!, respectively.
The corresponding average particle size for these
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Fig. 4. The crystallite size of lead zirconate as a function of
calcination temperature for the precursors derived via the
CSR, CCA, CCB, MRA and MRB processing routes.

four powders is 219, 123, 14 and 23 nm, respec-
tively. It is apparent that the two microemulsion-
derived powders are much finer in discrete particle
sizes than the two prepared via the conventional
coprecipitation routes. In fact, specific surface
areas of the latter two are comparable with that of
CSR calcined at 900°C for 1h (3.36m?g~!). The
large difference in specific surface area between
CCA and MRA and that between CCB and MRB
demonstrates the effectiveness of microemulsion
refinement in reducing the particle size of PbZrO;
powders.

Figure 5 shows that the five PbZrO; powders
also exhibit different particle size distributions
when measured using laser light scattering techni-
que. It was experimentally observed that the parti-
cle size distribution measured for each of these
powders was dependent on how well the powder is
dispersed in the liquid medium. For example, a
longer ultrasonication stirring before measurement
resulted in a better dispersion of the powder parti-
cles and thus a smaller particle size distribution. It
is therefore believed that Fig. 5 represents the
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C
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8 ccB
TR
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MRB

| | | | | |

0.07 0.15 034 077 173 391
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Fig. 5. The particle/agglomerate size distribution of PbZrO;

powders derived via the CSR, CCA, CCB, MRA and MRB

processing routes. CRS was calcined at 900°C for 1h and the
other four were calcined at 800°C for 1h.
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agglomerate size distributions in these powders,
rather than their particle size distributions. These
results were obtained after each powder was ultra-
sonically stirred for 14min. In comparison, MRA
covers the smallest size range from 0.08 to 0.6 pm,
followed by MRB. The two conventionally preci-
pitated powders are similar in particle/agglomerate

T 60 NUSPD

(e
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size distribution. As expected, the conventionally
reacted PbZrO; powder exhibits the largest parti-
cle/agglomerate size distribution, covering the size
range from 0.2 to 1.3 um. These particle/agglomer-
ate size distributions are corroborated by the SEM
micrographs shown in Fig. 6(a)—(e). Large particle
agglomerates occur in CSR, CCA and CCB,

1.8l HUSPD

Fig. 6. SEM micrographs showing the PbZrO; powders prepared via (a) the conventional solid reaction, CSR; (b) conventional

coprecipitation with oxalic acid solution as the precipitant, CCA; (c) conventional coprecipitation with ammonia solution as the

precipitant, CCB,; (d) microemulsion-refined coprecipitation with oxalic acid solution as the precipitant, MRA; and (e¢) microe-
mulsion-refined coprecipitation with ammonia solution as the precipitant, MRB.
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although the primary particles in these powders are
in the range of 0.5 to 1.0 pm. In contrast, small (0.1
to 0.3 um) and rather well dispersed PbZrO; parti-
cles occur in MRA and MRB. This demonstrates
the great attractiveness of the microemulsion pro-
cessing routes in preparing nanosized ceramic
powders, when compared to the conventional co-
precipitation routes.

4 CONCLUSIONS

Three types of processing routes have been used to
prepare fine perovskite lead zirconate powders:
conventional solid reaction, conventional copreci-
pitations using either oxalic acid or ammonia
solution as the precipitant, and microemulsion-
refined coprecipitation also using either oxalic acid
or ammonia solution as the precipitant. The
microemulsion-derived precursors exhibit a much
lower formation temperature for orthorhombic
PbZrO; phase than that in the conventionally
coprecipitated precursors. Ammonia solution
appears to be more attractive as a precipitant than
oxalic acid in reducing the formation temperature
for PbZrO;. The microemulsion-derived lead zir-
conate powders, which are of dimension in the
range of nanometers, are much finer in particle size
and lower in particle agglomeration than the con-
ventionally coprecipitated powders.
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