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This paper describes the eﬀect of using diﬀerent titanium precursors on the synthesis and physical properties of SrTiO3 powders
obtained by microwave-assisted hydrothermal method. X-ray diﬀraction measurements, X-ray absorption near-edge structure
(XANES) spectroscopy, field emission scanning electron microscopy (FE-SEM), and high-resolution transmission electron
microscopy (HRTEM) were carried out to investigate the structural and optical properties of the SrTiO3 spherical and cubelikeshaped particles. The appropriate choice of the titanium precursor allowed the control of morphological and photoluminescence
(PL) properties of SrTiO3 compound. The PL emission was more intense in SrTiO3 samples composed of spherelike particles. This
behavior was attributed to the existence of a lower amount of defects due to the uniformity of the spherical particles.

1. Introduction
Perovskite-type oxides are some of the most fascinating
materials in condensed-matter research. Strontium titanate,
SrTiO3 (STO), is a representative member of this family;
it displays a cubic structure and is an important n-type
semiconductor with a band gap of approximately 3.2 eV [1].
STO has been widely studied and applied in catalyses [2],
resistive oxygen gas sensors [3], solar cells [4], and random
access memory [5]. Several papers have reported that its
potential for technological applications is strongly related to
the crystalline structure, particle size, and morphology [6–8].
Diﬀerent studies have shown that the route, the precursors,
and/or the parameters of synthesis appear as a key factor
to control the ability to engineer crystal morphologies with
desirable properties [9–12]. For example, it is well known
that morphology and grain size are directly related to
dielectric properties, ferroelectric polarization, and related

materials [13]. Additionally, the photoluminescence (PL)
properties of diﬀerent perovskite oxide compounds are
dependent on morphological features [7, 14–18].
The interest in compounds with perovskite-type structure that show PL properties has increased. The PL properties
of disordered ATiO3 compounds, synthesized by polymeric
precursor method, have been extensively studied in our
research group [19–25]. The origin of PL properties in
these materials has been investigated by several experimental
techniques and related to local order-disorder eﬀects around
Ti atoms, that is, the local disorder around the network
former atom [19–23, 25].
X-ray absorption near-edge structure (XANES) spectroscopy has been employed to investigate the local structure
around the titanium atoms [19–23, 25–28]. The main
advantage of XANES technique is the possibility to characterize compounds without a long-order periodic structure,

2. Experimental
In order to study the eﬀect of titanium precursor, two different solutions of SrTiO3 samples, denoted as SAM1 and
SAM2, were prepared.
Sample 1 (SAM1) was prepared by slowly adding
0.01 mol of TiCl4 (99.95%, Sigma-Aldrich) to 50 mL of cold
deionized water under stirring to obtain a homogeneous
solution. 0.01 mol of SrCl2 ·2H2 O (99.9%, Sigma-Aldrich)
was dissolved into the solution under constant stirring
and purged with nitrogen gas (12 cm3 ·min−1 ) at 60◦ C.
Then, 50 mL of 6 M KOH (P.A, Sigma-Aldrich) solution was
added to the precursor solution under constant stirring and
nitrogen flux.
For Sample 2 (SAM2) the solution was prepared adding
0.01 mol of TiOSO4 ·xH2 SO4 ·xH2 O (99.9%, Sigma-Aldrich)
to 50 mL of warm deionized water at 60◦ C under continuous
stirring and nitrogen flux (12 cm3 ·min−1 ). In the sequence,
0.01 mol of SrCl2 was dissolved into the solution and a
50 mL of 6 M KOH solution was added to the solution under
stirring and nitrogen flux.
After the addition of KOH solution, each precursor solution was transferred separately in a 110 mL Teflon autoclave, sealed, and inserted in the microwave hydrothermal
equipment, using a frequency of 2.45 GHz with maximum
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specially amorphous solids. Previous studies on the Ti Kedge XANES spectra of STO amorphous samples have
showed the existence of two types of Ti symmetries, fivefold
(TiO5 ) and sixfold (TiO6 ) coordination [22]. Moreover, in
the case of STO prepared by polymeric precursor method, it
was observed that the reduction in the amount of TiO5 units
led to a reduction in the PL intensity [22].
Recently, PL properties have been observed in crystalline
ATiO3 prepared by the microwave-assisted hydrothermal
(MAH) method [26, 27]. This method provides kinetic
enhancement, low reaction temperature, and time reduction
and generates compounds with controlled morphology and
size [11, 28]. In this case, the observation of the PL property
has been attributed to a tilt in the TiO6 octahedron caused by
the presence of OH− groups and vacancies in A-site [26, 27].
The influence of synthesis parameters on the physical
properties of STO samples prepared by the hydrothermal
method has been widely investigated [2, 12, 29–34]. However, to the best of our knowledge, this is the first study that
analyses the eﬀect of titanium precursor on crystal-shape,
photoluminescent, and structural properties of STO powders
synthesized by MAH method.
Motivated by this consideration, this paper reports on the
eﬀect of using two diﬀerent titanium precursors, titanium
chloride and titanium oxysulfate, on the short-order local
structure and optical and morphological properties of
SrTiO3 (STO) powders prepared by the MAH method. The
STO samples were characterized by X-ray diﬀraction measurements, field emission scanning electron microscopy (FESEM), high-resolution transmission electron microscopy
(HR-TEM), Ti K-edge XANES spectroscopy, and photoluminescence spectroscopy.
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Figure 1: XRD patterns of SrTiO3 powders obtained using diﬀerent
titanium precursors: (a) SAM1, and (b) SAM2 samples.

power of 800 W. The precursor solutions were heat-treated
at 140◦ C for 10 minutes with a heating rate of 140◦ C·min−1
and under constant pressure of 3 bar. After the synthesis,
the autoclave was naturally cooled to room temperature.
Then, each precipitated white powder was washed with warm
deionized water for several times until attaining a neutral pH.
The powder samples were dried at 80◦ C for 12 hours in a hot
plate.
X-ray diﬀraction (XRD) measurements were taken in
a Rigaku Rotaflex RU200B diﬀractometer, using CuKα radiation. The data were collected in a 2θ range from 20 to
100◦ using a fixed-time mode with a 0.02◦ step and 5 s/point.
The morphological characterization was performed by field
emission scanning electron microscopy (FE-SEM, Zeiss
SUPRA35) and in a transmission electron microscope
(TEM, JEOL JEM 2010 URP) operating, respectively, at
5 and 200 kV. Photoluminescence (PL) spectra were collected by emission spectra obtained in a Fluorolog FL322 Horiba/Jobin-Yvon spectrofluorimeter, with a 450 W
xenon lamp for steady-state luminescence spectra and a
Hamamatsu photomultiplier. The emission was corrected
for the spectral response of the monochromators and by
the detector using a typical correction spectrum provided
by the manufacturer. STO samples were excited by 410 nm
wavelength.
The titanium K-edge X-ray absorption spectra were collected at the LNLS (Brazilian Synchrotron Light Laboratory)
facility using the D04B-XAS1 beamline. The LNLS storage
ring was operated at 1.36 GeV and 100–160 mA. XAS spectra
of grounded samples were collected at the Ti K-edge
(4966 eV) in transmission mode at room temperature using
Si(111) channel-cut monochromator. XANES spectra at the
Ti K-edge were recorded for each sample between 4910
and 5200 eV using energy steps of 0.3 eV. Moreover, for
comparison among the samples, all spectra were background
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Figure 2: FE-SEM images of SrTiO3 powders obtained with diﬀerent precursors: (a) SAM1 and (b) SAM2 samples.
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Figure 3: (a) TEM and (b) HR-TEM images of the SAM1 sample.

removed and normalized using the first EXAFS (Extended Xray Absorption Fine Structure) oscillation, as unity. XANES
spectra were processed by the Multiplatform Applications for
XAFS code (MAX) [35].

3. Results and Discussions
XRD patterns of STO samples prepared using diﬀerent
titanium precursors are presented in Figure 1. From the
analysis of this figure, it is clear that all diﬀraction peaks are
related to a cubic perovskite structure with lattice constant
a = 3.90 Å´ and Pm3m (221) space group (JCPDS card no:
35-0734). For SAM1 sample, a lower intensity peak related
to SrCO3 phase (JCPDS card no: 05-0418) was observed at
25.3◦ .
In order to check the morphology of STO samples synthesized with diﬀerent titanium precursors, FE-SEM images

were obtained. As shown in Figure 2(a), the morphology
of SAM1 sample consists of STO spherical particles of ca.
150 nm, whereas the morphology of SAM2 sample consists
of agglomerated particles in superstructures (∼1.5 μm),
exhibiting a cubelike shape. Figure 3 shows the TEM images
of SAM1 sample. Although the apparent morphology of this
sample has a nanospherical-like shape at around 150 nm, the
TEM and HR-TEM images presented in Figures 3(a) and
3(b) reveal that these nanoparticles consist of aggregates of
small nanocrystals of ca. 25 nm. From the analysis of an
expanded HR-TEM image in Figure 3(b), the nanocrystal
interplanar distance was determined as 0.28 nm and related
to the (110) crystallographic planes of STO perovskite cubic
structure, which agrees with XRD results. It is also possible
to observe that the nanospherical particles present a lower
contrast between the crystallites, showing the existence of
nanopores separating the primary particles, already observed
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Figure 4: Room temperature photoluminescence spectra of SrTiO3
samples with diﬀerent shapes.
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Figure 5: Ti K-edge XANES spectra of SrTiO3 samples.

during the process of STO nanostructures growth [36, 37].
Calderone and co-workers studied the synthesis of STO
nanostructures by coprecipitation method and proposed
that the aggregates were composed of small nanocrystals
originated from an oriented attachment assisted by the selfassembly process of small primary nanocrystals [32]. As seen
in the TEM images of SAM1 sample, the aggregation of
these small particles is irreversible and occurs in a highly
oriented manner, leading to the elimination of the interface
of adjacent crystals. This growth mechanism has been also
observed in several compounds synthesized by hydrothermal
method [10, 38–40].
Figure 4 shows the photoluminescence (PL) emission
spectra at room temperature of SAM1 (spherelike) and
SAM2 (cubelike) samples. The PL spectra exhibit a broad
blue emission centered at 460 nm for SAM1 sample and
between 440 and 460 nm for SAM2 sample. Comparing
both samples, it is clear that the SAM1 sample shows a
higher emission intensity compared to SAM2. This behavior

has been observed in samples with particles that exhibit
a spherical geometry and higher emission intensity than
particles with other morphologies [7, 15, 17]. According to
these studies, the intrinsic geometry of the spherical particles
minimizes the scattering of light from the particle surfaces in
comparison to a cube-shaped particle [7, 15, 17]. Besides, the
enhancement of the PL emission can also be attributed to a
reduction in the surface defects and the higher uniformity in
shape of the superstructures [7, 14, 17].
Several papers have reported the relationship between the
local order structure of titanium atoms and the photoluminescent properties of titanate compounds synthesized by
polymeric precursor method [19, 20, 22, 23, 25]. According
to Longo and co-workers, the reduction in the PL intensity
in function of the annealing temperature of STO samples
is due to a reduction in the local disorder around titanium
atoms [22]. In order to check the dependence of the local
order structure of the studied samples and the behavior of
PL as a function of titanium precursor, Ti K-edge XANES
spectra of STO samples were measured and are shown in
Figure 5. These spectra present four pre-edge transitions
labeled P1, P2, P3, and P4. Transition P1 is caused by a
quadrupole excitation of 1s electron to t2g orbitals of the TiO6
octahedron [41], while transition P2 occurs due to the 1s
electron transition to the unoccupied 3d level; this forbidden
electronic transition can be allowed if there occurs a mixture
of oxygen 2p states and empty titanium 3d states [27, 42].
The intensity of peak P2 has shown to be sensitive to the local
structure around titanium atoms [19, 43]. Transitions P3 and
P4 are assigned to the dipole excitation of the 1s electron
into the t2g and eg orbitals of the neighboring TiO6 octahedra
[41, 44].
As observed in Figure 5, Ti K-edge XANES spectra of
SAM1 and SAM2 samples are very similar, especially in the
pre-edge region (4960 to 4980 eV), with a pre-edge typical of
sixfold coordination (TiO6 ) compounds [22, 45]. Moreover,
after the edge, the oscillations observed in both samples
are also quite similar, indicating the same neighborhood
around the titanium atoms. Based on the analysis of the
XANES spectra, it can be stated that the titanium atoms local
symmetry, that is, the TiO6 octahedra, and the mediumrange order around titanium atoms are not aﬀected by
the use of diﬀerent titanium precursors employed in the
synthesis of STO powders. This result has confirmed that the
variation observed in the PL emission is more related to the
particle morphology of SAM1 and SAM2 samples.

4. Conclusion
This study has evidenced that an appropriate selection of
titanium precursor allows a control of morphology and PL
property of STO powders obtained by using the microwavehydrothermal method. The use of titanium chloride as the
precursor leads to the formation of STO samples of spherical
morphology, whereas cubelike particles are formed by the
spontaneous assembly of small primary nanocrystals when
titanium oxysulfate is used as a precursor. The analysis of
XANES spectra allowed observing that change in the crystal
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morphology does not aﬀect the local order symmetry of
TiO6 octahedra as well as the medium range order around
titanium atoms. The PL emission was more intense in
spherelike particles in comparison to cubelike particles. This
behavior was attributed to the existence of a lower amount of
defects due to the uniformity of the spherical particles.
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