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ABSTRACT

Strontium titanate nanoparticles have attracted much atten-
tion due to their physical and chemical properties, especially
as photocatalysts under ultraviolet irradiation. In this paper,
we analyze the effect of heating rate during the crystalliza-
tion process of SrTiO3 nanoparticles in the degradation of
organic pollutants. The relationship between structural, mor-
phological and photocatalytic properties of the SrTiO3

nanoparticles was investigated using different techniques.
Transmission electron microscopy and N2 adsorption results
show that particle size and surface properties are tuned by
the heating rate of the SrTiO3 crystallization process. The
SrTiO3 nanoparticles showed good photoactivity for the
degradation of methylene blue, rhodamine B and methyl
orange dyes, driven by a nonselective process. The SrTiO3

sample with the largest particle size exhibited higher pho-
toactivity per unit area, independent of the molecule to be
degraded. The results pointed out that the photodegradation
of methylene blue dye catalyzed by SrTiO3 is caused by the
action of valence band holes (direct pathway), and the indi-
rect mechanism has a negligible effect, i.e. degradation by
O2

�• and •OH radicals attack.

INTRODUCTION
Perovskite-based compounds are promising materials in current
science and technology due their versatile structure showing mul-
tifunctional applications (1–6). Among these compounds, stron-
tium titanate (SrTiO3) has been widely investigated due its
remarkable optical and electrical properties being applied as
electronic devices (7–9), gas sensors (4,10–13) and especially, as
a photocatalyst to water splitting (14–18), artificial photosynthe-
sis (19,20) and in organic pollutant photodegradation process
(21–23).

The conventional method for preparing SrTiO3 compounds is
based on the solid-state reaction of SrCO3 and TiO2 precursors,
which requires high sintering temperatures producing micromet-
ric ceramic particles with chemical inhomogeneity (24–27). It is

well known that the reduction of particles from micro- to nano-
metric sizes increases the specific surface area, and thus
improves the photocatalysis activity (28,29).

Our research group has previously investigated the photocat-
alytic, gas sensing and photoluminescent properties of the pure
and doped SrTiO3 compounds synthesized by different routes
(9,12,21,30,31). Among these routes, the use of the polymeric
precursor method to prepare oxide compounds has been consid-
ered a promising route because it offers interesting advantages
such as good control of stoichiometry, easy reproducibility and
mainly the possibility of obtaining nanometric particle sizes
(9,32).

Despite the progress made on the synthesis of the SrTiO3

compound using the polymeric precursor method, to the best of
our knowledge, no study has evaluated the relationship between
calcination heating rate during the crystallization process and the
photocatalytic performance of SrTiO3 nanoparticles.

In this study, we undertook an investigation about the effect
of heating rate during the calcination process of SrTiO3 nanopar-
ticles on the photodegradation process of methylene blue, rho-
damine B and methyl orange dyes. Based on these results, a
mechanism involved in the degradation of the pollutants using
Ag+, dimethyl sulfoxide and sodium oxalate as scavengers was
proposed.

MATERIALS AND METHODS

Synthesis and characterization techniques. SrTiO3 powders were
synthesized by the polymeric precursor method, as reported previously
(9). The precursor powder sample was weighed and separated into three
equal portions which were heat-treated in a pure alumina crucible at
750°C for 2 h in an electric furnace under air atmosphere, using the
following heating rates: 1°C min�1 (denoted as sample SAM1),
10°C min�1 (sample SAM2) and 50°C min�1 (sample SAM3).

The samples were characterized by X-ray diffraction (XRD, Rigaku,
Rotaflex RU200B) using a step scanning mode and a Ni-filtered CuKa
radiation. The XRD measurements were collected in the 2h range of
20–80° at a 0.02° step size and counting time of 4 s per step. The Four-
ier transform infrared (FT-IR) spectra of the samples in the pressed disk
form (KBr) were recorded on a Bruker Vertex 70 infrared spectrometer
in transmittance mode from 4000 to 400 cm�1 at a resolution of 4 cm�1

and a signal average of 32 scans.
X-ray absorption spectroscopy (XAS) experiments were performed on

XAFS1 beam line of the Brazilian Synchrotron Light Source (LNLS),
with the storage ring operating at 1.36 eV and 160–250 mA. XAS
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measurements were collected in transmission mode at room temperature,
using a Si(111) channel-cut monochromator. XANES spectra at Ti K-
edge (4965 eV) were recorded for each sample between 4950 and
5080 eV using 0.3 eV energy steps. Moreover, for comparison purposes
among the samples, all spectra were background removed and normalized
using as unity the first EXAFS (extended X-ray absorption fine structure)
oscillation. All XANES data were processed using the Multiplatform
Applications for XAFS code (MAX) (33).

Ti–K edge EXAFS spectra were recorded between 4880 and 5800 eV
with energy steps of 2 eV. The EXAFS kv(k) function was weighted with
k3 before carrying out the Fourier transform (FT). A Kaiser window
(s = 3.0) was applied to the k3v(k)-weighted data before FT. The R-range
used for fitting was between 0.92 and 1.99 �A. This range included only
the first nearest-neighbor shell (Ti–O bonds), and the range in k-space
was 1.28–13.0 �A�1. XAS spectra were processed by the MAX and theo-
retical spectra were calculated with the ab initio FEFF8.3 code (33,34).
We chose two representatives samples (SAM1 and SAM3) to investigate
the effect of the different heating rates in the short-range order structure
around Ti atoms in SrTiO3.

The microstructural properties were investigated using a transmission
electron microscope (TEM, FEI American, Tecnai G2TF20) operating at
25 kV. The mean particle size was estimated from the analysis of TEM
micrographs through the measure of approximately 100 nanoparticles.
The samples surface area was obtained using the Brunauer–Emmett–
Teller (BET) method (ASAP2020, Micromeritics Instruments Corps.).

Photoluminescence spectra were recorded on a Thermal Jarrel-Ash
Monospec 27 monochromator and a Hamamatsu R446 photomultiplier at
room temperature. The 350 nm exciting wavelength of a krypton ion
laser (Coherent Innova) was used with the nominal output power kept at
550 mW.

Photocatalytic activity experiments. The photocatalytic activity of
SrTiO3 samples was evaluated by studying the degradation kinetics of
methylene blue (MB), rhodamine B (RhB) and methyl orange (MO)
dyes under UV illumination. A quantity of 10 mg of SrTiO3 photoca-
talysts were immersed in 20 mL of an aqueous dye solution
(10.0 mg L�1 for MB, 5.0 mg L�1 for RhB and 10.0 mg L�1 for MO).
The suspensions were placed in a photoreactor at a controlled tempera-
ture of 18°C, which showed an ideal condition for our system, and illu-
minated by six UV lamps (TUV Philips, 15 W, wavelength of 254 nm,
and light intensity at 20 cm: 4.0 mW cm�2). The color removal of
the dye solutions was monitored by measuring the UV–VIS spectra
(Shimadzu-UV-1601 PC spectrophotometer, kmaximum = 663, 554 and
464 nm for MB, RhB, and MO, respectively) at given irradiation time
intervals of light exposure. After each measurement, the dye solution
aliquots (ca. 4 mL) were immediately placed back into contact with the
respective solutions to be illuminated again. To test the direct UV-
photolysis of the dye, blank experiments were performed using a dye
solution without any catalyst. Before the experiments, the suspensions
were kept in the dark for 30 min to reach the adsorption–desorption
equilibrium of the dyes on the catalyst surface and to evaluate the dye
adsorption (instead of dye degradation). In the end, a color removal
lower than 5% was observed, indicating that adsorption could be
neglected in the color removal.

To evaluate the mechanism involved in the photodegradation of MB
dye, the photodegradation of dye was performed by adding different
active species scavengers, silver nitrate (AgNO3, 10.0 mmol L�1), which
acts as a conduction band (CB) electron scavenger, dimethyl sulfoxide
(DMSO, 10.0 mmol L�1) acting as an •OH radical scavenger, and
sodium oxalate (SO, 1.0 mmol L�1) acting as valence band (VB) hole
scavenger (35–37).

RESULTS AND DISCUSSION
Figure 1 displays the XRD patterns of the SrTiO3 samples trea-
ted at 750°C with different heating rates. All of the XRD peaks
can be indexed to a cubic perovskite structure in accordance with
Joint Committee on Powder Diffraction Standard (JCPDS) Card
N° 35-0734. No peaks characteristic of secondary phases were
observed, which confirms that the different heating rates did not
influence the crystalline phase. However, as shown in the inset,
there is a slight increase in the full-width at half-maximum
(FWHM) of the main peak for SAM2 and SAM3 samples,

suggesting a slight increase in the crystallites size as the heating
rate decreased.

The XAS spectroscopy technique was used to check the effect
of the heating rate on the short-range order structure around Ti
atoms. Figure 2 shows the XANES spectra of the SrTiO3 sam-
ples, in which, four pre-edge transitions labeled A, B, C1 and
C2 are identified. The physical origin of peak A is a pure quad-
rupole transition from 1s ? 3d (t2 g), whereas B peak is due to
the 1s ? 4p, including some degree of 1s ? 3d (eg) transition
(38.) The C1 and C2 peaks are attributed to a dipole excitation
of 1s electrons to t2 g and eg orbitals of the neighboring TiO6

octahedra (21,39). The pre-edge region of the samples is typical
of compounds coordinated by six oxygen anions, i.e. TiO6 units
(39,40). Regarding the heating rate effect on Ti coordination,
XANES results indicated that the local symmetry is not affected
by this parameter.

Figure 3a,b show the EXAFS k3v(k) signal and its respective
FT of two representative samples, SAM1 and SAM3. The analy-
sis of the FT signals (Fig. 3b) revealed an intense peak centered
around 1.5 �A, attributed to the first oxygen coordination shell
around Ti atoms, whereas the two following peaks which almost
overlap are due to the first Sr and Ti coordination shells (21,41).
EXAFS signals and FT curves of the SAM1 and SAM3 samples
are also similar, suggesting that the short-order range structure of
the samples was not affected by the heating rate. To quantify the
structural information, EXAFS fitting results are presented in
Table 1. As shown, the structural parameters remained
unchanged, independent of the heating rate. In addition, an aver-
age coordination number (N) of approximately 5.5 was obtained,
indicating the existence of some five-fold coordination units,
TiO5, despite the predominance of TiO6.

In our previous work, we reported the preparation of SrTiO3

powders catalysts via a microwave-assisted hydrothermal
method, which show a good photocatalytic activity on rhodamine
B oxidation (21). EXAFS results also indicated the existence of
TiO5 units, which contributed to the enhanced photocatalytic
activity (21).

Considering the structural similarity of such samples (crys-
tallinity and local symmetry), the synthesis method employed in
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Figure 1. X-ray diffraction patterns of SrTiO3 samples treated at 750°C
using different heating rates. The inset shows the normalized intensity of
the (110) reflection.
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this work became adequate to better understand the mechanism
involved in the dyes degradation in the presence of SrTiO3 pho-
tocatalysts.

Transmission electron microscope micrographs of SrTiO3

samples presented in Fig. 4 show that the microstructural charac-
teristics of the samples are significantly affected by the heating
rate used during the crystallization process. As can be seen,
SAM1 exhibited well-defined spherical particles with a relatively
uniform size. On the other hand, SAM2 and SAM3 samples pre-
sented a nonhomogeneous size distribution and some faceted and
necked particles, showing quasi-spherical morphology. Addition-
ally, based on the particle size distribution, a gradual decrease in
the particle size from 29 to 21 nm was observed as the heating
rate increased.

These results can be explained by the classical growth model,
since slower heating rates provide an increase in the processing
time and therefore a large amount of energy, favoring particle
growth due to reduced surface energy. In the case of SAM1 sam-
ple, annealed at a slow heating rate, the organic portion of the
precursor resin decomposes before initiating the crystallization
process to form primary SrTiO3 nanocrystals that begin to coa-
lesce by induced rotation or abnormal growth within each
agglomerate to form larger particles with a gradual increase as a

function of time (42,43). On the other hand, the decrease in par-
ticle size of the SAM2 and SAM3 samples would relate to the
removal of organic residues and the SrTiO3 crystallization that
occurs at the same time. In these cases, the residual organic
material at high temperatures acts as a physical barrier, which
inhibits the particle growth process resulting in a large amount
of small particles (9).

The specific surface area values of each sample determined by
BET are shown in Table 2. With the increasing heating rate dur-
ing the crystallization process, an increase in the specific surface
area (SSA) was observed.

Figure 5 shows the FTIR spectra of SAM1, SAM2 and
SAM3 samples. The low-frequency bands centered at 583 and
444 cm�1 are typical of metal-oxygen stretching in titanate
compounds (24,44,45). The bands at 1383 and 1542 cm�1 are
associated with carbon groups. Additionally, the presence of a
broad band centered at 3420 cm�1 can be observed, which
corresponds to OH groups on the materials surface. The pres-
ence of these groups can favor the photocatalytic activity,
since these groups are able to react with holes, leading to the
formation of •OH radicals, which are very active in the oxida-
tion of organic compounds (46–48). Bertaux et al. (49)
showed that Lambert–Beer’s law is valid when the KBr disk
has a low concentration of sample (ca. 0.25%), so we using
this procedure to quantify the �OH groups. Therefore, the
analysis of the FTIR spectra indicated that the SAM3 sample
showed a larger number of hydroxyl groups than the others,
probably due to its lower particle size.

Additionally, photoluminescence (PL) studies were performed
for SrTiO3 samples. As shown in Fig. S1 (see Supporting Infor-
mation), all of the samples exhibited a broad blue emission cen-
tered at approximately 450 nm. The SAM1 and SAM2 samples
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Figure 2. Ti-K edge XANES spectra of the SrTiO3 samples heat treated
at 750°C using different heating rates.
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Figure 3. Heating rate dependence of the Ti-K edge EXAFS signal. (a) k3-weighted EXAFS spectra, (b) Fourier transform magnitude of the spectra
displayed in (a).

Table 1. Structural parameters extracted from Ti K-edge EXAFS data
for SrTiO3 samples.

Sample N r2.10�2 (�A2) R (�A) DE0 (eV) QF

SAM1 5.3 (2) 0.68 (3) 1.953 (5) 3.3 (4) 0.08
SAM2 5.5 (2) 0.72 (5) 1.955 (3) 3.4 (5) 0.08
SAM3 5.3 (2) 0.71 (6) 1.954 (3) 3.3 (4) 0.09

N, first coordination shell of neighbor’s number; r2, Debye–Waller
factor; R, mean length, Ti–O bond; DE0, variation in the energy absorp-
tion energy in relation to the theoretical standard used in the simulation;
QF, quality factor.

Photochemistry and Photobiology, 2016, 92 373



exhibited similar intensity of PL emission between them and
lower intensity than the SAM3 sample. These findings can be
attributed to processing conditions of the materials because high
heating rate may cause a large defects concentration, and conse-
quently a higher PL intensity.

The photocatalytic properties of the SrTiO3 samples were first
evaluated under UV irradiation regarding the degradation of MB
and RhB dyes that, due to the carboxylic group in the structure,
exists as a zwitterion when in aqueous solution. Figure 6 illus-
trates the chemical structure of both dyes (50).

Figure 7 shows the color removal behavior of MB (Fig. 7a)
and RhB (Fig. 7b) dyes in the presence of SrTiO3 catalysts. Note
that the concentration of the blank solutions, i.e. without any cat-
alyst, showed a lower decay than the catalyzed reactions, indicat-
ing that SrTiO3 sample was effective in the dyes removal
process.

The lower particle size and consequently a higher surface area
(SSA) provides additional active sites, resulting in a better cat-
alytic performance (51,52). However, with the particle size
decreasing, the recombination of photogenerated electron/hole
pair can also increase due to reduction in the electron depletion

Figure 4. Transmission electron microscope (TEM) analysis of SrTiO3 samples: (a) SAM1, (b) SAM2, and (c) SAM3. (d) HRTEM image of SAM3.

Table 2. Average particle size, specific surface area (SSA) and photoac-
tivity per unit area (k’/SSA) of the samples.

Sample
TEM average

particle size (nm)
SSA

(m2 g�1)
k’MB/SSA

(m2 g�1 h�1)
k’RhB/SSA

(m2 g�1 h�1)

SAM1 29 10 1.10 1.39
SAM2 23 18 0.53 0.86
SAM3 21 24 0.37 0.79

TEM, transmission electron microscope.
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Figure 5. FTIR spectra of SrTiO3 samples treated at 750°C using
different heating rates.
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layer, which impairs the photocatalytic activity (53). In this
sense, a correct way to compare the photocatalytic activity
between materials exhibiting different surface areas is using the
kinetic constant (k’) (given by the pseudo first-order rate equa-
tion ln(C0/Ct) = k’t) and the material SSA ratio, i.e. photoactivity
per unit area, as long as the photocatalysis is a heterogeneous
process that takes place on the photocatalyst surface (46,54). As
shown in Fig. 7c and Table 2, despite the different behavior of
the samples regarding the photodegradation of MB and RhB
dyes, SrTiO3 samples showed the same trend when we consider
the photoactivity per unit of area. Thus, SAM1 sample exhibited
the highest photoactivity per unit of area, independent of the
molecule to be degraded, which is indicative of a nonselective
degradation process.

To confirm the nonselective photocatalytic activity led by
SrTiO3 catalysts, the photodegradation process of the MO, an
anionic dye that is significantly different from MB and RhB
(both cationic), was catalyzed by SAM1, since this sample
showed a better performance per unit area in MB and RhB
degradation. As evidenced from the curves in Fig. 8, SAM1

sample presents considerable photoactivity on the degradation of
MO dye under UV irradiation. Therefore, these results confirmed
the nonselective photocatalytic activity of SrTiO3 samples, as
long as this sample was capable of removing organic pollutants
with different physical–chemical properties.

The samples annealed using the lowest (SAM1) and highest
(SAM3) heating rates (representative samples) were chosen to
investigate the photodegradation mechanism of organic pollu-
tants. Therefore, the photodegradation of MB dye under UV irra-
diation was performed using the SAM1 and SAM3 catalysts in
the presence of the selective scavenger active species. The silver
ion (Ag+) has been used as a conduction band (CB) electron
acceptor. Thus, if the superoxide radical, O2

�•, which is formed
through the reduction of O2 by CB electrons, plays a major role
in the photodegradation process, the reaction rate should be
decreased in the presence of Ag+. On the other hand, if •OH rad-
icals or direct degradation mechanism, i.e. pollutants directly
attacked by VB holes, play a major role in the photodegradation
process, the reaction rate should be decreased in the presence of
DMSO or SO), respectively (37,55,56).
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Figure 6. Chemical structure of the dyes: (a) methylene blue and (b) rhodamine B.
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Figure 9 shows the effect of different scavengers in MB pho-
todegradation catalyzed by SAM1 and SAM3 samples. As can
be seen, the presence of Ag+ significantly increased the reaction
rate and the presence of DMSO did not generate a significant
difference in the reaction rate; this is in contrast to the presence
of SO, which significantly decreased the reaction rate. Therefore,
based on these results, we can conclude that the O2

�• radical had
a negligible effect in the MB photodegradation mechanism, and
consequently, the dye-photosensitized mechanism also had an
irrelevant effect. The presence of a suitable CB electrons accep-
tor, such as Ag+, enhanced the photoactivity of SrTiO3 samples,
inhibiting the fast charge carrier recombination. The •OH radical
also presented a negligible effect on the MB photodegradation
mechanism; however, the VB holes had a great effect on the
photodegradation pathway.

Therefore, the direct photodegradation mechanism was the
main pathway in organic pollutant degradation catalyzed by
SrTiO3 samples, as schematically illustrated in Fig. 10. The VB
holes attack directly the MB dye, while the •OH and O2

�• radi-
cals are not formed under these conditions. Additionally, we also
observed that the presence of a suitable CB electron acceptor,

such as Ag+, can trap the electrons, enhancing the photoactivity
of the SrTiO3 photocatalyst, and inhibiting fast charge carrier
recombination. Finally, as the photodegradation process catalyzed
by SrTiO3 samples was nonselective, it is expected that the pro-
posed mechanism can be generalized to the other studied organic
pollutants, RhB and MO dyes.

CONCLUSIONS
In summary, SrTiO3 nanoparticles synthesized by means of a
polymeric precursor method using different crystallization pro-
cess heating rates presented a good photocatalytic activity regard-
ing the degradation of rhodamine B, methylene blue and methyl
orange organic dyes under UV irradiation. XRD and XANES
spectroscopy measurements showed that the long- and short-
range order structure is not affected by the processing conditions.
On the other hand, TEM analysis revealed pronounced modifica-
tions of the morphological characteristics, showing that it is pos-
sible to define the size and homogeneity of the nanoparticles
according to heating rate. Analysis of the degradation process
revealed that SrTiO3 photocatalysts are unselective and the low-
est heating rate produces the best catalyst activity per unit of
area. The main mechanism of MB dye photodegradation cat-
alyzed by SrTiO3 is attributed to the action of VB holes by a
direct pathway.
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