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The efficient removal of patulin (PAT) contamination in food is an important challenge in the field of food

safety, and the traditional single adsorption or photocatalytic techniques have bottlenecks such as low

efficiency and difficult regeneration. The integration of adsorption–photocatalytic degradation by

utilizing the synergistic effect of functionalized graphite-phase carbon nitride (g-C3N4) nanomaterials

and hydrogels has proved to be a highly promising solution. However, how to construct a bifunctional

material system with both high adsorption capacity and long-lasting photocatalytic activity is still

a current research challenge. In this paper, we systematically review the recent progress of g-C3N4-

based nanocomposites and hydrogel materials and their recent advances for enhancing the removal

efficiency of PAT. This review provides a theoretical basis and technical reference for the development

of “adsorption–degradation” smart material systems.
1 Introduction

In 1943, Harold Raistrick isolated PTA for the rst time from P.
gray-yellowiasis. Aer identication, the British Medical
Research Center conducted a study on PAT, which then used
PAT as an antibacterial agent for some specic bacteria with
either Gram-positive or Gram-negative characteristics.
Although, in 1944, the research center staff discovered its toxic
effects.1 PAT has been detected in numerous foods. It is preva-
lent in fruits, vegetables, and their respective products. Among
them, apples and apple-based products are particularly notable
sources,2 and it is employed as a quality benchmark for the
apples used in juice-making or compost-making.3 Research
ndings indicate that the extent of PAT accumulation primarily
hinges on the specic strain. In contrast, it has relatively little
connection with the various storage stages that apples go
through during extended storage periods.4 Therefore, the key to
preventing and controlling PAT in food is to control strains that
can produce PAT toxins. To achieve this goal, a series of control
measures can be taken, including preharvest control (such as
selecting resistant varieties and implementing pest manage-
ment), control during harvest (such as timely and manual
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harvesting) and postharvest control measures (such as high-
pressure cleaning and cold chain storage), to maximize the
prevention of contamination of food by strains carrying PAT
toxins.5 However, since contamination may take place at each
and every link within the food supply chain it is not possible to
ensure that there is no strain or zero PAT in the food chain that
produces PAT toxins. Furthermore, PAT possesses notable
physical and chemical steadiness. Due to this characteristic, its
structure is not easily damaged during the food processing
stage. Moreover, PAT can build up through the food chain,
exerting considerable inuences on the health of mammals.
These impacts involve symptoms such as headaches, nausea,
pulmonary edema, injuries to the liver and kidneys, along with
neurotoxicity and immunotoxicity. PAT can trigger a variety of
acute and chronic diseases and complex responses at the
cellular level and has been listed as the third category of sus-
pected carcinogen by the International Cancer Research
Institute.6–9 In this context, the World Health Organization
(WHO, 2005), the U.S. Food and Drug Administration (FDA) and
the European Union (EU) consistently stipulate that the
maximum acceptable content of PAT in apple juice is 50 mg L−1

and that in children and babies. The PAT content was limited to
10 mg L−1.10 Therefore, putting into practice powerful and
effective detoxication strategies to regulate PAT tainting in
fruits and their derivatives is of great signicance. In recent
times, a variety of techniques have been employed for the
elimination of mycotoxins (Fig. 1). These encompass ionizing
radiation methods like gamma-ray irradiation and electron-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Methods for controllingmycotoxin contamination. (A) Cold atmospheric plasmamethod, (B) polyphenols, (C) natural essential oils, and (D)
magnetic materials and nanoparticles.14
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beam bombardment, optical techniques such as ultraviolet
illumination and pulsed-light emission, aqueous-based treat-
ments represented by electrolytic water application, plasma-
related technologies typied by cold-plasma utilization, and
degradation processes based on catalysis, with photocatalytic
degradation being a prime example,11–13 where photocatalytic
© 2025 The Author(s). Published by the Royal Society of Chemistry
degradation occurs because of the recovery rate of mycotoxins.
The characteristics of simplicity, greenness, and high efficiency
have attracted widespread attention.

The abnormal stability of PAT under acidic environment and
heat treatment leads to the difficulty of effective degradation by
conventional means, while the physical adsorption method is
RSC Adv., 2025, 15, 24510–24535 | 24511
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limited by the bottleneck of poor selectivity and high regener-
ation cost. The traditional g-C3N4 materials still face the core
challenges of high photogenerated carrier complexity, limited
specic surface area, and insufficient adsorption selectivity in
complex food matrices, which seriously limit their practical
application efficacy. Recent studies have shown that the carrier
separation efficiency can be signicantly improved (by 3–5
times) through interfacial engineering strategies, such as het-
erostructure construction and elemental doping; the combina-
tion of 3D hydrogel network and molecular imprinting
technology optimises the material's adsorption capacity
(>200 mg g−1) and photocatalytic active site accessibility,
resulting in a PAT degradation rate of more than 90%. Never-
theless, the analysis of the conformational relationship of the
materials is mostly limited to a single performance index, and
there is still a lack of systematic understanding of the key
scientic issues such as the mechanism of adsorption–photo-
catalysis synergy, the interference effect of food components,
and the cyclic stability of the materials.

In this review, we present a comprehensive overview of the
recent progress of functionalized g-C3N4-based materials for
PAT removal, focusing on: (1) the regulation of adsorption–
photocatalytic synergistic performance by multidimensional
nanostructural design; (2) the inuence of coexisting compo-
nents such as polysaccharides and pigments on the degradation
pathway of food matrices; and (3) regeneration strategies and
life-cycle assessment of the materials for large-scale applica-
tions. By clarifying the current technological bottlenecks and
theoretical gaps in knowledge, we will provide prospective
guidance for the development of new photocatalytic materials
that are highly efficient, stable and food-compatible.
2 Overview of graphite-phase carbon
nitride
2.1 Structure of graphite-phase carbon nitride

g-C3N4 is a 2D nanomaterial using a stratied graphite forma-
tion. Its basic structural units are stacked with atomic layers
formed linked by the covalent bonds between C atoms and N
atoms, within which tri-s-triazine represents the most stable
Fig. 2 Photocatalytic reactions of carbon–nitride-based materials. (A) g-
(B) Mechanism and application of g-C3N4 photocatalytic reaction.18

24512 | RSC Adv., 2025, 15, 24510–24535
unit (Fig. 2A). The topological structure of g-C3N4 is a 2D
graphitic structure connected by a tertiary amine. The built-in
functional groups include –NH2/–NH–/]N–, which provide
many surface defects and reactive sites for g-C3N4. The ve
varieties of graphite-phase carbon nitride structures encompass
a-C3N4, b-C3N4, g-C3N4, cubic-C3N4 and pseudocubic-C3N4.
Among them, g-C3N4 has the lowest binding energy, the lowest
hardness and the most stable structure.15,16

The C atoms and N atoms in g-C3N4 possess lone pairs of
electrons within the pz orbital. These electrons can interact with
each other, resulting in the formation of a large p bond that
bears resemblance to the benzene ring. Moreover, through sp2

hybridization, a highly delocalized conjugated system is estab-
lished. This conjugated system endows graphite-phase carbon
nitride with a unique energy band structure, it is divided into
three parts: a bonding band, a free-electron band and a band
gap. The energy separation between the bonding band and the
free-electron band amounts to 1.9 eV, while the width of the
band gap is 0.4 eV. The interlayer distance of g-C3N4 is
approximately 0.345 nm, which has a value that is slightly
greater than the layer spacing of graphene (0.34 nm) and has
better photoelectric and mechanical properties. In addition, g-
C3N4 has a 2D structure, therefore, an appropriate external force
can be applied to overcome the intermolecular van der Waals
force between layers. Subsequently, by carefully peeling off the
bulk g-C3N4, a 2D g-C3N4 nanosheet that has a signicantly
large specic surface can be successfully obtained. These
nanosheets are rich in active sites and have excellent photo-
electric properties, which are conducive to the progress of
photocatalytic reactions (Fig. 2B). At present, scientic
researchers have obtained g-C3N4 nanosheets through different
methods, including top-down peeling of blocked g-C3N4 and
assembling the precursor from bottom to top in a 2D manner.
These two preparation methods can be further subdivided into
ultrasonic-assisted liquid peeling,19 acid etching,20 thermal
oxidation peeling,21 etc., in order to synthesize g-C3N4 nano-
sheets with low cost, simplicity and rapidity. Among them, the
thermal oxidation peeling method is low in cost and environ-
mentally friendly and is considered to be an effective method
for obtaining g-C3N4 nanoscale sheets.22 Furthermore,
C3N4 has two structures, namely the triazine (a) and the tri-s-triazine.17

© 2025 The Author(s). Published by the Royal Society of Chemistry
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adjusting the synthesis parameters allows for the production of
g-C3N4 photocatalysts that exhibit varying sizes and shapes,
ranging from 0D quantum dots, 1D nanotubes, 2D nanoscale
sheets, and 3D porous frameworks, as well as diverse nanoscale
dimensions. The material exhibits excellent electron transfer
properties, stable optical properties, porosity, and distinctive
structural characteristics marked by a signicant specic
surface area that endow it with substantial potential for utili-
zation in the area of photocatalytic degradation.16
2.2 The properties inherent in graphite-phase carbon nitride

g-C3N4 has a variety of excellent physical and chemical proper-
ties, such as electrochemical properties, thermal stability,
chemical stability and catalytic activity. These properties give g-
C3N4 broad application prospects in ambient photocatalytic
degradation, energy conversion, electrochemical energy
conversion and storage (Fig. 3).

First, g-C3N4 has high conductivity and electron mobility,
which results in good electrochemical activity. Through doping
and surface modication, its electrical properties can be
controlled, expanding its applicability in devices based on
electronics, sensors, and various other domain. Second, g-C3N4

has good thermal stability and can exist stably below 600 °C,
and its structure and mass do not change signicantly. When
the temperature increases above 600 °C, g-CNQDs gradually
decompose; at 750 °C, g-C3N4 completely decomposes.
Furthermore, g-C3N4 has good chemical stability and strong
corrosion resistance to chemical substances such as acids,
alkalis, oxidants and reducing agents. It can remain stable in
air, water, acid and alkali. Aer that, g-C3N4 possesses superior
adsorption capabilities, making it suitable for adsorbing and
purifying gases, pollutants, and other substances. Its edges are
rich in basic groups, such as –NH and –NH2, which can provide
rich binding sites and achieve the adsorption and elimination
of acidity pollutants through electrostatic attraction.
Fig. 3 Multifaceted applications and properties of g-C3N4.23

© 2025 The Author(s). Published by the Royal Society of Chemistry
Furthermore, the conjugated p region in its plane can adsorb
aromatic pollutants by means of p–p conjugation.

Finally, g-C3N4 has high catalytic activity and can be used in
catalytic reactions, environmental purication and other elds.
With its role as an effective photocatalyst, it nds wide-spread
uses in the domains of splitting water via photocatalysis and
reducing carbon dioxide through photocatalysis. In 1924, Baur
and Ferret reported through an experiment that silver salt can
be reduced to metallic silver under the action of ZnO. This
discovery rst proposed the concept of photocatalysis.24 Since
Fujishima and Hondamade groundbreaking research results in
1972, researchers have developed a strong interest in photo-
catalytic technology.25 On the one hand, researchers are
working hard to develop efficient semiconductor photocatalysts
to enhance the efficiency of photocatalytic reactions. On the
other hand, we are also constantly expanding the application of
photocatalytic technology, from initial water cracking to all
aspects of life, such as medical care, environmental governance,
and agricultural production. In terms of pollutant removal, in
1976, Carey et al. used TiO2 to photocatalyze the removal of
PCBs under ultraviolet light, which has since inspired much
related research.26 At present, photocatalytic technology has
also made certain progress in the process of catalytically
oxidizing a wide range of organic contaminants, for instance
colorants, pesticides, antibiotics, and mycotoxins. The core
mechanism behind semiconductor photocatalytic reactions
involves the effective conversion of solar energy into electrical or
chemical energy, and this is of vital importance for diverse
applications within energy-related domains. In this process,
semiconductor catalysts play a key role, but they themselves
remain unchanged before and aer the reaction. When a semi-
conductor photocatalyst absorbs light energy equal to or
exceeding its band-gap energy, electrons in the valence band
(VB) become energized and transition to the conduction band
(CB). Meanwhile, holes are le behind in the VB. Aerward, the
RSC Adv., 2025, 15, 24510–24535 | 24513
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energized electrons and the corresponding holes travel to the
surface of the material, initiating redox reactions in the pres-
ence of species adsorbed on the surface of the catalyst.27 In the
aqueous-phase reaction system, photogenerated electrons also
undergo a free radical chain reaction with solvent molecules.
This process generates a variety of reactive oxygen species. This
includes, among others, hydroxyl radicals ($OH), superoxide
anion radicals ($O2−), and singlet oxygen (O2−), but is not
restricted to these species. Owing to their strong oxidative
properties, these reactive oxygen species can further participate
in the oxidation process on outer layer, thereby enhancing the
effect of the photocatalytic conversion.28

2.2.1 The adsorption characteristics of graphite phase
carbon nitride. The coupling application of adsorption and
photocatalysis can effectively promote the complete degrada-
tion of dyes in a short period of time, and also help extend the
service life of the material.29 However, many photocatalysts
currently perform poorly in terms of the amount of dye adsor-
bed, and the effects of photogenerating electrons, holes and
some reactive oxygen species are limited. In recent years, 2D
nanomaterials have garnered signicant attention. This is due
to the fact that they possess numerous advantages and satisfy
most of the conditions necessary for excellent adsorbents. Its
signicant features include a large specic exposed surface and
abundant reactive points, among which g-C3N4 stands out
notably. g-C3N4 nanosheets are rich in basic groups such as –

NH and –NH2, which can provide rich binding sites and achieve
the adsorption and removal of acidic pollutants via electrostatic
binding.30 Furthermore, the conjugated p region in the g-C3N4

plane can adsorb aromatic pollutants by means of p–p conju-
gation. Based on the aforementioned characteristics, g-C3N4

can act as an adsorbent and photocatalyst with excellent
performance in removing pollutants in wastewater.31,32

Research byWang et al. demonstrates that the particle size of
g-C3N4 exerts a profound inuence on its adsorption capacity
and overall catalytic efficiency.33 Specically, reducing the
particle size of g-C3N4 signicantly enhances its specic surface
area, thereby exposing a greater density of active sites on the
material surface. This augmentation elevates the probability of
pollutant encounter and adsorption by amplifying the acces-
sible interface between the catalyst and environmental
contaminants. The expanded specic surface area not only
accelerates pollutant sequestration but also provides abundant
reactive interfaces for subsequent catalytic reactions.

However, particle size reduction, while increasing the
specic surface area, may concurrently compromise the in-
plane piezoelectric polarization strength of g-C3N4, thereby
undermining its piezocatalytic performance. Piezoelectric
polarization is a critical determinant in piezocatalysis, govern-
ing the segregation and migration of charge carriers across the
material surface to facilitate the generation of reactive oxygen
species (ROS). These ROS serve as pivotal mediators for
pollutant degradation. Consequently, the rational design of g-
C3N4-based catalysts necessitates meticulous particle size opti-
mization to reconcile surface area expansion (for enhanced
adsorption) with the preservation of adequate piezoelectric
polarization. This integrated optimization framework offers
24514 | RSC Adv., 2025, 15, 24510–24535
a novel strategy for developing high-efficiency, eco-friendly g-
C3N4 catalysts. Beyond environmental remediation, such
advancements hold transformative potential for clean energy
technologies and related interdisciplinary applications, under-
scoring their strategic value in sustainable innovation.

Wang and colleagues conducted a systematic research into
the adsorption behavior of g-C3N4 prepared from different
precursors and explained the formation mechanism, inu-
encing factors and relative contributions of various interactions
in the surface adsorption process of humus on g-C3N4. Due to
the combined inuence of the amino group of g-C3N4 and the
heptazine ring, along with the aromatic rings and oxygen-
containing functional groups within humus, the adsorption
process of humus on g-C3N4 is caused mainly through electro-
static attractions, p–p stacking, and hydrogen bonding inter-
action.34 Cai and colleagues further conrmed that g-C3N4

nanosheets, as adsorbents with excellent performance, have
unique adsorption properties. For example, Cd2+ can achieve an
adsorption capacity of 94.40 mg g−1 by coordinating with C
and N atoms within the triazine ring unit of g-C3N4. At pH= 7.0,
the capacity of MB adsorption by g-C3N4 can reach 42.19 mg g−1

owing to p–p conjugation interactions and electrostatic gravity.
Moreover, the composite materials of g-C3N4 also demonstrate
favorable adsorption capabilities. For instance, Guo and his/her
team managed to synthesize a g-C3N4/MnO2 composite abun-
dant in active sites through an in situ deposition approach. The
maximum adsorption of Pb(II) in water by this composite
material is as high as 204.10 mg g−1. This result fully demon-
strates that g-C3N4. As an adsorbent, it has broad application
prospects.35

2.2.2 Photocatalytic properties of graphite phase carbon
nitride. As a nonmetallic n-type semiconductor polymer, g-C3N4

has unique electrical, optical, thermodynamic and chemical
properties. It is nontoxic, simple to prepare, stable in structure,
can also be passed through the control synthesis method for
regulating the shape and dimensions of g-C3N4, and it can be
easily recombined with other semiconductors, making g-C3N4

a type of photocatalytic material with great application pros-
pects.36 It was in 2009 that Wang and his colleagues rst
discovered that g-C3N4 can photocatalyze the decomposition of
water, producing H2 and O2. Since then, g-C3N4 nano-
photocatalysts have become ideal candidate materials holding
signicant promise in the domains of energy utilization and
environmental restoration because of their distinctive charac-
teristics and have found extensive application in the photo-
catalytic decomposition of water and the breakdown of organic
contaminants in water.18

g-C3N4 possesses a band gap of roughly 2.70 eV, enabling it
to react to visible light.37 Furthermore, the preparation process
of g-C3N4 is relatively simple. Through a heat condensation
reaction, g-C3N4 can be prepared using several low-cost and
nitrogen-rich precursors as raw materials. At present, urea and
melamine are the two most commonly used precursors. In
addition, thiourea and dicyanide can likewise be employed in
the synthesis of g-C3N4.38 Apart from the heat condensation
technique, g-C3N4 can also be synthesized through the
processes of self-assembly of molecules,39 heating synthesis
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparative study of g-C3N4-based composite materials

Materials Findings Advantage Disadvantage Ref.

g-C3N4/TiO2 It has a good degradation
effect on antibiotics such as
tetracycline in water; it has
shown certain potential in
photocatalytic water
splitting to produce
hydrogen

The addition of TiO2

broadened the
photoresponse range of g-
C3N4 and improved the
photocatalytic activity. It has
good stability and can be
reused many times

The photocatalytic efficiency
under visible light still needs
to be improved. The
degradation selectivity for
some contaminants is not
high enough

54

ZnO: Sr/g-C3N4 The band gap was reduced
from 3.5 eV to 1.9 eV, and the
efficiency of photocatalytic
degradation of cationic dye
MB (99%) and anionic dye
MO (95%) was signicantly
improved

Green synthesis (using plant
extracts) with both
antioxidant and anti-
diabetic biomedical
potential

Toxicity assessment for
biomedical applications is
inadequate, and further
validation of safety is needed

55

Ce/P functionalized g-C3N4/
ABS nanocomplexes

Signicantly improved ame
retardancy, thermal stability
and mechanical properties
for use in engineering
plastics

Multi-functional composite
materials, breaking through
the performance limitations
of traditional ame
retardants

The effects of environmental
ageing in long-term use can
be costly for industrial
applications

56

Precursor modulation of g-
C3N4 (U550)

The urea precursor prepared
g-C3N4 (U550) with the
highest N/C ratio (1.22) and
RhB degradation efficiency
of 80.27% (100 min)

The performance was
optimised by precursor
selection and the
photocatalytic mechanism
was well dened ($OH and
h+ dominated)

Strong dependence on
precursor purity and
possible feedstock
consistency challenges in
industrial production

57

Ag-0.8/LaCN-1 The adsorption capacity for
methyl orange (MO) was 49.6
times higher than that of
bulk g-C3N4 (BCN), and the
photocatalytic degradation
rate was 13.1 times higher
than that of BCN.The
synergistic effect of La
doping and Ag NPs
signicantly enhanced the
adsorption and
photocatalytic performance

High specic surface area
(48.1 m2 g−1) and
mesoporous structure
providing more active sites.
Visible light absorption
range extended beyond
550 nm (band gap 2.50 eV).
Good cycling stability (only
3% decrease in total removal
aer 5 cycles)

The preparation process
involves multiple steps
(pyrolysis + wet
impregnation) and is more
complex. The leaching of
trace amounts of Ag (0.25%)
and La (0.01%) may pose an
environmental risk

58

g-C3N4/FTO glass composite
lm and g-C3N4/Si
composite lm

Powdered g-C3N4 degraded
96.3% of rhodamine B (Rh B)
in 8 h, while LB lm
degraded 73% in the same
time. The LB lm aer
repeated use (aer 24 h)
maintained 73%
degradation efficiency

Remarkable photocatalytic
performance, material
stability Lianghao FTO glass
on the LB lm coverage
uniform, aer repeated use
still maintains stable
activity. LB technology can
be accurately regulate the
lm thickness and structure,
suitable for photoelectric
devices and chemical
conversion system
integration, synthesis of raw
materials is cheap and easy
to obtain, suitable for large-
scale applications

Incomplete coverage
(presence of voids) on
a silicon substrate limits its
application on that
substrate. The degradation
efficiency of the LB lm was
reduced compared to the
powder (73% vs. 96.3%),
probably due to the
reduction of active sites as
a result of unilateral contact
of the lm with the substrate

59

Co2SiO4/g-C3N4 The highest degradation rate
of EB under UV light (90%,
within 120 min) was
signicantly better than that
of single components (57.7%
for pure g-C3N4 and 63.6%
for pure Co2SiO4). The
catalytic efficiency only
decreased by 11.1% aer 5
cycles of use

Simple preparation process,
low cost, suitable for large-
scale production. The
performance remains stable
aer many cycles, suitable
for long-term application. It
can effectively remove
organic dye pollutants in
water and is suitable for
sewage treatment

Low utilisation of visible
light, limiting practical
application scenarios.
Degradation of anionic dyes
is signicantly better than
that of cationic dyes,
limiting the scope of
application. The optimal
degradation requires 70 mg
of catalyst (0.7 g L−1), which
may increase the cost, and

60
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Table 1 (Contd. )

Materials Findings Advantage Disadvantage Ref.

the long-term use of cobalt
in Co2SiO4 may pose a risk of
metal leaching

Pt/CuPc/g-C3N4 Z-type
heterojunction

Under visible light, the Pt/
CuPc/g-C3N4 catalysts
selectively reduced CO2 to
CH4 in yields of 39.8 mmol
g−1 h−1, with selectivities of
up to 90%, which were
signicantly better than
those of the single
components (pure g-C3N4

and CuPc yields of 15.9 mmol
g−1 h−1 and 12.8 mmol g−1

h−1, respectively). Aer 12 h
of continuous reaction and 5
cycles, the catalytic activity
only decreased by 11.1%
without signicant
structural degradation

The introduction of CuPc
extends the light absorption
range to the near-infrared
region (800 nm) and
enhances the solar energy
utilisation, while the Z-type
heterojunction structure
signicantly reduces the
charge complexation rate
and enhances the
photocurrent intensity

The high cost of precious
metal Pt as a co-catalyst
limits the economics of
large-scale applications.
Involving multiple steps
(ultrasonic dispersion,
photodeposition of Pt, etc.),
the process conditions need
to be precisely controlled,
which may increase
production costs. The
optimal CuPc loading is
5 wt%, and excessive
amounts (e.g., 10 wt%) can
lead to active site blockage
and performance
degradation. Long-term use
of Pt and Cu may lead to
metal leaching, and the
environmental safety needs
to be further evaluated

61

MoS2@g-C3N4 MoS2@g-C3N4 adsorption
efficiency: RhB (pH 4.0):
96%, SLD (pH 8.0): 96%, FLX
(pH 9.0): 85%, with good
photocatalytic degradation
ability, and the
photocatalytic efficiency
remained 99–100% aer 5
cycles. The BET surface area
amounted to 69.53 m2 g−1,
with a signicant increase in
pore volume

Combined adsorption and
photocatalytic degradation
capabilities, enhanced
adsorption capacity and
reactive sites. The
performance does not decay
aer many cycles and is
suitable for long-term
application. g-C3N4 is
a metal free material with
high chemical stability.
Adsorption efficiency for
different pollutants can be
optimised by adjusting pH

Excess MoS2 covers the g-
C3N4 surface, leading to loss
of photocatalytic activity.
The adsorption efficiency
(85%) for FLX is lower than
that of RhB and SLD. the
degradation time is longer
and the synthesis is
complicated, which requires
precise control of the ratio of
MoS2 to g-C3N4 and the
synthesis conditions

62

Pd SAs/g-C3N4 The photocatalytic hydrogen
production efficiency
reached 0.24 mmol h−1

mg−1 Pd at a Pd loading of
only 0.05 wt%, which is 55
times higher than that of
conventional Pd
nanoparticles (1.5 wt%).
Aer ve cycle tests, the
catalytic activity remained
stable (99–100%) without Pd
atom agglomeration or
deactivation

Only 0.05 wt% Pd loading is
required for signicant cost
reduction. The single-atom
active site maximises atom
utilisation and avoids
agglomeration of
nanoparticles. The Pd–N
coordination structure
signicantly reduces Rct and
reduces photogenerated
carrier complexation. The Pd
loading is adjusted by
precursor concentration,
and the process is simple
and reproducible. Efficient
hydrogen production under
visible light (365 nm) for
practical photocatalytic
systems

Only Pd(NH3)4Cl2 achieves
efficient monoatomic
dispersion, and other
precursors (e.g. PdCl2) are
prone to nanoparticle
formation or incomplete
reaction. Pd loading above
0.26 wt% decreases the
activity due to atomic
agglomeration. Excellent
performance under
laboratory conditions, but
the problems of
homogeneous dispersion
and cost control need to be
solved in large-scale
production

63

CuO/Fe3O4@ g-C3N4 double-
Z ternary composites

The use of Aloe vera extract
as a reducing and stabilising
agent resulted in the
formation of a double Z-type
heterojunction, which
signicantly reduced the

Using an environmentally
friendly process, the
quantum dot sizes of CuO
and Fe3O4 (∼3.34 nm)
enhance light absorption
and surface reactivity. The

The synthesis conditions are
harsh and the composites
are stuck in the laboratory
stage. Data on photocatalytic
efficiency or material
structural stability aer

64
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Table 1 (Contd. )

Materials Findings Advantage Disadvantage Ref.

band gap energy (from
2.66 eV to 1.67 eV for g-C3N4)
and broadened the visible
light absorption range. The
photogenerated electron–
hole pair complexation rate
of the composites was
signicantly reduced, the
charge transfer resistance
(Rct) decreased, and the
specic surface area was 74.5
m2 g−1 with a pore size
distribution of 12.1 nm,
providing abundant active
sites

charge separation is
facilitated by a double Z-type
heterojunction mechanism
to enhance the
photocatalytic redox
capability. Absorption in the
UV to visible light range,
suitable for practical
environmental applications

multiple cycles of use are not
available, and performance
comparisons with
traditional non-biobased
materials (e.g., Pt/g-C3N4) are
lacking, making it difficult to
comprehensively assess
competitiveness

Ternary CuO/ZrO2@S-doped
g-C3N4 hybrid
nanocomposites

The introduction of S doping
and CuO/ZrO2 signicantly
optimised the grain size of g-
C3N4 and enhanced the
crystallinity, with
a signicant reduction in the
photogenerated electron–
hole pair complexation rate,
excellent electrocatalytic
performance, and a low limit
of detection (LOD) as low as
1.7 mM and a limit of
quantication (LOQ) as high
as 2.1 mM when used for
bisphenol A (BPA) detection

High electrocatalytic activity
and selectivity, inexpensive
raw materials, simple
synthesis method and high
yield, both photocatalytic
and electrochemical sensing
potential, suitable for
environmental remediation
and pollutant detection,
improved thermal stability

The proportion of sulphur
doping and metal oxide
loading needs to be precisely
controlled, and the metal
oxides may agglomerate in
long-term use, affecting the
performance

65

Heterojunction of S-type
NiMn2O4/g-C3N4

nanocomposites

Under visible light, 1%
NiMn2O4/g-C3N4 degraded
EB at 10 ppm by 96.41% (120
min) with a rate constant k=
0.0241 min−1. The
degradation efficiency
decreased by only 10.17%
aer 5 cycles, showing good
stability

The degradation rate of EB
under acidic condition (pH
= 4) was up to 96.41%, and
showed degradation
potential for many organic
dyes (e.g. rhodamine B,
methyl violet, etc.), with
inexpensive raw materials
(e.g. nickel nitrate,
manganese nitrate,
melamine) and simple
process

Elevated pollutant
concentration (e.g., 30 ppm
EB) led to a signicant
decrease in degradation
(from 96.41% to 47.46%),
a substantial decrease in
degradation efficiency
(63.09%) under alkaline
conditions (pH = 10), and
a decrease in the
photocatalytic performance
aer NiMn2O4 loading of
more than 1%

66

SiO2@g-C3N4/Au NPs Au NP broadens the visible
light absorption range and
promotes photogenerated
electron–hole pair
separation through the
formation of Schottky
barriers. Silicon dioxide
nanotubes provide high
specic surface area (BET
surface) and mesoporous
structure to enhance
contaminant adsorption.
The band gap decreased
from 2.71 eV in pure g-C3N4

to 2.63–2.69 eV (aer
modication by Au NPs), but
was still higher than the
ideal semiconductor band
gap (2.0 eV)

The degradation kinetic
constant of SiO2@g-C3N4/Au
0.5% (0.0068 min−1) was
signicantly higher than
that of pure g-C3N4

(0.0019 min−1), and silica
nanotubes were derived
from the natural eolianite
clay, the synthesis process is
green and less costly, and
the LSPR effect of Au NPs
enhances visible light
absorption and reduces the
dependence on UV light

The use of gold
nanoparticles increases the
material cost and the
loading needs to be strictly
optimised. The band gap is
still high (2.63–2.71 eV) and
the efficiency of utilising the
solar spectrum is limited.
Multi-step synthesis is
involved and the process is
difficult. Both SiO2 and g-
C3N4 are negatively charged
at near-neutral pH,
inhibiting the adsorption of
negatively charged
pollutants

67
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assisted by microwave,40 and solvent thermal method.39 In
recent years, photocatalytic technology has emerged in the eld
of purifying mycotoxins in food and the environment.41,42 g-
C3N4, as an innovative nonmetal semiconductor material, is
capable of stimulating the production of photogenerated elec-
trons and holes when exposed to visible light and then trigger
a redox reaction. This property has garnered considerable
interest in the eld of photocatalytic studies. Through its ability
to combine with other functional materials, g-C3N4 can form
nanogel composites with strong synergistic effects, which
perform excellently in improving the adsorption and photo-
catalytic degradation capabilities of PAT.

Additionally, particle size signicantly inuences the pho-
tocatalytic performance of g-C3N4. Smaller particle sizes
enhance the dispersibility of g-C3N4, exposing a higher density
of active sites and facilitating the separation/migration of
photogenerated charge carriers. This synergistic effect
substantially boosts its capacity for photocatalytic hydrogen
peroxide (H2O2) generation and organic pollutant degradation.
As demonstrated by Zhang et al., g-C3N4-KCl synthesized via
a salt-templating approach exhibits the smallest particle size
and superior dispersibility compared to its non-templated
counterpart. Notably, its H2O2 production rate reaches
6.32 mmol g−1 h−1, 32-fold higher than that of non-salt-
templated g-C3N4.43 Moreover, g-C3N4-KCl achieves a degrada-
tion rate constant (k) of 0.1707 min−1 for rhodamine B (RhB)
under visible light irradiation, doubling the performance of
non-templated g-C3N4 and demonstrating exceptional photo-
catalytic degradation efficiency.

There have been reports of methods for degrading myco-
toxins in food via photocatalytic techniques, with PAT being
mentioned as one of the target toxins.44,45 For example: under
ultraviolet irradiation, N-TiO2 nanoparticles (Nps) exhibit
excellent photocatalytic activity, which can completely remove
PAT in simulated juice and natural juice within 1 hour.
Fig. 4 Schematic of a typical photocatalytic mechanism. (A) Schematic
representation of the photocatalytic mechanism of KG-5 photocatalyst.

24518 | RSC Adv., 2025, 15, 24510–24535
Ultraviolet irradiation promotes the generation of degradation
active sites in N-TiO2Nps, and the properties of these active sites
are heterogeneous.45 A La-ZnFe2O4@Fe3O4@carbon magnetic
hybrid material was successfully prepared through a straight-
forward absorption–pyrolysis method, utilizing a MOF (Zn, Fe)
as the starting material. Under ultraviolet light, the composite
material possesses the advantage of a large surface area per unit
mass and superior photocatalytic capabilities and has a partic-
ularly signicant degradation effect on aatoxin B1, PAT and
zearalenone, with degradation efficiencies as high as 98.37%,
97.35% and 98.52%, respectively.46

Compared with other treatment methods, photocatalytic
technology has shown unparalleled advantages in removing
mycotoxins, including the use of clean and pollution-free solar
energy, efficient degradation of pollutants under mild condi-
tions, and complete harmlessness of pollutants. Treatment, as
well as the high efficiency, stability and recycling of photo-
catalysts. Therefore, photocatalytic technology provides
a completely novel approach for the purication of mycotoxins
in food and the environment.47 Nevertheless, one major draw-
back of photocatalytic reactions lies in their lack of selectivity.
This implies that should photocatalytic technology be directly
utilized in the food industry, it will likely lead to the destruction
of food nutrients unavoidably. Photocatalysts, as core elements
in the photocatalytic process, have a decisive inuence on the
reaction performance. The early research regarding the photo-
catalytic regeneration of adsorbents in the environmental
domain has offered fresh concepts and inspiration for the
transformation of photocatalysts.48,49

However, because g-C3N4 is hydrophobic, agglomeration is
very likely to occur in practical applications. This agglomeration
not only exerts an adverse effect on the photocatalytic properties
of the material but also exacerbates the recombination of elec-
trons and holes.50 To solve this problem, we can learn from the
modication ideas of graphene oxide, and through a series of
representation of a typical photocatalytic mechanism;68 (B) schematic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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modication methods, hydroxyl and carboxyl groups are intro-
duced at the exterior of g-C3N4 to increase its hydrophilicity and
effectively reduce agglomeration in water, further improving its
photocatalytic performance.51–53

Although g-C3N4 has certain advantages in the eld of pho-
tocatalysis, it inevitably has some inherent defects. For
example, its electron–hole recombination rate is high, its
absorption capacity is insufficient for observing light, its surface
reaction kinetics are slow, and the surface area in contact with
the catalyst and the reactants is limited, resulting in incomplete
adsorption of pollutants and a relatively large number of active
sites wait less.22 To overcome the above shortcomings, it is
particularly important to explore appropriate strategies to
improve the photocatalytic performance of g-C3N4.

Mycotoxins, as a class of highly toxic secondary metabolites,
pose signicant risks to food safety, ecological safety and public
health. Nano semiconductor photocatalytic technology is
regarded as a highly promising degradation strategy, and its
application in g-C3N4-based composites is particularly note-
worthy (Table 1). Due to the high performance, cost-
effectiveness, and environmental friendliness of g-C3N4-based
composites, they exhibit unique advantages in the eld of
mycotoxin abatement. In order to enhance the practical appli-
cation of the adsorption and degradation system, it is necessary
to systematically analyse the key inuencing factors, such as the
energy band structure of the photocatalysts, the molecular
characteristics of the pollutants and the reaction conditions, so
as to optimize the degradation pathway and reaction kinetics.

Adsorption enriches the target molecules on the catalyst
surface, shortening the mass transfer distance between the
photogenerated carriers and the contaminants and improving
the reaction kinetics. Adsorbed contaminants can act as elec-
tron acceptors (or donors) to facilitate photogenerated carrier
separation. For example, adsorbed O2 molecules trap electrons
to generate $O2

−, while organic pollutants act as hole traps to
reduce e−–h+ complexation. High surface concentration of
pollutants can accelerate the chain reaction process of photo-
catalytic reaction, which is especially effective for difficult-to-
Table 2 Performance data of modified g-C3N4

Modication method Performance parameter

Nitrogen doping Band gap (eV)
Nitrogen doping Specic surface area (m2 g−1)
Nitrogen doping Photocatalytic H2 evolution ra
Nitrogen doping + metal doping Photocatalytic H2 evolution ra
Carbon doping Band gap (eV)
Carbon doping Photocatalytic H2 evolution ra
Co, Ni doping Electrocatalytic HER activity (
Co, Ni doping Electrocatalytic HER activity (
Molybdenum doping (Mo) Photocatalytic H2 evolution ra
Molybdenum doping (Mo) Photocatalytic CO2 reduction
Surface modication (polymer) Specic surface area (m2 g−1)
Surface modication (oxidation) Photocatalytic H2 evolution ra
Nanostructuring Photocatalytic H2 evolution ra
Nanostructuring Photocatalytic CO2 reduction

© 2025 The Author(s). Published by the Royal Society of Chemistry
degrade pollutants (e.g., antibiotics, peruorinated
compounds).

Photocatalysis enhances the adsorption capacity, under
light, photogenerated holes (h+) positively charge the surface of
the material and enhance the adsorption of anionic pollutants,
while photogenerated electrons (e−) reduce the adsorption sites
and promote the adsorption of cations. The photocatalytic
reaction may change the molecular structure of pollutants to
generate intermediates that are easier to adsorb, or change the
valence state of pollutants through redox to enhance the
subsequent adsorption efficiency. Aer photocatalytic degra-
dation of adsorbed pollutants, the adsorption sites are released
to achieve in situ regeneration of the material, avoiding the
saturation problem of traditional adsorbents. For example,
phenol adsorption was photocatalytically mineralised to CO2

and H2O, and the surface active sites were restored.
Fig. 4A illustrates a typical photocatalytic process. Following

the efficient transfer of photogenerated charge carriers to the
semiconductor surface, electrons (e−) interact with oxygen (O2)
to produce superoxide radical anions ($O2

−). These radicals can
undergo protonation leading to the formation of superoxide
hydroxyl radicals (–HOO) and the subsequent production of
hydrogen peroxide (H2O2). Superoxide and hydroxyl radicals
contribute signicantly to the degradation of mycotoxins.
Meanwhile, holes (hVB

+) can directly oxidise mycotoxins to form
degradation products or react with water (H2O) to produce
hydroxyl radicals ($OH). g-C3N4-SH@KG achieves efficient
removal of PAT and regeneration of the material through the
synergistic effect of efficient adsorption of thiol groups and
photocatalytic regeneration by the mechanism shown in
Fig. 4B. The thiol functionalisation not only the thiol func-
tionalization not only enhances the adsorption selectivity, but
also optimizes the photocatalytic activity, and the “dark
adsorption–photoregeneration” strategy takes into account the
food safety and sustainability of the material, which provides
a new idea for the control of food contaminants.68

Synergistic structural modulation strategies to construct
meso/macroporous structures by templating or thermal strip-
ping to enhance mass transfer efficiency and adsorption
Performance data Ref.

2.7 78
1500 79

te (mmol g−1 h−1) 100 79
te (mmol g−1 h−1) 220 78

2.2 78
te (mmol g−1 h−1) 180 78
mV) 150 79
current density, mA cm−2) 10 79
te (mmol g−1 h−1) 300 79
rate (mmol g−1 h−1) 70 78

1700 79
te (mmol g−1 h−1) 150 78
te (mmol g−1 h−1) 500 78
rate (mmol g−1 h−1) 90 78
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Fig. 5 Energy band structure of doped g-C3N4 synthesized by thermal polycondensation. (A) g-C3N4 was synthesized from several precursors
by thermal polycondensations.80 (B) Energy band diagrams of TiO2 and g-C3N4, along with their commonly used dopant species.80 (C) Illustrative
representation of the energy band configure uration of various types of heterojunctions.81
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capacity (three-dimensional porous g-C3N4). Introducing
electron-rich groups to enhance the selective adsorption of
specic pollutants. Load co-catalysts to facilitate photo-
generated carrier separation while providing additional
adsorption sites. Formation of heterojunctions with semi-
conductors (TiO2, BiOBr) or conductive materials (graphene) to
optimise the light absorption range and enhance interfacial
adsorption-catalysis synergies.

Porous materials (e.g., graphene hydrogel, g-C3N4-HEC
hydrogel, TiO2/g-C3N4) enrich pollutants (e.g., BPA, PAT)
through physical and chemical adsorption, and shorten the
mass-transfer distance between the photogenerated carriers
and the pollutants; heterojunction structures (e.g., BiOI/porous
g-C3N4, TiO2/g-C3N4) promote the charge separation through
energy band matching, the photogenerated electrons are
transferred to the conducting substrate (graphene) or another
semiconductor conduction band, and holes are retained in the
valence band, inhibiting compounding and enhancing photo-
catalytic activity; adsorbed pollutants act as electron acceptors
(O2 to generate $O2

−) or hole trappers (direct oxidation), and
efficient degradation is achieved by ROS; pollutants are min-
eralised into harmless products aer photocatalytic reaction
(CO2, H2O) aer the photocatalytic reaction, releasing the
adsorption sites to achieve in situ regeneration of the material,
while the dynamic ow system (continuous photoreactor)
maintains long-term stability through adsorption–degradation
rate matching. The synergistic effect is essentially a coupled
process of “adsorption enrichment – in situ transformation –

dynamic recycling”, and the efficient removal of pollutants is
achieved through the design of multi-stage structure of the
material and interface regulation.69–71
24520 | RSC Adv., 2025, 15, 24510–24535
The synergistic effect of carbon nitride adsorption and
photocatalysis is essentially a dynamic coupling process of
“enrichment–reaction–regeneration”, the core of which lies in
the efficient capture and rapid transformation of pollutants on
the surface through the design of materials and interface
regulation. In the future, we need to further combine in situ
characterisation to reveal the synergistic mechanism at the
molecular level and to promote the precise design for practical
applications.

2.2.3 Modication of graphite phase carbon nitride. When
designing efficient g-C3N4-based photocatalysts, researchers
have proposed the following modication strategies (Table 2):
constructing heterojunctions. Aer different semiconductor
materials form heterojunctions, they are energy-saving. The
difference in band structure enables the promotion of the
directional transfer of photogenerated carriers at the interface.
This effectively suppresses charge recombination, brings about
a signicant improvement in the effectiveness of charge trans-
fer migration and separation and hence, improves the photo-
catalytic performance.72 Dimension adjustment, such as the
conversion of bulk phase materials into 2D nanosheets or one-
dimensional nanostructures, can signicantly increase the
surface area per unit mass, shorten the pathway for carrier
transport path, accelerate charge movement and division, and
enhance the efficiency of photo-catalytic processes;73 loading of
suitable cocatalysts into g-C3N4. Precious metals like Au and Pt
are utilized as cocatalysts by depositing them onto the surface.
These precious metals have high electron mobility and can
quickly capture photogenerated electrons, act as electron
absorbers, minimize the reconnection of electrons and holes,
and concurrently, serve as reduction-promoting cocatalyst,
reduce the reaction activation energy, accelerate the process of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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reduction reactions, serve as photosensitizers, expand the
absorption range of visible light, enhance the response ability of
g-C3N4 to visible light;74,75 surface defect control introduces
appropriate amounts of defects, such as nitrogen vacancies, on
the exterior of g-C3N4 through physical or chemical methods.
These defects can become additional active sites, accelerating
surface reaction kinetics and increasing the likelihood that
photogenerated carriers will participate in surface reactions,
thereby improving charge utilization and improving photo-
catalytic activity,76 morphology adjustment, surface sensitiza-
tion and energy band regulation, via morphological
adjustment, such as the preparation of porous structures or
nanoower-like g-C3N4, increase light scattering, extend the
optical path, and improve the light absorption efficiency. In
addition, g-C3N4 was synthesized using the thermal poly-
condensation method (Fig. 5A). Surface sensitization involves
modifying a sensitizer with a suitable energy level on the outer
layer of g-C3N4 so that the sensitizer absorbs light and transfers
excited electrons to the conduction band of g-C3N4, thereby
widening the spectrum of light absorption. Energy band regu-
lation modies the energy band congure uration of g-C3N4

through element doping and other means so that the light that
absorbs edges redshis, absorbs more long wavelength light,
and improves photocatalytic activity in all aspects.77

(1) Energy band regulation
The most prevalent modication approach for enhancing

the capability of g-C3N4 to absorb visible light is to carry out
energy-band engineering. By adjusting the components or
morphology, the position of the semiconductor catalyst bottom
or apex of the valence energy band is capable of being adjusted
so that the visible light absorption band edge of the catalyst
redshis, thereby expanding its visible light response wave-
length range. Furthermore, energy band engineering has the
capacity to enhance the oxidation–reduction capabilities of the
catalyst. By doing so, it offers a more potent driving force for the
target oxidation–reduction reaction, thereby augmenting the
catalytic activity of the catalyst.82

In the current energy band regulation research on g-C3N4,
element doping is one of the most in-depth and widely used
methods, covering two directions: metal element doping and
nonmetal element doping. At this stage, in terms of bandgap
regulation, the incorporation of metal elements is the most
effective method and is widely used to regulate the arrangement
of electrons and optical attributes of g-C3N4. The catalytic ability
of g-C3N4 can be signicantly improved by incorporating
different transition metal ions into its structure. These ions of
transition metals encompass Zn2+, Mn3+,Fe3+, Ni3+, Co3+, as well
as Cu2+.83–86

As depicted in Fig. 5B, apart from the doping of metal
elements, the doping of non-metallic elements like S, B, O, and
C can also decrease the energy gap of g-C3N4. This reduction in
the band gap leads to an improvement in its light absorption
performance and an enhancement in the degree of delocaliza-
tion of conjugated electrons.87–90 Through a blend of experi-
mental and theoretical approaches, Liu and colleagues veried
that the incorporation of P can substitute for C1 or N2 positions,
effectively narrowing the forbidden bandwidth of g-C3N4 to
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.20 eV. Moreover, the doping of P is highly important for the
movement and partitioning of light-induced electrons.

(2) Porous structure design
Creating a porous structure for g-C3N4 provides numerous

advantages. For one thing, it can increase the catalyst's specic
surface area directly and enhance its pore volume. Conse-
quently, its adsorption performance is notably enhanced; on
the other hand, it also has the ability to elevate the count of
reactive sites. This effectively propels the progression of surface
reactions, speeds up the electron migration and separation
process, and at the same time, elevates the light collection
efficiency.91 When preparing porous g-C3N4 nano-
photocatalysts, a variety of so template methods have been
used, such as ionic liquids,92 bubble templates,93 etc. However,
ionic liquids have obvious disadvantages, their cost is high,
their carbon residue is high, and they are insoluble in water.
These disadvantages seriously restrict their promotion in large-
scale practical applications.

To overcome these shortcomings of the so template
method, researchers have conducted many in-depth studies on
the hard template method.94 Theoretically, from the perspective
of principles, any material featuring an ultra-high specic
surface area can be utilized as a hard template for the prepa-
ration of g-C3N4. At present, many related studies have reported
successful preparation methods, such as the use of porous
alumina,95 SiO2,96 SBA15,97 etc. as hard templates. Among these
materials, the mesoporous SiO2 is the most commonly used
hard template. Due to its distinctive structure and characteris-
tics, it serves as an outstanding template to facilitate the
formation of porous structures in g-C3N4.

(3) Shape adjustment
Nanosized g-C3N4 exhibits more prominent advantages in

photocatalysis compared to bulk g-C3N4. Due to its larger
specic surface area, it can offer a greater number of reaction
sites; shorter charge migration distances, allowing photo-
generated carriers to reach the reaction site faster; and higher
solubility, which helps in the reaction system. Evenly dispersed
and has an adjustable energy band structure.98 In particular, the
distance that photogenerated carriers need to travel in g-C3N4 is
signicantly shorter compared to bulk material, allowing them
to readily reach the catalyst surface for reaction, thus enabling
efficient separation of photogenerated electron–hole pairs. This
resulted in a substantial enhancement in photocatalytic
efficiency.

To date, in the domain of photocatalysis, a wide variety of g-
C3N4 nanostructures with diverse morphologies have under-
gone extensive development and utilization. These encompass
0D quantum dots or nanoparticles, 1D nanowires, nanorods, or
nanotubes, 2D nanosheets or nanothin lms, as well as 3D
hierarchical architectures.99–103 Owing to their unique surface
properties, 2D ultrathin g-C3N4 nanosheets and 0D nano-
particles provide many adsorption and reaction sites for reac-
tant molecules. 0D and 2D materials, due to the inuence of
dimensional effects, not only have an increased specic surface
area, enabling them to offer more adsorption and reactive
centers, but also lead to a reduction in the interface energy
barrier. This reduction improves the carrier transmission
RSC Adv., 2025, 15, 24510–24535 | 24521
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efficiency and signicantly shortens the transmission path;
thus, the overall photocatalytic activity has been comprehen-
sively improved, making broader application prospects in the
eld of environmental purication.104

(4) Constructing heterojunctions
The construction of heterojunctions with other materials

effectively enhances the catalytic performance of g-C3N4 semi-
conductors under light illumination. This happens due to the
fact that, upon the recombination of two semiconductors, an
electrical eld inside arises between them. This internal elec-
trical eld aids in the swi dissociation of electrons and holes.
Consequently, the rate at which photogenerated charge carriers
recombine is reduced, and their lifetime is prolonged. As pre-
sented in Fig. 5C, the mechanisms by which charge carriers are
separated in heterojunctions can be categorized as follows: type
I, type II, p–n junctions, Schottky junctions, and Z-scheme
heterojunctions.105

In the structure of a type I heterojunction that is established,
both electrons and holes accumulate in one of the semi-
conductors, which decreases the likelihood of electron–hole
recombination occurring in the other semiconductor. In the
case of a p–n heterojunction, electrons migrate from the
conduction band of the p-type semiconductor to that of the n-
type semiconductor, while concurrently, holes shi from the
valence band of the n-type semiconductor to the valence band of
the p-type semiconductor, thereby realizing efficient electron–
hole separation. The mechanism for charge transfer involving
type II heterojunctions is similar to that of type p–n hetero-
junctions. Schottky junctions are usually heterogeneous inter-
faces formed by metals and semiconductors. The Z-type
heterojunction not only efficiently achieves charge carrier
isolation but also preserves the strong oxidation and reduction
potentials of the two semiconductors and has excellent oxida-
tion and reduction powers.

Cai and colleagues managed to synthesize g-C3N4/CuS p–n-
type heterojunction photocatalysts via an in situ synthesis
Fig. 6 Structure, modification and application of gels. (A) Chemical struc
hydrogels. (C) Bioactive modification of PEG hydrogels.125

24522 | RSC Adv., 2025, 15, 24510–24535
method. Experimental results indicated that the degradation
rates of RhB and MB for this combination were 8.91 times and
13.54 times higher, respectively, compared to pure g-C3N4, and
3.02 times and 6.37 times higher, respectively, compared to
pure CuS. The key factor for boosting the efficiency of catalysis
of g-C3N4 under light exposure the lies in the adaptation of the
energy band position of CuS to that of g-C3N4. Additionally, it
offers more interfaces in order to facilitate the high-efficiency
transfer of photo-created electron–hole pairs, thus suppress-
ing recombination.81

For all kinds of heterojunctions, tight interface contact is an
important guarantee for the effective transmission of elec-
trons.106 Cao et al. used a high-energy ball mill-assisted calci-
nation method to prepare a heterojunction composed of
multilayer Ti3C2 as a support loaded with g-C3N4 and oxidized
TiO2 in situ. The degradation rate of methyl orange in the
ternary Z-type heterostructure is 3.62 times higher in compar-
ison to g-C3N4, it is higher, and it is 6.60 times greater than that
of Ti3C2. These authors hold the view that the improvement in
photocatalytic performance stems from the compact Z-shaped
heterointerface established among multilayer Ti3C2, the
enhancement in photocatalytic performance is attributed to
porous g-C3N4 sheets possessing substantial specic surface
areas, as well as TiO2. This heterointerface promotes the crea-
tion of photogenerated carriers within the composite materials.
Furthermore, it enhances the dissociation of carriers generated
by light and accelerates the advancement of catalytic
reactions.107

Overall, building heterojunctions with other materials is still
the most effective way to optimize g-C3N4 photocatalytic prop-
erties. On the one hand, the establishment of heterojunctions
helps to improve the stability of the catalyst and reduce pho-
tocorrosion and agglomeration; on the other hand, there is
a synergistic effect between different semiconductors, thereby
expanding the spectrum of light absorption and enhancing the
efficiency of sunlight utilization. In addition, semiconductor
ture of chitosan.130 (B) The structures, characteristics and utilizations of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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crystal structures used to prepare heterojunctions are crucial to
the high quantum efficiency of photocatalysts. The difference in
the lattice spacing between the two semiconductors may lead to
a lattice mismatch at the interface, thereby inhibiting the
recombination of carriers.108

In promoting the splitting of light-induced charge carriers,
photogenerated electrons can be provided by regulating the
dielectric properties of the semiconductor catalyst or by con-
structing an interface electric eld or local electric eld or
perturbing the local space charge distribution. To enhance the
separation efficiency of light-excited electron–hole pairs, the
driving force for holes to migrate in opposite directions is
increased.109,110 By adjusting the micromorphology of the cata-
lyst, the migration distance for the transfer of light-induced
charge carriers can be shortened, or the electrical properties
of the catalyst can be optimized to reduce the migration resis-
tance, such as increasing the crystallinity of semiconductor
catalysts and forming new common Price bonds or adjusting
the electronic structure.111,112

The inuencing factors of the catalyst surface redox reaction
mainly include the quantity of surfactant binding locations on
the catalyst, the overpotential of the material, and the adsorp-
tion and activation ability of reactant molecules. By loading or
doping components with catalytic efficiency, the overpotential
of the catalytic agent can be reduced, the surface area can be
expanded, and the count of reactive sites can be increased, and
the adsorption and activation ability of reactant molecules can
be improved, thereby enhancing the surface redox reaction.
activity.113,114
3 Overview of graphite-phase carbon
nitride-based hydrogels
3.1 Overview of hydrogels

Hydrogels are polymeric materials composed of three-
dimensional crosslinked networks that can absorb and retain
large amounts of water without dissolving, and their properties
can be modulated by the preparation process.115–121 Among
them, cellulose-based hydrogels have attracted much attention
due to their good hydrophilicity, biocompatibility and degrad-
ability.122,123 By introducing functional molecules such as cell
adhesion peptides, enzyme-responsive sequences, or growth
factors (Fig. 6A), its cytocompatibility can be further signi-
cantly enhanced to achieve specic cell adhesion and controlled
degradation, thus overcoming the limitations of traditional PEG
hydrogels in cellular microenvironment construction.124 In
addition, cellulose nanocrystals (CNCs) can signicantly
enhance the comprehensive performance of hydrogels by virtue
of their high hydrophilicity, crystallinity, and environmentally
friendly properties,125 as well as two-dimensional materials,
such as g-C3N4, through hydrogen bonding.126–129

Synthetic hydrogels are prepared by physical or chemical
cross-linking.124,131,132 Chemically cross-linked hydrogels form
permanent networks due to covalent bonding.133 The prepara-
tion methods include direct crosslinking of water-soluble
polymers or hydrophilic modication of hydrophobic
24524 | RSC Adv., 2025, 15, 24510–24535
polymers followed by crosslinking. In contrast, physical gels
usually have inferior mechanical properties to chemical gels
due to weaker dynamic cross-linking, but their reversible sol–
gel transition properties are more advantageous for specic
applications.134 The crosslinked structure determines the
viscoelastic or elastoplastic behavior of hydrogels, while the
elasticity of the polymer network directly affects their sol–gel
capacity (Fig. 6B).122,134 The swelling rate, mechanical proper-
ties, and degradation behavior of hydrogels can be optimized by
adjusting the hydrophilic to hydrophobic ratio, initiator
concentration, and reaction conditions (e.g., time, temperature)
(Table 3). Semi-synthetic hydrogels combine the bioactivity of
natural polymers with the tunability of synthetic materials,
which broadens their applications. Among them, smart hydro-
gels can respond to environmental stimuli such as temperature
and pH. Chitosan hydrogels are produced by deacetylation of
chitin and their structure contains glucosamine and N-acetyl-
glucosamine units (Fig. 6C). Their properties can be optimized
by modications such as ionic cross-linking, gra polymeriza-
tion, or polyelectrolyte complex (PEC) formation. For example,
PMVC/NVP composite hydrogel particles prepared by ionic
gelation improved insulin release in acidic environments.135

Hydrogels have shown great potential in the elds of agri-
culture, biomaterials, food industry and regenerative medicine
due to their unique properties.115,134 Among them,
polysaccharide-based hydrogels are prominent in wastewater
treatment,123 for example, by embedding functional particles in
hydrogel beads for efficient adsorption of heavy metals, dyes or
radioactive pollutants.152,153 In addition, the responsiveness of
hydrogels to external stimuli (e.g., temperature, light, pH,
enzymes) makes them valuable in environmental sensing,
actuation, and self-assembly systems.134,154 By precisely tuning
themechanical strength, electrical conductivity or self-repairing
ability, hydrogel systems based on natural/synthetic polymers
can fulll diverse applications.115
3.2 Preparation of graphite phase carbon–nitride based
hydrogels

(1) Construction of g-C3N4-based hydrogels with a three-
dimensional hierarchical framework through nanostructure
engineering.155

It has rich pore structure with different sizes of voids, which
is conducive to the adsorption and transport of substances; it
can absorb and retain a large amount of water, and the water
content can be as high as 90% or more; it also has good exi-
bility; using the efficient electron transport ability of g-C3N4,
and the close contact interface between it and the active
substances, it enhances the adsorption, catalytic and photo-
catalytic activities of g-C3N4.156 The researchers dispersed g-
C3N4 nanosheets in sodium alginate hydrogels by ionic cross-
linking and found that the photodegradation efficiency of the
composite hydrogels for organic pollutants was signicantly
enhanced, indicating that a reasonable embedding method can
effectively regulate the dispersibility and interfacial interactions
of g-C3N4, which can provide a basis for the design of multi-
functional hydrogels.157 For ternary hybrid aerogels containing
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Characterization, mechanism, catalytic activity diagram of different materials for mycotoxin removal. (A) SEM images of electrospun
membranes anchored with g-C3N4/MoS2 prepared by different processes: (a) S1 ∼ mostly wrapped, (b) S2 ∼ partially exposed, and (c) S3 ∼ fully
exposed.158 (B) (a) Photocatalytic degradation efficiencies of AFB1 with as-prepared S1, S2, and S3 under visible light irradiation. (b) HPLC chro-
matogram of AFB1 photocatalytic degradation with S3 under visible light irradiation at different times. (c) The photocatalytic activity of S3 for
degradation of AFB1 at different pH values. (d) The photocatalytic activity of S3 for degradation of AFB1 with different initial concentrations. (e) The
photocatalytic activity of S3 for degradation of AFB1 for five cycles. (f) Photocatalytic activities of S3 for the degradation of AFB1 in the presence of
different scavengers.158 (C) Extraction mechanism of Fe3O4/ZIFs (1 : 8) for AVN and ST.159 (D) TEM images of Fe3O4 (a), g-C3N4 (b) and g-C3N4/
Fe3O4 (c) nanocomposites.160
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g-C3N4, GO, metal oxides or layered hydroxides in multicom-
ponent hydrogel composites.158 DPCN and NiFe-LDH were
prepared by calcining urea in argon and hydrogen atmospheres
at 550 and 540 °C, respectively, and hydrothermally treating
with Ni-based and Fe-based nitrate solutions at 150 °C for 20 h.
DPCN/NRGO/NiFe-LDH aerogels were then synthesized by
a hydrothermal method in a PTFE-lined autoclave at 180 °C for
6 hours. The hydrogen bonding of amino or hydroxyl functional
groups on the surface of g-C3N4 with acrylic monomers can be
utilized to achieve its homogeneous dispersion and in situ
polymerization in polyacrylamide hydrogels. In another study,
the self-assembly of g-C3N4 nanosheets with chitosan was
driven by p–p stacking and electrostatic interactions, resulting
© 2025 The Author(s). Published by the Royal Society of Chemistry
in the formation of a composite hydrogel with a hierarchical
porous structure, which signicantly enhances the adsorption
capacity for heavy metal ions.

(2) Gelation of g-C3N4 derivatives using co-assembly or self-
assembly methods.159,160

It can be combined with g-C3N4 and other materials to form
a three-dimensional porous structure while retaining its unique
lamellar sp2 structure. Jiang et al. worked on interconnecting
GA/GHwith g-C3N4 using co-assembly or self-assembly methods
with the help of internal hydrogen bonding as well as p–p

interactions between GA/GH and g-C3N4.148 GA/GH with a three-
dimensional porous structure not only provides a large specic
surface area, high adsorption capacity, and excellent
RSC Adv., 2025, 15, 24510–24535 | 24525
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mechanical strength, but also forms robust connections and
conductive paths during assembly with g-C3N4, which in turn
enables efficient charge transfer. Qu By calcining hydrother-
mally treated urea-derived graphene oxide reticulated compos-
ites under argon ow at a temperature of 600 °C. A reticulated g-
C3N4/graphene interconnected mesh network was developed.144

These samples exhibited mesoporosity with a BET specic
surface area as high as 352 m2 g−1 and a pore volume of 1.63
cm3 g−1, which amply demonstrated that these mesh online
structures could signicantly facilitate the transfer of water
molecules and charges through the porous channels, thus
enhancing the activity of hydrogen precipitation reaction. In
addition to the hydrothermal assembly of GO with g-C3N4,
reduced graphene oxide (rGO) also exhibits strong p–p conju-
gation interactions with g-C3N4, which can lead to the forma-
tion of g-C3N4/rGH hydrogels through the addition of sodium
ascorbate as a reducing agent.150 The BET specic surface area,
pore volume, and pore diameter of the 90%-g-C3N4/rGH sample
were 302.6 m2 g−1, 1.48 cm3 g−1, and 3.9 nm, respectively, which
suggests that the three-dimensional porous structure facilitates
the enhancement of the removal of Cr(VI) by adsorption. Wu
et al. utilized cetyltrimethylammonium bromide and ethyl-
enediamine with g-C3N4 and GO suspension, heated at 95 °C for
7 h, and freeze-dried to obtain functionalized g-C3N4/GOA aer-
ogels.151 This g-C3N4/GOA exhibits strong hydrogen bonding
interactions, forming a stable structure and abundant three-
dimensional connectivity channels for fast charge separation.

(3) The photopolymerisation reaction was used to prepare
hydrogels using g-C3N4 as an initiator to provide free radicals.

Antonietti et al. reported that exfoliated g-C3N4 nanosheets
can be irradiated with Xenon lamp (lambda >420 nm, 50 mW
cm−2) to drive N-isopropylacrylamide (NIPAm) cross-linking for
free radical polymerization, leading to the construction of
PNIPAm/CNNS hydrogels.139 The concentration of NIPAm and
CNNS, radiation duration and energy source (i.e., light or heat)
strongly modulated the hydrogelation process. The results
showed that the nitrogen atoms of the basic amine used as a co-
initiator reacted with the free radicals on the surface of g-C3N4,
transferring the free radicals directly from the g-C3N4 sites to
the co-initiator sites, thus initiating the photoinitiated
polymerization.
3.3 Application of graphite-phase carbon nitride-based
hydrogels

In recent years, several studies have shown that graphite-phase
carbon–nitride-based hydrogels combine the advantages of
semiconductor photocatalysis and adsorption with porous
materials, and exhibit unique potential in the eld of adsorp-
tion and photocatalytic degradation of PAT.161–163 Its three-
dimensional network structure not only provides abundant
active sites, but also signicantly improves the photocatalytic
performance by enhancing the photogenerated carrier separa-
tion efficiency. The swelling property of the hydrogel further
enlarges the internal porosity, resulting in a signicant increase
in the pollutant adsorption capacity compared with that of the
conventional powder catalysts.164 Li et al. investigated a novel
24526 | RSC Adv., 2025, 15, 24510–24535
3D–2D–3D BiOI/porous g-C3N4/graphene hydrogel (BPG)
composite photocatalyst synthesized via a two-step hydro-
thermal method, which showed synergistic effects of adsorption
and photocatalysis (Fig. 6A).165 A hydrogel exhibiting selective
pollutant adsorption properties was prepared by Sun et al.
(Fig. 6B).163,165–167 Fernandes et al. proposed the immobilization
of g-C3N4-T-N in sodium alginate hydrogels to signicantly
improve the efficiency of photocatalytic synthesis of vitamin B3
(VB3). This strategy is promising for the synthesis of VB3,
eliminating the need for a photocatalyst separation step,
simplifying the reaction ow, efficiently oxidizing the process,
targeting the conversion of the intermediate 3PC, and
enhancing the pathway controllability. Thurston's group
prepared self-supported g-C3N4/PVA composite hydrogels by
direct casting method. The molecular interactions between the
semiconductor particles and PVA chains signicantly enhanced
the mechanical strength and photophysical properties of the
hydrogels when the g-C3N4 loading was 0.67% (38% reduction
in PL intensity). The dense arrangement of g-C3N4 particles at
higher loading enlarged the light absorption cross-section by
1.8-fold, and the rate constant of photocatalytic degradation of
RhB was increased to 4.3-fold of pure PVA.
4 Application of graphite-phase
carbon nitride-based materials
4.1 Application of graphitic carbon nitride-based materials
in patulin removal

g-C3N4 has become a research hotspot in the eld of photo-
catalysis due to its unique electronic structure and chemical
stability, but its specic surface area limitation and charge
compounding problems constrain its practical application. g-
C3N4 is an ideal carrier for modifying g-C3N4 by virtue of its high
electrical conductivity, large specic surface area, and abun-
dance of functional groups on the surface. Porous g-C3N4/GO
developed by Sun et al. sodium alginate hydrogel microspheres
(CN/GO/SA), although focusing on the degradation of aatoxin
B1 (AFB1) in peanut oil, the constructed synergistic system of
adsorption and photocatalysis provides a universal idea for
mycotoxin removal.157 The g-C3N4/MoS2 composite membrane
and magnetic g-C3N4/Fe3O4 nanomaterials, on the other hand,
have been prepared by electrostatic spinning technique to
enhance the degradation of AFB1 in complex food matrices
through the enhancement of visible-light responsiveness and
the convenient magnetic separation properties, respectively
(Fig. 7A and B).158 Zhang et al. studied a controlled magnetic
adsorbent Fe3O4/ZIFs (Fig. 7C), and found that Fe3O4/ZIFs (1 : 8)
had the highest adsorption efficiency for two precursors of AFB1

(AVN, ST) and that the material was also somewhat reusable.159

On this basis, the TiO2/g-C3N4 composite designed by Yang et al.
was directly targeted for the efficient removal of PAT, and
experiments showed that this heterojunction structure could
achieve the complete degradation of 0.5 mgmL−1 PAT under 30 °
C and 10 mg addition with only 3 min of dark adsorption in
conjunction with 5 min of photocatalysis, which is signicantly
superior to that of the single-component. It was signicantly
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 g-C3N4-based materials and electrocatalytic mechanisms for energy conversion applications. (A) Various composites of g-C3N4 for
supercapacitor applications.166 (B) Feasible mechanism for the HER. (C) Feasible mechanism for the OER.165
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better than the adsorption or catalytic performance of single
component, revealing the synergistic mechanism of adsorption
enrichment and photogenerated carrier separation.168

To address the complex contamination scenario of PAT in
food matrices such as fruit juices, the nitrogen-doped titanium
dioxide nanoparticles (N-TiONps) developed by Chen et al.
demonstrated unique advantages under UV light. 1 hour was
sufficient for the complete degradation of PAT in simulated and
natural fruit juices, and the reaction mechanism study showed
that superoxide radicals ($O2

−) and hydroxyl radicals ($OH) The
reaction mechanism study showed that $O2

− and $OH are the
© 2025 The Author(s). Published by the Royal Society of Chemistry
main reactive species, and combined with the density func-
tional theory (DFT) calculation conrmed that ester group is the
key site of radical attack, which provides theoretical support for
the degradation pathway at molecular level.169

In the same period, in another study, La-
ZnFeO@FeO@carbon magnetic composites prepared with Fe/
Zn metal–organic framework (MOF) as precursor showed
97.35% degradation of PAT under UV light, and the improved
performance was attributed to the charge separation efficiency
promoted by La doping and the multilevel active interfaces
constructed with multifaceted components, which was further
RSC Adv., 2025, 15, 24510–24535 | 24527
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veried by electron spin resonance (ESR) analysis $OH and $O2
−

dominant roles.170

In the optimization of photocatalytic material structure, TiO2

nanotubes (TNTs) prepared by hydrothermal method combined
with calcination showed unique advantages. Calcined at 450 °C,
TNTs-450 can completely degrade 1000 mg L−1 PAT in simulated
juice in 25 min with the high surface hydroxyl density of the
amorphous structure, the mass transfer advantage of meso-
porous nanotube structure, and the enhanced UV absorption,
and the kinetic study shows that the degradation process is in
accordance with the one-stage reaction model and Langmuir–
Hinshelwood adsorption–surface reaction mechanism, which
provided an efficient solution to the problem of PAT exceeding
the standard in juice industry.168

The functionalized design of g-C3N4 matrix composites
further expands the application scenarios. The g-C3N4-SH@KG
aerogel prepared by glutaraldehyde cross-linking to introduce
sulydryl groups (–SH) and immobilized with konjac gluco-
mannan (KG) was constructed in a “dark adsorption–light
regeneration” cyclic mode. The specic adsorption of PAT by
sulydryl groups was rapidly accomplished in the dark envi-
ronment, and the photocatalytic activity of g-C3N4 in the light
achieved the regeneration of the adsorption sites, which was
both highly efficient in removal and reuse.41

The g-C3N4 composites are also widely used in other appli-
cations. Ma et al. prepared a multifunctional magnetic g-C3N4/
Fe3O4 nanocomposite (Fig. 7D), which exhibited a strong
adsorption capacity for substances in complex matrices and
realized a convenient magnetic separation from the sample
solution.160 According to the research results published by Shi
and other scholars, when the cross-linking reaction between g-
C3N4 and sodium alginate occurs, which leads to the formation
of nanocomposite hydrogels, the thermal stability of the gel is
greatly enhanced, and the mechanical properties are also
signicantly improved, which demonstrates a greater advantage
in practical applications.171 In contrast, Gahlot et al. showed
that a signicant enhancement of thermal stability could be
achieved by adding 0.5 wt% graphene to PVA nano-
composites.172 This phenomenon is attributed to the strong
interfacial interactions between graphene and polymers, which
are essential for enhancing the physical properties of hydro-
gels.173 Notably, the composite system of g-C3N4 with hydro-
philic polymers (e.g., sodium alginate, polyvinyl alcohol) not
only enhances the mechanical strength and thermal stability of
the hydrogel through interfacial interactions, but its abundant
functional groups also synergize with the photocatalytic active
sites to form a multi-trapping, directed degradation network.
Combining g-C3N4 with hydrophilic polymers can also signi-
cantly enhance the mechanical properties, thermal stability and
adsorption capacity of hydrogels.174 The successful application
of this structural design strategy in dye decolorization and
heavy metal removal further conrms its potential value in food
toxin management.175 Future research could focus on the
development of visible light-responsive composites, the opti-
mization of the tness of interfering factors in real food
matrices, and the in-depth analysis of the degradation pathway
based on in situ characterization techniques, to promote the key
24528 | RSC Adv., 2025, 15, 24510–24535
leap of photocatalytic technology from the laboratory to
industrial applications.

In addition to being used for PAT removal, graphite-phase
carbon nitride-based materials have been widely used to treat
other pollutants. Zinc-enriched g-C3N4 was prepared in the
experiments of Chen et al. When the salinity increased from
0.1 wt% to 2.3 wt%, the removal efficiency of 2,4-DCP by the
material slightly increased. This material exhibited exceptional
efficiency in eliminating 2,4-DCP, achieving a removal rate
exceeding 75.6%, this particular quantity was two times as large
as what was observed in the case of pure g-C3N4 and g-C3N4 that
had been treated with Co, Ag, Mo, and Bi. Once 0.1 g L−1 of g-
C3N4 having a signicant amount of zinc was introduced, the
percentages by which 2,4-DCP, 2-chlorohydroquinone, chlor-
oacetophenone, and 2-chloropropionic acid were removed
reached the values of 99.3%, 99.8%, 98.2%, and 99.9% respec-
tively.176 Liu et al. succeeded in constructing Ag3PO4/Ag/g-C3N4

heterojunctions, which have a wide range of light absorption,
via a hydrothermal method. Under visible light, Ag3PO4/Ag/g-
C3N4-1.6 demonstrated a superior methyl orange removal rate
(∼90%) compared to Ag3PO4 or Ag/g-C3N4 alone. Its degradation
rate of 0.04126 min−1 was 4.23 and 6.53 times higher than that
of Ag3PO4/Ag and g-C3N4, respectively. The enhanced photo-
current intensity of Ag3PO4/Ag/g-C3N4 suggests improved the
efficiency of separating the electron–hole pairs that are gener-
ated by photo-excitation, attributed to the material's hetero-
junction structure. Even aer ve cycles, the photocatalyst
retained high activity. The exceptional performance under UV-
visible light is linked to the effective carrier separation
enabled by the Ag3PO4/Ag/g-C3N4 heterostructure.177 In the
research conducted by Mahmoudi and colleagues, g-C3N4/Fe3O4

nanocomposites were employed as catalysts through a straight-
forward hydrothermal approach. The inuence of critical
operational factors, including initial pH, catalyst dosage,
contact duration, and initial oxytetracycline (OTC) concentra-
tion in aqueous solution, was examined under UV light.
Optimal OTC removal efficiency (99.8%) was attained under
neutral pH conditions (pH 7) with a catalyst loading of 0.7 g L−1

and an initial OTC concentration of 5 mg L−1.178
4.2 Graphite-phase carbon nitride-based materials for
energy storage applications

Renowned for its outstanding chemical and physical stability,
environmental-friendliness, and non-pollution, g-C3N4 is
a widely-acknowledged 2D semiconductor material. Due to its
exceptional characteristics, g-C3N4 has found widespread use in
various energy storage arrangements, encompassing lithium-
ion, lithium-sulfur, sodium-ion, and potassium-ion accumula-
tors, in addition to supercondensers.179 Electrochemical energy
storage systems are those that are designed to store energy
through electrochemical processes. They include two main
types of components. One type is batteries, which are devices
that convert chemical energy into electrical energy and vice
versa. The other type is supercapacitors (SCs), which store
energy electrostatically and can charge and discharge much
faster than batteries, have signicantly impacted the eld of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Composite gel materials are used for PAT removal, as well as other applications. (A), (a) Photos of g-C3N4-SH(Gl), (b) a pure konjac aerogel
sample, and (c) g-C3N4-SH (Gl)@KG-5 are presented. Scanning Electron Microscopy (SEM) pictures of (d) g-C3N4-SH(Gl), (e) the pure konjac
aerogel, and (f) g-C3N4-SH (Gl)@KG-5 are shown at various magnifications. Moreover, (g) elemental mappings of sulfur (S) for g-C3N4-SH (Gl)
@KG-5 using SEM-Energy-Dispersive X-ray (SEM-EDX) analysis are provided. Energy-Dispersive X-ray (EDX) spectra of (h) g-C3N4 and (i) g-
C3N4-SH (Gl)@KG-5 are also included.35 (B), (a) Variations in the duration of photocatalytic treatment and the concentration of –SH groups; (b)
the reusability of g-C3N4-SH(Gl)@KG-5 for the adsorption of PAT in PCBs. (c and d) Fourier-Transform Infrared (FT-IR) spectral profiles of g-

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 24510–24535 | 24529
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energy applications (Fig. 8A). Hussain et al. demonstrated a new
approach to fabricate g-C3N4 for supercapacitor devices using
spinel oxide materials. They synthesized MnFe2O4, g-C3N4, and
MnFe2O4@g-C3N4 nanocomposites through a hydrothermal
method to study their electrochemical properties. The MnFe2-
O4@g-C3N4 nanohybrids showed a particular capacitance (Cs)
of 1414 F g−1 at 1 A g−1 and excellent durability aer the 5th,
5000th cycle, as determined from the Nyquist plot. The small
charge transfer impedance (Rct = 0.08 U) suggested that this
material performs well in supercapacitor applications. In
addition, they performed symmetric two-electrode tests on
MnFe2O4@g-C3N4 nanohybrids possessing a Cs of 392.02 F g−1

at 1 A g−1, this phenomenon can be ascribed to the robust
interfacial interactions existing between MnFe2O4 and
g-C3N4.161 Wu et al. developed nitrogen-doped graphitic carbon
nanosheets (NGCNs) through a straightforward reaction
involving g-C3N4 and CaC2. The resulting NGCN exhibits
a elevated nitrogen content (3.98 at%), a substantial specic
surface area (72.96 m2 g−1), and a high degree of graphitization
(interlayer spacing of 0.335 nm). As an negative electrode
material for lithium-ion batteries, NGCN demonstrates
a promising reversible capacity of 475 mA h g−1 at 500 mA g−1,
maintaining 98.5% capacity retention aer 1000 cycles. Addi-
tionally, it shows a respectable rate capability (238 mA h g−1 at
5000 mA g−1). This investigation presents a plausible tactic to
convert renewable carbon sources into nitrogen-incorporated
graphitic carbon nanoplates with remarkable electrochemical
characteristics.180
4.3 Graphite-phase carbon nitride-based materials for
energy conversion applications

The rational development and sustainable preparation of g-
C3N4-based materials enable their wide-ranging applications in
energy conversion and storage elds. These applications cover
various aspects, like photocatalytic H2 release, photocatalytic O2

release, photocatalytic total water decomposition, CO2 photo-
reduction, electrocatalytic H2 release, O2 release, and O2

reduction.163 The photocatalytic fuel cell (PFC) system is a major
innovation within the domain of energy transformation tech-
nology, which uses the potential of organic waste to generate
electricity. A new method for simultaneous power generation
and pollutant removal using a PFC system consisting of Bi2O3/
TiO2 heterojunction nanotubes modied with g-C3N4 as the
photoanode material was presented By Zhao and colleagues.
The g-C3N4/Bi2O3/TiO2 (CBT) heterostructure has a large
specic surface region, better visible photonic absorption and
enhanced photogenerated charge-carrier segregation. In the
case where tetracycline hydrochloride was employed as the
pollutant that was specically targeted, the ability of the CBT
heterostructures to perform photocatalytic degradation was 3.2
times as great as the corresponding ability of pure TiO2 nano-
tubes. In addition, the PFC system consisting of CBTs as
C3N4, g-C3N4-SH(Gl)-PAT, and g-C3N4-SH(Gl)-PAT subsequent to light e
and g-C3N4-SH(Gl)-PAT following light exposure. High-resolution XPS sp
(h) For g-C3N4, g-C3N4-SH(Gl)-PAT, and g-C3N4-SH(Gl)-PAT after being

24530 | RSC Adv., 2025, 15, 24510–24535
photoanodes signicantly improved the pollutant degradation
and current output compared with those of the PFC system with
pure TiO2. This study presents a cost-effective method for
organic waste treatment and simultaneous power generation.164

In 2023, Sowmya and Vijaikanth introduced an economical
modied electrode incorporating g-C3N4/chlorocobalt oxime
composites, showcasing their electrocatalytic performance for
hydrogen evolution reaction (HER) (Fig. 8B) and oxygen evolu-
tion reaction (OER) (Fig. 8C), alongside their energy storage
potential. Hydrolysis experiments of the g-C3N4/ClCo(dpgH)2
(pyridine-3,5-dicarboxylic acid) composite in 0.5 M KOH
demonstrated sustained hydrogen and oxygen generation for
up to 120 hours. The composite was characterized by a high
level of hydrogen and oxygen release over a period of up to
120 h. The composite was then subjected to an electrocatalytic
reaction (HER) and oxygen release (OER), which was charac-
terized by a high level of hydrogen and oxygen. Supercapacitor
application studies via cyclic voltammetry and charge/discharge
studies revealed that the g-C3N4/ClCo(dpgH)2 (isonicotinic acid)
nanocomposite has a high specic capacity of 236 F g−1 at
0.5 A g−1.165

The high dispersibility of g-C3N4 can make its separation
from solutions challenging, oen requiring time-consuming
centrifugation. In contrast, Fe3O4 particles can be easily iso-
lated using an external magnet. Thus, incorporating Fe3O4 onto
the g-C3N4 surface presents a practical solution to address this
issue effectively. In 2021, Ma et al. prepared a multifunctional
magnetic g-C3N4/Fe3O4 nanocomposite material to be used as
a modied QuEChERS adsorbent through ultra-high-
performance liquid chromatography-tandem mass spectrom-
etry (UPLC-MS/MS). This precise quantication method
combines multiple methods. The g-C3N4/Fe3O4 composite not
only strongly adsorbs substances on complex substrates but
also achieves convenient magnetic separation from the sample
solution.160

Fe3O4/ZIFs possess a large specic surface area and a hier-
archical porous structure comprising micropores and meso-
pores, along with abundant p–p and Zn-Nx groups. These
characteristics render Fe3O4/ZIFs highly effective adsorbents,
offering numerous adsorption sites and multifunctional groups
that align with the analyte's chemical structure, leading to
excellent adsorption performance. In 2023, a controlled
magnetic adsorbent of Fe3O4/ZIFs was studied by Zhang et al.
Through altering the proportion of Fe2+ to Zn2+, the specic
surface area of Fe3O4/ZIFs is tunable, thereby affecting perfor-
mance. Research has revealed that for Fe3O4/ZIFs (1 : 8), the
adsorption efficiency of the two precursor substances of AFB1

(AVN, ST) is the highest, and this material has a certain degree
of reusability.159

Many aspects of hydrogels, including a high water content,
excellent biocompatibility and controllable network structure,
have been obtained. Extremely extensive and in-depth
xposure. (e) Overall XPS spectral scans of g-C3N4, g-C3N4-SH(Gl)-PAT,
ectral analyses of carbon (C) 1s (f), nitrogen (N) 1s (g), and sulfur (S) 2p
subjected to light.35 (C) Hydrogel photocatalytic application.146

© 2025 The Author(s). Published by the Royal Society of Chemistry
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application. According to research results published by Shi and
other scholars, when g-C3N4 reacts with sodium alginate and
then forms a nanocomposite hydrogel, the thermal stability of
the gel is greatly enhanced, and the mechanical properties are
signicantly improved. This approach has advantages in prac-
tical applications.142 Research by Gahlot and associates
demonstrated that within PVA nanocomposites, only 0.5 wt%
graphene is required to achieve a signicant increase in thermal
stability.143 This effect is due to the robust interfacial interaction
between graphene and the polymer, playing a key role in
enhancing the hydrogel's physical properties.144 Considering
the structural resemblance between g-C3N4 and graphene, we
hypothesize that incorporating g-C3N4 with hydrophilic poly-
mers can remarkably enhance the mechanical characteristics,
thermal endurance, and adsorption capability of the hydro-
gel.145 In addition, some researchers have graed SH with
visible light catalytic properties via glutaraldehyde cross-linking
and immobilized it with KG in order to acquire a composite
aerogel g-C3N4-SH (Gl)@KG-5 material, this material was
employed for the elimination of PAT in juice (Fig. 9A and B).35

Moreover, hydrogels are additionally employed for the removal
of dyes and heavy-metal ions, antibacterial applications, and
photocatalytic hydrogen generation, among other purposes
(Fig. 9C).146 These studies suggest that the removal efficiency of
g-C3N4/GO/Fe3O4/ZIF-8 nanohydrogel composites for PAT is
signicantly greater than that of traditional methods.

Composite materials such as GO, Fe3O4 and ZIF-8 possess
extensive application potential in the domains of food safety
and environmental conservation. The composite material can
be used to remove PAT and contaminate fruits and their prod-
ucts, as well as a variety of mycotoxins, such as deoxyfusarium
enol (DON), AFB1, zearalenone (ZEN), and ochratoxin A (OTA),
to improve the safety of food; at the same time, it can also be
used to treat wastewater, soil and other environmental pollut-
ants containing mycotoxins to protect the ecological
environment.

5 Conclusion and prospects

The g-C3N4-based materials show remarkable potential in the
eld of adsorption and photocatalytic synergistic removal of
PAT due to their unique two-dimensional layered structure,
visible-light-responsive properties and excellent chemical
stability. It has been shown that its large specic surface area
and abundant surface functional groups can realize efficient
adsorption and enrichment of PAT through electrostatic inter-
action, hydrogen bonding and p–p stacking, while the photo-
catalytic process can gradually degrade PAT into harmless small
molecules through the generation of reactive oxygen species
(e.g., $OH and $O2

−) by stimulating electron–hole pairs. The
synergistic effect of adsorption and photocatalysis not only
improves the PAT removal efficiency, but also maintains the
adsorption capacity of the material through dynamic equilib-
rium. Currently, this technology has been validated in food
matrices such as fruit juice and fruit wine, and has shown
promising applications in environmental treatment scenarios
such as wastewater purication and soil remediation. However,
© 2025 The Author(s). Published by the Royal Society of Chemistry
the high complexity of photogenerated carriers, the lack of
stability in complex environments, and the lack of a scale-up
preparation process remain the core challenges limiting its
practical application.

In recent years, emerging research trends have focused on
exploring interdisciplinary means to optimize material proper-
ties and expand application boundaries. For example, hetero-
structure construction modulates carrier separation efficiency
through energy band engineering, and Yang et al. achieved
100% removal rate of PAT through TiO2/g-C3N4 heterojunction
with signicantly better synergistic effect than single compo-
nent (Fig. 7D).160 Multi-dimensional structural design can
simultaneously enhance the adsorption capacity and photo-
responsive activity, and the CN/GO/SA hydrogel microspheres
developed by Sun et al. achieved up to 98.4% removal of AFB1

from peanut oil with excellent cycling stability.157 In addition,
the rise of intelligent composites provides new ideas for PAT
control, such as light-responsive hydrogels for targeted
adsorption and degradation of pollutants through in situ poly-
merization.41 These advances indicate that the performance
boundaries of g-C3N4-based materials are being broken through
the deep integration of materials science and environmental
engineering.

Future studies need to deepen the exploration in the
following directions: rst, the renement of mechanistic
studies needs to combine in situ characterization techniques
with theoretical calculations to clarify the PAT degradation
pathway and the toxicity evolution of intermediates. Liu et al.
revealed the promotion of carrier migration by nitrogen
vacancies in P-doped g-C3N4 through DFT,179 and this kind of
study can provide atomic-level guidance. Second, the develop-
ment of functional composite systems needs to focus on multi-
technology synergies, combining g-C3N4 with magnetic mate-
rials to simplify the recycling process by using magnetic sepa-
ration technology, or coupling with biodegradation technology
to achieve the harmless transformation of pollutants. Recently,
Zhang et al. designed Fe3O4/ZIFs magnetic adsorbents to ach-
ieve efficient capture of mycotoxin precursors by modulating
the pore structure,159 a strategy that can be extended to the eld
of PAT governance. In addition, the suitability for practical
application scenarios needs to be focused on, such as the
development of exible photocatalytic membranes (e.g., elec-
trostatically spun g-C3N4/MoS2 membranes) to suit the contin-
uous operation in food processing.158

At the EHS level, the long-term ecological risks of g-C3N4-
based materials need to be systematically assessed. For
example, the potential bioaccumulation of nanoparticles and
their effects on non-target organisms have not been claried.174

In addition, the synergistic removal mechanism of multifunc-
tional composites for composite pollutants still needs to be
deeply analyzed. Optimization of the preparation process
through life cycle analysis and green chemistry principles will
be the key to achieve sustainable development of the
materials.180

In conclusion, g-C3N4-based materials have demonstrated
the potential to transition from laboratory research to indus-
trialization in PAT pollution control. Through interdisciplinary
RSC Adv., 2025, 15, 24510–24535 | 24531
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innovation and engineering exploration, the future is expected
to build an efficient, green and economical technology system
for PAT management, providing more competitive solutions for
food safety and environmental protection.
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