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Abstract In this paper strontium titanate SrTiO3 nanopow-
ders were synthesized via sol-gel and solid state methods
with the aim of exploring the influence of the synthesis
process on the obtained material. SrTiO3 powders were
characterized by different spectroscopic and microscopic
techniques, such as x-ray diffraction (XRD), infrared (IR),
thermogravimetric analysis (TGA) and differential thermal
analysis (TGA-DTA), scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). The magne-
tization and the dielectric characteristics of the synthesized
SrTiO3 were demonstrated. XRD results revealed the for-
mation of SrTiO3 and SrTiO3; with anatase TiO, by solid
state and sol-gel methods, respectively. The synthesis of
SrTiO3 by the solid state route led to the formation of micro-
crystalline particles. However, the sample prepared by the
sol-gel method was more homogenous containing very fine
particles with sizes in the nanometer regime. The TEM
investigation showed the formation of nanoparticles with an
average size of about 10 nm. The sol-gel synthesized sample
exhibited a higher magnetization compared with the solid
state synthesized one. The values of the dielectric of con-
stants sol-gel synthesized samples are higher than those of
the samples prepared by the solid state method.
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1 Introduction

Perovskite compounds have been generating tremendous
interest due to their structure and importance in opto-elec-
tronic devices and in host fluorescence materials. Among
the perovskites, thermoelectric materials have attracted con-
siderable attention for their potential application in power
generation devices that are designed to convert waste heat
into electrical energy. Perovskite strontium titanate SrTiO3
(STO) is one of the most important thermoelectric mate-
rials, which has a high potential for use in thermoelectric
generators in which thermal energy is converted directly
into electrical energy. STO is an important n-type semicon-
ductor with a band gap of 3.2 eV and has a large Seebeck
coefficient [1]. Moreover, STO has a high photocatalytic
activity, high static dielectric constant, low dielectric loss,
high nonlinear optical coefficient [2, 3] and good insula-
tion [4]. SrTiO3 is also an attractive material for appli-
cation in microelectronics because of its excellent optical
transparency in the visible region and high charge storage
capacity [5]. Several techniques have been reported for the
synthesis of SrTiOsz nanoparticles such as sputtering [6,
7], sol-gel [8-10], laser ablation [11, 12], micro-emulsion
[13], hydrothermal co-precipitation [14, 15] and combustion
method [16]. It is well known that the structure and compo-
sition of nanomaterials depend on the synthesis method.

In this work we focus on the synthesis and characteriza-
tion of cubic perovskite SrTiO3 via a sol-gel method using
SrCl, and TiCly as starting materials. The sol-gel process
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is a well known chemical synthetic mechanism involving
the formation of an amorphous gel from a precursor solu-
tion. The sol-gel method is a commonly used method for
the synthesis of such oxides. Metal chlorides are suitable
starting materials for sol-gel reactions as they are available
in high purity. The perovskite SrTiO3 was also synthesized
via a solid state method using SrO and TiO, as precursors.
The influence of the synthesis process on the structure, mor-
phology and crystallite size of the synthesized oxide was
explored.

Normally, the chemical solution methods, in general, and
the sol-gel method, in particular, produce more homoge-
neous, finer particle size and higher purity of the synthesized
powders than that prepared by the solid state method. How-
ever, the solid state method shows some advantages such as
the use of low cost raw materials and the simplicity of the
synthesis procedure. The oxide precursors, TiO> and SrO,
used for the synthesis of SrTiO3z by the solid state route
are comparatively cheaper than the chloride/alkoxide salts,
which are usually used for the wet chemical routes. In the
present study, two synthesis approaches, sol-gel and solid
state, were employed for the synthesis of SrTiO3 with the
aim of exploring the influence of the synthesis process
on the obtained material. Various spectroscopic and micro-
scopic techniques were used to characterize the synthesized
SrTiO3 powders, such as XRD, IR, TGA-DTA, SEM and
TEM. The magnetization of the synthesized SrTiOs with
respect to a magnetic field was demonstrated. The dielectric
characteristics were also investigated.

2 Experimental

SrTiO3 was synthesized via a sol-gel method in isopropanol
(Alfa, 99.5%) using SrCl, (Alfa, 99%) and TiCly (Alfa, 99%)
as precursors. Distilled water was used for hydrolysis of the
precursor solution, ammonium hydroxide (Sigma Aldrich
98%) was used to adjust the pH. The synthesized samples
were calcined in a muffle oven at the desired temperature for
2 h and were cooled down to the ambient temperature in the
oven. SrTiO3 was also synthesized via a solid state method
using SrO and TiO, with purity of about 98% as precur-
sors. The morphology and particle size of the as prepared
samples were investigated by a high resolution scanning
electron microscope (FEI Quanta 250 FEG) and a transmis-
sion electron microscope (TEM, JEM/1230 model, Japan).
The phase composition of the as-prepared and calcined sam-
ples was investigated using a Philips - diffractometer Model
PW 2013, Netherlands, operating at 35 kV and 20 mA with
a source of CuK, radiation. The main functional surface
groups of the prepared samples were determined by Fourier
transform infrared spectroscopy FTIR using KBr pellets
JASCO, FT/IR 460 plus. Thermal gravimetric analysis
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(TGA) and differential thermal analysis (DTA) were carried
out by a Universal V4.7 TA-Instruments analyzer at a heat-
ing rate of 10 °C /min. starting from room temperature up to
1000 °C in air. A computerized LRC Bridge (Hioki model
3532-50 LCR Hi Tester) was used to measure the dielec-
tric constants for the synthesized samples in the temperature
range from 50 to 400 °C, in the frequency range from 42 Hz
to 5 MHz. The measurements were performed after suffi-
cient time at each temperature for establishing equilibrium
values. A Vibrating Sample Magnetometer, VSM Lakeshore
7410 USA, was used for magnetic property measurements
with a maximum applied field of £1.9 kOe.

3 Results and Discussion
3.1 Preparation of SrTiO3

For sol-gel method, a solution of 1 M CaCl, and 1 M MnCl,
in isopropanol was prepared and hydrolyzed by addition of
an appropriate amount of water. The solution was main-
tained under stirring in order to form a gel. The pH was then
adjusted at 8 by a dropwise addition of ammonium hydrox-
ide and stirring maintained. After that, the mixtures were
centrifuged to regain the product.

For the synthesis of SrTiO3 by the solid state method,
stoichiometric quantities of the analytical graded precursors
SrO and TiO, were mixed and well-milled in a vibratory
ball mill. Then the mixed powders were uniaxially pressed
at 60 MPa in a disc shape of about 1/2 inch in diameter and
height. The pressed sample was calcined at a temperature of
1300 °C for 10 h.

3.2 Characterization of the Synthesized Oxide

The synthesized powder was characterized by XRD, SEM
and TEM to investigate the composition and the particle size
of the produced oxide. Figure 1 shows the XRD patterns of
the oxide powders obtained by sol-gel and solid state meth-
ods. The XRD patterns of the sample synthesized by sol-gel
shows, in addition to the characteristic peaks of strontium
titanate (SrTiO3), the peaks of anatase TiO,. The recorded
peaks of SrTiO3 are well indexed according to the JCPDS
(PDF-01-089-4934) card and the peaks of TiO, correspond
to the data available for the anatase phase in the JCPD 21-
1272 diffraction file. This suggests the formation of SrTiO3
along with the formation of anatase TiO; crystals.

The XRD pattern of strontium titanate prepared by solid
state shows the formation of a well-crystallized strontium
titanate single phase without impurity phases such as stron-
tium or titanium oxides, starting materials used for prepa-
ration. The main peak is found at 32.37°, corresponding to
the (110) plane of strontium titanate perovskite structure,
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Fig. 1 XRD patterns of strontium titanate prepared by sol-gel and by
solid state

confirming that the grains are preferably orientated along
the (110) plane.

For sintered ceramic materials, it is important to inves-
tigate the microstructure which gives a better insight on
the grain-grain interactions, morphology of the grains, and
material density i.e. the amount of porosity and the size
of pores. Consequently, the microstructure can reflect and
affect all properties of materials.

The sample prepared by the sol-gel and solid state meth-
ods were characterized by means of high resolution field
emission scanning electron microscopy (SEM). The SEM
micrographs of Fig. 2 present the morphology of the obtained
oxide. As can be seen, the prepared SrTiO3 includes het-
erogeneous particles with sizes in the micrometer regime,
Fig. 2a. This indicates the synthesis of SrTiO3 by the solid
state route leads to the formation of microcrystalline parti-
cles. However, the sample prepared by the sol-gel method
is more homogenous as very fine particles with sizes in the
nanometer regime are obtained, Fig. 2b. This reveals the
formation of nanostructured SrTiO3 by the sol-gel method.

The synthesized samples were further characterized by
TEM in order to get a reliable insight into the particle

WD 10/19/2016 HPW
5.0 | 11.9 mm | BSED = 9:48:08 AM | 51.8 pm

HY | mag J | spot

b4
U% 1 20.00 kv | 8000

[ 1/30/2017 [E—

O | spot w
3:43:15PM | 2.07 ym

HY s det
o4
0% | 20.00 kv | 200000 x | 5.0 | 10.5 mm | BSED

Fig. 2 SEM micrograph of the synthesized SrTiO3 prepared by solid
state method

size of the obtained oxides. The TEM micrographs of the
solid state and sol-gel synthesized samples are shown in
Fig. 3. As seen, the solid state synthesized sample shows
coarse particles, Fig. 3a, whereas the sol-gel synthesized
oxide comprises nearly spherical, very fine particles with an
average size of about 10 nm, Fig. 3b.

The FTIR spectra of the prepared samples are presented
in Fig. 4. The basic functional groups present in the prepared
sample were determined qualitatively by FTIR analysis. As
can be seen SrTiO3 exhibits some characteristic absorption
bands: a broad band at ~3400 cm~! due to O-H stretching
of adsorbed water molecules and surface hydroxyl groups,
bands at 1004, 1354 cm~! due to the use of alcohol in the
preparation process, and a strong and wide band located
between 800 and 500 cm™! owing to SrTiOj3 stretching
vibrations confirming the formation of SrTiOs.

The differential thermal analysis and thermogravimetric
analysis DTA-TGA curves of the SrTiO3 sample are dis-
played in Fig. 5. The TGA curve can be generally divided
into three major processes: the first one is observed in the
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Fig. 3 TEM micrographs of SrTiO3 prepared by sol-gel method

temperature range from 35-300 °C, with a weight loss of
about 15%, which can be correlated to the evaporation of
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Fig. 4 FTIR spectra of SrTiO3 prepared by so-gel and by solid state
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Fig. 5 TGA-DSC curves of SrTiO3 prepared by sol-gel method

physically adsorbed water (dehydration). The correspond-
ing DTA peaks are observed at 88, 205 and 275 °C. The
second process is from 300—400 °C where a significant mass
loss of about 12% is observed, which might be attributed to
removal of organic residues. A strong DTA peak is recorded
at 340 °C. In the third process from 700 to 1000 °C a mass
loss of about 13% is observed as a result of removal of the
surface hydroxyls (dehydroxylation) and/or evaporation of
chemisorbed water. A significant DTA peak is observed at
750 °C.

3.3 Magnetic Measurements

The magnetic properties of the synthesized oxides were inves-
tigated. Figure 6 shows the magnetization curves of SrTiO3
obtained by both solid state, Fig. 6a, and sol-gel methods,
Fig. 6b, as a function of the magnetic field. As shown in
Fig. 6 the hysteresis loops of the obtained samples exhibit
an “S” shape which is typical for soft magnetic materials.
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Fig. 6 Magnetic hysteresis loop (M-H) of the synthesized SrTiO3
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The sol-gel synthesized sample exhibits a higher mag-
netization compared with the solid state synthesized one.
A lower value of magnetisation in the solid state synthe-
sized sample, compared with that of the sol-gel sample,
might indicate a lowering of a cation distribution factor.
The hysteresis curves at low applied fields exhibit the val-
ues of the coercive field, H. = 24 G for the solid state
synthesized sample and 13.77 G for the sol-gel synthesized
sample. The remnant magnetization (M;) is 2.05 X 10~3
emu/g and 0.638 x 1073 emu/g for the sol-gel and solid
state synthesized samples, respectively.

3.4 Dielectric Measurements

The dielectric function (constant), ¢ of SrTiOs3, synthe-
sized by both solid state and sol-gel methods, was calculated
from the measured capacitance (¢' = Cpd/g9A) at a fre-
quency range of 50 Hz-5 MHz and a temperature range
of 25400 °C. The variation of the dielectric constant and
dielectric loss of the sol-gel and of solid state synthesized
samples as a function of frequency and temperature are
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Fig. 7 Variation of dielectric constant, a, and of the dielectric loss,
b, of the solid state synthesized SrTiO3 as a function of frequency at
different temperatures

depicted in Figs. 7 and 8, respectively. It is clearly seen that
the dielectric constant and dielectric loss of the sample sin-
tered at different temperatures decrease with the increase in
frequency. The dielectric constant for the sample sintered at
400 °C shows a higher value compared with those of the
samples sintered at other temperatures, Fig. 7a. This means
the condition of the samples are in the most optimized state
and that should be suitable for the applications.

The dielectric relaxation peaks in the dissipation factor
appeared at frequency > 1 kHz and shifted towards a higher
frequency with the increase in sintering temperature. It is
suggested that the appearance of relaxation peaks is due to
the movement of oxygen ions or oxygen vacancies [17]. The
samples sintered at 400 °C showed higher values of dielec-
tric constant with lower values of loss tangent along with
higher density.
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Fig. 8 Variation of dielectric constant, a, and of the dielectric loss,
b, of the sol-gel synthesized SrTiO3 as a function of frequency at
different temperatures
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The large values of the dielectric constant at low fre-
quency may be an indication of spontaneous polarization
[18]. At low frequencies, electrons can hop easily out of
the sites with low free energy barriers in the direction of
the electric field and tend to accumulate at sites of high
free energy barriers. This can lead to a net polarization of
the dielectric medium and consequently, to higher dielectric
values [19]. However, at high frequency the charge carriers
will no longer be able to relax as rapidly as the time variation
of the field, so the charge oscillation will begin to lag behind
this field, resulting in a decrease of dielectric constant [20].

The loss tangent, tan § (which is a measure of the dissipated
energy in the sample), was measured for the synthesized
sample over the same range of frequency and tempera-
ture used for dielectric constant. The imaginary part of the
dielectric function was estimated according to the relation:

" =¢'tan$

Figure 7b displays the variation of the dielectric loss, &”,
of the sol-gel synthesized sample on the applied frequency
at different temperatures. It is evident that there is a strong
frequency dependence of ¢”. From the calculated dielec-
tric loss, ¢” decreases with the increase in frequency at
all studied temperatures. The calculated dielectric loss, &”
decreases with frequency increase at all temperatures, with
no relaxation peaks which may be due to the small grain size
of SrTiO3 which facilitates the polarization of the molecule.

The values of dielectric constant of SrTiO3 prepared by
the sol-gel technique are higher than those of the samples
prepared by the solid state method, Fig. 8a. Additionally,
the dielectric constant of StrTiO3 prepared by solid state is
independent on temperature.

Additionally, the dielectric loss of SrTiO3 prepared by
solid state is independent of temperature, Fig. 8b.

4 Conclusions

The synthesis of strontium titanate SrTiO3 nanopowders
by two different methods namely, sol-gel and solid state
methods, is shown. The powder obtained by the solid state
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method was mainly SrTiO3 whereas SrTiO3 with anatase
TiO, was obtained by the sol-gel method. The solid state
synthesis of SrTiO3 leads to the formation of heteroge-
neous microcrystalline particles, while the employed sol-gel
approach leads to the formation of homogenous nanoparti-
cles with sizes in the nanometer regime. The magnetization
and the dielectric characteristics of the synthesized SrTiO3
were investigated. The sol-gel synthesized sample shows
a higher magnetization compared with the solid state syn-
thesized one. The samples obtained by the sol-gel method
exhibit higher dielectric values than those of the samples
prepared by the solid state method.
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