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Abstract Graphitic carbon nitride (g-C3N4) is a remarkable semiconductor catalyst that has

attracted widespread attention as a visible light photo-responsive, metal-free, low-cost photocat-

alytic material. Pristine g-C3N4 suffers fast recombination of photogenerated electron-hole pairs,

low surface area, and insufficient visible light absorption, resulting in low photocatalytic efficiency.

This review presents the recent progress, perspectives, and persistent challenges in the development

of g-C3N4-based photocatalytic materials. Several approaches employed to improve the visible light

absorption of the materials including metal and non-metal doping, co-doping, and heterojunction

engineering have been extensively discussed. These approaches, in general, were found to decrease
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the material’s bandgap, increase the surface area, reduce charge carrier recombination, and promote

visible light absorption, thereby enhancing the overall photocatalytic performance. The material

has been widely used for different applications such as photocatalytic hydrogen production, water

splitting, CO2 conversion, and water purification. The work has also identified various limitations

and weaknesses associated with the material that hinders its maximum utilization under visible illu-

mination and presented state-of-the-art solutions that have been reported recently. The summary

presented in this review would add an invaluable contribution to photocatalysis research and facil-

itate the development of efficient visible light-responsive semiconducting materials.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The ever-increasing demand for clean and sustainable energy for

domestic and industrial applications has been a source of concern

for both policymakers and researchers as witnessed in deliberations

at the international energy summits (Xie et al., 2022; Sharma et al.,

2022; Li et al., 2022). This is especially important considering the rising

global warming and climate change impacts on our environment

(Kanimba et al., 2019; Wudil et al., 2021; Hrahsheh et al., 2017). Sun-

light has been considered an incredible and inexhaustible energy source

that does not pose any threat to the environment (Zhang et al., 2022).

It is considered one of the solutions to the lingering energy scarcity and

environmental pollution.

Semiconductor photocatalysts have been employed for various

applications including selective synthesis of organic compounds, water

splitting, bacteria disinfection, removal of organic pollutants, and CO2

reduction (Zhang et al., 2022; Al-Ahmed, 2022; Boumeriame et al.,

2022; Zhao et al., 2022). They are considered clean, safe, economic,

and renewable technology. However, the main impediment to the prac-

tical applications of these compounds is their wide bandgap which

results in low solar energy utilization. For instance, TiO2 has been

regarded as an excellent photocatalyst since the discovery of Fujishima

et al. (Fujishima and Honda, 1972), who found that by using TiO2 as a

photoanode, water can be split into hydrogen. However, the relatively

large bandgap of the compound (�3.2 eV) has become a barrier to its

deployment, especially under visible light irradiation. Multiple works

have been conducted to overcome the drawbacks of the wide bandgap

of TiO2 to enable it to harness the visible portion of solar energy (Su

et al., 2017; Ahmed et al., 2010).

Hitherto, it is remarkably challenging to develop a novel photocat-

alytic material that is efficient, abundant, stable, and facile in synthesis

(Zhang et al., 2022; Cheng et al., 2022; Wang et al., 2022; Long et al.,

2022). Recently, some 2D materials with outstanding properties such

as hexagonal boron nitrides, transition-metal dichalcogenides, graphi-

tic carbon nitrides (g-C3N4), and graphene have been extensively used

for different applications including energy storage and generation,

chemical sensors, electronic and optical devices, and environmental

remediation (Liu et al., 2022; Lu et al., 2022; Zhang et al., 2022; Li

et al., 2022; Wan et al., 2022). Specifically, g-C3N4 (Fig. 1) has gener-

ated vast interest for its exceptional photocatalytic applications as a

metal-free polymer.

Basically, g-C3N4 falls in the range of medium bandgap semicon-

ducting compounds that respond to visible light (up to 460 nm)

(Kong et al., 2022; Shi et al., 2022). This optimum energy gap together

with high chemical stability, facile synthesis, low cost, and environ-

mental friendliness makes it one of the excellent candidates for CO2

reduction and organic synthesis, water splitting, and degradation of

organic pollutants under visible light radiation (Altan et al., 2022;

Choong et al., 2022; Dong et al., 2022; Rana et al., 2022; Kumar

et al., 2022). However, the intrinsic g-C3N4 generally exhibits low pho-

tocatalytic performance due to the fast recombination of electron-hole

pairs, low surface area, and inadequate light absorption (Mo et al.,

2022). The structural lattice architecture and the calculated electronic
band structure of the g-C3N4 photocatalyst are presented in Fig. 2.

g-C3N4 at varying dimensions has been used for different applications

as depicted in Fig. 3. It is evident that g-C3N4 possesses a tunable

bandgap with the ability to control the highest occupied molecular

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO).

This makes it easier to enhance its photoelectronic efficiency. The tun-

able bandgap allows modifying the material’s property through

heterostructure design or by elemental doping (Wudil et al., 2022;

Wudil et al., 2020; Al-Najjar et al., 2022). The latter has been reported

as an effective means of tuning the material’s energy gap and facilitat-

ing visible light absorption, thereby accelerating charge carrier separa-

tion (Cheng et al., 2022). Elsewhere (Fronczak et al., 2022), the

electronic structure and texture of g-C3N4 have been modified by sub-

stitutional and interstitial doping with B, I, C, S, or P, and enhanced

photocatalytic efficiency was achieved. Similarly, transition metals

and Alkali metals have been doped on g-C3N4 to improve its photo-

response.

Herein, we report the recent progress and persistent challenges in

the development of g-C3N4 photocatalytic systems to enhance the uti-

lization of solar radiation in the visible range for different applications

such as water splitting, hydrogen evolution, water purification, and

CO2 reduction. We also present the current challenges that need to

be addressed in future works.

2. Fundamentals of heterogeneous photocatalysis mediated by

semiconductors

The basics of photocatalysis has been explained in numerous

articles (Liang et al., 2022; Wang et al., 2020;
Fattahimoghaddam et al., 2022; Meng et al., 2022), therefore,
our focus in this work is to give a brief insight into the subject

to enable the reader to digest the important aspects of the pho-
tocatalytic process (Wang et al., 2020; Wang et al., 2020; Wang
et al., 2022). Fig. 4 summarizes the fundamental principles of

photocatalysis starting from light harvesting, excitation of
charge carriers and separation, charge transfer, recombination
of charges, and surface reactions (Koutsouroubi et al., 2022;
Rajan and Neppolian, 2022; Shahsavandi et al., 2022). Briefly,

the mechanism of photocatalysis involves three main steps:
photon absorption, electron-hole generation, and surface
activity (Lin et al., 2022; Gao et al., 2022; You et al., 2022;

Song et al., 2022). Thus, multiple strategies have been adopted
to improve the photocatalytic efficiency of g-C3N4 such as dye
sensitization, nanocomposite structure formation, using con-

ductive materials, and exfoliation to 2D nanosheets, fabricat-
ing mesoporous g-C3N4, molecular and elemental doping
(Yu et al., 2022; Tao et al., 2022; Azami et al., 2022; Zehtab

Salmasi et al., 2022; Zhao et al., 2022; Van Thuan et al.,
2022; Wang et al., 2022; Niu et al., 2022; Tipplook et al.,
2022; Mandari et al., 2022).

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1 Polymerized g-C3N4 structure (nitrogen: gray, carbon: blue). (). Adapted from Sun et al., 2018

Fig. 2 (a)Lattice structure of g-C3N4 with 2:2:1 supercell, (b) calculated band structure of g-C3N4. (). Adapted from Liu, 2016
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Several industries (leather, energy, paper, textiles, etc.)
employ the application of dyes or synthetic pigments which
makes colored wastewater a significant problem to deal with

related to these industries, especially as they release large quan-
tity of heat to the environment which often complicate the
issue (Wudil et al., 2020; Almessiere et al., 2021; Salhi et al.,

2018; Alrebdi et al., 2022). These pollutants are made up of
extensive organic compounds and hazardous substances that
are poisonous to organisms that live below water. In addition,

the increased use of pharmaceuticals in healthcare because of
the growth in the world’s population has contributed to the
release of these unutilized or dissolved compounds into the

environment. For that reason, it is required to mineralize,
eliminate, transform and reduce these molecules of pollutants
from the aquatic habitat. Apart from that, fossil fuels like coal,
gas, and petroleum have serious effects on climate change.

Many conventional techniques have been developed in this
regard for the purification of water. These techniques involve
biological, chemical, physical, coagulation, adsorption, sedi-

mentation, flotation, filtration methods, gravitational separa-
tion, and reverse osmosis. However, due to the movement of
contaminants from one stage to another stage or partial
removal, the performance of these methods is insignificant to
exhaustively clean contaminated water. This section presents

an advanced technique for dealing with environmental con-
cerns (Asadzadeh-Khaneghah and Habibi-Yangjeh, 2020).

Advanced Oxidation Processes (AOPs) are a category of

chemical processes examined to be among the most effective
and desirable solutions for the above-mentioned problems.
In the past few decades, numerous groundbreaking examina-

tions have been conducted to explore the application of these
processes in areas of environmental and wastewater treatment
(Asadzadeh-Khaneghah and Habibi-Yangjeh, 2020). These

processes do not transfer contaminants from one stage to
another, but rather manipulate environmental crises and pre-
vent the production of toxic sludge. This ability made them
superior to sedimentation, filtration, physical, and biological

processes. These processes are particularly useful as an efficient
purification method with high mineralization ability for the
non-reactive and rapid degradation of a wide range of highly

stable and nonbiodegradable organic chemicals into harmless
and environmentally friendly compounds like water, SO4

- ,



Fig. 3 The applications of g-C3N4 with varying dimensions. (). Adapted from Xie et al., 2022

4 Y.S. Wudil et al.
PO4
3-, and carbon dioxide via reactive species such as SO4, O2,

and h+.

Various AOPs are stated in Fig. 5. The most cost-effective
provides the ideal solution to remediating energy crisis and
environmental contamination among the various AOPs is the
heterogeneous photocatalysis mediated by semiconductors

(Tseng et al., 2022; Lin et al., 2022). The following indicated
the characteristics that made heterogeneous photocatalysis
appealing: i) The accomplishment of the process in ambient sit-

uations. ii) The feasibility of the process to support the photo-
catalyst on various forms of inert matrices for example,
graphene oxides, carbon nanotubes, glasses, and polymers

and in general, the utilized catalysts are non-toxic, affordable,
and can be recycled. Furthermore, iii) It is the cheapest method
that is eco-friendly when it comes to air and water treatment.

Moreover, heterogeneous photocatalysis mediated by semi-
conductors can be employed for various applications among
which are the production of hydrogen via splitting of water,
degradation of water pollutants, reduction of carbon dioxide

for fuel production, disinfection of different microorganisms,
and nitrogen photofixation, as shown in Fig. 5.

A photocatalyst under light illumination for activation is

schematically displayed in Fig. 6. Four fundamental steps
explained the process of heterogeneous photocatalysis. Gener-
ally, photocatalysis mediated by semiconductors starts off to
absorb proper photon energy that is the same or greater than

that of the energy gap (Eg) of the desired photocatalyst to pro-
duce e-/h+ pairs which then produce few reactive species and
thereby leads to various redox reactions on the surface of the
heterogeneous photocatalyst. However, the reverse process of

this phase is that absorbed energy is released in form of heat
at the time scale of nanoseconds as a result of the recombina-
tion of a large portion of the photoinduced charges.

3. Selection of appropriate semiconductors

Numerous semiconductors are applied as photocatalysts to

produce energy and facilitate environmental purification
(Fronczak et al., 2022; Meng et al., 2022; Zhang et al., 2022;
Schirmer et al., 2022; Tan et al., 2022; Nguyen et al., 2022;

Liu et al., 2022). Among these photocatalysts used are Fe2O3,
NaTaO3, WO3, BiPO4, TiO2, ZnS, SrTiO3, ZnO, and SnO2.
Despite several pieces of literature, poor harvesting of visible

light by the chosen photocatalysts has made the conventional
utilization of this process a great challenge. The UV light spec-
trum of sunlight radiations can only be harvested by photocat-
alysts that have a wide energy gap and UV light requires

protective support for its application, and UV sources are not



Fig. 4 Fundamental principles of photocatalysis depicting (a) Harvesting of light (b) Charge carrier excitation (c) separation of charges

and transfer (d) recombination of charges (e) surface charge recombination, (f) surface reduction reactions, and (g) surface oxidation

reactions. (). Adapted from Khan and Tahir, 2019

Fig. 5 A general representation of the advanced oxidation processes and the potential applications of semiconductor-mediated

photocatalysis. (). Adapted from Li et al., 2019
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Fig. 6 A schematic diagram demonstrating semiconductor-mediated photocatalytic processes. (). Adapted from Asadzadeh-Khaneghah

and Habibi-Yangjeh, 2020

6 Y.S. Wudil et al.
cheap (Xu et al., 2022; Pattappan et al., 2022; Shang et al.,
2022). Therefore, photocatalysts that are visible-light-induced
can be considered appropriate materials for the utilization of

the visible fraction of solar energy. Furthermore, an ideal pho-
tocatalyst should possess certain characteristics such as slow
recombination of charges, appropriate bandgap potential, suit-
able bandgap, and high surface area (Wang et al., 2022; Xue

et al., 2022; Ding et al., 2021). These are the fundamental rea-
sons that made the designation and fabrication of visible-light-
induced photocatalysts a hot area of research.

In summary, Graphitic carbon nitride (g-C3N4) has been
largely employed in different photocatalytic applications (Li
et al., 2022; Li et al., 2019). This is due to its great advantages

like cheap precursors, high stability, and preparation methods
that are easy. This is the reason why it is among the most
favorable materials that can be applied as an important semi-
conductor in heterogeneous photocatalysis. Nevertheless,

characteristics such as low specific surface area, fast recombi-
nation of charges, and inefficient absorption of visible light
have hindered the extensive and practical deployment of g-

C3N4 (Rajan and Neppolian, 2022; Wan et al., 2022; Shi
et al., 2022; Guo et al., 2022; Zhang et al., 2022; Cheng
et al., 2022). For that reason, the engineering of g-C3N4 has

been performed by numerous research efforts to increase the
migration of charges, improve the specific surface area, and
boost its absorption efficiency. Fig. 7 presents a SWOT

(Strengths, Weaknesses, Opportunities, and Threats) analysis
of using graphitic carbon nitride as a photocatalytic material
in terms of socioeconomic, technical, and environmental sus-
tainability perspectives.
4. g-C3N4 preparation and structure-dependent performance
4.1. Design of g-C3N4-based photocatalyst

The preparation of g-C3N4 can be simply carried out by the

thermal condensation of several inexpensive nitrogen-rich pre-
cursors like melamine, cyanamide, dicyandiamide, urea,
thiourea, or combinations thereof (Wang et al., 2022). The typ-

ical method for figuring out the phase of carbon nitrides is to
employ X-ray powder diffraction (XRD) patterns. There are
two distinct diffraction peaks in the g-C3N4 XRD patterns,
located at approximately 27.4� and 13.0� (Cao et al., 2015).

The former can be indexed for graphitic materials as the
002-peak indicative of interlayer stacking of aromatic systems,
and the latter as the 100-peak corresponding to the interplanar

separation. Measurements are made using X-ray photoelec-
tron spectroscopy (XPS) to determine the status of nitrogen
and carbon elements in g-C3N4. The molecular structure of

the polymeric g-C3N4 derived from nitrogen-rich precursors
enables the electronic structure to be adjusted by a modest
modification of the molecular structure in the copolymeriza-
tion process of the precursors, along with structure-matching

organic additives.
There are several reports on bandgaps and unique surface

areas of typical g-C3N4 samples made under various reaction

conditions and precursors. These studies imply that an effec-
tive method for maximizing the unique surface area and elec-
tronic structure of g-C3N4 depends on the choice of various



Fig. 7 Strengths, weaknesses, opportunities, and threats of using g-C3N4 as an efficient photocatalyst. (). Adapted from Sharma et al.,

2022
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precursors in conjunction with appropriate control over the
reaction parameters, such as the time and temperature of the
thermal treatment (Vaya et al., 2022). Urea is one of the sev-
eral precursors that can be utilized to generate thin-layer g-

C3N4 with a lot of specific surface area. However, a variety
of precursors and experimental circumstances should be inves-
tigated, such as the recently described exfoliation procedures,

to streamline the synthesis of g-C3N4 materials and enhance
their properties.

4.2. Nanostructure design of g-C3N4

g-C3N4 is a polymer with a flexible structure which makes it
suitable for forming various morphologies with the aid of var-

ious templates. Several common g-C3N4 nanostructures have
been made, including 1D nanostructures, hollow spheres,
and porous g-C3N4; a brief description of each of these struc-
tures is given below.

The unique optical, chemical, and electrical properties that
may be obtained by adjusting the length, diameter, and aspect
ratio of 1D nanostructured photocatalysts like nanorods,

nanowires, nanobelts, and nanotubes are advantageous for
enhancing their photocatalytic activity. By thermally condens-
ing cyanamide in the presence of anodic aluminum oxide

(AAO) template, Li et al. (Li et al., 2011) created condensed
g-C nanorods with an average diameter of 260 nm. The
AAO template’s confinement effect was essential for enhancing

the crystallinity and orientation of the g-C to increase charge-
carrier mobility. Additionally, the resulting g-C3N4 nanorods
had a more positive VB state, which is necessary for a greater
oxidation power.

Hollow sphere photocatalysts are also appealing because
they can generate more photoinduced charge carriers and
can harvest more incident light through subsequent reflections

inside the hollow structure (Chen et al., 2022). Due to the poly-
meric g-C3N4 layered structure, which is prone to collapsing
during processing, it is difficult to manufacture hollow g-

C3N4 spheres. However, several attempts to produce hollow
g-C3N4 spheres have been successful. Monodisperse silica
nanoparticles were covered with thin mesoporous silica shells
by Sun et al. (Sun et al., 2012). The preparation of g-C3N4 hol-
low nanospheres was subsequently carried out using these

core–shell structures as hard templates. Recently, it was shown
that the supramolecular chemistry of triazine molecules makes
g-C3N4 hollow structures easier to manufacture. A precursor

hydrogen-bonded supramolecular network, like the cyanuric
acid-melamine complex, was created in this instance because
of the molecular cooperative assembly of the triazine mole-

cules (Cao et al., 2015). Depending on the solvent used, this
complex can be synthesized in a variety of morphological
forms. For instance, 3D macro assemblies, flower-like layered

spherical aggregates, and an organized pancake-like structure
have all been produced in dimethyl sulfoxide and ethanol,
respectively.

Porous photocatalysts are incredibly exciting due to their

porous structure, which can offer a significant surface area
and a huge number of channels to support mass diffusion,
charge migration, and separation (Al-Ahmed, 2022). Because

they enable customization of the porosity structure of g-
C3N4 by selecting different templates, soft and hard templating
methods are frequently utilized. Mesoporous g-C3N4 has been

produced successfully using a variety of precursors, including
ammonium thiocyanate, cyanamide, urea, and thiourea in
the presence of silica nanoparticles used as a hard template,
the removal of which produced a 3D interconnected structure

of g-C3N4 with a large surface area of up to 373 m2 g�1. The
pore size that was produced matched the dimensions of the sil-
ica nanoparticles utilized as the template.

These studies show that distinct g-C3N4 nanostructures can
be created utilizing various templating or non-templating tech-
niques. These nanostructures have several benefits and could

make a great foundation for the creation of unique photocat-
alytic systems. Large surface areas are typically attained for g-
C3N4 using porous materials, which might result in an abun-

dance of reactive sites. Porous structures can act as efficient
channels to enhance interactions between g-C3N4 and the tar-
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get reactants in the meantime. Additionally, the requisite speci-
fic surface area and charge carrier mobility may both be pre-
sent in 1D nanostructures of g-C3N4.

5. g-C3N4 as a promising photocatalyst

The C3N4 materials traced back to the time when Berzelius and

Liebig produced and reported in 1834 a melon embryonic
shape (Scopus - Document details - null | Signed in, (n.d.).
https://www.scopus.com/record/display.urieid=2-s2.0-

7995330, 2022). This is introduced as the first synthetic poly-
mer in the form of interconnected tri-s-triazine through sec-
ondary nitrogen which is a linear polymer. For over

150 years, research on this polymer stopped because of its
inability to dissolve in most solvents and its chemical inertness.

Eventually, in the nineties, Liu and Cohen (Cohen, 1993)

predicted a diamond-like structure from the fabrication of
really hard carbon nitride. Subsequently, bulk hardness and
great modulus values were achieved from b- C3N4 and then
followed by the discovery of various allotropes of C3N4 that

have several properties, for example, g-C3N4, a- C3N4, cubic
C3N4, and pseudocubic C3N4. The most resistant among the
stated carbon nitrides (CxNy) under surrounding conditions

is g-C3N4 and this is because it has a graphene structured layer.
The allotropes g-C3N4 have two fundamental tectonic units
which are triazene C3N3 known as ‘melam’ and heptazine /

tri-s-triazane C6N7 ‘melem’. At ambient conditions, the latter
is the one with the most resistant phase.

The field of heterogeneous photocatalysis witnessed the first
application of g-C3N4 about a decade ago. It was reported that

Wang and his coworkers (Wang et al., 2009) have employed g-
C3N4 as a conjugated stable to efficiently produce H2 or O2

from water splitting, as shown in Fig. 8. This was carried

out upon visible light illumination because of its supreme opti-
cal features, high stability in basic/acidic systems, good physi-
cal–chemical stability, and environmentally friendly nature. In

the next session, we discussed in more detail the excellent
physicochemical characteristics of g-C3N4 which is a result of
Fig. 8 A schematic representation of hydrogen production
the great number of publications on the Web of Science that
guarantees the material’s popularity. The elemental composi-
tion of g-C3N4 as a semiconductor is carbon and nitrogen

which are very abundant in the earth (Huang et al., 2022;
Pham et al., 2022; Zhong et al., 2022; Che et al., 2022). Fabri-
cation of this organic semiconductor is primarily done with

nitrogen-organic precursors which include melamine, urea,
cyanamide, dicyanamide, and thiourea among others. Even
though, several publications have reported various methods

to synthesize g-C3N4. The surface chemical features, electronic
band structure, and morphology of the as-synthesized g-C3N4

are strikingly affected by the choice of precursor, reaction tem-
perature, and reaction environment (Chen et al., 2022; Wu

et al., 2022; Chu et al., 2022; Altan and Kalay, 2022; Tang
et al., 2022; Zhong et al., 2022; Cheng et al., 2022). Many
reviews have also thoroughly reported the comprehensive pro-

cedures for the preparation of g-C3N4 taking into considera-
tion of the reaction condition and choice of precursor. A
thermal polymerization process is a strategy employed on var-

ious precursors with nitrogen units (Fig. 9) to fully fabricate g-
C3N4. It is described as a ‘bottom-up method’. The bottom-up
method is the formation of fairly larger and more complex sys-

tems from the self-assembly of any smaller units (for example,
atoms, molecules, and nanoparticles). This is achieved by the
interactions between the building units utilizing hydrogen
bonding, Van der Waals force, and/or electrostatic adsorption.

In short, the carbonization and pyrolysis of some organic
precursors (containing in general �OH; �COOH; �NH2;
and �C ¼ O) have made the bottom-up method an efficient

process to prepare g-C3N4 on a large scale.

6. Limitations of g-C3N4 and remedy to the obstacles

In the past few years, g-C3N4 has been preferred over other
semiconductors in different photocatalytic processes. This is
due to its superior advantages such as abundance, nontoxicity,

inexpensive, high thermal and photochemical stability, bio-
compatibility, and moderation of activity in visible light (due
via water splitting. (). Adapted from Vaya et al., 2022



Fig. 9 The g-C3N4 synthesis route via thermal polymerization of different precursors. (). Adapted from Li et al., 2019

Tuning of graphitic carbon nitride 9
to low bandgap) (Mao et al., 2022; Li et al., 2022; Ye et al.,

2022; Zhu et al., 2022; Liu et al., 2022). In addition, the CB
of g-C3N4 is severely more negative than the potentials needed
for the generation of H2 and O2, CO2 photoreduction pro-
cesses, and other semiconductors (Swedha et al., 2022). Fur-

thermore, the CB of g-C3N4 can reduce different compounds
such as H2O and O2 since the photogenerated electrons have
high thermodynamic energy. However, g-C3N4 has some

intrinsic drawbacks which include electron-hole rapid recombi-
nation rate, low quantum yield, inefficient visible-light absorp-
tion (below 460 nm), low charge conductivity, negligible

electrical mobility, and inefficient specific surface area (about
10 m2g�1) that result in poor photocatalytic efficiency receiv-
ing visible light (Cao et al., 2022; Zeng et al., 2022). In the sub-
sequent paragraphs, we, therefore, discussed the numerous

modifications that have been suggested to reduce these prob-
lems and enhance the photocatalytic potential of g-C3N4 by
utilizing several strategies.

The design of perfect-activity g-C3N4 has been established
to largely depend on the surface area, plentiful reactive sites,
morphology size, and predominantly extended light-

harvesting capability (Wang et al., 2022; Xu et al., 2022;
Gholipour et al., 2022; Gao et al., 2022). As it is known, g-
C3N4 has the characteristics of a 2D polymer and also pos-

sesses a unique layered structure. The delocalized p-
conjugated system in the g-C3N4 is made up of C and N with
sp2 hybridization. The rapid recombination of the charges is a
result of the random movement of the charge carriers in the

plane caused by the inherent graphite p-conjugated structure
that leads to chemical sluggishness. To modify and construct
g-C3N4-based systems and defects engineering method is

adopted among the various methods of surface modification.
The defect generally occurs from the breakage and disturbance
of the ideal periodic arrangement of the fundamental unit in g-

C3N4 and that affects its photoactivity. Recombination of
chargers is prevented by broadening its visible-light absorption
area as a result of surface defects engineered on g-C3N4 con-

taining C and N defects. In general, the electronic structure
and features of photocatalytic materials are affected by these
defects. Several studies have been carried out to increase g-
C3N4 visible-light activity through defects engineering. Usu-

ally, the defects could create molecules’ reaction sites of the
reactants and transform the features of photocatalysis.
Recently, there have been several suggestions to improve the
defect-induced photoactivity in g-C3N4. For instance, the N-

defected g-C3Nx was constructed by Yu et al. (Yu et al.,
2017) with an adjustable band structure that is controlled via
surface cyano groups and N vacancies. The N-defective g-

C3Nx harvests visible light more impressively than the pristine
g-C3N4 due to its ability to separate photoexcited charges.
Boosting the activity of g-C3N4 can also be carried out by

another procedure and that is to morphologically and textu-
rally fabricate the controlled g-C3N4. Consequently, structural
engineering (such as size controlling, shapes, and dimensions)
is a great approach to increasing the performance of g-C3N4.

This in turn enlarges the surface area with different morpholo-
gies such as nanobelts, nanorods, nanowires tubes, porous/me-
soporous microspheres, and nanosheets via several methods.

The construction of nano-scale structures is interestingly gov-
erned by two-dimensional (2D) structures labeled as well-
defined building blocks. Thus, g-C3N4 with various morpholo-

gies has leading photocatalytic capability when compared to a
conventional bulk structure, because of its efficiency, and sim-
plicity, and has more reactive parts as well as a higher specific

surface area. Excellent photocatalytic proficiency and boosted
optical characteristics can be achieved by open mesoporous
morphology (Fig. 10) with tabular nanostructures to strikingly
transmit photoinduced charges along the 2D route. This con-

sist of fast electronic immigration and direct route. Based on
numerous established literature, the second strategy to
improve photocatalytic performance is the preparation of

nanocomposites/heterojunction with various semiconductors
that contain suitable band energies. This makes the procedure
outstanding in impressively slowing down the electron-hole

pairs recombination rate. The third strategy is to dope g-
C3N4 with metal and non-metal elements. Recently, energy
gap engineering of g-C3N4 via doping with different elements

yielded excellent results that leads to tuning the redox band
potentials, distinctly modulation of the light-receiving ability,
as well as changing luminescent and electronic features of g-



Fig. 10 SEM images of hollow mesoporous carbon nitride. (). Adapted from Al-Ahmed, 2022

10 Y.S. Wudil et al.
C3N4 (Yu et al., 2022; Xia et al., 2022; Wang et al., 2022;
Alejandra Quintana et al., 298 (2022)). Finally, the simplistic
procedure adopted to enhance the photocatalytic performance

of g-C3N4 is to couple it with carbon nanomaterials. Carbon
materials that have unique properties such as excellent chemi-
cal stability, appropriate electrical conductivity, and large sur-

face area are nowadays employed for various applications.
Fabricating heterojunctions with various carbon-rich materials
not only compensates for the drawbacks of single semiconduc-

tors by increasing visible light utilization, improving charge
separation, and increasing photo durability, but also induces
synergetic effects that lead to faster electron transition from

the surface of a nanocomposite due to carbon’s electron trans-
port capability. The photocatalytic ability of the hybrids is suc-
cessfully enhanced when the carbonaceous materials are
coupled with g-C3N4. Carbon dots (CDs) among different

types of carbonaceous materials (for example activated car-
bon, graphene, fullerene, and carbon nanotubes) have
attracted substantial attention calling for the enhancement of

their photocatalytic performance. This is because CDs have
properties such as good physicochemical durability, water-
solubility, nontoxicity, and ultrasound small dimension. In

addition, CDs are excellent material when it comes to utiliza-
tion with regards to application in photocatalysis because they
have emissive traps and excellent electron reservoir/transfer.
The former is because of the quantum size effect with conju-

gated p structure. Moreover, multi-photon activation brings
about the famous feature of CDs which is known as the up-
conversation photoluminescence (UCPL) feature. Considering

the drawbacks highlighted for g-C3N4, the photoactivity of the
system can be enhanced by employing CDs for bandgap engi-
neering. Also, CDs give an avenue for excess orbits for e- by

sp2 that which slows down the recombination of charges.
The utilization of metal-free CDs as a magnificent co-
catalyst produces a fundamental basis for interface engineering

g-C3N4 semiconductors for various applications.
Hence, given the substantial state of this review, we focused

our study on the global survey of utilizing g-C3N4/CDs-based
nanocomposite for energy production technology and treat-
ment of photocatalytic pollutants. Around November 2019,
the world witnessed almost 100 published research articles that

explored the photocatalytic capability of g-C3N4/CDs-based
nanocomposite with enormous research interest and broad sig-
nificance. The increase in popularity of g-C3N4/CDs nanocom-

posite is confirmed by the rapid increase in relevant research
papers that have been published in the field of g-C3N4/CDs
nanocomposite within the last 5 years. Gao et al. (Gao et al.,

2015) presented for the first time in 2015; the use of the first
principal calculation in the photocatalytic term to explore
the interaction between the electronic and optical properties

of g-C3N4 and CDs. They illustrated that through the process
of water splitting, hybrid g-C3N4/CDs favored the production
of hydrogen gas. Consequently, the development of g-C3N4/
CDs-based materials and diverse synthesis techniques, as well

as the application of these photocatalysts to the degradation
of various pollutants and antibiotics, water splitting, CO2 pho-
tocatalytic reduction, and other applications, has been

significant.

7. Multiple strategies to improve the photocatalytic efficiency of

g-C3N4

Here, the different strategies for improving the photocatalytic
efficiency of g-C3N4 is discussed.

7.1. Metal doping

Essentially, the injection of metallic impurity creates more

binding functions which provide the semiconducting material
with enhanced photocatalytic activity by minimizing the band-
gap and improving visible light absorption (Adegoke and
Maxakato, 2022; Hoang et al., 2022; Lin et al., 2023). To

incorporate metallic ions into the matrix of the material, the
precursor of g-C3N4 is uniformly mixed with the correspond-
ing soluble salt of the metal, thereby paving way for doping
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the metallic impurity into the framework of g-C3N4 during the
precursor’s thermal condensation.

7.1.1. Transition metal

Transition metals such as Zr, W, Cu, Fe, and Pd have been
widely used to tune the electronic and optical behavior of g-
C3N4. Specifically, they prolong carrier lifetime, accelerate car-

rier mobility, reduce bandgap, and increased light absorption
which is critical for enhanced photocatalytic performance.
Elsewhere, Pan et al. (Pan et al., 2011) employed first-

principles simulations to design novel g-C3N4-based nan-
otubes. Their investigations revealed that the optical and elec-
tronic properties of the compound can easily improve by

functionalization using metallic elements such as palladium
and platinum. These results indicate that metal-
functionalization could enhance absorption in the visible

region, narrow the bandgap and increase carrier mobility.
Despite the remarkable potential of noble metals in enhancing
the photocatalytic activity of g-C3N4, their practical applica-
tions are limited by their high price.

Several reports suggested that introducing a transition
metal such as Zr, Mo, Zn, W, Cu, and Fe as a dopant into
the matrix of g-C3N4 improves its photocatalytic efficiency

(Le et al., 2016). For example, Tonda and his team (Tonda
et al., 2014) used a simple, cost-effective synthesis technique
to fabricate Fe-doped g-C3N4 nanosheets. They observed that

the Fe-doped g-C3N4 nanosheets exhibited redshifts and the
Fe-doping has tremendously increased the light absorption in
the visible region and improved the photocatalytic activity.

The developed Fe-species serve as photo-generated electrons
as they were found to exist in a + 3-oxidation state, also mak-
ing them a potential hole-trapping site. The holes existing in
the valence band can oxidize OH– while O2 can be reduced

to O2
– by the trapped electrons. Furthermore, Wang et al.

(Wang et al., 2016) employed a simple pyrolysis technique
using common precursors to fabricate molybdenum-doped g-

C3N4. Their results suggested that Mo-doping narrows the
bandgap, extends the visible light response, enlarges surface
area, and reduces the rate of the photogenerated charge carri-

ers. Hence, Mo-doped g-C3N4 demonstrated high performance
in the reduction of CO2. Similarly, Li et al. (Wang et al., 2016)
used a facile pyrolysis method to introduce the rare earth ele-
ment yttrium on g-C3N4 using urea as a precursor. They

reported an enhanced degradation of Rhb.

7.1.2. Alkali metal

Apart from the transition metals, Alkali metals like sodium
and potassium were also introduced into the framework of
g-C3N4 to enhance their photocatalytic activity. Recently,
Xiong and his colleagues employed density functional theory

to investigate the role of the atoms (Na and K) in the increased
photocatalytic performance of the doped g-C3N4 (Xiong et al.,
2016). They observed that while both dopants narrow the

bandgap of the material, however, they exhibit varying
impacts on the photocatalytic performance and electronic
structure of g-C3N4. They observed that while Na atoms were

doped into the conjugated planes, K atoms existed in the inter-
layers of g-C3N4. Interestingly, K atoms can form a bond with
the neighboring two layers thus they could bridge the layers

and form the channel of charge delivery, hence facilitating
charge transfer and reducing the chances of carrier recombina-
tion as depicted in Fig. 11. Moreover, Hu et al. (Hu et al.,
2014) used potassium hydrate and dicyandiamide as precur-
sors to prepare K-doped g-C3N4. They observed that the

valence band and conduction band potentials of the material
could be controlled by altering the concentration of the
dopant. Therefore, both O2 and OH could be generated, thus

yielding a greater photodegradation rate. In a similar work by
Zhang et al. (Zhang et al., 2014), where they fabricated Na-
doped g-C3N4, using sodium hydrate and dicyandiamide as

precursors, they observed that both VB and CB potentials
could be controlled by changing the dopant’s concentration.
In general, as reported in the work of Hu et al. (Hu et al.,
2014), although both Na and K are suitable for photocatalytic

performance enhancement of g-C3N4, the degradation rate is
higher with K-doped compound, thus making it more suitable
for photocatalytic activity improvement.

In summary, metals have been extensively used as dopants
on g-C3N4 for photocatalytic applications. Mostly, their incor-
poration can suppress the charge carrier recombination rate,

extend the visible light response, and create a new energy level
in the bandgap of the parent compound. Despite the successful
experimentations of metal doping on g-C3N4, there exist a few

drawbacks halting the practical applications of the developed
material such as poor thermal stability. Also, their newly cre-
ated energy levels within the bandgap might serve recombina-
tion centers, thus resulting in low quantum efficiency.

7.2. Non-metal doping

The doping of non-metallic species on g-C3N4 has also

attracted widespread attention in the photocatalysis commu-
nity. Several non-metals such as halogens, boron, oxygen,
nitrogen, carbon, sulfur, and phosphorus have been reported

as dopants on g-C3N4 material (Lin et al., 2023; Alcantara
et al., 2022; Wang et al., 2022). Apart from conserving the
metal-free characteristic, non-metals often possess higher elec-

tronegativity and ionization energies. They easily form cova-
lent bonds with other materials by gaining electrons.
Furthermore, non-metal doping can serve to reduce the impact
of thermal variation of chemical states.

7.2.1. Phosphorus doping

The first phosphorus-doped g-C3N4 was fabricated by Zhang
and his team (Zhang et al., 2010) using a simple polycondensa-

tion of a mixture containing phosphorus-containing ionic liq-
uid and dicyandiamide as the g-C3N4 precursor. The PF6

reacts with the amine group with increasing temperature

resulting in joining the C N matrix. NMR, XPS, and FTIR
investigations demonstrated that the P heteratoms substitute
the bay or corner C in the framework to create a PAN bond

in the C3N4 structure. Their findings revealed that doping with
a controlled amount of phosphorus heteratoms could signifi-
cantly increase the electrical conductivity, lower the optical

bandgap and change the electronic structure of g-C3N4. They
concluded that P-doped g-C3N4 possesses a remarkable poten-
tial for photovoltaic applications. On the other hand, Zhang
et al. (Zhang et al., 2013) used the same precursors to prepare

P-doped g-C3N4. They observed a significant enhancement of
the photocatalytic activity with MO and RhB as pollutants.
The phosphorus source influences the P doping site and this

may affect the photocatalytic behavior of the developed mate-



Fig. 11 (a) Possible doping sites for potassium ions in K-doped g-C3N4 (b) Band gap structures of as-prepared g-C3N4 and K-doped g-

C3N4. (). Adapted from Asadzadeh-Khaneghah and Habibi-Yangjeh, 2020
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rial. Consequently, different phosphorus sources such as phos-
phorous acid, ammonium hexafluorophosphate, hexachloro-
cyclotriphosphazene (HCCP), (hydroxy ethylidene) diphos-
phonic acid, 2-aminoethylphosphonic acid, diammonium

hydrogen phosphate, etc. have been employed to prepare P-
doped g-C3N4.

Zhou and his team (Zhou et al., 2015) used a thermal poly-

merization route to fabricate phosphorus-doped g-C3N4 using
guanidinium hydrochloride as a precursor and HCCP as a
phosphorus source. Their results revealed that phosphorus

atoms preferentially occupy the bay-carbon and corner carbon
sites, and their incorporation into the lattice of g-C3N4

becomes seamless, thereby modulating the electronic structure
and consequently reducing the rate of recombination of charge

carries. Finally, they recorded an excellent increase in the pho-
tocatalytic activity both in RhB degradation and generation of
H2. Elsewhere, Hu et al. (Hu et al., 2014) utilized diammonium

hydrogen phosphate as the P-source and dicyandiamide as the
precursor to synthesize g-C3N4. They observed that phospho-
rus incorporation improves the separation efficiency of charge

carriers, narrows the bandgap, and inhibits the crystal growth
of g-C3N4. Their work also suggested that P atoms were inter-
stitially doped into the lattice of g-C3N4 to create the PAN

bond. This contradicts the work of Zhou et al. (Zhou et al.,
2015) which states that phosphorus atoms would preferentially
occupy substitutional bay-carbon and corner carbon sites. In
summary, it can be inferred that the phosphorus precursor

used can strongly influence the P-doping site either substitu-
tional or interstitial.

On the other hand, nanostructured materials with certain

morphology have been used as active ingredients to provide
active sites for photocatalytic activity and accelerate mass
transfer (Wang et al., 2022; Ou et al., 2022). They also facili-

tate the mobility of the photogenerated carriers and help in
their separation. Recently several forms of nanostructured g-
C3N4 with improved photocatalytic performance such as
nanofibers, nanorods, mesostructures, nanotubes, and

nanosheets have been employed. Moreover, some researchers
combined the structural engineering of g-C3N4 with phospho-
rus doping to achieve higher degradation efficiency. For exam-
ple, Zhu et al. (Zhu et al., 2015) used the co-condensation of
melamine to prepare g-C3N4 nanoflowers. They noted that
phosphorus atoms could bond chemically with neighboring

carbon and nitrogen and exhibit planar coordination in the
C3N4 structure. The designed flower-shaped morphology
together with phosphorus inclusion yielded higher charge sep-

aration and transfer, and superior trapping of light for
enhanced hydrogen production under the visible region. The
specific surface area was also found to increase due to

increased mass transfer of molecules as well as high porosity.
For an insightful understanding of the phosphorus doping

on the photocatalytic performance and the bandgap, Qiao and
his team (Ran et al., 2015) used a combination of thermal exfo-

liation and p-doping to prepare porous p-doped g-C3N4

nanosheet using 2-aminoethylphosphonic acid as the P-
source. X-ray photoelectron spectroscopy investigations

revealed that phosphorus preferential substituted carbon to
create a PAN bond in the g-C3N4 framework. Although past
reports indicated a preference for the exfoliated g-C3N4 over

the bulk one, there remains the challenge of a large bandgap
in the thermally exfoliated nanosheets, which impedes its full
utilization of the wide solar spectrum. However, with the pres-

ence of strong tail absorption, the bandgap of P-doped g-C3N4

can be decreased, and this leads to the creation of midgap
states within the bandgap.

7.2.2. Sulfur doping

The electronic structure of g-C3N4 has also been modified by
doping Sulfur atoms to improve carrier mobility, redox poten-

tial, light absorbance, and ultimately, photocatalytic activity
(He et al., 2014; Wang et al., 2015; Lu et al., 2017). Liu and
his colleagues (Liu et al., 2010) first fabricated sulfur-doped
g-C3N4 by heating the powdered g-C3N4 in a gaseous H2S

atmosphere. The S-doped system demonstrated an elevation
in the conduction band minimum in combination with an
increase in the valence band width and a slight decrease in

absorbance. The concomitant quantum confinement effect
plus the homogeneous substitution of Sulfur for Nitrogen led
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to the evolution of a unique electronic structure which made
the S-doped system promising for the photooxidation of phe-
nol and photoreduction of hydrogen evolution.

In a study by Feng and coworkers (Feng et al., 2014), ther-
mal condensation was utilized to synthesize microrods of S-
doped g-C3N4. Their investigations revealed that the S-doped

system exhibited improved visible light absorption, satisfac-
tory stability, and a larger surface area. They also observed
an activity more than 9 times higher than the pristine system

for H2 production. Similarly, Fan and his team (Fan et al.,
2016) fabricated porous rods of S-doped g-C3N4. They also
observed faster degradation of RhB under visible radiation.
The synergistic roles of S-doping and the creation of unique

structures led to an S-doped g-C3N4 system with narrower
bandgaps, a broader light absorption range, and larger surface
areas than the pristine system, thus yielding enhanced

photoreactivity.
The photocatalytic efficiency of the S-doped g-C3N4 system

was found to improve with both the in situ and ex situ sulfur

doping with a small percentage of the dopant (less
than1.0 wt%). The use of thiourea (TU) as an efficient precur-
sor for the construction of an S-doped g-C3N4 system has

recently been reported (Hong et al., 2012; Cao et al., 2015).
Hong and his colleagues (Hong et al., 2012) first fabricated
in situ S-doped g-C3N4 systems using a unit of TU. X-ray pho-
toelectron spectroscopy analysis revealed the possibility of the

dopant to substitute C with a likely downshift of 0.25 eV in the
CB. Remarkably, the prepared S-doped g-C3N4 system per-
formed 30 times more than the pristine system for H2 produc-

tion. The excellent photo reactivity was attributed to extended
and stronger light absorbance by S-doping and increased
charge and mass transfer in the mesoporous system.

Some research works proposed sulfur doping to replace the
lattice nitrogen atoms instead of the carbon atoms in the g-
C3N4 framework to form an SAC bond. Considering the sim-

ilarity of the electronegativities of nitrogen and sulfur, the sub-
stitution seems to be favorable. This notion has been
substantiated by first-principles density functional theory cal-
culations in the work of Ma et al (Ma et al., 2012). The

DFT works demonstrated the presence of impurity states as
a consequence of sulfur doping. However, the bandgap was
not significantly affected. Therefore, this makes it easy for

the photogenerated electrons to jump from the valence band
to the impurity states and then to the conduction band. In
summary, both theoretical and experimental works revealed

that sulfur incorporation into the framework of g-C3N4 mod-
ified the electronic properties of the materials leading to
enhanced carrier mobility, efficient charge separation, and nar-
rowed bandgap.

7.2.3. Oxygen doping

Li and coworkers first fabricated O-doped g-C3N4 via a simple

H2O2 hydrothermal route (Li et al., 2012). X-ray photoelec-
tron spectroscopy studies revealed that O was transmitted
directly into the lattice forming NACAO, thus indicating that
oxygen atoms bonded with Sp2 hybridized C. Interestingly,

while the oxygen doping does not alter the valence band max-
imum, the conduction band minimum exhibited a downshift
by 0.21 eV. Hence, the oxygen-doping on g-C3N4 could trigger

band and electronic structure modifications, which in turn lead
to improved separation efficiency of the photogenerated carri-
ers, extended visible light response, and improved surface area.

Elsewhere, Huang et al. (Huang et al., 2015) fabricated

oxygen-doped g-C3N4 with a porous network (MCN). XPS
investigations revealed a new peak at 531.4 binding energy
which has been attributed to the presence of NACAO and

CAO species within the lattice. First principles simulations
showed that the bandgap reduced slightly due to oxygen incor-
poration, in line with the absorption band edge redshift. Sim-

ilarly, differential charge density calculations showed a
dramatic reduction in the electron density at the surrounding
carbon atoms of oxygen dopant as well as a remarkable
increase at the surrounding nitrogen atoms. Hence, based on

DFT and experimental observations, they reported that
oxygen-doping preferentially takes place on 2-coordinated
nitrogen positions, and together with a porous network,

oxygen-doping promotes charge separation and extended light
trapping.

In another study, She and coworkers employed a facile cal-

cination process to prepare two-dimensional porous ultra-thin
nanosheets of oxygen-doped g-C3N4 (She et al., 2016). They
simultaneously modulated the morphology, band positions

of the bulk material, and intrinsic electronic structure. The
synthesized ultra-thin O-doped g-C3N4 system demonstrated
5.2 times photocatalytic activity for hydrogen evolution and
71 times higher for MO degradation than that of the bulk sys-

tem. The photocatalytic performance enhancement is attribu-
ted to the synergistic effects of increased bandgaps, the
introduction of the electrophilic groups, and the 2D porous

ultra-thin framework. Guo et al. (Guo et al., 2016) employed
a photo-Fenton reaction to design holey-structured g-C3N4

sheets with O-doping. The prepared oxygen-doped holey

nanosheet structure yielded efficient photocatalytic perfor-
mance for RhB degradation and H2 generation under visible
light irradiation due to increased surface area and reduced

bandgap. Fig. 12 represents the fabrication route of the 3D
holey g-C3N4 using the mixture of dicyandiamide and water
heat-treated to get the melamine-cyanaurate complex.

7.2.4. Carbon, nitrogen, or boron doping

Through the density functional theory investigations g-C3N4

system, Dong and coworkers (Dong et al., 2012) observed that
the substitution of bridging nitrogen atoms with carbon atoms

leads to the creation of delocalized p-bonds among the substi-
tuted C atoms and the hexatomic ring, thereby enhancing the
electrical conductivity of the material. Moreover, the bandgap

of the material would be reduced by the carbon self-doping
thereby enhancing light absorption in the visible spectrum.
In agreement with the theoretical findings, the fabricated C-

doped g-C3N4 exhibited improved absorption in the visible
region and demonstrated higher surface area and electrical
conductivity, thereby improving the photocatalytic activity.

In a similar study by Zhao and colleagues (Zhao et al.,
2015), C self-doped g-C3N4 material was prepared for the
purification of NO in air. Their study revealed that the devel-
oped photocatalyst showed enhanced carrier separation,

extended light absorption, and more surface area. Zhang and
his team (Zhang et al., 2015) used glucose and melamine as
precursors to prepare nanosheets of C-doped g-C3N4 using a

facile hydrothermal approach. The introduction of C into



Fig. 12 Representation of synthesis of 3D holey g-C3N4 nanosheets. (). Adapted from Liu et al., 2018
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the CN framework led to improved absorption of light due to
reduced bandgap, and also enhance the electrical conductivity
because electron transfer was favored by the delocalized big p -

bonds.
Elsewhere (Fang et al., 2015), nitrogen self-doped g-C3N4

was fabricated from melamine and hydrazine via the thermal

condensation route. X-ray photoelectron spectroscopy investi-
gations demonstrated that nitrogen substituted the sp2 carbon
atom. The UV–vis spectroscopic studies revealed that nitrogen

doping decreases the bandgap of the material and weakens the
red-shift of the light adsorption band edge of the photocata-
lyst. The EPR results confirmed that nitrogen self-doping has

successfully modified the electronic structure of g-C3N4. Inter-
estingly, nitrogen incorporation significantly improves charge
carrier mobility and promoted the separation of photogener-
ated electrons and holes. Consequently, nitrogen-doped g-

C3N4 demonstrated more capacity in photocatalytic hydrogen
production under visible light than pure g-C3N4 material.

Yan et al. (Yan et al., 2010) prepared the first boron-doped

g-C3N4 by heat-treating the mixture of boron oxide and mela-
mine. Typically, they heat-treated the precursors in a furnace
to 500 �C temperature for 2 h and further heated the mixture

at increased temperature for another 2 h. The pristine g-C3N4

powder was synthesized using simple pyrolysis. Several other
starting materials were used to synthesize B-doped g-C3N4

for effective B incorporation. For example, an enhancement

in CO2 reduction was achieved by Sagara and coworkers
(Sagara et al., 2016) when they used BH3NH3 as the boron
source. Lu and coworkers (Lu et al., 2016) employed co-

polycondensation H3BO3 and thiourea to fabricate boron-
doped g-C3N4 photocatalytic material. They observed a signif-
icant enhancement in visible light absorption and a simultane-

ous reduction in the bandgap. Therefore, carbon, nitrogen,
and boron are essential elements that can be used to improve
the photocatalytic performance of graphitic carbon nitride-

based compounds.

7.2.5. Halogen doping

The photocatalytic performance of g-C3N4 was enhanced by

incorporating several halogen species as dopants. For exam-
ple, Wang and colleagues (Wang et al., 2010), fabricated
fluorine-doped g-C3N4 using ammonium fluoride as the flu-
orine source. Owing to the difference in electronegativity
of fluorine and nitrogen, the incorporated F binds easily

with C instead of N thereby causing C-sp2 to sp3. They
observed a decrease in the energy gap from 2.69 to
2.63 eV. On the other hand, first principles investigations

revealed that the introduction of fluorine at the bay C site
shifts both the conduction band and valence band to upper
energy levels. The fluorine-doped g-C3N4 photocatalyst exhi-

bit 2.7 times more performance than the pristine material for
hydrogen evolution application.

In another work, Zhang and his team (Zhang et al., 2014)

used ammonium iodide and dicyandiamide to fabricate
iodine-doped g-C3N4 via the co-condensation route. Their
results indicated that iodine incorporation enhances the sepa-
ration of photogenerated electrons and holes, increased optical

absorption, broadens the surface area, and consequently stim-
ulated hydrogen evolution. First principles investigations
revealed that iodine preferentially substitutes the sp2-bonded

nitrogen in the CAN framework. The p-conjugated system
was extended by the interaction between carbon nitride and
iodine, this could be helpful for the transfer of generated

charge electrons and holes. In another fascinating work by
Han and colleagues (Han et al., 2015), a simple ball milling
of bulk g-C3N4 catalyst with iodine yields nanosheets of I-
doped g-C3N4. They observed an upshift of both the conduc-

tion band minimum and valence band maximum depicting a
reduction in bandgap and alignment of energy levels. The I-
modified g-C3N4 demonstrated a significant increase in photo-

catalytic H2 evolution under visible light due to the enhanced
charge separation, increased light absorption, enlarged specific
surface area, and better-aligned energy levels.

Elsewhere, Lan et al. (Lan et al., 2016) prepared a bromine-
doped g-C3N4 photocatalyst using ammonium bromine and
urea as precursors via a co-condensation route. Their work

showed that bromine incorporation into the framework of g-
C3N4 has indeed modulated the carrier separation efficiency,
electron conductivity, optical absorption, and texture. They
also achieved high stability under visible light and recorded

twice the H2 production rate with the optimal sample com-
pared to the unmodified catalyst.
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7.3. Codoping

The method of cooping combines the advantages of individual
dopants to yield a better photocatalyst. The technique has
recently generated widespread interest among researchers

working on the g-C3N4 photocatalyst because of the positive
impacts it showed on the optical and structural properties.
For example, Hu and coworkers (Hu et al., 2014) conducted
a metal/non-metal doping on g-C3N4 material using diammo-

nium hydrogen phosphate, ferric nitrate, and dicyandiamide as
precursors to yield phosphorus and iron co-doped g-C3N4. It
was observed that iron atoms coordinated with the nitrogen

atoms at the interstitial sites of the N pots of the material.
Meanwhile, P atoms formed a PAN bond at the interstitial
position of the g-C3N4. The enhanced photocatalytic perfor-

mance was ascribed to the combined effects of P and Fe dop-
ing which halted the crystal growth of g-C3N4, improved
carrier separation, narrowed the bandgap, and enhance the

surface area of the photocatalyst.
Furthermore, Zeng and coworkers (Zhang et al., 2014)

prepared a g-C3N4 co-doped with Fe and C to reduce the
bandgap and extend visible light absorption with a more

positive valence band. Their results showed that the devel-
oped photocatalyst displayed improved photocatalytic activ-
ity under visible light irradiation for the degradation of RhB

compared with the pristine and single-specie-doped g-C3N4.
The significant improvement could be ascribed to an
increase in electrical conductivity and a more positive

valence band, increased surface area and charge separation,
and reduction in bandgap which ultimately facilitated visible
light absorption.

Apart from the metal/non-metal co-dopants, some works

also reported non-metal/non-metal co-dopants as a substitute.
For instance, Ma and colleagues (Ma et al., 2015) fabricated
oxygen and phosphorus co-doped g-C3N4 for improved photo-

catalytic performance under anoxic conditions. Their perfor-
mance enhancement was also attributed to features similar to
the work of Zeng et al. (Zhang et al., 2014). In another paper

by Wang and Lin (Lin and Wang, 2014), boron/fluorine
codoped g-C3N4 was prepared by polymerizing urea with an
ionic liquid. XPS analysis showed that both F and B heteroa-

toms have been incorporated into the material’s matrix by the
formation of B-F and B-N bonds. They attributed the
enhanced hydrogen production rate to higher electron-hole
separation and enhanced optical harvesting.

Recently, some works reported the doping of g-C3N4 with
three different heteroatoms. For example, Ma and coworkers
(Ma et al., 2015) developed a novel S-Co-O tri-doped g-

C3N4 through a hydrothermal approach in the absence of
H2O2. They first synthesized S and Co codoped g-C3N4 by
annealing the mixture of Co(NO3)2�6H2O and thiourea and

then conducted hydrothermal treatment to acquire S-Co-O
tri-doped photocatalyst. They observed a modification of the
bandgap, separation efficiency of charge carriers, and the sur-
face area of the photocatalyst.

Noteworthy, apart from improving the adsorption ability
of g-C3N4, oxygen doping creates photogenerated holes for
the degradation of RhB by capturing the generated electrons.

In summary, while cooping and tridoping improve the photo-
catalytic activity of the developed catalyst, it is remarkable to
note that excessive doping of these materials on the g-C3N4
may degrade the photocatalytic performance due to the cre-
ation of more defects for charge carrier recombination.

7.4. Heterojunction based on doped g-C3N4

In general, elemental doping of g-C3N4 has been considered a
remarkable way to enhance its photocatalytic activity by mod-

ifying its surface area and modulating its electronic properties
(Koutsouroubi et al., 2022; Chen et al., 2022; Mo et al., 2022;
Xu et al., 2022; Ma et al., 2022; Saeed et al., 2022; Choudhury

et al., 2022; Che et al., 2022; Verma et al., 2022). The hetero-
junction development has always been adopted to facilitate
the separation of charge carriers to prevent carrier recombina-

tion. The simultaneous effect of employing doping and hetero-
junction engineering is expected to yield excellent
photocatalytic performance by reducing the bandgap, improv-
ing carrier separation, and widening the surface area for effec-

tive visible light harvesting.
Many research works have reported on the heterojunction

engineering of g-C3N4 (Kong et al., 2022; Altan et al., 2022;

Ma et al., 2022). Wide bandgap inorganic semiconducting oxi-
des have been useful in the heterojunction engineering of g-
C3N4 catalysts based on their band energy levels. They would

promote the separation of photogenerated electrons and holes.
Titanium dioxide is one of the deeply studied photocatalysts
owing to its low-cost, chemical stability, and suitable conduc-
tion and valence band positions for redox reactions. However,

its employability is halted by its relatively large bandgap that
does not utilize the visible portion of the light. Bu et al. (Bu
and Chen, 2014) synthesized nanostructured-oxygen-doped

C3N4@TiO2 composites. They found that a significant reduc-
tion in carrier recombination can be achieved due to the for-
mation of interfacial chemical bonds between TiO2 and O-

C3N4 which serves as a medium for the transfer of photogen-
erated electrons.

Elsewhere, Raziq and colleagues (Raziq et al., 2016) fabri-

cated nanosheets of B-doped g-C3N4 and its composite with
nanostructured TiO2. The resulting nanocomposite exhibited
superior photocatalytic performance compared to the pristine
and B-doped g-C3N4. They ascribed this to the improved sep-

aration of electrons and holes following B incorporation and
subsequent TiO2 coupling. The boron-induced states close to
the top of the valence band trapped holes, and they created

heterojunctions to channel electrons from boron to CN to
TiO2. Al2O3 is yet another semiconducting material that has
been used as catalyst support owing to its broad bandgap,

good thermal stability, high specific surface area, and chemical
stability. Wang and his team (Wang et al., 2016) combined
H2O2-treated g-C3N4 (O-g-C3N4) using the hydrothermal tech-
nique. Their investigations revealed that the defects sites in

Al2O3 led to a dramatic enhancement in charge separation
which consequently increased the photocatalytic performance
for water splitting. In addition, Luo and colleagues (Luo

et al., 2015) developed CeO2/P- C3N4 photocatalyst by incor-
porating phosphorus and then coupling it with cerium dioxide.
Their study found that the developed catalyst performed 7.9

times higher than pristine g-C3N4 and 12.2 times higher than
pure cerium dioxide. They ascribed the improvement to the
extended absorption of light from the visible range and

increased separation efficiency of the photogenerated electrons
and holes.
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Li and coworkers (Li et al., 2016) fabricated DyVO4/g-
C3N4I composite semiconducting material using a facile hating
process. They utilized the advantage of the narrow bandgap of

DyVO4 (2.3 eV) and the fact that it exhibits strong absorption
in the visible region. The evolution of hydrogen was 1.7, 4.7,
and 10.6 times higher than that of g-C3N4I, g-C3N4, and

DyVO4 respectively. The notable photocatalytic activity
enhancement was attributed to enhanced separation efficiency,
improved visible light absorption, reduced bandgap, and

increased specific surface area.
Apart from wide bandgap semiconductors, several semi-

conducting materials have been utilized to modify g-C3N4

for improved photocatalytic activity. These materials include

zinc phthalocyanine (Liang et al., 2016); Zn0.8Cd0.2S (Tian
et al., 2016); BiPO4 (Yuan et al., 2014), BiVO4 (Kong et al.,
2016), ZnIn2S4 (Chen et al., 2016), and many others.

7.5. Carbon dots modified g-C3N4

Firstly, we introduced the various functions carbon dots (CDs)

can adhere to on g-C3N4 surface in the field of photocatalysis
applications which contain spectra converter, electron acceptor
and mediator, and photosensitizer. Fast generation of charge

carriers is one of the key subjects in photocatalysis after the
absorption of suitable photons over photocatalysts. For this
reason, overpowering the recombination of these charges is
among the significant parameters to enhance photocatalytic

capability. An increase in photocatalytic ability in g-C3N4/
CDs-based nanocomposite is achieved using CDs to slow
down the recombination of electron-hole pairs. Therefore,

the applications of CDs as spectral converters are on the prin-
ciple of their extraordinary feature of multi-photon irradia-
tion. The UCPL is a feature that the applied excitation

wavelength is greater than the PL emission wavelength. That
is to say, the lights with high wavelengths can be transformed
into lights with low wavelengths to generate charge carriers,

increase photocatalytic ability, and enable the utilization of
CDs for various purposes. Moreover, the CDs can serve as
an electron mediator when the arrangement of electrons
between the semiconductors is a Z-scheme photocatalytic sys-

tem or a type-II heterojunction. CDs function as suitable elec-
tron conduction mediation in such mechanisms to impressively
enhance the photocatalytic ability and this is due to their best

electron acceptor/donor feature.
As a result of the foregoing, g-C3N4/CDs-based nanocom-

posites can contribute significantly to photocatalytic activities

in a variety of applications. Linked CDs with g-C3N4 play a
key role in the degradation of different pollutants, generation
of H2, and reduction of CO2, as will be explored in greater
depth in the following sections.

7.6. Degradation of contaminant by g-C3N4/CDs-based

photocatalysts

Rapid population increase and major industrialization have
resulted in the introduction of hazardous, toxic, and limitless
contaminants into the environment that not only exacerbates

environmental issues but poses a risk to human life and health
(Singh et al., 2022; Guo et al., 2022; Ni et al., 2022; Praus,
2022). Therefore, photocatalytic degradation of contaminants

is globally recognized as a popular research topic for environ-
mental preservation and societal sustainable growth. In this
respect, the use of g-C3N4/CDs-based nanocomposites used
as novel hybrid photocatalysis has in recent times attracted a

lot of attention because of their potential for removing a wide
range of contaminants (Li et al., 2018; Xiang et al., 2020).
Considering this, Zhang et al. (Zhang et al., 2016) fabricated

a binary g-C3N4/CDs-based nanocomposites using a simple
impregnation thermal technique via coupling of various frac-
tions of CDs mole with g-C3N4. The photocatalyst that con-

tains 0.5 % of CDs resulted has displayed the most superior
photodegradation ability of phenol compared to other photo-
catalysts. The phenol elimination in this photocatalyst had a
3.7-folds premier rate in comparison with g-C3N4. The activity

of photocatalyst can be finally improved through excitation of
the up-converted light in g-C3N4 since CDs has the UCPL fea-
ture that could convert long wavelengths into short wave-

lengths of light that is less than 460 nm. As a result,
electrons migrate from the CB of g-C3N4 to CDs, facilitating
charge separation. The stability of the g-C3N4/CDs photocat-

alyst was also significantly improved, with the nanocompos-
ite’s photocatalytic ability remaining great following five
consecutive photocatalytic recoveries under visible light. In

another work, Fang et al. (Fang et al., 2016) studied the pho-
toactivity of g-C3N4 reformed with CDs that were produced
using dicyandiamide and CDs as precursors in a new process
and used to eliminate RhB and create H2, respectively, in the

presence of UV and visible light. The findings of this study
showed the performance of CDs (0.25 wt%)/g-C3N4 was
approximately 3-folds larger than the single g-C3N4. Also,

Zhang et al. (Zhang et al., 2017) integrated carbon quantum
dots (CQDs) with g-C3N4 nanosheets with the exceptional
ability for evaluating the photoelectrocatalytic characteristics

of the nanocomposites stated in the removal of MB under vis-
ible light. The results showed that the photo-electrocatalytic
performance is significantly affected by the surface hybrid

heterojunction structures between g-C3N4 nanosheets and
CQDs.

In other work, urea and sugarcane juice were used as pre-
cursors by Sim et al. (Sim et al., 2018) to fabricate g-C3N4/

CDs nanocomposite via the hydrothermal method. Bisphenol
A (BPA) degradation showed enhanced photocatalytic perfor-
mance in comparison to g-C3N4 under irradiation from natu-

ral sunlight. Furthermore, a superior BPA elimination rate was
displayed by this binary photocatalyst, and this was 3.87-fold
premier more than that of g-C3N4. Eventually, a carbon pre-

cursor specifically human fingernails serving as low-cost
organic waste was used by Tai et al 2018 to prepare CQDs/
g-C3N4 through the hydrothermal method. High performance
for 2, 4-dichlorophenol (2, 4-DCP) degradation which is rela-

tive to the sample of immaculate g-C3N4 was displayed by the
fabricated CQDs/g-C3N4. Therefore, it can be deduced that
the stated outstanding efficiency obtained by research workers

was because of CDs’ ability to serve as electron sinks, also
slowing down the recombination rate of e-/h+ pairs and
improving their separation rate. CDs also operate as a photo-

sensitizer to sharpen g-C3N4, as evidenced by UV–vis DRS
results, resulting in a broad absorption spectrum from the light
source. More electrons are produced because of this broad

spectral absorption, which boosts photocatalytic activity.
A research group of Habibi-Yangajeh (Asadzadeh-

Khaneghah et al., 2018) conducted a study that proved the
degradation of pollutants like MB, MO fuchsine, RhB, and
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unexpectedly Cr (VI) photoreduction, as a typical heavy metal
ion pollutant, applying g-C3N4 nanosheet/CDs (CNNs/CDs)
linked to BiOX (X: Br, I), were superior to that of g-C3N4

under visible light. The presence of the formation of an inter-
face between the components of BiOX, CDs, and CNNs was
confirmed. The improved activity relative to the sample of g-

C3N4 is about 129 times from the photodegradation of RhB
by the best composite that contains CNNs/CDs/BiOBr
(20 %). Electrons are excited to the CBS of CNNs and BiOBr

by the utilized light in the sample of CNNs/CDs/BiOBr
(20 %). Subsequently, by satisfying the Z-scheme mechanism,
the electrons from CB are transmitted to CDs, thereafter to the
VB of BiOBr. Hence, a dramatic reduction in the recombina-

tion rate is caused by electrons that gather in the holes in the
VB of BiOBr and CB of CNNs as presented (Fig. 13).

The preparation of graphene oxide/g-C3N4/CDs was also

carried out by Prakash et al. (Prakash et al., 2019) to study
its effectiveness via hydrothermal technique on the pho-
todegradation of crystal violet (CV) and RhB. Maximum pho-

toactivity was shown by the GO/g-C3N4/CDs nanocomposite
under the illumination of visible light. Apart from that, a Z-
scheme photocatalyst was formed from the addition of CDs

that is doped with nitrogen over the g-C3N4/Ag3PO4

nanocomposite. When compared with binary g-C3N4/Ag3PO4

under visible light, the ternary-prepared heterojunction photo-
catalyst showed an enhanced photoelectrocatalytic perfor-

mance for phenol, RhB, and MB degradations. The rise in
light-harvesting capacity, acceleration of electron transfer,
and activation of molecular oxygen is more significantly

achieved by the presence of NCDs and the impressive amelio-
ration in the ability of g-C3N4/Ag3PO4/NCDs photocatalyst
was given to the Z-scheme. The rate of charge recombination
Fig. 13 Proposed mechanism in the form of Z-scheme for the C

Khaneghah et al., 2018
and the transfer of interfacial charges of the stated nanocom-
posites has exhibited a more powerful photocurrent response
than those of the binary and pure ones. A superior photoactiv-

ity by the ternary photocatalyst over the binary ones was dis-
played due to the subsequent addition of NCDs that improve
the performance of visible-light absorption.

In a study by Dadigala et al. (Dadigala et al., 2017), a pho-
tochemical reduction technique was used to integrate g-C3N4

nanosheet/CDs nanocomposite with Ag nanoparticles

(Fig. 14). The stated photocatalyst displayed superior ability
when the visible light efficiency of the optimized sample of
AgNPs/CDs/CNNs that has 2 wt% of CDs was evaluated
for p-nitrophenol (PNP) and MO degradation when compared

to that of the single counterpart. This was 5.8 and 11.5 -folds
premier than that of the degradation of PNP and MO respec-
tively for CNNs. Broad visible-light absorption was a result of

the sensitization of CDs and also the recombination of e-/h+

pairs, which was caused by the movement of electrons in the
AgNPs/CDs/CNNs nanocomposite from CNNs approaching

AgNPs and CDs.
Jian et al. (Jian et al., 2016) used an electrostatic adsorption

approach with positively charged HpCN and negatively

charged CQDs to remove MB under visible-light irradiation
using CQDs and proton functionalized g-C3N4 (CQDs/
HpCN). The electrostatic self-assembly approach, according
to this study group, is a good way to make a well-dispersed

HpCN/CQDs heterojunction. The heterostructure was used
to accelerate the decomposition of MB in this study, which
took 90 min. The enhancement was attributed to a strong

absorption peak in the visible region between 400 and
800 nm, indicating that CQDs/HpCN can absorb more energy
from visible light, resulting in increased photocatalytic activity.
NNS/CDs/BiOBr photocatalysts. (). Adapted from Asadzadeh-



Fig. 14 Schematic diagram of the photocatalytic process over the AgNPs/CDs/CNNs. (). Adapted from Dadigala et al., 2017
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In related work, Jiang et al. (Jiang et al., 2018) suggested a
technique to raise the effectiveness of the visible-light harvest-

ing performance of a fabricated hybrid photocatalyst hybrid
(i.e., utilizing Cds quantum dots (Cds QDs), g-C3N4, and
CQDs). This was achieved by integrating the CDs with CdS/

g-C3N4 and the occurrence of a red shift due to the light
absorption trait of CdS QDs and CDs. The CDs conductivity,
in addition to the diversity in CB energy levels of the intro-

duced nanomaterials, is the most important factor that
enhances the performance of the ternary photocatalysts. The
conductivity of the CDs serves as an electron-transfer mediator
for the electron that moves from g-C3N4 to the surface of the

components. Here, an appropriate passway was promoted and
produced by the systematic movement between the compo-
nents using CDs and the separation of charges. Due to the

cohabitation of CDs and CdS QDs on the g-C3N4, these major
improvements also resulted in rectified visible-light harvesting
and, as a result, premier photoactivity of ternary nanocompos-

ites for organic pollutants destruction.
In another example, Liu et al. (Liu et al., 2017) applied a

simple impregnation technique to fabricate a Fe(III)/CDQs/

Fe doped with g-C3N4 (Fe(III)/CDQs/Fe- g-C3N4) which has
been used for several environmental purification purposes.
These developed nanocomposites were created using a simple
impregnation process. Over the Fe-g-C3N4, the presence of

CQDs with a size of 2–5 nm was well-recognized. The phenol
and MO removal ability by the Fe(III)/CQDs/Fe-CN photo-
catalyst showed good photoactivity when compared to g-

C3N4 Fe-doped g-C3N4, CQDs/Fe-g-C3N4, and Fe(III)/Fe-g-
C3N4. This increase was attributed to improved light absorp-
tion, shorter e-/h+ pair movement distances, and OH being

confirmed as a main active component.

7.7. g-C3N4/CDs-based photocatalysts in degradation of
different antibiotics

Human health and the environment are at risk due to the pres-
ence of antibiotics and other surfacing contaminants in drink-
ing and surface waters. This is a result of their non-
biodegradable nature and their ability to remain in the envi-

ronment for a long time. Thus, several research works have
been published that resulted in several growing pieces of liter-
ature with regard to the removal of antibiotics. Wang et al.

(Wang et al., 2017) investigated the removal of antibiotics by
the utilization of g-C3N4/CDs-based nanocomposite. This
was achieved via the fabrication of N-doped CDS(NCDs)/ g-

C3N4 nanocomposite. A small amount of NCDs (1.0 wt%)
was introduced to raise the degradation ability of indometha-
cin (IDM) under visible light illumination. The ability of the
photocatalyst to respond to visible light is enhanced as a result

of the effect that NCDs have, which has been established
extraordinarily by UV–vis DRS. A decrease in the energy
gap was remarkably illustrated by the NCDs/g-C3N4 (i.e., after

the addition of NCDs) when compared with g-C3N4. Further-
more, this substantial progress is a result of the premier duty of
the nanocomposite that has been formed in the migration of

charges and boosted absorption in the visible area. A diagram
of the simplified energy band of the NCDs /g-C3N4 photocat-
alyst is demonstrated in Fig. 15. The probability to recombine

charge carriers was slowed down and the photocatalytic ability
in the degradation of IDM remarkably improved according to
the described mechanism.

To increase the degradation ability for tetracycline (TC)

treatment, the fabrication of hybrid CDs/g-C3N4/ZnO was
carried out by Guo and coworkers (Guo et al., 2017) via an
easy thermal impregnation process. The preparation of the

CDs/g-C3N4/ZnO photocatalyst was done and compared with
other species. As the ideal photocatalyst, superior ability in the
removal of this pollutant was particularly shown by CDs/g-

C3N4/ZnO with the solution of CDs. After 30 min of visible
light illumination, the ideal nanocomposite can make TC fully
decomposed. The CDs on the g-C3N4/ZnO photocatalyst are
the major driver of excellent ability. It also not only boosts

the ability to respond to visible light but also makes the e-/
h+ pair separation ability efficient and this is due to its feature
of electron migrations. Likewise, Xie et al. (Xie et al., 2018)



Fig. 15 The proposed photocatalytic mechanism in the Nitrogen-doped CDs/g-C3N4. (). Adapted from Wang et al., 2017
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reported that the TC photodegradation rate was improved
over the CDs/g-C3N4/ZnO nanocomposites. The Z scheme

heterojunction structure, the high separation capacity of e-/
h+ pairs, and the superior ability of UCPL are the synergistic
effect behind this improvement. The literature demonstrated

an excellent photocatalytic efficiency for TC degradation by
the CDs/g-C3N4/MoO3 photocatalyst when compared with
MoO3/g-C3N4 nanocomposite and the original g-C3N4 under

UV–vis irradiation. The Proposed mechanisms for the photo-
catalytic elimination of TC under visible light over the CDs/g-
C3N4/MoO3 composites are presented in Fig. 16.

Similarly, the Z-scheme system is responsible for the
enhanced photocatalytic process after the irradiation of UV–
vis. Because of the UCPL properties of CDs, long-
wavelength lights can be converted to short-wavelength lights,

allowing MoO3 and g-C3N4 semiconductors to be effectively
stimulated by the absorption of the up-converted lights. The
separation of charges is afterward improved due to the Z-

scheme heterojunction produced as a result of the migration
of generated electrons from CB of MoO3 to VB of g-C3N4.
Furthermore, the photocatalytic ability is raised by the transfer

of electrons gathered in g-C3N4 following the slowing down of
the charges from recombination.

In another study, the extraordinary photocatalytic ability

was witnessed in the company of 1.0 wt% CDs by Su and col-
leagues (Su et al., 2017) via the fabrication of CDs/TiO2/g-
C3N4 nanocomposites. This photocatalyst is substantially bet-
ter at degrading enrofloxacin (ENF) because of its efficiency in

separating the CDs charges, efficiency in migration of elec-
trons, and distinctive UCPL feature. The up-converted emis-
sions were strikingly seen within the 350 nm to 600 nm

region and CDs are excited from 600 nm to 900 nm are the pre-
mier UCPL feature. These occurrences show that CDs can step
up the photocatalytic activity by converting wavelengths of

light that are near infra-red (NIR) to wavelengths that are of
visible light, and this remarkably improves the nanocompos-
ite’s light utilization. The stated UCPL feature of CDs can also
be used by TiO2/g-C3N4 photocatalyst nanocomposite to con-
vert lights with NIR wavelengths to lights in the visible-light

region following the direct introduction of the Z-scheme mech-
anism. In this place, CDs exist to facilitate the mechanism of
Z-scheme movement. The active components in the common

mechanism that is heterostructured can convert ENX into
some ultimate materials (like CO2 and H2O) or significantly
get rid of it to form inorganic compounds. In other research

work, combined calcination of silica colloid, CQDs, and cya-
namide was performed by Wang and coworkers (Wang
et al., 2018) to prepare g-C3N4/CQDs composite that is meso-

porous. For photodegradation of fluoroquinolone antibiotics,
the stated composite in this literature presented a degradation
efficiency of about 1.7 and 2.7- folds superior to the mpg-C3N4

under visible light with a wavelength greater than 420 nm and

simulated sunlight with a wavelength greater than 290 nm illu-
minations, respectively and this is the most superior photocat-
alytic performance. The unique UCPL features of the CDs, the

effective charge separation, and the high surface area of mpg-
C3N4 are the major reasons behind the enhancement of this
photoactivity. Similarly, Zhang et al. (Zhang and De Zhang,

2019) showed that the removal of CIP by g-C3N4 photocata-
lyst which has a deficiency of CDs@nitrogen (CDs@ND-g-
C3N4) has a photocatalytic ability that is superior to that of

fresh g-C3N4. They associated the addition of nitrogen defects
and CDs reduce the recombination of the e-/h+ pairs as well as
incense the nanocomposite’s absorption capacity to visible
light which are responsible for boosting the photocatalytic

ability of CDs@nitrogen-g-C3N4 photocatalyst.

7.8. g-C3N4/CDs-based nanocomposite in H2 generation

As a favorable energy source, the use of a photocatalyst and
solar energy is introduced to generate H2 as another fuel from
H2O. This will also reduce the over-dependence on fossil fuel

reserves (Fattahimoghaddam et al., 2022; Shahsavandi et al.,
2022; Zhao et al., 2022; Zhang et al., 2022; Cao et al., 2022;



Fig. 16 Proposed mechanisms for the photocatalytic elimination of TC under visible light over the CDs/g-C3N4/MoO3 composites. ().

Adapted from Xie et al., 2018
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Martinez et al., 2022; Alaghmandfard and Ghandi, 2022;
Huang et al., 2022; Hao et al., 2022). The amount of energy

density of H2 is significantly higher in comparison to that of
petrol and diesel (hydrocarbons). In the past few years, there
has been a large number of increased expansions in the perfor-

mance of g-C3N4-based photocatalysts for water-splitting
applications. The electron-hole pairs are transferred towards
the surface reaction area on the CDs or g-C3N4 in photocat-

alytic water splitting to generate H2 and O2 under the illumina-
tion of light over the g-C3N4/CDs photocatalyst without
recombination. This can change the adsorbed H2O molecules
to gaseous O2 and H2. By introducing 7 mL of CQDs ethanol

solution to g-C3N4 nanosheets (CNNS), Li et al. (Li et al.,
2016) found that the rate of H2 production was 116.1 lmol h�1,
which was three times higher than that of plain CNNS

(37.8 lmol h�1). The increased photocatalytic ability is
because of the discovered CQDs PL spectra to appropriately
quench electrons which leads to promoting charge separation

of the e-/h+ pairs in CNNs. The construction of heterojunc-
tions was demonstrated in a research work by Qin et al. (Qin
et al., 2017) to produce Ag NPs/CQDs/g-C3N4 heterostruc-
tures of CQDs/g-C3N4 and Ag NPs. The fabricated photocat-

alyst was analyzed using SEM and it confirmed the attachment
of Ag NPs and CQDs nanoparticles over the g-C3N4 a. The
UV–vis DRS of the 6 mL CQDs/g-C3N4 (6CCN) and 3 wt%

Ag NPs/6 mL CQDs/g-C3N4 (3S6CCN) nanocomposite
showed a redshift to visible light, indicating excellent coupling
of CQDs with g-C3N4 and Ag NPs, as well as the presence of

surface plasmon resonance from silver nanoparticles. Further-
more, in the interface regions, the synergistic action of CQDs,
Ag NPs, and g-C3N4 can ease electron production, separation,

and transfer, hence increasing photoactivity.
In comparison to the binary photocatalyst g-C3N4/TiO2,
the ternary CDs/g-C3N4/TiO2 (CGT) nanocomposite likewise

was used to generate H2 and the investigators reported that
the positive effects of CDs, as well as the formation of hetero-
junction between TiO2 nanosheets and g-C3N4, are the funda-

mental reasons behind the improved photoactivity. Thereby,
face-to-face orientation and strong integration of TiO2 and
g-C3N4 nanosheets can be provided by the well-defined hetero-

junction and application CDs as electron traps (electron reser-
voirs). This improves the photocatalytic ability to generate H2

because of the slowing down of the recombination of charges.
One more interesting ternary photocatalyst that demonstrated

an impact on H2 generation is the g-C3N4 which is doped with
CDs/MoS2 quantum dots (g-C3N4/NCDs/MoS2QDs). This is
because of the formation of the Z-scheme mechanism among

g-C3N4 and NCDs, which remarkably facilitate the separation
and migration of charge carriers.

7.9. H2O2 production using g-C3N4 photocatalyst

Hydrogen peroxide has been extensively employed in the paper
industry, chemical synthesis, disinfection, textile bleaching,
and production of rocket fuel (Pattappan et al., 2022). More

than 95 % of the H2O2 produced industrially is produced via
the anthraquinone method, namely the Riedl-Pfleiderer pro-
cess. Utilizing catalysts made of precious metals, this proce-

dure is carried out in organic solvents. Nevertheless, it has a
lot of shortcomings: (i) The hazardous nature of the organic
solvents utilized in preparation. (ii) The price of precious metal

catalysts is high. (iii) Both hydrogenation and oxidation
require a significant amount of energy. (iv) The industrial pro-
cess produces a large amount of waste, which causes environ-
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mental damage (Yang et al., 2019). Thus, it is necessary to look
for alternative effective, clean, and secure H2O2 preparation
techniques�H2O2 was said to be produced directly from oxygen

and hydrogen in literature. The explosive risk associated with
this technique, which involves the direct interaction of hydro-
gen and oxygen, makes it challenging to use in large-scale

industrial manufacturing. Another method is to use ultrasonic
chemistry to prepare H2O2 by separating oxygen and water.
However, the long sonochemical exposure duration could

result in H2O2 decay and lower the yield. Recently, solar-
powered photocatalysis for the creation of H2O2 has garnered
a lot of interest. This method uses plentiful water and oxygen
as raw materials to create H2O2 using semiconductor photo-

catalysts, as opposed to employing an explosive mixture of
hydrogen and oxygen. Throughout the entire production pro-
cess, no pollutants are produced. Consequently, it is thought

that photocatalytic H2O2 production is a potential technique.
With water and oxygen as the raw materials, photocatalytic

H2O2 synthesis is an upward process, and the associated Gibbs

free energy is 117 kJ mol-1 (Wang et al., 2016). One-step two-
electron reduction and two-step single-electron reduction are
the two primary processes used in the synthesis of H2O2 via

photocatalysis. Numerous studies demonstrated the potential
of g-C3N4 for photocatalytic H2O2 generation, but their activ-
ity is severely constrained by the unfavorable recombination of
photoinduced excitons. To improve the separation and trans-

fer of photoinduced carriers, numerous efforts have been
made. For instance, Yang et al. (Yang et al., 2019) used a
chemical etching technique to create Ti3C2 and g-C3N4

nanosheets by protonating bulk g-C3N4 with hydrochloric acid
and supplementing it with ultrasound exfoliation. Finally, they
used electrostatic self-assembly to create a mixture of Ti3C2

and g-C3N4. The combination of g-C3N4and of Ti3C2 is seen
in the TEM image. The Ti3C2/ g-C3N4 composite’s ability to
absorb light was greatly enhanced by Ti3C2. Additionally,

the Schottky connection between Ti3C2 and g-C3N4 consider-
ably aided in exciton dissociation and molecular oxygen acti-
vation, which was advantageous for the production of H2O2.
Therefore, the most active sample’s H2O2 generation rate

reached 2.20 lmol/L min�1 or about 2.1 times that of g-C3N4.

8. CO2 mitigation using g-C3N4-based nanocomposite

Among the assured byproducts resulting from the combustion
of fossil fuels is carbon dioxide (CO2), which is one of the major
greenhouse gases present in the atmosphere due to its constant

increase in concentration. It is one of the most fundamental
problems that lead to climate change and global warming
(Liang et al., 2022; Tseng et al., 2022; Mahdavi et al., 2022;

Zhou et al., 2022; Sudhaik et al., 2022; Al-Hajji et al., 2022; Li
et al., 2022; Sakuna et al., 2022). Because of the stated environ-
mental problems, numerous research works have been focused
to improve societal and industrial standards via the reduction

of inorganic compounds, particularly CO2. Its photoreduction
to organic fuels and value-added chemicals has been proposed
as a means of not only reducing greenhouse gas emissions but

also increasing demand for renewable fuels. The developing
interest in the photocatalytic conversion of CO2 is notably due
to the schematic and feasible nature of the process, and in addi-

tion, only light, H2O, CO2, and the right photocatalyst are
needed in the process. Therefore, the photoreduction of CO2
in the generation of chemical fuels has been ideally chosen to
solve energy and environmental crises. The emergence of a range
of products can be possible from the photoreduction of CO2

under light irradiation employed on various photocatalysts, like
CO, CH4, CH3OH, and HCOOH which incorporate multi-
electron processes. Thus, various semiconductors have been

investigated for the photocatalytic reduction of CO2 by several
researchers (Liu et al., 2022; Zhang et al., 2022; Li et al., 2022;
Liu et al., 2022; Gorai andKundu, 2022). Because of the specific

properties of CDs, such as photosensitization, increased electri-
cal conductivity, and electron-withdrawing effects, g-C3N4 sen-
sitized by CDs has been used to simplify the photocatalytic CO2
transformation in the last six years. Zhao et al. (Zhao et al.,

2018) used a photochemical one-step approach to synthesize
Au/CDs/g-C3N4 electrocatalysts for CO2 photoreduction. At
0.5 V, the improved electrocatalyst had a significant CO faradic

efficiency of 79.8%. The synergetic effect between Au, CDs and
g-C3N4 nanoparticles is the major reason behind the improved
photocatalytic ability. Also, the simplified transformation of

CO fromCO2 can be achieved through the coupling ofCDswith
g-C3N4, which is a result of its superior ability to adsorbH

+and
CO2 and the impressive conductivity of the CDs. The photocat-

alyst was very active in the photoreduction of CO from CO2

because it has a particularly high surface area (SBET) of
117 m2 g�1. Protonated g-C3N4 and CDs obtained respectively
from glucose and urea precursors were hybridized by Ong

et al. (Ong et al., 2016) to derive a better performance. The fab-
rication of the photocatalyst was carried out for 8 h and in the
presence of water, vapors produced CH4 and CO with respec-

tively 29.23 and 58.82 lmol∙g-1catalyst as the total amount. Also,
the outstanding ability of the photocatalyst ability to separate
e-/h+ pairs is confirmed by the considerable trapping intensity

presented by the PL spectra, and this was found to have a signif-
icant effect on the photocatalyst’s performance. Feng et al.
(Scopus - Document details - null | Signed in, (n.d.). https://

www.scopus.com/record/display.urieid=2-s2.0-8506987,
2022) investigated the reactivity of CO2 reduction products
using a CQDs/g-C3N4 nanocomposite with CQDs with an aver-
age size of 2.5 nm. Under the same conditions as the single g-

C3N4 nanocomposite, which produced H2, CO, and O2, the
CQDs/g-C3N4 nanocomposite produced 6 times more O2, CO
and comparable CH4 in the absence of detectable H2. The

Nyquist plots depicted effective e-/h+ pairs transfer among the
improved photocatalyst components. As a result, electron
migration significantly reduced the recombination of charge

carriers. The most effective photocatalyst with 2 wt% CQDs
had elevated rates of O2, CH4, and CO evolution, as well as a
yield greater than g-C3N4. Thus, g-C3N4/CDs systems displayed
extremely interesting methods that can be employed for photo-

catalytic CO2 reduction and provided critical feedback for
future advancements.

9. Conclusion and future perspective

The distinguishing properties of graphitic carbon nitride such as suit-

able bandgap, thermal and chemical stability, visible light absorption,

less hazardous, excellent redox ability, polymeric structure, and easy

fabrication make it an attractive material for different photocatalytic

applications like hydrogen production, CO2 reduction, water splitting

and degradation of organic pollutants in wastewater. This review

reported the recent advancements and lingering challenges hindering

the large-scale utilization of g-C3N4 semiconductor as an efficient vis-
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ible light-responsive photocatalytic material. Various methodologies

used to improve the photocatalytic performance of the compound such

as metal and non-metal doping, co-doping, and heterojunction engi-

neering have been discussed in detail. The paper has also highlighted

some of the hitherto weaknesses and limitations of the material that

requires attention in future works. In summary, metal doping creates

a new energy level within the bandgap and enhances the spectral

response which can reduce the charge carrier recombination. However,

the newly created energy levels serve as recombination centers, thereby

decreasing quantum efficiency. The doped ions also exhibit poor ther-

mal stability. On the other hand, non-metal doping serves as an effec-

tive technique to modulate the mobility of photogenerated charge

carriers and enhance absorbance and redox potentials. Meanwhile,

codoping or tridoping combines the advantages of these single dopants

and has led to improved photocatalytic activity. Despite the many suc-

cesses achieved, some challenges need to be addressed in future works.

For instance, the mechanism of photocatalytic enhancement by ele-

mental doping, how the defect influences the electronic structure, the

nature of the chemical states, and the role and site of the metal ion

in heteroatom are not fully understood.

Some aspects in which future research works could be directed

include codoping and tridoping as a strategy to integrate the benefits

of single dopants. Also, heterojunction and simultaneous doping could

improve charge carrier separation for enhanced photocatalytic perfor-

mance. Furthermore, combining elemental doping with nanostructur-

ing to obtain different morphologies such as nanofibers, nanosheets,

nanorods, and nanotubes could be a new direction of research. Finally,

innovative doping strategies should be employed to modulate the

higher occupied molecular orbital and lower unoccupied molecular

orbital with orientation for high oxidation and reduction potential.
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