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Abstract

Global requirement of clean, cost-effective and sustainable energy has stimulated massive
research and development in photocatalytic materials that have the potential to harvest
solar based energy while mitigating the environmental issues. Among various materials,
perovskite oxides have emerged as a promising energy resource. Owing to the structural
versatility, optical and electrical properties, chemical inertness allows the use of material
of multifunctional prospects. Currently Strontium titanate (SrTiO3), a vital perovskite
oxide having a band gap nearly ~3.2 eV, is showing significant function for photocatalytic
water splitting, carbon dioxide conversion and degradation of organic pollutants. Though
within the UV spectrum, its intrinsic photocatalytic behavior is limited to approaches such
as graphene junctions, noble-metal support, and post-synthetic heat treatment seem to
promote the adsorption within visible-light. Strontium titanate also demonstrates photo
charge separation efficiency, and long-term catalytic durability. Moreover, modifications
and hydrothermal synthesis have proven extremely efficient for nano-based engineering,
control over crystal diameter, defects, and shape, which can result in magnificent compos-
ites that can be promising substitutes. Therefore, further research is imperative regarding
these material application prospects. This comprehensive review provides insights into
details on the potential of nanoengineering and composite approaches to reduce the inher-
ent limitations of perovskite oxides, especially Strontium titanate, and enabling additional
applications in next-generation photovoltaic and solar energy harvesting technologies.

Keywords: perovskite oxides; photocatalysis; water splitting; nanoengineering; environmental
remediation; charge separation efficiency

1. Introduction

One of the major prominent challenges faced by the world in the early 21st century
is to satisfy the global energy demand while simultaneously reducing the emission of
harmful gasses into the atmosphere, as well as various pollutants into barren lands and into
water bodies. As per the International Energy Statistics (IES), almost 80% of the world’s
energy needs are being satisfied by non-renewable energy, i.e., nearly equal to 293 TwH,
and this is going to increase up to 40% by the year 2040 [1]. Continuous use of fossil fuels
as the primary source of energy may increase the risk of pollution and also have harsh
effects on our planet, potentially increasing the problem of global warming. To answer
these challenges, different techniques that can produce and store energy by reducing the
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emission of carbon into the atmosphere have been developed. At present, the world is
turning to renewable energy sources like solar, wind, geothermal, biomass, etc. to fulfill its
energy demand. As per the renewables global status report of September 2022, almost 28%
of the world’s energy demand is satisfied by renewable energy [2]. Although a significant
amount of research has already been started in this area, there are some questions that
remain unanswered by the research community, such as:

What could increase energy conversion efficiency?
Are the required materials available abundantly and cost effective?
What could be the installation cost of the production grid, as it is all-new technology?

Are laboratory technologies feasible for industrial production?

With abilities like cost effectiveness, better efficiency, and non-emissive fuel conver-
sion, environmental catalysis is a technique that can answer the above questions. It mainly
requires catalysts that are readily available, and that are thermally and chemically stable.
Perovskite oxides are a class of materials arranged in a perovskite structure, allowing differ-
ent composition of elements. These materials can be easily synthesized, and their structure
and properties can be modified so that they can be used in different applications [3-7].
With this unique ability these perovskite oxide materials can be implemented as catalysts
in an environmental catalysis. While designing a perovskite oxide with better efficiency
and performance, many factors are considered that come into existence for a particular
selected application. According to the literature, properties of perovskite oxide can be
varied by substituting the lattice atoms via doping with a foreign material to enhance the
opto-electrical properties [8-11]. Hence the chemical composition of perovskite oxide plays
a crucial role in making it applicable for catalysis.

Performance of catalysts is also affected by their structure and morphology. As we
already know, nanostructures always have better activity compared to the bulk ones. Also,
different morphologies in the nanoscale range and the porous structures of the perovskite
oxides, having properties like large surface area, ease of separating charge carriers, a
greater number of active sites, lower recombination rates, less diffusion lengths, etc., can
lead to exhibiting an efficient performance as a catalyst material [12-16]. Along with the
above factors, the post processing of the perovskite oxides, in addition to their bottom-up
synthesis, can change the properties like band gap, structure, carrier mobility etc. [17].

Among the different perovskite oxides, SrTiOs is one which has a band gap of 3.2 eV
(Figure 1a). It has a mixed ionic and electronic conductivity (MIEC) and showed good
stability under high temperature and chemical inertness, which makes it suitable for a wide
range of applications [18-21]. Even though due to the wide band gap of SrTiO3, it cannot
be utilized into catalysis directly, but its properties can be tailored by either doping, post
heat treatment, or decorating with noble metals or graphene, etc., to make it suitable for
the application.

Photocatalytic materials composed of nanostructured perovskite oxides, with SrTiO3
being the most common, have been successfully synthesized in several morphological
configurations including powder-based particles and films. The powder form of SrTiOj is
represented by nanoparticles, nanorods, nanocubes, and hierarchical structures; however,
the most important advantage of this morphology lies in the specific surface area, easy ad-
justment of the surface structure and possibility of introduction of dopants and co-catalysts.
Thus, the powder-based SrTiOj3 is a widespread choice for photocatalytic degradation
of pollutants in solution and for photocatalytic hydrogen production. At the same time,
thin films of SrTiO3, produced via pulsed laser deposition, magnetron sputtering, atomic
layer deposition and sol-gel spin-coating techniques, have a completely different set of
features that makes them attractive: immobilization on a substrate solves the problem of
catalyst recycling after reaction, restriction of the thickness of the film at the atomic scale
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prevents the carrier recombination inside the film and the strain effect allows tuning the
band alignment to increase the driving force of surface reactions. These attributes make
SrTiOj3 thin films a particularly promising strategy for environmental remediation and
solar energy conversion applications [21].
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Figure 1. (a) Perovskite crystal structure of SrTiO3 and electronic band diagram illustrating conduction
and valence band positions, (b) Tendency of research publications on SrTiO3 and their different
synthesis procedures.

SrTiO3 has recently gained prominence as a major category of photocatalysts due
to their chemical stability, versatile electronic properties, and the possibility of band-gap
tuning via doping and heterostructure formation. Several methods for the synthesis of
SrTiO; systems have been developed, including solid-state synthesis, sol-gel technique,
co-precipitation, molten-salt synthesis, sonochemistry, and hydrothermal and solvothermal
syntheses [22-28]. In particular, SrTiO3 obtained using the solid-state and molten-salt meth-
ods possesses a rather large particle size and low specific surface area and is synthesized at
temperatures above 1000 °C, resulting in low density of active sites on its surface. Sol-gel
and co-precipitation syntheses give fine particles but often lead to formation of amorphous
or polycrystalline powders that have to be subsequently annealed in order to achieve the
desired crystallographic phase, which leads to uncontrollable grain growth. Hydrothermal
synthesis stands out from other methods because it allows one to obtain pure-phase parti-
cles of high surface area at temperatures ranging from 120 to 220 °C, along with fine-tuning
of the morphology, dopant incorporation, and hydroxyl content. These attributes make
hydrothermal synthesis uniquely suited to produce the well-defined, compositionally con-
trolled materials needed for systematic photocatalytic studies. The increasing research
importance in SrTiO3 and their different synthesis procedures were retrieved from PubMed
in a time frame of 2016 to 2025 (Figure 1b). The growth in publications implies the progress
of SrTiO3 and their emerging applications.

This work focuses on the post heat treatment of hydrothermally synthesized SrTiOs
and the synthesis of forming nanocomposites to tailor its properties for use as a catalyst.
A one step hydrothermal synthesis route was discussed for the synthesis of SrTiO3 nano
cubes with variation in synthesis temperature. Additionally, a post calcination step was
also elaborate to study its impact on the synthesized material. Obviously, the rise in
temperature increased the crystallite size and calcination treatment decreased the band
width of the material, so that the absorption peak shifted from the UV region to the visible
region, corresponding to a band energy of 3.2 eV. This review also explains the effect of
forming nanocomposites of SrTiO3 with Ag nanoparticles and graphene oxide, where Ag
nanoparticles were synthesized using the citrate reduction technique and mounted onto
the freshly formed SrTiO3 cubes to determine their photocatalytic properties. Similarly, a
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nanocomposite of SrTiO; and graphene oxide was synthesized via modified Hummer’s
method and tested for photocatalytic properties.

This review presents the study of hydrothermally synthesized SrTiO3 as a photocata-
lyst for environmental purification and water splitting using solar energy. The selection of
SrTiO; as a semiconductor is based on its stable structure, adjustable band gap, and flexible
compositions. In order to enhance the activity of SrTiO3 under visible light, which cannot
be achieved due to its only photoactivity under UV irradiation, three ways are adopted,
including: hydrothermal synthesis at different temperatures, post-synthesis annealing for
narrow band gap, and the formation of nanocomposites. These approaches establish a
clear relationship between structure—property and performance, laying a foundation for
rational design of next-generation perovskite photocatalysts targeting sustainable hydrogen
production and wastewater remediation.

2. Background
2.1. Perovskite

In 1839, the perovskite mineral CaTiO3 was discovered in the Ural Mountains by
Russian minerologist Gustav Rose and named after Count Lev Aleksevich von Perovski [29].
The structure of perovskite ABX3 was only described in 1926 by Victor Goldschmidt, where
A and B are cations and X is anion [30]. A is a cation with a 12-fold cuboctahedral site and B
is a smaller cation, which is occupies a 6-fold coordinated octahedral site. This is typically
implemented in perovskite oxides. A-site is occupied by Alkaline earth metal ions like Sr?*,
Ca®*, Ba?*, etc., and rare earth metal ions like La%*, Nd3*, etc. Transition-metal cations
like Ti%*, Fe3*, Mn®* /Mn3*, Co®*, or Ni®* are in the B-site. The X-site in the perovskite
structure is occupied by oxygen (O%7) ions, that form a network of corner-sharing BXg
octahedra. These oxygen anions, through their interaction with the B-site cations, play a
major role in maintaining structural stability. They also influence the electronic, optical, and
catalytic properties of the material. The stability of the perovskite structure is determined
by Goldschmidt tolerance factor by assessing the ionic radii and oxidation states of the
constituent ions [30].

A perovskite material can have different crystal structures like cubic, tetragonal, and
cuboctahedral, rombohedral (Figure 2). It can also have a transition from one crystal
structure to another without any deformation and with a tolerance factor known as the
Goldschmidt tolerance factor given by parameter ¢, as shown in Equation (1):

ra +1x
v (1)
where 1y is the radius of anion and rp and rp are the radii of A and B cations, respec-
tively [31]. Based on the findings, cubic perovskites are typically assigned t values close to
unity (0.9 <t < 1.0), while orthorhombic or rhombohedral symmetries are observed within
the range of 0.8 < t < 0.9 and fully distorted Orthorhombic perovskite possess value ranges
between 0.71 < t < 0.80 [30].

When the relative size of the A-site cation is not sufficiently large compared to the
B-site cation, lower t values are observed. In such cases, the BXy octahedra tilt in order
to occupy the empty space between them, resulting in a loss of symmetry. The tilting of
the octahedra about the b and c axes leads to an orthorhombic structure, whereas tilting
about each axis results in a rhombohedral structure. The perovskite phase offers flexibility,
allowing for only slight deviations from ideal cubic symmetry. In fact, in many cases, a
minor tilting of the anionic octahedra can be beneficial for tailoring the electronic and
dipole properties of the material, as well as influencing the strength and length of the
B-X bonds.
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Figure 2. Crystal structures of ABX3 perovskites with different symmetries: (a) cubic perovskite
structure with the ideal arrangement of A-site cations at the cube corners, B-site cations at the body
center, and X-site anions at the face centers; (b) tetragonal perovskite structure characterized by
elongation or compression along one crystallographic axis resulting from octahedral distortions;
(c) orthorhombic perovskite structure exhibiting distortion and tilting of BX¢ octahedra due to
ionic size mismatch and lattice distortions; and (d) rhombohedral perovskite structure formed by
cooperative rotation and tilting of BX4 octahedra, leading to a reduction in crystal symmetry [13].

The perovskite structure allows for partial replacement of cations at the A- and B-sites
with foreign cations, while maintaining the long-range order. This type of substitution is
commonly referred to as dopant incorporation with the concentration of foreign cations of
1-10%. When foreign cations have the same valence as the native species they replace in
the perovskite lattice, this is referred to as isovalent substitution. In isovalent substitution,
the changes in material properties mainly result from size effects, as the different ionic radii
of the substituted cations may cause distortions or tilting of the octahedral framework. On
the other hand, acceptor or donor substitution refers to the replacement of native sites with
foreign cations that have either lower or higher valence, respectively. Acceptor substitution
introduces cations with a lower valence compared to the original species, resulting in an
increase in electron density and the formation of electron “holes” in the material. Donor
substitution involves the incorporation of cations with a higher valency, leading to an excess
of electrons. These types of substitution can significantly alter the material properties by
simultaneously introducing size effects and modifying the electronic characteristics of the
perovskite structure.

The empirical Hume-Rothery solubility rules, originally formulated for metal alloys,
can also be applied to the substitution of ions in inorganic and mineral systems [31]. In the
hypothetical MxA;_yBX34 5 perovskite system, the probability of forming a substitutional
solid solution is highest under the following conditions:

o  The MBX3 and ABXj3 parent phases crystallize in the same or identical structure. This
similarity in crystal structure allows for the efficient substitution of M cations into the
A-sites, maintaining the overall structural integrity of the perovskite lattice.

e  The ionic radii and electronegativity values of the cations M and A are similar. When
the sizes and electronegativities of the substituting cations (M) and native cations
(A) are comparable, it promotes their compatibility within the perovskite lattice.
Similar ionic radii help to minimize lattice strain and distortion, while comparable
electronegativities facilitate the maintenance of charge balance in the structure.

e  The substituting M cations and native A cations have the same valence. When the
valence states of the substituting and native cations match, it ensures that the charge
balance is preserved in the perovskite structure. This is important for maintaining the
overall neutrality and stability of the material.

By satisfying these criteria, the probability of forming a substitute solid solution in the
MxA1_«BX515 perovskite system is maximized, enabling the incorporation of M cations
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into the A-sites while preserving the structural and chemical integrity of the material.
When the aforementioned conditions are fully satisfied, it is likely that a continuous solid
solution spanning the entire range between ABX3 and MBX; will be formed. In this case,
the native and substituent (solute) cations are randomly distributed within the designated
sites, resulting in a single perovskite phase. However, if the conditions are only partially
fulfilled, a solid solution may be observed up to a certain level of substitution. Beyond
this point, a phase transition or segregation may occur. This is particularly common in
the case of aliovalent substitution, where the replacement of cations introduces an extra
charge that needs to be counterbalanced. In ionic solids, this additional charge is typically
compensated by the formation of defects in the crystal lattice, such as vacant sites that are
normally occupied. The diffusion of charged or neutral species within crystalline solids is
directly influenced by the type and number of defects present in the lattice [32]. Therefore,
the rational substitution of A- and B-site cations can lead to significant modifications in
the defect structure, which can have substantial implications for the functional properties
of the material. The perovskite structure’s flexibility provides extensive opportunities for
material engineering in the field of environmental catalysis. By carefully controlling the
substitution of A- and B-site cations, it becomes possible to tailor the material’s properties
and optimize its performance in various catalytic applications.

2.2. Strontium Titanate (SrTiOz or ST)

Tausonite, a naturally occurring mineral, was first discovered in Siberia in 1982. It
belongs to the well-known class of perovskite compounds and has the chemical formula
SrTiO3. Tausonite is named after the Russian geochemist Lev Vladimirovich Tauson. In its
synthetic form, SrTiOj3 is recognized as an ideal cubic perovskite, characterized by a lattice
parameter of a = 3.905 A at room temperature. The synthetic material has a mass density
of p = 5.12 g cm~3. The discovery of a naturally occurring SrTiO3 mineral, or tausonite,
expanded our understanding of perovskite compounds and their occurrences in nature [33].
Within the cubic lattice of SrTiO3, small deviations from the nominal stoichiometry can
be accommodated. Specifically, slight excesses of Strontium within the structure can be
incorporated as local Ruddlesden—-Popper phases, characterized by a general composition
of Srp,41TinOs3n41 [34]. These local phases exhibit a tetragonal symmetry group known as
I4/mmm, as shown in Figure 3. Additionally, excess oxygen can also form extended defects
within the lattice, resulting in oxygen-rich regions. These small variations from the ideal
stoichiometry demonstrate the flexibility of the SrTiO; lattice in accommodating structural
deviations while maintaining its overall perovskite framework.

03
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Figure 3. Unit cells of Sry,41TinOsp41 [34].

SrTiOj3 is a material that exhibits various phases and symmetries depending on tem-
perature and doping. At high temperatures, up to its melting point of 2080 °C, SrTiO;
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maintains its cubic symmetry [35]. However, upon cooling or doping with foreign ions,
transitions to lower symmetries can occur. Between the temperature range of 110 K and
65 K, SrTiOj3 crystals undergo a phase transition from cubic to tetragonal symmetry [36].
This transition results in material acquiring a dipole moment and approaching ferro-
electricity. The dipole moment arises from the breaking of the cubic symmetry, leading
to the development of electric polarization within the material. Further cooling below
65 K, between 55 K and 35 K, results in an orthorhombic symmetry in SrTiOs [37]. At even
lower temperatures below 10 K, there is a possibility of the material exhibiting rhombohe-
dral symmetry [38]. These changes in symmetry indicate the presence of different crystal
structures as the temperature decreases. In the cubic phase, SrTiOj3 is a charge symmetric
and paraelectric material, indicating that it does not possess a permanent electric dipole
moment. However, with the transition to the tetragonal phase, it gains a dipole moment
and becomes closer to being ferroelectric. The dielectric permittivity (¢) of SrTiOs is already
high, and it increases linearly with decreasing temperature, following the Curie-Weiss law.
Between room temperature and approximately 1.4 K, the dielectric permittivity of SrTiOs
increases from 370 to around 1.4 x 10* [39]. This behavior indicates the enhanced response
of the material to an applied electric field at lower temperatures. Doping SrTiO; with
certain elements can induce superconductivity at extremely low temperatures at around
1 K. The doped SrTiO3 exhibits superconducting properties, which means it can conduct
electricity without resistance at those temperatures. SrTiO; substrates are known for their
excellent compatibility with the epitaxial growth of high-temperature superconductors.
Epitaxial growth refers to the process of depositing a crystal layer on a substrate with
matching lattice parameters and orientation, allowing for the formation of high-quality
crystal structures. The use of SrTiO3 substrates facilitates the growth of high-temperature
superconducting materials which exhibit superconductivity at temperatures higher than
conventional superconductors. It is also significant to highlight that SrTiO3 perovskites
belong to the class of mixed ionic-electronic conductors (MIECs). According to Saraf et al.,
these materials showed remarkable stability in varied conditions [40]. As a result, SrTiO3
has gained importance as a model material and has been the focus of in-depth research
into the chemistry of its defects for the past few decades [41-43]. SrTiO3-based perovskites
have been shown to be quite useful in a variety of applications that generate a lot of re-
search interest. Solar cells, hydrogen production, oxygen sensors, fuel cell electrodes, oxide
electronics, and oxygen separation membranes are a few of these uses.

3. Synthesis Methods for Perovskite Oxides

The catalytic performance of perovskite oxides is dependent on a wide range of
material properties, including mixed oxidation states demonstrated by their B-site cations,
the mobility of oxygen within the structure, and the quantity and reactivity of available
active sites [12,44,45]. The nanostructure and morphology of the material, together with its
chemical composition, are equally important elements in determining these parameters and
consequently impacting the catalytic efficacy of the material. Nanostructured perovskite
oxide catalysts with mesoporous morphologies outperform bulk counterparts in a variety of
ways. These benefits originate from their large surface areas and reduced diffusion length of
carriers, leading to a higher density of reactive sites, enhanced redox characteristics, greater
oxygen mobility, and reduced carrier recombination [46]. As a result, a diverse design
strategy is required to create high-performance perovskite oxide catalysts that include
porosity, controlled cationic substitution, nanostructure, and defect structure engineering.

Perovskite oxides are normally produced using a solid-state method, where precur-
sor salts or individual metal oxides are physically blended and then exposed to high-
temperature sintering (usually above 1000 °C). This approach requires prolonged heating
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times ranging from 8 to 24 h to obtain the requisite phase purity [47]. Furthermore, the final
product frequently has flaws such as insufficient homogeneity, a wide range of particle
sizes, and unsatisfactory textural qualities [48]. Despite these challenges, the solid-state
synthesis technique is nevertheless commonly used for the manufacture of perovskite
oxides due to its simplicity. Several alternative synthesis approaches have been devel-
oped to overcome these concerns by reducing the extremely high reaction temperatures
and promote nanostructure formation. While common synthesis methods at intermediate
temperature, such as co-precipitation and evaporation-induced self-assembly (EISA), are
generally compatible with single metal oxides, they often face difficulties when employed
with mixed metal oxides due to variances in metal solubility and reactivity. There have
been examples in the literature where researchers have successfully described perovskite
oxide synthesis applying the above procedures [49-51].

Because of its numerous advantages, such as simplicity, high purity, and rapid reac-
tion rates, auto combustion synthesis is a popular approach. In this procedure, cationic
precursors are combined with a solvent and a fuel/oxidizer. Following solvent evaporation,
the gel is heated on a heating plate or in a muffle furnace until the highly exothermic auto
combustion reaction begins, resulting in the desired perovskite material. Urea, glycine,
glycerol, and alanine are common fuels employed in this process. The surface area of the
resultant materials typically ranges from 5 to 40 m? /g. Despite its simplicity and scalability,
auto combustion synthesis has certain drawbacks. It usually requires quite high reaction
temperatures, around 800 °C, and provides limited control over the calcination conditions.
As a result, attaining accurate nanostructures with this approach might be difficult. When
using this process to synthesize multicomponent oxides, the resultant materials may con-
tain impurities. In the synthesis of SrTig5Fe 503, there were impurity phases, notably
Sr3Fe,O;~ and TiO,, irrespective of the precise reaction parameters using glycine and
metal nitrates as precursors [52]. Methods like pulsed laser deposition, chemical vapor
deposition and molecular beam epitaxy can also be employed, but these techniques utilize
complex and expensive equipment.

3.1. Hydrothermal Synthesis of Perovskite Oxides

Hydrothermal or solvothermal is a suitable method for synthesis, and a small variation
in either temperature, time, concentration of solvents, etc., can help in modifying the mor-
phology of the synthesized materials. Solvothermal chemistry has become a well-known
tool for synthesizing nanomaterials. The hydrothermal conditions were initially investi-
gated for reasons such as the synthesis of silicate zeolites, replicating geological conditions
for mineral formation in the Earth’s crust, and controlling the growth of dense minerals
such as quartz. Water has peculiar qualities when heated in a sealed vessel to generate
pressure. In synthetic chemistry, factors such as ionic strength, viscosity, dielectric constant,
and density play critical roles in regulating reagent solubility, nucleation rate, and crystal
growth. Even at temperatures considerably less than the critical point of water (374 °C
and 218 atm), alterations to a reaction medium take place in relation to the surrounding
environment, promoting the chemical decomposition and reaction required for compli-
cated material crystallization. Many hydrothermal synthesis processes mentioned in the
literature use temperatures that are below 250 °C. Rabenau’s initial paper thoroughly cov-
ered hydrothermal chemistry’s key role in synthesis and its adaptability across numerous
classes of materials, ranging from oxides, halides, nitrides, chalcogenides, and metals [53].
Numerous research groups have stressed the importance of hydrothermal methods in the
synthesis of oxide materials [54-59]. In contrast, other studies have emphasized the use
of non-aqueous solvents as an alternative technique in this situation. Several important
advantages emerge by opting hydrothermal techniques such as:
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Particle Characteristic Precision: Hydrothermal synthesis allows for the creation of
finely adjusted powders with control over a broad spectrum of morphologies from nano- to
micro-scale. This approach has a particular benefit in terms of exact regulation of particle
size and form.

Metastability Unveiling: Hydrothermal procedures have a unique ability to disclose
and isolate metastable compounds and structural configurations that are difficult to achieve
using typical high-temperature synthesis methods. This capacity allows for the investiga-
tion of innovative materials and properties.

Expansion of Structural Diversity: The hydrothermal method opens the way for solid
solutions and substitute versions of well-known structural types that would be difficult to
obtain using traditional methods. This increased structural diversity improves our ability
to customize materials for specific applications and functions.

These benefits highlight the importance of hydrothermal synthesis in furthering our
understanding of oxide materials and broadening the possibilities for their customized
design and application. The hydrothermal synthesis of BaTiO3 was first described in the
1940s, and Flaschen presented a comprehensive overview of this technique in 1955 [60].
With their initial efforts, there has been an abundance of study into the hydrothermal
and solvothermal synthesis of BaTiO3. Fine powders of Nag 5Bip 5TiO3 and Kq 5Big 5TiO3
generated through hydrothermal techniques have specific advantages over those prepared
via conventional solid-state synthesis, especially when aiming for densified ceramics.
However, as previously stated, the presence of flaws can potentially impair the bulk
electrical characteristics during subsequent annealing to create ceramics. The photocatalytic
features of these hydrothermally produced Nag 5Big 5 TiO3 nanocubes were investigated [61].
Notably, they displayed the ability to effectively decompose nitric oxide, outperforming
a reference TiO, catalyst. A direct hydrothermal reaction was used to introduce a low
amount of Zr into Nag5Big5TiO3 [62]. Composites made from finely ground particles
of Nag5Big5Tipg9Zrp 01 O3 demonstrated different properties such as reduced residual
polarization and improved piezoelectric responsiveness.

Hydrothermal synthesis appears to be useful in gaining access to more complicated
perovskite-related compounds. This approach has been used to successfully synthesize com-
plicated compounds such as K;La,TizO19 which belongs to the Ruddlesden—Popper family
of layered perovskites. These materials can be thought of as intergrowths of perovskite and
rock salt. The hydrothermal process formed micro-sized crystallites of KyLa,Ti3Oqg [63],
and these crystalline materials have significantly higher photocatalytic activity than their
solid-state equivalents. This breakthrough highlights the importance of hydrothermal
synthesis in accessing and modifying complex perovskite-related compounds for improved
functional applications.

For a variety of A cations, including Ca, Sr, Ba, Pb, and Zn, zirconate and hafnate
perovskites, labeled as AZrO3; and AHfOj3, have been effectively synthesized by solvother-
mal methods [64—68]. The process of microwave synthesis has been found to be especially
effective in the case of BaZrO3. Longo and colleagues synthesized BaZrO; as micro-sized
Deca-octahedron-shaped crystallites in 40 min at a temperature of 140 °C. Their research
presented a crystallization method based on the micro scale self-assemble nanoparticles,
with the results depending on the surfactant used as a solution additive. Computational
investigation revealed that these materials exhibited unusual photoluminescence features
which were attributable to flaws. Borja-Urby’s further contributions to hydrothermal syn-
thesis include the creation of Bi/Si-doped samples for use in photocatalytic processes [69].
It is worth noting that the microwave approach has proven to be especially promising
for the production of small particles with narrow particle size distributions. Traditional
heating methods, on the other hand, have advantages in terms of quicker responses and
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need lower temperatures for BaZrOj crystallization. When a sufficient amount of NaOH is
used, Boschini and colleagues showed that solid precipitation occurs at temperatures below
100 °C in just 15 min [70]. Similarly, Yamaguchi et al. demonstrated the crystallization of
BaZrOs; and BaHfOj3 at 50 °C over a 10-day period using zirconia or hafnia gel and barium
hydroxide [71]. However, higher temperatures have been used in the synthesis process as
well. Dong et al., for example, heated aqueous KOH solutions of salt precursors at 200 °C
for 24 h, resulting in the development of hollow spherical BaZrO; particles [72].

Kanie and his group reported a novel seeding method that involved heating zirco-
nium oxy-acetate and barium hydroxide in methanol at 200 °C for 24 h [73]. This method
produced seed crystals, which were then treated to hydrothermal conditions at 250 °C
with a combination of barium hydroxide and a Zr-triethanolamine complex and generated
monodisperse spherical crystallites of BaZrOj3 [74]. This group investigated the control of
particle shape by varying metal ion concentrations, which led to the formation of spherical,
rhombic dodecahedral, and flower-shaped BaZrOj particles. This adaptability allowed
for the creation of Eu**-doped materials with altered photoluminescence characteristics.
Zhang and coworkers synthesized Ce**-substituted BaZr; _,CeyO3 materials using aque-
ous NaOH [75]. These materials were used as sono-catalysts to decompose a simulated
organic contaminant. Additionally, the photoluminescence characteristics of Yb3*-doped
materials were investigated. Finally, using EDTA as a solvent resulted in the formation of
hollow BaZrOj; nanocrystals with higher concentration of oxygen vacancies, which gave
photocatalytic capabilities for hydrogen evolution from water [76].

There has been a major increase in demand for the use of solvothermal methods
for the synthesis of perovskite oxides during the past decade. This renewed interest
draws on previous research on fundamental materials such as BaTiO3, NaNbOj;, and
rare-earth manganates. Researchers have broadened their investigation to include nearly
all compositional variations within the realm of B-site perovskites [77]. This extension
has included the construction of heterostructures with interfaces between perovskite and
various other structural types, as well as the development of solid solutions that incorporate
as many as five different cations [78-81]. A significant portion of this study has been
devoted to achieving exact control over the resulting product. Both the size and shape of the
crystals have been modified not only through the use of chemical reagents but also through
careful control of reaction temperature and duration. In certain cases, sophisticated crystal
morphologies have been developed without the use of templating agents [82]. In some
circumstances, solution additives have been deliberately added to impact crystallization
paths, or non-aqueous solvents have been used to maintain control over the resulting
crystal form [83]. The enormous amount of work in this domain, and the significant success
in building complex crystal structures, makes it a challenging endeavor to predict how
different reaction conditions will influence crystal morphology. Because of variances in
cation solubilities and, in certain cases, the presence of redox reactions during the process
of crystallization, the ideal set of reagents as well as conditions for one perovskite family
may not be readily transferred to another.

The hydrothermal technique for synthesis has become popular in the industrial sector,
where massive batch reactors are used to commercially synthesize numerous minerals.
Production of zeolites and quartz crystals are two notable examples [84-86]. More recently,
a concerted effort has been made to build continuous-flow reactors for the efficient mass
synthesis of polycrystalline materials under hydrothermal environment. This study has
focused on the development of nanoparticles composed of mixed-metal oxides. These
efforts cover a wide spectrum of materials, including perovskites like BaZrO3, BaTiO3, and
Bai«SrcTiOs, the latter of which was successfully manufactured at 80 gm/h in a pilot scale.
These initiatives highlight the potential of scaling up laboratory-based chemistry to produce
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useful materials for industrial and technological applications. As these materials are applied
in real world scenarios, the defects in structure and their effect on bulk characteristics
become more important. As in the literature, even trace concentrations of hydroxide ions
in the perovskite structure, together with charge-balancing vacancies, can have a negative
impact on certain electrical characteristics [87]. As a result, future research should examine
methods for minimizing or controlling defects, which will facilitate the development of
synthetic chemistry optimized for defect management. This will be critical in connecting
materials synthesis with the need to develop energy-efficient, environmentally friendly
manufacturing processes. Results showed that there is a relationship between the tolerance
factor of perovskite materials and their ease of production under moderate hydrothermal
conditions [88]. In multi-element systems, hydrothermal synthesis was found to be viable
for perovskites with a Goldschmidt tolerance factor near to 1 and negligible fluctuation in
A-site radii. Under this moderate reaction environment, we were able to create perovskite
materials with a small structural deformation. It is worth emphasizing that these findings
are based on solid-state synthesis of the constituent binary oxides, suggesting a possible
relationship between crystal structure energetics and synthetic accessibility. Yamaguchi
et al. proposed a similar relationship for BaZrO3; and BaHfO3; when using a gel conversion
technique at low temperature.

Figure 4 showed the variation in A cation radius with the tolerance factor for AMnOj3
and ACrOs; perovskites, indicating both successful and unsuccessful hydrothermal syn-
thesis events. For manganite’s, the threshold temperature is set at T < 300 °C, while for
chromite’s, it is T < 450 °C [89]. This figure illustrates the relationship between the toler-
ance factor and the successful synthesis of several manganite and chromite perovskites, to
give an updated perspective on these principles. This scatter plot, whether synthesis was
achieved under nearly identical conditions or not, exemplifies a crucial concept about the
interaction of crystal chemistry and synthesis feasibility. This information could be used
as a semi-quantitative guideline for future solvothermal perovskite synthesis. It may also
provide a useful starting point for simulations aiming at acquiring a better understanding
of materials production processes.
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Figure 4. The plot of tolerance factor against radius of A-cation for AMnO3 and ACrOj3 perovskites
(reprinted from [89] with permission).
3.2. Hydrothermal Synthesis of SrTiO3

It is established that the control of the shape and size distributions, as well as crys-
tallinity, is normally superior in the hydrothermal condition compared to other synthesis
methods [90-92]. This method has been used in the synthesis of SrTiO3 nanoparticles.
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Zhang et al. reported hydrothermal step-wise synthesis of SrTiO3, which is depicted in
Figure 5 [93]. They proposed a dissolution-precipitation mechanism for the synthesis of
SrTiO3. Some researchers have carried out the synthesis of SrTiO3 by varying the hydrother-
mal conditions as shown in Table 1. The conventional hydrothermal reaction involves
mixing the reactants with the appropriate solvent as the medium and heating the mixture
in an autoclave at high temperatures.
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Figure 5. Hydrothermal synthesis of SrTiO3; (Reprinted from [93] with permission).

Table 1. Hydrothermal conditions for the synthesis of SrTiOs.

Sr Salt Ti Salt Medium Time (h) Temf:)ecr)ature Size (nm) Reference
Sr(OH), TiO, NaOH 1 180 10-100 [94]
Sr(Ac), Ti(OBu)y Glycerol - 240 20-200 [95]
Sr(OH),-8H,O TiO, KOH 72 60-180 30-56 [96]
Sr(OH),-8H,0 TiO, - 12 180 20-50 [97]
Sr(OH),-8H,0 TiO, KOH 72 150 50 [98]
Sr(OH),-8H,0 TiO, NaOH 20-60 220 32-45 [93]
SrCl,-6H,O C1pHogTiO4 KOH 2.6 140 46-57 [92]
Sr(OH),-8H,O TiO, NaOH 24 130 20-200 [99]
Sr(OH),-8H,0 (CeHp9N2Og),> Ti(OH), NaOH 48 200 20-100 [100]
Sr(OH),-8H,0 TiO, NaOH 12 200 30-50 [101]

It has been observed that the alkaline medium is very important for the dissolution of
TiO,. Huang et al. reported that an increase in the synthesis temperature resulted in an
increase in the size of the SrTiO; particles and a hydrothermal synthesis temperature of
130 °C was considered the optimum for the synthesis of SrTiO3 [99]. They also established
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that the synthesis duration may affect the particle size of SrTiO3 nanoparticles, as this pro-
cess is associated with Ostwald ripening, which includes both thermodynamic and kinetic
aspects. Shen et al. attempted to synthesize SrTiO; without the use of an alkaline medium
at various hydrothermal temperatures [102]. They reported that the irregular growth of the
particles resulted in a heterogeneous microstructure. Zhang et al. proposed that the mole
fraction of Sr/Ti significantly influences the surface area and the particles’ sizes during the
nucleation and crystal growth processes [93]. The reaction period should be shorter, while
the mole fraction of Sr/Ti should be higher to obtain SrTiO3 nanoparticles of a large surface
area and smaller sizes. Alternatively, a longer reaction period and a lower mole fraction of
Sr/Ti result in the formation of larger particles of SrTiO3; with small surface area. In 2015,
Mourao et al. reported the hydrothermal synthesis of SrTiO3 nanoparticles, highlighting
the effect of the mechanical stirring process [90]. During the hydrothermal reaction, the
stirring effect increases the rate of collisions of the particles. It was found that the SrCOs
phase was removed using mechanical stirring. Moreover, it was found that the samples of
SrTiO3 nanoparticles, which underwent stirring during the hydrothermal reaction, showed
better photocatalytic activity compared to those samples that did not undergo stirring.
Sometimes, hydrothermal reactions are coupled with microwave reactions, also known as
microwave-assisted hydrothermal reactions. The coupling of microwave with hydrother-
mal reactions can be considered an exceptional method for nanomaterials synthesis. In
2012, Souza et al. used microwave hydrothermal synthesis to produce SrTiO3 [92]. They
observed that SrTiO3 particles formed after 4 min of reaction. This resulted in a much
shorter reaction time compared to conventional hydrothermal synthesis, which requires at
least 1 h for the formation of SrTiOs. The high-frequency microwave radiation is absorbed
directly by the mixture, which contains permanent water dipoles, resulting in rapid heating
due to molecular rotation. Therefore, microwave radiation can play an important role
in increasing the rate of ion collision, thus promoting the nucleation of the SrTiO3 phase.
However, for nanoparticles of SrTiOj3, they have to go through different processes such as
cluster formation, self-assembly, and crystal growth.

The enhanced photocatalytic efficiency of the microwave-hydrothermal treated SrTiO3
is due to the combined effect of thermal and non-thermal processes of the microwave
radiation on the nucleation process, ionic transport, and crystallite orientation growth.
While the traditional hydrothermal heating is accomplished through wall-to-fluid heat
conduction leading to temperature gradients of 1540 °C in the autoclave vessel, microwave
treatment results in volumetric heating of the aqueous solution of the precursor based on
the dipole rotation of water molecules and ionic conductance loss of dissolved precursor
ions, thus providing almost constant bulk temperature gradients in 2-5 min. Such quick
and homogeneous heating leads to concurrent supersaturation in the entire reaction zone
providing conditions of burst nucleation regime, featuring high nucleation rate and narrow
size distribution of nuclei.

In addition to heating, the alternating electrical field applies non-thermal effects on
charge-carrying precursors. The gradient of the field results in a dielectrophoretic force
exerted on the polarized metal-oxo cluster, resulting in the orientation of the growth units.
This process facilitates anisotropic growth due to a reduction in orientational entropy
barrier for epitaxy on high-index facets. At the same time, the different surface polariza-
tion of crystallographic facets with different values of the dielectric loss factor leads to
thermodynamic selectivity of facet-dependent growth and formation of crystal forms with
catalytically active surfaces. Moreover, the fast quenching of the process under microwave
power-off results in the high density of oxygen vacancies and polaron centers Ti** com-
pared with the conventional hydrothermal product. Oxygen vacancy defects lead to the
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formation of intra-gap states extending the absorption range into the visible region and
acting as electron-trapping centers hindering electron-hole recombination.

3.3. Doping Strategies and Heterojunctions/Composite Materials

Doping of the SrTiOj3 crystal structure with aliovalent or isovalent metal cations
at the sites of A (Sr**) and/or B (Ti**) through substitutional processes offers a highly
effective approach to modify the electronic structure, band gap, and charge carrier behavior.
This can be easily achieved during hydrothermal synthesis by adding a simple metal
precursor to the reaction mixture. Doping of the Cr ions on the SrTiO3 material was
adopted by Yang et al. [103] through a one pot hydrothermal method. The doping was
oriented on site B of the SrTiO3; material in order to enhance its visible light absorption.
Kato et al. [104] doped SrTiO; with Na* ions and found that Na* doping was able to
reduce the energy bandgap. Wang et al. [105] described the doping of SrTiO3z by the
alkaline earth metal ions, such as Mg2+, Ca%*, and BaZ* using the DFT-based calculation.
Among the analyzed earth metal ions, Ba?* was considered as the most efficient ion in
effectively enhancing the photocatalytic activity of SrTiO3. Wu et al. [98] developed a
visible-light active Mn?* doped SrTiO; photocatalyst via a single hydrothermal route. The
formation of a new Mn?* /SrTiO3 heterojunction resulted in the narrowing of the energy
bandgap and enhancing visible-light absorption. Ir-doped SrTiO3; were synthesized using
the one step hydrothermal approach and reported by Van et al. [106]. It has been proven
from several experiments that iridium ions with valence 4+ and 3+ have been doped in
SrTiO;3, thereby reducing the band gap and improving light absorption. Doping with a
single non-metal element has also produced considerable attention in order to improve the
ability to absorb visible light and photocatalytic activity. The non-metal elements may be
incorporated into the SrTiOj3 lattice structure by the replacement of O~ ions. In a study,
Wang et al. [107] synthesized N-doped SrTiO3 powder via the high-energy ball milling with
SrTiO5; and 20 wt% hexamethylene tetramine, urea, or ammonium carbonate, followed by
high temperature calcinations. Such N-doping reduces the energy gap, enhancing visible
light absorption and markedly increasing photocatalytic efficiency in NO decomposition.
Hexamethylene tetramine, among all N-doping precursors, was proved to be the most
suitable for the improvement in both specific surface area and photocatalytic activity.
A study by Shan et al. [108] described the preparation of B-doped SrTiO3 polyhedral
nanosheets by the solid state method. The proper amount of B doping resulted in significant
enhancement of photocatalytic performance of SrTiO3 for CO; reduction.

Sun et al. showed successful fabrication of well heterojunction formation when SrTiO3
with oxygen vacancies was constructed with Cdg5Zng5S (CZS) by using hydrothermal
process [109]. XPS measurement illustrated contribution oxygen vacancies in heterojunction
formation. A shift appeared for SrTiO3/CZS nanocomposite in the direction of increasing
the binding energy for S 2p, Zn 2p and Cd 3d peaks. Such a shift led to strong interaction
between SrTiO3 and CZS. Electronic, optical, and structural characteristics of MWCNT /Zr-
doped SrTiO3 heterojunction have been examined by means of DFT simulations [110].
The band gap of heterojunction is smaller than pure SrTiOz because of the interface effect
occurring between SrTiO; and MWCNT. Smaller band gap values provided effective
electron transferring from VB to CB and led to a wide visible light absorption range.

3.4. Equivalent and Hetero Valent Doping in SrTiO3

Both the equivalent and hetero valent kind of dopants and its valence state in relation
to the host ion control the photocatalytic performance of doped SrTiOs. Dopants can
therefore be divided into equivalent (isovalent) and hetero valent (aliovalent) dopants, each
of which affects the electronic structure and defect chemistry in a different way. Isovalent
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dopants, such Zr*, Hf*, and Sn™* at the Ti* site or BaZ* and Ca2* at the Sr?* site, preserve
charge neutrality and mainly cause lattice distortions because of variations in ionic radius.
Without causing appreciable defect concentrations, these distortions modify the lengths of
Ti-O bonds and the orbital overlap between O 2p and Ti 3d states, leading to mild changes
in the band structure and increased charge-carrier mobility [111,112]. As a result, while
maintaining crystallinity and reducing recombination centers, isovalent doping typically
enhances charge separation.

Hetero valent doping, on the other hand, substitutes ions of other valence states, such
as La®* in place of SrZ*, Nb%* in place of Ti*, or Cr3*, Rh3*, Fe?*, and AIP* in place of Ti*.
Oxygen vacancies, cation vacancies, or modifications to the oxidation state of nearby ions
must be created in order to compensate for the ensuing charge imbalance [113,114]. More
than isovalent doping, these defects alter the electrical structure by introducing donor or
acceptor energy levels within the band gap. In order to facilitate electron transport and
increase hydrogen evolution activity, donor dopants like La** and Nb3* contribute extra
electrons and form shallow states close to the conduction band minimum. Cr®>* and Rh3*
produce interstate levels above the valence band, which in turn improve the solar-light
absorption even in the visible range [115,116].

Oxygen vacancies creation is one of the important advantages of hetero valent atom
doping. These oxygen vacancies can enhance interfacial charge transfer and decrease
charge carrier recombination. The effective band gap can be narrowed by vacancy-induced
defect states, which in turn generates internal electric fields that directs charge carriers
towards active sites [117]. Also, high concentrations of oxygen vacancies can turn into
recombination sites and reduce the photocatalytic efficiency. In order to attain the best
possible balance between charge separation and carrier lifespan, precise management of
defect concentration is necessary [118]. Charge separation and visible light absorption are
improved by impurity states and moderate defect concentrations at low doping levels.
However, lattice deformation, defect clustering, and enhanced recombination formed by
increasing the dopant concentration over an optimum level, reduce the photocatalytic
effectiveness [119]. According to the literature, depending on the dopants and synthe-
sis techniques, the optimum concentration of aliovalent dopants is considered to be in
between 0.5 and 5 mol%. While Cr- and Rh-doped SrTiO3 have optimal visible-light photo-
catalytic efficiency at concentrations below 2 mol%, La-doped SrTiO; exhibits improved
hydrogen-evolution activity in the range 1-3 mol% La [115,120]. These findings emphasize
how crucial it is to balance defect management and band-gap engineering when creating
high-performance SrTiO3 photocatalysts. While hetero valent doping integrates band-gap
engineering, oxygen-vacancy creation, and defect-mediated charge separation, equivalent
doping mainly increases photocatalytic activity by lattice modification and improved car-
rier transport. To maximize the photocatalytic efficacy of SrTiOs-based materials, these
parameters must be optimized synergistically [112,114,117].

4. Photocatalytic Water Remediation

Among viable alternatives to fossil fuels, solar energy stands out as the most popular
choice on a global scale. Its abundance, environmental friendliness, and inexhaustible
supplement is responsible for its widespread use. According to estimates by the EIA [121],
the world consumes about 600 E]J (1 EJ = 1018 joules) of energy every year, and by 2040, this
number is predicted to increase to 750 E]. On the other hand, Earth receives approximately
4,000,000 EJ of solar energy each year, of which only 50,000 EJ efficiently used [122]. By
using just, a portion of this enormous solar energy resource’s potential, it is possible to
significantly reduce the amount of energy needed to meet global energy demands. In
addition to photovoltaics, photocatalytic techniques, such as turning CO, into CO and CHy
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fuels [123] or the splitting of water to H, fuel [124], also play a critical part in the harvesting
of solar energy. Even though these strategies demonstrated potential, it is still difficult to
fully attain the required efficiency for commercial viability.

Meeting the worldwide challenge of water accessibility imposes the need to diversify
from traditional water treatment methods to other harmonizing methods in order to find
a sustainable solution. Traditional water treatment technologies, such as adsorption and
filtration, are inadequate in purifying water which is contaminated with chemically stable
substances such as organic solvents, organic dyes, and pharmaceuticals [125]. The urgency
of reducing clean water supplies and the fast industrialization-related contamination
of already-existing water sources have greatly increased the significance of wastewater
recycling. Organic dyes are a major source of wastewater contamination, accounting for
approximately 15% of the dyes used in the textile sector [126]. The growing presence of
antibiotics and medicines in water sources shows major threats to human health [127,128].
An alternative to these problems is to use photocatalytic oxidation, a technique that can
completely mineralize these organic contaminants [129,130]. This method has a lot of
potential for addressing the immediate and challenging issue of organic pollutant removal
during wastewater treatment. Having said that, these perovskite materials can be promising
agents to be used in developing alternative water treatment technologies. This material
performing advanced oxidation process can be the promising agent for the removal of
organic pollutants from wastewater by generating hydroxyl radicals as oxidizing species,
which leads to the possible mineralization and degradation of organic pollutants.

The initiation of redox reactions in photocatalysis is caused by the excitation of va-
lence electrons to the conduction band which is initiated by solar irradiation as shown
in Figure 6. This excitation results in the formation of electron-hole pairs, which then
travel across the surface of the catalyst, promoting reduction and oxidation reactions either
directly or indirectly [131,132]. The positively charged holes produced can either directly
or indirectly oxidize contaminants by producing ~OH radicals. Conversely, electrons in the
conduction band contribute to the reduction in adsorbed oxygen [5,133]. It is worth noting
that electron-hole pair recombination is a barrier to the photocatalytic process. To inhibit
recombination, the presence of electron scavengers such as oxygen is essential. When
oxygen molecules are adsorbed, they can scavenge electrons and produce a superoxide
radical (O, ™). This superoxide radical can then be protonated, resulting in the creation of a
hydroperoxyl radical (HO®) and, eventually, hydrogen peroxide (H,O;). The intricate inter-
action of electron and hole movements illustrates the complex, yet fascinating mechanisms
involved in photocatalytic redox processes. A suitable photocatalyst for such applications
must be visible-light active, allowing for the use of a wider range of the solar spectrum [134].
To withstand potential corrosion caused by photogenerated oxidant species, the material
must have exceptional chemical stability. Furthermore, a high degree of crystallinity is
extremely desirable because it tends to improve catalytic activity. This improvement can be
due to the elimination of surface imperfections of the material, which frequently operate
as charge carrier traps or recombination centers [135]. Furthermore, lowering particle size
is an interesting method to investigate because it can effectively limit recombination by
shortening the diffusion path-length for charged particles. Finally, a large surface area is an
important issue because it frequently results in improved activity by enhancing active sites.

TiO, has emerged as the material of choice for photocatalytic applications since the
early 1970s. This universal preference is due to its ample supply, outstanding stability,
and the benefit of a configurable band gap [136]. Nonetheless, despite its high efficacy,
TiO, has several limits. One significant drawback is TiO,’s tendency for rapid charge
carrier recombination, which can reduce the overall effectiveness of the photocatalytic
process. There is also the possibility of nonstoichiometric H, /O, generation due to TiO, self-
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oxidation [137,138]. Furthermore, TiO,, similar to other photocatalysts, has the constraint
of only absorbing the ultraviolet component of solar irradiation, which accounts for around
5% of total sunlight that reaches the Earth [139]. These aspects highlight the need for
ongoing study and innovation in the field of photocatalysis, with the goal of overcoming
the constraints and realizing the full potential of photocatalytic materials in harvesting
solar energy for a variety of applications.

h+

Valence band

Figure 6. Excitation process of a semiconductor under light irradiation.

Perovskite oxides have emerged as extremely attractive candidates for photocatalysis,
due to their extraordinary range in terms of composition and electrical structure, which
allows for easy band gap engineering. Specifically, titanate and tantalate-based perovskite
oxides have shown strong photocatalytic efficacy in a variety of investigations [140-145].
Among these, SrTiO3-based perovskite oxides are promising, especially when exposed
to UV irradiation, because they display good photo-corrosion resistance and structural
stability [146,147]. While natural SrTiO3 predominantly responds to UV light, the ability
to change its characteristics represents a breakthrough. It is feasible to generate a reaction
in visible light and increase overall photocatalytic activity by strategically introducing
appropriate ions at specified cationic or anionic sites via doping. This is achieved by
narrowing the band gap of SrTiOs [116,148,149]. These developments raise the prospect of
enhancing the utility of perovskite oxides in photocatalysis, particularly in harnessing the
potential of visible light for a variety of applications.

A considerable improvement in visible light responsiveness is seen in Figure 7, which
was accomplished by elevating the top of the valence band using a 0.5 mol% B-site doping
method. This impact is especially noticeable for specific elements, such as Mn, Rh, Ru, and
Ir [150]. Furthermore, the decrease in band-gap for Sry ¢¢Zn 33TiO3 has been successfully
verified. This decrease is attributed to the formation of additional Zn 2p energy levels at the
conduction band’s lower end [151]. In a recent study, Li et al. reported a solvothermal tech-
nique to synthesis Fe-doped SrTiO; nanoparticles [152]. The addition of Fe3* substituents
led to a significant narrowing in the band gap. When tetracycline was degraded under visi-
ble light irradiation, the conversion efficiency increased 14-fold compared to the undoped
SrTiO3 sample with 3 mol% Fe-doped SrTiO;. Introduction of F [153] and N [154,155] at
the anionic sites has improved the photocatalytic performance in organic dye removal.
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This improvement is related to increased electron mobility and the production of Ti>* ions,
which have a high absorption capacity for visible light [156]. These findings highlight the
possibility of doping techniques to improve photocatalytic performance, particularly in the
setting of visible light-driven reactions, providing promising options for future research.

Absorbance / arb. units

Wavelength / nm

Figure 7. UV-Vi’s absorbance spectra of SrTiO3 with dopants (a) Mn, (b) Ru, (c) Rh, (d) Pd, (e) I, and
(f) Pt (reprinted from [116] with permission).

Despite significant advances in perovskite oxide catalysts, their efficiency in the pho-
tocatalytic degradation of organic pollutants still falls short when compared to noble metal
catalysts, such as Pd/CeO,-Al,O3 [157] and Au/CeO, [158]. The complex interactions
between the metal and the support produce various catalytic characteristics in such sys-
tems. The interactions between electrical and ionic forces among the metal and the support
play a crucial role in increasing catalytic activity [159-163]. They help in stabilizing the
oxidation state of the active phase [164-168] and provide resistance to sintering [169-172].
These findings highlight the distinct advantages of supported metal catalysts and highlight
the necessity for additional modification of perovskite oxide catalysts, which make them
suitable for different applications. The preferred support materials are chemically and
thermally stable mesoporous substrates with a large surface area. These characteristics
are purposefully chosen to ensure excellent dispersion and reactivity of metal sites [3],
resulting in increased contact areas and easy access to reactants [20,173]. There is limited
research available in the literature on perovskite oxide-supported metal catalysts. This
research gap can be related to the difficulties in synthesizing pure-phase, multi-component
perovskite oxides with high porosity.

4.1. Photocatalytic Mechanism of Pristine SrTiO3

Because of its superior chemical stability, strong resistance to photocorrosion, and
appropriate electronic structure for redox reactions, SrTiOj3 is one of the perovskite oxide
photocatalysts that has been studied the most. Because of its large band gap (~3.2 eV),
pristine SrTiO3’s photo response is mainly restricted to the ultraviolet, which makes up
a very small portion of the solar spectrum. Electron-hole pairs (e~ /h*) are produced
when UV light excites electrons from the O 2p-derived valence band to the Ti 3d-derived
conduction band [133,174-176]. While conduction-band electrons convert liquid oxygen
to become superoxide radicals (O,e ™), photogenerated holes react with surface hydroxyl
groups or adsorbed water molecules to produce hydroxyl radicals (¢OH). The breakdown
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of organic contaminants and the stimulation of photocatalytic redox processes are caused
by these reactive oxygen species [174-176]. Charge carrier recombination and insufficient
visible light absorption reduce the efficiency of the photocatalytic process, which in turn
limits the practical photocatalytic efficiency of pristine SrTiO3 [175,176]. A summary of
some important works of pure SrTiO3; materials and their photocatalytic applications is
given in Table 2.

Table 2. Summary of photocatalytic activities of pristine SrTiO3 materials reported in the literature.

Synthesis Conditions

Target Molecule &

Catalyst Type (Temp./Precursors/Time) Photocatalyst Conc. Conc. Irradiation Type Efficiency/Time Ref.
. . Hydrothermal;
StTiOs nanoparticles 155550 4 Ti(OC,Ho), 1.0g/L MO, 10 mg/L UV GOWHglamp, g5 30, degradation/240 min [102]
(polyhedral) . A =384 nm)
+ Ethanolamine; 36 h
Hydrothermal; 130 °C;
SrTiO3; nanocubes Sr(OH),-8H,0 + 05g/L CV,10mg/L UX (_1§ 6\/5\7 lan)1p, 99% degradation/24 h [99]
P25-TiO, + NaOH; 72 h =-0onm
SrTiO3 nanocubes Hydrothermal;
(porous, 200 °C; Sr(NO3),-5H,0 + 02¢g/L RhB, 10 mg/L UV (300 W Xe lamp) 96% degradation /360 min [177]
self-assembled) Ti(SO4)2 + KOH; 8 h
StTiO5 hollow Hydrothermal;
3 180 °C; SrCl, + Ti(OBu)y + 1.0g/L Cr(VI),30 mg/L 300 W Xe lamp 90% reduced /120 min [178]
microspheres NaOH: 6 h
Porous StTiO Hydrothermal;
3 150 °C; SrCl, + Titanate + ~1.0g/L RhB, 2 x 10~5 mol/L UV (A =254 nm) 100% degradation/20 min [179]
spheres .
NaOH;72h
. Hydrothermal; 160 °C;
SrT(‘}CI’f ;‘;“ﬁ.ﬂ‘;‘f)’ers St(NOs), + Tetrabutyl 10.0g/L RhB, 5 mg/L e i‘;‘;’)‘l" ~50% degradation/180min  [180]
erarchic titanate + NaOH; 24 h -
Hydrothermal; 180 °C;
SrTiOj3 single Sr(NOs3); + Ti(OBu)4 + y . H:71.1 pmol/h;
crystals NaOH + Ethanolamine; 0.5g/L H/0; evolution UV (300 W Xe lamp) 05:30.0 pmol/h (1s1]
24h
Intrinsically . . .
. J Activated in H, 700 °C, H, evolution Up t0 0.15 umol/h H,
activated SrTiO3 4h 02g/L (MeOH/H,0) UV (300 W Xe) (no cocatalyst) [182]

(noble-metal-free)

4.2. Photocatalytic Mechanism of Doped SrTiO3

One of the techniques to improve the performance of SrTiOj3 is elemental doping.
Adding metal or non-metal dopants to the SrTiOj; lattice increases the localized energy
states within the band gap, improving the light absorption into the visible region and
enhancing charge carrier separation [115,183-185]. Fe, Mn, Rh, Ru, Ir, and Pt are examples
of transition metal dopants that can replace Ti sites and provide intermediate electronic
states that lower SrTiO3'’s effective band gap [183,184]. As a result, photo generated carrier
generation increases, and visible-light absorption is enhanced. Further, the creation of
impurity levels improves the charge transfer while inhibiting charge carrier recombination
causes Fe-doped SrTiO3 to show noticeably enhanced photocatalytic activity [184].

Similarly, it has been demonstrated that anion doping with nitrogen and fluorine
alters the valence band structure by introducing N 2p states and producing Ti** species
and oxygen vacancies [185,186]. These changes extend charge carrier lifetimes, boost
carrier mobility, and enhance visible light absorption. Dopants frequently serve as trapping
centers for photogenerated electrons or holes in addition to narrowing the band-gap.
This reduces recombination and increases the availability of charge carriers for surface
photocatalytic reactions. For applications such as CO; reduction, hydrogen production,
and pollutant degradation, doped SrTiOs typically shows better photocatalytic activity
than pure SrTiO; [115,183-186]. A summary of some doped SrTiO3; materials with their
photocatalytic applications is given in Table 3.
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Table 3. Summary of photocatalytic performance of doped SrTiO3 materials.
Synthesis Conditions Target Molecule & o . .
Catalyst Type (Temp./Precursors/Time) Photocatalyst Conc. Conc. Irradiation Type Efficiency/Time Ref.
24 . Hydrothermal; 150 °C; . - o .
I R e < T
+TiO, + KOH; 72 h &
Solvothermal; 200 °C; 090 .
N-doped SrTiO;  Sr(NOs),-4H,0 + Ti(OC;Hy),s 1.0g/L MO, 0.005 g/L 40 W mercury lamp 99% degradation/ [154]
and xenon lamp 120 min
+KOH;3h
Solvothermal; 200 °C; Visible (A > 420 nm, 92% Cr(VI)
Cr-doped SrTiO3 Cr(NO3)3-9H,0 + Sr(NOs3), + 1.0g/L Cr(VI), 10 mg/L 300 W Xe) 4 reduction/210 min [103]
(C4Hs0),Ti + NaOH; 12 h (0.9 at% Cr)
Sol-gel hydrothermal; 180 °C;
La,Cr co-doped La(NO3); + Cr(NO3)s3 + 05¢/L H; + O, (overall Visible (A > 420 nm, Hj: 9.1 umol/h; Oy: [187]
SrTiO5 Sr(NO3), + Titanium -8 water splitting) 300 W Xe) 2.4 umol/h/10h;
tetra-isopropoxide; 36 h
. Fluxed method; SrTiO3; + Overall water UV (300 W Xe, H,: 550 mmol/h
Al-doped SrTiOs ALOs,1100°C, 10h 10g/L splitting (Hy + O2) A>300nm) 0, = 280 mmol /h [138]
. . Solid-state; 750 °C; Bi, O3 + AO7 (acid orange 7), - 95.8% degradation/
Bi-doped SrTiO3 SrCOs + TiOy; 24 h 0.5g/L 10mg/L Visible (300 W) 120 min [188]
- Modified sol-gel + Agarose . o
iisno, | ISTECNDT g oo VA oo
p P SrCO; +TiOy; 10 h
. Solvothermal; 200 °C;
N-doped SrTiO3 s ’ 300 W mercury ~100% Cr(VI)
nanoparticles Sr(NOB)éSI?(? f sH7) + 0.68/L Cr(VD), 5mg/L lamp (A > 400 nm) reduction/120 min [190]
Hydrothermal; 200 °C;
. ) Bi(NO3)3 + Sr(NO3), + CO; reduction — Visible (A > 420 nm, CO:5.58 umolg ' h™1; o
Bi-doped SrTiO; Tetrabutyl titanates + NaOH; 0.3g/L CO+CHy 300 W Xe) CHy: 0.36 pmol g1 h~! (o1
24h
Co-precipitation; 900 °C - .
. Lo Visible (A > 420 nm, 88% MB degradation/
Cr-doped SrTiO3 calcination; Cr(NO3)3 + 1.0g/L MB, 10mg/L 300 W Xe) 120 min [192]

SI‘(NO3)2 + TiOz; 4h

4.3. Photocatalytic Mechanism of SrTiO3-Based Heterostructures

By forming composites with other semiconductors, noble metals and corban-based
materials SrTiO3; can form heterostructures and can mitigate the challenge of carrier
recombination [193-196]. An internal electric field is created at the interface when a
heterojunction forms, encouraging directional charge transfer and improving charge
separation effectiveness.

In traditional Type-II heterojunctions, holes go in the opposite direction of electrons,
which migrate from a semiconductor with a greater conduction band potential to one with
a lower band potential. By this spatial separation of charge carriers, catalytic efficiency is
improved by reduced recombination [193,194]. Z-scheme heterojunctions also preserve
robust redox capacity which in-turn increases the charge separation efficiency by conserving
reduced electrons and oxidized holes [194,195].

A further substantial group of photocatalyst material is metal-semiconductor het-
erostructures. As noble metals like Au, Ag, Pt, and Pd form hetero structures with SrTiO3,
producing Schottky junctions, these metals functions as an electron sink, by absorbing pho-
togenerated electrons and reducing recombination losses [195,196]. Furthermore, combin-
ing SrTiO; with graphene or graphene oxide generates conductive electron transport chan-
nels that increase the charge carrier mobility and enhances photocatalytic activity [197,198].
Hence, SrTiO3-based materials and heterostructure engineering is one of the most capable
methods for optimizing usage and improving the photocatalytic performance. Table 4
provides photocatalytic applications of some SrTiO3 based heterostructure materials.

Table 5 provides a concise summary of key photocatalysts along with the elements
employed for doping, the corresponding variations in their band gap, the observed
photocatalytic efficiency, and their specific practical applications, as discussed in the
preceding section.
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Table 4. Summary of photocatalytic performance of SrTiOz-based heterostructure materials.
Synthesis Conditi T t Molecule & g . . .
Catalyst Type (Teﬁlp'/;srlescuroszr;/;(;::e) Photocatalyst Conc. arge Co(r’l :C“ € Irradiation Type Efficiency/Time Ref.
Hydrothermal; 200 °C;
Fe; WO, /StTiO; F;f&%g;;ﬁiﬂg:ﬂ* 05g/L RhB, 5mg/L Visible (150 W) 96.1% degradation/120min  [199]
butoxide + NaOH; 16 h
Sol-gel; 110 °C; NiCl, +
SiTiO3 /NiFe, Oy FeCl; + SrCl, + 1.0g/L RhB, 20 mg/L Simulated solar light 94.7% degradation /120 min [200]
(CH3CH3CHO),Ti; 12 h
Solvothermal; 200 °C;
. T 1t .. . .
SrTiO3/Zn0O Sjt(r:g‘;tz Z‘ﬁz’;‘;tf: 01g/L MO, 5 mg/L Visible (300 W Xe) 48.8% degradation /60 min [201]
NaOH; 12 h
Electrospinning method;
) ! 900 °C, Bi(NO3); + Visible (250 W metal . . .
BiOI/SrTiO3 Ti(OCsHo)s + 08g/L MO, 40 mg/L halide lamp) 94.6% degradation /180 min [202]
Sr(CH;COO),; 2 h
Qil-bath method;
SrTiO3/ZnIn,Sy Tetrabutyl titanite + Zn 0.1g/L MO, 10mg/L UV (300 W Xe) 97% degradation /32 min [203]
(Ac), + Sr (Ac),
MW hydrothermal;
SrTiO; /MnFe, Oy Fe(NO3)3 + Mn(NO3 )2+ 1.0g/L TC,22mg/L 300 W MW-UV 100% degradation/20 min [204]
St(OH),-8H,0 + TiO,
SrTiOs/g- Wet impregnation and .. . o . .
C3N14 /SZ/rigO ! uITtr ags onilc 0.65g/L TC,28.24mg/L Visible light 96% degradation/72 min [205]
Visible light
§-C3N4/SrTiO3 Sonication mixing 02g/L MB, 5mg/L 0 ;riggi?;()nﬁED ~100% degradation /180 min [206]
flood lamps
SrTiO5 /TizCo Ty Hydrothermal 1.0g/L TCH, 10 mg/L Visible light ~100% degradation/5 min [207]
. . . UV-Vis light
SrTiO; anchored Wet impregnation; SrCl, . . 96% for MB dye and 34% for
1GO/g-CsN; + C12H504Ti + Melamine 10g/L MB+RnB, 10mg/L - iradiation S0W  gpp qye degradation /100 min (2]
alogen lamp)
Table 5. Photocatalytic water remediation by SrTiO3.
Photocatalyst Doping Element Applications Reference
SrTiO3 None UV-driven photocatalysis [146,147]
SrTiO3 Mn, Ru, Rh, Ir Visible-light photocatalysis [148]
Srg.66Zn0 33 Ti03 Zn Visible light photocatalysis [151]
SrTiO3 Fe (3 mol%) Visible-light degradation of antibiotics [153]
SrTiO3 EN Organic dye degradation [154-156]
Mn-SrTiO3 Mn Degradation of tetracycline [98]
SrTiO3 None Degradation of crystal violet [99]
mp N-5rTiO3 N Degradation of methyl orange [209]
BiVO,/SrTiO3 None Degradation of sulfamethoxazole [210]
Ag, F-SrTiO3 F Degradation of VOCs (Toluene) [211]
TiO, /SrTiO3 and C .
2 / 3 Rh, Ru, Pt Phenol oxidation and degradation [212]
SrTiO3 microspheres
Ag/Fe304 bridged SrTiO3/GCN None Degradation of levofloxacin [213]
Polythiophene/mp SrTiO3 Degradation of methylene blue [214]
Bimodal-pore
P Cr (VI) removal [215]

SrTiO3 microspheres

5. Photocatalytic Water Splitting

The photocatalytic hydrogen production is recognized as an eco-friendly approach for
the creation of alternative green energy sources, considering that the reaction is simple and
involves no emissions. In this case, Sr'TiO3 acts as a photocatalyst, in which there is a redox

https:/ /doi.org/10.3390/chemistry8070094


https://doi.org/10.3390/chemistry8070094

Chemistry 2026, 8, 94

22 of 38

reaction due to the presence of photogenerated electron-hole pairs. Liu et al. conducted
a study to examine the water-splitting efficiency of SrTiO3 when exposed to strong UV
light [22]. Later, Iwashina and Kudo were successful in splitting water when SrTiO; was
doped with Rh, even in visible light [216]. After their study, the doping of SrTiO3 was
found to be of interest to other researchers. They synthesized Rh-doped SrTiO; under
visible light irradiation, which was deposited onto a transparent indium tin oxide (ITO)
electrode. Rh-doped SrTiO; has visible light absorption bands, which are absent in pure
SrTiO3. The electronic transition at 400 nm is attributed to transitions from the electron
donor level of Rh3* to the conduction band of SrTiO3, whereas the electronic transition at
600 nm is attributed to transitions from the valence band (VB) of SrTiO; to the acceptor
level of Rh*". Ham et al. studied the photocatalytic properties of Al-doped SrTiO3 and
the impact of SrCl, flux treatments in an alumina crucible [138]. The results showed that
the flux acts as a medium for the dissolution of the dopant Al,O3, where the efficiency of
the photocatalytic activity of the Al-doped SrTiOj is significantly high with an apparent
quantum efficiency of over 30% at 360 nm, compared with SrTiO3. The efficiency of the
Al-doped SrTiOj is significantly high for the splitting of water, with 550 H, pmol h~! and
280 O, umol h™!, where the SrCl, flux treatment is used for the preparation of SrTiO3.
Doping of the materials has significantly contributed to the improvement of photocatalytic
materials by activating them in the visible light spectrum. Goto et al. have observed the
photocatalytic activity of the microparticles of Al-doped SrTiO3 with Rh,.CryO; for the
splitting of water with an apparent quantum yield of 56% at 365 nm and solar hydrogen
conversion efficiency of 0.4% [217].

R. Asai et al. have prepared Rh and Sb-doped SrTiO3, which was loaded with IrO;
(IrO, /SrTiO5: Rh and Sb) [218]. The one-step photoexcitation system of IrO, /SrTiO3: Rh
(0.5%) and Sb (1.0%) exhibited photocatalytic activity under visible light. Additionally,
various cocatalysts such as RuO,, Ru, and IrO, have also been used for water splitting with
SrTiO3: Rh (0.5%) and Sb (1.0%), and stoichiometric quantities of H, and O, gases have
been produced from water. IrO, was found to be the best cocatalyst with H, evolution rates
of 26 mL h~! and O, evolution rates of 13 mL h~! with SrTiO3: Rh and Sb. In contrast, the
non-loaded photocatalyst was found to be inactive for H, evolution with an AQY of merely
0.1% at 420 nm. The DRS measurement revealed that water splitting was accompanied by
the transition from the Rh3* donor levels to the conduction band of SrTiOj3 in the visible
light range at A = 500 nm.

Lyu et al. used the flux method to dope Al into SrTiO3. The photocatalyst was loaded
with RhCrOy cocatalyst by the diffusion-calcination method and considered as the best
photocatalyst for the overall water splitting reaction with an AQY of 56% at 365 nm in
the UV range [219]. Cobalt species was incorporated in RhCrO,/SrTiO3: Al through
the photodeposition method using CoCl, for oxygen evolution in the process of hole
extraction. This was intended for the reduction in oxidative corrosion of Cr®* species
through the utilization of the excess holes produced in the process. In this study, the
incorporation of 0.3 wt% Co in RhCrO,/SrTiO3: Al exhibited stable photocatalytic activity
of 5.7 umol h™!, which further reduced with increasing Co content up to 0.5 wt%. The
presence of the photoexcited holes enhances the oxidation of water and RhCrOy, resulting
in the dissolution of Cr®" in the absence of the CoOOH cocatalyst, which triggers the
backward reaction in Cr-deficient RhCrOy. Consequently, a loading effect is experienced
on the oxidation sites, which leads to a build-up of photo-excited holes. The holes are
mainly used to react with water, leading to oxidative corrosion of RhCrOy. This leads to a
suppression of the photocatalyst.

The water splitting reaction has been shown by Niishiro et al. using the Ru or Pt-
loaded SrTiO3: Rh system for the evolution of hydrogen (H;) and the BiVO, group for
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the evolution of oxygen (O,) under visible light irradiation, with Fe* /Fe?* being used
as the mediators [220]. The electrons and holes generated by the visible light irradiation
were used to reduce water into hydrogen gas and oxidize water into oxygen gas in the
Rh-doped SrTiO3/Ru/BiVO, system. Another SrTiOs: Rh/Sb photocatalyst was prepared
by the hydrothermal method by the same research group for the evolution of hydrogen
and oxygen under visible light irradiation [139]. It has been observed that the highest rate
of Hj production is obtained when SrTiOj3 is doped with Rh, while the rate of O, evolution
is enhanced when the Rh3* ions are stabilized through the co-doping of SrTiO3 with Sb,
which prevents the formation of undesirable Rh** ions and oxygen defects.

Guan et al. prepared SrTiO3/AgzPO,4 composite via hydrothermal processes with the
use of Sr(NO3); and AgNOj3 [221]. In this case, SrTiO3 was loaded into Ag3z POy due to fast
excitation and preservation by photoexcited electrons of SrTiOj in the visible light range.
In addition, incorporation of SrTiOs increased oxygen generation by AgsPOy since SrTiOs
behaved as a cocatalyst. In this study, SrTiO3/ Ag3PO4 composite with molar ratio of 1/20
had an initial rate of 1316 umol h—! and AQY of 16.2% for O, production (Figure 8a). The
photocatalytic activity of physical mixing of different molar ratios of SrTiO3 and AgzPOy4
was shown in (Figure 8b). In this case, the molar ratio of 1/5 was found to improve the O,
evolution, but not so effectively because of low contact between SrTiO3 and Ag;PO;. It is
clear that doping of SrTiO; and interface contact between two photocatalysts will increase
photocatalytic activity.
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Figure 8. (a) Photocatalytic activity of SrTiO3/AgzPO4 composites with different molar ratios,
(b) Photocatalytic activity of physical mixture of SrTiO; and AgzPO,4 with different molar ratios
(Reprinted from [221] with permission).

6. Reactive Oxygen Species (ROS) Formation During SrTiO3z-Based
Photocatalysis

The mechanisms involved in ROS production form the fundamental principles behind
SrTiOs-based photocatalytic systems which determine their efficiency towards environ-
mental purification as well as for splitting water. Even though there is abundant informa-
tion available regarding SrTiO3; photocatalysis, the important issue remains unresolved
to date in terms of a comprehensive, mechanistic analysis of how electrons (e™), holes
(h*), superoxide anions (O,e7), and hydroxyl radicals (¢OH) are produced, modified,
and released [222].

SrTiO3 is an ABOj type perovskite semiconductor with a band gap ranging from about
3.2 eV to 3.4 eV along with suitable band edges for water splitting. The negative value of
conduction band is thermodynamically capable of reducing oxygen to superoxide (O,e7),
i.e., —0.33 V vs. NHE. On the other hand, positive value of valence band makes SrTiO3
competent for direct water oxidation and production of hydroxyl radical [223]. However,
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thermodynamically permissible processes do not assure kinetic feasibility of a process, and
the yield and nature of ROS depend on several factors including surface chemistry, defect
concentration, co-catalyst loading, and environment of photocatalysis. Upon irradiation
of photons having energy above the band gap, electrons get excited from valence band to
conduction band, resulting in formation of electron-hole pairs.

The one-electron reduction in dissolved O, by conduction band electrons is the primary
route to superoxide radical anion generation:

O, + e CB — Oye~ (E° = —0.33 V vs. NHE) )

The energy driving force for the above reaction lies in the high negative potential of the
conduction band of SrTiO3 (~0.5 V vs. NHE). Kinetic limitations can hinder the generation
of O~ when there is a lack of efficient co-catalysts or surface modification. There are
reports of high O,e™ generation upon incorporation of Pt or MnO; nanoparticles due to
fast electron transfer from the semiconductor to the metals. Importantly, O,e~ detection in
the vast majority of photochemical experiments is done by indirect means with the use of
colorimetric detection by EPR spin trapping using DMPO. Wang et al. showed by electron
paramagnetic resonance (EPR) spin trapping utilizing DMPO [224]. DMPO-EPR has been
regarded as the most reliable method of detecting O,e~; however, the method needs to be
properly controlled to avoid interference from DMPO oxidation products or eOH-induced
DMPO-OH adducts [225].

The disproportionation drops from O,e~ to ultimately generate ¢OH is mechanisti-
cally significant:

Oy0” +Oye™ +2H" — H,O, + Oy 3)

H,0, + e CB — ¢OH + OH™ (4)

The eOH observed in the photocatalytic systems containing SrTiO3; could arise from
two different routes, namely, the direct valence band oxidation of water/surface hydroxyls,
and indirect O,e~-mediated generation through Equations (3) and (4).

The valence-band holes created in SrTiO3 represent some of the most oxidizing species
that can be created in oxide semiconductor photocatalysis (+2.7-2.9 V vs. NHE) and have
sufficient energy for the oxidation of water (E° = 1.23 V vs. NHE), organic molecules, and
adsorbed hydroxyls [222]. The oxidation of surface OH™ /H,O by h* is the main source of
oOH formation:

h* + OH ™ (surface) — ¢OH )

h* + H,O — eOH + H* (6)

Efficiency of the above-mentioned reactions strongly depends on the degree of the
surface coverage by OH™ radicals, which is controlled by the pH of the solution, crystal-
lographic surface facets, and adsorbate presence. The higher pH leads to the increased
density of OH™ radicals on the surface, promoting reaction (5) and, consequently, more
effective «OH formation. On the contrary, in acidic conditions, water molecules will be the
main h* acceptors through reaction (6). It is worth noting that in this case, the efficiency
of eOH formation is lower due to the kinetic difficulty of water oxidation. Despite the
numerous studies concerning eOH formation and its dependence on the pH for TiO,, such
investigations on SrTiO; are less common. However, the unique features of point of zero
charge in SrTiO; create a unique surface chemistry in contrast to anatase TiO,. Beyond «OH
generation, valence band holes in S5rTiO3 can directly oxidize adsorbed organic molecules
via a charge-transfer mechanism without hydroxyl radical mediation:

h* + R(organic) — Re* + (subsequent degradation) (7)
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The competition between eOH-mediated and direct h* oxidation reactions is deter-
mined by the type of substrate and may be studied through the use of fluorescence probes
(either terephthalic acid or coumarin) along with the use of hole scavengers (methanol
or EDTA). Specifically, the use of terephthalic acid does not take into account its depen-
dence on pH conditions (2-hydroxyterephthalic acid is the fluorescent probe produced
in this case). Similarly, experiments performed with coumarin are not always carried
out at non-influential concentrations for the photocatalytic system [226]. A standardized,
well-controlled approach to ROS quantification as supported by Nosaka et al. remains the
exception rather than the rule in SrTiO3 photocatalysis reports [227].

Theoretical computations using density functional theory (DFT) have offered impor-
tant atomic-level information regarding the electronic structure of SrTiO3 and associated
ROS production. The utilization of hybrid density functionals has been successful in
obtaining the experimentally reported band gap of SrTiO; (3.2-3.4 eV) with enhanced
accuracy, and thus, their application for band edge computations has become the basic
requirement for the accurate prediction of material properties [228]. Oxygen vacancy (V°)
is acknowledged as one of the most influential species in SrTiO3 involved in ROS forma-
tion. Firstly, the oxygen defects create local donor states in the band gap of SrTiOs which
promote light absorption. Secondly, the presence of such active sites on SrTiO3 surfaces is
conducive to the adsorption and activation of the O, molecule. The DFT calculations of O,
adsorption energies on the surfaces of V°-containing SrTiO3 have shed light on the process
of O, activation at defects. A theoretical study on h*-promoted eOH production on the
SrTiOj3 surface demands the need for precise calculations of the interaction between the
photocatalyst and water molecules at the surface. It was found from ab initio molecular
dynamics (AIMD) simulations of the interface between SrTiO; and water that there exists
intricate hydrogen bonding in the interface that significantly affects the hydroxyl group
surface density and its reactivity towards the h* ions [229]. Calculations show that the dis-
sociation of water molecules at the SrTiO3 surface is energetically favorable (AG < 0). The
theoretical framework for h*-driven eOH formation has been further advanced by charge
transfer calculations employing the constrained random phase approximation (cRPA) and
time-dependent DFT (TD-DFT) approaches [230]. These techniques could in theory allow
one to calculate the kinetics of hole transfer from the valence band of SrTiOj3 to surface OH™
groups. Most computational DFT studies of SrTiO3; have focused solely on determining
static adsorption energies and not kinetics of hole transfer. Thus, there exists an opportunity
for future theoretical research in the area.

Utilization of SrTiOj3 in heterojunction systems with different semiconductor materials
like g-C3Ny, TiO,, ZnO, and bismuth compounds is an important approach towards im-
proving the efficiency of ROS production through enhanced spatial charge separation [231].
DFT modeling is one important tool that has helped predict the band alignment across
these heterojunctions and the nature of charge transfer processes [232]. A® is calculated
using DFT predictions of electrostatic potential, which decides on either a staggered type-II
or Z-scheme charge transfer process, and therefore its implication on ROS production. For
type-1I heterojunctions, electrons build up in the semiconductor with the lower conduction
band edge, while holes accumulate in the semiconductor with the higher valence band edge.
Although this design creates spatial separation between charge carriers, it limits the redox
potentials of the system, it becomes impossible for accumulated electrons to reach low
potentials to reduce oxygen to O, ~, while holes will fail to reach sufficiently high potentials
to oxidize water to ®«OH radicals. This thermodynamic consequence associated with charge
separation in type-II heterojunctions is often disregarded, which emphasizes charge separa-
tion as an underlying reason for the increased efficiency of catalysis regardless of whether
the redox potentials in the system are sufficient to generate ROS. Density functional theory
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calculations of energy band offsets can serve as an effective tool for validation in this regard.
Heterojunctions of Z-schemes that ensure the retention of the highest possible redox poten-
tials for both semiconductor materials as well as spatial separation of charges have been
widely studied as promising configurations involving SrTiOz-based compounds [205]. In
the case of SrTiO3/g-C3Ny heterojunctions, the results of DFT calculations have shown that
the electrostatic potential difference created at the interface between SrTiO; and g-C3Ny
leads to charge transfer from SrTiO3 to g-C3Ny4 (recombination) and from g-C3Njy to SrTiOs
(recombination), leaving g-C3Ny electrons for O, reduction and SrTiOs holes for water
oxidation intact [208].

7. Interfering Factors of Experimental Variables on the Photocatalytic
Performance of SrTiOg3

The apparent rate constants cited for the SrTiO3 photocatalysts differ from each other
even in cases of similar modifications. The reason for such variations is not contradiction in
photocatalytic chemistry but rather lies in the interaction of different parameters that affect
the experiments independently within three categories: precursor chemistry, synthesis
procedure and testing procedure. In the synthesis part, the most significant parameters
influencing the activity are the precursor molar ratio Sr/Ti, mineraliser type, pH of synthesis
solution, calcination temperature, and calcination atmosphere. All these factors individually
vary in measured activity through change in phase composition, specific surface area,
oxygen vacancy concentration, and dopants distribution. In the test procedure category, the
spectrum of irradiation and its irradiance, model pollutant type, pH of the solution, ratio of
the amount of catalyst to the optical saturation threshold and dark adsorption equilibration
time can vary the result. Taking into account all sources of variability, the difference in
the activities of Sr'TiO becomes understandable without contradicting the mechanism of
photocatalysis itself.

The selection of titanium precursor plays an important role for the reactivity, crys-
tal phase formation, and surface hydroxyl content of SrTiO3;. The alkoxide precursor,
Ti(OBu)y, readily hydrolyses under alkaline hydrothermal conditions, giving rise to the
amorphous phase which crystallizes into anatase prior to its incorporation in the perovskite
structure. Chloride precursor (TiCly) provides CI~ ion as the competing ligand, which
may deactivate the surface Ti atoms resulting in the reduction in surface hydroxyl content
compared with TiO-xH,O precursors. The Sr/Ti molar ratio is one of the most influen-
tial synthesis parameters. In cases where Sr/Ti < 1.0, Ti-rich phase (TiO; and SrTizOy)
develops and acts independently in photocatalysis; hence, amplify the efficiency of SrTiOs.
Where Sr/Ti > 1.05, excess Sr forms SrCO3; and Sr(OH),, passivating the surface sites of
the photocatalyst.

The pH during the hydrothermal synthesis plays a major role in determining the
speciation of the precursors, the surface charge on growing nuclei, and the mineralization
potential of OH™ ions. At a pH below 10, the hydrolysis of Ti** species is not complete,
and there will be formation of a mixture of amorphous and crystalline phases with low
crystallinity and high defect concentration. The maximum crystallization force is obtained
at a pH of 13-14, resulting in pure SrTiO; formation. However, different mineralizing
agents like KOH or NaOH result in the addition of different cations, which act as A
site dopants, thus causing unintentional doping and modified the electronic structure.
Post-hydrothermal calcinations are commonly employed to enhance crystallinity and
eliminate any remaining organic ligands from the alkoxide-derived materials. However,
the calcination temperature has a significant influence on three interrelated parameters:
(i) specific surface area: surface area falls exponentially at higher temperature due to
sintering; (ii) concentration of oxygen vacancies, annealing in Hy /N; environment or
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vacuum in the temperature range of 600-800 °C leads to formation of 10-50 times higher
concentration of oxygen vacancies compared to air calcined samples; and (iii) distribution
of dopants.

The light source might be the biggest source of variability in SrTiO3; photocatalysis.
The band gap energy of SrTiOj3 is around 3.2 eV, making this compound basically inactive
when exposed to visible light. Studies using UV radiation in the region 250-380 nm show
very active behavior of undoped SrTiO3;, whereas using a solar simulator, results show
almost zero visible light activity of the exact same material. If the doped /heterostructure
SrTiO; is tested in both cases, the difference in activity would be more than one order of
magnitude. The organic dyes (methylene blue, rhodamine B, methyl orange) absorb visible
light and can be directly photo-degraded via photosensitization in the presence of visible
light independent of photocatalytic properties of the semiconductor. The process involves:
dye molecule absorbs visible light photon, resulting in its excitation followed by transfer of
an electron into the semiconductor conduction band and the generation of radicals which
further oxidize the dye molecules. The contribution of this pathway may contribute 30-80%
of the observed ‘visible-light photocatalytic activity” in doped SrTiO3 with MB or RhB as the
probe. The rate of dye-sensitization depends on the surface area of the sample (determining
the dye adsorption) rather than its band gap and thus higher surface areas result in more
‘visible-light active’ samples regardless of their true electronic nature.

8. Challenges and Limitations

Though there have been many significant developments in hydrothermally tuned
SrTiO3 towards photocatalytic water purification and water splitting, there are some scien-
tific and technological barriers that hinder its industrial application.

The main problem associated with SrTiOj is its inherent large band gap (~3.2 eV). This
results in light absorption predominantly in the ultraviolet (UV) range, which constitutes
just a small portion of the total solar spectrum. While mid-gap states can be introduced or
the bandgap narrowed by means of hydrothermal defect engineering and doping, too high
a defect concentration may lead to recombination sites. Balancing increased absorption
in the visible light and minimizing electron-hole recombination is a major challenge in
designing this material. The exact control of the interfaces is complicated, particularly for
hydrothermal synthesis of composite materials containing several different phases. Though
an increased activity was reported in many works, thorough study of the charge transfer
mechanisms and charge stability is usually missing.

In water purification using photocatalysis, the efficiency of the catalyst is tested using
dye pollutants in controlled laboratory conditions. In reality, wastewater systems are
complex, with matrices, competing ions, turbidity, and changing pH levels. These factors
influence the effectiveness of the catalyst used. Another problem associated with catalysts
used for water purification is their potential deactivation due to surface fouling, surface
poisoning, or structural instability. While most catalysts show recyclability over three to
five cycles, long-term stability is yet to be investigated. Overall water splitting without
the use of sacrificial agents is still difficult for photocatalytic water splitting reactions.
Another problem associated with hydrogen production is the use of noble metals as co-
catalysts, which increases efficiency but increases the cost of the material and limits the
scale-up process.

Another challenge is the economic viability of the hydrothermal method since the
heating process is energy-consuming. Post-synthesis processes, such as calcination or re-
duction, require additional energy input, which makes the process economically unfeasible.
Tackling such issues requires collaboration between the fields of materials chemistry, reactor
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design, mechanistic spectroscopy, and techno-economics in order to move hydrothermal
SrTiO5; toward applications in water purification and hydrogen production.

9. Future Perspectives

Strategic materials design, understanding of mechanism, and engineering innova-
tions represent the pathway towards future advancement of SrTiO3 as a photocatalyst for
wastewater treatment and water splitting processes.

One area of research includes the rational design of highly responsive SrTiO3 sys-
tems that do not compromise charge carrier mobility. Defect engineering with particular
attention to oxygen vacancies at optimal concentration levels is effective in improving
visible light absorption but reducing recombination sites. Hydrothermal methods capable
of achieving gradients in defect density or localized defects on surfaces might represent
an exciting research opportunity in this area. Likewise, doping with elements showing
synergetic effect in terms of band edge position could facilitate redox reactions. The use of
two-dimensional materials or conductive carbon structures might help improve charge
transport and absorption of visible light. Cocatalysts offer another area of potential develop-
ment. The use of abundant transition metal phosphides, sulfides, carbides, or single-atom
catalysts in place of expensive noble metals would drastically lower costs without com-
promising the ability of these materials to evolve hydrogen. Dual cocatalyst approaches
specific to hydrogen and oxygen evolution reactions could lead to efficient water splitting
without the need for sacrificial reagents.

Sustainable synthesis processes will be another focus of future work. Methods in-
volving low-temperature hydrothermal treatments, microwave-assisted hydrothermal
techniques, and solvent-free or biomass-derived precursor compounds will lower environ-
mental impact. Process intensification and scaling will also be important considerations.
Synergy between experiments and density functional theory (DFT) simulations along with
machine learning algorithms would expedite the discovery process of optimal composition
and morphology. Indeed, harnessing the potential of hydrothermal tuning of SrTiO3 for
hydrogen production and water purification using solar energy could be a promising ap-
proach toward sustainability. With adequate advances in materials science and engineering,
scale-up, and systems integration, SrTiO3; photocatalysis is poised to make an impact.

10. Conclusions

In conclusion, the utilization of SrTiO3 as a photocatalyst within the family of per-
ovskite oxides has emerged as a subject of considerable scientific interest and practical signif-
icance. A comprehensive survey of the literature reveals that SrTiO3; possesses inherent pho-
tocatalytic activity owing to its characteristic perovskite structure and electronic properties.

One of its characteristics is the broad bandgap of about 3.2 eV, a hallmark feature of
perovskite oxides like SrTiO3. This property enables efficient absorption of solar radiation
across a broad spectrum, rendering SrTiO3 well-suited for solar-driven photocatalytic pro-
cesses such as water oxidation, pollutant degradation, and organic synthesis. The surface
morphology of SrTiO3, a key aspect of perovskite oxides, plays a pivotal role in enhancing
photocatalytic performance. Nano-structuring techniques, including nanoparticle syn-
thesis and surface modification, have been employed to optimize surface area, promote
charge transfer kinetics, and enhance light absorption efficiency, thereby amplifying the
photocatalytic activity of SrTiOs.

Additionally, the unique electronic structure of perovskite oxides like SrTiO3 influ-
ences charge carrier dynamics and facilitates efficient charge separation, thus improving
photocatalytic efficiency. Strategies such as heterojunction formation and dopant incor-
poration have been explored to tailor electronic properties and optimize charge transport
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characteristics, thereby further enhancing photocatalytic performance. In practical applica-
tions, SrTiOs3-based photocatalysts exhibit potential across a spectrum of environmental
and energy-related applications, such as water purification, air remediation, hydrogen
production, and carbon dioxide reduction. The abundance, scalability, and environmen-
tal compatibility of perovskite oxides underscore SrTiO3; as a promising candidate for
sustainable photocatalysis.

Nevertheless, challenges such as photo corrosion susceptibility and charge carrier
recombination remain areas of active investigation within the field of perovskite oxide pho-
tocatalysis. Addressing these challenges through advanced material design and synthesis
methodologies will be crucial for realizing the full potential of SrTiO3; and other perovskite
oxides in photocatalytic applications.

In summary, SrTiO; demonstrates the promise of perovskite oxides as versatile and
efficient photocatalysts, providing solutions to pressing environmental and energy chal-
lenges. Through continued research and innovation, perovskite oxide-based photocatalytic
technologies hold the key to a sustainable and cleaner future.
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