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Abstract: Materials science and catalysis advancements play a critical role in achieving sustain-
able development by managing environmental, energy, and resource challenges. Catalyst design
advancements focus on enhancing selectivity to achieve sustainable chemical reactions, reducing
energy consumption. Designing catalysts that are environmentally friendly and biodegradable is
increasingly gaining importance. This aligns with the principles of green chemistry and contributes
to minimizing the environmental impact of catalytic processes. These advances, taken as a whole,
lead to more sustainable and efficient processes in industries ranging from energy production to
pollutant removal, fueling the advancement toward a more sustainable future. Photochemistry, that
is, the activation of a stable compound (catalyst) into the highly reactive excited state, is of particular
importance, since photons—especially when they come from solar light—are a green and renewable
resource. This review article has provided the overall idea of the photocatalysts and materials under
green chemistry perspective from the standpoint of the concept of sustainable development.

Keywords: catalysts; carbon materials; sustainable energy; CO2 reduction; H2 production;
remediation

1. Introduction

Water and sunlight are the inexhaustible resources that we have to stabilize our life on
Earth and use for the different needs of life, especially for energy. There is an immediate
requirement for an energy supply like hydrogen, nicknamed “clean fuel,” as it is a fuel
with zero carbon dioxide emissions. Being the “energy carrier,” hydrogen is considered
to be the best alternative to the liquified energy sources used today. According to the U.S.
Energy Information Administration (International Energy Outlook, 2021, in Figure 1), by
2050, renewable energy consumption for the generation of electricity will expand by 27%,
surpassing the usage of coal and natural gases. It also states that, by 2050, Plug-in Electric
Vehicles (PEVs) will grow to make up to one-third of the global light-duty stock. This rate
shows a 5% increase in electricity consumption for global transportation by 2050.

In 1972, Fujishima and Honda designed a photo-electrochemical cell that could be used
to induce water splitting (or the decomposition of water) for the production of hydrogen
gas (H2), using TiO2 as a photocatalyst. The conditions that they put forward to meet the
requirement of water splitting or the decomposition of water (for hydrogen production)
were that the potential for oxygen evolution is made more negative, and that of hydrogen
evolution is made more positive [1].
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meet the requirement of water splitting or the decomposition of water (for hydrogen 
production) were that the potential for oxygen evolution is made more negative, and that 
of hydrogen evolution is made more positive [1].  

Photocatalysis occurs when the energy of the incident light is greater than the band 
gap energy between the conduction band (CB) and the valence band (VB) in a 
semiconductor material. After the absorption of light, e−/h+ pairs are generated, as shown 
in Figure 2. These electron–hole pairs are then transferred to the surface of the 
photocatalyst, where the splitting of water molecules occurs. The redox potential of the 
VB should be more positive for the generation of free OH radicals than that of the CB. The 
major requirements for a semiconductor material to be photochemically active are high 
stability, sufficient light absorption, favorable band gaps with respect to water oxidation 
potential, slow recombination rate, and low cost [2]. Photocatalysts are used in a wide 
range of applications, such as wastewater treatment and hydrogen and freshwater 
production [3]. 
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Photocatalysis occurs when the energy of the incident light is greater than the band gap
energy between the conduction band (CB) and the valence band (VB) in a semiconductor
material. After the absorption of light, e−/h+ pairs are generated, as shown in Figure 2.
These electron–hole pairs are then transferred to the surface of the photocatalyst, where
the splitting of water molecules occurs. The redox potential of the VB should be more
positive for the generation of free OH radicals than that of the CB. The major requirements
for a semiconductor material to be photochemically active are high stability, sufficient
light absorption, favorable band gaps with respect to water oxidation potential, slow
recombination rate, and low cost [2]. Photocatalysts are used in a wide range of applications,
such as wastewater treatment and hydrogen and freshwater production [3].
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Figure 2. Electron–hole pair generation in an illuminated semiconductor particle and consecutive
reactions for degradation.

2. Photocatalytic Reduction of CO2

Depending on the number of electrons used in the reduction, carbon dioxide reduction
can result in a variety of C1 compounds and intermediates. Obviously, transferring a single
electron at a time is simple in practice, but single electron reduction of carbon dioxide
results in the unstable radical anion intermediate at an extremely high reduction potential.



Catalysts 2024, 14, 378 3 of 15

Nonetheless, the free energy value for the reduction corresponds to a photon in the visible-
light spectrum, illustrating the importance of photochemistry [4]. Out of all of the CO2
reduction strategies in this category, photocatalytic methods that use solar energy appear to
be the most strategic and in need of improvement, since they have the potential to produce
green organic molecules that can be used to produce renewable fuels. Higher levels of
catalytic carbon dioxide reduction are limited by inadequate energy efficiency and product
selectivity. Rui Pang et al. reported the use of alkaline earth metals to modify the surface
of photocatalysts, so as to act as a Lewis base that attracts the acidic CO2. In addition
to that, a core–shell Ag@Cr was used as a cocatalyst to help to retain the adsorption of
CO2. The composite produced, Ag@Cr/Ga2O3-Ca, was checked for the photoreduction of
CO2 by H2O. It was observed that the photocatalyst Ag@Cr/Ga2O3-Ca exhibited a high
CO formation rate (794.2 µmol h−1) and selectivity to CO absorption at 82%. It was also
clear that a significantly lower amount of Ca present on the photocatalyst leads to efficient
selectivity of CO2 adsorption on the surface of the catalyst [5].

Shan Hu et al. proposed that strong metal support interactions favor *CO2 adsorp-
tion and *COOH generation and desorption by preparing the photocatalyst Ag1@PCN.
This photocatalyst was prepared by anchoring Ag single atoms on polygonal C3N4 nan-
otubes [6].

Yuxiang Yang conducted a study on nitrogen doping of In2O3 using discharge-
enhanced nitrogen doping via dielectric barrier discharge (DBD) plasma. The resulting
N-In2O3 photocatalyst exhibited enhanced light absorption, superior charge separation effi-
ciency, improved activity, and an increased methanol yield. The controllable production of
methanol from CO2 was achieved by tuning the nitrogen doping content. High-resolution
transmission electron microscopy (HRTEM) images confirmed the lattice fringes of cubic
In2O3, while elemental mapping showed a uniform distribution of nitrogen on the N-In2O3
surface. Nitrogen doping altered the charge distribution on the photocatalyst surface.
UV–visible diffuse reflectance spectroscopy (UV–Vis–DRS) spectra revealed reduced band
gaps for N-In2O3 variants, enhancing the solar photon collection efficiency [7].

As they are inexpensive and made of earth-abundant and environmentally friendly
elements, lead-free magnesium iodide (KMgI3) perovskite films were fabricated by ink-jet
printing on different supports, namely glass, mica, and magnesium oxychloride, which
work as nucleation sites for the controlled growth of the perovskite. The morphology of the
film depended on the type of substrate, with glass favoring the formation of bigger particles
and mica inducing agglomerates, while the perovskite cubes trapped in the needle-like
morphology were obtained on the latter support. The devices (band gap 3.2–3.4 eV) proved
to be capable of generating formic acid by CO2 reduction under visible light, and also
H2 gas, with the best performance being shown by the KMgI3 printed on mica, due to
more reactive surface being available for the photoreaction and enhanced adhesion of
the perovskite to the mica substrate due to the co-sharing of K+ ions. The stability of the
photoactive layer, verified over three consecutive photocatalytic cycles, strengthens the
sustainability of this lead-free perovskite [8].

The combination of graphitic carbon nitride with inorganic modifiers, proposed for
H2 production (see Section 3), has been investigated also to carry forward CO2 reduction in
the gas–solid reaction mode. To compensate for indium vanadate (InVO4)’s low reduction
capability, short charge carrier lifetime, and poor sorption affinity for CO2, this visible-
light active catalyst has been coupled with g-C3N4 containing nitrogen defects. The latter,
obtained by thermal condensation under a N2 atmosphere, was dispersed in a solution with
the inorganic precursor, and the composite was finally obtained by hydrothermal treatment.
The 30% w/w InVO4 composite showed the highest CO2 photoreduction performance
under visible illumination, as apparent from the CO, CH4, and formic acid production,
which were around two and three times higher compared to the unmodified g-C3N4 and
the inorganic catalyst alone, respectively. The reason of this improvement is the enlarged
CO2 adsorption and the enhanced charge carrier separation provided by the formation of
a Z-scheme heterojunction between InVO4 and g-C3N4, wherein the reduction capability
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of the latter is powered and conveniently exploited to produce the CO2 byproducts. The
stability of the hybrid material, verified by XRD and FT-IR, is reflected in a negligible
decrease in efficiency over four irradiations, suggesting a reusability of the catalyst for
consecutive photoreactions [9].

Other inorganic co-catalysts can be used to tune the properties of g-C3N4, as shown
by Zhai and co-workers. In their investigation, nickel hydroxide coupled with potassium-
doped g-C3N4 is a working hybrid catalyst for this purpose. The rationale for designing
this material comes from the evidence that the incorporation of potassium in the carbon
nitride, through calcination, suppresses the electron–hole pairs recombination, and that
Ni(OH)2 converts into Ni and NiO during irradiation, working as an electron collector, thus
facilitating the reductive reactions and representing a more sustainable approach compared
to use of noble (expensive) metals, such as platinum. As highlighted by the transient
photocurrent curves, the photocurrent increases in the order of g-C3N4 < K-g-C3N4 < 30%
Ni(OH)2/K-g-C3N4, suggesting that the modification of pristine carbon nitride prolongs
the electrons’ lifetime. Another key point is the enlarged CO2 adsorption rate after coupling
with nickel hydroxide and the higher visible-light harvesting compared to use of undoped
g-C3N4, altogether resulting in a boosted carbon dioxide conversion into CO and CH4 (with
no decrease in their production over four catalytic cycles), under full spectrum simulated
sunlight and just with water as reducing agent [10].

Independently of the specific type of catalyst, the base photoelectronic requirements
are the key feature for an efficient CO2 photoreduction process, as discussed by Cheng et al.
in the application of the fully conjugated covalent organic framework (COF). Specifically,
vinylene-linked COF incorporating rhenium complexes with the bypiridine moieties as
reductive sites and triazine ring structures as oxidative sites was prepared by aldol conden-
sation and proved to be efficient for CO2 conversion into CO (around 190 µmol g−1 h−1)
and simultaneous O2 evolution, under visible light, with no need for sacrificial agents. We
can see that combining Re with the conjugated skeleton leads to many advantages, namely
(i) an increased sorption affinity for carbon dioxide (+65%); (ii) an efficient charge carrier
separation due to a charge transfer channel from ligand to metal, making excited electrons
move to the Re complex units to sustain CO2 reduction, while holes in the triazine ring
units are consumed for H2O oxidation; and (iii) a synergistic effect between the base COF
and the one embedding the Re complex in terms of CO2 conversion. The cycling stability
was verified over five photoreactions and pointed out the substantial stability of the COF,
with about 10% decrease in the reaction yield ascribable to Re photobleaching [11].

J.G. Swadener reported the strain engineering of TiO2 shell nanoparticles to obtain
the desired band gaps for the photocatalytic activation of TiO2, whose band gap energy is
3.2 eV, limited to the UV range of 375 nm for electron–hole production. A novel ZrO2@TiO2
nanoparticle strain was developed with a TiO2 shell and tetragonal ZrO2 core. A maximum
7% c-axis strain was observed in a 12 nm ZrO2 core and 10 nm TiO2 shell, with a decrease
in the band gap of 0.35 eV. The electron–hole generation in this core@shell was predicted to
be increased by 22%, with the use of longer wavelength sunlight increasing up to 420 nm.
This novel material was predicted to have carbon dioxide reduction photocatalytic activity
up to 420 nm, as there was a decreased band gap energy in the shell of TiO2 [12].

Irradiated GO was studied by Yu Kuang et al. for CO2 reduction. The photocatalytic
reduction activity of sunlight simulated GO (Gss) production, and UV-irradiated GP (Guv)
was observed to be 2.7- and 2.1-fold higher than that of pristine graphene oxide (GO).
GOSS had more CO production than GOUV, indicating that simulated sunlight irradiation
is better for GO activation [13].

3. Photocatalytic Hydrogen Production

The valorization of wastewaters in a circular economy approach to produce clean
energy is a smart task and is of great relevance, owing to the possibility to exploit the
organic load naturally present in the water effluents and sewage.
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Oxidized graphitic carbon nitride (o-g-C3N4), prepared from a low-cost precursor
through a post-synthetic oxidation step—as a photochemically efficient derivative of the
pristine carbon nitride, due to the greater surface area and electron-rich states—was com-
pared to commercial Evonik AEROXIDE® P25 TiO2, chosen as the benchmark catalyst, for
photocatalytic H2 evolution. To boost the photoreaction, metal co-catalysts were deposited
on the catalysts, evaluating Pt or the bimetallic system Cu-Ni, for which a synergistic
effect between the two metals was ascertained. It was found that, despite having lower
yields than the classical pairing Pt/TiO2, coupling o-g-C3N4 with Cu-Ni and working with
low-cost sacrificial bio-oxygenates (starch and mono- and di-saccharides) in the solution,
under simulated solar light, produced significantly higher amounts of H2 compared to pure
water, as also verified in untreated sugar-rich wastewaters from the production processes
of food industries, such as as dairy and brewery [14].

Another strategy used to boost the performance of g-C3N4 is the fabrication of hetero-
junctions with perovskites, possibly avoiding those containing lead. It was reported that the
DMASnBr3/g-C3N4 composite (DMA: dimethylammonium) affords a HER 15-fold higher
in aqueous glucose than that found in neat water, with consistent production, also avoiding
the use of any metal as a co-catalyst. The synergistic effect between the two constituents of
the DMASnBr3-based photocatalyst, which works as a Z-scheme heterojunction, results
from favorable band alignment and extended charge carrier lifetimes, in line with the
experimental HER that was 12-fold higher than that achieved for the pure carbon nitride.
The composite proved to be reusable for three photocatalytic treatments and was able to
sustain H2 formation (~150 µmoles g−1 h−1) when exploiting a raw polysaccharide like
soluble starch. With reference to the photoactivity of the heterojunction, this was tested
parallel to P25 TiO2 under selected conditions, i.e., with the same catalytic surface area in
suspension, gaining 2.5-times higher H2 evolution when using the composite [15].

Z-scheme heterojunction was proposed by Bo et al. using noble elements (carbon
quantum dots or CQDs) to obtain effective surface plasmon resonance, band gap width,
charge separation, and good visible light utilization. The composite produced was g-
C3N4/TiO2/CQDs/Au nanoparticles, which are shown in Figure 3. The band gap of the
composite material was observed to be from 2.9 eV to 3.0 eV, as opposed to the wider band
gap width of TiO2. The photocatalytic hydrogen production of the composite was observed
to be 6.2 times higher than that of pristine g-C3N4. This difference was observed owing
to the heterojunction formation between g-C3N4 and TiO2, which helped to reduce the
electron–hole pair recombination of pristine g-C3N4. In addition to that, the introduction of
Au nanoparticles and CQDs to the combination enhanced the composite material’s ability
to absorb visible light [16].
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Kunlei et al. utilized a water-in-oil (w/o) microemulsion method to synthesize a
core–shell CuxO@TiO2 composite material under alkaline conditions. The reasons for
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utilizing Cu2O were its narrow band gap width and its ability to act as a photocatalyst
under visible-light irradiation. The material was synthesized with Cu2O as the core and
titania as the shell. A narrow band gap value was seen for the core–shell material, which
was probably because of the interfacial charge transfer of the mixed copper oxides. The
highest photocatalytic activity for H2 generation was observed with a higher concentration
of ground CuXO. The Z-scheme charge transfer process was confirmed by XPS analysis [17].

A 2D-g-C3N4/Porphyrin MOF was fabricated by Yuzhi et al., and the hydrogen
production capability of the novel nanohybrid was investigated. Characterization studies
using SEM imaging showed that the 2D nanohybrid consisted of dispersed sheets, with π–π
interaction between porphyrin and g-C3N4/cobalt ions. The nanohybrid had 15.7-times
greater hydrogen generation capacity than the g-C3N4/cobalt ions without the addition
of any co-catalyst. This may be due to the presence of more photoactive sites and a better
electron transfer network in the nanohybrid [18].

4. Wastewater Treatment
4.1. Dye Degradation

Industrial dyeing produces effluents that include organic pollutants that must be
treated before being released into natural water sources. Modern approaches to wastewater
treatment comprise the implementation of specialized oxidation methodologies, such as
photocatalysis, Fenton reactions, and ozonation [19–21].

The photocatalytic activity of a catalyst is often tested by using organic dyes. It is also
well known that water polluted with organic dyes is difficult to treat. A combination of
physical, chemical, and biological processes is utilized in standard wastewater treatment
plants to reduce the amounts of solids and diverse organic and inorganic substances.
Aliyar et al. carried out dynamic surface phenomenon analysis to study the interaction
between a photocatalyst and the dye for surface dynamics. Malachite green (MG) was used
as the target dye, and its surface interaction with TiO2 was determined by drop profile
analysis. Their results suggested that a MG-TiO2 nanoparticle complex at pH 9 showcased a
decreased mobility of the dye, as compared to the free MG particles, owing to the increased
surface tension [22,23].

A novel nanoflower-like CdS/SnS2/TiO2 NTs photocatalyst was synthesized by the hy-
drothermal method. It was further used for photocatalytic degradation of MB-contaminated
water and showed quantitative photodegradation. This material is being suggested as
a novel technique for efficient H2 generation, as well as for photocatalytic wastewater
treatment [24], which is described in Figure 4.
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Hu et al. [25] designed the “Trash to Treasure” strategy by developing an iodine (I−)-
doped hydrothermal carbonation carbon (HTCC), which can be used as a photocatalyst for
environmental remediation, as shown in Figure 5.
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The surface area was found to be about 254 m2/g. The characterization studies showed
that the iodine-doped HTCC has properties like previously reported polyfuran structures.
The Fermi level of I-HTCC was observed in the CB and VB at 0.6 V, 0.26 V, and 1.2 V vs.
RHE. The band gap was observed to be 0.94 eV, which was reduced as compared to that
of HTCC, which has a band gap of 1.34 eV. It was, therefore, apparent that the band gap
narrowed with the insertion of iodine in the HTCC. The generation of OH radicals was
observed by a rising peak at 460 nm, as monitored with a coumarin fluorescence probe.
The insertion of iodine into the sp2-hybridized polyfuran structure serves as a charge
transfer bridge to generate more active hydroxyl radicals, thus increasing the photocatalytic
activity [25]. The as-prepared catalyst was checked on the degradation of rhodamine B,
and its activity was used for the degradation of organic pollutants and water disinfection.

Salma et al. worked on the green synthesis of a ZnO nanoparticle in combination
with Punica granatum leaf extract. The characterization studies showed that the green
nanoparticles were of an average size of 80 nm. The photolytic activity of the synthesis of
the ZnO nanoparticles was tested by photolytic dye degradation of Orange 16 reactive dye.
A total of 96% degradation was observed in 30 min in the presence of UV radiation [26].

The ultrasonication approach was used to create layered aluminosilicates of montmoril-
lonite K30 (MK30) with varying ZnO nanoparticle (ZnO NPs) loadings. The photocatalytic
degradation process of MB was found to be consistent with the pseudo-first-order kinetic
model, with the Zn/MK30 degradation rate constant determined to be 2.86 × 10−2 min−1.
Using C. edulis fruit extract, ZnO nanoparticles and a ZnO/MK30 nanocomposite were
developed [27].

The photocatalytic degradation study was performed with methyl orange dye under
visible-light irradiation, achieving 82% degradation after 150 min of the dye when utilizing
less than 20% per mass of catalyst. This corresponds to a three-times-faster degradation
rate [28].

Santos et al. made use of Taua (red clay in Brazilian) to form a composite with TiO2,
giving rise to a photocatalyst with a narrow band gap. They obtained 80% degradation
of MB after 300 min of irradiation in the following conditions: 40 mg/L of MB; 1.7 mg/L
of H2O2; pH adjusted to 9, with sodium borate buffer; catalyst 1 mg/mL (6 mL); and
irradiation with a high-pressure Hg-Xe arc lamp (Newport) IR, filtered at >418 nm. The
band gap energy for the Taua/TiO2 composite was observed to be 2.08 eV, which is equal
to anatase Taua, which contains hematite (α-Fe2O3). This also coincides with the XRD
data that explains the presence of hematite in Taua, and the absorption of the composite
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in visible light is due to the presence of hematite. However, the photocatalytic activity of
Taua alone is lower (38%) when compared to the composite, which has 100% photocatalytic
activity at pH 9 in the presence of hydrogen peroxide. This is attributable to the formation
of a heterojunction between TiO2 and α-Fe2O3 and the higher surface area of the composite.
H2O2 enhances the reduction reaction in the following ways [29]:

H2O2 + e−(CB) → OH· + OH−

H2O2 + O2
·− → OH− + OH· + O2

The green synthesis of ultra-small silver nanoparticles was carried out by Sayra et al.,
using aqueous extracts of P. hortorum and A. fistulosum as reducing stabilizing agents. The
band gap energy for the nanoparticles prepared was 2.38 eV and 2.43 eV, respectively.
The ATR-FTIR spectra revealed that the phytochemicals present in the nanoparticles are
responsible for reduction-stabilization, as well as capping. The photocatalytic activity of
the AgNPs/Phf (from extract of P. hortorum) was found to be 95%, and that of AgNPs/Afs
(from extract of A. fistulosum) was found to be 100% against azo dyes. This high photocat-
alytic efficiency is due to the narrow band gap energy value. The ultra small size of the
synthesized AgNPs/Afs was confirmed to be a mode size of 0.6 nm, with a reported size
interval of 0.3 to 0.1 nm, owing to the higher photocatalytic efficiency [30].

A novel core–shell green photocatalyst, Fe3O4@PDA/CuS, was reported by Ludan
et al., with Fe3O4 as the core–shell, polydopamine (PDA) to be used as a self-polymerizing
protectant with the novel semiconductor material, and CuS with a band gap energy of
2.5 eV. The photophysical properties were characterized by UV–Vis DRS, showing that
Fe3O4@PDA had an absorption range in the ultraviolet region, whereas CuS had absorption
spectrum in the range of 200–800 nm. The composite Fe3O4@PDA/CuS demonstrated
enhanced absorption in the visible and infrared regions, making it photocatalytically active
in natural light. The photocatalyst was seen to have a surface area of about 154 m2/g, with
micropore structures determined by the Brunauer–Emmett–Teller test. The photocatalytic
activity was tested on an organic probe pollutant like MB, and the degradation was ob-
served to be 92.1% in 180 min under visible light. The magnetic property provided by
Fe3O4 made it possible to easily remove the catalyst from the solution by using a magnet,
as it had a magnetic saturation value of 26.01 emu/g (26.01 Am2/kg). The band gap energy
of CuS was found to be 2.56 eV [31].

A bi-functional remediation medium was prepared by Amit et al., having both photo-
catalytic activities provided by bismuth oxychloride (BiOCl) and the absorption activity
of biochar produced from kraft lignin, which is shown in Figure 6. The composite was
produced by a one-step hydrothermal process. The SBET value showed a surface area of
19 m2/g and 1161 m2/g for BiOCl and biochar, respectively, whereas the SBET value of the
composite was 126 m2/g. The biochar was used as a substrate for the synthesis of BiOCl
nanoparticles, as seen from the SEM images. The results showed the formation of micro-
and mesopores formed by biochar in the composite. This morphological structure allows
the diffusion or mass transfer. The band gap energy of BiOCl was initially observed to be
3.43 eV, which, upon the introduction of biochar, dropped down to 3.30 eV. This also led to
an increased photocatalytic activity of the composite in the visible-light region, according
to the diffuse reflectance spectroscopy (DRS) results.

The microwave-assisted solvothermal method was used by Megxin et al. to synthesize
CuS@In2S3-hybridized core–shell nanoparticles. The nanoparticles synthesized by this
method took a very short time to form, as compared to other traditional techniques. The
photocatalytic activity of the CuS@In2S3-Hy nanoparticles was the highest (MB and MO
degradation) at 10% weight, owing to its narrow band gap energy, and the presence of S an-
ions inhibited the recombination of the electron–hole pair formed in the heterojunction [32].
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The use of microorganisms as a bio-support material for green photocatalysis is
increasingly being studied by scientists. In a study by Akbar et al., Bacillus thuringiensis
was used to synthesize a nano-biocatalyst coupled with ruthenium/nickel co-doped zinc
nanoparticles (btRNZn NPs) to generate hydrogen through the methanolysis of NaBH4.
These catalysts are also utilized in the removal of MO dye. The nanoparticles produced
were a size of 11.78 nm, as unveiled by TEM analysis. It served as a great biocatalyst, with
a photodegradation activity of 68.2% against MO dye after 90 min of irradiation [33].

Diverse graphene-based semiconductor materials with potential as excellent photocat-
alysts have been discussed [34]. Tamizharasan et al. synthesized sulfur-nitrogen co-doped
graphene quantum dots (GQDs) by the top-down approach. Starch was used as the carbon
precursor material and thiourea as a precursor material for the S and N elements. The XRD
and SEM analyses revealed the morphology of the prepared compound, showing a bulk of
graphite with a small amount of amorphous carbon. The concentration of nitrogen, oxygen,
and sulfur present in the S,N-GQDs was low in comparison to the carbon element. After the
addition of the dopants (S, N) to the GQDs, its band gap energy was observed to decrease
from 3.07 eV to 2.54 eV. The dopants acted as photosensitizers, allowing the catalyst to
work under visible light, and also slowed down the electron–hole pair recombination. The
S,N-GQDs showed high photocatalytic activity against the cationic dye crystal violet (CV)
(91% degradation of a 20 ppm solution in 100 min with a 400 W xenon lamp), while
the undoped GQDs showed only 56% photodegradation activity in the same conditions.
Scavenger studies have demonstrated that three active species were involved in the photo-
catalytic mechanism, namely h+, O2

−., and OH [35].
Non-covalently linked composites are unstable in their structure, thus showing a

decrease in their photoactivity. This drawback was overcome by Reena et al. by syn-
thesizing a GO/porphyrin composite material with covalent linkages. The solvothermal
method was used to prepare the composite with Fe-THPP and GO-COCL. Characteriza-
tion studies carried out using UV–Vis spectrophotometry highlighted π–π* transition in
both GO and Fe-TPP. The photocatalyst was found to have a high specific surface area
(68.781 m2/g), providing many catalytically active sites, and the band gap energy value of
the nanocomposite was found to be 2.78 eV, according to Tauc’s plot. Taking these proper-
ties into consideration, the photocatalytic activity of the material was tested against crystal
violet dye, and the photodegradation efficiency was found to be 93.45% in 80 min [36].

Kraft lignin is often used as a green precursor for activated carbon [37], since its
pyrolysis produces different products at different temperatures [38]. The discovery of an
extremely persistent peroxyl radical on carbon-modified silica is a significant achievement,
because these species are often short-lived. EPR spectroscopy has revealed two distinct
forms of peroxyl radicals [39]. The peroxyl radical on carbon-modified silica was exploited
by using MB as a reference probe to identify the photocatalytic behavior of the catalyst [40].
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4.2. Drug Degradation

Drug disintegrating in water is a complicated process that is influenced by multiple
variables, including hydrolysis, oxidation [41], photolysis, and microbial metabolism [42].
Understanding the mechanisms and environmental issues associated with drug degrada-
tion is essential to formulate efficacious approaches to alleviate pharmaceutical pollution,
protect aquatic ecosystems, and maintain public health [43]. “Emerging contaminants” are
substances that are present in low concentrations across all ecosystems. In this category of
pollutants, there are several medicines, including metoprolol, propranolol, atenolol, and
pindolol, among others [37]. They are characteristic compounds of the multi-functionalized
aromatic group, are soluble in water, and are susceptible to deionization [44–46].

The photocatalytic degradation of tetracycline-contaminated water bodies by the
semiconductor cadmium sulfide nanoparticles along with a co-catalyst, copper sulfide
(CuS), was studied by E.V. Sriddharan et al. The CuS/CdS nanocomposite, prepared by a
hydrothermal procedure, had the CdS nanorod structure placed over the CuS nanoplate, as
revealed by HR-SEM imaging. This structural morphology increased the surface area of
the composite and enabled efficient charge separation. CuS/CdS has a band gap energy
of 2.30 eV, as calculated from Tauc’s plot, with an absorption edge in the visible region
at 560 nm, enabling the degradation of tetracycline under sunlight. The results observed
in the photoluminescence spectra suggest that the catalyst has a slower electron–hole
recombination rate as the intensity of the emission peaks decreases. The composite mate-
rial exhibited enhanced photocatalytic activity, with a 90% degradation in 50 min under
simulated sunlight.

The photocatalytic mechanism of the material was predicted as follows [47]:

CuS/CdS + hν → CuS/CdS (e− + h+)

e− + O2 → O2
−·

h+ + H2O → H+ + OH·

O2
−· + H+ → HO2

·

HO2
· + H· → H2O2

e− + H2O2 → ·OH + OH−

Bismuth tungstate has been utilized as a photocatalyst (0.05 g L−1) to facilitate the
simulated solar light degradation of the antimicrobial ofloxacin (OFL), under relevant real-
life conditions (µg L−1, freshwater). A quantifiable drug degradation occurred according
to a bi-exponential first-order law, with a better efficiency compared to the most commonly
employed P25 TiO2 catalyst, as apparent from the higher kinetic constant value (0.38 min−1),
as experimentally determined. The primary photoproducts analyzed by HPLC-ESI-MS/MS
included formerly unidentified photoproducts for this class of pharmaceuticals [48].

Titania can be efficiently layered with pyrolytic carbon by employing a low-cost recy-
clable resource such as kraft lignin. The crystalline structure of the P25 TiO2 photocatalyst
was unaffected by the 600 ◦C pyrolytic procedure (p-C/TiO2) [49]. The photocatalytic per-
formance of p-C/TiO2 was assessed for the degradation of a fluoroquinolone antimicrobial
drug in tap water under simulated sunlight.

2,4-dichlorophenol (2,4-DCP) is a priority contaminant by the Environmental Protec-
tion Agency (EPA) from the United States, being an endocrine disruptor with significant
bioaccumulation. Its photodegradation conducted by using assessed catalysts like semicon-
ductors is not producing good results, due also to the unknown degradation mechanism.
For this particular application, nanostructured NaBiS2 showed an increased efficiency, low
toxicity, and antimicrobial effects altogether. Authors have reported an 80% degradation in
18 h of a solution of 50 ppm of 2,4-DCP, with 200 mg/L of catalyst, at pH = 5.3, and under a
50 W LED visible-light source [50].
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4.3. Other Water Pollutant Removal and Further Applications

Farukh et al. described a method for the synthesis of acidic-group-functionalized
catalysts from date pit biomass by in situ carbonization and sulfonation. The activated
carbon (ACT-C) and sulfonated carbon (SUL-C) were produced and characterized. XRD
studies showed a weak and broad peak between 10◦ and 40◦, similar to the graphite
structure. TEM analysis showed the presence of mesopores, in addition to micropores, in
SUL-C, due to the sulfonation of the carbon material. After sulfonation, SO3H occupied
a small volume of the pores as the surface area of SUL-C reduced to 272.09 m2/g from
432.4 m2/g in ACT-C. The pore size was also reduced in the SUL-C. TCA analysis exhibited
that SUL-C is highly thermally stable, as compared to ACT-C [51].

A ternary composite, XC/TiO2/Nb2O5, was created with tannin carbon xerogel in-
corporated into the TiO2/Nb2O5 hybrid photocatalyst. A reduction in crystallite size,
along with an increase in surface area, was observed after the addition or incorporation of
carbonaceous material to the semiconductor. These morphological changes are predicted to
enhance the photocatalytic activity of TiO2. In addition, the incorporation of carbon xerogel
exhibited a decrease in band gap energy, thereby allowing the absorption of wavelengths
within the visible-light spectrum, i.e., below 380 nm, thereby enhancing the photocatalytic
activity by solar light irradiation. The photocatalytic degradation of 4-chlorophenol (4CP)
taking place with XC/TiO2/Nb2O5 was described as follows [52], as shown in Figure 7.
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Nicolas et al. published an article describing how kraft-lignin-based carbon xerogel
enhanced the photocatalytic activity of ZnO, owing to the morphological changes and an
increase in surface area observed in the material after the incorporation of the xerogel. The
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material, tested for photocatalytic activity against hexavalent chrome (Cr(VI)) in direct
sunlight, demonstrated 20% higher photocatalytic efficiency compared to pure ZnO [53].

The same work was carried forward by the team to synthesize a carbon-based com-
posite utilizing the heterojunctions formed between the semiconductors, viz. carbon
semiconductors, and metal semiconductors. This study focused on altering the recom-
bination of charges and improving the photocatalytic activity of ZnO by forming p-n
heterojunctions with bismuth oxide and a metallic heterojunction with Bi0 to form hybrid
photocatalysts. Lignin/cellulose carbon xerogel functions as a reduction agent of Bi2O3
and also enhances charge separation. The photocatalytic activity of the composite was
tested by the photodegradation of bisphenol-A, providing higher photocatalytic activity in
comparison with ZnO/Bi. However, there was no difference in the band gap energy (3.5 eV)
in comparison with pure ZnO. The morphological changes observed in XCL/ZnO/Bi were
an increase in surface area and pore formation during the addition of the carbon xerogel, as
well as the formation of plates and smaller particle aggregates. These characteristics made
it possible for the composite to efficiently degrade the dye in the presence of visible light
and simulated sunlight [54].

The green synthesis of a novel metal-free photocatalyst, carboxyl-acid-functionalized
ionic-liquid-entangled porphyrin photocatalyst (CAFILP) was carried out by Subodh
et al. The article focused on the development of a novel photocatalyst to be used for the
conversion of sugarcane biorefinery products to value-added compounds. Characterization
studies with UV–Vis DRS spectra revealed a band gap energy of 1.49 eV, which allows the
photocatalyst to function efficiently in the visible-light range. The synthesized photocatalyst
has a relative acidity of 0.99 (as shown by the Hammett value), and the material is predicted
to have substantial proton levels. Thereby, the photocatalyst is seen to have more acid
sites to form bonds with the substrate. Molasses was used as the substrate for conversion
to ethyl levulinate by the action of a photocatalyst under a 5 W LED light. The highest
conversion rate was observed after 25 h with 18 mg of photocatalyst (about 1% m/m), with
a yield of 94% in the presence of ethanol [55].

This study continued to use the novel photocatalyst for the esterification of levulinic
acid and the etherification of biomass-derived glycerol. The best conditions for catalytic
action were 1% m/m of the photocatalyst for an 18 h reaction time to obtain 78% levulinates
from the biomass converted to levulinic acid. The etherification of glycerol was seen to
obtain a yield of 88% under optimal photocatalytic conditions [56].

A graphene oxide/porphyrin nanocomposite was prepared via non-covalent in-
teractions, employing two forms of porphyrin, i.e., tetraphenylporphyrin (TPP) and
zinc tetraphenylporphyrin (ZnTPP). The UV–Visible absorption spectra of the composite
showed a shift in wavelength, reflecting the π–π interaction of the porphyrins with the
GO sp2 carbons. It was also apparent that GO was able to form a more stable complex
with ZnTPP than TPP, because of the interaction with the oxygen in the ZnTPP core. The
photocatalytic activity of the nanocomposite was studied in terms of the oxidation of benzyl
alcohol under visible-light irradiation. It was observed that GO-TPP had higher catalytic
activity than ZnTPP, probably due to the presence of more active sites of graphene on
GO-TPP than on its counterpart. As discussed in earlier sections, epoxides of GO and the
Zn center of ZnTPP hindered the active sites for the GO-catalyzed oxidation of alcohols.
TPP aggregation on the GO surface, on the other hand, exposed some sections of the GO
surface, exposing the accessible active sites [57].

A green method for uranium recovery from water by the production of photosynthetic
H2O2 was proposed by Lang et al. The photocatalyst used was prepared by an aldimine
reaction between 5,10,15,20-(tetra-4-aminophenyl)porphyrin-Ni (TPP-Ni) and thieno[3,2-
b]thiophene-2,5-dicarbaldehyde (TT) to produce the TT-Por/covalent organic framework
(COF)-Ni. The photocatalyst enables the synthesis of H2O2 without any co-catalyst or
sacrificial agent, with the subsequent recovery of (metastudtite) uranium. The band gap
energy of the synthesized photocatalyst was 2.01 eV and the VB and CB values were feasible



Catalysts 2024, 14, 378 13 of 15

for the oxygen reduction reaction (ORR), allowing the synthesis of hydrogen peroxide. The
photocatalytic removal of uranium was noted to be 94% under solar light [56].

5. Conclusions

Visible-light photocatalysis, especially when the catalyst is prepared from renewable
resources [58] or microorganisms, can be considered as sustainable [59]. The possibility
of photocatalysis spans from wastewater treatment to carbon dioxide reduction and hy-
drogen production, some of the hottest topics nowadays. In modern chemistry, the use
of nanomaterials, especially when noble metals (or toxic metals) are employed, should be
reconsidered. In fact, carbon materials are attracting more and more attention, especially
when they are derived from natural resources (like graphite and its derivatives) or produced
by pyrolysis from biomasses. The ability of carbon to create from zero- to three-dimensional
structures, together with the possibility of ‘doping’ by the addition of other materials, is
unrivalled, and only nowadays we are starting to explore and understand their properties.
In fact, carbon materials could act as photocatalysts by themselves or in conjunction with
other inorganic materials. Furthermore, porous carbon materials have a high capacity of
absorbing chemicals. This can be implemented both in water treatment for the removal of
pollutants and in soils as biochar.
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