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The photocatalytic field revolves around the utilization of photon energy to initiate various chemical

reactions using non-adsorbing substrates, through processes such as single electron transfer, energy

transfer, or atom transfer. The efficiency of this field depends on the capacity of a light-absorbing metal

complex, organic molecule, or substance (commonly referred to as photocatalysts or PCs) to execute

these processes. Photoredox techniques utilize photocatalysts, which possess the essential characteristic

of functioning as both an oxidizing and a reducing agent upon activation. In addition, it is commonly

observed that photocatalysts exhibit optimal performance when irradiated with low-energy light sources,

while still retaining their catalytic activity under ambient temperatures. The implementation of

photoredox catalysis has resuscitated an array of synthesis realms, including but not limited to radical

chemistry and photochemistry, ultimately affording prospects for the development of the reactions. Also,

photoredox catalysis is utilized to resolve numerous challenges encountered in medicinal chemistry, as

well as natural product synthesis. Moreover, its applications extend across diverse domains

encompassing organic chemistry and catalysis. The significance of photoredox catalysts is rooted in their

utilization across various fields, including biomedicine, environmental pollution management, and water

purification. Of course, recently, research has evaluated photocatalysts in terms of cost, recyclability, and

pollution of some photocatalysts and dyes from an environmental point of view. According to these new

studies, there is a need for critical studies and reviews on photocatalysts and photocatalytic processes to

provide a solution to reduce these limitations. As a future perspective for research on photocatalysts, it is

necessary to put the goals of researchers on studies to overcome the limitations of the application and

efficiency of photocatalysts to promote their use on a large scale for the development of industrial

activities. Given the significant implications of the subject matter, this review seeks to delve into the

fundamental tenets of the photocatalyst domain and its associated practical use cases. This review

endeavors to demonstrate the prospective of a powerful tool known as photochemical catalysis and

elucidate its underlying tenets. Additionally, another goal of this review is to expound upon the various

applications of photocatalysts.
1 Introduction

The usage of fossil fuels is causing environmental damage and
perhaps irreversible anthropogenic climate change as a result of
the world's growing need for energy due to population increase
and the fast industrialization of developing countries. Photo-
catalytic technologies have shown a lot of promise in recent
years for reducing environmental pollution and energy crises.1,2

One notable benet of visible-light-driven photocatalysis is its
ability to effectively use solar radiation's enormous energy
content as a clean, affordable, and renewable driving force.
Because visible-light-active photocatalysts are so simple to
hool of Advanced Medical Sciences and

dical Sciences, Shiraz, Iran. E-mail:
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the Royal Society of Chemistry
make and recycle using basic chemical processes, they have
garnered a lot of interest. These photocatalysts' band gap energy
determines how much light they can absorb.1 Presently, visible-
light photoredox catalysis and photocatalytic technology are
regarded as two of the most signicant methods for addressing
the world's energy and environmental problems. Synthetic
organic chemists are always working to create novel organic
reactions that may be carried out in environmentally benign,
sustainable, and green settings, drawing inspiration from
photosynthesis in plants.3,4

The eld of green and sustainable chemistry witnesses the
active participation of both scholars, and entrepreneurs in the
endeavors to formulate chemical processes that are deemed
environmentally sound, economically viable, and highly effec-
tive. The utilization of radical chemistry has emerged as
a powerful methodology in fabricating supple open shell reac-
tive entities, consequently engendering a highly efficient
RSC Adv., 2024, 14, 20609–20645 | 20609
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approach for the prompt synthesis of intricate organic
compounds. Various processes such as thermolysis, radiation,
photolysis, electrolysis, and redox systems can serve as means
for initiating radical reactions. Photocatalysis is a eld that has
been widely utilized in radical chemistry and is considered to be
the most pure and auspicious approach among them.5 Visible
light photocatalysis has seen a sharp rise in research activity in
recent years, indicating that using visible light as a reagent in
conjunction with catalysts has become a compelling topic of
study for the development of effective and selective chemical
transformations.6 In the past, photochemical reactions used
only UV light to excite substrates or reagents by involving high
energy of these light sources, which due to insufficient
absorption of visible light by some molecules did not cover all
reactions. This has changed with the introduction of low-energy
photon photocatalysts (PC) that can be triggered, opening the
door for environmentally acceptable and non-hazardous visible
light to drive sustainable chemical synthesis.7 Light is used as
an energy input in photocatalysis to perform different trans-
formations, and light-absorbing photocatalysts, such as metal-
photocatalysts and organophotocatalysts, are usually used in
catalytic proportions. A substance known as a photocatalyst
absorbs light raises its energy level, and then transfers that
energy to a substance that is reacting to cause a chemical
reaction. New chemical transformations can be developed
thanks to the photophysical characteristics of photoredox
catalysts, which provide visible light-mediated access to excited
species that act as both reductants and oxidants.6

The present study's conclusions can be juxtaposed with the
resurgence of photo-redox catalysis using visible light in organic
synthesis, which provides novel opportunities for the estab-
lishment of synthetic routes using efficacious light-triggered
reactions. The aforementioned attributes contribute to the
widespread utilization of photo-redox catalysis in the compre-
hensive synthesis of intricate organic compounds, as well as the
generation of pharmaceuticals and fundamental components.8

The utilization of photoredox catalysts in organic synthesis has
gained signicant relevance as an expedient method for the
formation of C–C and C–heteroatom bonds through the single-
electron transfer (SET)/photo-induced electron transfer (PET)
mechanism.9 When photoredox catalysts absorb photons in the
visible portion of the electromagnetic spectrum, they form
stable photo-excited states.9 Because it can produce open-shell
species under extremely mild reaction conditions and use
them in numerous transformations that aren't always possible
via ground-state reactivities, visible-light photocatalysis is one
of the most fascinating and thriving areas of organic
synthesis.10 Crucially, the latter also entails the late-stage edit-
ing of intricate molecular architectures, such as medications. As
a result, visible-light photocatalysis has transcended academic
boundaries and grown into a potent tool for numerous phar-
maceutical companies, enabling them to either produce
compounds more effectively or obtain access to entirely new
and patentable chemical entities.11 Furthermore, photoredox
catalysis can be viewed as a green chemistry tool because it uses
light, which is a free and renewable energy source, requires little
in the way of high temperatures, pressures, or harsh conditions,
20610 | RSC Adv., 2024, 14, 20609–20645
and requires little energy consumption.7 Simultaneously, by
reducing the production of undesirable byproducts, the high
chemoselectivities and functional group orthogonality aid in
the purication processes and trash disposal. Therefore,
combining the inherent green qualities of photoredox catalysis
with visible light will accelerate the development of organic
processes that are sustainable and useful for the synthesis of
both drugs and materials. Furthermore, photocatalytic devices'
unique capacity to reveal novel chemical behaviors and propel
atypical reaction pathways opens up new avenues for future
developments in the area.

Since light is the best source of energy, photochemistry and
sustainability are inextricably linked.12–14 However, the synthetic
promise of photochemistry—which opens up novel reaction
pathways not accessible through traditional ground-state reac-
tivity—also drew the attention of chemists. This is because
excited molecules' chemical reactivity is essentially different
from that of the ground state.15 But up until recently, photo-
chemistry remained a niche eld with few real-world uses. The
dispersed absorption characteristics of organic molecules and
the requirement for specialized, high-energy light apparatuses
prevented the broad development of universal photochemical
processes. The introduction of photoredox catalysis has resulted
in a signicant shi in the situation during the last years.12,16

This rapidly expanding eld of synthetic chemistry uses organic
or metal catalysts that absorb light to capture the energy of
visible light and use it to speed up chemical reactions. When
photoexcited catalysts are used to activate substrates by various
processes such as energy transfer, photo-induced electron
transfer, and atom transfer, they can, for instance, make it easier
for access to highly reactive radicals under moderate circum-
stances. Innovation in photocatalysis—in which light is directly
captured by a catalytic intermediate (direct excitation) to
generate unique reactivity molecules—was spurred by the
interest in photoredox catalysis. The possibilities presented by
photochemical catalytic reactions were promptly acknowledged
by the organic chemistry community. To produce molecules
effectively and sustainably, a large number of academic and
industrial researchers are now working on light-driven
processes, many of which lack an equivalent in the ground-
state domain.12 The utilization of photochemical reactions
catalyzed by high-energy UV light has been a prominent tech-
nique in organic synthesis for more than a century, as docu-
mented by various sources.17–19 The remarkable advancements
observed in the realm of photocatalytic reactions propelled by
visible light are causing a resurgence in the utilization of
photochemistry for the synthesis of organic molecules, encom-
passing intricately structured natural products,17 environmental
sustainability, as well as the biomedical and pharmacological
sectors. Additionally, these developments hold signicant
potential for critical applications such as water treatment.
1.1 A study of some review articles in the eld of
photocatalysts

Numerous photocatalysts are employed in organic synthesis
nowadays. Because of their potent ability to absorb both visible
© 2024 The Author(s). Published by the Royal Society of Chemistry
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and ultraviolet light, metal nanoparticle photocatalysts have
garnered attention recently.20 Many examples of effective reac-
tions triggered by light at room temperature or mild tempera-
tures using supported nanoparticles of pure metals and metal
alloys are available today. Here, Peiris et al.20 give a summary of
current studies on the direct photocatalysis of supported metal
nanoparticles for organic synthesis in the presence of light and
talk about important reaction processes that result from light
irradiation. In addition, organic dyes have been used as
a compelling substitute for transition metal-catalyzed photo-
catalysis in recent years.21 Because it is inexpensive and readily
available, rose bengal, an organic dye, has been used extensively
as a photocatalyst in organic synthesis. The main photophysical
characteristics of the dye and its synthetic uses in the synthesis
of C–C and C–X (N, O, S, P, Si, and Se) bonds are outlined in this
review by Sharma et al.21 The other review provides a succinct
overview of heterogeneous photocatalysts with an emphasis on
the relationship between the structural architecture and the
photocatalytic activity and stability. Qu et al. investigated the
progress, challenge, and perspective of heterogeneous photo-
catalysts in their other study.22

Numerous articles have also reviewed the different uses of
photocatalysts. The application of visible light-responsive pho-
tocatalytic technology in water treatment has the potential to
increase water supply by safely using non-traditional water
sources and to improve purifying efficiency.23 The review article
by Dong et al.23 summarizes the recent advancements in the
design and fabrication of visible light-responsive photocatalysts
through a variety of synthetic strategies. These include doping,
dye sensitization, heterostructure formation, and p-conjugated
architecture modications of conventional photocatalysts, as
well as the signicant efforts made in the search for novel
visible light-responsive photocatalysts. Additionally discussed
in connection to water treatment are the photocatalytic capa-
bilities of the generated visible-light-responsive photocatalysts,
including their ability to degrade organic compounds and
inorganic contaminants as well as perform photocatalytic
disinfection. Using titanium dioxide as a “model” semi-
conductor, Ibhadon et al. (2013)24 conducted a review of the
latest advancements in the study and use of heterogeneous
semiconductor photocatalysis for the treatment of low-level
concentrations of pollutants in water and air. Because it
directly uses solar energy to remove a variety of contaminants,
heterogeneous photocatalysis is a sophisticated oxidation
method that has attracted a lot of interest in the eld of envi-
ronmental remediation.2 Wang et al.2 address the principles of
heterogeneous photocatalysis in this review concerning the
environmental remediation of various pollutants, such as
gaseous pollutants, solid wastes, pathogenic microorganisms,
and H2O pollutants. Furthermore, possible semiconductors and
methods for modifying them are methodically covered.

An environmentally benign method that has shown promise
in the breakdown of numerous organic contaminants is pho-
tocatalysis.25 Koe et al.25 provided an overview of photocatalytic
degradation, including photocatalysts, processes, and the
creation of photocatalytic membranes. The mechanism,
synthesis techniques for biomass-supported photocatalysts,
© 2024 The Author(s). Published by the Royal Society of Chemistry
photocatalytic degradation of organic materials in actual
wastewater, photocatalytic reactor designs and their operating
parameters, and the most recent advancement in photocatalyst
integrated membrane were all covered in this review.25 Exam-
ples of how different medications degrade in laboratories have
been evaluated.26 Velempini et al. have examined several strat-
egies for altering metal oxides and synthesis techniques to
increase degrading efficiency.26 A compilation and comparison
of the effects of operational and experimental parameters on
the deterioration process has been conducted. Lastly, a brief
synopsis of the pilot-scale deterioration of medications is also
included. The photocatalytic degradation of six psychiatric
medications—carbamazepine, sertraline, amisulpride,
amitriptyline, diazepam, and alprazolam—was examined and
evaluated in 2024 by Mohamadpour et al.27 They studied these
photocatalytic degradations' effectiveness, route, and mecha-
nism. The underlying mechanism of photocatalytic degradation
of dyes has been elaborated in the other review article.28 The
effects of various experimental parameters like the initial
concentration of dyes, pH of the solution, and catalyst dosage
on the performance of photocatalytic degradation have been
discussed. In 2022, Saeed et al.28 reviewed the photocatalysts
used for photodegradation of dyes in the aqueous medium.

In essence, water splitting is the electrolysis of water, which
is the reduction of water to hydrogen at the cathode and its
oxidation to oxygen at the anode.29 In the other study, Acar
et al.30 address the state of the art and potential directions for
future research in the development of photocatalysts for visible-
light-driven water-splitting hydrogen generation. Results of
a technical, nancial, environmental, and health impact
assessment and ranking of photocatalyst groups based on
SrTiO3, TiO2, Zn/In/S, Ta/O, Cd/S/Zn, K/Ti/O, and Ga/Zn/O are
reported.30

As presented above, most of the review articles published in
the eld of photocatalysts have studied one or a few elds of this
vast eld. There is a need to examine both the fundamental
principles in the eld of photocatalysts and photocatalytic
reactions, as well as the study of reactions and the mechanism
of activity, and also, mention some examples of the activities of
photocatalysts in various elds such as biomedicine, environ-
mental pollution management, and water splitting, etc. Our aim
in this review is to show the potential of a powerful tool called
photochemical catalysis and to clarify its basic principles,
fundamentals of photocatalysts, mechanism of photochemical
reactions, and recent advances in the development of their
applications.
1.2. Summary

In recent years, photocatalytic processes and the use of solar
energy and visible light as renewable energy sources are envi-
ronmentally friendly methods that are consistent with univer-
sities and industry's environmental awareness when energy-
related crises, the use of fossil fuels, and environmental pollu-
tion become pandemic problems. Photocatalysts in photo-
catalytic processes raise their energy level and start fresh
chemical reactions by absorbing light. Because it needs
RSC Adv., 2024, 14, 20609–20645 | 20611
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moderate reaction conditions, few side products, renewable
energy sources, and very little photocatalyst, this approach is
exceptionally useful in the disciplines of organic synthesis,
biomedicine, and environmental pollutant transformation.
Furthermore, it doesn't need for high temperatures.
2. History of photocatalysis

The term “photocatalysis” originates from the Greek language
and is formed by combining two words: “photo” (which means
“light” in Greek) and “catalysis” (derived from the Greek verb
“katalyo”, meaning “to break apart” or “to decompose”).31 In the
realm of scientic discourse, photocatalysis denotes
a phenomenon wherein a photocatalyst is stimulated by light,
leading to an expedited rate of chemical reaction without the
need for direct participation of the photocatalyst. The term
“photocatalysis” has been a subject of substantial confusion
and debate regarding its precise denition. However, it has
been officially determined by the International Union of Pure
and Applied Chemistry (IUPAC) that the term “photocatalysis”
is restricted to reactions that occur in the presence of a semi-
conductor and illumination. Photocatalysis was rst docu-
mented in the book Allgemeine Photochemie by Plotnikow in
1936.32 Aer an elapsed period of nearly forty years, certain
scholars initiated inquiries into the surface examination of
photocatalysts, including but not limited to TiO2 and ZnO.
During this period, certain individuals within the workforce
postulated the feasibility of utilizing solar radiation as a poten-
tial source of power. In 1972, Fujishima and Honda33 performed
an experiment involving the photolysis of water within a pho-
toelectrochemical cell utilizing a semiconductor electrode
composed of TiO2. This seminal work introduced signicant
impetus to the study of photocatalysis. This marked the genuine
outset of the corresponding eld. During the 1980s and 1990s,
an extensive body of work was carried out to elucidate the
underlying kinetics and to enhance the photocatalytic efficacy
of titania. Recently, there has been a trend towards employing
semiconductor materials as a photocatalyst to address issues
concerning the purication of air and water sources, as well as
in the elimination of toxic organic pollutants, and both indus-
trial and medical applications.31,34
2.1. Homogeneous photocatalysts

The phenomenon wherein the reactant and photocatalyst are
present in the identical phase is referred to as homogeneous
photocatalysis in scientic discourse. Homogeneous photo-
catalysts, such as coordination compounds, dyes, and natural
pigments, have been widely recognized as prevalent agents in
catalytic processes.31 For organic synthesis, homogeneous
photocatalysis is a tried-and-true method.35 Strada et al.36

provided a workable substitute for the employment of strong
acids and unforgiving conditions bymaking use of the acidity of
photo-excited molecules to promote C–C and C–S bond forma-
tion activities, as described in the reference article.35 Iron-based
organometallic complexes have been used under visible light
irradiation to reduce CO2 into CO.37 While ruthenium
20612 | RSC Adv., 2024, 14, 20609–20645
complexes with pyridine–quinoline or terpyridine ligands were
used in the atom transfer radical addition of haloalkanes to
olens,38 the effects of certain reaction parameters were studied
for the photodimerization of 2-anthracenecarboxylate catalyzed
by platinum(II) complexes.39
2.2. Heterogeneous photocatalysts

In the present category, the reactant and photocatalyst are
present in distinct phases. Heterogeneous photocatalysts,
specically transition metal chalcogenides, are widely prevalent
and possess distinctive features.31 One example of an advanced
oxidation process (AOP) that has received a lot of attention in
recent years is heterogeneous photocatalysis, which is used to
remove medicinal chemicals from aqueous media.40 In this
environmental application, a semiconductor solid catalyst that
is activated by light with a specic energy is present, and this
accelerates the breakdown of contaminants (in the aqueous
phase). Generally speaking, a wide range of medications can be
oxidized by highly reactive species produced by heterogeneous
photocatalysis, primarily hydroxyl radicals (cOH), holes (h+),
superoxide ions (O2c

−), and peroxide radicals ðHO�
2Þ. The

organic contaminant is successfully mineralized in its whole in
several instances.41–43 Much study has been done on the subject
in both water and municipal wastewater. Pharmaceuticals
found in actual and articial hospital wastewater have been
removed so far using solid semiconductors such as tungsten
oxide (WO3), zinc oxide (ZnO), zirconium oxide (ZrO2), titanium
dioxide (TiO2), and cerium oxide (CeO2). In addition, g-C3N4

and g-C3N4/SrTiO3, immobilized TiO2, immobilized ZnO, doped
TiO2, composite catalysts (cadmium sulde (CdS)/TiO2), and
graphene-based photocatalysts have also been employed.40

2.2.1. Graphitic carbon nitride (g-CN). While research is
still ongoing to determine the catalytic mechanism behind the
photoinduced redox reactions, g-CN has emerged as a potential
metal-free photocatalyst.44 Graphitic carbon nitride (g-CN) is
a two-dimensional (2D) conjugated polymer that has garnered
signicant interest due to its distinctive characteristics, absence
of metal, and ease of synthesis from low-cost, nitrogen-rich
organic precursors.45–47 To create a 2D planar array, polymeric
g-CN is made up of heptazine-based melon chains that are
tastefully put together in a zigzag pattern and rmly connected
by hydrogen bonds.48,49 Carbon and nitrogen undergo sp2

hybridization, which results in a particularp-conjugated system
with a modest band gap of around 2.7 eV with appropriate
band-edge locations. This band gap allows the photoinduced
electrons and holes to be thermodynamically active for a variety
of catalytic events.50 Polymeric g-CN has been thoroughly
studied over the last years as a versatile photocatalyst for
a variety of uses, including hydrogen evolution,51–53 CO2 reduc-
tion,54,55 water treatment, and environmental cleanup,56,57 and
articial photosynthesis.58,59 Moreover, the metal-free layered
material known as graphite-like carbon nitride (g-C3N4) has
garnered a lot of interest in the eld of materials research
because of its possible uses in catalysis,50 fuel cells,60 and
batteries.61 Particularly, the layered g-C3N4 with ABA stacking of
nitrogen and carbon atoms' hexagonal planes shows band
© 2024 The Author(s). Published by the Royal Society of Chemistry
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transport of semiconducting material in the p-conjugated
system as a result of the C and N's sp2 hybridization. This
compound has been employed as a photocatalyst to break down
organic pollutants and split water.62 The energy levels of the
valence and conduction bands of g-C3N4 as well as its band gap
(about 2.7–2.9 eV, depending on the condensation) are
substantial enough to overcome the endothermic requirement
of the water-splitting process. For solar hydrogen synthesis, the
g-C3N4 shows an inadequate quantum efficiency, nevertheless.
The ineffectiveness of the g-C3N4 photocatalyst non-segregating
and transferring charges for chemical reactions resulting from
its disordered structure or aws created during crystal forma-
tion might be one explanation for its low quantum efficiency. At
these particular surface termination locations, the electron and
hole are likely recombined, which lowers the photocatalytic
activity.63

2.2.2. Metal–organic framework (MOFs). Metal–organic
frameworks (MOFs) are structurally exible materials that easily
undergo deformation in response to external stimuli such as
pressure, temperature, and certain aqueous conditions (such as
salinity and pH level) as well as light intensity. MOFs have
shown tremendous promise in some sectors, as seen by the
recent advancements in their use as photocatalysts.64 Theoret-
ically, coordination bonds can form endless lattices of porous
crystals called MOFs between organic linkers like multidentate
bridging ligands and metal clusters like secondary building
units (SBUs).65,66 MOFs have been proposed widely for applica-
tions in photocatalysis,67 magnetism,68 electro-conductivity,69

sensing,70,71 and electronics72 since the late 1990s. Because of
the structural characteristics of the metal nodes and organic
linkers containing chromophores, MOFs have potential band
gaps in photocatalytic applications ranging from 1.0 to 5.5 eV.67

As a result, by adjusting the structure and composition of
MOFs, their photo-electronic and catalytic characteristics may
be greatly enhanced.73 MOFs in particular make excellent pho-
tocatalysts because it is easy to modify the organic linkers and
metal nodes to increase photon absorption and catalytic
activity. Additionally, the true structural characteristics of MOF
crystals, such as their uniform channels and cages, provide an
efficient way for mass transfer to occur during photocatalysis,
leading to a high rate of photocatalysis.73–75 Because MOFs have
a wide range of inorganic and organic elements, they will be
highly sought aer for catalytic applications such as water
splitting in the future. The following are some of the most
popular advantages of MOFs and MOF-based composites for
use as catalyst: (i) every building component, including organic
ligands, metal nodes, and channels, is modiable, yielding
a range of sizes, shapes, and functional areas; (ii) both metal
nodes and organic ligands are used as light-harvesting and
catalytic centers, increasing the active surface area and reducing
the distance over which photogenerated charges are trans-
mitted; (iii) the structure's porosity enables the encapsulation of
extra functional components to produce unique composites
and accomplish synergistic catalysis; (iv) the substratummay be
given a special chemical environment by nanopores that, like
the secondary structure of the active site, can interact with the
catalytic active site and improve its activities and selectivity; (v)
© 2024 The Author(s). Published by the Royal Society of Chemistry
single-site catalyst loading and molecular simulation of the
natural photosynthesis system can be done with precise control
over the metal–ligand contact; (vi) MOFs to create specic
functional metal complexes may be used as a precursor to get
new structures that cannot be obtained using conventional
techniques.76

2.2.3. Covalent organic frameworks (COFs). In the pres-
ence of a sacricial electron donor, covalent organic frame-
works (COFs), a novel class of crystalline and porous organic
materials assembled77 through the covalent connection of
building blocks,78 have demonstrated excellent visible-light-
driven photocatalytic activity for the hydrogen evolution reac-
tion (HER). These remarkable benets include (1) outstanding
capacity to absorb visible light and stability of structure;79 (2)
organized pores in porous materials that promote mass transfer
and reveal active spots;80 (3) a tremendous chance to ne-tune
band structures is provided by structural variability;81 (4)
controllable electron separation capability by molecular design
of the donor-receptor molecule module.82 Nevertheless, the
whole water-splitting activity of covalent triazine frameworks
(CTFs) has not been reported, except for a few COFs, and the
majority of them merely drive the individual half-reactions of
hydrogen and/or oxygen evolution. Because of their photoelec-
tric qualities and adjustable pore structure, covalent organic
framework (COF) materials have generated a lot of attention in
photocatalytic applications. A distinct regulating function for
protons, electrons, photons, and other quantum-scale reaction
groups is provided by the high connement effect of COF's
regular nanopore.83 COFs are porous, organized crystalline
compounds with strong covalent connections connecting
organic building blocks to form innite lattices. The main
constituents of COFs are light, nonmetallic elements including
C, H, O, and N.84–87 The ability to create COFs from precisely
specied molecular building blocks sets them apart from
conventional inorganic materials. This is made possible by
crystal engineering's hierarchical nanopore structure and
trustworthy molecular synthesis. Its use in the domains of
separation, gas storage, and molecular sensing is facilitated by
its hierarchical and programmable nanopore structure.88–92
2.3. Coordination compounds

Metal complexes have long been recognized to be photosensi-
tive.93,94 Scheele's (1772) publication on the impact of light on
AgCl was the rst to have some scientic qualities, and by the
1830 s, photography was starting to gain traction in some
nations.95 Very early on, it was also recognized that other metal
complexes, in particular [Fe(CN)6]

4−, were light-sensitive.94

Research on Fe3+ and UO2
2+ complexes was conducted in the

next years to nd practical chemical actinometers.96 Some
quantitative investigations on the photochemical behavior of
[Fe(CN)6]

4− (ref. 93) have also been published; however, any
mechanistic explanation of the observed photoreactions was
hindered by the absence of a theory regarding the absorption
spectra and the nature of the excited states. The ligand eld
theory research97 and the initial attempts to explain the charge-
transfer bands98,99 allowed for the beginning of the
RSC Adv., 2024, 14, 20609–20645 | 20613
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interpretation of the absorption spectra in the late 1950s. When
a number of metal complexes of the bipyridine type were
described spectroscopically in the late 1960s, [Ru(bpy)3]

2+ (bpy
= 2,20-bipyridine) was found to have red luminescence, which
was attributed to its lowest triplet metal-to-ligand charge-
transfer excited state, 3MLCT.100,101 Not long later, it was
discovered that [Ru(bpy)3]

2+ may act as a photocatalyst for the
breakdown of water into hydrogen and oxygen due to its pho-
toredox characteristics.102 Coordination compound utilization
as photocatalysts for organic pollutant degradation,103,104 CO2

reduction,105 and Cr(VI) reduction106,107 has been the subject of
several publications published recently. When compared to
conventional semiconductor photocatalysts such as TiO2, ZnO,
Fe2O3, CdS, GaP, and ZnS, photocatalytic coordination
compounds have several advantages. These include the ability
to clarify the structure–property relationships of solid photo-
catalysts due to their well-dened crystalline structures; the
ability to rationally design and ne-tune these catalysts at the
molecular level due to their modular nature; and the ability to
quickly transport guest molecules through open channels due
to their intrinsic porosity and high surface area.103,104

According to the ndings examined in the literature
research,105 coordination compound photochemistry has pro-
gressed through four phases thus far: (1) studies of intra-
molecular photochemical reactions (ligand photosubstitution,
photoredox breakdown, photoisomerization); (2) nding of
intrinsically photo-stable, luminescent compounds and their
application in bimolecular energy and electron transfer
processes; (3) integration of photostable and luminescent
complexes in supramolecular (multi-component) systems to
comprehend the importance of nuclear and electronic factors in
dictating the rates of energy and electron transfer processes; (4)
utilization of coordination compounds as fundamental
building blocks for the bottom-up development of straightfor-
ward, light-powered nanoscale machines and devices.

Mixed ligands have been introduced to achieve a new level of
rational design due to the synergistic interaction of diverse
ligands with metals and subsequent networking, resulting in
more complex and innovative structures. The solubilities of the
ligands, their competition for coordination with the metal ions,
thermodynamic and dynamic equilibria, and other factors are
important concerns in such systems.108 In addition to their
diverse coordination modes, multicarboxylate ligands like
(H4qptb), (H2dczpb), and (H2odpa) have been employed as
multifunctional organic ligands and counterions because of their
capacity to function as hydrogen-bond donors and acceptors
during the assembly of supramolecular structures.103,109–112
2.4. Dyes and pigments

Over 4000 years have passed since the beginning of the textile
dying business.113 Natural sources provided the dyes for all
except the last 150 years.114 The major shi in dyes occurred
aer William Henry Perkin discovered Mauveine in 1856 while
attempting to gure out how to synthesize Quinine, a medica-
tion that treats malaria, a disease that plagues many tropical
nations.115 Thus, Henry Perkin created a new type of dye in an
20614 | RSC Adv., 2024, 14, 20609–20645
attempt to manufacture quinine.116–119 The 21st century has
seen a surge in the use of color prediction by several large
pigment and dye manufacturers. Pigments are insoluble and
stay in the form of particles, while dyes are synthetic organic
compounds that dissolve in water or oil.120 Various organic dyes
are used in textiles to color various items.121 Their chemical
structures are numerous and include colors with highly distinct
chemical and physical characteristics, such as azo and nitro
dyes, phthalocyanine dyes, and diarylmethane dyes.122 Complex
unsaturated chemical compounds called dyes are what absorb
light and give the visible world color.123 Furthermore, a dye is
a material with a chromophore—the ability to absorb a portion
of the visible spectrum. The portion of light that is refracted
rather than absorbed by the dye determines the hue. Conju-
gated double bonds provide a chemical structure that is
advantageous for light absorption. Thus, aromatic amines are
frequently found in colorants.124 The ability of dyes to absorb
light in the visible range (380–750 nm) is what denes them.
Chromatophoric groups, which are specic clusters of atoms,
selectively absorb energy and change white light into colored
light when it reects off of a body or diffuses through the air.
The chemical makeup of the various chemicals is related to how
intensely colored they are.125 A dye is a substance that can
absorb specic light radiations and then reect the colors that
are complimentary to them.126 Natural substances like beetroot
are used to make colors before the middle of the 19th
century.127–129 Plants, insects, and animals as well as minerals
can be used to make natural dyes.130 They produce effluent that
may be handled by biodegradation and are oen less toxic and
allergic than synthetic colors.131 The chromophore, autoch-
rome, and matrix are the three key groups that make up the
molecules of dyes, which are organic compounds.132 The chro-
mophore, which is the dye's active site, can condense the spatial
localization of atoms that absorb light energy. Chromophore-
containing compounds are widely used in surgery, and
synthetic dyes are becoming more and more common than
naturally occurring optical adjuncts.113,133 Organic dyes are one
of the numerous substances that have been and are currently
used to assess photocatalytic activity. Typically, dyes are
grouped based on their chromophores. The primary dye cate-
gories are included in Table 1,134 along with an estimate of the
number of publications on the photocatalytic degradation of
each dye under UV and visible light. Using “photocatalysis,”
“visible light” (or “UV light”), and “a specic name of dye (in
both its formal and its commercial name)” as keywords, the
calculation is based on the SciFinderTM data source. The dyes
that have been examined the most are thiazine dyes (methylene
blue predominates in 37% of thiazine papers), followed by
xanthenes (rhodamine B predominates in 30% of xanthenes
manuscripts). Azo dyes rank only fourth in the world, although
controlling between 50% and 70% of the market worldwide
and, therefore, signicantly contributing to the environmental
problem. As can be seen from the chart, there are more papers
on visible light photocatalysis of dyes than there are on UV light
photocatalysis for every category of dye. For xanthenes (2.18)
and thiazines (1.80), the ratio of manuscripts on visible light
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The photocatalytic degradation of dyes under UV and visible
light134

Class UV Visible

Anthraquinones 238 390
Azo dyes 1285 2006
Natural dyes 187 303
Thiazines 7496 13 471
Triarylmethanes 1439 2758
Xanthenes 5625 12 244
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photocatalysis to UV light photocatalysis is greater. For azo
dyes, the ratio is very low (1.56), as reported in ref. 134.

2.4.1. Photoredox cycle catalyzed by dye.When visible light
is applied to dye in the ground state, it produces the high-energy
excited state of dye (Dye*), which initiates the photoredox cycle.
The two distinct pathways from dye in the excited state (Dye*)
are used to illustrate the visible light photoredox catalysis
process. The feature of Dye* reductive can be utilized when
there is a sacricial electron acceptor present. Stated differently,
Dye* acts as an electron donor and leads the radical cation
species of Dye. Dye* also functions as an electron acceptor in
the presence of a sacricial electron donor (Fig. 1).135 In
summary, regardless of whether the substrate engages in an
electron transfer (ET) reaction during the turnover phase or the
photo-induced electron transfer (PET) step, there are three
primary redox outcomes for the substrate in either quenching
manifold: net oxidative, net reductive, and net redox-neutral.136
2.5. Summary

The photocatalyst is stimulated by light radiation, which speeds
up chemical reactions. Photocatalysts, both homogeneous and
heterogeneous, are widely used to regulate bond formation, CO2

reduction, complex oxidation, breakdown of environmental
pollutants, and extraction of medicinal components from
wastewater. The unique properties of graphitic carbon nitride
(g-CN), including its lack of metals, and metal–organic frame-
works, or MOFs, are readily deformed by external stimuli due to
its exible structure and porous crystal nature. Coordination
Fig. 1 Photoredox cycle catalyzed by dye.135

© 2024 The Author(s). Published by the Royal Society of Chemistry
compounds, which are unsaturated organic substances that
add color to the visible region by absorbing light, and dyes,
which are unsaturated organic substances that facilitate the
rapid transport of guest molecules through the open channel,
are among the compounds whose photochemistry has been
studied and have wide applications in photocatalytic processes.
3. Visible light and photoredox
catalysts

Approximately one hundred years prior, Ciamician realized that
“light” possesses the potential to serve as a plentiful and
sustainable means of energy for the execution of eco-friendly
chemical reactions.13 Photochemistry and photocatalysis, facil-
itated by photoinduced electron transfer (PET) have demon-
strated signicant applicability in the eld of organic
synthesis.137–139 The constraints posed by the insufficient
absorption of visible light by several organic molecules have
impeded the widespread utilization of photochemical
synthesis. The utilization of visible light-absorbing photo-
catalysts and their associated electron/energy transfer mecha-
nisms to elicit photochemical reactions in organic molecules
represents a promising approach to surmounting the afore-
mentioned constraint.137 Recently, synthetic chemists have
discovered that photoredox catalysts are effective instruments
for harnessing the energy derived from the absorption of low-
energy light in the visible spectrum to start a range of organic
reactions. Synthetic chemists' perspectives on photochemistry
and redox manipulations of organic molecules have undergone
a paradigm shi in the last few years due to the development of
techniques based on the single electron transfer characteristics
of photoredox catalysts.140 Photoredox arylations mediated by
visible light can occur in extremely mild settings, making them
a desirable substitute.141 Using photoredox catalysts (PCs) made
of precious metals, photoredox catalysis was a exible method
for creating difficult covalent bonds under mild reaction
conditions. Therefore, the development of organic equivalents
was necessary as long-term substitutes.142 With the absence of
costly and hazardous transition metals, remarkable advance-
ments have been achieved in the creation of organic photoredox
catalytic cascade reactions under visible light irradiation. The in
situ production of different radical species in the photoredox
catalytic cycles is crucial to these conversions. Using this
effective and long-lasting procedure, many building blocks with
potential applications in chemistry and biology have been
created.143 Strongly decreasing, visible-light organic PCs are still
lacking, despite the introduction of numerous organic PCs
recently.142
3.1. Photochemical reactions caused by visible light

In recent years, the utilization of visible light-mediated reac-
tions has become increasingly recognized as a highly effective
approach for instigating diverse organic transformations in
a gentle manner. Consequently, this methodology has attained
considerable signicance in the realm of sustainable chem-
istry.144 Photoredox catalysis has been widely recognized as
RSC Adv., 2024, 14, 20609–20645 | 20615
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a notable breakthrough in chemical synthesis, offering an
effective approach for inducing radical cyclization6 as well as
enabling the development of innovative pathways for C–C and
C–X bond formation in heterocyclic chemistry.145,146 Further-
more, this element has been discovered to possess a multitude
of signicant utilities in various elds, including green
synthesis,137 radical chemistry, and photochemistry. Photo-
redox catalysts leverage a sustainable energy source to facilitate
chemical reactions by absorbing visible light radiation and
transferring it to low-energy organic substrates via amechanism
known as single-electron transfer (SET).7
3.2. Summary

Ecologically friendly organic synthesis is made possible by
photochemical and photocatalysis processes, which harness the
power of light. Oen, an electron transfer mechanism or energy
transfer is used with a radical cyclization method to accomplish
these syntheses. Due to their immense capacity to absorb visible
light, convert solar energy into chemical energy, and then
transfer that energy to low-energy organic substrates through
a process known as SET, photoredox catalysts are now widely
used in water splitting and solar energy storage. Additionally,
photoredox catalysts create novel pathways for the synthesis of
complex compounds with possible medicinal applications by
generating C–C and C-X bonds in heterocyclic chemistry.
4. Photochemical approaches

One potent tactic that enables the creation of a high degree of
molecular complexity from relatively simple building blocks in
a single step is the application of photochemical reactions. A
fundamental characteristic of all changes induced by light is the
presence of electrically excited states, which are produced when
photons are absorbed. This results in the production of tran-
sient reactive intermediates and modies a chemical
compound's reactivity considerably. Thus, the energy input
from light provides a way to create strained and distinct target
compounds that are not amenable to assembly through thermal
protocols. With the use of photochemical transformations, one
may easily obtain scaffolds with a variety of structural and
stereochemical properties. Complex polycyclic carbon skeletons
with remarkable efficiency are potentially achievable by
synthetic designs based on photochemical reactions, and are
highly valuable in total synthesis.18 Promising options for
environmentally benign organic synthesis are photoinitiated
reactions. Making somewhat stable organic compounds reac-
tive is the main goal of organic chemistry. This can be achieved
by cleaving a covalent link, polarizing it (for example, by
complexation or by generating a hydrogen bond), or weakening
a covalent bond (for example, via complexation or adsorption
on a catalyst surface). The deprotonation of a carbonyl or
carboxyl derivative to form an enolate is an example of the nal
option, which requires more energy and control over the
medium and is likely the most frequently employed method for
the formation of the carbon–carbon bond.147 Since a chemical
compound's electron conguration determines its reactivity, it
20616 | RSC Adv., 2024, 14, 20609–20645
is clear that the photochemical reaction conditions signicantly
increase the number of transformations of a compound family.
Photochemical reactivity is frequently complementary to
ground-state chemistry.148 A molecule's electron conguration
changes as a result of light absorption. The utilization of light-
emitting diodes (LEDs) exhibiting a capacity to generate high-
intensity visible light in a limited spectral range for each color
has facilitated the availability of cost-effective and energy-
efficient lighting options for photocatalytic applications. This
development has been acknowledged by the scientic commu-
nity and has been documented extensively.149 Due to the lower
energy content of visible light compared to ultraviolet irradia-
tion, classical photochemical reactions oen exhibit a higher
degree of selectivity, predictability, and controllability.149
4.1. Summary

The desire to employ visible light as a sustainable energy source
and to optimize the energy efficiency of chemical reactions has
led to an increase in the use of photocatalytic processes. The
effectiveness of photocatalysis has been attributed to the use of
light-emitting diodes (LEDs) that can produce high-intensity
visible light in a dened spectral range for each color. These
components will open the door for the process's industrial use
by allowing photochemical reactions to happen more oen and
on a greater scale.
5. Fundamentals of radical reactions

Radicals are known to be exceedingly active intermediate
species that exhibit reactivity towards a wide range of organic
molecules, including solvents. Notably, the characteristic that
distinguishes radicals is their swi reactivity, commonly at rates
regulated by diffusion, when they encounter one another. Thus,
the greater the extent to which radicals are generated, the
swier their dissipation will occur. “Radicals are characterized
by their impatience, as a succinct descriptor.” The positive
aspect of impatience can be attributed to the proactive nature of
individuals with radical views, who display a distinct inclination
towards swi action and execution.150,151 Free radical species
have long been recognized as intermediaries in a wide range of
chemical processes. Due primarily to their lack of selectivity,
their employment in the synthesis of specialty chemicals
(homogeneous, low molecular weight compounds) has been
restricted. Nonetheless, several carefully “designed” radical
reactions that produce high yields of targeted chemicals have
been found in recent years. It is now evident that free radical
reactions have become an essential component of synthetic
methods in many laboratories due to the signicant growth in
interest in this area of organic synthesis.152 Compared to more
traditional ionic transformations, radical reactions are known
to have a variety of benets.153,154 As part of this, mild and
neutral reaction conditions are used instead of basic or acidic
ones, which might encourage the breakdown or epimerization
of delicate organic molecules in ionic processes. Numerous
effective radical reactions, such as tandem and cascade
sequences, have been discovered.155 These reactions can
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Quenching route of photoredox catalyst.159
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produce many carbon–carbon bonds in quick “one-pot” trans-
formations. Because of the misconception that all radical
reactions are unpredictable and nonselective, the use of radicals
in synthesis has frequently been overlooked despite these
benets. This is especially true for the stereoselective synthesis
of asymmetric compounds, where the synthetic chemist's
preferred tools are ionic and pericyclic processes. But things are
slowly starting to change, and it turns out that there are
a number of highly stereoselective radical reactions that
potentially provide an alternative to traditional techniques.156

These advancements have been made feasible by our growing
understanding of the key variables inuencing radical
processes. This involves a deeper comprehension of the
signicance of radical polarity, steric effects, stereoelectronic
effects, and bond dissociation energies in radical
reactions.153,157
5.1. Summary

These days, radical chemistry and radical reactions have
a special place in chemical processes and heterocyclic chemistry
due to their high reactivity. From the point of view of chemical
synthesis, radical reactions have two advantages: high yields
and rapid addition to molecules. Because of this feature, free
radical species have been known as intermediates of chemical
reactions for years.
6. Mechanism of activity of
photoredox catalysts

When given the proper electronic structure, organic and
organometallic complexes can function as visible-light photo-
sensitizers (PS) or photocatalysts, capturing visible photons and
facilitating the transfer of electrons or energy to an organic
substrate or another catalyst for subsequent usage.158 In the
past century, a multitude of unconventional bond formations in
organic chemistry have been made possible by the identica-
tion, advancement, and use of light-mediated catalysis. The
study of photocatalysis has had a notable resurgence in recent
times, and this has led to the development of numerous novel
bond-forming protocols and synthetic techniques.16 In the eld
of photocatalysis, photonic energy is directed toward a specially
designed photon-absorbing catalyst (a photocatalyst), which,
when excited, can cause a companion substrate, reagent, or
secondary catalyst to participate in novel reaction pathways that
were not previously possible under thermal control. This
growing list of generic activation modes is known as photo-
catalysis. The most popular methods used by photocatalysts to
selectively activate molecules while converting light into
chemical energy are (i) energy transfer, (ii) organometallic
excitation, (iii) light-induced atom transfer, and (iv) photoredox
catalysis.16

Transition metal complexes and organic dyes are two forms
of photoredox catalysts (PC) that can valorize sunlight as
a cheap, abundant, and clean renewable energy source. Visible
light irradiation of the PC results in long-lifetime photoexcited
states (PC*). The photoexcited state (PC*) can be readily
© 2024 The Author(s). Published by the Royal Society of Chemistry
involved in a bimolecular electron-transfer event to release or
capture one electron to or from the molecule, in contrast to the
ground state (PC).159,160 PC* took an electron from a reductant
[Red] or a substrate [Sub] during the reductive quenching cycles,
producing the radical anion [PC]c− and then oxidizing it
(Fig. 2a). Most of the time, photoredox processes involving
oxidative quenching cycles are used to functionalize C–H
bonds. In this case, the photocatalyst [PC]c+ produces a radical
cation that is subsequently reduced when PC* donates an
electron to either the substrate [Sub] or an oxidant [Ox] in the
reaction mixture (Fig. 2b). Such single electron transfer (SET)
occurrences have led to improved radical generation and
provide a fresh life to radical transformation in synthesis.159
6.1. Summary

The development of photocatalysis has made it possible to
perform complex reactions and create new bonds. This occurs
when the photocatalyst absorbs a photon of visible light and
transitions from its ground state to its excited state, potentially
involving the participation of a substrate, reagent, or secondary
catalyst in the reaction pathways. A new partnership that was
previously unattainable. The cheap and renewable energy of
visible light is converted into chemical energy during this process.
7. Fundamentals of photocatalytic
reactions

The literature9,161 indicates that the use of photo-redox catalysts
for the formation of C–C and C–heteroatom bonds via the
single-electron transfer (SET)/photo-induced electron transfer
(PET) pathway has become more signicant in contemporary
organic synthesis. Visible light absorption allows photoredox
catalysts to reach their stable photoexcited states.9 Visible light
and dual photosensitized electrochemical technology are used
in a variety of ow reactors162 that have been found, leading to
designs that are affordable, environmentally friendly, and
extremely efficient.9,163
RSC Adv., 2024, 14, 20609–20645 | 20617
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Fig. 4 Oxidative quenching-reductive activation.174

Fig. 5 Reductive quenching-oxidative activation.174
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7.1. Photoinduced-electron transfer (PET)

In contrast to ground states, electronically stimulated states
simultaneously exhibit much higher reduction and oxidation
characteristics.164 Marcus's study,165 which won him a Nobel
Prize, contributed to the understanding of photo-induced
electron transfer (PET) as a crucial stage in many photochem-
ical processes.164 A charge-separated state made up of the
acceptor radical anion and the donor radical cation is formed
via photoinduced electron transfer (PET) from a donor (D) to an
acceptor (A).166–168 D and A coexist in the same molecule during
an intramolecular PET process, but they correspond to distinct
molecules during an intermolecular PET.166 To effectively
quench PET with a separation between donor and acceptor on
the sub-nanometer length scale, contact formation (van der
Waals contact) is required.169 Also, PET plays a crucial role in
several chemical and biological contexts, such as photovol-
taics,170 photoluminescence sensors and switches,171,172 as well
as articial and natural photosynthesis.166,173

The present study174 delineates the general framework of
photoinitiated PET (photoinduced electron transfer) processes
used for synthetic purposes. This framework is illustrated by
a catalytic triangle, as depicted in Fig. 3,174 and comprises three
successive stages, specically photoexcitation (induced either
through direct means or by sensitization), electron transfer, and
the re-establishment of the ground state by the catalytically
active species. Electronically excited states possess unique
properties, namely their ability to function as both superior
oxidants and reductants. As such, the quenching of these states
may transpire through either oxidative or reductive quenching
pathways, as previously noted.174 The aforementioned adjectives
pertain to the transformation of the catalyst/sensitizer into the
respective ion radicals, namely the anion radical through
reductive quenching and the cation radical via oxidative
quenching. The acoustic emission spectroscopy data, as pre-
sented in Fig. 4,174 illustrates the phenomenon of oxidative
quenching, which is observed alongside the reductive activation
of the acceptor A.174 The process of terminal restoration can be
initiated through the utilization of a sacricial donor or through
the application of negatively charged product molecules, which
can effectively mitigate the catalyst radical cation, as reported in
the literature174 (Fig. 5).
Fig. 3 Photocatalytic triangle.174

20618 | RSC Adv., 2024, 14, 20609–20645
7.1.1. Photocatalytic reactions with acridine yellow G (AYG)
through a photoinduced-electron transfer (PET) pathway. The
utilization of photo-redox catalysts for the production of C–C
and C–heteroatom bonds through the single-electron transfer
(SET)/photo-induced electron transfer (PET) pathway has
gained considerable signicance in contemporary organic
synthesis, as evidenced by the literature.9,161 Photoredox cata-
lysts attain their stable photo-excited states through the
absorption of visible light.9 Numerous ow reactors162 have
been found to exploit the utilization of visible light and dual
photosensitized electrochemical technology, leading to cost-
effective, environmentally friendly, and highly efficient
designs.9,163 Various terms have been attributed to the acridine
dye in question, including basic yellow K, 3,6-diamino-2,7-
dimethylacridine, and acridine yellow H107. Acridine yellow G
has gained considerable attention in the eld of cytology owing
to its remarkable uorescent properties.161,175,176 In particular,
acridine yellow G has been employed for DNA staining in
chromatographic techniques,177 uorescent marker labeling,178

impurity residue detection using spectrophotometry,179,180 and
photocatalysis.181–183 AYG has been reported to exhibit photo-
sensitizing184 and photodynamic (antibacterial)185 actions.186

Acridine yellow G is a crystalline powder of dark orange to dark
brown hue, as reported in ref. 161. Upon dissolution, the crys-
talline powder of Acridine Yellow G undergoes a transformation
which results in the production of a transparent yellow solution
that exhibits a greenish glow. The observed melting point of the
substance is 281 °C, its boiling point is 509.8 °C, and its
documented molecular weight is 273.76 g mol−1. The results
obtained indicate that alterations in the pH level of the
surrounding environment considerably affect the absorption of
AYG within the UVA-visible range of the solar spectrum.161 The
observed phenomena exhibit a narrowing of the dominant
© 2024 The Author(s). Published by the Royal Society of Chemistry
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spectral band, possessing a maximum wavelength of 440 nm, as
the pH level increases. According to existing research,182 an
elevation in pH levels can lead to a decline in the quantity of
photons that AYG is capable of absorbing. This, in turn, can
Fig. 6 An approach to the synthesis of tetrahydrobenzo[b]pyran scaffol

© 2024 The Author(s). Published by the Royal Society of Chemistry
cause a reduction in the effectiveness of the process. The photo-
induced electron transfer (PET) mechanism through which AYG
functions as a photocatalyst has been previously reported in the
literature ref. 161 and 187.
ds.161

RSC Adv., 2024, 14, 20609–20645 | 20619
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Recently, AYG has been used for the radical metal-free
synthesis of tetrahydrobenzo[b]pyran scaffolds (Fig. 6),161 and
synthesis of dihydropyrano[2,3-c]pyrazoles (Fig. 7).188
Fig. 7 Synthesis of dihydropyrano[2,3-c]pyrazole scaffolds.188

20620 | RSC Adv., 2024, 14, 20609–20645
7.2. Single-electron transfer (SET) and energy transfer (EnT)

To support a range of synthetic reactions, organic photo-
catalysis has ourishingly grown to rely on bimolecular energy
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The feasibility of MB+ photocatalytic cycles is demonstrable.9

(a) Methylene blue photocatalytic quenching cycle during electron
transfer (ET) processes;9 (b) methylene blue's photocatalytic cycle
when exposed to energy transfer processes.9
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transfer (EnT) or oxidative/reductive electron transfer (ET).189

Utilizing electron transfer (ET) vacancies as a coexisting
strategy, EnT photo-organocatalysis has been able to get beyond
the ET path's present restrictions on substrate redox potentials
that are incompatible with those of excited photocatalysts.190

Over the last ten years, two distinct catalytic cycles have been
united by the use of the combined EnT and ET methods in
a unique photo-organocatalysis, enabling different activation
modes using a single photocatalyst.189–191 By using visible light
to drive organocatalysis, different aromatic C–H functionaliza-
tions imposed by photosensitized EnT and ET may be easily
accessed along the energetically least expensive pathways.192,193

The issue is how to make up for the energy decit between the
input energies of visible light irradiation (about 400 nm) and
the energy consumption of aromatic C–H bond dissociation.189

Consequently, mechanistic investigation efforts are desperately
needed to give the structural and energetic foundation for
comprehending the dynamic pathways of excitation-energy
relaxation connected to structure evolution. However, in
particular for dynamically coupled EnT and ET photocatalysis,
the kinetic and thermodynamic assessments should be taken
into account to reveal important parameters for managing
photo-sensitized area C–H bond functionalization.189 The single
electron transfer (SET) technique, which may be available in
this instance, has been utilized to accomplish a number of
benecial chemical alterations in the hunt for new agents and
medications.194,195 However, energy transfer photocatalysis has
become a very effective method for forming new chemical
bonds and activating substrates in organic synthesis.196 This
method may help improve the current system's efficiency in
using photons. There is much leeway for theoretical calcula-
tions because neither the SET nor the EnT process can yet be
directly identied by experimentation. Ultimately, every piece of
experimental data suggests that, for the optimal donor–
acceptor pairings in SET- or EnT-mediated processes, a variety
of parameters inuence the yield of photocatalytic reactions.
Merely focusing on thermodynamic elements, such as the
energy correspondence between the donor and acceptor, is
inadequate to comprehend the mechanism controlling photo-
catalytic efficiency. It is necessary to take into account kinetic
considerations, which depend on the high-level treatment of
the donor and acceptor's excited-state electronic structures.194

7.2.1. Photocatalytic reactions with methylene blue (MB+)
through a single-electron transfer (SET)/energy transfer (EnT)
pathway. In contemporary organic synthesis, there has been
a notable surge in the implementation of photo-redox catalysts
to facilitate the formation of C–C and C–heteroatom bonds
through a pathway involving single-electron transfer (SET)/
photo-induced electron transfer (PET). According to the litera-
ture, their signicance transcends from small-scale to large-
scale methodologies.197 Several ow reactors162 have been
developed, which utilize visible light and dual photosensitized
electrochemical techniques.163 These advancements in tech-
nology have led to the establishment of cost-effective, sustain-
able, and efficient reaction processes. The compound known as
Methylene blue (MB+) was rst synthesized in 1876 and subse-
quently recognized for its innate property as a staining agent.197
© 2024 The Author(s). Published by the Royal Society of Chemistry
Methylene blue, identied as basic blue 9, Swiss blue, and
methylthioninium chloride, represents a cationic dye that
pertains to the thiazine dye family. Methylene blue has been
utilized in diverse medical procedures. The efficacy of the
intervention in addressing methemoglobinemia and its note-
worthy anti-malarial effects have been demonstrated in prior
studies.197–200 The photophysiochemical properties of MB+

comprise a 664 nm absorbance and a molar absorbance of 3 =
90 000, along with a singlet lifespan of sf ∼1.0 ns.136 The triplet
3MB+* possesses a prolonged triplet lifetime, measured to be sf
∼32 ms,77 thereby indicating its superior stability as an excited
state.9 In Fig. 8,9,197 the photocatalytic cycles involving methy-
lene blue are illustrated.

In contemporary literature, methylene blue (MB+) has
emerged as a frequent agent of interest for research for the
development of Knoevenagel-Michael cyclocondensation as
a photo-redox catalyst (Fig. 9),197 synthesis of synthesis of pol-
yfunctionalized dihydro-2-oxypyrroles (Fig. 10),201 in addition,
MB+-catalysed decarboxylation of acids (Fig. 11),202 dehy-
drosulfurization of thioamides (Fig. 12),203 and the development
of Friedländer hetero-annulation (Fig. 13).204
7.3. Hydrogen atom transfer (HAT)

The process of hydrogen atom transfer (HAT) involves the
simultaneous displacement of a proton and an electron
between two substrates, occurring as a unied kinetic
event.205,206 The overall reaction is explicitly stated in eqn (1).205

A1 �HþA�
2/A�

1 þA2 �H (1)
RSC Adv., 2024, 14, 20609–20645 | 20621

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03259d


Fig. 9 2-Amino-4H-chromene scaffolds synthesized.197
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Theoretical inquiry reveals that hydrogen atom transfer (HAT)
may be categorized as a subdivision of the broad spectrum of
proton-coupled electron transfer (PCET) mechanisms. In PCET
20622 | RSC Adv., 2024, 14, 20609–20645
events, the proton and electron transitions are stimulated
jointly, which results in the sharing of both the initial and
terminal orbitals between the two entities.205,207,208 A multitude
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03259d


Fig. 10 Polyfunctionalized dihydro-2-oxypyrroles synthesized.201
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of research groups are currently engaged in the development of
viable models aimed at comprehending the mechanism of HAT
and forecasting the corresponding reaction rates. A conceptual
framework for HAT using the Marcus theory approach has been
proposed in previous literature.205,209 It has been demonstrated
that the Valence Bond (VB) diagram model is capable of eval-
uating hydrogen-abstraction barriers and deriving general
trends from accessible raw data, such as bond energies.205,210

The HAT process holds great signicance in numerous chem-
ical reactions, such as hydrocarbon combustion and aerobic
oxidations, and also plays a crucial role in various atmospheric
phenomena.205 In the eld of biology, the utilization of several
metalloenzymes has been reported to occur through a HAT step.
© 2024 The Author(s). Published by the Royal Society of Chemistry
A great deal of research has been conducted regarding the
function of these processes in the detrimental effects of reactive
oxygen species (ROS) within living organisms, as well as their
involvement in the mechanism of action of antioxidants.
Notably, numerous studies have been dedicated to this topic as
evidenced by the existence of multiple publications.205–207,211–213

Additionally, it is noteworthy that HAT holds tremendous
potential as a means of organic synthesis, since it enables the
facile activation of (aliphatic) R–H bonds, frequently exhibiting
remarkable selectivity. Consequently, it is plausible to circum-
vent the inclusion of a directing moiety within a given substrate
and adjust the chemical reactivity through the judicious selec-
tion of reaction parameters such as a hydrogen abstractor,
RSC Adv., 2024, 14, 20609–20645 | 20623
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Fig. 11 MB+-catalyzed decarboxylation of acids.202

Fig. 12 MB+ catalyzed dehydrosulfurization of thioamides for the
synthesis of cyanides.203

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Ju

li 
20

24
. D

ow
nl

oa
de

d 
on

 2
0.

03
.2

02
6 

13
:4

5:
18

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
solvent, and so forth.205,214 In recent times, photocatalysis has
made substantial contributions towards the advancements in
the related eld.215 The activation of the reaction partners,
which results in the formation of reactive intermediates, is
20624 | RSC Adv., 2024, 14, 20609–20645
facilitated by an excited catalyst in said reactions. Subsequently,
the catalyst is restored to its original state, thereby priming it to
initiate another cycle.205

7.3.1. Photocatalytic reactions with eosin Y (EY) through
a direct hydrogen atom transfer (HAT) pathway. Despite the
existence of a large number of demonstrable instances of
catalytic photoredox transformations utilizing organometallic
dyes, their potential limited utilization on a broader scale is
largely attributable to their high cost, and associated toxicity
prole.216 In recent years, the scientic community has dedi-
cated substantial efforts towards the exploration of eco-friendly
photoactive catalysts. Particularly, attention has been directed
towards metal-free dyes, which offer considerable cost savings
as compared to their non-eco-friendly counterparts. Numerous
uorescein and xanthene dyes that are commercially available
have been effectively utilized in photoredox reactions, encom-
passing radical substitutions at a-amino, b-carbonyl, and aryl
moieties.216–218 Amidst these, eosin Y, which is characterized as
the 20,40,50,70-tetrabromo derivative of uorescein, has been
extensively utilized. In the scientic context, it is indicated that
the redox potential of the EY+/EY* pair is 1.1 V (vs. SCE). The
experimental unavailability of redox potential can be attributed
to the transient nature of the two involved compounds, which
are considered short-lived intermediates. Nevertheless, the
determination of the redox potential can be achieved indirectly
through an examination of the thermodynamic cycle, which
encompasses the energy of the triplet state eosin Y* (T1) ob-
tained from uorescence measurements, as well as the energy
of the radical cation eosin Yc+ obtained from cyclovoltammetric
experiments.216 Considerable attention has been devoted to the
oxidative quenching of eosin Y* (T1) via appropriate electro-
philes to elicit aryl radicals through a light-induced single-
electron transfer mechanism (specically, one-electron reduc-
tion of Ar–X216). This endeavor represents a signicant area of
study.

In recent years, eosin Y has been utilized in the process of
chemical synthesis of 1,3,4-thiadiazole (Fig. 14),219 photo-
chemical synthesis of pyrano[2,3-d]pyrimidine scaffolds
(Fig. 15),220 synthesis of spiroacenaphthylenes (Fig. 16),221 and
1H-pyrazolo[1,2-b]phthalazine-5,10-diones (Fig. 17).221
7.4. Summary

Photoredox catalysts achieve their stable photo-excited states by
absorbing visible light. By use of photoinduced electron transfer
(PET), a charge-separated state is created that consists of an
acceptor radical anion and a donor radical cation from the
donor (D) to the acceptor (A). Furthermore, the fundamentals of
the fast growth of organic photocatalysis in recent years have
been oxidative/reductive electron transfer (ET) or bimolecular
energy transfer (EnT). Two different catalytic cycles have been
merged using a novel photo-organocatalysis technique that
combines EnT and ET technologies to enable energy-efficient
solutions. The hydrogen atom transfer (HAT) process transfers
a proton and an electron between two substrates in a single
kinetic event. Theoretically, HAT can be considered a subset of
the broad category of proton-coupled electron transfer (PCET)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Polysubstitutedquinoline synthesis.204
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processes. Proton and electron transfer are activated simulta-
neously during PCET events, resulting in the sharing of begin-
ning and nal orbitals between the two entities. Photocatalysis
has played a major role in recent advances in the linked disci-
pline. In these reactions, an excited catalyst helps to activate
reaction partners, which produces reactive intermediates. The
catalyst is then returned to its initial state, ready for the start of
a new cycle.

8. Applications of photocatalysts and
photocatalytic reactions

The discipline of photocatalysis encompasses a growing reper-
toire of activation modes that selectively harness photonic
© 2024 The Author(s). Published by the Royal Society of Chemistry
energy to activate a specically designed photon-absorbing
catalyst, known as a photocatalyst. Upon excitation, the pho-
tocatalyst facilitates the participation of accompanying
substrates, reagents, or secondary catalysts in unique reaction
pathways that were previously inaccessible under thermal
control.16 “The present study16 explored the primary pathways
utilized by photocatalysts to effectively facilitate the transfer of
light energy into chemical reactivity and selectively activate
targeted molecules.” Photocatalysis has garnered considerable
attention as a viable alternative process for achieving a multi-
tude of chemical reactions in the disinfection of potable water
and safeguarding against microorganisms, owing to the
potential utilization of solar energy.222 Photocatalytic technolo-
gies possess the capability for broad-spectrum applications,
RSC Adv., 2024, 14, 20609–20645 | 20625
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Fig. 14 Eosin Y catalyzed visible light promoted synthesis of 1,3,4-thiadiazole.219
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including utilization within indoor air and ecological health
initiatives, as well as within sectors such as biological, medical,
laboratory, hospital, pharmaceutical, and food industries.
Furthermore, these technologies exhibit signicant potential in
the realm of plant protection.222–225 Photoredox catalysis has
demonstrated signicant utility in amultitude of applications.16

Photoredox catalysis has been extensively utilized in various
domains, such as organic synthesis, biomedicine, water elec-
trolysis,226 carbon dioxide reduction,227 and the exploration of
innovative solar cell components.16,228 In the subsequent
sections, we will scrutinize several of their implemented
functions.

8.1. Application of photochemical approaches in organic
reactions

The production of materials, medicines, and agrochemicals is
a common application of free radical chemistry.229,230 This is so
because using radicals to create molecules is frequently an
advantageous approach compared to using ionic pathways.155

Stochastic initiators, or stoichiometric oxidants or reductants,
20626 | RSC Adv., 2024, 14, 20609–20645
are necessary for the generation of radicals in conventional
procedures.231 The applicability and generality of radical
processes are greatly impacted by these relatively harsh condi-
tions (high temperatures, UV light, toxic reagents, or strong
redox-active reagents). More recently, milder and more efficient
platforms for the production of open-shell intermediates have
been made available by photoredox catalysis.232 In general, the
mechanisms of electron transfer or atom abstraction are the
main sources of support for these radical generation strate-
gies.229 Chemists' interest in visible-light photocatalysis has
grown recently due to its extensive use in organic synthesis and
its importance for sustainable chemistry. Under mild reaction
conditions, this catalytic method allows the formation of
a variety of reactive species, oen without the need for stoi-
chiometric activation chemicals. Many synthetically valuable
bond formations can be produced in a controllable way by
manipulating these reactive intermediates.233 Because of its
distinct mechanism, photocatalytic reaction, a synthetic tech-
nique that has emerged quickly in the last ten or so years, can be
used to synthesize a variety of C–C, C–N, C–O, and C–P bonds
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Synthesis of pyranopyrimidines.220
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with great efficiency and selectivity. The redox potential of the
substrate and the photocatalyst's excitation potential, however,
place restrictions on the application of photoredox catalysis.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Additionally, a second terminal oxidant or reductant is needed
as a sacricial reagent to allow the catalytic cycle to be restarted
to produce a net oxidation or reduction reaction. In addition to
RSC Adv., 2024, 14, 20609–20645 | 20627
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Fig. 16 Synthesis of spiroacenaphthylenes.221
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complicating the reaction system and making the addition of
sacricial reagents unfeasible, these sacricial reagents have
the potential to react with catalysts, substrates, reagents, or
20628 | RSC Adv., 2024, 14, 20609–20645
active intermediates to produce undesirable byproducts that
reduce the efficiency of the primary reaction or prevent it from
proceeding.234 Two categories of mechanisms are usually
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Synthesis of 1H-pyrazolo[1,2-b]phthalazine-5,10-diones.221
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explored in relation to organic photochemical reactions.235 It is
possible to move a hydrogen atom from a hydrogen donor to
a species that is photochemically activated in a single step.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Nearly simultaneously, the electron and the proton are
exchanged (Fig. 18, eqn (2)).235 Alternatively, if the electron is
transmitted rst, a radical ion pair is formed. In an acid-base
RSC Adv., 2024, 14, 20609–20645 | 20629
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Fig. 18 There are two ways to transfer hydrogen from a donor to an acceptor that is electrically stimulated.235
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process (eqn (3)), the proton comes next.235 Both particles are
transmitted from the same location of the hydrogen donor to
the same location of the acceptor, in contrast to many other
forms of proton-coupled electron transfer. This is referred to as
“hydrogen atom transfer” in a restricted sense.236–238 The entire
reaction is exergonic in the rst example (eqn (2)), but the
electron transfer is endergonic. Both stages are exergonic in the
second scenario (eqn (3)). Beyond these processes, proton
exchange may take place between the reaction medium and
photochemically produced intermediates, such as a radical ion,
which can also produce unexpected end products in compar-
ison to analogous ground-state reactions.235
8.2. Development of drug design methods using
photocatalytic reactions

The attractive properties of photoredox catalysts have attracted
the attention of the chemical industry, which has recognized
the possibility of photoredox methods to achieve efficient and
environmentally friendly catalysis.7 The application of photo-
redox catalysis in various synthetic transformations plays a vital
role in drug discovery and development, particularly in the
pharmaceutical industry.7,238 An instance of interest pertains to
the guidelines governing the direct and focused modication of
pharmacologically relevant frameworks via the utilization of
various chemical reactions, including alkylation, amination,
halogenation, and peruoroalkylation, which are widely
employed in the eld of organic chemistry. The utilization of
photoredox methodologies has been observed in the installa-
tion of minuscule functionalities that have a direct impact on
the ADME-tox aspects (i.e., absorption, distribution, metabo-
lism, excretion, and toxicology) of a lead candidate.239 This
technique employs non-toxic and conveniently accessible
materials for the purpose.7,240 Many uses in drug discovery have
been made possible by synthetic advances in visible-light pho-
tocatalysis and its naturally moderate conditions. This catalytic
platform's biocompatibility, ability to use low-energy visible
light, and moderate temperatures limit side reactivity and allow
for broad functional group tolerance. In particular, these mild
settings are essential to allow this platform to function in
a biological environment without denaturing proteins or
breaking DNA. The pharmaceutical industry has taken notice of
these attributes and acknowledged the potential benets of
photoredox catalysis in medication research and discovery.241

Small-molecule medications are commonly utilized in daily life.
20630 | RSC Adv., 2024, 14, 20609–20645
The industrial production of small-molecule pharmaceuticals
still faces several problems, including the utilization of costly
metal catalysts, complicated reaction pathways, and non-
recyclable catalysts. The advantages of photocatalytic organic
synthesis over traditional methods include excellent selectivity,
mild conditions, and environmental friendliness.11 To enhance
photocatalytic performance, porous framework materials can
accurately alter the electronic state and ligand structure of
catalytic sites. Because of their distinctive shape, structural
exibility, high photocatalytic performance, distinctive recy-
clability, exceptional chemical stability, ease of synthesis, and
low cost, MOFs, COFs, and PCCs-based photocatalysts have
drawn a lot of attention from researchers. Thus, the creation of
porous framework materials as photocatalysts for the synthesis
of small-molecule medicines or drug precursors is an important
eld for future research.11

For instance, because of their numerous pharmacological
uses, the synthesis of benzothiophene derivatives has garnered
a lot of interest recently.242 The benzothiophene core is included
in a number of currently available medications. A radical
annulation technique was used by Hari et al. (2012)242 to
produce substituted benzothiophenes regioselectively through
the photocatalytic reaction of o-methylthio-arenediazonium
salts with alkynes. Photoredox catalysis was initiated by Eosin
Y green light irradiation (Fig. 19).242
8.3. Investigating biomedical applications of
nanophotocatalysts

The utilization of nanosized photocatalytic materials has
become increasingly prevalent in various domains, including
the mitigation of microbial infections. The utilization of
nanoparticles as a means to regulate the development of bio-
lms in the oral cavity has been investigated due to their
biocidal, antiadhesive, and delivery properties. Additionally,
nanoparticles have been incorporated in prosthetic devices,
topically administered agents, and dental materials for this
purpose, as noted in the literature.222 The current research
landscape is replete with explorations into the potential of a vast
array of nanosized particles that have been subject to modi-
cation to exhibit meaningful antibacterial, antifungal, anti-
tumor, and antiviral properties. This is largely due to their
innitesimal scale, exceptional surface-to-volume ratios, as well
as the wide range of biological activities they are capable of
eliciting.222 Compared to other traditional ways of eliminating
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Photocatalytic synthesis of benzothiophenes.242

Fig. 20 A schematic illustration of the medical applications associated
with Ag2O.251
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germs or viruses from indoor and outdoor environments, the
photocatalysis method of disinfection employing metal oxide
semiconductors has considerable potential. Compared to
employing chemicals, nano-photocatalysts may efficiently
inactivate bacteria and viruses in the presence of light radiation
in ambient circumstances without generating any additional
byproducts.243–245 Numerous studies have been conducted on
the inactivation of various bacteria and viruses using metal
oxide semiconductor-based nano-photocatalysts, such as ZnO
and TiO2.243 Currently, there is a lot of promise for nano-
photocatalysts in biomedicine. Targeted drug delivery can be
achieved with nanophotocatalysts; these catalysts have the
potential to be applied in nuclear-targeted drug delivery as well
as targeted administration of chemotherapy to cancer cells or
tumor locations. However, nanophotocatalysts can be used in
tissue engineering to create scaffolds that encourage tissue
regeneration and cell development.246 The capacity of nano-
photocatalysts to produce reactive oxygen species (ROS) when
exposed to light is one of its main benets in the eld of
biomedicine. Singlet oxygen and hydroxyl radicals are examples
of ROS, which are very reactive substances that can cause
a variety of biological effects, including the death of cells. This
characteristic has been used to create photodynamic therapy
(PDT), a non-invasive therapeutic method that targets and kills
cancer cells specically by using light-activated nano-
photocatalysts. PDT is a viable substitute for or addition to
conventional therapy techniques, as it has demonstrated
encouraging outcomes in a number of cancer types.246–248 Their
photoinduced inactivation is primarily caused by the photo-
catalytic generation of biocidal ROS that are short-lived yet
effective, such as hydrogen peroxide (H2O2), superoxide (cO2

−),
and hydroxyl radicals (�OH), by photochemical redox reactions
in the presence of light.243,249,250 Further research is still needed,
on a number of signicant topics including photocatalysis
performance, large-scale nanophotocatalyst manufacture,
reaction/synthesis condition optimization, long-term biosafety
concerns, stability, clinical translation, etc.246

8.3.1. Applications of Ag2O NPs in the eld of biomedicine.
The distinctive characteristics of silver nanoparticles make
Ag2O nanoparticles (NPs) highly versatile in the medical eld.
© 2024 The Author(s). Published by the Royal Society of Chemistry
This study aims to highlight the utilization of Ag2O NPs in
diverse biological and biomedical endeavors such as antibac-
terial, antifungal, antiviral, anti-inammatory, anticancer, and
human healthcare applications (as depicted in Fig. 20).251

8.3.2. Biomedical photocatalytic applications of titanium
dioxide (TiO2). One of the crucial environmental applications of
TiO2 photocatalysis is the elimination of contaminants from
both air and water. The former includes volatile organic
compounds (VOCs), nitrogen oxides (NOx), and unpleasant
odors, while the latter encompasses pesticides, phenols, and
textile azo-dyes.252 The inherent amalgamation of photo-
catalytic, superhydrophilic, and magnetic characteristics,
coupled with its elevated refractive index, renders TiO2 highly
procient in the eradication of deleterious agents, impediment
of stain formation, and annihilation of pathogenic microor-
ganisms. The substance in question may serve a dual purpose,
RSC Adv., 2024, 14, 20609–20645 | 20631
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being utilized for both self-cleaning and self-sterilization.
Furthermore, it can be incorporated as a doping component
in pre-existing materials, including but not limited to cement or
metallic surfaces. TiO2 has demonstrated potential as an anti-
cancer agent, either as a standalone treatment or in conjunction
with other drug therapies. Additionally, TiO2 shows promise as
a drug carrier, as depicted in Fig. 21.252
8.4. The use of a photocatalysis system for environmental
pollution management

At present, the predominant clean energy sources that are
widely available are visible light irradiation, solar energy, and
heat emanating from the sun.253 The implementation of thor-
ough research inquiries and the advancement of material
technology intended for the procient utilization of solar irra-
diation in addressing environmental pollution while preserving
its eco-friendliness proves to be indispensable. The utilization
of renewable solar energy to activate oxidation and reduction-
based chemical reactions through photocatalysis presents
a viable and sustainable technological approach to addressing
environmental challenges, as corroborated by sources.253–255 The
utilization of photocatalysis systems has garnered substantial
attention within the scientic community as a highly promising
approach for addressing environmental issues, particularly the
removal of residual dye pollutants from wastewater streams.253

The present study concerns photocatalysis, which constitutes
a photochemical process occurring at the surface of a metal
oxide semiconductor. Specically, this process denotes the
occurrence of two concurrent reactions: the initial oxidation
reaction, which ensues from photo-induced positive holes, and
a subsequent reduction reaction, whose genesis stems from
photo-induced negative electrons.253,256 Numerous photo-
catalysts exhibiting high potential have been extensively utilized
in waste management systems with a focus on environmental
sustainability. These include but are not limited to titanium
dioxide (TiO2), zinc oxide (ZnO), iron(III) oxide (Fe2O3), zirconia
(ZrO2), vanadium(V) oxide (V2O5), niobium pentoxide (Nb2O5)
and tungsten trioxide (WO3).253,255,257,258
Fig. 21 This study aims to elucidate the primary photocatalytic utilizatio

20632 | RSC Adv., 2024, 14, 20609–20645
8.4.1. Photodegradation of drugs. Pharmaceuticals and
personal care products (PPCPs) are chemicals that are
frequently present in modern life.259,260 Their primary constitu-
ents are organic compounds possessing diverse biological and
toxicological characteristics, which ultimately get partially or
completely digested and disperse into the sewage water.
According to recent studies, untreated wastewater contains
PPCPs in quantities ranging from ng L−1 to mg L−1.261,262 They
may have long-term impacts on living things at various stages of
development, therefore even while they have been found at
concentrations well below therapeutic dosages, they may still
have negative effects on people and/or wildlife. Furthermore,
because they are in complicated mixes, they may take part in
unidentied processes that result in further unintended
consequences.263,264 Advanced oxidation processes (AOPs) form
the foundation of effective methods for treating wastewater that
contains reluctant contaminants that are not broken down by
traditional technologies. AOPs work by producing reactive
oxygen species (ROS), which can oxidize organic pollutants
from various chemical families unselectively. AOPs encompass
a variety of methodologies, including ozone, radiolysis, UV,
photo-Fenton, photocatalysis, and so on.265–267 Of these
approaches, visible-light photoredox catalysis is environmen-
tally friendly and has drawn a lot of attention in recent years.268

One of the benets is that sunlight, a rare kind of plentiful,
clean, affordable, and innitely renewable energy, may be
absorbed by the photocatalysts.269 We have chosen antibiotic
medications to investigate medication photodegradation.

8.4.1.1. Photodegradation of antibiotics. Antibiotics have
been employed in many different industries and have become
a vital component of people's lives during the past few
decades.270 But antibiotics are easily overused and handled
improperly, which allows them to build up in the environment
and endanger the health of people and other living things.271

Antibiotic removal from the environment is therefore urgently
needed, yet it remains a formidable task. Researchers have
attempted to eradicate antibiotics using chemical treatment,
biological ltering, traditional physical adsorption, and other
ns of TiO2.252

© 2024 The Author(s). Published by the Royal Society of Chemistry
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techniques in the past several years.272–275 Unfortunately, the
complexity of the processes involved, the expense of the facili-
ties, and the possibility of secondary contamination make it
challenging to put these procedures into reality.276–278 Antibi-
otics in the environment can cause a multitude of problems by
encouraging the widespread development of antimicrobial
resistance. Today, the most widely used methods for elimi-
nating antibiotic pollutants from water are chemical oxidation,
occulation, and physical adsorption; however, these methods
typically leave a large number of chemical reagents and polymer
electrolytes in the water, making it difficult to post-treat large
deposits. In addition, a variety of photocatalysts can be used to
degrade pollutant residuals, providing several potential solu-
tions to these problems.279

Chemotherapeutic drugs such as antibiotics are used to treat
bacterial infections.280 Antibiotics in the environment are
currently receiving more attention, which has led to a general
search for potential containment strategies.281,282 Antibiotic-
resistant genes and bacteria are produced as a result of this
problem, hastening the development of antibiotic resistance and
endangering both ecological systems and human health.281,282 As
a result, the threat that antibiotic pollution poses to the integrity
of our water resources in the twenty-rst century is considered to
be among the most signicant environmental issues facing the
globe, both in terms of environmental damage and possible
health risks to humans.283 Since wastewater gathers output from
hospitals, industries, and agriculture, wastewater treatment is
typically thought of as the primary approach for handling these
antibiotics.284 Nonetheless, several further investigations have
veried that traditional methods are not very effective in elimi-
nating these primarily water-soluble pollutants, which are
neither volatile nor biodegradable.285 Much research has been
focused on biotic elimination and non-biotic processes, such as
sorption, hydrolysis, bacterial biodegradation, oxidation, and
reduction.286 Yang et al. investigated the effectiveness of sulfon-
amide antibiotics for adsorption, desorption, and biodegrada-
tion in the presence of activated sludge both with and without
NaN3 biocide.287 The outcomes of the experiment demonstrated
that the antibiotics were removed by the activated sludge's
sorption and biodegradation processes. Liu et al. studied four
antibiotics as target antibiotics: azithromycin, roxithromycin,
ooxacin, and noroxacin. They used UV254 photolysis, ozona-
tion, and UV/O3 approaches to conduct nanoltration disposal
treatments, and they achieved the highest efficiency (>87%) in
antibiotic elimination.279,288 However, these technologies' appli-
cability was severely limited by their high cost, low stability, and
inadequate recycling capacity. Because of this, researchers
studying chemistry and environmental science have been looking
for new ways to break down antibiotics in wastewater, with
a particular focus on high-efficiency degradation strategies.279,289

As previously indicated, a variety of chemical techniques,
including Fenton's oxidation, ozonation, and chlorination, have
been developed for the treatment of antibiotic residues.290 Sadly,
total mineralization is not always possible or would take unrea-
sonably long. Due to their limited selectivity, these techniques
occasionally have the potential to kill non-target species, result-
ing in unintentional harm.291,292 This approach also has
© 2024 The Author(s). Published by the Royal Society of Chemistry
signicant operational and capital expenditures. When removing
antibiotic residues from water, a combination of chemical and
physical degradation methods can greatly lower the toxicity of
treated effluents. However, these techniques are expensive and
complicated.293 As an alternative, photocatalysis offers a wide
range of potential applications in environmental remediation
because of its special benets, which include: (1) easily attainable
reaction conditions (i.e., near ambient temperature and mostly
ambient pressure); (2) the potential complete breakdown of
organic pollutants into harmless inorganicmolecules like carbon
dioxide and water; and (3) strong redox ability, low cost, no
adsorption saturation, and long durability.290 As a result, photo-
catalysis is gaining popularity all over the world and is being
widely used in innovative methods for environmental manage-
ment and energy extraction. One sophisticated oxidation method
that has been used to remediate antibiotic residues is photo-
catalysis. Recent years have seen signicant advancements.290

8.4.2. Photocatalytic degradation of microplastics (MPs).
Growing concerns about the pollution caused by microplastics
(MPs) and the persistence of plastics in the environment (natural
degradation would take centuries) have led to increased
production of plastics and an increased interest in potential
remediation techniques for MP pollution.294–306 Large plastic
fragments (megaplastics, macroplastics, and mesoplastics) and
tiny plastic debris (MPs,measuring between 1 mmand 5mm, and
nanoplastics (NPs, measuring less than 1 mm) are among the
plastics found in the environment.295,297 The MPs are made up of
primary MPs, which are produced in that size and are usually
found in textiles or personal care goods, and secondary MPs,
which are produced by breaking up bigger plastic trash.296 MPs
are more of a threat to the environment because of their tiny size
and ease of transportation. As a result, MPs have been found in
soil, water, air, and living things.296,297 Therefore, it is imperative
that the MP contamination be cleaned up. Absorption, ltration,
and other techniques for physically removing MPs from various
media don't x the issue because the MPs are just moved to
another medium, such as sludge, from water effluent. The use of
sludge as fertilizer then contributes to the pollution caused by
microplastics (MPs) by causing large deposits of MPs on farm-
lands (estimated to be between 43 000 and 63 000 tons annually
in Europe304). This highlights the necessity of completely elimi-
nating MPs from the environment. However, biodegradation,
sophisticated oxidation techniques (such as photocatalysis), and
catalysismay be able to remove thematerial permanently.295–297,300

Of these, photocatalysis is the most interesting since it is usually
carried out under gentler circumstances than chemical degra-
dation (catalysis) and has a substantially better degradation
efficiency than biodegradation.294,300,302 Furthermore, as other
self-propelled microrobot instances have shown, photocatalysis
may be used in conjunction with waste plastic collecting to
capture and degrade MPs.307–310 Furthermore, photocatalytic
degradation can break down a variety of polymers into smaller
plastic pieces, smaller organic molecules, and eventually CO2

since it lacks selectivity.295 Polystyrene (PS), polyvinyl chloride
(PVC), polyethylene terephthalate (PET), polyamide bers, poly(-
methylmethacrylate), and polyolens including polyethylene (PE)
and polypropylene (PP) are among the deteriorated
RSC Adv., 2024, 14, 20609–20645 | 20633
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plastics.295,302,303,306 Materials to be used as photocatalysts come in
a wide variety. Metal oxides have been extensively studied as
photocatalysts for the breakdown of microplastics.294,298,301,303

Examples of these oxides include TiO2 (ref. 311–314) and
ZnO.315,316

8.4.3. NOx removal with photocatalytic process. Generally
speaking, air pollutants are mixtures of hazardous or other
chemicals (gases, solid particles, and liquid droplets) whose
concentration and length of stay in the atmosphere are suffi-
cient to have negative and environmentally hazardous conse-
quences.317 Anthropogenic sources, such as industries, power
plants, and motor vehicles, are the primary sources of ambient
air pollutants. These sources include particle pollution (PM10
and PM2.5), carbon monoxide (CO), sulfur dioxide (SO2), ozone
(O3), and nitrogen oxides (NOx). Furthermore, they also happen
naturally as a result of soil erosion, wildres, and volcanic
activity. Among the several air contaminants, nitrogen oxides
come in a wide range: NOx, a collective name designating two
gases. The two gases with the greatest concentrations in the
atmosphere are nitrogen dioxide (NO2) and nitrogen monoxide
(NO), which are both heavily implicated in the processes of air
pollution. Free radicals fromNOx emissions combine with other
airborne particles to produce smog, acid rain, and many health
problems, such as headaches, irritation of the eyes and throat,
and a higher risk of respiratory infections.317 In addition, NOx

emissions weaken the stratospheric ozone layer, which
increases greenhouse gas emissions and contributes to global
warming.318–321 In the European Union in 2015, NOx-related
premature fatalities included around 175 000 cases linked to
particulate matter and over 16 000 cases linked to ground-level
ozone exposure.322 Controlling and lowering the content of NOx

in the air is a focus of study because of its detrimental impact on
human health.323 Heterogeneous photocatalysis, which
combines semiconductor materials with light to produce reac-
tive oxygen species (ROS) that break down developing pollut-
ants, is one of the promising techniques for removing nitrogen
oxides.324,325 The primary benet of photocatalytic procedures
over other NOx breakdown techniques is the ability to start the
reaction at almost room temperature.323,326 The elimination of
nitrogen oxides by photocatalysis has been thoroughly studied
in recent years. The most well-known photocatalysts are made
of composites or single materials made of bismuth, tungsten,
carbon, or titanium compounds.327 Graphitic carbon nitride (g-
C3N4), the most stable allotrope of carbon nitride under
ambient conditions and an analog of graphite is an example of
a feasible photocatalyst.328 Graphitic carbon nitride possesses
unique physicochemical features such as an appropriate
bandgap energy (∼2.7 eV), correlating to visible-light absorp-
tion.329 Therefore, g-C3N4 may be utilized as a visible-light-
driven photocatalyst toward NOx elimination in the gas phase,
which was proven in the previous investigations.323,330,331
Fig. 22 The generation of hydrogen fromwater through the utilization
of a powdered photocatalyst powered by solar energy.255
8.5. Photocatalytic water splitting and production of
hydrogen

The clean fuel of the future is hydrogen. Currently, steam-
reforming hydrocarbons, mostly derived from fossil fuels, are
20634 | RSC Adv., 2024, 14, 20609–20645
the method used in commercial hydrogen production. This
process not only uses a lot of energy but also produces green-
house gases. Alternative methods of producing hydrogen using
nuclear, biomass, solar, and wind energy are also being inves-
tigated.29,332 The hydrogen synthesis by the above-outlined
procedures suffers from efficiency losses due to the consump-
tion of electricity for the electrolysis of water.333 The develop-
ment of effective technologies to utilize naturally accessible
solar energy directly to make hydrogen via water splitting
utilizing solar energy has, consequently, emerged as a strong
contender.33 In its most basic form, water splitting is the elec-
trolysis of water, which is the reduction of water to hydrogen at
the cathode and its oxidation to oxygen at the anode.29

Various methodologies pertaining to solar hydrogen
production have been documented.255

(i) Electrolytic water decomposition can be facilitated by an
array of energy sources including but not limited to solar cells
and hydroelectric power generators.

(ii) The process of biomass reformation.
(iii) Photocatalytic or photoelectrochemical water splitting is

a process that resembles articial photosynthesis.
The salient feature of water splitting through the employ-

ment of a powdered photocatalyst is its straightforwardness, as
evidenced by the elucidation provided in Fig. 22.255 When
photocatalyst powders are dispersed in a water pool and
exposed to sunlight, hydrogen gas is easily generated. The
requirement for the detachment of hydrogen produced from
oxygen in the course of photocatalytic water splitting functions
as a drawback in the said process. Nevertheless, the issue can be
surmounted by adopting a Z-scheme photocatalyst congura-
tion, as indicated by ref. 255.

In order to create holes in the valence band, excited electrons
from the valence band jump to the conduction band when
photons from the visible light spectrum (380–700 nm) are
absorbed by semiconductor materials functioning as photo-
catalysts. Adsorbed water molecules are reduced and oxidized
by the photo-induced electrons and holes that travel to the
catalyst surface.29,334 Every stage in the photocatalytic water
splitting process is essential to guring out how efficient the
process is overall for producing hydrogen. The stages that affect
photocatalytic quantum efficiency include light harvesting,
charge separation, charge transit, charge utilization, and
surface adsorption capacity.29 The photocatalyst is an essential
component of a photocatalytic water splitting reaction. In order
© 2024 The Author(s). Published by the Royal Society of Chemistry
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to progress solar-hydrogen production via photocatalytic water-
splitting in the future, it will be essential to create extremely
stable visible-light-active photocatalytic materials and to
construct cost-effective photoreactor systems.335 Because of
their increased stability, increased charge carrier separation
efficiency, and prolonged light harvest, several cocatalysts have
altered semiconductor photocatalysts up to this point. Conse-
quently, cocatalysts are required to enhance photocatalytic H2

evolution. The cocatalysts can be classied into the following
groups: carbon-based cocatalysts, dual cocatalysts, Z-scheme
cocatalysts, metal/alloy cocatalysts, metal phosphides cocata-
lysts, metal oxide/hydroxide cocatalysts, and MOFs
cocatalysts.336
8.6. N2 xation and CO2 reduction with the photocatalytic
technique

Widespread research efforts to investigate renewable energy
alternatives by sustainable technologies have been inspired by
the ever-growing worries about energy shortages and climate
change.337 An intricate articial photosynthetic system has been
developed, drawing inspiration from nature, to transform H2O,
CO2, and N2 into products rich in energy, including H2, CO,
CH4, CH3OH, NH3, and more.338–342 However, many electron
transfers and large energy barriers occur during water splitting
and the reduction of CO2 and N2, which results in sluggish
reaction kinetics.343–346 Therefore, it would be ideal to create
affordable catalysts to speed up these processes. Fujishima et al.
presented the groundbreaking work of photoelectrocatalytic
water splitting over TiO2 under UV irradiation in 1972,33

demonstrating the practical conversion of solar energy into
chemical energy. Fe-doped TiO2 was initially shown by
Schrauzer et al.347 as a proof-of-concept to convert N2 into NH3

when exposed to UV light. Aer a span of two years, Fujishima
and colleagues348 succeeded in producing HCOOH, HCHO, and
CH3OH by the direct reduction of CO2 on GaP, ZnO, CdS, GaP,
and SiC. Aer these groundbreaking studies on photocatalytic
water splitting, CO2 reduction,349 and N2 xation, the subject
has received more attention, and promising advancements have
been achieved recently. The solar-to-chemical energy conver-
sion version's state-of-the-art efficiency, however, still falls short
of what is needed for real-world applications. Solar energy
conversion systems are oen strongly associated with the
following three crucial phases in photocatalytic processes.350–353

Enhancing photogenerated charge usage, facilitating the sepa-
ration and transfer of photogenerated charges, and enhancing
catalysts' ability to absorb solar light are the three main goals.337

Among them, the interface chemical reaction—which mostly
entails charge transfer and redox reaction at the interface and
directly affects the effectiveness of photocatalytic reactions—is
typically regarded as an important stage in the process of pho-
tocatalytic reactions. Here, on the surface of these catalytic
processes, holes oxidize H2O to make O2, while electrons
decrease water to produce H2. CO2 is converted to value-added
fuels and chemicals. Furthermore, electrons have the ability to
activate N2 and transform it into NH3.337 By timely utilizing
electron–hole pairs to participate in the reaction, cocatalysts
© 2024 The Author(s). Published by the Royal Society of Chemistry
can inhibit photocorrosion and enhance photostability of the
photocatalysts, as some visible light-responsive semiconductors
may be oxidized by photogenerated holes and undergo self-
decomposition. This information is supported by ref. 337. It is
commonly known that when catalysts are combined with
semiconductors or photosensitizers for photocatalytic perfor-
mance, a number of factors, such as loading amount, particle
size, shape, phase, dispersity, structure, and chemical compo-
sition, ultimately inuence the activities of catalysts.337,354
8.7. The effect of photocatalysts for the synthesis of natural
compounds

The expedient synthesis of complex organic compounds entails
employing a potent amalgamation of viable tactics and robust
mechanisms for bond formation. The efficacy of strategies
aimed at diminishing the step-count of synthesis comprises
a reduction in processes that do not result in the formation of
bonds inherent to the structure that is being targeted.
Furthermore, such strategies aim to optimize the construction
of multiple bonds of the target molecule with the employment
of a singular step, whenever practicable.17 The complete
synthesis of naturally-occurring compounds presents an
optimal platform for assessing the pragmatic efficacy of novel
chemical modications, as well as their inuence in facilitating
succinct synthetic methodologies. The study presents ndings
indicative of the proliferating inuence of photocatalytic reac-
tions in the production of intricate, natural compounds.17 One
notable benet of the formation of C–C and C–N s-bonds
through free radical reactions is the ability to accommodate
polar functional groups, including alcohols, thiols, carboxylic
acids, as well as primary and secondary amines. These func-
tional groups are frequently unsuited for bond constructions
employing basic reagents but are commonly tolerated in free–
radical reactions, as previously noted in scholarly
literature.17,355–357 Recent progressions in visible-light photo-
catalysis have resulted in novel approaches to produce carbon-
and nitrogen-based radicals, using both conventional and
emerging substrates.17,358,359 Through the utilization of visible-
light photocatalysis, the direct generation of carbon radicals
from conventional functional groups has become a viable
process, circumventing the need for supplementary measures to
introduce “radical-generating” derivatives.17 The present
discourse revolves around the exemplication of total syntheses
wherein primary emphasis has been placed on the direct
production of tertiary carbon radicals from tertiary alco-
hols,360,361 a-amino radicals derived from a-amino acids,362,363

ketones,364 and tertiary carbamates.365 Additionally, this
discourse also takes into account the generation of nitrogen-
centered radicals originating from secondary aryl sulfon-
amides366 and benzamides.17,367 As previously indicated, the
complete synthesis of naturally occurring compounds and their
derivatives serves as a motivating factor for organic chemists to
discern and experiment with innovative synthetic approaches
and novel techniques. In recent times, the utilization of visible
light photoredox catalysis has signicantly increased in its
ability to facilitate selective bond formation in chemical
RSC Adv., 2024, 14, 20609–20645 | 20635
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reactions under moderately mild conditions, thereby proving to
be a potent technology.368 This paper undertakes an examina-
tion of the utilization of photoredox catalysis, specically the
application of tris(bipyridyl)ruthenium(II) chloride ([Ru-
(bpy)3Cl2]), in the production of (+)-gliocladin C, a natural
product.

Indole-derived alkaloids have long been regarded as
intriguing and complex objectives for organic synthesis, span-
ning numerous periods in the history of this eld.368 The
intricate nature of their structures, as well as their compelling
biological characteristics, have rendered them sought-aer
models for evaluating innovative synthetic approaches.368

Furst et al. (2011) presented a novel approach for the dehalo-
genation of C3-bromopyrroloindolines utilizing reductive pho-
toredox catalysis facilitated by tris(bipyridyl)ruthenium(II)
chloride [Ru-(bpy)3Cl2], without the requirement of tin-based
reagents.368–370 The authors utilized a photoredox manifold
closely linked to their initial ndings as the focal point of their
asymmetric synthesis of (+)-gliocladin C (1), a multifaceted
natural compound exhibiting compelling cytotoxic proper-
ties.368,370 This synthesis is illustrated in Fig. 23.370 Signicantly,
the photoredox coupling procedure was executed on a natural
product (1) at a gram-scale level by implementing seven highly
efficient steps.368

8.8. The use of photocatalysts in the during the oxidation

An alternative to bioprocesses for the breakdown of hazardous
or nonbiodegradable molecules is chemical oxidation.371–373 For
this goal, many techniques have been employed, including
ozonation,374,375 wet oxidation,376 hydrogen peroxide-based
approaches,377 electrochemical,378,379 or photochemical oxida-
tion.268 The remarkable capacity of metal oxide-based photo-
catalysts and visible light-driven photocatalysts to degrade
organic pollutants through sophisticated oxidation processes,
together with their cleaner processes, have garnered signicant
interest.380 The ability to create a mechanistically based treat-
ment for each unique pollutant is one of the primary benets of
using organic photocatalysts. The variety of the involved
chemical pathways is the reason behind this. Basically, two
kinds of studies can yield pertinent information: (a) using time-
Fig. 23 Total synthesis of gliocladin C (1) through the use of visible-ligh

20636 | RSC Adv., 2024, 14, 20609–20645
resolved techniques (transient absorption spectroscopy, emis-
sion, etc.) to detect short-lived excited states or reactive inter-
mediates, or (b) using steady-state photolysis (measured by
a range of endpoints) and identifying the photoproducts ob-
tained at various oxidation stages.268 We have highlighted two
studies in this area in the following.

8.8.1. Urea-PDI synthesis for water oxidation via photo-
catalysis. In 2020, Zhang et al.381 produced a highly crystalline
perylene imide polymer (Urea-PDI) photocatalyst. Under visible
light, the Urea-PDI exhibits the highest oxygen evolution rate to
date (3223.9 mmol g−1 h−1) in the absence of cocatalysts. The
Urea-PDI polymer photocatalyst gives a new platform for the
utilization of photocatalytic water oxidation, which is predicted
to contribute to sustainable energy production. The great ability
of Urea-PDI to break down water into oxygen is attributed to its
appropriate energy band conguration.381 Furthermore, aer
100 hours of continuous radiation, urea-PDI exhibits no
performance attenuation and is extremely stable.

8.8.2. Utilizing visible light as an extremely focused pho-
tocatalyst, Bi2WO6 converts glycerol into dihydroxyacetone in
aqueous solution. In 2013, Zhang et al.382 reported the nding of
ower-like Bi2WO6 as a highly selective visible-light photo-
catalyst toward aerobic selective oxidation of glycerol to dihy-
droxyacetone utilizing oxygen as an oxidant in water at ambient
temperature and atmospheric pressure. These days, it is very
appealing to selectively oxidize glycerol to a variety of industri-
ally valuable compounds by heterogeneous photocatalysis
utilizing ambient light as free energy and molecular oxygen as
a safe oxidant.382 One of the features of this photocatalyst is its
high selectivity.

8.9. The use of photocatalysts in the oxidative couplings

Green chemistry criteria are satised by oxidative coupling
reactions, an interesting kind of photocatalytic transformation
that may be used with predesigned organic materials and
enable the use of O2 as an oxidant.383 We have highlighted two
studies in this area in the following.

8.9.1. Combining organic molecule reductive reactions
with photocatalytic water oxidation. Tian et al.,384 discovered
that light-induced oxidative half-reaction of water splitting is
t photoredox catalysis.370

© 2024 The Author(s). Published by the Royal Society of Chemistry
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efficiently associated with the reduction of organic compounds,
which provides a light-induced route to employ water as an
electron donor to enable reductive transformations of organic
molecules. With Pd=g-C3N

*
4 acting as the photocatalyst, the

current approach enables a variety of aryl bromides to undergo
the reductive coupling smoothly, providing a pollutive
reductant-free method for the synthesis of biaryl skeletons.384

8.9.2. Bodipy derivatives as organic triplet photosensitizers
for dihydroxylnaphthalene photooxidation and aerobic photo-
organocatalytic oxidative coupling of amines. Iodo-Bodipy
compounds, which exhibit robust visible light absorption and
prolonged triplet excited states, were employed by Huang
et al.385 as organic catalysts for photoredox catalytic organic
processes. In this work, organic catalysts are employed in two
photocatalyzed reactions mediated by singlet oxygen (1O2).
These reactions include the photooxidation of dihydrox-
ylnaphthalenes and the aerobic oxidative coupling of amines.
The latter is coupled to the addition of amines to the naph-
thoquinones aerward through the C–H functionalization of
1,4-naphthoquinone, resulting in the one-pot reaction that
yields N-aryl-2-amino-1,4-naphthoquinones, which are useful as
antibiotics and anticancer reagents.385
8.10. Summary

Studies show that there are several uses for photocatalysis. It
has attracted a lot of interest due to its suitability as a substitute
method for achieving various chemical reactions in the medical
eld, industrial setting, and drinking water purication. In
addition, it offers a defense against microbes. These applica-
tions are always improving.

Photocatalysis and photocatalytic reactions conducted under
mild reaction conditions, oen using light-emitting diodes that
emit radiation in a well-dened wavelength range corresponding
to the absorption spectrum of the desired photocatalyst and at
room temperature, could greatly aid in the development of
sophisticated chemical synthesis as well as the synthesis of
natural compounds and their derivatives. These alterations are
brought about by radical chain reactions. The pharmaceutical
industry uses radical reactions in complex syntheses and photo-
reduction catalyst capacity in the search and development of novel
medications. This necessitates using cost-effective techniques.

The use of nanoscale photocatalytic materials has become
more widespread these days in a variety of elds, including the
defense against microbial diseases. Their remarkable surface-
to-volume ratio and minuscule size play a major role in this.

Numerous very promising photocatalysts have been widely
used in waste management systems that prioritize environ-
mental sustainability. In order to address environmental chal-
lenges, particularly the removal of residual pollutants from
wastewater streams, photocatalysis, and renewable solar energy
systems have been used to activate chemical reactions based on
oxidation and reduction through photocatalysis. This is a viable
and sustainable technological approach.

Over the past few decades, plastics and pharmaceuticals
have become widely used and have nally become essential in
people's lives. Compared to other plastics, microplastics (MPs)
© 2024 The Author(s). Published by the Royal Society of Chemistry
are more dangerous to the environment because of their tiny
size, which makes them easily transportable. As a result, MPs
have been discovered in sediments, water, air, soil, and live
creatures. Furthermore, unmodied or metabolized organic
molecules with a range of biological and toxicological proper-
ties that are present in pharmaceuticals may be released into
wastewater. Even though they have been found at concentra-
tions much below therapeutic levels, they may still have detri-
mental effects on people and/or animals since they have the
ability to constantly impact organisms at different develop-
mental stages. When photocatalysis occurs in the presence of
visible light, it is the most effective method for removing
microplastic contamination from wastewater and promoting
photocatalytic degradation. Most air pollutants are mixes of
harmful chemicals or other substances (gases, solid particles,
and liquid droplets) whose concentration and atmospheric
persistence time are high enough to cause harm to the envi-
ronment and be ecotoxic. Among themany different kinds of air
pollution are nitrogen oxides. NOx The removal of nitrogen
oxides by photocatalysis has been the subject of much research
in the last several years. The main advantage of photocatalytic
technologies is their capacity to start the reaction at almost
room temperature. In addition, nowadays, visible light photo-
catalysts have attracted much attention for the degradation of
organic pollutants, including the degradation of hazardous or
non-degradable molecules, through oxidation processes.

Studies on sustainable technology for renewable energy
sources are becoming more and more numerous. Hydrogen is
employed in the system for a number of reasons, including its
versatility as a fuel for cells and its status as a clean energy
source. Inspired by nature, the articial photosynthesis system
is made to transform H2O, CO2, and N2 into energy-dense
compounds such as H2, CO, CH4, CH3OH, NH3, and so on.

9. Conclusion and future research

Over the course of the past few years, reactions induced by
visible light have emerged as a potent technique for initiating
a varied range of organic transformations under temperate
conditions. Ultimately, they occupy a distinct position in the
domain of sustainable chemistry. Photoredox catalysis repre-
sents a novel advancement, offering an optimal approach for
inducing radical cyclization while simultaneously fragmenting
the C–C/C–X bond formation route within heterocyclic chem-
istry. Moreover, its frequent application has been observed in
the domain of green synthesis as well as in other elds
encompassing radical chemistry and photochemistry. Photo-
redox catalysts leverage a renewable energy source to facilitate
chemical reactions through the absorption of visible light
radiation, which is subsequently transferred to low-energy
organic substrates. Over the past few years, photoredox catal-
ysis via visible light irradiation has garnered signicant atten-
tion amongst the scientic community. The utilization of light
as a tool for the creation of chemical bonds under mild reaction
conditions has emerged as a particularly pertinent area of
investigation. Photocatalysis is a rapidly developing technology
that exhibits a diverse range of potential applications. The
RSC Adv., 2024, 14, 20609–20645 | 20637
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operational conditions of this process encompass ambient
temperature and atmospheric pressure, thereby rendering it
compatible with renewable energy resources. The photoredox
catalyst exhibits several advantages in terms of stability that
align with several principles of green chemistry, corroborating
its position as a versatile tool for catalytic reactions.

The utilization of photoredox catalysis presents a promising
avenue toward increased efficacy and environmentally sustain-
able opportunities within the domains of industrial and
academic research. In order to achieve enhanced energy effi-
ciency and optimal atom economy, photoredox catalysis should
ideally incorporate both sunlight and direct photochemistry.
This dual approach not only accelerates the relevant processes
but also circumvents the necessity for articial light sources. In
recent years, the utilization of photoredox processes and pho-
toredox catalysis has garnered signicant interest and is
increasingly recognized as a potent new area in advanced
synthesis and catalysis. The employment of photocatalysts in
the capacity of an antimicrobial agent confers numerous
benets, including their ability to exterminate not only bacteria
and fungi but also inhibit viral proliferation. Furthermore, they
possess the capability to decompose hazardous and unsteady
organic substances present in the atmosphere. In fact, a pho-
tocatalytic degradation reaction takes place whereby the
formation of water and carbon dioxide act as by-products that
are subsequently used in the photosynthesis process, thus
leading to a stable and coordinated sequence of events. Pho-
tocatalytic techniques exhibit considerable potential for
numerous wide-ranging applications, encompassing respira-
tory air and environmental health, biological, medical, labora-
tory, hospital, pharmaceutical, food industry, and plant
protection. One of their applications lies in the treatment of
sewage and effluent, as well as the disinfection of drinking
water to mitigate the risk posed by microorganisms. In recent
years, signicant research endeavors have been undertaken to
enhance the efficacy of photocatalytic systems, leading to the
emergence of multiple commercial applications. Considering
the emerging nature of this eld requires more research in this
eld. According to the above, it is obvious that the research in
the eld of photocatalyst and applications related to photo-
catalyst is a promising research area and a perspective for future
research. At the outset of this endeavor, a comprehensive
exploration of this domain is imperative.
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E. I. Cedillo-González, J. Hazard. Mater., 2020, 395, 122632.

315 T. S. Tofa, K. L. Kunjali, S. Paul and J. Dutta, Environ. Chem.
Lett., 2019, 17, 1341–1346.

316 A. Uheida, H. G. Mej́ıa, M. Abdel-Rehim, W. Hamd and
J. Dutta, J. Hazard. Mater., 2021, 406, 124299.

317 B. Rhimi, M. Padervand, H. Jouini, S. Ghasemi,
D. W. Bahnemann and C. Wang, J. Environ. Chem. Eng.,
2022, 10, 108566.

318 M. D. Miah, M. F. Masum andM. Koike, Energy Policy, 2010,
38, 4643–4651.

319 U. Gehring, O. Gruzieva, R. M. Agius, R. Beelen, A. Custovic,
J. Cyrys, M. Eeens, C. Flexeder, E. Fuertes, J. Heinrich and
B. Hoffmann, Environ. Health Perspect., 2013, 121, 1357–
1364.

320 D. Laohalertdecha, K. Theinnoi and S. Sittichompoo, The
Prototype of Non-thermal Plasma Aer treatment System
for Simultaneous Reduction of Nitrogen Oxide Emission
20644 | RSC Adv., 2024, 14, 20609–20645
in Flue Gas, InE3S Web of Conferences, EDP Sciences,
2021, vol. 302, p. 01010.

321 Y. Yang, X. Zheng, W. Ren, J. Liu, X. Fu, S. Meng, S. Chen
and C. Cai, Front. Environ. Sci. Eng., 2022, 16, 137.

322 EEA (European Environment Agency), Air Quality in Europe:
Report, Luxembourg, 2015.
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