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ABSTRACT

Pure strontium titanates have been successfully fabricated in this work via sol gel route. The
obtained powders were calcined at various temperatures and effects of calcination and sintering
on phase development, crystallite size, lattice parameters, microstructure etc. were investigated
by XRD and SEM techniques. The development of phase with temperature has been investigated
using DTA/TG technique. The dielectric and electrical parameters were analyzed and effects of
temperature and frequency variation on these parameters were studied.
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INTRODUCTION

Various types of materials have been
investigated by different research groups as anode,
cathode and electrolyte materials. From these, the
oxides with perovskite structure draw considerable
attention owing to their stability in reducing
atmospheres, capability to withstand the sulfur
contamination and carbon deposition etc. during
SOFCs operation. Strontium titanates, lanthanum
chromites and their doped forms are the emerging
perovskite structured oxides that had been widely
studied. Strontium titanate, both in pure and derived
forms, is growing candidate as SOFC material as it
offers many advantages over other materials like
high stability in oxygen, carbon, and sulfur containing

atmospheres'?, remarkably active for methane (CH,)
oxidation at high temperature in the absence of
excess steam?®, high conductivity (mainly in doped
forms)*", stable dimensionally and chemically upon
redox cycling etc.

EXPERIMENTAL

In this work we have synthesized pure
strontium titanates via low temperature environment
friendly sol gel technique. The main objective of the
present work is to study the phase development
with calcination at various temperatures; and other
structural, micro-structural and electrical/dielectric
properties. Furthermore the importance of these
titanates for applications in SOFCs will be analyzed.
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Fig. 1. Flow chart for synthesis of SrTiO, ;samples

SrTiO, ; STO has been synthesized via sol
gel route using strontium acetate {Sr(CH,COO),},
titanium tetra isopropoxide {Ti(OC_H,),}; both from
Alfa AesarTM, as metal precursors; hydrochloric
acid (HCI) as catalyst; propanol and distilled water
as solvents using the metallurgical reaction (1).

Sr(CH,COO), + TI(OCH,), - SrTiO, -+ (1

~

The powders obtained after drying and
crushing the alcogel were calcined at 600°C, 800°C,
920°C, 1000°C, 1100°C, 1150°C and 1250°C for
2 h to obtain mono-phase powders. The calcinations
were done in High Temperature Muffle Furnace
with power rating 5.0 KW and 220 Volt ac supply
at SBSSTC research lab. The powders were
pelletized, calcined at 600°C to expel the binder
and then, further sintered at 1250°C for two hours.
The flow chart representing the whole experimental
procedure is given in Fig.1. The obtained samples
were analyzed using DTA/TG, XRD, SEM, LCR
Hitester techniques.

DTA/TGA/DTG analysis was carried
out using EXSTAR TG/DTA 6300. The nitrogen
atmosphere (200 mL/min) was kept during all the
experiments. The amount of the sample used was
10.540 mg. The alumina powder (Al,O,) was used
as reference material. The heating of sample was
done from 35°C to 1200°C temperature. X-ray
diffraction of SrTiO, ; ceramic samples obtained
after calcination at various temperatures was carried
out using a XPERT-PRO X-ray diffractometer; type
0000000011023505. The machine was operated
with a beam current of generator settings 40mA and
45kV power. The radiation used was Ka1 having

wavelength 1 .54060A using Cu as target and nickel
metal was used as B filter. The goniometer used
was PW3050/60. The micro structural properties
were investigated using JSM-6510 instrument. The
instrument provides various magnification powers
e. g. 5000xs, 10000xs; 20000xs etc. and operates
at accelerating voltage 15kV. The sample thickness
used in SEM analysis is lesser than 2mm. The
samples were coated with gold layer of thickness
~100A to avoid the charging effects using Auto
Fine Coater at 20A for 40 sec. The impedance
analysis was carried out on SOLARTRON (SI1260)
impedance analyzer. Various parameters like real -
imaginary components of impedance and relative
permittivity were measured by the instrument at
various temperatures i.e. at room temperature and
from 48°C to 400°C. The frequency range used in
the analysis was from 100 Hz to 1 MHz.

RESULTS AND DISCUSSION

Thermal Analysis
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Fig. 2. DTA/TG/DTG thermo-gram for uncalcined
powder of SrTiO, sample

DTA/TG/DTG thermo-grams obtained
for uncalcined powder of SrTiO,, are shown in
Fig. 2. The curve can be divided mainly in three
parts. First part of TG curve corresponds to heavy
weight loss; 99.98% to 78.7% in temperature range
26°C to 239°C having two endothermic peaks at
78°C and 146°C. This weight loss is due to the
evaporation of some remainders of solvents with
rise in the temperature. The second part of TG curve
corresponds to weight loss from 78.7% to 61.5%
in the temperature range from 239°C to 814°C and
exothermic peak at 476°C due to decomposition of
organic compounds and nitrates. The third part of



KAUR, TYAGI., Orient. J. Chem., Vol. 38(1), 94-101 (2022) 96

the curve corresponds to weight loss from 59.3%
to 52.44% in the temperature range from 815°C to
1288°C with two small endothermic peaks at 815°C
and 827°C. This region of thermo-gram corresponds
to the development of SrTiO, phase'* ™.

XRD Analysis

The XRD peak patterns for SrTiO, ;
powders calcined at different temperatures 600°C,
800°C, 920°C, 1000°C, 1100°C, 1150°C and 1250°C
are shown in Fig. 3. It can be depicted from the figure
that XRD peaks are sharp; well defined and indexing
of peaks has been done considering the cubic
symmetry of structure using mathematical method'®.
Sr(OH),, 8rCQ,, TiO,and SrO are present as impurity
or intermediate phases at lower temperatures
whereas XRD peak patterns at temperature 1250°C
has peaks mainly corresponding to SrTiO, .

The variation in the amounts of impurities
and required phase with temperature is given in
Fig. 4. Herein, the graphs have been plotted using
normalized intensities. The intensities of peaks
of impurity and intermediate phases have been
normalized by 2778, the intensity of (101) peak of
TiO,, which is highest among all peaks of impurity
and intermediate phases, whereas, intensities of
all the peaks of the desired compound i.e. SrTiO_,
have been normalized by 14807, the intensity of (110)
reflection of SrTiO, , at 1100°C temperature, which is
the highest value of intensity in the XRD pattern.
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Fig. 3. X-ray Diffraction peaks for SrTiO, ; calcined
at various temperatures
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Fig. 4. Variation of amount of SrTiO, , phase and
intermediate phases with rise in the temperature
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Fig. 5. Variation of percentage amount of SrTiO,;
phase with temperature

It can be easily inferred from the graph that
the intensiy of the desired SrTiO, ; phase increases
with rise in the temperature whereas that of
intermediate phases and impuritiesi.e. SrCO,, TiO,,
Sr(OH), decreases with rise in the temperature. The
percentage amount of the required SrTiO, ; phase
has been calculated at various temperatures using
the relation (2). The graphical variation of percentage
amount with temperature has been shown in Fig. 5
which clearly indicates that amount of SrTiO, , phase
increases with rise in temperature; with highest value
97% for samples sintered at 1250°C.

1(S1Ti0,_5)

K(SrTi05-5) = 057 1Gsra0,)+ 1m0, Hise R, }

x100%  (2)

Here X (SrTiO, ) is the percentage amount
of SrTiO, , phase and I(SrTiQO, ), I(SrCO,), I(TiO,)
and KSr(OH),} are intensities of SrTiO, ;, SrCO,, TiO,
and Sr(OH), phases obtained from XRD diffraction
peaks respectively.
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Lattice parameter ‘a’ values for SrTiO,
at various temperatures, as calculated using
mathematical method for cubic crystals' are given
in Table 1. For cubic systems, relation between ©,
wavelength (1), lattice parameters and miller indices
(h k1) is given by equation (3).

Az

2 2 2
= TGiney [(h? + k% +19)]

(@2 (©)

Here A = 1.5406A. Clearly, as depicted
by Table (1), the lattice parameter ‘a’ decreases
with rise in temperature and the average value of
‘a’is determined to be 3.9087A which is very close

to theoretical value of ‘a’ 3.91A'. The crystallite

97

sizes, as calculated for SrTiO, , samples obtained
after calcination at various temperatures, using
the Scherrer’s equation are given in Table 1.
These have been determined for (110), (211)
and (310) reflection peaks in the XRD patterns.
Clearly, as depicted from Table 1, the crystallite
size for the reflection peaks (110), (211) and (310)
increases with temperature up to 1100°C, then it
slightly decreases at temperature 1150°C; then
again it increases up to 1250°C. The increase in
crystallite size suggests the ongoing process of
crystallization with increase in the temperature. The
slight crystallite size decrement at 1150°C may be
because of inter-planar shift of atoms.

Table 1: Variation of crystallite size and lattice parameter for SrTiO, , with temperature

Temperature (°C)

Crystallite Size (nm)

Lattice Parameter (A)

(110) (310) (211) Experimental value Measurement error
600 54.93 41.48 44.47 3.9222 -0.0122
800 53.99 30.21 35.18 3.9072 0.0028
920 56.97 35.04 44.78 3.9035 0.0065
1000 81.09 74.21 88.93 3.9192 0.0092
1100 139.04 132.71 140.04 3.9023 -0.0077
1150 128.86 126.91 127.99 3.9021 -0.0079
1250 135.42 137.79 140.29 3.8980 -0.0120
SEM Analysis

SEM analysis was carried out for both,
calcined (at 600°C) and sintered (at 1250°C),
pure SrTiO,; pellets and effect of sintering on
microstructure and grain size distribution was studied.
SEM microstructures of SrTiO, , sample obtained after
calcination at 600°C for 2 h are given in Fig. 6 (a and
b) whereas the Fig. 6 (c) depicts the microstructure of
pure SrTiO, , sample obtained after 2 h sintering of
pellets at 1250°C. It can be revealed that microstructure
of SrTiO, ; samples obtained after calcination at 600°C
was almost homogeneous but a little cluster formation
and merged grain boundaries were observed. The
grains were polyhedral shaped and nano sized; from
407nm to 972nm. Whereas the pure SrTiO, ; samples
obtained after sintering the pellets at 1250°C had
homogeneous microstructure with well developed,
small angular grains having well defined, smooth and
clear grain boundaries, edges, corners, faces having
cubiodal shapes. The sintered SrTiO,, samples
showed good sinterabiltiy with marginal inter-granular
porosity and average grain size was 728nm. Thus
sintering led to well developed microstructure for the
synthesized samples. The sol gel method produces
very fine powders and furthermore, the sintering
temperature employed here is also low (1250°C); which
lead to nano-sized ceramic samples'®*°.

C

Fig. 6. SEM images of SrTiO, ; sample obtained after
(a and b) caclination at 600°C (c) sintering at 1250°C
Electrical and dielectric characterization
The dependence of € on frequency
for STO sample at room temperature is shown in
Fig. 7(a). The dielectric constant decreases very
sharply up to frequency 1KHz and then remains
almost constant above that*2'. The variations of
dielectric constant with temperature ranging from
50 to 400°C at frequencies 10KHz and 100KHz for
SrTi0, ,; STO sample is shown in Fig. 7(b). The
dielectric constant remains almost constant up to a
certain temperature and then, increases rapidly with
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increasing temperature which may be due to space
charge polarization?. The high values of dielectric
constant at room temperature for this STO sample
may be attributed to the presence of all kinds of
polarizations at room temperature which can lead to
irregular increase in the permittivity?>2*. The dielectric
constant value for pure sample was measured to be
~64 at frequency 1KHz and temperature 400°C.
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Fig. 7. Variation of dielectric constant (a) with log
(frequency) at room temperature (RT) (b) with temperature
at frequencies 10 KHz and 100 KHz for SrTiO,  sample

Figure 8 shows the frequency dependence
of imaginary dielectric constant (¢, ) for pure SrTiO,
(STO) sample. €img shows the similar trends as that
of g, i.e. increase with temperature and decrease
with frequency. There is no loss peak in the whole
frequency spectrum of €, . The values of g __ are
high only at low frequencies (below 1KHz) and at high
temperature (300°C to 400°C) owing to the interfacial
build up of the free charges either within the sample;
termed as Maxwell Wagner (MW) polarization® or
between electrodes and sample; termed as Space
Charge (SC) polarization. The imaginary component
of dielectric constant (simg) for pure undoped sample
is 0.340 at frequency 10KHz and temperature 108°C.
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The frequency variation of loss tangent
factor (tand) for STO sample at room temperature
(RT) is shown in Fig. 9(a). While the Fig. 9(b)
depicts the temperature dependence of loss factor at
1000KHz and 100KHz frequencies from 50 to 400°C.
From all these plots, the decrease in loss factor with
frequency and increase in it with temperature can
be revealed easily.
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The dielectric loss for the SrTiO, ; measured
at temperature below 250°C was very small e.g.
0.00604 at frequency 10KHz and temperature
108°C; but by increasing the temperature from 250°C
to 400°C, the dielectric loss value increased.

The variation trends of ac conductivity (o, )
with frequency at room temperature (RT) and with
temperature at 10KHz and 100KHz frequencies for
synthesized STO sample are included in Fig. 10(a)
and 10(b) respectively. It can be easily depicted
that ac conductivity for the SrTiO, ; sample was
almost constant at lower frequencies; while at
higher temperatures and frequencies there was
sharp enhancement in ac conductivity acquiring
approximately 4.6 x 10* value at frequency 1MHz
and temperature 400°C; this increase may be due
to the strong hopping mechanism?.

Figure 11(a) includes the change in real part
of impedance (Z’) for STO sample with frequency
at room temperature, 108, 209, 309 and 400°C
respectively. The decrement in Z’ with frequency as
well as with temperature can be easily depicted from
the figure. The decrease in Z” with rise in temperature

is very clear at low frequencies in Fig. 11(a) whereas
Z' values at various temperatures coincide at
high frequency. The decrease of impedance with
temperature reveals the fact that synthesized
materials possess negative temperature coecient of
resistance. The rise in temperature reduces the barrier
which in turn leads to increase in ac conductivity and
thus decrement in Z’ e.g. the real impedance value
for the pure sample reduced from 582883 (at room
temperature) to 251586 (at 400°C); both determined
at frequency 1KHz. Fig. 11(b) includes the frequency
dependence of imaginary component of impedance
(Z”) for pure STO sample at various temperatures.
It can be easily depicted from the curves that Z”
values show a maximum value at low frequency
which decreases with temperature. The values of Z”
merge at high frequencies, as clearly visible from the
plots; the space charge build up within the sample
may be reason for that?”%. Fig. 12 shows the Cole-
Cole plots of STO sample at room and other higher
temperatures. The grain effects in the samples are
indicated by presence of semicircle; furthermore,
the decrement in semicircle radius with increasing
temperature can be observed; inferring the decrease
in the resistivity with rise of temperature.
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CONCLUSION

Here, in this work, we have successfully
synthesized the strontium titanates with required
cubic structure employing novel sol gel technique.
The impurities in the powders go on decreasing
with increase in calcination temperature and
phase pure samples have been obtained after
sintering at 1250°C. The obtained samples were

100

phase pure, homogeneous and having well-
developed morphology as revealed by XRD
and SEM techniques. The synthesized samples
possess good electrical and dielectric properties
which make this material suitable for applications
in SOFCs.
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