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Perovskite structures have attracted scientific interest as a promising alternative for water
treatment due to their unique structural, high oxidation activity, electronic stability, and
optical properties. In addition, the photocatalytic activity of perovskite structures is higher
than that of many transition metal compounds. A critical property that determines the high-
performance photocatalytic and optical properties is the band gap, lifetime of carrier
charge, and band edges relative to the redox potential. Thus, the synthesis/processing
and study of the effect on the band gap, lifetime of carrier charge, and band edges relative
to the redox potential in the development of high-performance photocatalysts for water
treatment are critical. This review presents the basic physical principles of optical band
gaps, their band gap tunability, potentials, and limitations in the applications for the water
treatment. Furthermore, it reports recent advances in the synthesis process and
comparatively examines the band gap effect in the photocatalytic response. In addition
to the synthesis, the physical mechanisms associated with the change in the band gap
have been discussed. Finally, the conclusions of this review, along with the current
challenges of perovskites for photocatalysis, are presented.
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1 INTRODUCTION

The development of human society today diverges from preserving life’s most essential natural
resource, water. Water pollution is generated by different sources of industrialization, conventional
fossil fuel use, and population growth (Yousif and Gurjar, 2018), which leads to an increase in
demand for clean water supply. The global challenge is achieving environmental sustainability since
only less than 1% of fresh water on the earth is readily accessible (Reid et al., 2019). In addition to the
increase in both the volumes and the concentrations of polluted water, a decrease in biodegradability
of the pollutants was observed. Such problems have created a strong incentive for the development of
new sustainable and high-efficiency materials, when compared to those already existing (Patel et al.,
2019; Schanze et al., 2020), aiming at the abatement of pollutants. In this context, the solar energy
source (as future sustainability) is very attractive in photocatalytic materials due to their remarkable
effectiveness for water treatment. Solar energy harvesting is also enjoyed in other fields as
photothermal and photovoltaic. Photocatalytic materials are a rapidly growing field for potential
application with clean and renewable energy sources (Belver et al., 2019; Odling and Robertson, 2019;
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Perovskite Structure for Water Treatment

FIGURE 1 | (A) Unit cell of ABX3 perovskite. (B) Crystal structure of a simple perovskite compound. Blue color (A-site), green color (B-site), and red color (X-site).

Xia et al., 2021). The photocatalytic materials absorb sunlight to
produce electron (e”) and hole (h*) pairs, which are fundamental
for environmental remediation, such as water purification
(Karthikeyan et al., 2020).

Recent advances in nanostructured materials have opened the
way for new types of semiconductor catalysts and improving
TiO, or ZnO for the destruction of polluting materials (Roy and
Chakraborty, 2021; Chen et al., 2020a). Among the various classes
of materials explored, perovskite (ABX;) has been given much
interest due to its framework’s easiness and versatility, excellent
photostability, and photocatalytic nature (Zhang et al, 2016;
Hwang et al., 2017), and its structural integrity representation
is shown in Figure 1. The A-site ions are generally rare or alkaline
earth elements (often occupied by a larger-size cation), B-site ions
are usually transitioned metal elements (occupied by a smaller
cation), and X is often a chalcogen or halogen. The advantage of
perovskite structures is that they can incorporate a wide variety of
ions of various sizes and charges showing great flexibility of
composition; besides, their crystal structure can remain
unchanged (Tasleem and Tahir, 2020). However, most
perovskites are usually distorted. The partial substitution of
these cations, both A-site and B-site ions, by other foreign
ions leads to changes in the oxidation states of metal ions.
The B-site substitution can result in the double perovskite
formula (A,BB'Xj).

Furthermore, the substitutions are accompanied by the
formation of intrinsic defects due to the mechanism of
charge compensation (Liu et al., 2020a). Kurbakov (2010)
stated that replacing an A’" with A®' results in lattice
distortion and the formation of oxygen vacancies.
Golsdschmidt (1962) proposed that the formation of a
perovskite structure can be governed by a tolerance factor,
which predicts the stability and distortion of the perovskite
structure, as follows: t = (r4 + r)/[V2(rg + rx)], where r, 3,
and rx are ionic radii of each ion (A, B, and X). The tolerance
factor assesses whether the A-site cation can fit within the
cavities in the BX; framework. Although the information of
stability using ¢ is essential for the prediction of perovskite
stability by Goldschmidt, it has recently been shown that its
accuracy is often insufficient (Bartel et al., 2019). Recently,
Bartel et al. (2019) suggested a new tolerance factor (1) to
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FIGURE 2 | Number of publications per year and the cumulative number

of publications on perovskites and photocatalysis from 2010 to 2021 from
Scopus with work: perovskite and photocatalysis.

predict the stability of perovskite oxides and halides, which has
the following form:
rals ) (1)

T—r—X—n (n -t
A l”(TA/?’B)

8!
where n, is the oxidation state of A, ry>rp, and 7< 4.18
indicates perovskite. The calculations determine a better
accuracy of 7, for example, for oxides of 83-92% and halides
(chlorides) of 51-90%.

The formation of single and double perovskite materials has
exceptional properties for a variety of applications such as
ferroelectricity (Cohen, 1992), ferromagnetism (Clabel H.
et al, 2016), multiferroic (Clabel H. et al, 2014),
electrocatalysis (Hwang et al., 2017), optical (Clabel H. et al,
2017), and photocatalytic (Grabowska, 2016), among others
(Kovalenko et al., 2017; Correa-Baena et al., 2017). Due to its
application potential, researchers have made extensive efforts on
perovskite material as a photocatalyst. As shown in Figure 2, an
upward trend of the number of publications based on perovskite
photocatalysts was observed from 2010 to 2021. Although there is
growing research into perovskites for photocatalytic applications,
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there are still inherent limitations associated with the following:
1) the wide band gap (E,;) renders only ultraviolet spectra
absorption; 2) particle size; 3) low surface area, which limits
the reactant to adsorbing on the surface; 4) high degree of
recombination of photoinduced charges (e —h*) that have
limited their efficiency in the photocatalytic reactivity for
water treatment (Modak et al., 2014; Chen et al., 2020b); and
5) short luminescence lifetime, which limits the charge separation
efficiency. These factors lead to different strategies in order to
overcome such shortcomings as synthesis method, composition,
and doping. Notwithstanding these limitations being important,
the intrinsic property that is more relevant is the wide band gap
(>3.0eV) due to which they can be activated under ultraviolet
light (Kumar et al., 2020). In this sense, the band gap should be
tunable in the perovskite structure, in order to find a suitable E,
to utilize visible light fully and effectively, which is a current
challenge.

In this review, many single perovskite compounds have been
reported to be photocatalysts for water treatment. We discuss the
perovskite structures that have been considered, their properties,
and current synthesis methods to form oxide and halide
perovskites. Following this, we have summarized the recent
reports addressing the influence of band gap and lifetime of
charge carrier of perovskite structure in photocatalytic activity
efficiency for water treatment. Factors associated with the tunable
band gap will be discussed. Finally, a summary of the recent
advances in perovskite photocatalysts will be given.

2 SYNTHESIS METHODS OF THE
PEROVSKITE PARTICLES

Among the strategies adopted in optimizing photocatalysts, the
synthesis methods greatly impact their physical properties.
Several strategies were developed to adjust the particle size,
surface area, shape, and composition to optimize the
photocatalytic process. The photocatalytic —activity of
perovskite structure dramatically depends upon the specific
surface area and band gap as well. The high surface area
provides enough reaction sites and improves the adsorption
properties of the photocatalysts; furthermore, an appropriate
band gap allows for tuning the absorption of a particular
wavelength region of light. Thus, the relevance in the synthesis
methods is significant in the photocatalytic performance for
water treatment.

2.1 Solid-State Reaction

Synthesis by solid-state reactions (SSRs) results in a mixture of
nitrates, carbonates, acetate, and oxides, with desired
stoichiometric ratios. Perovskites are frequently synthetized
by SSRs, including mixing, milling, and calcination at high
temperatures to form the perovskite phase. During this
process, surface chemical defect and particle size effects
affect the process of recombination of photoinduced charge
carriers (e~ —h*), which limits their efficiency in
photocatalytic reactivity (Chen and Ye, 2007). However, it
was shown that the milling time in ball milling (see Figure 3)

Perovskite Structure for Water Treatment

and the solvent change the particle size and functional group
absorption, this last owing to the active site generated on the
particle surface (Clabel H et al., 2020). Such factors modified
the optical properties of the perovskite structure (Clabel H.
et al,, 2021a). Also, the high energy transferred by the impacts
during ball milling and calcination allowed single phases
(Protesescu et al., 2018; Clabel H et al., 2020).

2.2 Sol-Gel

Perovskite structure synthesized by sol-gel method involves the
formation of a sol by dissolving the metal alkoxide, metal-organic,
or metal-inorganic salt precursors in a suitable solvent, which is
subsequently condensed to form a gel, followed by pre-
calcination (removal of organic material) and calcination at
much lower temperatures than those of the solid-state reaction
for the formation of perovskite structure. Some frequently used
gels include ethanol, ammonia, polyvinyl alcohol, and citric acid,
among others. Furthermore, used precursors, the pH value, and
the heat treatment schedule play an essential role in affecting the
properties of the perovskite structure (Brutchey and Morse, 2006;
Ismael and Wark, 2019).

2.3 Hydrothermal and Solvothermal

Hydrothermal and solvothermal methods require heating an
aqueous suspension of insoluble salts, that is, reaction mixture,
in an autoclave at high temperature and pressure conditions
where the crystallization of the desired phase is taking place. The
product generates perovskite powders with high crystallinity and
purity, low concentration of defects, and controllable size
distribution and morphologies. High photocatalytic activity in
KNbO; materials for H, evolution from aqueous CH;OH
solutions was reported for high surface area and crystallinity
(Ding et al., 2008). In perovskites of Cr-doped SrTiOs;, high
surface area (19.3-65.4m’g™"), good crystallinity, and small
crystalline size (20-30nm) were obtained using a sol-gel
hydrothermal method (Yu et al., 2011). Solvothermal synthesis
of BaTiO;, PbTiO;, SrTiO3, and BaZrOj; leads to particles with
different morphologies (Caruntu et al., 2015). The characteristic
of perovskite powders with unique optical properties makes the
method advantageous in optimizing photocatalysts.

2.4 Co-Precipitation

In the co-precipitation method, the starting materials used have
been taken in stoichiometric proportions in molar solutions. These
are denominated precursors such as metal acetate, sulfates,
chloride, or nitrate. Afterward, the solutions have been poured
into a precipitant solution (e.g., NaOH or Na,COs) under constant
stirring. In this step, the nucleation process forms a large number of
small particles, and then the post nucleation process and Ostwald
ripening and aggregation dramatically affect the product size,
morphology, and properties. During co-precipitation, the pH
value of the solution has been controlled. Precipitation takes
place in the solution at a determined temperature (>70°C), in
which the supersaturation conditions help to induce precipitation
as the result of a chemical reaction (Chang Chien et al., 2022). The
precipitates are collected and washed several times and then dried
in a hot air oven at a temperature >70°C. The advantages of this
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FIGURE 3 | Schematic views of the synthesis process by solid-state reaction to prepare nanopowders of BaTiOz (Clabel H et al., 2020).
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FIGURE 4 | Schematic views of the different routes and precursors for
the anion exchange reactions on CsPbX3 (X = Cl, Br, I) nanocrystals
(Akkerman et al., 2015).

method are the high yield, high product purity, the lack of necessity
to use organic solvents, easy reproducibility, and low cost (Letifi
etal, 2021). However, the properties of the obtained particles, such
as size, shape, and composition, are highly dependent on the
reaction parameters such as temperature, pH, and ionic strength
(Haron et al., 2018). Furthermore, co-precipitation is also a more
straightforward method; however, it is not stable and hence is
stabilized by using a surfactant.

2.5 In Situ Anion Exchange Reaction
This method was demonstrated to be an effective strategy to
synthesize nanocrystals with engineered compositions and

structures (Fenton et al, 2018). Also, it has attracted
increasing attention in the fabrication of heterostructure
photocatalysts to improve photocatalytic performance. The
ion-exchange reaction is normally performed in molten salt or
solvothermal conditions. Heating to a high temperature (e.g.,
300°C or above) is needed in the former case, often leading to
decomposition of the material or the formation of a more stable
structure. Using ion-exchange reactions under mild solvothermal
conditions would be preferable in many cases, wherein the
reaction is performed at the lowest possible temperature
(below 200°C) sufficient to accelerate exchange kinetics (Park
etal,, 2017). Different perovskites by anion exchange reaction (see
Figure 4) were mentioned in the literature showing enhanced
photocatalytic properties, like CsPbX; (X = Cl, Br, I) (Akkerman
et al., 2015; Loiudice et al., 2019), Cs,AgBiXs, (X = Cl or Br)
(Creutz et al, 2018), and Cs,AgBiXs (X = Cl, ClysBrgs, Br,
Bryslgs, I) (Wu et al., 2021).

3 PEROVSKITE STRUCTURE IN
PHOTOCATALYSIS

Human activity and industrialization growth lead to
environmental pollution, especially clean water reduction.
Thus, perovskite structures based on the crystal structure,
physical properties, and their strategies help degrade
pollutants, which are highly active in the presence of
ultraviolet (UV) energy radiations but weakly active in visible
(vis) and near-visible (NIR) light. On the other hand, in addition
to the new tolerance factor 7, geometry consideration is another
essential structure parameter in halide perovskites, called
octahedral factor y, defined as follows (Li et al., 2008):

=2 )

rx
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TABLE 1 | ABX3-based photocatalysts.

Perovskite oxide

Perovskite Structure for Water Treatment

Perovskite Synthesis method
BaTiOz Sol-gel
BaTiOz Solid-state reaction
BaTiOz Hydrothermal
SrTiO3 Sol-gel
SrTiOs Microwave-assisted
hydrothermal
CaSnO3 Co-precipitation
BaSnOg Co-precipitation
SrSnO3 Co-precipitation
CaTiOz Hydrothermal
BiFeOs Hydrothermal
LaFeOs Sol-gel auto-
combustion
LaNiOg Microemulsion
KNbO3 Hydrothermal
NaTaOs Molten salt method
NaTaOgz Solid-state reaction
NaTiOg Solvothermal
KTaO3 Solvothermal
BazrOg Solvothermal
LaMnO3 Biotemplate
LaMnO3 Sol-gel
LaMnO3 Sol-gel
LaFeO3 Sol-gel
LaCoO3 Sol-gel
SrSn0O3 Microwave
LiTaO3 Hydrothermal
LiTaOz Solvothermal

Doped-perovskite oxide

Lag 7Sro.sMnOgz Citrate method

Lag 5Sro.sFeOg Sol-gel

Lag 4SroeMnOg_s Sol-gel

LaCop 4Mng 603 Sol-gel

LaTip.4Cuo.603 Sol-gel

BiFe; ,Mn,Og Sol-gel

SrC00.9Ti0.103_5 SrC0og gTi0203_5 Sol-gel
8rC00.6Ti0.403-5 SrC00.4Tin603-5

Lap.95Gdo.05Nio.9C00.05F€0.0503 Microemulsion

Lagp.90Gdo.10Nio.8C00.10F€0.1003

Lap.g5Gdo.15Nio.7C00.15F€0.1503

Lag 80Gdo.20Nio 6C00.20F€0.2003

Lap.75Gdo.25Nip.5C00.25F€0.2503

BiFeO4:Gd>* Sol-gel

Bag gSrp 2 TiOs Sol-gel

Bap 7Sro.3TiOg

Bag gSro.4TiOs

Bap 5Sr0.5TiOg

The y value describes the stability of BXs octahedra. This
octahedral factor combined with its chemical nature is essential to
predict the stability of perovskites, in addition to 7. The doping at
both A and B sites with other elements results in compositional
and symmetry changes. The compensation charge gives rise to the
formation of chemical defects, thus modifying the electronic, light
absorption, adsorption, and photocatalytic properties of the

Light
source

UV-vis

UV light
UV light
UV-vis

UV light

UV light
UV light
UV light
UV-vis
Visible light
Visible light

Visible light
Visible light

UV light
Visible light
Visible light
Visible light
UV light
UV-vis
UV-vis

UV light

Sunlight

UV light
UV light
Sunlight
UV light
UV light

Visible light

UV light
UV light

Indicator of pollutants

Diclofop-methyl

Blue Rz ink (Resazurin)
Methyl orange
Methylene blue
Rhodamine B

4-Nitrophenol
4-Nitrophenol
4-Nitrophenol
Rhodamine B
Methyl orange

Rhodamine B

Rhodamine B, orange G, bisphenol A, and

pentachlorophenol
Rhodamine B (5 mg/L)
NOy gas

Methylene blue
Methylene blue

Methyl orange

Methanol

Methyl orange (13 ppm)

2,4-Dichlorophenoxyacetic acid (2,4-D)

Phenol
Phenol
Rhodamine B
Bisphenol A
Phenol

Rhodamine B

Reference

Gomathi Devi and
Krishnamurthy, (2009)
Kumar et al. (2019)
Liu et al. (2020b)
Hsieh et al. (2019)
Da Silva et al. (2013)

Goémez-Solis et al. (2019)
Goémez-Solis et al. (2019)
Gomez-Solis et al. (2019)
Yan et al. (2018)

Chen et al. (2017)

Parida et al. (2010)

Ghafoor et al. (2021)
Wang et al. (2013)

Wang et al. (2017a)

Kanhere et al. (2012)

Wu et al. (2013)

Rao et al. (2018)

Meng et al. (2019)

Wang et al. (2019)
Rekavandi et al. (2019)
Ibarra-Rodriguez et al. (2020)
Ibarra-Rodriguez et al. (2020)
Ibarra-Rodriguez et al. (2020)
Alammar et al. (2017)
Takasugi et al. (2015)
Takasugi et al. (2015)

Ghiasi and Malekzadeh,
(2014)

Cheng et al. (2020)
Miao et al. (2019)

Lu et al. (2018)

Zhang et al. (2012)
Soltani et al. (2018)
Miao et al. (2017)

Ghafoor et al. (2021)

Liu et al. (2021)

perovskite structure. As a strategy to the high efficiency of
perovskites applied in photocatalysis, the doping in perovskites
is frequently adopted, owing to that can tune the band gap and
hence the optical properties of the perovskite structure. Others
strategies are as follows: control particle size, porosity, synthesis
method, treatment in gas flux, and surface area were considered
in order to enhance the photocatalytic activity. Several systems
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FIGURE 5 | Schematic representation of the band structure and mechanism of photogenerated charge carrier transfer to photocatalytic reaction on perovskites.
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mainly focused on perovskite structure were applied to
photocatalytic property; a summary is exhibited in Table 1.
To know the effectiveness of photocatalysts, numerous organic
pollutants have been utilized as model contaminants, such as
methylene blue, rhodamine B, methyl orange, 4-chlorophenol,
and 4-nitrophenol (see Table 1).

4 PHOTOCATALYTIC MECHANISM

Understanding the source of solar energy irradiation is the first
step when enhancing the optical properties and, consequently,
photocatalytic activity. Photocatalytic activity from solar energy
has become an essential topic in the scientific community to
solve the polluted water problem and eliminate pollutants in
natural aquatic systems. In this sense, the solar energy
irradiation contributed with different ultraviolet (UV), visible
(VIS), and near-infrared (NIR) bands. The solar energy
irradiation is lower in the UV band, at 3.4%. The solar
energy irradiation in the VIS band understands a fraction at
42%. The most considerable portion of total solar energy
irradiation occurs in the NIR band, at 54.6%. Solar-driven
photocatalyst involves the generation of active oxidizing
species under solar irradiation, in the presence of a catalyst,
as a perovskite structure. A suitable band gap and high
photoinduced charge separation efficiency are critical factors

for ideal photocatalysts. A severe limitation of most
photocatalysts is that they can only absorb photons with
light wavelengths <400 nm (UV band), which accounts for
3.4% of the total solar energy irradiation. As described
before, solar energy irradiation in the VIS band is high, so
the development and optimization of photocatalysts with high
efficiency and chemical stability in the VIS band will favor the
photocatalytic reaction processes.

Different pathways characterize the photocatalytic process,
and they are described as follows:

(i) photons with higher energy (hv), of the solar energy
irradiation, are absorbed by a photocatalyst with energy
matches or higher than the band gap energy (E,);

(ii) subsequently, the electrons (e”) are excited from the VB to
the CB, giving rise to the holes (h*) in the CB and e™ — h*
generation; the excited electrons and holes can either
undergo direct recombination or diffuse separately and
migrate to the surface of the particles or are trapped by
the defects in the bulk material; and

(iii) the production electron (e”)-hole (h*) pairs initiate and
enhance the degradation process of the catalyst for the
pollutant’s treatment through the photo-assisted redox
reaction. In this process, the e~ and h* on the active sites
of the photocatalyst surface act as reducing and oxidizing
agents (Hoffmann et al,, 1995).
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TABLE 2 | Values of r for band-band transitions. . . . .

conduction band and characterizes the electronic properties of
Transition type Allowed Forbidden  the solids depending on the magnitude of this separation
Direct 1 3 (measured in eV). One way to calculate band gaps from
Indirect 5 3 experimental data for nanostructured semiconductor

The photocatalytic activity depends on the generation and
the separation of e™ — h™" pairs. In step (ii), the h* generation can
combine or react with adsorbed H,O molecules or OH™ group
to form hydroxyl radical ("OH) and O,. *OH is a powerful
oxidizing agent and attacks organic molecules. In the presence
of dissolved O,, the CB e~ can react with O, and H to form the
superoxide radical (O57) and hydrogen peroxide (H,0,); this
process is shown in Figure 5. The O3~ also react with a proton to
form hydroperoxyl radical ("OOH), which is responsible for the
formation of hydrogen peroxide (H,O,). Subsequently, the
dissociation of H,O, again generates highly reactive *OH
(Hoffmann et al., 1995; Peoples et al., 2019). Furthermore,
the e — h* pair recombination density reduced the supply of
charge carriers (electrons and holes) adsorbed to the catalyst
surface for reduction and/or oxidation reactions (redox). This
can be explained as follows: when e~ in the CB falls into h* in the
VB (e~ — h* recombination), free e~ and h* are eliminated,
which leads to dissipation of the input energy in the form of
heat or emitted light. Consequently, the redox reactions are
reduced. In order to limit the e” —h* in recombination
processes, co-catalysts such as Pt, Pd, NiO, and RuO, are
applied to the particle surface.

In addition to the limitation mentioned above for
photocatalyst application, other factors can influence
photocatalytic activity, as described in the following section.
An efficient photocatalyst should contain the following: 1) a
band gap >1.2 eV to provide energetic electrons and a band gap
<3.0 eV to allow effective absorption of overlap with the solar
spectrum and 2) a high surface area to optimize the redox
reaction and minimize the recombination process.

4.1 Band Gaps in Perovskite Materials
In condensed matter physics, the band gap energy is an energy
region where the electronic states cannot exist. It separates the

materials, such as perovskites, is through the model
proposed by Tauc (Tauc and Menth, 1972), who performed
the analysis of the incident photon energy hv and the
absorption coefficient a in the following expression:

ahy=A(hv-E;), (3)

where coefficient A is a proportionality constant that depends on
the electronic transition probability, E; is the edge of the optical
band, and r is a real number, which depends on the type of
band-band transition, as seen in Table 2, which indicates
whether the transition is allowed or forbidden.

For direct transitions, the values of r are 1/2 and 3/2 for the
allowed and forbidden processes, respectively, while for indirect
transitions, the values of r are 2 and 3 for the allowed and
forbidden processes, respectively (Mott, 1968).

So, materials with allowed band-band transitions can
classify these transitions into two types: 1) direct transition,
where the minimum energy state of the conduction band and
the maximum energy state of the valence band are aligned with
each other, that is, they have the same value of momentum k in
the Brillouin zone, and 2) indirect transition, where the
respective minimum and maximum energy states of the
conduction and valence bands are misaligned, for example,
due to the contribution of the phonons of the lattice (Zanatta,
2019), as can be seen in Figure 6.

Perovskites have unique optical properties related to a particle
size such as high quantum yield, ionic conductivity, tunable
composition-dependent luminescence throughout the visible
region, multiphoton absorption and corresponding stimulated
emission spectra, and good quantum confinement, which are
essential in the field of light-active photocatalyst design because
many materials are only active in the UV region (4%), so the use
of nanostructured perovskites is essential because visible light
occupies 45% of the spectrum of sunlight due to its wide band
gap. Photocatalysts with a suitable band gap absorb sunlight,
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TABLE 3 | ABX5-based photocatalysts for water treatment.

Perovskite oxide

Perovskite Structure for Water Treatment

Perovskite

BaTiOs

BaTiOs
BaTiOs
BaTiOs

BaTiOs

SrTiO3
SrTiO3

SrTiOg

CaSnO3z
BaSnOg
SrSnO4
CaTiOs
BiFeO3
LaFeO3

LaNiOg
KNbOg
NaTa03
NaTaOs
NaTa03
KTaO3
BazrO3
LaMnO3
LaMnO3
LaMnO3
LaFeO3
LaCoOg3
SrSn0O3
LiTaOg
LiTaO3
BiFeO3

Doped-perovskite oxide

Lag.7Sr0.sMnO3
Lag 5Sr0.5Fe03
Lo 4Sr0 eMnO3.5
LaCoo_4Mn0_603
LaTip 4Cug 03
BiFeo.95MNo.0s03
BiFeo.90Mno. 103

SrC00.9Ti0.103-5 SrC008Tin203-5

Synthesis method

Sol-gel

Solid-state reaction
Hydrothermal
Solid-state reaction

Sol-gel

Sol-gel hydrothermal
Sol-gel

Microwave-assisted
hydrothermal
Co-precipitation
Co-precipitation
Co-precipitation
Hydrothermal
Hydrothermal

Sol-gel auto-combustion

Microemulsion
Hydrothermal
Molten salt
Solid-state reaction
Solvothermal
Solvothermal
Solvothermal
Biotemplate
Sol-gel

Sol-gel

Sol-gel

Sol-gel
Microwave
Hydrothermal
Solvothermal
Sol-gel

Citrate
Sol-gel
Sol-gel
Sol-gel
Sol-gel
Sol-gel

Sol-gel

Eq (eV)

2.42
278
3.58
278
2.34
2.43

3.0
3.08
3.2
253
3.2
3.258 3.244
3.231 3.227
3.254°
3.158¢
3.151°
37

3.8
3.1
4.22
3.41
217
2.1
2.10
2.09
2.08
2.07
3.01
3.22
3.97
4.01
3.82
3.53
4.9
1.7
2.2
1.82
2.43
1.75
3.90
~4.5
~4.0
2.28

Surface
area
(m?/g)

9.64

27.5

2.98
53.86
2.08
4.88

25.8
22.55
20.04

8.5
5.8

3.92

1.13
10.07

9.72
30.3

26
19
16
10.28
1.8
23.7

5.1
50.9
8.5

0.4

Pore
diameter
(nm)

10.49

Particle size
(nm)

85-286

50

a

990 (2°)

370 (129)
240 (24°)
1,230 (2%
440 (12%)
360 (24%)
23 (650°C)
31 (700°C)
34 (750°C)
54 (800°C)

30

160
200 250 290

164

181

168

500

~73 and ~197
~56 and ~213
~68 and ~288
300-500
20
24 (500°C)
28 (600°C)
65.7 (700°C)
79.1 (800°C)
104.1 (900°C)
64.83
90-230
20-50
200-800
100
200
<500
20
100-300
1,500-2000
80-200
53.2
500-3,000
10-30
~135

21
50
150

38.2
20-50
20-50
10-20

Reference

Gomathi Devi and Krishnamurthy
(2009)

Kumar et al. (2019)

Liu et al. (2020b)

Clabel H et al. (2020), Clabel H.
et al. (2021a)

Ramakanth and James Raju
(2014)

Yu et al. (2011)
Hsieh et al. (2019)

Da Silva et al. (2013)

Gomez-Solis et al. (2019)
Goémez-Solis et al. (2019)
Gomez-Solis et al. (2019)
Yan et al. (2018)

Chen et al. (2017)

Parida et al. (2010)

Ghafoor et al. (2021)

Wang et al. (2013)

Wang et al. (2017a)

Kanhere et al. (2012)

Wu et al. (2013)

Rao et al. (2018)

Meng et al. (2019)

Wang et al. (2019)
Rekavandi et al. (2019)
Ibarra-Rodriguez et al. (2020)
Ibarra-Rodriguez et al. (2020)
Ibarra-Rodriguez et al. (2020)
Alammar et al. (2017)
Takasugi et al. (2015)
Takasugi et al. (2015)

Yang et al. (2019)

Ghiasi and Malekzadeh (2014)
Cheng et al. (2020)

Miao et al. (2019)

Lu et al. (2018)

Zhang et al. (2012)

Soltani et al. (2018)

Miao et al. (2017)
(Continued on following page)
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TABLE 3 | (Continued) ABXs-based photocatalysts for water treatment.

Perovskite oxide

Perovskite Structure for Water Treatment

Perovskite Synthesis method Ey (eV)

SrC00.6Ti0.403-5 SrC00.4Tio 603-5 —
Lap.95Gdo.05Nin.9C00 05F€0.0503 Microemulsion 2.90
Lao 90Gdo.10Nio.8C00.10F€0.1003 2.85
Lap g5Gdo.15Nip.7C00.15F€0.1503 2.76
Lao.80Gdo 20Nio. 6C00.20F€0.2003 2.52
La 75Gdo.25Nip 5C00.25F€0 2503 2.43
Bag gSro 2 TiOs Sol-gel 3.049
Bap 7Sr03TiO3 3.027
Bap 6Sr0.4TiO3 3.044
Bap 5Sr05Ti03 3.069
BiFeO5:Gd>" Sol-gel 217

“Nanowires.

bMilling time (h) at 1000°C, # Miling time (h) at 1100°C.

“Cubes.

9Truncated cubes.

®Truncated RD.

which produces an electronic transition from the conduction
band to the valence band, leaving a hole in the first band; then, the
photoinduced charge carriers separate and transfer reaction sites
for, finally, the oxidation and reduction reactions to occur at the
reaction sites. To increase photocatalytic efficiency, wide band
gaps with adequate energy levels must be obtained (Liang et al.,
20205 Xiao et al., 2020). The scaling influences the band gap value
of nanostructured perovskite photocatalysts due to quantum
confinement (Ou et al., 2019); other factors that also alter the
perovskite band gap, in addition to size, are shape, defects, and
doping, which we will discuss next.

4.1.1 Size Particle Effect on Band Gap
It is known that the nanostructuring of materials influences the
physical properties of solids, and this is not alien to perovskites.
The catalytic properties of perovskites depend on the size; this
phenomenon is called the size effect and is fundamental in
photocatalytic reactions (Hoshina, 2013), although other
properties are also affected (Liu et al., 2017; Clabel H. et al.,
2019; Clabel H. et al., 2021b). The band gap is a parameter key in
photocatalytic reactions influenced by the particle size. The size-
dependent band gap has been carried by many experimental and
theoretical researchers (Schilling et al., 2018; Liu et al., 2019).
Among the different characteristics in the perovskite structure is
the band gap variation (Eg) with the particle size change. Size-
dependent band gap of particles with perovskite structure is a
well-known and studied quantum confinement effect (Efros,
1982).

Physical-chemical variables can affect the particle size, such as
1) synthesis method, 2) thermal treatment, 3) phases ratio, 4)
mechanical property, 5) type bonding utilized, 6) milling time,
and 7) concentration of dopant (Li et al., 2019; Liu et al.,, 2021). In
nanoscale materials, the bands are formed by almost discrete
energy levels; this is due to the confinement of a smaller size of the
particle that also groups together a small number of atoms, thus

Surface Pore Particle size Reference
area diameter (nm)
(m?/g) (nm)
0.5 —
0.9 -
1.2 —
— — 59.24 Ghafoor et al. (2021)
— — 62.40
— — 52.63
- - 48.09
— — 53.11
- - 342 Liu et al. (2021)
— — 250
— — 278
— — 222
~135 Yang et al. (2019)

decreasing the superposition of energy levels, so there is an
increase in the separation between bands. Then, the
confinement of the electrons within the atoms means the
limitation of their movement to a space with dimensions of
the de Broglie wavelength, and then they will present a lower
electrical conductivity (Pellegrini et al., 2005; Li and Li, 2006).

Liu et al. (2021) reported an analysis of the relationship
between band gap energy and the Ba:Sr relationship in the
Ba; ,Sr,TiO3 synthesized using the sol-gel method. Table 3
shows that the band gap increases as the grain size decreases;
the lowest band gap energy is 3.027 eV, corresponding to the 7:3
ratio, which has more effective use of sunlight due to the lowest
band gap of nanoparticles and absorption of visible light at
wavelengths less than 409.6 nm, which promotes a higher
photocatalytic hydrogen production rate. On the other hand,
Ramakanth and James Raju (2014) calculated the band gap using
the Tauc plot of BaTiO5 nanoparticles synthesized using the sol-
gel method at different calcination temperatures, as shown in
Table 3.

Furthermore, other types of morphology are also dependent
on size, as revealed by Oksenberg et al. (2020), and they show the
lattice distortions and size-dependent band gap in CsPbBr;
perovskite nanowires. They will identify that the contribution
to the band gap modulation is height-dependent on the nanowire.
In the excitation configuration, the emission spectra blue-shift
with decreasing height (thickness) of the nanowires, and such
shift reflects the ability of the nanowires to absorb light of
different wavelengths. Thus, thinner nanowires have higher
band gap energies than thicker nanowires. With decreasing
nanowire heights from ~400 to ~100nm, a significant
emission blue-shift from ~525 to ~490 nm (~2.36-~2.53¢V)
was observed. On the other hand, Pei-Lun et al. (Hsieh et al.,
2019) explored the effects of the particle size distribution and
faces on the charge carrier dynamics and the photocatalytic
activity in SrTiO; cubes. The cube’s size affects the band gap,
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FIGURE 7 | SEM images of the synthesized SrTiOz cubes with tunable edge lengths of (A) 290 nm, (B) 250 nm, (C) 200 nm, and (D) 160 nm, (E) edge-truncated
cubes, (F) {100}-truncated rhombic dodecahedra, and (G) The cubes display slight size-related optical band shifts, and they show clearly more blue-shifted light
absorption than the other particles exposing significant {110} faces. These factors lead to a high photocatalytic activity (Hsieh et al., 2019).

showing more blue-shifted light absorption than the other  ragig 4| ratio for diferent nanosolids (i and Wang, 2004; Qi, 2005).
particles exposing significant {110} faces. However, lattice

distortion in the corners of the {100}-truncated rhombic Nanosolid Nin Band gap energy (eV)
dodecahedra are far more efficient than cubes at  Naposphere 4d/D E,(D) = £, (D) (1 - 2)
photodegradation of methylene blue and photocatalyzed Nanotetrahedra 4Bd/a £, () = E; (D) (1 — 2459)
hydrogen .eVOIl.ltiOIl from water in the presence of .methar.lol, Nanohexahedra 4d/a E,(a) = E;, (Dp) (1 _2;)
as shown in Flgure 7G. Therefore, the Photocatalyt'lc reaction Nanoctahedra 2\Bd/a E, (@) = E, (Dp) (1 - Y59
depends on particle size and faces gf SrTiO;, suggesting surface Nanodisk [1/h + 2/11Ad/3 E, (1,h) = By (Dp) (1 - 22 [} + 2))
facet c01.1tr01 as a strategy for enhancing photocatalyzed. h}ldrogen Nanowire 8a/3/ Ey (1) = Ey (Dp) (1 - 49)
production. Clabel H et al. (2020) showed that the milling time  Nanofim 4d/3h Eg(h) = Eg(Dp) (1 -2

and calcination temperature modified the band gap; in addition, a
lattice strain was observed, caused both by milling time and
calcination. In this sense, light absorption and slight shift
enhancement can be associated with strain, particle size, and
chemical defects in their surface (Clabel H et al., 2020). Also, the
particle strain is most likely caused by lattice defects. These lattice
defects can act as traps for photoexcited electrons and holes,
leading to a decrease in the efficiency of the photocatalyst.
Therefore, the small values of strains suggest the presence of E-E(1 N
fewer lattice defects, which might lead to a decrease in the " b( __>’
recombination of photogenerated charge carriers and thereby
an increase in photocatalytic activity.

Several authors show the relationship between particle size
and surface area (Parida et al., 2010). In general, smaller particles
in a sample lead to a higher surface area, as reported in the
literature (Parida et al., 2010; see Table 3). Also, nanomaterials’
small size and large surface area are preferred to facilitate the
charge transfer between the catalyst and the redox molecules, thus
achieving a high catalyst activity (Hsieh et al., 2019).

volume ratio of nanomaterials plays an important role in
characterizing their properties; therefore, it is essential to
analyze them. The energy due to the contributions of the
interior and surface atoms is defined as the cohesive energy,
which we can express in relation to the energies for nano and
bulky materials as follows:

(4)

where 7 is the total number of atoms in the nanomaterial, N is the
number of atoms on the surface, and E,, and E;, are the cohesive
energies per mole of the nano and bulky material, respectively.
On the other hand, considering the linear relationship between
the melting temperature T, and the cohesive energy (Rose et al.,
1981) in addition to the exponential relationship between
electrical ~conductivity o with activation energy and
temperature (Palstra et al, 1990), we can arrive at the
following equation:

4.1.2 Shape Effect on Band Gap E.(D) T,
The band gap energy depends, in addition to the size, on the E,(Dy) = Tm)b, ()
nanomaterials’ shape, and this is based on the fact that the ’
cohesive energy of nanostructured materials is different from where T,,,, and T,,; are the melting temperatures of the

that of bulky materials (Sapra and Sarma, 2004). The surface/  nano and bulky material; E,(D) is the activation energy,
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TABLE 5 | Band gap values in accordance with the edge length of hexahedric
metal halide perovskites.

Edge length (nm) Band gap energy (eV)

129 1.56
11.5 1.59
9.9 1.63
8.1 1.66
7.6 1.72
material’s  size function, which is interpreted as

E,(D) = E. — Ep, where E. is the conduction band energy
and Ep is the Fermi energy, and considering it as the
middle of the band gap for most semiconductors, so the
activation energy E, becomes E, = E;/2, which leads to a
change in the activation energy proportional to the band
gap energy. Considering all of the above, the following
equation is reached:

E,(D) = E, (D,,)(1 + %) )
where D and Dj, are the size of the nano and bulky material and
the value of N/2n depends on the size and shape of the nano
solid. N/n are the ratios for different systems that were
reported (Qi and Wang, 2004; Qi, 2005; see Table 4).Here,
N is the surface atom in different shapes, n are the total atoms
in nano solids, d is the atomic diameter, D is the nanosphere
diameter, a is the edge of each nano solid geometric, and I and
h are the diameter and the height for the nanodisk considered
for a specific case: h > I, where the nanodisk can be thought of
as a nanowire, and when I>> h, the nanodisk can be thought of
as a nanofilm. Nanowire and nanofilm can be thought of as two
disc-shaped nano solid boundaries.

The band gap of perovskites can be broadly tuned with a
light emission that varies from the wavelength of ultraviolet
(UV) to near infrared (NIR). Quingdong et al. (Ou et al., 2019)
reported that this was due to dimensionality. In the case
specific to hexahedric metal halide perovskites, due to
quantum confinement, band gap energy increases in the
counterpart of its bulky counterpart continuously by
gradually reducing the size of FaPbl; perovskites (Li et al.,
2018; see Table 5).

4.1.3 Effect of Defect on Band Gap

Particles formed after the synthesis process and thermal
treatment contains surface defect owing to the reaction
process. In this sense, it is essential to understand the nature
and influence of surface chemical states on the photocatalytic
activity of perovskites for further optimization of this
photocatalytic system. Some analysis techniques such as X-ray
photoelectron spectroscopy (XPS) allowed a quantitative and
qualitative analysis of these defects and chemical states of the
surface composition (Patil et al., 2021). This review will discuss
the consequences of surface defects in the band gap and their
consequence on photocatalytic activity, and the nature of these

Perovskite Structure for Water Treatment

TABLE 6 | Band gap in perovskites from DFT.

Name Band gap (eV) Reference

BaTiO3 1.830 Jain et al. (2013)
KNbO3 1.558 Jain et al. (2013)
SrTiO3 1.827 Jain et al. (2013)
CaTiOs 1.891 Jain et al. (2013)
TiPbOg 1.760 Jain et al. (2013)
ZrPbOg 3.248 Jain et al. (2013)
FeBiOs 1.320 Jain et al. (2013)
MgSiOs 5.454 Jain et al. (2013)
FeSiOz 2.814 Jain et al. (2013)
YAIO3 5.540 Jain et al. (2013)
LUAIO3 5.743 Jain et al. (2013)

superficial states will not be analyzed. Under these circumstances,
the nanostructured synthesis of perovskite structure has become
an effective tool for diminishing surface states’ contribution
toward the optical properties because they have a large
surface-to-volume ratio. Although the band gap variation is
dependent on particle size, it also might be due to a surface
effect (Oksenberg et al., 2020).

Defects are known to manifest themselves in the band structure
of a material as an energy level within the band gap that depends on
the properties of the defect. When the defect is created (product by
the example of calcination or doping), such as oxygen vacancy from
the crystal lattice of perovskite structure of SrTiO;, BaTiOs, SrTiOs,
and SrSnO; among others, two electrons are released into the
conduction band as follows: 10sice = VG + 10, + 2e”, where
Ouarice s oxygen on a lattice site, Vé* are jonized oxygen
vacancies in the perovskite structure, O, is oxygen in the
atmosphere, and e~ are electrons. The oxygen vacancy is
considered a donor with the defect state lying below the
conduction band; thus, the difference between band conduction
and the defect level is equal to the defect ionization energy. In
addition, the released oxygen leaves vacancies behind, which
promotes diffusion through the solid and reduces the band gap.
The effect of particle size contributes to changing the density of
defects and can lead to slightly different band gaps. Chen et al. (2017)
demonstrated that the high-pressure hydrogenation process
influences the formation of surface vacancies in the BiFeO;
nanoparticles, which was corroborated by XPS spectroscopy.
With increasing hydrogenation temperature, the oxygen vacancy
concentration increased. The formation of surface oxygen vacancies
contributes to the following: 1) narrow BiFeO3 band gap, leading to
an enhanced light absorption capability, 2) suppressing the
recombination of photogenerated electrons and holes, 3)
facilitating the photoinduced charge separation and transfer
process, and 4) enhancing the adsorption capability for the
methyl orange molecules, leading to a high photodegradation.
Therefore, the high-pressure hydrogenation process in BiFeO,
contributed to the enhanced photocatalytic activity.

Theoretical study using first principles showed that the
substitution of 3D cations induces an occupied energy level
either in band valence or in band gap on account of the #,, level
of substituent (Fang et al., 2019; Zhu et al.,, 2019). Fang et al.
(2019) showed that the substitution of metal cation in the
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TABLE 7 | Band gap values following the substitution in the A-site, B-site, and
X-site in halide perovskites.

A-site Band gap B-site Band gap X-site Band gap
(eV) (eV) (eV)
aCsGels 1.6 °MAPbCIy 2.9 PCsPbCls 2.7
AMAGel; 1.9 °MASNCly 2.8 PCsPbBr, 2.4
3FAGels 2.2 MAGeCl, 3.7 5CsPbly 1.8
PCsPbl, 1.8 PEAPDI, 1.4 9CsSnCly 2.8
°MAPDI4 15 °FASNIg 1.4 9CsSnBry 1.8
PFAPDI, 1.4 IFAGels 2.2 °CsSnlg 1.3

4Saparov and Mitzi (2016).
PWu et al. (2018).

SToshniwal and Kheraj (2017).
9Hoefler et al. (2017).

Bi,Sr; (TiOj; structure gives rise to energy levels that appeared
within the forbidden band and caused a narrowing of the band
gap. The Materials Project initiative (Jain et al., 2013) presents a
compilation of band gap energies from different perovskite
materials from DFT results (see Table 6). Other parameters,
that is, variation in crystallite size, structural deformation, and
surface area/volume ratio, might have a specific effect on the
optical energy band gap. Although many methods, such as
modulating band gap, employment of composite
semiconductors, metallic or non-metallic doping, regulating
nanoscale morphology and structure, and introducing defects
in the lattice, have been utilized to enhance the photocatalytic
activity, effective carrier separation is still far from improving
its photocatalytic efficiency.

4.1.4 Effect of Doping on Band Gap

Another parameter to band gap modulation is doping. The
implication of the doping, with cations of different sizes, for
band gaps was observed in the different perovskite types. Several
studies showed a significant band gap tuning in doped-perovskite
oxide as a function of the dopant element and the synthesis
process. To LaNiO; doped with ions of Gd, Fe, and Co with
different ratios, a significant decline in the Eg values from 2.90 to
2.43 eV was shown. The band gap decrease might be due to the
deformation induced in Fe-O octahedral or rearranging of the
molecular orbitals (Ghafoor et al., 2021). However, the
substitution generates certain impurities within the forbidden
band, which facilitates the narrowing of the band gap. Yang et al.
(2019) calculated the E, for BiFeO3 and BiFeO;:Gd>* being 2.28
and 2.17 eV, respectively. Such results indicate that BiFeO5:Gd>*
is an excellent photocatalyst and has potential applications in
photocatalytic hydrogen production. They indicate that the
doping Gd’" induces the formation levels in the forbidden
band, leading to a decrease in Eg; however, increased oxygen
vacancies also exist, which could contribute to the decrease of E,.
On the other hand, it is clear that the doping is escorted by the
generation of defects that are likely to behave as recombination
centers of e~ — h*, leading to charge carrier transferring to the
interface or surface being more difficult. Thus, if the density of
defects is high, photoactivity cannot be enhanced. The control of
the density of defects in doped perovskites is essential and plays a
key role in enhancing photocatalytic performance.

Perovskite Structure for Water Treatment

In halide perovskites, different physical properties can be
modified by substitution in the A-site, B-site, or X-site. The
A-site substitution can improve the overall stability by tuning
the tolerance factor. B-site substitution can reduce the harmful Pb
content and improve phase stability by altering the B-X bond
length. X-site substitution can tune the band gap by changing the
ratio of mixed-halide ions (Lu et al., 2020). The variation in the
band gaps in halide perovskites changes with cell volume
(Borriello et al., 2008), as follows: ay = (0E,/dlnV), where ay
is 2.45 eV to MAPbDI;. In accordance to Table 7, we can observe
that the substitution in A-, B-, and X-site will get to modulate the
band gap. The importance in choosing the composition in halide
perovskites lies in the optimization of the photocatalytic
properties and stability. The band gap changes on halide
perovskite substitution are influenced more by the electronic
states of the anion, that is, from Cl to Br to I, the valence band
composition changes from 3p to 4p to 5p with a monotonic
decrease in electron binding energy (lower ionization potential).
The substitution of Cl by I or Br by Iin CsPbX; has been shown to
decrease the band gap from 2.7 to 1.8eV and 2.4 to 1.8eV,
respectively (see Table 7). Thus, the shift of E; values to low
energy, visible-light absorption enhanced significantly and,
consequently, the photocatalytic activity.

4.2 Lifetime of the Charge Carriers in
Perovskites

For a photocatalyst, beyond the surface area, chemical defect,
and band gap, the effective generation, separation, and
recombination of e~ —h* pairs influence photocatalytic
activity. The charge-carrier lifetime in general describes the
dependence of the electron or hole concentration as a function
of time after the generation of electrons and holes
(Kriickemeier et al.,, 2021). Nevertheless, the lifetime of
charger carriers in perovskite structure still has data
shortage and requires a quantitative study (Serpone et al,
1995). Sheng et al. (2020) claimed that a longer lifetime can
facilitate the photoexcited charge carriers to reach the active
sites to complete the surface redox reactions. Thus, perovskite
materials with prolonged lifetime enhanced charge separation
and favor the slow kinetics of pollutant degradation, mainly
attributed to the difficulty in reacting the aliphatic group with
organic OH-terminated surfaces. Also, it is necessary to
indicate that ligand modifications in pollutants affect the
lifetimes of the photocatalysts. Tang et al. reported that the
lifetime of the trapped charge carriers depends on the
excitation energy (Tang et al., 2008).

Analysis of BiFeO5:Gd>" nanoparticles from photocurrent
curves and electrochemical impedance spectra show a higher
photocurrent intensity than BiFeO3;, which suggests the higher
efficient generation and separation of e” — h* pairs and the
longer lifetime of charger carriers for BiFeO3;:Gd>" (Yang et al.,
2019). The ion Gd** benefits the separation of e~ — h* pairs and
promotes the charger transfer to the surface. This prolonged
lifetime improves redox reactions, thus optimizing
photocatalytic activities. Similar behavior was observed in
CaTiO; when treated at 0.1 M NaBH, solution when
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compared to CaTiO; (Yan et al., 2018). The result reveals that
0.1 M-CaTiO; exhibits an enhanced photocurrent density
compared to CaTiO; and, likewise, a longer lifetime of
charger carriers. In this case, the NaBH, solution formed a
disordered layer and, simultaneously, disordered surface states
are introduced in the forbidden gap of CaTiO;. Furthermore,
the disordered surface states can act as electron acceptors and
trap photogenerated electrons, and this contributes to
suppressed e  —h* recombination and promotes the
increase of photogenerated h* that are fundamental in
photocatalytic reactions. The charge carrier lifetimes can be
affected by particle size, as suggested by Sieland et al. (2018).
Small particles exhibit longer charge carrier lifetimes and
higher photonic efficiencies, while large particles increase
the charge carrier recombination and decrease the lifetimes.
Such results are according to theoretical study (Liu and Zhao,
2010).

In halide perovskites, the lifetime was determined by
employing time-resolved photoluminescence spectroscopy.
The result indicates that the substitution in the X-site
decreases the lifetime values of 4.38, 0.73, and 0.86 ns for
Cs,AgBiClg, Cs,AgBi(Brg 51p5), and Cs,AgBilg nanocrystals,
respectively (Wu et al., 2021). Much longer lifetimes have been
found in Cs,AgBiBrs, around 660 ns (Slavney et al., 2016). The
longer lifetime helps charge carriers in motion to reach active
sites on the surface, consequently promoting the surface redox
reactions. On the other hand, perovskite heterojunctions are
emerging as a promising material for high-performance
photocatalytic applications. The heterojunctions present two
independent band gaps, which overlapped, and hence, e™ — h*
can be shuttled in direct migration from one level to another
through the interface (Schottky barrier) (Guleria et al., 2021).
The Schottky barrier is that through which e” — " movement
inhibited the charge carrier recombination and thus prolonged
the lifetime of e — h* pairs. This strategy applied to pure or
doped perovskites is promising and will significantly improve
the photoactivity for water treatment. For example, Ravi et al.
(2020) showed that in nanocrystalline halide perovskite
CsPbBr;/ZnS (core/shell), the average lifetime is 102.6 ns,
which is about 15 times longer than the average lifetime
(7.2 ns) of nanocrystalline CsPbBr;. These results confirm
that our ZnS shell growth effectively modifies the electronic
properties of the core. In addition, band edge alignment at the
core/shell interface can explain the significantly
longer lifetime. Also, the slow decay CsPbBr;/ZnS when
compared to CsPbBr3 demonstrates that CsPbBrs/ZnS
increases the lifetime of the charge carriers and may
improve photocatalytic performance. Kirchartz et al
(2020) suggested that the lifetime depends on defect
concentrations.

The importance of the lifetime of the charge carriers lies in the
possibility of determining the efficiency of the photocatalytic
performance, as longer-lived carriers will have a higher
probability of reaching the interface, that is, recombination
will be limited (or will not lead to recombination losses) by
the time the electrons take to diffuse through the perovskite layer.

Perovskite Structure for Water Treatment

Thus, in an efficient photocatalytic process, the charge carriers
combine radiatively, and techniques such as time-resolved
photoluminescence spectroscopy become a powerful tool to
monitor the charge carrier lifetime and further the
understanding of the perovskite photocatalytic process.

4.3 Band Edges Relative to the Redox
Potential of Water Splitting

The band gap of the perovskite structures is essential for
improving light absorption and charge carrier generation and
depend on valence band and conduction band positions. These
characteristics lead to high performance for CO, reduction, N,
reduction, and water splitting. However, another important
parameter is the position of valence- and conduction-band
edges relative to the water redox potential levels, which are
also critical factors governing photocatalytic water splitting
activity, where the band edges should be close to the required
redox potentials to enable the photocatalytic process. Such
parameters will determine the hydrogen and oxygen evolution
reactions under light. Thus, in the process of water splitting the
charge transfer between the interface and optical transitions are
depending strongly on the nature of the band edge. Hydrogen
evolution reactions (HERs) occur when the conduction-band
edges are more negative than the hydrogen evolution potential
level, H'/H,. Oxygen evolution reactions (OERs) occur when the
valence-band edges are more positive than the oxygen evolution
potential level, H,O/O,. A representation is shown in Figure 8.

Although an appropriate band gap of 1.23 eV is necessary for
the potential for the water splitting process, and its band edges do
not straddle the HER and OERs. The band edge positions relative
to the water redox potential levels are significantly influenced by
the material, crystal structure, surface characteristics, and
operating environment of a photocatalyst (Park and Kolpak,
2019). In perovskite structure MLnTa,O, (M = Cs, Rb, Na,
and H; Ln = La, Pr, Nd, and Sm), the photocatalytic activity is
sensitive to Ln and M. The highest activity was obtained for Ln =
Nd, where the activity decreased in the sequence of Rb > Cs > Na
> H (Machida et al, 2003). The band gap energy is strongly
dependent on Ln, but negligibly affected by M. The effect of Ln
can be explained by the shift of the Ln 4f levels from the
conduction-band edge to the valence-band edge with
increasing numbers of Ln 4f electrons, suggesting that
lanthanide 4f shell affects the positions of not only the
valence-band edge but also the conduction-band edge and
played an important role in photocatalytic reaction. The band
edge alignments relative to the water redox potential levels at the
interface directly influence light absorption, the energies of
photogenerated charge carriers, and photocatalytic reactions at
the surfaces. Burnside et al. (1999) argued that the nanometer-
sized SrTiO; particles induced a quantum confinement effect and
resulted in changes in the band structure. The nanosheets had a
0.16-eV wider band gap and a 0.47-eV raised CB edge, as
compared to a commercial WO;. Xie et al., on the other hand,
assumed that the band structure of WO; can be engineered by
exploiting the crystal facet-dependent electronic structure effect.
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potentials given by —qE°, where E’ is the reduction potential for both (H*/H,) and (O»/H20) redox couples (Walter et al., 2010).
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The authors showed that WO; nanosheets with exposed {002}
crystal facets reduced CO, to CH,, whereas WO; cubes with
equal amounts of {200}, {020}, and {002} facets were inactive.
The authors proposed that {002} crystal facets have a higher
CB edge than the bulk WO; due to the different atomic
structures.

In halide perovskite CsPbX; (X = Cl, Br, I) the modification of
site-X significantly contributes to the valence-band edge with
excitonic transition probability decreasing from X = Cl to Brto I,
without changing the size of the nanocrystals (Ravi et al., 2016;
Ravi et al., 2020). When compared, ZnS and CsPbBr; both have
similar valence-band edges, while the conduction-band edge of
ZnS > that of CsPbBr;. However, the formation of CsPbBr;/ZnS
(core/shell) nanocrystals enables the alignment at the core/shell
interface where the hole is delocalized over both the core and shell
and the electron is localized inside the core. In order to optimize
the determination of band edge, studies using first-principles
density functional theory calculations help to predict the
environment-dependent band edge positions in vacuum and
water (Park and Kolpak, 2019).

Some successful strategies of band structure include
modification of the surface composition, quantum
confinement, crystal facet-dependent electronic effect, and
chemical modification. On the other hand, light-harvesting can
be improved by modification with either organic or inorganic
components: metal oxides and sulfides, carbon allotropes, dyes
and other optically active molecules, and plasmonic
nanoparticles. However, the inclusion of new strategies also
gives rise to common problems, such as quenching of
photoluminescence, multiple nanocrystalline cores inside a
single shell, and an insulating shell that prevents the charge
transport. Thus, an ideal photocatalyst to the CO, conversion
should possess 1) possibly a large surface area with favorable
chemistry and energetics, 2) well-developed suitable porosity
with good mass transfer properties, 3) a narrow band gap and
good light-harvesting properties, 4) valence-band and
conduction-band edges positioned properly to drive both CO,
reduction and H,O oxidation, 5) high purity and crystallinity, 6)
proper morphology with a short bulk-to-surface distance, and 7)
an efficient spatial charge separation (Marszewski et al., 2015).

Different physical and chemical parameters must be
considered in  perovskite material to make them
photocatalyzed with high performance. Among them, the
contributions of band gap, lifetime of the charge carriers, and
band edges relative to the redox potential in perovskites play a
vital role in photocatalytic activity. In this sense, different
strategies were adopted to maximize the performance of the
photocatalysts. As previously shown, particle size, doping, and
chemical defect influence the band gap and lifetime of the charge
carriers. Other factors are associated as shape, composition,
substitution in the A-site, B-site, or X-site facility, and the
light absorption owing to the narrowing of Eg this has the
objective of taking advantage of the dominant solar
irradiation. In addition, fabricate photocatalytic material with
a longer lifetime of charger carriers to suppress the process of
e~ — h* recombination and prolong the lifetime of e~ — h* pairs.

5 APPLICATIONS OF HALIDE AND OXIDE
PEROVSKITES TO WATER TREATMENT

Owing to its unique optical properties and versatility in halide
and oxide perovskites, these materials become a compelling
platform well suited to emerging applications. In this section,
some photocatalysis-based applications of halide and oxide
perovskites, including water splitting, photocatalytic CO,
reduction, and photocatalytic N, reduction, are discussed
briefly, in order to motivate new applications in water treatment.

5.1 Perovskite Materials to Water Splitting

Perovskite-based compounds are photoactive materials that have
been widely investigated for photocatalytic water splitting (Wang
et al., 2017b). This process originates from the conversion from
the absorption of sunlight to produce an electron-hole pair for
photocatalytic water splitting in oxygen and hydrogen, that is,
water molecules are oxidized by the holes to protons and O,, and
the released protons are reduced by the electrons to H,. The
chemical reaction is 2H,O — 2H, + O,. However, due to the loss
of the charges through e -h" recombination processes, which
decreases the number of electron—hole pairs via proton
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regeneration or light emission; the water-splitting efficiencies
reported so far are limited. Other, no less important, factors
making the high-efficiency photocatalytic materials difficult
include inferior durability, slow kinetics, poor sunlight
absorption, and poor charge carrier separation capability of
photocatalysts. In addition, theoretical studies show that the
energetic reaction required for the separation of water into H,
and O, corresponds to 1.23 eV (1,100 nm) (Wang et al., 2017b).
However, some perovskites (halide and oxides) do not have
suitable band structures that are favorable, that is, 1.23eV,
impeding their use as highly efficient photocatalysts. Likewise,
the lower level the conduction band should be more negative than
the redox potential of H'/H, (0.0V vs. normal hydrogen
electrode (NHE) at pH = 0), while the level tops the valence
band should be more positive than the redox potential of O,/H,0
(1.23 V vs. NHE at pH = 0) (Maeda and Domen, 2007). Halide
and oxides perovskites the band gaps and band edges with respect
to the redox potential is shown in Figures 9A,B. Among other
advantages, perovskites offer flexibility in the composition, either
in site A or B, which allows you to adjust the band structure, as
mentioned in the previous section. The latter allows optimizing
the water splitting and its functionalities.

Oxide-based perovskite materials are photoactive materials, and
the structure type ATiO; (A = Ba, Sr, Ca, Mg, and Mn) has been
reported as stable and suitable materials as water splitting, due to its
functionality, and is likely to be the most cost-effective approach to
achieve water splitting (Osterloh, 2008; Kudo and Miseki, 2009).
Oxide perovskites reveal several advantages such as enhanced charge
separation, excellent thermal stability, high chemical stability, large
optical absorption coefficients, and extended electronic carrier
diffusion lengths. The majority of oxide perovskite band gaps are
above 3 eV and do not meet the criteria for photocatalytic water
splitting. However, there are some oxide perovskites that have a
narrow band gap such as LaFeO3, BiFeO;, and BaTiO; (Parida et al,,
2010; Yang et al, 2019; Clabel H. et al, 2021a). When oxide
perovskites are doped, their structure can be tuned and holds
great promise for water splitting. In doped perovskites, the band
gap of the compound material is decreased and it apparently
becomes a UV-visible-light response photocatalyst. In order to
maximize the functionality of water splitting, the perovskite
structure was doped, and the most common materials for water
splitting under UV and visible-light are Mn-, Ta-, and Nb-based

perovskite oxides. Yang et al. studied the effects of Sr-doped LaMnO,
perovskites, targeted for thermochemical dissociation of water
splitting (Yang et al.,, 2014). Studies for visible light photocatalytic
hydrogen production from water splitting in pristine and chalcogen-
doped BaTiO; were realized by first-principles DFT (Huang et al.,
2019). The doped chalcogens can significantly decrease the band gap
of BaTiO3, and this is especially true for the larger concentration of
the dopant, leading to significant reduction from 3.13 to 1.01 eV,
satisfying the conditions of water splitting. Luo et al. studied the
effect of B and Fe co-doping SrTiO; in the band gap (Humayun
et al., 2018). The co-doping leads to the band gap of SrTiO; being
significantly reduced from 3.4 to 1.9 eV. The band gap of B and Fe
co-doping SrTiO; is significantly reduced and exhibits absorption up
to a wavelength of 650 nm. This confirmed the enhanced charge
carrier separation and improved photocatalytic activities of the
photocatalysts for CO, conversion and water splitting.

Also, halide perovskites are used as an efficient compound
for water splitting. Mainly, halide perovskite CH;NH;Pbl;
exhibits clear ambipolar nature of charge carrier transport,
a behavior where both electrons and holes exhibit very good
mobility. Because of this unique property, CH;NH;PbI; can be
used as both photoanode for water oxidation and
photocathode for water reduction reaction (Singh et al,
2020). However, due to Pb>" toxicity, B-sites in the
perovskite structure have been explored. Also, in another
work, using lead-free and phase-stable Sn(II) halide
perovskite CH;NH;Snl; has been prepared and tested
(Yang et al, 2015; Volonakis and Giustino, 2018). This
Sn(II) perovskite has a band gap of 1.3eV, with charge
carrier mobility of ~1.6cm®>V~'s™', and demonstrated
photocatalytic H, evolution making them functional for
water splitting. Other alternatives of potentially promising
materials of lead-free halide perovskites are Cs,BiAgClg,
Cs,BiAgBrs, Cs,SbAgCls, and Cs,InAgCls (Volonakis and
Giustino, 2018). The electronic properties and ionization
potential were studied from first principles examining the
different  possible  surface terminations and the
thermodynamic stability. It was found that the band levels
of Cs,BiAgCls and Cs,BiAgBrs are matching the redox
potential of water. Cs,SbAgCls and Cs,InAgCls could also
be suitable for hydrogen evolution or water evolution, and
such factors are favorable to water splitting.
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FIGURE 10 | (A) Selectivities toward the main products obtained in the photocatalytic reduction of CO, over NaNbOg, NaTaOg, and TiO,, (B) The free energy
diagrams of the most favored paths of CO, reduction on pristine, Co-doped, and Fe-doped CsPbBr; perovskite cases (Fresno et al., 2017; Tang et al., 2019).

Reaction Steps

5.2 Perovskite Materials to Photocatalytic
CO, Reduction

As a result of human activity and industrial development,
concentrations of carbon dioxide have increased in recent
decades. In this scenario, a possible way is the use of highly
active photocatalytic systems for photocatalytic reduction of CO,,
leading to hydrocarbons in the gas phase and oxygenates in the
liquid phase (Hong et al., 2013), with the aid of solar energy. Several
mechanisms are crucial for improving the photoactivity: 1) surface
area, 2) surface energetics, 3) mass transfer phenomena, 4) light
absorption, 5) excitation (bulk and surface recombination), and 6)
charge separation (Marszewski et al., 2015). These important aspects
will impact the performance of a photocatalyst. The CO, adsorption
by physisorption and chemisorption, where the molecule is
susceptible to reduction by photogenerated electrons, these
electrons are generated through light absorption, excitation, and
charge separation. The CO, adsorption is promoted by several
factors physical and chemical as the increase of catalyst surface
area, surface defects, basic sites, and Cu and/or Pt co-catalyst
nanoparticles surfaces. Oxide and halide perovskites due to their
high reactivity surface and tuning of physical and chemical
properties can lead to a significant improvement of
photoelectrochemical activities (Shi and Zou, 2012; Xu et al., 2017).

Perovskite oxide type NaNbO; and NaTaOj; prepared by solid-
state reactions were applied for the photocatalytic reduction of CO,
(Fresno et al,, 2017). Due to extrinsic and intrinsic properties, such as
surface area, structural modification, e -h" recombination, and the
reducing potential of conduction band electrons, a competition of
water protons for photogenerated electrons leads to greater
performance in CO, reduction. The main products obtained in the
photocatalytic reduction of CO, over NaNbO; and NaTaO; is shown
in Figure 10A. Hemminger reported the role of SrTiO; perovskites for
photocatalytic reduction of CO, to CH, production (Hemminger
et al,, 1978). Co-catalysts nanostructured perovskite oxides also exhibit
a band edge tuning, long charge diffusion lengths, longer charge
carrier lifetimes (not in all perovskite oxides), and structural good

stability (Shi et al, 2017). Au/Rh nanoparticle addition in SrTiO;
showed good photocatalytic performance for CO, reduction and
water splitting in the visible light spectra, and the degree
concentration of the Au/Rh ratio leads to variation in the CO,
reduction (Li et al, 2016). The difference in the transfer of
interband-transition photoelectron from SrTiO; to Rh and Rh/
Au@SrTiO; was evidenced by photoluminescence spectra, in this
last in low photoluminescence evidence that recombination between
the photoelectron and the positive-charged Au is suppressed. In
addition, Rh as co-catalyst has a function as accumulated
photoelectrons. Thus, the photoelectrons induced by interband
transition and plasmon resonance in Au indeed transfer from
SrTiO; to the Rh co-catalyst during visible light irradiation, leading
to both suppressing the CH,4 production and significantly enhancing
the photoactivity. The improved performance of photocatalytic
reaction can also be enhanced by other transition metal co-
catalysts which extend visible light absorption through localized
surface plasmon resonance of metal nanostructures, such as Ag, Pt,
Ir, and Cu (Wood et al., 2001; Kamat, 2012). In addition, the interface
between the metal and semiconductor type perovskite, a Schottky
barrier, is formed, where the work function difference gives rise to a
potential offset. Such Schottky barriers can reduce the kinetics of
electron flux from the perovskite conduction band into the metal, that
is, transfer of photogenerated electrons across the interface. This
accumulation of photogenerated electrons on the metal enhanced
the performance in the CO, reduction (Wood et al., 2001).
Light-emitting lead halide perovskite nanocrystals CsPbBr; were
explored for catalytic CO, reduction (Shyamal et al., 2020). Shyamal
et al. (2020) showed the surface facet-dependent catalytic activities in
cube and faceted non-cube shapes, where the adsorption/desorption
and the suppression of carrier recombination are essential in the CO,
reduction. Surfaced isotropic polyhedron-shaped poor emitter
noncubes were observed to be the superior catalyst. Moreover, the
DFT study will reveal that the adsorption/desorption of CO, and
reduction have an efficient activity along with the {112} and {102} facets
compared to the dominant {110} and {002} facets of orthorhombic
cube-shaped CsPbBr; nanostructures. A size-dependent enhancement
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in photocatalytic degradation has been previously established for Au-
TiO2 composites. Using density functional theory (DFT), the
enhancement of the photocatalytic capability was shown in pristine
CsPbBr; perovskites and doped CsPbBr; perovskites, which transform
CO, into methane (Tang et al., 2019). Doped CsPbBr; with Co, Fe, Ni,
Cu, Ag, Mg, Mn, and Bi shows a better catalytic performance than
pristine CsPbBr;. Particularly, Co- and Fe-doped CsPbBr; perovskites
are promising candidates due to the better adsorption, promoting the
CO, reduction process. The CO, reduction process is mainly reduced
to HCOO* in the hydrogenation, through successive proton
absorptions on the O and C atom generating C*H and C*H, for
the pristine and Co- and Fe-doped CsPbBr; perovskites, respectively,
releasing H,O and then hydrogenating to CH, (see Figure 10B). The
free energy barrier is 1.20, 0.68, and 0.23 eV for the pristine, Co-doped,
and Fe-doped CsPbBr; perovskites, respectively, thus showing the
catalytic efficiency in Co and Fe doped CsPbBr; perovskites. Such
results are consistent with the previous experiment (Xu et al,, 2017).

6 CONCLUSION AND OUTLOOK

Investigations into the use of photocatalytic perovskites for the
elimination of emerging contaminants are of great current
interest. A suitable band gap taking advantage of dominant solar
irradiation and high photoinduced charge separation efficiency are
key factors for ideal photocatalysts and are under constant research.
A wide range of synthesis methods allows the creation of unique
structures that can enhance photocatalytic activity, as evidenced by
the other research group in this area. The present review focuses on
three parameters essential in photocatalytic activity: the role of band
gap, band edges, and the lifetime of charger carriers. Additionally,
the electronic properties as the band gap can be affected in many
different ways for all types of perovskite structures. In pure
perovskites and doped perovskites with single-phase structures,
factors of calcination temperature, doping, the concentration of
doping, composition, and density of defect can affect the band
gap. Synthesis methods also determine the band gap characteristics
where the shape and size drive the formation of different facets,
surface area, and porosity. Different mechanisms for reducing the
band gap (<3 eV) in order to improve the narrow light-response to
the ultraviolet spectrum (~4% of sunlight) and inhibit the
recombination process were considered, thus improving
photocatalytic efficiency. The fundamental understanding of such
mechanisms helps provide much broad insight into the role of band
gap and lifetime in advanced perovskites applied to photocatalysis.
An attempt is realized in this review to differentiate the contribution
between both band gap and lifetime of charger carriers.

The narrow band gap is mainly considered to play an
important role in light absorption capability, though the
modulation of band gap is dependent on both extrinsic and
intrinsic parameters. Changes in the defect density at the surface
can impact the redox reaction at the surface and band gap. The
particle size influences the band gap due to the confinement of the
electrons; likewise, the small size and large surface area of
nanomaterials are preferred to facilitate the charge transfer
between the catalyst and the redox molecules. Doping has
been shown to alter the optical properties of perovskite

Perovskite Structure for Water Treatment

structures and improve their stability. Meanwhile, the lifetime
of charger carriers is considered necessary because it facilitates
the photoexcited charge carriers to reach the active sites to
complete the surface redox reactions. In addition, it promotes
the increase in photogenerated e” — h* that are fundamental in
the photocatalytic reactions and suppresses the process of e™ — h*
recombination. Moreover, the parameters of the band edges
relative to the redox potential will determine the hydrogen
and oxygen evolution reactions under sunlight, essential to
water splitting performance.

Although the mechanisms of doping are effective in
optimization, they merit a more thorough investigation. In this
sense, a challenge is using the doping type within the host matrix,
optimized substitution in the A-, B-, or X-site, and doping
concentration. The complementation with current techniques
that help identify and clarify the reaction mechanisms between
the dopant and the matrix will contribute enormously to this
challenge. Quantifying the defect density and identifying the type
of defects present on the surface would help understand and
interpret perovskite structures lifetime and decay kinetics.
Although techniques such as transient absorption, time-
resolved photoluminescence, and confocal microscopy explore
the lifetime and energy transfer process in perovskite structures,
these techniques only contribute to certain types of perovskites.
Incorporating knowledge focused on surface science would be
helpful in understanding the sites active in the surface affect redox
reaction and at what level according to the type of defect.
Additionally, theoretical calculations are also useful in helping
to predict the observed effects, from the surface chemical defect,
particle size, surface area, and porosity. Finally, the different types
of perovskite structures are promising; however, we still have a
broad horizon to explore to make it more efficient.
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