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Abstract: Water pollution has become a critical issue because of the Industrial Revolution, growing
populations, extended droughts, and climate change. Therefore, advanced technologies for wastewa-
ter remediation are urgently needed. Water contaminants are generally classified as microorganisms
and inorganic/organic pollutants. Inorganic pollutants are toxic and some of them are carcinogenic
materials, such as cadmium, arsenic, chromium, cadmium, lead, and mercury. Organic pollutants
are contained in various materials, including organic dyes, pesticides, personal care products, de-
tergents, and industrial organic wastes. Nanostructured materials could be potential candidates
for photocatalytic reduction and for photodegradation of organic pollutants in wastewater since
they have unique physical, chemical, and optical properties. Enhanced photocatalytic performance
of nanostructured semiconductors can be achieved using numerous techniques; nanostructured
semiconductors can be doped with different species, transition metals, noble metals or nonmetals, or
a luminescence agent. Furthermore, another technique to enhance the photocatalytic performance of
nanostructured semiconductors is doping with materials that have a narrow band gap. Nanostructure
modification, surface engineering, and heterojunction/homojunction production all take significant
time and effort. In this review, I report on the synthesis and characterization of nanostructured mate-
rials, and we discuss the photocatalytic performance of these nanostructured materials in reducing
environmental pollutants.

Keywords: nanostructured materials; photocatalysts; environmental pollutants; photodegradation;
photoreduction

1. Introduction

The Industrial Revolution has had a negative environmental impact because of the
increased release of hazardous materials into the environment [1,2]. Hazardous materi-
als include organic dyes, pharmaceuticals, personal care products, petrochemicals, and
pesticides; inorganic hazardous materials include heavy metals and various industrial
additives [3]. Hazardous materials cause air, soil, and water pollution. Water pollution is
a global environmental concern that threatens billions of people worldwide, particularly
those in developing countries [4]. Hazardous materials pose many hidden dangers to hu-
man health and the ecosystem. These materials are toxic and cause many health issues, such
as lung, liver, and brain damage, as well as carcinogenic diseases and neurological disor-
ders [5,6]. Furthermore, these materials are difficult to degrade and thus accumulate in the
environment, i.e., in water and soil [7]. According to the WHO, the water crisis will affect
half of the world’s population by 2025 [8]. Therefore, it is a necessity to treat water and soil
tainted with hazardous materials. Wastewater treatment has been drawing increasing at-
tention as a research topic, and several methods, including ones that are physical, chemical,
and biological in nature, have been utilized to remove hazardous waste [9]. Sedimentation,
adsorption, membrane separation, and extraction are some physiochemical methods [10].
Activated sludge and biofilm are commonly used in biological treatment [11]. However,
these methods have several drawbacks, as hazardous materials that cannot be decomposed
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are often still present; they also involve high operating costs, complex operations, and
significant sludge production [7,10,12]. Advanced oxidation processes (AOPs) are among
the most prominent chemical methods; they involve the generation of active free radicals
such as hydroxyl radicals (*OH), superoxide anion radicals (O,°~), and sulfate radicals
(504°7) to degrade target pollutants into small non-toxic and biodegradable compounds
such as carbon dioxide (CO,) and water (H,O) and reduce or oxidize inorganic pollutants
so that they become harmless substances and, consequently, secondary pollutants cannot be
produced [13-16]. Fenton oxidation, Fenton-like oxidation, ozone oxidation, sonocatalysis,
electrochemical oxidation, and photochemical oxidation are some advanced oxidation
processes [14-16]. The chemical method of photocatalysis is a promising approach as it is a
nonselective method that can be used for a wide range of hazardous chemicals, including
both organic and inorganic pollutants, as well as pathogens [16-20]. It is a green process in-
volving the conversion of solar energy into chemical energy [21,22]. AOPs can be controlled
by several experimental parameters, for instance, the initial concentration of pollutants,
pH, time, and temperature [23]. A semiconducting material can serve as a photocatalyst
because of its ability to absorb light and produce free radicals [22,24]. Semiconductors
are divided into intrinsic and extrinsic categories based on their purities [25]. Intrinsic
semiconductors comprise pure or undoped elements such as germanium and silicon. Ex-
trinsic semiconductors are doped with other impurity atoms to enhance their conductivity
and properties, and they fall into two subcategories: n- and p-type semiconductors. In a
semiconductor, current conduction is caused by the movement of free electrons and “holes”,
which are collectively referred to as “charge carriers” [25,26]. The photocatalytic reaction
occurs on the surface of the semiconductor, where photoexcited electrons (e~) and holes
(h*) function as reduction and oxidation agents for target pollutants [22].

The fundamental principles of semiconductor photocatalysts are further elucidated
in the following paragraphs. Various semiconductors, such as titanium dioxide (TiO,)
and zinc oxide (ZnO), have been proposed and investigated as photocatalysts [27-32].
However, the efficiency of semiconductor photocatalysts is a concern among researchers;
issues regarding sunlight absorption, bandgap, and charge carrier lifetime are fundamental
challenges that must be overcome [20].

Nanotechnology is a cutting-edge technology [33]. Nanoparticles (NPs) are parti-
cles with dimensions of less than 100 nanometers (nm). Nanomaterials have at least one
dimension in nm [34,35]. These nanomaterials can be classified based on their sources,
such as, for example, inorganic-based nanomaterial, polymer-based nanomaterial, and
nanocomposite materials [35,36]. Nanomaterials possess unique physical, chemical, op-
tical, and electrical properties and a large surface area [21]. Due to their extraordinary
properties, they are widely used for various applications, including environmental remedi-
ation, photocatalysis, cancer therapy, battery production, and food industry uses [34,37-39].
There are several challenges to utilizing nanomaterials in environmental remediation.
Some nanomaterials are toxic, causing potential risks to human and aquatic environments
and ecosystems [35,40]. A major challenge in nanomaterial development is the toxicity
of nanomaterials [41]. The toxicity differs depending on the type of nanomaterial, its
physiochemical properties, morphology, size and size distribution, crystalline structure,
preparation method, concentration, aggregation, and mobility [35,41,42]. Therefore, before
implementing nanomaterials in living systems and environmental applications, it is crucial
to thoroughly investigate their long-term toxicity [41]. Mathematical models are useful
to simulate the negative impact of nanomaterials on the environment [35]. Analytical
techniques must be developed to determine and isolate environmentally relevant concen-
trations of nanomaterials and controlling factors to enhance or decrease the toxicity of
nanomaterials [35,42].

This review presents information about the most recent attempts in the photocatalytic
removal of hazardous material, e.g., organic dyes, antibiotics, and hexavalent chromium
ions Cr(VI), from water using nanostructure semiconductor heterojunction photocata-
lysts during the last two years. The review includes a more in-depth discussion about
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the synthesis of photocatalysts, e.g., bismuth-based oxides, sulfides, oxyhalides, and
metal chalcogenides such as MoS;, In;S3, and ZnIn,S,, especially regarding the archi-
tecture and mechanism of photocatalysts. It also explores the fabrication of Z-scheme and
S-scheme photocatalysts.

2. The Fundamental Principles of Semiconductor Photocatalysts

Photocatalysts are defined as materials that, when exposed to light, modify the rate of
a chemical reaction, and photocatalysis is the term for this phenomenon. Photocatalysis
is a process that uses light and a semiconductor as a catalyst [43,44]. The photocatalytic
ability of a semiconductor is the ability to absorb light energy to generate negative electron
(e7) and positive hole (h*) pairs [13,45]. When a semiconductor material is illuminated by
light, the electrons in the valence band migrate to the conduction band (CB) to generate
positive holes. The wavelength of light must be equal to or larger than the energy band gap
of the semiconductor [46]. The negative electron (e™) and positive hole (h*) pairs, i.e., the
photogenerated pairs (charge carriers), recombine and release energy in the form of heat.
The photogenerated pairs have redox ability [13,45]. The recombination of electrons and
holes presents the most difficult challenge in this step. The photogenerated electron-hole
pairs can recombine quickly before catalyzing the redox reactions [47-49].

Applications of photocatalysts have been widely recognized in hydrogen production
including water splitting and offer promising solutions to environmental issues such as
the photodegradation of many environmental pollutants, such as, for example, organic
dyes, pharmaceuticals, and pesticides. Photocatalysts can also be used to kill a wide
range of microorganisms including fungi, viruses, and bacteria, and to photoreduce heavy
metals [3,43,46,50]. Photocatalytic environmental remediation has numerous advantages;
it utilizes harmless semiconductors that convert environmental pollution into light of
appropriate wavelengths, which is an effective and low-cost technique. Photocatalytic envi-
ronmental remediation is achieved in four steps [51]. First, the pollutants are transported
from the water to the surface. Then, the pollutants are attached to the semiconductor’s sur-
face. The photocatalytic reaction takes place between the pollutants and the semiconductor.
Finally, the pollutants are degraded and discharged into the environment [51]. The general
mechanism of photocatalytic degradation of organic pollutants in water is illustrated in
Figure 1.
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Figure 1. The general mechanism of photocatalytic degradation of organic pollutants in water.

3. Semiconductor Photocatalysts

As previously mentioned, photocatalytic semiconductors are useful for environmental
remediation. However, there are several drawbacks that have a negative impact on the effi-
ciency of photocatalytic semiconductors [52,53]. For instance, single-phase semiconductor
energy band gaps are inactive when exposed to visible light, while a semiconductor with a
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narrower band gap can absorb visible light, and a semiconductor with a greater band gap
can absorb ultraviolet (UV) radiation [54,55]. Visible light accounts for approximately 45%
of sunlight, but UV light accounts for approximately 5% of sunlight [52]. Modification of
the electronic and optical properties of semiconductors has been proposed to overcome
the abovementioned difficulties, such as the modification of energy band gaps to absorb
photons with energy values greater than the semiconductor band gap [56], impurity doping
with metals or nonmetals, sensitization with visible light quantum dot co-catalyst loading,
and construction of heterojunctions [46,57-59]. Recently, construction of heterojunctions has
been the most practical and efficient method for enhancing photocatalytic activity [59,60].

4. Basics and Types of Semiconductor Heterojunctions

Semiconductor heterojunctions consist of two or more semiconductors with different
band gaps [61]. The electric structures of the resulting heterojunctions are able to absorb
visible-light-range photons and photogenerate charge carriers, i.e., electron-hole pairs [61].
As shown in Figure 2, the coupling between semiconductors I and II produce three tra-
ditional types of heterojunctions based on band gap alignment: straddling gap (type I),
staggered gap (type II), and broken gap (type III) [62]. In the type I heterojunction, the
VB and the CB of semiconductor I are lower and higher than that of semiconductor II,
respectively. This indicates that the band gap of semiconductor I is wider than that of
semiconductor II [63,64]. Therefore, holes and electrons can jump from the VB and the
CB of semiconductor A to the VB and the CB of semiconductor B, respectively [63,64].
Semiconductor A has more negative CB and VB energy levels than semiconductor B, which
has lower VB and CB energy levels than semiconductor I in a type II heterojunction [63,64].
As a consequence, the photogenerated electrons at the CB of semiconductor I move to the
CB of semiconductor B, and the holes at the VB of semiconductor II move to the VB of
semiconductor I [63,64]. Therefore, the CB at semiconductor II and the VB at semiconductor
I act as an electron sink and hole sink, respectively. Based on [64], this leads to electron and
hole spatial separation and enhances the charge separation efficiency. As compared with
type I heterojunctions, type II heterojunctions perform well in photocatalytic reduction [65].
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Figure 2. Schematic illustration of the band gap alignment of different types of heterojunctions.
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The S-scheme heterojunction is another band structure that is similar to the traditional
type 11, but it differs in the recombination pathway [66]. An S-scheme heterojunction con-
sists of a reduction-type photocatalyst semiconductor and an oxidation-type photocatalyst
semiconductor [67]. An internal field is created that causes the photogenerated electrons to
flow from the conduction band of the oxidation-type semiconductor to the valence band
of the reduction-type semiconductor, and the corresponding photogenerated holes are
consumed to balance the Fermi level of the contacting semiconductors [66,67]. Due to the
increased likelihood of recombination, electrons and holes located at lower energy levels
are more likely to be useful electrons and holes with higher potential for redox processes.
As a result, the S-scheme heterojunction can separate electron-hole pairs while maintaining
its entire redox potential [66].

The Z-scheme photocatalyst has been proposed as a solution to the low redox capacity
of traditional type II heterojunctions [68]. The Z-scheme photocatalyst offers a method
of recombining the electron-hole pairs, i.e., charge carriers from the two semiconductors’
lower energy levels recombine with those from their higher energy levels to react with
outside molecules [68]. Z-scheme photocatalysts can be classified into direct Z-scheme
mediator-free photocatalysts (two elements, i.e., two semiconductors) and indirect Z-
scheme photocatalysts (three elements, i.e., two semiconductors and one mediator), and
the Fermi level of the composite reaches equilibrium, which is between the original Fermi
level of the two semiconductors [26,68]. This interface has a Fermi level between the
Fermi levels of the VB of semiconductor I and those of the CB of semiconductor II [26].
The third traditional type of semiconductor heterojunction, i.e., broken gap (type III),
possesses a very large band gap as compared with those of the previous types; as a
result, there is no overlap band gap between semiconductor I and semiconductor II, and,
therefore, there is no interaction, and photogenerated electrons and holes cannot travel
from one semiconductor to the other [66]. Other types of heterojunctions comprise metal—-
semiconductor junctions (Schottky heterojunction) and semiconductor heterojunctions with
a carbon material (carbon and graphene) [62].

5. Synthesis Methods for Semiconductor Heterojunctions
5.1. Hydrothermal/Solvothermal Methods

Some of the most commonly used methods to prepare semiconductor heterojunctions
are hydrothermal/solvothermal methods [57,69]. The differences between hydrothermal
and solvothermal processes are the solvent types. Water and organic solvent are used
in hydrothermal and solvothermal processes, respectively [70]. This method is a wet
chemical reaction used to crystallize materials into nanostructures, and was introduced
by Wang et al. [71]. Hydrothermal/solvothermal methods involve the synthesis of chem-
icals in a sealed and heated solution above ambient condition under high pressure. The
advantage of such methods is that the reaction conditions, such as temperature, time, pH,
and other parameters, can be controlled to obtain crystals of different morphologies and
sizes [72,73].

5.2. Sol-Gel Method

The sol-gel method is a chemical synthesis method that is commonly used as a bottom-
up approach to prepare a variety of nanocomposites [74]. The synthesis mechanism is
described by its name, which involves the process of converting a colloidal suspension
into a gel [75]. This process is completed through five steps: hydrolysis, polycondensation,
aging, and drying, followed by thermal decomposition [74]. The sol-gel technique has
several advantages; it is very effective at obtaining nanocomposites with large specific
surface area, high porosity, high quality, and well-mixed multi-component materials [76].

5.3. Chemical Precipitation Method

The chemical precipitation method is commonly referred to as wet precipitation or
aqueous precipitation. Chemical precipitation turns a liquid into a solid either by making
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the liquid insoluble or making it extremely saturated. The process involves the addition of
chemical agents, with pH adjustment, and then the precipitates and solution are separated.
As compared with other methods of preparation, the precipitation method is the most
useful since it allows for the production of a sizable quantity of materials at a reasonable
cost without the use of organic solvents [77].

5.4. Solid-Phase Method

The solid-phase method is the most straightforward and low-cost technique, as it is free
of organic solvents. The solid-state reaction route is one of the most widely used methods
for preparing crystalline solids [78] and involves the decomposition of solid reagents at
very high temperatures to produce crystalline solids and gases, such as NH3z, NO,, CO,,
and H,O, depending on the precursor powder. Furthermore, there are several benefits
associated with choosing this method, such as, for example, the controllable adjustable
reaction conditions, ease of use, high yield, and simple apparatus needed. The powder
produced by this method has a large particle size with poor uniformity as a result of particle
agglomeration and aggregation [79].

5.5. Sonochemical Method

The sonochemical method is a well-recognized synthesis method that applies powerful
ultrasonic radiation from 20 to 10 MHz to a precursor to obtain nanomaterials for the
preparation, insertion, or deposition of nanomaterials on mesoporous materials, ceramics,
or polymers. It offers a simple route for fabricating nanomaterials that is inexpensive and
can control the morphologies of nanomaterials under adjustable reaction conditions. The
sonochemical method is based on cavitation phenomena, i.e., tiny acoustic bubbles are
formed, then grow, and then collapse in liquid [25,80,81].

6. Types of Pollutions

Pollution is a major issue confronting international industries and endangering the
lives of people. Pollutants are being released into the land, water (i.e., surface and ground
waters), and air at higher rates because of industrialization, which largely occurred during
the previous century.

6.1. Heavy Metals

Heavy metals are characterized as metals with relatively high densities, high atomic
numbers, and high atomic weights [82]. Heavy metals have a negative effect on the envi-
ronment because of their extreme toxicity, even if their concentration is very low [83,84].
Heavy metals, e.g., arsenic (As), cadmium (Cd), chromium (Cr), lead (Pb), and mercury
(Hg), are present in the environment as a consequence of manufacturing processing and
the Industrial Revolution [51,85]. Heavy metals can change to hazardous forms such as
cadmium ion (Cd(II)) and lead ion (Pb(II)), which are highly toxic as compared with metal
atoms [86]. Heavy metals are carcinogenic, can cause lung and kidney damage and neu-
rological disorders, and can impact maternal reproductive health, causing fetal toxicity.
Conventional methods for the removal of heavy metals, e.g., chemical precipitation, mem-
brane filtration, ion exchange, and adsorption, are not effective, since the toxic species are
still present [51]. The photocatalytic reduction of heavy metals is a promising strategy, as it
converts the metals into less toxic forms; for instance, hexavalent chromium ions Cr(VI) can
be reduced to a less toxic trivalent state, Cr(IlI), which is easily precipitated as hydroxides
and is less poisonous and less mobile [87]. Spanu et al. fabricated hematite photoanodes
a-Fep O3 for the photoelectrocatalytic oxidation of As(III) to As(V) [88]. It was found that
within 30 min 30% of the initial As(III) concentration was oxidized [88]. Raez et al. stud-
ied the photocatalytic performance of the photocatalytic TiO; in the photoelectrocatalytic
oxidation of As(III) to As(V) [89]. The photocatalytic TiO, used zero-valent iron nanoparti-
cles (nZVI) to enhance the photocatalytic performance [89]. Salmanvandi et al. applied a
bentonite-supported Zn oxide nanoparticle (ZnO/BT) photocatalyst in the photoreduction



Separations 2022, 9, 264

7 of 27

and removal of Cd(II) to non-toxic Cd(0) under exposure to UV light [90]. The photore-
duction efficiency of Cd(II) was 79.05% [90]. Abbasi et al. prepared BT/ZnO and BT/TiO,
photocatalysts to remove Cd(Il) [91]. Murruni et al. investigated the photoreduction of
Pb(Il) using the synthesized photocatalysis TiO; [92]. Interesting work was conducted by
Kanakaraju et al. [93]. Multifunctional TiO, / Alg /FeNPs beads have been applied in the
removal of heavy metal mixtures, i.e., Cr(Ill), Cu(ll), and Pb(Il) ions [93]. The removal effi-
ciency for all three ions was >98.4% after 72 min of UV light exposure [93]. A mesoporous
CuO/Zn0O S-scheme heterojunction photocatalyst was developed by Mohamed et al. for
the photocatalytic reduction and removal of Hg(Il) ions [94]. The CuO/ZnO photocatalyst
showed an excellent photoreduction/removal efficiency of Hg(II). The efficiency reached
100% within one hour [94]. Spanu et al. constructed Au-decorated TiO; nanotubes for the
photocatalytic reduction and scavenging of Hg(II) [95]. The photocatalytic reduction and
scavenging of Hg(Il) reached 90% within 24 h [95].

6.2. Organic Dyes

Organic dyes are common environmental pollutants because of their widespread use
in numerous industries, such as, for example, textiles, leather electroplating, and tanner-
ies [46,96]. The chemical structure of organic dyes is used to categorize them, as well
as their color source and fiber type; dyes can be classified as anionic, cationic, acidic, or
basic. In addition, the ability of dyes to absorb light in the visible spectrum is one of
their characteristics [97]. Congo red (CR), methylene blue (MB), methyl orange (MO), and
rhodamine B (RhB) are examples of common textile dyes. Textile dyes have an adverse
impact on human health in various ways, such as, for example, skin irritation and harm
to the respiratory system. They can be toxic, carcinogenic, mutagenic, and disruptive to
blood formation. Moreover, dyes have negative environmental effects. Dyes are water-
soluble organic molecules, and when these dyes are released into an aquatic environment
the change in the esthetic quality of the water can lead to reduced sunlight transmission,
increased chemical (COD) and biochemical (BOD) oxygen demand, and inhibited plant
growth, i.e., reduced photosynthesis. Furthermore, textile dyes can bioaccumulate in an
aquatic environment, increasing their toxicity [98-100]. Compared to other chemical tech-
niques, advanced oxidation processes (AOPs) are considered promising techniques for
treating dye-contaminated wastewater [16]. Previous research showed that the efficiency
of AOPs in the removal of COD reached 90% compared to 60% efficiency of the chemical
method. In addition, 96% of colored compounds can be removed by AOPs, while conven-
tional ferrous sulfate treatment removes only 49% of colored compounds [16,101-103]. A
number of experimental parameters have a significant impact on a dye’s photocatalytic
degradation, such as the dye’s initial concentration, pH, and catalyst dosage [92]. Ali et al.
synthesized a cobalt ferrite (CoFe,Oy) catalyst for the photocatalytic degradation of CR
dye [104]. They reported that 91% of the CR dye was photodegraded after 90 min of light
exposure [104]. Pinna and co-workers achieved the photodegradation of MB dye under UV
light radiation using biochar nanoparticles decorated with TiO, nanotube arrays (BC-TiO,
NTS) [105]. Similar to nanocomposites, Lu et al. applied photocatalyst TiO, /biochar for the
photodegradation of MO dye [106]. Chai and co-workers developed phosphorus-doped
g-C3Ny to improve the efficiency of the photocatalytic performance of RhB dye [107]. After
30 min of visible-light irradiation, the efficiency of the photodegradation of RB dye reached
95% [107].

6.3. Pesticides and Herbicides

Pesticides are a class of species that have a special function, i.e., to kill pests or build
resistance to them, and they include fungicides, rodenticides, herbicides, insecticides,
nematicides, rodenticides, and garden chemicals [108]. Pesticides take up a significant
amount of space in terms of chemical composition such as organic compounds, metal
inorganic, and natural and synthetic pyrethroids synthesized [108]. The necessity of using
pesticides has grown because of growing populations. They have some benefits, such as
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economic benefits and the preservation of agricultural crops [109]. As a result, pesticides
are widely used in agriculture, which has led to the bioaccumulation of pesticides in the
food chain, human bodies, and the aquatic environment. In contrast to all previous benefits,
pesticide use can harm the nervous and reproductive systems and can cause cancer and
fetal abnormalities [110-112]. Photodegradation of pesticides has been reported in the
literature [108,113].

Herbicides control weeds; they are applied to protect agricultural crops from broad-
leaf weeds and unwanted grass [114]. The increase in the consumption of herbicides has
consequently increased agricultural productivity and intensification [114]. Atrazine is the
most common herbicide and is widely used [115]. However, exposure to these compounds
causes major problems for environmental and public health, such as stomach problems
and skin diseases [116]. Therefore, the removal of these compounds is necessary, and
the photocatalytic degradation of herbicides is a promising method for the removal of
herbicides [117-119].

6.4. Phenolic Compounds

Phenolic compounds are commonly thought to be among the most significant organic
pollutants released into the environment from different resources, either naturally or as
a result of anthropogenic activities [120,121]. Phenol is a naturally occurring substance
derived from dead animals and plants that degrade in water. Phenol is discharged as a result
of anthropogenic activities, such as those occurring in petrochemical industries, chemical
production, and the agriculture sector [122]. Phenolic compounds and their derivatives
show variation in molecular diversity and can be classified by their source and the number
of carbon atoms [120]. Exposure to phenolic compounds has several negative effects, such
as muscle weakness, tremors, respiratory arrest, and cardiovascular tissue irrigation in the
eyes and skin, as well as damage to the liver and kidney [123,124]. Therefore, many studies
on the photodegradation of phenolic compounds and their substituent compounds have
been published [125-127].

6.5. Pharmaceutical Pollutants

Pharmaceutical compounds include personal care products, cosmetics, drugs, and
antibiotics. Antibiotics are commonly employed to kill and inhibit the growth of target
microorganisms in humans and veterinary medicine. The disadvantages of antibiotics
include their adverse effects on aquatic life and human health [128,129]. Antibiotics are toxic
and nondegradable by animals. As a consequence, antibiotics have been found in a range of
aquatic environments, such as wastewater, surface water, groundwater, and potable water.
Antibiotics can be absorbed in the human body and can cause serious problems such as
altered metabolic activity and side effects (permanent or long-lasting) [15,130,131]. Metal
oxides photocatalysts, such as TiO,, ZnO, Bi; WOg, WO3, and Fe;O3, have been applied in
the photodegradation of pharmaceutical pollutants [132].

7. Nanostructure Semiconductor Heterojunction Photocatalysts

Nanostructure semiconductors, including binary and ternary, have been widely inves-
tigated in environmental photocatalysts and have various morphologies and properties.
Different types of heterojunctions have been designed, such as metal oxides and metal
chalcogenides. In this review, we report on recent nanostructure semiconductor heterojunc-
tion photocatalysts for the purpose of environmental remediation.

7.1. Bismuth-Based Semiconductor Photocatalysts

Bismuth-based (bi-based) photocatalysts have attracted significant scientific interest
because of their exceptional physical and chemical features, visible light absorption capa-
bility, and suitable energy band. In addition, bismuth compounds are non-toxic [133,134].
The photocatalytic activities of bismuth-based semiconductor materials are superior as
compared with those of traditional TiO, and ZnO semiconductors [134,135]. Since 2021, the
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number of studies on bi-based photocatalysts has grown to 2388 (ScienceDirect database).
Numerous bi-based semiconductors have been constructed, such as bismuth-based ox-
ides, sulfides, and multi-component oxides and oxyhalides, such as Bi»O3, Bi;S3, Bi;MOg
(M = Cr, W), BiVOy, BiPOy4, and BiOX (X = Cl, Br, and I) [133,134]. The majority of bi-based
semiconductors are visible-light active because of their electronic structure and band gap,
i.e., less than 3.0 eV. In addition, bi-based multi-component oxides show excellent char-
acteristics such as size, porosity, and form, with a large surface area as compared with
regular bi-based oxides and sulfides [136]. Numerous uses of bi-based semiconductor
photocatalysts have been investigated, such as CO, reduction, photodegradation of organic
pollutants, photoreduction of heavy metals, and hydrogen production [133,135]. To en-
hance the photocatalytic activities of bi-based semiconductor photocatalysts, numerous
studies have been conducted, including the construction of heterojunctions with or with-
out metal [133,134]. The benefits of these strategies include promoting the migration of
photogenerated charge carriers, effectively reducing the recombination of photogenerated
electron-hole pairs, and shortening the band gaps of photocatalysts [133,134]. Type Il is
the most prevalent type of traditional bismuth-based heterojunction. Z-scheme bismuth-
based heterojunctions are the most useful structures with which to study photocatalytic
performance [133,134]. Table 1 summarizes a list of bi-based semiconductor photocatalysts.

Table 1. List of bi-based semiconductor heterojunction photocatalysts.

No Catalyst Synthesis Method Photocatalytic Applications Efficiency % Ref.
1 Bi,S3/TiO, Coprecipitation/sol-gel Photoreduction of Cr(VI) 100%, 30 min [137]
2 Ni(OH); /BizMoOg Solvothermal method Photoreduction of Rh B 98%, 135 min [138]

Photodegradation of BPA
3 Bi-BiOCl/AgCl Hydrothermal method 2,6-dichlorophenol, 96%, 99%, 96%, 210 min [139]
2,4,5-trichlorophenol
4 BiOIO3/BisO51 Hydrothermal method Photodegradation of BPA 99.4%, 30 min [140]
. Photodegradation of CIP 86%, 50 min
5 BizS3/CdS Hydrothermal method Photoreduction of Cr(VI) 90.9%, 30 min [141]
. Electrospinning-calcination- Photodegradation of TC 86%, 60 min
6 TasNs /BiOCI nitridation/Hydrothermal Photoreduction of Cr(VI) 91.6%, 80 min [142]
7 BiPO,/GA Hydrothermal Photodegradation of TC 81%, 60 min [143]
4 method/Hummers” method 8 ’ -
. . Ult ic-assisted . o .
8 BiOI/BiVO,/g-C5Ny hydrothermal method Photodegradation of LEF 89.01%, 120 min [144]
9 CuO/BiaWOq Hydrothermal method Photodegradation of TC and MB 9979720/{:) ’4?1;1:;? [145]

10 Bi;WOg /B-TiO; Hydrothermal method Photodegradation of RhB 98.43% in 60 min [146]

11 Bi,WOg4/C3N,/TiO, Sol-gel/hydrothermal method Photodegradation of phenol 84.7%, 180 min [147]
. Ult ic-assisted . o ;

12 BiVO,/CdS hy drothormal method Photodegradation of ENR 97.7%, 120 min [148]

13 BiVO,/BiOBr Solvothermal method Photodegradation of OTC 91%, 60 min [149]
. . Photodegradation of TC 92.0%, 90 min =

14 BiPO,/CuBi; 04 Hydrothermal method Photoreduction of Cr(VI) 60.3%, 90 min [150]

15 CuBiyO4/BigOs]1; Hydrothermal method Photodegradation of TC 81.67% 90 min [151]

Yan et al. synthesized Bi;O,CO3/BiOBr (BOC/BiOBr) Z-scheme heterojunction pho-
tocatalysts using a hydrothermal method for the purpose of photocatalytic removal of
ciprofloxacin (CIP) and tetracycline (TC). The removal efficiency for CIP and TC reached
88.9% and 94.8%, respectively, after 120 min of visible light exposure [152]. More recent re-
search was conducted by Liu et al. to develop the p—n heterojunction BiOX/TiO,, i.e., BiOX
(X =Cl, Br, and I), for photocatalytic decomposition of perfluorooctanoic acid (PFOA) [153].
It was found that PFOA was completely degraded in the case of BiOBr and BiOCl. The
kinetics of the photocatalytic degradation of PFOA is displayed in Figure 3a—c. The char-
acteristics of different halides impact semiconductor photocatalysts [153]. In Figure 3d—g,
the TEM images show BiOCI nanostructures. BiOCl/TiO, and BiOBr/TiO, are smaller
nanorods than BiOl/TiO,, and, because their small sizes, charge carriers can be easily
transferred to the surface for redox reactions [153]. In addition, photoinduced electrons can
move from BiOX to TiO; in the [001] direction, which is perpendicular to the [110] facet;
this is facilitated by the inner electric field in BiOX.
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Figure 3. The kinetics of the photocatalytic degradation of PFOA by (a) BiOC1/TiO,, (b) BiOBr/TiO,,
and (c) BiOl/TiO,; (d-g) TEM images of BiOCl, (h) the band structures of BiOX/TiO; heterostructures
(reprinted with permission, copyright Elsevier (2022)) [153]).

It can be seen in Figure 3h that the VB of BiOI has a lower level than the VB of TiO,
and the CB of BiOI has a higher level than the CB of TiO,. Therefore, photogenerated holes
and electrons flow from TiO, to BiOl, and, therefore, photogenerated holes and electrons
accumulate in the VB and CB of BiO], leading to a high recombination rate of charge
carriers in BiOI [153]. Due to the spatial separation of carriers in each component to mod-
erate recombination, BiOCI(Br)/TiO; outperforms BiOI/TiO; in terms of photocatalytic
degradation of PFOA [153].

Lou et al. synthesized BiOBr/MgBTC (BTC = 1,3,5-benzenetricarboxylate) photo-
catalysts with Mott-Schottky heterojunctions using a solvothermal reaction method for
visible-light photodegradation of RhB [154]. The role of the Mott-Schottky heterojunc-
tions was significant in the recombination of the photoinduced carriers and improved the
separation of photoinduced electron-hole pairs [154]. TiO,@BiOBr/BisOsBr; (TBB) was
fabricated for the first time by Yang with a degradation efficiency of 95% for CIP in less
than 50 min [154]. TBB has hollow structures with pore sizes of 17.89 nm [154]. The new
type-1I Z-scheme tandem heterojunction (see Figure 4a) shows the proposed photocatalytic
mechanism of TiO,@BiOBr/BisOsBr; (TBB) to photodegrade CIP [154]. It can be seen that
BiOBr works as a bridge to join TiO, and BigOsBr, [154]. These results should encourage
researchers to prepare high-efficiency heterojunctions with hollow structures [155].
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Figure 4. (a) Proposed photocatalytic mechanism for the photodegradation of CIP (reprinted with
permission, copyright Elsevier (2022)) [155]; (b) the mechanism of photodegradation of TC under
the visible light by Bi,WQOg/TiO,; (c—e) SEM images: (c) top view of TiO;, (d) side view of TiO,,
(c) 0.2 BiWOg4/TiO;; (f) the PXRD pattens of TiO,, Bi;WOg and Bi,WOg/TiO, (reprinted with
permission, copyright Elsevier (2022)) [156]); (g-i) SEM image: (g) of pristine Bi;MoOg; (h,i) SEM
images of Bi;SnyOy/BiyMoOg-6%; (j, k) TEM images of Bi;SnyO7/Bi;MoOg-6%; (1) HRTEM image
BiySnyO7/BisMoOg-6%,; (m) the mechanism of the Bi;SnyO7/Bi;MoO6 S-scheme heterojunction
under visible light (reprinted with permission, copyright Elsevier (2022)) [157]).

Bismuth tungstate (Bi,WQOg) is another bismuth-based semiconductor photocatalyst,
which has an excellent photonic response because of its unique outer electron configura-
tion: narrow band gap, i.e., ~2.7 eV; visible-light active; large specific surface area; and
non-toxic Bi;WOg made of alternating (BiyO,)%* layers and perovskite such as (WO,
sheets [156,158]. Because of these advantages, researchers have synthesized semiconductor
photocatalysts with Bi;WOg [156]. Type II heterostructures have been developed with
Bi,WOg¢/TiO; for photodegradation of TC and RhB under visible light, with a removal
efficiency greater than 92% in 180 min and 97% in 120 min, respectively (see Figure 4b: The
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mechanism of photodegradation of TC under the visible light) [156]. Figure 4c—e display the
SEM images of the nanotube arrays of TiO, and Bi; WOq dispersed on a TiO, nanotube, with
the PXRD patterns of TiO,, Bi;WOg, and Bi;WOg/TiO, (see Figure 4f). S-scheme hetero-
junctions have been constructed consisting of n-semiconductor Bi;Sn,O7/BiMoOg, with
a removal efficiency of almost 100% for TC in 100 min [157]. It can be seen in Figure 4g—i
that the SEM images show that Bi;MoOg has flowerlike microspheres and Bi;Sny,O7 NPs
are attached to the surface of the Bi,MoOg microspheres [157]. Moreover, the TEM images
are present on the hierarchical heterostructure of BiySnyO7/BizMoOg (see Figure 4j-1) [157].
The mechanism of the Bi,SnyO7/BipMoQOg S-scheme heterojunction under visible light is
explained in Figure 4m [157].

7.2. Metal Chalcogenide-Based Semiconductor Photocatalysts

Metal chalcogenides are a large family of layered materials, which have been con-
structed in enormous structures such as binary chalcogenides (CdS, ZnS, MoS;, In;Ss, ZnSe,
CdSe, and PbSe), ternary chalcogenides (AgInS,, CuGaS,, CdInySy, ZnlnySy, CdMoSy, and
CulnSey), and quaternary chalcogenides (SrScCuSes, SrScCuTes, and BaScCuSes) [159-161].
Metal chalcogenides are promising candidates in photocatalytic applications for numerous
reasons; for example, they are excellent charge carriers and have low effective mass, long-
term stability in aqueous and air, conductivity, empty valence band, anti-oxidation, and
quantum size effect properties [159-161]. The structure and electronic properties of chalco-
genides can be modified. The potential energy of the valence band and the conduction band
as they approach nano-dimensions, and the morphologies and sizes of particles, can be
adjusted. For photocatalysts, metal sulfides are more favorable than metal oxides [159-161].
Metal cations in metal sulfide semiconductor catalysts typically have electron configura-
tions of d°, d°, and d°. The VB consists of sulfur 3p orbitals. The p orbital in the third
level of sulfur is more negative than the p orbital In the second level of oxygen, i.e., 3p and
2p. Therefore, the position of the valence band of the metal sulfide is higher than that of
the metal oxide [159-161]. The CB is composed of d and sp orbitals. The metal sulfides
show a negative conduction band that is due to metal sulfides’ own smaller band gaps
as compared with metal oxides, as seen in Figure 5 [159-161]. Due to the structure and
electronic properties of chalcogenides such as metal sulfides, they have been applied in
other applications—for example, energy storage and electrochemical sensing [162,163].

Potential vs. NHE

Figure 5. The band structure of common metal sulfide and metal oxide semiconductors (reprinted
with permission, copyright Elsevier (2021)) [161].

Metal sulfides, i.e., transition metal sulfides and molybdenum disulfide (MoS;), have been
investigated to enhance other semiconductor photocatalysts in environmental remediation,
such as TiO; [164-166]. Table 2 presents a list of MoS,-based semiconductor photocatalysts.
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Table 2. List of MoS,-based semiconductor photocatalysts.

No Catalyst Synthesis Method Photocatalytic Applications Efficiency% Ref.
1 TiO, /MoS, Hydrothermal method Photodegradation of MB, Rh B 100%, 76.33%, 60, 180 min [167]
2 N-TiO2/MoS; Hydrothermal method Photodegradation of MB 97.9%, 100 min [168]
3 MoS; /BiyOs5Br; Mechanical assembly route Photodegradation of RhB 97.9%, 24 min [169]

Hydrothermal
4 MoS, /BiVOy, method/electrospinning Photodegradation of RhB 100%, 20 min [170]
method
5 MoS, /Bi;WOq Hydrothermal method Photodegradation of TC 96.3%, 90 min [171]
6 BiVO, /BisS3/MoS Electrospinning Photodegradation of RhB 78%, 120 min [172]
4757223 2 method/hydrothermal method & ’
7 Biy Ti3O12/BizS3/MoS, Electrospinning Photodegradation of RhB 87%, 120 min [173]

method /hydrothermal method

Shawky et al. developed photocatalysts containing MoS, / TiO; heterojunctions for
photoreduction of Cr(VI) [174]. The efficiency conversion of Cr* to Cr3* was 96% [174].
In addition, researchers have combined MoS, with a wide range of materials such as
MoS, /Zn0O, MoS, /FeOCl, and MoS, /SrFe,019 for environmental remediation [175,176].
Under visible light, the SrFe1,019/MoS; heterojunction showed MB and MO degradation
as seen in Figure 6a [177]. The SrFe;,019/MoS; heterojunction showed an MB degradation
rate of 97% [177]. This rate was almost twice that of pure MoS; [177]. Zhao et al. utilized
the hydrothermal method to synthesize unique flower-like structure SrFe;,019/MoS; p—n
heterojunctions to achieve a photocatalytic degradation rate for methylene blue with 97%
removal efficiency (see Figure 6a) [177]. Figure 6 shows the SEM images of (b) MoS; with
flowerlike microspheres, (c) Hexagonal structure of SrFe;,019, and (d) SrFe;,019/MoS,
hexagonal nanoplate composite [177]. The advantages of that heterojunction include rich
active sites in 2D MoS, nanosheets that facilitate catalytic reactions and the interface region
of the p—n heterojunction, which decreases the recombination rate of the photogenerated
charge carriers [177]. Moreover, a strategy to overcome photocatalysts efficiency is to de-
velop a ternary system using Z-scheme heterojunctions. MoS; /g-C3Ny/ZnO ternary pho-
tocatalysts have been fabricated to degrade malachite green dye, as seen in Figure 6e [178].
Effective charge carrier transport and separation were promoted using MoS; /g-C3N4/ZnO.
MoS; nanosheets increased the photocatalytic efficiency and lengthened the longevity of
charge carriers by accelerating the charge transfer at the ZnO/g-C3Ny interface. It was
found that the efficiency of a ternary system using Z-scheme heterojunctions was 97%
within 60 min [178]. As previously mentioned, the benefit of bismuth-based semiconductor
photocatalysts is that they would be superior in the case of coupling Bi compounds with
a metal chalcogenide-based semiconductor. Koutavarapu at el. investigated a binary
nanocomposite; a bismuth-based semiconductor photocatalyst was coupled with a lower
band gap semiconductor photocatalyst, MoS, [179]. MoS, with a nanoflake structure was
attached over the BiVO, nanosheets, as seen in Figure 6f-h (the SEM images) [179]. The
modification of the surface and the band gap enhanced the photodegradation performance
for TC to 97.46% within 90 min. The proposed photocatalytic degradation pathway of TC
and the photocatalytic removal curve of TC are presented in Figure 6i, respectively [179].
In;S5/Bip WOy is another example of a heterojunction. In,S; is classified as a representative
of Group III-VI sulfides. It possesses three polymorphic crystalline forms, which are «-
In,S3 (defect cubic), B-In,S3 (defect spinel), and y-InyS; (layered structure) [180]. -InySs
can be further classified into tetragonal or cubic phase, as shown in Figure 7a,b [181-183].
The (3-In,S;3 structure has strong photoconductive and photoluminescent characteristics,
making it a strong option for photocatalytic applications [184,185]. Wang et al. applied
In,S3/BipWOg4 heterojunctions in the photodegradation of toluene. InyS;/Biy WO effi-
ciently removed 99.7% of toluene in 80 min [186]. A simple solvothermal method was
used to prepare hierarchical InySz /BiyWOg heterostructures on tungsten (W) mesh [186].
The preparation method is illustrated in Figure 7c. The characteristic feature of the het-
erostructures appeared in the SEM images, and in TEM images (Figure 7d-1) the nanoflake
of In,S3 is observed. The heterostructures with large porosity and surface area compare
to pure InyS3 and Bi,WOg [186]. The interfaces between In;S; and Bi;WOg are formed
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that facilitate the rapid migration of photogenerated carriers. All those advantages have a
positive impact on the photodegradation of TC [186].
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Figure 6. (a) The proposed photocatalytic degradation pathway of MB and MO, SEM im-
ages (b) MoS;, (c) SrFe1019, (d) SrFe1,019/MoS, (reprinted with permission, copyright Elsevier
(2022)) [177]). (e) The proposed photocatalytic degradation pathway of MG (reprinted with permis-
sion, copyright Elsevier (2022)) [178]). SEM images of (f) BiVO, nanosheets, (g) MoS; nanoflakes, and
(h) BiVO4/MoS; nanocomposite; (i) the proposed photocatalytic degradation pathway of TC, (j) the
photocatalytic removal curve of TC. (reprinted with permission, copyright Elsevier (2022)) [179]).
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W mesh Bi:WOs |n283@Bi2WOe

-

Figure 7. Crystal structures of 3-In;S3: (a) tetragonal phase; (b) cubic phase (reprinted with per-
mission from [181] Copyright 2018 American Chemical Society). (c) the schematic illustration of
synthesis In;S3@Bi; WOy crystals on W mesh; (d) digital picture of pristine W mesh; (e-i) the SEM
images of (e) BiyWOs/W mesh (low-magnification); (f) enlarged SEM image of the part marked
in (e); (g,h) with increased resolution of the SEM images of Bi, WOg nanosheets; (i) SEM image of
In,S3 nanoflakes anchored BiWOg; (j) TEM images of InyS3@Bis WOy (k,1) the HRTEM images of
marked part in (j) (reprinted with permission, copyright Elsevier (2022)) [186].

Zinc indium sulfide (Znln,Sy) is a remarkable ABy X4 family ternary semiconductor
that has recently attracted attention [187,188]. Due to its characteristic features, it has
attracted significant interdisciplinary interest as a visible-light-response photocatalyst in
the domains of energy and the environment. Its tunable band gap, which ranges from 2.06
to 2.85 eV, is what provokes the visible light region’s strong responses [187,188]. Addi-
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tionally, it exhibits higher physicochemical stability than the well-known cadmium sulfide
(CdS), which results in a significant amount of durability during the photocatalytic reac-
tion [187,188]. In addition, it has higher application potential in the field of environmental
remediation because it is less poisonous than other metal sulfides such as CdS, NiS, and
Sb,S3, and it is extremely straightforward to create because of the availability of its raw com-
ponents and basic chemical composition [187,188]. Table 3 presents a list of ZnInyS4-based
semiconductor photocatalysts.

Table 3. A list of ZnIn,S,-based semiconductor heterojunction photocatalysts.

Photocatalytic

. . e o,

No Catalyst Synthesis Method Applications Efficiency % Ref.
1 SnS,@ZnIn,;S,@kaolinite Hydrothermal method Photodegradation of TC 88%, 60 min [189]
2 2D /3D ZnIn,S,/In; O3 Hydrothermal method Photodegradation of MB 84.5%, 60 min [190]

Hydrothermal . o .
3 ZnIn,Sy/Sn0O, method/sol-gel method Photoreduction of Cr(VI) 100%, 80 min [191]
4 AgVO3/ZnInyS,y Hydrothermal method Photoreduction Cr(VI) 100%, 25 min [192]
5 BiVOy,/ZnIn,S, Hydrothermal method Photodegradation of MB 86%, 240 min [193]
6 MIL-125(Ti)/ ZnIn,Sy Hydrothermal method Photoreduction Cr(VI) 93%, 120 min [194]
7 g-C3Ny/ZnInySy Hydrothermal method Photoreduction Cr(VI) 95%, 60 min [195]
8 TiO, /ZnInySy Hydrothermal method Photoreduction Cr(VI) 100%, 60 min [196]

There are two unique types of Znln,Sy crystal structures: hexagonal and cubic struc-
tures, as reported in Figure 8a [197]. In the field of photocatalysis, hexagonal structures have
received more attention as compared with the few reports on cubic structures [187,188,198].
Raja et al. reported on a ZnIn,S, /rGO/SnS; heterostructure photocatalyst for TC degra-
dation and H; generation [199]. A heterostructure photocatalyst was synthesized using a
one-step hydrothermal method [199]. This ternary nanocomposite had a synergetic effect
because of its heterostructure, and the hexagonal and layered structure of materials, as well
as thermal properties and specific oxidative of SnS, [199]. Moreover, reduced graphene
oxide (rGO) has unique properties, i.e., excellent light transport, rapid movement rate of
charge carriers, and large specific surface area. The morphologies of a Znln,Ss/rGO/SnS,
heterostructure present in Figure 8b—g [199]. These points all have positive impacts on
photocatalytic performance with an efficiency of 96.5% during 60 min of exposure to vis-
ible light [199]. Figure 8h shows the photocatalytic degradation of TC under different
catalysts [199]. He et al. constructed a Znln;S;/BiOBr Z-scheme heterostructure (see
Figure 8i) for removal of Cr(VI) and organic pollutants, i.e., RhB [200]. The photocatalytic
performance of ZnIn,S, /BiOBr within 100 min was 95.2% and 97.8% for RhB and Cr(VI),
respectively [200]. Figure 8k-1 displays SEM images of ZnIn,S,, BiOBr, and ZnIn,S4 /BiOBr-
10 heterojunction. The methodologies of enhancing photocatalytic activities are based on
an abundance of sulfur vacancies that facilitate the covalent bond S-O at the interface in the
ZnInyS4 and BiOBr catalysts [200]. Therefore, interfacial charge transfer is encouraged via
a direct Z-scheme charge transfer mechanism, as shown in Figure 8n [200].
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Figure 8. The crystal structures of ZnIn,Sy (reprinted with permission from [197] Copyright (2007)
American Chemical Society). (a) ZnIn;S4 crystal structures; (b—d) SEM images of ZnIn,Sy, SnS,
and ZnInyS4-rGO- SnSy; (e—g) HRTEM images of ZnInySy-rGO- SnSy; (h) the photocatalytic degra-
dation of TC under different catalysts (reprinted with permission, copyright Elsevier (2022) [199]).
(i) Schematic description of the preparing process of ZnIn,S, /BiOBr heterojunction; SEM images of:
(k, k*) ZnInySy, (1, 1*) BiOBr, and (m, m*) ZnIn,S4 /BiOBr-10 heterojunction; (n) schematic illustration
of the proposed photoelectron generation and transport routes in the ZnlIn,S, /BiOBr heterostructure
as well as the photocatalytic reaction mechanism for reduction of Cr(VI) and RhB degradation and
under Irradiation with visible light (reprinted with permission, copyright Elsevier (2022)) [200].

8. Conclusions and Future Perspectives

Organic and inorganic water pollutants are a global threat to aquatic life, human health,
crops, and the economy. Water pollutants are non-biodegradable, toxic molecules that are
difficult to handle; thus, effective, non-traditional methods for removing these pollutants
are required. Photocatalytic removal is one method with great potential. Semiconductor
materials have a strong environmental remediation ability because of their electric structure
and optical properties; they can serve as photocatalysts because of their ability to absorb
light and produce free radicals. This review has explored the fundamental principles of
semiconductor photocatalysts, including associated challenges and strategies to overcome
such challenges. Photocatalysts are excited by light, resulting in photogenerated charge
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carriers (electrons and holes are photogenerated as the electrons move from the valence
band to the conducting band, leaving free holes). The excitement of electrons depends on
the band gap energies (Eg) of photocatalysts. Photogenerated electrons and holes react
either with oxygen or water to produce reactive oxygen species (ROS) such as superoxide
radicals (O, ) and hydroxyl radicals (*OH). ROS can photodegrade organic pollutants;
simultaneously, the target chemical species can be reduced or oxidized by the charge
carriers, transforming them into a harmless species. Numerous investigations into envi-
ronmental remediation utilizing photocatalysts have been conducted. However, there are
two major challenges to the photolysis process. Due to the level of band gap energy, some
semiconductors are limited by poor visible-light absorption and the rapid recombination of
photogenerated chargers that carry electrons and holes (charge carrier lifetimes). Therefore,
further studies must be conducted to enhance the photocatalytic performance of semicon-
ductors for pollutant removal. One of the most effective techniques used for the removal
of various water contaminants is the development of semiconductor heterojunctions. It
has been used for several types of organic pollutants, such as organic dyes (MB, MO, RhB),
antibiotics (CIP, TC), and heavy metals (Cr(VI)). Various types of heterojunctions (type II,
Z-scheme, and S-scheme) have been fabricated. This work has assessed previous research
on the most promising photocatalysts such as bismuth-based and metal chalcogenides-
based photocatalysts, including MoS,, In,S3, and Znln,Sy4, concerning the morphologies of
semiconductor photocatalysts and band gap modification.

For bismuth-based photocatalysts, several successful tactics have been discovered
to improve photocatalysts’ activities, such as the synthesizing of the hollow mesoporous
Z-scheme heterojunction. Additionally, coupling a semiconductor such as TiO, with an
Aurivillius compound such as BiyWOg type I increased the absorption of visible light and
inhibited charge recombination [117]. Hierarchical 0D/3D S-scheme heterostructures pos-
sess a large surface area with plenty of active sites that enhance photocatalyst performance
and the efficiency of charge carrier separation, maintaining optimal redox ability [118].
Metal chalcogenides such as MoS;, In,Ss, and ZnlIn,S, are promising candidates for photo-
catalytic applications. A similar approach has been investigated to improve photocatalytic
degradation by preparing semiconductor heterojunction with a large surface area and
interfacial charge transfer. The morphologies of photocatalysts play an important role in
photocatalysts efficiency and the selection of suitable crystal structures for photocatalytic
applications [138,147]. Furthermore, the fabrication of a ternary photocatalytic system had
a significant impact on decelerating the recombination of charge carriers [160].

However, although extensive research has been conducted on the removal of hazards
using semiconductor photocatalysts such as bismuth-based and metal chalcogenides, there
are still many challenges to be overcome. According to current knowledge regarding the
limitations of photocatalytic technology in hazard removal, the majority of investigations
are based on bench-scale operations in a laboratory setting. Thus, more studies including
large-scale simulations are required. The lack of scale-up experiments is the result of a
number of issues, including the design of a suitable photoreactor. The photoreactor’s geo-
metrical shapes and morphologies are fundamental to controlling a number of parameters,
such as any pollutants on the surface of the catalyst, flow patterns, and uniform distribution
of light. Photoreactors also reduce light scattering and do not consume a lot of energy.
Regarding the physiochemical properties of catalysts, the synthesis of larger-scale catalysts
would be stable for a long time. In addition, in comparison to pure water solutions that
contain a single pollutant, a real wastewater sample would contain a mixture of pollutants,
such as organic, inorganic, and other dissolved species that could hinder the photocatalytic
process; these species may also work as radical scavengers. The low concentration of
pollutants in real wastewater, which is lower than the detection limit. In a laboratory
setting, the photocatalytic experiment is conducted at the concentration of mg L~ scale.
Thus, catalysts should have large numbers of active sites, i.e., large surface areas. Moreover,
the cost of scale-up experiments is one significant challenge that has not been addressed
yet because of the lack of information in the literature.
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Regarding chemical characteristics in the future experiments, effective heterostructures
of photocatalysts with high surface areas, such as Z-scheme or S-scheme photocatalysts,
must be developed as heterostructures can impact photogenerated charge carriers and
their lifetime. The modification of nanostructure photocatalysts is undertaken to produce
photocatalysts with high surface areas, flower shapes, nanoroads, and nanoflakes. More
emphasis should be placed on the development of facile synthesis routes of photocatalysts
that do not require extreme conditions. The photocatalytic removal of hazards should
be conducted using real wastewater; therefore, it would be useful to simulate photocat-
alytic performance before conducting experiments. Additional environmental parameters
that impact photocatalytic degradation must be further explored to construct a perfect,
cost-effective photoreactor with high photocatalytic efficiency. Regarding the toxicity of
nanomaterials, it is crucial to thoroughly investigate their long-term toxicity before using
them in environmental applications.
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