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Abstract The alarmingly rising environmental pollution adversely affects the 
sustainable growth of modern civilization. Scientists have persistently been putting 
tremendous efforts over the decades to develop environment benevolent technolo-
gies to overcome this major challenge. Photocatalysis is one such technology 
which needs renewable solar energy and abundantly available water resources as 
driving forces for pollutants’ degradation. In addition, the selection of an appropriate 
semiconductor is highly essential to degrade toxic organic compounds, hazardous 
heavy metals and noxious gases into harmless products efficiently. Among various 
semiconductor photocatalysts, g-C3N4 (GCN) is considered a robust photocatalyst 
because of several fascinating properties like metal-free chemical nature, visible-
light-responsive activity with moderate band gap of 2.7 eV, tunable electronic struc-
ture, facile synthesis, low cost, high thermal and chemical stability. However, low 
surface area (∼10 m2 g−1), high rate of charge carriers recombination, incomplete 
solar spectrum absorbance and inadequate valence band position (1.4 eV vs NHE) 
are some of the limitations due to which expected photocatalytic performance of 
GCN is yet to be achieved. Therefore, modification strategies such as exfoliating 
bulk GCN into nanosheets, incorporating foreign elements into its crystal structure 
and heterostructure formation have been employed to overcome these limitations 
to achieve high photocatalytic efficiency. In this chapter discusses the basic prin-
ciple of photocatalytic pollutant degradation over a semiconductor surface. Recent 
developments in modification strategies to enhance the photoactivity of GCN have 
been summarised systematically. Photocatalytic applications of GCN-based photo-
catalysts with respect to environmental remediation are presented in this chapter. 
The challenges and future perspectives in designing GCN-based photocatalysts for 
efficient performance towards environmental applications are addressed along with 
the conclusion.
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4.1 Introduction 

Recently, the world has been facing serious environmental issues and acute energy 
shortages due to the rapid advancement in industrialization and massive growth in the 
population [1]. One of the earth’s most important natural resources is water, which 
is getting polluted day by day through the contamination of effluents containing 
organic dyes, antibiotics, pesticides, organic compounds and heavy metal ions [2]. For 
instance, various industries consume more than 100,000 commercial dyes annually. 
Approximately, 100 tons of dyes are discharged into waste streams per year [3]. 
These cause serious problems to human health, plants and aquatics owing to their 
acute toxicity. The need for clean water has put tremendous task for the removal 
of these noxious pollutants from the natural water bodies. Additionally, increased 
emissions containing CO2, NOX etc. are gradually destroying the air quality of our 
environment. Moreover, CO2 level increas in the atmosphere caused by the rapid 
fossil fuels consumption leads to an energy crunch. This is also responsible for the 
global warming [4]. Several techniques like adsorption, absorption with or without 
chemical reaction, biological degradation and condensation have already been used 
to treat water [5–10]. However, several limitations have restricted these techniques 
for large scale applications. Therefore, an ideal technique which does not emit toxic 
by-products or consume much energy and possess potential to remove all kinds of 
pollutants, needs to be implemented [11, 12]. Advanced oxidation processes (AOPs) 
are considered as suitable techniques for practical application because the reactive 
species such as ·OH, O2 

·−, SO4 
·− etc., resulted from these exhibit strong redox ability 

to decompose almost all the water contaminants. However, most of the AOPs need 
large amount of chemicals and energies, which stood as the major disadvantages of 
the process [13, 14]. On the other hand, photocatalysis has emerged as a promising 
technology, which converts abundantly available solar energy into chemical energy. 
This technique has been applied to divergent fields including pollutant degradation, 
heavy metals removal, hydrogen generation, carbon dioxide conversion and organic 
transformations [15–18]. 

The concept of photocatalysis was first developed in 1972, when Fujishima and 
Honda produced H2 through water splitting over TiO2 electrode under UV illumina-
tion [19]. After this the photocatalytic technology was gradually applied in the field 
of environmental remediation. Carey and co-workers carried out the photocatalytic 
decomposition of organic pollutants by using n-type TiO2 first in 1976 [20]. However, 
the expected photocatalytic performance of TiO2 has not yet been achieved mainly due 
to fast rate of charge carriers’ recombination and poor visible light absorptivity [21, 
22]. In order to utilize visible region of solar spectrum, several visible light responsive 
semiconductor photocatalysts have been used for photocatalytic pollutants degrada-
tion. Among these, GCN is contemplated as a robust photocatalyst after the pioneering 
work of Wang and his co-workers’ to produce hydrogen over it by splitting water 
under visible light irradiation in 2009 [23]. Carbon nitride exists in various allotropic 
phases such as a-C3N4, b-C3N4, GCN, cubic-C3N4 and pseudo-cubic-C3N4. Among
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these, GCN is the most stable form at ambient conditions [24]. Noble GCN photocat-
alysts can be prepared conveniently via the facile thermal condensation of carbon and 
nitrogen rich precursors like ammonium thiocyanate, melamine, thiourea, cyanamide, 
urea and dicyandiamide [25]. The two dimensional (2D) sheets with honeycomb archi-
tecture of GCN are exist as a polymerized form of s-triazine (Fig. 4.1a) or tri-s-triazine 
(heptazine) units (Fig. 4.1b) as the monomers. These melon units of GCN are well 
connected through tertiary amine groups to form a nanosheet like structure. The so-
formed nanosheets get stacked with each other by Van-der-Waals forces, which is 
considered as a weak force of attraction [26]. Its metal free nature, facile fabrica-
tion routes, inexpensiveness, non-toxicity, moderate band gap energy of 2.7–2.8 eV 
has enabled it for extensive use in solar driven photocatalysis. Moreover, the positive 
Valence Band level (1.4 V vs NHE at pH 7.0) the negative Conduction band posi-
tion (−1.3 V vs NHE at pH 7.0) of GCN are helpful for various photoredox reactions 
[27–31]. 

However, the practical photocatalytic applications of GCN are limited mainly due 
to following reasons: (1) As per the density functional theory (DFT) calculations, 
valence band maximum (VBM) of GCN is made up of N 2p state and the conduction 
band minimum (CBM) is the result of hybridization between N 2p and C 2p states.

Fig. 4.1 Structure of GCN with a s-Triazine and b tri-s-triazine as building blocks. Reproduced 
with permission from ref. [26]. Copyright 2019, Elsevier Science Ltd. 
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To be precise, the photoproduced electrons distributed between the N 2p and C 2p 
hybridized orbitals are more vulnerable to charge carrier recombination. This process 
allegedly reduces the efficiency of the charge carriers and thus affects the performance 
of GCN as a photocatalyst (2) The band gap energy of GCN is around 2.7 eV, 
which corresponds to the wave length of 450 nm. Thus complete utilization of broad 
solar spectrum is limited. (3) It possesses weakly oxidative valence band potential 
of around +1.4 V, which cannot provide strong driving force to the photoinduced 
holes to carry out water oxidation reaction in order to generate strong reactive ·OH 
species required particularly for pollutant degradation. (4) The high temperature 
solid-phase polycondensation of organic precursors forms agglomerates of bulk GCN 
with relatively large size and small surface area (10–15 m2 g−1) resulting in poor 
photocatalyic performance. (5) The difficulty in separation from treated solution also 
limits its practical applications [32–34]. 

Several modification approaches like band gap engineering, exfoliation into 
nanosheets and heterojunction formation with other semiconductors are implemented 
to augment photocatalytic activity of GCN based photocatalyts [35–37]. In this 
chapter, we have addressed these strategies systematically after depicting the basic 
principle of photocatalytic pollutant degradation over a semiconductor photocatalyst. 
Thereafter, divergent applications related to environmental remediation over GCN 
based photocatalyts were discussed. Finally, the present chapter was concluded with 
advantages, challenges and future perspectives of GCN based photocatalyts. 

4.2 Basic Principle of Semiconductor Based Photocatalytic 
Pollutant Degradation 

The photocatalytic pollutant degradation over a semiconductor surface usually 
proceeds through four important steps as presented in Scheme 4.1. Step 1 involves 
harvestation of light energy by the semiconductor photocatalyst (SP). The extent 
of light absorption depends on the textural and microstructural properties of the 
prepared semiconductor [38]. In step 2, electrons from the valence band (VB) of the 
semiconductor are excited to the conduction band (CB) by absorbing energy equal 
to or greater than the band gap energy (Eg) with the formation of equivalent number 
of holes (h+) at the VB as shown in Eq. 4.1. 

sp  hv−→ h
+ 
V B  + e− 

CB (4.1)

Step 3 is responsible for effective migration of photoinduced charge carriers in 
such a way that the recombination rate of charges should be suppressed to a greater 
extent [39]. In step 4, the degradation of pollutants is carried out through a number 
of redox reactions by proper utilization of charge carriers [40]. For instance, the 
photoinduced electrons released from CB with adequate redox potential undergo 
reduction reaction with surface adsorbed O2 molecules (ORR) to liberate reactive 
super oxide anions as per Eq. 4.2.
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Scheme 4.1 The four step basic mechanism of semiconductor photocatalysis for pollutants removal

O2 + e− 
CB  → O.− 

2 (4.2) 

Similarly, the surface adsorbed H2O molecules are oxidized by the holes released 
from VB with desired oxidation potential to form strongly reactive ·OH radicals 
(Eq. 4.3). 

H2O + h+ 
V B  → OH. + H+ (4.3) 

These reactive species decompose the toxic organic compounds, dyes and antibi-
otics into harmless products (Eq. 4.4) [33]. There also appears a possibility of decom-
position of these noxious substances directly by the oxidation reaction with the 
photoinduced holes as mentioned in Eq. 4.5 [41]. 

Organic compounds/dyes/antibiotics + O.− 
2 /OH

. → H2O + CO2 (4.4) 

Organic compounds/dyes/antibiotics + h+ 
V B  → H2O + CO2 (4.5) 

Besides these, the photoinduced electrons are utilized to reduce CO2 into value 
added products such as CH4, CO,  CH3OH, C2H5OH etc. (Eq. 4.6–4.9) [42]. In addi-
tion, these electrons can be utilized for the reduction of heavy metals ions like Cr (VI), 
U (VI) etc. in to
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CO2 + 8H+ + 8e− 
CB  → CH4 + H2O (4.6) 

CO2 + 2H+ + 2e− 
CB  → CO + H2O (4.7) 

CO2 + 6H+ + 6e− 
CB  → CH3OH + H2O (4.8) 

2CO2 + 12H+ + 12e− 
CB  → C2H5OH + 3H2O (4.9) 

their nontoxic forms (Eq. 4.10–4.11). Heavy metal ions like As (III) can be oxidized 
to As (V) by the photogenerated holes, O2 

·− and ·OH radicals as presented in Eq. 4.12 
[18, 43, 44]. 

Cr2O
2− 
7 + 14H+ + 6e− 

CB → 2Cr3+ + 7H2O (4.10) 

UO2+ 
2 + 4H+ + 2e− 

CB  → U4+ + 2H2O (4.11) 

As(III) + h+ 
V B  /O

.− 
2 /OH

. → As(V) (4.12) 

4.3 Modification Strategies for GCN 

Metal free nature, facile synthesis approach, visible light responsive ability are 
some of the vital features that lead GCN a promising photocatalyst in diversified 
applications and environmental remediation in particular. However, low quantum 
efficiency restricts its scale up. Therefore, marvellous efforts from various quar-
ters of researchers are made to promote its photocatalytic efficiency. Among the 
modification strategies, exfoliation into nanosheets, doping of foreign elements and 
heterojunction construction with other semiconductors are found beneficial. These 
strategies are depicted in this section. 

4.3.1 Exfoliation of GCN 

Single layer nanosheets fabricated from exfoliation of layered materials have been 
attracting so many eyes as a novel class of nanostructured materials [45, 46]. They 
possess ultrathin 2D structures in nanometer range. The quantum confinement effect 
thus generated from size of nanosheets contributes in upscaling the physicochemical 
properties [47, 48]. For instance, graphene shows extraordinary thermal, mechanical,
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electrical and optical properties than its bulky counterpart, graphite [49]. In semicon-
ductor photocatalysis, the specially designed monolayer nanosheets have numerous 
advantage over stacked 3D materials. The exfoliated two dimensional nanosheets 
possess better surface area thus have abundant number of active sites for the redox 
reactions to take place [50]. The bulk diffusion length of photoproduced charge 
carriers are also shorter in case of exfoliated sheets. Its helps in reducing the rate of 
recombination of charge carriers. More importantly, due to quantum confinement in 
nanosheets, conduction and valence bands shift in opposite directions making it a 
higher bandgap semiconductor [51, 52]. This helps in producing charge carriers with 
higher redox potential for better photocatalytic activity. Thus photocatalytic activity 
of bulk GCN was anticipated to enhance drastically in an exfoliated 2D nanosheet 
form. Taking inspiration from graphene, delamination of bulk GCN into monolayer 
nanosheets will be an effective strategy to improve the surface area and thus better 
adsorption of pollutants. Various methods including thermal, ultrasonic, chemical 
oxidation are used for the fabrication of GCN nanosheets. Some of the methods are 
disused below. 

4.3.1.1 Solid State Thermal Exfoliation 

The very first attempt to delaminate GCN was reported by Niu and his co-workers in 
2012 via a thermal oxidation process. They prepared the nanosheets by heating bulk 
GCN in an open air atmosphere at 500 °C. After two hours of heating, they obtained 
nanosheets of ~2 nm thickness due to thermal oxidation and etching of layered mate-
rial. The basic principle of this method is the hydrogen bond between the polymeric 
melon units get oxidized away by heating in open air from the bulk material to give 
exfoliated nanosheets. From the XRD plot, they reported that the peak appeared at 
13.1° seemed to be less pronounced in case of GCN nanosheets. This indicated the 
decrease in size of the layers due to thermal oxidation. The (002) peak appeared at 
27.34° shifted to 27.67° in case of nanosheets showing decreased gallery distance 
between the basic sheets. In comparison to bulk GCN, the nanosheets showed much 
higher specific surface area (SSA). From the N2 sorption–desorption graph, they found 
the SSA of nanosheets was 306m2g−1, whereas the bulk one has only 50 m2g−1. Higher 
SSA helps in providing more number of reactive sites to perform various reactions. 
They also examined the photocatalytic activity by detecting the hydroxyl (OH) radi-
cals generated by both the bulk and exfoliated GCN. The nanosheets was observed 
to show better ·OH radical production [53]. Dong et al. studied the effect of temper-
ature on the thermal exfoliation process. They prepared GCN nanosheets at different 
temperatures (i.e. 450, 500 and 550 °C) by heating thiourea in open air for 2 h. The 
sample synthesized at 550 °C was found to have better characteristics. From the SEM 
data theystudied the texturalandmicrostructuralpropertiesof thenanosheetsprepared 
at different exfoliation temperature. The bulk GCN showed disorderly stalked and 
curved bulks with average particle size in micrometer range. Figure 4.2a shows  the  
SEM images for sample prepared at 550 °C with several cracks over its surface. This 
depicted the separation between the layers and exfoliation into nanosheets of ~22 nm.
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Fig. 4.2 a SEM micrograph for exfoliated GCN nanosheets (Reproduced with permission from 
ref. [54]. Copyright 2015, Elsevier), b HRTEM image showing plate like 2D structure of exfoliated 
GCN (Reproduced with permission from ref. [63]. Copyright 2019, Springer Nature), c Schematic 
diagram for bi-thermal green exfoliation of bulk GCN (Reproduced with permission from ref. [64]. 
Copyright 2019, Elsevier) 

The specific surface area, pore volume and pore size of nanosheets were also higher 
than other prepared samples. They studied the photocatalytic removal of gaseous NO 
for each of the samples. The exfoliated GCN nanosheets were observed to perform 
better than the bulk one. Bulk GCN was able to remove only 18.9% of gaseous NO. 
Whereas, the sample fabricated at 550 °C shows a 33.5% removal efficiency [54]. They 
proposed a layer by layer oxidation couple mechanism with a layer splitting process 
for the thermal oxidation of bulk GCN into thin nanosheets. The CN layers, attached 
through weak van der Waals force of attraction, are constructed by polymeric melon 
units having weak hydrogen bonding. These bonds are too weak to stand against heavy 
thermal oxidation. This helps in the exfoliation of bulk GCN into nanosheets. They 
concluded that with increase in exfoliation temperature the size and thickness of the 
bulk sample get reduced. 

Although, solid state thermal exfoliation process was the earliest and easiest 
process to synthesize nanosheets from bulk GCN, the exfoliation efficiency was 
low. The nanosheets formed via thermal etching constitute around 6 host layers. To 
synthesize single layered nanosheets, the bulk materials need to be dispersed into a 
solution phase. That’s how the use of ultrasonic and chemical oxidation process are 
come into play. 

4.3.1.2 Liquid Exfoliation 

Ultrasound assisted methods have widely been used as a prominent liquid exfolia-
tion method for layered materials [55, 56]. Solvent plays a vital role in ultrasonic 
exfoliation. When the enthalpy of mixing is minimized and solvent surface energy 
matches with the GCN nanoflakes, the bulk GCN starts exfoliating slowly under 
ultrasound [57]. Yang et al. reported an ultrasound method for liquid exfoliation 
of GCN by sonicating the dispersed bulk sample for 10 h. Five solvents namely 
methanol, isopropanol (IPA), water, N-methyl-pyrrolidone (NMP) and acetone were 
used separately for the purpose. The surface area of exfoliated sheets was found to be 
as high as 384m2g−1 [58]. Still the thickness of exfoliated nanolayers was with ~ 2 nm
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range which is not a unilamellar structure. Also the undispersed bulk GCN left inside 
the solution interferes in the exfoliation process. Thus to enhance the exfoliation effi-
ciency and to form single layer nanosheets, chemical oxidation methods are being 
used. Although KMnO4 was being popularly used as a strong oxidants for chemical 
exfoliation of layered materials, the GCN layers seems to be weakly resistant to it. 
Therefore mild oxidants like H2SO4 were chosen as a promising candidate for the 
chemical exfoliation process [59, 60]. Zhu and his co-workers achieved chemically 
exfoliated GCN nanosheets through H2SO4 intercalation between the host layers 
of GCN. The measured thickness of the GCN nanosheets was about 0.4 nm which 
lies very much close to the theoretically calculated value of 0.325 nm. Thus, the 
formation of a single layered GCN nanosheet was confirmed using a chemical exfo-
liation technique [61]. The H2SO4 assisted chemical exfoliation process was able to 
produce uni-lamellar GCN nanosheets with an exfoliation efficiency of nearly 60%. 
Yet the efficiency was still not sufficient enough. Rather, the unexfoliated and left-
over particles got reassembled to form various unnecessary precipitates. This leads 
to deposition of sulphate in the processing solution. However, these precipitates can 
easily be re-dispersed in the solution via continuous water washing and complete 
exfoliation of GCN can be achieved using chemical methods [62]. 

Liquid exfoliation methods were proved to be effective for the synthesis of mono-
layered GCN from its bulk counterpart. Yet the use of toxic and costly chemicals is 
still a concern. Thus a harsh chemical free green route is necessary for the exfoliation 
process. 

4.3.1.3 Green Exfoliation 

Pattanik et al. in 2019 reported a chemical free bi-thermal route to exfoliate bulk 
GCN into nanosheets. The bulk sample was refluxed in water for 6 h followed by 
freezing for the same time interval. HRTEM images (Fig. 4.2b) showed plate like 
structure of exfoliated GCN sheets with d value calculated from the fringe to be 
0.326 nm. This value coincided with the XRD pattern of (002) plane in exfoliated 
nanosheets. The specific surface area for the exfoliated nanosheets was calculated to 
be 63.8 m2g−1. To evaluate the photocatalytic performance of as prepared samples, 
degradation of ciprofloxacin was carried out. As can be expected from the SSA 
values, the photocatalytic degradation of ciprofloxacin was two times higher in case 
of exfoliated nanosheets [63]. In another work, they synthesized GCN sheets via a 
modified bi-thermal heating cooling cycle route. The bulk samples were refluxed 
in water with continuous heating and stirring for 8 h. After that, the samples were 
subjected to freezing for another 8 h.This heating and freezing cycles was repeated 
for 10 times to obtain exfoliated GCN samples. The van der Waals force of attraction 
between layers of bulk GCN got destructed due to continuous heating and cooling 
effect. Figure 4.2c shows the schematic diagram of whole synthesis process. The 
surface area, pore volume and peak pore size of the exfoliated sample was way much 
higher than the bulk one. Thus, the exfoliated nanosheets perform better photocat-
alytic reactions under visible light. To elucidate this, photocatalytic degradation of
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Congo red (CR) was performed. The exfoliated sheet managed to decolourize 95% 
of the CR in the aqueous solution whereas bulk GCN was able to degrade maximum 
of 81.8% of CR [64]. 

4.3.2 Doping in GCN 

The noble GCN is a polymeric nano-structured material with low band gap energy of 
2.7 eV. Its appropriate band structure has drawn boundless attention of researchers 
in the field of photocatalysis. Additionally, the intriguing properties possessed by 
GCN include cost-effective, non-toxicity, earth abundance and easy preparation 
methods [65–67]. However, low specific surface area, minimal light absorption prop-
erty and quick charge carrier recombination of GCN prevent its photocatalytic activity 
from being suitable for practical application [68, 69]. Hence, for the improvement 
of photocatalytic activity, modification processes including band gap engineering, 
morphology adjustment and heterojunction formation have been developed so far 
[70, 71]. Recently, doping i.e. introduction of impurities in to the GCN lattice has 
been regarded as the most effective strategy for tuning the band gap energy along 
with broadening the light absorption range and escalating the separation efficiency 
of charge carriers [72, 73]. Various metal and non-metal elements have been doped 
in to GCN framework in order to improve its photocatalytic activity which we have 
summarized in upcoming parts. 

During the preparation process of metal doped GCN, the corresponding metal 
soluble salt is thoroughly mixed with the precursor for simultaneous doping of metal 
ion in to the  framework  of  GCN [74]. However, to preserve the metal free character 
of GCN, non-metal element doping has attracted enormous attention of researchers. 
Furthermore, the existence of high ionization energy with better electronegativity, 
non-metal elements can generally form covalent bond by accepting electrons from 
the host compound [75]. 

Metal and non-metal doping can alter the optical and electronic behaviour, by 
the introduction of extra element in to framework of GCN. Besides, doped GCN 
can increase the separation efficiency of charge carriers, alongside improving the 
light absorption range and photocatalytic performance as compared to bulk GCN. 
Characterization techniques like PXRD, UV–Vis DRS and PL analysis have been 
employed to investigate the remarkable structural and optical changes of doped GCN 
[76, 77]. The two distinct diffraction peaks obtained in PXRD pattern of GCN are 
at 2θ = 13.1 and 27.4° correspond to (100) and (002) plane respectively [78]. The 
(100) and (002) plane of GCN represent the in-planar structural units of tri-s-triazine 
and interlayer stacking of the aromatic rings in that order [79]. As can be seen from 
Fig. 4.3, the increasing content of dopants resulted in the reducing peak intensity of 
(002) plane along with the gradual disappearance of (001) plane. This fact indicated 
the host-gust interaction between GCN and dopant ion hinders the crystal growth of 
GCN. In the PXRD pattern, no peak for dopant species has been observed although 
a slight shift of 2θ value to lower angle has been witnessed. This observation is
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Fig. 4.3 PXRD pattern of a B and (Reproduced with permission from ref. [80]. Copyright 2018, 
Elsevier) b S doped GCN (Reproduced with permission from ref. [81]. Copyright 2020, Elsevier) 
in comparison with that of pristine GCN 

ascribed to the doping of metal and non-metal ion in to the interstitial site of GCN 
resulting in the increase of interlayer spacing [81]. 

The optical properties of bulk and doped GCN are studied through UV–Vis DRS 
and PL analyses. Pristine GCN shows light absorption up to 460 nm. This value can 
be assigned to the nπ* transition of the electron pairs present on the non-bonding 
orbitals of nitrogen atom and anti-bonding orbitals of the aromatic structure. In case 
of doped GCN, a red shift in the absorption edge to higher wavelength has been 
observed as shown in Fig. 4.4 [82, 83].

Moreover, the band gap energy of the doped GCN is narrowed as compared to the 
neat counterpart [20]. The above-mentioned results indicated the strong interaction 
between dopant and GCN which significantly affect the electronic arrangement and 
band structure of GCN. The distortion in the electronic structure strongly impacted 
the recombination rate of e¯/h+ pairs. As displayed in Fig. 4.5a, doped GCN exhibits 
diminished PL peak intensity than that of pristine material [79, 85]. The current 
density of a material is highly dependent on the flow of electrons. More the number 
of electrons available, greater is the amount of current density [86]. Doped GCN 
is anticipated to exhibit improved photocurrent density in comparison to bare GCN 
due to its greater light absorption capacity and superior charge carrier separation 
efficiency. As presented in Fig. 4.5b, metal and non-metal doped GCN exhibited 
noticeable increased photocurrent density than that of bulk GCN [84, 87].

4.3.3 GCN/Semiconductor Heterojunction Construction 

Despite the significant improvement in GCN based photocatalysis, the recombination 
rate of electron–hole pairs in the the semiconductor is still a major issue. Maximum 
amount of photoproduced electrons and holes got recombined within a few nanosec-
onds of their production. Thus, the photocatalytic activity is significantly reduced 
[88]. Formation of heterostructures with other materials could be an effective strategy
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Fig. 4.4 a UV–Vis DRS and b Tauc plot for bulk (CN-B), exfoliated (CN-S), P- doped GCN (P-
CN) and P-doped exfoliated (P-CNS) GCN (Reproduced with permission from ref. [82]. Copyright 
2017, Elsevier), c solid state UV–vis–NIR diffuse reflectance spectra of GCN and Cu doped GCN 
(Reproduced with permission from ref. [83]. Copyright 2015, Elsevier) d UV- vis DRS of GCN 
samples prepared with different N ratios. Reproduced with permission from ref. [84]. Copyright 
2016, Elsevier Science Ltd.

Fig. 4.5 a Photoluminescence spectra of k doped GCN (Reproduced with permission from ref. 
[85]. Copyright 2018, Elsevier) and b Transient photocurrent plots of a N doped GCN. Reproduced 
with permission from ref. [84]. Copyright 2016, Elsevier Science Ltd.
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to improve the life span of charge carriers. Heterojunction is basically the contact of 
interfaces between two semiconductors with different band gaps. Formation of GCN 
heterostructures can significantly be supressed the recombination rate by effective 
spatial separation of charge carriers across the heterojunction interface. Heterojunc-
tion not only enhances the lifetime of charge carriers, but also the light absorption 
range, band positions and improved surface reactions. These augmented properties 
finally lead to better photocatalytic performance of pristine GCN. Construction of 
heterojunctions is considered as most feasible and effective strategy to increase the 
photocatalytic activity to many folds [89–92]. 

However, not every material can form a heterojunction with the pristine GCN. 
The bandgap and band position of both the semiconductor plays a vital role in the 
formation of coupling hybridization across the interface [93]. The difference in chem-
ical potential between both the semiconductors created band bending in the interface. 
This bending leads to the movement of charge carriers in opposite directions creating 
a built in electric field. This effect helps in limiting the recombination by enhancing 
the spatial separation of electrons and holes [94, 95]. The difference between the 
lattice spacing of two semiconductor creates a lattice mismatch which can further 
leads to formation of defects in semiconductor. These defect help in trapping the 
electrons and thus reduces the diffusion of photoproduced charges. Thus formation 
of heterostructure was anticipated to be an effective way to upscale the photocatalytic 
activity of pristine GCN. Various attempts was made to couple pristine GCN with 
different materials such as CdS, ZnO, TiO2, BiOI etc. [96–100]. Some of the novel 
works on GCN based heterostructures are discussed below. 

Li et al. fabricated GCN coupled TiO2 composites via a simple sol–gel process 
for augmented photodegradation of methyl orange (MO) under UV and visible light 
irradiation. The XRD patterns for the composites with different weight percentage of 
GCN are shown in Fig. 4.6a. The peaks of GCN, TiO2 and the composites coincided 
well with each other for every prepared composite sample. This indicated the forma-
tion of heterojunction between both the nanomaterials. The prepared composite was 
tasted to perform better photocatalytic activity than the pristine counter parts. TiO2, 
owing to its higher bandgap is a UV light active material, whereas the composite 
was able to generate photoproduced electrons and holes under visible light irradi-
ation. This suggested that the red shifting in the absorption range of TiO2 is due 
to the formation of heterojunction with GCN. Subsequently, TiO2 was unable to 
degrade MO under visible light whereas the composite showed maximum of ~80% 
MO degradation owing to better light absorption and spatial separation of photopro-
duced electron and hole pairs. [101].  A 3D GCN  /TiO2 photocatalyst composite was 
prepared by Sheng et al. from TiO2, melamine and ciyanuric acid using a one-step 
calcination method. From the HRTEM images shown in Fig. 4.6b, a good contact 
between GCN and TiO2 can be observed. The thin GCN nanosheets were coated 
well over the surface of TiO2. The  TiO2 nanoparticle showed a clear and regular 
lattice fringe of width 0.35 nm. The photocatalytic activity of the pristine samples 
and composite were compared by degrading methylene blue (MB) and phenol. The 
composite exhibited better charge transfer and spatial separation. This leads to the
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Fig. 4.6 a XRD plots for GCN, TiO2 and GCN/TiO2 composites (Reproduced with permission 
from ref. [101]. Copyright 2016, Elsevier), b HRTEM images 3D GCN/TiO2 composite (Repro-
duced with permission from ref. [102]. Copyright 2019, Elsevier), c FTIR spectra of BN, BCN and 
BN/BCN composites (Reproduced with permission from ref. [86]. Copyright 2020, Elsevier), d 
Schematic illustration of S-scheme charge transfer path between SnO2 and GCN (Reproduced with 
permission from ref. [106]. Copyright 2022, Elsevier) 

generation of more amount of hydroxyl (·OH) radicals and thus shows better photo-
catalytic activity. The composite shows 4 and 4.5 times enhanced degradation of MB 
and phenol degradation respectively [102]. 

Construction of p–n heterojunction is also another remarkable method to enhance 
the photogenerated charge separation of GCN. Tian et al. fabricated a Cu2O/GCN p-n 
heterojunction by depositing Cu2O over GCN surface. Owing to the narrow band gap 
energy of Cu2O, the optical absorption of GCN was enhanced in the visible region 
of solar spectrum. Thus, an augmented photocatalytic performance was observed in 
case of Cu2O/GCN p-n heterojunction [103]. In another work. Acharya et al. synthe-
sized a boron nitride/B-doped-g-C3N4 (BN/BCN) hetertojunction for the degrada-
tion of tetracyclin hydrochloride (TCH) in aqueous environment. They prepared the 
composites with different weight ratios of BN via an in-situ growth process. From 
the FTIR peaks presented in Fig. 4.6c, the strong bonding within BN and BCN can 
be easily predicted. The in-plane B-N stretching band at 1408 cm−1 got shifted to 
a higher frequency of 1390 cm−1. With the increase in amount of BN, the inten-
sity of peak formed at 1390 cm−1 for the composite increased. These observations 
from the FTIR spectrum confirmed the formation of heterojunction between BN and 
BCN. The photocatalytic TCH degradation ability of the as prepared composite was
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higher than the pristine counterparts. They calculated the rate constant (k) value for 
the degradation of TCH via different samples. The sample with 4wt% of BN shows 
maximum activity under sunlight. The k value for BCN sample was 9 × 10–3 min−1 

whereas for BN/BCN (4 wt%), the value was increased to 34 × 10–1. These values 
interpreted the enhancement in photocatalytic activity of GCN through construction 
of nano-heterojunction with Z-scheme charge transfer mechanism [86]. 

Fu et al. reported a 2D-2D WO3/GCN step scheme (S- scheme) hetrostructured 
composite fabricated through electrostatic self-assembly method. The band positions 
and composition of the prepared composite was measured by density functional 
theory (DFT). From the computational calculations, they discovered that the charge 
transfer across the heterojunction is affected by the difference in work function and 
fermi levels of the participating semiconductors. The calculated work function of 
WO3 was 6.23 eV whereas that for GCN was 4.18 eV. As WO3 possess a higher 
work function value, the electrons starts flowing from the surface of GCN to WO3 

until a fermi level equilibrium was established. Due to this charge transfer process, a 
built in electric field was produced at the heterojunction interface between GCN and 
WO3. This helps in enhancing the transfer and separation of charge carrier across 
the heterojunction interface eventually leading to augmented photocatalytic activity. 
In this case, the composite performed 1.7 times better photocatalytic H2 production 
than that of pristine GCN [104]. 

Another S scheme based GCN /Bi2MoO6 heterostructure was constructed by Zhen 
et al. The water dispersed Bi2MoO6 mixed with GCN was treated under different 
calcination temperature to form the composite. The composite was proved to be 
more effective than pristine GCN in photodegradation of phenol under visible light 
irradiation [105]. Recently, Van et al. reported a SnO2/GCN system from annealing 
mixture of SnO2 and GCN for the photodegradation of Rhodamine B (RhB). The 
suggested S-scheme charge transfer path between both the nanomaterials is depicted 
in Fig. 4.6d. From the figure, it can be seen that the electrons and holes produced on 
the CB of SnO2 and VB of GCN respectively get recombined due to equivalent band 
positions and fermi level alignments. The unwanted charge carriers got recombined 
to give a better separation of useful charge carriers. This mechanism escalates the 
photodegradation of RhB under visible light irradiation [106]. 

4.4 Environmental Remediation Through Photocatalytic 
Technology 

4.4.1 Photocatalytic Degradation of Organic Compounds, 
Dyes and Antibiotics 

The rising concentration of organic compounds, dyes and antibiotics in aqueous envi-
ronment has received great attention in recent years [107]. The photocatalytic degra-
dation of these pollutants using GCN based materials has been found advantageous
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over the conventional treatment methods. It was observed that modified GCN photo-
catalysts exhibited enhanced phocatalytic performance for pollutant degradation in 
comparison to pristine one. Pattnaik et al. reported that about 95% of Congo red (CR) 
was degraded by exfoliated GCN whereas the bulk GCN degraded only 81%. The 
enhanced photoactivity of exfoliated GCN might be due to its porous nature. The 
suggested mechanism of degradation was shown in Fig. 4.7. According to it, ·O2

− and 
·OH are the prime reactive species which were confirmed from the scavenging tests for 
the enhanced degradation of CR. These are produced as per the following equations 
[64]. 

e − GCN hv−→ e
− 
CB + h+ 

VB (4.13) 

e− 
CB + O2 → ·O− 

2 (4.14) 

e− 
CB + ·O− 

2 + 2h+ 
VB → H2O2 (4.15) 

e− 
CB + H2O2 → ·OH + OH− (4.16) 

CR + ·OH → H2O + CO2 (4.17) 

CR + ·OH → H2O + CO2 (4.18)

Or. 
The overall reaction may be presented as 

CR + ·OH + ·O− 
2 → H2O + CO2 (4.19) 

In another study, Pattnaik et al. observed an enhanced photodegradation of 
ciprofloxacin (CPN) over exfoliated GCN under solar light irradiation. They observed 
that 78% of 20 ppm CPN was degraded in 1 h by 1gL−1 of exfoliated g-C3N4. The  
augmented performance of exfoliated GCN might be attributed to its extremely large 
surface area and low recombination rate of photogenerated charge carriers [63]. 

Harraz and co-authors demonstrated the superior performance of Au doped GCN 
in the photodegradation of methylene blue (MB). The photodegradation rate of the 
1%Au/g-C3N4 nanocomposite was found to be 2.69 times higher than that of bare 
GCN [108]. Yan et al. reported that B doped GCN (BCN) exhibited promoted RhB 
decomposition [109]. Recently, Acharya et al. demonstrated the enhanced perfor-
mance of exfoliated BCN (eBCN) over BCN in photocatalytic removal of CPN. 
The degradation efficiency of eBCN was about 1.2 times more than that of bulk 
BCN. The increased degradation rate was ascribed to the excellent photoinduced 
charge carriers’ separation which was confirmed from the high photocurrent density 
of 524 mA cm−2 displayed by e-BCN [66].
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Fig. 4.7 Pictorial presentation of reaction mechanism for degradation of CR over e- GCN under 
sun light. Reproduced with permission from ref. [64]. Copyright 2019, Elsevier Science Ltd.

Wu group have developed 2D-2D TiO2/GCN heterostructured nanocomposite 
for the removal of methyl orange (MO). The face-to-face heterojunction exhibited 
an improved flat potential, and decreased band gap energy with adequate change 
in band positions which are found advantageous for promoting charge mobility 
across the interface, lowering charge transport distance and time. These cumula-
tively enhanced the photodegradation rate (0.189 min−1) of MO under UV–visible 
light [110]. Wang et al. constructed a robust GCN/Nb2O5 heterojunction through 
a direct electrospinning route followed by calcination. They observed that niobium 
pentoxide nanofibers (Nb2O5 NFs) were tightly bound onto GCN nanosheets which 
facilitated a promoted charge carriers’ transfer. As a result, the heterostructured 
photocatalyst showed a remarkable performance in the degradation of phenol and 
RhB under visible light irradiation. Charge carriers trapping experiments revealed 
that holes (h+s) and superoxide radical anions (·O2

−s) were the principal reactive 
species in the degradation process. The suggested mechanism for organic pollutants’ 
photodegradation is depicted in Fig. 4.8 [111].

Acharya et al. have proposed a type-II p-n heterojunction with Z-scheme 
charge transfer mechanism for BN/BCN composite photocatalyst in which p-type 
BCN nanosheets were well covered with n-type born nitride (BN) particles. The 
heterostructured photocatalyst containing 4 wt. % of BN performed 88% tetracy-
cline (TCH) degradation under solar light irradiation at time period of 60 min. super-
oxide (·O2

−) and hydroxyl (OH−) radicals were found as the major reactive species 
for TCH removal. The suggested mechanism of TCH degradation is illustrated in 
Fig. 4.9 [86].
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Fig. 4.8 Schematic diagram of photogenerated charges in GCN/Nb2O5 heterojunction (Repro-
duced with permission from ref. [111]. Copyright 2021, Nature)

Fig. 4.9 Scheme showing charge transfer mechanism for TCH degradation over BN/BCN 
composite. Reproduced with permission from ref. [86]. Copyright 2020, Elsevier Science Ltd. 

4.4.2 Photocatalytic CO2 Conversion 

The prime product of fossil fuels’ combustion is CO2, which causes greenhouse effect 
when released into the atmosphere. Conversion of it into selective hydrocarbon-
based energy fuels and chemicals is considered as an effective method for CO2 

recycling which is identical to nature’s carbon cycle [112–114]. Different types of 
gaseous/liquid products can be obtained from CO2 through multiple electron transfer
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mechanisms as it is the highest oxidation state of carbon. Various reduction prod-
ucts of CO2 and their standard reduction potential of formation was enumerated in 
Table 4.1 [42]. It was evident that these are located near the H2O reduction poten-
tial. Therefore, the materials used for solar water splitting can also be used for 
CO2 reduction [115]. The main demerits in CO2 conversion are its high chemical 
stability and inertness owing to its linear structure with high C = O double bond 
energy (>750 kJ mol−1) [116, 117]. However, photocatalytic reduction of CO2 into 
green solar fuels like methanol (CH3OH), methane (CH4), formaldehyde (HCHO) 
and formic acid (HCOOH) has been recognized as a promising technology as CO2 

level can be imitated in the atmosphere with simultaneous production of useful 
chemicals and solar fuels [118–120]. The first CO2 reduction by PEC into CH3OH, 
HCOOH, and HCHO using p-GaP photocathode and carbon anode was carried out 
by Halmann [121]. Since then numerous studies have been reported on photocatalytic 
CO2 conversion into value added products [122–124]. 

Photocatalytic CO2 degradationtion process mostly relies on the ability of the 
catalyst to adsorb chemical rection intermediates over its surface. To do the same, 
the prepared photocatalyst had to have enhanced surface properties and adequate 
number of surface active sites than its pristine counter parts. Surface properties 
SnFe2O4 (SFO)/GCN Z-scheme heterojunction was compared with that of SFO and 
GCN. From the BET surface area analysis, the specific surface area of SnFe2O4, GCN 
and the composite was found to be 11.42, 15.11, and 44.41m2/g respectively. The 
incorporation of GCN into the ferrite system enhances the specific surface area to a 
great extent. These analysis depicted that enhanced surface area and porous structure 
of the composite helps in better adsorption of CO2 and other reaction intermediated 
over the surface active sites. The CO2 adsorption curves for SFO, CN, and SFO-CN

Table 4.1 Various reduction products of CO2 their standard reduction potential of formation with 
equation 

Sl no Name of the product formed Standard reduction potential 
(E0) versus NHE at pH 7 

Chemical equation for 
formation 

1 CH4 −0.24 CO2 + 8 h+ + 8e− → 
CH4 + 2H2O 

2 CH3OH −0.38 CO2 + 6 h+ + 6e− → 
CH3OH + H2O 

3 HCHO −0.48 CO2 + 4 h+ + 4e− → 
HCHO + H2O 

4 CO −0.52 CO2 + 2 h+ + 2e− → CO 
+ H2O 

5 HCOOH −0.61 CO2 + 2 h+ + 2e− → 
HCOOH + H2O 

6 C2H4 0. 06 2CO2 + 12 h+ + 12e− → 
C2H4 + 4H2O 

7 C2H5OH 0.08 2CO2 + 12 h+ + 12e− → 
C2H5OH + 3H2O 
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Fig. 4.10 a CO2 adsorption curves b the profiles of ESR signal of the radicals in the reaction. 
Reproduced with permission from ref. [125]. Copyright 2020, Elsevier Science Ltd. 

were displayed in Fig. 4.10a. At P/P0 = 1.0, the CO2 adsorption ability of SFO, 
CN, and SFO-CN is 1.67, 2.11, and 5.19ccg−1 respectively. Figure 4.11a indicated 
that the SFO-CN with larger pore volume and surface area possessed greater CO2 

adsorption ability [125]. 
Generally, CO2 absorbed in the surface active sites is reacted with hydrogen ions 

and electrons to produce ·CO2−, which is considered as a key intermediate for the 
production of CO [126, 127]. The strong signal intensity of the ·CO2− radicals in the 
Electron spin resonance (ESR) spectra of SFO-CN observed in Fig. 4.10b. For SFO-
CN demonstrated that release of more number of ·CO2− species for efficient reduction 
CO2 to CO. In fact, the SnFe2O4/GCN composite showed 2.2 times higher CO 
evolution than the pristine CN. The CO evolution value for the CO2 photodegradation 
for the composite and pristine GCN was 7.56 and 3.45 μmol/g/h respectively [125]. 

Li et al. investigated kinetically selective CO production over GCN/Bi2WO6. 
The composite photocatalyst with Z-Scheme heterostructure exhibited an enhanced 
CO production rate of 5.19 μmol g−1 h−1 under visible light illumination [128]. 
According to Sonowal et al., the coupling of GCN quantum dots (GCNQDs) with Zr 
(IV) MOF resulted a binary composite which yielded methanol of 386 μmol.h−1.g−1 

through photocatalytic reduction of CO2. On the other hand the pristine MOF 
produced only 66 μmol.h−1.g−1. The superior performance of the composite is due 
to the synergistic effect of GCNQDs, which makes photoinduced electrons available 
abundantly on the surface of the composite photocatalyst by prominent separation 
of charge carriers. These electrons selectively reduce CO2 to methanol [129]. 

4.4.3 Photocatalytic Removal of Heavy Metal Ions 

Heavy metal ions such as Cr (VI), U (VI), As (III), Hg (II) etc. are acutely toxic and 
are major pollutants in industrial effluents. These cannot be easily degraded in to
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harmless products unlike organic pollutants and get accumulated in living organisms 
to cause serious health hazards. Therefore, it has recently been a major challenge 
to decontaminate these noxious metal ions in order to protect the human health and 
the environment in particular [130]. Several technologies including solvent extrac-
tion, adsorption, chemical precipitation, electrocoagulation, photocatalysis, oxida-
tion/reduction, ultra-filtration, reverse osmosis etc. have been developed for the elim-
ination of these toxic metal ions from aqueous environment [131]. Among these, 
photocatalysis is considered as a well acclaimed process owing to a number of advan-
tages like conversion of metal ions into nontoxic forms, use of abundantly available 
solar energy, reusability and low cost [132, 133]. Photocatalytic detoxification of 
these metal ions was depicted in the following sections. 

4.4.3.1 Photocatalytic Reduction of Cr (VI) 

As a corrosion inhibitor chromium is widely applied in various industries like dye 
synthesis, leather tanning, refractories, electroplating, alloy and steel manufacturing. 
The effluents of these industries containing Cr (VI) usually range up to 500 ppm. The 
improper disposal and accidental leakage at industry sites also contributes to the Cr 
(VI) contamination. Besides this, natural oxidation of the Cr (III) of ophiolitic rocks 
and ultramafic derived soils produce some amount of Cr (VI). It is acutely toxic, 
carcinogenic, teratogenic and mutagenic in biological systems. The nonbiodegrad-
able and bioaccumulative properties of Cr (VI) allow it to pass through the cell 
membrane. Then, these are reduced to Cr (III) with the help of reactive oxygen 
species (ROS) causing intracellular damage. The so formed Cr (III) ions form stable 
coordination complexes with proteins and nucleic acids. This results in genotoxic 
damage and other forms of toxicity [9]. 

Cr (VI) exists as different oxy anionic species in aqueous medium depending on 
the concentration and pH of the solution. For instance, the dominating species is 
H2CrO4 at pH below 1.0 while HCrO4− and Cr2O7 

2− are the predominating species 
between the pH 1.0 and 6.0. CrO4 

2− is the stable species above pH 6.0. These oxyan-
ionic species experience repulsion from soil particles carrying negatively charges. 
As a result, these are passed easily into the aquatic environment and pose threat to 
aquatic bodies as well as downstream users. Owing to the hazardous impact, the 
maximum permitted Cr (VI) limit in surface and drinking water was mandated as 
0.1 and 0.05mgL−1 respectively by the USEPA [134]. In order to minimize the detri-
mental impact of Cr (VI) on downstream users and aquatic lives, it is essentially 
required to reduce the concentration below the permissible level before its discharge 
into the aquatic environment. Conversion of Cr (VI) to Cr (III) is a suitable approach 
for minimizing Cr toxicity as the latter is about 1000 times less toxic and is an 
essential nutrient for living organisms. Moreover, it is highly stable, less mobile in 
aqueous environment and can easily be precipitated as Cr (OH)3 making the separa-
tion process easier [4]. Although, chemical precipitation, electrochemical reduction, 
sulphide precipitation have been adopted for detoxification of Cr (VI), large number
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of bottlenecks in these processes restrict their applications. On the other hand, photo-
catalytic reduction Cr (VI) into Cr (III) is considered as an effective, inexpensive and 
environmentally benevolent technique [33]. Therefore, several researches have been 
highlighted on these aspects. 

Wang et al. prepared Br-doped GCN in which N atoms are substituted by Br atoms 
without destroying the original GCN framework. The incorporation of Br widened 
the light response to 800 nm along with the enlargement in surface area and promo-
tion in charge carriers’ separation efficiency. As a result Br-GCN experienced an 
enhanced Cr (VI) reduction rate which was found two times more than that obtained 
by bare GCN [135]. A CoS2/g-C3N4-rGO hybrid nanocomposite was synthesized by 
a simple one-pot solvothermal technique. The heterostructured composite reduced 
99.8% of Cr (VI) within 120 min at pH = 2 under visible light irradiation. Further, 
the photoreduction efficiency for the composite was more than 98% after 5 consecu-
tive cycles. The enhanced performance might be attributed to increase in visible light 
utilization, high surface area and prominent electron–hole pairs separation which are 
due to formation a heterostructure [136]. 

4.4.3.2 Photocatalytic U (VI) Reduction 

Uranium appears as U (0), U(III), U(IV) and U(VI) states among which U(VI) soluble 
and U(IV) is sparingly soluble [137]. It is extensively used in nuclear industries. 
The insufficient processing of spent fuel releases large amount of uranium into the 
environment. It has been reported that uranium emissions in excess leads to serious 
environmental pollution. Various methods like adsorption, ion exchange, evaporation 
and ultrafiltration are used for the treatment of U(VI) [138]. These processes have 
certain shortcomings due to which a green, efficient, and highly selective technology 
should be developed for remediation of U (VI). Photocatalytic reduction of soluble 
U (VI) to insoluble U (IV) can be regarded as advantageous technique. It is predicted 
that photoreduction of U (VI) takes place in two different ways. First is reduction 
of U (VI) through single-electron reduction process as shown in Eq. 4.20, U (VI) so 
formed in the above step is further reduced to U(IV) according to Eq. 4.21 [139]. 

U(VI) + e− 
CB → U(V) (4.20) 

U(V) + e− 
CB → U(IV) (4.21) 

In the second case, U(VI) is reduced directly to U (IV) by two electrons in acidic 
medium as presented in Eq. 4.22 [140]. 

UO2+ 
2 + 4H+ + e− 

CB → U4+ + 2H2O (4.22) 

It was reported that the standard reduction potentials of UO2 
2+/U4+, UO2 

2+/UO2 

and U4O9/UO2 redox couple are 0.267, 0.411 and 0.456 V, respectively [141]. This
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Fig. 4.11 Mechanism of 
simultaneous U (VI) 
photoreduction and As (III) 
photooxidation over 
GCN/TiO2 heterostructured 
photocatalysts. Reproduced 
with permission from ref. 
[144]. Copyright 2018, 
Elsevier Science Ltd. 

suggested that GCN based photocatalysts with more negative CB potentials can easily 
reduce U(VI). In 2016, Lu et al. synthesized boron doped GCN (BCN) for photocat-
alytic reduction of U (VI) under visible light irradiation in presence of methanol as 
a hole scavenging agent. The photogenrated electrons (e−

CBs) are used to reduce U 
(VI) to insoluble U (IV) whereas the photogenerated holes (h+ VB s) oxidize methanol 
to CO2 and H2O [142]. Chen et al. reported that g-C3N4/graphene oxide nanosheets 
(GCN/GO) exhibited 100% U (VI) removal efficiency after five cycles [143]. Jiang 
et al. investigated the simultaneous reduction of U (VI) and oxidation of As (III) over 
GCN/TiO2 heterostructured photocatalysts under simulated solar light illumination. 
They observed that maximum of 83% UO2 

2+ is reduced in 240 min. As per the 
proposed mechanism shown in Fig. 4.11, O2·−, ·OH and hVB + were the main active 
species for As (III) oxidation and U (VI) was reduced with the help of eCB− [144]. 

4.4.3.3 Photocatalytic Oxidation of as (III) 

The two most stable state of Arsenic is As (V) and As (III). As (V) exist as H2AsO4
− 

and HAsO4 
2− species while H3AsO3 is the common species of As (III) at neutral 

pH [145, 146]. It has been reported that toxic effect of As (III) is about 26–60 
times more than that of As (V) [147]. Therefore, the World Health Organization 
(WHO) has mandated 10 mg L−1 as the maximum permissible limit of arsenic in 
drinking water [148]. Water pollution caused by As (III) has been a challenge due 
to its non-biodegradability as well as accumulative property in food chain [149]. 
Although several methods including ion exchange, adsorption, chemical oxidation 
and precipitation are developed, chemical oxidation technique is considered as an 
effective approach. Oxidizing agents like O3, MnO2, Cl2, NaClO7 and MnOOH 
are efficiently used to remove As (III). However, these consume more energy and 
cause secondary pollution. On the other hand, photocatalysis is relatively cheaper 
and environmentally friendly for the detoxification of As (III) [150, 151]. Ouyang
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et al. synthesized boron-doped black TiO2/GCN nanocomposite by sol−gel process 
followed by in situ decomposition-thermal polymerization technique. The obtained 
composite exhibited a promoted As (III) photo-oxidation to As (V). Electron spin 
resonance (ESR) and the radical scavenging experiments evidenced that hydroxyl 
radicals, superoxide anions and holes synergistically participated to oxidize As (III) 
[152]. A Mineral-based bentonite/GCN 2D-2D composite was prepared by a self-
assembly process. The incorporation of bentonite resulted in enhanced surface area 
and pronounced excitons’ separation. As a result, the prepared photocatalyst showed 
three times higher photooxidation of As (III) than that exhibited bare GCN. Addi-
tionally, high efficiency in As (III) photooxidation was also displayed in a wide pH 
range from 3 to 8.5. It was observed from ESR and radical trapping tests that .-O2 

species is the prime reactive species for the oxidation of As (III) [153]. 

4.4.3.4 Photocatalytic Reduction of Hg (II) 

Various industries like rubber processing, chloralkali, oil refining, paint, fertilizer 
manufacturing etc. releases Hg to the aquatic environment in form of effluents. 
It is converted to methyl mercury by bacteria. This organic mercury being non-
biodegradable and bio- accumulative in nature, easily enters into the food chain 
[154]. As it is acutely toxic, introduction of this deadly pollutant in form Hg (II) 
causes serious detrimental impact on important organs like brain, liver, reproductive 
system etc. [155]. Therefore, Hg (II) is being received great attention as an acute 
pollutant for the last several decades and US-EPA has fixed ~2 μg/L as its maximum 
permissible limit in drinking water [156]. Therefore, adsorption, electrodeposition, 
co-precipitation and heterogeneous photocatalytic reduction are some of approaches 
that are practiced for removal of Hg (II) ions [157]. However, photocatalytic reduction 
of Hg (II) is recently gaining importance owing to its several advantageous features 
like use of abundantly available water resources and solar energy [158]. Alshaikh et al. 
reported that CuAl2O4 

/g-C3N4 nanostructured photocatalysts prepared by MCM-41 
and F-127 assisted solution process, exhibited enhanced photoactivity towards reduc-
tion of Hg (II). The highest Hg (II) photoreduction rate of 189.4 μmol min−1 was 
observed for 3.0 wt% CuAl2O4-decorated GCN whereas pristine GCN and CuAl2O4 

displayed a poor performance of 21.95 and 12.95 μmol min−1 respectively. The 
enhanced rate of Hg (II) photoreduction was attributed to formation of a robust 
heterojunction which minimized the charge carriers’ recombination rate and reduc-
tion in band gap energy [159]. Mohamed and Ismail constructed a p-n heterojunc-
tion between mesoporous BiVO4 NPs and GCNnanosheets through a simple soft 
and hard template-assisted approach. The synthesized nanocomposites possessed 
enlarged surgace area with improved crystanility. They proposed Z-Scheme charge 
transfer route for the photocatalytic reduction of Hg (II) as presented in Fig. 4.12 
Maximum of 100% Hg (II) photodegradation was observed by 1.2% BiVO4/GCN 
nanocomposite in 60 min. The observed reduction efficiency was found to be 3.9 
time more than BiVO4 NPs and 4.5 times larger than that of pristine GCN [160].
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Fig. 4.12 Photocatalytic reduction of Hg (II) over mesoporous BiVO4/GCN nanocomposites 
through Z-scheme charge transfer process. Reproduced with permission from ref. [160]. Copyright 
2021, Elsevier Science Ltd. 

4.5 Conclusion and Outlook 

In summary, the present chapter highlights the basic mechanism for photocatalytic 
degradation of pollutants and modification strategies of GCN for enhanced photocat-
alytic pollutant degradation. Obviously, GCN has proven to be a promising candidate 
for modification and the modified forms have shown excellent performance for envi-
ronmental remediation. Therefore, the growth of modified GCN based photocata-
lysts will be accelerated in near future to eradicate pollutants from our environment. 
Although, considerable progress has been achieved in the developments of GCN 
based photocatalysts, there are still many challenges to rationally design such a 
potential photocatalytic system towards better environmental pollution abatement. 
In order to address this challenge, further researches may be carried out in following 
directions. 

Textural properties of a photoctalyst are crucial for an optimized optical and elec-
tronic structure and hence improved photocatalytic performance. Modification in the 
textural properties of GCN is essentially required to obtain an augmented photoac-
tivity. For instant, ultrathin GCN nanosheets possess high specific surface area which 
facilitate to exhibit high photoactivity. Therefore, ultrathin GCN nanosheets have a 
great potential for the construction of advanced photocatalytic materials. However, 
GCN usually exhibit the poor specific surface area far below the theoretical value 
(2500 m2 g−1). The band gap energy of GCN based materials needs further narrowing 
in order to harness energy from complete solar spectrum. Moreover, for efficient 
charge separation at the interface of the heterojunction, the close contact between 
GCN and the coupled semiconductor is required. This can be achieved through 
rational design in the preparation process. The surface property of GCN is required 
to be improved for better adsorption of reactants and construction of heterostructured
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photocatalysts. Fine tuning of the surface properties at the atomic level might be a 
successful approach in achieving these aspects. 
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