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ARTICLE INFO ABSTRACT

Keywords: Graphitic carbon nitride (g-C3Ny) is a promising two-dimensional material having a nanostructured morphology

8-C3Ny and non-toxic nature that is metal-free and environmentally friendly. Optical, electronic, and chemical sciences

Nanocomposites are expanded by the many applications of g-C3N4. However, g-C3Ny4 offers lower absorbance of solar light,

g:;ft?r:gjiz transmitting the higher wavelengths of visible light and the near-infra red and infrared light, restricting its utility

Synthesis for solar light-dependent applications such as photocatalysis, photovoltaics, water splitting, dye degradation, and
deterioration of harmful organics. Due to its enhanced thermal, hydrothermal and chemical stability, compelling
band gap structure (2.7 eV), and eco-friendliness, g-C3N4 has become a powerful substitute for metal and
semiconductor-based catalysis. In this review, we highlight the synthesis and modifications of g-C3N4 relevant to
certain important applications. We also computed certain recent modifications and effective strategies to
improve the optoelectronic properties of g-CsN4 and thus arrived finally at interesting avenues for future
research.

Introduction detrimental charge recombination [32], limited specific area [33-35]

Environmental problems and energy concerns have accompanied
global economic expansion [1-3]. Photocatalytic reactions are prom-
ising candidates to address these issues [3-5]. Compared to conven-
tional biological and chemical methods, semiconductor-based
photocatalytic reactions are eco-friendly and productive [6-9]. In
addition applications such as hydrogen evolution [8,10-12], organic
dye degradation [13-17], and COs5 reduction [18,19] have been
addressed using semiconductors like titania (TiO3) [20], boron nitride
(BN) [21], phosphorus (P) [22], zinc oxide (ZnO) [23], and bismuth
tungstate (BiaWOg) [24]. Wang et al. [25] revealed that g-C3N4 showed
exceptional performance in photocatalytic water splitting upon expo-
sure to sunlight. By the virtue of its hydrothermal balance, advantageous
energy gap of 2.7 eV and adequate sunlight-driven photochemical per-
formance [26,27], g-C3Ny4 is a potential material to address global en-
ergy issues [28-30]. Certain limitations that impede the practical use of
neat g-CsNy include its low absorption of sunlight [31], higher risk for
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and low efficiency [36]. To overcome such issues associated with g-
C3Ny, certain effective strategies can be employed like doping [37-40],
applying a passivation layer [38,41,42], depositing metals on its surface
[42], tuning its size and morphology [43-48], introducing hetero-
junctions [49-53], and introducing nanocomposites using quantum dots
[54-57].

Quantum dots (QDs) are quite appealing due to their efficiency in
sunlight-dependent applications [58-60]. Its low specific surface area,
enhanced deterioration of charges and low optical density give g-C3N4
low photoactivity [50]. Certain strategies have been employed to
improve the absorbance properties of the bare g-C3N4 including metal
doping using iron (Fe) [61], silver (Ag) [49], and certain non-metals like
sulfur (S) [62] and boron (B) [16]. Certain materials have been aligned
with the band gap of g-C3N4 at impurity concentration levels to intensify
the absorbance of solar light by band gap engineering. Besides doping,
nanocomposite formation is another effective strategy to improve the
sunlight absorbance of the material. Several other modifications used to
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increase the optoelectronic performance include defect control,
porosity, morphological modifications and enhanced surface areas for
absorption based on hollow spherical structures, nanorods, and 3D
structures [63]. To ensure the increased absorption of solar light by
modification of g-C3Ny, it is important to ensure the band gap alignment
of the g-C3Ny4 and the introduced semiconductor material for effective
transport of the charges [64-66].

CQDs have recently been coupled with g-C3N4 and were extensively
studied for water splitting and other applications [67]. Certain modifi-
cations of g-C3N4 are depicted in Scheme 1. This review summarizes
contemporary research regarding the photocatalytic performance of g-
C3N4 and its various modifications. We describe recent design ap-
proaches based on g-C3N4 applications and effective strategies for
employing them.

Graphitic carbon nitride

Carbon nitrides (C3N4) consist of carbon and nitrogen elements in the
structure of long-chain molecules. Such materials can be derived by
replacing carbon or hydrogen (due to unfinished polymerization) with
nitrogen atoms in existing structures [33]. Unlike the other carbon-
based materials, g-C3N4 has some distinct qualities thus making it a
suitable yet compatible substitute for carbon in recent applications [68].

Properties of g-C3Ny

g-C3N4 was popularized by Liebig when Berzelius synthesized a
linear long-chain compound “melon” in 1834 [69]. However, its insol-
ubility, chemical resistivity, hydrothermal stability, and photostability
made it difficult to study until recently [70]. Structurally, g-CsN4 con-
sists of C and N with a n-conjugated system. Modernistic methods un-
covered the unique attributes of g-C3Ny, like its extraordinarily stable
form of carbon, unique surface properties, photocatalytic behavior, and
organic dye degradation activity [29]. Certain small amounts of
hydrogen atoms are also present due to abridged condensation poly-
merization, leading to defects on the surface. Surprisingly, these surface
defects play a key role in the resonance of the electrons and make g-C3Ny4
as a Lewis-base suitable for catalysis applications.

Advantages of g-C3Ny4

Owing to the impressive property profile of g-CsN4 such as an n-type
semiconductor, abundant in nature, band gap of 2.7 eV, and appealing
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electronic structure, it is one of the best candidates to be used in pho-
tocatalytic applications, especially water purification assisted by visible
light. It contains carbon and nitrogen and some traces of hydrogen
which are earth-abundant elements. Unlike graphene and other similar
structures, it has a semiconductor nature which differentiates it from
others, thus making it suitable for removing organic pollutants from
water [71-73]. Moreover, it has optical absorbance at 450 nm and hence
exhibits yellow color [74-76]. Unlike the other carbon-based polymeric
entities, g-C3Ny is resistant to higher temperatures (like 600 °C) making
it a suitable candidate to be used at elevated temperatures. Furthermore,
the material can be used in heterogeneous reactions due to its resistance
to solvents even in the presence of acidic or alkaline media. Thus g-C3Ny4
proved itself to be capable of catalyzing certain chemical and photo-
chemical reactions like photocatalytic dye degradation, photocatalytic
water splitting, CO, bracing, redox reactions, and therapeutic and
antimicrobial applications [77].

Drawbacks of g-CsN4

Each material comes with its own set of property profiles which in-
cludes both the pros and cons. Likewise, g-C3N4 also has some draw-
backs which limit its use in photocatalytic applications such as cleaning
water. Some of the major disadvantages include but are not limited to (i)
photoexcited electron-hole pair recombination [78], (ii) low surface
area [79], (iii) low quantum yield (QY) [80], and (iv) below average
visible light absorption [81]. In addition to these drawbacks, another
limiting factor that hinders its use is the wastage caused by centrifuga-
tion or filtration process. This is because g-C3Ny4 is quite difficult to be
removed or completely separate from the solution mixture. A lot of time,
energy, and resources are wasted in such processes.

Synthesis of g-C3Ny4

g-C3Ny is frequently prepared by thermal etching, and bulk material
can be prepared by this approach followed by size reduction to smaller
particles. The importance of this technique lies in the fact that various
morphological assemblies can be produced in this way including dots,
nanosheets, and bulk material. The “top-down” synthetic method is
performed at high-temperature, i.e., 825-950 °C. To make nanosheets,
higher temperatures can be used to reduce the material size, but this
may promote thermal corrosion [82]. g-C3N4 can be prepared by the
thermal or mechanical descaling of bulk material and also by the scale-
up of precursors [83]. g-C3Ny4 synthesis dates back to 2013 when the
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sodium salt derivative of citric acid and urea molecules were thermally
catalyzed to produce larger polymeric g-C3N4 materials [62]. Certain
methods and strategies have been evaluated here for the synthesis of g-
C3Ny as indicated by Scheme 2.

Chemical method

Thermodynamic and kinetics are critical challenges in the
manufacturing and design of single-bonded polymeric structured g-
C3Ny4. While looking for the chemical routes to design such material,
certain C and N rich compounds like heptazine and triazine were
considered. But certain drawbacks hinder their performance including
instability, lack of availability, and their dynamite-like nature. These
make the design of the material a bit less feasible, and another issue was
the thermodynamic feasibility [84,85].

After passing the synthesis challenge, this material proved itself to be
an exceptionally good catalyst due to the presence of the defects left as
products of the unfinished polymerization reaction. Such defects are
required, and the most common method to acquire such structures in g-
C3Ny is the condensation polymerization reaction using the precursor
and intermediates of dicyandiamide and melamine heated to 550 °C
[82].

Temperature treatment plays an important role during synthesis as
reducing the temperature provides a high surface area, which is an
important factor for the applications of g-C3sN4. However, synthetic
approaches to achieve defects in g-C3Ny4 for various applications could
be problematic due to the cost, availability, insolubility, and explosivity
of the cyanimide [86,87]. Fig. 1 depicts the synthesis of two-dimensional
g-C3Ny4 by calcination and the hydrothermal method to achieve high
surface area and shows then the effect of altering the operating tem-
peratures on the synthesis, morphology, and crystal structure. Paul et al.
provided a schematic for plausible intermediates of g-C3N4 during syn-
thesis at different temperatures as depicted in Fig. 1a [88]. The direct
calcination method can be used to obtain varying thicknesses of g-C3Ny4
nanosheets. A schematic illustration of different steps for the fabrication
of these nanosheets is shown in Fig. 1b as reported by Hong et al. [89].
Analysis of X-ray diffraction (XRD) patterns in Fig. 1c shows that an
increase in calcination temperature causes the peak (002) to shift to-
wards a higher angle (27.3° to 27.9°), which indicates a decrease in the
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interlayer spacing from 0.328 to 0.319 nm. Hence, an increase in
calcination temperature can improve the interlayer stacking order of g-
C3Ny4. However, a denser and more compact structure was achieved if it
was heated above 550 °C. XRD patterns also showed that the (00 2) peak
became narrow and intense with increasing temperature. This indicates
that an increase in temperature results in increased crystallinity of g-
C3N4. Moreover, the synthesis of urea-derived g-C3N4 occurs above
450 °C. However, excessive heating can result in the decomposition of
CN polymer. Scanning electron microscope (SEM) images showed that g-
C3Ny calcined at 450 °C (Fig. 1d) and 500 °C (Fig. 1e) consists of lumps.
g-C3Ny calcined at 650 °C (Fig. 1f) resulted in the contraction of layered
flakes of g-C3N4, which may be due to a decrease in surface area at
temperatures above 550 °C. A stacked-layer morphology can be
observed from transmission electron microscope (TEM) images in
Fig. 1g for a sample of g-C3N4 calcined at 550 °C. Miller et al. prepared
several g-C3N4 compounds from a 1:1 mixture of DCDA and melamine
heated above 550 °C to 650 °C in a nitrogen atmosphere [90]. The
resulting increase in temperature caused an increase in C:N ratio and a
decrease in H:C ratio due to the loss of NH3 due to condensation reac-
tion. The results can be seen in Fig. 1h. The g-C3N4 made at 550 °C
showed enhanced absorption and photocatalytic activity due to having
highest molecular weight, complete polymerization, and broad surface
area [88-90].

Polymerization synthesis

The problems encountered above resulted in the search for another
chemical species with higher aqueous solubility, reduced cost, better
availability, and eco-friendly nature resulting in the use of guanidine
hydrochloride (GndCl) [87]. The direct condensation operation sup-
ported thermally at 550 °C for a longer time (three hours) can be
employed to generate defects in g-CsN4. GndCl was employed in the
same scheme used for cyanimide, leading to a better mechanism with
intermediate steps of conversion of melamine to melem and then a
polymeric structure with g-C3Ny4 as a product. Certain problems with the
method also arise like a lower surface area (~10 mz/g). Surface area is
one of the factors controlling the absorbance of the energy by the ma-
terial as well as its activation and photocatalytic performance. So, this
material would be challenging to use in heterogeneous catalysis [91].
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Fig. 1. (a) Schematic representation of the synthesis of g-C3N4. (Reprinted with permission from Ref. [88] Copyright 2019 RSC). (b) Representation of adjustment of
various thicknesses of g-C3N,4 sheets by chemical exfoliation. (Reprinted with permission from Ref. [89] Copyright 2017 RSC). (c) XRD patterns of g-C3N4 made at
different temperatures. SEM images of g-C3N, prepared at (d) 450 °C, (e) 500 °C, (f) 650 °C. (g) TEM micrograph of prepared g-C3N, at 550 °C. (Reprinted with
permission from Ref. [88] Copyright 2019 RSC). (h) Atomic ratios of C:N and H:C synthesized at various temperatures (350-650 °C). (Reprinted with permission from

Ref. [90] Copyright 2017 RSC).

Bulk g-C3Ny is a 2D covalent structure resulting after heating melamine
(thermal annealing) to around 600 °C for about 90 min in the presence
of air. It is characterized by the three-folded symmetric architecture of
tris-s-triazine, which is connected via an in-plane tertiary amine. How-
ever, this bulk g-C3N4 has few catalytic sites for organic pollutants.
Hence, liquid-phase exfoliation is performed in a suitable solvent such as
IPA or water. Vacuum filtration is then performed to obtain membranes
as depicted schematically in Fig. 2a. Zhou et al. used different IPA vol-
ume ratios and employed UV-vis spectroscopy (Fig. 2b and 2c) to ach-
ieve a yield of 35 % [92]. Their result is in strong agreement with Khan

_—
Filtration

\
R

g-C;N, Membrane

et al. [93]. We note here that the 90 % yield claimed by Lin et al. [94]
does not agree with the results of Zhou et al. TEM images reported by
Wang et al. [95] show the morphological nature of bulk g-C3Ny4 (Fig. 2d)
and nanosheets of g-C3N4 (Fig. 2e). However, Wang et al. claimed to
have employed thermal oxidation methods to etch bulk g-CsN4 to
nanosheets. A widely used Hummers method was not employed in their
study as this is suitable for making nanosheets on a larger scale, not a
small scale.

Reactive areas of about 97 m?/g can be achieved in g-C3N4 by
employing the direct polymerization method referred to as the
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Fig. 2. (a) Schematic illustration of the synthesis of g-C3N4 by melamine and then exfoliation in IPA/H,0. (b) Ultraviolet spectrum of diluted g-C3N4. (c) Con-
centration ratio of g-C3N,4 in IPA/H,0. (Reprinted with permission from Ref. [92] Copyright 2016 RSC). (d) TEM analysis of nanosheets of g-C3N,. (¢) TEM analysis of

bulk g-C3Ny4. (Reprinted with permission from Ref. [95] Copyright 2014 RSC).
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polycondensation approach, which does not require a template. Zou
et al. showed lower temperature synthesis (300 °C) of the g-CsN4 from
urea [96,97]. Certain hydroxide (-OH) modified mesoporous TiO; en-
tities were also reported. Low-temperature attack of the -OH group on
the carbonyl unit of urea yields titanol, which further attacks the
carbonyl crowds to obtain the intermediate amine group (-NHjy) groups
and ultimately discharges the g-C3N4 [98].

Impregnation or template synthesis

The surface area problem was overcome using SBA-15 to make g-
C3Ny4 which achieved better performance in catalysis [25]. The longer g-
C3N4 polymer chain structure can be employed as a film or a coating on
another scaffold to increase the surface area and provide better perfor-
mance. Wang et al. employed an impregnation method to achieve sur-
face areas from 8 to 506 m2/g, resulting in a photocatalytic activity
increase from 0 Hz to 15 Hz. The material used was a nanocomposite of
g-C3Ny4 containing iron in the structure deposited on SBA-15.

A powerful method for achieving high surface area involves intro-
ducing porosity in the material itself despite using another support. The
template method (Ludox HS40 Silica) can be employed to achieve such
porous graphitic materials with improved properties. Enhanced attri-
butes can be achieved by making a composite and introducing porosity
into it. Porosity improves the surface area to volume. The area of the
material available for reaction can also be controlled based on the
amount of patterning template used [77]. Zheng et al. proposed a syn-
thesis scheme for g-C3N4 via a nano-casting method [99]. They chose
chiral mesoporous silica (CMS) as a sacrificial template since its unique
helical hexagonal rod-shaped morphology allows for assembly of
twisted nano-architectures by directing the assembly of building blocks
[100]. Cyanimide (CY) precursor is infiltrated into this template for the
preparation of helical nanorods of g-CsN4 (HR-CN). The resulting
structure of HR-CN along with parameters for each step of synthesis are
schematically illustrated in Fig. 3a. Ovcharov et al. proposed the hard
template synthesis of g-C3N4 [100]. They used porous C3N4 (PCNs) of
various morphologies obtained from bulk and hard template pyrolysis of
melamine. These PCNs were found to be p-type semiconductors that
showed catalytic activity towards photoreduction of CO2 with H,0O
(water vapor). The PCNs obtained in MCF showed greater bandgaps,
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higher photocatalytic activity, and a sponge-shaped morphology. The
proposed scheme is shown in Fig. 3 b. In another study by Hwang et al.,
SEM and TEM results were obtained for g-C3N4 samples formed after
etching of a silica template [101]. Uniform spherical pores of around
260 nm can be seen in the images of both TEM and SEM as shown in
Fig. 3c and3d. However, small pores of around 60 nm (connected
spherical pores) are visible in SEM micrographs. These contact points
play a significant role in the removal of silica spheres in the template
using an HF solution. The original silica spheres were about 290 nm in
diameter and the observed pore sizes were 260 nm. This indicates
roughly 10 % shrinkage due to the polymerization process. TEM images
of Fe-g-C3Ny4 showed the absence of aggregated species and 2D hexag-
onal structure as shown in Fig. 3e. Elemental mapping results further
confirmed the homogeneous coating on SBA-15 of Fe-g-C3N4. Wave-
length dependent results also confirmed the enhanced activity of Fe-g-
C3N4/SBA-15 based on the UV/vis diffuse reflectance spectrum as
shown in Fig. 3f.

Charge transfer dynamics in Z-scheme heterojunctions

Z-scheme was introduced in the year 1979 by Bard taking inspiration
from photosynthesis process [102]. For understanding these semi-
conductor heterojunctions, we have given schematic illustrations for
types of Z-scheme heterojunctions in Scheme 3, regarding the photo-
catalytic action of these schemes and how they differentiate from one
another. As shown in Scheme 3 (a), the traditional Z-scheme is con-
structed by combining two different semiconductors (SC-I and SC-II)
with a redox mediator which helps in transferring charges from one
semiconductor to another. Upon irradiation by visible light, electrons in
SC-II are photoexcited in CB and are accepted by electron acceptor (A).
Subsequently, (A) is reduced to become an electron donor (D). There-
after, holes present in SC-I oxidize the (D) back to (A) and hence the
cycle of electron transfer continues from one to another semiconductor.
The traditional Z-scheme efficiently facilitates charge transfer and sep-
aration simultaneously. It is pertinent to mention here that this type of Z-
scheme does not have any disadvantages associated with it. However,
the use of these kinds of heterojunctions is only limited to liquid state
systems due to the presence of this redox mediator solely in the liquid
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Fig. 3. (a) Schematic illustration of the synthesis of g-C3N4. (Reprinted with permission from Ref. [99] Copyright 2014 Wiley). (b) Illustration of the hard template
synthesis through (SBA-15 and MCF) pyrolysis of melamine. (Reprinted with permission from Ref. [100] Copyright 2015 Elsevier). (c) TEM image of the g-C3N4
synthesized by the template method. (d) SEM image of the g-C3N4 synthesized by the template method. (Reprinted with permission from Ref. [101] Copyright 2007
Elsevier). (e) TEM images along with elemental mapping of g-C3N,4 supported on SBA-15. (f) Phenol production rate dependence on the g-C3N4 composite. (Reprinted

with permission from Ref. [91] Copyright 2009 ACS).
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phase [103]. The other type of Z-scheme is called the solid-state Z-
scheme which is shown in Scheme 3 (b). The difference between
traditional and solid-state Z-scheme is the presence of a solid-state
electron mediator in this case. Moreover, there are some advantages
associated with solid-state Z-scheme over the traditional one. For
instance, it can be used for both liquids and gaseous phases, the charge
transfer capability is sufficiently enhanced when the difference in elec-
trical resistances of two semiconductors is increased, and the absence of
reverse reaction as with traditional Z-scheme and the renewable system
due to solid-state electron mediator. There are, however, many draw-
backs associated with solid-state Z-scheme such as high chances for
photocorrosion, and interference of light which in turn affects the
absorbance of semiconductors and expensive solid mediators [104]. But
perhaps the most used and known scheme which we also have thor-
oughly discussed in this review is direct Z-scheme of which schematic
illustration can be seen in Scheme 3 (¢). There is an absence of both
redox and electron mediators since the two semiconductors are directly
in contact with one another. As a result, the transmission distance is
reduced significantly. The presence of an electric field (denoted by E in
the schematic) facilitates charge transfer. Band edge potentials and work
functions of semiconductors dictate the charge separation. Under the
influence of visible light, the photoexcited electrons from CB of SC-II
migrate towards VB of SC-I, thereby combining with its holes and
hence resulting in production of spatially separated charge carriers
which have better capability for surface reactions. It is important to note
here that certain parameters such as contact, morphology, and textural
properties of both semiconductors need to be carefully managed for
effective charge transmission to surface [105].

Certain other methods (Table 1) can also be used to obtain different
morphologies and designs of the material.

Strategic applications of g-CgN4 and its nanocomposites
Photocatalytic water splitting

As compared to conventional fuels, hydrogen gas (Hy) is predicted to
be around 90 % of all energy sources by the year 2080 [164]. Around
44.5 million tons of this gas are produced per year throughout the world
[64]. Steps must be taken to explore production and usage in almost all
fields and applications like energy conservation and transportation
[165]. Eco-friendly, green, and economical approaches are under
consideration for hydrogen evolution [165,166]. Currently, the energy
issues focus on a solar light-driven catalytic approach for hydrogen
generation reaction and water splitting using solar energy as a driving
force [167,168].

Remarkable work was accomplished by some leading automotive
companies since the late twentieth century [169], yet challenges remain
in the photocatalytic materials for splitting water and generating
hydrogen fuel [170,171]. Nanomaterial-based photocatalysts are mostly
oxide materials due to their higher stability [61], but their higher band
gap energy requirement involves the ultraviolet portion of the solar
light, which is a small portion of the whole spectrum. This results in
lower absorbance. So, it is important to utilize and absorb the major part
of the solar spectrum (e.g., the visible region), leading to a better, stable,
industrial, economical, and eco-friendly energy source. After absorbing
the sunlight, the photogeneration of electrons and holes takes place,
leading to a water splitting reaction. Certain important considerations
involve the control of toxicity, photocatalyst stability and detrimental
charge recombination through various strategies. The band gap is an
important factor for the performance as the hydrogen generation reac-
tion requires an energy gap higher than 1.23 eV. Moreover, the relative
positions of the conduction and the valence bands must be carefully
tailored to check the charge carrier dynamics and make the reaction
feasible thermodynamically [172].

g-C3Ny4 is a promising candidate for solar energy-based reactions
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Table 1
Summary of various nanocomposites and hybrid materials of g-C3N4 for improved optoelectronic performance.
Material Method Application Novelty Activity Reference
Sg- C3N4 Simple sulfonation Biodiesel Biodiesel Easy accessibility, low cost and [106]
stability
SNGQDs Spin coat Water splitting Photocurrent enhancement of ~ 4.5x Enhanced photocatalysis [107]
g-C3N4-NS/CDs/ Thermal, precipitation Photocatalytic dye Deposition of CdS on g-C3Ny4 Enhanced absorption and charge [108]
BiOI method degradation separation
Ug-C3N4-Ps Ball milling H; evolution greater than13.7-fold than Bulk Improved electron transfer ability [109]
and aligned energy levels
g-C3N4-HC Calcination, salt intercalation ~ Photocatalytic activity Scalable synthesis Fewer structural defects [110]
TiO, deposited with ~ Hydrothermal method and Dye degradation Enhanced charge separation Extended absorbance [111]
MoS,/g-CsNy impregnation approach performance using PL analysis
MnlIn,S,/g-C3Ny4 Hydrothermal method Degradation of waste and ~ Smart structure design CH degradation and H; evolution [112]
hydrogen generation
g-C3N4/CeOy Facile calcination H,, degradation of Competent and direct Z-scheme More active than P25 [113]
organic dye
CoTiO3/g-C3N4 Precipitation method H; evolution Direct Z-scheme Boost the photocatalysis [114]
WO3/g-C3Ny Simple calcination H; evolution Composite Efficient charge separation [115]
Au/g-C3Ny Deposition precipitation H, evolution Mechanism High photocatalytic activity [116]
strategy
Pt/g-C3Ny Thermal/impregnation H; evolution Higher band energy provides higher Increased water splitting [117]
method driving force for reaction
Rh/g-C3Ny Hydrolysis H,; evolution Enhanced photocatalysis Efficient charge carrier dynamics [118]
require more Rh particles
Ni(OH)2-g-C3Ny4 Precipitation H, evolution Economical hydroxide counterfeiting Efficient co-catalyst [119]
the noble metals
Ag/g-C3Ny Hydrolysis method H, evolution The rate of photocatalysis increased Up to 4.8 times higher rate is [120]
observed as compared to the 3 wt%
composite
Au/g-C3Ny Chemical reduction H, evolution Photosensitizer The rate of H; generation is [121]
enhanced
1 T-MoS, QDs Hydrothermal method Photocatalytic Ho Enhanced photocatalysis of the hybrid =~ High HER activity under visible light [122]
evolution energy
Cobalt-Melamine Condensation reaction H,, release reaction 33.1/13.2 Modified surface area/ 3-fold enhanced photocatalytic [123]
pristine area/pristine activity
P/ g-C3Ny Co-polycondensation H, evolution Nano-flowers with mesoporosity Activity enhancement (9.3 times) [124]
increased surface area over pristine
P/ g-C3Ny Co-polycondensation, H, evolution Doped and porous nanosheets 14.8-fold modified surface area/ [125]
thermal exfoliation strategies pristine
P-doped g-C3Na Co-polycondensation H, evolution P doping in g-C3N4 Absorbance decreased; charge [126]
separation increased
P- Melamine (CN) Hydrothermal treatment, H, evolution The layered stacked tubular structure Improved absorbance and enhanced [127]
self-assembly charge separation, increased HER
rate (67 pmol hhH
C3Ny4 — xSx Heating-treated in HyS H, evolution Homogeneous substitution of S for N, High H; evolution [128]
concomitant quantum confinement
Sulfur-doped g-C3N4  Co-polycondensation H, evolution S/ g-C3Ny H; evolution rate increased 6-fold [129]
Sulfur-doped g-C3N4  Polycondensation H; evolution Doping with sulfur CNS 30 times more active [130]
0O/ g-C3Ny4 Hydrothermal H, evolution Facile H,0, hydrothermal approach Enhanced visible-light photoactivity [131]
0/g-C3Ny Calcination H, evolution Synergetic interaction of porous Upgraded HER rate [132]
network and O-doping
O-doped g-C3N4 Chemical oxidation H, evolution Permeable ultrathin nanosheets H, evolution rate amplified ~ (5.2 [133]
PUOCNs X)
Holey Structure g- Light oxidation H; evolution Thin sheets with O doped structure Higher H; evolution and dye [134]
C3N4-O degradation
B/g-C3Ny Co-polycondensation H; evolution Simultaneous modifications of the Improved absorbance and enhanced [135]
textural, surface, electronic structures charge separation
of rigid CN
g-C3Ny Co-polycondensation H, evolution Photocatalysis Improved light absorbance [136]
Iodine Co-condensation H, evolution Iodine modified g-C3Ny4 Increased photocatalytic activities [137]
functionalized g-
C3Ny
I-g-C3N4-Ss Ball milling H, evolution Doped nanosheets synthesized by High H, production rate [138]
facile strategy
Bromine doped g- Co-condensation H, evolution Deposition of cobalt oxide Higher H; evolution rates, with high [139]
C3Ny stability
O-doped (C3N4) Up-conversion H, evolution Extended lifetime of photogenerated H, generation accelerated under [140]
nanosheets electrons ultraviolet and infrared light
CV-g-C3Ny Thermal treatment Photocatalysis Fabrication with carbon vacancy Enhanced photocatalytic activity [141]
H g-C3Ny4 Thermal treatment H, evolution Hole-filled graphitic(2D) structure, ~20 times higher photocatalytic [142]
porous hydrogen production
Carbon sphere Hydrothermal treatment Degradation of water Photocatalysis based on carbon Enhanced photocatalysis [143]
loaded on g-C3Ny4 contaminants, dye nanosphere morphology
degradation
g-C3Ny Facile synthesis Cost-effective strategy Boosted photocatalysis [144]

(continued on next page)
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Material Method Application Novelty Activity Reference
Generate hydrogen and
decontaminate
wastewater
Porous g-C3N4 Acidic cutting and H, evolution Reduced aggregation Intensified HER rate under visible [145]
hydrothermal process light
g-C3N4 Nanosheets/  Facile co-precipitation routes  Potential for advanced Ternary composite nanosheets Efficacious charge separation, higher ~ [146]
CeOy/Fe304 wastewater treatment photocatalysis
Tubular g-C3N4 Chemical route ORR Propriety to be used for fuel cells Morphology dependent performance  [147]
C3Ny4 Thermal condensation H, evolution Conciliatory donor for Hydrogen Artificial conjugated polymer [25]
generation studies semiconductors energy transducers
g-C3Ny4, g-C3N4M, Hydrothermal method Photocatalysis Ternary hybrid structure Reinforced photocatalysis for RhB [148]
and Fe-g-C3Ny4 and Cr (VI)
g-C3N4 nano-meshes  Ab initio simulation H; evolution Aggregation of 2D g-C3N,4 avoided by Charge redistribution, interfacial [149]
NVG charge separation
g-C3N4/MoS, Facile and scalable one-step Mesopores, effective Enhanced photocatalysis 3-fold enhanced photocatalytic [150]
method heterojunction activity
ZnO/CuS Precipitation method, H, evolution Z-scheme system Improved hydrogen generation [151]
thermal treatment
Y- g-C3Ny, C-g-C3N4 Facile and environmental- Photocatalysis Defect engineering Improved hydrogen generation (5 [152]
friendly method times)
Nanoporous g-C3N4 Artificial photocatalysis Fuel cells, photocatalysis, Artificial photocatalysis for hydrogen Photocatalysis, heterogeneous [153]
ORR production catalysis
8-C3Ny Template synthesis Synthesis Mechanism Tunable porosity Synthesis-based [154]
g-C3Ny Thermal treatment Dye degradation, Layered structure Increased vis light active [33]
photocatalysis photocatalysis carbon/ TiO,
8-C3N4—AgsPO4 Precipitation method Photocatalysis Economical approach Good photocatalysis [155]
CDs/g-C3Ny4 Hydrothermal H, evolution A facile hydrothermal approach Enhanced efficiency [156]
8-C3N4 NSs/CQDs Hydrothermal H, evolution Rapeseed flower bee pollen coupled Efficiency 88.1 umol h™! [157]
with U g-C3Ny
CQD-implanted g- Polymerization H; evolution CQDs into the surface layer Enhanced efficiency [158]
C3N4 NT
CDs with g-C3N4 Polymerization H, evolution Novel hybrid Efficiency 2.34 mmol g~ *h~! [159]
hybrids
CDs and CdS-QDs Solvothermal method H, evolution Hybrid and structure Enhanced efficiency [160]
modified g-C3Ny4
CDs/g-C3N4/TiO2 Impregnation precipitation H, evolution Ternary layered nanosheets Enhanced efficiency [161]
g-C3N4/BCNQDs Molten salt H, evolution g-C3N4 heterojunction Enhanced efficiency [162]
Ag QDs/g-C3Ny Hydrothermal approach H, evolution CNS NIR-response photocatalysts Enhanced efficiency [163]

involving the hydrogen evolution reaction. Even so, its higher band gap
energy offers absorbance only in a limited region of sunlight, and a faster
detrimental charge recombination factor limits its performance. Certain
reduction co-catalysts and metals like platinum (Pt) can be utilized to
overcome these problems. Such materials offer higher absorbance and
lower charge annihilation resulting in higher performance in the water-
splitting reaction. Certain quantum dots and other sulfides (S*) like
cadmium sulfide (CdS) and chromates like silver chromate (AgoCrO4)
can serve as photocatalysts, but their performance is hindered by the
reduced photostability and hydrothermal stability. However, the activ-
ity can be improved by incorporating g-C3N4, and this material reduces
charge obliteration and boosts the photocatalysis performance by
increasing the photostability of such materials [173,174].

Moreover, the introduction of nanocomposites (rather than using
pure components) can improve the properties and performance signifi-
cantly. One such material is a silver niobate (AgNbOg3) composite with g-
C3Ny. This nanocomposite offers twofold higher performance compared
with g-C3Ny4 due to the increased charge separation and higher absor-
bance range. Such materials offer a better solution for the photostability
and performance of the material [164]. Certain precipitation and
annealing approaches have been utilized to prepare ternary hybrid
structures for photocatalytic water-splitting [175]. The surface area,
morphology, and size of the material are the important factors deter-
mining the performance. One such example is the metal Co, which offers
a large surface area-to-volume ratio (Table 2).

Modifications of the structure of the nanocomposite along with im-
purity atoms greatly impact the photodegradation efficiency in hier-
archal modified TiOy/g-C3N4 structures. Moreover, the porosity
improved performance as compared to the neat g-C3N4. Fast charge
dynamics, higher charge disjunctions, and increased absorbance greatly

improved photocatalysis as depicted in Fig. 4 [176,177]. Fig. 4a sche-
matically illustrates the g-C3sNy4 loaded TiO NPs (TiO2/g-C3Ny) as pro-
posed by Ranjithkumar et al., while band diagrams of TiO,/g-C3Ny4 are
shown in Fig. 4b. High-resolution transmission electron microscopy
(HRTEM) confirmed the presence of pores in the image of nano-
composite and hence the successful synthesis of hierarchical meso/
macro-porous structures as shown in Fig. 4c. Results of the specific
capacitance of the prepared nanocomposites of TiO5/g-C3Ny4 (denoted
by TCN) are presented in Fig. 4d. 33 TCN showed the best results due to
having the highest active surface area, which means greater diffusion of
electrons at the surface of the electrode during redox reactions. More-
over, analysis of results from electrochemical impedance showed that 33
TCN exhibited the lowest internal electrolyte resistance, Fig. 4e, which
coincides with its highest value of specific capacitance. The uniform and
straight slope indicate the capacitive nature of the nanocomposite in the
electrolyte. Hence, the most favorable capacitance was observed for an
optimum loading of 33 % CN. The PL spectra displayed in Fig. 4f show
suppression of nanofibers at 250-350 nm, which suggests lower photo-
excited charge recombination efficiency of this nanocomposite. This
may be due to the structure being beneficial for charge transfer and
separation, which suppressed charge recombination. Photocurrents of
TiO2/g-C3N4 nanofibers under simulated solar light irradiation are
shown in Fig. 4g. As is evident from the curve, the photocurrent density
of the hierarchical meso/macro-porous structure of TiOy/g-C3N4 was
significantly higher than mesoporous TiO»/g-C3N4 nanofibers. This
result led us to conclude that the proposed hierarchical architecture of
nanocomposite improved the light absorption ability and will lead to the
production of photocurrents.

Certain materials show enhanced performance when coupled with
other reagents like nickel ferrite (NiFe;O4) in the hydrogen generation



A. Azhar et al.

Table 2

Various heterojunctions and their corresponding fabrication techniques, related performances and intended application(s).

Reference

Intended Application(s)

Substance Degraded Performance

Fabrication Technique

Heterojunction

[188]

1. Solar-to-fuel conversion

73.6 % degradation in 3 h

Phenol

Wet chemical

g-C3N4~MnO, nanosheets

2. Photocatalytic water treatment

Overcoming environmental and energy-related problems [189]

1. Water treatment

98 % degradation in 15 min

100 % within 1 h

MO

Hydrothermal treatment

Calcination,

g-C3N4-TiO2 nanosheets

[190]

RhB

g-C3N4-BiVO,4 nanosheets

2. Improving organic pollutant degradation

Against indoor air pollution

hydrothermal
Calcination

[191]

94 % degradation

Formaldehyde
(HCHO)

Cr (IV)

MB

g-CaN4—TiO,

[192]

Steering charge separation and transport in

nanocomposites

92.6 % removal in 2 h

In situ hot injection

FeS,/g-C3Ny4 nanosheets

99.8 % degradation in 2 h

[186]
[193]

Photocatalytic oxidation of toluene

CO, generation rate of 13.9 ppm h™!

Toluene
NO,

Calcination

BiVO,/g-CsNy
Sr/g-CsN,

Decrease in conversion of secondary pollution rate from 62.5 % to 15.8 % for Deep oxidation of NO

NO

Photocatalytic method

[194]

Degradation of organic dyes

98 % degradation in 126.25 h

MB

Impregnation

g-C3N4/AgCl/CDs

[195]
[196]
[197]

Detoxification of aqueous dye solutions

90 % degradation in 126.25 h
62 % degradation in 2 h

RhB
RhB

p-SILAR
p-SILAR

g-C3N4/MoS;,

For improvement in photochemical performance

Enhancing photocorrosion resistance

93.98 % dye degradation

RhB

8-C3N4/ZnS/InyS3
g-C3N4/ZnO

96.4 % dye degradation in 2 h

MB

Atomic layer deposition
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reaction when introduced with zirconium dioxide (ZrO,) [178]. The
material showed a high performance after being calcinated at 700 °C
(Table 3).

Specially designed nickel-iron oxide (FepoNiO) showed better per-
formance in water-splitting when compared with the commercial
Degussa due to its higher surface area to volume ratio and the better
absorbance of the provided sunlight [179].

Certain noble metals and their hydroxides can be used for co-
catalysis purposes. But the hydroxides are more economical, like
nickel hydroxide Ni(OH),. A facile strategy can be employed to prepare
the composites, and the hydrogen generation reaction efficiency
improved for a composite of g-CsN4 with platinum, which is expensive.
Another nanocomposite offers better performance as compared to con-
ventional platinum and g-CsN4 nanocomposites. Noble metal oxides like
silver oxide Ag,0 can be made into composites to tailor the performance
of the g-C3N4 for Hy generation reaction. Other nanocomposites offer
better performance as compared to the conventional Pt and g-C3Ny4
nanocomposite. Noble metal oxides like Ag>0 can be used in composites
to tailor the performance of the g-C3Ny4 for the Hy generation reaction
[169,180,181]. Wu et al. explained the mechanism of photocatalytic
action of Ago0/g-C3Ny4 [182]. As schematically illustrated in Fig. 5a, the
bottom of the CB for g-C3N4 is more negative (-1.12 eV) than that of
Ag-0 (0.20 eV). In contrast, the top of the VB is more positive for g-C3N4
(1.7 eV) than that for Ag,O (1.40 eV) [183-185]. This implies that
photogenerated holes of g-C3Ny4 can be transferred to the higher VB of
Ag,0 under irradiation of visible light. This is because of the higher
redox potential of H"/H, than CB of Ag,0. Consumption of a greater
number of holes means more photogenerated electrons can be used in
photocatalytic Hy evolution, which would increase the overall catalytic
activity. The stability of these synthesized catalysts was tested under
visible light irradiation after four intervals, each of 4 h. It can be seen in
Fig. 5b that in the last run, about 92.86 umol Hj is generated within 4 h.
Hy evolution for different samples of Agy0/g-CsN4 is much higher
compared to pure g-C3Ny, as shown in the bar chart in Fig. 5c. Moreover,
PL spectra show that the emission peak of Ag,0/g-C3N4 is much lower in
comparison to pure g-C3N4 as shown in Fig. 5d. It can be concluded that
photocatalytic activity is enhanced by the addition of Ag>O due to
reduced electron-hole (e h™) recombination. The enhanced activity is
thus attributed to the tunability of the band gap, leading to higher
charge segregation and thus high photocatalytic hydrogen generation
[186]. To improve the performance, certain agents like boric acid can be
utilized that provides a charge obliteration decrease and favorable
mesoporosity in the structure. Such a case is observed when a boric acid
solution is introduced into the Pt and g-C3N4 composite [187].

When exposed to sunlight, vacancy-introduced hybrid structures
exhibited water degradation and hydrogen generation. Nitrogen-
vacancy introduction of the g-C3N4 improved the charge disjunction.
Thus, photocatalytic performance was high in contrast to the bulk
structure. Photocurrent and electrochemical impedance spectroscopic
analyses reinforced that vacancy modifications lead to unique mor-
phologies that provide efficient absorbance of solar light, better activity,
and increased generation of hydrogen fuel [177].

Certain bimetallic compounds can be added to g-C3N4 to achieve
better water degradation performance. The use of the materials like
nickel (Ni) and iron phosphides as bimetallic compounds in the g-CsN4
nanocomposites can improve Hy generation as well as the degradation of
organic compounds. A small percentage (around 5 %) of bimetallic
phosphides experience maximal activity [198]. The ease of the proton-
ation and reduced charge annihilation offer better results for the use of
the ruthenium (Ru) and chlorine (Cl) with g-C3N4. Moreover, the charge
carrier dynamics are also critical [199]. A novel nanocomposite that
showed incredible performance and photostability has been designed
containing copper (1) phosphide with g-C3N4 [200]. Correspondingly,
the same material with a p-n heterojunction has been designed for
improved photocatalytic hydrogen generation reaction and higher
charge separation [201]. A novel composite containing Pt and ZrO5 with
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Fig. 4. (a) Schematic representation of synthesis of TiO,/g-C3N4. (Reprinted with permission from Ref. [176] Copyright 2021 Elsevier). (b) Schematics of the band
diagram of the nanocomposite. (c) TEM image of TiO,/g-C3N,4 showing mesoporosity and macroporosity as well. (Reprinted with permission from Ref. [177]
Copyright 2021 Elsevier). (d) Improved cyclic voltammetry results attributed to enhanced surface area of absorption. (e) EIS displays increased specific capacitance
due to faster charge carrier dynamics towards the surface of the charge collector in the nanocomposite. (Reprinted with permission from Ref. [176] Copyright 2021
Elsevier). (f) PL spectra show improved optoelectronic behavior. (g) Photocurrent strength exhibited improved absorbance and optoelectronics in the hierarchical
and mesoporous nanocomposite as compared to the bulk. (Reprinted with permission from Ref. [177] Copyright 2021 Elsevier).

g-C3Ny4 has been synthesized that illustrates the impact of the band gap,
work function, and charge separation on visible light-dependent water-
splitting reactions [202].

Some other oxides like tungsten trioxide (WO3) [203] and sulfides
like nickel sulfide NiS [204] and molybdenum disulfide (MoS3) [205]
can be used as co-catalysts for better photocatalytic reactions of g-C3Ny.
Certain sulfides and titanates composited with g-C3Ny offer better per-
formance as compared to neat g-C3N4 [206]. Fig. 6 illustrates the
nanocomposites of g-C3N4 with strontium titanate (SrTiO3), and the
schematic illustration of photogenerated charges with the hetero-
junction and charge disjunction lead to better efficiency and high per-
formance for water splitting as represented by the photoluminescence
spectrum (PL). Efficient charge segregation offers an increase in absor-
bance and better photocatalytic performance [193,206,207]. Fig. 6a
depicts the mechanism for the formation of NS/CN/STO composite as
reported by Luo et al. [206]. This process could involve the initial
adsorption of nanoplates of g-C3Ny, followed by a reassembly process.
SrTiO3 NPs were used as a template for the self-assembly of g-C3N4 NPs
and NiS. The synthesis process involves the following steps: (i) adsorp-
tion followed by wrapping of g-CsN4 NPs around the surface of SrTiOs
NPs to minimize the net interfacial energy, (ii) reassembly of these
adsorbed g-C3N4 NPs into a homogeneous layer, (iii) a subsequent
application of an ion-exchange method for ensuring in-situ nucleation
and growth of NiS on the surface of CN/STO, (iv) introduction of nickel
acetate resulting in adsorption of Ni?* ions on the surface of CN/STO,
(v) and the addition of a Na,S solution-induced hydrothermal reaction
producing fine heterostructures of nanocomposites of NS/CN/STO. Luo
et al. also proposed a possible mechanism for photocatalysis of a SrTiO3
and g-C3N4 nanocomposite as schematically shown in Fig. 6b. Under the
illumination of UV light, VB electrons of SrTiO3 are excited to the CB,
leaving behind holes in the VB. Under the illumination of visible light,
electrons of g-C3N4 are excited from VB to VB, which leaves behind holes
in its VB. Since the VB of SrTiOs is more positive than VB of g-C3N4, and
the CB of g-C3Ny is more negative than the CB of SrTiOs, the electrons
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from CB of g-C3N4 can be readily injected in SrTiOs. This will provide
easier transfer and separation of charges at the interface of both semi-
conductors, which implies less recombination of charge carriers. The
CB levels of both g-C3N4 and SrTiO3 are more negative than Hy evolution
levels, so they have good potential for Hy production in water splitting.
NiS is reported to have been a good cocatalyst for the production of Hy
via water splitting [208]. Therefore, it is used along with Pt NPs, which
(together with NiS) increases the formation of active sites for Hy evo-
lution and enhances electron transfer in the NS/CN/STO photocatalyst.
The even distribution of NiS NPs on the surface of 20 CN/STO was
confirmed by TEM images shown in Fig. 6¢c. XRD patterns for the pre-
pared 2NS/20CN/STO nanocomposite are shown in Fig. 6d. The peak
corresponding to NiS is not visible, probably due to its low concentration
and high dispersion in the prepared nanocomposite. An initial decrease
followed by an increase in the intensity of PL emission can be seen in the
PL spectra as shown in Fig. 6e. The broad and strong emission peak of g-
C3Ny is an indication of rapid recombination of charged carriers. 20CN/
STO showed a much lower PL emission peak, which is due to the for-
mation of heterojunctions that lowered the rate of recombination and
facilitated the separation of charges. The lowest PL emission intensity of
2NS/20CN/STO indicates suppression of rapid recombination due to the
synergistic effects of heterojunction, the presence of NiS as a co-catalyst
and closer contact between g-C3N4, NiS and SrTiOs. Due to the
remarkable role of NiS in enhancing charge separation, there is a sig-
nificant increase in the photocatalytic activity of Hy evolution. Transient
photocurrent responses were measured to further investigate the
mechanism of this improved photocatalytic activity. As shown in Fig. 6f,
2NS/20CN/STO resulted in the highest photocurrent density among all
samples. This result proves the efficiency of NiS co-catalyst in electron
transfer. Thus, 2NS/20CN/STO achieved the highest separation effi-
ciency and best photocatalytic activity of Hz evolution.
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Table 3
Various g-C3N,4 based photocatalysts and their degradation efficacy against
harmful substances.

Pollutant Reference

degraded

Photocatalyst  Precursor Key benefits

used

Ag-doped g- Melamine MB [253]

C3Ny

Conductivity
increased
Lowering of
energy barriers
for reactions at
interface
MoS,/g-C3Ny Increase in MO [254]
absorption of

visible light

Efficient charge

separation

Greater surface

area and active

Dicyandiamide

sites for reaction
Increased
separation of
electron-hole
pairs

Quicker
separation from
aqueous solution
by magnet
Increase in
photocatalytic
efficiency
Increased
absorption of
visible light
Reduced
recombination of
electron-hole
pairs

Electron

ZnFe;04/8- Melamine MO

C3Ny

[255]

Fe(Il)/
Graphene/g-
C3Ny

Urea MO [256]

Pd-doped g-
C3Ny

Cyanamide Bis-phenol [257]
trapping and A

hence increased
separation of
electron-hole
pairs

Increased
absorption of
visible light
Increased
lifetime of
charged carriers
Effective
separation of
electron-hole
pairs

Thiourea and RhB

urea

8-C3N4/g-C3Ny [258]

Photodegradation of organic dyes

Mostly organic dyes are commonly used in the synthesis and prep-
aration of edibles, ointments, clothing, leather goods, etc. However,
these colored pigments are usually non-degradable and play a primary
part in global water pollution. More than 10,000 variants of pigmented
dyes are used annually in the fabric industry [209]. A major portion of
such dyes is from azo-based compounds [150,151,210,211].

Dye contamination in drinking water causes serious health problems
[212]. Some other materials like lipophiles actively contribute to water
contamination due to their non-biodegradable nature. These materials
must be destroyed or converted to non-hazardous materials before
disposing of them in water. Aquatic and coastal regions are seriously
damaged due to such pollutants even at very low contamination levels,
resulting in severe damage. A promising method to address this issue is
the use of solar light-driven nanomaterial-based semiconductor tech-
nology that degrades such materials into many useful and less harmful
products. Various methods have been studied to degrade such harmful
dyes. Certain nanocomposites have also been tailored and reported in
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this regard [213]. Sunlight-driven photocatalysis has the advantage of
relying upon a renewable energy source [214,215].

Various studies have reported contaminated water treatment based
on the photocatalysis process [216]. Such research provided a basic
strategy for solar light-driven photocatalytic organic dye degradation.
The primary step is that the material absorbs the incident light upon
exposure to sunlight. The incident energy must be higher than the en-
ergy gap for photoexcitation of the respective material, otherwise, the
incident light will not be absorbed. The next step involves the generation
of charges, i.e., electrons and holes. After absorbing energy, the electron
would move from a lower energy band towards a higher one, generating
a hole in the valence band. Charge separation is necessary to improve
the efficiency of the material. These photogenerated charges can migrate
to the surfaces of the photocatalyst and induce chemical reactions. These
reactions yield very reactive species like the superoxide and hydroxyl
radicals that degrade the dyes into final less harmful products [217].
Certain dyes like methyl orange (MO), Rhodamine B (RhB), and meth-
ylene blue (MB) have been degraded by solar light-driven catalysis
[216,218].

One such example is the use of a nanocomposite consisting of noble
metal silver along with its salt silver bromide (AgBr) incorporated with
g-C3Ny for degrading methyl orange by photocatalysis. The performance
increased compared to the pure g-C3N4 due to the formation of the
heterojunction of Ag nanoparticles [219]. Another composite for dete-
riorating RhB involves facet coupling between the bismuth bromide
oxide (BiOBr) and the g-CsN4. The nanocomposite showed better per-
formance due to the higher charge disjunction, resulting in higher
photocatalysis and increased degradation of the organic dye [220].
Another material, bismuth iodide oxide (BiOI), was assembled using a
heterojunction approach among g-C3sN4 and porous materials. Respec-
tive heterojunctions displayed high performance due to the increased
optical density of the solar light and increased charge disengagement
[221]. A material with bismuth chloride oxide (BiOCl) and g-C3N4 was
investigated for deteriorating a dye named MO, and the resulting het-
erojunctions provided the highest photocatalytic activity due to
improved charge partition [222]. A nanocomposite consisting of the
C3Ny4 along with BisWOg resulted in higher efficiency of MD dye
destruction due to effective charge disjunction [223]. Additionally,
composites of certain phosphates with g-C3Ny4 (such as AgsPO4) were
prepared using the precipitation route. The nanocomposite displays
higher performance than g-C3N4 due to the synergistic effects of the
nanocomposite and a morphology that provides a higher surface area-to-
volume ratio [155].

Oxide nanocomposites with g-C3N4 show better photocatalytic
degradation due to the higher charge separation and boosted charge
carrier dynamics. One such example is the use of the cerium oxide
(CeOy) and g-C3Ny4 heterojunction, which strengthens the sunlight-
dependent destruction of MB [224]. Another example of such oxide-
strengthened g-C3Ny is the use of TiO». Fig. 7 illustrates the deposition
of TiO, on g-C3N4 and the respective results for photocatalytic
destruction of RhB dye. The respective rate of the reaction for the ma-
terial synthesized by ALD was 3 times higher than neat g-CsN4 due to
enhanced charge disjunction [38]. Fig. 7a shows the degradation ki-
netics of Rh dye in different compounds under the irradiation of visible
light with respect to time. Although all tested samples showed photo-
catalytic activities, it is interesting to note that even though pure TiO, is
incapable of absorbing visible light due to its large band gap, it still
removed around 32 % of RhB dye molecules due to the phenomenon of
dye sensitization which occurs on the surface of TiO, due to RhB
adsorbed on it. This result was also confirmed by previous studies as also
reported by Wu et al. [225]. Fig. 7b shows the rate constants for the
reaction of the samples. As is evident from the chart, TiO, showed the
lowest rate reaction constant followed by g-C3Ny. It is also apparent that
when ALD cycles increased from 2 to 5 (GT2 to GT5 in the chart), there
was a significant increase in rate constants. However, a subsequent in-
crease in ALD cycles led to a decrease in the value of rate constants.
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Therefore, it is essential to control the amount of g-C3N4 in GTs for
efficient photocatalysis. Fig. 7c presents the percentage by weight of g-
C3N4 in GTs with respect to ALD cycles. As shown in the graph, an abrupt
decrease in concentration of g-C3N4 was recorded when ALD cycles were
increased from 2 to 200. Therefore, it was necessary to normalize the
rate constant to the concentration of g-C3N4 in GTs as shown in Fig. 7d. It
is easy to observe from the graph that only 5 ALD cycles are required to
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reach the saturated photocatalytic reaction rate constant. To further
understand this behavior, the charge recombination behavior and spe-
cific surface area of GTs were determined as they dictate the photo-
catalytic reaction rate constant. As shown in Fig. 7e, which shows PL
emission, g-C3N4 showed the highest intensity, which indicates its
largest rate of charge recombination and lowest photoactivity. PL in-
tensity significantly decreased as the number of ALD cycles increased
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from 2 to 5 and then saturated gradually over 5 cycles of ALD. Thus, 5
cycles of ALD were optimum for effective separation of charges. Simi-
larly, the results of BET presented in Fig. 7f show that the specific surface
area initially increased, but it saturated after 5 ALD cycles due to
decrease in average pore size with increasing TiOz ALD cycles. Fig. 7g
provides a clue to the reason for this interesting result. It shows that TiOy
nucleates at the defected sites on the surface and edges of g-C3sN4 have
NH, NHj, and OH functional groups. FTIR spectra shown in Fig. 7h
further confirm that the increase in the number of ALD cycles can change
the defect sites and decrease the surface-active species as they are
consumed by ALD TiO, growth.

Another oxide molybdenum trioxide (MoOs3) has been designed with
g-C3Ny to achieve better results after exposure to the visible radiations of
solar light. Here, the increased efficiency is related to the efficient
charge dynamics and decreased recombination [226]. Fig. 8 provides a
schematic illustration of the novel material containing MoO3 with g-
C3Ny4. Enhanced photodeterioration of the organic dye was achieved due
to the increased charge separation and reduced recombination
[114,115]. Huang et al. proposed the synthesis of MoOs3y/g-C3Ny
nanocomposite by a mild solvothermal method, which employed
CoHs0H as a reductive agent for the introduction of oxygen vacancy to
narrow the band gap, enhancing the light absorption range and
decreasing the recombination of photoexcited charge carriers, while its
1D structure will prolong the lifetime of charged carriers [227]. Fig. 8a
schematically illustrates the reaction for the formation of yellow power
(g-C3Ny) and Fig. 8b depicts the reaction sequence to obtain the MoOs./
g-C3Ny. A schematic diagram showing the mechanism of transport and
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separation of e™-h™ pairs at the interface of MoOs3/g-C3Ny is presented in
Fig. 8c. As the CB potential of MoOs is less negative than that of g-C3Ny,
transfer of electrons takes place from g-C3N4 to MoO3 while the move-
ment of holes is from MoOs to g-C3Ny4 due to the great difference in their
respective VB potentials. Therefore, the net photocatalytic activity is
enhanced due to the effective separation of charges and reduced
recombination effect. An SEM image of g-C3N4/MoOs (7 % composite)
shows that an amorphous layer of CN polymers is wrapped around the
crystalline MoOj3 particles (Fig. 8d). Further accurate morphological
analysis by HRTEM showed that the outermost boundary of these MoO3
particles is the g-C3Ny layer (Fig. 8e). A heterojunction structure formed
and improved the net photocatalytic activity of this nanocomposite as
discussed previously. Fig. 8f confirms that obtained values of Eg of g-
C3N4 and MoOs are 2.70 eV and 2.92 eV, respectively. This result agrees
with previously reported literature [228,229]. Fig. 8g shows the pho-
tocatalytic degradation efficiencies of different concentrations of g-
C3Ny. It is evident from these curves that photocatalytic efficiency is
governed by the amount of g-C3N4. The result indicates that the opti-
mum concentration of g-C3Ny4 is 7 %. Another factor that is crucial for
good photocatalytic efficiency is the stable nature of the photocatalyst.
The stability of g-C3N4/MoOs was confirmed as it did not exhibit a
significant loss after 5 cycling runs for MB photodegradation under
visible light irradiation.

Different morphological structures (like using porous FesO4 along
with g-C3Ny) have contributed to the photocatalytic behavior of the MO
dye degradation [230]. Furthermore, a nanocomposite containing so-
dium tantalate (NaTaO3) and g-C3Ny4 displayed better performance for
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deterioration of the RhB dye. So, charge carrier dynamics and the charge
partition are important steps for strengthening the process [231]. A
hybrid material consisting of silver halide and g-C3N4 exhibits better
performance [87]. Certain sulfides like MoS; incorporated along with g-
C3N4 appeared beneficial for photo-driven deterioration of the MB
[232]. Other strategies involve nanocomposites fabricated for the solar
light-driven organic dye deterioration, structures like titania accompa-
nied by silica nano-composited with g-C3N4 QDs [233], or even simply
titania with g-C3N4 [234], molybdenum sulfide with g-CsN4 [205], or
altered g-C3Ny4 [235]. In other applications titania accompanied g-C3N4
was used to treat RhB [236], g-C3N4 modified with BiPO4 was used to
destroy orange G [24], while g-CsN4 was fabricated with 1,3,5-
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benzenetriyl [237].

Another nanocomposite containing TiO and g-C3Ny4 offers reduced
charge recombination and higher segregation. The lanthanum ions trap
charges and suppress the charge recombination, thus enhancing the dye
degradation based on a synergistic response between TiO,, g-C3N4, and
the metallic ions. Fig. 9 depicts the unique morphological symmetry of
such material along with the high charge separation efficiency and a
strong interface, leading to dye deterioration [238]. Li et al. determined
the mechanisms for the La,TiCN heterojunction catalyst as shown in
Fig. 9a. The first step is the infiltration of Ti precursor between the gaps
of lamellae of g-C3N4 followed by growth of TiO5 crystal and formation
of a sheet-like structure. Lamellae of g-C3N4 were placed in descending
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order of size with La>" deposited on the surface of the crystal. The ob-
tained composite of LayTiCN resembles a flower-like structure, and it
was formed via self-assembly. Fig. 9b shows the SEM image of flower-
shaped 3D TiO formed after alternatively arranged lamellae approxi-
mately 500 nm in length. Photocatalytic efficiencies of various samples
were determined under visible light irradiation degradation of RhB dye
as shown in Fig. 9c. As is apparent in the graph, La; TiCN exhibited the
best overall photocatalytic activity. The dense hetero interface formed
between TiO, and g-C3N4 could be the reason for effective electron-hole
transfer. La;TiCN also resulted in the highest value of first-order rate
constant (kapp) as shown in the chart in Fig. 9d. Moreover, La;TiCN
showed a reduction of 95.2 % to 88.3 % in the photocatalytic efficiency
of RhB after 5 cycles. This result confirmed the lower photo-corrosion
and good stability of La; TiCN, making it a novel method for treatment
of wastewater. The proposed heterojunction degradation mechanism of
LasTiCN is schematically illustrated in Fig. 9e. The closer interface be-
tween TiO, and g-C3Ny facilitates the passage of electrons, which ulti-
mately increased the net transfer of photoelectrons. With the
introduction of an appropriate amount of La, the interface barrier
became larger, and the space charge region became narrower. Recom-
bination of e-h™ is considerably suppressed due to the large electric field
and the orientation of electrons of g-C3N4 between TiO5 and La. The
incorporation of La®" can increase the efficiency of e-h™ separation,
which enhanced the net photocatalytic efficiency.

Photodegradation of harmful volatiles

In addition to the destruction of organic dyes for the treatment of
wastewater disposal, certain other issues like removal of the non-
ecofriendly gases from the atmosphere can be addressed using light-
dependent reactions. One such example is the aromatic gases pro-
duced by the combustion of methane gas [239]. An aromatic gas called
toluene can be degraded successfully by the solar light-driven degra-
dation process by incorporating BiVO4 and g-C3N4 [186]. The enhanced
activity of the material was attributed to the nanocomposite hetero-
junction, high surface area to volume ratio, increased optical density,
and the high disjunction of electrons and holes.

Certain noble metals in small concentrations can be effective. For
example, Ag along with g-C3N4 can improve the properties due to
reduced electron-hole recombination and increases in the photocatalytic
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deterioration of the aromatic gas [240]. Notably, Mn significantly af-
fects the process of the degradation of the harmful volatile components
when being used as a nanocomposite with g-C3N4 [241]. Anatase-
modified g-C3N4 structures play a vital role in the solar light-driven
deterioration of harmful gases like methyl benzene due to the syn-
ergies of using both materials [242]. Certain hybrids consisting of metal
(like Ag) along with its phosphate (AgsPO4) combined with g-C3N4 can
degrade carbolic acid in the solar light-driven deterioration process
[243]. The impact of titania added to g-C3N4 also helps to degrade the
carbolic acid when exposed to solar light [180]. Moreover, certain other
materials like graphene can be added to g-C3N4 to degrade the phenylic
acid photochemically [181]. Certain oxides like Ag20 cooperate with g-
C3Ny4 to improve the destruction of carbolic acid (C¢gHgO) [244]. Ternary
hybrid structures like Co-doped g-C3N4 supported with anatase can
serve to efficiently degrade phenylic acid [245]. NO is an elemental
source of environmental pollution, making it difficult to fully degrade.
This can be achieved through solar light-dependent photocatalysis.
Certain noble metals like palladium (Pd) composites with g-C3N4 can
destroy such volatile gaseous contaminants. The destruction process
follows a similar mechanism and results in less hazardous products
[246].

Another strategy involves the use of bismuth subcarbonate
((Bi0)2CO3) with g-C3N4 for photo-dependent deterioration of NO
[247]. Introducing certain vacancies and defects in the material g-C3N4
can also increase nitrogen defects, resulting in one of the highest pho-
tocatalytic responses compared to the noble material. This performance
was attributed to the reduction in the band gap, pronounced charge
disjunction, and the impact of the defects in the material [248,249].
Certain doping strategies can improve the charge disjunction and the
absorption of sunlight, resulting in better performance as in bismuth
molybdenum oxide (BiuMo0Og). The generation of active species during
photocatalysis (like hydroxyl radicals) can improve the deterioration of
NO or even further degrade it to less harmful entities [248].

Certain noble metals also accelerate the process of photodegradation
in contrast to neat g-C3N4, like Au added to g-C3N4 to deteriorate nitric
oxide due to the reduced recombination, morphology, and charge car-
rier dynamics [250]. Ions like K™, Ca2+, and PO?{ can also work well
with the g-C3Ny4 to degrade the NO [251,252]. Moreover, the intro-
duction of K* and chloride CI” ions resulted in high performance due to
higher optical density and enhanced charge disjunction. O, and K
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Fig. 10. (a) Photocatalytic degradation rates of LVX over different catalysts and (b) the corresponding rate constant. (¢) Comparison of degradation results for LVX at
different concentrations, and (d) the degradation results for RhB over different catalysts under visible light irradiation. (e) Proposed scheme of charge transfer in I0
CN/BiOBr. (f) HRTEM micrograph of I0 CN/BiOBr. (g) Results of PL spectra of various photocatalysts. (h) Transient photocurrent responses of different photo-

catalysts. (Reprinted with permission from Ref. [260] Copyright 2019 RSC).

15



A. Azhar et al.

SValence Band

Potential Vs SHE =~ Sun
hv > Eg

-1 =
o

0 5
2

1 Eg =2.7| o,
—
Q
(=5

2 S

3

4

oljeuIquoday

Results in Chemistry 5 (2023) 100699

0O,

00

Conduction Band

Y SR
Organic 1!

PoIIutant:

<

OH-

Scheme 4. A schematic illustration depicting mechanism of photocatalysis for g-C3Ny.

incorporated g-C3sN4 can also promote photo-dependent deterioration of
the NO due to the enhanced reactive species [193,207].

Medical industry wastewater sources are toxic to waterborne life,
causing a global pollution problem. The management and disposal of
such materials are thus necessary. Renewable energy-dependent re-
actions like photocatalysis can address this problem [207,259]. In this
regard, several studies have been reported like nanocomposites of g-
C3N4 with BiOBr accompanied by silica material resulting in efficient
degradation [260]. Bin Chen et al. evaluated the photocatalytic activity
of catalysts by monitoring the photocatalytic degradation of antibiotics.
The antibiotics are represented by LVX in Fig. 10. As shown in Fig. 10a,
the rate of degradation recorded over bulk CN/BiOBr was 34.5 % after
50 min of continuous visible light irradiation. In contrast, it was merely
54.6 % over pure BiOBr and 23.6 % over IO CN. However, LVX was
shown to fully degrade within 50 min over I0 CN/BiOBr. It can be
concluded from these results that I0 CN/BiOBr has greater photo-
catalytic action than its bulk counterparts. Fig. 10b shows a comparison
of photocatalytic performance using photocatalytic degradation rate
constants. As shown, the rate constant of I0 CN/BiOBr is 5.5x greater
than that of bulk CN/BiOBr, suggesting that the activity of the photo-
catalyst can be increased by inverse opal construction. Moreover, the
mean value of the rate constant for IO CN/BiOBr is 2.3x more than that
of IO CN due to the introduction of BiOBr catalyst. When coupled, IO CN
and BiOBr showed a significant increase in the overall photocatalytic
activity of both parts. Fig. 10c further confirms the outstanding photo-
catalytic action of I0 CN/BiOBr as the rate of degradation for LVX
antibiotic was 25.5 % in 50 min as the concentration increased to 20
mg/L. We note here that I0 CN/BiOBr can also be used for the degra-
dation of several other types of contaminants including azo dye RhB.
Fig. 10d illustrates the degradation profile for RhB. As is evident from
the graph, RhB was fully degraded within 30 min, with IO CN/BiOBr yet
again exhibiting the greatest photocatalytic action. These results suggest
that as-prepared I0 CN/BiOBr can be used against a variety of organic
pollutants in wastewater. A possible mechanism of photocatalytic action
(Z-scheme) and transfer of charge in I0 CN/BiOBr is schematically
illustrated in Fig. 10e. HRTEM was employed to analyze the chemical
composition of as-prepared I0 CN/BiOBr. Fig. 10f shows the uniform
introduction of BiOBr NPs on the surface of I0 CN. The degree of
recombination in photo-generated carriers was measured based on the
photoluminescence (PL) intensity. As shown in Fig. 10g, the curves of
intensity for various catalysts are in reasonable agreement with their
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respective photocatalytic performances as I0 CN/BiOBr shows the
lowest intensity in PL spectra. To further validate this, the photocurrent
test (POL) was employed. It is evident from Fig. 10h that the photo-
current response of I0 CN/BiOBr showed a remarkable increase in
comparison to other photocatalysts, indicating a lower degree of
recombination rate with more effective separation of photogenerated
electron-hole pairs.

Certain nanosheets of g-C3N4 along with copper sulfides have been
prepared for the destruction of waste levofloxacin exposed to sunlight
259.The performance of Cup4S composites with g-C3N4 exposed to
visible light was elucidated in the near-infrared region of the solar
spectrum. Increased efficiency of photocatalytic deterioration was
observed. Additionally, some tri-junctions like rubidium chloride along
with bismuth sub carbonate and g-C3N4 showed effective destruction of
tetracycline hydrochloride [260]. Hydrogen peroxide (H205) is a pri-
mary material due to its many applications. It can be prepared using
composites of g-C3N4 with NiCoP or CoP following a solar light-driven
photochemical reaction [10,199].

Summary and future concerns

The combination of g-C3N4 with metals, non-metals, or semi-
conductors yields better results in the photocatalytic applications of
water splitting, organic dye deterioration, and degradation of harmful
volatile species. Nanocomposites of g-C3N4 greatly impact the photo-
degradation process, resulting in improved optical density and absor-
bance of the incident sunlight illustrated by Scheme 4.

Incorporating semiconductors strengthened the absorbance capacity
by tuning the band gap alignment of the resulting material by increasing
the absorbance range from the ultraviolet to the visible region of the
solar spectrum. Moreover, the detrimental charge recombination could
also be avoided. Greater charge disjunction results in greater material
efficiency. Thus, the overall photocatalytic process involves a) absor-
bance of incident light, b) photogeneration of e-holes, ¢) charge carrier
transport, d) redox reactions and the creation of active species, and e)
charge recombination. Certain modifications like surface area increases,
morphology modifications, the introduction of co-catalysts, defect con-
trol, control of back-oxidation reactions, and control of mass-transfer
limitations and heterojunction can improve the photocatalysis reac-
tion. So, strategies to synthesize and modify the photoactive properties
of g-C3Ny can be summarized as follows.
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e The limited optical tunability of g-C3Ny is restricted to the ultraviolet
region of the solar spectrum i.e., around 5-7 %, while most of the
sunlight is not absorbed. Thus, adjusting and expanding the surface
area of the material to enhance the absorbance of the sunlight is
required for photocatalytic applications.

Despite having advantageous band gaps, charge carrier dynamics,
and electronic behavior, there are certain reasons for the transfer of
electronic charges. Moreover, the ability of the material to be
incorporated into biological platforms as a multi-indicating and
multi-monitoring system still requires assessment.

e The conversion efficiency of the material for redox reactions and
generation of reactive radical species is yet to be assessed.

The aggregation and toxicity of the material must still be thoroughly
accessed.

Based on this review, we predict that pristine g-C3N4 and its nano-
composites will find use in advanced materials applications including
but not limited to solar energy applications.
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