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BaTi;_yZr,O; NANOPOWDERS PREPARED BY THE MODIFIED PECHINI
METHOD
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A. C. Hernandes

Grupo Crescimento de Cristais e Materiais Ceramicos, Instituto de Fisica de Sao Carlos, Universidade de Sdo Paulo
Cx. P.: 369 CEP 13560 970, Sao Carlos, SP, Brazil

The results reported here based on a study of BaTi; Zr,O3 (x=0, 0.2 and 1) nanometric powders prepared by the modified Pechini
method. The powder samples annealed from 600 to 1000°C/2 h were characterized by thermogravimetric analysis (TG), differential
scanning calorimetry (DSC), X-ray diffraction (XRD) and scanning electron microscopy (SEM) techniques. The decomposition re-
actions of resins were studied using thermal analysis measurements. The barium titanate zirconate system presented just one
orthorhombic phase. Furthermore, this study produced BaTiO; powders with a tetragonal structure using shorter heat treatments and

less expensive precursor materials than those required by the traditional methods.
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Introduction

Solid solutions based on barium titanate (BaTiOs) of-
fer a large range of possible property modification.
Recently, Ba(Zr,Ti; )O3 (BTZ) system has been es-
tablished as one of the most important compositions
for dielectrics in multilayer capacitors [1]. At a Zr
content less than 10 at%, BZT ceramics show a nor-
mal ferroelectric behavior and dielectric anomalies
corresponding from cubic to tetragonal (Tc),
tetragonal to orthorhombic (T2) and orthorhombic to
rhombohedral (T3) phases transitions, have been un-
equivocally identified. At around 27 at%, Zr-doping
BZT ceramics exhibit typical diffuse paraelectric to
ferroelectric phase transition behavior, whereas
Zr-richer compositions display typical relaxor-like
behavior in which Tc shifts to higher temperatures
with increased frequencies [1-3].

The grain size influence on the electrical perfor-
mance has been extensively studied [4—6] and there is
consensus that the dielectric constant optimal value oc-
curs for fine-grained and dense material. Therefore,
microstructure controlling is the key to the enhancing
electrical performance of ceramics, and can only be
done by using a non-conventional preparation method.

Obtainment of BaTiO; nanometric particles has
been widely studied by several chemical methods,
such as thermal decomposition of coprecipitated bar-
ium titanate oxalate [7], sol-gel [8-10], hydrother-
mal [11, 12] and polymeric precursors based on the
Pechini-type process [13—19]. However, a few works
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have been focused in the synthesis of the BTZ pow-
ders through chemical methods [2, 20].

BTZ is conventionally produced by solid-state re-
actions between BaCO;, TiO, and ZrO, at high tem-
peratures (>1200°C) [21]. Nevertheless, the conven-
tional method is not suitable due to problems involving
interparticle sintering and contamination during the
calcination and milling steps required [22]. Larger con-
trol of the stoichiometry, lower synthesis temperatures,
and the easy introduction of dopants has rendered the
polymeric precursor process to be more advantageous
than the mixed-metal oxides synthesis method.

Based on these trends, the purpose of this work
was the application of the thermal analysis techniques
as basic tools for the identification of thermal events
during the calcination. Thus, making possible the
BTZ nanometric powders preparation at low tempera-
tures using an unaggressive and inexpensive chemical
method. We have also employed XRD and SEM to
determine the crystalline phases and microstructure of
the powders, respectively.

Experimental

Flowchart in Fig. 1 illustrates the procedure em-
ployed in the preparation of BaTi, (Zr,O; (x=0, 0.2,
0.8 and 1) powders, while Table 1 lists the origin and
purity of the precursor materials. The synthesis was
carried out by the polymeric precursor method using
an aqueous metals citrate solution prepared from
Zr(0OC;H7)4 and Ti(OC;H5)4 and citric acid with a cit-
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Table 1 Materials used in the synthesis of BaTi; Zr,O3;

Reagent Chemical formula Source Purity/%
Zirconium isopropoxide Zr(OC;3H7)4 Alfa Aesar 97
Titanium isopropoxide Ti(OC5H7)4 Alfa Aesar 97
Citric acid monohydrate CsHgO+H,O Synth. 99
Ethylene glycol C,HO, Mallinckrott 99.9
Barium acetate (CH;C0O0),Ba Baker Analyzed 99

titanium isopropoxide

citric acid
T=60°C

constant
agitation

zirconium isopropoxide

citric acid constant
T=60°C agitation

gravimetry of
titanium citrate

titanium citrate
and

zirconium citrate

zirconium citrate

to add barium acetate

to add ethylene glycol
7=90°C

|polymeric precursor soluti0n|

heat treatment

Fig. 1 Flowchart of the preparation of BaTi, 4Zr,O; nanometric powder using the polymeric precursor method

ric acid (CA)/metal (ME) ratio of 3.5:1 (in mol). Bar-
ium acetate precursor was added slowly. Ethylene
glycol (EG) was added to the citrate solution at a mass
ratio of 40:60 in relation to the citric acid to promote
polymerization reactions. The pH was adjusted to 3—4
with ethylenediamine, depending on the composition.
Finally, the complete dissolution of the salts resulted
in a stable clear solution (resin) for four years.

Thermal analyses were made based on thermo-
gravimetry (TG) and differential scanning calorimetry
(DSC) techniques, (Netzsch STA 409C), under syn-
thetic air (O,/N,=1/4) at a flow rate of 80 mL min ' and
a heating rate of 10°C min ', Al,O; was used as refer-
ence material and for sample holders. No previous
treatment was performed in the polymeric resin before
the thermal analysis measurements.

The crystalline phase measurements were based
on X-ray diffraction (XRD) patterns obtained at room
temperature, using a Rigaku Geigerflex diffracto-
meter with CuK,, radiation (A=1.5406 A, a scan rate
of 2° min™" and 20=20 to 60°).

The powder morphology was examined by scan-
ning electron microscopy (SEM) (Zeiss DSM 960
model, Germany).

Results and discussion

The thermal decomposition events occurring on BZT
resins were a multistage complex process involving at
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least five mechanisms. Figures 2a—c illustrate the curves
obtained from the resins with different compositions
performed using TG and DSC techniques. DTG curves
are presented in Fig. 2 while Table 2 lists the mass
losses in various temperature ranges. Two endothermic
reactions occurred in the temperature ranging from 25
to 200°C due to resin dehydration at 100°C from ab-
sorbed water, and at 170°C from structural water, lead-
ing a loss mass around 18-31%. Between 200-400°C
the sample undergoes successive exothermal reactions,
with loss mass varying from 27 to 61%, indicating the
process of pyrolysis. Two exothermic overlapped reac-
tions were observed in the 400-550°C temperature
range, which was a result of the material oxidation and
which led to a mass loss ranging from 15 to 20%. The
decomposition of residual CO, and formation of the
crystalline phase occurred between 550 and 700°C with
a mass loss around 1-4%.

Only the BaTiO; sample exhibited a mass loss
from 6 to 7% above 700°C, with an exothermic reaction
with a peak maximum at 773°C. This peak in the
BaTiO; composition was caused by both a cubic to
tetragonal phase transition and the mass loss. This mass
loss was related to the elimination of residual carbon in
the sample. The other compositions showed no reaction
or mass loss above 600°C. We believed that this fact
was induced due to the Zr presence in polymeric chair
and the ethylenediamine used for pH control.

Therefore, we have performed the heat treatment
in two stages: initial heating at 300°C for 5 h at a heat-
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Table 2 Thermal analysis data of resins

Decomposition of residueal

N e e
Composition Dehydration/% Oxidation decomposition/% CO,/phase formation/%
25-200°C 200-400°C 400-550°C 550-700°C 700-1000°C
BaTiO; 27 27 20 1 7
BaTio_gzr0_203 31 34 19 4 0
BaZrO; 18 61 16 1 0
3.0
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Fig. 2 Simultaneous DSC/TG-DTG curves of the resin obtained by the Pechini method: a — BaTiO3, b — BaTig 3Zry,0; and

¢ — BaZrO; systems

ing rate of 10°C min " for pyrolysis of organic materi-
als, followed by powder pulverization using an agate
mortar and sieving through a 100 mesh sieve. The
second stage consisted of heat treatments ranging
from 600 to 1000°C for 2 h, using a 10°C min™"' heat-
ing rate, followed by their XRD measurements.
Figures 3a— show the diffraction patterns of the
powder systems studied in a temperature ranging from
600 to 1000°C. The BaTiOs system presents a cubic
phase at 800°C. A transition from cubic to tetragonal
phase occurred between 800 and 900°C, with complete
conversion of the powders to the tetragonal phase occur-
ring at 900°C/2 h. The BaTiO; remained tetragonal up
to 1000°C and stabilized at room temperature, corrobo-
rating with DSC results. This tetragonal phase displayed
ferroelectric properties as described by Arima et al.
[23], who obtained the same phase at 900°C/8 h using
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the polymerized complex method based on the
Pechini-type reaction route.

We believe that the difference in time at the tem-
perature of 900°C between our results and that of
Arima et al. [23] is attributed to the molar ratio used
between of citric acid, metal and ethylene glycol. In
this work, we have wused the molar ratio of
CA:EG:ME=3.5:0.7:1, while Arima et al. [23] have
used CA:EG:ME=5:20:1. Then, we used a smaller
content of citric acid and ethylene glycol. Therefore,
our resin possesses a smaller organic material quantity
to eliminate during the pyrolysis, leading at lower cal-
cination temperature and phase formation. Probably,
our ratio promotes a chemical structure in which the
metals are more closed and better arranged. Mohallem
[24] has obtained a tetragonal phase at 900°C/2 h using
the sol-gel method, while Rayendran et al. [25] pro-
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Fig. 3 XRD pattern of the powder heat treated between 600 to 1000°C for 2 h: a— BaTiO3, b — BaTisZr;,05 and

¢ — BaZrO; systems

duced the same phase at 1050°C/24 h using the oxide
mixture method. As it can be seen, in this study we
have produced BaTiO; powders with a tetragonal
structure using shorter heat treatments and less expen-
sive precursor materials than those required by the tra-
ditional methods. Due to this phase transition, a reduc-
tion in the material crystallinity was observed at 900°C
(Fig. 4) resulting from the system transformation cubic
to tetragonal phase, with a higher relative crystallinity
at 1000°C. The barium titanate zirconate systems in the
various stoichiometries presented just one ortho-
rhombic phase, which was generated, according to the
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Fig. 4 Relative crystallinity of BaTi,Zr, O; powders as a
function of the heat treatment
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crystallographic card (code 88537-ICSD collection)
[26, 27], from the BaTi; «Zr,O5 (x=0.2) system.

A significant fact revealed by these XRD pat-
terns is that the diffraction peaks shifted to lower an-
gles as the Zr content increased. This shift is illus-
trated in Fig. 5, which showed the (110) diffraction
peak of BaTiO;/BaZrO; and the (112) diffraction
peak of BaTig 3Zr;,0; powders. This peak shifting in-
dicates an increase in the lattice parameter, which was
expected since the ionic radius of Zr*" (0.86 A) is
larger than Ti*" (0.745 A), in agreement with
Dixit et al. [5], who prepared the Zr-doped BaTiO;
thin films by the sol-gel technique.

3157 /
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20/degree
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Zt/%

—a— BaTiO3
—o— BaTi( gZr( 503

Intensity/a. u.
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Fig. 5 Shift of the (112) and (110) diffraction peaks of
BaTiZr, (O; powders with increasing Zr content
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Figure 6 shows the crystallite and the particle
sizes of the calcined powders at 800°C/2 h as a func-
tion of the Zr content. The crystallite sizes were eval-
uated through the Scherrer equation [26], and the av-
erage particle sizes were determined from the
FE-SEM images (see insert in Fig. 6). It is known that
powders with nanometric grains are thermodynami-
cally unstable due to the large surface area. That
means that the small dimension grains have a high
surface energy leading to the powder agglomerate.
This behavior can be visualized in our SEM micro-
graphs. The average particle size of these powders is
about 150 nm and exhibits homogeneous distribution
of the size and shape. Both crystallite and particle size
present similar behavior. The Zr content did not cause
the grain size variation in the powders. This behavior
is also observed in the crystallite size which presents
about a 30 nm size.

4504
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Grain size/nm

250 4

Crystallite size/nm

- crystallite size

200 A
1504
100

---O-+=- grain size

Zr/%

Fig. 6 Crystallite and particle size dependence with the Zr
value for the samples calcined at 800°C/2 h. The insert
in Fig. 6 presents SEM micrograph of the powder:

a— BaTiO; and b — BaZrOj; systems

Our results indicate that under specific composi-
tions by the method studied here, it is possible to estab-
lish the orthorhombic phase for BTZ compositions.
Here only XRD results are presented on BaTij Z1(,0;.
However, the BaTij,Zr;30; composition shows also
the orthorhombic structure for heat treatments ranging
from 600 to 1000°C (results not presented in this
work). Then, in these cases the BTZ ferroelectric ce-
ramic can display typical relaxor-like behavior.

Conclusions

Thermal analysis was indispensable to determine the
thermal events, decomposition, phase formation and
structural transformation. BaTi; ,Zr,O; ceramic pow-
ders were prepared with x=0, 0.2 and 1 compositions
using the polymeric precursor method, where homo-
geneous, highly pure powders were obtained. These
powders were heat-treated at relatively low tempera-

J. Therm. Anal. Cal., 87, 2007

tures, and shorter calcination times were applied com-
pared to other authors. The tetragonal phase of the
BaTiO; system, which displayed highly interesting
ferroelectric properties for electronic applications,
was obtained at 900 and at 1000°C/2 h. The composi-
tion containing Ti and Zr presented an orthorhombic
structure in every studied temperature range. This
structure was obtained at temperatures as low
as 600°C. The replacement of Ti by Zr did not cause
grain size variation.
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