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Abstract

Monophasic oxides of the formula, PbZrxTii_xC>3 (0.0 < x < 0.75) were obtained at temperatures close to 500 °C from polymeric
precursors formed using citric acid and ethylene glycol. The oxides were found to be tetragonal for lower values of x and rhombohedral
for x = 0.75. X-ray line broadening studies along with transmission electron microscopy (TEM) show grain size in the range 50-60 nm
for all the compositions. The dielectric constant of the above oxides increases with increase in Zr substitution and has a maximum value
(ε = 235) for PbZr0.75Ti0.25O3. The dielectric loss varies from 0.005 at 100 kHz and increases to 0.13 at 500 kHz.
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1. Introduction

Lead zirconium titanate, PbZrxTii_xO3 (PZT), are well
known ferroelectric materials for piezoelectric, electrooptic,
pyroelectric applications and are also useful as ferroelectrics
in non-volatile random access memories [1-7].

In today's world of integrated thin-layer dielectrics it is
of utmost importance to investigate the effect of grain-size
reduction on the dielectric properties. There have been very
limited efforts in the area of dielectric nanomaterials as com-
pared to other nanostructured materials (magnetic, optical,
catalytic). A few reports discuss the dielectric properties ob-
served in nanosized particles of related oxides like BaTiO3
[8,9], SrTiO3 [9,10],Bai_xSrxTiO3 [11] andBai_xPbxTiO3

[12].

PZT powders are generally prepared by the conventional
ceramic route [4]. However this method has disadvantages
in maintaining compositional homogeneity of the product.
It leads to large size of the particles and involves consider-
able energy requirements. There have been several studies
on the synthesis of the above oxides by alternate routes
to obtain relatively homogenous and small sized grains at
much lower temperatures than that required by the ceramic
route. These methods include chemical co-precipitation
[13] or hydrothermal [14] reaction where the final product

is obtained by thermal decomposition of the mixed precur-
sor. The sol-gel [15,16] method is another common route
employed for the synthesis of chemically homogenous PZT
powders as well as thin film coatings. One major drawback
of the sol-gel route is that it does not yield the desired per-
ovskite phase (needed for electronic device applications).
In the PZT family of oxides, PbZrO3 and PbTiO3 have
been obtained from the pyrolysis of lead zirconyl titanate
oxalate precursor [10,17]. Boudaren et al. [18] studied the
synthesis, structure and thermal behavior of lead zirco-
nium oxalate hydrate Pb2Zr(C2O4)4«H2O. The precipitate
Pb2Zr(C2O4)4«H2O (3 < n < 9) was obtained by adding
a nitric acid solution of lead and zirconium cations to an
oxalic acid solution. The white precipitate decomposed
into metallic lead, lead zirconate, carbon monoxide and
carbon dioxide gases. On further heating the lead metal
vaporized or lead oxide sublimed giving pure PbZrO3. Re-
active sintering process to synthesize PZT powders was
demonstrated initially by Shrout et al. [19]. They reported
that enhanced density of the powders was obtained by
reactive sintering during the final stages of perovskite for-
mation. Similar studies have also been reported by Kong
and Ma [20]. Recently, a novel procedure has been re-
ported [21] in which sintering of PbO and high energy
ball milled nanosized ZrTiO4 was used to obtain PZT
powders.

The polymeric citrate precursor route has been earlier used
by Arima et al. [22] for the synthesis of BaTiO3 fine parti-
cles. There have been other reports of oxides synthesized by
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this method, for example, BaTiO3 [23-25], Bai_xSrxTiO3

[11], Bai_xPbxTiO3 [12], etc.
In this paper we report the synthesis of lead zirconate ti-

tanates, PbZrxTii_xO3 (0.25 < x < 0.75) by the polymeric
citrate precursor method. The oxides have been analyzed by
chemical and spectrophotometric methods to ascertain the
stoichiometry. We have carried out detailed X-ray diffrac-
tion, thermal (TGA and DSC) and FT-IR studies of the gel
and the precursors obtained by the citrate method. In addition
we report the particle size as obtained by X-ray line broad-
ening studies and transmission electron microscopy (TEM)
and the dielectric properties of the lead zirconium titanates
in the frequency range of 50 Hz to 500 kHz.

2. Experimental

Titanium isopropoxide (3.4ml) (Acros <98%) was added
to 34 ml of ethylene glycol (Qualigens SQ grade) under
nitrogen atmosphere. The mixture was stirred on a mag-
netic stirrer for 10 min to get a clear transparent solution.
To the above solution 28.8 g of citric acid (Qualigens
SQ grade) was added. The contents were stirred at room
temperature till a clear viscous solution was obtained.
Lead nitrate (Merck 99%) and zirconyl nitrate hydrate
(ZrO(NO3)2xH2O) (Acros 99.5%) (previously dried in an
oven) and were added to this viscous solution in stoichio-
metric amounts. The contents were stirred on a magnetic
stirrer until all the nitrates dissolve and a clear transparent
solution is obtained. The solution was then kept in an oven
at a temperature of 135 ± 5 °C for 20 h to evaporate the sol-
vent and to promote polymerization. The solution changes
to a dark viscous resin. The resin was kept in an electrical
muffle furnace for 2 h at 300 °C for charring and on cooling
to room temperature during which it turns to a black mass.
This black mass is henceforth called the precursor. Lead
zirconium titanate powders were obtained by heating this
precursor at 500 °C for 20 h and then at 800 °C for 8 h. The
product was compacted into disks at a pressure of 4000 Pa
and then sintered at 900 °C for 12 h for dielectric studies.

The lead content was determined gravimetrically. The fil-
trate obtained in the above analysis was used for titanium
estimation. Acidic titanium(IV) solution gives yellow color
with hydrogen peroxide. The intensity of color depends on
the concentration of titanium. The absorbance was studied
by UV visible spectrophotometer GS 5701V (ECIL make)
at a λmax of 410 nm. From standard solutions of Ti(IV) a
calibration graph of absorbance versus concentration was
obtained which was used to evaluate the concentration of
the sample solution. Zirconium in PZT was estimated as zir-
conium pyrophosphate, which was formed by heating 10%
NaHPO4 solution with the sample solution. H2O2 was first
added so that it forms a complex with Ti and prevents its
precipitation as titanium hydrogen phosphate. A white pre-
cipitate starts forming on addition of NaHPO4. This was fil-
tered out and then washed several times with distilled water.

This precipitate was then kept in a pre-weighed clean silica
crucible and then heated at 600 °C for an hour and 1000 °C
for 2 h and cooled in a dessicator till a constant weight was
obtained. The increase in weight corresponded to ZrP2O7.
The Zr content was calculated from the weight of zirconium
pyrophosphate. In all cases the experimentally obtained val-
ues of metal ion content were in good agreement (within
1-3%) with the theoretical values.

The lead zirconium titanate powders were characterized
by powder X-ray diffraction (XRD) using a Bruker D8
Advance X-ray diffractometer with Ni-filtered Cu Ka ra-
diation. Scan rates of 2° min"1 was used for the normal
scans. The lattice parameters were refined by a least squares
fit to the observed X-ray powder pattern. For careful X-ray
analysis slow scans of step size of 0.005° and step time of
2 s was used. In addition the Ka 2 stripping procedure was
employed. To obtain the grain size from X-ray line broad-
ening studies the Scherrer's formula (t = 0.9λ/Bcosθ) was
applied, where t is the diameter of the grain, λ is the wave-
length of the radiation, B2 = B^ - BS2, where BM is the full
width at half maximum of the sample and BS is that of the
standard. The standard was so chosen that the peak to be
measured of the sample and that of the standard are having
similar 2θ values. In this case the (111) reflection of the ob-
served X-ray data was chosen to calculate the particle size
for the compositions having tetragonal structures and the
(0 2 0) reflection for that with the rhombohedral structure
(x = 0.75). FT-IR spectra of the precursor and the heated
samples were taken on a Nicolet Protègè spectrophotometer
in the range from 4000 to 225 cm"1 after every stage of
synthesis till 800 °C. The FT-IR spectra of the PZT gels
were taken on CsBr disk and the calcined powders on KBr
disk. Thermogravimetric analyses (TGA) and differential
scanning calorimetry (DSC) of precursors were recorded
on Netzsch Simultaneous Thermal Analyzer model 409EP,
with a heating rate of lOXmin" 1 in air. Dielectric prop-
erties were measured on sintered disks coated with silver
paste (dried at 90 °C for 6 h) using a Hewlett-Packard multi
frequency LCR meter (HP 4284L) in the frequency range of
50 Hz to 500 kHz. The density of the sintered disks (900 ° C)
was obtained by the Archimedes method using CCl4 and
was calculated to be 92% of the theoretical density.

3. Results and discussions

Powder XRD patterns of the PZT samples with composi-
tion x = 0.25 and 0.50 of PbZrxTii_xO3 (heated at 800 °C)
show nearly cubic pattern with broad peaks. However, on
careful analysis of the X-ray data the broad reflections can
be indexed on the basis of two reflections: (10 0), (0 0 1)
and (2 0 0), (00 2). Thus these oxides possess a tetragonal
structure. After sintering at 900 °C the tetragonal structure
is retained and the reflections become much sharper. The
above XRD pattern (Fig. 1) of the x = 0.25 composition
could be indexed on a tetragonal cell with lattice parameters
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Fig. 1. Powder X-ray diffraction pattern for the composition PbZr0. 25Ti0.75O3 sintered at 900°C for 12h.
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Fig. 2. Powder X-ray diffraction pattern for the composition PbZr0.75 Ti0.25O3 sintered at 900 °C for 12h.
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Table 1
Results of chemical analysis of lead zirconium titanate powders heated
at 800 °C for 8h

Sample composition

PbZr0.25Ti0.75O3
PbZr0.50Ti0.50O3
PbZr0.75Ti0.25O3

Experimental

%Pb

65.8
61.6
59.8

%Zr

7.1
13.4
20.2

value

%Ti

10.7
8.6
4.2

Theoretical

%Pb

66.0
63.8
61.7

%Zr

7.3
14.1
20.4

value

%Ti

11.4
7.6
3.6

a = 3.938(2) Å and c = 4.146(2) Å. However, forthe com-
position with x = 0.75 at 800 °C a near cubic symmetry is
observed by powder XRD and the pattern could be satisfac-
torily indexed on a rhombohedral unit cell with lattice pa-
rameter a = 4.089(3) Å and α = 89.73°. This is consistent
with the earlier report of PbZr0.75Ti0.25O3 (rhombohedral)
[26]. This rhombohedral structure is retained after sintering
at 900 °C (Fig. 2). A minor amount of ZrO2 was also ob-
served in the above composition.

Chemical analysis of the PZT powders shows good agree-
ment between experimental and observed values. Table 1
shows the results obtained after chemical analysis of PZT
powders.

FT-IR studies of various compositions of zirconium doped
lead titanate have been obtained after each step of the syn-
thesis. InFig. 3 the IR spectra of the compound with x = 0.5
has been shown. In the case of the polymeric gel heated at
135 °C we find IR bands for OH stretch (3418 cm" 1), anti-
symmetric COO-stretch (1643 cm" 1 ) and the ester linkage
(~1732cm"1). The CO3 2" band is also present (1378,1080,
883 and 683 cm" 1) at this temperature along with the char-
acteristic carboxylate band, the C-O stretch of citric acid and
ethylene glycol and the metal carboxylate interaction which
have bands in the region of 1500-1400 cm" 1 (Fig. 3(a)). On
further heating at 300 °C the organic matrix is decomposed
and as a result the absorption between 1000 and 1500 cm" 1

decreases in intensity. The characteristic carboxylate band
at 1559 cm" 1 is present (analogous result reported earlier
[24]), showing that all the carboxylate is not decomposed at
this temperature. Probably the metal ion is coordinated with
the carboxylate groups and gets decoordinated at a tempera-
ture higher than 300 °C (around 340 °C) [27]. We also find a
broad peak pertaining to adsorbed water, which is stretched
out to 2000 cm" 1 . This is probably due to the black color of
the precursor obtained at this stage, which inhibits proper IR
absorption. The adsorbed water band arises as a result of wa-
ter being released as a decomposition product and later get-
ting adsorbed. The C-OH stretch at 1024 cm" 1 disappears.
The band at 1735 cm" 1 is due to the C=O stretch belong-
ing to the ester linkage formed during polymerization, and
is observed at this temperature since the polymer does not
wholly decompose at 300 °C. In the 500 °C heated sample
(Fig. 3(c)), the OH stretching band is present, which disap-
pears in the sample heated at 800 °C (Fig. 3(d)). The broad
Ti-O bands (as normally observed in PbTiO3) in the re-
gion, 200-400 and 540-700 cm" 1, are clearly visible in the

3500 2500 1500

Wavenumbers(cm"1)

500

Fig. 3. FT-IR spectra for different stages of PbZr0.05Ti0.50O3: (a) poly-
merized gel; (b) precursor; (c) powder obtained after heating at 500 °C
for 20 h; (d) powder obtained after heating at 800 °C for 8h.

sample heated at 500 °C (Fig. 3(c)). This also corroborates
with our XRD studies where we get the pure cubic phase
at 500 °C. At 800 °C the Ti-O band becomes more promi-
nent. However, even at this temperature the O-H stretch is
observed as a weak band. This indicates that some water
may be present in the crystal structure. Similar results were
earlier observed by Yen et al. [28].

Thermogravimetric analysis of the precursors shows that
there is a weight loss of around 80% due to combustion of
organic moieties (Fig. 4). The decomposition starts at 300 °C
and gets completed at 600 °C (heating rate W C m i n " 1 ) .
TGA of powders heated at 500 °C show a very small weight
loss of around 2% (see inset of Fig. 4). This indicates that
the entire decomposition gets completed below 500 °C if
annealed for a long time.
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Fig. 4. TGA of the precursor obtained at 300 °C of the composition PbZr0.25Ti0.75O3. Inset shows the TGA plot of the powder obtained after heating at
500 °C for 20 h.

SEM photographs of x = 0.75 composition heated
at 900 °C show agglomerated grains of size of around
300^00 nm (Fig. 5). However, the particle size calculated
from X-ray line broadening studies of samples sintered at
900 °C using the Scherrer's formula yielded a size of 48 nm
the x = 0.25 composition (Fig. 6(a)) and 21nm for the
x = 0.75 composition (Fig. 6(b)). Transmission electron
microscopy studies also corroborate with the line broaden-
ing studies, and the values obtained from TEM studies for

Fig. 5. Scanning electron micrograph of PbZr0.75Ti0.25O3 after sintering
at 900 °C for 12h.
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Fig. 6. Slow scan powder X-ray pattern of samples sintered at 900 °C
used for line broadening studies for (a) PbZr0.25Ti0.75O3 and (b)
PbZr0.75Ti0.25O3 compositions.
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Fig. 9. Plot of variation of dielectric constant and dielectric loss with
temperature for PbZr0.50Ti0.50O3 pellet sintered at 900 °C for 12h at
100 kHz.

Fig. 7. Transmission electron microscopy photograph of PbZr0. 25Ti0.75O3
heated at 500 °C.

samples heated at 500 °C are around 50 nm for the compo-
sition with x = 0.25 (Fig. 7). Thus sintering does not affect
the particle sizes of samples appreciably and the nanometer
sizes are maintained even after sintering.

The dielectric properties of the samples were studied with
respect to frequency and composition. The dielectric con-
stant increases in the frequency range 50 Hz to 500 kHz from
135 to 235 with increase in Zr content from x = 0.25 to
0.75. Fig. 8 shows the variation of the dielectric constant and
dielectric loss against frequency for the composition x =
0.50 at room temperature. The dielectric constant remains
almost stable for the entire frequency range studied (50 Hz
to 500 kHz), while the loss increases at higher frequencies.
We have also studied the dielectric constant and dielectric
loss as a function of temperature. Fig. 9 shows that both the
dielectric constant and dielectric loss increases with increase
in temperature. Fig. 10 shows the variation of dielectric con-
stant and dielectric loss with composition (x) at room temper-
ature. There is an increase in dielectric constant and decrease
of dielectric loss with increase in Zr content. The dielectric
loss varies from 0.01 at x = 0.25 to 0.005 at x = 0.75 at
room temperature at 100 kHz. The dielectric loss remains
low till 300 kHz beyond which it shows a drastic increase for
all the compositions. The dielectric loss has a value of 0.08
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Fig. 8. Plot of variation of dielectric constant and dielectric loss with
frequency for PbZr0.50Ti0.50O3 pellet sintered at 900 °C for 12 h. Mea-
surements were at room temperature.

Fig. 10. Plot of variation of dielectric constant and dielectric loss with
composition at 100kHz for pellet sintered at 900 °C for 12 h. Measure-
ments were at room temperature.

forthex = 0.25 composition and it increases to 0.13 forx =
0.75 composition at 500 kHz at room temperature. It may be
noted that PZT ceramics having micron-sized grains show
a very different behavior. For example, Pb(Zr0.52Ti0.48O3)
prepared by a reactive sintering process (1100°C) was re-
ported [20] to be ferroelectric with a dielectric constant of
around 1157 with a remnant polarization of 27.3 fxCcm"2

and a coercive field of 21 kVcm"1. The grain size in these
ceramics was reported to be around 5

4. Conclusions

We have obtained pure PbZrxTii_xO3 phases by using
the polymeric citrate precursor route. The oxides could be
obtained at low temperatures of 500 °C. For compositions
with lower values of x the compounds were found to be
tetragonal and those with higher x values were found to
be rhombohedral. The particles were found to have sizes
varying from 50 to 60 nm for all the compositions. All the
compositions were seen to possess high dielectric constant
(135 for x = 0.25 and 235 for x = 0.75) and reasonably low
dielectric loss (0.01 for x = 0.25 and 0.005 for x = 0.75).
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