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Recent advances in graphitic carbon nitride-based
composites for enhanced photocatalytic
degradation of rhodamine B: mechanism,

properties and environmental applications
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Graphitic carbon nitride (g-C3Njy), a photocatalyst responsive to visible light, shows remarkable promise for

the effective photocatalytic decomposition of organic dyes. This can be attributed to its merits, such as low

preparation cost and high stability. The synthetic dye Rhodamine B (RhB) poses serious ecological and

health risks because it persists in aquatic environments because of its resistance to natural degradation.

The purpose of this paper is to review the current breakthroughs in g-CsN4, modification. The main

methods include surface functionalization and morphological engineering to increase visible light

acquisition, suppress charge

recombination,

enhance visible-light absorption and optimize

photocatalytic efficiency. An in-depth analysis of the key factors affecting the degradation of RhB by g-

C3Ng4, including the catalyst dosage, solution pH, dye concentration, light conditions, catalyst stability
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and reusability, was performed. Mechanistic aspects highlight the key role of reactive oxygen species as

well as interfacial charge transfer pathways in the system. Finally, to advance the use of g-CsN4-based
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1. Introduction

Environmental pollution, especially water pollution, triggered
by the industrial wave of globalization has become one of the
bottlenecks to sustainable development. Among them, organic
dyes pose a long-term and serious threat to the environment
because they are not easily degradable. Rhodamine B (RhB) is
widely used in a variety of industries, such as textiles, printing,
and cosmetics," but owing to its extremely high stability and
water solubility, it can continue to accumulate in the environ-
ment, causing significant visual pollution and potential
ecological harm to water quality.> With increasing awareness of
environmental protection, the search for efficient, clean, and
sustainable organic dye degradation technologies,** especially
for the treatment of difficult-to-degrade pollutants such as RhB,
has become an important issue in environmental protection
and scientific research.

Photocatalytic technology, with its unique advantages, such as
no need for external energy and no secondary pollution, has
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photocatalysts in sustainable environmental remediation, future directions for material optimization and
industrial applications are proposed.

gradually emerged as a promising technology, especially within
the realm of pollution control and treatment.>” Among photo-
catalysts, g-C;N,, as an emerging semiconducting catalyst,® has
shown great potential for environmental remediation owing to its
singular 2D layered structure, excellent thermal stability (600 °C
in air), efficient photovoltaic conversion and excellent sensitivity
to visible light, and it has rapidly attracted extensive attention
from the scientific research community.® Given that g-C;N,
exhibits a band gap width close to 2.7 eV, it is capable of effec-
tively using sunlight in photocatalytic reactions, thus rendering it
an ideal photocatalytic material."® However, pure g-C;N, also has
inherent limitations, such as a relatively high rate of electron-
hole complexation,™ a restricted spectral response range, and so
on, limiting its energy efficiency for practical applications.™
Therefore, exploring g-C;Ng-based composites by constructing
heterojunctions,* surface modification, doping, etc.,** to increase
the overall performance of materials has become a key direction
for overcoming these challenges.

Although a number of reviews have explored the wide range
of applications of g-C;N,-based composites in photocatalysis,
the present review focuses on recent progress in the degrada-
tion of RhB, a specific and recalcitrant model pollutant,
systematically integrates the material design strategies and
synergistic mechanisms of g-C;N, in the cross-cutting areas of
photocatalytic RhB catalysis, CO, reduction, wastewater treat-
ment, and hydrogen energy generation and provides an in-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The development history of g-C3sNg4.

depth analysis of the photocatalytic degradation mechanisms,
especially the complex degradation pathways and intermediates
of RhB, the principles behind key performance property
enhancement, and the potential and key challenges of these
composites in practical environmental remediation applica-
tions, aiming to provide a comprehensive, timely, and
application-oriented knowledge wupdate on g-C3N,-based
composite research from fundamental mechanisms to envi-
ronmental applications specifically targeting the highly efficient
removal of RhB, thus distinguishing itself from broader
thematic reviews and highlighting its unique value and inno-
vative perspectives in addressing specific water pollution
problems.

This paper reviews a series of breakthroughs made with
respect to the degradation properties of g-C;N, matrix
composites for RhB. This approach covers researchers’ careful
design to effectively improve the photocatalytic efficiency,
stability and selectivity of materials, showing their great
potential in practical applications® and dissecting the working
mechanism behind them. These achievements have not only
expanded the application scope of g-C;N, but also injected new
vitality into environmental protection technology. However,
many challenges, including how to further increase the effi-
ciency of light absorption of the material, improve the electron
transport speed, and ensure the durability of the material in
complex environments, remain to be overcome (Fig. 1).

2. Modification of graphitic carbon
nitride

Compared with other common catalysts, g-C;N, is a non-
poisonous, extremely plentiful and inexpensive material that
has the property of being metal-free.'® Carbon nitride (CN) was
first studied in detail as early as 1996 by two scholars, David M.
Teter and Russell J. Hemley, who predicted the cubic form of CN
(with a band gap energy of approximately 4.30 eV) through

© 2025 The Author(s). Published by the Royal Society of Chemistry
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rigorous principle-oriented computations of the comparative
stability, structure, and fundamental physical properties of the
CN polycrystalline species and reported five types of molecular
configurations: B-C3;Ng, o-C3N,, p-C3N4g-C3Ny, and c-C3N,.Y
Among such materials, g-C;N, remains the most stable under
room-temperature and standard-pressure conditions, has the
lowest density, and has been used in many applications,
including photocatalysis, gas storage, carbon dioxide reduction,
and hydropyrolysis systems.''® Functioning as a catalyst, g-
C;3N, possesses a band gap energy of 2.65 electron volts. This
property allows it to efficiently and directly assimilate light in
the visible range of the 400-800 nm range.*® Furthermore, the
redox capacity and excellent chemical stability of the trans-
ferred photoexcited carriers make them potentially promising
for applications in terms of solar energy conversion and
pollutant degradation. For the purpose of boosting the perfor-
mance of graphite-phase carbon nitride, it can be modified via
elemental doping, morphology modification, semiconductor
compounding, and surface modification (Fig. 2).

2.1. Elemental doping

Elemental doping is a simple and effective method to improve
the photocatalytic activity of g-C;N,, including metallic and
non-metallic elemental doping. For different types of metal
oxides, including ZnO, SnO,, CeO,, MnO,, MoO3;, Co;0,4, Cu,O
and Bi,0;, the photocatalytic efficiency of g-C;N, can be
enhanced by minimizing electron-hole recombination and
facilitating carrier separation.”® In g-C3;N, metal oxide photo-
catalysts, there exist five kinds of carrier separation mecha-
nisms: Schottky connections, type I hetero-connections, type I
hetero-connections, p-n hetero-connections and Z-scheme
hetero-connections. The majority of g-C3N, metal oxide photo-
catalysts display charge carrier separation mechanisms of type
II and type Z.** Zheng and colleagues used a facile high-
temperature synthesis method to dope copper, zinc, manga-
nese and other metal elements into g-C3N, and subsequently
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nanoflakes, (c) nanotubes, and (d) rod-like structures.??

embedded one-dimensional nanofibrillar fibrillar cellulose
(CNF) into the two-dimensional g-C;N, structure. The results of
this study revealed a vacuum-assisted filtration technique to
prepare manganese-doped g-C;N, photocatalytic composite
films presenting a contracted band gap and a broadened region
of visible light assimilation, achieving a degradation efficiency
of 42.6% within 7 h.>®

Nonmetallic oxide doping is performed by introducing
nonmetallic oxides into the lattice structure of g-C;N,, thus
modifying its electronical configuration and optoelectronic
characteristics. Such dopants can form new energy band
structures, expand the range of light absorption, and promote
the separation and transport of photogenerated electron-hole
pairs. Commonly used nonmetallic oxide dopants include
silicon dioxide (SiO,), aluminum oxide (Al,0;), and titanium
dioxide (TiO,). The applications of nonmetallic oxide-doped g-
C;N, cover a wide variety of aspects like the photocatalytic
removal of organic pollutants through catalytic reaction under
light, the hydrogen generation via photocatalysis, and the CO,
reduction through photocatalysis. The photocatalytic perfor-
mance and application effect could be further enhanced by
optimizing the doping ratio and manufacturing method. Xiao
et al. employed thiourea and melamine as starting materials
and utilized a one-step calcination process to fabricate highly
active sulfur-doped porous g-C;N, materials (labeled C;N,-S).
Under visible light irradiation, C;N,~S demonstrated remark-
able photocatalytic capabilities for the decomposition of RhB.
The material significantly enhances the electron transfer effi-
ciency and effectively improves the separation of photo-
generated electron-hole pairs, thus substantially enhancing the
photocatalytic efficiency.*

4782 | Nanoscale Adv., 2025, 7, 4780-4802

(a) Design strategy for photocatalysts with g-CzN4 as the base material.?* SEM images of g-C3N,4 samples with different morphologies: (b)

2.2. Composite semiconductor

The rapid rate of charge complexation during the fast charging
process and the poor response to visible light are the primary
limitations that constrain the photocatalytic performance of g-
C;3N,.** Combining g-C;N, with semiconductors to construct
composites has been demonstrated as an efficient approach to
enhance the photocatalytic activity of g-C3N,.>° Using a single-
step ball milling technique, Li et al. constructed a type II het-
erojunction at the g-C;N,/BP/RP interface, synthesizing the BP/
RP-g-C3N,/SiO, material. This heterojunction significantly
enhanced the separation of photogenerated carriers and the
electron transfer efficiency. Under simulated solar radiation for
just 26 min, the material achieved 90% RhB degradation, which
was 1.8 times better than that of g-C3N,/SiO, (Fig. 3b).*”

2.3. Surface modification

Surface modification is a significant means to improve the
efficiency with which g-C;N,-based photocatalysts remove
pollutants. By modifying the functional groups that are present
on the surface of the catalyst, surface active sites and carrier
kinetics can be effectively regulated, and the relationship
between structure and performance can be explored in detail.
Liu et al. prepared halide ion surface-modified CN materials
(denoted as CN-X) by simple room temperature (25 °C)
impregnation of g-C;N, with a dilute aqueous solution of
hydrohalic acid (HX, where X stands for F, Br and Cl), which
brought about a notable enhancement in the photocatalytic
degradation process of RhB and phenol, in addition to the
generation of hydroxyl radicals (OH) compared with unmodi-
fied CN.** The coupling of g-C;N, with other materials can be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the BP/RP-g-C3N4/SiO, photocatalyst in a schematic way.?”

carried out by covalent modifications (covalent bonding or p—
p stacking interactions) and noncovalent modifications.***
Sun et al. reported that monoatomic cobalt-doped g-C3N,
enhanced surface charge separation and hydrogen peroxide
production.®*

© 2025 The Author(s). Published by the Royal Society of Chemistry

2.4. Morphological control

To improve the degradation efficiency, shape regulation is
another efficient approach, since it can effectively address the
limitations of g-C3N,, such as its inherently restricted specific
surface area and the swift recombination rate of photo-induced

Nanoscale Adv, 2025, 7, 4780-4802 | 4783
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carriers, and subsequently improve its adsorption capacity for
light energy and pollutants.’> A newly-developed method for
making graphitic carbon nitride (TUM-CN-2) with a rectangular
hollow tube structure and rough surface created by means of
the self-assembly of hydrothermal products from the combi-
nation of urea and melamine with trithiocyanuric acid was
developed by Deng et al. The produced photocatalyst TUM-CN-2
showed a 13.96-fold increase in RhB degradation efficiency
under irradiation under visible-spectrum light in comparison
with that of pure g-C3N,.*® In an additional study, Wang et al.

phase g-C3N, nanosheets via a self-assembly technique with
melamine as a precursor, and the prepared chlorine-doped g-
C3N,; nanosheets removed 94.3% of RhB in 90 min, with
a degradation kinetic rate 15.8 times higher than that of orig-
inal g-C;Ny, it was 15.8-fold higher, demonstrating significantly
improved efficiency (Fig. 4).*

As a nontoxic, inexpensive and abundant metal-free photo-
catalytic material, g-C3N, has potential applications in photo-
catalysis and solar energy conversion because of its 2.65 eV
bandgap, which enables response to 400-800 nm visible light.

successfully prepared petal-like chlorine-introduced graphitic However, the problems of fast photogenerated carrier
Table 1 Strategies for enhancing charge carrier separation in g-CsN4-based photocatalysts
Strategy Modification approach Photocatalytic performance Mechanism Ref.
Morphological engineering Solvothermal exfoliation 547% higher photocurrent, Increased surface area, Panchu®
into 1D nanotubes & 2D 220% faster Congo red enhanced charge transport,
nanosheets using a H,0,- degradation, and 180% and reduced recombination
mediated process faster tetracycline removal
Heteroatom doping Dual P-doping in the g-C;N,  Improved H,O, production Modified electronic Yu*?
framework efficiency, and higher charge  structure and reduced
dissociation exciton binding energy
Defect engineering Introduction of N vacancies Enhanced O activation, Facilitated charge transfer Zhang*?
and cyano groups via alkali improved 'O, and 'O, and improved oxygen
etching generation adsorption
Heterojunction construction  g-C3N,/MnlIn,S, 92.3% RhB and 72.8% TC Type-1I band alignment and ~ Xiao™*
heterostructure degradation under visible efficient electron-hole
light separation
Crystalline film growth CVD-grown crystalline g- Extended carrier lifetime Improved crystallinity and Du*
C;N, thin films with sulfur (12.43 ns), and a tunable enhanced charge mobility
doping bandgap (3.05 eV)
Dual functionalization Hydroxyl and m-rich electron ~ Boosted H,0O, production Enhanced exciton Shen®
domains in g-C;N, without sacrificial agents dissociation and selective
reactant adsorption
Ternary heterojunction 2-C;N,/BiOBr/Bi,0,CO; for Improved ORR/OER kinetics  Efficient charge separation Khampuanbut*’

Zn-air batteries

4784 | Nanoscale Adv., 2025, 7, 4780-4802

and photo-assisted charging
efficiency

and visible-light-driven
redox reactions

© 2025 The Author(s). Published by the Royal Society of Chemistry
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recombination and limited specific surface area constrain its
performance. Currently, modification research has been opti-
mized through elemental doping, semiconductor compounding,
surface modification and morphology modification: elemental
doping adjusts the energy band structure by introducing metallic
or nonmetallic elements to promote carrier separation; com-
pounding with semiconductors builds heterojunctions to accel-
erate carrier migration; surface modification modifies the
functional groups to regulate the surface active sites and improve
the efficiency of charge separation; and morphology modification
increases the specific surface area and photocatalytic properties
through the preparation of hollow tubes, nanosheets and other
structures to increase photovoltaic conversion and light absorp-
tion. By synergistically optimizing the energy band structure,
carrier transport and surface properties, these modification
strategies provide an opportunity to explore the synergistic
principles of cross-scale modification mechanisms, establish an
integrated optimization system from atomic structure design and
energy band engineering to surface interface reactions, and
promote the practical application of g-C;N,-based materials in
the fields of sustainable energy and pollution control (Table 1).

3. Research on the degradation traits
of g-C3zN4 composite materials

3.1. Comparison of RhB degradation efficiency across
different composite materials

In recent years, g-C;N,-based magnetic photocatalysts have
exhibited significant potential for water purification, and

View Article Online

Nanoscale Advances

consequently, they have been receiving more and more atten-
tion from the academic community. Among various pollutants
in the environment, RhB is a common alkaline organic
pollutant, and a synthetic dye with a bright peach color; thus, it
has been widely used in the textile dyeing, papermaking and
printing, and cosmetic industries. However, the conjugated
system and cationic properties of the molecular structure of
RhB make it highly stable in the environment and difficult to
decompose via natural processes. Karimzadeh and Shariatinia
fabricated ZIF-8/OH-g-C;N,/La,Sn,0,; nanocomposites. Under
visible light, the binary composite with 10% La,Sn,0; in OH-g-
C;3N, showed optimal activity. The derived ternary material
(10% La,ySn,0,/OH-g-C3N,)/10% ZIF-8 achieved 97.1% degra-
dation of 10 ppm RhB in 120 minutes at pH = 11 (Fig. 5¢),
maintaining 80.5% efficiency after five cycles, with the mecha-
nism attributed to a double Z-scheme charge transfer.*® In order
to clearly present the differences in RhB degradation perfor-
mance of different g-C;N,-based composites, the relevant
performance disparities are specifically analysed in Table 2.
a-Fe,03/Fe;0,4/g-C;N, nanocomposites with magnetic sepa-
ration properties were synthesized in situ via the solution
combustion method by M. Afkari et al. Photocatalytic tests
revealed that the type and content of iron oxides significantly
affected the visible light decolorization of RhB, with the
composite containing 37 wt% iron oxides exhibiting a photo-
degradation efficiency superior to that of pristine g-C;N,.** In
addition, Soheila Sharafinia et al. successfully synthesized
a magnetic chalcogenide nanohybrid based on g-C;N, nano-
sheets by integrating SrTiOj; : N (STO : N). Through a facile reflux
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Fig. 5

(a) Light-catalyzed performance of the synthesized extracts in degrading RhB; (b) degradation rate constants of RhB on the synthesized

photocatalysts; (c) 0.10 g of various photocatalysts were used to conduct photocatalytic degradation reactions of RhB in water for 120 minutes
under both dark and visible light conditions; (d) degradation efficiency of different photocatalysts.*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Analysis of the degradation performance disparities of different g-CsN4-based composite materials for RhB
Photocatalyst RhB Light source Degradation
Materials Synthesis method used dosage concentration  power time Photodegradation Ref.
CNT/mp-g-C;N, Refluxing/thermal 30 mg 10mgL ! 480 W 300 min 90% Chen®*
polymerization
2-C3N,/Fe;0,/rGO  Precipitation method 75 min 100% Luo®?
g-C3N,/Na,Tiz0,/  Hydrothermal method 50 mg 20mg L7* 300 W 60 min 90% Vattikuti®®
V,05
CoFe,0,/g-C3N, Sol-gel and ultrasonic 30 mg 20 mg L 500 W 120 min 57% Dharani®*
treatment
f-CNT/PhCN Water-bath method 4 mg 10mgL™" 13 W 240 min 60% Ghourichay®®
N/ZnCo,04/g-C;N,  Hydrothermal method 10 mg 20mg L* 150 W 60 min 92.34% Nasir and
Alshamsi®®
g-C3N,/NiO/CC Electrodeposition and 0.1 mg 7mgL’ 300 W 60 min 98% Yang®’
calcination
AC/g-C3N, Thermal polycondensation 100 mg 30mgL~" 300 W 97% Shi*®
method
Ag/g-CsN, Deposition method 60 mg 20mg L " 300 W 60 min 100% Le®°
Ag;P0,/GO/g-C;3N, 50 min 94.8% Yan®’
Cu'/g-C3N,/Bi,WO, Calcination and 20 mg 20mg L ! 100 W 50 min 98.46% Hong®'
solvothermal method
Fe-Mo-0/g-C3N, 300 mg 10mgL™" 300 W 15 min 99% Kong®?
Bi,M00g/g-C3Ny Eco-friendly ultrasonic- 100 mg 1mgL* 100 W 180 min 94.6% Masoud®’
assisted method
S/P-g-C3N, Secondary calcination 10 mg 30mgL~! 300 W 4 min 99.4% Yang®*
modifications
MWCNTs-g-C;N,  Electrostatically driven self- 50 mg 10mgL™" 300 W 180 min 89.7% Xu®
assembly
with the hydrothermal
method
rGO-g-C3N, Thermal treatment 8 mg 5mg L’ 1000 W 100 min 75% Li%®
U Doped g-C;N, 10 mg 10mgL™" 300 W 50 min 100% Zhan®’
P-doped g-C;N, The thermal oxidation and 20 mg 20 mg L* 300 W 70 min 99.5% Li%
element
doping associated method
Fe-g-C3N, Two-step calcination 45 min 90% Ji*®
thermal polymerization
K-doped g-C3N,/ Element doping method 50 mg 20mg L~" 500 W 90 min 90% Qu™®
BiOBr
Ag10-C3N,-NA,SO, Deposition method 25 mg 10 mgL™" 350 W 50 min 96.5% Wang”"
MIL125(Ti)/g-C3N,/  Self-assembled 25 mg 10mgL™" 32 W 120 min 98% Fatima and
GO Kim”>

approach, ZnFe,0, (ZnF) was incorporated onto the exterior of
2-C3N, nanosheets, and the nanohybrid was capable of effi-
ciently breaking down numerous types of organic colorants,
with RhB being one of them, in a short time. The nanohybrid
can efficiently degrade a variety of organic dyes, including RhB,
in a short period of time, with a degradation efficiency of more
than 90%. The nanocomposite containing 20 wt% STO:N
chalcogenide and 20 wt% ZnF was able to achieve the highest
RhB degradation rate under visible light irradiation in just
30 min (Fig. 5).*°

3.2. Factors affecting degradation performance

3.2.1. Catalyst dosage. The catalyst dosage is an important
factor affecting degradation performance. Within a certain
range, the degradation rate of RhB increases as the catalyst
dosage increases. However, when the catalyst dosage is too
high, the blockage of light by the suspended catalyst particles

4786 | Nanoscale Adv., 2025, 7, 4780-4802

reduces the utilization of photons, thus decreasing the degra-
dation efficiency. Fe,03;/2D-C3N,/NiFe-LDH composites were
prepared by Mohammadi et al. The magnetic material was
demonstrated to act as a stable photocatalyst to enhance pho-
tocatalytic activity in the breakdown of dyes; with regard to MB
and RhB, the maximum elimination efficiencies were 91.2%
and 88.5%, respectively. When the initial concentrations of MB
and RhB were set at 10 mg L " and 9 mg L™ respectively, with
a catalyst loading of 0.36 g L™, an initial pH of 9.0, and an LED
irradiation time of 60 minutes, 80% of the COD underwent
photodegradation under the best-fit conditions.”

3.2.2. [Initial pH of the solution. The original pH level of the
solution also significantly affected the degradation perfor-
mance. In an acidic environment, the lower the pH is, the faster
the degradation rate of RhB. In an alkaline environment, the
greater the pH value, the lower the degradation rate. This may
be due to the different morphologies and charge states of RhB

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecules at different pH values, which affect their adsorption
and reaction with photocatalysts. Vadivu et al fabricated
CaWO0,/g-C;N, nanocomposites and investigated the effects of
various reaction parameters, such as the initial catalyst dosage,
PH, contact time and initial dye concentration. Under opti-
mized conditions (specifically, at a pH value of 8), when
80 mg L' of the CaW0,/g-C;N, nanocomposites containing 3%
2-C;3N, (CC3) was applied and the concentration of the RhB dye
was 7.5 ppm, approximately 98% of the RhB was degraded
within 150 minutes.”™

3.2.3. Dye concentration. The dye concentration is also
a factor that affects degradation performance. The photo-
catalytic reaction slows down as the dye concentration
increases. This may be because high concentrations of dye
molecules competitively bind to the surface of the photo-
catalyst, thus reducing the chance of each dye molecule reacting
with the photocatalyst. Agl/g-C3N, heterojunctions were

(on
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prepared in a study by Alsulmi et al. Photocatalytic experiments
revealed that g-C;N, sheets decomposed 12% of the RhB dye
and that the ultrafast rate of electron-hole pair complexation
was inhibited owing to the inefficient separation of electron-
hole pairs and the limited surface area of the solid sample.
Regarding heterojunctions with 5 wt%, 10 wt% and 15 wt% of
Agl content, the breakdown of RhB dye was close to 67%, 92%
and 85% of the original concentration of the dye, respectively.”®

3.2.4. Light conditions. The light source conditions also
have some influence on the degradation performance. In the
case where sunlight was employed as the light source, the g-
C;3N, catalyst showed a certain decolorization effect on real dye
production wastewater. The intensity of sunlight varies across
different time periods and weather conditions, thus affecting
the degradation efficiency. Moghimifar and colleagues
prepared composites that consisted of molybdenum disulfide
(MoS,) and g-C;N,. Then, under visible light illumination, they
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verified the photocatalytic properties of the MoS,/g-C3N,
composite via the decolorization process of RhB. They experi-
mentally demonstrated that parameters such as exposure time,
photocatalyst concentration and the percentage of triethanol-
amine (TEOA) functioning as a sacrificial agent have an impact
on the efficiency of the hydrolysis reaction.”

3.2.5. Methods of preparation and structures of composite
materials. The preparation method and structure of the
composite also affect its degradation properties. By optimizing
the preparation method and adjusting the structure of the
composites, their specific surface area and light absorption
properties can be improved, thus increasing the photocatalytic
degradation efficiency (Fig. 6).

3.3. Effect of recycling on degradation properties

In commercial wastewater treatment, the recoverability and
reuse of catalysts play key roles in enhancing the competitive-
ness of the process. The g-C3N, photocatalyst (UCN) prepared by
Zhang et al. using urea as a starting material exhibited superior

photocatalytic properties, accomplishing 99.61% removal
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< emoval of heavy Megy,
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Fig. 7 Designing and modifying g-C3N,4.52
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within 40 minutes. The UCN photocatalyst, moreover, was
capable of fully degrading 10 mg L™ " RhB dye within 20 minutes
under sunlight. Its excellent stability and reusability were
demonstrated by the fact that the degradation rate stayed above
99% even after four cycles.”” In another study, Soheila Shar-
afinia, along with her team, fabricated a magnetic chalcogenide
nanohybrid based on g-C;N, nanosheets. They achieved this by
integrating STO:N and ZnF onto the g-C;N, nanosheets
through the refluxing technique; the nanohybrid showed
exceptional stability and reusability over seven uninterrupted
experiments, and its significant photocatalytic activity was
retained even after numerous degradation cycles. Its high
photocatalytic activity was still maintained. They demonstrated
that because of the strong interaction between the magnetic
chalcogenide component and the g-C;N, nanosheets, the
material didn't aggregate and could be used efficiently.*® In
addition, BiVO, nanocomposites (10 wt% g-C;N,@BivO, and
5 wt% g-C3N,@BiVO,) containing g-C;N, were prepared via the
wet immersion method by Priti Rohilla et al. Under visible light
irradiation, the RhB degradation efficiency of the 10 wt% g-
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C;3;N,@BiVO, composites reached 86% after 60 min of reaction,
as they presented the best catalytic activity. The stability of the
heterostructures was confirmed by the fact that their photo-
catalytic activity decreased by only 14% even after five cycles.*®
Xu et al. loaded BiVO, onto protonated g-C3N, via an electro-
static self-assembly method and then constructed a novel
ternary BiVO,/protonated g-C;N,/Agl photocatalyst with
a double Z-type mechanism via an in situ precipitation route.
After 60 min of visible-light irradiation, this led to a RhB
removal rate of 94.67% and a photodegradation rate constant of
0.04963 min ', which was higher than those of pristine BiVO,
(0.0004 min~ "), BiVO,/protonated g-C;N, (0.0209 min ) and
BiVO,/Agl (0.0317 min~'). The synthesized ternary samples
demonstrated excellent stability following four cycles of
photodegradation.®

3.4. Methods to boost stability

The stability and reusability of g-C3;N, composites for RhB
degradation can be remarkably enhanced by surface modifica-
tion, composite construction, preparation process optimiza-
tion, and posttreatment and regeneration methods. These
strategies provide strong support for the utilization of g-C3N,
composites in photocatalysis (Fig. 7).

g-C3N, matrix composites have shown significant advantages
in the field of RhB degradation. Nevertheless, there is still room
for improvement in their practical applications. The degrada-
tion efficiency of some composites decreases with increasing
concentrations of RhB or complex water, and interfacial engi-
neering is needed to increase the adsorption capacity and solve
the problem of light shielding. The activity decay during long-
term cycling reveals insufficient interfacial bonding, and the
intercomponent interactions need to be strengthened. The
current preparation process is complicated and costly, and
a green and low-cost pathway should be developed. Challenges
such as pH fluctuations and competitive adsorption of coex-
isting pollutants in real wastewater treatment require a syner-
gistic transformation of material design toward anti-
interference and multifunctionality while deepening mecha-
nistic research to support the construction of efficient hetero-
geneous structures.

4. Study of the degradation
mechanism of g-CsN, composites

4.1. Photocatalytic mechanism

On the basis of the principle of photocatalytic degradation,
researchers have developed a series of improved g-C;N, nano-
composites aimed at solving the problems of traditional cata-
lysts and successfully realizing the rapid and -effective
degradation of organic contaminants. These improvements
include the incorporation of metallic substances and nonme-
tallic elements, combination with other semiconducting mate-
rials, fine tuning of the material morphology, codoping of
multiple elements, and immobilization of the material on
a carrier (Fig. 8).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Metal doping, nonmetal doping, and combining with other
semiconductors all significantly boost the efficiency of the
catalysts. For instance, the combination of two 7-conjugated
systems, g-C3N, and BiOBr, effectively increases the degree of
charge separation for electrons and holes within an individual
material, while also enhancing the extent of the solar spectrum
that can be efficiently utilized.*® The band gap of g-C;N,, an
important semiconductor material, is 2.65 eV. Notably, its
valence band (VB) potential is 1.56 eV and conduction band
(CB) potential is —1.09 eV, respectively.®* When g-C;N,, a well-
known semiconductor material, absorbs a high electronic
photon with an energy of no less than 2.65 eV, electrons
residing in the VB rapidly transfer to the CB. Simultaneously,
holes are generated in the VB. Moreover, given that the elec-
trons have a potential as low as —1.09 eV, dissolved oxygen (DO)
in the surrounding environment can readily react with them.
This reaction efficiently gives rise to superoxide radicals ('O, "),
which, in turn, can effectively serve as reactive agents for
degrading various pollutants.* By using RhB as an illustration,
the reaction process of this system can be clearly depicted in the
following way:

g-C3Ny + hv — ecp™ + hyg” 1)
02 +e — '02_ (2)
Hzo + hVB+ — 'OH + H+ (3]

RhB + hy*/0,7/OH — intermediates —» CO, + H,O  (4)

During photocatalytic degradation, the types of reactive
oxygen species (ROS) produced by g-C;N, composites and their
generation mechanisms are crucial for understanding their
catalytic mechanism. In addition to 'O, , g-C3N,-based
composites can generate a variety of reactive species, such as
‘OH and single-linear oxygen ('O,), under light conditions.
Among them, ‘O,  is generated mainly by the reaction of
conduction band electrons (e ) with dissolved oxygen, whereas
‘OH is produced by the direct oxidation of surface adsorbed
water or hydroxyl groups via valence band holes (h"). Notably,
the pathways and proportions of ROS generation can be
significantly altered by constructing heterojunctions or through
elemental doping. For example, in the g-C;N,/BiOBr hetero-
junction system, the formation of a type II heterojunction due to
energy band matching promotes charge space separation,
resulting in a significant increase in the 'O, yield, whereas
sulfur-doped g-C;N, is more favorable for ‘OH generation
because of a positive shift in its valence band position.

Differences in interfacial charge transfer pathways directly
affect the photocatalytic efficiency. In g-C3N,-based composites,
there are three main typical charge transfer mechanisms: in
metal-doped systems, the metal atoms may act as electron
trapping centers to promote charge separation; in semi-
conductor composite systems, the construction of type II, Z, or S
heterojunctions creates different charge transfer pathways; and
in carbon quantum dot-modified g-C;N,, the electron storage-
release mechanism may prolong the lifetime of the carrier.

Nanoscale Adv., 2025, 7, 4780-4802 | 4789
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(a) The characteristic photocatalytic mechanism of pristine g-CzNg4; (b) the schematic illustration of photoinduced charge migration in

a type Il heterojunction; (c) the Z-scheme heterojunction configuration; (d) the Schottky junction structure;® (e) the photoinduced electron
transfer-reversible addition-fragmentation chain transfer (PET-RAFT) polymerization mechanism and the deoxygenation process of g-C3N,4.5¢

Taking the g-C;N,/WO; Z-type heterojunction as an example,
the electrons in the conduction band of WO; combine with the
holes in the valence band of g-C;N, under light, and at the same
time, the electrons in the conduction band of g-C;N,, which
have a stronger reducing capacity, and the holes in the valence
band of WO;, which have a stronger oxidizing capacity, are
retained, and the system is able to maintain a higher redox
capacity at the same time because of the unique charge transfer
path.

Electron paramagnetic resonance (EPR) and radical trapping
experiments clarified the mechanism of action of different ROS
in RhB degradation. It was found that "OH mainly attacked the
conjugated chromophores in RhB molecules and triggered the
ring-opening reaction, while 'O, tended to participate in the
de-ethylation process, and the contribution of 'O, to the

4790 | Nanoscale Adv,, 2025, 7, 4780-4802

degradation of RhB was closely related to its generation. These
mechanistic-level insights provide an important basis for the
targeted design of efficient g-C;N, photocatalysts. For dye
pollutants with azo structures, "OH generation can be enhanced
by modulating the energy band structure of the material,
whereas for pollutants with benzene ring structures, Z-type
heterojunctions can be constructed to increase the yields of
‘0O, and "OH simultaneously.

A study of the photocatalytic degradation mechanism
revealed that g-C;N, matrix composites significantly enhanced
the catalytic performance through various modification strate-
gies. These modifications not only optimized the charge sepa-
ration efficiency of the materials but also enhanced the
degradation effect by modulating the type and ratio of gener-
ated ROS. An in-depth understanding of the constitutive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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plots of Kubelka—Munk function versus photon energy for various samples; (d) (1) rhodamine B photodegradation phenomenon; (2) the
degradation rate constants for diverse samples exposed to 30-watt visible-light; (e) schematic diagram of the energy bands of O-g-CsN,4 and
Ti**-TiO, as well as the migration and separation of charges in the O-g-CsN4/Ti**-TiO, heterojunction induced by LED illumination.
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relationships between interfacial charge transfer mechanisms
(type II, Z and S heterojunctions) and ROS generation pathways
(including 'O,~, "OH and '0O,) provides important theoretical
guidance for the development of efficient g-C;N, photocatalysts
with different pollutant properties. Future studies should
further combine in situ characterization techniques and theo-
retical calculations to elucidate the precise ROS generation
mechanism and their interaction with pollutants under
different modification strategies.

4.2. Synergistic effects of composite materials

The combined impact of g-C;N, with other catalysts or cocata-
lysts during the photocatalytic reaction is also a key factor in
improving its photocatalytic performance. For example,
combining g-C;N, with noble metals (e.g., Pt, Au, etc.) or semi-
conductor materials (e.g., ZnO, TiO,, etc.) has the capacity to
form a heterojunction structure or a Schottky barrier, which
facilitates the dissociation and movement of photogenerated
electron-hole pairs and enhances the photocatalytic efficiency.
This remarkable synergistic effect in the photocatalytic reaction
significantly helps to achieve more efficient photocatalytic
performance and broader applications. Liu et al. chose urea as
the precursor and successfully designed and synthesized het-
erojunction photocatalysts that combine g-C;N, and TiO,
nanotubes via a one-step chemical vapor deposition technique.
The comprehensive characterization results clearly show that
this composite structure has an excellent cooperative effect on
2-C3;N, and TiO, nanotubes, while well preserving the original
structural features of both g-C;N, and TiO, nanotubes.*” In
another study, modified g-C;N, doped with lithium and
deposited silver was prepared by Ma et al. The composite
exhibited excellent photocatalytic performance for the degra-
dation of RhB. The introduction of lithium and silver can
effectively enhance the light absorption in the visible wave-
length rang, impede the combination of photogenerated elec-
tron-hole pairs, and enhance the generation of active
substances. Owing to the synergistic effect of lithium doping
and silver deposition, there was an enhancement in the pho-
tocatalytic activity of g-C3;N,.*® In 2023, Gomathi et al. hydro-
thermally synthesized Ce0,/Bi,M00g/g-C3N, ternary
nanocomposites. Under visible light, these composites achieved
a 94% degradation rate within just 100 min, outperforming the
original and binary materials. The superior performance stems
from the highly efficient carrier migration across the interfaces
of CeO,, Bi,Mo0Og, and g-C;N,. Additionally, the material
exhibited an expanded light absorption range and a reduced
band gap of 2.2 eV (Fig. 9).”

The core mechanism of the photocatalytic degradation of RhB
by g-C;N, is based on its semiconducting properties. g-C;N,
generates photogenerated electron-hole pairs under visible light
excitation, and the conduction band electrons (—1.09 eV) reduce
dissolved oxygen to generate superoxide radicals (O, ), whereas
the valence band holes (1.56 eV) oxidize water molecules to
generate reactive hydroxyl radicals ("OH). These two strongly
oxidizing species, gradually degrade RhB through de-ethylation,
conjugate structure cleavage and ring opening reactions. The
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current study aims to analyze the dynamic path and master
control mechanism of the synergistic action of multiple radicals,
overcome the limitations of the charge transfer efficiency caused
by lattice mismatch and defective states at heterojunction inter-
faces, quantify the interference effects of complex water back-
ground components on the radical chain reaction, and solve the
cyclic stability attenuation caused by photocorrosion and toxic
intermediates. In the future, we should integrate atomic energy
band regulation, mesoscopic mass transfer optimization and
reaction interface engineering to construct a highly efficient
system of “light absorption-charge separation-interface reac-
tion—-product desorption” and promote practical environmental
applications.

5. Applications of g-C3N4-based
photocatalytic materials

5.1. Energy utilization

As an inexhaustible natural resource, solar energy is widely
regarded as an important pillar of future energy systems with
incomparable sustainability and environmental friendliness. In
this context, the photocatalytic technology of g-C;N,-based
composites stands out as an effective way to achieve efficient
conversion and utilization of solar energy. As an emerging pho-
tocatalyst, g-C3N, shows remarkable light absorption and pho-
toresponsivity within the visible spectrum. This is attributed to its
distinctive electronic structure and physicochemical characteris-
tics. Via ingenious design and synthesis, g-C;N,-based compos-
ites are able to fully utilize the visible portion of the solar
spectrum to initiate a series of photocatalytic reactions, including
water splitting, degradation of organic contaminants, hydrogen
generation, and carbon dioxide reduction.®*** These reactions
not only realize the transformation of solar energy into chemical
energy but also offer practical approaches to address global issues
like the energy crisis and environmental pollution. During the
photocatalytic process, g-C3Ny-based composites are capable of
absorbing visible light and generating photogenerated electrons
and holes. These photogenerated carriers separate and move
either within the material or on its surface, and this sequential
process sets off redox reactions. Through reasonable material
design and structural adjustment, the separation efficiency and
reactivity of the photogenerated carriers can be remarkably
enhanced.”* In addition, g-C3N,-based composites have good
stability and recyclability and can maintain high activity during
long photocatalytic reactions, which reduces the operating cost
and environmental risk.””*® These features endow g-C;N,-based
composites with extensive application potential in solar energy
conversion and utilization scenarios. In their research, Bian and
colleagues employed chemical vapor codeposition to fabricate
Cu/Fe bimetallic-modified g-C;N, sheets on carbonized teak peel
(Cu/Fe-CNC) for photocatalytic reduction of CO, to CO. The
performance of Cu/Fe-CNC was three times better than that of
bulk g-C;N, and twice that of g-C3;N, on CNCs. Moreover, it could
attain a 100% conversion rate from CO, to CO. Cu/Fe-CNC
remained stable for 5 cycles, providing a new method for CO,
reduction.”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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5.2. Materials science

Research centered on the meticulous preparation and strategic
alteration of g-C3;N,- based composites is undoubtedly a signif-
icant and far-reaching breakthrough in the dynamic field of
materials science. It not only remarkably deepens our in-depth
understanding of this advanced material but also innovatively
opens up a brand-new path for the development of novel and
highly efficient photocatalysts. Through fine chemical synthesis
and structural design, researchers have successfully synthesized
a set of g-C3Ny-based assemblies with excellent properties,
which show unprecedented activity and stability in the field of
photocatalysis. Moreover, surface modification, elemental
doping and other modifications of g-C3;N, have been re-
ported.’®'* The capacity to absorb light, the efficiency in
separating charges, and the catalytic activity were all further
increased, providing valuable strategies and methods for opti-
mizing the performance of photocatalysts.'>™** Ye and
colleagues devised a new type of Zn/Cl-doped hollow microtu-
bular g-C;N, (Zn-HT-CN) through a hydrothermal approach. In
this process, melamine and zinc chloride were utilized as raw
materials. Compared with pure g-C;N, microtubes, Zn-HT-CN
managed to achieve a 94.41% photodegradation rate. The
photodegradation of tetracycline hydrochloride (TCH) was
achieved under visible light irradiation within 40 minutes. This
degradation rate was approximately twice that of pure g-C;N,
microtubes, showing a significant improvement. Moreover, the
performance of Zn-HT-CN was superior to that of g-C3;N,
microtubes doped with other typical metal elements. In addi-
tion, Zn-HT-CN showed good tolerance to environmental pH,
and after completing five cycles, the catalytic efficiency of the
material remained stable at 78.78%.* Liu et al. prepared a Z-
type heterojunction material, TBCN, by loading Ti MOFs onto
two-dimensional g-C3;N, nanosheet structures (BCNs) doped
with B atoms via calcination. Under visible light, the rate of
hydrogen generation by TBCN under photocatalytic conditions
reached 1242 pmol h™" g~ This rate is 2.2 times greater than
that of BCN and 9.34 times higher compared to the blocks.
Experimental findings regarding graphitic carbon nitride (GCN)
revealed that the fabrication of Z-type heterojunction compos-
ites (TBCNs) could efficiently regulate the position of the
material's band gap. This construction expanded the scope of
light absorption, promoted electron transfer, and suppressed
electron-hole recombination. These effects are essential for
achieving high-efficiency photocatalysis.
findings have not only augmented the theoretical framework of
materials science but also provided robust technical support for
addressing global issues like the energy crisis and environ-
mental pollution. This suggests that photocatalytic technology
is set to assume an even more crucial part in future sustainable
development scenarios.

16 These research

5.3. Industrial application

Photocatalytic technology based on g-C;N, matrix composites,
due to their unique advantages of high efficiency and environ-
mental protection, has shown extremely broad application
prospects. In heavy pollution industries such as printing and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dyeing, papermaking and textiles,'*”'* this technology can
efficiently degrade organic pollutants in wastewater, such as
dyes, auxiliaries and fiber fragments, significantly improving
the efficiency and quality of wastewater treatment. In addition,
the photocatalytic technology of g-C;N, matrix composites can
serve as a useful reference for the treatment of other types of
organic pollutants. For organic wastewater from chemical
production, pesticide residues in agriculture,”® and even
organics that are difficult to degrade in municipal waste-
water,""**? this technology has the potential to achieve the goal
of efficient and green treatment through further optimization
and innovation. Tang et al. directly calcined melamine-loaded
TiO, nanotube arrays (TNTAs) to produce g-C3N,/TiO, nano-
tube array (TCN) photoelectrodes. The TCN photoelectrodes
exhibited outstanding photoelectrocatalytic (PEC) capabilities
for degrading organic pollutants. In the continuous-flow PEC
process without a background electrolyte, 80% of tetracycline
was removed from real effluent. Moreover, the TCN photo-
electrodes maintained stable performance even after 20
hours."® The wide application of these technologies can help
solve current serious environmental pollution problems.

5.4. Environmental protection

5.4.1. Degradation of RhB by g-C;N,-based composites.
RhB, a common hazardous dye in wastewater, poses a substan-
tial risk to the environment and the health of human beings
because of its strong carcinogenicity and resistance to natural
degradation. However, with the advancements in science and
technology, the highly efficient photocatalytic degradation
technology of graphite-phase carbon nitride-based composites
provides a new way to solve this problem. This technology
makes use of the powerful catalytic effect of graphite-phase
carbon nitride matrix composites under light conditions,
which can rapidly decompose dye molecules, such as RhB, into
harmless small molecules, such as water and carbon dioxide,
thus realizing a green and environmentally friendly treatment
of dye wastewater.''*'® The successful application of this
technology not only effectively reduces the pollution of dye
wastewater in the environment but also provides valuable
experience and insights for the removal of other hazardous
substances. As the technology of graphite-phase carbon nitride-
based composites continues to mature and be optimized, the
photocatalytic degradation by these composites is predicted to
hold an increasingly vital place. In the coming days, with the
further development and refinement of this technology, the
photocatalytic degradation of graphite-phase carbon nitride-
based composites is likely to play a more significant role in
environmental protection. Divya Janardhana and colleagues
synthesized Bi,O3:1 mol%Eu’"/x wt% g-C;N, (where x =1, 3, 5
and 7) composites. The catalytic degradation of RhB in aqueous
solution revealed that the 7 wt% g-C;N,-modified Bi,03:1 mol%
Eu®" product exhibited optimum activity, which was demon-
strated under UV-visible light, attaining a maximum dye
degradation rate of 98%.'¢ Pandey et al. prepared LBG-s-
AgNP@g-C3N,NS hybrid nanocomposites by anchoring AgNPs
to g-C3N,. Under visible light irradiation, the material
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demonstrated remarkable performance. It degraded nearly
100% of RhB and around 99% of MB within 160 minutes. This
indicates its high efficiency in quickly eliminating harmful
dyes. Moreover, the material exhibits notable antibacterial
activity against both Gram-positive and Gram-negative
bacteria."” The material was also found to be effective in
degrading harmful dyes. Li et al. prepared a single class of algal
2-C3;N, photocatalytic multifunctional separation membranes
by vacuum self-assembly, which exhibited good degradation of
eight pollutants, with RhB degradation rates of nearly 100% and
antimicrobial efficiencies (E. coli and S. aureus) of nearly 100%.
The membrane performance remained excellent after 35 cycles
of C/W emulsion separation and 10 cycles of RhB
degradation."®

5.4.2. Degradation of methylene blue by g-C;N, matrix
composites. Methylene blue (MB), an organic dye, has demon-
strated wide applications in several industries. Not only does it
play an important role in providing color in traditional
manufacturing industries, such as textiles, printing and dyeing,
leather, rubber and plastics, but it also has antibacterial, anti-
viral and antitumour properties, making it valuable as a disin-
fectant and oxidizing agent in the pharmaceutical field.
However, MB is often released in natural water sources posing
hazards to human and microbial health."™ Liu et al. constructed
a complex system for photocatalytic and advanced oxidation

Table 3 Visible-light-driven applications of various g-CsN4 composites
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processes by combining g-C;N, with hydrogen peroxide (H,0,)
to achieve a degradation rate of approximately 94.2% in 50 min
with MB as the target pollutant.”*® Solayman et al. modified
block g-C;N, by acid stripping in a study in which sulfuric acid-
treated g-C3;N, photocatalysts (CN-S) degraded approximately
93.12% of MB within 150 minutes under unobstructed sunlight,
and the degradation performance of MB dyes decreased by only
4.8% in five cycles, demonstrating excellent recyclability.*** Cao
et al. prepared g-C;N,@Co3V,0z Z-type heterojunction photo-
catalysts via hydrothermal and wet impregnation treatments.
The g-C3N,@Co3V,0g composite, incorporating 10% g-C3;N,,
exhibited significantly improved photocatalytic degradation
capabilities. It achieved a 93.7% removal rate of methylene blue
(MB) in aqueous solution within 60 minutes under visible light
irradiation. This performance surpassed that of pure Coz;V,0g
and g-C;N, by 3.1-fold and 1.9-fold, respectively, highlighting
the synergistic effect of the composite structure in enhancing
photocatalytic activity. The results suggest that the integration
of g-C;N, with Co;V,054 effectively promotes charge separation
and light absorption, leading to superior degradation efficiency
of organic pollutants in water treatment application.'” Using
CaCO; microspheres as templates, Wang et al. synthesized g-
C3N, hollow microspheres, achieving a photodegradation effi-
ciency of ~94.3% within 1 hour for MB solutions with concen-
trations up to 160 mg L ', attributed to enhanced light

Photocatalyst RhB Light source  Degradation
Materials Synthesis method used dosage concentration power time Photodegradation Ref.
CoFe,0,/PDA/g-  Deposition method 1gL’ 10mgL™"' 12w 60 min 99.85% Patra'*®
C:N,
CFc/g-C3N, Dip-coating and following 50 & 20 mg 80 min 94.8% Zhu'*!
a pyrolysis method
BiOBr/g-C3N,/ In situ construction method 5 mL 10mgL™" Xenon lamp 50 min 98% wu'??
Ti,C, Ty below 500 W
cPTA/CNT/CNU 30 mg 10 mg/mL 500 W 60 min 95% Wang'?*?
Zr0,(25%)/g-C3N,  Hydrothermal methods 20 mg 10 mg/mL 250 W 120 min 99.5% Kumari'**
g-C3N, Thermal condensation 02g 50mgL™" 300 W 95% Kumar'?®
technique
g-C3N,[U]/ZnO 15 mg 10mgL™" 50w 60 min 82% Gotipamul***
8-C3N,/0-Biy 03/ Wet impregnation technique 0.1 g 500 W 93.53% Palanisamy"'®’
MWCNT
MoS,@Mo0;/(Cu’/ Calcination method 0.1gL" 10mgL™'  2.96eV 40 min 99.41% Hong'*®
§-C3N,)
ZnO/Ag/g-C3N, One-step polymer-network gel 50 mg 8gmg L™’ 50 W 30 min 100% Li°
method
2D/3D CNSCN 10 mg 300 W 80 min 100% Xing'*®
Lignin@t-FeC,0,/g- Impregnation coating and 30mg L~ " 200 W 40 min 90% Xiong"**
C3N, precipitation reaction
2-C3Ny One-pot cosolvothermal method 30 mg 200 mg L™ 1000 W 98.8% Huang'*?
P-UCN1/S-TCN1  Copolymerization 5 mg 50 W 30 min 100% wu'*?
CDs@CN 0.1-5.0 wt% 20 mg L~" 60 min 95% Li**
KPCN/GO/ZnFe,0O, Hydrothermal method 0.6 gL™" 9.85mg L' 500 W 60 min 87% Kumar'*
ACB-K-g-CN Innovative ultrasonic-milling ~ 1gL™* 200 mg 500 W 93.26% Wang'*°
method
g-C3N, nanosheet/ 100 mg 5 mg 50 W 20 min 98% Mousavi'"’
CuBi,0,/Bi;ClO,
g-C3N, Environmentally friendly 10 mg 10mgL™"  300W 60 min 93.5% Amiri**®

chemical and thermal methods
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absorption and active site.””® Chen et al. prepared a novel
MgAITi-LDH/g-C3N, heterojunction, which achieved a 95%
degradation rate of MB within 130 minutes under natural
sunlight irradiation.** The results of these experiments provide
insights for the removal of MB from wastewater. In order to
further demonstrate the performance of various types of g-C3;N,
composites under visible light-driven conditions, the relevant
content is organised in Table 3.

5.4.3. Malachite green degradation using g-C;N, compos-
ites. Malachite green (MG), a toxic triphenylmethane
compound, is widely used as a parasitic agent in aquaculture to
control fish parasites and water molds. It is also used as
a preservative in the food and textile industries for dyeing
materials such as nylon, wool and silk. However, MG is highly
toxic and carcinogenic, and its degradation is also a major
challenge in environmental remediation. Thangavelu et al
synthesized ZnBi,0,/g-C3N, p-n heterojunction nano-
composites, which showed the highest degradation efficiency of
90% for MG within 100 min under visible light illumination.**®
Merci et al. prepared g-C;N,/Bi,S;/NiFe,O, nanocomposites
with a double Z-type heterojunction, which resulted in 95.63%
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photocatalytic degradation of MG under optimum conditions.
The photodegradation rate constant of MG on g-C3N,/Bi,Ss/
NiFe,O, was 0.0504 min~ ', and the prepared catalysts were
found to be stable after six cycles of photocatalysis.””® Sudha
et al. prepared (ZnO:Ce)green/g-C;N,, which achieved 99%
detoxification efficiency for MG. The material also exhibited
significant antioxidant, antidiabetic and anti-inflammatory
activities, with inhibition percentages of 87, 92 and 90%,
respectively.”” Bibi et al prepared Gd1-xSmxFeO;@g-C3N,
nanocomposites with a spiky circular spherical structure,
achieving 93% degradation of MG.*** These findings show that
2-C3N, has great potential as an environmentally friendly pho-
tocatalyst. Its unique properties effectively promote the photo-
catalytic reaction for efficient degradation of industrial dye
wastes while showing promising applications for the treatment
of potential biomedical reagents (Fig. 10).

The g-C;N,-based composites show significant advantages in
the field of photocatalytic degradation due to their excellent
visible light responsiveness, good chemical stability and recy-
clability. However, the technology still faces key challenges. The
specific surface area, light absorption range and carrier

‘,\“,‘ocalal.\ilc water spliggjp
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complexity of pristine materials need to be optimized; the
complexity and reproducibility challenges of the scale-up
preparation process of composites need to be overcome; and
catalyst recyclability, long-term cycling stability and adaptability
to complex aqueous environments need to be improved for
practical applications. In addition, the utilization rate of the full
spectrum of sunlight (especially near-infrared light) still needs
to be improved. Future research should focus on optimizing the
structural properties of the materials, modulating the photo-
generated charge dynamics and increasing their suitability for
practical applications to achieve more efficient and stable
environmental treatment applications (Fig. 11).
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5.4.4. Degradation of antibiotics by g-C;N,-based
composites. g-C;N, -based composites have shown remarkable
results in the photocatalytic degradation of dyes, achieving
efficient removal of dyes through various composite strategies.
However, the diversity of environmental pollutants requires
further research. With the extensive use of antibiotics in the
medical and aquaculture industries, the problem of their
residual pollution is becoming increasingly prominent, and the
complex structure and high stability of antibiotics make them
difficult to degrade completely via traditional treatment
methods. Owing to the excellent photocatalytic performance
and mechanism of action of g-C;N, matrix composites in dye

2
[~#= AQRPCNEBVO,
2 o

P 0 w0 0 W
lrradiation time (min)
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Fig. 11 (a and b) Proposed mechanism for MB and TC degradation

I —————

using Au NST-GCN/RGO under visible light. (c and d) CIP degradation

performance under visible and NIR light for various samples. (e) Suggested dual Z-scheme mechanism for CIP degradation via Ag@PCNS/BiVOg,.
(f) UV-Vis DRS spectrum with sample images (inset) and (g) SPR-induced electromagnetic field in Bi metal.*#°
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degradation, their application in antibiotic degradation has
become a highly promising research direction.

To overcome the inherent limitations of pristine g-C;Ny,
such as fast charge complexation and limited visible light
absorption, the composites were engineered through strategies
such as heterojunction formation, elemental doping, coupling
with carbon materials or doping with metal nanoparticles. Liu
et al. prepared S-deficient Bi;O51,/CN S-scheme heterojunction
composites via a solvothermal method. Under visible light, the
optimized S-Bi,OsI,/CN (10%) demonstrated significantly
superior photocatalytic activity compared with Bi Osl,,
achieving complete degradation of 50 mg L' tetracycline
hydrochloride (TC) within just 10 minutes. The material
exhibits broad applicability, effectively degrading various
tetracycline antibiotics while maintaining high efficiency at
different pollutant concentrations and pH levels.”* Lin et al
fabricated visible light-driven MX@MCN nanocomposites via
a solvothermal method. The material exhibited a reduced band
gap (from 2.7 eV to 2.4 eV) and an extended photon lifetime
(from 4 ns to 6 ns) due to the formation of an indirect Z-scheme
heterojunction. It achieved nearly complete removal (>99%) of
10 mg L~ " enrofloxacin (ENR) under visible light irradiation.**
Wang et al. prepared porous g-C3N, nanosheets (UCNS) via the
thermal polymerization of urea. The UCN550 sample exhibited
excellent photocatalytic activity under both visible light and
sunlight, removing >94% of the tetracyclines (TCs) from the
biogas slurry after just 30 minutes of solar irradiation.
Comparative studies demonstrated that UCN550-1 shows
promising performance in degrading antibiotics in real waste-
water, with high potential in terms of synthesis simplicity,
efficiency, cost-effectiveness, and engineering applicability.*>

The g-C3N, matrix composites have great potential for
application in antibiotic contamination treatments because of
their accumulated photocatalytic advantages in dye degrada-
tion. To overcome the shortcomings of the original g-C3N,, such
as fast charge complexation and limited visible light absorp-
tion, the photocatalytic degradation performance of a variety of
antibiotics, such as tetracyclines and fluoroquinolones, has
been significantly improved by the optimization of hetero-
structure construction and elemental doping strategies,
providing a highly efficient and promising solution with engi-
neering applications for solving the problem of residual anti-
biotic contamination.

6. Conclusions and prospects

6.1. Conclusion

With its strong visible-light absorption capability, g-C;N, has
emerged as a highly efficient photocatalyst, demonstrating
significant potential in the photocatalytic degradation of
organic dyes. Particularly, it excels in degrading RhB, a dye
associated with substantial ecological and health risks, making
it a promising material for environmental remediation and
sustainable water treatment applications. In this paper, we
review recent studies on the enhancement of photocatalytic
efficacy through surface functionalization and morphological
engineering and analyze multiple crucial elements that have an

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

impact on the performance of g-C;N, during the catalytic
degradation process of RhB. We summarize the functions of
reactive oxygen species generation and interfacial charge
transfer pathways in boosting the efficiency of the g-C;N, pho-
tocatalytic system. Also included are the impacts of repeated
recycling on the performance of g-C;N -based photocatalytic
materials, inter-component interactions affecting their overall
photocatalytic performance, and the application directions of
composites centered around g-C;N,. These significant findings
clearly reveal the great and broad potential of g-C;N, as an
efficient photocatalyst in diverse applications, such as envi-
ronmental purification and renewable energy conversion. They
not only provide theoretical support for the modification design
of g-C3N, but also lay a solid foundation for promoting its
application expansion in environmental purification and other
fields.

6.2. Challenges ahead

6.2.1 Photocatalytic efficiency enhancement. The band gap
of g-C3N, is wide (approximately 2.7 eV), and g-C3N, absorbs
mainly UV light and some visible light, with a limited light
absorption range and low utilization of sunlight, limiting its
photocatalytic performance. The photogenerated electron-hole
pairs are prone to rapid complexation, leading to a reduction in
the number of effective carriers and lowering the effectiveness
of the photocatalytic reaction. The small specific surface area
and the relatively limited number of active sites in bulk g-C3N,
severely affect the adsorption of reactants and the catalytic
activity of the material. g-C;N, has low electrical conductivity,
which limits the photogenerated electron transport efficiency
and further affects the catalytic performance. Under prolonged
light exposure or harsh reaction conditions, g-C;N, may
undergo photocorrosion or structural degradation, affecting its
durability.

6.2.2 Adaptability to complex water conditions. g-C;N, has
excellent photocatalytic degradation performance under labo-
ratory conditions, but in practical applications, the absorptive
efficiency of visible-light still needs to be improved, the elec-
tron-hole complex problem needs to be continuously opti-
mized, and the interference problem of coexisting pollutants in
the environment on the performance of the catalysts has not yet
been completely solved, requiring the development of g-C3N,
heterojunctions with interference resistance to increase their
adaptability in real wastewater treatment.

6.2.3 Difficulties in scale-up preparation. The preparation
process of nanostructures (e.g., nanosheets and porous struc-
tures) or composites optimized in the laboratory is complicated
and difficult to scale up directly to industrial production. The
manufacturing of high-quality g-C;N, usually requires high-
temperature and long-term heat treatment, which is energy
intensive and costly, making it difficult to meet the economic
requirements for large-scale production. The purity and
consistency of raw materials in large-scale production are highly
important, and impurities or batch differences may affect the
stability of material properties. Moreover, existing laboratory
equipment has difficulty meeting the needs of large-scale
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continuous production, and it is necessary to develop suitable
industrial-grade reactors and production processes. Ensuring
the consistency and controllability of material properties (e.g.,
specific surface area, photoabsorption, and catalytic activity)
during the large-scale preparation process is a major challenge.
Large-scale production may involve high temperatures, high
pressures or hazardous chemicals, and environmental and
safety issues need to be addressed.

6.2.4 Synergistic optimization of environmental factors.
The presence of multiple pollutants (e.g., organic matter, heavy
metals, and microorganisms) in the actual environment and the
need for g-C;N, to achieve both efficient degradation and stability
under complex conditions necessitate increased requirements for
material design. g-C;N, heterojunctions are significantly affected
by the instability of environmental conditions, for example, pH,
temperature, light intensity, dissolved oxygen, pollutant concen-
tration, and coexisting ions, which have a significant impact on
the photocatalytic performance of the heterojunctions, and it is
necessary to achieve synergistic interactions between environ-
mental conditions and catalytic performance through the
modulation of environmental factors. It is necessary to improve
degradation efficiency by regulating environmental factors and
optimizing the heterojunction structure to achieve a synergistic
effect between environmental conditions and catalytic perfor-
mance. Moreover, the photocatalytic degradation process may
produce toxic intermediate products or secondary pollution, and
the reaction path should be optimized to reduce harmful
byproducts. In complex environments, g-C;N, may be deactivated
by photocorrosion, chemical erosion or mechanical abrasion,
affecting long-term stability, and its durability and reusability
need to be improved.

6.3. Directions for development

6.3.1 Material optimization. The development of more
efficient multifunctional composites that combine doping,
heterostructure building and surface modification can maxi-
mize photocatalytic performance. The specific surface area and
the number of active sites can be increased by the production
of nanosheets, nanotubes or porous structures to increase
light absorption and catalytic activity. Sophisticated doping
strategies, like B, P, and S doping or Fe, Co, and Ni doping,
and elaborate composite structure constructions, such as
composites with TiO,, MoS, or carbon materials, are skillfully
utilized to delicately modulate the energy band structure and
prominently enhance the carrier separation efficiency and
electrical conductivity. Defects or functional groups are intro-
duced into surface modifications and energy band engineering
to further optimize light absorption and reactivity. More precise
interfacial modulation techniques have been investigated to
increase the charge separation efficiency and photocatalytic
stability.

6.3.2 Applications under practical conditions. Since g-C;N,
is a photocatalyst that responds to visible light, it has potential
for application in the solar-driven hydrogen generation process
through the decomposition of water, providing a feasible path
for clean energy development. g-C;N,-based materials are
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additionally in a position to achieve the photocatalytic trans-
formation of CO, to fuels such as methane and methanol, thus
contributing to carbon neutralization and renewable energy
conversion. In pollutant degradation, g-C;N, is capable of being
employed for the photocatalytic decomposition of organic
contaminants (such as dyes and antibiotics) and the elimina-
tion of heavy metal ions, which can efficiently enhance water
quality. When used as an electrode material, g-C3N, displays
excellent electrochemical properties in supercapacitors and
lithium-ion batteries, which is conducive to enhancing the
energy storage efficiency. The high specific area of the surface
and tunable electronic structure of g-C;N, make it potentially
valuable for applications in gas sensing and biodetection fields
with potential applications. Improving the adaptability of g-
C;3N, heterojunctions in real environmental pollution treatment
for complex environments.

6.3.3 Engineering and scale-up. Low-energy and environ-
mentally friendly synthesis methods, such as low-temperature
solid-phase reactions or hydrothermal methods, have been
developed to reduce the production cost and reduce environ-
mental pollution. The reaction conditions (e.g., temperature,
pressure, and raw material ratio) should be optimized, and
continuous production equipment should be designed to ach-
ieve efficient, stable and large-scale preparation of g-C;N,
materials. The chemical stability and durability of materials in
real environments (e.g., high temperature, strong light, acidic
and alkaline conditions) can be increased through doping,
compositing or surface modification. g-C;N,-based materials
with multiple functions, such as photocatalysis, electrocatalysis
and sensing, have been developed, expanding their application
across energy, the environment, industry and other fields.
Material performance evaluation standards and production
quality control systems should be established to ensure
consistent performance and reliability of scaled-up products.
Exploring cost-effective scale-up preparation methods is
essential to reduce production costs and improve the technical
feasibility and market competitiveness of g-C;Ny-based
composites.

6.3.4 Environmental friendliness and economy. Low-
energy, nonpolluting preparation methods have been devel-
oped to reduce the use of toxic reagents and reduce their impact
on the environment. g-C3;N, can be synthesized via the use of
inexpensive and renewable precursors (e.g., urea and melamine)
to reduce raw material costs and increase sustainability. The
light absorption and catalytic efficiency of a material can be
improved through structural modulation (e.g., nanosheets and
porous structures) and doping modifications to reduce resource
consumption and achieve efficient use of resources. The
chemical stability and recyclability of materials should be
increased to extend their service life and reduce waste genera-
tion. The production process should be optimized to achieve
continuous and automated production and reduce the cost of
large-scale preparation. g-C3N,-based materials with multiple
functions, such as photocatalysis, electrocatalysis and sensing,
have been developed to expand multifunctional applications
and increase their economic value.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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