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The characterization of mixed titanate Ba;_,Sr, T1O5 phase
formation from oxalate coprecipitated precursor
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Abstract

Mixed titanates Ba;_,Sr, TiO3 were synthesized via calcination of oxalate coprecipitated precursors. On heating there were three
thermal event occurred: 7'< 250°C corresponds to the evaporation of trapped water and dehydration, 7= 250°C—450°C corresponds to
the decomposition of oxalate and the formation of an intermediate phase where the composition is close to [Ba;_,Sr,],Ti,05.CO3 and
T=600°C-700°C corresponds to the carbonate decomposition and the formation of Ba;_,Sr,TiO3; phase. Powders calcined at
T="700°C for 2 h are single phase, have grain size ranges of 0.2-2 um and elongated morphology. Rietveld refinements of the XRD data
showed single phase of perovskite structure in which their tetragonality decreased with increasing concentration of Sr>* incorporated in
Ba’" site. The transition temperature showed strong correlation with the tetragonality. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Mixed titanate Ba;_,Sr,TiO; is a ferroelectric mate-
rial which has a perovskite structure and posses high
dielectric constant and high resistivity. These character-
istics promise applications of the material such as for
capacitor, positive temperature coefficient (PTC), infra
red sensor, electrooptic device, and recently for DRAM
(dynamic random access memory). By reason of these
widely applications of the material, an effort on its
synthesis and material forming is still attractive.'™

There are two principles for the preparation: (a) dry
synthesis by solid state reaction of oxide and carbonates,
(b) wet chemical synthesis such as coprecipitation, sol-
gel, polymerization. In dry synthesis, a solid state reac-
tion between TiO, and MCO; (M bivalent metal) relea-
ses CO, which can intervene in the kinetics of the
reaction. This technique of preparation has advantages,
e.g. casy preparation and realization of desired cation
proportion in the compound. On the contrary, the reac-
tion occurs at high temperature, 7=1000°C-1300°C,
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which cause agglomeration and grain growth. To achieve
the desired characteristics such as high dielectric con-
stant, mechanical strength, and fine microstructure, it is
necessary to start with preparing fine and narrow size
distribution powder. For this reason, agglomeration and
grain growth must be highly reduced, it can be achieved
by calcination at relatively low temperature, fine and
homogeneous precursors.® One of the methods for pre-
paring precursors for this purpose is the wet chemical
route such as oxalate coprecipitation.

The principles of the coprecipitation technique com-
prise a reaction of highly soluble salts such as MCl, and
M'Cl, and oxalic acid H,C,0y, yields a precipitate. For
M=Ba and M’'=Ti, the procedure has been estab-
lished,” however, the description of phase change on
heating is still in discussion. Reed® showed that the
precursors became BaCO; and TiO, before titanate for-
mation, while Bernier” found an intermediate phase
BaTiO;. § CO; before titanate formation. Leitte et al.!®
explained that for a precursor prepared, based on the
Pechini method for x=1, the intermediate phase of
Sr,Ti,05.CO; was formed before titanate phase forma-
tion. Kumar et al.,'' on the other hand found similar
results, the intermediate phase for x=0 was
Ba,Ti,05.CO;5. It is important to identify the phenomena
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(e.g. thermal events, phase changes) associated with the
formation of the mixed titanate. The objectives of this
work are then to characterize the phase change of the
mixed precursors after heat treatment, the formation of
mixed titanate Ba,_,Sr,TiO;, and characterization of
calcined powder.

2. Experimental

Raw materials, TiCl,, BaCl,.2H,0O , SrCl,.2H,O and
H>C,0,4.2H,0 were reagent grade supplied by E.Merck.
The schedule of the experiment was a variation in x to
make a composition Ba;_,Sr, TiO3. The precursors, (Ba/
Sr)TiO(C,04),.4H,0, were prepared by mixing TiOCl,
obtained by water addition on TiCly and Ba/SrCl, solu-
tion in one batch with H,C,O, saturated solution at the
temperature kept at 7=40°C—45°C. The precipitate
material was then separated by filtration followed by
demineralized water washing to eliminate Cl—. To eval-
uate the completeness of washing, AgNO; tests have
been performed, followed by drying at 7=110°C.

Experimental studies of mixed titanate formation
have been conducted by simultaneous Simadzu DT30
differential thermal analyses (DTA) and thermogravi-
metric analysis (TGA) with heating rate 10°C/min,
JEOL JDX3530 X-ray diffraction (XRD) and
JASCOS5300 Fourier transform infra red (FT-IR) of
heat treated samples (heating rate 5°/min). Rietveld
refinements using LHPM software '? were carried out to
evaluate the lattice parameters. In this case, the input
parameters for refinements were tetragonal perovskite
structure, @ = b=4.0025A and ¢=4.0232 A, P4mm
space group and the atomic coordinates [Ba,Sr] (000); Ti
(320.512); O (04} 104 11-0.0026). To examine the morphol-
ogy and size of the calcined powder the PHILIPS-525M
scanning electron microscope (SEM) was utilized.
Finally, to determine the Curie temperature, an ANDO
AG-4311 LCR meter was used. To monitor the variation
of capacitance, samples were put in a temperature-con-
trolled heated reservoir. The measurement conditions
were 500 Hz, 1.5 Vs and heating rate 1°C/min.

3. Results and discussion

The present method of synthesis is promising to
obtain a high quality powder due to good mixing and
reaction. It is believed that the precursor contains a
mixture of (1—x)BaTiO(C,04),.4H,O and xSrTiO(C,
0,4),.4H,0. Examination of samples by inductive cou-
pled plasma spectroscopy (ICPS) indicates that the
values of x varies about 1% from initially planned in
which the tendencies of (Ba+Sr)/Ti atomic content
ratio are slightly higher than 1. Once the precursors are
obtained, the following are then powders which are

readily subjected to the thermal analyzer. Fig. 1 shows
DTA and TGA for different x. There are three thermal
events observed: below 250°C, between 250 and 450°C,
and between 600 and 700°C.

3.1. The first thermal event (T <250°C)

This is endothermic accompanied by weight loss of
14-17%, which is clearly due to the evaporation of
trapped water in the cavity and the dehydration process.
At this temperature the result was Ba/SrTiO(C>0,)-.
XRD examination of samples heat treated at 7=250°C
shows that the powders are amorphous, Fig. 2(A).

3.2. The second thermal event (T=250-450°C)

TGA results show a simple weight loss. If the sample
mass at 7=250°C is taken as a new reference, this
weight loss is about 31% for x=0 and 35% for x=0.3.
The corresponding DTA result shows alternating endo-
thermic—exothermic phenomena.

The endothermic phenomenon is caused by the
breaking-off of oxalate bonding and released CO gas.
Afterward, the gas reacts instantaneously with oxygen
in air causing an exothermic phenomenon '3. These two
instantaneous events superposed result in an alternating
endothermic—exothermic occurrence. The role of Sr has
been studied by precursors containing high concentra-
tion Sr and indicated that the endothermic part
decreased with increasing x and vanished for x=1. This
demonstrate that the oxalate in [SrTiO]** is more
weakly bounded than in [BaTiO]**.

Considering that the reaction underlying the thermal
events is controlled by the thermal decomposition at the
surface and obeys linear kinetics then it proceeds fol-
lowing Kingery et al.,'* the enthalpy of the decomposi-
tion should be estimated. The results were AH =25 kJ/
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Fig. 1. Thermal analysis of precursors Ba;_,Sr,TiO(C,0,),.4H,0
with heating rate 10°C/min.
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Fig. 2. (A) XRD patterns of phase change after heat treatment. (B)
Search match for samples heat treated at 7= 500°C for 1 h.

mol for x=0 and AH=30kJ/mol for x=0.3. These
values can be compared to that of decomposition of
BaCO;/SrCO;5; which are typically 80 kJ/mol and occur
at high temperature. The low enthalpies of the decom-
position indicate the low formation probability of bar-
ium or strontium carbonates at this temperature range.'?

XRD analysis of samples after heat treatment at
T=500°C soaked for 1 h has been performed to exam-
ine the phase change after gas release, Fig. 2(A). Peaks
are clearly observed indicating that both samples are
crystallized. Examination of phase by comparation with
JCPDS data showed that the probable composition as
indicated by Reed,® BaCO;, SrCO;, TiO, were not
found, Fig. 2(B). Therefore, these individual carbonates
and oxide of titanium were not formed after thermal
phenomenon. This explanation support the thermal
analysis conclusion as discussed above.

Further analysis by FT-IR of the treated samples
(T'=500°C, 1 h), Fig. 3, shows absorption peaks of the
vibration characteristics of CO3~ carbonate group.'”
There is no remarkable role of x on absorption peaks
even though for high x, Table 1. This indicates that the
bonding energies are similar for all cases. The vibration
characteristic lower than 800 cm~! is known as a char-
acteristic of metal-oxygen bonding in the compound.
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Fig. 3. FT-IR absorption pattern of the precursors heated at
T=500°C for 1 h.

Table 1
Absorption peaks of FT-IR (1/4—cm™!) for precursors heated at
500°C for 1 h

x=0 x=0.1 x=02 x=0.5 x=1 x=1
858 858 858 858 858 850
1059 1061 1063 1061 1061 1073
1424 1426 1443 1440 1440 1450
1751 1752 1755 1760 1760 1770

2 Data from Ref. 10.

These data indicate that the material contain carbonate
bonding, however, it is small probability resulted from
Ba or Sr carbonate as is discussed in thermal and XRD
analysis in the previous paragraphs. It was then sup-
posed that an intermediary phase containing carbonate
bonding exists in the samples.

Considering the TGA data, the intermediate phase
should be (Ba;_,Sr,),Ti,O5.CO5; with theoretical weight
loss of 32% for x=0 and 34% for x=0.3 which are
close to the experimental values, i.e. 31 and 35%. The
result of the reaction supports Leitte et al.'® for x=1
and Kumar et al.!! for x=0, however disagrees with
Bernier” who explained that for x=0 the results were
BdTlO3% CO3 and C02
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3.3. The third thermal event (T =600-700°C)

This is endothermic followed by weight loss of 9% for
x=0 and 11% for x=0.3. Considering that the calcu-
lated weight losses caused by decarbonation and
released CO, gas, were 9% for BaTiOz and 10% for

Table 2
Lattice parameter of Ba;_,Sr, TiO; calcined at 7'= 700°C

Calcination (h) X Lattice parameter (A)
a ¢

2 0.2 3.98262 3.99721

4 0.2 3.98246 3.99685

2 0.1 3.99579 4.01194

4 0.1 3.99597 4.00956

e T

Bag ;Srg3TiO3. These values are in satisfactory agree-
ment with the experimental data.

At T>700°C there is no more weight loss monitored
by TGA. XRD analysis of calcined samples at
T=700°C for 2 h with intermediate soaking 1 h at
T=500°C confirmed that the samples are single phase,
Fig. 2(A). However, a small peak was observed as an
unidentified phase located at 20 around 28.57-28.77°C.
The peak was not eliminated even though calcination
was carried out at high temperature. It is speculated
that this trace element is Ba,TiO4 due to the fact that
the samples have a slight excess of (Ba + Sr) as indicated
by ICPS analysis. Apart from the impurity phase, the
pattern shows a perovskite cubic structure designating
that all Sr>* are incorporated in Ba®~ sites. After a
longer calcination dwell time (4 h), there was almost no

Fig. 4. SEM micrographs of Ba;_,Sr,TiO; as calcined samples. (A) Calcination at 7=700°C, 2 h for x=0; (B) calcination at 7=700°C, 2 h for

x=0.2; (C) calcination at 7=1100°C, 6 h for x=0.
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Fig. 5. Lattice parameters and tetragonality of samples calcined at
T=1100°C for 6 h.

difference in the resultingd pattern. For further analysis,
Rietveld refinements have been carried out. The accep-
tance of the refinement is based on the ‘Figure of Merrit’
(FoM), R factors and goodness of fit GoF. In all cases,
after final refinement, it was shown that R-Bragg <6%,
R-profile <8%, R-weighted profile <10%, R-expected
profile <7% and GoF <3%. These values indicate that
the refinements were successful and should be accepted.
The results showed that the structure was tetragonal
perovskite and their lattice parameter decreased with
increasing dwell time, Table 2. A smaller lattice para-
meter for longer calcination should be due to better ionic
rearrangement in the structure after decomposition.
Furthermore, higher Sr>* concentration incorporated in
Ba’ " sites have reduced their lattice parameters.

Observations by SEM revealed that samples calcined
at T=700°C for 2 h have grain size ranges of 0.2-2 um
in agglomerate form typically 5 pm large with an elon-
gated morphology, Fig. 4(A) and (B). It can be noted
that there is no significant effect of Sr>* substitution in
the Ba?™ site vis a vis the morphology and size of pow-
der. High calcination temperature 7= 1100°C and longer
soaking time ¢ =6 h induced grain growth, Fig. 4(C). The
grains grew preferentially along the elongation axis.

Grain growth implies larger grain size, and has affec-
ted the shape of XRD peaks. Reflection peaks become
sharper, hence doublets are distinguishable. Another
mark from this data is the shifting of peaks to higher 26
to become more significant when x increased, Fig. 2(A).
This occurrence was probably due to the role of the Sr
in the structure.
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Fig. 6. Transition temperature against tetragonality for Ba; _Sr, TiOs.

The role of Sr incorporated in the structure should be
studied on samples calcined at 7=1100°C with 6 h
dwell time. Rietveld refinements of the XRD data
revealed that lattice parameters vary with x, Fig. 5.
Taking c/a as a degree of tetragonality of the structure,
the data show that the tetragonality decreases and
approaches unity with increasing x. The presence of
Sr2* in the Ba?™ site induced a new equilibrium denot-
ing a shrinkage of both axis parameters in which the c-
axis shrink more than the g-axis. It can be explained
that the shrinkage of the axis should be due to the
smaller ionic radius of Sr>* (1.16 nm) than that of Ba?™*
(1.36 nm). This signifies that the more the Sr>* incor-
porated in Ba?™* sites, the more cubic the structure. It is
consistent with the data that in the extreme case x=0,
BaTiOs is tetragonal and for x=1, SrTiOj is cubic.

The degree of the tetragonality will have an effect on
the temperature at which the cubic distortion occurred
(transition temperature). The higher tetragonality
requires higher energy to allow transition from tetra-
gonal to cubic. Taking that the Curie temperature 6, as
the transition temperature, the 6, measured from sin-
tered pellets at 7=1250°C for 2 h has a strong linear
correlation with the degree of tetragonality, Fig. 6. This
dependency strengthened the conclusion that the Sr2*
ions have been well incorporated at the Ba®™ sites.

4. Conclusion

The formation of mixed titanate from the oxalate
coprecipitated precursors has been characterized. Dur-
ing heating, evaporation of trapped water and dehy-
dration occurred below 7'=250°C. Passing through the
temperature range of 7'=250-450°C decomposition of
oxalate occurred by releasing gases CO, and CO, which
instantaneously reacted with oxygen in air and resulted
in alternating endothermic—exothermic phenomena.
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During this stage an intermediate phase (Ba;_,Sr,),.
Ti,05.CO; formed. The breaking-off of this carbonate
started at 7=600°C and terminated at 7=700°C pro-
ducing CO2 and the final product Ba;_,Sr,TiOs.

Calcination at T=700°C for 2 h revealed that the
powders were single phase indicating that all Sr>*
incorporated in Ba?* was sites. These powders have a
grain size of 0.2-2 pum with elongated shape. Longer
calcination at higher temperature has two effects, grain
growth and slight reduction of lattice parameter. The
more Sr?* concentration incorporated in Ba?™" sites
shrank the lattice parameter where the c-axis shrank
more than the g-axis thus resulting with the tetra-
gonality decreasing and approached to unity. This des-
ignates that the structure becomes more cubic, and
lowers the transition temperature.
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