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Abstract: We report an experimental route for synthesizing perovskite-structured strontium titanate (SrTiO3) nanocubes using an alkali 
hydrothermal process at low temperatures without further heating. Furthermore, we studied the influence of heating time (at 180°C) on the 
crystallinity, morphology, and perovskite phase formation of SrTiO3. The SrTiO3 powder, which is formed via nanocube agglomeration, 
transforms into cubic particles with a particle size of 120–150 nm after 6 h of hydrothermal sintering. The crystallinity and percentage of the 
perovskite phase in the product increased with heating time. The cubic particles contained 31.24at% anatase TiO2 that originated from the 
precursor. By varying the weight ratio of anatase TiO2 used to react with the strontium salt precursor, we reduced the anatase-TiO2 content to 
18.8at%. However, the average particle size increased when the anatase-TiO2 content decreased. 
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1. Introduction 

Perovskite-type compounds have attracted widespread 
interest because of their technological importance in opto-
electronic devices, such as in solar cells as organometal hal-
ide perovskites [1] and in host fluorescence materials as 
fluoride perovskites [2]. However, perovskite-type oxides 
are particularly interesting because of their functional prop-
erties, including their nonlinear optical coefficients and di-
electric constants [3]. Strontium titanate (SrTiO3) is a mem-
ber of the perovskite-type oxide family with an ABO3 
chemical formula; it displays a cubic structure. SrTiO3 is 
typically synthesized using a solid-state approach that does 
not influence the physical characteristics of the resulting 
perovskite. The primary factor that controls the SrTiO3 
phase and morphology to result in a compound with desir-
able properties is the fabrication route, precursors, and 
preparation method [4]. To achieve nanostructural physical 
control of SrTiO3, researchers have developed several 
methods that involve different raw materials and restricted 
conditions to vary the perovskite phase, morphology, parti-
cle size, and crystal defects [5].  

The conventional synthesis route requires high tempera-
tures and long calcination times. The typical polymeric 
complex method for synthesizing SrTiO3 involves high 
temperatures in the range from 600 to 1200°C and calcina-
tion for approximately 10 h [6]. The heating time is reduced 
to 2 h in the case of the solgel combustion method [7] and 
10 h for the liquid–solid reaction method [8]; in addition, 
SrTiO3 is synthesized in the temperature range from 500 to 
800°C in these methods. Moreover, several techniques, such 
as the solvothermal [9] and solgel hydrothermal approaches 
[10], are available for synthesizing SrTiO3 at lower tem-
peratures between 180 and 260°C; however, a longer heat-
ing time (18–48 h) is required. When using these methods, 
the lack of nanostructural phase control to prepare 
perovskites optimized for practical applications will likely 
become a constraint. In the absence of a physical control 
process, the perovskite nanostructure will exhibit poor opti-
cal properties [11].  

Several lower-temperature methods with shorter heating 
times have been developed for synthesizing SrTiO3, such as 
a hydrothermal method [12] and a wet chemical method that 
involves hydrolysis and a hydrated titania gel [13]. None-
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theless, the anatase-TiO2 and SrCO3 residues in the SrTiO3 
products affect the perovskite phase formation. Among the 
aforementioned SrTiO3 synthesis methods, the alkali hydro-
thermal process is an excellent choice for obtaining SrTiO3 
with good optical properties because of the ability to control 
the morphology and shape through chemical purity and ho-
mogeneity [14]. This approach provides a highly crystalline 
product with good phase purity. The alkali hydrothermal 
process, which uses a strontium salt and anatase TiO2 as raw 
materials, produces a perovskite with high phase purity us-
ing a relatively low temperature and a short reaction time 
[15]. This process is facile, cost-effective, and time efficient. 
Furthermore, high-quality, crystalline SrTiO3 can be ob-
tained at a lower temperature and without unwanted residues 
in the structure by varying the anatase TiO2 weight ratio in 
the precursor. 

Inspired by these considerations, we here focus on the 
synthesis and characterization of cubic perovskite SrTiO3 
using anatase TiO2 and strontium salt precursors via the al-
kali hydrothermal process. The material characterization 
was performed using X-ray diffraction (XRD) and 
field-emission scanning electron microscopy (FESEM). Our 
aim was to study the influence of the alkali hydrothermal 
process reaction time and the anatase TiO2 weight ratio on 
the crystallinity, morphology, and the percentage of SrTiO3 
perovskite in the product. This work represents the first in-
vestigation of the influence of these properties through 
variation of the composition of the anatase TiO2 and stron-
tium salt precursor at low temperatures to produce a highly 
crystalline perovskite oxide, SrTiO3. Because it provides 
control of the particle size and certain morphological fea-
tures, this method will be useful in the preparation of 
perovskite-structured electronic materials with novel appli-
cations. 

2. Experimental 

2.1. Materials 

Strontium chloride hexahydrate (SrCl2·6H2O) (ACS re-
agent, 99%, Sigma-Aldrich, Japan), and titanium(IV) oxide 
(TiO2, anatase powder, 99.8%, Aldrich Chemistry, Canada) 
were used as the raw materials. Sodium hydroxide (NaOH) 
pellets (Macron, Sweden) were used as a mineralizer. Acetic 
acid (CH3COOH) (ACS reagent, 99.7%, (Sigma-Aldrich, 
Germany) and absolute ethanol (R&M, France) were used 
as solvents in the reaction and to subsequently wash the pre-
cipitate. For the hydrothermal process, deionized water was 
used for the aqueous solutions. The chemicals used for these 
experiments were analytical-grade reagents and were used 

without further treatment. 

2.2. Synthesis of cubic SrTiO3 powder 

The SrTiO3 perovskite powder was synthesized using 
the alkali hydrothermal method. Specifically, 0.5 g of ana-
tase TiO2 and 1.7 g of SrCl2·6H2O were dissolved in 50 
mL of deionized water under continuous stirring for 15 
min at 700 r/min. The mixture was then bubbled with ni-
trogen (N2) gas for approximately 8 min to eliminate dis-
solved carbon dioxide. To mineralize and thereby stabilize 
the solution, 2 g of NaOH (1 M) was subsequently added 
to the aqueous solution. After the mixture was stirred for 
approximately 8 min at room temperature, a milky sol was 
obtained. The as-prepared sol was transferred to a Tef-
lon-lined stainless steel autoclave with a filling volume of 
8 mL (90% of the total volume). The hydrothermal treat-
ment was performed at different heating times (from 1 to 
10 h) at 180°C to investigate the effect of the heating time 
on the optical properties of the resulting SrTiO3 perovskite. 
The autoclave was allowed to naturally cool to ambient 
temperature. The resulting material was filtered and thor-
oughly washed with absolute ethanol and acetic acid. The 
filtered sample was dried for 14 h at 50°C in a drying oven. 
Finally, SrTiO3 powders were obtained. Further experi-
ments were performed in which the weight ratio of anatase 
TiO2 (from 20wt% to 60wt% of the initial concentration of 
anatase TiO2) and the heating time (from 6 to 8 h) were 
varied. 

2.3. SrTiO3 powder characterization 

The crystallinity of the structure and the phase purity of 
SrTiO3 were characterized using X-ray diffraction (XRD) 
measurements. The XRD patterns of the perovskite pow-
der were collected using a Philips X’Pert Materials Re-
search diffractometer equipped with a Cu-Kα 
monochromatic radiation source (λ = 0.1541 nm) operated 
at 40 kV and 30 mA. The parameters for all XRD scans 
were a scan speed of 2.0°/min, a step size of 0.016°, and a 
scanned 2θ range of 5° to 80°. The SrTiO3 powder crys-
tallite sizes were calculated using X-ray line broadening 
analysis according to the Scherrer equation [16]. The 
relative amounts of perovskite and residue phases were 
determined on the basis of the intensity of the 110 reflec-
tion of the perovskite phase (Ip) and that of the 101 re-
flection of the residue phase (Im) using the aforementioned 
equation [17]. The morphology and size of the prepared 
SrTiO3 nanoparticles were observed using a field-emission 
scanning electron microscope (LEO SUPRA 55VP) 
operated at an accelerating voltage of 20 kV.  
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3. Results and discussion 

3.1. Influence of alkali hydrothermal reaction time on 
the crystallinity, morphology, and the percentage of the 
perovskite phase 

The XRD patterns of the as-prepared SrTiO3 powder 
samples, which were synthesized at 180°C and at different 
heating times ranging from 1 to 10 h, are shown in Fig. 1. 
The XRD pattern revealed peaks corresponding to the (100), 
(110), (111), (200), (210), (211), (220), (300), and (310) 
planes of SrTiO3. In the case of the SrTiO3 sample reacted 
for 1 h, all of the diffraction peaks were indexed to cubic 
SrTiO3 and matched the peaks in the standard pattern; the 
lattice constant of the prepared SrTiO3 was a = 0.39050 nm. 
All of these peaks correspond to the cubic structure of 
SrTiO3 according to Joint Committee on Powder Diffraction 
Standards (JCPDS) card No. 35-0734. Fig. 1(a) shows the 
XRD pattern of the SrTiO3 sample reacted for 1 h; it exhib-
its a high-intensity peak at 25.3° with hkl indices of 101. 
This peak indicates the presence of anatase TiO2, which 
originates from the second precursor solution during synthe-
sis. Additionally, the tetragonal structure of anatase TiO2 
with a lattice constant of a = 0.37852 nm and c = 0.95083 
nm, matches the standard pattern (JCPDS No. 21-1272). 

 
Fig. 1.  X-ray diffraction patterns of SrTiO3 synthesized at 
180°C using different heating times: (a) 1 h; (b) 3 h; (c) 6 h; (d) 
8 h; (e) 10 h. 

The predominance of anatase-TiO2 residue in the formed 
perovskite phase is clearly evident in the XRD pattern, and 
SrTiO3 is poorly crystallized after 1 h of reaction time. Fur-
thermore, after 3 h of reaction, the perovskite phase exhib-
ited substantially improved crystallinity, even though the 
presence of a minor anatase-TiO2 residue phase was evident 
in the XRD pattern. This result indicates that a well-crystal-
lized SrTiO3 product was obtained with a short reaction time 
of 3 h. A short reaction time is required because a simple 

chemical reaction occurs between the strontium salt and the 
anatase-TiO2 precursor via the hydrothermal process. Al-
though the anatase-TiO2 residue phase was formed, its con-
centration was reduced. With an increase in the reaction 
time, the diffraction peaks of the SrTiO3 perovskite became 
more intense and sharper, thereby demonstrating that the de-
gree of crystallization of the products improved and that the 
product quality increased as the reaction time was extended.  

The average crystallite size (D) of SrTiO3 was calculated  

using the Scherrer equation, 



cos

K
D  , where D is the  

grain size, K = 0.9 and is a correction factor, β is the 
full-width at half- maximum (FWHM) of the most intense 
diffraction peak (in this study, the (110) plane), λ is the 
X-ray wavelength (Cu-Kα radiation, λ = 0.0154056 nm), and 
θ is the Bragg angle [16]. The FWHM values decreased 
with decreasing heating time. With an increase in the heat-
ing time, the crystallization and grain size increased, result-
ing in a decrease in the FWHM values. We expected the 
grains to coalesce when the heating time was increased and 
that this coalescence would result in a larger grain size [15]. 
The increase in diffraction peak intensity and crystallization 
depends on the increase in heating time, as was confirmed by 
an enhancement in the crystallinity of the perovskite powder. 

The percentage of perovskite-phase SrTiO3 powder in the 
product increased with increasing heating time (Table 1). 
However, after 10 h of heating, the intensities of the SrTiO3 
peaks decreased. This decreased intensity is attributed to 
degradation of the crystallites upon prolonged heating [18]. 
Thus, the perovskite-phase component of the reaction prod-
ucts decreased by at 3.66at%. For 6 h of reaction time, the 
cubic particles contained 31.24at% of anatase TiO2, indicat-
ing 68.76at% of perovskite-phase SrTiO3. The optimal value 
for sintering SrTiO3 perovskite was defined by the influence 
of the perovskite phase after 8 h of reaction time.  

The FESEM images of perovskite nanoparticles (SrTiO3) 
in Fig. 2 show the surface morphologies of the cubic struc-
tures synthesized at different heating times from 1 to 10 h. 
The as-prepared SrTiO3 perovskite belongs to a centrosym-
metric primitive cubic space group. During perovskite phase 
formation, the nanocubes coalesced and agglomerated to 
form well-crystallized nanoparticles with a low porosity. 
The morphologies of the time series of heated samples show 
the entire growth process for the SrTiO3 cubic perovskite 
nanoparticles.  

Throughout the phase formation, the nanoparticles exhib-
ited a smooth surface and sharp edges. They were composed 
of TiO2 nanoparticles, except in the cases of samples pre-
pared using 1 and 3 h of sintering, where the morphologies 
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of the strontium salt and the anatase TiO2 exhibited ap-
proximately cubic-spherical shapes and tetragonal shapes, 
respectively. However, in the case of the sample sintered 6 h, 
the spherically shaped particles gradually transformed into 
sharp-edged cubic particles. When the reaction time was 
further extended to 8 h, the sample morphologies retained 
their nanocubic structure, indicating that the perovskite 
SrTiO3 particles were deficient in growth at 180°C, which is 
a substantially lower temperature than that reported for any 
previously produced perovskite [19–24]. As the heating time 
was increased, cubic-shaped particles were clearly observed 
to gradually form. However, after 10 h of reaction time, the 
cubic-shaped particles began to degrade because of the pro-
longed heating. 

During 1–3 h of heating, the crystallite size increased by 
approximately 0.55 nm; it then substantially decreased from 
3 to 6 h of heating. However, the grain size of the compound 

increased after 6–8 h of heating, which resulted in an aver-
age increase of 0.13 nm in the grain size, and remained un-
changed after 10 h of heating. These observations are con-
sistent with the XRD results, which indicated that the 
perovskite phase did not form when the sintering time was 
less than 3 h. These well-crystallized nanocubes presumably 
followed the crystallization growth process, which is con-
sistent with the average crystallite size. The average SrTiO3 
particle size is shown in Table 1. 

3.2. Influence of anatase-TiO2 weight ratio on the crys-
tallinity, morphology, and percentage of perovskite 
phase in the product 

When the SrTiO3 sintering time was less than 6 h, the 
average crystallite size and average particle diameter were 
inconsistent. This inconsistency is attributed to the fact that 
perovskite, when sintered for less than 6 h, is composed of 

 

Fig. 2.  FESEM images of the surface 
morphologies of SrTiO3 nanoparticles 
synthesized at 180°C for different heating 
times: (a) 1 h; (b) 3 h; (c) 6 h; (d) 8 h; (e) 
10 h. 
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Table 1.  FWHM, average crystallite size, average particle size, and perovskite phase percentage of cubic SrTiO3 as a function of 
heating time 

Sintering time / h FWHM / (°)  Average crystallite size / nm Average particle size / nm Perovskite phase / at% 
1 0.44 ± 0.003 19.50 166.28 45.60 
3 0.43 ± 0.001 20.05 120.22 54.80 
6 0.44 ± 0.006 19.37 135.36 68.76 
8 0.44 ± 0.003 19.50 150.40 70.30 
10 0.44 ± 0.003 19.50 160.80 66.64 

 
unreacted strontium salt and anatase TiO2. These results 
suggest that the full phase transformation of perovskite is 
initiated after 6 h of sintering. Additionally, peaks attribut-
able to anatase-TiO2 residue were observed in the XRD pat-
tern and the presence of this phase resulted in a lower 
perovskite phase percentage. Therefore, to improve the 
perovskite phase percentage, we performed an experiment 
in which the anatase-TiO2 weight ratio was decreased in 
samples prepared using 6 and 8 h of sintering. The SrTiO3 
synthesis was conducted exactly as before, except the 
weight ratio of anatase TiO2 was varied.  

Fig. 3 shows the XRD patterns of the SrTiO3 powders 
prepared using decreased percentages of anatase TiO2 
weight ratios (20wt%, 30wt%, 40wt%, and 60wt%) com-
pared to the ratio used in the previous experiments. The 
XRD patterns of the as-prepared SrTiO3 powders sintered at 
180°C for 6 and 8 h indicated the formation of cubic SrTiO3 
with a minor residue of anatase TiO2. Although the (101) 
peak of anatase TiO2 was observed, the major peak of the 
perovskite increased in intensity and became sharper. 
Therefore, the crystallinity and percentage of the SrTiO3 
phase gradually increased after 6 h of sintering. Thus, we 
conclude that the percentage of the perovskite phase in-
creased when a lower anatase-TiO2 weight ratio was used. 
However, a significant decrease in the anatase-TiO2 weight 
ratio resulted in some strontium salt precursor that did not 
react with TiO2. 

The FESEM images of the as-prepared perovskite 
nanoparticle (SrTiO3) powders in Fig. 4 show the surface 
morphologies of the cubic-structured particles obtained after 
different heating times from 6 to 8 h. These images clearly 
reflect the decreased amounts of anatase TiO2 (20wt%, 
30wt%, 40wt% and 60wt%) compared to the amount used 
in the previous experiments. The perovskite SrTiO3 was 
composed of cubic-like nanostructures whose shape and size 
were uniform among all of the samples. During the sintering 
process, after 6 and 8 h of heating, the crystallite size, which 
was determined using XRD, increased with each increase in 
the ratio of anatase TiO2; the average increase was (0.3 ± 0.1) 
nm for each 20wt% of anatase TiO2 added (Table 2). 

 
Fig. 3.  XRD patterns of SrTiO3 sintered at 180°C for differ-
ent heating times in reactions where the amount of the TiO2 
precursor was decreased: (a) 6 h, 20wt% TiO2; (b) 6 h, 30wt% 
TiO2; (c) 6 h, 40wt% TiO2; (d) 8 h, 40wt% TiO2; (e) 8 h, 
60wt% TiO2.  

Furthermore, whereas the crystallite size increased, the 
average particle size decreased with increasing weight ratio 
of anatase TiO2. However, no pronounced change was ob-
served in the surface morphology of the different samples. 
In this work, we did not obtain a pure SrTiO3 phase because 
of the anatase-TiO2 residue. During the synthesis process, 
the strontium salt and anatase-TiO2 precursors may not have 
diffused well, which may have led to an imbalance in the 
solution homogeneity. Additionally, non-uniform heating 
could have occurred, resulting in the formation of an ana-
tase-TiO2 residue. The sample with the highest percentage 
of SrTiO3 perovskite phase, which was defined as the sam-
ple with the highest crystallization with a preferential orien-
tation at the (110) plane, was obtained after 6 h of heating 
with 30wt% anatase TiO2, which resulted in 81.2at% 
perovskite phase, and 18.8at% remaining anatase TiO2. 

4. Conclusions 

Perovskite SrTiO3 nanoparticulate powders were synthe-
sized at a low temperature of 180°C using the alkali hydro-
thermal process, without further heat treatment. The 
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Table 2.  Weight ratio of anatase TiO2, FWHM, average crystallite size, average particle size, and percentage of cubic SrTiO3 
perovskite phase as a function of anatase-TiO2 weight ratio 

Sintering 
time / h 

Weight ratio of 
TiO2 anatase / wt%

Weight of TiO2  
anatase / g 

FWHM / (°) 
Average crystal-

lite size / nm 
Average particle 

size / nm 
Perovskite  
phase / at% 

6 20 0.10 0.45 19.20 155.28 79.10 
6 30 0.15 0.44 ± 0.003 19.50 146.42 81.20 
6 40 0.20 0.44 ± 0.003 19.50 138.60 79.33 
8 40 0.20 0.44 ± 0.006 19.40 126.54 76.64 
8 60 0.30 0.43 ± 0.006 19.80 121.12 77.67 

  
experiments were conducted at different heating times and 
with different weight ratios of anatase TiO2 used to react 
with a strontium salt. By controlling the heating time, we 
determined that 6 h of heating time was sufficient to obtain 
SrTiO3 with high crystallinity and perfect morphological 
changes. Specifically, this reaction resulted in a transition 
from particles with cubic–spherical and tetragonal shapes to 
cubic particles with smooth surfaces, sharp edges, and a low 
porosity. When the anatase-TiO2 weight ratio decreased, the 

amount of anatase TiO2 in the SrTiO3 perovskite product 
became minor. Thus, the SrTiO3 nanoparticles exhibited a 
high crystallinity that resulted in a product containing 
81.2at% perovskite phase.  
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