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Photocatalysis is a more proficient technique that involves the breakdown or decomposition of different

organic contaminants, various dyes, and harmful viruses and fungi using UV or visible light solar

spectrum. Metal oxides are considered promising candidate photocatalysts owing to their low cost,

efficiency, simple fabricating method, sufficient availability, and environment-friendliness for

photocatalytic applications. Among metal oxides, TiO2 is the most studied photocatalyst and is highly

applied in wastewater treatment and hydrogen production. However, TiO2 is relatively active only under

ultraviolet light due to its wide bandgap, which limits its applicability because the production of

ultraviolet is expensive. At present, the discovery of a photocatalyst of suitable bandgap with visible light

or modification of the existing photocatalyst is becoming very attractive for photocatalysis technology.

However, the major drawbacks of photocatalysts are the high recombination rate of photogenerated

electron–hole pairs, the ultraviolet light activity limitations, and low surface coverage. In this review, the

most commonly used synthesis method for metal oxide nanoparticles, photocatalytic applications of

metal oxides, and applications and toxicity of different dyes are comprehensively highlighted. In addition,

the challenges in the photocatalytic applications of metal oxides, strategies to suppress these challenges,

and metal oxide studied by density functional theory for photocatalytic applications are described in detail.
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1 Introduction

Nowadays, environmental pollution and the energy crisis are
the two main concerns of our world. With urban growth and
rapid industrialization, our globe is in an era of prosperity and
wealth. The increasing world population and continuous
development of urban, industrial, and agricultural processes
cause an increase in pollutants in air and water sources. Human
activity due to population growth, such as household activity
and the development of industrial and agricultural byproducts,
leads to mostly organic contaminants. If these organic
contaminants are biodegradable, it can be easily treated by
biological processes. However, pollutants from industries, such
as textiles, pharmaceuticals, and agriculture, oen contain low
biodegradability. In addition to these, chemicals, microbes,
metal plating, pulp, reneries, and food processing are waste-
generating businesses that discharge many wastes, contami-
nating terrestrial land, atmosphere, and water sources.1

Byproducts from textile industries pollute the environment,
especially the water resources, due to the random use of various
types of dyes and discharge them to the water sources. Thus,
water sources polluted by textile industries contain a variety of
organic dyes and chemicals; the chemical composition of these
effluents is a major environmental problem.2 On the other
hand, antibiotics are used to treat animal and human diseases.
The consumption of these antibiotics leads to their release into
the environment aer incomplete metabolism. The entering of
these compounds into the environment through wastewater
from the pharmaceutical industry, human and animal waste
deposits, and hospitals causes environmental pollution and is
difficult to remove using traditional treatments.3 Agricultural
waste products also cause environmental pollution including
water sources. For the development of modern agriculture,
pesticides are used. Pesticides and agro wastewater are risks to
human health and the aquatic ecosystem.4
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Moreover, synthetic dyes that are used in the textile indus-
tries and agriculture are physically and chemically stable
compounds, which enormously affect the environment. Some
of these organic pollutants are persistent and identied at
a signicant level in surface and groundwater, soil, and waste-
water effluents.5 Different conventional techniques such as
biological treatment, anaerobic, electrochemical, aerobic,
oxidation, adsorption, otation, reduction, precipitation, and
occulation have been used in wastewater treatment.6 However,
these techniques cannot fully degrade the organic pollutants.
On the other hand, we can classify the developed methods to
eliminate or reduce organic pollutants into four types:7–9 (i)
physicochemical, which includes membrane bioreactor,
adsorption, sedimentation, coagulation, ltration, and occu-
lation; (ii) chemical treatment, which includes chemical
reduction, electrochemistry, advanced oxidation process (AOP),
ozone oxidation, enzymes, and photocatalytic degradation; (iii)
bioremediation, which includes biological oxidation, and acti-
vated sludge; (iv) the combined process. Physicochemical
treatment has advantages such as low cost, high treatment
efficiency, and easy operation, but its degradation ability is low.
Bioremediation can remove organic pollutants from large areas
at a very low cost, but it has low efficiency. Chemical treatment
has an incredible efficiency to mineralize organic pollutants,
but it can cause secondary pollution.

Over the previous decade, researchers around the world
made great efforts to develop a more powerful, newer, and
promising technique called advanced oxidation process
(AOP).10 The AOP is the most interesting method to remove
organic pollutants in wastewater.11 This method is an alterna-
tive to traditional techniques such as adsorption and coagula-
tion because the AOP process mineralizes the organic
pollutants rather than moving from place to place. Thus, pho-
tocatalysis is a promising AOP and is a green method to
decompose organic pollutants nonselectively and quickly from
wastewater using semiconductor metal oxides as photocatalyst
Dr Fekadu Gashaw is an Asso-
ciate Professor of Physics and
currently working at Addis
Ababa University department of
Physics as Researcher and
lecturer. He has obtained his
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materials,12 meaning that for overcoming environmental
pollution, the degradation of harmful and toxic contaminant
organic compounds using semiconducting photocatalysts is of
great signicance.13 A semiconducting photocatalyst is a mate-
rial that is used as a catalyst in photocatalytic processes. Thus,
a catalyst is a material that initiates and enhances the rate of
a chemical reaction, but the material that enhances the rate of
the chemical reaction remains unchanged at the end of the
reaction.14 In other words, a semiconducting photocatalyst is
a material that is capable of harvesting solar light, generating
electron–hole pairs that enable transformations of participants
of reaction and reproduce its chemical composition aer each
cycle of such interactions.15 The catalytic properties of materials
under the illumination of either UV or visible light is called
photocatalytic activity, and the acceleration of the rate of
a chemical reaction by activating a catalyst by light (UV or visible
light) is known as photocatalysis.14 Photocatalysis is a more
procient technique that involves the breakdown or decompo-
sition of different organic pollutants, various dyes, and harmful
viruses and fungi using UV or visible light solar spectrum.16

Photocatalysis was discovered in 1972 during the oil crisis in
1973 and the energy crisis in 1979 for the production of
hydrogen production by water splitting.17 Nowadays, photo-
catalytic oxidation processes through semiconductor metal
oxide nanoparticles are globally accepted and are the most
advanced techniques.18

Aer the discovery of photocatalysis technology, researchers
have been attracted to understanding the fundamental mech-
anisms of photocatalysis and improving the photocatalytic
properties of the discovered photocatalysts. The photocatalysis
technique depends on the reaction between powerful oxidizing
and reduction agents (holes and electrons) generated through
the illumination of UV or visible solar spectrum on the surface
of photocatalyst materials and harmful organic pollutants.19

Overall, photocatalysis is a process in which the electron–hole
pair is generated through the illumination of sunlight to the
photocatalyst materials. When the photocatalyst material is
exposed to light with energy equal to or greater than the pho-
tocatalyst bandgap, the electrons in the valence band (VB) are
stimulated and excited to the highest-level conduction band
(CB), leaving behind holes in the VB. Generally, the photo-
catalysis process follows ve complementary steps including (i)
light harvesting, (ii) electrons–holes generation under the irra-
diation of light, (iii) charge carrier's separation and moving to
the photocatalyst surface, (iv) oxidation and reduction of charge
carriers with reactants, and (v) charge carrier recombination on
the catalyst surface. The photoinduced electrons and holes
reacted with oxygen (O2), water (H2O), and hydroxyl groups to
generate reactive oxygen species (ROS) such as hydroxyl radicals
(cOH) and superoxide radical anions (O2c

−) with strong oxida-
tion abilities. These ROS are the foremost accountable species
for the degradation of persistent organic pollutants in waste-
water. These phenomena can be utilized to solve the main
problems of our world today in the energy crisis by the process
of water splitting to generate hydrogen gas, which is used as
fuel, and environmental pollution through the degradation of
organic pollutants in wastewater.20 Thus, the application of
18406 | RSC Adv., 2023, 13, 18404–18442
photocatalysis is not limited to the degradation of organic
pollutants, it is also applied in bacterial disinfectants and for
the removal of antibiotics from water. It has great potential in
the evolution of hydrogen (H2) by water splitting as a green
energy fuel in the production of hydrocarbon fuel by reducing
carbon dioxide (CO2), and the potential of changing NO and
NO2 into nitrate, which is used as a fertilizer to stimulate the
growth of plants.21–23

According to researchers' investigations, the nanosized
particles show an essential photocatalysis process due to their
unique chemical and physical properties, high surface-to-
volume ratio, fast dissolution, strong sorption, and high reac-
tivity with respect to their bulk of the same compositions.24,25

Among these nanosized materials, metal oxide nanoparticles
(MONPs) are used as prominent photocatalysts. MONPs have
a wide range of applications including environmental remedi-
ation, energy storage, electrochemistry, sensors, lubrication,
coatings, and other various areas of nanotechnology.1 Various
semiconducting metal oxide photocatalyst materials have been
developed to date. Semiconducting metal oxides such as TiO2,
ZnO, SnO2, Cu2O, Fe2O3, SrTiO3, zinc germanium oxide,
bismuth oxides, copper oxides, and WO3 have got much atten-
tion due to their ability in the degradation of various organic
pollutants.13,26 Their effective advantages are attributed to their
large surface area, small size, optical and chemical properties,
and electrical conductivity properties.27 However, there are
some shortcomings of semiconductor metal oxide photo-
catalysts such as a small range of the solar spectrum absorption
abilities, wide bandgap, and fast recombination rates of pho-
togenerated electrons and holes, which reduce their photo-
catalytic activities.20,28 A photocatalyst materials with wide
bandgap value requires more energy to be absorbed for charge
carrier separation. In addition, the photogenerated electrons
and holes could recombine without forming oxidation and
reduction, which reduces the photocatalytic activities of these
photocatalysts. The fast recombination rate results in a lower
number of photogenerated ROS that are available on surface
reaction sites to carry out the photodegradation process. Hence,
the overall photocatalytic activity is signicantly reduced. Many
researchers have been working on the modication of photo-
catalysts or engineering new photocatalysts to address these
concerns. The introduction of a heteroatom doping agent into
the bulk semiconductor metal oxides modies the photo-
catalytic activities of semiconductor metal oxides. Thus, it
provides a large dipole moment to change the electron transfer
kinetic, and more electrons can be transferred from the valence
band to the conduction band of the photocatalyst, hence nar-
rowing the bandgap value.28,29 The low bandgap value indicates
better absorption ability in visible light or natural sunlight.
Good photocatalyst materials will now be able to reduce the
recombination of photogenerated electron–hole pairs and are
able to absorb the visible light range of the solar spectrum. In
addition, materials used as photocatalysts should be earth-
abundant and cost-effective.

A lead monoxide (PbO) nanoparticle is among the MONPs.
PbO and Pb-based oxide material has attracted the researchers'
focus due to its exceptional mechanical, optical, and electrical
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The major synthesis approaches of MONPs and techniques used in nanotechnology.
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properties.30 The photocatalyst activity of PbO nanoparticles
have been investigated for the degradation of organic
pollutants.31–33 However, for the photocatalytic applications of
PbO, there are only very few reports, but the coupled PbO with
other semiconductors has been widely reported. Thus, the
combination of PbO with different metal oxide semiconductors
has advantages such as shiing the ultraviolet activity of
materials to visible light active by controlling the bandgap and
modifying the structure and morphology of the newly formed
composite photocatalyst.

Nanotechnology includes both research and engineering of
new materials at the nanoscale level. Different synthetic tech-
niques have been used for the synthesis of metal oxide nano-
particles. In this review, the synthesis method for metal oxide
nanoparticles, metal oxide studied by density functional theory
for photocatalytic applications, applications, and toxicity of
different dyes are highlighted. In addition, the photocatalytic
applications of metal oxides, challenges in the photocatalytic
applications of metal oxides, and strategies to suppress these
challenges in metal oxide photocatalysts are described in detail.
Previously, many review articles on the photocatalytic applica-
tions of metal oxide have been published so far. However, these
articles are mainly focused on either applications or challenges
and strategies for solving challenges in metal oxide photo-
catalysts. In addition to this, these articles did not includemetal
© 2023 The Author(s). Published by the Royal Society of Chemistry
oxide studied both by experimental and DFT methods simul-
taneously. Therefore, this review has signicant advantages in
giving way for understanding and studying metal oxide nano-
particles experimentally and computationally. Moreover, the
reader can understand easily the drawbacks of metal oxide
photocatalysts and the strategically taken action until the
present to tackle the abovementioned drawbacks. Therefore,
depending on the identied drawbacks, researchers can
develop additional strategies to overcome the mentioned
drawbacks or design new photocatalysts.
2 Metal oxide nanoparticles

Metal oxide nanoparticles (MONPs) are semiconducting mate-
rials that have tremendous applications in different areas of
science and technology. Thus, nanosized metal oxides have
more imperative physicochemical properties than their bulk of
the same composition and have received large attention due to
their electronic, catalytic, and magnetic properties.34 These
materials have unique properties such as cold welding,
nonlinear, superparamagnetic behavior, higher ductility at
elevated temperatures than coarse-grained ceramics, unique
catalytic properties, sensitivity, and selective activity that make
them indispensable tools in modern nanotechnology.35,36 In
addition, they exhibit fast diffusivity and unique adsorption
RSC Adv., 2023, 13, 18404–18442 | 18407
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properties, which makes them different from their bulk mate-
rials of the same compositions.37 Low density, high surface-to-
volume ratio, and quantum properties of nanoparticles are
the enchanted properties of nanoparticles.38,39 More impor-
tantly, MONPs have potential applications that attract
researchers from the elds of medicine, materials chemistry,
materials science, physics, agriculture, electronics, information
technology, energy, biomedical, catalysis, sensor, and environ-
ment.40,41 Specically, MONPs have been attracted for their
development of new and effective strategies in environmental
remediation and energy production. Among these MONPs,
CuO, ZnO, Al2O3, Fe2O3, ZrO2, MgO, AgO, SnO2, TiO2, CeO2,
PbO, etc., are the most attractive one.35

As nanotechnology includes the search for and
manufacturing nonexistent materials at the nanoscale level,
several synthetic techniques and strategies were successfully
used in the development of nanotechnology. In general, there
are two types of approaches to the synthesis and fabrication of
nanomaterials.42,43 They are (i) bottom-up approach: this
approach includes the miniaturization of materials compo-
nents up to the atomic level with further self-assembly process
(physical forces operating at the nanoscale are used to combine
basic units into larger stable structures), leading to the forma-
tion of nanostructures. This approach organizes atomic or
molecular components to form clusters and then to grow into
different morphologies. Quantum dots or nanoparticles formed
from colloidal dispersion are examples of a bottom-up
approach; (ii) the top-down approach starts from bulk struc-
tures to reduce to nanostructured materials.44

Nanotechnology techniques can be classied as wet, dry, and
computational engineering, as shown in Fig. 1. Wet nanotech-
nology handles the process, which takes place in a wet envi-
ronment mostly using living organisms and different
components present in the tissue, organs, and cells in living
systems. Dry engineering deals with the engineering of different
technological applications and it includes (i) electronics, opto-
electronic, and photonics; (ii) information processing, storage,
and transmission; (iii) food packing and storage; (iv) pigments,
protective glasses, textiles; and (v) sensors and energy devices.
Computational engineering deals with the development and
use of computer-based quantum and molecular design,
modeling, and simulation of properties of systems relevant to
nanotechnology.35
2.1 Synthesis of metal oxide nanoparticles

The strategies for the synthesis of MONPs can be classied into
top-down and bottom-up approaches, as shown in Fig. 1. The
top-down approach is reducing the large particle size either
macro or microparticles to nanosized, whereas the bottom-up
approach begins atomic growth up to nanosized particles.50 As
presented in Fig. 1, the top-down approach includes fragmen-
tation, bulk nanomachining, and lithography, whereas the
bottom-up approach can be classied into physical, chemical,
and biological methods. The physical methods are the process
of gas transformation to solids. The physical methods under the
bottom-up approaches for the synthesis of nanoparticles
18408 | RSC Adv., 2023, 13, 18404–18442
include spray pyrolysis, atomic layer deposition (ALD), molec-
ular beam epitaxy (MBE), chemical vapor deposition (CVD),
physical and pulse vapor deposition (PVD), and ion implanta-
tion, and the biological method is a green synthesis method of
nanoparticles by extracting from algae, yeast, bacteria, agricul-
tural and industrial wastes, plants, molecules, fungi, etc. The
chemical methods for nanoparticle synthesis include copreci-
pitations, chemical reduction, sol–gel, microemulsion, hydro
and solvothermal, template, electrochemical, and sono and
photochemical. In this review, we only reviewed some of the
chemical synthetic methods that are widely used for the
synthesis of metal oxide nanoparticles.

2.1.1 Sol–gel process. The sol–gel process is a simple, eco-
friendly, and inexpensive method that enables to control the
high purity and homogeneity of the nal metal oxide nano-
particles product and also to control the size and growth of
particles and supports the addition of large concentrations of
doping agents.51 The sol–gel process is used to prepare a high-
quality metal oxide nanoparticle and metal oxide nano-
composite, which is done by the hydrolysis process of metal
alkoxides dissolved in alcohol or water. From this, the corre-
sponding hydroxide has resulted. Thereaer, by the condensa-
tion of the formed hydroxide, a metal hydroxide polymer is
formed in a densely packed gel form. To obtain the metal oxide
powder of the targeted particle size, the formed gel is heated
and dried. Generally, the sol–gel process steps are (i) hydrolysis,
(ii) polycondensation, (iii) aging, (iv) drying, and (v) thermal
decomposition.45,52 The nally heated and dried have the
possibility to give us metal oxide in a form of bulk materials,
nanoparticles, or oxygen vacancy based on the heat-treatment
process done.28 A variety of metal oxide nanoparticles such as
ZnO,53 TiO2,54 MgO,55 ZrO2,56 CuO,57 and Nb2O5/SiO2 (ref. 58)
were synthesized by the sol–gel process. For example, Patel
et al.59 reported the synthesized CuO and ZnO by the sol–gel
process using copper(II) nitrate and zinc nitrate as starting
materials, respectively. The advantages and disadvantages of
the sol–gel method is summarized in Table 1.

2.1.2 Coprecipitation. In the synthesis of metal oxide
nanoparticles using the coprecipitation process, the reaction
takes place at ambient temperature. In this method, a solution
of metal salt and a precipitating media produces a precipitated
oxo-hydroxide in a solvent. KOH, NaOH, and ammonia solu-
tions are commonly used as precipitating media. Thus, the
alkaline nature and pH of the solution highly inuence the
properties and morphologies of metal oxide nanoparticles. To
come up with the desired morphology and properties of metal
oxide nanoparticles, the amount, rate, and mode of alkali
solution added to the reaction mixture must be added. By
adding surfactants, it is possible to narrow the size of the
produced nanoparticles as surfactants are very useful and
crucial in the tailoring of surface characteristics of metal oxide
nanoparticles. This method is the highly used synthesis method
for metal oxide nanoparticles due to its simplicity, low cost,
scale-up, and low-temperature reaction rates. It is also possible
to control the particle size and crystal structure by varying
media pH and, at times, large amounts of nanoparticles can be
prepared using the coprecipitation method.62 Various metal
© 2023 The Author(s). Published by the Royal Society of Chemistry
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oxide nanoparticles such as MnO2,63 ZnO,64 MgO,65 BiVO4,66 Ni-
doped SnO2,67 N- and Fe-doped TiO2,68 CuO,69 Cu-doped ZnO,70

PbWO4,71 etc., were synthesized using the coprecipitation
method. Kotresh et al.64 synthesized ZnO nanoparticles via the
coprecipitation process at 50 °C and 70 °C reaction tempera-
tures using sodium hydroxide as the precipitating media and
zinc nitrate hexahydrate as the Zn2+ precursor. Buraso et al.72

also used the same synthesizing approach for the preparation of
TiO2 using titanium(IV) isopropoxide as a precursor. Rangel
et al.73 used the coprecipitation method to synthesize CuO
nanoparticles using copper chloride and copper sulfate as
a precursor. Coprecipitation method has advantages and
disadvantages in metal oxide synthesis, as given in Table 2.

2.1.3 Hydrothermal synthesis. Hydrothermal synthesis is
a solution reaction-based method, and the process is called
hydrothermal because water is used as a solvent, whereas in
solvothermal synthesis, organic solvents are used. In this
method, a wide range of temperature and pressure (above
ambient temperature and pressure) is used for the formation of
nanoparticles. By controlling the reaction pressure, the
morphology of the prepared nanoparticles can be controlled
either by decreasing or increasing the pressure conditions. In
this method, the aqueous mixture is heated in a sealed
stainless-steel autoclave above the water boiling point and
increasing pressure in the reaction above the atmospheric
pressure. This method has signicant advantages over other
Table 2 Advantages and disadvantages of the coprecipitation synthesis

Synthesis methods Advantages Disadvantag

Coprecipitation � Low cost and environment-friendly � Wide parti
� Simple synthesis � Wide parti
� High product � Surface oxi
� Simple and efficient � Poor repro
� Fast reaction � Limited by
� Well dispersed in polar solution
� Easily scale up the production

Table 1 Advantages and disadvantages of the sol–gel synthesis method

Synthesis
methods Advantages

Sol–gel � Easy to perform in the laboratory
� Inexpensive and high yield
� Synthesis is at low temperature
� Produce high-quality materials

� High scale homogeneity and purity
� Doping of different elements can be controlled
� Atomic level mixing components (precursors)
� High purity and proper stoichiometry can be achieve
� Desired shape and length can be obtained
� Precise control of size and structure
� Materials can be obtained in bulk, thin lm, or nano
� Can produce coating to provide protection against co
� Homogenous and high adhesion products of thin l
� Synthesis of uniform compounds in the form of com
oxides

© 2023 The Author(s). Published by the Royal Society of Chemistry
synthesis approaches. It can generate nanoparticles that cannot
be prepared at low temperatures or room temperature, and it
can also produce nanoparticles if the materials have a high
vapor pressure.74 During the reaction in an autoclave, the
particles can be agglomerated. To prevent the agglomeration of
the particles, it is necessary to use a suitable stabilizer or
capping agent. Several metal oxide nanoparticles such as
SnO2,75 TiO2,76 Fe2O3,77 NiO,78 and BiVO4 (ref. 79) were prepared
using the hydrothermal synthesis process. Bade et al.80 prepared
copper oxide nanoparticles using copper sulfate pentahydrate
as a precursor and NaOH as the stabilizing agent via hydro-
thermal synthesis. Suthakaran et al.81 reported high-quality
SnO2 nanoparticles synthesized by hydrothermal synthesis,
and they studied the photocatalytic activity of these nano-
particles by degrading methyl violet dye. The advantage and
disadvantage of the hydrothermal synthesis method is
summarized in Table 3.

2.1.4 Microemulsion. Stankic et al.85 reviewed the micro-
emulsion method consisting of oil and water immiscible pha-
ses. These immiscible phases are separated by surfactant
molecules, creating an oil/surfactant and water surfactant
binary system. The surfactant molecules have properties of
a hydrophobic tail, which is dissolved in the oil phase and
a hydrophilic head, which is grouped to the water phase. To
synthesize the homogenized phase, proper amounts of metallic
precursor, surfactant, water, and oil are mixed while stirring at
method

es Ref.

cle size distribution 46, 48 and 49
cle size distribution, poor crystallinity, and aggregation
dation
ducibility
the boiling point of water

Disadvantages Ref.

� Use of organic solution that can cause toxicity 45–47
� Sensitivity to moisture
� Includes many steps and the process takes a long time
� Dimensions and volume changes during different
steps
� Product contains sol–gel matrix components
� Metal alkoxides are almost expensive
� Residual carbon and hydroxyl groups

d

powders
rrosion
ms
posite
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room temperature. For the precipitation of nanoparticles,
oxidizing agent, reducing agent, and precipitating agent are
added while stirring vigorously and thereaer, followed by
centrifugation; subsequently, washing and drying or annealing
takes place. The shape and size of metal oxide nanoparticles
synthesized by this method can be easily manipulated. Different
metal oxide nanoparticles such as Fe2O3,86 CeO2,87 NiO,88 ZnO,89

TiO2,90 and CuO91 were synthesized using the microemulsion
method. In metal oxide synthesis, the microemulsion has
advantages and disadvantages, as summarized in Table 4.

2.1.5 Sonochemical synthesis. The sonochemical method
uses ultrasound to facilitate the chemical reaction in which the
ultrasound induces a chemical effect on the reaction process. In
sonochemical synthesis, a starting material is dissolved in
Table 4 Advantages and disadvantages of the microemulsion synthesis

Synthesis methods Advantages

Microemulsion � Easy and do not require energy
during synthesis

� Better thermodynamic stability
� Low viscosity

� Uniform properties
� Narrow pore size distribution

� Homogeneous particle size
distribution and good control of
shape
� Increase the rate of absorption
� Increase bioavailability
� Helpful in taste masking
� Eliminates variability in
absorption

Table 3 Advantages and disadvantages of hydrothermal synthesis meth

Synthesis methods Advantages

Hydrothermal � Able to synthesize materials that
are unstable near melting point
� Ability to synthesize high quality
products
� Environment-friendly and
versatile
� Simple, easy, and inexpensive
synthesis method
� The morphology of products can
be changed easily
� Easy to control particle size,
shape, and dispersion
� Production of high quality of 1D
nanostructures such as nanorod
� Good crystallization
� Magnetic controllability
� Reactants have elevated reactivity
� Scalable

18410 | RSC Adv., 2023, 13, 18404–18442
a solvent to get a solution. Thereaer, the resulting solution is
irradiated with ultrasonic waves with a frequency above 20 kHz.
Ultrasonic irradiation causes acoustic cavitation, which leads to
the formation, growth, and implosive collapse of bubbles in
a liquid.85 The implosive collapse of millions of bubbles in the
liquid generates extremely high energy (temperature 5000 K and
pressure 20 MPa) and is subsequently released, thereby heating
the solution. In general, for metal oxide preparation, we follow
three steps: (i) formation of metal hydroxide precursor's
precipitate, (ii) ultrasonic irradiation, and (iii) transformation
to metal oxide nanoparticles through heat treatment. The rate
at which the solution is cooled affects the crystal shape and
morphology of the resulting metal oxide nanoparticles. This
method is advantageous as it is rapid, nonhazardous, and it
method

Disadvantages Ref.

� Large amounts surfactants
required, poor yield, and time
consuming

46, 49 and 61

� Surfactants are difficult to remove
� For substances with high melting
points limited solubility capacity
� Difficulty in scale up produces
� Microemulsion stability is
inuenced by parameters such as
temperature and pH

od

Disadvantages Ref.

� High cost of equipment such as
autoclave

46, 47, 49 and 60

� Safety issues during the reaction
process
� Impossibility of observing the
reaction process
� The reaction takes a long time

� High reaction temperature

� High pressure

� Usually, polydisperse samples are
obtained
� Harsh reaction conditions
� Adsorption of capping agents

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Advantages and disadvantages of the sonochemical synthesis method

Synthesis methods Advantages Disadvantages Ref.

Sonochemical � Improves the reaction rates and
selectivity

� The rate of sonochemical
reduction completely depends on
the ultrasonic frequency

46, 47, 82–84

� Less toxic compounds and
environmentally safe solvents are
used

� Extensions of problems

� Reduction in the energy use for
chemical transformations

� Inefficient energy

� Reusability of materials � Low yield
� Reduced number of reaction steps
� Successfully employed for less
volatile organic liquids
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produces metal oxide nanoparticles of high surface area,
uniform size, and high purity products. In addition to this, the
sonochemical method is a low-cost process and also produces
small particle sizes.84 Various metal oxide nanoparticles such as
TiO2,92 Cu-doped CeO2,93 La-doped CeO2,94 ZnO,95 Zn2SnO4–

V2O5 nanocomposite,96 MoO3,97 Ag-PbMoO4,98 Co- and Mn-
codoped W3O8,99 and Cu2O16 were produced using this
method. Hassanjani-Roshan et al.100 prepared iron oxide
nanoparticles using the sonochemical method, and they argued
that the morphology and the size of the nal product were
inuenced by the parameters such as power of ultrasonication,
temperature, and sonication time. Noman et al.95 reported the
successfully prepared ZnO nanoparticle by the sonochemical
process for photocatalytic applications. The advantages and
disadvantages of the sonochemical method are summarized in
Table 5.
2.2 Dyes

Dyes are used for the coloration of several materials such as
textile bers, cosmetics, paper, food, tannery, leather, and
pharmaceutical products.8 Generally, dyes can be classied as
natural and synthetic. Natural dyes are the naturally existing
dyes originating from plant parts including leaves, berries,
wood, fungi, lichens, and bark, while synthetic dyes are man-
made dyes synthesized from chemicals, petroleum derivatives,
and earth minerals.101 Various synthetic dyes and their appli-
cations are presented in Fig. 2. These dyes are mostly used in
food and beverages, printing, textile industries, and pharma-
ceuticals. The textile industry is the main contributor to the
dyes released into the environment. The annually worldwide
fabricated dyes are about 7 × 107 tons and over 10 000 different
types of dyes are used by textile industries.9 The azo dye aniline
yellow dye is used in textile industries in the production of
nylon and silk. The acid dye acid blue is used in the production
of cosmetics, wool, and leather. The reactive dye reactive red 198
is applied in the production of nylon, silk, and wool. The sulfur
dye thiazine is used in the fabrication of paper, silk, and cotton.
The mordant dye mordant red 11 is used in the production of
anodized aluminum and wool. The direct dye direct yellow 11 is
applied in the fabrication of paper, cotton, and leather. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
disperse dye disperse red 60 is used in the production of plastic,
polyamide, and nylon. A basic dye, methylene blue is used in
inks and medicines.

These dyes are used as coloration in textile industries and
discharging textile industry wastewater into water bodies is not
important as the color prevents reoxygenation in receiving water
by cutting off the penetration of sunlight. These organic dyes
have a complex structure and can produce aromatic amines as
they are released into the environment. These carcinogens and
hazardous dyes resist the sunlight entering into the water
bodies, resulting in inuencing the natural aquatic processes
such as biodegradable and photosynthesis.102 When they are
released into the environment, they cause environmental
pollution and are highly toxic to aquatic life, microorganisms,
and human beings as they are mutagenic and carcinogenic.10

Dyes found in wastewater discharge or dust produced in the
textile industry pose a serious health concern to human beings,
as presented in Fig. 3. These dyes affect our body systems such
as the immune, respiratory, and reproductive and also affect
vital organs including the heart, liver, kidney, and brain.8 They
cause diseases either directly via inhalation such as nausea,
respiratory problems, allergy, asthma, dermatitis, and eye or
skin irritation, or indirectly via the food chain including
tuberculosis, gene mutations, cancer, heart disease, and
hemorrhage.

2.2.1 Toxicity of methylene blue. The fabrication of
synthetic dyes is a way to increasing due to their highly
demanded in the textile and clothing industries. In addition to
the aforementioned dyes, dyes such as crystal violet, aniline
blue, basic fuchsin, congo red, toluidine blue, and methylene
blue are also a few examples of synthetic dyes. These synthetic
dyes remain in the environment when they are directly or
indirectly released into the environment because most of them
are nonbiodegradable and are not completely removed during
conventional water treatment. Thus, they persist in the envi-
ronment because of their high stability to light, temperature,
water, and other substance such as detergent and soap.103

Effluents from textiles and factories using dyes release highly
colored dyes, which can damage the aquatic environment.104

Dye molecules may resist sunlight penetration into the water
bodies, thereby inhibiting natural photosynthesis.
RSC Adv., 2023, 13, 18404–18442 | 18411
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Fig. 2 Different types of dyes and their applications in industries (colors online).
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Methylene blue (MB) is applied in huge amounts as
a colorant for silk, paper, cotton, and wool. In addition to these,
cosmetics, food, and pharmaceutical industries consume large
amounts of MB dye in their fabrications.105 MB is a cationic dye
and a heterocyclic aromatic compound with a planar struc-
ture.103,106 It has C16H18N3SCl chemical formula with a molec-
ular weight of 319.85 g mol−1. MB is highly soluble in water and
forms a stable solution at room temperature. MB is a class of
phenothiazine with an International Union of Pure and Applied
Chemistry (IUPAC) name [3,7-bis(dimethylamino)
phenothiazine chloride tetramethylthionine chloride] with
color index (CI) 52 015.107,108 MB is nonbiodegradable and
carcinogenic, having characteristic stability of the aromatic ring
molecular structure, as presented in Fig. 4. When released
partially or without treating, the MB dye-contaminated waste-
water from any of the industries that used MB dye could cause
a lot of human health risks, such as vomiting, increased heart
rate, Heinz body formation, shock, quadriplegia, cyanosis,
jaundice, and tissue necrosis in human beings.109 The health
risks associated with the discharge of untreated MB-loaded
wastewater includes respiratory disorder, genitourinary
complications, gastrointestinal complications, cardiovascular
issues, central nervous system, and dermatological effects,
which are also included.110 The discharge of MB dye wastewater
18412 | RSC Adv., 2023, 13, 18404–18442
into the environment also causes risks such as reduction of
pigment, growth inhibition, and protein content of microalgae
Spirulina platensi and Chlorella vulgaris in plants.104 Moreover,
the discharge of untreated MB dye-loaded water to either
groundwater or surface water recently has caused a shortage of
clean water in society. Commonly, developing countries release
large amounts of MB dye-loaded wastewater into the physical
environment without efficient and effective management.111

In addition, it is known that MB is commonly an inert dye,
but it acts as a potent reversible monoamine oxidase (MAO)
inhibitor (MAOI), whichmakes it difficult to nd applications in
medicine by ameliorating a clinical condition known as hypo-
tension and improving hyperdynamic and hypoxia circulation
in liver cirrhosis and severe hepatopulmonary
syndrome.103,112,113 However, if infused intravenously at a dosage
higher than the recommended concentration, MAOI may
precipitate serious serotonin toxicity.113,114 Serotonin toxicity,
also called serotonin syndrome, is a deadly disorder that is
linked to elevated serotonergic activity in the spinal cord and
brain.112 Also, skin-contacting MB using improperly or
untreated MB-loaded water causes redness, itching, and skin
necrosis, which causes the death of cells in tissues and
organs.115 Generally, the discharge of MB-loaded wastewater
from any utilization causes devastating effects on the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Negative effects of textile dyes on human health on different parts of the body (colors online).

Fig. 4 Molecular structure of Methylene Blue.
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environment. Therefore, it shall be removed or degraded before
being exposed to the environment. However, it cannot easily be
removed by a traditional treatment because of its non-
biodegradability and persistence. The photocatalytic mecha-
nism is the most effective way to degrade these dyes.
2.3 Photocatalytic applications of metal oxides

Various metal oxides are used as photocatalysts in photo-
catalysis technology. Photocatalysis is potentially applied in
elds including (i) photodegradation of organic pollutants, (ii)
for hydrogen evolution by water splitting, and (iii) photore-
duction of CO2 into renewable fuels such as CH4 and CH3OH.116

Metal oxide nanoparticles have been used in different areas
including the removal of heavy metals, poisonous gas sensing,
energy conversation and storage, biomedical, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
photocatalytic removal of organic pollutants. In this review
paper, we only overview the applications of different metal oxide
nanoparticles in photocatalysis technology and we start our
discussion with the mechanisms of photocatalysis.

2.3.1 General mechanism of photocatalysis. Photocatalysis
is a chemical reaction that triggers or accelerates the specic
reduction and oxidation (redox) reactions with the irradiated
semiconductors.116 The major reactions involved in photo-
degradation are listed in eqn (1)–(5). The mechanism of pho-
tocatalytic degradation takes place with three general processes:
(i) charge separation (hole and electron separation) under light
irradiation, when the irradiated light match or exceeds the
bandgap of the photocatalyst; (ii) distribution of charge carriers
to the photocatalysis surface (MONPs); (iii) oxidation and
reduction takes place on the surface of the photocatalyst.22 The
process starts from the light adsorption of the photocatalyst by
a certain wavelength when the light falls on the surface of the
photocatalyst, which results in the excitation of electrons (e−)
from the valence band (VB) to the conduction band (CB), leaving
holes (h+) in the valence band, as shown in eqn (1).1,117When the
photocatalyst materials came in contact with organic pollut-
ants, the holes created in the valence band split water molecules
or react with OH− by resulting in hydroxyl free radical cOH, as
shown in eqn (2),117 while the electrons (e−) excited to the
conduction band react with O2 to create super oxygen radical
O2c

− species, as shown in eqn (3).118 Both cOH and O2c
− are
RSC Adv., 2023, 13, 18404–18442 | 18413
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Fig. 5 Schematic diagram of photocatalysis reaction mechanisms.
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highly reactive species and they react with organic pollutants
adsorbed/absorbed on the surface of the photocatalyst mate-
rials by degrading these pollutants or reducing them into H2O
and CO2, as shown in eqn (5). The general photodegradation
mechanism of photocatalysis is presented in Fig. 5.

MONP + hn / (MONP)(h+)VB + (MONP)(e−)CB (1)

(MONP)(h+)VB + H2O / H+ + cOH (2)

(MONP)(e−)CB + O2 / O2c
− (3)

(MONP)(e−)CB + O2c
− + 2H+/cOH + OH− (4)

pollutants + cOH / degradation byproducts (CO2 + H2O) (5)

Oxidation and reduction:1

organic pollutants + photocatalyst (MONP(h+)VB) /

oxidation products (6)

organic pollutants + photocatalyst (MONP(e−)CB) /
reduction products (7)

The photocatalytic reaction takes place at ambient temper-
ature and pressure without the production of additional sludge
and a signicant reduction of catalyst. The excited electrons are
produced with strong reducibility while holes in the valence
band with strong oxidability together result in the formation of
the oxidation–reduction or shortly redox generated on the
surface of the photocatalyst. The redox reaction takes place on
the photocatalyst surface as the photogenerated electrons and
holes are scattered on the surface of the photocatalyst. The
oxidation reaction takes place by the cathode holes in the
valence band reacting with the moisture on the surface of the
photocatalyst to create the hydroxyl radicals. If oxygen is deliv-
ered from the outside to the photocatalytic reactor, it acts as an
electron acceptor and delays the rate of charge recombination.

In semiconductor metal oxides, when the conduction band
electrons possess a chemical potential of +0.5 to −1.5 V versus
normal hydrogen electrode (NHE), then they act as reductants,
while the valence band holes possess a strong oxidative
18414 | RSC Adv., 2023, 13, 18404–18442
potential of +1.0 to +3.5 V versus NHE.116,119 Thus, for a semi-
conductor to be photochemically active as a photocatalyst for
the generation of cOH radicals, the redox potential of the
photoinduced valence band hole must be sufficiently positive,
whereas the redox potential of the photoinduced conduction
band electrons must be sufficiently negative for the reduction of
the adsorbed O2 to superoxide.120

There are constraints to the photocatalytic mechanism. Only
the photons with energy equal or larger than the bandgap of the
photocatalyst are used in the target reaction. Thus, the opti-
mization and tuning of the bandgap is required to achieve high
efficiency of the photocatalyst. Another main challenge in the
processes of photodegradation of photocatalysis is the rapid
recombination of charges (electron–hole pair's recombination)
in photocatalysts without forming free radicals. To solve these
challenges, many interesting options such as the manipulation
of experimental conditions, producing low bandgap photo-
catalyst, and modication of the discovered photocatalyst are
among the strategies undertaken to overcome these challenges.

2.3.2 Performance evaluation of a photocatalyst. Photo-
catalyst performance can be measured by the degradation of
concentrations in liquids. The degradation efficiency of the
photocatalyst can be calculated by eqn (8)121

degradation efficiency = (C0 − C)/C0 × 100 (8)

where C0 is the concentration of the dye before light irradiation
and C is the concentration aer a certain light illumination
time.122 The Beer–Lambert law given by A = 3cd is used to
calculate the concentration of the organic compound in the
liquid, where A is the absorbance, 3 is the molar extinction
coefficient, c is the absorber concentration of the absorbing
species, and d is the optical path length.123

The kinetic model, the Langmuir–Hinshelwood model, is
used to evaluate the performance of the photocatalytic reaction
occurring in the solid–liquid interface.124,125 The concentration
of the organic pollutant, reaction parameters, temperature, and
light irradiation intensity can be covered within the frame of the
Langmuir–Hinshelwood model. For the rst-order reaction, the
Langmuir–Hinshelwood model is given as

dC/dt = kC (9)

where C is the concentration, t is the respective time, and k is
the rate constant. From the rst-order plot, the rate constant
can be calculated according to the equation121

ln(C/C0) = −kt (10)

where k is the apparent rst-order rate constant given by the
slope of the graph of ln C0/C versus t.

2.3.3 Challenges in photocatalysis. The photocatalytic
activity of the photocatalyst highly depends on its optical,
crystallinity, structure, surface chemistry, and electronics.
However, substantial challenges such as the high cost of
semiconductors, lower solar energy utilization rate, and rapid
recombination of photogenerated electron–hole pairs limit its
potential applications in small-scale environmental areas.126
© 2023 The Author(s). Published by the Royal Society of Chemistry
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The stability, photocorrosion, and availability are also the
challenges.127 The main challenge for the photocatalytic
performance is associated with its semiconductor metal oxides
including the mismatch of solar spectrum and bandgap of
metal oxides, materials instability, and inefficient separation
and transport of charges. The incident photon absorption effi-
ciency of the photocatalyst is determined by its bandgap. Thus,
most of the discovered photocatalysts such as TiO2 and ZnO
have a wide bandgap, which made then active only under the
ultraviolet region of the solar spectrum. The solar spectrum
consists of 5% UV, 45% visible, and 50% infrared (IR), which
means that UV is expensive and limits the wide applications in
different areas. Therefore, bandgap tailoring is the fundamental
challenge in photocatalysts to be solved. The recombination of
photogenerated electron–hole pairs is another key issue inu-
encing the photocatalytic activity of metal oxides. The recom-
bination can occur either in the bulk or on the catalyst surface
by dissipating energy as nonradiative (heat) or radiative (light)
reducing the photocatalytic activity. The low surface chemistry
also inuences the photocatalytic activity of semiconductor
metal oxides. In the photocatalytic reaction, the surface energy
plays a great role in transferring electrons between the reac-
tants. Various article reviews are reported on the strategies to
develop a novel and high performance photocatalysts. Recently,
Ahmad et al.128 reviewed on the most effective strategies for
overcoming the shortcoming of photocatalysts to enhance their
applications in pollutant degradation, CO2 reduction, H2

evolution, and N2 xation. The strategies to suppress these
challenges are described in detail in the next sections.

2.3.4 Doping in metal oxide nanoparticles. Doping is
adding or substituting foreign elements either metals or
nonmetals into parent elements, which can induce changes in
the electronic and crystal structure of the parent oxide.129

Doping into host semiconductors is one of the most effective
methods to manipulate the electronic structures, thus sepa-
rating the charges efficiently.22 The main advantage of doping is
to tune the bandgap of parent oxides either by increasing or
decreasing the bandgap of metal oxides. Nonmetal dopants are
uorine, nitrogen, chlorine, carbon, iodine, phosphorus, sele-
nium, sulfur, and tellurium, which are commonly used as
dopants in metal oxides. These dopants can substitute in the
site of oxygen or can exist as interstitial dopants.50 The contri-
bution of orbital states of these dopants creates mixed or
localized states at the edges of the valence band and/or
conduction band edges, which cause the narrowing of the
bandgap of metal oxides and subsequently enhance the visible
light activity of metal oxides.130 A foreign dopant can also create
an additional dopant impurity level at the middle of the
bandgap, which initiates new excitations and increases the
concentrations of photogenerated electrons and holes.131 The
added or substituted impurity can also lead to the formation of
defects, which can trigger new optical characteristics. Moreover,
in photocatalytic applications, they can create an additional
trapping state, which suppresses the rapid charge recombina-
tion and increases the lifetime of charge carriers.132 Metal
dopants such as alkaline earth metals, transition metals, rare
earth metals, and post-transition metals can also be used in the
© 2023 The Author(s). Published by the Royal Society of Chemistry
bandgap engineering of metal oxides.50,133,134 Metal ion dopants
have the advantage of inducing defects and changing the
diffusion behaviors, which can improve the electron mobilities
and charge transport, thus enhancing the electrical proper-
ties.19,50 Metal doping can also activate the surface of the pho-
tocatalyst to boost the reaction. Generally, metal doping has
advantages such as improving the mobility rate of the electron–
hole pairs, formation of new energy states either inside or
beyond the bandgap of host semiconductor metal oxides, and
enhancing the visible light adsorption by the red-shiing of the
adsorption edge.19
2.4 Metal oxides in photocatalytic degradation

A huge number of semiconductor metal oxide nanoparticles
have been discovered for the degradation of pollutants in
wastewater and air for a green and suitable environment.
Among these metal oxides, TiO2 is the foremost discovered
photocatalyst, which attracted many researchers around the
world to engineer new photocatalyst materials. Thus, aer the
discovery of TiO2 in 1972, many other metal oxides are discov-
ered for photocatalytic applications. Photocatalysts are gener-
ally divided into two main categories: (i) homogeneous catalysts
and (ii) heterogeneous catalysts. When a catalyst is present in
the same phase as that of the reagents, it is dened as homo-
geneous, which means that the catalysts are present as solutes
in a homogeneous catalytic reaction system. In contrast,
a catalyst is said to be heterogeneous if it is present in
a different phase in the reaction mixture.14 In heterogeneous
photocatalysis, the photocatalyst acts as an active surface for the
reaction ormineralizing of organic pollutants by generating free
radicals, which are capable of the complete mineralization of
organic pollutants through complex mechanisms.5 In this
section, we have overviewed the commonly used metal oxide
nanoparticles in photocatalysis technology.

2.4.1 TiO2 photocatalyst. Titanium dioxide (TiO2) is the
leading photocatalytic material since its discovery in 1972 due
to its low cost, corrosion resistance, strong oxidizing power, and
photochemical and chemical stability. TiO2 is an n-type semi-
conductor metal oxide and it has the capability of oxidizing
organic pollutants into nonhazardous products
completely.135,136 Despite its high performance in the photo-
catalytic degradation of polluted air and wastewater pollutants,
its photocatalytic activities are limited due to the rapid recom-
bination of the photogenerated electron and hole pairs, poor
sensitivity to visible solar radiation because of its wide bandgap,
and TiO2 particles aggregated when produced in nanoparticle
form, which blocks the active sites to adsorb/absorb pollutants
that hinders its activity in photocatalysis technology.28

Many researchers are interested in overcoming these chal-
lenges by taking different options to improve the photocatalytic
activity of TiO2 nanoparticles. To enhance its poor sensitivity to
the visible light region, it is important to reduce the bandgap
and decrease the rate of charge recombination to improve its
lifetime for photocatalytic applications. Researchers have
proposed a strategic approach to address these challenges. The
well-studied and sufficient approach is metal-ion doping, which
RSC Adv., 2023, 13, 18404–18442 | 18415
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introduces additional energy levels and reduces the bandgap.
Metal-ion doping also introduces a charge-trapping site, which
decreases the rapid recombination of photogenerated electron
and hole pairs. Different metal-ion doped TiO2 is extensively
studied with the advantage of increasing its absorption spec-
trum in visible light because the visible light region of the solar
spectrum is freely available everywhere. Miyamoto et al.135

synthesized lutetium(III) ion-doped TiO2 by the sol–gel method
to modify the photocatalytic performance of TiO2 for the pho-
tocatalytic degradation of adenosine 5′-triphosphate (ATP)
under UV irradiation. Their result showed that the lutetium(III)
ion-doped TiO2 nanoparticles indicated higher photoreactivity
than undoped TiO2. Garza-Arévalo et al.137 synthesized Fe-doped
TiO2 by the sol–gel method and evaluated the removal of
arsenic(III) from groundwater under visible light. The incorpo-
ration of Fento TiO2 extends the absorption of TiO2 to visible
light region, and induces oxygen vacancies, which initiate the
photocatalytic oxidation of arsenic(III) and retarded the fast
recombination of photogenerated electrons and holes. Nda-
bankulu et al.12 reported different lanthanides (Ce, Dy, Lu, and
Sm)-doped TiO2 by the sol–gel process and evaluated the pho-
tocatalytic activity and efficacy of four different lanthanides-
doped TiO2 for the degradation of caffeine under visible light
Fig. 6 (a) Optical bandgap of different percentage concentrations of Se-d
blue (MB) dye with time under visible light irradiation using pure TiO2 an
destruction over the undoped and doped TiO2 under the visible light irra
photoactivity of C–S–N-tridoped TiO2 photocatalyst.142

18416 | RSC Adv., 2023, 13, 18404–18442
irradiation. Sood et al.18 reported iron(III)-doped TiO2 nano-
particle photocatalyst synthesized by the hydrothermal method
and examined its photocatalytic activity under the illumination
of visible light spectrum using para-nitrophenol as a model
pollutant. The maximum degradation they obtained was 92% in
5 h with 0.05 mol% Fe3+, which was attributed to the high
crystalline structure, small size, maximum charge separation,
retarded electron–hole recombination, and better visible light
response of the prepared Fe3+-doped nanoparticle. Xie et al.138

reported Se4+-doped TiO2 nanoparticles synthesized by the sol–
gel method for the degradation of rhodamine B under visible
light irradiation. Se4+ introduces extra electronic states in the
bandgap of TiO2 and narrowed the bandgap of TiO2, as pre-
sented in Fig. 6a. The smallest bandgap they obtained was
2.17 eV and due to the extended absorption range, the photo-
catalytic activity of TiO2 was improved. However, as the
percentage concentration of Se4+ increased to 25%, the bandgap
started to increase; hence, the photocatalytic activity also
decreased.

Depositing noble metals such as Ag, Pd, Au, and Pt on the
surface of TiO2 retards the fast recombination of photo-
generated electron–hole pairs. Narkbuakaew and Sujaridwor-
akun reported the Ag metal deposited on the surface of anatase
oped TiO2 photocatalyst;138 (b) bar diagram of % removal of methylene
d Zn, Cu, Zr-doped TiO2 catalyst;139 (c) kinetic curves of rhodamine B
diation;140 (d) schematically representation of the improvement in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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TiO2 prepared by chemical reduction, followed by the calcina-
tion method for the degradation of rhodamine B, and the
deposition of silver nanoparticles signicantly inhibited the fast
recombination of photogenerated electron–hole pairs.136 Metal
doping is another strategy for reducing charge recombination
and enhancing the visible light response of the TiO2 photo-
catalyst. Karuppasamy et al.139 synthesized different transition
metals (Zn, Zr, Cu)-doped TiO2 by the sol–gel method and
utilized them for the decoloration of methylene blue dye under
visible light irradiation. The decoloration efficiency of the
prepared materials is presented in Fig. 6b. Among the doped
TiO2, the Zn-doped photocatalyst showed greater photocatalytic
activity than pristine TiO2 or other doped photocatalysts. Thus,
the enhanced photocatalytic activity of Zn-doped TiO2 is
attributed to the decrease in the optical bandgap compared to
pristine and other dopants. Khlyustova et al.140 synthesized Al,
Cu, Mo, andW-doped TiO2 by the sol–gel method and tested the
photocatalytic activity of the doped and pristine TiO2 using
rhodamine B as the pollutant model under the illumination of
visible light. As shown in Fig. 6c, the doped photocatalysts have
enhanced photocatalytic performance compared to pristine
TiO2. Thus, the doped photocatalysts have a higher kinetic rate
constant than pristine TiO2, which resulted in enhanced pho-
tocatalytic performance due to the formation of a new energy
level near the conduction band. However, metal doping
possesses disadvantages such as photocorrosion and high cost
specically when using noble metals as a dopant. To solve these
problems, nonmetal doping such as iodine, sulfur, and
nitrogen were used as dopants to enhance the photocatalytic
performance of TiO2. Saroja et al.141 reported the iodine-doped
TiO2 synthesized through the solution combustion method
and investigated the effects of iodine dopant concentration on
the photocatalytic activity of TiO2 for the photodegradation of
Direct Blue 199. They observed that the visible light response of
iodine-doped TiO2 was enhanced as the dopant concentration
increased.

Nonmetal co- and triple-doped TiO2 for the enhancement of
its photocatalytic activity was also reported by different groups.
For instance, Ramandi et al.142 reported C–N–S-tri doped TiO2

anatase phase synthesized b they sonochemical method. They
studied the photocatalytic activity of the prepared photo-
catalysts using diclofenac as a model pollutant under sunlight
irradiation. The photocatalytic degradation mechanism of the
C–N–S triple-doped TiO2 is shown in Fig. 6d. Each nonmetal
dopant has its own advantages in enhancing the photocatalytic
activity of TiO2 by generating new impurity levels such as N 2p, S
2p, and C 1s. Thus, the doped C acts as a photosensitizer, which
injects electrons into the conduction band (CB) under sunlight
irradiation, while N and S doping modies the electronic band
structure of TiO2 by mixing the O 2p of TiO2 with N 2p and S 2p
orbitals, which resulted in the narrowing of the bandgap of
TiO2. According to this report, the electrons in the CB and the
trapped electrons trap the adsorbed O2 molecules to generate
the superoxide (O2c

−). The main oxidative and reactive species
were electrons and cOH radicals, holes were the minor oxidative
species, and O2c

− has considerable effects on the degradation of
diclofenac. The cOH radicals can be obtained in two ways, as
© 2023 The Author(s). Published by the Royal Society of Chemistry
shown in eqn (11)–(13). In eqn (11), molecular O2 reacts with the
electrons (e−) in the CB and resulted in O2c

−. Then, O2c
− reacts

with water molecules to produce cOH radical species, as shown
in eqn (12). On the other hand, as shown in eqn (13), the h+ can
react with H2O on the surface of photocatalyst to produce cOH
radical species.

O2 + e− / O2c
− (11)

O2c
− + 2H2O / 2cOH + 2OH− + O2 (12)

h+ + H2O + cOH (13)

The immobilization of TiO2 on carriers such as activated
carbon and metallic oxides is also an effective technique to
retard the fast charge recombination and extend the visible
light region response of the TiO2 photocatalyst. Saqib et al.143

reported zeolite-immobilized TiO2 nanoparticles synthesized
using the conventional liquid impregnation method for the
efficient degradation of methylene blue dye. The presence of
zeolite improves the photocatalytic degradation of methylene
blue by four folds compared to pure TiO2. Coupling TiO2 with
other semiconductors to develop heterojunctions is also
another method for enhancing the photocatalytic activity of
TiO2. Coupling TiO2 with other semiconductors expands the
visible light spectrum to the near-infrared response of TiO2 as
well as promotes charge separation.28 Song et al.144 synthesized
a novel TiO2/Bi2MoO6 heterostructures via a solvothermal
process for the partial oxidation of aromatic alkanes under
visible light illumination. They observed that compared to
single components TiO2 and Bi2MoO6, the heterostructures
TiO2/Bi2MoO6 showed better photocatalytic performance, and
the charge separation was also improved.

Heterojunction modes of metal oxide photocatalysts with
a similar band structure when coupled enhance the transfers,
separation, and stability of photogenerated electrons and holes.
For instance, Abdel-Wahab et al.145 reported the coupled het-
erojunctions TiO2/Fe2O3 with the bandgap of TiO2 of ∼3.2 eV
and Fe2O3 bandgap of ∼2.2 eV. When the TiO2/Fe2O3 hetero-
junction was irradiated, the electron–hole pairs were generated,
as shown in Fig. 7. Thereaer, the photogenerated electrons
transfer from the conduction band (CB) of Fe2O3 to the
conduction band (CB) of TiO2, with lower potential, whereas the
photogenerated holes transfer from the valence band (VB) of
TiO2 to the valence band (VB) of Fe2O3 with higher potential.
The photogenerated electrons eventually reacted with oxygen
molecules to produce O2c

− active species, while the photo-
generated holes reacted with water molecules to produce cOH
radicals. The prepared TiO2/Fe2O3 heterojunction was applied
for the degradation of paracetamol.

Generally, the comparison of pure, doped, noble metals
immobilized, composites, and heterojunction of TiO2-based
photocatalysts are summarized in Table 6.

2.4.2 ZnO photocatalyst. Recently, many researchers are
highly interested in zinc oxide (ZnO) nanoparticles due to its
simple synthesis, low cost, and unique physical and chemical
properties, which made it compete with TiO2 in photocatalytic
RSC Adv., 2023, 13, 18404–18442 | 18417
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Fig. 7 Schematic diagram of charge transfer in the photoexcited TiO2/
Fe2O3 core–shell photocatalysis.145
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activity degradation of organic pollutants. It has excellent
photocatalytic activity under UV irradiation but is less stable
compared to TiO2.26 ZnO is an n-type semiconductor having
a wide bandgap of 3.37 eV.154 Compared to TiO2, ZnO responds
Table 6 Summary of TiO2-based photocatalysts for the photodegradat

Catalysts Synthesis methods Morphology

TiO2 In situ complexation-
hydrolysis

Hierarchical mesoporous
nanoshell

Fe-doped TiO2 Sol–gel Nanoparticles
Fe3+-doped TiO2 Hydrothermal Nanoparticles
Se4+-doped TiO2 Sol–gel Nanoparticles
MWCNT/TiO2 Sol–gel Nanoparticles
MWCNT/TiO2 Sol–gel Nanoparticles
Zn-doped TiO2 Sol–gel Nanoparticles
Mo- and W-doped
TiO2

Sol–gel method Nanoparticles

Lu3+-doped TiO2 Sol–gel Microparticles
Ce-doped TiO2 Sol–gel Nanoparticles
Iodine-doped TiO2 Combustion method Nanoparticles
C–N–S-tri doped
TiO2

Sonochemical method Nanoparticles

Zeolite-immobilized
TiO2

Impregnation Nanoparticles

TiO2/Bi2MoO6 Solvothermal Nanoparticles

TiO2/ZrO2 Solvothermal Nanoparticles
RGO-TiO2 Hydrothermal Nanoparticles
TiO2/Fe2O3 Ultrasonic-assisted sol–

gel
Core–shell nanoparticles

g-C3N4/TiO2 Sol–gel Nanotubes
g-C3N4/TiO2 Template Nanospheres
g-C3N4/TiO2 Template Nanorod
Z-scheme g-C3N4/
TiO2

Impregnation/
hydrothermal

Nanotubes

Ag metal deposited
on TiO2

Chemical reduction Nanoparticles

TiO2/Ag/rGO Hydrothermal Nanoparticles
rGO@TiO2/CN Hydrothermal Nanocomposite

18418 | RSC Adv., 2023, 13, 18404–18442
to broader ranges of the light spectrum including the visible
light spectrum.

The photocatalytic activity of ZnO is widely studied and the
synthesis method affects the specic surface area of ZnO
nanoparticles, which subsequently affects the photocatalytic
activity of ZnO nanoparticles. Uribe-Lopez et al.155 reported the
effect of the synthesis method on the photocatalytic activity of
ZnO nanoparticles synthesized by the precipitation and sol–gel
method. They obtained hexagonal rod-like geometries with
50 nm diameters for the ZnO nanoparticle synthesized via the
sol–gel method and quasi-spherical geometries with 100 nm
diameters for ZnO nanoparticles via the precipitation method.
They estimated the photocatalytic activity of the synthesized
ZnO via both methods by the degradation of phenol and ach-
ieved 100% degradation aer 120 min for nanoparticles via the
precipitation method, whereas they achieved 80% degradation
for nanoparticles via the sol–gel method aer 120 min. Pure
ZnO nanoparticles only show the UV light spectrum, which only
covers approximately 4% of the solar spectrum; thus, it is
important to enhance the visible light response because visible
light covers approximately 43% of the solar spectrum, which is
much larger than the UV spectrum.156 In addition to this,
because of the wide bandgap of ZnO, the photogenerated
ion of organic pollutants

Model pollutant Light
Reaction
time

Degradation
efficiency Ref.

Methylene blue UV 40 min ∼100% 146

Arsenic(III) Visible light 3 h 99% 137
Para-nitrophenol Visible light 5 h 92% 18
Rhodamine B Visible light 30 min 91.3% 138
2,4-Dichlorophenol UV and solar light 120 min 93% 147
2,4-Dichlorophenol Solar light 120 min 87% 147
Methylene blue Visible light 60 min 99.64% 139
Rhodamine B Visible light 60 min 96% 140

ATP UV 90 min — 135
Caffeine Visible light 120 min — 12
Direct blue 199 Visible light — — 141
Diclofenac Sunlight 180 min 100% 142

Methylene blue Compact
uorescent light

180 min 94% 143

Oxidation of aromatic
alkanes

Visible light — — 144

Rhodamine B Visible light 180 min 99% 148
Methyl orange UV 60 min 100% 149
Paracetamol Mercury lamp 90 min 99% 145

Rhodamine B Visible light 80 min ∼97% 150
Rhodamine B Visible light 80 min 92% 150
Rhodamine B Visible light 80 min 94.5% 150
Isoniazid Visible light 4 h 90.8% 151

Rhodamine B UV 1 h — 136

Methylene blue Visible light 45 min 100% 152
Rhodamine B Solar light 120 min 97% 153

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrons and holes easily recombine, which limits its photo-
catalytic performance.

To improve the visible light irradiation response and slow
down the fast charge recombination of photogenerated elec-
trons–holes pairs of ZnO nanoparticles, different approaches
have been developed. Doping with metal ions and metals is
a famous approach, in which it reduces the electron–hole
recombination and expands the visible light spectrum
responses. Ji et al.131 reported the Fe3+- doped, Sn4+-doped, and
Fe3+ and Sn4+-codoped ZnO nanoparticles prepared by a simple
low-temperature solution method and evaluated its photo-
catalytic activity by the degradation of methylene blue dye. The
low to high photocatalytic activity sequence was ZnO, Fe0.01ZnO,
Fe0.01Sn0.01ZnO, and Sn0.05ZnO, as presented in Fig. 8a. Pristine
ZnO nanoparticles only achieved 45.88% of methylene blue dye
degradation, whereas Sn0.05ZnO achieved the highest degrada-
tion of 99.61% of all the four materials. When Fe3+ and Sn4+

were incorporated into ZnO, an impurity level near the
conduction band was formed, which allows the electrons in the
valence band to transition with less energy, as shown in Fig. 8b.
Consequently, the concentrations of photogenerated electrons
and holes increased and also improved the photocatalytic
performance of ZnO nanoparticles. Alam et al.157 synthesized
different rare earth metals (La, Nd, Sm, and Dy)-doped ZnO
Fig. 8 (a) Photodegradation of methylene blue (MB) dye with different
impurity level introduced;131 (c) photocatalytic activity for the decompos
under simulated solar light irradiation (photocatalyst dosage, 0.1 g per 2

© 2023 The Author(s). Published by the Royal Society of Chemistry
nanoparticles by the sol–gel process and evaluated the photo-
catalytic degradation of methylene blue and rhodamine B by the
improved photocatalyst due to the doped rare earth metals. Qi
et al.158 reported transition metal ions (Mn, Fe, Co, Ni, or Cu)-
doped ZnO nanoparticles synthesized via a solvothermal
method. They studied the photodegradation of methylene blue
dye under the simulation of visible light. As shown in Fig. 8c
and d, the photocatalytic activity of the doped ZnO was
increased compared to bare ZnO. Among all the doped photo-
catalysts, Cu-doped ZnO showed greater photocatalytic activity
than bare ZnO and other doped photocatalysts. Thus, the Cu-
doped ZnO has the highest rate constant than other photo-
catalysts, as depicted in Fig. 8d.

Nonmetal-doped ZnO photocatalyst with improved photo-
catalytic activity under visible light irradiation is also reported.
Mirzaeifard et al.159 reported sulfur-doped ZnO synthesized by
the hydrothermal method and utilized it for the degradation of
rhodamine B under visible light irradiation. They optimized the
dosage of the catalyst for the best degradation of rhodamine B,
as shown in Fig. 9a. Among those, 0.10 g photocatalyst con-
taining 0.5 wt% of S showed a 100% rate degradation of
rhodamine B (5 ppm) at pH = 5 in 90 min.

Immobilizing the ZnO nanoparticles on the polymer
supports is another method to improve the photocatalytic
catalysts and (b) photocatalytic schematic diagram of ZnO with the
ition of MB of the pure ZnO and transition metal-doped ZnO samples
00 mL) and ln(C/C0) vs. time slope for the kinetic rate constant.158

RSC Adv., 2023, 13, 18404–18442 | 18419
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Fig. 9 (a) Degradation efficiency of various dosages of the 0.5 wt% S-doped ZnO photocatalyst;159 (b) UV-vis spectra of the MB solutions at
different irradiation times (the inserted image shows the color change of the MB solution), (c) kinetic linear simulation curves of MB degradation
and (d) schematic of the band structure and e−–h+ separation in the ZS composite.162
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activity of ZnO. Mochane et al.160 reviewed the ZnO nano-
particles immobilized in various matrices such as polymers
and ceramics. They discriminated that the ZnO nanoparticles
were immobilized on the polymer because of high durability,
chemical inertness, and low cost. ZnO coupled with other
semiconductor metal oxide nanoparticles such as SnO2, TiO2,
and WO3 is also another approach to improve the photo-
catalytic activity of ZnO under the irradiation of visible light.
Mugunthan et al.161 reported the visible light irradiation pho-
tocatalytic degradation of the pharmaceutical compound
diclofenac in wastewater using a ZnO–WO3 composite semi-
conductor photocatalyst synthesized through a hydrothermal
method. The prepared composite photocatalyst extended the
optical response to the visible light spectrum and it showed
better stability in retaining the degradation efficiency of 80%.
Lin et al.162 also synthesized ZnO–SnO2 (ZS) nanocomposites
with different compositions by a simple coprecipitation
method. As shown in Fig. 9b, the aqueous solution of methy-
lene blue dye color becomes colorless with increasing irradi-
ation time. Among the composition of the synthesized
nanocomposite, 25% SnO2 showed the optimum rate constant,
as depicted in Fig. 9c. Fig. 9d shows the schematic represen-
tation of band structure and electron–hole separation ZnO–
SnO2 composites. As shown in the schematic, the conduction
18420 | RSC Adv., 2023, 13, 18404–18442
band (CB) potential of ZnO (−0.36 eV) is lower compared to
SnO2 (−0.11 eV) and the valence band (VB) potential of SnO2

(+3.44 eV) is higher than the VB potential of ZnO. When ZnO–
SnO2 composites were irradiated, the photogenerated elec-
trons ow from low potential to high potential while holes ow
in the opposite direction. As a result, the electrons accumu-
lated in the conduction band of SnO2 and the holes accumu-
lated in the valence band of ZnO. Thus, the sufficiently
separated photogenerated electrons and holes provided the
enhanced photocatalytic performance of the ZnO–SnO2

composite. The general summarization of ZnO-based photo-
catalysts are given in Table 7.

2.4.3 WO3 photocatalyst. The rst experiment on the pho-
tocatalysis of tungsten oxide (WO3) was reported in 1976.171

Tungsten oxide is an inexpensive metal oxide semiconductor
having high and promising photocatalytic performance. It has
advantages such as good response to the solar spectrum due to
its narrow optical bandgap (2.5–2.8 eV), tunable stoichiometric
structure, earth abundance, high oxidizing of holes, and
stability.28 Despite its high photocatalytic performance, the
photocatalytic efficiency of WO3 is limited due to the rapid
recombination of photogenerated electrons and holes and less
reduction of O2 molecules because of the relatively low
conduction band level that lies above the reduction potential of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Summary of ZnO-based photocatalysts for the photodegradation of organic pollutants

Catalysts Synthesis methods Morphology Model pollutant Light Reaction time
Degradation
aer action Ref.

ZnO Precipitation Nanoparticles Phenol UV 120 min 100% 155
ZnO Sol–gel Nanoparticles Phenol UV 120 min 80% 155
Sn0.05ZnO Low-temperature solution Nanoparticles Methylene blue UV 120 min 99.61% 131
Nd-doped ZnO Sol–gel Nanoparticles Methylene blue UV 25 min 98% 157
Cu-doped ZnO Solvothermal Nanoparticles Methylene blue Simulated sunlight 2 h 81% 158
Sulfur-doped ZnO Hydrothermal Nanoparticle Rhodamine B Visible light 90 min 100% 159
ZnO–WO3 Hydrothermal Nanoparticle Diclofenac Visible light 270 min 80% 161
ZnO–SnO2 Coprecipitation Nanocomposites Biebrich scarlet dye UV 40 min 97% 163
ZnO–TiO2 Hydrothermal Nitrophenol UV 25 min 95% 164
GO/ZnO Multistep solution-based Nanostructure Methylene blue Visible light 70 min 100% 165
rGO/ZnO Hydrothermal Nanosheets Methylene blue Visible light 80 min 100% 166
GO/ZnO Sol–gel Nanoparticles Rhodamine B Visible light 70 min 99%
rGO/ZnO Hydrothermal Nanoparticles Methylene blue Visible light 60 min 100% 167
Ag-doped ZnO/CNTs Microwave-assisted Nanoparticle Reactive black GR Solar light 30 min 100% 168
Ag-doped ZnO/CNTs Microwave-assisted Nanoparticle Reactive black GR Visible light 120 min 100% 168
Cu-doped ZnO/g-C3N4 One-pot pyrolysis Nanocomposite EBT dye Visible light 90 min 99% 169
ZnO–SnO2–Sn — Nanocomposite Methylene blue UV 90 min 95.6% 170
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O2/O2c
−. These challenges have inspired researchers to nd

promising techniques to suppress these challenges by tuning
the structure and optical bandgap of WO3. These techniques
include the manipulation of particles morphology, deposition
of noble metal on WO3, doping of elements, carbon-based
composite, and forming heterojunctions by coupling with
other semiconductors.

Particle morphology control reduces the fast photogenerated
electrons and holes recombination, improves charge separa-
tion, and enhances the overall photocatalytic activity. Rong and
Wang synthesized novel hierarchical hollow nest-like WO3

micro/nanostructures (HNWMs) by the hydrothermal method
without a template and a surfactant.172 The effects of different
parameters such as time of reaction, pH, and annealing
conditions have been investigated according to this report. The
time-dependent experimental SEM morphology of hierarchical
hollow nest-like WO3 micro/nanostructure is presented in
Fig. 10a–i, and the hydrothermal treatment process is shown in
Fig. 10j. This morphological structure of WO3 retained an
improved photocatalytic activity toward an aqueous solution of
tetracycline (TC) under visible light and possesses good stability
and reusability.

Metal doping can narrow the bandgap and retarded the fast
charge recombination of the WO3 photocatalyst. Ramkumar
and Rajarajan synthesized nanocrystalline Ni-doped WO3 thin
lm deposited by chemical bath deposition method and eval-
uated its photocatalytic activity by the photodegradation of
methyl orange, methylene blue, and phenol.173 The photo-
catalytic activity of Ni-doped WO3 was remarkably improved.
Noble-metal deposition and coupling with other semi-
conductors also enhances the photocatalytic performance of
WO3 under visible light irradiation. Wang et al.174 reported the
multiple heterojunctions containing WO3 nanorods and Pt and
TiO2 nanoparticles for the degradation of gaseous acetaldehyde,
rhodamine B dye, and phenol under the illumination of visible
© 2023 The Author(s). Published by the Royal Society of Chemistry
light. The multiheterojunction (WO3–Pt)/TiO2 photocatalyst's
higher performance was attributed to the synergistic effect of
efficient electrons and holes transfer at the WO3/Pt interface
and WO3/TiO2 interface, respectively.

Graphene, reduced graphene oxide, and other carbon-based
composites also enhance the photocatalytic performance of
WO3.175,176 Jeevitha et al.175 prepared the WO3-GO nano-
composite via the ultrasonic method and investigated the
photocatalytic activity, antibacterial, and anticancer of the
prepared nanocomposite. The irregular spherical shape and
small pores of WO3 greatly improved the photocatalytic activity.
The irregular spherical shape with small pores of WO3 is shown
in Fig. 11a and b. The morphology of graphene oxide (GO) is
a sheet, as shown in Fig. 10c and d. The well-distributed
nanosphere WO3 on the graphene sheet is shown in Fig. 11e
and f. This report compared the obtained photocatalytic
degradation of methylene blue dye under the illumination of
visible light, as shown in Fig. 11g and h. Fig. 11g shows the
photocatalytic activity of pure WO3 and in 270 min, it could not
completely degrade the methylene blue dye. However, the WO3-
GO nanocomposite achieved a 97.03% rate of degradation of
methylene blue dye in 180 min, as presented in Fig. 11h. The
summary of WO3-based photocatalysts is given in Table 8.

2.4.4 Cu2O photocatalyst. Copper oxide nanoparticle is the
most probable candidate of promising photocatalytic materials
for the degradation of organic pollutants. It possesses high optical
absorption properties and optimal optical bandgap. Copper oxide
nanoparticles can be produced at a low cost due to its precursor
materials being highly abundant in the earth's crust.16 It has two
semiconducting phases, namely, cupric oxide (CuO) and cuprous
oxide (Cu2O), which possesses approximately 1.6 eV and 2.4 eV
optical bandgap, respectively. Cu2O is a p-type metal oxide semi-
conductor with a 2.4 eV bandgap.188 Since its bandgap is optimal
for the application of photocatalysis under visible light illumina-
tion, it is the preferable candidate for photocatalytic activity.
RSC Adv., 2023, 13, 18404–18442 | 18421
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Fig. 10 SEM images of the hollow nest-like WO3 micro/nanostructures obtained after hydrothermal treatment at different times: (a) 3 min; (b)
9 min; (c) 15 min; (d) 2 h; (e) 4 h; (f) 6 h; (g) 8 h; (h) 10 h; and (i) 16 h; (j) schematic diagram of the hollow nest-like WO3 micro/nanostructures
formation process.172
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Muthukumaran et al.16 synthesized cuprous oxide (Cu2O) nano-
particles photocatalyst via the sonochemical method for the
degradation of Malachite green under the illumination of visible
light. The prepared nanoparticle achieved 91.89% degradation
efficiency aer 45min visible light illumination. There are various
green syntheses reported on the cuprous oxide (Cu2O) nano-
particles for the photocatalytic degradation of organic pollutants.
Kerour et al.182 synthesized Cu2O nanoparticles by a greenmethod
using aloe vera leaves plants extracted for the degradation of
methylene blue dye and were able to completely degrade methy-
lene blue aer 10 min of visible light illumination. Yadav et al.183

used sugarcane bagasse to synthesize ecofriendly Cu2O nano-
particles for the degradation of methyl red, Congo red, methylene
blue, and methyl orange organic dyes.

Despite the achievement and simple green synthesized Cu2O
nanoparticles, the rate of recombination of photogenerated
electrons and holes, stability, and photocorrosion are chal-
lenging for photocatalytic applications.127 For instance, during
the photocatalytic process, when Cu2O is irradiated, it can be
converted into CuO through photooxidation, which shows the
deactivation of the photocatalytic process.189 To suppress these
challenges and improve the photocatalytic activity of Cu2O,
18422 | RSC Adv., 2023, 13, 18404–18442
different ideas have been generated by researchers. The prepa-
ration of Cu2O nanoparticles with good control on the
morphology signicantly inuences its chemical and physical
properties in using them as photocatalyst materials.190 Prado-
Chay et al.184 synthesized hierarchical Cu2O microspheres by
a simple chemical method at room temperature with enhanced
photocatalytic activity for the degradation of methyl orange
under visible light irradiation.

Coupling with other metal oxides to create heterojunctions is
another method to enhance the photocatalytic performance of
Cu2O. Wang et al.185 reported ZnO/Cu2O heterojunctions
designed by the self-templating method for the degradation of
rhodamine B and achieved 96% within 40 min under visible
light irradiation. Making composite with carbon-based mate-
rials is also another strategy to boost the photocatalytic activity
of Cu2O. K. Polat produced a 2D thin lm catalyst Cu2O/2D
graphene on copper foil having photocatalytic activity under
the visible light spectrum.186 Karthikeyan et al.187 reported
hierarchical Cu2O nanospheres and Cu2O/rGO nanocomposites
for the degradation of 4-chlorophenol and production of H2

under the illumination of visible light, which is attributable to
enhanced visible absorption. Z-scheme modication is also the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 FE-SEM image of (a and b) WO3, (c and d) GO, and (e and f) WO3-GO nanocomposite; (g) absorbance spectra of MB by pure WO3 and (h)
absorbance spectra of methylene blue dye by the WO3-GO nanocomposite.175

Table 8 Summary of WO3-based photocatalysts for the photodegradation of organic pollutants

Catalysts Synthesis methods Morphology Model pollutant Light Reaction time
Degradation
aer action Ref.

WO3 Hydrothermal Hierarchical hollow nest-like Tetracycline Visible light 60 min 94.3% 172
Ni-doped WO3 Chemical bath deposition Thin lm Methyl orange Visible light 150 min 88% 173
(WO3–Pt)/TiO2 Hydrothermal Nanoparticles Rhodamine B Visible light 90 min 98.8% 174
WO3-GO Ultrasonic method Nanocomposite Methylene blue Visible light 180 min 97.03% 175
rGO/WO3

nanoplate
One-step hydrothermal Nanohybrids Methylene blue Sunlight

irradiation
90 min 82.2% 177

rGO/WO3 Hydrothermal Nanorod Rhodamine B Visible light 120 min 94% 178
Ag@WO3@rG Hydrothermal Nanocomposites Rhodamine B Solar simulation 70 min 99.5% 179
WO3/g-C3N4/h-BN Thermal treatment Lamellar structure Tetracycline Visible light 60 min 81.4% 180
Indigo-RGO/WO3 Hydrothermal Nanosheets Methylene blue Sunlight 120 min ∼80 181
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most effective technique to improve the photocatalytic activity
of Cu2O. Chen et al.191 synthesized a Z-scheme Cu2O-(rGO-TiO2)
photocatalyst for the degradation of 2,2′,4,4′-
© 2023 The Author(s). Published by the Royal Society of Chemistry
tretrabromodiphenyl ether. The reported Z-scheme photo-
catalytic performance by this group was greater than either
single or composite of Cu2O and TiO2 under the same reaction
RSC Adv., 2023, 13, 18404–18442 | 18423
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Table 9 Summary of Cu2O-based photocatalysts for the photodegradation of organic pollutants

Catalysts Synthesis methods Morphology Model pollutant Light Reaction time
Degradation
aer action Ref.

Cu2O Sonochemical Nanoparticles Malachite green Visible light 45 min 91.89% 16
Cu2O Green synthesis Nanoparticles Methylene blue Solar simulator 10 min 100% 182
Cu2O Biogenically synthesized Nanoparticles Methyl orange Visible light 80 min 77.39% 183
Cu2O Chemical solution Hierarchical nanoparticles Methyl orange Visible light 120 min 76% 184
ZnO/Cu2O Self-templating Rhodamine B Visible light 40 min 96% 185
Cu2O/graphene/Cu Magnetron sputtering Thin lm Hydrogen peroxide Visible light — — 186
Cu2O/rGO Self-assembly Pompon Dahlia-like 4-Chlorophenol Visible light 1 h 95% 187

Fig. 12 Proposed mechanisms for the photodegradation of Congo
red dye under solar light irradiation using p–n heterojunctions (p-type
CuO and n-type ZnO/Fe3O4) semiconductor.195
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condition. Different Cu2O-based photocatalysts are summa-
rized in Table 9.

2.4.5 CuO photocatalyst. Because of its desirable proper-
ties, such as easy preparation low cost, and nontoxicity, CuO
nanoparticles acquired great interest in the research eld such
as photocatalysis, solar cells, supercapacitors, biodiesel, water
pollutant removal, and electrocatalysis.27 CuO nanoparticles are
an outstanding and efficient photocatalytic material for the
degradation of organic pollutants. However, similar to Cu2O,
CuO also has the limitation that comes from rapid photo-
generated recombination and photocorrosion. Hence,
researchers have employed various techniques to address these
concerns. Among these, the CuO composite with carbon-based
materials has attracted great attention. Banu et al.192 synthe-
sized GO/CuO nanocomposite by the hydrothermal method for
the photocatalytic degradation of azure-B dye with an efficiency
of 95%. The enhanced photocatalytic activity of the prepared
nanocomposite was attributed to the small size and high
surface area of GO/CuO. Coupling it with Cu2O and graphene
oxide also enhances its photocatalytic performance. Zhang
et al.193 reported CuO–Cu2O/GO nanocomposite for the degra-
dation of tetracycline and methyl orange and achieved 90% and
95% degradation efficiency aer 120 min under visible light
irradiation.

Coupling with other metal oxide semiconductors also
enhances the photocatalytic performance of CuO nanoparticles.
Sakib et al.194 synthesized CuO/ZnO nanocomposite through the
mechanochemical combustion method for the degradation of
methylene blue under visible light irradiation. They achieved
methylene blue degradation of 81% and 98% using ZnO and
CuO/ZnO, respectively. Forming a p–n junction heterostructure
has the advantages of widening the light harvesting and
retarding the fast recombination of the photogenerated elec-
trons and holes. Malwal and Gopinath synthesized the 3D
hierarchical nanostructured n-type ZnO and Fe3O4 deposited on
p-type CuO via thermal oxidation, followed by microwave-
assisted deposition for the formation of p–n hetero-
junctions.195 The prepared p–n heterojunctions enhanced the
photocatalytic activity for the degradation of Congo red dye
under solar light irradiation. The enhanced photocatalytic
performance was attributed to the effective and sufficient
charge separation formation of the p–n junction hetero-
structures at the interface of p-type (CuO) and n-type (ZnO/
Fe3O4) semiconductors, as depicted in Fig. 12. The charge
18424 | RSC Adv., 2023, 13, 18404–18442
separation creates an electric eld at the interfaces. For dye
degradation, the photosensitization and p–n junction-mediated
photocatalytic mechanisms are involved, as shown in Fig. 12.

Metal doping is another effective strategy to improve the
photocatalytic performance of CuO. George et al.196 synthesized
nanoower-like 3D transition metal-doped CuO nanostructure
by the sonication method for the degradation of methylene blue
dye under visible light illumination. The 3D transition metal
incorporated into CuO played a great role in tuning the struc-
ture, morphology, and optical properties. Maraj et al.197 re-
ported Mo-doped CuO nanoparticles synthesized by the sol–gel
process and utilized it for the degradation of methylene blue
under visible light irradiation. Islam et al.198 synthesized Ce-
doped CuO nanoparticles through the sol–gel autocombustion
method and utilized it for the degradation of methylene blue
under the illumination of visible light. Ce-doped CuO nano-
particles exhibited better photocatalytic activity than undoped
CuO nanoparticles. The general summary of different CuO
nanoparticles and CuO-based photocatalysts are summarized in
Table 10.

2.4.6 SnO2 photocatalyst. Tin dioxide (SnO2) is an n-type
semiconductor and has a wide range of applications in areas
such as catalysts, gas sensors, transistors, batteries, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 10 Summary of CuO-based photocatalysts for the photodegradation of organic pollutants

Catalysts Synthesis methods Morphology Model pollutant Light Reaction time
Degradation
efficiency Ref.

CuO Mechanochemical Nanoparticles Methyl green Sunlight 60 min 65% 199
CuO Green synthesis Nanoparticles Rhodamine B UV 90 min 98% 200
CuO Microwave-assisted Nanoparticles Methylene blue Sunlight 90 min 99% 201
GO/CuO Hydrothermal Lamellar sheets Azure-B dye Tungsten lamp 120 min 95% 192
CuO-Cu2O/GO Hydrothermal — Tetracycline Visible 120 min 90% 193
CuO-Cu2O/GO Hydrothermal — Methyl orange Visible light 120 min 95% 193
CuO/ZnO Mechanochemical combustion Nanoparticles Methylene blue Solar irradiation 2 h 98% 194
ZnO Mechanochemical combustion Nanoparticles Methylene blue Solar irradiation 2 h 81% 194
ZnO@CuO Microwave-assisted Hierarchical nanostructures Congo red dye Visible light 300 min 90% 195
Mo-doped CuO Sol–gel Nanoparticles Methylene blue Visible light 120 min 90% 197
Ce-doped CuO Sol–gel Nanoparticles Methylene blue Visible light 3 h 99% 198
CuO/g-C3N4 Pyrolysis Nanosheets Salicylic acid Visible light 80 min 100% 202
ZnO/CuO/g-C3N4 Cocrystallization Sheet-like Methylene blue Visible light 50 min 97.46% 203
ZnO/CuO/g-C3N4 Cocrystallization Sheet-like Congo red Visible light 50 min 91.73% 203
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transparent electrodes.204 SnO2 in its nanoparticles has a high
surface-to-volume ratio that enhances the active sites and is
expected to exhibit good photocatalytic activity. Pure SnO2 is
rarely studied because of the simultaneous formations of Sn2+

and Sn0 during the photocatalysis process. Thus, it can be
presented as SnO2, SnO, or Sn in the catalyst. Moreover, in
photocatalytic applications, it is found as a composite form with
other semiconductors to suppress instability, and the
composite of SnO2 with other semiconductors has been widely
reported. SnO2 is also an ultraviolet-active metal oxide semi-
conductor due to its wide bandgap of 3.6 eV similar to TiO2.205

To date, numerous efforts such as building heterojunctions,
morphology control, metal or nonmetal doping, and carbon-
based materials composite have been developed to suppress
these challenges. G. Devi and R. Shyamala synthesized SnO2

and a-Fe2O3 by the sol–gel method and combined them by
mixing and grinding to form a SnO2–a-Fe2O3 composite.206 They
studied the photocatalytic activity of the prepared composite
using phenol as a pollutant model. Due to the redshis in the
bandgap, the prepared composite showed higher extent
absorption in the visible light region.

Combining SnO2 with other metal oxide and carbon-based
materials also enhances its visible light activity. Yao et al.207

reported SnO2/TiO2/RGO nanocomposite synthesized by the
hydrothermal method with enhanced photocatalytic activity
under visible light illumination for the degradation of rhoda-
mine B. The superior photocatalytic activity of the synthesized
nanocomposite is attributed to the great efficiency of light
absorption and outstanding charge separation and transfers.
Wang et al.208 synthesized micron-sized spherical SnO2

(Fig. 13a) and ower In2O3 (Fig. 13c) by the hydrothermal
method and prepared the In2O3/SnO2 composite by the two-step
method. Fig. 13e shows the morphology of In2O3/SnO2, and
Fig. 13b, d, and f show the magnied morphology of the SnO2,
In2O3, and In2O3/SnO2 composite, respectively. According to
this report, the bandgap of the preparedmaterials in decreasing
order is SnO2, In2O3, and In2O3/SnO2, respectively, as presented
in Fig. 13g. For the photocatalytic degradation study of the
prepared photocatalyst, they used rhodamine B as a model
© 2023 The Author(s). Published by the Royal Society of Chemistry
organic pollutant, and the In2O3/SnO2 composite showed the
highest degradation rate of 97% aer 240 min irradiation
(Fig. 13h), which was twice that of pure SnO2 or In2O3. The
photocatalytic mechanism of the prepared composite is shown
in Fig. 13i. In this report, the superoxide (O2c

−) and holes play
a great role in the degradation of rhodamine B, while cOH
played an auxiliary role. The energy band positions of the two
compounds matched well, as shown in Fig. 13i, in which the
photogenerated electrons and holes separated effectively. An
electron (e−) was generated in the conduction band and a hole
(h+) was generated in the valence band.

When the two compounds were irradiated, electrons and
holes were generated, as shown in eqn (14) and (15). The pho-
togenerated holes of SnO2 transferred to the valence band of
In2O3 (eqn (16)) and the photogenerated electrons of In2O3

transferred to the conduction band of SnO2 (eqn (17)). There-
aer, e− reacts with O2 to form superoxide (O2c

−) (eqn (18)), and
the photodegradation process of rhodamine B is shown in eqn
(19)–(21).208

SnO2 + hn / SnO2(h
+)VB + SnO2(e

−)CB (14)

In2O3 + hn / In2O3(h
+)VB + In2O3(e

−)CB (15)

SnO2(h
+)VB / In2O3(h

+)VB (16)

In2O3(e
−)CB / SnO2(e

−)CB (17)

SnO2(e
−)CB + O2 / O2c

− (18)

Rhodamine B + O2c
− / H2O + CO2 (19)

Rhodamine B + h+ / H2O + CO2 (20)

Rhodamine B + cOH / H2O + CO2 (21)

Combining SnO2 with noble metals also enhances its pho-
tocatalytic activity and its visible light response. Ansari et al.209

synthesized Ag–SnO2 nanocomposites in water at room
temperature using electrochemically-active biolm and utilized
RSC Adv., 2023, 13, 18404–18442 | 18425
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Fig. 13 SEM images: (a and b) of the pure SnO2; (c and d) of the prepared In2O3; (e and f) of the prepared 1.0 wt% In2O3/SnO2 composite
photocatalysts; (g) the bandgap; (h) degradation kinetics of rhodamine B. (i) Schematic illustration of the separation and migration mechanism of
photogenerated electron–hole pairs of the In2O3/SnO2 composite.208
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it for the degradation of methylene blue, methyl orange, 2-
chlorophenol, and 4-nitrophenol under visible light irradiation.
The prepared nanocomposite showed enhanced photocatalytic
activity compared to pure SnO2. Doping with metals is also an
effective method to slow down the photogenerated electron–
holes recombination and expand the visible light activity of
SnO2. Ran et al.210 reported hollow-structured Ti-doped SnO2

prepared using silica microspheres as templates for the
decomposition of methylene blue under UV and visible-light
irradiation. Compared with pristine SnO2 hollow spherical, Ti-
doped SnO2 showed enhanced photocatalytic activity with
92% rate of degradation under UV light irradiation and 54%
under visible light irradiation decomposition of methylene blue
within 135min of degradation time. Ali Baig et al.211 synthesized
a Zn-doped SnO2 photocatalyst by the hydrothermal method for
the degradation of methylene blue under visible light illumi-
nation. The effects of Zn-doping are clearly understood to
prolong the photoabsorption to the visible region and
decreasing electron–hole recombination. The summary of
SnO2-based photocatalysts for the photodegradation are given
in Table 11.

2.4.7 Fe2O3 photocatalyst. Iron oxide can be present in
different phases such as maghemite (n-Fe2O3), magnetite
(Fe3O4), hematite (a-Fe2O3), and wustite (FeO). Among these
phases, Fe2O3 and Fe3O4 are the most common phases of iron
oxide in nature. Because of the easy manipulation of
18426 | RSC Adv., 2023, 13, 18404–18442
morphology, structures, and dimension orientation to provide
stability, Fe2O3 is applied in various industrial applications.118

Fe2O3 has four polymorphic phases, namely, 3-Fe2O3, g-Fe2O3, b-
Fe2O3, and a-Fe2O3 (hematite).102 Among these crystallographic
phases, a-Fe2O3 (hematite) is the most stable and widely used in
different applications such as sorbents, catalysts, biomedical
devices, and solar cells.216Nanosized a-Fe2O3 has bettermagnetic
behavior (ferromagnetic) than ferum (Fe).217,218 This magnetic
behavior helps to separate the photocatalyst materials from the
solution aer the photocatalytic treatment.

Moreover, a-Fe2O3 has been used as a photocatalyst material
due to its energy bandgap being appropriate for the photo-
catalysis process. However, pure Fe2O3 is limited in its applica-
tion in photocatalysis because of disadvantages such as lower
minority charge carriers mobility, sluggish surface kinetics, the
short diffusion length of photogenerated carriers, and high
recombination rate of photogenerated electron–holes pairs.219

Different strategies have been developed to address these prob-
lems. The suitably positioned bandgap of a-Fe2O3 allows it to
form a composite with other metal oxides to reduce the recom-
bination of photogenerated electron–hole pairs. Senthil et al.220

reported a-Fe2O3/WO3 composite photocatalyst designed by
a simple physical mixing process and utilized it for the photo-
degradation ofmethylene blue under visible light irradiation. The
prepared composite exhibited excellent photocatalytic activity,
which was attributed to the strong absorption of a-Fe2O3/WO3
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 11 Summary of SnO2-based photocatalysts for the photodegradation of organic pollutants

Catalysts Synthesis methods Morphology Model pollutant Light Reaction time
Degradation
efficiency Ref.

SnO2 Precipitation Nanoparticles Methylene blue UV 180 min 79% 204
SnO2/TiO2/RGO Hydrothermal Nanoparticle Rhodamine B Visible

light
120 min 83.84% 207

In2O3/SnO2 Hydrothermal Nanoparticle Rhodamine B Visible
light

240 min 97% 208

Ag–SnO2

nanocomposites
Electrochemically active
biolm

Nanoparticle Methylene blue, methyl
orange

Visible
light

6 h for MO and 5 h for
MB

100% 209

Ti-doped SnO2 Templates Nanoparticle Methylene blue UV 135 min 92% 210
Ti-doped SnO2 Templates Nanoparticle Methylene blue Visible

light
135 min 54% 210

Zn-doped SnO2 Precipitation Nanoparticle Methylene blue Visible
light

120 min 93.03% 211

SnO2/g-C3N4 Solution ball milling-
baking

Layer
structure

Trichlorophenol Visible
light

5 h 85% 212

SnO2/GL-C3N4 Hydrothermal Layer
structure

Rhodamine B Visible
light

3 h 92% 213

SnO2/TiO2 Hydrothermal Nanoparticle methylene blue dye Solar light 50 min ∼90% 214
La2O3/SnO2 Coprecipitation Nanoparticles Methylene blue UV 70 min 92% 215
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composite and slow down recombination of electron–hole pairs.
The polymer coating is also another method to enhance the
photocatalytic activity of a-Fe2O3. Zhang et al.221 synthesized
nitrogen-rich crosslinked copolymer, poly(1,4,8,11-
cyclotetradecane [2,2-bipyridine]-5,5-dicarboxamine) (PNH). This
polymer covered Fe2O3 by moderate hydrothermal treatment to
form Fe2O3@PNH, which showed excellent photocatalytic activity
for the degradation of tetracycline with catalytic performance of
∼90% under visible light illumination, which was three times
greater than that of Fe2O3.

Doping is another effective strategy to address the afore-
mentioned problems that generate electron trap centers. Li
et al.219 synthesized different metal-doped Fe2O3 nanoparticles
using fabric lter dust as starting materials for the degradation
of methyl orange. The different metal-doped materials showed
a 82.99% degradation rate under the illumination of visible
light, whereas the undoped Fe2O3 achieved only 38.94%.
Nonmetal doping can also improve the photocatalytic activity of
Fe2O3 nanoparticles. Mendiola-Alvarez et al.222 synthesized
phosphorus-doped Fe2O3–TiO2 by the sol–gel method and
utilized it for the degradation of sulfamethazine under visible
light irradiation. The doped composite has shown improved
photocatalytic performance compared to either the Fe2O3–TiO2

composite or TiO2, which was attributed to the reduced
bandgap, small crystallite size, increased existence of hydroxyl
on the catalyst surface, and high surface area. Graphene is
a type of carbonaceous material having excellent transparency,
lightweight, high electrical conductivity, unique structure, high
adsorption capacity, and high specic surface area properties,
which enhances the photocatalytic performance of a-Fe2O3

when it made the hybrid. S. Frindy andM. Sillanpää synthesized
a-Fe2O3 hybridized with graphene by the hydrothermal method
for the degradation of rhodamine B under visible light irradi-
ation and it showed high catalyst activity of ∼98%.223 They
demonstrated that the incorporation of graphene into a-Fe2O3

nanoparticles resulted in high photocatalytic activity compared
© 2023 The Author(s). Published by the Royal Society of Chemistry
to pure a-Fe2O3 or a-Fe2O3 loaded on other carbonaceous
materials. The summary of Fe2O3-based photocatalysts for
photocatalytic degradation is given in Table 12.

2.4.8 Bi2O3 photocatalyst. Bismuth oxide (Bi2O3) is found
in various crystals forms such as triclinic (u), orthorhombic (3),
face-centered cubic (d), body-centered cubic (g), monoclinic (a),
tetragonal (b), and hexagonal assembly.21 Bi2O3 has an excellent
photocatalytic activity for wastewater treatment, CO2 reduction,
nitrogen xation, and water splitting under the irradiation of
visible light solar spectrum. However, Bi2O3 is now confronted
with a larger recombination rate of the electron–hole pairs,
which signicantly reduces its photocatalytic activity for the
degradation of organic pollutants.232 To boost the overall pho-
tocatalytic efficiency of Bi2O3, many strategies including
composition with other materials, morphology, shape, micro-
structure, surface structure, interface-engineering, oxygen
vacancy, and doping with metal and nonmetal have been
developed. For instance, when it is coupled with other semi-
conductors, its photocatalytic activity becomes more favored.
Hsieh et al.237 synthesized the Bi2O3/CeO2 composite via the
hydrothermal method and compared the photocatalytic
performance of pristine Bi2O3, CeO2, and Bi2O3/CeO2

composite, in which the composite showed excellent catalytic
performance under visible light illumination for the degrada-
tion of Orange II dye. The CuCo2S4/Bi2WO6 heterojunction used
for the degradation of tetracycline hydrochloride has also re-
ported by Wang et al.245

Doping is also an effective and efficient strategy to reduce the
large recombination rate of electron–hole pairs. Li et al.232 re-
ported the La-doped Bi2O3 prepared via the sol–gel method in
which La3+ doping creates oxygen vacancies on the surface of
Bi2O3 and also as an efficient scavenger to capture the photo-
induced electrons. The prepared material was used for the
degradation of methyl orange (MO) and phenol and showed an
enhanced photocatalytic activity, which was attributed to the
strong synergistic effects of La3+ doping and oxygen vacancies
RSC Adv., 2023, 13, 18404–18442 | 18427
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Table 12 Summary of Fe2O3-based photocatalysts for photocatalytic degradation

Catalysts Synthesis methods Morphology Model pollutant Light Reaction time
Degradation
efficiency Ref.

Fe2O3 Chemical solution Porous nanorods Rhodamine B Simulated solar light 270 min 86.4% 224
a-Fe2O3/WO3 Hydrothermal Nanoparticles Methylene blue Visible light 60 min 100% 220
Fe2O3@PNH Condensed polymerization — Tetracycline Visible light 120 min 90% 221
Al and Ti doped Fe2O3 From fabric lter dust Nanoparticles Methyl orange Visible light 180 min 82.99% 219
P-doped Fe2O3–TiO2 Microwave-assisted sol–gel Nanoparticles Sulfamethazine Visible light 300 min 100% 222
a-Fe2O3-Gr Hydrothermal Nanoparticle Rhodamine B Visible light 75 min 98% 223
a-Fe2O3@TiO2 Coprecipitation Nanocomposites Methylene blue Visible light 120 min 92% 225
TiO2/Fe2O3 Hydrothermal Nanocomposites Cr(VI) Visible light 160 min 100% 226
a-Fe2O3/g-C3N4 Heat treatment Nanocomposites Diazinon UV 50 min 100% 227
GO/a-Fe2O3 Coprecipitation Nanoparticles Methylene blue Visible light 90 min 90% 228
Fe2O3/TiO2 Atomic layer deposition Nanoparticles Methyl orange Visible light 90 min 97.4% 229
Fe3O4@Bi2O3-RGO Self-assembly Core–shell Ciprooxacin Visible light 240 min 98.3% 230
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(OVs), as shown in Fig. 14. According to this report, the pho-
tocatalytic mechanism for the degradation of methyl orange
and phenol are as follows.

La-Bi2O3 + hn / h+ + (e−)CB (22)

La-Bi2O3 + hn / h+ + (e−)OVs (23)

La3+(5d06s0) + (e−)OVs / La2+(5d06s1) + h+ (24)

La2+(5d06s1) + O2 / La3+(5d06s0) + O2c
− (25)

MO/phenol + O2c
−/h+ / CO2 + H2O +. (26)

Singh and Sharma also reported the Ni-doped Bi2O3

synthesized by the chemical precipitation method.233 They used
the doped photocatalyst for the degradation of methylene blue
under the illumination of visible light, and Ni dopant served as
a trapping energy site for the photogenerated charge carriers,
which resulted in greatly enhanced photocatalytic activity of the
Fig. 14 Proposed schematic photodegradation mechanisms for MO
over 2% La-Bi2O3 sample under visible light irradiation.232

18428 | RSC Adv., 2023, 13, 18404–18442
Bi2O3 photocatalyst. Different Bi2O3-based photocatalysts are
summarized in Table 13.

2.4.9 Pb-based oxide photocatalysts. Lead oxide has
attracted attention due to its good reactivity, cost-effectiveness,
experimental simplicity, and recyclability.40,246 Lead oxide exists
in Pb4+ (PbO2) and Pb2+ (PbO) oxidation states. PbO2 is mainly
used as electrode materials in lead–acid battery, which is used
in motor vehicles as internal combustion engines.247 On the
other hand, PbO2 and PbO possess good chemical stability,
optical transparency, and micro-hardness, which make them
suitable for optoelectronic industry applications.241,248,249 Lead
oxide can also be found in the form including Pb3O4, PbO2,
Pb2O3 (a, b, and amorphous), and PbO (a, b).250 PbO nano-
particles have a wide range of applications including energy
storage devices, luminescence materials, gas sensors, modiers
in glass, lead crystals, pigments, nanoelectronic devices, lead
glazes, UV blockers, pigments, and in decorative
potteries.37,41,251–253 It was also used as a shielding material for
gamma radiation protection.254

Lead oxide nanoparticles can also be used in photocatalytic
degradation.31–33 However, for photocatalytic applications, PbO
is not reported alone but coupled PbO with other semi-
conductors have been widely reported. The PbO composite with
different metal oxide semiconductors has advantages such as
shiing the ultraviolet activity of materials to visible light
activity by controlling the bandgap and modifying the structure
and morphology of the newly formed composite photocatalyst.
For instance, Bhachu et al.239 deposited PbO nanoclusters onto
titanium dioxide (anatase) polycrystalline lms on a glass
substrate by the chemical vapor deposition method to form the
PbO/TiO2 composite. The PbO-modied TiO2 introduced new
electronic states above the valence band maximum of TiO2,
which resulted in the enhancement of the photocatalytic activity
of TiO2 in the visible light region. Leelavathi et al.240 designed
PbO quantum dot dispersed on anatase TiO2 to form hetero-
structures by combining nonhydrolytic sol–gel and combustion
methods for the separation of photogenerated charge carriers.
They observed that the bare PbO showed very poor photo-
catalytic activity. They obtained 77% and 50% of the photo-
degradation percentage of orange G for TiO2/PbO and TiO2,
respectively, within 2 h.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 13 Summary of Bi2O3 based photocatalysts for photodegradation of organic pollutants

Catalysts Synthesis methods Morphology Model pollutant Light
Reaction
time

Degradation
efficiency Ref.

a-b Bi2O3 Solvothermal Nanoparticles Rhodamine B Visible light 120 min 99.6% 231
La-doped
Bi2O3

Sol–gel Nanoparticles Methyl orange Visible light 100 min 98% 232

La-doped
Bi2O3

Sol–gel Nanoparticles Phenol Visible light 100 min 73% 232

Ni-doped
Bi2O3

Chemical
precipitation

Nanoparticles Methylene blue Visible light 270 min 81% 233

Bi2O3/Bi2O4 Calcining raw
materials

Flower-like nanoparticles 17a-ethinyl
estradiol

Visible light 12 min ∼100% 234

TiO2/Bi2O3 Template Nanoparticles (hollow) Tetracycline Visible light 140 min 100% 235
Cs2O–Bi2O3–
ZnO

Combustions Nanoparticles (sponge-like
structure)

4-Chlorophenol Simulated
sunlight

80 min 98.5% 236

Bi2O3/CeO2 Hydrothermal Nanoparticles Orange II dye Visible light 5 h — 237
Bi2O3/g-C3N4 Heat treatment Nanoparticles (spheroidal) Amido black 10B

dye
Xenon 120 min 88.71% 238
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PbO has also been used in different metal oxide nanoparticles
to modify their photocatalytic activity. Mebed et al.241 prepared
PbO–Al2O3 nanocomposite by the microwave irradiation method
and utilized it for the removal ofmethylene blue fromwastewater
under UV-visible or visible light irradiations. Al2O3 possesses
a very wide bandgap of approximately 9 eV. However, compos-
iting it with PbO made it responsive to visible light irradiation
and improves the overall physicochemical properties. Wang
et al.242 reported Sb2O3/PbO-coupled semiconductor photo-
catalyst synthesized by the hydrothermal method for the degra-
dation of carbamazepine (CBZ). They selected PbO for coupling
with Sb2O3 due to its high stiffness, high thermal stability, and
high tensile strength. Wang et al.5 synthesized PbO/TiO2 and
Sb2O3/TiO2 photocatalysts for the degradation of UV lter
benzophenone-3 under UV-C irradiation, and PbO/TiO2

completely degraded the UV lter benzophenone-3 within
120 min. They studied the effect of pH by varying it from 3 to 11,
and the degradation efficiency at varied pH is shown in Fig. 15a.
Fig. 15 (a) The photocatalytic degradation of BP-3 by varying the initial

© 2023 The Author(s). Published by the Royal Society of Chemistry
The degradation rate increased as the pH value increased from 3
to 9 for the photocatalyst with PbO ratio with TiO2 (1 : 2).
However, the degradation rate slightly decreased as pH increased
to 11 compared to 9. Fig. 15b represents the schematic of the
photocatalytic mechanism of PbO/TiO2 nanocomposite. Reactive
holes (h+) generated on the surface of PbO and reactive electrons
(e−) generated on the surface of TiO2 under UV-C irradiation. The
photogenerated electrons reduced the dissolved O2 to superoxide
radicals (O2c

−). Then, O2c
− radicals undergo the oxidation

process with the photogenerated h+ to produce 1O2, as shown in
eqn (27)–(29).

PbO/TiO2 + hn / TiO2(e
−) + PbO(h+) (27)

(TiO2)e
− + O2 / O2c

− (28)

(PbO)h+ + O2c
− / 1O2 (29)
pH PbO/TiO2; (b) mechanism of photocatalytic degradation of BP-3.5

RSC Adv., 2023, 13, 18404–18442 | 18429
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Pb-containing metal oxides photocatalyst have also been
reported by different groups. For instance, Pourmasoud et al.71

reported PbWO4 synthesized by the coprecipitation method for
the degradation of methyl orange from wastewater under UV
irradiation and achieved a 97% rate of degradation. Gyawali
et al.98 reported an Ag-PbMoO4 photocatalyst synthesized by the
sonochemical method for the degradation of Indigo carmine
dye under simulated solar light irradiation.

Perovskites containing Pb in their compositions have
a potential application in solar energy conversions, but recently,
they were studied to use be as photocatalysts. In photocatalysis,
perovskites are used as means of energy production and water
purication.255 The combination of PbO with perovskite pho-
tocatalysts has also been reported by different scholars. Liu
et al.243 synthesized the PbBiO2I/PbO nanocomposite using the
hydrothermal method and used it as a photocatalyst for the
degradation of crystal violet (CV) dye. According to this report,
the formation of a composite between PbBiO2I and PbO
suppresses the rapid recombination of photogenerated elec-
trons–holes pairs and improves the photocatalytic activity of the
individual PbBiO2I and PbO by 3 and 20 times, respectively. The
Fig. 16 Schematic illustration of the bandgap structures of t-PbBiO2I/
PbO.243

Table 14 Summary of Pb-based photocatalysts for the photodegradatio

Catalysts Synthesis methods Morphology Model po

PbO/TiO2 Chemical vapour
deposition

Films Stearic ac

TiO2/PbO Sol–gel combustion Nanocomposites Orange G
PbO–Al2O3 Microwave irradiation — Methylene
Sb2O3/PbO Hydrothermal — Carbamaz
PbO/TiO2 — — Benzophe

UV
PbWO4 Coprecipitation Nanoparticles Methyl or
Ag-PbMoO4 Sonochemical Nanoparticles Indigo car

PbBiO2I/PbO Hydrothermal — Crystal vio
Sn doped a-
PbO

Chemical precipitation Nanoparticles Methylene

18430 | RSC Adv., 2023, 13, 18404–18442
charge carrier transfers and photocatalytic mechanism of the
prepared PbBiO2I/PbO are shown in Fig. 16. As one can observe
from the depicted Fig. 16, the valence band maximum (VBM)
and conduction band minimum (CBM) of PbBiO2I was higher
than that of PbO. Therefore, the photogenerated electrons that
occur on the surface of PbBiO2I could be transferred to the PbO
conduction band, whereas holes existing on the surface of PbO
can transfer to PbBiO2I. Thus, the charge transfer between the
two semiconductors effectively hinders electron–hole recombi-
nation, hence improving the photocatalytic efficiency. When
electrons and holes reached the CB and VB of PbBiO2I/PbO, the
active oxygen species, which degrades the CV, is formed (eqn
(30) and (31)). As observed in Fig. 16, in the photosensitized and
photocatalytic process, photogenerated and photosensitized
electrons react with O2 on the surface of the photocatalyst and
produced superoxide (O2c

−). 1O2 is also generated upon the
reaction between O2 and photocatalyst. The combination of
perovskites, PbO, and other semiconductors to form hetero-
junctions has also been reported. Wang et al.256 synthesized
PbBiO2Br/PbO/g-C3N4 heterojunctions by the hydrothermal
method without using a template, and they demonstrated that
the enhancement of the photocatalytic activity of this photo-
catalyst corresponded to the heterojunctions formed between
PbBiO2Br, PbO, and g-C3N4. Thus, PbO contributes to the
enhancement of the photocatalytic activities of this
heterojunction.

(organic pollutant)CV + /1O2/h
+ / degraded compounds (30)

(organic pollutant)CV+c + O2c
−/1O2/h

+ /

degraded compounds (31)

Pb-containing composition of the compounds has also been
used for the removal of microbiological contaminants from
drinking water. Li et al.257 synthesized Pb-BiFeO3/rGO photo-
catalyst via the hydrothermal method and evaluated the pho-
tocatalytic disinfection efficiencies toward Gram-negative
Escherichia coli (E. coli) and Gram-positive Staphylococcus aureus
(S. aureus) under the illumination of visible light. According to
n of organic pollutants

llutant Light
Reaction
time

Degradation
efficiency Ref.

id Visible light 71 h 70% 239

Metal halide lamp 2 h 77% 240
blue UV 105 min 28% 241
epine UV 120 min — 242
none-3 under 120 min 100% 5

ange UV 100 min 97% 71
mine Simulated solar

light
120 min — 98

let Visible light 24 h 99% 243
blue dye Visible light 100 min ∼100% 244

© 2023 The Author(s). Published by the Royal Society of Chemistry
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their report, the complete inactivation of E. coli and S. aureus
was achieved within 30 min and 90 min, respectively. In this
report, the intercalated Pb coordinate with Bi3+ was to provide
actives sites for the reaction, hence improving the photo-
catalytic activity of BiFeO3. Different Pb-based oxide photo-
catalysts for the photocatalytic degradation of organic
pollutants are summarized in Table 14.

2.4.10 Density functional theory (DFT). DFT is a modern
calculation widely used in elds such as condensed matter
physics, quantum chemistry, and materials science, and it is
a practical electronic-structure calculation computational
method.198 DFT is primarily a theory of electronic structure
calculations at ground states couched in terms of electron
density.258 The DFT framework provides a computationally easy
and controllable way to solve and approximate many-body
problems for electrons both in the excited state and ground
state.259 DFT simulation is applied for the study of metal oxides
and to understand the improvement of the properties of metal
oxides by applying different strategies for different technolog-
ical applications. To understand the enhancement of metal
oxide properties by the DFT method, strategies such as doping
with metal or nonmetal, oxygen vacancy, and coupling with
other semiconductors to form heterojunctions are among the
intensively studied. For instance, Iwaszuk and Nolan studied
the PbO and PbO2 nanoclusters supported on TiO2 anatase
(001) and rutile (110) surface by the rst principles DFT method
for the modication of the TiO2 photocatalyst.260 They investi-
gated the effects of Pb oxidation states on the PbOx modica-
tions of TiO2 photocatalysts, which showed a dramatic impact
on the nature of band-edge modication of TiO2 and on the
electron–hole separation mechanism. New states were intro-
duced in the pure rutile and anatase when PbO and PbO2 was
adsorbed on the surface of TiO2. Thus, the adsorbed PbO and
PbO2 nanoclusters induced the visible-light activation of the
TiO2 photocatalyst and predicted the reduction of fast charge
recombination.

Islam et al.198 used DFT calculation to investigate the effects
of Ce doping into the CuO photocatalyst. Aer replacing Ce in
the place of Cu, the crystal structure of CuO was distorted, and
the symmetry of the system was reduced. Due to the distortion
of the structure and lack of symmetry, the centers of the nega-
tive and positive charges can get separated. Thus, the photo-
catalytic performance of the Ce-doped CuO was enhanced due
to the reduced recombination of the photogenerated electron–
hole pairs. The Ce 4f orbital greatly affected the valence and
conduction band by introducing defect states near the valence
and conduction band. The introduced defect state trapped the
photogenerated charges and reduced the fast recombination of
photogenerated electrons and holes. They also calculated the
real part and imaginary part of the dielectric constant and
concluded that the higher the real part of the dielectric, the
lower the recombination of photogenerated electrons and
holes.

Kitchamsetti et al.261 also used rst-principles DFT calcula-
tion to identify the formation of O2 radicals on the surface of
NiO (110), which was believed to initiate the degradation of
rhodamine B dye. Huang and Hart studied the capability of
© 2023 The Author(s). Published by the Royal Society of Chemistry
photocatalytic water splitting of various tungstate oxides by DFT
calculations.262 Singh and Sharma used DFT calculations to
investigate the effects of Ni doping into a-Bi2O3 on its photo-
catalytic activities.233 Pure a-Bi2O3 possesses a direct bandgap,
as shown in Fig. 17a. However, aer Ni was doped, an indirect
bandgap bandstructure was obtained, as shown in Fig. 17b.
Thus, the Ni-doped a-Bi2O3 has an increased charge separation
and retarded electron–hole pair's recombination, which was
attributed to the time elongation for the charge transit
conduction band to the valence band.

Different semiconducting heterojunctions are also studied
using DFT to obtain a better understanding of its photocatalytic
activities. The construction of heterojunction structures is
among themost effective method for improving the efficiency of
photocatalysts by accelerating the separation and transport of
the electron–hole. When the heterojunction is formed,
a potential difference is created between the conduction band
and the valence band at the interface. When irradiated electrons
can be easily excited, they immediately form electron–hole
pairs. Hence, the photogenerated electrons are transferred to
the conduction band of other semiconductors rather than
recombining with the holes in the valence band. Yao et al.263

reported the DFT studied g-C3N4/BiOBr(001) heterojunction for
a better understanding of its photocatalytic activity by analyzing
the electronic and geometric structures. According to their
study, they presented ultrathin g-C3N4/BiOBr(001) hetero-
junction formed by stacking g-C3N4 on the top of BiOBr with
3.55 Å of the interlayer distance, as shown in Fig. 18a. In the
complete relaxation of the heterojunction, the interaction
between the g-C3N4 monolayer and the surface of BiOBr resul-
ted in g-C3N4 akes with 2.95 Å interlayer distance, which is the
van der Waals distance, as shown in Fig. 18b. Fig. 18c shows the
electron localization function of the relaxed g-C3N4/BiOBr(001)
heterojunction. The strongest position of electron localization
is shown by the yellow-colored area. To investigate the reason
for a high photocatalytic activity, they calculated the density of
states, as shown in Fig. 18d. The optical bandgap of g-C3N4 and
BiOBr was 2.7 eV and 2.8 eV, respectively. However, the bandgap
of the g-C3N4/BiOBr(001) heterojunctions was reduced to
1.68 eV, which indicated the high efficiency of charge transfer
from the valence band to the conduction band g-C3N4/BiOBr. As
shown in Fig. 18e, the valence band maxima (VBM) of
BiOBr(001) is lower than that of g-C3N4, whereas the conduction
band minima (CBM) g-C3N4 is higher than that of BiOBr(001),
as shown in Fig. 18f, which indicates that the g-C3N4/BiOBr(001)
heterojunction has a typical type-II energy band alignment. This
is reasonable for the greater photoresponse to visible light of
the g-C3N4/BiOBr(001) heterojunction compared to g-C3N4 and
BiOBr(001).

Moreover, the energy band structure before and aer the
formation of the heterojunction is shown in a schematic
diagram in Fig. 19.263 As shown in the le of Fig. 19, the energy
band edges of both g-C3N4 and BiOBr(001) are given before
contact formation. Electrons excited from the VB to the CB for g-
C3N4 and the BiOBr(001) layers under visible light irradiation.
As shown in the right of Fig. 19, the g-C3N4/BiOBr(001) hetero-
junction absorbs visible light and electrons excited from the VB
RSC Adv., 2023, 13, 18404–18442 | 18431
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Fig. 17 Electronic bandstructure of (a) a-Bi2O3 (b) Ni doped a-Bi2O3 at 300 K.233

Fig. 18 (a) The heterojunction structure of g-C3N4/BiOBr(001) before geometry optimization and (b) after geometry optimization; (c) the
electron localization function of g-C3N4/BiOBr(001); (d) the calculated TDOS and PDOS of the g-C3N4/BiOBr(001) van der Waals hetero-
junctions; (e) partial charge density of the valence band maxima (VBM) for g-C3N4/BiOBr(001) heterojunction and (f) the conduction band
minima (CBM) for the g-C3N4/BiOBr(001) heterojunction.263
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to CB, leaving holes behind in the valence band. Some of the
photogenerated electrons by the g-C3N4 layer were transferred
to the CB of BiOBr(001), while some of the photogenerated
holes by BiOBr(001) were transferred to the VB of g-C3N4. This
process resulted in the effective separation of photogenerated
electrons and holes at the different surfaces by the built-in
18432 | RSC Adv., 2023, 13, 18404–18442
electric eld. Thus, the fast recombination of photogenerated
electrons and holes is reduced, and the photocatalytic perfor-
mance will be improved efficiently. Oktavianti et al.264 also used
the DFT method to study the adsorption of methylene blue dye
on Ni-doped ZnO clusters. They investigated the adsorption
interaction between methylene blue dye and pure ZnO or Ni-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Schematic diagram of the energy band edge positions before and after the contact between g-C3N4 and BiOBr(001) and the charge
separation at the interface of C3N4/BiOBr(001) under visible light irradiation, whereF is the work function, EC is the bottomof the CB, EV is the top
of the VB, and Eg is the bandgap.263
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doped ZnO in terms of bond length, energy gap, adsorption
energy, and Mulliken charge transfer to evaluate the adsorption
of ZnO or Ni-doped ZnO toward methylene blue dye.

2.5 Parameters effecting the photocatalytic degradation

2.5.1 Effect of pH. The pH of the reaction in the photo-
catalysis process signicantly affects the photodegradation
rate of pollutants. The pH of the reaction solution affects the
photocatalysts' surface charge, adsorption of contaminants to
the photocatalyst's surface, the degree of ionizations, photo-
catalysts valence band oxidation potential, and agglomera-
tion.265 If the pH of the solution increases beyond the
isoelectronic point of the catalyst, the negative charge is
induced onto the photocatalyst surface and the negatively
charged photocatalyst surface attracts cationic pollutants from
the aqueous solution. This affects the concentration of elec-
trons transferred between the catalysts and pollutants for
degradation. However, if the pH decreases below the zero-
point charge of the photocatalyst, the photocatalyst surface
is positively charged and attracts anion pollutants. Adeel et al.6

varied the pH of the solution in the range of 2–10 by xing the
CoZnO dosage to 0.05 g and methyl orange solution to
100 mg L−1. Below the pH point of zero charge, the surface of
ZnO is negatively charged, whereas above the point of zero
charge, it is positively charged. Methyl orange is an anion in
acidic conditions; therefore, the lower pH value is favored for
© 2023 The Author(s). Published by the Royal Society of Chemistry
the adsorption of methyl orange on the surface of positively-
charged ZnO surface due to electrostatic attraction. The high
percentage of methyl orange is degraded at lower pH, whereas
the percentage of degradation decreased at higher pH due to
electrostatic repulsion. At very low pH, the strongly acidic
condition dissolves ZnO; hence, the percentage degradation
decreases.

Shelar et al.266 studied the effects of pH on the degradation of
methylene blue dye of 50 mg L−1 concentration in the pH range
from 2 to 12 in the presence of 1 g L−1 Ag-doped ZnO photo-
catalyst, as shown in Fig. 20. The photodegradation efficiency
increases as the pH value increases from 2 to 8. At pH 8, the
highest photodegradation efficiency is observed. However, as
the pH value further increases from 9 to 12, the photo-
degradation efficiency decreases, as observed in Fig. 20. Thus,
pH 8 is the optimum value for the highest degradation of
methylene blue dye for the Ag-doped ZnO photocatalyst. At pH
of zero-point charge = 7.6, the catalyst has zero charges; hence,
the surface catalyst becomes positively charged at pH less than
7.6 and becomes negatively charged at pH greater than 7.6.
Methylene blue dye is a cation dye; therefore, it is attracted to
the surface of negatively-charged catalysts for the photo-
degradation to be higher. For a pH greater than 8, the photo-
catalytic degradation is decreased because there is electrostatic
repulsion between the negatively charged catalyst surface and
hydroxide anions. This could inhibit the generation of cOH
RSC Adv., 2023, 13, 18404–18442 | 18433
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Fig. 20 Effect of pH on the photocatalytic degradation of Methylene
blue dye.266

Fig. 22 Effect of the catalyst dose on the photodegradation of methyl
orange catalyzed by Co–ZnO.6
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radicals, hence decreasing the percentage degradation of
methylene blue dye.

Mohagheghian et al.267 investigated the effects of pH on the
percentage degradation of Acid Orange 7 (10 mg L−1) using
tungsten oxide nanopowder (1 g L−1) by varying the pH values
from 3 to 9, as shown in Fig. 21. At pH zero, point charge was
5.09 and pH greater than 5.09 makes the catalyst surface
negatively charged, whereas pH lower than 5.09 makes the
surface of catalyst positively charged. The negatively charged
surface prevents the adsorption of anion dyes and hydroxide
anions onto the catalyst surface. Therefore, the highest degra-
dation efficiency of Acid Orange 7 was observed at pH 3.

2.5.2 Effect of catalyst dosage. Photocatalyst dosages also
have signicant effects on the photodegradation rates of
pollutants. To avoid the unnecessary utilization of photo-
catalysts, optimizing the amount of catalyst is essentially
important. By increasing the catalyst dosage, the amount of
photodegradation of dye increases. Thus, the number of active
species increases with increasing catalyst dosage. Beyond
a certain limit of catalyst dosage, the aqueous solution becomes
cloudy and blocks the light radiation, and the photo-
degradation efficiency of the dye decreases. Adeel et al.6 re-
ported Co–ZnO synthesized by the precipitation method and
utilized for the degradation of methyl orange under visible
Fig. 21 Effect of pH on the photocatalytic degradation of Acid Orange
7.267

18434 | RSC Adv., 2023, 13, 18404–18442
light. They reported the effects of catalyst dose, pH, tempera-
ture, and dye concentration on the percentage degradation of
methyl orange. Among these parameters, the effect of catalyst
dosage is shown in Fig. 22. They varied the catalyst dosage in
the range of 0.01–0.15 g for the photodegradation of 100 mg L−1

concentration methyl orange for 120 min. As shown in Fig. 22,
the percentage degradation of methyl orange increases as the
catalyst dosage increases from 0.01 to 0.05 g and decreases as
the catalyst dosage further increases. The decrease in the
percentage degradation while the catalyst dosage increases is
attributed (i) to the nonhomogeneity of the reaction mixture at
a given speed of agitation and (ii) inhibits penetration light to
the interior of the solution. Hence, the number of active centers
is nonaccessible; consequently, the percentage degradation
decreases. Among all catalyst dosages, 0.05 g obtained the
largest kinetic rate constant; therefore, it is the optimum dosage
for the photodegradation of methyl orange with 100 mg L−1

concentration.
2.5.3 Effect of dye concentration. The photocatalysis

process is dependent on the pollutants adsorbed onto the
photocatalyst surface. In photodegradation, only the amount of
dyes adsorbed onto the surface of the photocatalyst contributes
to the photocatalysis process.268 As the concentration of the dye
increases, large amounts of dyes are adsorbed onto the photo-
catalyst surface, while less number of lights reach the photo-
catalyst surface. Thus, lesser number of active oxidation species
is generated, and the photodegradation efficiency decreases. I.
Ahmad synthesized different metals (Al, Mg, Ni, Cu, and Ag)-
doped ZnO/g-C3N4 via a one-pot pyrolysis technique and
utilized it for the degradation of EBT dye.169 He named his
samples as pure ZnO, g-C3N4, Al-doped ZnO/g-C3N4, Mg-doped
ZnO/g-C3N4, Ni-doped ZnO/g-C3N4, Cu doped ZnO/g-C3N4, and
Ag-doped ZnO/g-C3N4 with sample coding PZO, GCN, AZGC1,
MZGC2, NZGC3, CZGC4, and AZGC5, respectively. He studied
the effects of different parameters such as different catalyst
effects, catalyst dosage effects, and effects of dye concentration
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 Effect of dye concentration on photocatalytic EBT dye
degradation catalyzed by metals-doped ZnO/g-C3N4.169
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on the photodegradation efficiency of EBT dye. He evaluated the
photocatalytic performance as a function of EBT dye by varying
concentrations 50–300 mg L−1 while keeping other experi-
mental conditions constant. As shown in Fig. 23, the percentage
of photodegradation decreases as the dye concentration
increases in all the samples. Thus, the adsorption of a large
number of dyes on the photocatalyst surface decreases the
adsorption of OH− and also decreases the penetration length of
light, which consequently decreases the generation of cOH
radical, hence decreasing the percentage degradation.

2.5.4 Effect of irradiation time. It is obvious that if irradi-
ation time increases the rate of degradation efficiency increases.
Fig. 24 shows the percentage degradation of methylene blue dye
under UV light irradiation time from 0 to 150 min in the pres-
ence of ZnO-Fex (x & 0, 0.05, 0.075, 0.1 mol%) nanoparticles. In
Fe dopant concentration, the percentage degradation of
Fig. 24 Influence on the photodegradation of methylene blue dye Fe-
doped ZnO catalyst at different irradiation times.269

© 2023 The Author(s). Published by the Royal Society of Chemistry
methylene blue dye increases as the irradiation time
increases.269 Among all the doped materials, Fe (0.075%)-doped
ZnO shows the highest degradation efficiency in a short time
compared to other Fe dopant concentrations.

2.5.5 Effect of oxidizing agent. Oxidizing agents such as
ammonium persulphate, potassium bromate, and hydrogen
peroxide have a great inuence on the photocatalytic degrada-
tion of organic pollutants.270 Saquib et al.271 demonstrated the
inuence of H2O2, KBrO3, and (NH4)2S2O8 oxidizing agents on
the photocatalytic degradation of Patent Blue VF and Fast Green
FCF in the presence of titanium dioxide (Hombikat UV100 and
Degussa P25) as the photocatalysts. Their result revealed that
Hombikat UV100 photocatalyst had more efficient degradation
for Fast green FCF in the presence of KBrO3 and (NH4)2S2O8 as
oxidizing agents, whereas Degussa P25 for the better degrada-
tion of Patent Blue VF. They used these three chemicals as
electron acceptors.

2.5.6 Effect of intensity of light. The intensity and wave-
length of light inuence the photocatalytic degradation of dyes
in aqueous solution in the presence of photocatalysts.272 For
a photocatalytic reaction to take place, the semiconductor used
as a photocatalyst must absorb light to initiate the reaction. The
bandgap of the photocatalyst should be equal to or greater than
the irradiated light. With the increase in the intensity of light,
there is a chance for more electrons to be generated, which
increases the number of oxidation species. The irradiated light
is either UV or visible light. The UV light has high intensity and
is hugely applied in the photocatalytic degradation of textile
dyes. It is more utilized for photocatalysts with wide optical
bandgap such as TiO2 and ZnO. However, due to its cost-
effectiveness and abundance, visible light is used as an alter-
native to UV light. Neppolian et al.273 used both UV and visible
for the degradation of Reactive Red 2, Reactive Yellow 17, and
Reactive Blue 4 dyes catalyzed by TiO2. They identied that UV
irradiation was more effective than solar irradiation in dye
degradation because UV has larger energy than solar light;
hence, the electron–hole recombination is suppressed in UV
Fig. 25 Effect of light intensity on the photocatalytic degradation rate
of phenol using the ZnO@SiO2 photocatalyst.274
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irradiation. Galedari et al.274 varied the intensity of light from 16
to 48 W to examine the inuence of light intensity on the
degradation of methylene blue dye using ZnO@SiO2 photo-
catalyst under UV light irradiation. They found an increase in
the photodegradation efficiency with an increase in illumina-
tion intensity and wavelength of the light source, as shown in
Fig. 25. The increase in the degradation efficiency with the
intensity of light can be due to the efficiency number of elec-
trons stimulated, which leads to an increase in the generation
of hydroxyl radicals.

3 Conclusion and future perspective

In this review, various metal oxide nanoparticles studied by
experimental and computational methods for photocatalysis
applications are comprehensively overviewed. It is obvious that
in this century, the energy crisis and environmental pollution
are the main problems the world faces. Nevertheless,
researchers around the world are searching for a way to solve
these two problems. Photocatalysis technology is a promising
technique to overcome the energy crisis and environmental
pollution due to its simple, ecofriendly, and green method. In
photocatalytic technology, metal oxides are used as a catalyst for
the breakdown or decomposition of different organic contam-
inants, various dyes, and harmful viruses and fungi using
ultraviolet or visible light solar spectrum irradiations. One of
the attractive properties of oxide materials for photocatalysis is
their stability in various conditions. In addition to this, their
bandgap can be easily engineered using simple techniques such
as doping, composite, and heterojunction, which makes them
highly selective for photocatalytic applications. Generally, their
light absorption properties, biocompatibility, stability, elec-
tronic structure, charge transfer behaviors, and capability of
generating charge carriers of the metal oxides have made them
selective for photocatalytic applications. Despite the successful
achievements of using metal oxides as a photocatalyst, the
major drawbacks including the high recombination rate of
photogenerated electron–hole pairs, the ultraviolet light activity
limitations, and low surface coverage are the bottlenecks.
Various strategies such as doping with metals or nonmetals,
combining photocatalysts with other materials, morphology
controlling, immobilizing with polymer or noble metals, Z-
scheme heterostructures, and compositing with carbon-based
materials are used to solve the aforementioned drawbacks.
However, further work is needed to improve the existing or to
discover new materials for photocatalytic applications. In
addition to this, among the listed strategies, the most effective
one for the practical application of photocatalysis is needed to
be identied. On the other hand, the ecotoxicity of the photo-
catalysts and the clear separation of the photocatalysts from the
treated water need more attention. Another issue that needs to
be identied is the type of reactive species during the photo-
catalytic activity. Thus, many articles used scavengers to identify
the type of active species that participated in the photocatalytic
degradation process; however, it needs more investigation for
the identication of active species during the photodegradation
process. Generally, for organic pollutant degradation, an
18436 | RSC Adv., 2023, 13, 18404–18442
important concern that needs to be addressed is improving the
response under the irradiation of visible solar light. Thus, for
the degradation of organic contaminants efficiently, economi-
cally viable, greener, and faster approaches required a signi-
cant development in the sustainable degradation of organic
pollutants and creating a clean environment for living crea-
tures. Finally, the density functional theory (DFT) method can
be used to understand and discover new materials for photo-
catalytic applications because it is a simple method to search
for new materials in photocatalytic applications without using
chemicals as raw materials that reduce the cost. Therefore, DFT
is recommended to search for newmaterials that will be used as
photocatalyst materials or predicting the way to improve the
discovered metal oxides by understanding the properties of
materials. Finally, since metal oxide-based heterojunction
photocatalysts are showing promising efficiency under visible
light, it is suggested that researchers should develop and design
new oxide-based heterojunction photocatalysts for photo-
catalytic degradations.
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D. R. Gómora-Herrera and J. A. Toledo-Antonio, Top.
Catal., 2020, 63, 586–600.

185 Y. Wang, J. Gao, X. Wang, L. Jin, L. Fang, M. Zhang, G. He
and Z. Sun, J. Sol-Gel Sci. Technol., 2018, 88, 172–180.

186 K. Polat, Thin Solid Films, 2020, 709, 138254.
187 S. Karthikeyan, K. Ahmed, A. Osatiashtiani, A. F. Lee,

K. Wilson, K. Sasaki, B. Coulson, W. Swansborough-
Aston, R. E. Douthwaite and W. Li, ChemCatChem, 2020,
12, 1699–1709.
18440 | RSC Adv., 2023, 13, 18404–18442
188 M. V. Kangralkar, V. A. Kangralkar, N. Momin and
J. Manjanna, Environ. Nanotechnol., Monit. Manage., 2019,
12, 100265.

189 S. Masudy-Panah, R. Katal, N. D. Khiavi, E. Shekarian, J. Hu
and X. Gong, J. Mater. Chem. A, 2019, 7, 22332–22345.

190 H. Gao, J. Zhang and M. Wang, Mater. Res. Bull., 2013, 48,
3431–3437.

191 K. Chen, X. Wang, P. Xia, J. Xie, J. Wang, X. Li, Y. Tang and
L. Li, Chemosphere, 2020, 254, 126806.

192 R. Banu, N. Salvi, S. Gupta, C. Ameta, R. Ameta and
P. B. Punjabi, Arabian J. Sci. Eng., 2022, 47, 365–378.

193 Z. Zhang, L. Sun, Z. Wu, Y. Liu and S. Li, New J. Chem., 2020,
44, 6420–6427.

194 A. A. M. Sakib, S. M. Masum, J. Hoinkis, R. Islam and
M. A. I. Molla, J. Compos. Sci., 2019, 3, 91.

195 D. Malwal and P. Gopinath, Catal. Sci. Technol., 2016, 6,
4458–4472.

196 A. George, D. Magimai Antoni Raj, X. Venci, A. Dhayal Raj,
A. Albert Irudayaraj, R. L. Josephine, S. John Sundaram,
A. M. Al-Mohaimeed, D. A. Al Farraj, T. W. Chen and
K. Kaviyarasu, Environ. Res., 2022, 203, 111880.

197 M. Maraj, A. Raza, X. Wang, J. Chen, K. N. Riaz and W. Sun,
Catalysts, 2021, 11, 1–10.

198 M. R. Islam, M. Saiduzzaman, S. S. Nishat, A. Kabir and
S. F. U. Farhad, Colloids Surf., A, 2021, 617, 126386.

199 S. Aroob, S. A. C. Carabineiro, M. B. Taj, I. Bibi, A. Raheel,
T. Javed, R. Yahya, W. Alelwani, F. Verpoort,
K. Kamwilaisak, S. Al-Farraj and M. Sillanpää, Catalysts,
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