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ABSTRACT: SrTiO; nanostructures were successfully synthesized in various
alcohols as cosolvent as well as surfactant by a facile solvothermal method. The
as-synthesized catalysts were characterized by X-ray diffraction technique,
scanning electron microscopy, energy-dispersive X-ray analysis, Brunauer—
Emmett—Teller analysis, diffuse reflectance spectroscopy, and photolumines-
cence spectroscopy. The possible formation mechanism of SrTiO; in the
presence of these alcohols is discussed, and the effect of these alcohols on the
structure, Sr/Ti atomic ratio, and optical properties is related to the
photocatalytic activity. First principles calculations were made use of to
determine the effect of defects on the electronic structure and the band gap.
The photocatalytic activity of these catalysts was evaluated by taking methylene
blue as a model pollutant under visible light irradiation. It was found that the
photocatalytic activity of ethanol-mediated SrTiO; was found to be higher than
the other samples because of the synergistic effect of high surface area and
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1. INTRODUCTION

Photocatalysis has gained widespread attention in the removal
of recalcitrant pollutants present in water and air. Various
semiconductor photocatalysts have been probed in recent
years. Among them, TiO, is the most predominantly studied
photocatalyst because of its outstanding photocatalytic activity,
ease of preparation, and excellent stability. Perovskite alkaline
earth titanates (ATiO;, A = Ca, Ba, and Sr) are renowned
semiconductor photocatalysts with compelling properties in
terroelectricity, superconductivity, catalysis, and so on.” Among
them, SrTiO; is one of the well-known semiconductor
photocatalysts because of its low cost, high chemical stability,
and biocompatibility.” As compared to simple binary oxides,
the physical and chemical properties of the multication oxide
of SrTiO; can be suitably tuned by altering the compositions,
and they also possess a large number of photocatalytic active
sites.”

In general, the photocatalytic activity of a semiconductor
photocatalyst mainly depends on its surface area, particle size,
adsorbability, and defect chemistry."”” The conventional
synthesis of SrTiO; requires high temperature, which leads
to severe agglomeration and formation of large particles, which
results in poor photocatalytic activity. Solvothermal synthesis is
one of the promising wet chemical methods to obtain SrTiO;
nanostructures in which it is possible to tune the particle size
and morphology, by tailoring various processing parameters
such as surfactants, reaction temperature, reaction time, and
solvents.”~'" A large number of photocatalysts such as ZnO,
Bi,MoOyg, BiOBr, and ZnlIn,S, have been synthesized under
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solvothermal conditions and their morphology and size were
properly tuned by employing different solvents in the earlier
reports.''~'> Wei et al. synthesized SrTiO; powders via the
hydrothermal method by varying the concentration of
poly(vinyl alcohol) (PVA) and found that for an intermediate
concentration of PVA the photocatalytic activity was found to
be higher. This was attributed to the synergistic effect of the
specific surface area, Sr vacancy formation, and the
adsorbability.'® To the best of our knowledge, the effect of
alcohols on the structure, morphology, Sr/Ti atomic ratio, and
O vacancies of SrTiO; has never been investigated.

In view of these aspects, herein we synthesized SrTiO; by
the solvothermal approach in different solvents, viz., butanol,
ethanol, ethylene glycol, and propanol. The effect of these
solvents on the structure, morphology, Sr/Ti atomic ratio, and
photocatalytic activity was examined. In addition, the
formation mechanism of SrTiO; nanostructures was also
proposed. First principles density functional theory (DFT)
calculations were used to determine the effect of defects on the
electronic structure of SrTiO;. The photocatalytic activities of
these solvent-mediated SrTiO; photocatalysts were evaluated
by the decomposition of methylene blue (MB) under visible
light irradiation.
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2. EXPERIMENTAL SECTION

2.1. Materials. All chemicals were of analytical grade and
were used as procured without further purification. Titanium-
(IV) isopropoxide, strontium chloride, potassium hydroxide,
butanol, ethylene glycol, and 2-propanol were procured from
Sigma-Aldrich. Absolute ethanol was procured from Changshu
Hongsheng Fine Chemical Co., Ltd.

2.2. Preparation of Catalyst. To prepare solution A, 1.47
mL of Titanium(IV) isopropoxide was dissolved in 10 mL of
various solvents (butanol, ethanol, ethylene glycol, and 2-
propanol). To prepare solution B, an appropriate amount of
SrCl, was dissolved in 10 mL of 2 M KOH. Solution B was
added dropwise to solution A with stirring. The resultant
solution was sealed in an autoclave and kept in an oven
maintained at 200 °C for 4 h. The obtained precipitate was
washed with 1 M acetic acid and water to remove additional
impurities. The washed products were dried in an oven at 70
°C for 8 h. The products obtained by using butanol, ethanol,
ethylene glycol, and 2-propanol as cosolvents were designated
as B-SrTiO;, E-SrTiO;, EG-SrTiOs; and P-SrTiO;, respec-
tively.

2.3. Characterization. The structural characterization of
the prepared catalysts was carried out using an X-ray
diffractometer (Rigaku) with monochromatic Cu Ka radiation
(4 =0.154 nm) at a scan rate of 2° per minute in the range of
20°=70°. The surface morphology was analyzed using
scanning electron microscopy (SEM) (Carl Zeiss) equipped
with an energy-dispersive X-ray (EDX) analyzer (Oxford
Instruments). The specific surface area was determined using
the Brunauer—Emmett—Teller (BET) method (BEL SORP II,
JAPAN) based on adsorption data in the relative pressure
ranging from 0.05 to 0.03. The pore size distribution was
determined using the Barrett—Joyner—Halenda (BJH) method
applied to the desorption branch. The diffuse reflectance (DR)
spectrum was obtained using a UV—visible spectrometer
(Analytic Jena). The photoluminescence (PL) spectrum was
recorded using a fluorescence spectrometer (Horiba JobinY-
von).

2.4. Computational Details. DFT electronic structure
calculations of stoichiometric and defective SrTiO; were
carried out using the Quantum ESPRESSO package.'” DFT
calculations were performed using nonrelativistic Martins—
Troullier norm-conserving pseudopotentials and the exchange-
correlation energy functional of Perdew—Wang within a local
density approximation.'® The valence electrons of Sr (5s?), Ti
(3d*4s?), and O (2s*2p*) were included in the calculations
through the use of pseudopotentials. SrTiO; is known to
crystallize in a cubic perovskite structure with Sr occupying the
corners of the cube, Ti at the center of the cube, and O at the
face center. Simulations were carried out using a 2 X 2 X 1
supercell of SrTiO; containing 20 atoms. The systems were
fully relaxed with respect to its lattice constant and atomic
positions until the magnitude of the Hellman—Feynman force
on each atom was less than 0.01 eV/A and the magnitude of
stresses was within 1 kbar. Plane wave basis sets used in the
representation of wavefunctions and charge density were
truncated at energy cutoffs of 80 and 320 Ry, respectively, to
calculate the total energies. Self-consistent field (scf)
calculations were performed using a 12 X 12 X 24 mesh of k
points and a denser 24 X 24 X 48 mesh was used to sample
Brillouin zone integrations for non-self-consistent field (nscf)
calculations of the 2 X 2 X 1 supercell, respectively. Electronic

structures were determined using a theoretical equilibrium
lattice constant along high symmetry lines (I'—X—M—-I'-R—
X); (T—X—M-I'-Z—R—A-Z) in the Brillouin zone, for a
primitive unit cell and the 2 X 2 X 1 supercell, respectively.
2.5. Determination of Photocatalytic Activity. The
photocatalytic activity of the prepared catalyst was determined
by taking MB as a target pollutant under ambient atmospheric
conditions. The photocatalytic reactor was equipped with a
high-pressure 250 W Hg vapor lamp operating at a wavelength
of 410—700 nm, which was used as a visible light source. In
these experiments, 100 mL of MB solution (10 mg L™") and
photocatalyst (50 mg) is taken in a 500 mL Pyrex glass beaker
and magnetically stirred for 30 min in order to reach
adsorption—desorption equilibrium. Then, the solution was
irradiated with a visible light source. During photocatalytic
studies, at regular intervals, S mL of the solution was sampled
out, centrifuged, and the absorbance of the supernatant
solution was measured using a UV—visible spectrometer at
664 nm. The percentage degradation of dye was calculated as

per eq 1.
Degradation % = [(C, — C)/C,] X 100 (1)

where C, is the initial concentration of the solution and C is
the concentration at different intervals of time.

3. RESULTS AND DISCUSSION

3.1. XRD Analysis. X-ray diffraction (XRD) analysis of the
synthesized samples was carried out in order to examine the
purity and crystal structure. Figure 1 shows the XRD pattern of
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Figure 1. XRD pattern of the as-prepared catalysts in different
solvents.

the as-prepared catalysts in different solvents. All the
diffraction peaks are well matched to the cubic phase of
SrTiO; (JCPDS card no. 00-040-1500), with lattice constants
of a =b=c=3.9360 A. No traces of other impurities were
present. The average crystal sizes of the samples are in general
calculated using the Scherrer equation, which uses the value of
full width at half-maximum (FWHM)." It can be noted that
the FWHM value of the (110) diffraction peaks decreased with
decrease in the polarity of the solvents (Table 1). It can be
noted that the average crystal size increases with decreasing the
polarity of the solvents. This might be due to the aggre§ation
of particles to larger sizes to acquire colloidal stability.”

3.2. SEM and EDX Analysis. In this work, the effect of
different alcohols on the morphology of SrTiO; nanostructures
is studied by keeping other experimental conditions same.
Alcohols have been considered as a cosolvent and surfactant in
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Table 1. Relative Polarity of Different Solvents

sl. no. solvent relative polarity
1 ethylene glycol 0.790
2 ethanol 0.654
3 butanol 0.586
4 2-propanol 0.546

hydrothermal reactions.”’ It is well known that the crystal
growth is mainly dependent on diffusion kinetics. During the
formation of a crystal, the reactant molecules initially diffuse
from the bulk of the solution to the surface of the nucleus and
then react with the nucleus. Generally, the shape of
nanocrystals is mainly dependent on the concentration of the
reactant molecules near the surface of a nucleus. High viscosity
of solvents results in a low diffusion rate, which leads to the
slow growth rate and isotropic generation of nanostructures
whereas low viscosity of solvents results in a high diffusion rate,
leading to a faster growth rate and anisotropic generation of
nanostructures.””

The formation of SrTiO; nanostructures proceeds by
diffusion of ions into the initially formed clusters. In ethylene
glycol-mediated synthesis, because of the high viscosity of
ethylene glycol, the concentration of the reactants near the
nucleation site is less, which results in a slow growth rate and
isotropic generation of nanostructures (Figure S1). The
ethylene glycol medium can act not only as a solvent in the
process but also as a stabilizer to control the crystal growth and
prevent the agglomeration.23 However, in low-viscosity
solvents such as ethanol, 2-propanol, and butanol, the
concentration of the reactants near the nucleation site is
high, which results in a faster growth rate and anisotropic
generation of nanostructures. On the basis of the above
concept, the formation mechanisms are schematically shown in
Figure 2.

The chemical composition of the SrTiO; nanostructures
synthesized in different solvents was analyzed by EDX analysis
as shown in Figure 3. The EDX analysis results revealed that
the Sr/Ti atomic ratio of SrTiO; nanostructures synthesized in
butanol, ethanol, ethylene glycol, and 2-propanol was found to

be 0.91, 0.96, 0.73, and 0.90, respectively. This deviation in the
nominal composition (Sr/Ti = 1) might be attributed to the
formation of Sr vacancies during the formation of SrTiO;
crystallites.”*

3.3. Nitrogen Adsorption Analysis. The nitrogen
adsorption—desorption isotherms were investigated in order
to analyze the specific surface area and porosity of the
synthesized SrTiO; nanostructures as shown in Figure S2. The
isotherms of all the SrTiO; nanostructures were categorized as
type IV according to the Brunauer—Deming—Deming—Teller
classification with the hysteresis loops resembling type H3 at a
relative pressure range of 0.4—1.0, indicating the presence of
slitlike pores.”> The BJH method was used to calculate the
pore size distribution of the synthesized SrTiO; nanostruc-
tures. All the samples present a similar pore size distribution as
shown in Figure S3. The mesopore size is primarily scattered in
the range of 2—10 nm. The presence of such mesopores is
believed to enhance the overall surface area, which in turn
boosts the catalytic activity.”® The textural properties of the
SrTiO; nanostructures synthesized in different solvents are
presented in Table 2.

3.4. Optical Absorbance Analysis. The optical properties
of the as-synthesized SrTiO; nanostructures were investigated
by DR spectroscopy. E-SrTiO; and P-SrTiO; nanostructures
exhibited the absorption limit at 394 nm and B-SrTiOj; at 400
nm, respectively (Figure 4). The corresponding band gap
energy was found to be 3.14 and 3.1 eV.

In contrast, EG-SrTiO; exhibited a higher absorption
beyond 400 nm with an absorption edge at 424 nm (band
gap energy of 2.92 eV). The band gap energy was calculated
from the absorption limit wavelength.”” The extended
absorption in the visible region can be attributed to the low
Sr/Ti atomic ratio, which results in the formation of an O
vacancy or Ti** defects for the charge compensation.*®

3.5. Band Gap Analysis. To study the electronic
properties, the atomic structure of stoichiometric SrTiO; was
optimized initially using a primitive unit cell containing five
atoms. A k-mesh of 24 X 24 X 24 and 48 X 48 X 48 for scf and
nscf calculations was used, respectively. The obtained lattice
constant of 3.813 A was in good agreement with the
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Figure 2. Possible formation mechanism of SrTiO; nanostructures synthesized in different solvents.

20029

DOI: 10.1021/acs.jpcc.8b06514
J. Phys. Chem. C 2018, 122, 20027—20033


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b06514/suppl_file/jp8b06514_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b06514/suppl_file/jp8b06514_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b06514/suppl_file/jp8b06514_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.8b06514
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcc.8b06514&iName=master.img-002.jpg&w=299&h=213

The Journal of Physical Chemistry C

. B-SrTiO,

EG-SrTiO,

1 H

. E-SrTiO,

'y P— Sl'TiOs

Figure 3. EDX traces of the SrTiO; nanostructures synthesized in different solvents.

Table 2. Textural Properties of the SrTiO; Nanostructures

sL. BET surface area  pore diameter ~ pore volume
no. catalyst (m*/g) (nm) (em®/g)
1 B-SrTiO; 30.48 3.673 0.052
2 E-SrTiO; 43.97 3.663 0.086
3 EG-SrTiO, 83.35 3.399 0.130
4 P-SrTiO, 26.45 3.657 0.061
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Figure 4. DR spectra of SrTiO; nanostructures synthesized in
different solvents.

experimental lattice constant, well within the typical DFT
error. First principles calculations of the electronic structure of
primitive SrTiO; (Figure Sa) show a direct band gap of 2.74
eV at the I' point. The Fermi level lies within the band gap
slightly closer to the conduction band. The top of the valence
band lies at the R point and the bottom of the conduction
band is at the I' point, leading to an indirect band gap of 2.14
eV in comparison to the previously reported direct band gap of
2.34 €V and indirect band gap of 1.99 eV.”” The deviation
from the experimental band gap of 3.20 eV is due to the well-
known underestimation in DFT. Partial density of states
(pdos) shown in Figure Sb reveals that the valence band has a

(a) (b)

DOS (states/eV)

]

Figure 5. (a) Electronic structure and (b) pdos of a primitive unit cell
of SrTiO;.

predominant O “2p” character, whereas the conduction band
has a major contribution from Ti “3d” orbitals. The

“« »

unoccupied Ti “d” orbitals and occupied O “p” orbitals induce
“d” orbital n-type and “p” orbital p-type transport properties.*’

As the electronic band gap is typically underestimated in
DFT calculations, the Heyd—Scuseria—Ernzerhof (HSE-06)
hybrid functional was used to obtain more accurate estimates
of the band gap. A k-mesh of 12 X 12 X 12 and a g-mesh of 3
X 3 X 3 were used for the estimation. In Figure S4, it is seen
that a band gap of 3.61 eV is obtained, which is comparable to
the experimentally obtained band gap and is consistent with
the value of 3.59 eV of the previously reported literature.”" As
HSE calculations are very expensive, standard DFT calcu-
lations are presented in the case of supercells, keeping in mind
the underestimation of gaps, as the character of the band
structure and band gap variations are expected to be reasonable
and reliable. In order to study the effect of defects on the
electronic structure and the band gap of SrTiOs;, defects were
created in the supercell by creating a Sr and/or O vacancy. The
electronic structure and density of states plot reveals that the
band gap and the orbital contributions of the 2 X 2 X 1
supercell of stoichiometric SrTiOj are consistent with that of
the simulated primitive unit cell (Figure SS). In order to create
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a Sr vacancy, one Sr atom was removed from the supercell and
the structure was fully relaxed. It is observed that the O atoms
surrounding the vacancy (nearest neighbor) move away from
the Sr vacancy site (Figure S6) and the Sr—O bond length
decreases from 2.696 to 2.587 A. While, the Ti—O bond length
decreases from 1.907 to 1.879 A when it bonds with O (shown
in pink color) closer to two Sr vacancies and it increases to
1.913 A when it bonds to O (shown in green color) closer to a
single Sr vacancy and 1.947 A when it bonds to O (shown in
purple color) farther away from the vacancy. The electronic
structure reveals a decrease in the direct band gap of 2.74 eV to
2.38 €V for the 2 X 2 X 1 supercell at the I point (Figure 6).

(a) (b}

DOS (states/eV)

Figure 6. (a) Electronic structure and (b) pdos of the 2 X 2 X 1
supercell of SrTiO; with a single Sr vacancy.

The Fermi level moves into the valence band, indicating a p-
type nature of the vacancy. To study the O vacancy, a single O
atom was removed from the 2 X 2 X 1 supercell. The
electronic structure revealed a Fermi level well within the
conduction band, indicating an n-type nature.”® The direct
band gap appeared at the Z point and was found to decrease in
this case to 1.95 eV (Figure 7). As it was reported earlier that

(Figure 8). Both these vacancies compensate each other,
pushing the Fermi level into the band gap just above the
valence band.
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Figure 7. (a) Electronic structure and (b) pdos of the 2 X 2 X 1
supercell of SrTiO; with a single O vacancy.

complex defects with Sr and O vacancies have not been
simulated by DFT, here a single Sr and O vacancy was
introduced in the 2 X 2 X 1 supercell.’” To create a Sr/O
vacancy, removing any one of the Sr/O atoms from the 2 X 2
X 1 supercell would be sufficient as all Sr/O atoms are
symmetry equivalent. However, there are several configura-
tions of chemical ordering in which Sr and O vacancies can be
formed simultaneously. Hence, the position of the Sr vacancy
was fixed and then the position of O was determined. Out of
several possibilities, there are only two configurations which
are symmetry in-equivalent (Figure S7). The energies of both
the configurations were calculated and the one with the lowest
energy was considered in the present study. The electronic
structure reveals a direct band gap of 1.79 eV at the Z point

Figure 8. (a) Electronic structure and (b) pdos of the 2 X 2 X 1
supercell of SrTiO; with a single Sr and O vacancy.

3.6. PL Analysis. The PL spectra of the synthesized SrTiO;
nanostructures were analyzed in order to get more insight into
the O vacancies and electron hole recombination behavior. It is
found that the SrTiOj; synthesized in ethylene glycol had broad
and intense PL emission in the blue region (450—500 nm) as
shown in Figure S8, mainly because of the presence of O
vacancies.” The presence of O vacancies or Ti** defects has
been considered as a recombination center which reduces the
photocatalytic activity.”* As a result, the SrTiO; synthesized in
ethylene glycol is expected to show poor photocatalytic activity
as compared to other samples.

3.7. Photocatalytic Performance of SrTiO; Nanostruc-
tures. The photocatalytic activity of the as-prepared catalysts
was evaluated by taking MB dye under visible light irradiation.
A blank test was also carried out wherein the MB solution was
taken without any catalyst. In this case, there was no significant
degradation. Figure 9 shows the photocatalytic degradation of
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Figure 9. Degradation rates of MB by SrTiO; nanostructures
synthesized in different solvents under visible light irradiation.

MB in the presence of SrTiO; synthesized in different solvents.
The percentage degradation of B-SrTiO; EG-SrTiO;, E-
SrTiO;, and P-SrTiO; was found to be 70.3, 50.9, 76, and 62.7,
respectively. The photocatalytic activity of EG-SrTiO; was
found to be less even though its surface area is greater than the
other samples, which might be due to the presence of O
vacancies or Ti’* defects. These O vacancies have been
considered as a recombination center for the photogenerated
electrons. The photocatalytic activity of E-SrTiO; was found to
be greater than other samples. This enhanced photocatalytic
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activity is mainly due to the low recombination rate as well as
high surface area. Further, the photocatalytic activity of B-
SrTiO; and P-SrTiO; was found to be less than E-SrTiO;,
which might be due to the low surface area of the samples.

The kinetics of the photocatalytic degradation of MB
(Figure S9) by the synthesized SrTiO; nanostructures is in
accordance with the pseudo-first-order rate equation’” as given
in eq 2.

In(C/C,) = —kt (2)

where C, is the concentration of the dye at time t = 0, C is the
concentration of the dye at irradiation time (t), and k is the
first-order rate constant, which was measured from the slope of
the straight line. The rate constants for different SrTiO,
nanostructures are shown in a bar diagram (Figure 10). It is
found that the rate constant for E-SrTiOj is higher than all the
prepared samples.
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Figure 10. Rate constant k (min™") for the photodegradation of MB
by SrTiO; nanostructures synthesized in different solvents under
visible light irradiation.

The stability and reusability of catalysts is of great interest in
the practical applications. E-SrTiO; was chosen to test the
stability and recyclability. To evaluate the stability and
reusability of the E-SrTiO;, the photocatalytic activity was
tested for four consecutive cycles by taking MB under visible
light irradiation. It is found that there is only a slight decrease
in the photocatalytic activity even after four cycles (Figure
S$10). This indicates that the E-SrTiOj is sufficiently stable for
practical applications.

4. CONCLUSIONS

In summary, SrTiO; nanostructures were successfully synthe-
sized by a facile solvothermal method in various alcohols,
which served both as cosolvent and surfactant. It is found that
the ethylene glycol-mediated synthesis resulted in isotropic
generation of SrTiO; because of the high viscosity and low
diffusion rate of reactants, which also led to a high surface area
of 83.35 m?/g, whereas ethanol-, 2-propanol-, and butanol-
mediated synthesis resulted in anisotropic generation of
StTiO; because of the faster diffusion rate of the reactants.
The EDX analysis results revealed the Sr/Ti atomic ratio of
EG-SrTiO; nanostructures to be 0.73, which in turn resulted in
the formation of an O vacancy or Ti** defects for the charge
compensation. This was also confirmed by DR and PL
spectroscopic techniques. First principles calculations revealed
a decrease in the band gap in the presence of defects. The
photocatalytic activity of E-SrTiO; was found to be greater
than that of the other samples. This enhanced photocatalytic

activity is mainly due to the absence of O vacancies as well as
high surface area. The E-SrTiO; exhibited sufficient photo-
catalytic stability even after four cycles. Thus, the study shows
that the nature of alcohols used as medium for the synthesis
has a profound effect on the structural features and catalytic
activity of materials.
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