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Preparation and characterisation of ultrafine lead
titanate (PbTiO;) powders
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Ultrafine lead titanate (PbTiO3) powders in tetragonal form have been successfully
prepared via three processing routes, namely, conventional co-precipitation,
microemulsion-refined freeze drying, and microemulsion-refined co-precipitation. The
formation process of lead titanate from the resulting precursors was monitored using
techniques such as thermal analyses and X-ray diffraction for phase identification. It was
found that the two microemulsion-refined processing routes led to a lower formation
temperature for lead titanate than that observed in the conventional co-precipitation route.
The three lead titanate powders have also been compared for particle and agglomerate size
distributions and specific surface area. It appears that the microemulsion-refined
co-precipitation is the technique which results in the formation of the finest lead titanate
powder amongst the three processing routes investigated in the present work. © 7999
Kluwer Academic Publishers

1. Introduction mide [30, 31], high temperature YB@u;O7_x super-
Lead titanate (PbTig), which exhibits a perovskite conductor [32, 33], ceramic hydroxyapatite [34] and
structure and a Curie temperature of 490 belongs complex perovskite compounds [35]. There are two
to the most important ferroelectric and piezoelectrictypes of microemulsion suitable for the process: (i) in-
families [1]. It has many important technological appli- verse microemulsion; and (ii) bicontinuous microemul-
cations in electronics and microelectronics, because dfion. The former is an isotropic dispersion of nanosized
its high Curie temperature, high pyroelectric coefficientaqueous droplets in a continuous oil matrix, stabilised
and high spontaneous polarisation [2, 3]. There are aty the presence of an appropriate surfactant. In con-
least two incentives in preparing a ultrafine lead titanatdrast, the agueous phase occurs as a continuous three-
powder, preferably in the range of nanometers: (i) todimensional channels in the bicontinuous microemul-
lower the ferroelectric phase transformation temperasion. During microemulsion processing, precursor
ture [4]; and (i) to improve the sintering behaviour of particles are formed in the nanosized aqueous domains,
this material [5]. For this, a number of chemistry-basedand therefore their sizes are limited in the range of
processing routes have been employed, including solkanometers. It is one of the few techniques which are
gel synthesis [6-10], hydrothermal reactions [11-17]able to deliver a particle size in the range of nanometers
co-precipitation [18—25], and emulsion technique [26].[31, 34, 35].
The degree of success of these techniques in prepar- Conventional powder processing, such as the temp-
ing a ultrafine lead titanate powder varies considerablyerature-assisted reaction of mixed oxides, often re-
from one to another. For example, Lu and Xu was re-sults in an unsatisfactory compositional homogene-
cently successful in synthesising a lead titanate powdety in the system with complex perovskite structure.
of submicrometers in particle size using water-in-oilIn contrast, a much more homogeneous powder sys-
emulsion [26]. Firstly, they prepared an aqueous solutem may be produced via the microemulsion pro-
tion containing mixed lead nitrate and titanium oxyni- cessing route, as has been demonstrated for LaNiO
trate (Pb: Ti molar ratie=1: 1). The aqueous solution La,CuO, and BaPb®@ by Ganet al. [36] and for
was then emulsified in-octane by adding an appropri- BaTiOs, BaZrQ;, SrTiO; and SrZrQ by Herrig and
ate amount of surfactant (span 80). Fine lead titanatélempelmann [37]. The objectives of the present work
crystallites in tetragonal form were observed to form inare two-fold: (i) to investigate the feasibility of prepar-
the emulsion-derived precursor when calcined at teming a ultrafine lead titanate powder via microemulsion-
peratures above 56. based processing routes (microemulsion-refined freeze
Microemulsion technique has been successfully usedrying and microemulsion-refined co-precipitation, re-
to prepare a range of ultrafine powders, including ox-spectively); and (ii) to characterise the microemulsion-
ides [27, 28], carbonates [29], silver chloride and bro-derived lead titanate powder by comparison with that
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prepared via a conventional co-precipitation processin@.4. Preparation of PbTiO3; powders

route. Fig. 1 is a flow chart showing the steps involved in

preparing PbTi@ powders via the three processing
2. Experimental procedures routes, namely conventional co-precipitation, micro-
2.1. Starting materials emulsion-refined freeze drying and microemulsion-

The starting materials used in the present investigatiorefined co-precipitation. These three processing routes
included lead (Il) nitrate (>99.7% in purity, J. T. Baker will be referred to as CPC, MFD and MCP, respectively,
Inc., USA), titanium (1V) chloride (>99.0% in purity, in the following discussions.

Hayashi Pure Chemical Industries Ltd., Japan), ammo- |n the CPC route, an aqueous solution containing
nia solution (concentration: 28.0-30.0 wt %, J. T. Bakern.30 M [Pb(NQ),-TiO(NOs3),] was titrated at a rate
Inc., USA), high purity nitric acid (Hetalab Chemi- of a few drops per minute into a 12 wt % ammonia
cal Corporation, USA), high purity cyclohexane (Ajax solution in a beaker while being vigorously agitated
Chemicals, Australia) and mixed poly (oxyethylefne) using a mechanical stirrer. The precipitates were re-
nonyl phenol ether (NP5) and poly (oxyethylesie) covered by centrifugation and washed repeatedly us-
nonyl phenol ether (NP9) (in weight ratio: 2:1, Al- ing de-ionised water, followed by drying at 14Q in

bright and Wilson Asia Pte Ltd., Singapore). an oven. In the MFD route, a microemulsion consist-
) ] ing of 56.0 wt % cyclohexane, 24.0 wt % NP5+NP9
2.2. Preparation of aqueous solution and 20.0 wt % aqueous phase containing 0.30 M

containing 0.30 M [TiO(NOs3)2-Pb(NO3)2]  [Pb(NO),-TIO(NOs),] was first prepared and kept for
Aqueous solution of titanium oxynitrate was pre- one hour at room temperature. The optical transparent
pared by following the procedures of Yamametal.  mixture was rapidly frozen in a plastic beaker using
[38, 39]. Weighed titanium tetrachloride (Ti}lwas  Jiquid nitrogen, prior to the freeze-drying in a 1.0 litre
dissolved in an appropriate amount of de-ionised wafreeze dryer £—55 °C, 0.01-0.1 mmHg, Benchtop
ter at ice-bath temperature. Cold ammonia solution77400, Labconco) for 90 hours. In the MCP route,
(12 wt %) was then added into the solution, result-two microemulsion systems consisting of two common
ing in the formation of titanium hydroxide hydrate. components, i.e. 56.0 wt % cyclohexane and 24.0 wt %
The gelatinous precipitates were filtered and washeqps+NP9 and differing only in aqueous phase, were
repeatedly using de-ionised water until the pH of fil- prepared. The aqueous phase for one of the systems
trate was close to 7.0, in order to remove chloride ionsyas 20.0 wt % of 0.30 M [Pb(N§),-TIO(NOs),], while
Titanium oxynitrate in aqueous solution was preparec0.0 wt % of 2.85 M ammonia solution for the other.
by dissolving the white precipitates in an appropriateThey were then mixed together by vigorously stirring
amount of 3.0 M HN@, immediately followed by the  for more than 20 min. The resulting precursor was re-
concentration determination of*Ti using ICP (Induc-  trieved by washing away the oil and surfactant using

tively Coupled Plasma, Thermo Jarrell Ash, IRIS/AP). gistilled ethanol, followed by centrifugal recovery and
The concentration of TiIO(N§), was then adjusted t0 ried at 140°C for 12 hours.

0.30 M by adding an appropriate amount of de-ion-

ised water. To prepare the aqueous solution containing

0.30 M [Pb(NQ),-TiO(NOs),] at equimolar ratio of 2.5. Powder characterisations

PEH/Ti4*, an appropriate amount of lead nitrate wasThe as-dried precursors were characterised using ther-
dissolved into the aqueous solution of titanium oxyni-mogravimetric analysis (TGA) and differential thermal

trate. analysis (DTA) (Dupont Instruments) at a heating rate
] of 10°C/minin air from room temperature up to 900.
2.3. Phase diagrams They were also calcined in air at various temperatures,

The procedure for establishing a partial phase diagramp to 800°C, for 1 hour, followed by phase analy-
at room temperature for the ternary system consistingis using X-ray diffraction (CK,, Philips PW1729).

of cyclohexane, NP5+NP9 and an aqueous solutiormhe calcined powders were characterised for particle/
containing 0.30 M [Pb(Ng@),-TiO(NOz3),] has been agglomerate size distribution using laser scattering
detailed elsewhere [36, 40]. To locate the demarcatechnique (Horiba LA-910). BET surface analyser
tion between the microemulsion (transparent) and non(Nova 2000, Quantachrome) and scanning electron mi-
microemulsion (turbid) regions, the aqueous phase wasroscope (JEOL, JSM-35CF) were employed to anal-
titrated into a mixture of given cyclohexane to surfac-yse the specific surface area and particle/agglomerate
tant ratio. Thorough mixing of the three componentsmorphology, respectively.

was achieved using a Vortex mixer. Microemulsion

compositions appear optical transparent when the size

of aqueous droplets is in the range of 5 to 20 nm, due3. Results and discussion

to the fact that the nanosized aqueous droplets do ndtig. 2a shows the partial phase diagram established
cause a substantial degree of light scattering. A serieat room temperature for the ternary system consist-
of such demarcation points (transition from transparing of cyclohexane, NP5/NP9 and aqueous solution
ent to turbid) were obtained by varying the weight ratiocontaining 0.30 M [Pb(Ng),-TiO(NOz3),]. The mi-

of cyclohexane to surfactant. Similarly, a partial phasecroemulsion region, which is marked as shaded area
diagram for the ternary system consisting of cyclohex4in the diagram, widens significantly with increasing
ane, NP5+NP9 and 2.85 M ammonia aqueous solutioNP5+NP9 to cyclohexane ratio. For a given NP5+NP9
was constructed by following the same procedure.  to cyclohexane ratio, the microemulsion region is much
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Figure 1 Flow chart for the preparation of PbTi@owders via three processing routes.

wider than those observed in the ternary systems corthat of 0.30 M [Pb(NQ)»-TiO(NO3)2]. The composi-
taining ZrO(NQ)», Zn(NOs), and Fe(NQ)s aqueous tions consisting of 56.0 wt % cyclohexane, 24.0 wt %
solutions, respectively [40]. For example, the weightNP5+NP9 and 20.0 wt % aqueous phase containing
fraction of 0.30 M [Pb(NQ@)»-TiO(NO3),] aqueous so- 0.30 M [Pb(NQ),-TiO(NO3),] and 2.85 M ammonia
lution in microemulsion may be increased+t60% at  solutions, respectively, were chosen for the preparation
a NP5+NP9 to cyclohexane ratio of 70 : 30. This offersof PbTiO; powders in the MFD and MCP routes. Both
an apparent advantage of producing a large amount aiff the microemulsion composition points are marked
PbTiOs powder at the cost of a small amount of oil and by “x" as shown in Figs 2a and 2b.

surfactant phases. Fig. 2b is the partial phase diagram Figs 3a, b and c are the TGA curves of lead titanate
established at room temperature for the ternary systemrecursors prepared via the three processing routes, re-
consisting of cyclohexane, NP5/NP9 and 2.85 M am-spectively. In correlating the TGA results, Figs 4a, b
monia solution. The microemulsion region also widensand ¢ show the DTA curves of the three powder precur-
with increasing NP5+NP9 to cyclohexane ratio, butsors, respectively. The precursor prepared via the CPC
not as signficant as for the ternary system containfoute demonstrates a two-stage weight loss, a steady
ing 0.30 M [Pb(NQ),-TiO(NO3),] aqueous phase. In weight loss over the temperature range from room tem-
general, the maximum loading of 2.85 M ammoniaperature to 350C and a sharp fall in specimen weight
solution in the microemulsion is approximately half over the temperature range from 400 to 4€0 Little
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Figure 2 (a) Partial phase diagram established at room temperature for the ternary system consisting of cyclohexane, NP5+NP9, and aqueous solution
containing 0.30 M [Pb(Ng)2-TiO(NO3)2]. (b) Partial phase diagram established at room temperature for the ternary system consisting of cyclohexane,
NP5+NP9 and 2.85 M ammonia solution.

further weight loss is observed at temperatures abovef residual water and the dehydration of hydroxide hy-
500°C, indicating the completion of all the reactions drates in the precursor [14, 41]. The fall in specimen
involving aweightloss. The weight loss at temperaturesveight over the temperature range from 400 to 40
below 350°C is believed to be due to the elimination related to the decomposition of lead hydroxide as well
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Figure 3 TGA traces for the precursors prepared via (a) conventional co-precipitation; (b) microemulsion-refined freeze drying; and (c) micro-
emulsion-refined co-precipitation.

as titanyl hydroxides and the formation of lead titanate oil and surfactant phases and water is responsible for
As shown in Fig. 4a, this corresponds to an endotherthe steady weight loss at temperatures below 230
mic reaction over the same temperature range in DTAThe fall in specimen weight over the temperature range
trace of the precursor. The precursor prepared via thfom 250 to 340 C is believed to be due to the decom-
MFD route also exhibits a steady weight loss from roomposition of lead and titanium nitrates/oxynitrates and
temperature to 150C and the weight loss slows down the formation of lead and titanium oxides [41]. This is
over the temperature range from 150 to 280 There  supported by alarge exothermic peak occurring over the
is then a fall in specimen weight over the temperaturdemperature range from 330 to 390. Fig. 4b shows
range from 250 to 340C. No further weight loss is ob- thatthere is another large exothermic peak over the tem-
served with increasing temperature for the precursor gberature range from 420 to 50Q for the precursor. As
temperatures above 35Q. The elimination of residual will be discussed later, it is related to the formation of
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Figure 4 DTAtracesforthe precursors prepared via (a) conventional co-precipitation; (b) microemulsion-refined freeze drying; and (c) microemulsion-
refined co-precipitation.

lead titanate as a result of the reaction between leadrates, together with the elimination of residual oil and
oxide and titanium oxide. surfactant phases from the precursor.

Fig. 3c shows that the precursor prepared via the To study the phase development with increasing cal-
MCP route exhibits little weight loss over the temper- cination temperature in each of the three precursors,
ature range from room temperature to 2@ How- they were calcined for 1 hour in air at various temper-
ever, there is a significant weight loss occurring overatures, up to 800C, followed by phase analysis using
the temperature range from 230 to 32ZD. As shown XRD. Figs 5 to 7 are the XRD traces at various calci-
in Fig. 4c, there is a large exothermic reaction ovemation temperatures for the precursors prepared via the
the same temperature range. This is apparently due ©©PC, MFD and MCP routes, respectively. Fine PsliO
the decomposition of lead and titanium hydroxide hy-crystallites were developed in the co-precipitated
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tion of non-PbTiQ phases. Tetragonal PbTi@s the
only detectable phase using XRD when the precursor
is calcined at 650C for 1 hour.

As shownin Fig. 7, fine PbTigxrystallites are devel-
oped in the MCP precursor at a calcination temperature
of as low as 350C and tetragonal PbTibecomes a
predominant phase at 45€. Crystalline tetragonal
PbTiG; is the only detectable phase in the precursor
when it is calcined at 500C. Therefore, the precur-
600 °C sor has the lowest formation temperature for tetragonal

PbTiO; amongst the precursors prepared via the three
processing routes investigated in the present work. Itis
lower than those reported for the precursors prepared
via many other chemistry-based processing routes. For
550 °C example, a calcination temperature of >70D was
required for the formation of a high purity PbT{O
in the emulsion-derived precursor, although tetragonal
PbTiO; crystallites were observed to form at 560
[26]. A similar calcination temperature was needed
for the hydrolysed precursor from alkoxides [4]. The
calcination temperature required for the co-precipitated
precursors was in the range of 700 to 8QJ8, 19, 25],
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Figure 5 XRD traces of the co-precipitated PbH@owders, calcined
for 1 hour at 400, 450, 500, 550, 600 and 7@) respectively.

precursor when it was calcined at 40Q. With in-

creasing calcination temperature from 400 to 560 500°C
the amount of PbTi@phase increased at the expenses
of non-PbTiQ phases. However, a high purity PbEO

powder is obtainable only when the precursor is cal-
cined at temperatures above 7@ 450°C
The precursor prepared via the MFD route consists of
crystalline lead oxide and titanium oxide when calcined A M ‘
at400°C. Thisis consistent with the results of TGA and '
DTA study. As discussed above, the precursor did not
show any further significant weightloss at temperatures 400 °C
above 400°C and it exhibited a large exothermic peak
over the temperature range from 330 to 39) indi- JU L o
cating the formation of these oxides. It contains a large
percentage of tetragonal PbE@hase when calcined
at 450°C and tetragonal PbTi§lbecomes the predom- I ' I |
inant phase in the precursor at 5800. This suggests ,, 30 0 70
that the exothermic reaction over the temperature range
from 420 to 500°C (Fig. 4b) is due to the formation of 26 (deg.)
PbTIQ3 a; a reS.UIt of the_rea,cnon between lead OXqu:igure 6 XRD traces of the PbTi@powders prepared via the micro-
and titanium oxide. Calcination over the temperaturésmuision-refined freeze drying route and calcined for 1 hour at 400, 450,
range from 500 to 600C results in a steady elimina- 500, 550, 600 and 650C, respectively.

90
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MFD and MCP processing routes, respectively. This
corresponds to an average particle size of 0.115, 0.021
and 0.058:m for the three powders, respectively.

In correlating the above microstructural studies us-
ing SEM, Figs 9a, b and c are particle/agglomerate size
distributions measured by laser scattering technique
for the three PbTi@ powders, respectively. All these
three powders were calcined at 60D for 1 hour, fol-
lowed by a treatment using 5 wt % boiling acetic acid
in order to remove lead oxide and pyrochlore phases.
Two types of measurement were then carried out for
each of these three powders: (i) measurement with-
out ultrasonic dispersion; and (i) measurement with
a 10 min of ultrasonic dispersion. Apparently, the ul-
trasonication aims to disperse those soft particle ag-
glomerates in the powder. As shown in Fig. 9a, the
powder prepared via the CPC route exhibits an average
particle/agglomerate size of 0.22 and 0,38, respec-
tively, for the with- and without-ultrasonication mea-
surements. Therefore, the difference between the two
measurements is not significant. This is in agreement
with the SEM observation that the particle aggregates
in this powder are “hard” in nature. The 10 min of
ultrasonic dispersion did not result in the disintegra-
tion of many of these aggregates. Fig. 9b shows that
the particles/agglomerates in the PbJigbwder pre-
pared via the MFD route are slightly bigger than those
in the powder prepared via the CPC route. The dif-
ference between the with-ultrasonication measurement
(average size: 0.2am) and without-ultrasonication
measurement (average size: 0/3%) is also slightly
l | [ | |  bigger than that for the conventionally co-precipitated

PbTiO; powder. Butthere is aremarkable difference be-
10 30 50 70 80 tween the with-ultrasonication measurement (average
20 (deg.) size: 0.11um) and the without-ultrasonication mea-
surement (average size: 0.48) for the PbTiQ pow-
Figure 7 XRD traces of the PbTi@powders prepared via the micro- der prepared via the MCP route. Therefore, the particle
emulsion-refined co-precipitation route and calcined at for 1 hour at 350agglomerates in this powder are soft and dispersible by
450, 500, 550 and 60T, respectively. conventional ultrasonication. This will offer an appar-

o o ) entadvantage towards achieving a high sintered density

which is very similar to that observed in the CPC pre-ang homogeneous microstructure for lead titanate ce-

cursor. _ ramics at a reduced sintering temperature.
The PbTiQ powders prepared via the three process-

ing routes are different in particle/agglomerate size and

morphology. Figs 8a, b and c are three SEM micro-4. Conclusions

graphs showing the microstructure of the three pow-Ultrafine lead titanate powders in tetragonal form have
ders, respectively. They were all calcined at 600for  been successfully prepared via three processing routes,
1 hour. The co-precipitation derived PbEi@owder namely conventional co-precipitation, microemulsion
consists of primary particles of 0.1 to Qudn in size.  refined freeze drying and microemulsion refined co-
They occur as small aggregates of 0.5 tojdm@in size.  precipitation. Precursors derived from these three pro-
The strong inter-particle bond within each aggregate isessing routes exhibit very different formation temper-
evidenced by the formation of a well established neck-ature for tetragonal PbTiJphase. The co-precipitated
ing between neighbouring particles. In contrast, pri-precursor requires a calcination at 7@for 1 hour, in
mary particles in PbTi@powder prepared viathe MFD order to be developed into a high purity Pbifow-
route are smaller than those in the co-precipitated powder. This is in contrast to 65@ for 1 hour and 500C

der, although particle agglomeration has also occurreébr 1 hour needed for the precursors derived via the
in the powder. An intermediate primary particle size microemulsion refined freeze drying and microemul-
between the above two is observed for the powder presion refined co-precipitation routes, respectively. The
pared via the MCP route, Fig. 8c. These results of SEMwo microemulsion refined processing routes also re-
observation are supported by the particle size measursult in the formation of finer PbTi@powders than that
ment using BET specific surface analyser. A specifiqorepared via the conventional co-precipitation route,
surface area of 6.59, 35.23 and 12.92gwere mea- as observed using SEM and BET surface analyser in
sured for the PbTi@powders prepared via the CPC, the powders calcined at 60C for 1 hour. Particle size

* (101)
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* (100)
- (110

* (111)

* (200)
* {211)
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Figure 8 (a, b, c) SEM micrographs showing the microstructure of PhTp@wders prepared via the conventional co-precipitation, micro-
emulsion-refined freeze drying and microemulsion-refined co-precipitation, respectively. All the three powders were calcine@ &ir6D0our,
followed by treatment in 5 wt % acetic acid.
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Figure 9 The particle/agglomerate size distributions of Pbilidw-
ders prepared via (a) conventional co-precipitation, (b) microemulsion-,
refined freeze drying, and (c) microemulsion-refined co-precipitation,
respectively. Two measurements were made for each of the three pow-
ders: without ultrasonicatiordses) and with a 10 min of ultrasonication
(—). The powders were calcined at 600 for 1 hour.

29.

measurement using laser scattering technique indicates

that the PbTiQ powder prepared via the microemul- 3%

sion refined co-precipitation route exhibits the smallest
agglomerate size amongst the three powders.

31.
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