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Advanced photocatalytic materials based
degradation of micropollutants and their use in
hydrogen production — a review

Surendar Balu,7? Dhanraj Gangathy,a Sandeep Arya, ©° Raji, Atchudant®
and Ashok K. Sundramoorthy (2 *2

The use of pharmaceuticals, dyes, and pesticides in modern healthcare and agriculture, along with
expanding industrialization, heavily contaminates aquatic environments. This leads to severe
carcinogenic implications and critical health issues in living organisms. The photocatalytic methods
provide an eco-friendly solution to mitigate the energy crisis and environmental pollution. Sunlight-
driven photocatalytic wastewater treatment contributes to hydrogen production and valuable product
generation. The removal of contaminants from wastewater through photocatalysis is a highly efficient
method for enhancing the ecosystem and plays a crucial role in the dual-functional photocatalysis
process. In this review, a wide range of catalysts are discussed, including heterojunction photocatalysts
and various hybrid semiconductor photocatalysts like metal oxides, semiconductor adsorbents, and dual
semiconductor photocatalysts, which are crucial in this dual function of degradation and green fuel
production. The effects of micropollutants in the ecosystem, degradation efficacy of multi-component
photocatalysts such as single-component, two-component, three-component, and four-component
photocatalysts were discussed. Dual-functional photocatalysis stands out as an energy-efficient and
cost-effective method. We have explored the challenges and difficulties associated with dual-functional
photocatalysts. Multicomponent photocatalysts demonstrate superior efficiency in degrading pollutants
and producing hydrogen compared to their single-component counterparts. Dual-functional
photocatalysts, incorporating TiO,, g-C3N4, CeO,, metal organic frameworks (MOFs), layered double
hydroxides (LDHs), and carbon quantum dots (CQDs)-based composites, exhibit remarkable
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performance. The future of synergistic photocatalysis envisions large-scale production facilitate integrating
advanced 2D and 3D semiconductor photocatalysts, presenting a promising avenue for sustainable and

efficient pollutant degradation and hydrogen production from environmental remediation technologies.

1. Introduction

The increasing prevalence of micropollutants in the environ-
ment has generated mounting apprehension over their adverse
effects on ecosystems and human well-being.* The growth of
micropollutants has increased significantly in the wake of the
COVID-19 pandemic, leading to significant implications for
various aspects of our ecology. Micropollutants also had
substantial impacts on human health. The existence of micro-
pollutants, a diverse group of chemical compounds originating
from pharmaceutical wastewater, pesticides, personal care
items, and various other contaminants, presents a major chal-
lenge owing to their hazardous nature and resistance to tradi-
tional wastewater disposal techniques. Several medicinal
products are incapable of being biodegradable because of their
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very stable chemical structures. Several antibiotics and analge-
sics preserve 90% of their active chemical components in an
aqueous media, and many therapeutic drugs remain quite
active long beyond their expiration date (i.e., 28-40 years).>?
Secondary pollution is on the ascent due to the proliferation of
antibiotic residues in the environment. This phenomenon can
trigger several unintended repercussions, resulting in the
formation of enduring byproducts that prove challenging to
decompose, even with contemporary wastewater treatment
methods.* The widespread toxicity and threat that antimicrobial
resistance (AMR) poses to living ecosystems have made its
detection, elimination, and degradation in water systems
a pressing concern all over the globe. With the ongoing rise of
the global population, there has been a corresponding increase
in the discharge of harmful pollutants into aquatic environ-
ments and terrestrial ecosystems. To address this challenge, it
is essential to use new and sustainable technologies that can
effectively eliminate micropollutants from water sources. In the
world of water treatment, conventional methods have long been
relied upon to address the presence of micropollutants.® The
widespread elimination of these pollutants from water sources
is rapidly demonstrated through various treatment methods
such as coagulation, sedimentation, and activated carbon
adsorption.® Micropollutants, which encompass a wide range of
substances such as pharmaceuticals, personal care products,
and pesticides, pose a significant challenge to water treatment
facilities. These compounds are typically present in low
concentrations, making their removal as a difficult process.
Coagulation, a commonly employed process, involves the
addition of chemicals to water to facilitate the aggregation of
particles and contaminants.” While effective in removing larger
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particles and some dissolved substances, coagulation may not
be sufficient to adequately address micropollutants. Some of
these compounds often exhibit resistance to coagulation
agents, leading to incomplete removal. However, they have
certain drawbacks such as limited efficiency, a large expendi-
ture of energy, the possibility of producing extra harmful by-
products, and also the previously mentioned technologies
were not completely removing micropollutants from waste-
water. The utilization of advanced oxidation processes (AOPs) is
a viable solution to address this significant issue. AOPs provide
many benefits, mostly attributed to the production of highly
reactive hydroxyl radicals. These radicals possess enormous
oxidation potential and may effectively decompose the active
micropollutants contained in aquatic environments.® In recent
years, employing the technique of photocatalytic degradation
has come forward as a possible and ecologically sustainable
method for addressing the issues caused by micropollutants.
Photocatalysis is a phenomenon that exploits the energy of light
and certain photocatalysts to begin chemical transformations.®
Upon exposure to light, these photocatalysts produce extremely
reactive radicals, such as hydroxyl radicals ("OH) and super-
oxide radicals ('O,7), which have powerful oxidizing charac-
teristics and can efficiently degrade organic contaminants into
innocuous compounds like carbon dioxide (CO,) and water
(H,0). The radicals exhibit a high degree of efficacy in the
process of eliminating the chemical bonds of micropollutants,
resulting in their subsequent degradation into benign chem-
icals or full mineralization into less complex molecules.*® The
effectiveness of photocatalytic degradation is influenced by
several parameters, such as the selection of the photocatalyst,
the characteristics of the light source, the pH of the solution,
and the presence of coexisting compounds. Researchers have
conducted thorough investigations into tuning these parame-
ters to enhance the performance of photocatalytic systems and
reach the effective degradation of micropollutants.™

The field of photocatalytic technique can facilitate the
decomposition of contaminants in water via the process of
photocatalytic decomposition. Additionally, it has the further
advantage of producing hydrogen, while also mitigating the cost
escalation and environmental contamination associated with the
usage of a sacrificial agent. In contrast to traditional studies that
treat hydrogen production and pollutant degradation as separate
processes, dual-function photocatalysis necessitates a photo-
catalyst capable of simultaneously accommodating both reac-
tions.” This presents a significant challenge and is the central
focus of current research on synergistic contaminants oxidation
in photocatalytic hydrogen generation. The complexity arises
from the fact that various pollutants exhibit distinct reaction
mechanisms and require different environmental conditions.
Furthermore, catalyst materials possess diverse chemical and
physical characteristics, further complicating the task.”®* The
integration of photocatalytic hydrogen generation and pollutant
degradation not only facilitates hydrogen production but also
allows for the tailoring of reaction parameters and catalytic
materials to specific pollutant categories or product specifica-
tions.™ This dual functionality enables the comprehensive
elimination of contaminants or the conversion of valuable
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goods. The concept of bifunctional synergy underscores the
mutual selectivity between the photocatalyst and the pollutant.
To optimize the process and achieve superior outcomes in
hydrogen generation and pollutant degradation, it is crucial to
carefully align the catalyst, pollutant, and ambient parameters.
This requires a harmonious match between the catalyst,
pollutant, and the surrounding medium. The effectiveness of
this approach relies on finding the right balance among the
catalyst, pollutant, and environmental factors." This overview of
the literature endeavors to provide a complete function of pho-
tocatalysis in the degradation of micropollutants and its poten-
tial in the development of green fuel. This paper provides
a thorough examination of current research on photocatalytic
hydrogen generation with synergistic pollutant degradation.
Recent advancements in catalyst materials, composites, micro-
structures, pollutant characteristics, co-existing chemicals, and
treatment requirements are the primary focus. The assessment
considers both catalyst and pollutant features, with a specific
emphasis on identifying significant challenges and promising
developments in the respective fields of study. Furthermore, an
examination will be conducted on the obstacles and potential
opportunities linked to the use of photocatalysis as an environ-
mentally friendly technique for mitigating environmental
pollution and promoting the production of renewable fuels and
valuable byproducts.

2. The effects of micropollutants in
the ecosystem

Micropollutants have become a global issue in both terrestrial
and water-based environments. Industrial wastewater, agricul-
tural runoff, medical industry effluents, household waste, and
personal care products are the significant sources of micro-
pollutants in the environment.'® Wastewater from large-scale
pharmaceutical, pesticide, and other chemical companies
contributed significantly to micropollutant contamination.
Runoff from farming and livestock-rearing regions are also
a major source of micropollutants, notably pesticides used to
boost production, as well as hormonal steroids and antibiotics
used for animal upkeep.”” Moreover, a multitude of micro-
pollutants and their subsequent transformation products have
the potential to enter agricultural areas via the use of treated
wastewater for irrigation purposes. Consequently, the bodies of
water that receive these wastewaters become polluted by these
chemicals.” Other sources of micropollutants include waste-
water treatment plants, discharges originating from landfills,
industrial waste streams, and septic tanks. The presence of
micropollutants, such as pesticides, pharmaceuticals, steroid
hormones, and personal care products (Fig. 1), are significantly
contributed by domestic wastewater.'® Small quantities of those
substances are also provided by their domestic applications as
well as usage in several kinds of valuable products. For example,
pharmaceutical medications that are consumed orally are
eventually eliminated by the human body after digestion in
feces and urine, which, if left untreated, reveal their existence in
the environment.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Representation of the various origins of micropollutants in the ecosystem.

Considering the fact that all micropollutants can be catego-
rized under the same category based on their characteristics, they
all pose a threat to both human wellness and the ecosystem.*
Studies have shown various kinds of effects associated with
micropollutants, including both immediate and prolonged toxi-
cological impacts as well as disruptions to the endocrine system
resulting from exposure to these substances. Several of these
chemical substances have a tendency to disrupt the normal
functioning of the endocrine system, leading to the development
of cancerous tumors and other congenital abnormalities in
infants, at certain dosage levels.”> There have been many health
concerns associated with possible exposure to micropollutants.
These include an increased risk of testicular and thyroid cancers
in males, developmental abnormalities in children and babies,
breast cancer, diabetes/metabolic syndrome, and fertility fail-
ures.”® Frequent exposure to these compounds also leads to the
development of antibiotic resistance in some bacteria, hence
complicating their treatment. Extended periods of exposure may
also result in the phenomenon of bioaccumulation within the
environment.>* Thus, pollution of the environment with micro-
pollutants is discovered to have a detrimental impact on the
health of all living species. Given the detrimental health impacts
of these micropollutants, sufficient technologies, such as
advanced oxidation processes such as photocatalytic degrada-
tion, have to be implemented to prevent their release into the
environmental system.

3. Photocatalysis: principles and
mechanisms

Photocatalysis is a branch of research that utilizes light energy
to drive chemical reactions. It makes use of photocatalysts,
which are compounds that absorb light and induce certain
chemical processes. Photocatalysis has gotten a lot of interest
because of its potential uses in a wide range of fields, which

© 2024 The Author(s). Published by the Royal Society of Chemistry

include remediation of environmental damage and energy
conversion.” A photocatalyst is a substance that can absorb
light energy, generally in the form of ultraviolet (200-400 nm),
visible light (400-800 nm), and infrared. Fig. 2 shows the list of
various steps involved in photocatalytic reactions. Electrons in
the photocatalyst are excited, forming reactive species such as
pairs of electrons and holes or free radicals.”® Photocatalysis
represents a photoinduced advanced oxidation process that
takes place on a semiconductor surface. The tenet of photo-
catalysis was initially proposed by Fujishima and Honda during
the 1970's and subsequently called the Honda-Fujishima
effect.”” The process starts possibly when a wavelength of light

‘ > Separation &
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Fig. 2 Representation of the various stages associated with the
applications of photocatalysts.
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energy (hv) that equal or exceed the bandgap energy of a semi-
conductor is present. Upon illumination, the valence band (VB)
electrons undergo excitation and transition to the conduction
band (CB), while the positively charged holes (h") remain in the
valence band (VB). Both electrons () and holes (h") are capable
of migrating to the surfaces of the photocatalyst.”® The
remaining holes participate in the oxidation of water, resulting
in the generation of hydroxyl radicals ("OH). Electrons located
in the conduction band (CB) undergo a reaction with atmo-
spheric oxygen, producing superoxide radicals. Photocatalysis
is one of the significant ways to degrade organic pollutants and
hydrogen production. More potential and efficient pollutant
degrading ability is accomplished by using spontaneous and
non-spontaneous processes to enhance the entire process. As
a result of Fujishima and Honda's discovery, electrochemical
photolysis of water at semiconductor electrodes, was reported.*

TiO, + hv > e~ +h" (1)
2H,0 + 4h* — 4H" + O, (2)
2H" +2¢~ — H, (3)

The entire reaction is
2H20 + 4hy — 02 + 2H2 (4)

Semiconductor photocatalyst materials provide a crucial role
in several energy and environmental applications, encompass-
ing processes such as CO, reduction, wastewater degradation,
and water splitting.>* Nevertheless, the effectiveness of these
procedures, especially when utilizing single semiconductors
sometimes faces difficulties in attaining both efficient degra-
dation and energy generation.** Due to its narrow bandgap and
restricted charge separation, a single semiconductor photo-
catalyst shows difficulty in rapid electron-hole pair recombi-
nation. Over a decade, researchers have focused their efforts on
the development of hybrid photocatalysts with the goal of
enhancing their light absorption abilities throughout the visible
part of the spectrum, hence improving the efficiency of solar
energy harvesting process.

4. Type of heterojunction
photocatalyst

The single semiconductor photocatalysts such as TiO,,** ZnO,*
Cu0,,** and similar materials, exhibit limitations such as insuf-
ficient utilization of visible light, rapid recombination of elec-
tron-hole pairs, and wide band gaps. Co-doping techniques
effectively address these issues by narrowing band gaps and
enhancing charge separation through the incorporation of addi-
tional semiconductor materials.*®> By doping semiconductors,
these techniques provide interfaces that facilitate efficient charge
transfer and mitigate recombination. Heterojunctions exhibit
significant potential to revolutionize photocatalysis for sustain-
able applications, spanning environmental remediation and
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energy conversion.*® A heterojunction photocatalyst occurs when
two semiconductors with different band structures get in connect
with each other and may lead to band orientations. According to
Fig. 3, there are three different forms of heterojunction photo-
catalysts: straddling, staggered, and broken junctions.*” In the
Type-1 heterojunction photocatalyst depicted in (Fig. 3a), both
photogenerated electrons and holes have the ability to migrate
from the semiconductor-A, which possesses a greater conduction
band and a lower valence band, to the semiconductor-B.
However, due to the Type-I heterojunction configuration, effec-
tive charge separation becomes challenging, as electrons and
holes tend to transfer within the same semiconductor.* In Type II
heterojunctions (Fig. 3b), electrons transfer from the
semiconductor-A to a region with a lower CB level of
semiconductor-B while holes transfer the semiconductor-B to
a higher VB level semiconductor-A. The contact and recombina-
tion of electron-hole pairs are reduced.*® In the configuration of
the Type III heterojunction closely resembles to the Type II het-
erojunction (Fig. 3c). However, a crucial distinction lies in the fact
that the bandgaps of the two semiconductors do not overlap at
the interface due to a significant disparity in the energy levels of
their respective bands.* The Type II heterojunction exhibits an
intrinsic capacity to effectively enhance the separation of elec-
trons and holes, thus exhibiting an attractive option due to the
reduced rate of recombination that leads to extended carrier
lifetimes. Consequently, Type II heterojunctions are well-suited
for applications such as energy and environment.

Yuan et al. (2019) reported a novel heterojunction of Type II
In,S;/InVO, photocatalyst which was fabricated by incorporating
Na,S into a reaction solution containing pre-synthesized InvVO,
microspheres with In,S;/InVO, combination as synthesized,
exhibited remarkable photocatalytic efficiency in the degradation
of tetracycline under the visible light illumination. Remarkable
photocatalytic efficiency was observed in the degradation of
tetracycline under visible light illumination. The photoactivity of
the In,S;/InVO, composite material exhibit the degradation 11.71
times higher than pristine InVO, and 2.26 times higher than
pristine In,S;. The photocatalytic activity of In,S;/InVO, was
highly improved due to the photosensitization of InvVO, by In,S;
and enhancement of charge separation via the compact interface
junction between the semiconductors.** Huang et al. had also
fabricated various hierarchical heterojunctions such as g-C;N,/
BiOI (Type I heterojunction), g-C;N,/Bi OsI, (Type I hetero-
junction), and g-C3N,/Bi5sO,I (Type II heterojunction). These were
achieved using processes involving direct precipitation and in situ
calcination transformation. The g-C3N,/BisO,I composite
demonstrated exceptional photodegradation activity towards
micropollutants such as tetracycline and rhodamine-B. These can
be attributed to its enhanced specific surface area, which facili-
tates effective charge separation in the Type II heterojunction.*

5. Photocatalytic degradation of
micropollutants

This review provides an in-depth exploration of micropollutants
degradation via photocatalysis. Our focus lies on micropollutants

© 2024 The Author(s). Published by the Royal Society of Chemistry
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such as pharmaceutical compounds, phenolic compounds,
organic dyes, pesticides, petroleum refinery effluent, and other
industrial chemicals. By delving into these harmful substances,
we aim to provide a comprehensive understanding of their
environmental and industrial implications. Organic pollutants
share numerous concerning characteristics with heavy metal
contamination such as Cr(vi).** These toxins
biodegradable and persist in the environment for prolonged
periods. Due to their tendency to accumulate and cause gradual
harm, persistence poses a significant concern. Micropollutants
typically pose hazards, posing risks to both human health and
the environment. Their toxicity has the potential to disrupt
ecosystems and yield long-lasting consequences.**

Furthermore, these pollutants exhibit resistance to degrada-
tion. Unlike other contaminants, these organic toxins are chal-
lenging to break down or remediate. This resistance contributes to
their extended lifespan. This review has been conducted on various
aspects, including removal strategies, occurrence patterns, sour-
ces, and the fate of these substances. The upcoming sections will
delve into the multiple facets of this subject. Through this review,
we present a thorough examination, aiming to enhance the
understanding of micropollutants and their intricate behaviours.

are non-

5.1. The impact of pharmaceuticals wastewater on
ecosystems

The most commonly used antibiotics and medications are
applied for human, agricultural, and veterinary treatments,
among the other applications. On a yearly basis, a massive
amount of antibiotics and medications are consumed around
the world. Recently, pharmaceutical waste products in the
milligram per litre range have been recognized in various
sources of water such as drinking water, groundwater, sewage

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Illustrated heterojunction photocatalyst: (a) straddling gap, (b) staggered gap and (c) broken gap.

from municipalities, and furthermore. Pharmaceutical pollut-
ants contain unidentified reactive pollutants that have a variety
of negative effects on the wellness of people, aquatic life, and
the environment.>® Even in modest amounts, these environ-
mental contaminants are capable of causing a variety of nega-
tive consequences, including chronic toxicity, disturbance of
the endocrine system, and resistance to antibiotics.*>*’

5.2. Single semiconductor photocatalyst

The ideal photocatalyst to promote the complete mineralization
of antibiotics must have several key attributes. These include low
toxicity, making it safe for use in various applications. Afford-
ability is also important, ensuring that the photocatalyst is
accessible to a wide range of users. Stability is another crucial
factor, as it ensures the longevity and effectiveness of the photo-
catalyst over time. Additionally, accessibility is essential, allowing
for easy obtaining and utilization. Moreover, strong photoactivity
is an essential characteristic, enabling efficient and effective
mineralization of antibiotics. Single-component photocatalysts
have a certain number of advantages, however, it's important to
recognize some inherent disadvantages as well.** Moreover,
single-component photocatalysts such as ZnO, SnO,, WO;, and
TiO, offer numerous advantages, including their non-toxic nature,
cost-effectiveness, and strong stability (Fig. 4). However, due to
their wide bandgap, these materials are restricted to functioning
as photocatalysts primarily in the ultraviolet spectrum, as we
discussed earlier. Conversely, BiVO, possesses a narrow bandgap,
enabling it to participate in the breakdown of antibiotics using
visible light. Nevertheless, its photoexcited carriers have a limited
lifespan, which could potentially reduce its overall photocatalytic
efficiency.***® Ag;PO,, a semiconductor photocatalyst, demon-
strates impressive efficiency in the degradation of antibiotics

RSC Adv, 2024, 14,14392-14424 | 14397
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Fig. 4 Schematic diagram represented a single semiconductor photocatalytic degradation mechanism.

when exposed to visible light. However, the practical application
of Ag;PO, is hindered by its restricted stability. The excess elec-
trons in the Ag;PO, conduction band led to significant self-photo
corrosion. In addition, Ag;PO, has moderate water solubility
(0.00065 g/100 mL).**

The majority of single-component photocatalysts exhibit
remarkable effectiveness in removing antibiotics from water
when exposed to visible-light radiation. However, previous
research has either neglected the mineralization process or re-
ported low levels of total organic carbon reduction. For instance,
a study indicated that Bi,WO, achieved complete tetracycline
removal of 100% after 360 minutes of ultraviolet-visible-light
exposure. Yet, it's crucial to highlight that the elimination of
total organic carbon through this process only reached a modest
31%. This observation suggests that the degradation of tetracy-
cline primarily leads to the creation of intermediate compounds
rather than complete degradation.®® The integration of hybrid
photocatalytic systems comprising multiple components holds
immense potential for the degradation of antibiotics. By har-
nessing the synergistic contributions of each component within
the system, this approach enhances antibiotic degradation. The
adoption of multicomponent photocatalysts has resulted in
notable enhancements in their photocatalytic efficiency. Addi-
tionally, these systems have showcased an impressive capability
to achieve substantial levels of mineralization.

5.3. Two-component hybrid semiconductor photocatalyst

Recently, the development of heterojunction materials has been
considered a potential technique to improve the effectiveness of
photocatalytic processes.” The studies are mainly focused on
the synthesis of heterojunction photocatalysts used in the
process of photocatalytic degradation of antibiotics, and clas-
sification of semiconductor photocatalyst as shown in Fig. 5. In
general, three primary approaches have been employed in the

14398 | RSC Adv, 2024, 14, 14392-14424

development of photocatalysts, which involve the incorporation
of (1) semiconductor-metal; (2) semiconductor-adsorbent, and
(3) semiconductor-semiconductor heterojunctions. This
section will provide a discussion on the degradation mecha-
nisms of antibiotics using heterojunction photocatalysts.
5.3.1. Semiconductor-metal photocatalyst. The construc-
tion of metals with semiconductors to create semiconductor-
metal heterojunction photocatalysts has been the focus of
extensive research endeavours. Several research studies have
successfully employed this approach to harness the benefits of
photocatalytic degradation of antibiotics. This method gener-
ally presents two primary benefits that render it highly attrac-
tive. Firstly, it possesses a prolonged carrier lifetime, which
confers significant advantages. Additionally, it offers improved
absorption of visible light, so augmenting its attractiveness.** It
is worth noting that the semiconductor-metal heterojunction is
a prevalent characteristic. In general, the composition of this
material comprises an n-type semiconductor, specifically TiO,,
in conjunction with noble metals such as Cu, Bi, Au, Pt, Pd, and
Ag. The surface interaction between this semiconductor and
metal component is when the transformative process occurs. An
intriguing phenomenon arises as a result of the metal pos-
sessing a work function that is higher than the conduction band
position of the n-type semiconductor. Fermi energy levels are
aligned as electrons travel effectively from the n-type semi-
conductor to the noble metal nanoparticles. The presence of an
excessive number of negative charges on the metal nano-
particles and an excessive number of positive charges on the
semiconductor leads to the formation of a Schottky barrier. The
improved photocatalytic efficacy can be ascribed to the efficient
capture of conduction band electrons at the Schottky barrier,
hence reducing the occurrence of recombination among the
photoinduced charge carriers.*>*® Luo et al.*” conducted inves-
tigations to determine the efficient photocatalytic activity of Ag/

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Represented the pollutant remediation efficiency by semiconductor heterojunction photocatalysts.

Bi;TaO;, when provided with sufficient energy, the excited
electron (e”) in the valence band of Bi;TaO, moves to the
conduction band of BizTaO,. When provided with sufficient
energy, the excited electron (e™) in the valence band of Bi;TaO,
moves to the conduction band of BizTaO,. This process leaves
behind a positively charged hole (h") in the valence band of
Bi;Ta0-, as shown in (eqn (5)). The energy level of the valence
band in Bi;TaO; is higher than the redox potentials of -OH/"OH
(1.99 Vvs. NHE) and H,0/"OH (2.7 V vs. NHE). The photocatalyst
reacts with light to separate water molecules into hydrogen (H")
and hydroxide (OH™) ions (eqn (6)). As a result, the photo-
generated h" species directly react with -OH/H,0, leading to the
generation of "OH radicals, as depicted in (eqn (7)). Concur-
rently, the metallic silver nanoparticles that have been arranged
on the surface of bismuth tantalate (Bi;TaO,) also exhibit
photoactivation due to the generation of electron-hole (e /h")
carriers generated by plasmon effects. The conduction band
level of Bi;TaO, (0.32 V vs. NHE) is observed to be situated at
a lower level of energy compared to the Fermi position of Ag
(0.4 Vvs. NHE). As a result, the photogenerated electrons in the
valence band of Bi;TaO, have the potential to be obtained by the
plasmon-induced holes in the metallic Ag nanoparticles (as
described in (eqn (8))). It is worth noting that the plasmon-
induced electrons in the metallic Ag can diffuse towards the
Ag surface and subsequently react with O, in water, resulting in
the formation of O, active species as depicted in (eqn (9)) The
active species, like ‘O, and "OH, have the capability to undergo
oxidation of tetracycline, resulting in the formation of inter-
mediates or final products such as carbon dioxide and water
molecules as described in (eqn (10)).

Bi;TaO; + hv — BizTaO4(h") + BizTaO4(e") (5)

H,0 — H* + OH™ (6)

© 2024 The Author(s). Published by the Royal Society of Chemistry

BisTaO5(h*) + OH~ — HO" 7)
BisTaO4(e™) + Ag — Ag(e™) (8)

Ag(e™) + 0, — 'Oy 9)
HO./O,™

Tetracycline ——— Intermediate 10./04 CO, +H,O0 (10)

The increased degradation of antibiotics achieved with Ag/
Bi;TaO; can be attributed to the incorporation of Ag nano-
particles onto the surface of BizTaO,. The role of these Ag
nanoparticles is to function as electron traps during the
degradation process. This, in turn, effectively extends the life-
time of the photogenerated carriers. Additionally, the intro-
duction of Ag nanoparticles within the system acts as
photosensitizers, capitalizing on the surface plasmon reso-
nance effect. Consequently, this outcome leads to a broadened
absorption spectrum of visible light, in contrast to the behavior
observed with bare Bi;Ta0O,.%” Similarly, the incorporation of Ag
in the Ag/WO; nanoplates visible-light system proved to be
highly effective in trapping electrons and acting as an organic
photosensitizer. This resulted in a significant improvement in
the photocatalytic degradation of sulfanilamide. After 5 h, the
Ag/WO; nanoplates achieved an incredible degradation effi-
ciency of 96.1% and a total organic carbon removal rate was
73.4%.%®

Petronella et al. (2013) reported a study on the degradation of
nalidixic acid using TiO, nanorods/Ag nanoparticles under UV
radiation.* The study attributed the observed improvement in
degradation in to two primary factors: the efficient separation of
electron-hole pairs (e7/h") and the significant surface area of
the TiO, nanorods/Ag nanoparticles. However, it is important to
note that the study did not explore the enhanced absorption of
visible light. The observed phenomenon can be associated with
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the surface plasmon resonance phenomenon exhibited by
noble metals, which is dependent upon the size, morphology,
and arrangement.®® Ag-based composite photocatalysts, specif-
ically Ag/TiO,, have been demonstrated with enhanced effi-
ciency in the photocatalytic degradation of antibiotics,** which
include Ag/K,Ta,0¢,% Ag/BiO,CL,** Ag/BiOBr,** and Ag/
Bi,WO,.*

The incorporation of a bimetallic semiconductor into its
design, along with the development of two different kinds of
novel metal nanoparticles, aims to develop materials that
possess enhanced mineralization and degradation efficiency.®
The photocatalytic degradation rate of levofloxacin can be
significantly enhanced through the utilization of the Au-Pd/
TiO, combination. This enhancement results in an impressive
degradation efficiency of approximately 95% within 1 h of
exposure to simulated solar light. Furthermore, under visible
light exposure, the degradation efficiency reaches around 93%
within 1.67 h. These results unequivocally demonstrate the
superior performance of Au-Pd/TiO, compared to unmodified
TiO,, as well as the individual metal-semiconductor systems of
Au/TiO, and Pd/TiO,.®” Besides this, mineralization occurred,
which led to the elimination of almost 90% of total organic
carbon during a duration of 1 h upon exposure to simulated
solar radiation. The enhanced degradation of antibiotics
observed on a bimetallic Au-Pd co-anchored TiO, surface can
be attributed to three factors: (1) the incorporation of a bime-
tallic Au-Pd catalyst effectively captures electrons that are
generated during photocatalytic reactions, thereby preventing
the recombination process of photogenerated charge carriers.
(2) The bimetallic Au-Pd co-anchored TiO, surface demon-
strates superior performance compared to a single metallic Au-
anchored TiO, surface in the production of H,0,, which is
a crucial active species in the photocatalytic reaction. (3) The
presence of bimetallic Au-Pd enhances the utilization efficiency
of photoexcited electrons and oxygen, resulting in a higher
quantum efficiency for Au-Pd/TiO, compared to Au/TiO,.

5.3.2. Dual-semiconductor photocatalyst. To address the
issues of fast recombination of charge carrier as well as poor
reduction and oxidation potential in single component semi-
conductors, the development of semiconductor-semiconductor
heterojunction photocatalyst with employing a bandgap and
band energy that are appropriate is a feasible strategy. On the
process of photocatalytic degradation of pharmaceutical waste
water and antibiotics, five systems have been extensively
studied Type-II, p-n, n-n, Z-scheme, and S-scheme hetero-
junctions. This addresses the difference in charge transfer
processes of these heterojunction in antibiotic photocatalytic
degradation. The development of Type-II semiconductor het-
erojunctions has emerged as a promising strategy for
enhancing the photocatalytic performance of semiconductor—-
semiconductor photocatalyst materials. By effectively sepa-
rating electron (e”) and hole (h") carriers, these heterojunctions
provide a valuable manner for improving the efficiency of
photocatalysis. Among the various Type-II heterojunction pho-
tocatalysts that have been investigated, the synthesis of p-n
heterojunction photocatalysts, facilitating the effective transfer
of positive (h") and negative (e”) charge carriers between p-type

14400 | RSC Adv, 2024, 14, 14392-14424
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and n-type semiconductors, which has led to the development
of materials with enhanced photocatalytic activity. An investi-
gation carried out by Wen et al. reported the use of a BiOI/SnO,
composite photocatalyst to enhance the degradation process of
oxy-tetracycline under visible light conditions.®® The energy
band diagram illustrates the potential formation of a p-n
junction at the interface of BiOI and SnO, within the BiOI/SnO,
heterojunction. Upon contact between BiOI and SnO,, an inner
electric field is established due to the consistent alignment of
their interaction energy band structures. This built-in electric
field facilitates the migration of excited electrons (e~) and holes
(h") in opposing directions.

Under sufficient photon exposure, the BiOI/SnO, surface
undergoes a process where electrons (e”) in the valence band of
BiOI become excited and subsequently transitioned to the
conduction band of BiOI. This transition generates positively
charged holes (h") in the valence band. Following this, the
excited electron within the valence band of bismuth oxy-iodide
(BiOI) preferentially diffuses towards the conduction band of
tin dioxide (Sn0O,), aided by the internal electric field. The h*
species situated in the valence band of SnO, contribute to the
direct oxidation of pollutants. Conversely, the e species located
in the conduction band of BiOI combine with surface-absorbed
0, to produce "O>” species. These ‘0>~ species play a crucial
role in facilitating the photocatalytic degradation process by
providing additional active species.®®

Similarly, Sun et al. (2020) investigated the fabrication of an
Ag;VO,/Ag,CO; p—n heterojunction photocatalyst synthesis by
using a one-step coprecipitation method.*® The p-n hetero-
junction photocatalyst significantly enhances the separation
and endurance of photogenerated electrons (e”) and holes (h"),
which led to enhanced photocatalytic degradation of antibiotics
when exposed to irradiation under a xenon lamp (500 W) with
a UV filter, Ag;VO,/Ag,CO; had more effective degradation
efficiencies than bare Ag;VO, and Ag,CO; alone after 60
minutes of irradiation of levofloxacin and tetracycline at almost
82% and 75.1%, respectively. After 60 minutes of irradiation,
the amount of total organic carbon elimination likewise ach-
ieves a significant value of around 70%.* Wang et al. reported
the fabrication of p—n heterojunctions between CoO and BiVOy,,
which are noble-metal-free materials, was achieved using a sol-
vothermal method. The resulting heterojunctions CoO/BiVO,
exhibited a micro-nano-spherical shape, as seen in Fig. 6. The
combination of p-type CoO and n-type BiVO, led to the forma-
tion of a p—n junction, facilitating the separation and lifetime of
photogenerated electrons (e”) and hole (h") carriers. It exhibi-
ted a reported quantum efficiency of 0.54%. Compared to bare
CoO and BivVO,, this CoO/BiVO, composite has enhanced
photocatalytic activity in the decomposition and mineralization
of tetracycline. The total organic carbon removal, chemical
oxygen demand, and photocatalytic degradation efficiency of
the composite were determined as 73.8%, 72.1%, and 87.3%,
respectively.”” Two-component photocatalysts based on Type-1I
or p-n heterojunction semiconductors have been demon-
strated to enhance the separation and migration of photoex-
cited e /h" pairs. However, their redox capabilities are limited
by the constrained reduction and oxidation potentials of their

© 2024 The Author(s). Published by the Royal Society of Chemistry
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components. These challenges can be addressed through the
construction of Z-scheme heterojunction photocatalysts.

In the case where a Z-scheme heterojunction photocatalyst
comprises semiconductors A and B and is exposed to light
irradiation, both semiconductor components become excited,
resulting in the generation of photoexcited electrons (e~) and
holes (h"). Specifically, the photoexcited electron located in the
conduction band of semiconductor A, possessing a lower
reduction potential, exhibits a propensity to migrate towards
the valence band of semiconductor B, which has a lower
oxidation potential. This behaviour is driven by the electrostatic
attraction between the electron and the positively charged holes
(h"). Moreover, the electrons generated by the photochemical
process that remain in semiconductor B, as well as the holes left
in semiconductor A, have the potential to engage with species
such as OH ™, H,0, and/or O,, leading to the creation of active
radicals. This phenomenon is attributed to their heightened
reduction and oxidation potentials, respectively. Specifically,
the photoexcited electron located in the conduction band of of
semiconductor A, possessing a lower reduction potential, to
exhibits a propensity to migrate towards the valence band of att:
semiconductor B, which has a lower oxidation potential. This we
behaviour is driven by the electrostatic attraction between the (Fi
electron and the positively charged holes (h*). Moreover, the

ph

str

qu

tet
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electrons generated by the photochemical process that remain
in semiconductor B, as well as the holes left in semiconductor A,
have the potential to engage with species such as OH™, H,0,
and/or O,, leading to the creation of active radicals. This

enomenon is attributed to their heightened reduction and

oxidation potentials, respectively.

Similarly, Rong et al investigated the electrospinning

method to fabricate fiber-in-tube nanostructures (FITNs)
composed of WO;/CdWO,, featuring a hierarchical porosity

ucture.”* These composite materials were designed with a Z-

scheme heterojunction configuration, which facilitated the
generation of superoxide anions and hydroxyl radicals. Conse-

ently, when subjected to photocatalytic degradations in

aqueous solutions, these materials effectively catalysed the
degradation of antibiotics, particularly ciprofloxacin (CIP) and

racycline (TC). Notably, the novel heterostructure exhibited

a substantial enhancement in its photocatalytic performance
for the degradation of CIP and TC, achieving degradation rates

93.4% and 81.6%, respectively, following a 90 min exposure
sunlight irradiation. Comparatively, the degradation rates
ained by the individual pristine materials WO; and CdWO,
re notably lower than the values reported in this study
g. 7). Specifically, the degradation rates for WO; were less

than 75.3% for CIP and less than 53.6% for TC.”
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5.3.3. Semiconductor-adsorbent photocatalyst. The
designing of heterojunction photocatalysts using the combi-
nation of a semiconductor and an adsorbent photocatalyst is
another method for photocatalytic degradation, that can be
used to improve the photocatalytic performance of photo-
catalysts. Adsorbents with a large specific surface area and
functional groups have the potential to provide improvements
in photocatalytic reactions due to their ability to present
a considerable quantity of surface-active sites. Consequently, it
is possible to synthesize compounds that demonstrate a signif-
icant photocatalytic degradation rate, low toxicity, and a high
degree of efficiency in the mineralization of organic
compounds.”

For example, the reduced graphene oxide (RGO)-WOj;
composite exhibited exceeded performance in the photo-
catalytic degradation of sulfamethoxazole. This resulted in
a photocatalytic degradation rate of 98% and a removal of total
organic carbon of 64.49% at the 180 min time period under
visible light illumination. The enhancement of this composite
material is emphasized by few main characteristics. The RGO is
widely recognized for its extensive surface area and rich func-
tional groups, thus providing an excellent carrier that provides
several adsorption and catalytic sites.”” As a result, this
phenomenon enhances the photocatalytic activity. Further-
more, the RGO efficiently absorbs migrating electrons (e™)
generated by WOj3, thereby preventing the recombination of the
charge carriers.

This can be elucidated by examining the envisaged mecha-
nism of charge transfer within the RGO/WO; composite.
Following exposure to visible light, the RGO matrix adeptly
captures photoinduced electrons (e™) diffusing from WO;. The
observed occurrence can be attributed to the relatively low
Fermi level of RGO (EF = —4.26 eV) and its strong electrical
conductivity. Following this, the accumulated electrons inside
the matrix of RGO interact with molecular oxygen (O,), resulting
in the production of superoxide radicals ("O, ™). Subsequently,

14402 | RSC Adv, 2024, 14, 14392-14424

these radicals interact with further electrons (e™) and/or holes
(h") species, resulting in the production of extremely reactive
hydroxyl radicals (OH"). Furthermore, the residual positive
holes (h*) in WO; engage with -OH or H,0, resulting in the
precipitation of 'OH radicals. Essentially, the ‘OH radicals
function as highly effective oxidizing agents, demonstrating
their effectiveness in breaking down sulfamethoxazole mole-
cules, thereby contributing to the remarkable photocatalytic
ability of the composite material.”*

5.4. Three-component hybrid photocatalyst

In recent decades, there has been a development of multicom-
ponent photocatalysts comprising three or four components.
These photocatalysts are intended for applications in the
degradation of antibiotics. Several concepts have been docu-
mented in the literature, including the synthesis of metal/p-n
heterojunctions, metal/semiconductor/absorbent systems,
metal/Z-scheme heterojunctions, and p-n heterojunction/
absorbent photocatalyst systems. These systems employ the
synergistic effects of their components to create novel photo-
catalysts that offer various advantages, such as an expanded
light absorption spectrum, enhanced charge transfer efficiency,
and fine-tuned properties.”

Metallic silver nanoparticles (Ag) have found extensive use in
enhancing visible light absorption and promoting charge
transfer in photocatalysts containing metal/semiconductor
heterojunctions. This is primarily due to their capability to
induce a surface plasmon resonance effect. In a study con-
ducted by Ren et al. (2019), they demonstrated that ternary
composites of Ag/g-C3N,/Bi;TaO, exhibited enhanced electron—
hole transfer and broader visible-light responsiveness. This
enhancement was attributed to the dual functionality of silver,
which acted as both a mediator and a photosensitizer. The
outcomes of this research are illustrated in Fig. 8. Moreover, the
presence of a higher valence band level in Bi;TaO, and a lower
conduction band level in g-C;N, contribute a significant role in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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enhancing photocatalytic activity. Consequently, the Ag/g-C3N,/
Bi;TaO, ternary composites displayed superior photocatalytic
performance in sulfamethoxazole degradation. Their perfor-
mance was approximately 83.3 times better than bare Biz;TaO-,
5.6 times better than g-C;N,, and 2.2 times better than the
binary composite g-C3;N,/Bi;Ta0,,”® Ag/AgBr/BivO,,” and
BivO,/Ag/Cu,0,”® which efficiently degraded. Similar reports
have been investigated by Li et al.” The fabrication of a novel 3D
composite of Ag/AgsSi,0,/Bi,M0O, trible component photo-
catalysts were synthesized hydrothermally and the degradation
performance of the photocatalyst have been studied efficiently
with the antibiotic such as ciprofloxacin and tetracycline
hydrochloride. The proposed mechanism elucidates the charge
transfer pathways within a triple-junction Ag/AgsSi,O,/Bi,M0Og
heterojunction photocatalyst system, offering a comprehensive
understanding of the combined impacts of the AgsSi,O,/
Bi,M0Og p—n heterojunction and the plasmonic influence of Ag.
These factors synergistically account for the notable enhance-
ment in photocatalytic activity within this three-component
system. The interaction of charge transfer occurs between the
p-type semiconductor AgeSi,O, and the n-type semiconductor
Bi,Mo0Os, playing a pivotal role in restricting the recombination
of photogenerated electron and hole pairs. Moreover, the
inclusion of Ag nanoparticles expediates the charge transfer
process, effectively curtailing the recombination of these elec-
tron-hole pairs. Similarly, it has been demonstrated that
a triple-component system consisting of Ag/AgCl@In,0;
exhibits remarkable photocatalytic performance. Specifically,
this system achieves a photodegradation rate of 99.5% for
tetracycline antibiotics within a 30 min period of irradiation
using a 300 W Xenon lamp that is equipped with a UV filter.** In
the ternary composite of Ag/AgCl@In,0s3, there exists a lack of
charge transfer pathways between AgCl and In,0;. The gener-
ation of e” in the Ag particles is a result of the surface plasmon
resonance effect, which then migrates to the conduction band

© 2024 The Author(s). Published by the Royal Society of Chemistry

of In,0; and/or AgCl. Furthermore, the photogenerated h' in
the Ag particles combines with the photogenerated e~ in AgCl.
The accumulated e~ in the conduction band of In,O; reacts
with O, in water, leading to the production of ‘O,”. The h" in
In,0; directly interacts with tetracycline, facilitating its degra-
dation. In parallel, the h* in AgCl oxidizes CI~ to CI". It is likely
that the active species "0, h*, and CI’ collectively contribute to
the photocatalytic degradation of tetracycline. Chen et al. re-
ported a study on a Bi,03/(Bi0),CO; composite material's het-
erojunction for the photocatalytic degradation of the antibiotic
CIP under visible light exposure. The outcomes showed that the
Bi,03/(Bi0),CO3; composite exhibited a remarkable enhance-
ment in degradation efficiency. This improvement was quanti-
fied through ultraperformance liquid chromatography coupled
with a mass analyzer (UPLC/MS), revealing a degradation rate of
93.4% for ciprofloxacin within a 30 minutes timeframe.*
Influence of visible light, metallic silver (Ag) accumulated and
acted as a mediator for electron transfer, facilitating the
establishment of a dual Z-scheme heterojunction by linking
recombined electrons (e”) and holes (h') were described.
Consequently, the photocatalyst synthesized in this investiga-
tion, comprising of Ag,CO3, CeO,, and AgBr. The degradation of
levofloxacin was observed under the influence of a 300 W Xenon
lamp fitted with a 420 nm cutoff filter. The composite material
consisting of Ag,CO;/CeO,/AgBr which exhibited an impressive
degradation efficiency of 87.63% within 40 min. In comparison,
the degradation efficiencies of Ag,CO3/CeO,, Ag,CO3, and CeO,
were approximately 70%, 50%, and 0%, respectively, over
a 60 min period. The Ag,CO3/CeO,/AgBr catalyst demonstrated
remarkable efficacy in the mineralization of levofloxacin,
resulting in a substantial 60.98% reduction in total organic
carbon after 80 minutes of irradiation. Furthermore, following
the photocatalytic reaction using Ag,CO3/CeO,/AgBr, the
toxicity of the reaction solution was effectively mitigated due to
the inherent biodegradability of the reaction solution. This was

RSC Adv, 2024, 14, 14392-14424 | 14403
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evidenced by a notable increase in the BOD and COD values
from 0.096 to 0.691. The byproducts generated during the
photocatalytic degradation of levofloxacin using the Ag,COs/
CeO,/AgBr composite could potentially be efficient and can be
safely removed.*

5.5. Four component hybrid photocatalyst

The process of charge separation is of crucial significance in
enhancing the photocatalytic efficiency of semiconductor
materials. In the case of quaternary photocatalytic systems, the
migration of charge carriers occurs through several steps, which
subsequently promotes the separation of charges and restricted
the recombination rate.** As a consequence, these systems
demonstrate enhanced photocatalytic efficiency compared to
single, binary, and ternary systems. Several four-component
photocatalysts exhibiting multiple proposed mechanisms for
the photocatalytic degradation of antibiotics have been re-
ported such as g-C3N,/Ag/AgCl/BiVO,,** Ag-AgCl/WO;/g-C3N4,*
Ag/AgBI/TiO,/RGO,* and Cu,0-CdS-BiVO,-WO,.>

Fan et al. (2021) investigated the very excellent active g-C3N,
modified with WO; and Ag-AgCl. The Ag-AgCl/WO;/g-C3N,
composite exhibits a remarkable photodegradation rate
towards trimethoprim following a 90 min exposure to visible
light. When considering the individual components WO; and g-
C;N,, it is observed that the binary junction catalyst WO;/g-
C;Ny, as well as the ternary junction catalysts Ag-AgCl/WO; and
Ag-AgCl/g-C3N,, exhibit notable differences. The presence of
a dual charge transfer configuration has proposed in the four-
component photocatalyst. This configuration demonstrates
enhanced degradation of trimethoprim when exposed to visible
light. It involves a direct Z-scheme charge transfer mechanism
between WO; and g-C3;N,, as well as the inclusion of plasmonic
Ag as a mediator for charge transfer between the conduction
bands of AgCl and g-C;N,.** The photocatalytic efficiency of
a quaternary junction Ag-AgBr/TiO,/RGO photocatalyst has
been demonstrated more effective over the performance of TiO,
and various heterojunction composites, including Ag-AgBr, Ag/
TiO,, TiO,/RGO, Ag-AgBIr/RGO, Ag-AgBr/TiO,, and Ag/TiO,/
RGO systems, for the degradation of penicillin-G under white
light-emitting diode illumination. This remarkable result
observed in the study can be attributed to the combined influ-
ence of each constituent in the four-component catalyst. These
components include; (1) the surface plasmon resonance effect
exhibited by Ag nanoparticles. (2) The enhanced visible-light
absorption facilitated by the high visible-light reactivity of
AgBr. (3) The sequential movement of charge carriers between
Ag-AgBr, TiO,, and RGO. (4) The transfer of charge carriers
along the m-m graphitic carbon network at the interface.*® In
their 2018 study, Kumar et al. discovered a quadripartite
composite photocatalyst composed of BiOCl/g-C3N,/Cu,O/
Fe;O0,, which exhibited impressive photodegradation and
mineralization rates for sulfamethoxazole (SME). In compar-
ison to triple-junction systems (C;N,/BiOCl/Fe;0,, Cu,O/BiOCl/
Fe;0,, and Cu,O/BiOCl/C3N,), this quadripartite photocatalyst
displayed exceptionally high photocatalytic efficiency. It ach-
ieved a remarkable 99.5% degradation of SME within just 1 h of
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exposure to visible light and 92.1% degradation within 2 h of
exposure to natural sunlight. Furthermore, this reaction system
eliminated 41.6% of the total organic carbon after 3 h of visible
light exposure. To confirm the effectiveness of antibiotic
degradation, bactericidal activity tests were conducted against
E. coli, and cytotoxicity assessments were performed on human
peripheral blood cells. In the bactericidal activity tests, the
inhibition zones measured 2.1 nm and 18.1 nm following
exposure to pure SME and photo-catalytically degraded SME,
respectively, indicating complete mineralization of the antibi-
otic. In terms of cytotoxicity, human peripheral blood lympho-
cyte cells treated with photocatalytically-degraded SME
exhibited 99% cell viability. The exceptional photodegradation
and mineralization rates of SME by the four-component BiOCl/
gC3N,/Cu,0/Fe;0, catalyst were attributed to an accelerated
interfacial charge transfer process facilitated by the inherent
electric field (n—-p-n junction). Moreover, the catalyst's magnetic
characteristics, stemming from the Fe;0, component, contrib-
uted to its high reusability, making it a versatile and efficient
catalyst for degrading pharmaceuticals in water.*® Table 1
summarizes several semiconductor heterojunctions used in the
photocatalytic degradation of pharmaceutical compounds.

6. Pesticides

Pesticides are considered necessary in contemporary agriculture
and pest management since they surely play a crucial part in
maintaining the world's nutrition.*® Nevertheless, the widespread
and continuous use of pesticides has generated significant
apprehension over the ecological consequences and the possible
risks they provide to both the environment and human well-
being. In the perspective of the global endeavor to reconcile
agricultural production with environmental sustainability, there
is a pressing need for inventive solutions to address the detri-
mental consequences arising from the presence of residues from
pesticides (Fig. 9). In recent years, the use of photocatalytic
degradation has emerged as a feasible and sustainable techno-
logical approach for the cleanup of ecosystems polluted with
pesticides.®®** This conceptual technique exploits the inherent
characteristics of some semiconductor photocatalysts, such as
TiO,, ZnO, CdS, and CusS, to utilize energy from sunlight or
artificial light sources.”** This process triggers a series of redox
reactions that efficiently convert pesticide molecules into non-
toxic substances. The use of photocatalytic degradation in
addressing pesticide contamination is a novel and versatile
approach® which illustrates a typical schematic diagram of
photocatalytic degradation of pesticides® (Fig. 10). This method
provides a very effective approach for the elimination of pesticide
residues from several environmental mediums, including water,
soil, and air, thereby mitigating the potential harm to environ-
mental and human health. Also, the photocatalytic process is in
accordance with the principles of sustainability since it employs
renewable energy sources that are environmentally friendly to
facilitate the degradation processes. In this study, Bhoi et al. re-
ported a significant degradation rate of 95% for alachlor during
a span of 60 min. This degradation was achieved by the use of
a Type-II CuS/BiFeO; heterojunction, which was subjected to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Photocatalytic degradation of various pharmaceutical compounds

Removal Time
S.no. Photocatalyst Catalyst mass Micropollutant Pollutant mass Light source  efficiency (hour) Ref.

Methylene blue, pH=acidic

1 Ag TiO, 8 mg /@:/Nﬁ 5mg L™ 23100%%1 lamp 90% 0.66h 167
cr
SN
\I]\J W gt 'l\l/

Amoxicillin
NH.,
“ H s Tungsten-
2 2-C3N,-Ag-TiO, 1000 mg ];/ 20 mg L™ halogen lamp  73.4% 6h 168
o Jn< (500 W)
HO o 3
/~OH
O/ﬁ

Methylene Blue, pH=neutral

Au@TiO, bio-based N 1 Halogen lamp o
™ S
\'i" s* |,|\'/

Tetracycline hydrochloride,

pH=neutral
1 Xenon lamp o
4 CulnS,/ZnS 40 mg 60 mg L (300 W) 86% 3h 170
OH O OH O O
Levofloxacin, pH=neutral
o O
Ag/ E 1 Tungsten lamp o
5 ZnNb,O,@SC,N, 10 ™8 | oy lomgL (300 W) 946% 1h 171
/N 0\)\
Cefixime, pH= neutral
o
Ao
6 CuO-NiO 80 mg N-© 1522 mgL™'  Sunlight 90% 3h 172
iz H
H-N N N S
O N A~
o
0% OH
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S.no. Photocatalyst

Catalyst mass Micropollutant

Removal Time
Pollutant mass Light source  efficiency (hour) Ref.

ZnNb,Os@SC5N,

Bi,0,Cl/BiOCI

TiO,/GO/Chitosan

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

2-C3N,/Bi;Ta0,
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Bi,WOg/Ta;N;
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Ofloxacin, pH= neutral

F.

(N

o O

N o~

Tetracycline, pH= neutral

H
OHOHOOO O

Tetracycline , pH= neutral

H
OHOHOOO O

Tetracycline, pH= neutral

OH O HOHO O
O

o o
i oH
N

NS ol

Levofloxacin, pH= neutral

OH

_ Tungsten lamp
1 L 9 1h 171
0 mg (300 W) 98%
Compact
10mgL™" fluorescent 87% 3h 173
lamps (85 W)
- Halogen lamp
20.27 mgL~* 95% 1h 174
& (300 W) ’
10 mg L™ Xenonlamp gg o004 5p 175
& (300 W) = :
10 mg L~ Xenonlamp oo 500 Hp 476
& (300W) o7
1 Xenon lamp
20 mg L 86.1%  2h 177

(300 W)
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S.no. Photocatalyst Catalyst mass Micropollutant

Removal Time
Pollutant mass Light source  efficiency (hour) Ref.

Cefixime, pH= neutral

(0]
KU\OH
13 CoBi,0, 800 mg e
H.N_ N % H H S
N~y
S 0] N A=
o
O~ "OH
Rhodamine B
HaC cr O
H (!)Nr H.
14  PtNPs@SiO,@TiO, 100 mg LN O o ‘ ~~CHs
z

‘ COOH

Amoxicillin, pH= Acidic

NH»

15 Ag/TiO, 1000 mg /©/'\WH H o
B § o<

y
O/HOH

Rhodamine B, pH= basic

- - H,C CH
16 r-GO/Au NPs/m 5 mg hCa

TiO,

cr@ Nr

H:C N 0. ~
7
] COCH

Rhodamine 6G

Au-Ag
17 NPs@TiO,@Fe;0, 80 mg
NPs
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3
CH;

- Tungsten lamp
5mgL! 86% 6h 178
me (200 W) o
- Xenon lamp
7mg L™ 61% 2h 179
me (300 W) °
Tungsten—
20mg L~ ! halogen lamp  63% 5h 180
(500 W)
_ Mercury lamp
0.7 mg L 97% 5h 181
me (300 W) o
Xenon lamp
30mg L (150 W) high ~ 100% 1h 182

pressure
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S.no. Photocatalyst Catalyst mass Micropollutant

Removal Time

Pollutant mass Light source  efficiency (hour) Ref.

Tetracycline, pH=basic

Xenon lamp

18 Nb,Os/g-CsN, 10 mg OH O HO g o O 10mgL™! (300 W) 76.2%  2.5h 183
NH
3 OH
HO N
Methylene blue
. Z |\ NP> 1 Xenon lamp
19 AU/TiO, nanosheet — /EI/ \)/:j'\ 10 mg L (300 W) 66% 2h 184
cr
\N 2 \S+ S N/
| I
Methylene blue
20  Ag-TiO, 100 mg /C[/Nﬁ 10 mg L éeof(ljo\r}lviamp 50% 25h 185
s cr
\N' gt 2 N/
| |
Tetracycline, pH=basic
21 g-C;N,/TiOF, 300 mg OH O HOHO © 10 mg L éeolzosv ;amp 85.5%  2.5h 186
0
Tetracycline
OH O HO g O O
22 Bi,Ss/doped g-C;N, 200 mg NH, 50mgL™’ gf;lc‘)%*n lamp oo g0 033h 187

visible light irradiation (Fig. 11). Within this heterojunction, the
migration of holes from the valence band (VB) of BiFeO; (BFO) to
the valence band of CuS occurs, while the transfer of electrons
from the conduction band (CB) of CusS to the conduction band of
BFO takes place. The spaces inside the valence band of copper
sulfide (CuS) may subsequently facilitate the direct oxidation of
alachlor. Furthermore, hydroxyl ("OH) radicals may be generated
by the cleavage of water molecules inside the valence band of
copper sulfide (CuS) and by the activation of hydrogen peroxide

14408 | RSC Adv, 2024, 14, 14392-14424

(H0,). Scavenger examinations provide evidence that substan-
tiates this outcome.”® In another investigation, it was demon-
strated that when exposed to visible light (150 W Xe lamp), 95%
of diuron (10 ppm) decomposed within 3 h. The Type-1I hetero-
junction between CuS and Bi,W,Oy significantly enhances pho-
tocatalytic efficiency. Empirical evidence from trapping
experiments supports the significant involvement of hydroxyl
radicals and holes in the photoreaction, as reported.”” For the
elimination of lindane, a BiOI, 5Br, 5 photocatalyst, synthesized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Various pesticides which are commonly utilized in agricultural applications.

using the co-precipitation technique, was employed. The photo-
catalytic activity of BiOI/BiOBr proved highly effective in
degrading lindane under visible light exposure. Specifically, at
a pH of 8, nearly 98% of lindane was successfully eliminated. The
optimization of the photocatalyst dosage and pH were conducted

15 mL sample
every 15 min
and centrifuged

in this work, determining the optimal conditions as 1 g L " and
a pH of 8. Several semiconductor heterojunctions have been
identified for the purpose of photocatalytic pesticide destruc-
tion.”®® Table 2 summarizes several semiconductor hetero-
junctions used in the photocatalytic degradation of pesticides.

E— + Pollutant
. ~

h*
h* [t H20 —OH

+ Pollutant ’
DIOCAata 4419 [

Fig. 10 General mechanism for photocatalytic degradation of pesticides. Reproduced with permission from ref. 95, Copyright 2023, MDPI.
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V vs NHE
A B Degradation
4= products
" e - T
L \el B HO' —> Alachlor
+0.445 Degradation e e e
products
= HOO"
| +1.565
+2 4— Alachlor
+2.63 H,0;
+34—
Before contact After contact

Fig. 11 Proposed mechanism for photocatalytic degradation of alachlor. (A) Before contact and (B) after the contact. Reproduced with

permission from ref. 96, Copyright 2018, Elsevier.

7. Green fuel production

The extensive exploitation and widespread use of fossil fuels
have led to increasingly severe environmental pollution and
energy shortages. Solar energy, which is abundant and renew-
able on our planet, offers a viable solution to the ongoing energy
crisis.”** The field of photocatalytic technology is experiencing
a significant surge in research efforts aimed at harnessing
sunlight to produce storable chemical energy, with a particular
focus on the clean and highly efficient production of hydrogen
energy. Hydrogen energy is regarded as an environmentally
sustainable energy source due to its unique byproduct: water,
without any associated emissions of carbon dioxide or other
harmful pollutants. Hydrogen (H,) boasts a calorific value of
141 kJ g™, surpassing the calorific values of traditional fossil
fuels such as oil (46 kJ g~*) and natural gas (55 kJ g~ '). These
characteristic positions hydrogen as a promising clean and
sustainable energy alternative.'*>'®® However, it's crucial to
acknowledge that a significant majority, over 90%, of conven-
tional hydrogen production heavily relies on fossil fuels, exac-
erbating the aforementioned environmental
Therefore, expediting the development of sustainable tech-
nology for green hydrogen production is imperative.'****

The process of water photolysis, which involves the splitting
of water molecules into hydrogen (H,) and oxygen (O,), is widely
recognized as a highly promising approach for addressing the
increasing global energy requirements and environmental
concerns.'** However, Bie et al.''° conducted a comprehen-
sive analysis of various factors affecting photocatalytic total
water splitting technology, both from theoretical and practical
perspectives. They concluded that this technology poses
significant challenges, both presently and in the future. On the
other hand, simultaneous degradation of pollutants and

concerns.

14410 | RSC Adv, 2024, 14, 14392-14424

generation of hydrogen through photocatalysis is regarded as
a promising and attainable area of focus in the advancement
and use of dual-function photocatalysts."**

7.1. Photocatalytic mechanism of hydrogen generation and
degradation

The photocatalytic processes of both photocatalytic hydrogen
generation via water and photocatalytic degradation of pollutants
are distinct phenomena. However, when these two processes are
coupled, as in the case of synergistic pollutant degradation, the
overall mechanism comprises the following sequential steps: The
three main processes involved in the photocatalytic activity of
semiconductor materials is shown''? in Fig. 12. (i) The absorption
of light, (ii) the generation and migration of electron-hole pairs,
and (iii) the occurrence of surface redox reactions.''** Semi-
conductor materials possess a significantly narrower band gap
between the valence band (VB) and the conduction band (CB)
when compared to insulators. This narrower band gap enables
photons with energy equal to or greater than the semiconductor's
band gap energy to excite and mobilize electrons within the
material, setting the stage for subsequent photocatalytic reac-
tions. Notably, visible light, which constitutes a substantial
portion of sunlight (46%), surpasses ultraviolet light (5%) and is
more readily absorbed and utilized in contrast to infrared light
(49%). Consequently, enhancing the light absorption capabilities
of photocatalytic materials for visible and even near-infrared light
becomes paramount.”™™ Once electron-hole pairs are gener-
ated, it becomes essential for these photogenerated carriers to
have a sufficiently extended lifetime, allowing them to migrate to
the catalyst surface or reaction sites and participate in reactions.
During this migration process, photogenerated electrons and
holes tend to recombine with each other, and the rate of this
recombination plays a pivotal role in determining photocatalytic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Catalyst mass

Pollutant mass

S. no. Photocatalyst (gL ™ Pesticides (mgL ™ Light source  Time (min) Removal Ref.
Atrazine
Cl
1 S-Ti0,@rGO 0.8 NJ§N 20 300 W Xe lamp 20 100% 188
)\ |
o
N NN
H H
Pyrimethanil
CHs
2 S-TiO, 1 /ﬁ\N 1 LED lamp 25 100% 189
HC”~ N7 N
H
Chlorpyrifos
cl ~C!
3 CuO/TiO,/PANI 0.45 | S\ o CH 5 Visible light 90 95% 190
h RS
cl N~ o7 \o—\
CHs
2-Methyl-4-chlorophonoxyacetic
acid
4 CuS/Bi,TizOy, 0.25 O 10 Visible light 180 95% 191
o
OH
Cl
Acephate
0O 0
5  Fe,0,@Si0,@mTiO, 0.1 )L I|:|’ CH 100 UV-visible 80 100% 192
3
H,C N e
H S
“CH,
Bromoxynil
Br
6  Cs-TiO, 1 OH 10 LED 120 100% 193
7 Br
N/
Paraquat
7 Cu-TiO,/SBA-15 0.5 7\ =\ 40 Visible light 240 55% 194
HiC-N__ )—  N-CHs
CI” CI-
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Table 2 (Contd.)

Catalyst mass Pollutant mass
S. no. Photocatalyst (gL Pesticides (mgL™) Light source  Time (min) Removal Ref.
Atrazine
Cl
8 CuS@rGO 0.8 50 Visible light 20 100% 195
AL
e
N7 N7 NS
H H
Glyphosate
9 CuS/Bi,WOs 0.4 ﬁ H 0o — visible light 180 85.9% 196
PN
HO™ ™" OH
HO
Atrazine
Cl
10  TiO, nanowire 1 NN 5 UV-light 60 57% 197
)\ |
~Z
NN
H H
Metolachlor
\AOCH3
11 TiO,/carbon composite 0.5 N 20 UV light 30 100% 198
@)
Methyl parathion
\
12 Fe;0,@Si0,@mTiO, 0.1 S 0 100 UV light 45 100% 192
“ Q/F,\O/
INOO
O
Dimethoate
HG
13 TiO,-silica gel 56 O—P\ 22.9 UV light 60 100% 199
/
H3C_ S /CH3
NH
O
Chlorpyrifos
Cl N Cl
14  Fe;0,/CdS-ZnS 0.0033 | & o CHs 10 visible light 60 94.5 200
CI” ONT 0Ty
CHs
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Catalyst mass

Pollutant mass

S. no. Photocatalyst (gL Pesticides (mgL™) Light source  Time (min) Removal Ref.
Chlorpyrifos
Cl N Cl
S . .
15  ZnO®@CdS 0.001 | N\ O _CHs 2 Visible light 360 91 201
>~ R
CI” NT 0T,
CHs
®

co,H,0 StP3 m

Inorganic ions
or idatipn

Intermediates

(Chemicoal Products)

Pollutants

F
Photocatalyst 09 i

Fig.12 Schematic diagram for photocatalytic mechanism of hydrogen generation and pollutant degradation. Reproduced with permission from

ref. 112. Copyright 2023, Elsevier.

performance. It's worth noting that materials with strong light
absorption properties may not always exhibit excellent photo-
catalytic performance. Surface redox reactions occur subsequent
to the migration of photogenerated carriers to the reaction sites.
At this stage, protons in water get converted to hydrogen gas by
photogenerated electrons, while pollutants are sequentially
broken down into other intermediates or transformed into
carbon dioxide and water by photogenerated holes or other
potent oxidative species. The specifics of the decomposition
mechanism and the properties of pollutants, alongside the
presence of co-existing substances, emerge as key factors influ-
encing on this process.'**"1®

7.2. Challenges and difficulties of dual-functional
photocatalyst

The significance of conducting multiple investigations into
photocatalytic hydrogen synthesis from water and the

© 2024 The Author(s). Published by the Royal Society of Chemistry

degradation of pollutants through photocatalysis is evident.
However, our current understanding of synergistic catalysis
remains insufficient. The main challenge in achieving dual-
functional photocatalysis is that traditional photocatalytic
hydrogen production typically takes place in an anaerobic
environment, where oxygen interferes with the capture of pho-
togenerated electrons necessary for proton reduction, thereby
affecting the subsequent hydrogen production reaction. On the
other hand, photocatalytic pollutant degradation usually occurs
in aerobic conditions, where oxygen often acts as an electron
trap, facilitating the separation of electron-hole pairs and
transforming them into superoxide radicals that can further
accelerate pollutant degradation and sustain the reaction.'**"**
Combining these two processes necessitates not only an
anaerobic environment, appropriate reaction conditions, and
containers but also the assurance that each side reaction will
not interfere with the other. Furthermore, it is essential to
maintain the efficiency of both hydrogen generation and

RSC Adv, 2024, 14,14392-14424 | 14413
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pollutant degradation throughout the process. Addressing this
complex issue is of paramount importance.

The dual-functional photocatalysis presents unique chal-
lenges that go beyond those faced by traditional monofunc-
tional photocatalysis, and these challenges become even more
complex under demanding conditions. In the initial phase of
light absorption, materials with narrow band gaps exhibit
strong light absorption capabilities. However, their limited
utilization of light energy and inherent instability can negatively
impact photocatalytic efficiency. Conversely, materials with
wider band gaps are more stable but have poor absorption of
visible light. For instance, metal oxides are often considered
ideal for photocatalytic reactions due to their stability and
antioxidative properties. Nonetheless, their wide band gaps
result in the absorption of only a small portion of the solar
spectrum, severely limiting solar energy conversion effi-
ciency.">'** Recent studies have demonstrated that introducing
oxygen vacancies can lead to the creation of transition state
energy levels, thereby narrowing the band gap and enhancing
light absorption capacity. However, these oxygen vacancies can
also introduce lattice distortions and alter spatial polarity,
hindering the efficient transport of photogenerated carriers and
reducing photocatalytic efficiency. Thus, finding methods to
simultaneously achieve high light absorption and energy utili-
zation is a challenging endeavor in current research.'?*>¢

When it comes to the separation and migration of photo-
generated carriers, the primary objectives include reducing the
recombination of electron-hole pairs and increasing their
migration rates. These goals are intricately linked to the specific
compositions and microstructures of catalysts. Moreover, to
achieve efficient hydrogen production while concurrently
degrading pollutants synergistically, we must address addi-
tional factors. These include the characteristics of pollutants,
their interactions with catalysts, solvents, and products, redox
potentials, intermediates, reaction mechanisms, and the overall
purpose of the treatment process. In our discussion ahead, we
will delve into these factors in detail, drawing insights from the
latest research cases and exploring them from two distinct
perspectives: catalysts and pollutants.*>*7**”

7.3. The effect of a present photocatalyst

The first step in achieving a good synergistic photocatalytic effect
is to choose an appropriate and efficient photocatalytic material.
Because of their strong photocatalytic capabilities, structural
tunability, and reaction stability, materials such as transition
metal sulphides, metal oxide, metal-organic flameworks (MOFs),
and graphitic phase carbon nitride have been the focus of
numerous studies.””® The basic requirement for the appropriate
phenomenon of the photocatalytic process is the proper align-
ment of the redox potential and band gap. Only with a suitable
band gap width, a sufficiently negative conduction band, and
a sufficiently positive valence band, as well as tuneable proper-
ties, the substance that can be used for further modification
studies. While the individual substances mentioned above
exhibit certain advantageous and can be partially meet the redox
potential and band gap requirements, as illustrated in Fig. 13.
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The energy level diagram,'* they also possess several limitations
that necessitate optimization for enhanced photocatalytic
performance through specific means.*****

7.4. Metal oxide (TiO,)

Titanium dioxide (TiO,) is an extensively investigated metal
oxide catalyst due to its chemical and thermal durability, non-
toxicity, high reactivity, abundance, and cost-effectiveness. It
nevertheless comes with certain restrictions. Because of its
quick charge carrier recombination rate and a comparatively
large band gap (3.2 eV), it can only absorb UV light, resulting in
a poor photogenerated charge consumption rate.***™*** TiO,
stands out, however, since no other abundant, low-cost metal
oxide has the same mix of qualities. It possesses conduction
and valence band boundaries that span water and many water-
based organic contaminants redox potentials. TiO, is available
in three polycrystalline phases: brookite, anatase, and rutile.
The low-temperature TiO, anatase phase is known to contain
the most active sites owing to surface hydration. The thermo-
dynamically more stable TiO, rutile phase, on the other hand,
has a narrower band gap, implying higher light absorption
capability.”®>**¢ As a result, efficiently managing the phase ratio
is the key to maximizing TiO, photocatalytic characteristics.
This control enables researchers to balance the benefits of the
anatase phase's active sites with the rutile phase's increased
light absorption capability, leading to enhanced photocatalytic
capabilities.*”’

7.4.1. Metal and non-metal doping. Doping TiO, with non-
metal and metal ions has the potential to enhance its light
absorption capabilities. Metal doping facilitates charge separa-
tion and can lead to a favourable shift in the band gap. Intro-
ducing noble metal ions onto the TiO, surface can boost
photocatalytic activity within the visible range of the solar spec-
trum, improving light absorption. However, the use of noble
metals like Ag and Au raises environmental concerns due to
toxicity, and their synthesis process is expensive. Additionally,
metal-doped photocatalysts are prone to photo-corrosion during
the photocatalytic process. Therefore, in many instances, non-
metal doping with elements such as C, S, F, and N is
preferred."*® Non-metal dopants create intermediate energy levels
within TiO,'s band gap, reducing the catalyst's electronegativity
and thus enhancing its stability. Among non-metal dopants,
nitrogen is particularly suitable for TiO, due to its comparable
atomic size, stability, low ionization energy, and its ability to
introduce an energy level slightly above TiO,'s valence band.
Furthermore, these energy levels serve to decrease the recombi-
nation rate of photogenerated charge carriers by acting as trap-
ping centres for photogenerated electrons.™**°

Substituting non-metal elements with oxygen (O) atoms in
TiO, was initially thought to primarily impact the VB, domi-
nated by O, 2p states. However, it's apparent that non-metal
doping can also influence the CB, mainly composed of Ti 3d
states. Lighter elements such as boron (B), carbon (C), or
nitrogen (N) replacing O atoms result in the depopulation of the
VB by one, two, or three electrons, respectively. Consequently,
the newly introduced states are expected to be progressively less

© 2024 The Author(s). Published by the Royal Society of Chemistry
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tightly bound due to the smaller effective nuclear charge.
Conversely, when heavier fluorine (F) is doped, its 2p states
reside below the bottom of the O 2p VB. As F is monovalent, the
extra electron from the O atom must transfer to vacant Ti states,
self-trapping in a 3d,, state at the Ti site, below the CB. Inter-
stitial doping of B, C, and N into the TiO, lattice allows them to
bind to lattice atoms and transfer one or more electrons based
on their redox potentials. This process modifies the band gap
structure, as seen in both substitutional and interstitially C-
doped anatase TiO,.***

Yuzawa et al. tried several types of reaction experiments to
investigate the reaction mechanism of Pt-loaded TiO, photo-
catalysts in the degradation of ammonia into nitrogen and
hydrogen. It was revealed that the reaction activity is mostly
determined by the crystalline phase, particle size, and the
number of active sites on the TiO, surface. These results suggest
that TiO, serves as a provider of active sites for the reaction,
while Pt contributes a facilitating role in this process."** Hence,
the control of TiO, particle size, pore structure, and surface
properties are of utmost importance in determining its level of
activity. In their study, Kumaresan et al. employed the sol-gel
technique to fabricate mesoporous TiO, materials. They effec-
tively allocated the size of the synthesized product by using
several alcohols, as well as changing the surface properties
through the incorporation of different metal ions. Notably, the
researchers observed that ethanol had a more influence on
particle size control compared to isopropanol and 1-butanol.
Furthermore, they discovered that mesoporous TiO, doped with

© 2024 The Author(s). Published by the Royal Society of Chemistry

1 wt% Ce*" exhibited superior activity in compared to both the
pure form of TiO, and mesoporous TiO, doped with other metal
ions such as Zr*" and La*"."** Musa et al. conducted the prepa-
ration of TiO, with various phases, namely anatase, rutile, and
a combination of anatase and rutile phases. This was achieved
through the calcination process of MIL-125-NH, at various
temperatures. The investigators observed significant differ-
ences in the band gap values and substantial variations in the
photocatalytic activity of the photocatalysts. Specifically, they
compared the efficiency of hydrogen production and pollutant
degradation between two sets of photocatalysts: TA (TiO,
anatase) versus TR (TiO, rutile), and NSTA versus NSTR (N, S-
doped TiO, anatase and rutile). These differences were attrib-
uted to the distinct phases of TiO, used for modification, as well
as the introduction of nitrogen (N) and sulfur (S) doping.**

7.5. Graphitic carbon nitride (g-C5N,)

The photocatalytic performance of unmodified g-C;N, is greatly
hindered by many aspects, such as its limited ability to absorb
light, and quick recombination of electron-hole pairs generated
in the photocatalytic process.**>**® Nevertheless, it is indisputable
that g-C3;N, possesses a two-dimensional m-conjugated structure,
remarkable chemical stability, and a band gap width of 2.7 eV.
These features enable it to absorb light up to 460 nm, with energy
levels of approximately +1.58 eV and —1.12 eV at the Eyc and Ecp
positions, respectively. Consequently, g-C;N, emerges as an
appealing choice.””**® Moreover, the material is cost-effective,
and facile conversion into low-dimensional nanomaterials
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consistently establishes it as a compelling option for the devel-
opment of enhanced photocatalytic material. The conduction
band potential of g-C;N, has a significantly negative value of
—1.13 eV relative to the normal hydrogen electrode (NHE). This
characteristic renders g-C3;N, very suitable for the generation of
hydrogen. Nevertheless, the valence band potential of the material
is not sufficient to directly produce hydroxyl radicals ("OH)
through water oxidation and completely oxidize organic
substances, since it is only 1.57 eV compared to the standard
hydrogen electrode (NHE). Consequently, extensive research has
focused on adjusting the VB potential to a more positive value,
albeit this endeavour presents challenges, such as decreased light
absorption due to a wider band gap. As a way to enhance the
oxidation features of g-C3N,, Zeng et al.*“'*° accomplished an
investigation that modified the valence band (VB) position of
pristine g-C3N, by employing O-doping.”*® This modification
resulted in a rise in the VB position from +1.68 eV to +1.85 eV. This
shift indicates the possibility for stronger oxidation processes and
an increase in the availability of electrons for reduction reactions.
The study conducted by Nie et al.*** was to optimize the efficiency
of photogenerated electron-hole separation in g-C3N, and
improve the photocatalytic nature of hydrogen generation and
degradation of various micropollutants. The authors incorporated
graphene quantum dots (GQDs) together with Mn and N co-doped
TiO,. It is important to emphasize that graphene quantum dots
(GQDs) have the ability to capture light with longer wavelengths
(600-800 nm) and then emit light with shorter wavelengths (2 <
500 nm). This emitted light is then absorbed by manganese-
nitrogen-doped titanium dioxide (Mn-N-TiO,) and graphitic
carbon nitride (g-C3N,), resulting in an enhancement of the whole
process and the total performance of light absorption.

7.6. CeO,

CeO,, a rare-earth oxide distinguished by its unique 4f elec-
trons, plays a pivotal role in various technical disciplines,
including catalysis, optics, electrochemistry, and adsorption.***
Its significance arises from its distinctive fluorite-type structure,
oxygen-rich vacancies, and remarkable redox capabilities, with
valence and conduction bands positioned at approximately
+2.07 eV and —0.77 eV, respectively. Nevertheless, the swift
recombination of photogenerated electrons and holes, ineffi-
cient light energy utilization, and a lack of selectivity pose
significant challenges in the context of individual CeO, mate-
rials. Consequently, extensive research efforts have been
undertaken to address and optimize these issues.”>'** For
example, one approach to enhance CeO, energy band structure
for more efficient photon absorption is to modify its surface
properties or create heterojunctions. In a study by Dong et al.,***
CeO, nanorods (NRs) were synthesized using the hydrothermal
method, and their microstructure was optimized by controlling
the concentration of HO™ ions. Among the various samples
tested, sample C3, which had a surface area of 65.26 m?> gfl,
exhibited the highest Ce®* ratio (22.53%), the greatest oxygen
vacancy concentration (0.74), and the narrowest band gap (2.28
eV). These characteristics contributed to an improved perfor-
mance in hydrogen production.™*
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8. An integrated approach of
converting micropollutant into feasible
products

Due to the intrinsic features of micropollutants and the
complexities of the reaction pathways, not every micropollutant,
including certain inorganic ions, can be efficiently eliminated
to carbon dioxide and water. The difficulty arises in the ther-
modynamic component, where the redox potential often falls
short of the necessary conditions. Furthermore, some by-
products pose environmental risks and should be avoided. In
response to these challenges, some research groups choose to
utilize certain pollutants as raw materials for the synthesis of
important organic compounds, such as benzyl alcohol, ben-
zylamine, and benzenethiol. Alternatively, they could investi-
gate herbicides for non-hazardous treatment, with the goal of
achieving simultaneous energy production and material
generation via photocatalytic hydrogen production, including
a synergistic conversion of organic contaminants.*>**%*

In their study, Chiu et al** employed benzenethiol as
a sacrificial agent for the purpose of photocatalytic hydrogen
production. They observed that the most favourable conversion
rate of 75.9% was achieved in the UiO-66 group. This outcome
can potentially be attributed to the spatial separation of holes
and electrons within the structural framework of UiO-66.
Despite the lack of selectivity observed in the GC-MS data for
UiO-66, the catalyst Pt/UiO-66-pz exhibited both selectivity and
synergistic photocatalytic activity in the synthesis of diphenyl
disulfide. Remarkably, this catalytic performance was main-
tained even when various benzenethiol substitutes were
employed in the experiments. However, it is important to note
that the activity of the catalyst was slightly diminished due to
thermodynamic constraints and the electrophilic effects of the
functional groups. This implies that the formulation of
a particular product may take into account catalysts exhibiting
catalytic selectivity, thus avoiding the constraint of relying only
on one reactant in the process. Benzyl alcohol is classified as
a fundamental and uncomplicated alcohol within the realm of
organic molecules. Its oxidation yields benzaldehyde, which
holds significance as a precursor in the synthesis of high-quality
chemical substances.'® The economic impact of photocatalytic
oxidation of benzyl alcohol with simultaneous hydrogen
generation becomes evident when compared to traditional
organic synthesis techniques. Therefore, the development of
a photocatalytic double-optimal system that is both recyclable
and effective holds significant potential for the oxidation of
benzyl alcohol (or other organic compounds) through photo-
catalysis, concurrently facilitating synergistic hydrogen
generation.'®'®* In their study, He et al'®* employed h" as
a means to transform benzyl alcohol into a product of signifi-
cant value. This transformation was achieved through the
implementation of a photocatalytic oxidation process combined
with a synergistic hydrogen production reaction. The
researchers utilized a Bi/ZnIn,S, catalyst, resulting in hydrogen
production rates of up to 3658.8 umol g~ h™', as well as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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benzaldehyde yields of 1030.4 umol g ' h™'. Notably, the
selectivity of this process approached 100% (Table 3).

Glyphosate (N-phosphonomethylglycine), falls under the
classification of organophosphate compounds (OPC) and is
extensively utilized as a non-selective postemergence micro-
pollutant (herbicide) in global agricultural applications. Addi-
tionally, the stability, harmful nature, and migratory potential
of the degradation intermediate AMPA (a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid) surpass those of glyphosate
itself. Consequently, addressing the generation of AMPA during
glyphosate degradation has become a critical concern in miti-
gating the environmental consequences associated with glyph-
osate.'® In their study, Musa et al.** opted to use glyphosate (N-
phosphonomethylglycine or PMG) as the herbicide of choice for
their photocatalytic tests. The investigators proceeded to
analyze the relative proportions of PMG and the decomposition
products, namely glycine, formic acid, and AMPA, generated in
the solution. This analysis spanned across several TiO, phases.
Among the phases investigated, it was observed that the rutile
phase exhibited limited activity in the degradation of PMG.
While the performance of both pristine and doped mixed pha-
ses (consisting of both rutile and anatase) was enhanced, the
resultant mixed products included formic acid, glycine, and
AMPA, with PMG persisting in the system.'®® AMPA, an inter-
mediate of PMG, is known for its adverse environmental
impact, primarily involving damage to the carbon-nitrogen
bond in PMG. The N, S-doped anatase (NSTA) phase demon-
strated both efficient degradation of PMG and the generation of
environmentally safe by-products, namely glycine and formic
acid. This efficiency was attributed to the catalytic properties of
NSTA, facilitating the cleavage of the C-P bond in PMG, leading
to the production of glycine. It is important to note that the
cleavage of the C-N bond was somewhat hindered in this
process. Additionally, the findings highlight the catalyst's
selectivity towards the breakdown route of the pollutant.
Furthermore, evaluating the toxicity of the pollutant interme-
diates and their production process is crucial. The research
group conducted similar experiments on various pesticides and
observed a potential correlation between the solubility of
different herbicide in water and the yield of H,. Specifically, the
herbicides PMG, exhibiting high solubility and hydrophilic
properties, demonstrated significantly greater efficiency in
hydrogen production.’®® This emphasizes the need for devel-
oping dual-functional photocatalytic devices that prioritize the
characteristics of the pollutant and treatment requirements as
the starting point for development.

9. Future prospect

The future direction of photocatalytic degradation of micro-
pollutants and its role in green fuel production from wastewater
is poised to undergo significant advancements, Photocatalytic
H, production harnesses the potential of sunlight and water,
utilising semiconductors to generate H,. Semiconductors have
the ability to utilize both UV and visible light from the solar
spectrum to generate photoexcited electrons and holes, which
can then be used in H, production and micropollutant

© 2024 The Author(s). Published by the Royal Society of Chemistry
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degradation reactions. The investigation of the most efficient
dual-functional photocatalysts which are capable of producing
hydrogen (H,) and degrade pollutants at the same time has
transcended conventional material limitations. Whereas metal
oxides, sulfides, and nitrides exhibit their limited light
absorption and rapid charge carrier recombination pose
significant obstacles to efficiency. Researchers are using
a comprehensive strategy to address these obstacles. This
complex approach seeks to accomplish two key goals: first,
increasing visible spectrum light absorption to maximize solar
energy utilization; and second, preventing charge -carrier
recombination to guarantee active carrier participation in both
pollutant degradation and H, evolution reactions. Many
different techniques are being used, such as the integration of
dopants (metallic and non-metallic), precise surface changes,
morphological engineering, light sensitization for increased
absorption, metal ion placement strategically, and deposition of
noble metals to promote charge transfer and the creation of
heterojunctions to effectively separate charges. In this decade,
there has been a rise of interest in investigating the morphol-
ogies of components in photocatalyst systems, which range
from zero-dimensional (0D) to one-dimensional (1D) and two-
dimensional (2D) forms. These heterogeneous structures with
varying dimensionalities have emerged as prospective options
for improving photocatalytic processes. Morphologies with
porosity or decreased dimensions offer various advantages,
most notably by increasing surface area, allowing for better light
absorption and producing more active sites for photocatalytic
processes. As a result, it has become critical to better under-
stand the impact of morphology on both single- and multi-
component photocatalytic systems.

Driven by key developments in advanced materials and
a focus on futuristic dual-functional photocatalysis. The
following keywords highlight the anticipated trends in this field.

9.1. Advanced materials revolution

9.1.1. Perovskite-based and LDH photocatalysts. The inte-
gration of perovskite materials holds great promise for
enhancing the efficiency, high surface area and selectivity of
photocatalysts in micropollutant degradation.

9.1.2. Organic-inorganic Hybrids. Innovations in designing
hybrid materials combining organic and inorganic components
will contribute to improved photocatalytic performance.

9.1.3. Quantum dots and carbon quantum dots. The use of
quantum dots as photocatalytic agents is expected to revolu-
tionize the degradation process, offering enhanced efficiency
and specificity.

9.2. Tailoring for specific challenges

9.2.1. Customized approach. Researchers will focus on
tailoring materials for the unique challenges posed by different
micropollutants, particularly antibiotics and pesticides.

9.2.2. Specific materials. Specialized materials will be
designed to address the specific nature of emerging pollutants,
ensuring a more effective and targeted degradation process.
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Table 3 Synergistic photocatalytic degradation and hydrogen production
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Table 3 (Contd.)
S. Mass of Hydrogen
no. Photocatalyst catalyst Contentment Light source Degradation production Reference
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9.3. Futuristic dual-functional photocatalysis 9.5.2. Environmental impact. The focus on sustainability
9.3.1. Largescale production. The future of syngenetic Wil be integral, with the aim of mitigating the impact of

photocatalysis envisions large-scale production facilities, inte-
grating advanced materials for efficient micropollutant
degradation.

9.3.2. Clean water and hydrogen production. The dual
functionality of photocatalysis will not only purify water but also
contribute to the sustainable production of hydrogen, aligning
with the broader goals of clean energy and environmental
conservation.

9.4. Established industry integration

9.4.1. Industry adoption. The continuous improvement of
photocatalytic technologies will facilitate their integration into
established industries, ensuring widespread application for
water treatment and green fuel production.

9.4.2. Industrial-scale implementation. The transition
from laboratory-scale experiments to industrial-scale produc-
tion will be a key milestone, making photocatalysis a main-
stream technology for addressing water pollution challenges.

9.5. Sustainability and clean future

9.5.1. Ongoing research. The relentless pursuit of
advanced materials demonstrates an intense desire to constant
enhancement, therefore solidifying photocatalysis as a state-of-
the-art technique.

© 2024 The Author(s). Published by the Royal Society of Chemistry

micropollutants on ecosystems and contributing to a cleaner,
more sustainable future.

10. Conclusion

This comprehensive review article delves into the dynamic field
of photocatalytic degradation of micropollutants, elucidating its
pivotal role in the generation of hydrogen energy from waste-
water. Within this study, we've scrutinized recent advancements
in the photocatalytic degradation of pharmaceutical wastewater
and pesticides, alongside the exploration of dual-functional
photocatalysts. Our principal objective has been to unravel the
potential applications of this technology while shedding light on
its progress. Photocatalytic total water splitting has, for
a considerable time, posed a formidable challenge, necessitating
meticulous scientific and practical considerations. Nonetheless,
the pursuit of photocatalytic hydrogen production combined
with simultaneous pollutant degradation offers a more feasible
and enticing solution. This cutting-edge technology has added
benefit of producing hydrogen in addition to effectively purifying
water through contaminant degradation. This dual functionality
not only reduces costs but also contributes to mitigating envi-
ronmental pollution. Nevertheless, the challenge lies in the quest
for photocatalysts capable of effectively facilitating both reactions
concurrently, which constitutes a pivotal research area. Distinct
pollutants exhibit unique behaviors, necessitating varying
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catalyst materials. Achieving bidirectional selectivity between the
photocatalyst and pollutant is of paramount importance in
achieving optimal performance.
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