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Summary
With the increasing demand and depleting trend of commercial energies, it has
forced the researchers all over the world to accelerate research and development in the area of renewable energy. Currently, unique and interesting features of binary compounds have gained more attention by researchers, and it
became a favourite research topic among various groups of researchers around
this world. It was noticed that strontium titanate (SrTiO3) consists of several
extraordinary properties that can apply for miscellaneous applications especially for energy storage, fuel cells, as well as to generate hydrogen fuel via
photocatalysis process. Besides that, it was noticed that SrTiO3 can be synthesised in different pathways. The method of preparation and amount of precursors can affect the surface properties of SrTiO3. Thus, this article presents a
critical review on how SrTiO3 synthesis methods affect its surface morphology
and the applications of SrTiO3 in various fields.
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1 | INTRODUCTION
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Perovskite is a material class that consists of ternary
oxides of a structure ABO3, where A is mostly a group I
or II element whereas B is mostly a transition metal. This
perovskite‐like structure was named in 1839 after the discovery of CaTiO3 perovskite mineral. The occupation of
the A and B sites is very variable, since the atomic radii
of cations from periodic table can be varied because of
different valence states. As a result, the real perovskite
structure may show some lattice distortion in varying
degrees compared with the ideal cubic perovskite ABO3,
thereby resulting crystal phases transformation
phenomenon.
Strontium titanate, SrTiO3, is a perovskite structure
material (Figure 1), the cubic unit cell of SrTiO3 with a
lattice parameter of 3.905 Å. The octahedral corner–
shared TiO6 unit forms a tightly bonded network, which
makes up the structural backbone of the lattice.1,2 The
melting point of SrTiO3 is as high as 2080°C, making it
applicable for high temperatures applications. SrTiO3
exhibited as cubic perovskite structure at ambient temperature and pressure. If SrTiO3 structure was cooled
down to 105 K or lower, phase transition can occur from
a cubic structure (space group: Pm3m) to a tetragonal
(space group: P4mm). This phase transition was together
with the changes of electrical properties. Normally, such
a phase transition would give rise to ferroelectricity.
However, up to 0 K, the SrTiO3 does not display such
transition. For this reason, the SrTiO3 belongs to a class
of quantum paraelectric or incipient ferroelectrics.
SrTiO3 is a material with a wide range of unique properties. SrTiO3 often applied as a substrate for the epitaxial
growth of high temperature superconductors. Besides

that, SrTiO3 can be used in macroelectronics, ferroelectric, and optoelectronics applications. SrTiO3 has a dielectric constant with high value (approximately 300) at
ambient temperature and much larger at lower temperatures (approximately 104).3 SrTiO3 undergoes a metal
insulator transition upon light doping. SrTiO3 is a typical
nonpolar band insulator with the band gap of 3.2 eV
(indirect). However, with a flexible tunability in electrical
conductivity, it can exhibit as metallic phase depending
on the oxygen concentration.4
The bare SrTiO3 is an electronic insulator at room
temperature. Incorporation of point defects into the lattice can generate free charge carriers or charged ionic
species. In semiconducting SrTiO3 at room temperature,
the charge carriers are predominately electrons introduced by donor impurity doping or heating in a reducing atmosphere. The latter treatment introduces an
approximately equivalent density of oxygen vacancies,
which are known to exhibit significantly large lattice
mobility, particularly at elevated temperatures. Therefore, SrTiO3 is considered as a mixed electronic‐ionic
conductor.
SrTiO3 is a promising photocatalyst especially for the
water splitting process. By comparing with TiO2 band
gap, SrTiO3 band edge for the conduction band (CB) is
about 200 mV more negative. Most importantly, SrTiO3
has a high stability for thermal and chemical. Besides
that, it was reported that the Sr2+ from the structure is
able to accept electrons in the CB of photocatalyst to form
Sr+.5 Then the as‐formed Sr+ may also transport an electron to produce O2⋅− for organic compound decomposition, which restrains the photogenerated charge carriers
recombination. Hence, SrTiO3 was gained attention by
many researchers in this recent year due to its

FIGURE 1 The lattice structure of SrTiO3 [Colour figure can be
viewed at wileyonlinelibrary.com]

FIGURE 2 Number of publications using “strontium titanate” or
“SrTiO3” as the topic keywords in the past 20 years. Adapted from
ISI Web of Science (WoS), dated 27 January 2019 [Colour figure can
be viewed at wileyonlinelibrary.com]
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photocatalytic properties.6 However, the band gap of pure
SrTiO3 was found to be 3.2 eV (indirect); in other words,
SrTiO3 is only photocatalytic active under UV region
(λ < 387.5 nm).
On the basis of Figure 2, the amount of literature reports
on SrTiO3 materials has accelerated over the past 20 years,
and nearly 7000 papers have been published successfully in
between the years 2014 and 2018 for various applications.
This indicates the importance and attraction of this
demanding research. With the fast‐increasing number of
publications in SrTiO3 materials, there is a lack of comprehensive review on SrTiO3. It was reported that the SrTiO3
can be produced in many techniques such as hydrothermal, solid‐state reaction (SSR), and ultrasound assisted
but the different synthesise pathway would lead to
TABLE 1

different morphology, crystallinity, uniformity, shape,
and size of the SrTiO3 nanoparticles.7 Recent studies on
SrTiO3 have demonstrated it has high potential for practical use, such as fuel cells8 and gas sensors.9 However, the
synthesis techniques and applications of SrTiO3 are not
comprehensively discussed. In this review, the effects of
SrTiO3 synthesis technique and the SrTiO3 applications
are critically discussed.

2 | S Y N TH E S I S M E T H O D O F S r T i O 3
There are various kinds of starting materials that can be
used to prepare SrTiO3 in different synthesis conditions.
Basically, the heterogeneous catalysts activity is affected

Recent publications (2008‐2018) of the preparation methods of SrTiO3 nano‐materials

Preparation Method

Structure

Sol‐precipitation coupled with hydrothermal synthesis Nanocubes
Polymerised complex
Solid‐state reaction
Ball milling–assisted solid‐state reaction

Nanoparticles
Nanoparticles
Nanoparticles

Particle Size, nm Reference (Year)
60‐120

13

(2008)

25‐100

10

(2008)

110‐150

10

(2008)

30

10

(2008)
(2008)

Sol‐gel combustion

Nanopowders (spherical)

20‐30

14

Sol‐gel

Nanopowders

N/A

15

(2009)

Submicron crystallites and nanocrystals 20‐184

16

(2010)

Nanopowders

28‐68

17

(2010)

50‐80

18

(2010)

64‐182

19

(2011)

N/A

20

(2012)

46‐57

12

(2012)
(2012)

Molten salt reaction
Microwave heating technique
Solvothermal
Molten salt reaction
Microwave‐assisted hydrothermal
Microwave‐assisted hydrothermal

Nanoparticles
Nanocubes
Nanospheres
Nanocubes

Sol‐gel hydrothermal

Nanoparticles

30‐150

21

Hydrothermal

Mesocrystals

100‐200

22

(2012)

Approximately 20

23

(2013)

45‐56

24

(2013)

20‐200

7

24‐43

25

(2014)

4‐13

26

(2014)

30‐46

27

(2015)
(2015)

Solvothermal
Sol‐gel combustion
Hydrothermal
Solvothermal
Rapid sol‐precipitation
Hydrothermal

Nanocubes
Nanoparticles
Nanocubes
Nanocubes, nanospheres, nanoflakes
Nanocubes
Microspheres

(2014)

Solid‐state reaction (flux based)

Nanocubes

300

28

Electrospinning

Nanotubes

Approximately 100

29

(2015)

7‐17

30

(2015)

N/A

31

(2016)

200‐3000

32

(2016)

Approximately 700

33

(2017)

8‐18

34

(2017)

30‐56

6

Ultrasound‐assisted wet chemical
Solid‐state crystal growth (SSGC)
Flux‐mediated method
Hydrothermal
Ultrasound‐assisted hydrothermal
Hydrothermal
Abbreviation: N/A, not available.

Nanocrystals
Single crystals
Nanocubes (irregular shape)
Core‐shell microspheres
Mesoporous nanopowder
Nanocubes

(2018)
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by crystallinity, surface area, size, and crystal phase. The
photoexcited electrons reach the surface with short diffusion distance, and large surface area could be the advantages of nano‐particulate photocatalysts. In this aspect,
the precise control of the shape and size of SrTiO3 is significant for developing high‐performance photocatalyst
and evaluating the shape‐dependent photoreactivity.
Besides that, the outer surface and morphology of
photocatalyst also influence their activity of
photocatalysis. In addition, it was noticed that the Eg
values if SrTiO3 could be slightly different when sample
preparation method and different processing details was
used. The SrTiO3 nanoparticles band gap was determined
to be nearly 3.10 eV by conventional SSR10 and hydrothermal synthesis.7 Also, it was reported by a researcher
that SrTiO3 nanoparticle was synthesised by SSR with
ball milling assisted and the band gap is about 2.00 eV,
which is photoactive in under irradiation of visible
light.10 It was noticed that metal impurities is in the
SrTiO3 lattice structure and this impurity was suspected
to affect the Eg value of the sample.10 The SrTiO3 nanoparticle was estimated to be 3.35 eV when coprecipitation
synthesis was used,11 and about some researchers was
synthesised SrTiO3 nanoparticles with Eg value of 3.40
to 3.60 eV.12 A lot of scientists have reported to produce
SrTiO3 in variety of methods (Table 1). It was found that
hydrothermal reaction, solvothermal reaction, SSR,
sonochemical, and sol‐gel are the common methods for

FIGURE 3

ET AL.

synthesising SrTiO3. Different synthesis pathways would
lead to different morphology, crystallinity, uniformity,
size, and shape of SrTiO3 nanoparticles.7

2.1 | Hydrothermal reaction
In the ceramics industry, hydrothermal reaction is a
widespread method for the small particles production
nowadays. The reaction of hydrothermal is conducted in
a vessel that designed with stainless steel (also known
as autoclave) at a certain temperature and/or pressure
with the reactions taking place in reaching the vapour
saturation pressure. The amount of precursor added to
the autoclave and the temperature (420 < T < 750 K)
largely determines the pressure produced during the synthesising process (100 < P < 300 kbar). It was known that
the hydrothermal reaction generally has better control of
the shape and size distributions as well as the crystallinity
compared with other synthesis techniques. It has been
used to synthesise SrTiO3 nanoparticles with or without
the aid of surfactants. Moreover, photocatalyst calcination is unnecessary as the crystal SrTiO3 is readily formed
in the autoclave chamber.
Figure 3 shows the procedure of hydrothermal process.
It was proposed that the hydrothermal reaction to synthesise SrTiO3 is a dissolution‐precipitation process.7,35 Step
(1) indicates that strontium precursor hydrolyses to

The hydrothermal reaction process to synthesise SrTiO3. Reproduced and reprinted from Zhang et al35
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produce strontium ions. Then, the formation of soluble
[Ti (OH)6]2− complexes is taken place by crystalline
TiO2 powder (anatase) as the starting material reacts with
hydroxide ions. The strontium ion and [Ti (OH)6]2− complexes were then integrate and precipitate mutually to
produce a new SrTiO3 phase. In step (4), as the reaction
of dissolution‐precipitation carry on, the TiO2 starting
material is dissolved slowly. Then, SrTiO3 grains continue
to emerge until the TiO2 starting materials are totally
consumed. Finally, after the reaction of dissolution‐
precipitation accomplishes, the small grains of SrTiO3
were gradually grown up to become large grains and uniform size of nanoparticles is formed.
Some researchers were done the SrTiO3 synthesis by
different hydrothermal parameters as listed in Table 2.
According to Table 2, different synthesis condition (eg,
temperature, pH, and time) makes possible tuning the
shapes of SrTiO3 ranging from nanoparticles during
hydrothermal reaction. It was reported that the alkaline
medium is critically important role to dissolve the crystalline anatase TiO2 powders to become a metal complex
because the formation of soluble [Ti (OH)6]2− complex
requires that the bonding of Ti‐O on the TiO2 precursor
must undergo hydrolytic attack in order to break the
bond. After that, precipitation of SrTiO3 can only take
place.7 A regular hydrothermal reaction would require
the precursors mixing with the desired solvent as the
medium and is treated in an autoclave at high temperatures. Besides that, hydrothermal synthesis can also synthesise metal‐doped SrTiO3 with a uniform nanoparticle
size.40,43
In 2014, Huang et al7 reported that raise in the temperature of synthesis has resulted in the increase of the
SrTiO3 particle size, this justified that the stronger
agglomeration at higher temperature, and it was proposed that 130°C of hydrothermal temperature produced
the best morphology of SrTiO3. In 2016, Shen et al53 tried
to synthesise SrTiO3 without using alkaline medium in
different hydrothermal temperatures. It was reported by
Shen et al,53 higher temperature of hydrothermal synthesis can cause nanoparticles aggregation and irregular
growing particle, resulting in a heterogeneous microstructure. On the basis of the stability thermodynamic
calculations for the hydrothermal system of Sr‐Ti,54 high
pH and mole ratio of Sr/Ti larger than 1 were required in
order to produce a high purity of SrTiO3 nanocrystals.7 It
was reported that the SrTiO3 able to form successfully by
1 hour of synthesis time basically.37 However, the SrTiO3
particles size and shape were not in uniform.36 Huang
et al7 also reported the synthesis time could affect the
SrTiO3 nanoparticles size that would relate to process of
Ostwald ripening where it is depended by both thermodynamic and kinetic effects. The SrTiO3 nanoparticle size

5

would grow larger when the reaction time prolonged.
This is because at the reaction early stage, nucleation
occurs and formed smaller particles, but the crystal
growth process would occur at the prolonged time. Moreover, Zhang et al35 proposed that the Sr/Ti mole fraction
could directly influence the specific surface area and particle size in nucleation and crystal growth process. The
short synthesis period and high mole fraction of Sr/Ti
were helpful to synthesis large specific surface area and
small particles of SrTiO3. Meanwhile, long reaction time
and lower mole fraction of Sr/Ti were advantageous for
large particles with small specific surface area. In 2015,
Mourão et al27 reported a hydrothermal reaction of synthesis SrTiO3 nanoparticles by studying the mechanical
stirring parameter. Mechanical stirring is a significant
parameter for the hydrothermal process. During the
hydrothermal reaction, the stirring process could increase
the particle collision that would affect the properties of
the final product. However, conventional hydrothermal
synthesis produced a high roughness of SrTiO3 nanoparticles and aggregation was found. It was found that SrCO3
phase was eliminated when mechanical stirring was
applied. Besides that, the SrTiO3 nanoparticles sample
that undergoes stirring during the hydrothermal reactions shows a better photocatalytic activity compared
with the final product that without stirring.
Most of the time, a secondary phase, orthorhombic
SrCO3 peak was observed together with SrTiO3 under
X‐ray diffractogram (XRD) (Figure 4), and many
researchers have reported the similar phenomenon.7,35,43
It can be explained that during the process of both pretreatment and posttreatment, carbon dioxide (CO2) in
the air would dissolve in mixture as CO32− and go
through reaction with Sr2+ that come from the precursor,
that is, Sr (OH)2.8H2O (Equations 1 and 2). Under alkaline medium, the stated reaction is favourable and thus
causes the existence of SrCO3 peak. In addition, SrCO3
is a compound with low solubility (Ksp = 9.3 × 10−10),
and thus, it can go through solid formation although
the CO2 is in low concentration.55 In addition, KOH is a
good absorbent of CO2 from the air. Hydroxide ions is a
strong Lewis base; hence, the SrCO3 arises from the effect
of the hydroxide ions.5
CO2 ðgÞ þ H2 O ðlÞ ⇌ 2 Hþ þ CO3 2− ðaqÞ;

(1)

CO3 2− ðaqÞ þ Sr2þ ⇌ SrCO3 ðsÞ:

(2)

Sometimes, hydrothermal reaction is incorporated
with microwave synthesis, which is known as
microwave‐assisted hydrothermal (MAH) reaction.
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Hydrothermal parameters that studied by other researchers

Parameters
Sr
Precursor
SrCl2.6H2O
SrOH2.8H2O
SrCl2.6H2O

Ti Precursor

Sr:Ti
Mole
Ratio

Alkaline
Medium/
Molarity, M

Time,
h

Temperature,
°C

Particle Shape/Size, nm

TiCl4

N/A

KOH/4

0‐6.2

20‐60

Nanoparticles

36

(2004)

Nanoparticles/20‐50

37

(2010)

Nanocubes/46‐57

12

(2012)
(2013)

TiO2 (P25)

10:1

C12H28TiO4

1:1

KOH/50
KOH

1‐120
0‐2.6

150
140

Reference
(Year)

Sr (Ac)2.
H2O

Ti (SO4)2

N/A

KOH/2

24

240

Nanocrystals/100‐200

38

SrOH2.8H2O

TiO2 (P25)

1:1

NaOH/1‐5

24

130

Nanocubes/20‐200

7

(2014)

Nanocubes/20‐200

7

(2014)
(2014)

SrOH2.8H2O

TiO2 (P25)

1:1

NaOH/3

12‐96

130

SrOH2.8H2O

TiO2 (P25)

1:1

NaOH/3

72

100‐180

Nanocubes/20‐200

7

Sr (Ac)2

Ti[OCH
(CH3)2]4

N/A

NH4OH

12

120

Porous nanoparticles/450‐800

39

(2014)

Sr (Ac)2

TiO2

N/A

KOH/10

24

220

Nanocubes/90‐150

40

(2014)

Nanoparticles

41

(2014)

Nanoparticles

42

(2014)
(2015)

SrOH2.8H2O
Sr (NO3)2

TiO2

1:1

TiB2

1:1

N/A
NaOH/3

40

160

24‐72

200

SrOH2.8H2O

TiO2

1:1 and
1:2

NaOH/50

20‐60

220

Nanoparticles/32‐45

35

SrCl2.2H2O

TiOSO4.
yH2SO4.
yH2O

1:1

KOH/6

0‐8

140

Microspheres/30‐46

27

(2015)

SrCl2.2H2O

TiOSO4.
yH2SO4.
yH2O

1:1

KOH/6

1

140

Microspheres/30‐46 (with/
without stirring parameter)

27

(2015)

SrOH2.8H2O

TiO2 (P25)

1:1

KOH/3.5 mmol

72

150

Nanocubes/50

43

(2015)
(2017)

SrOH2.8H2O

TiO2 nanotube N/A
array films

N/A

0‐6

150

Nanotubes

44

SrOH2

TiO2
nanotubes

N/A

N/A

1‐3

180

Nanotubes

45

(2017)

SrOH2.8H2O

TiO2

N/A

N/A

12

180

Nanocubes/20‐50

46

(2017)

Nanoparticles

47

(2017)

Microspheres

48

(2017)

Nanocubes/30‐56

6

(2018)

Sr (NO3)2
SrCl2.6H2O
SrOH2.8H2O

Ti (OBu)4

N/A

Ti (OBu)4

N/A

TiO2

1:1
−

NaOH
NaOH/1
KOH/3

24

180

6

180

72

60‐180

(2018)

SrOH2.8H2O

[CH3CH(O )
CO2NH4]2
Ti(OH)2

N/A

NaOH/5

72‐120

150

Nanoparticles/20‐40

49

Sr (Ac)2

Ti (OBu)4

1:1

Glycerol

N/A

240

Nanocubes/20‐200

50

(2018)

Nanowires

51

(2018)

Nanocubes/10‐100

52

(2019)

SrOH2.8H2O
Sr(OH)2

(C4H9O)4Ti
TiO2

N/A
1:0.98

NaOH/12
NaOH/5

20
1

90
180

Abbreviations: N/A, not available; Ac, CH3COO; Bu, C4H9.

MAH uses short reaction period and low temperature
because the radiation has interaction with water.56 The
use of microwave radiation incorporate with hydrothermal method shows itself, certainly, as an outstanding
combination for the synthesis of nanomaterials. The
microwave heating has a few merits over conventional

hydrothermal preparation such as (i) high rate of heating
and thus increasing the rate of reaction, (ii) outstanding
control of reaction parameters, (iii) selective heating, if
the mixture of reaction contains compound of different
properties of microwave absorption, (iv) high fields, (v)
improved selectivity because of low reaction field, (vi)

PHOON

ET AL.

7

with conventional hydrothermal synthesis that required
at least 1 hour for SrTiO3 formation.36,37 The microwave
radiation with high frequency directly interacts with the
mixture that consists of permanent water dipoles, initiating
a rapid heating from rotation of molecule. Therefore, the
radiation of microwave can promote a valid increase of ions
collision rates, which favours the SrTiO3 phase nucleation
process. However, SrTiO3 nanoparticles need to go through
to process such as clusters formation, self‐assembly, and
finally crystal growth in order to produce uniform particles.

2.2 | Solvothermal reaction

FIGURE 4

The X‐ray diffractogram (XRD) of hydrothermal
synthesised SrTiO3 samples in different reaction temperatures.
Reproduced from Huang et al7 [Colour figure can be viewed at
wileyonlinelibrary.com]

improved reproducibility, (vii) automation and high yield
synthesis, and (viii) no direct contact between the reagent
and heating source.12,57,58 In 2012, Souza et al12 synthesised SrTiO3 using MAH; it was found that the SrTiO3
particles formed successfully after 4 minutes of reaction.
This was greatly reduced the reaction time as compared

FIGURE 5 The scanning electron
micrograph (SEM) of solvothermal
synthesised SrTiO3 nanoparticles in
different solvent medium. (A) H2O, (B)
H2O/EG, C, H2O/DEG, and D, H2O/TMG.
The volume ratio of H2O/organic solvents
for (B‐D) was fixed to 43/57 (v/v). The
scale bar in (A) is common for all images.
Reproduced from Kimijima et al25

Various solvents other than water can be employed for
this solvothermal process; this technique is almost the
same as the hydrothermal synthesis. The organic solvent
such as carboxylic acids, ketones, toluene, and alcohols
can be applied as the solvent medium.59 Solvothermal
synthesis has been determined to be a versatile route for
the wide variety production of nanoparticles with uniform particle size, particularly when organic solvents
with high boiling points are chosen. High crystalline final
product using solvothermal synthesis was noticed
because the organic solvents with low dielectric constant
were used. This give rise to a decreased into solubility of
samples, which restricts the process of dehydration and

8

so formation of smaller nanoparticles that highly
crystalline.60
In 2013, Nakashima et al23 reported to synthesise
SrTiO3 nanoparticles by using a mixture of 2‐methoxy
ethanol as absolute alcohol as the solvent. It was found
that the solvothermal technique is enabled to control
the particle shape and size in the particular research
effectively. Besides that, Kimijima et al61 successfully synthesised SrTiO3 particles in cubic, spherical, and flake‐
like shaped by using H2O/polyols mixture solutions (eg,
H2O/EG, H2O/DEG, and H2O/TMG) as the medium for
solvothermal reaction in the same year (Figure 5). It
was found that, in order to maintain final particle shape
and size, one of the competitive factors is the solvent
effect of glycols.

2.3 | Solid‐state reaction
In a normal synthesis reaction to take place, the precursors are placed in a solvent initially. Researchers are able
to remove that yield from the solvent after the synthesis
was done. For SSR, however, it enables the precursors
to react chemically in the absence of the solvent. The
elimination of solvents indicates that it will cost lesser
for production; therefore, SSR gains attention in industries. In addition, eliminating the solvent also indicates
that a SSR yields more final product than other synthesis
methods. Since there is a “solventless” reaction, there is
no waste to remove at final stage of preparation, thus,
SSR also known as an environmentally friendly synthesis
method. SSR can take place in several conditions. For
example, oven method required higher temperatures to
drive reactions without solvents whereas for melt
method, the precursors are melted together. The melted
precursors interact in the molten state and become a
paste, which then hardens into a solid. In 2001, Berbenni
et al62 successfully synthesised SrTiO3 nanoparticles by
using conventional SSR; however, the particles were
found to be large and nonuniform. In order to form a
homogenous product, in recent, SSR usually incorporates
with ball miller. In 2008, Liu et al10 did a comparison by
synthesising SrTiO3 nanoparticles by using conventional
SSR and ball milling reaction. For conventional SSR, the
average nanoparticles diameter of SrTiO3 was found to
be in between 140 and 150 nm. Meanwhile, for ball
milling–assisted SSR, it formed a smaller SrTiO3 nanoparticle size (approximately 50 nm); however, the SrTiO3
nanoparticles sample was found to be contaminated with
metal during the synthesis process, and the photocatalytic
activity is affected.10 It was reported that the milling
parameters can affect the lattice parameter, strain, and
the grain size of the final product.63,64 Therefore, the
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milling speed and time must be optimised in order to produce a desired morphology.
There are many advantages to develop the SSR. In
common, SrTiO3 for the applications in industry is produced by SSR with the precursor of TiO2 and SrCO3
because of the inexpensiveness of the precursors and
simplicity of the production. Nonetheless, there are also
some disadvantages such as the ideal process should
produce a uniform or homogenous yield but some SSR
does not. Furthermore, a high calcination temperature
(>900°C) is required in this process causing many drawbacks of the final product such as high degree of nanoparticles agglomeration and large nanoparticles size
with lacking uniformity. The high temperature is
applied for the reaction to promote the rate of diffusion.
Nevertheless, the high reaction temperatures can be difficult to combine ions that easily form volatile species
and not possible to access the low temperature, metastable yields. The particles produced by this technique are
not small enough; the efficiency is too low and cost
much energy also the drawbacks of SSR. Thus, to
develop an environmental friendly and practical pathway for the scale‐up production of monodispersed
SrTiO3 nanoparticles at lower cost and temperature are
important.

2.4 | Molten salt synthesis
Molten salt synthesis (MSR) is another technique to synthesis ceramic powders. This process involves using molten salt as the medium for synthesising complex oxides
from their precursors. Some researchers attempted to
use alkali halides as fluxes for crystal growth.65,66 Basically, the function of flux is to improve the rate of SSR
reaction as well as to promote crystallisation without
using extreme temperature. Besides low temperature,
the flux technique also provides one‐step synthesis for
a large number of oxides, solid solutions, and single
crystals. In most cases, the purpose of eutectic mixture
of salts is to promote liquid formation at lower temperature. For example, the temperatures to melt KCl and
NaCl are 770°C and 801°C, respectively, but mixture of
half KCl and NaCl (eutectic composition) was only
650°C. Molten salt plays some important role for synthesis,67 which are (i) to enhance the rate of reaction and
lower the temperature of reaction, (ii) to improve the
degree of homogeneity (the precursors elements distribution in the solid solution), (iii) to control particle
shape, (iv) to control particle size, and (v) to control
the agglomeration.
Wang et al19 successfully synthesised SrTiO3 by MSR
in 2011. On the basis of Wang et al,19 TiO2 and Sr

PHOON

ET AL.

(NO3)2 were used as starting materials and NaCl‐KCl was
used as the molten salt flux. Under synthesis temperature
of 700°C, 11 to 43 nm of SrTiO3 was formed. In 2015,
Zhang et al28 synthesised the SrTiO3 by using low temperature by using NaCl‐H2O assisted strategy. It was
found that the NaCl‐H2O system able to facilitate the diffusivity of Sr precursor and TiO2. By assisted of NaCl‐
H2O, the reaction temperature was managed to reduce
from 900°C to 750°C. As a result, the NaCl‐H2O system
was able to offer a favourable medium to form SrTiO3
nanoparticles at lower temperature.28 However, it was
reported that the drawback of this technique was the
incorporation of impurities into the yields, which is a frequently observed phenomenon in the process of the flux
treatment.68 In 2016, Ham et al32 studied the effects of
SrCl2 flux treatment on SrTiO3. The SrTiO3 synthesising
reaction was taken place in a different crucible, which
are alumina (Al) and yttrium (Y). Surprisingly, a small
amount of Al and Y was doped into the SrTiO3 compound and gives a better photocatalytic activity compared
with the pristine SrTiO3.
As solvent only, the salt melts should not be directly
involved in the synthesis reaction. The separation the salt
from the product at the final stage of synthesis was
important. Basically, it was done by rinsing with water
but a little quantity of salts can always be left over in
the yields. This problem is not only related to the solubility of salts with water, but rather due to the intrinsic
interactions between the salts and the product yields,
which even can result in intercalates or solid solutions.
This high interaction of the solvent with the yield is
indeed one of the significant downsides of flux treatment
synthesis that need to be look carefully in the quality control of the as‐obtained yields.69

2.5 | Sonochemical
Sonochemistry is a technique for the nanoparticles preparation that has been gaining increased attention because
of the extreme conditions that can be achieved which can
result in unique reaction pathways and mechanisms.70-72
In a sonochemical method, the reaction of the starting
materials proceeds in the presence of high‐frequency
ultrasonic waves. Energy is applied to the system by irradiating a liquid with ultrasonic waves in high intensity
for the purpose of produce regions of extreme pressure
and temperature.73 Ultrasound does not directly produce
these extreme conditions because acoustic wavelengths
are much larger than molecular dimensions and thus
no direct molecular level interaction between chemical
species and ultrasound occurs. In producing nanoparticles, sonochemical synthesis has several advantages.70
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On top of that, when using sonochemistry, no chemical
reducing agent is needed. This is because the
sonochemical irradiation of both organic solvents and
water generates radicals, which can act as reducing
agents. Also, because of the extreme conditions, the rate
of reaction is reasonably rapid and very small nanoparticles are typically formed.
It was reported that the sonochemical method is usually used to control and improve the properties of the prepared photocatalyst, particularly its morphology and size,
by generating ultrasonic waves. This method is widely
applied for materials including alloys, oxides, colloids,
and carbides.59 In 2003, Yu et al74 reported that the size
control of the resulting SrTiO3 is probably because of
the viscosity in the solvent systems. During SrTiO3 formation process, the competition between the nucleation and
crystal growth is partially controlled by diffusion. The
nanoparticles diffusion is harder to take place in high viscosity medium. Thus, this phenomenon favours the
crystallisation and formation of new nuclei, which lead
to smaller crystal size. Because EtOH (1.040 mPa.s at
25°C) has a higher viscosity than water (0.890 mPa.s at
25°C), therefore, solvent systems with higher EtOH contents would generate SrTiO3 crystals in smaller nanoparticle size. In addition, higher viscosity of solution would
result a weaker acoustic cavitation.75 This may also cause
in a decrease in the crystal size of SrTiO3. In 2006, Xu
et al76 reported to synthesise SrTiO3 nanoparticles using
sonochemical method. The nanoparticle size of SrTiO3
was in a ranging of 86 to 500 nm due to the nanoparticle
size could be varied in different synthesis conditions such
as the concentration of reactants, time, and sonication
power. Besides that, it was found the SrTiO3 nanoparticle
shape was in spherical, cubic, and star‐like. A similar
finding was reported by another publication30 in 2015
by using a lower temperature (50°C) of sonochemical synthesis. However, agglomeration was found on the basis of
the field emission scanning electron microscopy (FESEM)
analysis. Therefore, the synthesis condition is important
in sonochemical reaction in order to produce a desired
final product. Also, it was explained by Ashiri et al,30 during the sonication process, ultrasonic waves radiate via
starting materials solution causing alternating high and
low pressure in the solution of starting materials. This
causing the bubbles formation, growth, and implosive
collapse in the solution. The collapsed bubbles with short
lifetimes generate high pressure and intense local
heating. On the basis of the hot spot theory,77 extreme
high temperatures (>5000 K) and pressures (approximately 1000 atm) are obtained upon the collapse of a bubble. Thus, the above‐mentioned conditions highly
accelerate the reaction rate without requiring any extra
heating process.
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2.6 | Sol‐gel
The past 20 years, it was shown grow in number of interest in the materials development prepared by the sol‐gel
synthesis. The sol‐gel method is a versatile process
applied for producing a variety of oxide compounds. The
process of sol‐gel synthesis includes hydrolysis and condensation of the metal alkoxide followed by high temperature treatment that promotes polymerisation and finally
becomes a metal oxide network. Generally, the sol‐gel
synthesis technique enables to control of the morphology,
chemical properties, and the texture of the final products.
This method also has a few merits over synthesis technique (eg, enabling impregnation of coprecipitation,
which can be applied to introduce dopants). Although
sol‐gel is a popular pathway for nanomaterial synthesis,
however, the metal alkoxides precursor might be expensive. Also, a high temperature of calcination is always
required for the posttreatment in order to get the final
product in crystalline form. A low temperature of calcination might lead to the final yields with defects, low crystallinity and finally affects the photocatalytic activity.
Furthermore, in the experimental condition, a slight
change would produce different catalyst properties of
yield. As a result, the sol‐gel process should be taken
accurately and carefully when producing SrTiO3 using
this method. In 2001, a publication78 was successfully prepared SrTiO3 by using sol‐gel synthesis technique. It was
noticed that the crystallinity of the final product directly
affected the Eg of SrTiO3. High crystallinity of final product gives lower Eg that can relate to the photocatalytic
activity. Meanwhile, for the poor crystallinity final product, it gives larger Eg compared with those single crystals.
It was suspected that this is due to the quantum size effect
and existence of amorphous phase in SrTiO3.
The Pechini method builds on the theory of sol‐gel
chemistry involving small molecule chelating ligands in
the preliminary step in order to promote a homogeneous
solution of metal/citrate complexes formation. Nevertheless, the Pechini method takes this further to convert the
mixture into a covalent polymer network to entrap the
metal ions. This method is to delay the organic matrix
decomposition in high temperature in order to afford more
control over the growing ceramic product. In a typical process, a metal salt is dissolved in water with ethylene glycol
and critic acid to form a homogeneous starting materials
solution that contains metal‐citrate chelate complexes.
This solution was then heated to start the polyesterification
process between the ethylene glycol and citrate, forming
an extended covalent network. One of the major benefits
of Pechini method was it can form a polymeric precursor
where two metals or above may dispersed homogeneously
throughout the network. Liu et al10 synthesised SrTiO3 by
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using both Pechini method and SSR. It was found that
SrTiO3 is that synthesised by Pechini method gives a
smaller particle size (approximately 30 nm) as compared
with SSR (approximately 150 nm). The SrTiO3 that is synthesised by Pechini method also gives a uniform morphology and better in photocatalytic activity.

2.7 | Others
Besides the methods discussed in previous section, some
other SrTiO3 synthesis methods were also reported.
Coprecipitation is a method that needs a metal cation
from a common medium, coprecipitated usually as OH
−
, CO32−, C2O42−, or C3H5O(COO)33−.79-81 These precipitates are subsequently annealed at appropriate temperatures to produce the powder yields. In order to achieve
high homogeneity, the solubility products of the metal
cations precipitate should be close.82 This procedure is
unsuitable for the preparation of high purity and accurate
stoichiometric phase. Coprecipitation results in atomic
scale mixing, and hence, the temperature for annealing
for the final product formation is low. This leads to lower
nanoparticle size in the resulting multicomponent oxide
powders.83 In addition, coprecipitation route is necessary
to control the stirring speed of the mixture, temperature,
pH, and the concentration of the solution in terms of
obtaining the final product with required properties.84,85
Combustion is a series of complex chemical reactions
between an oxidant and a fuel together with the heat production and/or light in the form of either glow or flames.
The combustion concept uses the art of fast thermal degradation of starting material chemicals by reacting with
O2; it has been effectively applied for the preparation of
various nanoscale metal oxides.86,87 This method contains
some disadvantages such as contamination because of the
carbonaceous residue, nanoparticles agglomeration, and
no control on nanoparticles morphology. Understanding
of combustion behaviour is required to perform the controlled combustion in order to get the yields with desired
properties.

3 | A P P L I C A T I O N S O F S r T iO 3
3.1 | Photocatalysis
When the photons (light energy) fall on the semiconductor surface and if the energy of incident light is equivalent
or greater than the band gap energy of the semiconductor, the electrons from valence band (VB) are exciting
and jump to the semiconductor CB. SrTiO3 is a semiconductor that has been well known to possess activity for
photocatalysis. It has 3.2 eV of band gap that can produce
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The list photocatalysis applications for SrTiO3
Reference
(Year)

Photocatalyst

Applications and Uses

Light Source

Rh‐SrTiO3

PEC water splitting

300 W Xe lamp (λ > 420 nm)

88

(2011)

LaFeO3 thin films grown on Nb‐SrTiO3

PEC water splitting

300 W Xe lamp

89

(2015)
(2018)

rGO wrapped SrTiO3 flower‐like
nanostructure

Hydrogen production from formic
acid

N/A

90

SrTiO3 anisotropic facets

Photochemical water splitting

300 W Xe lamp

91

(2016)
(2016)

2

SrTiO3/TiO2 NT

Photochemical water splitting

Simulated sunlight lamp (310 W/m ,
XHA500)

92

Ternary CdS/Au/3DOM‐SrTiO3

Photochemical water splitting

300 W Xe lamp

93

(2017)
(2016)

Facet functionalised SrTiO3 (001) and (023)

Photochemical water splitting

500 W Xe lamp

94

CdSe/SrTiO3 nanocomposites

Photochemical water splitting

300 W Xe lamp

95

(2019)

300 W Xe lamp

96

(2017)
(2018)

SrTiO3 grown on GaAs (001)

PEC water splitting

ZnO/SrTiO3

Photochemical water splitting and
fuel cell

300 W Xe lamp

97

SrTiO3 nanocubes

PEC water splitting

100 W Hg lamp

6

(2014)
(2018)

(2018)

SrTiO3/AgPO4

Photocatalytic water oxidation (O2
production)

300 W Xe lamp (λ > 420 nm)

98

Ag/Fe3O4 bridged SrTiO3/GCN

Photochemical water splitting and
degradation of levofloxacin

300 W Xe lamp

99

Polythiophene/mp SrTiO3

Degradation of methylene blue

250 W visible lamp

100

250 W Xe lamp (λ > 420 nm)

43

15 W 365 nm UV lamp

7

500 W Xe lamp (λ > 420 nm)

101

(2019)

400 W halogen lamp (λ > 400 nm)

102

(2019)

300 W Xe lamp (250 < λ < 380 nm)

103

(2014)
(2016)
(2017)

Mn‐SrTiO3 nanocubes
SrTiO3 nanocubes
Cr‐SrTiO3 nanoplates
mp N‐SrTiO3

Degradation of tetracycline
Degradation of crystal violet
Cr (VI) removal
Degradation of methyl orange

SrTiO3/TiO2 nanosheets exposed (001) facets Degradation of rhodamine B

(2018)

(2015)

(2014)

Bimodal‐pore SrTiO3 microspheres

Cr (VI) removal

500 W Xe lamp

104

BiVO4/SrTiO3 nanocomposites

Degradation of sulfamethoxazole

500 W Xe lamp

105

TiO2/SrTiO3 and SrTiO3 microspheres (Rh,
Ru, Pt decorated)

Phenol oxidation and degradation

UV‐Vis light (λ > 350 nm)

48

Ag‐SrTiO3

Degradation of NO in air

300 W Xe lamp

106

(2016)

300 W Xe lamp (λ > 420 nm)

107

(2018)
(2013)

SrTiO3 (decorated with SrCO3)

Degradation of NO in air

Cr‐SrTiO3

Degradation of NO in air

LED lamps 2 W/m in different
wavelengths (390, 445, 530, 627 nm)

108

Ag, F‐SrTiO3

Degradation of VOCs (Toluene)

300 W Xe lamp (λ > 420 nm)

109

(2018)

Surface hydroxylation SrTiO3

Degradation of VOCs (Toluene)

300 W Xe lamp (300 < λ < 400 nm)

110

(2016)

Degradation of VOCs (Isopropanol)

300 W Xe lamp (420 < λ < 800 nm)

111

(2013)

Carbon nitride polymer sensitisation and N‐ Degradation of VOCs (Toluene)
SrTiO3/TiO2 NT heterostructure

300 W Xe lamp

112

(2017)

CuxO nanocluster loaded SrTiO3 nanorod
thin film

Reduction of CO2 into CO (using
H2O)

Hg‐Xe lamp

113

(2016)

Rh‐SrTiO3

Reduction of CO2 into CO (using
H 2)

N/A

114

(2018)

B‐SrTiO3

Reduction of CO2 into CH4

300 W Xe lamp

115

(2017)

300 W Xe lamp (λ > 420 nm)

116

(2015)

Ag3PO4/Cr‐SrTiO3

Cr‐SrTiO3

Reduction of CO2 into CH4

2

(2017)

(Continues)

12

TABLE 3

PHOON

ET AL.

(Continued)
Reference
(Year)

Photocatalyst

Applications and Uses

Light Source

SrTiO3

Reduction of CO2 into CO (using
H2O)

300 W Xe lamp

117

(2018)

Ag‐SrTiO3

Reduction of CO2 into CO

300 W Xe lamp (λ > 420 nm)

118

(2018)

N/A

119

(2017)

2

120

(2018)

2

121

(2015)

122

(2016)

SrTiO3
SrTiO3/ZnO nanocomposites
TiO2/SrTiO3
SrTiO3

Dye sensitised solar cell
Dye sensitised solar cell
Dye sensitised solar cell

AM 1.5G (100 mW/cm )
AM 1.5G (100 mW/cm )
2

Dye sensitised photoelectrosynthesis 75 mW/cm chopped light
cell
(445 nm)

Abbreviations: 3DOM, 3 dimensionally ordered macroporous; GCN, graphitic carbon nitride; mp, mesoporous; N/A, not available; NO, nitrogen oxide; NT,
nanotubes; PEC, photoelectrochemical; rGO, reduced graphene oxide; VOCs, volatile organic compounds.

photogenerated charge carriers under irradiation of UV
(λ ≤ 387.5 nm). Therefore, SrTiO3 was applied in several
photocatalysis applications as listed in Table 3.
The CB edge of SrTiO3 is lie at −0.61 eV, and the VB
edge is lie at 2.59 eV.123 Thus, SrTiO3 is a suitable candidate for water splitting process due to its redox potential.
Photocatalytic hydrogen production is look upon as a sustainable energy and environment friendly to generate
alternative and green energy sources because the procedure is relatively easy and zero emission. A semiconductor, light energy, and water are the main resources for
this procedure. The water splitting reaction is not a spontaneous process (ΔG = 237.178 kJ/mol) under standard
ambient pressure and temperature; it requires external
energy to break the water molecule bonding, such as electricity.124 In this case, SrTiO3 act as photocatalyst to provide photogenerated electron‐hole pairs to allow the
redox reaction to take place. In 2008, Liu et al was tested
the water splitting performance of pristine SrTiO3 under
irradiation of strong UV light.10 Thereafter, Iwashina
and Kudo successfully performed to split the water under
visible light by modifying the SrTiO3 with Rh dopant.88 It
was observed that the photocatalytic response of SrTiO3
was extended to 540 nm after doping with Rh. After this,
the modification of SrTiO3 gained other researchers'
attention. In 2016, Su, Huang, and Wey reported the efficiency of SrTiO3/TiO2 nanotube composites for water
splitting. Nanotubes itself has some advantages, for example, its redox ability, high corrosion resistance, and good
electronic delivery.125,126 In this case, the SrTiO3 and
TiO2 allow photogenerated electrons to shift from the
SrTiO3 CB to that of TiO2. Conversely, photogenerated
holes migrate from the VB of TiO2 to that of SrTiO3; this
led to a good charge separation and improved the charge
transfer of bulk‐to‐surface. Then, in 2016, another
research was reported that certain SrTiO3 facet has its
own functions.94 For example, SrTiO3 single crystal

(001) promoted active sites for photo‐reduction whereas
(023) facet offered active sites for photo‐oxidation. There
is not only water splitting process can produce hydrogen,
in 2018, Guo et al attempted to generate hydrogen from
formic acid decomposition with SrTiO3 composites.90
Basically, formic acid is able to decompose via both dehydrogenation (Equation 3) and dehydration process with
the aid of photocatalyst (Equation 4). However, these processes are potentially producing CO2 and CO as by‐
product. Furthermore, SrTiO3 was also applied in water
oxidation studies by Guan and Guo in 2014.98
HCOOH→H2 þ CO2 ;

(3)

HCOOH→H2 O þ CO:

(4)

Rapid industrialisation and exploitation of nonrenewable energy sources has not only led to their exhaustion
but also led to the build‐up of pollutants in the environment.127 Apart from hydrogen production, SrTiO3 can
also be used for various kinds of advanced oxidation processes (AOPs). This process is preferred because no hazardous sludge is generated. This process is to produce
high reactive species, namely, hydroxyl (OH⋅) and superoxide radicals (O2⋅−) to oxidise the organic pollutants.128
One of the critical environmental issues is the presence
of organic dyes in aqueous environments. This is due to
the low biodegradability and toxicity of organic dyes to
aquatic life in such environments. Moreover, the pigment
is able to attenuate the transmission of sunlight into
water. So it can affect the aquatic plants, which finally
disturb the aquatic ecosystem. In 2018, Faisal et al
reported to use degrade industrial dye such as methylene
blue (MB) by using mesoporous SrTiO3 and composited
with polythiophene (PTh).100 PTh is a conducting polymer that can act as efficient sensitizers in photocatalyst
due to the π‐conjugated electron system, high absorption

PHOON

ET AL.

coefficients, and significant electron‐hole mobility.129 It
was reported that the efficiency of PTh‐SrTiO3
photocatalyst was highly improved because the excited
electrons in lowest unoccupied molecular orbitals
(LUMOs) of PTh can be migrate to the CB of SrTiO3.
Besides MB dye, there are also other researchers reported
to treat other industrial dyes, for example, methyl orange
(MO),102 crystal violet (CV),7 rhodamine B (RhB),103 and
even phenol oxidation.48 According to a survey in 2015,
an alarming total of 36 detectable antibiotics (such as lincomycin, chloramphenicols, macrolides, and tetracyclines
[TCs]) existed in China, which was approximately
53 800 tons.130 This has caused public anxiety about the
unfavourable effects on human health and the proliferation of multiresistant bacterial strains that reduce the
therapeutic potential of antibiotics.131 Therefore, in the
same year, Wu et al attempted to degrade TCs by using
Mn‐doped SrTiO3. It was noticed that the TCs were able
to degrade effectively under visible light and the light harvesting was improved. Then, in 2018, Kumar et al did an
experiment in levofloxacin (LFC) degradation with
Ag/Fe3O4 bridged SrTiO3/g‐C3N4 with superior performance99; it was able to fully degrade in 90 minutes.
LFC is a popular antibiotic that belongs to fluoroquinolone family that used in treating severe bacterial infections.132 SrTiO3 also played the role in heavy metal
reduction,104 such as Cr (VI) reduce to Cr (III). In particular, SrTiO3 has the higher capability for reduction than
TiO2 and can form a heterostructure with TiO2 to boost
the photogenerated carriers separation because SrTiO3
has more negative CB energy compared with TiO2.
SrTiO3 can also apply for air pollutants treatment.
Zhang et al did a nitrogen oxide (NO) removal by using
Ag‐SrTiO3 in 2016.106 In this case, the Ag provides the plasmonic effect to the photocatalyst. The surface of plasmonic
nanostructure has electrons that can be strongly interacted
with incident photons when the oscillating frequencies are
matched and lead to the localised surface plasmon resonance (LSPR). Initially, the pristine SrTiO3 was only managed to remove 10% of NO in 30 minutes. Nonetheless,
with the Ag‐SrTiO3 photocatalyst, the performance was
doubled. Apart from NO, Guo et al tested the performance
of SrTiO3 in volatile organic compounds (VOCs) degradation; the target pollutant was isopropanol. In 2016, Kong
et al reported in toluene degradation with the hydroxylation SrTiO3.110 It was reported by the author, the low
photodegradation performance towards organic compound is because of the reactive radical species amount
like OH⋅ and O2⋅− is low. Therefore, the SrTiO3 surface
hydroxylation strategy was proposed by Kong, Rui, and Ji
in order (i) to allow the photogenerated holes able to react
with the adsorbed H2O or surface hydroxyl groups to form
OH⋅, the abundance of the surface hydroxyl groups can
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FIGURE 6

The energy band shifting of hydroxylation SrTiO3
and pristine SrTiO3. Reproduced from Kong et al110 [Colour figure
can be viewed at wileyonlinelibrary.com]

boost this reaction, act as a hole scavengers to form OH⋅,
and promote the charge separation; and (ii) to allow the
OH− shift the SrTiO3 surface energy band to a more negative level,133 which promotes the adsorbed O2 reduction to
form O2⋅− (Figure 6).
SrTiO3 has sufficient negative CB for CO2 reduction and
high stability towards chemicals; thus, some scientist
reported SrTiO3 in CO2 conversion. Photocatalytic CO2
reduction is the process of CO2 transformed into organic
compounds (eg, CH4, CH3OH, HCOOH, and HCHO). In
2016, Shoji et al successfully converted the CO2 into CO
with SrTiO3 composites. In this reaction, CO2 is a very stable structure.113 Thus, the role of SrTiO3 is to produce
photogenerated charge carriers. The electron at CB was
to reduce the CO2 structure; meanwhile, the holes at the
VB were to oxidise the electron donor (H2O). As the CO2
photoreduction process proceeds via a multielectron process, for instance, four electrons are needed to produce
HCHO (Equation 5), and eight electrons are required for
CH4 production (Equation 6). Therefore, the cocatalysts
must gather photogenerated charge carriers at specific
reaction sites to drive efficient CO2 photoreduction. Apart
from this, Yan et al also reported CO2 reduction via
reversed water gas shift (RWGS) reaction to produce
CO,114 and Shan et al published their work in CO2 conversion to CH4.115
CO2 þ 4 Hþ þ 4 e− →HCHO þ H2 O Eo
¼ −0:48 V vs NHE;

(5)

CO2 þ 8 Hþ þ 8 e− →CH4 þ 2 H2 O Eo
¼ −0:24 V vs NHE:

(6)

For dye‐sensitised applications, SrTiO3 was less studied by researchers compared with TiO2. This is because
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the TiO2‐based dye sensitised solar cell (DSSC) has been
demonstrated as super‐efficient at electron transportation, producing high photoconversion efficiency and high
photocurrent density.123,134,135 Moreover, frequently used
inorganic dyes are functionalised with carboxylate or
phosphate anchors that prone to adsorb better onto
TiO2 than SrTiO3.136,137 Despite of its weak properties,
SrTiO3 has been noted to present a CB potential more
capable of unbiased proton reduction. Because of this,
Gholamrezaei and Salavati‐Niasari reported to perform
DSSCs with SrTiO3 photocatalyst; the photoconversion
efficiency was determined to be 3.78%.119 DSSCs are
based on a semiconductor design coated in a dye that sensitive with light and surrounded by electrolyte, which is
sandwiched between another electrolyte and a cathode.
The anode is usually a material that transparent in order
to allow the light transmission. SrTiO3 is in the form of a
mesh of particles suspended between the two electrodes.
The light‐sensitive dye is responsible to transform photons into electrons. The electrolyte is usually is I− that
helps in the transfer of electrons to cathode and vice
versa. Then, in 2018, Banik et al attempted to use
SrTiO3/ZnO for the same application.120 The reason to
fabricate heterojunction photocatalyst was to prolong
the charge carrier lifetime. In this time, the
photoconversion efficiency was slightly better than the
previous work,119 which was 3.97%.

3.2 | Storage
SrTiO3 can also apply in storage application (Table 4).
MgH2 is one of the most likely materials for the technology
to store the hydrogen because of its high capacity in storage
(7.6 wt%), relatively low raw material cost, superior reversibility, and high volumetric density. However, the bare
MgH2 has high onset dehydrogenation temperature, which
is about 414°C. Therefore, Yahya and Ismail studied the
effects of SrTiO3 in MgH2 for hydrogen storage.138 It was
found that SrTiO3 in the MgH2/SrTiO3 composites was
able to reduce the particle sizes. Initially, the particles size
of MgH2 was found to be 50 μm under FESEM analysis but
the particle size managed to reduce to 1 μm after addition
of SrTiO3. This explained why the MgH2/SrTiO3 has lower
temperature in dehydrogenation compared with the bare
MgH2. Smaller particle sizes have tendency to higher
desorption and adsorption kinetics because of shorter
hydrogen diffusion lengths, higher nucleation sites, and
large specific surface areas.150,151 As a result, MgH2/SrTiO3
was lowered down the onset temperature for dehydrogenation to 275°C in this particular research.
The development of energy storage devices is crucial to
the present day and represents an exciting opportunity for
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TABLE 4 The list of storage applications for SrTiO3
Material

Applications
and Uses

Reference
(Year)

MgH2/SrTiO3 (10 wt%)

Hydrogen storage

138

(2019)

MgH2/SrTiO3/Ni

Hydrogen storage

139

(2018)

Hydrogen storage

140

(2018)

SrTiO3 microencapsulated
palmitic acid

Thermal energy storage

141

(2018)

SrTiO3/BiFeO3 thin films

Energy storage

142

(2019)

SrTiO3 with ZrO2 additives Energy storage

143

(2014)

SrTiO3 with different
Sr/Ti mole ratios

Energy storage

144

(2014)

BNT‐ST‐xBA

Energy storage

145

(2019)

Energy storage

146

(2017)

SrTiO3−Bi0.5Na0.5TiO3
−BaAl0.5Nb0.5O3

Energy storage

147

(2017)

SrTiO3 thin film

Energy storage

148

(2018)

Energy storage

149

(2016)

4MgH2‐Na3AlH6/SrTiO3

SrTiO3 film

SrSnxTi1‐xO3

Note: BNT‐ST‐xBA: (1‐x)(0.72Bi0.5Na0.5TiO3‐0.28SrTiO3)‐xBiAlO3.

innovation. Phase change materials (PCMs) are a class of
substances that are capable of absorbing and releasing
latent heat through phase transitions. PCMs can absorb
large amounts of thermal energy at a certain temperature
without getting hotter. In 2018, Pourmohamadian et al
prepared SrTiO3 microencapsulated palmitic acid (PA)
for PCMs devices.141 Pristine PA itself has a lower decomposition temperature, and the weight loss can be observed
in between 170°C and 270°C. Thus, SrTiO3 was encapsulated into PA in order to improve the stability. It was
found that the weight‐loss temperature increased to
240°C to 300°C for SrTiO3 microencapsulated PA under
analysis of thermogravimetric analyser.
Compared with battery storage, dielectric capacitors
have high power density and ultra‐fast charge/discharge
speed. Hence, these capacitors are used widely in pulse
power devices field, such as hybrid vehicles and mobile
electronics; however, their energy density is also
low.152,153 SrTiO3 belongs to linear dielectrics and possesses unique physical properties, such as moderate
dielectric constant (approximately 300), relatively high
breakdown strength (BDS), and low dielectric loss
(<0.01).143,154 It was reported that at the maximum fields,
energy storage in the SrTiO3 was about 30% higher than
that in the BaTiO3.155 In 2014, Wang et al observed that
the Sr/Ti ratio of SrTiO3 would affect the energy storage
properties.144 It was found that the Sr/Ti ratio smaller
than 1 exhibited higher BDS and energy density due to
smaller grain sizes156 while the Sr/Ti larger than 1 is
prone to semiconductivity process. Before this, Tkach
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et al also reported that Sr/Ti ratio can result in the
changes of grain size and dielectric properties of
SrTiO3.157 However, the SrTiO3‐based ceramics still yet
to meet the practical applications due to relatively small
recoverable energy storage density (Wrec) and maximum
polarisation (Pmax). Thus, Wang et al did another
research in the same year by adding ZrO2 additives into
SrTiO3.143 It was found that when ZrO2 additives
increase, the grain size decreases and distribution
becomes homogeneous, leading to the increase of the
grain boundary thickness and the improvement of the
BDS. By comparing with pure SrTiO3, the energy was
increased from 1.21 kJ/cm3 to 1.62 J/cm3, and the BDS
was increased from 283 to 289 kV/cm.

3.3 | Sensors
Recently, semiconductor‐based gas sensors made of
perovskite oxides received interest because of the feasibility of doping with different metals to tailor their particular sensitivity.158 There are two cations with different
sizes in the perovskite structure that can be replaced by
the various dopants. Furthermore, perovskite oxides are
suitable for detecting gas (Table 5) in high temperature
environment due to high melting point and high stability.
In 2014, Chan et al conducted an experiment for hydrogen detection by using SrTiO3 composites.159 LaAlO3
TABLE 5

The list of sensor applications for SrTiO3

Material

Applications and Uses

Reference
(Year)

La‐SrTiO3 films Gas sensor for H2

9

LaAlO3/SrTiO3

Gas sensor for H2

159

(2014)

Gas sensor for ethanol

160

(2017)

Gas sensor for ethanol

161

(2010)

SrTiO3/?‐
cyclodextrin
composite

Detection of As (III)

162

(2018)

SrTiO3
decorated
rGO

Detection of nitro‐substituted
aromatics

163

(2016)

TiO2/SrTiO3
composite

Sensor for humidity

164

(2017)

165

(2019)

Microwave‐based stress sensing

166

(2018)

Detection of biomarkers (alpha
fetoprotein and cancer antigen
153)

167

(2018)

SrTiO3‐?
SrTiO3 films

SrTiO3 thin film Thermal sensing
SrTiO3
Branched TiO2
NRs/SrTiO3

(2015)

Abbreviations: As (III), Arsenic (III); NRs, nanorods; rGO, reduced graphene
oxide.

was composited with SrTiO3 to form a heterostructure.
It was found that LaAlO3 layer results in significant
changes in transport properties at the interface and has
been studied by the recent first principle calculation and
experimental work.168,169 Then, in 2015, Schultz et al successfully substituted La in SrTiO3 and act as a donor
impurity at high temperature under reducing conditions,
increasing the carrier concentration.9,170,171 It was
reported by other researchers that oxygen deficiency of
SrTiO3 is one of the most important modifying factors,
doping of foreign elements can cause the change of optical and electrical properties.172
In 2016, Ahmad et al first conducted an experiment in
nitro‐substituted aromatics detection. The detection of
nitroarmatics such as 2,4‐trinitrophenol (TNP), 2,4‐
dinitrotoluene (2,4‐DNT), and 2,4,6‐trinitrotoluene
(TNT) has grown security and environmental concerns
because of threat of terrorist activities and their hazards
have generated major demand for innovative, field‐
deployable tools for detecting explosives in a fast, sensitive, reliable, and simple manner.173 Besides that, a derivative of phenol family such as p‐nitrophenol (p‐NP) is a
product or intermediate, which produced during the degradation of pesticides like organo‐phosphorus. Therefore,
a highly reliable, efficient, highly sensitive, and robust
sensor is desired for the detection of p‐NP and their derivatives. Before this, most of the explosives detector was
expensive,174,175 lack of sensitivity, and selectivity. In
order to reduce that cost, Ahmad et al use SrTiO3 as a catalyst with reduced graphene oxides (rGOs). The rGO can
exhibit several excellent properties, for example, high
thermal and electrical conductivity, chemical stability,
and electron mobility. With composite with metal oxides
such as SrTiO3, it can form a highly functional composite,
which can accelerate the performances.176-178
Apart from that, Karthika et al reported in As (III)
detection in water and human blood serum samples with
SrTiO3 and β‐cyclodextrin (β‐CD) composite.162 SrTiO3
itself has limitation in electrochemical field due to poor
selectivity, sensitivity, and hard immobilisation on electrode surfaces. Therefore, β‐CD was applied as SrTiO3
composite in order to immobilise SrTiO3 on electrode surface easily. It was reported that the SrTiO3/β‐CD was successfully function as As (III) detection in the presence of
human blood serum as well as water. It was suggested
that the present modified electrochemical sensor may be
used for clinical applications.

3.4 | Fuel cell
Solid oxide fuel cell (SOFC) is a device for electrochemical
energy conversion that able to generate electricity from fuel
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directly, which prevents losses of intermediate energy conversion and attains much higher electric efficiency.179
Porous Ni‐yttrium‐stabilised zirconia (Ni‐YSZ) cermet was
commonly used as the SOFC anode for up to 10 years due
to inexpensive, high catalytic, and electrochemical activities. In order to achieve adequate current collection and catalytic activity, the content of Ni is normally above 35 vol%
in order to allow the connecting path formation for the electron transport.180 Nonetheless, Ni in the anode would be
reoxidised and causes some situations for commercial
SOFC such as system shutdown, fuel supply failure, seal
leakage, and possibly even very high fuel utilisation.181-184
Therefore, it is encouraged to develop alternative anode
materials with enough stability for redox reaction, higher
thermal compatibility, and comparable electrochemical
performance as that of the Ni‐YSZ cermet (Table 6).
It was reported that pure SrTiO3 was unable be applied
as anode material because the electrical conductivity is
low. So donor‐doped SrTiO3 has been developed to
improve the electrical conductivity under reducing conditions.170 In 2017, Shen et al reported La‐doped SrTiO3
exhibits n‐type semiconducting behaviour when it is
donor‐doped and/or exposed to atmosphere of reduction.
According to Table 6, it was noticed that many scientists
did research work on La‐doped SrTiO3 in this recent year.
This is because La is a good donor dopant as the ionic
radius of La3+ (1.32 Å) is close to Sr2+ (1.44 Å). Under
oxidising conditions, the compensation occurs through
the formation of Sr vacancies in the lattice, coupled with
the formation of SrO layers within the structure. Meanwhile, under reducing conditions, Sr vacancies and SrO
layers are eliminated, and the charge compensation of
TABLE 6
Material

Applications and
Uses

Reference
(Year)

La‐SrTiO3

Anodic material in SOFC

185

(2016)

La, Ni‐SrTiO3

Anodic material in SOFC

186

(2015)

Dy‐SrTiO3

Anodic material in SOFC

187

(2018)

La‐SrTiO3

Electrolyte in SOFC

188

(2018)

La, Co‐SrTiO3

Anodic material in SOFC

189

(2016)

La‐SrTiO3 with GDC
and SSZ

Anodic material in SOFC

190

(2016)

La‐SrTiO3

Anodic material in SOFC

8

SrVO3/SrTiO3

Anodic material in SOFC

191

La0.2Sr0.8Ti0.9Ni0.1O3

Anodic material in SOFC

192

(2017)

La0.4Sr0.6O3

Anodic material in SOFC

193

(2017)

Anodic material in SOFC

194

Y‐SrTiO3

La3+ ions becomes electronic through the formation of
electrons in the CB, in other words, conversion of Ti4+
to Ti3+.8 Then, in 2018, Singh et al first studied on Dy‐
doped SrTiO3 because the ionic radius of Dy3+ (1.23 Å)
is close to the Sr2+ too.187 Besides that, Liu et al reported
that reduced Dy‐doped SrTiO3 has high electronic conductivity, indicating that it can be considered as anodic
material for SOFCs.195

3.5 | Others
Besides the above stated applications, Table 7 listed some
other applications for SrTiO3. In 2011, Chen and Chen
were tested the adsorption ability of SrTiO3 for heavy
metal removal.200 It was reported that the nanoparticles
of SrTiO3 have the adsorption rate constant of
0.0036 min−1 with the adsorption capacity of 54.33 mg/g
for Cu (II) removal. This indicates that the nanosized
SrTiO3 does not have rapid adsorption rate but it has a
considerably large adsorption capacity. In 2016,
Shahabuddin et al modified SrTiO3 with polyaniline‐
TABLE 7 The list of others applications for SrTiO3

(2017)
(2018)

(2019)

Abbreviations: GDC, Ce0.9Gd0.1O2; SOFC, solid oxide fuel cell; SSZ,
(Sc2O3)0.1(CeO2)0.01(ZrO2)0.89.

Reference
(Year)

Material

Applications and Uses

SrTiO3

Anode material for
Li‐ion batteries

196

(2011)

Pt/SrTiO3 nanocuboids

Propane oxidation

197

(2011)

Co, Fe‐SrTiO3

Oxygen transport
membranes

198

(2018)

199

(2016)

Cu (II) adsorption

200

(2011)

PANI‐coated
GO@SrTiO3

Methyl orange and
methylene blue
adsorption

201

(2016)

Rh‐SrTiO3

Inactivation of
bacteriophage

202

(2017)

SrTiO3/TiO2 nanotube

Biomedical applications

203

(2015)

Capacitor applications

204

(2018)

Memristor applications

205

(2014)

Memristor applications

206

(2010)

Amorphous SrTiO3

Memristor applications

207

(2014)

Flexibile butyl rubber
SrTiO3

Microwave applications

208

(2011)

SrTiO3 NT embedded
Ag2O

Osteogenic applications

209

(2017)

SrTiO3 reinforced
Study on dielectric
polyester resin/styrene
property
blend

The list of fuel cell applications for SrTiO3

ET AL.

SrTiO3

SrTiO3
ITO/LaAlO3/SrTiO3
Fe‐SrTiO3

Abbreviations: Cu (II), Copper (II); GO, graphene oxide; ITO, indium‐doped
tin oxide; PANI, polyaniline.
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coated graphene oxide to form a composite structure
(PANI‐GO@SrTiO3) for carcinogenic dyes adsorption.201
that a synergistic phenomenon taking place between the
PANI chain, GO sheets, and SrTiO3. It was proposed that
the fast adsorption was due to the ?‐? interaction between
the aromatic backbone of the dye and the aromatic skeleton of PANI‐GO@SrTiO3. Under reaction of 2 hours, it
was successfully removed 96.5% of MB and 94.2% of
MO, respectively. The SrTiO3 was adhered to the sheets
of GO through Sr3+ ions interactions with am sp2
hybridised framework of GO. Thus, the role of SrTiO3
in the composite structure was act as spacers that help
in the segregation of GO sheets, thereby enhancing the
total specific surface area.
Currently, the prevention of phage infection is limited
to biological approaches, which are difficult to apply in
an industrial setting. SrTiO3 can also be used in biology
applications. In 2017, Yamaguchi et al demonstrated
Rh‐doped SrTiO3 for bacteriophage inactivation.202 The
pure SrTiO3 does not exhibit photocatalytic activity under
visible light irradiation. In recent years, Rh‐doped SrTiO3
has gain attention as a visible light‐driven
photocatalyst.210,211 Under irradiation of visible light
(λ > 440 nm), Yamaguchi et al noticed that Rh‐doped
SrTiO3 showed selective inactivation of phage without
bactericidal activity. After inactivation, the colour of Rh‐
doped SrTiO3 was changed from grey to purple, suggesting that the valence state of dopant was partially changed
from Rh3+ to Rh4+ induced by photocatalysis.
In 2011, Enterkin et al did a propane oxidation
research by using Pt/SrTiO3 nanocuboids.197 SrTiO3 was
attractive for deep oxidation because of their good thermal stability, high bulk oxygen mobility, and their surface
redox properties.212,213 Nevertheless, in order to improve
the oxidation activity, noble metals such as Pt and Pd
were partially substituted into position B of the perovskite
structure (ABO3).

4 | CONCLUSIONS
In summary, SrTiO3 gained many interests by scientists
for miscellaneous applications such as photocatalysis,
storage, sensor, and fuel cell because of its extraordinary
properties. The synthesis method of SrTiO3 was discussed
in this article. It was found that the synthesis method and
the ratio of precursors can affect the morphology, crystallinity, particle size, and shape of SrTiO3. Hydrothermal
and solvothermal synthesised SrTiO3 can produce fine
and uniform nanoparticles, but it is hard to apply for
mass production. SSR is suitable for large‐scale production, but the particles size and shape of synthesised
SrTiO3 might not regular, and it requires extreme
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temperatures. Thus, nowadays, some researchers were
proposed to apply molten salt as a flux treatment in order
to lower down the synthesis temperature. One of the
major applications for SrTiO3 was to produce hydrogen
fuel via photocatalysis process.214 This is because the
band gap of SrTiO3 was tunable, and it is thermal and
chemical stable under photocatalytic reaction.
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