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Preface

With escalating world population, unsustainable consumption of fossil fuels, insatiable

energy demand, rapid environmental degradation, and global climate change, energy

and environmental issues are receiving considerable attention worldwide in the context

of sustainable development. In order to address these interconnected challenges, the use

of inexpensive, robust, and highly efficient energy conversion/storage devices and envi-

ronmental remediation technologies based on advancedmaterials has intensified in recent

years. In particular, carbon nitride, a new type of two-dimensional (2D) material, has

stimulated great interest for fundamental scientific investigations and potential practical

applications in a multitude of clean energy technologies (e.g., lithium-ion batteries,

sodium-ion batteries, supercapacitors, fuel cells, microbial fuel cells, solar cells, photo-

electrochemical water splitting devices, and hydrogen storage) and environmental reme-

diation techniques (such as wastewater treatment, water purification, air pollution

control, and climate change mitigation). This can be largely attributed to its excellent

optoelectronic and physicochemical properties, including moderate band gap energy,

adjustable energy band configuration, tailor-made surface functionalities, low cost,

metal-free nature, remarkable thermochemical stability, and environmentally benign

manufacturing protocol. Additionally, due to their polymeric structure, the surface

chemistry of carbon nitrides can be easily tailored by means of surface engineering at

the molecular level, leading to new material systems with novel functionalities. Indeed,

in the last 5 years, over 1000 research articles have been published with a particular focus

on fabricating high-performance nanostructured carbon nitrides for energy conversion

and storage as well as environmental remediation applications. As such, a comprehensive

and up-to-date account of carbon nitride-based 2D materials, explored for sustainable

energy and environmental applications, is highly desirable as it would promote further

advances in this rapidly evolving cross-disciplinary research field of current global inter-

est. To this end, we believe that this book will help the global scientific community to

gain deep insights into various aspects of carbon nitride materials from multidisciplinary

perspectives and in applying these materials to tackle global energy and environmental

challenges in a sustainable manner. Specifically, the book will have a great appeal to

chemists, electrochemists, physical chemists, solid state physicists, chemical engineers,

material scientists, environmental scientists and engineers, and energy specialists. Need-

less to say, this in turn will stimulate further advances in the development of multifunc-

tional materials for clean energy-related applications and environmental remediation.

The book is systematically organized into 10 chapters. Chapter 1 narrates the unique

set of optical, electronic, and chemical properties possessed by carbon nitrides, which

xiii



make them particularly attractive for energy- and environment-related applications. It

then collates the current state-of-the-art synthesis strategies available to realize carbon

nitride nanostructures with superior physiochemical properties. The next nine chapters

are divided into two sections. Section I focuses on sustainable energy applications

(Chapters 2–5), while Section II deals with environmental remediation applications

(Chapters 6–10).
Chapter 2 summarizes the recent advances in the design and development of exotic

carbon nitride-based electrodes for the creation of supercapacitors with unprecedented

performance. Chapter 3 highlights the recent progress in carbon nitride-based nanoca-

talysts with controllable size and shape for fuel cell applications. Chapter 4 presents a sys-

tematic, updated summary of the current status of the application of carbon nitride-based

materials with high conductivity and biocompatibility in microbial fuel cells (MFCs) and

discusses the key scientific and technological challenges in using them to improve the

performance of MFCs. Chapter 5 provides a broad overview of the latest developments

in carbon nitride-mediated solar energy harvesting for potential applications in steriliza-

tion of waste and seawater desalination.

Chapter 6 critically examines the recent progress in the development of novel carbon

nitride-based nanostructures for fast and efficient removal of a variety of contaminants

from water, with a special focus on interaction mechanisms with contaminant molecules.

Chapters 7 and 8 collate the recent advances in the rational design of carbon nitride-based

photocatalysts, with a special emphasis on graphitic carbon nitride, and highlight their

applications in photocatalytic degradation of environmental contaminants. Chapter 9

provides a systematic overview of the latest progress in the development and application

of carbon nitride-based photocatalysts for CO2 reduction to solar fuels. Chapter 10 intro-

duces the basic principles of sensor design and explores the application of carbon nitride-

based sensors for the on-site detection of various heavy metal ions.

We are thankful to all the lead and contributing authors for sharing their valuable

expertise in various aspects of carbon nitrides without which this book would not have

been possible. We are also grateful to the Elsevier Editorial Project Manager, Cloe

Holland-Borosh, for her constructive feedback, logistical support, and constant

encouragement.
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1. Introduction

Carbon nitrides (C3N4), often referred to as g-C3N4, is a polymeric material containing

carbon (C), nitrogen (N), and few contaminants such as hydrogen (H), which are bonded

through tri-s-triazine-based patterns. The g-C3N4, one of the ancient polymers existing

in the literature, has the molecular formula of (C3N4H)n. The development history of

g-C3N4 can be traced from 1834 [1]. In the 1990s, research work was inspired by the

hypothetical prophecy that diamond-like C3N4 may possess the highest hardness [2].

The g-C3N4 was considered to be a more stable allotrope at room temperature. The

g-C3N4 has a layered structure similar to graphite material, contains Van der Waals force

layers, and every layer is made up of tri-s-triazine units linked to planar –NH2 groups [3].

The ring structure of tri-s-triazine gives the polymer high thermal and chemical stability

in alkaline and acidic conditions [4].

When compared to other materials, g-C3N4 possesses many advantages, such as

(i) low cost, (ii) excellent CO2 activation characteristics because of its nitrogen-rich

1
Nanostructured Carbon Nitrides for Sustainable Energy and Environmental Applications Copyright © 2022 Elsevier Inc.
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configuration [5], (iii) photocatalytic CO2 reduction, (iv) it can transfer electrons to sur-

face chemical adsorption sites due to its two-dimensional (2D) layer structure, and (v) the

structure/shape of g-C3N4 structure can be adjusted by optimizing the parameters like

precursors of monomers, time, and temperature of the polymerization reaction; thus,

a minor band off could be attained [6]. Furthermore, co-monomers can be made by add-

ing combinations of monomer molecules preferred to precursors [7]. They can apprecia-

bly alter the capability of light absorption and electron transfer capabilities of g-C3N4 in

organic compound degradation, and hydrogen manufacture and oxidation of NOx

(nitrogen oxides) can be improved by metal stimulants [8].

The semiconducting properties of g-C3N4 differ significantly from that of graphene

sheets with a band gap of 2.7eV for bulk g-C3N4; this makes it a normal band gap semi-

conductor. The g-C3N4 has an optical absorption peak of about 460nm because of its

yellow color. The g-C3N4 is one of the excellent materials for producing solar energy

due to its remarkable chemical and thermal stability [9]. Furthermore, g-C3N4, also

known as “melon,” is a stable allotrope. Moreover, g-C3N4 is extracted from the Earth’s

crust, so it is cost-effective and reasonable for commercial utilizations in energy conver-

sion and water splitting [10]. However, its electrical resistance has limited its electroca-

talytic activity [11]. Until now, g-C3N4 is mostly used in its powder form, which

prevents it from being reused for some applications. Therefore, the transformation of

2D construction modules into macroscopic 3D structural designs is critical for many

applications [12].

In this chapter, we give an overview of the basic concepts and structure of g-C3N4, syn-

thesis protocols, as well as the properties of g-C3N4.We firmly hope this will increase of the

growthofg-C3N4.Novelphysicochemicalpropertiesbasedong-C3N4nanostructureshave

not yetbeendiscovered.Weare at a crucial juncture to emphasize thedevelopment andoffer

high-quality evidence for this emerging research topic.

2. Structure of g-C3N4

Usually, g-C3N4 is prepared by the polycondensation of a melamine (MA) precursor,

which is a low-cost nitrogen-containing monomer. Since the discovery of carbon nitride

materials, many efforts have been carried out to conclude how different synthetic pro-

cesses influence the material produced based on its morphology and reactivity.

2.1 Geometric structure
The exact building block of g-C3N4 contains two important units, tri-s-triazine (C6N7)

and s-triazine (C3N4) rings, as shown in Fig. 1.1A and B [13]. Tri-s-triazine is recognized

to be highly stable at room temperature [14]. The two major units of g-C3N4 also show

that tri-s-triazine is thermodynamically more stable based on density functional theory

2 Nanostructured carbon nitrides for sustainable energy and environmental applications



(DFT) calculations [15]. Theoretically, it has been mentioned that the optimal surface

area of a monolayer sheet can be enhanced to approximately 2500m2 g�1 [16,17]. It usu-

ally consists of a 2D sheet of sp2 carbons [18], whereas g-C3N4 has p-conjugated graphitic

planes produced by a sp2 hybrid of C and N atoms [19]. Fina et al. [20] elucidated the 3D

structure of g-C3N4 via powder X-ray diffraction (PXRD) and neutron diffraction tech-

niques. They clearly revealed that the as-synthesized g-C3N4 shows a 3D arrangement

with misalignment of tri-s-triazine-based layers. The layers were misaligned to evade

the repulsive forces of p-electrons in adjacent layers.

2.2 Electronic structure
The g-C3N4 has become a center of debate due to its extraordinary electronic properties

and prospective utilizations [21]. It consists of C and N, which is a sp2 hybrid that forms

the p-conjugated delocalized system. The lone pair of electrons fromN causes a lone pair

of valance bands to form, and therefore, creating the band structure [22]. It is important to

note that the lone pair of nitrogen is important in the electronic configuration of g-C3N4

[23]. Theoretical approaches concerning DFT measurements predict that the valance

Fig. 1.1 g-C3N4 structures of (A) s-triazine and (B) tri-s-triazine. (C) A charge-transfer mechanism
for typical g-C3N4. ((A) and (B) Reproduced with the permission from S. Zhang, P. Gu, R. Ma, C. Luo,
T. Wen, G. Zhao, W. Cheng, X. Wang, Recent developments in fabrication and structure regulation of
visible-light-driven g-C3N4-based photocatalysts towards water purification: a critical review, Catal.
Today 335 (2019) 65–77, https://doi.org/10.1016/j.cattod.2018.09.013. (C) Reproduced with the
permission from N. Rono, J.K. Kibet, B.S. Martincigh, V.O. Nyamori, A review of the current status of
graphitic carbon nitride, Crit. Rev. Solid State Mater. Sci., https://doi.org/10.1080/10408436.2019.1709414.)

3Synthesis and properties of carbon nitride materials
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band will have nitrogen Pz orbitals, whereas the conduction band will have carbon Pz
orbitals; therefore, C atoms act as points where reduction occurs, and N atoms act as

points where oxidation occurs [24]. As a photocatalyst, g-C3N4 tends to split the holes

and electrons. The 2.7eV of band gap allows it to absorb sunlight, which is used to purify

water, produce hydrogen, and used for solar cell applications [25]. Fig. 1.1C represents a

charge transfer in g-C3N4.

3. Preparation of g-C3N4

The g-C3N4 can be prepared by thermal polycondensation of nitrogen-containing pre-

cursors (triazine and heptazine derivatives), such as urea [26], MA (C3H6N6) [27],

dicyandiamide (C2N3
�) [28], cyanamide (CH2N2) [29], thiourea (CH4N2S) [30], guani-

dinium chloride (CH5N3�HCl) [31], guanidine thiocyanate (C2H6N4S) [32], and thio-

urea oxide (CH4N2O2S) [33]. The condensation routes from these C-N precursors are

easy and prominent ways to build a g-C3N4-interpenetrating architecture [34]. Among

them, MA is a common and straight monomer supply to synthesize C-N, whereas the

high bonding energy of the chemical bond between C3H6N6 units and –NH2 groups of

MA is inactivated at low temperatures, without the catalyst, and with no other reaction to

form CN.

It has been argued that the physicochemical characteristics of the resulting g-C3N4

can be severely affected by a variety of precursors and treatments, including pore volume,

surface area, photoluminescence (PL), C and N ratio, absorption, and nanostructures.

Different functionalities and surface modifications have been used to get preferred mor-

phology/structures such as 2D nanosheets (NSs), 3D bulks, 1D nanorods, 2D films, 1D

nanowires, 1D nanotubes, and 0D quantum dots.

3.1 Chemical vapor deposition method
Urakami et al. [35] reported that g-C3N4 films were grown uniformly on the surface of

different substrates by thermal chemical vapor deposition (CVD) method. The stoichio-

metric amount and nature of atomic bonds were characterized, and it was found to be

equivalent to those of ideal g-C3N4. For a PL study, although electron excitation is to

the sp3 C-N conduction band, the sp2 C-N conduction band was identified as the pre-

ferred electron injection from the PL intensity and the excitation-energy dependence of

the PL peak shift. Also, Urakami et al. [36] discussed the growth of borane (B) atoms

attached to the g-C3N4 films in c-plane sapphire substrates by thermal CVD at different

augmentation temperatures (Fig. 1.2). Ammonium borane and MAwere used as precur-

sors. The incorporation of B is accomplished at 618°C of growth temperature. It was

higher than the g-C3N4 thin film’s ideal growth temperature to some extent. The signal

peak for the B 1s core position due to the BdN bonds was noticed by XPS, which indi-

cates the perception of B penetration into g-C3N4 films. When the growth temperature

4 Nanostructured carbon nitrides for sustainable energy and environmental applications



was increased to 650°C, a uniformly enhancing B composition and a declining graphite

composition were noticed, indicating that B atoms are integrated into g-C3N4 as an alter-

native to the graphite sites. Wang et al. [37] prepared ordered cubic mesoporous (OCM)

g-C3N4 by a simple CVDmethod using MA as the precursor and 3DOCM silica KIT-6

as the template. The synthesized OCM g-C3N4 could be seen to have a 3D cubic sym-

metry with a high surface area (129.8m2 g�1) and regular pore size (3.5nm). Due to these

excellent properties, the OCM g-C3N4 showed improved photocatalytic activity to

reduce CO2 with water compared to flak-like g-C3N4. Yadav et al. [38] produced

free-standing films with g-C3N4 nanolayers by the annealing of dicyandiamide

(DCN) using a CVDmethod. The pyrolysis was carried out under low-pressure (approx-

imately 3Torr) at 600°C. Furthermore, excitation-dependent PL spectra of the prepared

g-C3N4 film exhibited a stable, strong, and broad emission peak of 459nm in the visible

region. The free-standing g-C3N4 films showed a blue shift and band sharpening of the

emission spectra (ES) compared to the g-C3N4 powder. Cui et al. [39] reported an easy

Fig. 1.2 (A) Sketch of in-house how-wall CVD equipment for B/g-C3N4 films; (B) pictorial representation
of the B/g-C3N4 growth process using melamine as precursor and ammonia borane as borane
molecular species. (Reproduced with the permission from N. Urakami, M. Kosaka, Y. Hashimoto,
Chemical vapor deposition of boron-incorporated graphitic carbon nitride film for carbon-based wide
bandgap semiconductor materials, Phys. Status Solidi B 27(2) (2019) 1900375, https://doi.org/10.1002/
pssb.201900375.)

5Synthesis and properties of carbon nitride materials
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and air-conditioned CVD process that would produce onion ring-like g-C3N4 (OR-g-

C3N4) microstructures in a facile, ecofriendly, and consistent way. This technique uses

approximately packed 350nm SiO2 microspheres as a rigid template and MA as a CVD

precursor to form a thin layer of g-C3N4 in the narrow space between the SiO2 micro-

spheres. After dissolution of the SiO2 microsphere hard template, the resulting g-C3N4

uniformly exhibits OR-like microstructures. A short description of the synthesis proce-

dure is as follows: Typically, a few grams of MA precursor were taken in an alumina boat,

and the few grams of SiO2 microspheres were distributed uniformly on the MA powder

surface. The alumina boat with a lid was annealed at 320°C for 2h in a muffle furnace

with a ramping rate of 10°Cmin�1. Then, the muffle furnace temperature was further

increased to 550°C and subjected into calcination for 3h to form g-C3N4 phase. The resul-

tant yellow-colored g-C3N4/SiO2 solid sediment (top layer) was carefully separated and

further subjected with ammonium bifluoride (4M) for 12h to isolate the SiO2 micro-

spheres. After thorough washing with water, centrifugation, and ultrasonication, a yellow

powder of OR-g-C3N4 was procured. The determined band gap for OR-g-C3N4 was

2.58eV, which was considerably shorter than that of 2.70eV of bulk g-C3N4. Further-

more, the prepared OR-g-C3N4 facilitates charge separation, extends the lifespan of pho-

toinduced carriers, and exhibits five times more photocatalytic hydrogen evolution than

that of bulk g-C3N4.

3.2 Hydrothermal method
The hydrothermal (HT) process is essentially the least expensive and most common

method of producing g-C3N4-based NSs. This is the easiest and most reliable method

of producing g-C3N4-based ternary heterostructure, which can obtain high purity het-

erostructure NSs [40,41]. Zhang et al. [42] highlighted a HT method at low temperature

to produce carbon-rich g-C3N4 NSs, which shows enhanced photocurrent and photo-

catalytic activity, because of its superior ability of electron transport and improved life-

span of photoexcited charge carriers. In a typical procedure, MA (5.5mmol) and glucose

powder (16.5mmol) were placed in Teflon-lined autoclave (100mL) and then filled with

Millipore water up to 60% of the autoclave total volume. The reaction mixture in the

autoclave was stirred for 12hwith the magnetic stirrer, then the autoclave was sealed with

the nickel foam substrate and maintained at 180°C. After heating to the specified tem-

perature, the autoclave was naturally cooled to ambient condition. The final material was

thoroughly cleaned with Millipore H2O and 92.1% ethanol to eliminate residual con-

taminants, and the resulting yellow powder was dried for 12h at 60°C to get the ultimate

product. The detailed schematic view is depicted in Fig. 1.3. Guo et al. [43] successfully

synthesized a novel g-C3N4 and BiVO4 (bismuth vanadate) composite (g-C3N4/BiVO4)

by a simple HT method for photocatalytic degradation reaction. The general reaction
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protocol is as follows: At first, the g-C3N4 was synthesized from MA monomer. Briefly,

DCN (2g) reactant was placed into an alumina jar with a lid, then annealed to reach a

temperature of 550°C at a rate of 2.3°Cmin�1 and then continued at 550°C for another

2h. The yellow product was composed and grounded into fine particles for further use.

Second, g-C3N4/BiVO4 heterojunctions were prepared by a HT route. In a typical pro-

cedure, g-C3N4 (0.3g) and NH4VO4 (0.1083g) were placed in distilled water (30mL)

and stirred vigorously for 3h followed by a homogeneous sedimentation. Simulta-

neously, Bi(NO3)3�5H2O (0.449g) was mixed in 3mL of HNO3 (1molL�1) to attain

a plain solution. The clear solution was quickly transferred to the sedimentation and

immediately mixed well at room temperature for an extra 3h. After altering the pH value

(pH¼8) using sodium hydroxide solution, the reaction content was carefully moved into

an autoclave, which was annealed in an oven for 20h at 160°C. At last, the resulting

g-C3N4/BiVO4 was gathered and cleaned numerous times in ethanol and deionized

water and desiccated for 2h at 100°C. Tian et al. [44] coupled g-C3N4 by Bi2WO6

(g-C3N4/Bi2WO6) via a HT method. An interface was formed between g-C3N4 and

Fig. 1.3 (A) Thermal polycondensation of melamine precursor and glucose in water solution; (B) and
(C) exhibition of the g-C3N4 on nickel foam. (Reproduced with the permission from P. Zhang, X. Li, C.
Shao, Y. Liu, Hydrothermal synthesis of carbon-rich graphitic carbon nitride nanosheets for photoredox
catalysis, J. Mater. Chem. A 3 (2015) 3281–3284, https://doi.org/10.1039/C5TA00202H.)
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Bi2WO6 heterojunctions, which was confirmed by high-resolution transmission electron

microscopy (HR-TEM). Further, more intensive absorption within the visible light

region occurs in the composite than pristine Bi2WO6, which was attributed by

UV-visible diffuse reflection (DRS UV-visible) spectra results. These outstanding struc-

tural and spectral characteristics provided the g-C3N4/Bi2WO6 heterojunctions with

improved photocatalytic activities. Furthermore, it showed a greater strength and lifetime

during six consecutive cycles. Zhuang et al. [45] developed an easy and ecofriendly HT

methodology for the one-step preparation of g-C3N4 NS using sodium citrate

(Na3C6H5O7) and MA (C3H6N6) as the precursors. In brief, Na3C6H5O7 (0.075g)

was taken along with water (20mL) and C3H6N6 (0.22g) in a 100-mL beaker. After

5min of sonication, the content was moved into a Teflon-lined autoclave (50mL)

and annealed for 4h at 200°C. After completion of the reaction, the brown-yellow-

colored material was centrifuged at 12,000rpm for 30min. The attained material was

then dialyzed beside deionized water to eliminate contaminants via cellulose dialysis

membrane. The synthesized g-C3N4 NS released powerful fluorescence with a high per-

centage quantum yield (48.3%). Shi et al. [46] fabricated n-type g-C3N4 and modified

with p-type InVO4 (indium vanadate) to form a novel InVO4/g-C3N4 p-n heterojunc-

tion photocatalyst for the competent photocatalytic degradation of Rh B (rhodamine B).

In a classic preparation method, g-C3N4 was synthesized by polycondensation of an MA

monomer. Briefly, a few grams of DCN powder was kept in a porcelain crucible with a

stopper and then annealed to 550°C with a ramping rate of 2.3°Cmin�1, and then con-

tinued for 2h. The obtained yellow product was gathered and ground into fine particles

for future use. InVO4/g-C3N4 heterojunctions were produced by HT methodology. In

a classic protocol, g-C3N4 (0.54g) and NaVO3�2H2O (1.58g) were taken in 30mL of

deionized water and then stirred for 3h for sedimentation. Simultaneously, 0.381g of

indium nitrate pentahydrate (In(NO3)3�5H2O) was mixed in dilute nitric acid (3mL)

to attain a plain sedimentation. The reactant was transferred quickly to the sedimentation

and immediately well mixed at ambient temperature for extra 3h. After tuning the pH

value (pH¼4) with the help of 1M sodium hydroxide solution, the combined solution

was moved into an autoclave and pyrolyzed in a temperature-controlled oven for 24h at

150°C. Finally, the synthesized InVO4/g-C3N4 composite was gathered and cleaned

numerous times with absolute ethanol and deionized water and desiccated for 2h at

100°C.

3.3 Thermal exfoliation method
Generally, thermal exfoliation (TEXF) is achieved by subjecting bulk g-C3N4 to heat,

which breaks the weak Van der Waals forces of attraction between the layers ensuing

in exfoliation [47]. Supremely, while heating, H2 anchored to the tri-s-triazine or

s-triazine units reacts with O2, and when this gas releases, it produces pores in the
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aggregate and forms sheets [48]. As a result, the g-C3N4 NSs are related with a higher

surface area and pore sizes, thus increasing the porosity of the material. Xu et al. [49]

studied g-C3N4 NSs with single atomic layer structure by a facile chemical exfoliation

(CEXF) method. The as-synthesized g-C3N4 NSs exhibited 0.4nm of single atomic

thickness and micrometers of lateral size. The synthesis procedure involves two steps:

First, g-C3N4 was synthesized by heating DCN for 4h at 550°C in the muffle furnace

and aerated at the same temperature for another 4h. Secondly, single-layer g-C3N4

(SL g-C3N4) NSs were prepared by CEXF method. One gram of as-synthesized

g-C3N4 was mixed with 98% of 10mL sulfuric acid in a glass beaker and well-mixed

at ambient temperature for 8h. Subsequently, the reaction content was gently transferred

into deionized water (100mL) and ultrasonicated for exfoliation. The suspension tem-

perature was increased quickly, and the color changed from yellow to pale yellow.

The attained sediment was then centrifuged for 10min at 3000rpm to eliminate

unreacted/unexfoliated g-C3N4 after thorough washing with ethanol and deionized

water, and at last dried in air overnight at 80°C. To remove structural defects, the pre-

pared pale-yellow powders (0.3g) were placed into a glass round-bottom flask containing

150mL of methanol and refluxed in a heating mantle for 6h at 65°C. The g-C3N4 NSs

were obtained after centrifugation and drying. When compared with bulk g-C3N4, SL

g-C3N4 NSs exhibited superior enhancement in photogenerated charge carrier’s transfer

and separation. Consequently, the photocatalyst’s hydrogen production, contaminant

decomposition activities, and photocurrent generation of SL g-C3N4 NSs are far better

than that of the bulk g-C3N4, illustrating that the SL g-C3N4 NSs was a powerful can-

didate for photosynthesis and photocatalysis.

The transformation and transportation of photogenerated carriers during the photo-

catalytic process of g-C3N4 were controlled by the efficacy of lower charge separation

and inadequate surface-active site. As a top-down strategy, the exfoliation of layer-

stacked bulk g-C3N4 into NSs was extensively acknowledged as a compatible pathway

but is still challenging in terms of scalability and clean set of synthesis. This issue was over-

come by Cui et al. [50] using a facile HTmethod in anNaClO solution, which combined

the effect of alkaline metal ion intercalation and the oxidative exfoliation of bulk g-C3N4

(Fig. 1.4). Highly active g-C3N4 NSs were produced in the laboratory by a simple man-

ner, and it could be immediately far-extended to a pilot scale (large-scale production).

The HT method produced a vertically oriented pathway for direct electron transfer

and resultant ultrathin g-C3N4 NSs with significant porosity (meso-, macro-, and micro-

pores) and excellent hydrophilicity. The g-C3N4 NSs exhibited excellent surface area of

170.7m2 g�1, narrow band gap of 2.55eV, high number of exposed edges, and outstand-

ing electron transport capability. These g-C3N4 NSs have an average H2 evolution rate

nine times higher than that of bulk g-C3N4. Moreover, they concluded that this green,

simple, and scalable method to prepare layered g-C3N4 NSs provides a new approach for

designing and fabricating other functional 2D objects. In this work, Li et al. [51]
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successfully prepared ultrathin graphene-like g-C3N4 NSs with rich nanoporous-

enriched and superior hydrophilic properties by a facile and prominent TEXF of bulk

g-C3N4. To understand the effect of TEXF conditions on the texture, surface state,

and photocatalytic activity of the resulting g-C3N4, a series of exfoliated g-C3N4 NSs

were synthesized by optimizing the TEXF parameters, such as time and temperature.

The extensive physicochemical characterization results clearly revealed that the exfolia-

tion temperature led to a greater number of nitrogen vacancies; the specific surface area

also increased, as well as prolonged exfoliation time, increased degree of TEXF, higher

carbon vacancies, and the expanded pore volume in the end materials. Furthermore, the

degree of exfoliation and photocatalytic efficiency of the resultant products were

improved by increasing TEXF time and temperature. Sun reported [52] g-C3N4 NSs

with high photoactivity produced with the help of isopropanol (IPA) in the synthesis

process. The g-C3N4 NSs were synthesized by the following two steps. First, bulk

g-C3N4 was prepared from the polycondensation of precursor, MA. In brief, MA

(3g) was completely spread into IPA (30mL) in a 50-mL porcelain crucible with a

lid, and then the reactant was calcined at 550°C for 3h in the muffle furnace at a heating

rate of 5°Cmin�1. The material in the silica crucible was gathered after being naturally

Fig. 1.4 Sketch of the aqueous NaClO HT exfoliation of bulk g-C3N4 into a SL, molecular structure
models of bulk g-C3N4 (left) and exfoliated g-C3N4 (right), and anticipated mechanism for the
photocatalytic hydrogen evolution. Reproduced with the permission from L. Cui, Y. Liu, X. Fang, C.
Yin, S. Li, D. Sun, S. Kang, Scalable and Clean Exfoliation of Graphitic Carbon Nitride in NaClO Solution:
Enriched Surface Active Sites for Enhanced Photocatalytic H2 Evolution, Green Chem. 20 (2018) 1354-
1361. https://doi.10.1039/C7GC03704J
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cooled down to ambient temperature and then was ground to a powder in a mortar and

pestle. The preparedmaterial was bulk g-C3N4. Second, g-C3N4NSs were prepared by a

TEXF process of bulk g-C3N4 in semiclosed surroundings. Bulk g-C3N4 (0.1g) was

taken with IPL (10mL), and then the suspension was moved into a 30-mL crucible with

a lid for TEXF process. The oxidation treatment was continued for 2h after the furnace

temperature was raised to 550°C with a ramping rate of 5 °Cmin�1. The product finally

collected was g-C3N4 NSs. The introduction of IPA causes very powerful oxidation in

the exfoliation process, and the derived g-C3N4 NSs has its distinctive properties of a

visible light with a wide absorption range, higher surface area, and uneven surface. As

a result, the g-C3N4 NSs have good photocatalytic activity in the degradation of organic

contaminants. Furthermore, the photocatalytic H2 evolution rate of g-C3N4 NSs was

three times that of g-C3N4 NSs, which is prepared without IPA using an identical

method. Pattnaik [53] reported exfoliated g-C3N4 nanoparticles (NPs) by a green path.

Degradation of an aqueous solution of ciprofloxacin (CPN) by exposure to solar radiation

in the presence of g-C3N4 NPs was studied to evaluate the photocatalytic activities of a

semiconductor photocatalyst. The photocatalytic activities of g-C3N4 NPs enhanced

after its exfoliation. The improved behavior of photocatalysis of exfoliated g-C3N4 is

the result of its efficient separation, low rearrangement of photogenerated charge carriers,

and high specific surface area. As a whole, the exfoliation method delivers more advan-

tages such as simple chemicals and equipment (low cost), no solvents, rapid and timely

performance, good product yield, and produces valuable structural defects in the resultant

NSs. However, this exfoliation method produces valuable structural defects in the resul-

tant NSs. However, this exfoliation method produces a product with low crystallinity

and comparatively smaller surface area.

3.4 Solvothermal method
Solvothermal (ST) technique is developed based on the HTmethod; the most important

difference of ST process from the latter is that the preparative condition is organic solvent

rather than water. Tian et al. [54] in-situ synthesized a new g-C3N4/Bi2MoO6 hetero-

junctions with varying content of Bi2MoO6 NSs by a facile ST method. A typical syn-

thesis procedure of g-C3N4/Bi2MoO6 heterojunctions is as follows: A required quantity

of sodium molybdate dihydrate was dissolved in ethylene glycol (10mL) and ethanol

(60mL) mixture to form a clear solution. Subsequently, few grams of g-C3N4 powder

was uniformly dispersed in this clear solution via ultrasonication for 5min, and then a

solution of ethylene glycol (10mL) with a certain amount of bismuth nitrate pentahy-

drate was rapidly added. After vigorous stirring (30min), the sediment was gently moved

to an autoclave and kept for 24h at 160°C. Finally, the suspension was gathered, washed
numerous times with H2O and ethanol, dried at 60°C in an oven, and grinded for future

use. The obtained g-C3N4/Bi2MoO6 heterojunctions have improved absorption within
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the visible light range compared with virgin g-C3N4. Xu et al. [55] studied polymeric

g-C3N4 (Pg-C3N4) prepared via a two-step method of low-temperature ST synthesis

and postcalcination using DCN and C3Cl3N3 (cyanuric chloride) mixture as precursors

and acetonitrile (solvent). The microstructure, chemical states, band gap, charge migra-

tion, and photocatalytic performance of the Pg-C3N4 were comparatively enhanced with

that of classic bulk g-C3N4. The Pg-C3N4 exhibited greatly prominent performance in

both the RhB photodegradation and hydrogen evolution reaction (HER), advantageous

from irregularly ordered hybrid plane configuration, which prevents photoelectron recom-

bination and offers higher charge separation performance. Kojima andOhfuji [56] carefully

examined g-C3N4 obtained by the ST reaction between C3Cl3N3 and NaNH2 (sodium

amide). The chemical measurements by the electronmicroprobe and combustionmethods

revealed that the C3N5H3 composition contains a considerable amount of hydrogen. Fur-

thermore, they made it clear that the present study eventually demonstrates that pristine

g-C3N4 without hydrogen cannot be formed by the current ST reaction, as anticipated

by the previous study. Lu et al. [57] self-assembled TiO2-based nanorods (TNRs) on large

g-C3N4 sheets via ST-assisted pathway. The results showed that the effective anchor of the

TNRs was highly distributed to the surface of entire g-C3N4 sheets. The schematic sketch

of the reaction protocol of TNRs/g-C3N4 is illustrated in Fig. 1.5. In a typical reaction

procedure, initially TNRs (1g) and a required amount of g-C3N4 (approximately

0–0.5g) were dispersed into tertiary butyl alcohol (40mL) followed by sonication

Fig. 1.5 Schematic representation of the TNRs/g-C3N4 photocatalyst synthesis. (Reproduced with the
permission from D. Lu, P. Fang, W. Wu, J. Ding, L. Jiang, X. Zhao, C. Li, M. Yang, Y. Li, Solvothermal-
assisted synthesis for self-assembling TiO2 nanorods on large graphitic carbon nitride sheets with their
anti-recombination in photocatalytic removal of Cr(VI) and rhodamin B under visible light irradiation,
Nanoscale 9 (2017) 3231–3245, https://doi.org/10.1039/C6NR09137G.)

12 Nanostructured carbon nitrides for sustainable energy and environmental applications

https://doi.org/10.1039/C6NR09137G


(30min). Then the suspensions were gently transferred into a Teflon-lined autoclave and

maintained at 180°C for 5h and then allowed to attain ambient temperature. Using amem-

brane filter with pore size of 0.45μm, the obtained material was filtered. The suspension

was thoroughly washed with a copious amount of NaOH (0.1M) solution and then with

deionized water. Cao et al. [58] prepared crystalline C3N4 powder by a ST method from

C3N3Cl3 and lithium nitride (Li3N) in benzene at 300–400°C and pressure of 5–7MPa.

The detailed experimental procedure is as follows: C3N3Cl3 and Li3N powder was placed

into an autoclave (50mL volume). Benzene was carefully added to pack the autoclave up to

70% of its total capacity. The temperature was maintained between 200°C and 500°C, and
the pressure of the autoclave was 3–15MPa. The experiment was continued for 12h. The

precipitate was filtered and cleaned with ethanol, dilute acid/alkali, and deionized water to

eliminate the unreacted Li3N, C3N3Cl3 and the by-product (LiCl). Then, the obtained

material was dried in a vacuum oven for 4h at 100°C. Finally, a crystalline C3N4 product

was obtained.

The use of ST method for g-C3N4 synthesis has better advantages, such as even and

well-formed particles, smaller energy consumption, and higher economic viability as

compared to the outdated thermal condensation methods. On the other hand, these

methods have some drawbacks like tedious synthesis process to complete crystallization

and particle formation.

3.5 Sol-gel method
Sol-gel (SG)method involves the formation of a solid product or nanomaterial from a solu-

tion after modification of the gel intermediate. In this preparationmethod, the reactants are

mixed at the molecular level, which allows for faster reactions and leads to homogeneous

products with larger surface area. Kailasam et al. [59] prepared mesoporous C3N4

(M-C3N4), silica (TEOS), and their composites by integrated SG thermal condensation

approach. Cyanamide and TEOs, the precursors of carbon nitride and silica, respectively,

were mixed and condensed together. After condensation and heat treatment, C3N4 and

silica formed interpenetrating mesophases, which selectively removed a phase that then

leads to the formation of M-C3N4 or silica. Notably, the M-C3N4 protects its graphitic

stacking even in the spatial internment introduced by the surrounding silica part. Since both

the starting materials are liquids, this approach allows for the comfortable creation of thin

and dense films or monolayers of M-C3N4. Chunyong et al. [60] synthesized TiO2/

g-C3N4 by a simple two-step method, including SG and calcination process, MA as a

N2 source, and titanium (IV) butoxide as a titanium source. The following is the detailed

experimental procedure. Titanium (IV) butoxide (30mL) and MA (20g) were mixed in

500mL ethanol to obtain a reaction mixture that was stirred strongly at ambient temper-

ature for 30min. Then 40mL of distilled water was transferred into the reaction content

under stirring condition, and the SG was attained. The prepared SG was then kept in a
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drying oven for 24h at 80°C under vacuum to offer a pale-yellow suspension of precursor

of TiO2/g-C3N4. The precursor TiO2/g-C3N4 was then pyrolyzed in a closed muffle fur-

nace for 2h at 520°C with ramping rate of 2°Cmin�1 to get the TiO2/g-C3N4 photo-

catalyst. The obtained results suggested that TiO2/g-C3N4 apparently improved visible

light photocatalytic activity, and the degradation efficiency ofmethylene blue (MB) reaches

94.46% after irradiation for 1h, which is higher than that of pure g-C3N4 and TiO2. Liu

et al. [61] prepared the g-C3N4/TiO2 with controllable particle size as well as the interface

contact by a general nonaqueous SG method for photocatalytic activity. In brief, cyanuric

acid (6.45g) was added to ethanol (100mL) under stirring condition. Then,MA (6.3g) was

grinded and added to the reaction content, continuouslymixed for 8h, and then dried in an

oven at 60°C. The attained white-colored solid was subsequently calcined for 4h at 550°C
under nitrogen condition with a ramping rate of 2.3°Cmin�1 to yield the final g-C3N4

powder. The g-C3N4/TiO2 composite was synthesized through the “benzyl alcohol

route” on the prepared nanostructured g-C3N4. Firstly, xylol (10mL) was spouted into

a flask, and then titanium tetrachloride (0.69mL) was dissolved in a magnetic stirrer. After

few minutes, benzyl alcohol (66mL) was carefully transferred into the reaction mixture.

The desired quantity of the prepared g-C3N4 was grinded well and transferred to the tita-

nium precursor solution after a few minutes of stirring. At last, the resulting composite,

g-C3N4/TiO2, was composed by centrifugation and washing with water and ethanol,

dried at 100°C for 12h.

3.6 Physical vapor deposition
It features reaction sputtering (RS), magnetron sputtering (MS), pulsed laser deposition

(PLD), ion beam deposition (IBD), and more. RS is a basic method to produce compos-

ite materials. When this technique is used to produce g-C3N4, the mass fraction of N2 is

usually less than 40%. Conversely, to form –C3N4, the system must contain sufficient

nitrogen and stoichiometric ratio must reach 57%. Sun et al. [62] fabricated g-C3N4

sheets with a band gap of 2.61eV via physical vapor deposition (PVD) of g-C3N4.

A sequence of gaseous products obtained from pristine g-C3N4 at 700°C condenses into

g-C3N4 sheets at low temperature (less than 400°C) in the PVD process. Briefly, DCN

(10g) was placed in a quartz boat and calcined at 550°C with a ramping rate of 2.3 °-
Cmin�1 for 4h under flowing nitrogen gas. After calcination, g-C3N4 was obtained.

Then, g-C3N4 (300mg) solid alone (without aluminum foil cover) was annealed for

another 2h at 700°C with a ramping rate of 10 °Cmin�1 under a nitrogen environment;

the final material was g-C3N4 sheets.

4. Summary and outlook

In summary, this chapter culminates the current developments in the structure, preparation

techniques, andpropertiesof g-C3N4-basedmaterials.Reasonably,g-C3N4hasproven tobe

one of the best adapters for planning and integrating innovative blends/composites for
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versatile applications inHER, photocatalysts, and adsorption studies. Therefore, it is unclear

whether themassive improvement of g-C3N4materials will be sustained in the future.With

that in mind, further research is needed to make full use of the exceptional structure, com-

position, properties, and preparation techniques of g-C3N4 materials.

Two-dimensional polymeric g-C3N4 materials that are cheap, nonmetallic, and eco-

friendlywith an adequate band gap, good chemical activity, and excellent stability have only

been studied for the past few years (from indigenous to pilot scale production). We firmly

believe that the most promising features and applications of g-C3N4 are around the corner.

Integrations between theoretical approaches and experimental researchwill greatly enhance

the research progress of g-C3N4. As the investigation of g-C3N4 continues to grow, it will

face a number of key challenges in the near future, including pore nanostructures for drug

loading, memory device fabrication, solid state lights, wearable sensors, and energy conver-

sion technologies.
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1. Introduction

Ourmodern civilization is currently focused on the development of new equipment with

ease of construction and flexibility, with added functionalities like lightweight,

cost-effective, and renewable features to significantly enhance consumer demand

[1–3]. Rigid energy storage devices result in poor performances, thus a myriad of studies

on flexible devices has been investigated to sort out its need in industry and academia.

High-cost traditional batteries used to store electricity have extant toxic components that

overall hinders their use for wide adoption in modern tools [4]. Similarly, traditional

capacitors are also unsuitable due to their very low tendency to store energy. Moreover,

rechargeable Li ion batteries, which are used in portable and flexible devices, provide

high energy density but suffers slow charging/discharging rates, which affects the cyclic

capacity. Although high energy density electric batteries with improved performance are

the most commonly used energy storage devices, they lack concert during their sluggish

process in charging. One such type of energy storage system is the supercapacitor (SC),

which has been espoused for years for energy conversion and storage [5]. SCs were cre-

ated as an alternate to batteries with superior, long-duration working capacity without

losing its performance, which links the gap between batteries and capacitors as shown
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in Fig. 2.1. To meet the rising demand of flexible and portable devices, SCs with flex-

ibility, are wearable, and with performance stability have been developed. The perfor-

mance and efficiency of these systems are reliant on the functional properties of the

materials used for constructing them. In recent years, several studies have been carried

out to explore flexible energy storage devices, but developing flexible supercapacitors

(FSC) has become critical because they attain greater energy density than those of con-

ventional capacitors with greater power density than batteries [6,7]. Above all, a system

with mechanical flexibility would have an added advantage. Looking into its smart power

solution for upcoming applications, present research is focused on developing new SC

electrode materials with superior results [8,9]. Numerous efforts have been made to

design new materials and technologies for electrochemical SCs. With the advantages

of long cycle life, high energy density, wide voltage range, and long operational life,

SC devices—also known as electrical double-layer capacitors (EDLCs)—store the charge

on the surface of the material by absorption of ions without any chemical reaction occur-

rences. Since no chemical redox reactions are required, they are highly reversible during

operation, undergoing several charging and discharging cycles. However, due to limited

confinement of the charges, the energy density is less compared to that of batteries [10].

Currently, there is a revolution in the convention of carbon nanomaterials for energy

storage due to their novel properties, considering their electronic and other charac-

teristics. Two-dimensional (2D) carbon-based systems have high surface area with
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Fig. 2.1 Ragone plot showing performances of various energy storage devices. (Reproduced with
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and technologies for hybrid supercapacitors for energy storage—a review, J. Energy Storage 25 (2019)
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advantageous electronic and mechanical properties, making them exceptional electrode

materials for charge storage [11,12]. The storage mechanism is formed mainly between

the electrode and electrolyte interface, and on surface area available for electrolyte ions.

The storage performance of 2D carbon materials is also generated by their specific surface

area, resulting in a high capability charge build-up at the electrode-electrolyte interface.

Besides the surface area, pore dimension, presence of active sites, dimensionality, and

morphologies also support in refining the capacitance of the individually developed

system.

Even with an efficient surface area, pore size variation influences its electrochemical

performances. Large pore volume can lead toward low conductivity, which hinders

energy and power capacity [13]. Recently, a new type of carbon-based material known

as graphitic carbon nitride (g-C3N4) has been explored owing to its unique properties

[14]. Its structure is a sp2 hybridized graphitic network where carbons are replaced by

nitrogen atoms, making conjugation in the graphitic planes similar to that of graphite.

Compared to graphene, the presence of one nitrogen lone pair in g-C3N4 accelerates

its surface and electronic properties. This chapter comprehensively overviews recent

advances of g-C3N4 based on its functional properties and preparation techniques. It also

shows significant improvement when combined to form hybrid materials, particularly in

energy storage FSC applications.

2. Functional properties of g-C3N4

g-C3N4 has a graphite-like structure with exceptional features such as thermal stability,

smart electronic properties, and environment friendly nature, which have attracted sig-

nificant consideration in many domains. High content of nitrogen enriches the system’s

characteristics, whose capacitances are much higher in comparison to traditional EDLCs

without losing the fast charge/discharge kinetics [15,16]. In the case of bulk systems, its

small surface area and low electronic conductivity hinder its application for electrochem-

ical study. In many cases, a material’s inadequacy can be overcome by finding different

physical/chemical methods to modify the morphology and textures. Excellent physical,

chemical, and mechanical properties of g-C3N4 attracted researchers to explore this

system more. In general, N-rich functional groups (shown in Fig. 2.2) include oxidized

pyridine-N (N-X), pyrrolic N (N-5), quaternary N (N-Q), and pyridinic/pyridone

N (N-6). Pyrrolic N atoms and pyridinic N, which are always placed at the edge, are

bonded to two carbon atoms, and therefore give rise to electron donor properties. Sim-

ilarly, when pyridine is adjacent to a ring carbon-hydroxyl group, it donates an electron.

Electron transfer and electrical conductivity of the material are significantly elevated by

the N-Q atoms, which are located both within graphene layers and at the edges, bonded

with three carbon atoms. Under mild electrochemical conditions and thermal treatment

above 800°C, alternation of pyridinic N to quaternary N occurs. At temperatures above
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600°C, pyrrolic N tends to change to pyridinic and quaternary N. Alternatively, conver-

sion between pyridone nitrogen andN-6, or N-X andN-6 are achieved under collective

electrochemical conditions. In the subsequent sections, we review the various routes for

synthesis of g-C3N4.

2.1 Synthesis methods to produce g-C3N4

Compounds such as triazine and heptazine derivatives, which are nitrogen-rich and

oxygen-free compounds, are found to be most unstable in nature; they are also difficult

to process as they are highly explosive. Due to its low thermodynamic stability, it’s a chal-

lenging task to develop single-phase carbon nitrides having sp3- hybridized. Looking into

its potential, various methods such as engineering hydrogen bonds, doping and copoly-

merization, chemical vapor deposition, hydrothermal, solvothermal, and other various

techniques have been investigated to synthesize g-C3N4 [17–19]. Various compounds

such as urea, melamine, thiourea, dicyandiamide, and cyanamide [20–24] were used

as a precursor for the synthesis. Fig. 2.3 signifies development of g-C3N4 using a mela-

mine precursor through a hydrothermal approach. However, preparing the same using

urea has appeared to be a more suitable and easy approach due to its earth-abundance in

nature. Wang et al. [25] using a cyanamide precursor reported the development of

g-C3N4. At a preliminary stage of �203–234°C, cyanamide molecule condenses to

dicyanamide, which further turns into melamine. Later at a higher temperature of

335°C, melamine-based products form by removing ammonia at this temperature.

Fig. 2.2 Schematic representation of N-doping GCN. (Reproduced with permission fromM.G. Ashritha, K.
Hareesh, A review on graphitic carbon nitride based binary nanocomposites as supercapacitors, J. Energy
Storage 32 (2020) 101840, https://doi.org/10.1016/j.est.2020.101840, Copyright 2020, Elsevier.)
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Beyond 335°C, i.e., at 390°C, the formation of tri-s-triazine units occurs by relocating

melamine molecules, and polymeric g-C3N4 forms at 520°C. Moreover, further heating

the sample may result in disappearance of g-C3N4.

With support to the experimental results, theoretical calculations using ab initio fur-

ther confirms the reaction mechanism and formation of melamine, produced upon heat-

ing the cyanamide. While undergoing preparation using a thermal condensation

approach, compounds with a prebonded CdN core arrangement with nitrogen-rich

and oxygen-free atoms are mostly considered. Apart from cyanamide, urea, thiourea pre-

cursors, and other derivatives such as triazine and heptazine were also investigated for

preparation of g-C3N4.

In this regard, Shen et al. [26] developed an activated carbon nitride (ACN) material

for a SC application using KOH as the electrolyte. The research group studied the for-

mation of a porous ACN material by pyrolysis of melamine and citric acid-derived pre-

cursor at different temperatures. Combining melamine with citric acid forms a porous

framework through intermolecular hydrogen bonding, which results in a highly porous

structure that helps in enhancing the performance of the system. Existence of a nitrogen

element helps in increasing the capacity of the electrode by introducing pseudocapaci-

tance, showing great potential in SCs. The research group investigated that, as the tem-

perature of pyrolysis increased to 700°C, carbon nitride gradually decomposes and leads

toward a decrease in mass ratio, justified by XPS. Also, in the case of XRD, the peak

becomes less intensive and wider. The brilliant performance of the developed system

originates mainly from introducing nitrogen-derived pseudocapacitance, which is related

to a large surface area and surface oxygenation after KOH activation.

Fig. 2.3 Schematic representation of fabrication process of TGCN through hydrothermal pretreatment
and thermal polymerization. (Reproduced with permission from F. Li, Y. Dong, Q. Dai, T.T. Nguyen, M. Guo,
Novel freestanding core-shell nanofibrillated cellulose/ polypyrrole/tubular graphitic carbon nitride
composite film for supercapacitors electrodes, Vacuum 161 (2019) 283–290, https://doi.org/10.1016/j.
vacuum.2018.12.046, Copyright 2020, Elsevier.)
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Tahir et al. [27] prepared a g-C3N4 nanofiber from melamine pretreated with HNO3

in ethanol and heated at 450°C for 2h. The as-prepared system was tested as an electrode

material for energy storage. The capacitances for both bulk and nanodimension were

evaluated by takingNa2So4 as the electrolyte. The excellent performance of the electrode

was mainly due to its large surface area and the presence of a high degree of nitrogen in

the system. Also, they improved the capacitance of the system by improving surface wet-

tability and providing various active sites where ions can intercalate within the surface and

interface.

A further study was performed by the same group [28] changing the solvent from

ethanol to ethylene glycol and tuning the morphology into a tubular-shaped g-C3N4.

Tubular g-C3N4 formed from melamine precursor with high surface area (182.61m2/

g) exhibited good specific capacitance of 233Fg�1 at a current density 0.2A/g. The

tubular g-C3N4 was constructed mainly via breaking of a melamine ring and polymer-

ization of ethylene glycol in the presence of HNO3. The main phenomenon behind

formation of a tubular structure was the controlled annealing temperature, during

which ethylene glycol boosts the carbon content and stabilizes the structure formation.

High surface area and specific tubular morphology are the main factors that enhance the

capacitance.

2.2 g-C3N4 for flexible supercapacitor
A revolution in materials technology has led researchers to find new and efficient devices,

changing the benchmark of their own or others. The latest development in the field of

energy storage generates curiosity in researchers to search for unconventional materials,

which can enhance the performances and mechanical properties. While developing new

electrode materials, researchers came up with a new design called “Flexible Supercapa-

citors”. The mechanism behind bending and folding of FSC is the smooth transport of

ions under mechanical strain [29]. Apart from degradation, a short circuit may sometimes

create a problem by hindering its efficient performances. To elevate the performances to a

superior level, another possibility is to enhance the ion transport mechanism with 2D

migration channels, which can travel a shorter distance, eliminating the need of a

separator.

Surface functionalization plays a crucial role in energy storage applications. Aghaza-

deh et al. reported a composite using Co(OH)2 nanosheets and oxygen-functionalized

g-C3N4 (f-g-C3N4) through a one-step deposition process, without any binder as shown

in Fig. 2.4 [30]. In the reported work, both Co(OH)2 and oxygen-functionalized

g-C3N4 are electrochemically co-embedded using an electrodeposition technique into

a Ni-Foam substrate. Morphological analysis of the system confirms the growth of

Co(OH)2 nanosheets over g-C3N4 surfaces. Furthermore, composites are deposited

on the surface of the Ni foam, forming a 3D porous network. g-C3N4 was prepared using

26 Nanostructured carbon nitrides for sustainable energy and environmental applications



a melamine precursor, whereas f-g-C3N4 was prepared simply via an etching method in

an acidic (H2SO4) solution. The specific capacitances were measured to be 1663Fg�1 at

1A g�1 and 1064Fg�1 at 30Ag�1, respectively, for the developed composite, which are

more efficient compared to pristine electrodes. Presence of f-g-C3N4 further helps in

increasing the capacitive retention and cycling capacity stability of the system. The

Fig. 2.4 Microstructural images along with their elemental composition the developed electrode.
(A) Ni foam, the fabricated (B–D) pristine Co(OH)2/Ni foam, and (E–J) Co(OH)2@g-C3N4/Ni foam.
(Reproduced with permission from M. Aghazadeha, K. Yavari, H.F. Rad, K. Mohammadzadeh, Oxygen-
functionalized graphitic carbon nitride nanosheets/co(OH)2 nanoplates anchored onto porous
substrate as a novel high-performance binder-free electrode for supercapacitors, J. Energy Storage
32 (2020) 101743, https://doi.org/10.1016/j.est.2020.101743, Copyright 2020, Elsevier.)
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improvements in the system were attributed to the synergistic effects between Co(OH)2
nanosheets and f-g-C3N4, which assisted in enhancing the overall performances of the

developed electrode. High interface area between the individual components showed

a significant role in the electrochemical performance of the fabricated composite elec-

trode. Addition of f-g-C3N4 into the pristine system increases the surface area of the

composite due to the presence of an interstitial space between cobalt hydroxide and

f-g-C3N4. Surface and interface further enhance the pore volume of the composite sys-

tem. The mechanism behind charge storage performance occurred in pristine electrodes

without the presence of f-g-C3N4, which was purely pseudocapacitance behavior rather

than EDLC. Furthermore, the presence of EDLC behavior along with redox peak

revealed in the composite system was due to the presence of f-g-C3N4. Existence of both

EDLC and redox peak helps in enhancement of current-potential response and also facil-

itates better electrochemical performance of the system compared to pristine ones. Thus,

the developed system leads toward a way for designing competitive electrode materials

for energy applications.

Sharma et al. [31] reported a unique composite of g-C3N4 and ZnCo2O4 developed

through a hydrothermal method for energy storage applications. Synergistic effect of

individuals in g-C3N4@ZnCo2O4 hybrid composite shows significant enhancement

in specific discharge capacity. Furthermore, a device was fabricated combining

g-C3N4@ZnCo2O4//gel electrolyte//g-C3N4@ZnCo2O4 showing high energy den-

sity of 39Whkg�1 at a power density of 1478Wkg�1 with good cyclic stability perfor-

mance with an energy efficiency of 75% as shown in Fig. 2.5. Cyclic voltammetry

(CdV) curve showed enhancement in specific capacitance of the system on further addi-

tion of g-C3N4 into the ZnCo2O4. Presence of g-C3N4 in the hybrid system marks the

system mesoporous in nature, which provides easy access for the ions within a short dif-

fusion path. Furthermore, SEM micrograph identifies clusters with fibrous distribution.

Hence, high surface area of the system was due to the space between clusters, which pro-

vide a channel for the movement of electrolyte ions. The results suggest that the devel-

oped novel hybrid electrode marks an efficient system with excellent performances

creating a solution toward upcoming energy storage devices. All these materials exhibit

somewhat good specific or areal capacitance, but the cyclic stability and rate capability

were low and unstable.

To advance the capacity retention and long-term stability of carbon-based materials,

Talukdar et al. [32] investigated the development of an in-plane flexible micro-SCs com-

bining both EDLC and faradaic material. 1D FeNi3 nanoparticles were incorporated in

2D EDLC g-C3N4 nanosheets while developing the heterostructure system. Presence of

g-C3N4 improves the transmission of ions and electrons by opening more active sites,

whereas FeNi3 prevented aggregation of the 2D sheets within the system. The developed

micro-SCs with 19.21mFcm�2 areal capacitance show excellent quantum capacitance
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over the presently reported works, which also have �17 times higher power density to

that of available SCs. Moreover, the system shows excellent flexibility with 94% capac-

itive retention stability as shown in Fig. 2.6. Such a device promises to meet positive

potential requirements, having higher operating current and voltage within a short inter-

val. An electrochemical study was carried out by taking three-electrode systems with

varying electrolyte (KOH) concentrations. Presence of both EDLC and Faradic (pseu-

docapacitance) helps in better development of an ideal SC with quasi-rectangular curves,

justified from CdV curves. A higher amount of nitrogen content in the 2D sheet

improves conductivity, which eventually assists in charge transfer. Also, the polarity of

2D-layered material was enhanced due to the presence of FeNi3. Hence, development

of such flexibility within the system will help in achieving the due necessities of high

working voltages and currents in the arena of in-plane micro-SCs.

Fig. 2.5 (A) Schematic representation of mechanism occurred in the developed electrode.
(B) Schematic illustration of the assembled supercapacitor device. (Reproduced from M. Sharma, A.
Gau, Designing of carbon nitride supported ZnCo2O4 hybrid electrode for high-performance energy
storage applications, Sci. Rep. 10 (2020) 2035, https://doi.org/10.1038/s41598-020-58925-4 with
permission from Scientific Reports.)
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Fig. 2.6 (A–E) Represents the electrochemical characterization of the developed 2D g-C3N4-based
heterostructure using three-electrode at various scan rates. (F) Real-time images showing the
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2.3 Strategies to improve energy storage performance of g-C3N4
and fabrication of flexible transparent supercapacitor device
To overcome the disadvantages of pristine g-C3N4 in energy storage applications,

approaches such as surface doping (metal or non-metal), surface engineering, building

hybrid systems, creating heterojunctions, etc. have been carried out to successfully

advance and boost its functionality [33–35]. Table 2.1 summarizes the different prepa-

ration techniques along with their advantages and disadvantages.

Although numerous efforts were made to boost the conductivity of pristine g-C3N4,

a significant gap remains to achieve proficient outcomes. Proper precursors along with

surface engineering expands its capacitive behavior, reducing the aforesaid efficiencies.

A combination of mechanical properties along with excellent electrical conductivity

in an electrode marks g-C3N4 as a favorable material for FSCs. Hou et al. [36] developed

a hybrid system with an oxygen-vacancy-rich NiCo2O4 (Ov-NiCo2O4) and nitrogen-

deficient g-C3N4 (ND-g-C3N4) using a one-plot approach for energy storage

Table 2.1 Summarizing various preparation approaches along with their advantages
and disadvantages.

Different strategies used
Working
principle Benefits and drawbacks

Developing composite

system with metal sulfide

Etching Advances the electrochemical mechanism resulting

in efficient charge transfer

Disadvantages: Acid used during preparation can

be harmful to the environment

Doping with single atom Hydrothermal

reaction

Helps in capacitance enhancement compared to

pristine form

Disadvantages: Stability is low,

Formation of other active species,

Possibilities of getting aggregation

Heterostructure composites Solvothermal,

CVD

Hydrothermal

method

Enhancement in specific capacitance due to high

surface area (face to face contact)

Disadvantages: Difficulty during the growth

process

Combining with other

carbon

materials and other

semiconductors

Hydrothermal

route

Sonication

Improves specific capacitance, excellent stability,

high cyclic concerts, and low self-aggregation

Disadvantages: Low and uneven loading can

affect the capacity and specific energy
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applications. Being a substrate, g-C3N4 enhances the conductivity of the overall system.

Also, the presence of g-C3N4 with NiCo2O4 helped in the formation of Ov-NiCo2O4

and converted g-C3N4 into a nitrogen-deficient g-C3N4 (ND-g-C3N4). Electrochem-

ical performance of the system was performed using the three-electrode system in an

electrolyte solution made with 6M KOH. CdV analysis confirmed that capacitance

behavior was mostly governed by Faradaic redox reactions. Furthermore, CdV curves

as shown in Fig. 2.7 revealed storage performance with excellent rate capacity. Addi-

tionally, the device proved extraordinary stable with 95.22% retention despite testing

for 5000cycles. Thus, the effort focuses on development of pseudocapacitive materials

for energy storage. Zhu et al. [37] further developed a CC@g-C3N4–900 electrode

using carbon cloth (CC) as a flexible substrate. The developed electrode delivers a sig-

nificant specific capacitance with enhanced rate capability and outstanding cyclic sta-

bility. The final product, CC@g-C3N4–900, was developed at 800°C. For

comparison, the samples were also optimized by preparing under different calcination

temperatures of 800–1000°C. It was conducted from Raman Spectra that the system

developed at 900°C holds a high ID/IG value, which indicates more defects, favoring

more active sites for energy storage behavior. Adding g-C3N4 onto a CC substrate fur-

ther enhances the surface area of the system. Also, a high amount of N doping within

the system accelerates the conductivity of the system. Presence of high specific area

with suitable pore volume helps in creating more active sites, which improves the elec-

trochemical performances by creating more ion penetration into the electrode. Fur-

thermore, to identify the potential application of the electrode, a symmetric SC

device was developed, which indicates good capacitance characteristics with superior

rate cyclability as shown in Fig. 2.8 The synergistic effect of g-C3N4 with CC substrate

helps in providing excellent electrochemical performance. Thus, the developed elec-

trode structure signifies high stability with smaller charge transfer resistance, which can

be used as an energy storage device in the future.

3. Future prospects

The domain of SCs has gained much attention throughout the world, focusing its studies

on materials, their surfaces, and electrochemical reactions. There is no uncertainty that

synergetic improvements have been achieved to handle and fabricate flexible energy

storage capacitors with inimitable qualities in operation and handling. The current

chapter revised recent advancements in their preparation, their functional properties

(such as pore size, conductivity, flexibility, electrochemical, and mechanical properties),

and mechanisms of charge storage within different g-C3N4 hybrid systems in the domain

of energy storage devices. Although countless outcomes have been attained for carbon

nitride-based materials such as FSCs, to conduct the experiments on a pilot scale,
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challenges still remain. Summary of some major challenges are as follows: (1) Varying the

concentration of the electrolyte to improve the capacitive performances and understand-

ing the mechanism with respect to it. (2) Designing electrode material with efficient

surface area along with pore size and volume tunable for excellent mass transport. (3)

Tunable pore volume by changing the preparation time and temperature can also be
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studied. Although there is abundant literature that discuss the progress on designing

FSCs, it’s always a challenging task to develop a material with high power and energy

density with excellent stability.

Proper functionalization of g-C3N4 will further expand its application possibilities in

FSC. On the other hand, the previously mentioned drawbacks can be overcome by using

various approaches such as considering and controlling the dimensionality of g-C3N4,

precursors used, and also optimizing reaction time, temperature, and its surroundings.

Moreover, comprehensive theoretical evidence justifying the experimental analysis is

essential to recognize the in-depth fundamental phenomena, arising in active sites that

accelerate better mass transfer over g-C3N4. The future outlook in this domain can

be the improvement of g-C3N4 with optimized time, temperature, and maintaining
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different stoichiometric ratios of C and N. An out-of-the-box thought process is neces-

sary to overcome the challenges and inventory of inbuilt flexible electrodes as a research

hotspot.

4. Conclusion

The field of energy storage FSC has increased throughout the world with rigorous focus

on g-C3N4, their surface, and their electrochemical properties. But, for better perfor-

mances, the major phenomenon depends on the electrolyte, electrode materials, electro-

chemical properties, and factors governing voltage range. Despite this, most research

studies are focused on developing environment-friendly material having low-cost energy

storage systems, which can yield better performances. Research in modern science has

been focused on g-C3N4, which has drawn attention in the field of FSC with its unique

and potential features. Presence of nitrogen content in g-C3N4 creates many active sites

that increase the mass transfer efficiency and surface polarity. Although it possesses excel-

lent mechanical stability and flexibility, some features of pristine g-C3N4, with limited

surface area and low conductivity, hinder its use in FSC. However, researchers are focus-

ing to improve the properties by implementing many strategies to advance its electrical

conductivity and enhance its electrochemical properties. One way to produce efficient

electrode materials and improve its power and energy density is through combining

g-C3N4 with other pseudocapacitive materials or by developing hybrid composite mate-

rials. Although FSC is a relatively new field of electrochemical energy storage, still there’s

plenty of room in the materials examining field for creating flexible and mechanically

potent devices.
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1. Introduction

The world’s energy demands have been increasing continuously over the years and are

anticipated to rise further in the near future. Most of these energy demands are currently

met by fossil fuels which are nonrenewable, unsustainable in the long term, and are

responsible for causing pollution, thus in turn correlated to global warming [1,2]. This

growing demand of energy and sinking amount of fossil fuels have been a driving force

for impetus to develop earth-abundant and eco-friendly energy technologies [3,4].

Among various “state-of-the-art” green energy technologies, fuel cell-based energy con-

version systems have received much attention in recent years owing to their high effi-

ciency and low emissions [5,6]. Fuel cell, therefore, will be a promising technology

for distributed and mobile power applications in future. Fuel cells are electrochemical
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devices which convert chemical energy of fuel directly into electrical energy. Hence,

these are nearly two to three times more efficient than conventional internal combustion

engines (ICEs) in converting fuel to electricity [7,8].

1.1 Working principle of fuel cells
Fuel cells are considered as highly efficient energy conversion electrochemical devices.

Along with this, they also enable a clean and efficient production of heat and power from

a diverse range of primary energy sources. The various fuel cell technologies differenti-

ated according to the type of electrolyte they use include alkaline fuel cell (AFC), molten

carbonate fuel cell (MCFC), direct methanol fuel cell (DMFC), polymer electrolyte

membrane fuel cell (PEMFC), direct alcohol fuel cells (DAFC), and solid oxide fuel cells

(SOFC). Each technology is suited toward a certain chemistry, operating temperature,

and power density [8–11].
PEMFCs-based advanced power system is specifically applicable for mobile applica-

tions. PEMFCs have been of great interest because of their high power density, relatively

quick start-up, rapid response to varying loading, and relatively low operating temper-

ature, producing no environmental pollution at the point of operation, whichmake them

an emerging technology for both stationary and mobile power applications [10,12–14].
In PEMFC, hydrogen flows on the anode side, a platinum catalyst facilitates the sep-

aration of the hydrogen gas into electrons and protons (hydrogen ions). The hydrogen

ions pass through the electrolyte (polymeric membrane) and, again with the help of a

platinum catalyst, combine with oxygen and electrons on the cathode side, producing

water. The electrons, which cannot pass through the membrane, flow from the anode

to the cathode through an external circuit containing a motor or other electric load,

which consumes the power generated by the cell. The polymeric electrolyte based mem-

brane consists of three regions: (i) fluorocarbon backbone which have repeating units of

(dCF2dCFdCF2d), (ii) the side chains (dOdCF2dCFdOdCF2dCF2d) that

connect the molecular backbone, and (iii) the ion clusters containing sulfonic acid ions

(SO3
� H+). The SO3

� ions are eternally involved to the side chain hence immoveable.

However, when the membrane becomes hydrated by captivating H2O molecules, the

H+ ions become moveable. Because of this mechanism, the solid hydrated electrolyte

is an excellent conductor of hydrogen ions. The electrochemical reactions that drive a

PEMFC are significantly accelerated by the presence of an electrocatalyst, especially

the oxygen reduction reaction (ORR) occurring at the cathode side of cell. Variety

of precious metals and their alloys can be used as electrocatalysts but supported Pt and

Pt alloys catalysts are considered as the most promising catalytic materials for fuel cells

to meet the key requirements for high electrocatalytic activity and high fuel cell perfor-

mance [10–12]. The electrocatalytic activity of Pt nanoparticles for fuel cell is determined

by various factors, which involve the size and dispersion of particles [15], preparation
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method [16], supporting materials and their surface conditions [17]. To date, a great deal

of research and development effort has been focused on the development of strategies to

produce Pt-based catalysts with a high surface area for high catalytic activity and utiliza-

tion efficiency [10].

1.2 Commercialization hindrance of fuel cells
The development of “state-of-the-art” fuel cell systems is largely dependent on Pt-based

electrocatalyst which has low abundances in the earth’s crust, also contributing as much as

40% of the total fuel cell cost [18,19]. Therefore, the economic feasibility of PEMFCs is

directly linked to reducing the cost without sacrificing the efficiency of these catalysts.

The cost of Pt-based electrocatalyst can be significantly reduced by increasing the mass

specific activity of platinum catalyst (i.e., increasing the current density without increas-

ing the mass of Pt), or finding an alternative nonnoble metal catalyst that can give an

acceptable catalytic performance. Most of the presently used Pt-based catalysts are sup-

ported on porous conductive materials with a high specific surface area. The support

materials are necessary to obtain a high dispersion and a narrow distribution of Pt and

Pt-alloy NPs, which is the prerequisite to obtain a high catalytic performance of catalysts

[20–22]. An ideal support material should have high crystallinity, high conductivity, high

accessible surface area, and high porosity, should be resistant to corrosion, should have

better stability to chemical attacks, stable under oxidizing and reducing atmospheres,

manufactured by a low cost process, and have inherent hydrophobic nature [23–25].

1.3 Carbon-based electrocatalyst support materials
Among the various advanced support materials, carbon nanomaterials are most appealing

with ample opportunity to improve the utilization of Pt catalyst and thereby enhance the

efficiency of fuel cells [25–27]. They have several distinctive properties like good con-

ductivity, easy processability, high surface area, high porosity, and stability under harsh

conditions of acidic or basic environment [26,27]. Due to these extraordinary qualities,

they can influence the performance of supported catalysts by shrinking the mass transport

losses. Furthermore, they can improve the electronic conductivity, electrochemical

active surface area and stability of catalyst layer [28].

A wide variety of carbon support materials like carbon black [29,30], ordered meso-

porous carbons (OMCs) [31–33], carbon aerogels [34–37], carbon nanotubes (CNTs)

[38–47], carbon nanohorns (CNHs) [48–51], carbon nanocoils (CNCs) [52,53], carbon

nanofibers (CNFs) [54–57], graphene/reduced graphene oxide [58,59], and carbon

nitrides [60–63] have attracted much interest as electrocatalyst support because of their

good electrical and mechanical properties and their versatility in pore size and pore dis-

tribution tailoring. Recent studies have revealed that the physical properties of the carbon

support material can greatly govern the electrochemical properties of the fuel cell catalyst
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[45,64]. Table 3.1 lists the properties of different carbon materials as support for metal

particles. It has been reported that carbon materials with high surface area and good crys-

tallinity can not only provide a high dispersion of Pt NPs, but also facilitate electron trans-

fer, resulting in better device performance.

Generally, Pt nanoparticles supported on carbon black have been considered as suit-

able electrocatalyst support and used frequently in various commercial applications, but

there is a major issue of oxidative corrosion associated with it [34,37]. Therefore, an alter-

native type of synthetic carbon that has started to be widely investigated for catalyst sup-

port, used in fuel cells, is ordered mesoporous carbons (OMCs) with tuneable pore sizes

from 2 to 50nm. It has been suggested that ordered mesopores offer better mass transport

properties than the random range of mesopores shown by conventional carbon black

[68,69]. However, due to its poor electrical conductivity and stability, mesoporous car-

bon has to be treated with high-temperature annealing and catalytic graphitization,

which thereby, increases the synthesis cost [33]. Moreover, such treatment/strategies

have to be implemented at the expense of the porosity and specific surface area, making

it difficult to deposit metal nanoparticles. From past few decades, a wide variety of

advanced carbon nanomaterials as support materials have been explored and several mod-

ifications including functionalization [70,71] or defect insertion, heat treatment [72,73],

heteroatom (i.e., nitrogen, sulfur, boron, phosphorous) doping [74], etc. were adopted

Table 3.1 Physicochemical characteristics of different carbon materials as support for metal particles.

Carbon
material

Specific
surface
area (m2/g) Porosity

Electronic
conductivity
(S/cm)

Supported
catalyst
properties References

VulcanXC-

72R

254 Microporous 4.0 Good metal

dispersion,

low gas flow

[65,66]

OMC 400–1800 Mesoporous 0.3�10�2–1.4 High metal

dispersion

[31,32]

Carbon gels 400–900 Mesoporous >1 High metal

dispersion

[34–37]

CNT 200–400 Mesoporous 0.3, 3

(functionalized

MWCNTs)

Low metal

accessibility,

high metal

stability

[40–42,44,67]

CNF 10–300 Mesoporous 102–104 High metal

dispersion

[56]

Graphene

nanosheets/

flakes

2600 Nanoporous 80–100�102 High metal

dispersion,

low stability

[58,59]

Carbon

nitrides

CNs

125 Nanoporous 0.72 High metal

dispersion

[60–63]
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for enhancing the electrocatalytic activities. However, nitrogen doping of carbon mate-

rials is most fascinating and widely explored process as they astonishingly improves the

durability and simultaneously increases the intrinsic catalytic activity of electrocatalysts.

The additional lone pair of electron present on nitrogen can alter the electronic cloud and

enhances the bonding of carbon with metal nanoparticles. Also captivation of nitrogen

into carbon leads to a reduction in surface oxygen groups and thus provides enhanced

tolerance toward oxidation of carbon support [75,76]. Generally N-doping is done via

postsynthesis in which carbonmaterial is treated with ammonia (NH3) inN2 atmosphere,

which not only provides very less atomic percentage of nitrogen but also has less control

over the functionalities. Therefore, researchers were searching a new class of carbon

nanomaterials that inherently exhibit the nitrogen content. In this regard, carbon nitride

materials are considered as potential candidate in the development of efficient electroca-

talyst as they provide high percentage of nitrogen specific functionalities located at def-

inite position. Carbon nitrides have unique properties like extreme hardness, resistance

toward corrosion, chemically inertness, tuneable band gap, which make themmost inter-

esting carbon support material.

2. Carbon nitride as emerging materials for catalyst support

A class of polymeric compounds containing high concentration of N:C ratio mainly

denoted by CxNy is known as carbon nitrides or simply CNs [77,78]. Berzelius was first

person who reported a polymeric solid compound with high N:C ratios via using a

nitrogen-rich molecules, which was further developed by group of researchers

[79,80]. These materials have 2D crystalline graphene-like atomic structures along with

semiconducting properties consisting C- and N-containing heterocycles with heptazine

or triazine rings connected by sp2-bonded N-atoms (N(C)3 units) or dNHd groups.

These are synthesized through carbon material via substituting nitrogen and vigorously

investigated as potential next generation constituents for fuel cell electrocatalyst

[60,81,82]. Their electronic, chemical, and optical properties are categorized on the

nature of their structures and chemical composition of the constituent elements. As there

are different classes of carbon nitride compounds based on their structural and chemical

properties, they can be well suited for various applications which include charge storage,

oxidation/reduction catalysis, and photocatalysis. Although, due to their variable crystal-

linity (i.e., ranging from amorphous to nanocrystalline) and tuneable composition of

constituent element, creating an immense complication to establish structure-

functionality relationships in between carbon nitride materials [60,82,83].

2.1 Types of carbon nitrides
From past two decades, two-dimensional carbon nitride CxNy or CNs-based nanoma-

terials have fascinated the researchers because of their graphene-like structure which have

open band gap, large specific surface area, and good chemical stability. These unique
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features make carbon nitride-based nanomaterials ideal for ample applications ranging

from electrocatalysis, electronics, photocatalysis, gas adsorption, and energy storage

devices [82–86]. So far, various compounds of carbon nitride was discovered via altering

the value of x and y in CxNywith different stoichiometric ratios between C andN. These

compounds have been well recognized and reported in the literature with composition

details as g-C3N4, CN, C2N, C3N, C2N2, C2N3,C5N, and C5N2 [87]. The arrangement

of C andN atoms in these CxNy compounds is identical to arrangement of C andH atoms

in a benzene ring structure with similar sp2 hydridization as shown in Fig. 3.1. Due to

this, these compounds display different physicochemical properties with tuneable band

gap and structural features. In the available carbon nitride compounds, g-C3N4, C2N,

and C3N have fascinated much more attentions of the research community because of

ease in fabrication, tuneable band gap, high absorption capacity toward visible light, make

them potential candidate for catalysis applications including photocatalysis and

electrocatalysis.

2.2 Graphitic carbon nitride (g-CNs)
g-CNs is the most stable and hardest form of carbon nitride. It has graphite-like planes

with sp2-hybridized C and N atoms. Incorporation of nitrogen atoms (i.e., s-triazine and

tri-s-triazine) into g-CNsmakes it most suitable for various applications including photo-

catalysis [88,89], energy storage [90], solar cells [91], and sensors [92]. They can also be

applicable in removal of various organic and inorganic wastes from water. Several func-

tional groups (like dNH2, >NdN<, ]Nd, dNHd, ]CdN<, etc.) present on

the surface of g-CNs provides active sites for the adsorption or interaction with the

organic or inorganic contaminants from effluent [93]. g-CNs are either linked through

physical interactions (comprising electrostatic interactions, π-π conjugated interactions,

and hydrophobic interactions) and/or chemical interactions (including complex
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Fig. 3.1 Structure of g-CNs with multiple surface functionalities found on their surface.
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formation or acid-base formation) with the impurities and thereby boosts their removal

from waste water.

Graphitic carbon nitride is a general term that is in practice for compounds having

different chemical and structural characteristics but containing graphitic planes with

sp2-hybridized C and N atoms. Recently, many publications set a tradition to use

“g-C3N4” compounds instead of graphitic carbon nitride or g-CNs-based compounds.

However, this is inappropriately referred to as “g-C3N4” compounds because it is very

difficult to fabricate a compound having exactly 3:4 C:N ratio. These compounds always

contain the considerable concentrations of H and O, although the word “graphitic”

layers are probable to be far from complete, and the sheet-like domains are unlikely

to be planar [94]. The g-CNs-based materials have been recognized in various distinct

classes. The first type of class, commonly known as N-doped carbons, in which a gra-

phitic carbon or graphene-like carbons or carbon nanotubes were synthesized and then

incorporation of N was done that extends up to a few atomic percent [95,96]. They also

contain some metallic properties [96,97]. These types of materials are termed as N-doped

carbons rather than g-CNs and have been tremendously were used in electrocatalyst sup-

ports since 1980s [98,99]. They are prepared when carbonaceous materials are pyrolyzed

along with nitrogen-containing precursors. Although they show good performance with

less platinum loading but synthesis and durability issues limits their applicability as fuel cell

catalyst. The performances of carbonaceous-based materials were further improved via

various synthesis approaches including combination of various transition metal atoms

[100–102]. In nitrogen-doped carbon materials, lone pair of electrons on nitrogen intro-

duces/increases electron cloud which is localized on N-atom, whereas, in graphitic car-

bon nitrides contains several anchoring sites for Pt as well as adsorption sites for carbon

monoxide (CO) like abundant Lewis acid and base sites (terminal and bridging NHd
groups and lone pairs of N in triazine/heptazine rings, respectively).

3. Graphitic carbon nitrides as fuel cell electrocatalyst support material

Due to high nitrogen content, simplistic synthesis and tunability in polymeric structure of

graphitic carbon nitride make them suitable candidate for fuel cell electrocatalyst support.

They provide a worthy balance in three major commercialization hindrances of fuel

cells, i.e., cost, performance and durability. g-CNs fascinated the researcher with their

amazing steady chemical structure under high temperature and harsh condition of high

acidic or basic mediums [103–105]. Owing to the presence of nitrogen atoms, they pro-

vide an appropriate synergistic bonding environment for anchoring metal nanoparticles.

The triazine units can form efficient coordination complex with metal nanoparticles,

thereby increasing the durability of electrocatalyst. This excellent feature makes them

a promising durable candidate for fuel cell catalyst substrate. The 2D graphitic carbon

nitrides can provide much higher specific surface area as compared to the bulk material
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and therefore exhibits outstanding electrocatalytic performance for oxygen reduction

reaction. Many studies have been reported which shows the enhanced catalytic perfor-

mance of these materials in basic medium. The poor conductivity is the major obstacle for

application of these materials as an electrocatalytic support in acidic medium. Recently

many novel approaches were adopted for increasing their specific surface area by inte-

grating them with conductive carbon or metal nanoparticles [28,89,95]. These

approaches have been successfully demonstrated by various research groups to increase

the surface area to some level. First, Yu et al. exhibited the application of carbon nitride

as catalyst support in direct methanol fuel cell (DMFC). They showed that PtRu sup-

ported on graphitic carbon nitride shows more than 75% of power density as compared

to that on Vulcan XC-72 [106]. Earlier, it has been reported that Pt deposited on gra-

phitic carbon nitride shows more stability as well as durability under acidic environment

as compared to commercial Pt/Vulcan after 1000 scans and has superior methanol oxi-

dation activity per electrochemical surface area [107]. Zheng et al. demonstrate that gra-

phitic carbon nitride composite with carbon black shows comparable catalytic activity to

that achieved by commercial Pt/C. Here, the metal-free carbon nitride-based electroca-

talyst shows high durability as well as better tolerance toward carbon monoxide [108].

Recently, graphitic carbon nitrides are demonstrated as extremely durable Pt electroca-

talyst support for fuel cells. Here, Pt deposited on three different graphitic carbon nitride

materials (i.e., polymeric carbon nitride, crystalline poly(triazine) amide, and boron-

doped graphitic carbon nitride) were synthesized and found to bemore electrochemically

stable as compared to conventional commercial Pt/Vulcan XC 72R elctrocatalyst. Fig.

3.2 displays the corrosion behavior for modified graphitic carbon nitride materials and

Pt/Vulcan XC 72R. After 2000 cycles, all graphitic carbon nitride materials exhibit a

higher degree of tolerance to cycling, compared to commercial carbon black (Vulcan

XC72R) also, with boron doped graphitic carbon nitride showing the best tolerance

toward methanol oxidation [109].

3.1 Electronic structure and physicochemical properties
of g-CNs electrocatalyst
The lone pair of electron of nitrogen in graphitic carbon nitrides is primarily responsible

for band structure and development of valence band. Moreover, in electronic structure,

the valence and conduction bands are primarily formed by overlapping of 2p orbital of

N and 2p orbital C atom. The 2D structure of g-CNs can be thought as N-substituted

graphene planes in graphite with sp2-hybridized C and N atoms in aromatic rings. The

lone pair electron of N is considered to form valence band, which is stabilized by p elec-

tronic state and results in the formation of band gap of 2.7eV. Generally, carbon nitride

possesses graphitic-like structure. Still the ground state structure of g-CNs was not clear

and much more clarification is needed. Thermal poly-condensation method is generally

used to prepare g-CNs and the X-ray diffraction (XRD) patterns are applied to analyze
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the crystal structure of g-CNs. Due to low crystallinity of g-CNs, XRD usually shows

only two peaks at 13.04 degree and 27.25 degree. These peaks may correspond to

in-plane ordering with repeated distance of about 6.788 Å and graphitic interlayer dis-

tance of 3.273Å [110,111]. But due to synthetic restrictions, the precise stacking position

of C and N atoms with respect to adjacent layers is not understandable.

The allotropes of g-CNs were generally synthesized by triazine (C3N4) and tri-s-

triazine (or heptazine, C6N7) units. Among these phase of carbon nitride, heptazine-

based g-CNs (or g-HCN) is believed as the most stable structure. g-CNH can exist in

three different configurations, ranging from most stable configuration, stable distorted

configuration, most stable planar configuration with specific band gap of 2.87, 3.14,

and 2.27eV, respectively. The g-CNH includes a range of “graphitic” or polymeric

structures with compositions extending along tie-line between C2N3H and C3N4 in a

ternary CdNdH phase diagram. They are readily synthesized by condensation reac-

tions of dicyandiamide, melamine or urea at 500–700°C temperature range [112].

Whereas at lower temperatures poly-heptazines (PHs) formed with poorly organized

ribbon-like structures terminated sideways by dNHd and dNH2 groups. When

the processing temperature is increased, the extent of condensation reaction increases

with removal of NH3 molecules and sheet-like graphitic structures initiated to form.

Another class of g-CNs is formed when independent triazine (C3N3) rings linked

together by dN] or dNHd groups to construct polytriazine imide (PTI) layers.

These PTI layers were manufactured form chemical vapor deposition (CVD) techniques

Fig. 3.2 Comparison of change in double-layer capacitance of the different support materials as a
result of accelerated carbon corrosion cycling. Here, gCNM is polymeric carbon nitride; PTI/Li+Cl� is
crystalline poly(triazine)imide; B-gCNM is B-doped graphitic carbon nitride; Vulcan XC 72R.
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in nanocrystalline structure [113,114]. During the molten salt synthesis, a crystalline form

of g-CN is produced, known as triazine-based g-CN or TGCN. These were deposited

on the wall of the reaction vessel also at the molten phase surface [115]. TGCN layers

consist of C6N6 voids, which are arranged according to the AB or ABC type

stacking [115].

For enhancing the structural properties, incorporation of hetero atom such as H, Li,

Br, and Cl has been done in PTI family. These were synthesized via implying molten

salt like LiCl and KBr at high temperature or high pressure conditions [116,117]. They

contain larger ring voids of C12N12 in between the layers along with hetero atoms ions

such as H+, Li+, Br�, and Cl� exist in the interlayer spacing or in voids. Herein, the

triazine units are connected withdNHd groups which attached along the interior of

these void sites, whereas H+ easily substitute the Li+ cation. Moreover, Li+ ions species

may be exist in between the layers as shown in the Fig. 3.3 [116,117]. Fig. 3.3 displays

the structural motifs found in graphitic carbon nitrides in which (a) shows the Liebig’s

melon ([C6N7(NH2)(NH)]n) with zig-zag chains of heptazine (or tri-s-triazine) units

linked by bridging nitrogen and their edges are decorated by NdH groups; (b) shows

the fully condensed C3N4 layer based on heptazine units; (c) shows the fully condensed

C3N4 layer based on triazine units; (d) shows the PTI backbone based on triazine ring

units, linked by NdH bridges; and (e) shows the side elevation of fully occupied

PTI�LiCl.

3.2 Pristine graphitic carbon nitride applied as catalyst support
for fuel cell
g-CNs are carbon materials with high N content along with extremely well chemical,

mechanical, and thermal stability. Due to these properties, they are considered as better

aptness for fuel cell electrocatalyst support [118,119]. Their structure contains high con-

centration of NHd functional group also, lone pair of electrons is present on nitrogen

atoms of triazine or heptazine units. These sites provide improved environment for teth-

ering metal nanoparticles with them. Owing to high N content, they provide intrinsic

catalytic activity toward redox reactions. Studies reflect their better behavior toward cor-

rosion as compared to commercially used carbon black support. Recently, Lyth et al.

investigated the intrinsic catalytic activity for the ORR of g-CNH synthesized from cya-

nuric chloride [120]. They reported efficient catalytic properties of g-CNH as compared

to carbon black. The pyridinic sites anchored within g-CNH not only provide better

position for metal NP incorporation but also reduce the formation of aggregates and

thereby increase the catalytic activity. Kim et al. reported more than 80% increment

of PtRu supported on g-CNH as compared to PtRu supported carbon black [106]. Fur-

ther, g-CNH and PTI materials exhibits enhanced electrochemical stability than carbon

black during accelerated corrosion testing as reported by Mansor et al. [109]. Here,
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PTI�LiCl integrated material shows excellent durability, as defined by changes in the

ECSA under potential cycling, and shows superior intrinsic methanol oxidation activity.

A major barrier toward the use of g-CNs as catalyst supports for metal NPs or as

metal-free catalyst is their poor conductivity, because of their semiconducting nature.

This not only limits their intrinsic electrical conductivity but also bound their practical

application. Miller et al. illustrate that g-CNH-based Li-ion battery anodes have low

conductivity or high resistivity which lowers its Li storage capacities [121]. On the other

hand, when these materials are employed as an anodic catalyst support in fuel cells, they

show fast reaction kinetics toward hydrogen evolution reaction (HOR). However, with

sluggish kinetics of cathodicORR, these materials show reduced performance. Kim et al.

had reported that hybrid materials, in which g-CNs materials combined with high con-

ductive carbon nanomaterials can overcome the issues of poor conductivity [106].

Fig. 3.3 Structural motifs found in graphitic carbon nitrides. (A) Liebig’s melon model; (B) fully
condensed C3N4 layer; (C) fully condensed C3N4; (D) PTI backbone based on triazine ring units,
linked by NdH bridges; and (E) side elevation of fully occupied PTI�LiCl.
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3.3 Hybrid g-CNs/carbon composite materials-based electrocatalysts
and catalysts support
A theoretical study was conducted by using first principle employing pure melem units

(C6N10H6) as a base model for estimating the behavior of g-CNH. These materials

shown decrease electron-transfer efficiency for the ORR and also favoring 2-electron

over the direct 4-electron pathway which ultimately generating harmful intermediates

like H2O2 [108]. As displayed in Fig. 3.4, the number of electrons accumulated on

the melem surface is increasing by adding conductive substrate which takes part in the

reaction, therefore, facilitating the direct 4-electron pathway in ORR process. Conse-

quently, many studies have concentrated on analysis of the performance in g-CN/C

composite materials as metal-free electrocatalysts and catalyst supports for fuel cell elec-

trodes [122,123].

Graphene and grapheme-based materials like reduced graphene oxide (rGO) are most

common and potential candidate for conducting substrate for g-CNH because of their

high surface area and electrical conductivity [124–126]. Also, theoretical studies using

Fig. 3.4 (A) Free energy plots of ORR and optimized configurations of adsorbed species on the g-C3N4

surface with zero, two, and four-electron participation demonstrated as paths I, II, and III energy levels.
Here, C, N, O, and H are represented by the balls and arranged according to the g-C3N4 structures.
(B–D) Schemes of ORR’s pathway on pristine g-C3N4 without electron participation, pristine g-C3N4

with 2e� participation, and g-C3N4 and conductive support composite with 4e� participation,
respectively (red (dark gray in print version) areas represent the active sites facilitating ORR).
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density functional theory (DFT) calculations in g-C3N4 material clearly shows a strong

electronic coupling and charge transfer at the interface with graphene or rGO, which

subsequently increase the electronic conductivity of the g-CNs [127]. As reported pre-

viously, experimentally observed results show that metal-free g-CNH-graphene

composite-based electrocatalysts displayed an excellent ORR performance in alkaline

electrolytes [122,128,129]. Also, electrocatalyst includes metals such as Pd and Pt-Ru

supported on g-CNH/rGO demonstrated very high electrocatalytic activity with

enhanced durability and alcohol tolerance [130]. All these research reports highlighted

the prominence of optimizing the g-CN to graphene ratio in the composite materials

to maintain the catalytic activity while improving the conductivity, simultaneously.

Another report displays a hybrid carbon nitride-reduced graphene oxide (g-CNH-

rGO) composite materials were synthesized as an EC support for the ORR and

HOR [131]. This g-CNH-rGO composite only contained �30% graphene (rGO) with

g-CNH as rest. The structure of the composite material is well integrated in which rGO

layers closely associated with g-CNH to provide the conductive backbone. There Pt was

subsequently deposited through modified NaBH4-assisted ethylene glycol reduction

method, which resulting an excellent dispersion of Pt nanoparticles (NPs) on the support.

Although ECSA of Pt-supported gCNH/rGO is lower than commercial Pt/C, but it

results three times enlarged value as compare to Pt on g-CNH alone, which clearly reveal

that the incorporation of rGO enhances the electronic conductivity of the support and

also enhances the electrical contact NPs to greater extent. The Pt-supported gCNH/

rGO (Pt/gCNH-rGO) composite-based material has high ORR activity as compared

to Pt/g-CNH or Pt/rGO. Whereas the addition of rGO into the composite resulted

in an improvement in the electronic conductivity, but the layered structure of graphene

restricted the number of active sites and mass transport access for reactants, which neg-

atively affecting the ORR performance. The HOR performance of Pt/gCNH-rGO is

comparable to commercial Pt/C because the HOR is a very fast reaction [132]; hence,

the lowered ECSA has less impact on the catalytic performance here [103]. The fuel cell

anodes frequently suffer from durability issues due to fuel cell operation, which ultimately

results corrosion on electrode over time. Whereas Pt-supported gCNH/rGO (Pt/

gCNH-rGO) composite-based material results long-term durability in comparison with

commercial Pt/C. Hence, the hybrid Pt/gCNH-rGO composite is suitable substitute for

anode catalyst support for PEM fuel cells [103].

3.4 Three-dimensional g-CN/carbon hybrid composite
as electrocatalysts and catalysts support
Various methods were explore for synthesizing an ordered three-dimensional (3D) struc-

ture of g-CNHhaving a high surface area, abundant N active sites, porous structure along

with high electrical conductivity. A report by Liang et al. showed a pathway to fabricate

the 3D g-CNH materials via thermal poly-condensation of precursors deposited on a
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framework structure made from melamine sponge, which result a microporous structure

having 3D interrelated network composed of 2D g-CNH nanosheets with hierarchical

pores [133]. Other 3D frameworks were formed by incorporation of g-CNH, rGO, or

carbon nanotubes (CNT) via hydrothermal synthesis, followed by freeze-drying/super-

critical drying [134,135], or by chemical cross linking approaches [136]. Here, exfoliated

g-CNH nanosheets were homogeneously dispersed in solution by mixing with GO and

3D network which was formed during the hydrothermal process, due to the partial

removal of oxygen-containing groups from GO and restoration of van der Waals forces

[135–137]. The exfoliated g-CNH nanosheets adhere onto the rGO surfaces, therefore,

incorporated in the 3D porous network [135,137]. Huang et al. produced a 3D hybrid

monolith with hierarchical pore distribution which has BET surface area �376m2 g�1

and homogeneous dispersion of ultrafine Pt NPs [134]. This interconnected and porous

hybrid 3D catalyst system exhibited an excellent EC activity, high tolerance to poisoning,

and reliable stability when used as anode ECs for DMFCs. One more 3D hybrid material

was developed via using a highly crystalline PTI rather than an amorphous g-CNH.

There Pt was deposited onto 3D material through ethylene glycol reduction which

yielded NPs having average size �5nm. The rotating disk electrode results showed that

the Pt/PTI-rGO hybrid composite revealed an enhanced ORR activity along with

nearly 10 times higher current density than Pt on pristine PTI at 0.90V (Fig. 3.5). This

hybrid composite material also displayed a higher current density than Pt on rGO at

0.90V that shows that this combination of PTI and rGO improving the overall perfor-

mance. On the other hand, the current density of this composite was observed to be

lower than that of commercial Pt/C. Further examination of routes to enhance the inter-

action between g-CNs and the conducting framework, the development of novel exfo-

liation ways for g-CNH and the enhancement of methods for improving the overall

Fig. 3.5 Electrochemical (A) ORR polarization curves; (B) detailed highlighting the ORR overpotential
region of PTI, and rGO, and PTI-rGO hybrid, in comparison to commercial Pt/C, at 1600rpm in 0.1M
HClO4.
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surface area and therefore access to N-containing catalytic sites, will have considerable

advantage in fuel cells applications.

3.5 Other type of hybrid g-CN/C composites electrocatalysts
and catalyst supports
Various earth abundant nonnoble metals like Co and Fe with support on g-CNHmixed

or hybrids-based composite was considered as suitable substitute for electrocatalysts for

the ORR and HOR [138–140] in fuel cell applications. An excellent electrocatalyst was
fabricated by Lie et al. via co-doping on g-CNH/graphene hybrid materials with high

ORR activity and increased durability as compare to commercial Pt/C because of the

formation of Co-N moieties which act as active sites to boost the quick charge transfer

at the interface of Co-gCNH/graphene [139]. Afterward, Jin et al. synthesized a mod-

ified catalyst a novel core-shell structure in which CoO as core and Co-doped gCNH/

graphene composite as shell. This modification leads to enhance the stability due to self-

healing ability of CoO core that worked as a source of cobalt, deliberately liberating Co

metal atoms or ions to heal the damaged active surface sites [140].

Some other elements like P and S also used for fabricating composite materials via

doping with g-CNH which could as an EC supports. For instance, modified hybrid

P-doped g-CNH grown on flexible carbon fiber paper (CFP) composite revealed an

improved ORR activity as compared to its phosphorous-free composite and also com-

parable to Pt supported on carbon fiber paper (CFP) [141]. The EC-based composite

material was also fabricated via using 2D nanohybrid structures based on graphene quan-

tum dots decorated onto S-doped g-CNH. This S-gCNH-graphene quantum dots (or

GQD) hybrid composite material was exhibited a highORR activity which analogous to

well-developed graphene and GQD-based catalysts [142]. Although, these heteroatom-

doped g-CN hybrid composite materials aren’t able to commercially available EC for fuel

cell applications, but, however, they have the potential for fabricating new advanced

types of g-CNH-based composite materials for commercial energy conversion

technologies.

3.6 Integrated carbon nitrides-based electrocatalysts
The family of integrated carbon nitride-based electrocatalysts supports were composed of

carbon-based matrix into which nitrogen atoms have been embedded [97]. They have

comprises all of theN-doped carbons [143] which have structures ranging fromN-doped

carbon nanotubes [90] to N-doped mesoporous carbon [144]. They commonly have

contained N contents of less than 5 atomic percent and exhibit significantly different cat-

alytic behavior to the g-CN materials discussed above. CNs-based electrocatalysts are

usually synthesized via one-pot synthesis in which solvated metal complexes and precur-

sor molecules with large N content are adsorbed onto a carbon-based precursor and the
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subsequent obtained composite material is pyrolyzed to form the metal NPs and for the

incorporation of nitrogen into the carbon matrix [98,99]. This methodology is used to

fabricate bulk electrocatalysts [98] supports material but they are undefined structures and

irreproducible that ultimately affects their overall performance and durability [97].

Another class of CNs-based ECs has fascinated the researcher, which have much

more ordered and highly localized content of N atoms. These composites are fabricated

via adopting devising strategies to intelligently incorporate catalyst precursors within car-

bon based matrices [145–147]. A report by Di Noto et al. showed that they were able to

develop 3D cross linked inorganic-organic network in which metal ions have coordina-

tion with N-containing macromolecular ligands. They used soft pyrolysis technique than

graphitized to form a foam-like conductive carbon based matrix in which NPs were held

in stabilizing the “N co-ordination nests” [97,145,146]. Afterward, this method has been

further modified via introduction of a core-shell approach [148,149] in which the metal

and its surrounding N-containing matrix are constructed onto a conductive core. By

employing this method, a standard Pt NPs could also be replaced with Pd in ORR

ECs [91,150] or a bimetallic system [151], while attaining a decrease inORRover poten-

tial as compare to commercial Pt/C [152]. Another report byWu et al. had used a high Pt

loading core-shell structures to increase the activity for methanol oxidation over Pt/C

because of higher Pt loading a more rapid charge transfer is occur [87].

4. Summary and outlook

Over the past few decades, carbon nitrides have fascinated the researcher from their var-

ious advantageous properties which includes graphene-like structure, high nitrogen con-

tent, open band gap, large surface area, chemical steadiness toward oxidation/reduction

environment and tuneable surface chemistry, etc. These properties enable them to be

used in numerous applications including electronics, photocatalysis, energy storage

devices, gas adsorption, electrocatalyst supports, etc. Among all these applications, fuel

cell catalyst support is the most appealing field for green energy conversion technologies.

As carbon nitrides contain high N atomic percentage, they can be used as promising cost

effective and highly efficient futuristic fuel cell catalyst support. g-CN support has pro-

spective to bind effectively with metal nanoparticles, and several N group present on its

surface provides well-organized environment for synergic bonding. From the various

results evaluated earlier, the improvement of catalyst dispersion, durability, reducedmetal

loading, and resistant nature toward oxidation demonstrate the improved catalyst perfor-

mance of these materials. However, the development of g-CN as an emerging efficient

fuel cell catalyst support has been done through systematic studies. The deeper under-

standing of g-CN support interaction with metal nanoparticles and their role in deter-

mining the fuel cell reactions kinetics is necessary. Apart from this, it is also important
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to improve the structure and chemistry of g-CN materials along with their interaction

through other conductive carbonaceous materials in hybrid supports.

The development of new scientific approaches for 3D porous networks or materials

based on g-CN is an attractive area for futuristic advancement toward commercialization

of fuel cell technology. Here, the N-rich regions and metal nanoparticles are incorpo-

rated along with high conductive carbon material like graphene or carbon nanotubes.

It will be significantly important to proceed with the identified and tested materials

for efficient and inexpensive synthesis for large-scale production and thereby commer-

cialization of fuel cell technology for variety of energy conversion applications.
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1. Introduction

The conventional aerobic wastewater treatment technologies are energy-intensive treat-

ment processes. Themajor fraction of the energy utilized in aerobic treatments is associated

with the use of aeration equipment required for the supply of oxygen. The cost of energy

may vary up to 60% of the total cost associated with an operation of wastewater treatment

plant [1]. However, considering the fact that energy present in wastewater is itself more

than that required to treat it [2], the development of a wastewater treatment facility that

can harvest this energy and utilize the harvested energy onsite is a sustainable proposition.

Microbial fuel cell (MFC) is an emerging technology for converting chemical energy

stored in the organic substrate to electrical energy using microorganisms as biocatalysts,

thus having the ability to offer effective wastewater treatment for removal of organic mat-

ter and nutrients. The substrate can be sourced from wastewater, sludge generated from

biological processes, or the organic fraction of solid waste [3]. Similar to a conventional

fuel cell, theMFC contains an anodic chamber where oxidation of organic pollutants pre-

sent in the anolyte occurs, producing protons (H+), electrons (e�), and CO2 (Fig. 4.1).
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The e� generated in anolyte during oxidation of the organic matter travel to the cathodic

chamber through an externally connected circuit, whereas H+ travel from the proton

exchange membrane (PEM) and ultimately both H+ and e� reach to the cathode where

oxygen reduction reaction (ORR) occurs [4]. For reduction process to occur, a terminal

electron acceptor, such as O2, is necessary, which is accomplished by utilizing either

aqueous dissolved oxygen or directly breathing oxygen from air depending upon the

aqueous cathode or air cathode configuration used in MFC, respectively.

Apart fromO2, ferricyanide, permanganate, dichromate, and persulfate [5–8] can also
be used as electron acceptors at cathode. However, nontoxic nature, ease of operation,

and easy availability make O2 the most suitable electron acceptor in MFC [9]. At the

cathode of MFC, reduction of oxygen takes place either via accepting four electrons

or two electrons. While accepting two electrons, hydrogen peroxide is produced,

whereas the acceptance of four electrons in ORR results in water as the final product.

Even though hydrogen peroxide works as a disinfecting agent, the energy generated from

MFC following 2e� oxygen reduction pathway is low and it may cause deterioration of

the interior surface of the cathodic chamber due to its high oxidative power [10]. Owing

to this, generally 4e� reduction pathway is preferred and hence targeted in the cathodic

chamber of MFC from the aspect of durability and electrochemical efficiency.

The MFC is considered as one of the upcoming wastewater treatment technologies

and has been successfully applied for the treatment of domestic, distillery, brewery,

bakery, dairy, hospital, landfill leachate, meat processing, paper recycling, and swine

Fig. 4.1 Schematic and working of dual chamber microbial fuel cell. No permission required
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wastewaters [11]. The maximum power density using miniature MFC is reported to be

2.15kWm�3 [12]. A maximum power density of 26mWm�2 was reported simulta-

neously achieving a chemical oxygen demand (COD) removal of 80%, while both

parameters were dependent on hydraulic retention time (HRT) in the anodic chamber

of MFC [13]. The dairy wastewater has been treated successfully with power densities

reported up to 27Wm�3, coulombic efficiency of 36%, and up to 90% COD removal

efficiency with a continuous mode operated MFC for 72days [14].

In another case, a 20.2Wm�3 of power density and 91% of COD removal efficiency

was reported with a coulombic efficiency of 26.9% in a batch operated MFC for treat-

ment of dairy wastewater [15]. In addition to low strength domestic wastewater, MFCs

are capable of treating high-strength wastewaters such as brewery effluent as well. For

instance, brewery wastewater with influent COD of 2240mgL�1 was treated in MFC

to demonstrate 87% removal at an HRT of 94h. TheMFC produced a maximum power

density of 5.1Wm�3, thus showing the capability of handling a higher organic loading

rate [16]. In another investigation on brewery wastewater treatment in MFC, a COD

removal efficiency of 82.7%, energy recovery of 0.097kWhm�3, and coulombic

efficiency of 8% were reported [17].

The bioelectricity recovery is considerably affected by various losses, which can be

attributed to: (i) activation loss caused by slower reaction rate at the electrodes;

(ii) ohmic loss due to restriction to the movement of protons and electrons; and

(iii) mass transfer loss caused by inefficient supply of reactants to the catalytic sites in

[9,18]. Although activation losses arise at both electrodes due to sluggish kinetics of

the electrochemical reactions, nevertheless ORR kinetics at cathode is often the rate

limiting factor due to requirement of higher activation energy to break bond between

the oxygen atoms [19]. Theoretically, a redox potential of E0 ¼0.805V (against stan-

dard hydrogen electrode (SHE), at pH 7 and T¼298K) is achieved for catalytic reduc-

tion of O2 when H2O is the final reaction product. Nevertheless, owing to the low

diffusive rate of O2, poor adsorption of O2 over the electrode surface, and high acti-

vation energy requirement for cleavage of the O2 molecule, the ORR occurs at a lower

potential than the theoretical value [20]. This difference between the theoretical

obtainable potential during ORR and the voltage obtained in real time when ORR

occurs is termed as ORR overpotential. In order to reduce this ORR overpotential

and increase the obtainable cell voltage, catalysts can be implemented to promote a

faster 4e� reduction of O2.

Commonly Pt and Pt-based catalysts used on cathode are found to significantly

reduce the overpotential and support 4e� pathway of ORR, thus enhancing the elec-

tricity production [21]. Owing to the high cost associated with the use of Pt, several metal

alloys and other metals, like cobalt, nickel, iron, etc., have been preferred as an inexpen-

sive alternative to Pt for application as a cathode catalyst. Additionally, a fewmetal oxides,

like lead oxide, manganese dioxide, vanadium oxide, perovskite oxide, zirconium oxide,

cobalt oxide, etc., have also been used as a cathode catalyst in MFC [22,23].
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As an alternative to metal and metal oxide electrocatalysts, carbon-based catalysts

have also been developed by the researchers, which can be an economical option to con-

ventional electrocatalysts. The use of carbonaceous materials, such as activated carbon,

carbon black, carbon nanotubes, graphene, graphitic carbon, etc., have excellent electro-

catalytic properties, which make it an attractive choice as a cathode catalyst in MFC [24].

Over the years of research outcome has witnessed modifications to plain carbon-based

catalysts, of which nitrogen doping is one of the popular methods to enhance the

ORR activity [25]. Similarly, application of graphitic carbon nitride as cathode catalyst

in MFC has proved to have improved the ORR activity [26]. However, being a semi-

conductor, the electrocatalytic oxygen reduction activity of pure g-C3N4 is not up to the

expected mark. Even then, g-C3N4 has an excellent electron collection and transmission

ability and also deep negative conduction band; hence, its modification with other

substances can enhance the cathodic electrochemical reactions in MFCs [27].

The shortcomings, such as less specific surface area, less electrocatalytic activity due

to semiconductor nature, etc., of the sole g-C3N4 can be overcome via doping or

composites with other compounds. In this regard, the aim of this chapter is to throw light

on the different approaches used for improving the electrocatalytic properties of g-C3N4

and its composites to be used as cathode catalyst in MFC. Apart from this, the effects

of the different modifications on the properties of g-C3N4 have also been discussed in

detail.

2. Desirable properties of a cathode catalyst in MFC

A cathode catalyst should have high catalytic activity, extensive active sites, bridge mode

interaction, ability to increase the distance of the O]O bond to 2.89 Å so that the acti-

vation energy barrier of O2 is reduced by weakening the O]O bond, thus resulting in

substantial improvement in ORR electrochemistry [28]. Additionally, the cathode

catalyst should have good electrical conductivity and efficient electron acceptance capa-

bility to reduce the ohmic losses [29]. Whereas a catalyst should have enhanced surface

area with porous structure, d-band core vacancies, and large positive atomic charge con-

centration to resolve mass transfer loss [24,28]. While from the view of scalability, the

catalyst must be inexpensive, easily available/synthesizable for large-scale applications.

The properties considered to be essential for catalysts are summarized in Fig. 4.2.

2.1 Properties of graphitic carbon nitride
Past researchers have demonstrated formation of two types of graphitic carbon nitride

structural polymorphs by selecting appropriate precursor and related strategies. Among

the two possible structures of the carbon nitride, one is based on s-triazine and the other

on tri-s-triazine unit [30]. Graphitic carbon nitride has got excellent properties that

include accessible crystalline pore walls, chemical stability [17] good catalytic activity
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for various chemical reactions, like degradation of contaminants and photocatalytic

hydrogen production, owing to its nitrogen active sites. In spite of this, g-C3N4 has poor

electrocatalytic oxygen reduction activity [31]. A comparison of the inherent properties

of g-C3N4 and intended properties for efficient cathode catalysts are summarized in

Fig. 4.3 (1,3—[32], 2,4—[33], 5,6—[31]).

3. Application of graphitic carbon nitride as cathode catalyst in MFC

3.1 Sole graphitic carbon nitride
Synthesis of g-C3N4 is facile and being a highly active photocatalyst, it has been used in

chemical reactions and for degradation of contaminants in water andwastewater treatment.

The structure of g-C3N4 resembles graphene and the presence of nitrogen (almost 60%)

in pyridinic position assists in improving its performance as an electrocatalyst [34].

Fig. 4.2 Properties expected for a good cathode catalyst material to be used in MFC. No permission
required

Properties of g-C3N4

• Low cost1

• Abundantly available2

• Easily synthesizable3

Properties need to be 
improved

• High surface area4

• High electrical conductivity
(Semi conductive nature)5

• Electrocatalytic activity
Due to semi conductive nature 
electrocatalytic ORR activity is 

not satisfactory.6

Fig. 4.3 Comparison of properties required for a cathode catalyst in MFC and properties of g- C3N4.
No permission required
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The g-C3N4 polymer, with a structure similar to graphite, is a promising catalytic material

for oxygen reduction reaction because of better thermal and chemical stability, suitable

electronic structure, low-cost, and facile synthesis procedures [32,35].

Although g-C3N4 has some of the aforementioned useful properties, sole g-C3N4

cannot be used in MFC as cathode catalyst mainly due to inferior electrical conductivity.

Because of the semiconductive nature, the electrocatalytic oxygen reduction activity of

sole g-C3N4 is not satisfactory [31]. This was confirmed by the rotating disk electrode

(RDE) test, which displayed an onset potential of +0.76V for g-C3N4; compared to

+0.91V (reversible hydrogen electrode, RHE) for Pt/C, clearly stating that the ORR

performance of sole g-C3N4 was less than that of Pt/C. The current density of sole

g-C3N4 was nearly 7.6-folds lesser than Pt/C, which proves much lower ORR effi-

ciency of g-C3N4 compared to Pt/C [36]. In addition, it prefers the 2e� over the 4e�

pathway thereby leading to compromised electricity production [37]. This necessitates

the requirement of modifying g-C3N4 with additional metal or elements in order to

make it suitable to be used as a cathode catalyst that is following four-electron pathway

for ORR in MFC.

3.2 Doped graphitic carbon nitride as a cathode catalyst
Doping of other metals or elements, such as nitrogen or carbon with pure g-C3N4,

improves the electrocatalytic activity of the catalyst-C3N4. Early investigation for fuel

cell application conducted by Lyth et al. [38] showed that the onset potential of

g-C3N4 for oxygen reduction was 0.69V vs Normal Hydrogen Electrode (NHE), which

was improved to 0.76V (vs NHE), when plain g-C3N4 was blended with carbon

black. The onset potential for this particular work was defined as the voltage at which

a current density of 2μAcm�2 was recorded. Additionally, the modified electrode

produced 2.42 times more current density (2.21mAcm�2) than carbon black electrode.

This improved catalytic activity might be a result of carbon black doping that has high

surface area that can boost the catalytic activity of g-C3N4. Although the prepared mate-

rial was less efficient compared to Pt, however, the study confirmed that with further

enhancement in the surface area of g-C3N4, it can become a material for use in MFC

as well.

Graphene has a distinctive sp2 hybridized structure with outstanding electron con-

ductivity and benignity in the environment. Due to its superior electrical conductivity,

excellent mechanical stability, and high surface area, it has vast application in electronic

devices. Taking the benefit of these properties a novel catalyst, comprising of g-C3N4

polymer-doped cobalt species supported on graphene was synthesized for the applica-

tion in fuel cell [13]. Graphitic carbon nitride can accommodate intermediate metals

to create possible active sites, while graphene, with a similar bonding mechanism to

g-C3N4, facilitates electron transfer by strong electronic bonding. The chemically doped
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Co-g-C3N4 cathode catalyst delivered appreciable ORR activity and kinetics via a four-

electron transfer mechanism (n¼3.86), while possessing a good thermal stability and

improved stability in the vicinity of methanol for prolonged test period of 10h in alkaline

environment. Although the synthesized catalyst has not been used in MFC as a cathode

catalyst, it can be proposed for use as a cathode catalyst in MFC.

In another investigation, iron and nitrogen-functionalized graphene (Fe-N-G) was

synthesized via thermal treatment of Fe, g-C3N4, and chemically reduced graphene

for application as a cathode catalyst in air-cathodeMFC [39]. The maximum power den-

sity produced using Fe-N-G catalyst in MFC was 1149.8mWm�2, which was 2.1 times

higher than that generated with the Pt/C-MFC (561.1mWm�2), while both MFCs

adopted the same catalyst loading. Use of nitrogen-doped graphene (N-G) has proven

to be beneficial in improving the electrocatalytic activity and conductivity of graphene

[40,41]. The XPS analysis identified the presence of pyridinic N, pyrrolic N, and

graphitic N in the Fe-N-G–doped g-C3N4, which are known for efficiently creating

ORR active sites [42,43].

It has been indicated that carbon atoms present near the nitrogen dopant hold con-

siderably high positive charge density to neutralize the strong electronic affinity possessed

by nitrogen atom. The charge delocalization induced by nitrogen could also change

the adsorption behavior of graphene toward oxygen that can elongate and weaken the

bonding between oxygen atoms to assist the oxygen reduction reaction [42]. The elec-

trocatalytic activity of Fe-N-G electrode was lower, when compared with Pt/C

electrode, during the electrochemical analysis; however, it surpassed the latter when

MFC performance was compared for maximum power density. This might have been a

result of a restriction of the movement of proton or oxygen to the catalyst layer in the

air-cathode in the Pt/C-MFC, which could bemost likely due to platinum poisoning [44].

In another investigation, Zhang and Liu [27] prepared manganese dioxide/titanium

dioxide/graphitic carbon nitride-coated granular-activated carbon (GAC) cathode

(MnO2/TiO2/g-C3N4@GAC). Activated carbon is known to have a high specific

surface area, diverse porous structure, and it has been widely used as a base material to

support other electrocatalysts [45]. Manganese dioxide is a low-cost and environment

friendly metal oxide, and it is extensively used as electrocatalyst in bioelectrochemical

systems [46,47]. Titanium dioxide is a transition metal oxide that has strong photo-

catalytic degradation ability, chemical and biological stability, and similar to MnO2 it

has also been used as a cathode catalyst in MFC [48,49].

TheMFC catalyzed with composite cathode catalyst (MnO2/TiO2/g-C3N4@GAC)

achieved a maximum power density of 1176.47mWm�3, which was 1.65 times higher

than MFC with sole GAC as a cathode material (711.76mWm�3). Simultaneously, the

MFC achieved COD, NH4
+-N, and NO3

�-N removal of 98%, 99%, and 99%, respec-

tively, during 12h of HRT with a COD removal rate of 17.77kg COD m�3 d�1 [27].

Electrochemical impedance spectroscopy (EIS) analysis also exhibited that ohmic, charge
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transfer (Rct) and mass transfer resistance of the MnO2/TiO2/g-C3N4@GAC-catalyzed

MFC were lower than the control MFC (sole GAC cathode). The decreased internal

resistance (Rint) in the system contributing to the better energy production might have

significantly minimized internal energy losses.

3.3 Graphitic carbon nitride composites as a cathode catalyst
Another method of improving the electrocatalytic performance of sole g-C3N4 is via

composites, in which the properties of different materials are utilized simultaneously.

Composite catalysts exhibit high performance as the heteroatom doping creates delocal-

ization of charge and enhances the mobility of the electron cloud. Wang et al. prepared a

composite catalyst consisting of g-C3N4-wrapped Co3O4 nanoparticles supported on

nitrogen-doped graphene (NG) [50]. The Co3O4 is a low-cost material with abundant

availability in nature and excellent durability in alkaline medium [51,52]. Because of their

inadequate conductivity and limited surface areas, plain cobalt oxides show inadequate

ORR electrocatalytic efficiency.

Instead, these above-mentioned shortcomings can be overcome by doping of

g-C3N4, because Co3O4 activity sites can be protected by g-C3N4 to improve stability

and NG as a conductive matrix can anchor Co3O4@g-C3N4 [53,54]. The synthesized

catalyst surface features indicated that Co3O4@g-C3N4 was integrated into double sheet

like the graphene framework. The RDE tests showed that the as-synthesized composite

had an onset potential of 0.920V vs RHE, which was comparable with Pt/C (0.917V).

Almost identical value of onset potential compared to Pt/C showed comparable activity

of Co3O4@g-C3N4/NG, possibly due to the application of N to graphene, which can

induce the reallocation of charge and facilitate the sorption of oxygen to increase the

catalytic activity. The catalyst also demonstrated n value of 3.84–3.97, reflecting 4e�

pathway for ORR, which can directly enhance the power generation capability of

the catalyst [55].

In work done by Yang et al. [36], nanocomposites based on cobalt oxide supported on

nitrogen-doped carbon nanotubes (Co/N-CNT) were synthesized by controlled pyrol-

ysis of g-C3N4 and cobalt acetate. The cobalt acetate was used as a precursor to cobalt and

graphitic carbon nitride as a source of nitrogen as well as carbon. Graphitic carbon nitride

was used as it consists of sp2 hybridized carbon and nitrogen atoms in which the plentiful

pyridine moieties of nitrogen can be used to coordinate transitional metal centers. Pyrol-

ysis was performed for 2h at 800°C resulting in Co, N-doped carbon nanotubes

(Co/N-CNT). The Co/N-CNT nanocomposites displayed strong ORR electrocataly-

tic activity due to the greater ability of CodN active sites, which aided the ORR kinet-

ics. The number of electrons transferred at +0.6V was 3.4 for Co/N-CNT, which

suggested that ORR continued primarily through 4e� pathway. With a charge-transfer

resistance of 23.4Ω, the maximum power density of the catalyze air cathode MFC was
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reported to be 1260mWm�2, which was 16.6% higher than that Pt/C-catalyzed MFC

[36]. However, the Co/N-CNT catalyst loading used was four times greater than Pt/C

catalyst. Poison tolerance of catalysts was assessed with S2� as poisoning species. When

5mM of S2� was applied to the electrolyte, 93% of the current was maintained with

Co/N-CNT, which confirmed the poison tolerance of as-synthesized catalyst [36].

In one of the recent investigations, a novel catalyst with isoreticular metal organic

framework-3 (IRMOF-3) was modified with g-C3N4 and pyrolyzed at 850 °C [56,57].

In this investigation, effect of different weight ratios (0%, 25%, 50%, and 75%) of

IRMOF-3 to g-C3N4 on the performance of MFC was evaluated and compared with

commercial Pt/C. The half-wave potential revealed the ability of catalysts to suppress

ORR overpotential [58]; which was 0.89V vs RHE (with 50% IRMOF-3) compared

to Pt/C (0.79V vs RHE). The performance of IRMOF-3-catalyzed MFC

(1402.8mWm�3) was higher than Pt-catalyzed MFC (1292.8mWm�3) in terms of

maximum power density. The metal organic framework has organic compounds, metal

ions with high specific surface area, porous structure, and excellent mass transfer and

conductivity [59]. The use of g-C3N4 caused development of a porous nitrogen-doped

carbon structure. The electrocatalytic efficiency of 50% for IRMOF-3 to g-C3N4 ratio

was primarily due to the combined effect of hierarchically meso/microporous struc-

tures and abundant pyridine and quaternary nitrogen active sites. The porous structures

provided a larger area for active sites and opened up the path for reactant to reach the

active sites.

Feng et al. [16] implanted the nitrogen active sites to NG nanosheets (named as I-NG)

with mesoporous g-C3N4 (mpg-C3N4). The MFC using this catalyst achieved a maxi-

mum power density of 1618mWm�2; whereas for Pt/C-MFC, it was 1423mWm�2

with similar loading adopted for both the catalysts. This enhanced power density might

be a result of the reduced internal resistance of I-NG-MFC (75Ω). The decrease in max-

imum power density in I-NG-catalyzed MFCs was approximately 4.8% after 80days of

operational duration, whereas the drop in Pt/C-MFCs was close to 16%, thus showing

improved long-term stability of I-NG catalysts. The catalyst showed good metabolite

crossover effect tolerance and proved its potential to be used in bioelectrochemical

systems. The catalyst showed an excellent electrocatalytic activity and near to a 4e� trans-

fer pathway (n¼3.7). The enhanced activity of the catalyst might be attributed to

two main reasons; one of them could be due to the use mpg-C3N4, which provided

sufficient nitrogen content for NG nanosheets. The other reason might be due to

improved electron transfer efficiency owning to the use of NG as the conductive support.

This proves the ability of I-NG-MFCs as an excellent durable catalyst in MFC as an

alternative to Pt.

The metal ions and organic compounds can be converted into possible active sites,

and when used as a cathode catalyst in MFC, the addition of nitrogen source can greatly

increase their catalytic activity [60–62]. Graphitic carbon nitride with abundant
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nitrogen dopants was suitably combined with MndFe bimetallic MOFs nanoparticle

to synthesize a highly conductive skeleton with a metal-based core shell structure

to promote the ORR catalytic activity when used as catalyst [63]. The cathode

catalyst was synthesized using Mn-doped g-C3N4 and Fe-based MOF termed as

Mn–Fe@g-C3N4. The catalyst showed a power density of 413mWm�2 when used

in a 4e� reduction pathway with an Rct value of 5.44Ω. The Mn–Fe@g-C3N4 as

catalyst displayed a superior ORR performance with an onset potential of 0.197V,

which was more positive than the Pt/C (0.173V). The enhanced ORR activity of

Mn–Fe@g-C3N4 catalyst might be due to the addition of nitrogen that can boost oxy-

gen adsorption to increase ORR kinetics. Additionally, Fe3C nanocrystals may greatly

improve the electrochemical efficiency of the conductive carbon layer and the

adjacent Fe–N–C active sites. Overall, this investigation has shown that MOFs-

induced catalysts with porous framework and active components can be used effec-

tively in MFCs as cathode catalysts.

Chakraborty et al. [26] prepared two catalysts from exfoliated porous g-C3N4 and

acetylene black (composite) and other with sole exfoliated porous g-C3N4. Exfoliation

involves decrease of the overall layer thickness, thereby revealing increased specific

surface area, active sites, and increasing the charge transfer conductance [64]. Acetylene

black is used in the composite for the isolation and aggregation of electrons

produced by the g-C3N4. For the prepared exfoliated catalyst, a peak current

density of �0.228mAcm�2 was reported, while for composite, a peak current density

of �0.3mAcm�2 was reported, which was close to PtdC (�0.312mAcm�2). The

EIS analysis showed Rct value of�138 for exfoliated g-C3N4 and 112 for the composite

catalyst, both of which were slightly higher than PtdC (94). The reduced Rct, as com-

pared to exfoliated g-C3N4, has reflected into higher maximum power density

(14.74�0.17Wm�3) produced from exfoliated porous g-C3N4 and acetylene black

composite–catalyzed MFC. The exfoliated catalyst showed a BET surface area of

21m2 g�1, which is higher than plain g-C3N4 that ranges between 2 and 10m2 g�1

and demonstrated positive effect of exfoliation on enhancing the ORR than nonexfo-

liated g-C3N4.

It was also revealed in the cost analysis that the exfoliated porous g-C3N4 composite

can be used as low-cost cathode catalysts in MFC owing to its 20-folds lower cost than

PtdC [26]. The performance of the composite might be attributed to presence of dif-

ferent N configurations (graphitic and pyridinic N), reduced thickness due to exfoli-

ation, enhanced specific surface area as compared to plain g-C3N4, and presence of

acetylene black that facilitated charge separation and transport from the g-C3N4 matrix.

The presence of graphitic N provided a center for the oxygen reduction, which might

improve the conductivity of the catalyst [65] while promoting 4e� transfer mechanism

of ORR. All these strategies discussed above are summarized in Table 4.1.
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Table 4.1 Performance of microbial fuel cell catalyzed with g-C3N4-based cathode catalysts.

Sl.
no.

Method
used Material used with graphitic carbon nitride

Max. power density
(mWm22)

COD
Removal (%)

Resistance
(Ω) References

1 Doping Fe, N, G 1149.8 – – [39]

2 Doping MnO2, TiO2, GAC 1176.47mWm�3 98 91 (Rint.) [27]

3 Composite CO nanoparticles, nitrogen-doped CNT 1260 – 23.4 (Rct) [36]

4 Composite IRMOF-3 1402.8mWm�3 – – [66]

5 Composite Nitrogen-doped graphene (NG)

nanosheets

1618 – 75 (Rint.) [67]

6 Composite Mn-doped g-C3N4-assisted Fe-based

Metal Organic Frameworks

413 – 5.44 (Rct) [63]

7 Composite Exfoliated porous g-C3N4 and acetylene

black

14.74Wm�3 83.3 112 (Rct) [26]

8 Exfoliation Exfoliated g-C3N4 12.47Wm�3 78 138 (Rct) [26]



4. Future scope

Graphitic carbon nitride is drawing attention nowadays to be used in MFC as a cathode

catalyst because of its various useful properties like easy synthesis and abundant precursor

availability at low cost. However, as mentioned previously, limitations like low specific

surface area and limited electrocatalytic activity discourage the use of sole g-C3N4 as cath-

ode catalyst inMFC. Based on the literature, it can be seen that introduction of metals via

doping and composites can reduce the shortcomings of g-C3N4. However, further

research is necessary to find easy and repeatable procedures to improve the surface area

and electrocatalytic activity of the g-C3N4-based catalysts. Novel composite, doped or

exfoliated g-C3N4 can also be prepared to investigate their performance so that rate

of oxygen reduction can be enhanced further and the catalyst will be able to support large

current density so that full-scale application of MFC can be possible.

It is well-known fact that bulk g-C3N4 exhibits 2e
� pathway leading to cathodicH2O2

production. Though the power generation of such systemwill be compromised, the pro-

duced H2O2 can be considered for disinfection of the treated anolyte. Thus, a complete

system of secondary treatment followed by partial disinfection in the cathodic chamber

can be explored using bulk g-C3N4 as cathode catalyst. In this regard, a combination of

other electrocatalysts can be explored to enhance the H2O2 yield. Application of

photo-electro-catalyst in MFC is gaining attention in the field of bioelectrochemical sys-

tem.Graphitic carbon nitride being photocatalyst can be considered as cathode catalyst for

application in photo-electro-catalyzed MFCs in presence of UV or suitable light source.

5. Conclusion

This chapter summarizes the application of g-C3N4-based cathode catalyst for the

application in MFCs. Since pure g-C3N4 cannot be used as cathode catalyst, strategies

such as doping, composites, and exfoliation techniques have been discussed in connec-

tion with the past investigations. Considering the current literature, it can be hypothe-

sized that g-C3N4-based catalyst has the potential to efficiently work as a cathode catalyst

in MFC. Nevertheless, there is still a wide scope of improvement, which needs to be

addressed in the upcoming research to make it more practicable in the upcoming days.
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1. Introduction

Semiconductor photocatalysis has emerged as a most promising new technology in the

past few years for the production of clean energy and environmental remediation because

the use of catalysts and solar energy is most economical [1–4]. A significantly efficient,

stable, inexpensive, and easily separable semiconductor material that is capable of light

harvesting is also essential for an economical use of catalysts [5]. Therefore, intense

research activity has recently been focused on the development of an efficient semicon-

ductor material with unique properties apart from TiO2, which can directly split water or

degrade environmental pollutants using solar energy [5–23]. It is an efficient technology

for producing environmentally benign energy, in which one can use the sunlight as an

energy source and it offers the possibility of accomplishing energy cycles without

pollution of the environment and additional heating of the earth [3,24]. Unfortunately,

most widely employed semiconductor photocatalysts are only active under UV-light

irradiation, but photocatalysis using solar light could be highly economical compared

to the process using an artificial UV-light source [4,25–27]. Therefore, development

of efficient visible-light-driven photocatalysts is today’s demand.
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More recently, graphitic carbon nitride (g-C3N4) was found to be a typical metal-free

polymeric semiconductor material with a suitable band gap to absorb visible-light

radiation and unique properties [28–32]. Therefore, it is promising to consider graphitic

carbon nitride as an alternative candidate for solar light harvesting and conversion because

of its many interesting features, including visible-light adsorption ability and ease of

large-scale preparation, which is always preferred for practical applications. Also, chem-

ical functionalization or doping of g-C3N4 is easy because of its intrinsic organic nature,

thus allowing its electronic band gap structure to be tuned, and contrary to many other

organic semiconductors, graphitic carbon nitride has high thermal and chemical stability

against oxidation reactions and is stable in atmosphere up to 500°C [33–42].
It possesses good photocatalytic potential for hydrogen production from water split-

ting and the photodegradation of organic pollutants under visible-light irradiation

[43,44]. The metal-free g-C3N4 photocatalyst possesses a very high thermal and chemical

stability, as well as electronic properties. However, the photocatalytic performance of

g-C3N4 is still limited due to the high recombination rate of the photo-induced

electron-hole pair. Therefore, making g-C3N4 a valuable material for visible-light-

driven photocatalysts is important. Recently, several efforts have been made to improve

the photocatalytic activity of g-C3N4 by employing different modifications, such as

loading a cocatalyst onto the surface of g-C3N4, designing appropriate textural prop-

erties, doping and making composites with other semiconductor materials [29,45–48].
More recently Chengsi et al. reported a g-C3N4-BiPO4 photocatalyst with a core-shell

structure formed by a self-assembly process and its application in the photocatalytic

degradation of methylene blue (MB). The results showed that the photocatalytic activ-

ity of such a composite material was dramatically improved [36].

To date, a large number of articles concerning the synthesis of g-C3N4 and its deriv-

atives have been published. For example, loading some cocatalysts onto the surface of the

catalyst and doping g-C3N4 with nonmetals such as B, C, and S can evidently promote

the separation efficiency of photo-induced electron-hole pairs [36,49–51]. Another
feasible strategy to improve its photocatalytic performance is to form a composite with

a metal or another semiconductor by designing an appropriate textural porosity

[39,52–54]. Unfortunately, the performance of the present g-C3N4-based photocatalysts

does not meet the needs of practical applications because of the inconvenience of recy-

cling these catalysts due to their highly dispersive nature, the fact that conventional

separation techniques may lead to loss of catalyst, and the lack of a facile and environ-

mentally friendly strategy to prepare g-C3N4-based photocatalysts with desired proper-

ties. Therefore, the development of a highly effective visible-light-driven photocatalyst

for the production of clean energy and environmental remediation is still being sought.

A few visible-light photocatalysts, such as Ag-based photocatalysts, nanocomposite

photocatalysts, and g-C3N4 photocatalysts have attracted much attention for the

photo-degradation of organic pollutants and water splitting for environmentally clean
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energy in recent years [48,55–62]. However, a Ag3PO4 semiconductor has been reported

as an active visible-light-driven photocatalyst for organic pollutants and hydrogen evo-

lution from water splitting [63,64]. The photocatalytic performance of Ag3PO4 is signif-

icantly higher than that of currently known visible-light photocatalysts, such as g-C3N4,

N-doped TiO2, and BiVO4 [65,66]. Unfortunately, this Ag3PO4 visible-light photocata-

lyst is photo-chemically unstable, since silver salts are well known to decompose on light

irradiation [23]. In addition to this stability, silver usage and the particle size of the Ag3PO4

photocatalyst remains relatively large, hindering its performance in photocatalytic processes

for large scale applications. Therefore, a challenging task associated with this visible-light

photocatalyst is the synthesis of stable nano-sized Ag3PO4 particles with a high surface area.

Thus, much attention has been employed to develop a simple and effective technology to

reduce Ag consumption for a Ag3PO4 photocatalyst and to improve its stability and surface

area for large scale applications.

On the other hand, Fe3O4 nanoparticles have attracted much interest because of their

magnetic properties, which have led to their applications in drug delivery systems

[67,68], lithium storage capacity [69], wastewater treatment [70], magnetic resonance

imaging [71,72], and protein separation [73]. Interestingly, Fe3O4 can be considered

as a conductor because its conductivity is as high as 1.9�106Sm�1, which is different

from the other semiconductor characteristics of most metal oxide materials [74]. Hetero-

structured catalysts composed of magnetic components, including metal/Fe3O4, gra-

phene/Fe3O4, WO3/Fe3O4, and TiO2/Fe3O4, have shown improved performance

due to their unique properties and potential applications that could not be achieved solely

with a single-component catalyst [75–77]. In this context, these studies initially intended
to integrate superparamagnetic iron oxide nanoparticles and g-C3N4 sheets into a single

hybrid nanocomposite as an efficient visible-light photocatalyst because the high conduc-

tivity of Fe3O4 and energy band structure matching (ECB¼1V vs NHE) makes it a

good candidate for coupling with g-C3N4 and improving the photocatalytic performance

by enhancing the photoinduced charge separation of electron-hole pairs and transport.

2. Magnetically separable g-C3N4-Fe3O4 as
visible-light-driven photocatalyst

In a very interesting work reported by Kumar et al. [12], a facile and reproducible strat-

egy for preparing g-C3N4-Fe3O4 hybrid nanocomposites has been reported. The

results demonstrated that successful deposition of uniformmonodispersed Fe3O4 nano-

particles onto the surface of g-C3N4 sheets allows the diffusion of light by multiple

pathways to enhance light harvesting, and significantly enhanced photocatalytic

activity was observed under visible-light irradiation. A possible mechanism for the

enhancement of photocatalytic activity was also investigated. In addition, deposition

of magnetic nanoparticles onto the surface of the photocatalysts proved to be an
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effective way to separate photocatalyst easily from the photocatalytic system with an

external magnetic field, allowing them to be reused in multiple cycles. This approach

prevented the agglomeration of the catalyst particles during recovery and can increase

the durability of the catalysts. The goal of this work was to design more efficient

g-C3N4-based photocatalysts by recycling and expanding the light absorption further

into the visible range while still keeping a sufficient overpotential to carry out the

desired reactions, making Fe3O4 a valuable photocatalytic material for its potential

applications in environmental protection.

2.1 Synthetic methodology for the preparation of g-C3N4-Fe3O4

Adopted experimental procedure has been briefly discussed later. The g-C3N4 was

prepared by direct heating of melamine to 550°C for 2h in a N2 atmosphere. The

g-C3N4-Fe3O4 nanocomposites were prepared by an in situ precipitation method.

In a typical procedure, g-C3N4 (125mg) was dispersed in 500mL of ethanol/water

(1:2) and ultrasonicated (PCI Analytics, 12mm probe, 33Hz, 150W) for 5h at

ambient temperature. FeCl3�6H2O (1.838g, 0.0216mol) and FeCl2�4H2O (0.703g,

0.0108mol) were dissolved separately in 20mL of double-distilled water and added

to the suspension of g-C3N4. The mixture was stirred at 80°C for 30min, and then

10mL of ammonia solution (NH4OH) was quickly injected into the reaction mixture.

The resulting mixture was stirred for another 30min, after which the reaction

mixture was cooled and washed several times with double-distilled water and absolute

alcohol. Finally, the as-obtained precipitate was dried in air at 80°C for further char-

acterization. For comparison, free Fe3O4 nanoparticles were also synthesized using exactly

the same procedure without adding g-C3N4. The as-prepared g-C3N4-Fe3O4 photocata-

lysts with 7.5, 15.2, and 23.0wt% Fe3O4 were named as CNFO-7.5, CNFO-15.2, and

CNNFO-23.0, respectively. The pure g-C3N4 was named as CN, and Fe3O4 was named

as FO. Rhodamine B (RhB), a widely used dye, was chosen as a model pollutant to

examine the visible-light-driven photocatalytic activity of the samples. The photocata-

lytic activity of the samples was evaluated via degradation of RhB in an aqueous solution

under visible-light irradiation. The visible-light source was a solar simulator 300W Xe

lamp. The photocatalyst (0.025g) was added to an aqueous solution of RhB (100mL,

5mgL�1) in a beaker at room temperature under stirring at 250 rpm throughout the test

under visible-light irradiation. Prior to irradiation, the solution was stirred continuously

for 30min in the dark to establish an adsorption-desorption equilibrium. During

photocatalytic processes, the sample was periodically withdrawn, centrifuged to separate

the photocatalyst from the solution, and used for the absorbance measurement. The

concentration of RhB during the degradation process was monitored using a UV-vis

spectrophotometer.
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2.2 Results and discussion
Formation of g-C3N4-Fe3O4 nanocomposites
The in situ growth mechanism has been widely employed to synthesize a variety of

carbon-based composites. A similar strategy was used for the preparation of the

g-C3N4-Fe3O4 hybrid nanocomposites, as shown in Fig. 5.1. When iron salts were

mixed with ultrasonically dispersed g-C3N4 sheets, the iron ions were deposited on

the surface of g-C3N4 via chemical adsorption. Furthermore, iron ions were converted

into Fe3O4 nanoparticles with controlled growth by using ammonia as a precipitating

agent at room temperature. Thus, finely distributed and uniform Fe3O4 nanoparticles

were successfully deposited on the surface of the g-C3N4 sheets. To minimize the surface

energy, the as-prepared Fe3O4 nanoparticles led the heterojunction at the interface of

the g-C3N4 and Fe3O4 in the resulting composite system. The size of the Fe3O4 nano-

particles in the hybrid nanocomposite was as small as 8nm. The in situ growth

mechanism also avoided the agglomeration of Fe3O4 nanoparticles.

Catalyst characterization
To calculate the content of Fe3O4 nanoparticles on g-C3N4 sheets, TGA was performed

on g-C3N4-Fe3O4 nanocomposites under an air atmosphere from 50°C to 800°C.
The decomposition of g-C3N4 starts at 550°C and is completed at �720°C, which is

attributed to the burning of g-C3N4. This weight loss region could be seen in the

g-C3N4-Fe3O4 hybrid composite samples. The residual weight fractions of the different

nanocomposites (CNFO-7.5, CNFO-15.2, and CNNFO-23.0) were found to be

7.5%, 15.2%, and 23.0%, which are considered to be the contents of Fe3O4 in the

g-C3N4-Fe3O4 nanocomposites.

The XRD patterns of pure Fe3O4, pure g-C3N4, and the hybrid composites CNFO-

7.5, CNFO-15.2, and CNFO-23.0, which were used to elucidate the phase and structural

parameters. The observed diffraction peaks of pure Fe3O4 are in good agreement with

550 °C, 2 h

80 °C, 30 min

80 °C, 30 min

NH3, PH = 10

Fe+2 & Fe+3 in H2O

Fe+2 & Fe+3 ions

N2 atm
NH2

NH2

H2N

NN

N

g-C3N4 sheet ultrasonicated
in water/ethanol g-C3N4

g-C3N4

Fe3O4

Melamine(C3N4H6)

Fig. 5.1 Schematic representation of the in situ deposition of Fe3O4 nanoparticles on a g-C3N4 sheet.
(Adapted from S. Kumar, T. Surendar, B. Kumar, A. Baruah, V. Shanker, Synthesis of magnetically
separable and recyclable g-C3N4-Fe3O4 hybrid nanocomposites with enhanced photocatalytic
performance under visible-light irradiation, J. Phys. Chem. C 117(49) (2013) 26135–26143, https://doi.
org/10.1021/jp409651g, American Chemical Society, Copyright 2013.)
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those reported in the literature for pure face-centered-cubic Fe3O4 [69,70]. For g-C3N4, a

strong peak at 2θ¼27.5° corresponding to the characteristic interplanar stacking peak

(002) of an aromatic system was observed [78]. The diffraction peak (002) is a characteristic

peak of g-C3N4 that was also present in pattern of the g-C3N4-Fe3O4 nanocomposite. It

was also seen that the crystal phase of Fe3O4 did not change after hybridization with

g-C3N4, but the diffraction peak positions for Fe3O4 were located at slightly lower angles

than those for pure Fe3O4, suggesting a strong interaction between Fe3O4 and g-C3N4.

Moreover, no other impurity phase was seen, indicating the g-C3N4-Fe3O4 to be a

two-phase composite.

In the FT-IR spectra of pure Fe3O4, pure g-C3N4, and the g-C3N4-Fe3O4 hybrid

nanocomposites, a broad Fe–O band in the region from 550 to 650cm�1 was visible

[72]. In the FT-IR spectrum of g-C3N4, the broad band around 3100cm
�1 is indicative

of the N–H stretching vibration, and the peaks at 1243 and 1637cm�1 correspond to C–
N and C]N stretching vibrations, respectively. The peak at 808cm�1 is related to the

s-triazine ring vibrations. The characteristic peaks of g-C3N4 and Fe3O4 are retained in

the g-C3N4-Fe3O4 hybrid nanocomposite samples. However, a broad band around

3300–3600cm�1 and a band at 1658cm�1 are observed, corresponding to OH stretching

vibrations of adsorbed water molecules, and another peak at 1384cm�1 corresponds to

the H–O–H bending band of the adsorbed H2O molecules on the surface of the prod-

ucts. The IR bands due to adsorbed water arise from water released as a decomposition

product that later gets adsorbed during the measurement.

The UV-vis DRS spectra of g-C3N4-Fe3O4 hybrid nanocomposite showed absorption

at 450nm that corresponds to a band gap of 2.76eV. It signifies its photocatalytic activity

under visible-light irradiation. The enhanced light absorption of the g-C3N4-Fe3O4 nano-

composite led to the generation ofmore photoinduced electron-hole pairs under visible-light

irradiation, which subsequently resulted in enhanced photocatalytic activity.

TEM analysis showed that the pure g-C3N4 consists of a sheet structure, whereas

the pure Fe3O4 nanoparticles have sizes ranging from 50 to 200nm. No distinctive

morphological features appeared for Fe3O4 nanoparticles, and they were highly

agglomerated. Fig. 5.2 shows TEM and high-resolution TEM (HRTEM) images of

g-C3N4-Fe3O4 hybrid nanocomposites. The TEM image (Fig. 5.2A) reveals that

Fe3O4 nanoparticles were successfully deposited on the surface of the g-C3N4 sheet by

the in situ growth mechanism; almost no free Fe3O4 nanoparticles were found outside

of the g-C3N4 sheet, which also prevented the agglomeration of Fe3O4 nanoparticles.

The size of the Fe3O4 nanoparticles was found to be around 8nm. The HRTEM image

(Fig. 5.2B) confirms the heterostructure in the g-C3N4-Fe3O4 nanocomposite system,

where the g-C3N4 sheet could serve as a support and surfactant to bind with Fe3O4 nano-

particles in the resulting composite system. As the content of Fe3O4 nanoparticles on the
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surface of g-C3N4 sheet increased from7.5 to 15.2wt%, the density of Fe3O4nanoparticles

on the surface of g-C3N4 sheet increased.

Both theUV-vis DRS spectra andTEM results for the g-C3N4-Fe3O4 nanocomposites

suggested the effective assembly of Fe3O4 nanoparticles on g-C3N4 sheets were successfully

deposited on the surface of the g-C3N4 sheet by the in situ growth mechanism; almost no

free Fe3O4 nanoparticles were found outside of the g-C3N4 sheet, which also prevented

the agglomeration of Fe3O4 nanoparticles. The size of the Fe3O4 nanoparticles was found

to be around 8nm. The HRTEM image (Fig. 5.2B) confirms the heterostructure in the

g-C3N4-Fe3O4 nanocomposite system, where the g-C3N4 sheet could serve as a support

and surfactant to bind with Fe3O4 nanoparticles in the resulting composite system. As the

content of Fe3O4 nanoparticles on the surface of g-C3N4 sheet increased from 7.5 to

15.2wt%, the density of Fe3O4 nanoparticles on the surface of g-C3N4 sheet increased.

Both the UV-vis DRS spectra and TEM results for the g-C3N4-Fe3O4 nanocomposites

suggested the effective assembly of Fe3O4 nanoparticles on g-C3N4 sheets.

N2 adsorption-desorption measurements were performed to investigate the

Brunauer-Emmett-Teller (BET) specific surface area of pure g-C3N4, pure Fe3O4,

and as-prepared CNFO-15.2. The BET surface area of CNFO-15.2 was found to be

72.73m2 g�1, which is much higher than the values for g-C3N4 (8.56m
2 g�1) and bare

Fe3O4 (6.81m
2 g�1). Importantly, along with the apparent increment in surface area, an

increase in the pore volume from 0.11cm3 g�1 for as-prepared g-C3N4 to 0.25cm3 g�1

for CNFO-15.2 was observed, which facilitated charge separation in the composite

system.

Fig. 5.2 Magnified (A) TEM and (B) HRTEM images of the as-prepared g-C3N4-Fe3O4 photocatalyst.
(Adapted from S. Kumar, T. Surendar, B. Kumar, A. Baruah, V. Shanker, Synthesis of magnetically
separable and recyclable g-C3N4-Fe3O4 hybrid nanocomposites with enhanced photocatalytic
performance under visible-light irradiation, J. Phys. Chem. C 117(49) (2013) 26135–26143, https://doi.
org/10.1021/jp409651g, American Chemical Society, Copyright 2013.)
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Photocatalytic activity
The photocatalytic activity of the as-prepared nanocomposites for the degradation of

RhB under visible-light irradiation was evaluated (Fig. 5.3). The initial concentration

of the RhB suspension was measured and used as the initial concentration C0. The Y

axis is reported as C/C0, where C is the actual concentration of RhB at the indicated

reaction time. The decrease in the concentration of RhB is faster and more prominent

with g-C3N4-Fe3O4 nanocomposites than with pure g-C3N4 or Fe3O4 under the same

experimental conditions. Without the presence of a catalyst, the degradation of RhB was

negligible under visible-light irradiation, indicating the high stability of RhB under

visible-light irradiation. To disclose the adsorption effect of the catalyst on RhB, the

suspension was stirred for 30min in the dark to achieve adsorption-desorption equili-

bration before the photodegradation test. g-C3N4-Fe3O4 nanocomposite exhibited a

much higher RhB adsorption capacity than pure g-C3N4. The results indicated that

the presence of the catalyst and light is essential for the efficient degradation of RhB

under visible-light irradiation. As shown in Fig. 5.3B, the plots of ln(C/C0) versus

irradiation time were linear, which indicates that the photodegradation of the RhB

went through a pseudo-first-order kinetic reaction [75]. The optimum photocatalytic

activity of g-C3N4-Fe3O4 at an Fe3O4 mass content of 15.2% under visible-light irradi-

ation is almost seven times higher than that of pure g-C3N4. The enhanced photocatalytic

performance of the g-C3N4-Fe3O4 nanocomposite may be attributed to the synergistic

effect between the interface of Fe3O4 and g-C3N4.
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Fig. 5.3 (A) Photocatalytic degradation of RhB over pure g-C3N4, pure Fe3O4, and the as-prepared
g-C3N4-Fe3O4 photocatalysts under visible-light irradiation. (B) Plots of ln(C/C0) vs time. The inset is a
photograph showing the degradation of RhB over the g-C3N4-Fe3O4 photocatalyst. (From S. Kumar, T.
Surendar, B. Kumar, A. Baruah, V. Shanker, Synthesis of magnetically separable and recyclable
g-C3N4-Fe3O4 hybrid nanocomposites with enhanced photocatalytic performance under visible-light
irradiation, J. Phys. Chem. C 117(49) (2013) 26135–26143, https://doi.org/10.1021/jp409651g.)
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Photoluminescence
In order to disclose the effect of Fe3O4 modification, PL spectral analysis was carried out

to reveal the migration, transfer, and recombination processes of photoinduced electron-

hole pairs in the composite system. The main emission peak is centered at about 435nm

for the pure g-C3N4 sample. The PL intensity of the g-C3N4-Fe3O4 nanocomposites is

significantly decreased, which indicates that the composite has a much lower recombi-

nation rate of photoinduced electron-hole pairs.

EIS studies
In addition, EIS measurements were conducted to investigate the charge transfer resis-

tance and the separation efficiency of the photoinduced charge carrier. The diameter of

the Nyquist semicircle for CNFO-15.2 nanocomposite is smaller than those of g-C3N4

and Fe3O4, which indicates that the CNFO-15.2 nanocomposite has a lower resistance

than g-C3N4 and Fe3O4. This result demonstrates that the introduction of Fe3O4 into

g-C3N4 can enhance the separation and transfer efficiency of photoinduced electron-

hole pairs, which is a favorable condition for improving the photocatalytic activity.

Reusability check
To study the stability of the as-prepared g-C3N4-Fe3O4 photocatalyst, the used

g-C3N4-Fe3O4 was collected, and the reusability was further examined in six successive

RhB degradation experiments. The g-C3N4-Fe3O4 retained over 90% of its original

photocatalytic activity after six successive experimental runs, which is also very important

from a practical application point of view. From PXRD analysis, it could be seen that no

new peak appeared in the composite system. Therefore, the g-C3N4-Fe3O4 composite

can be used efficiently in environmental protection.

Magnetic separation of the nanocomposite after the reaction
To collect and reuse the photocatalyst in multiple cycles, its preparation with good super-

paramagnetism is essential. The behavior of the g-C3N4-Fe3O4 hybrid nanocomposite

dispersed in water in a magnetic field under neutral conditions was studied. The

g-C3N4-Fe3O4 photocatalyst is strongly attracted to a permanent magnet. Therefore,

the g-C3N4-Fe3O4 photocatalysts can be rapidly separated under an applied magnetic

field.

Detection of reactive oxidative species
In general, reactive species including •OH and O2

•� are expected to be involved in

the photocatalytic process. To investigate the role of these reactive species in the

g-C3N4-Fe3O4 system, the effects of some radical scavengers and N2 purging on the

photodegradation of RhB were studied. When N2 purging was conducted as an O2
•�
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scavenger, a dramatic change in the photocatalytic activity was observed compared with

the absence of scavenger, confirming that the dissolvedO2 has a clear effect on the photo-

degradation process under visible-light irradiation. Meanwhile, a similar change in the

photocatalytic activity was observed upon the addition of tBuOH as an OH scavenger.

However, no change in the photocatalytic activity was observed upon the addition of

ammonium oxalate (AO) as a hole scavenger compared with no scavenger under similar

conditions, indicating that the O2
•� and •OH are the main reactive species in the

g-C3N4-Fe3O4 system. Moreover, PL spectra were used to disclose the formation of
•OH. The PL emission peak of 2-hydroxyterephthalic acid was observed and gradually

increased with the irradiation time, which indicates the formation of photoinduced
•OH under visible-light irradiation.

Mechanism of enhanced photocatalytic performance
A schematic drawing illustrating the synergistic effect in the photocatalytic degradation of

RhB over the g-C3N4-Fe3O4 hybrid composite is shown in Fig. 5.4. Under visible-light

irradiation, the photoinduced electrons can easily be transferred from the conduction

band (CB) of g-C3N4 to the CB of Fe3O4 because the CB level of Fe3O4 is lower than

that of g-C3N4 (i.e., energy matching band structure is observed in the g-C3N4-Fe3O4

hybrid composite system) [74,78]. Furthermore, because of the high conductivity of

Fe3O4, the rate of electron transport is fast, which suppresses the direct recombination

of photoinduced electron-hole pairs in the g-C3N4-Fe3O4 hybrid composite system.

Fig. 5.4 Schematic illustration of the mechanism for photoinduced charge carrier transfers in the
g-C3N4-Fe3O4 photocatalyst under visible-light irradiation. (From S. Kumar, T. Surendar, B. Kumar, A.
Baruah, V. Shanker, Synthesis of magnetically separable and recyclable g-C3N4-Fe3O4 hybrid
nanocomposites with enhanced photocatalytic performance under visible-light irradiation, J. Phys.
Chem. C 117(49) (2013) 26135–26143, https://doi.org/10.1021/jp409651g.)
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Thus, Fe3O4 acts as an acceptor of the photoinduced electrons from g-C3N4. Therefore,

because of the presence of the g-C3N4-Fe3O4 interface, the chance of recombination of

photoinduced electron-hole pairs is further successfully suppressed, leaving more charge

carriers to form reactive species. The electrons in the CB of Fe3O4 are good reductants

that could efficiently reduce the O2 adsorbed onto the composite catalyst surface into

various reactive species (O2
•�, HO2

•, H2O2), subsequently leading to the formation

of •OH and oxidation of RhB into CO2, H2O, etc. Therefore, the enhanced photoca-

talytic activity is achieved.

3. Solar energy harvesting using g-C3N4-Ag3PO4 hybrid nanocomposite

In another highly fascinating report by Kumar et al. [11], a facile and reproducible tem-

plate free in situ precipitation method for the synthesis of Ag3PO4 nanoparticles on the

surface of a g-C3N4 photocatalyst at room temperature has been discussed. The results

demonstrated that after hybridization with g-C3N4, the stability of Ag3PO4 was

enhanced under visible-light irradiation and more attractively a dramatic photocatalytic

activity under visible-light irradiation was observed due to the introduction of g-C3N4 to

Ag3PO4 which can effectively enhance the charge separation and photostability. The

synergic effect between Ag3PO4 and g-C3N4, the possible mechanisms of photostability

and enhancement of the photocatalytic activity via hybridization were also investigated.

Therefore, the novel heterostructured photocatalyst, i.e., the combination of these two

photocatalysts is of potential interest for overall water splitting via sunlight since g-C3N4

is a newly developed metal-free hydrogen evolution photocatalyst, whereas the Ag3PO4

is also a newly developed water oxidation photocatalyst. Moreover, the silver weight

percentage of the photocatalyst decreases extensively, thereby reducing the cost of

Ag3PO4-based photocatalysts. It has also made the g-C3N4 as a valuable photocatalytic

material for its potential applications in environmental protection.

3.1 Synthesis of g-C3N4-Ag3PO4 photocatalysts
The preparation of the pure Ag3PO4 and g-C3N4-Ag3PO4 hybrid composites is shown

by a schematic diagram (Fig. 5.5).

The g-C3N4 was prepared by direct heating of the melamine to 550°C for 2h in a N2

atmosphere. Pure Ag3PO4 was prepared by using an ion exchange method. 0.1M aque-

ous solution of silver nitrate was added to a beaker and an aqueous solution of sodium

phosphate dodecahydrate was added and stirred for 5h at room temperature. The solu-

tion was centrifuged and the solid product washed (three times) with water and ethanol

and then dried in an oven for 2h at 100°C. For the preparation of the g-C3N4-Ag3PO4

photocatalysts, an appropriate amount of g-C3N4 was ultrasonicated in 50mL of water

for 30min. To this, 0.42g of silver nitrate was added and stirred at room temperature for

1h. Further, 50mL of 0.1M Na3PO4 was added and stirred for 5h. The obtained solid
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product was centrifuged, washed and dried at 100°C for 1h. The g-C3N4-Ag3PO4

photocatalysts with different weight ratios of g-C3N4, particularly 25% and 40%

were synthesized and named as CNAGPO25, and CNAGPO40, respectively. The pure

g-C3N4 was named as CN and Ag3PO4 was named as AGPO.

3.2 Results and discussion
Catalyst characterization
The XRD patterns of the Ag3PO4, g-C3N4, and g-C3N4-Ag3PO4 photocatalysts are

shown in Fig. 5.6. The results indicate that the diffraction peaks corresponding to the

body-centered cubic phase of Ag3PO4 (JCPDS#060505) are retained for the g-C3N4-

Ag3PO4 hybrid composites. There are crystalline g-C3N4 peaks in the g-C3N4-Ag3PO4

hybrid composite photocatalysts, the peak intensities increased with the increase in

g-C3N4 loading.

TGA was carried out for the g-C3N4 and g-C3N4-Ag3PO4 samples. The amount of

loaded g-C3N4 was confirmed by TG analysis. For pure g-C3N4, a weight loss occurring

from550°C to 720°Ccould be attributed to the burning of g-C3N4.Thisweight loss region

could be seen in all g-C3N4-Ag3PO4 hybrid composites. The amount of g-C3N4 in the

hybrid composite was calculated from the corresponding weight loss. The g-C3N4 in

the loaded compositions of 1:3 and 2:3 weight ratios of g-C3N4-Ag3PO4 was found to

be 27 and 42wt%, respectively. Therefore, the amount of g-C3N4 was nearly consistent

to the dosage of g-C3N4 loaded.

Fig. 5.5 Flow charts for the synthesis of pure Ag3PO4 and g-C3N4/Ag3PO4 photocatalysts. (From S.
Kumar, T. Surendar, A. Baruah, V. Shanker, J. Mater. Chem. A 1(17) (2013) 5333–5340, https://doi.org/
10.1039/c3ta00186e.)
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The FT-IR spectra of g-C3N4, Ag3PO4, and g-C3N4-Ag3PO4 photocatalysts. In the

FT-IR spectrum of g-C3N4, the broad bands around 3100cm
�1 are indicative of NdH

stretching vibrations, the peaks at 1243 and 1637cm�1 correspond to the CdN and C]
N stretching vibrations, respectively. The peak at 808cm�1 is related to the s-triazine ring

vibrations [79–81]. In the FT-IR spectrum of Ag3PO4, the broad absorption peaks were

around 3300–3600 and 1658cm�1 corresponding to OH stretching vibrations, and the

peak at 1384cm�1 is corresponding to the HdOdH bending band of the adsorbed

H2O molecules on the surface of the products. The two peaks at 1015 and 560cm�1

are corresponding to the PdO stretching vibrations of PO4
3� [82–84]. All the charac-

teristic peaks of g-C3N4 and Ag3PO4 were observed in the g-C3N4-Ag3PO4 hybrid

composite photocatalysts.

UV-vis diffuses reflectance measurements of g-C3N4, Ag3PO4, and g-C3N4-Ag3PO4

composites. In the g-C3N4-Ag3PO4 hybrid composite photocatalyst there is a small shift

in the band edge positions to a higher wavelength as compared with pure g-C3N4 and

pure Ag3PO4 suggesting that the recombination rate of the electron-hole pair was suc-

cessfully reduced in the heterostructured g-C3N4-Ag3PO4 hybrid composite

photocatalyst.

Fig. 5.6 XRD patterns of the as-synthesized g-C3N4-Ag3PO4 and g-C3N4-Ag3PO4 photocatalysts. (From
S. Kumar, T. Surendar, A. Baruah, V. Shanker, Synthesis of a novel and stable g-C3N4-Ag3PO4 hybrid
nanocomposite photocatalyst and study of the photocatalytic activity under visible light irradiation, J.
Mater. Chem. A 1(17) (2013) 5333–5340, https://doi.org/10.1039/c3ta00186e.)
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The pure g-C3N4 sample consists of submicrometer sheets with and Ag3PO4 particles

ranging from 200 to 800nm, respectively (Fig. 5.7). There is no distinctive morpholog-

ical feature appearing for the Ag3PO4 particles. The size of Ag3PO4 nanoparticles was

found to be around 12nm. TEM studies confirm that g-C3N4 sheet could serve as a

support and surfactant to bound Ag3PO4 particles in this composite system. Our

results clearly indicate that in composite samples, Ag3PO4 nanoparticles were uniformly

distributed on g-C3N4 sheet, no apparent aggregation of the Ag3PO4 nanoparticles was

discerned which leads to the formation of interfaces between Ag3PO4 and g-C3N4. The

specific surface area and pore size distribution of g-C3N4-Ag3PO4 were investigated by

nitrogen adsorption-desorption analysis. The specific surface areas of the as-synthesized

CNAGPO25 and CNAGPO40 were 11.24 and 12.38m2 g�1, respectively. The specific

surface area of these composites is quite a bit higher than that of pure g-C3N4 (8m
2 g�1),

Fig. 5.7 TEM images of the as-synthesized g-C3N4-Ag3PO4: (A) CNAGPO25, (B) CNAGPO25 (magnified),
(C) CNAGPO40, and (D) CNAGPO40 (magnified). (From S. Kumar, T. Surendar, A. Baruah, V. Shanker,
Synthesis of a novel and stable g-C3N4-Ag3PO4 hybrid nanocomposite photocatalyst and study of the
photocatalytic activity under visible light irradiation, J. Mater. Chem. A 1(17) (2013) 5333–5340, https://
doi.org/10.1039/c3ta00186e.)
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but it is much higher than that of pure Ag3PO4 (0.89m
2 g�1). This might be due to the

Ag3PO4 nanoparticles being deposited on the g-C3N4 surface. A large specific surface

area is useful for adsorption of organic compounds, and further enhances the efficiency

of the photocatalytic process because the adsorption of organic compounds on the surface

of the photocatalyst is the initial step of the photocatalytic oxidation of organic com-

pounds. In addition to this, large surface area provides a higher number of reactive sites

for the photocatalytic process. Therefore, uniformly distributed Ag3PO4 nanoparticles

on g-C3N4 sheets with a high surface area can lead to a better interaction between

g-C3N4 and Ag3PO4 improving the photocatalytic performance of hybrid composites

under visible-light irradiation.

In situ growth strategy
Direct growth is widely used to prepare different kinds of composite such as graphene-

based metal compounds such as graphene-metal oxide, and graphene-metal sulfides

[85,86]. The precursor for Ag3PO4 is silver nitrate. Silver salt is mixed with an ultrason-

ically dispersed g-C3N4 sheet which is synthesized by direct heating of the melamine at

550°C for 2h. The Ag+ ions from the silver salt can be bound to the surface of the

g-C3N4 due to chemical adsorption and these Ag+ ions were converted into Ag3PO4

nanoparticles due to ion exchange, with the addition of sodium phosphate dodecahydrate

as a precipitating agent, under constant stirring at room temperature. Thus, finely distrib-

uted uniform Ag3PO4 nanoparticles were successfully deposited on the surface of the

g-C3N4 sheet (Fig. 5.8). In the hybrid composite, the size of Ag3PO4 nanoparticles

formed on g-C3N4 sheets were around 12nm. The in situ growth strategy could avoid

the particle agglomeration of Ag3PO4 on the g-C3N4 sheet, resulting in a uniform

distribution of Ag3PO4 nanoparticles on the g-C3N4 surface. This in situ precipitation

Fig. 5.8 Schematic representation for the in situ deposition of Ag3PO4 nanoparticles on g-C3N4 sheets.
(From S. Kumar, T. Surendar, A. Baruah, V. Shanker, Synthesis of a novel and stable g-C3N4-Ag3PO4 hybrid
nanocomposite photocatalyst and study of the photocatalytic activity under visible light irradiation, J.
Mater. Chem. A 1(17) (2013) 5333–5340, https://doi.org/10.1039/c3ta00186e.)
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method for the synthesis of a g-C3N4-Ag3PO4 hybrid composite photocatalyst can also

be summarized as follows:

g� C3N4 sð Þ+ Ag+ aqð Þ g� C3N4 � Ag+ adð Þ; pH ¼ 7

g� C3N4 � Ag+ adð Þ+ PO4
3� aqð Þ g� C3N4 � Ag3PO4; pH ¼ 7

Photocatalytic performance
The photocatalytic activities of the as-synthesized samples were evaluated via the photo-

degradation of MO under visible-light irradiation, as shown in Fig. 5.9. The photolysis

of MO was also studied for same duration under visible-light irradiation in the

absence of catalyst which indicates that MO is stable under visible-light irradiation.

The g-C3N4-Ag3PO4 photocatalysts showed much higher photocatalytic activities for

the photodegradation of MO than pure g-C3N4 and Ag3PO4. Moreover, the photoca-

talytic activity of g-C3N4-Ag3PO4 photocatalyst with a 1:3 weight ratio was almost five

times higher than that of pure g-C3N4 and 3.5 times higher than pure Ag3PO4. Our

results clearly indicate that the g-C3N4-Ag3PO4 composite has better performance in

the photodegradation of organic pollutant than the pure g-C3N4 and Ag3PO4 prepared

under the same experimental conditions. However, when the g-C3N4 content increased

from 25 to 40wt% there was a slight decrease in photocatalytic activity, but it was much

Fig. 5.9 Photocatalytic degradation of MO in aqueous solution over g-C3N4, Ag3PO4, and
g-C3N4-Ag3PO4 photocatalysts. (From S. Kumar, T. Surendar, A. Baruah, V. Shanker, Synthesis of a
novel and stable g-C3N4-Ag3PO4 hybrid nanocomposite photocatalyst and study of the photocatalytic
activity under visible light irradiation, J. Mater. Chem. A 1(17) (2013) 5333–5340, https://doi.org/10.
1039/c3ta00186e.)
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higher compared to the photocatalytic activity of pure g-C3N4 and Ag3PO4. The much

higher content of g-C3N4 in the composite may make an unsuitable ratio between

g-C3N4 and Ag3PO4, thereby lowering the electron transfer efficiency of the photoin-

duced electrons on Ag3PO4 nanoparticles to g-C3N4 surfaces, thus the activity goes

down with much higher loading in the composite photocatalyst under visible-light irra-

diation. This result indicates that both g-C3N4 and Ag3PO4 play an important role in

improving the photocatalytic activity, due to the significant synergistic effect between

g-C3N4 and Ag3PO4 for the photodegradation of MO under visible-light irradiation.

Photoluminescence
Enhanced photocatalytic activitywas observed for the synthesized g-C3N4-Ag3PO4 hybrid

composites. This is because the Ag3PO4 and g-C3N4 have more closely contacted inter-

faces. This can be observed by the photoluminescence (PL) spectra, which are useful to

explain the migration, transfer, and recombination processes of the photoinduced

electron-hole pairs in the semiconductors [87,88]. Obviously, the pure g-C3N4 and

Ag3PO4 have a strong and wide peak around 450 and 520nm respectively in the PL spec-

trum. However, in the case of the g-C3N4-Ag3PO4 hybrid nanocomposite, the photoin-

duced electron-hole pair can migrate easily between g-C3N4 and Ag3PO4 due to their

matching band potentials and therefore, the recombination of electrons and holes is greatly

hindered. This result shows that the g-C3N4-Ag3PO4 composite is useful to reduce the

recombination rate of the photoinduced electron-hole pair and improve the corresponding

photocatalytic activity. So, no photoluminescence can be observed. This result shows good

agreement with the other p-n heterojunction semiconductors [87]. Thus, the hybrid

composites with matched energy band positions could be promising photocatalysts for

environmental applications.

Reusability check
The stability of a photocatalyst is also very important frompoint of viewof its practical appli-

cation.However, it iswell knownthat thepureAg3PO4wouldphotochemicallydecompose

if no sacrificial reagentwas involved in the process. During the photocatalytic process, in the

case of pure Ag3PO4, it is observed that the yellow color turned darker when the photoca-

talytic reactionwas completed. This indicates the formation ofAgº species due to the reduc-
tion of Ag+ from Ag3PO4 by photoinduced electrons as Ag3PO4 is unstable under photo

irradiation,whichmayreduce the structural andphotochemical stabilities [89].More impor-

tantly, the g-C3N4-Ag3PO4 hybrid composite photocatalysts were found to bemore stable

than pure Ag3PO4 under similar conditions. To study the stability of the g-C3N4-Ag3PO4

hybrid composite photocatalyst, the six successive photocatalytic experiments were

carried out by adding used Ag3PO4 and g-C3N4-Ag3PO4 photocatalysts to fresh MO

solutions with no change in the overall concentration of the catalyst (2–3mg catalyst loss

for each experimental run). The photocatalytic activity of g-C3N4-Ag3PO4 was retained
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at over 90%of its original activity after six successive experimental runs,which promotes the

photocatalyst for its practical applications in environmental protection. The XRD studies

were performed for Ag3PO4 and g-C3N4-Ag3PO4 after six successive experimental runs.

For pure Ag3PO4, it is observed that a new peak corresponding to Ag0 appeared together

with the XRDpeaks of Ag3PO4 after the six successive experimental runs, whereas no such

peak was observed in the g-C3N4-Ag3PO4 hybrid composites. This indicates that the

Ag3PO4 nanoparticles were tightly boundwith the surface of the g-C3N4 sheet, which pro-

motes the stability of the g-C3N4-Ag3PO4 composite photocatalysts due to the chemical

adsorption between NdH groups or π-electrons in g-C3N4 and Ag+ ions in Ag3PO4.

Therefore, g-C3N4-Ag3PO4 composites can be used as high-performance and stable

visible-light photocatalysts and their potential applications in environmental protection.

Mechanism for the improved photocatalytic activity and stability of the
g-C3N4-Ag3PO4 composite
It is well known that an efficient charge separation, large surface area and high adsorption

ability play an important role for the enhancement of photocatalytic activity. The

g-C3N4 has been shown to be an effective electron transporter and acceptor in the sys-

tems of g-C3N4-TiO2, g-C3N4-ZnO, and g-C3N4-BiPO4. The g-C3N4 sheets could

facilitate charge migration and reduce the recombination of electron-hole pairs of the

g-C3N4-based photocatalysts. Our results also clearly indicate that reinforced charge

migration might be achieved in the as-synthesized g-C3N4-Ag3PO4 hybrid composite.

However, few reports have shown the partial reduction of Ag+ ion into Ag metal,

which could act as electron acceptors to make the photoexcited electrons migrate from

Ag3PO4, and effectively protect Ag3PO4 from further photoreduction of the Ag+ ion

in Ag3PO4 [5,90].

On the basis of the above results, a proposed mechanism is discussed to explain that the

enhanced photocatalytic activity and stability of the g-C3N4-Ag3PO4 photocatalysts is due

to synergistic effects between the Ag3PO4 nanoparticles and the g-C3N4 sheet (Fig. 5.10).

First, the deposition of Ag3PO4 nanoparticles on the surface of the insoluble g-C3N4

sheet of Ag3PO4 can effectively protect Ag3PO4 from dissolution in aqueous solution

due to chemical adsorption between g-C3N4 and Ag3PO4, thus the structural stability

of g-C3N4-Ag3PO4 can be greatly enhanced during the photocatalytic reaction. Second,

the high separation efficiency may be due to the energy level match between g-C3N4 and

Ag3PO4. According to the previous reports, the redox potential of both conduction band

(ECB¼�1.3eV vs NHE) and valence band (EVB¼+1.4eV vs NHE) of g-C3N4 are more

negative than those of the conduction band (ECB¼+0.45eV vs NHE) and valence band

(EVB¼+2.9eV vs NHE) of Ag3PO4. A scheme for the separation and transport of photo-

generated electron-hole pairs at the g-C3N4-Ag3PO4 interface. Under the visible-light

irradiation a high energy photon excites an electron from the valence band (VB) to the

98 Nanostructured carbon nitrides for sustainable energy and environmental applications



conduction band (CB) of Ag3PO4 and g-C3N4. The photoinduced electrons in g-C3N4

canmove freely toward the surface of the Ag3PO4 while the holes can transfer to the VB of

g-C3N4 conveniently and vice versa, since band edges of both g-C3N4 and Ag3PO4 lie in

the visible region. Therefore, g-C3N4 can act as both an electron acceptor and donor.

Hence, the electrons can easily migrate to the surface of Ag3PO4 and the redundant elec-

trons on Ag3PO4 can also be transferred to g-C3N4. As a result, the photogenerated

electrons and holes are efficiently separated between Ag3PO4 and g-C3N4 thereby

enhances the photocatalytic activity.

Interestingly, the efficient electron migration from Ag3PO4 to g-C3N4 sheets also

promotes the stability of the g-C3N4-Ag3PO4 composite by keeping electrons away from

the Ag3PO4. This effective separation of photogenerated electron-hole pairs driven by

band potentials between two semiconductors is also reported in other systems, such as

Fig. 5.10 Schematic diagram showing the process of the photocatalytic dye degradation over the
g-C3N4-Ag3PO4 composite. (From S. Kumar, T. Surendar, A. Baruah, V. Shanker, Synthesis of a novel
and stable g-C3N4-Ag3PO4 hybrid nanocomposite photocatalyst and study of the photocatalytic
activity under visible light irradiation, J. Mater. Chem. A 1(17) (2013) 5333–5340, https://doi.org/10.
1039/c3ta00186e.)
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g-C3N4-TaON [45,48]. Third, the g-C3N4 can act as an electron reservoir to trap elec-

trons emitted from Ag3PO4 particles due to irradiation by visible light, thus protecting

the electron-hole pair from recombination in the g-C3N4-Ag3PO4 hybrid composite

photocatalysts. The electrons on g-C3N4 could also adsorb surface O2 form various

reactive oxygen species, thus could assist the degradation of organic MO effectively.

Meanwhile, the photogenerated holes on Ag3PO4 could also oxidize polluted dyes.

Fourth, monodispersed uniform Ag3PO4 nanoparticles with high surface area from its

bulk counterpart were successfully deposited on the surface of g-C3N4 sheet and could

also account for the enhanced photocatalytic activity in the hybrid composite. Fifth, the

high adsorption ability of g-C3N4 toward the organic pollutant since the high level of

Ag+ ion release in hybrid composite increase adsorption capability of g-C3N4 to the

organic pollutant. These above aspects together contributed to the enhanced photoca-

talytic activity and improved stability of this novel g-C3N4-Ag3PO4 hybrid composite

photocatalyst compared to pure Ag3PO4 particles.

Detection of reactive oxidative species
The dramatic photocatalytic activity of the as-synthesized hybrid composite motivated us

to further investigate the photocatalytic pathway of the degradation process. Generally,

photoinduced reactive species including trapped holes, •OH radicals, and O2
•� are

expected to be involved in the photocatalytic process. To examine the role of these reac-

tive species, the effects of some radical scavengers and N2 purging on the photodegrada-

tion of methyl orange were investigated to propose a reaction pathway. As the

photoinduced electron-hole pair separated in the hybrid composite photocatalyst, the

photoinduced holes could directly oxidize the adsorbed H2O molecules to •OH radicals

on the surface of Ag3PO4 nanoparticles because the EVB (Ag3PO4, +2.9eV vs NHE) is

higher than E(OH/H2O) (+2.68eV vs NHE). However, the ECB (Ag3PO4, +0.45eV vs

NHE) is also higher than E O2=O2
��ð Þ (+0.13eV vs NHE), which cannot produce O2

•�

radicals from dissolved O2 by photoinduced electrons in Ag3PO4, but the E(CB)
(g-C3N4, �1.3eV vs NHE) of g-C3N4 is lower than E O2=O2

��ð Þ , so the radicals O2
•�

can still be produced in the g-C3N4-Ag3PO4 photocatalyst. When N2 purging was con-

ducted which acts as an O2
•� radicals scavenger, no change was observed in the degra-

dation of methyl orange comparedwith air-equilibrated conditions, i.e., in the absence of

scavenger, which confirms that the dissolved O2 has no effect on the photodegradation

process under visible-light irradiation. A significant change was observed in the photo-

catalytic degradation of methyl orange by the addition methanol as the •OH scavenger

compared with no scavenger at the same conditions. However, the degradation rate was

drastically inhibited by the addition of ammonium oxalate (AO) as a holes scavenger,

indicating that the superoxide radicals are not the main active oxidative species of the

g-C3N4-Ag3PO4 hybrid composite photocatalyst, but the holes and/or •OH radicals
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can play an important role in the photodegradation of methyl orange under visible-light

irradiation. Further, it was confirmed by •OH trapping PL spectra of CNAGPO25 with

TA solution under visible-light irradiation.

4. Conclusion and future outlook

Graphitic carbon nitride is a versatile material with variety of applications in the field of

solar energy harvesting and environmental remediation. Its composite with metal oxides

are known to exhibit highly fascinating optical and electronic properties. From the per-

spective of visible-light-driven photocatalysis via solar energy harvesting using carbon

nitride-based hybrid materials, here, we have highlighted two extremely interesting

works and discussed their synthesis as well as catalytic applications in complete details.

The major findings from these two reports have been summarized later.

In the report by Kumar et al. [12] on magnetically separable g-C3N4-Fe3O4

nanocomposites for photocatalytic dye degradation, they have successfully prepared

the nanomaterials by a facile, effective, and reproducible in situ growth mechanism.

Monodispersed Fe3O4 nanoparticles with a size of about 8nm are uniformly deposited

on the g-C3N4 sheets, which effectively prevents the Fe3O4 nanoparticles from aggre-

gating together. The g-C3N4-Fe3O4 nanocomposite exhibits enhanced photocatalytic

activity for the degradation of RhB under visible-light irradiation. More importantly,

g-C3N4-Fe3O4 photocatalyst could be recovered by an applied magnetic field and reused

without loss of photocatalytic activity even after six successive cycles. Therefore,

the g-C3N4-Fe3O4 nanocomposite is a promising photocatalytic material for environ-

mental applications as well as water splitting. Another work that has been discussed

here in this chapter is about the synthesis of a novel and stable g-C3N4-Ag3PO4

organic-inorganic hybrid composite photocatalyst by a facile and reproducible template

free in situ precipitation method at room temperature. More attractively, the dramatic

visible-light photocatalytic activity is generated due to the in situ deposition of mono-

dispersed uniform Ag3PO4 nanoparticles on the surface of the g-C3N4 sheet.

Furthermore, the heterostructure improved the stability of the Ag3PO4 nanoparticles

on the surface of the g-C3N4 sheet. On the basis of our analysis, it is assumed that the

improved photocatalytic activity and stability of g-C3N4-Ag3PO4 hybrid composites

under visible-light irradiation might be a synergistic effect, including the high charge

separation efficiency of photoinduced electron-hole pair, high structural stability, the

smaller particle size, relatively high surface area, and the energy band structure. The reac-

tive oxidative species detection studies indicated that the photodegradation of methyl

orange over the as-synthesized g-C3N4-Ag3PO4 under visible light is mainly via holes

and hydroxyl radicals. Therefore, the facile and reproducible template free in situ precip-

itation method is expected to be extended for depositing other nanoparticles on the

surface of the g-C3N4 sheets.
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In this era of depleting fossil fuels and global environmental pollution, solar energy is

the only most promising as well as viable solution. Therefore, indefatigable endeavors

from the researchers are leading to the discovery of novel hybrid materials capable of har-

nessing greater percentage of energy from the available solar spectrum. However, current

technological advancements are still inadequate to meet the global energy demand.

Owing to their limitless scopes and challenges in the domain of solar energy harvest-

ing, research on carbon nitride and related materials is attracting larger audience in the

recent years. This booming research hotspot has the potential to address and solve

some of the major energy related issues in the coming years. On an optimistic note, it

is highly anticipated that with the combined efforts from all the disciplines of researchers

will lead us to the accomplishment of a clean environment via energy generation from

the renewable resources. We expect that, in the coming years, green energy will no

longer be a dream and, more importantly, these scientific advancements will lead us

to a sustainable future.
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1. Introduction

Water scarcity has been a long-term issue in the modern world affecting almost 1.2 billion

people. Although the Earth is mostly covered with water, water distribution is not

homogenous throughout the world. Moreover, many water resources cannot be used

as drinking water due to its salinity and poor management. Addressing water scarcity

highlights the importance of water reuse that can thrive many sectors including agricul-

tural, industrial, and domestic water sectors [1–3].
Contaminated water jeopardizes all living creatures as many contaminants tend to

accumulate within organisms. Industrial revolution has taken its toll on the aquatic sys-

tems as many toxic pollutants are released to water media every year [4]. Among the var-

ious types of pollutants, heavy metals and dyes are of great importance as these

contaminants are carcinogenic, toxic, and nonbiodegradable. Many studies have reported

the adverse effects of heavy metals and dyes on both the flora and fauna as well as
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suggesting ways for their removal [5–8]. Considering the fatal impacts of wastewater

effluent on terrestrial and aquatic ecosystems, treating wastewater has become a top

priority.

Many methods have been used for water decontamination, such as chemical precip-

itation, membrane separation, advanced oxidation, and bioremediation. Among all these

methods, adsorption is by far an advantageous technique for water treatment due to its

cost-efficiency, availability, easy handling, and high efficiency [9,10]. Although after

adsorbing the pollutants, sorbents tend to lose their efficiency, there are many regener-

ation methods capable of reviving the sorbents. Using these methods or agricultural waste

as green, low-cost adsorbent, adsorption could be named as an efficient method. Also,

many studies have reported heavy metals, dyes, and pharmaceuticals removal using novel

sorbents [4,5,10,11].

Graphitic carbon nitride (g-C3N4) is a green carbon-based material with tremendous

adsorption potential. This novel sorbent has gained attention in recent years because of its

high stability, high photoabsorption, and conductivity [12]. Graphitic carbon nitride is a

great sorbent specially for adsorbing aromatic organic compounds due to its structure.

This novel sorbent has been tested in many studies for the removal of aromatic hydro-

carbons, organic solvents, oils, and heavy metals (such as lead, cadmium, and copper)

from aqueous media [13–17].
The present chapter attempts to provide a systematic overview of the adsorptive abil-

ities of carbon nitride-based composites. Accordingly, we first describe the different

removal techniques (physical, chemical, and biological) that are currently available for

the removal of dyes and heavy metals from wastewater. We then briefly summarize

the fundamentals of adsorption-based separation. Thereafter, the removal of heavymetals

by carbon nitride-based composites is highlighted. Finally, the removal of dyes by carbon

nitride-based composites is discussed.

2. Pollutant removal techniques

In terms of water purification and decontamination, distinctive treatment techniques

have been established based on several different assumptions and applications. Normally,

treatment methods fall into three main domains: biological, chemical, and physical tech-

niques (Fig. 6.1).

2.1 Biological treatments
Biological treatments (aerobic and anaerobic processes) use a variety of microbial com-

munities such as algae, fungi, and bacteria to degrade organic matters into simple sub-

stances under the presence or/and absence of oxygen. In conventional wastewater

treatment plants, bioprocesses are used for the treatment of influent wastewater and waste

activated sludge. This technique requires low operational costs and has relatively desirable
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performance with no use of special chemical substances. Moreover, it is considered that

aerobic and anaerobic methods might be used together to eradicate organic substances

and nutrients [18]. However, various factors such as long start-up, and sensitivity to

working conditions such as pH, temperature, and nutrients might limit the applicability

of this process.

2.2 Chemical treatments
In these methods, both chemicals and reagents are employed for the removal of contam-

inants from aqueous media. Although this method provides high removal efficiency in

terms of pollutant removal, yet treatment cost and energy are often higher as compared to

biological techniques [19]. Also, the disposal of chemical sludge seems to be difficult in

some regions. In advanced oxidation processes, secondary pollutants are possibly gener-

ated that might peril human health [20]. Besides, electrocoagulation technique requires a

high amount of electricity which could enhance the cost of the process [21].

2.3 Physical treatments
Physical treatment methods, including membrane filtration, adsorption, and ion

exchange, separate a pollutant from water without any chemical or biological changes.

As a matter of fact, the separated pollutant is not destroyed or blurred, it only moves from

one media to another. Among the physical techniques, adsorption processes have drawn

much attention lately as a suitable and facile technique. In the next section, the principles

of adsorption are briefly described.

Biological
Microbial biomass and cultures

Aerobic/anaerobic processes
Enzyme degradation
Algae degradation

ChemicalPhysical
Advanced oxidation process
Direct chemical oxidation
Electrochemical process

Ultraviolet irradiation
Ozonation

Membrane filtration
Adsorption

Ion exchange
Irradiation

Dyes
Heavy metals

Pharmaceuticals

Fig. 6.1 Different techniques for contaminants removal.
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3. Fundamentals of adsorption

Adsorption technique for water and wastewater treatment has gained significant research

attention over the past few years because of its efficiency and applicability toward different

contaminants. This technique has been employed by myriads of researchers and industries

for water depollution because of its plethora of advantages, which includes low-cost, less

sludge generation, no risk of secondary pollutants, facile operation, simplicity of design,

insensitivity to toxic pollutants, and virtually stable (as compared to biological processes)

[22,23]. Adsorption method is the physical phase movement of the pollutants from the

solution to a surface of a highly porous/functionalized material, named adsorbent. The

adsorbent has a significant crucial impact on the performance of the adsorption process.

Generally, removal via adsorption includes the following steps: (I) movement of the pol-

lutants from the bulk liquid phase to the hydrodynamic boundary layer around the solid

surface, (II) transfer of the pollutant’s molecules to the outer layer of the adsorbent named

as external diffusion, (III) occurrence of pore diffusion and surface diffusion by filling the

pores and internal surface of the adsorbent, and (IV) formation of the physical or chemical

bindings between the adsorbent empty sites and adsorbate molecules [24]. Fig. 6.2 illus-

trates these adsorption steps briefly. According to the interaction between the adsorbate

and adsorbent, adsorption process is classified into two distinct groups: (I) physisorption

or physical adsorption occurs when the interaction between the pollutant and the solid sur-

face is controlled by hydrogen bonds, van derWaals, or dipole–dipole. In this case, desorp-
tion of the adsorbed pollutant and multilayer coverage of the adsorbents are possible in

physical sorption energy. Unlike physisorption, in (II) chemisorption desorption is less

likely to happen [25]. Chemisorption or chemical adsorption involves electron sharing

between adsorbate and adsorbent to establish energetic chemical bonding. Hence, various

properties of the adsorbent such as morphology, textural property, thermal stability, crys-

tallinity, surface chemistry, hydrophilicity, elemental constituents, and physicochemical

properties greatly influence the interactions and final performance of the treatment process.

Fig. 6.2 The steps involved in the adsorption process to adsorb pollutant molecules.
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4. Carbon nitride-based adsorbents for the removal of toxic metals/
heavy metals

There is no doubt that heavy metals are among the most common contaminants in aque-

ous environment, and many studies have attempted to detect and remove them. The

presence of heavy metals in aquatic media (surface water, drinking water, ground water,

etc.) has been reported in many regions around the world, including Iran [26], China

[27], Greece [28], India [29], Bangladesh [30], Pakistan [31], andMalaysia [32]. Although

some heavy metals at controlled concentration are micronutrients and essential for

human health, plants and microorganisms, excessive exposure to heavy metals could lead

to severe health issues, such as high blood pressure, cancer, neurological disorder, hor-

monal issues, lung and renal diseases, and gastrointestinal bleeding [30]. Fig. 6.3 illustrates

the different kinds and sources of heavy metals. It demonstrates that heavy metals have a

strong propensity to enter the water media and environment through various available

paths. Adsorbent-based materials have been introduced as an effective solution to decon-

taminate water containing heavy metals. In this regard, carbon nitride (C3N4) and its der-

ivations have been searched as satisfactory adsorbents for the adsorption of heavy metal

ions. Polymeric graphitic carbon nitride (g-C3N4) is the stable form of carbon nitride

under ambient conditions that has a van der Waals layered structure, and is generally

made by polymerization of cyanamide, dicyandiamide, or melamine [33,34]. The max-

imum adsorption capacity (mg/g), i.e., the amount of heavy metal ions taken up by the

adsorbent (such as carbon nitride) per unit mass (or volume) of the adsorbent, is an essen-

tial parameter in adsorption systems to evaluate the performance of a material. Removal

efficiency also may be used in some cases while adsorption capacity is not reported. In

addition, isotherm and kinetics models are inevitable components of adsorption processes

Fig. 6.3 Different kind of heavy metals and the main sources.

115Superior adsorption of environmental contaminants onto carbon nitride materials



that expound the mechanisms involved in the adsorbate elimination. The maximum

adsorption capacity and the best-fitting isotherm and kinetic models associated with

heavy metals adsorption by carbon nitride-based materials are summarized in Table 6.1.

Zhu et al. [35], Li et al. [36], and Zou et al. [38] investigated the adsorption capacity of

g-C3N4 toward Pb
2+ ions, and found that the adsorption process reached the equilibrium at

about 60, 350, and 12h, respectively, with the maximum adsorption capacity of 7.4, 31.25,

and 71.1mg/g, respectively. The results also indicated that strong acidic media was not

favorable for lead adsorption, and the optimum pH values were found to be 6 [35], 8–10
[36], and 9–12 [38], respectively. At low pH values, both hydrogen ions and the adsorbate

compete for the active surface sites of g-C3N4, resulting in poor adsorption capacity. In addi-

tion, in acidic media, lead has the prime form of Pb2+ which is a bit difficult to interact with

protonated g-C3N4 due to the electrostatic repulsion. In another investigation [40], green

and low-cost g-C3N4 nanosheet was prepared for the removal of lead, and the obtained

adsorption capacity (136.571mg/g) was far greater than the abovementioned studies

[35,36,38]. One obvious reasonmay be attributed to BET surface area of g-C3N4 nanosheet

(111.2m2/g), whichwas higher than other prepared graphitic carbon nitride (32.1m2/g [35]

or 8.6m2/g [36]). With the aim of improvement in lead removal, g-C3N4 was modified

with β-cyclodextrin [38], alginate [39], or Fe3O4 [41] and found the adsorption capacities

of 100.5, 383.4, and 137mg/g, respectively. This might be to the presence of new functional

groups or even greater surface area of the g-C3N4 composite after the modification process.

The authors believed that electrostatic attraction, surface complexation, and ion-exchange

are the main mechanisms associated in Pb2+ elimination by g-C3N4 composite [38]. Among

the mentioned g-C3N4 composite, alginate-modified g-C3N4 composite hydrogels exhib-

ited themaximum adsorption capacity toward lead ions, and to evaluate its effectiveness with

other adsorbents in terms of adsorption capacity, Fig. 6.4 was prepared. Accordingly,

g-C3N4 might be a promising material for the removal of Pb2+ from aqueous solutions.

Su et al. [42] prepared oxygen-doped carbon nitride with molybdenum and sulfur

hybridization for the removal of Cd2+. The authors advocated the fact that g-C3N4might

be an appropriate engineered adsorbent; however, it lacks excellent surface area, so it is

suggested to be modified for better usage. The combination of molybdenum, sulfur, and

oxygen-doped g-C3N4 showed the maximum adsorption capacity of 293.8mg/g, which

was 8.7 times superior to raw oxygen-doped g-C3N4. Qiu et al. proved that oxygen-

doped g-C3N4 possessed increased surface area than pristine g-C3N4 [47]; therefore,

oxygen-doped g-C3N4 provides an excellent media in order to be doped by molybde-

num and sulfur. In addition, large surface area of oxygen-doped g-C3N4 (74.4m
2/g) pre-

vented MoS2 and MoO3 nanoparticles agglomeration. After these nanoparticles reacted

with Cd2+, CdMoO4 and CdS species are formed. Cadmium adsorption kinetic data fol-

lowed pseudo second-order and intraparticle diffusion model assumptions, which are

indicative of chemical interaction and particle diffusion process. In another study, Cai

et al. [43] employed a 2D-g-C3N4 nanosheet for the remediation of Cd2+. The influence

of contact time and pH are illustrated in Fig. 6.5. The interaction of 2D-g-C3N4
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Table 6.1 The maximummonolayer adsorption capacity and the best-fitting isotherm and kinetic models for the adsorption of heavy metals by
g-C3N4-based adsorbents.

No. Adsorbent
Heavy
metal

Adsorption
capacity (mg/g)

Removal
efficiency (%)

Isotherm/
kinetics References

1 g-C3N4 Pb (II) 7.4 98.5% F/PSO [35]

2 Individual g-C3N4 Pb (II) 31.25 – L/PSO [36]

3 Sulfur-doped g-C3N4 nanosheet Pb (II) 52.63 – L/PSO

4 Mesoporous g-C3N4 functionalized with

melamine-based dendrimeramine

Pb (II) 196.34 – L/PSO [37]

5 g-C3N4 Pb (II) 71.1 – L, Sips/

PSO

[38]

6 β-Cyclodextrin/ g-C3N4 Pb (II) 100.5 – L, Sips/

PSO

7 Alginate modified g-C3N4 composite

hydrogels

Pb (II) 383.4 – L/PSO [39]

8 green and low-cost g-C3N4 nanosheet Pb (II) 136.571 – F/PSO,

Elovich

[40]

9 g-C3N4/Fe3O4 Pb (II) 137 – F/PSO,

IPM

[41]

10 g-C3N4 Cd (II) 123.205 – – [40]

11 Oxygen-doped g-C3N4 Cd (II) 33.9 Sips/PSO [42]

12 Oxygen-doped g-C3N4 with molybdenum/

sulfur hybridization

Cd (II) 293.8 – Sips/PSO

13 A 2D- g-C3N4 nanosheet Cd (II) 94.4 – F/PSO [43]

14 g-C3N4 Cr (VI) 9.96 – – [44]

15 g-C3N4/carbon layer 46.67 – –
16 Fe3O4/g-C3N4/carbon layer composite 50.09 – L/PSO

17 FeS@ graphite carbon nitride nanocomposites Cr (VI) 61.8 100% L/PSO [45]

18 Oxidized g-C3N4/polyaniline nanofiber Cr (VI) 178.58 – L/PSO [46]

19 Alginate/graphitic carbon nitride composite

hydrogels

Ni (II) 306.3 – L/PSO [39]

Cu (II) 168.2 – L/PSO

20 Mesoporous g-C3N4 functionalized with

melamine-based dendrimeramine

Cu (II) 199.75 L/PSO [37]
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Fig. 6.4 Comparison of alginate-modified g-C3N4 composite hydrogels with other adsorbents in view
of adsorption capacity.
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Fig. 6.5 The effect of contact time (A) and pH on Cd2+ adsorption by 2D-g-C3N4 nanosheet (B). The zeta
potential curve of 2D- g-C3N4 nanosheet (C). Reprinted with permission from X. Cai, J. He, L. Chen, K.
Chen, Y. Li, K. Zhang, Z. Jin, J. Liu, C. Wang, X. Wang, L. Kong, J. Liu, A 2D-g-C3N4 nanosheet as an
eco-friendly adsorbent for various environmental pollutants in water, Chemosphere 171 (2017)
192–201. https://doi.org/10.1016/j.chemosphere.2016.12.073.
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nanosheet and Cd2+ ions found the equilibrium state at approximately 300min (Fig.

6.5A), with the adsorption capacity of higher than 70mg/g. The rapid Cd2+ ions uptake

at initial steps of the adsorption process is attributed to the presence of many vacant sites

on the g-C3N4 nanosheet, which this high rate tends to slow down over time. Once the

equilibrium is reached, the rate of Cd2+ ions adsorption and desorption from 2D-g-C3N4

nanosheet becomes equal. The pH results (Fig. 6.5B) showed that the maximum Cd2+

adsorption was at 7, while the minimum value was at pH3. The key reason for this

behavior might be the cadmium speciation at different pH and the surface charge of

the adsorbent. According to Fig. 6.5C, at pH lower than 4, g-C3N4 is positively charged.

At 7–8, cadmium is in negative state wherein electrostatic repulsion prevents its removal

by negatively charged g-C3N4. Note that g-C3N4 has not only been employed for reme-

diation of cadmium, but also it is potential to be used for detection of trace cadmium [48].

Chromium is a very common type of heavy metal, found in the effluent of metal-

lurgy, electroplating, leather tanning, and printing industries. Toxicity of chromium is

mainly related to Cr(VI) since Cr(III) presents less toxicity and lower mobility. Wang

et al. [44] reported the utilization of Fe3O4/ g-C3N4/carbon layer composite for the

removal of chromium. TEM images of the prepared materials are shown in Fig. 6.6.

2D layered structure of g-C3N4 can be figured out from Fig. 6.6A, and of course after

loading C on g-C3N4, a dark surface area appeared in the TEM images (Fig. 6.6B). The

magnetic nanoparticles are shown as sphere (diameter �5nm) which are spreading over

the g-C3N4/carbon layer surface. The elemental mapping demonstrated the presence of

C, Fe, O, and N, which are indicative of a successful adsorbent preparation. The BET

surface area of g-C3N4 and Fe3O4/ g-C3N4/carbon layer composite was 69.6 and

40.4m2/g, respectively. This reduction is due to the low surface area of magnetic nano-

particles and C. The removal process reached equilibrium at 1440min under optimum

pH of 3. The adsorption capacity findings exhibited that Fe3O4/ g-C3N4/carbon layer

composite had the maximum adsorption capacity of 50.09mg/g which was greater than

nano-Fe3O4-polymer (3.99mg/g) [49], Fe3O4@SiO2-NH2 particles (27.2mg/g) [50],

Fe3O4@SiO2 nanoparticles (3.8mg/g) [51], and Fe3O4 /graphene oxide (32.33mg/g)

[52]. Ion exchange, reduction, and complexation were introduced as the processes for

Cr (VI) removal. Other researchers, Su et al. [45] and Kumar et al. [46], suggested the

use of FeS@ graphite carbon nitride and oxidized g-C3N4/polyaniline nanofiber for

the removal of Cr (VI). In the first one, authors stated that FeS tends to agglomerate

because of magnetic attraction and oxidation which impede its application. In the second

one, oxidized g-C3N4 provides a great surface for polyaniline nanofiber, and due to its

positive nature, it could greatly adsorb Cr (VI) ions. Fig. 6.7 shows the removal mech-

anism of Cr (VI) via FeS@ graphite carbon nitride and the changes in the Cr (VI) con-

centration during the process. It was found that the concentration of Cr (VI) decreased

and reached to 2.6mg/L; however, Cr (III) was simultaneously produced in the solution.

This observation proved that Cr (VI) elimination involved chemical reduction along
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Fig. 6.6 TEM images of g-C3N4 (A), g-C3N4/ carbon layer (B) and Fe3O4/ g-C3N4/ carbon layer (C). HRTEM
image of Fe3O4/g-C3N4/ carbon layer (D). Elemental mapping images of different elements (Fe, C, O, N)
in Fe3O4/ g-C3N4/ carbon layer (E). Reprinted with permission from T. Wang, L. Zheng, Y. Liu, W. Tang, T.
Fang, B. Xing, A novel ternary magnetic Fe3O4/g-C3N4/carbon layer composite for efficient removal of Cr
(VI): a combined approach using both batch experiments and theoretical calculation, Sci. Total Environ.
730 (2020) 138928. https://doi.org/10.1016/j.scitotenv.2020.138928.
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with adsorption. Detection of Fe (II) in the working solution unveiled that FeS in graph-

ite carbon nitride was dissolved by the following:

FeS+ H+ ! Fe2++ H S� (6.1)

For instance, the following reactions resulted in reduction of Cr (VI) (there are other

complex steps):

Fe IIð Þ+ Cr VIð Þ ! 3Fe IIIð Þ+ Cr IIIð Þ (6.2)

3S �IIð Þ+ 2Cr VIð Þ ! 3S 0ð Þ+ 2Cr IIIð Þ (6.3)

Finally, the Cr(III)–Fe(III) oxides/hydroxides contributed to the elimination of chro-

mium. The amino groups of FeS@ graphite carbon nitride composite could adsorb Cr

(VI). It was confirmed that 73.1% and 269% of chromium removal was attributed to

chemical reduction and adsorption, respectively [45]. In the oxidized g-C3N4/polyani-

line nanofiber, the positive nature of the adsorbent and N/O-containing functional

groups was responsible for Cr (III) removal [46].

Fig. 6.7 The removal mechanism of Cr (VI) by FeS@ graphite carbon nitride and change of chromium
concentration during the removal. Reprinted with permission from ref. J. Su, H. Hao, X. Lv, X. Jin, Q. Yang,
Properties and mechanism of hexavalent chromium removal by FeS@ graphite carbon nitride
nanocomposites, Colloids Surf. A Physicochem. Eng. Asp. 597 (2020) 124751. https://doi.org/10.1016/j.
colsurfa.2020.124751.

121Superior adsorption of environmental contaminants onto carbon nitride materials

https://doi.org/10.1016/j.colsurfa.2020.124751
https://doi.org/10.1016/j.colsurfa.2020.124751


Further studies were carried out for the removal of arsenic, nickel, and copper by

means of graphite carbon nitride-based composites. Kim et al. [53] examined the removal

of arsenic by iron-modified graphitic carbon nitride via simultaneous oxidation/adsorp-

tion. The prepared material was characterized by XRD, FTIR, TEM, SEM, EDS, TGA,

and XPS. It was assumed that graphitic carbon nitride oxidizes As (III) to As (V) under

light irradiation, and the produced ions were adsorbed by iron phase loaded on iron/

g-C3N4 composite. This composite has oxidation and adsorption ability. It was con-

firmed that under visible light, the maximum arsenic reductionwas occurred. These find-

ings were also observed in [54]. In the case of Ni (II) and Cu (II), alginate/graphitic

carbon nitride composite hydrogels represented the maximum adsorption capacity of

306.3 and 168.2mg/g, respectively, and the obtained data for both heavy metals followed

PSO and Langmuir assumptions [39].

In Table 6.1, the best fitted isotherm and kinetics were also summarized. Clearly, PSO

was the best kinetics model among the others such as [35–37,39]. PSO is generally

expressed to expound the presence of chemical adsorption or chemisorption between

g-C3N4 composite and heavy metal ions. However, such deduction could not always

be trusted only by results of simple kinetic models. Tran et al. [55] explained that this

deduction must be supported by analytical techniques (mainly FTIR, XRD, EDS,

NMR, XPD, etc.) plus the nature of the adsorbent and adsorbate. For isotherm models

(Fig. 6.8), the first rank goes to Langmuir with 60% of the studies that were best fitted to

Langmuir assumptions, and then to Freundlich (20%) and Sips (20%). Assuming that

Langmuir assumptions are true for heavy metals adsorption by g-C3N4 composite, it

can be suggested that g-C3N4 composite has a fixed number of surface sites that are

actively equivalent along with monolayer surface coverage [56].

Fig. 6.8 The suitability of adsorption isotherms for g-C3N4 composite toward heavy metal ions.
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5. Carbon nitride-based adsorbents for the removal of dyes

Dyes are regarded as important pollutants of environments that are used in many industrial

activities, including cosmetics, leather, tannery, printing, paper, plastics and textile, etc. It is

estimated that more than 7�105 tons of synthetic dyes are produced annually that have the

potential of entering aquatic media. At the moment, there are more than 104 dyes in the

market. Despite the fact that dyes have contributed to see a colorful world, they are often

toxic, carcinogenic, mutagenic, nonbiodegradable, and stable. Even at dye concentration

of 1ppm, the transparency and gas solubility of water bodies can be affected [57]. There-

fore, many researches have focused on the removal of dyes from waters. The maximum

adsorption capacity and the best-fitting isotherm and kinetic models associated with dye

adsorption by carbon nitride-based materials are summarized in Table 6.2.

The removal of methylene blue (MB) by g-C3N4-based composite has been exten-

sively studied. Ren et al. [58] studied MB removal by carbon-doped g-C3N4. The

authors believed that g-C3N4 does not have acceptable performance for aromatic com-

pounds and its modification could increase its efficiency. Accordingly, carbon-doped

g-C3N4 was prepared by using glucose and melamine. Based on Fig. 6.9, the adsorption

capacity of the composite increased by increasing Ce value of MB until it reached a pla-

teau and suggested a monolayer. Langmuir assumptions were better than Freundlich in

describing the sorption process. Electrostatic attraction and π–π interactions are presumed

to be the reasons for MB adsorption. The maximum adsorption capacity for Mb was

found 57.87mg/g which was superior to natural zeolite 29.18mg/g [67] and activated

carbon 9.81mg/g [68]. Other researchers, Chegeni and Dehghan [59], also found that

Langmuir (100mg/g) was the best model for MB adsorption by phosphorus-doped

g-C3N4. Gan et al. [60] conducted promising experiments by enhancing g-C3N4 by

Polyoxoniobate to prepare a nanoporous material with high adsorption capacity toward

MB dye. Polyoxoniobates is a branch of polyoxometalates that own high surface area and

photocatalytic properties. Fig. 6.10 depicts the XRD of g-C3N4, NbO/g-C3N4, and

NbO. 13.1° and 27.4° were characteristics peaks of pristine g-C3N4. According to

XRDpattern of NbO andNbO/g-C3N4, it can be stated that the authors were successful

in preparing the NbO/g-C3N4. The experimental results showed that at pH11.25, MB

removal occurred more satisfactorily in terms of adsorption capacity. The pHzpc of

NbO/g-C3N4 was 6.93, indicating that at pH>6.93, the carbon nitride composite pos-

sessed negative charges on its surface which is beneficial for the adsorption of cationic

MB. Enhancement in temperature and initial MB concentration resulted in higher

adsorption capacity. The authors applied the kinetic data to intraparticle diffusion model

by plotting the graph adsorption capacity vs time0.5 (Fig. 6.11). As it is observed, this

figure consisted of two regions; the first one is related to the MB molecules diffusion

to the external surface of the adsorbent and the second region is for diffusion of the

dye molecules into pores.
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Table 6.2 The maximum monolayer adsorption capacity and the best-fitting isotherm and kinetic models for the adsorption of dyes by
g-C3N4-based adsorbents.

No. Adsorbent Dye
Adsorption
capacity (mg/g)

Removal
efficiency (%)

Isotherm/
kinetics References

1 2D-g-C3N4 MB 42.1 – PSO [43]

2 Carbon-doped g-C3N4 MB 57.87 – L/PSO [58]

3 Phosphorus-doped g-C3N4 MB 100 – L/PSO [59]

4 Polyoxoniobate/g-C3N4 MB 373.1 – L/PSO [60]

5 Boron-doped carbon nitride MB 43.11 – L/PSO [61]

6 Pristine carbon nitride 13.05 – –
7 Graphene oxide/g-C3N4 MB 174.23 – – [62]

8 Graphene oxide/g-C3N4/Fe3O4 MB 187.36 – L/PSO

9 Ultra small gold nanoparticles/

carbon nitride sheets

RhB 400 – Sips [63]

MB 250

MR 130

10 Activated carbon (5%)/carbon

nitride

RhB 13.57 – F/PSO [64]

11 g-C3N4 3.15 – F/PSO

12 COF@ g-C3N4 Eosin dye

fluorescein

– 80%–97.5% – [65]

13 g-C3N4/graphene oxide basic blue 26 3510 – DR/PSO [66]

MR—methyl red.



Magnetic nanoparticles are widely known as promising materials in adsorption stud-

ies. Many studies have proved the ability of these particles to eliminate pollutants from

water media. Note that separation of the used adsorbent from solution might somehow

be a complicated task that requires filtration, sedimentation, or even centrifugal.

Magnetic-based composites are potential to be separated by applying an external

Fig. 6.9 Adsorption isotherm (A), Langmuir (B), and Freundlich (C) plot for MB adsorption by carbon-
doped g-C3N4. Reprinted with permission from B. Ren, Y. Xu, L. Zhang, Z. Liu, Carbon-doped graphitic
carbon nitride as environment-benign adsorbent for methylene blue adsorption: kinetics, isotherm and
thermodynamics study, J. Taiwan Inst. Chem. Eng. 88 (2018) 114–120. https://doi.org/10.1016/j.jtice.
2018.03.041.

Fig. 6.10 XRD powder patterns of g-C3N4, NbO/g-C3N4, and NbO. Reprinted with permission from Q.
Gan, W. Shi, Y. Xing, Y. Hou, A Polyoxoniobate/g-C3N4 nanoporous material with high adsorption
capacity of methylene blue from aqueous solution, Front. Chem. 6 (2018) 7. https://doi.org/10.3389/
fchem.2018.00007.
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Fig. 6.11 Intraparticle diffusion model for adsorption of MB onto NbO/g-C3N4. Reprinted with permission from Q. Gan, W. Shi, Y. Xing, Y. Hou,
A Polyoxoniobate/g-C3N4 nanoporous material with high adsorption capacity of methylene blue from aqueous solution, Front. Chem. 6 (2018) 7.
https://doi.org/10.3389/fchem.2018.00007.

https://doi.org/10.3389/fchem.2018.00007


magnetic field which resolved the above-mentioned issues. In some cases, magnetic par-

ticles could increase the adsorbent surface area or even establish chemical bonds with pol-

lutants molecules/ions that contribute to removal efficiency in addition to facile

separation. Ku Sahoo et al. [62] reported the utilization of Fe3O4 nanoparticles functio-

nalized graphene oxide/g-C3N4 nanocomposite for the removal of tetracycline antibi-

otic and MB dye (Fig. 6.12). π–π and hydrogen bonding interaction were introduced as

the main mechanism of the removal. It was found that the whole process followed Lang-

muir and PSO model. In view of magnetic particles efficiency, graphene oxide/g-C3N4

nanocomposite showed the adsorption capacity of 174.23mg/g; however, in combina-

tionwith Fe3O4, it reached to 187.36mg/g. The preparedmaterial was also effective after

5 successive cycles, indicating that graphene oxide/g-C3N4/Fe3O4 is potential to be used

for the adsorption of pollutants.

Rhodamine B (RhB) is another important dye belongs to cationic xanthene dye that

causes carcinogenicity, neurotoxicity, and chronic toxicity (such as respiratory diseases

and kidney failure) for the living environment [69]. Shi et al. [64] studied the

adsorption-photocatalytic capability of activated carbon (AC)/g-C3N4 for the removal

of RhB. The presence of AC in the composite could improve adsorption capacity

and serve as a support for the removal process. According to Fig. 6.13, g-C3N4 peaks

Fig. 6.12 Preparation and application of Fe3O4 nanoparticles functionalized graphene oxide/g-C3N4

nanocomposite for the removal of tetracycline antibiotic and MB dye. Reprinted with permission
from ref. S.K. Sahoo, S. Padhiari, S.K. Biswal, B.B. Panda, G. Hota, Fe3O4 nanoparticles functionalized
GO/g-C3N4 nanocomposite: An efficient magnetic nanoadsorbent for adsorptive removal of organic
pollutants, Mater. Chem. Phys. 244 (2020) 122710. https://doi.org/10.1016/j.matchemphys.2020.122710.
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Fig. 6.13 FTIR spectra of g-C3N4, activated carbon, and activated carbon/g-C3N4. Reprinted with permission from J. Shi, T. Chen, C. Guo, Z. Liu, S.
Feng, Y. Li, J. Hu, The bifunctional composites of AC restrain the stack of g-C3N4 with the excellent adsorption-photocatalytic performance for the
removal of RhB, Colloids Surf. A Physicochem. Eng. Asp. 580 (2019) 123701. https://doi.org/10.1016/j.colsurfa.2019.123701.
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were observed at 3262cm�1 (uncondensed amine groups), 3432cm�1 (water molecules),

and 809cm�1 (triazine units). g-C3N4 has also other peaks for stretching modes of CN

heterocycles at 1638, 1573, 1409, 1320, and 1243cm�1. AC exhibited peaks of C¼O,

C –O, C – C, and C –N stretching vibrations at a wide range of 800–1700cm�1. AC/

g-C3N4 characteristic absorption peaks were a combination of activated carbon and

g-C3N4, indicating a satisfaction doping process. N2 adsorption–desorption isotherms

proved mesoporous structure of the modified adsorbent that had a surface area

457m2/g and pore volume 0.973cm3/g, and compared to g-C3N4 (21m2/g,

0.206cm3/g), a dramatic increment was happened. It is presumed that AC increased both

surface area and active sites of g-C3N4. In terms of adsorption capacity, AC (5%)/g-C3N4

(13.57mg/g) was 4.3 times higher than that of g-C3N4 (3.15mg/g). Other scholars [63]

reported the adsorption capacity of 400mg/g for RhB dye by ultra-small gold nanopar-

ticles/carbon nitride sheets. The authors pointed out that enough attentionmust be given

to surface charges of the adsorbent and adsorbate. g-C3N4 itself is positively charged at

neutral pH and since RhB is also a cationic dye, insignificant adsorption capacity was

found. The ultra-small gold nanoparticles/g-C3N4 possessed the average zeta potential

value of �45mV which is appropriate for the removal of RhB cationic dye via electro-

static attraction. To sum up, these studies proved that by applying right modification,

g-C3N4-based composites could also be effective for the removal of RhB as a cationic

dye model.

Other studies have also been reported for the adsorptive performance of g-C3N4 for

other dyes. Abdellah et al. [65] suggested the modification of covalent organic frame-

works (COFs) by two-dimensional (2D) nanomaterials. Thermal/chemical stability,

low density, regular porosity, large specific surface area, and porous structure are some

of the properties of COFs that make them as brilliant adsorbents; however, they exhibited

low diffusion rate for large molecules because of their mesoporous structure. Besides,

COFs separation from solution is hard (because of the low density) [70]. Fig. 6.14 depicts

the synthesis procedure for COF and its composites. COF@GO (graphene oxide),

COF@BN (boron nitride), and cof@g-C3N4 had BET surface area and total pore vol-

ume of 42, 168, 509m2/g and 0.126, 0.779, 0.607cm3/g, respectively. By increasing the

time, the intensity of absorbance tends to decrease which is a proof for the elimination of

dye from the solution. The removal efficiency was 80%–97.5% at 170min and 25°C.
One-pot method synthesis, high surface area, no catalyst, and inexpensiveness were

unique properties of the prepared composites. The removal of basic blue 26 as a cationic

dye was studied by combining different mass ratio (30/70, 50/50, and 70/30) of CN and

graphene oxide (GO) [66]. The cooperation of these adsorbents showed the best perfor-

mance at 50/50 with the maximum adsorption capacity of 3510.68mg/g at pH2. The

very significant adsorption capacity of this study was absolutely greater than some pre-

vious materials, including carbon/Ba/alginate beads 1.94mg/g [71], activated carbon

76mg/g [72], iron-doped titanium/silane 153.89mg/g [73], zinc oxide nanoparticles
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163.93mg/g [74], and H3PO4-activated carbons 51.11mg/g [75]. Protonated amine

groups of basic blue 26 were adsorbed by negatively charged CN–graphene oxide com-

posite. Weak electrostatic and π–π interactions were introduced as the main removal

forces.

6. Conclusion

Over the last few decades, overwhelming with water scarcity and water pollution, various

physical chemical and biological remediation techniques for polluted water have been

introduced. Among them, adsorption method has been extensively used for the treat-

ment of water and wastewater. In this regard, to reach the maximum removal efficiency,

many engineered nanomaterials have been suggested by scholars. CN has gained world-

wide attention to its promising results in view of adsorbing pollutants from aqueous solu-

tions. The discussion presented in this chapter along with literature data indicated

considerable evidence for the potential ability of pristine CN and CN-based composites

for the removal of heavy metals and dyes. The removal of important heavy metals,

including Pb (II), Cd (II), Cr (IV), Ni (II), and Cu (II) were discussed. In view of dyes,

it was found that CN-based composites were extensively applied for methylene blue

removal which it may be attributed to its widespread existence in the waters. Note that

Fig. 6.14 The synthesis procedure for COF and its composites. Reprinted with permission from A.R.
Abdellah, H.N. Abdelhamid, A.-B.A.A.M. El-Adasy, A.A. Atalla, K.I. Aly, One-pot synthesis of hierarchical
porous covalent organic frameworks and two-dimensional nanomaterials for selective removal of
anionic dyes, J. Environ. Chem. Eng. 8 (2020) 104054. https://doi.org/10.1016/j.jece.2020.104054.
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pristine g-C3N4 exhibited an acceptable removal efficiency and adsorption capacity,

especially for heavy metal ions. However, the results indicated that in some cases (dyes,

for instance), pristine carbon nitride had poor removal. Many researchers suggested

excellent composites based on g-C3N4 that could resolve the poor applicability of the

basic material. It was found that electrostatic attraction was one of the main mechanisms

involve in the interaction of heavymetals/dyes and g-C3N4-based composites. The com-

parison of g-C3N4-based composites with other sorbents demonstrated that carbon

nitride might be superior to many former materials. In view of kinetics and isotherms,

most studied were in a great agreement with the assumption of Langmuir and pseudo

second-order models. Finally, from the above discussion, it can be concluded that

g-C3N4-based composites have already exhibited their potential for application to the

elimination of pollutants, and it is assumed that there are still so many modifications

and functionalization that also could bring outstanding results in the field of carbon

nitride.
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stones and Brazil nut shells: removal of basic blue 26 dye from aqueous solutions by adsorption, Envi-
ron. Sci. Pollut. Res. 26 (2019), https://doi.org/10.1007/s11356-019-04215-0.

135Superior adsorption of environmental contaminants onto carbon nitride materials

https://doi.org/10.1039/C5RA04913J
https://doi.org/10.1016/j.colsurfa.2019.123701
https://doi.org/10.1016/j.colsurfa.2019.123701
https://doi.org/10.1016/j.jece.2020.104054
https://doi.org/10.1016/j.jece.2020.104054
https://doi.org/10.1007/s11356-020-10779-z
https://doi.org/10.1016/j.cej.2008.05.003
http://refhub.elsevier.com/B978-0-12-823961-2.00006-9/rf0345
http://refhub.elsevier.com/B978-0-12-823961-2.00006-9/rf0345
https://doi.org/10.1186/s12932-015-0024-2
https://doi.org/10.1186/s12932-015-0024-2
https://doi.org/10.1016/j.molliq.2020.114456
https://doi.org/10.1016/j.carbpol.2013.05.078
https://doi.org/10.1016/j.carbpol.2013.05.078
https://doi.org/10.1016/j.apsusc.2018.04.087
https://doi.org/10.1016/j.apsusc.2018.04.087
https://doi.org/10.1016/j.jcis.2014.07.030
https://doi.org/10.1016/j.apt.2016.04.001
https://doi.org/10.1007/s11356-019-04215-0




CHAPTER 7

Carbon nitride photocatalysts for water
treatment and purification
Mehdi Al Kausora and Dhruba Chakraborttyb
aDepartment of Chemistry, Science College, Kokrajhar, Assam, India
bDepartment of Chemistry, B.N. College, Dhubri, Assam, India

Contents

1. Introduction 137
1.1 Structure and properties of g-C3N4 140
1.2 g-C3N4 as photocatalyst and its limitations 140
1.3 Synthesis of pristine g-C3N4 141

2. Spectroscopic methods for characterization of g-C3N4 and g-C3N4-based materials 143
2.1 Powder X-ray diffraction studies 143
2.2 FESEM and TEM analysis 144
2.3 X-ray photoelectron spectroscopy (XPS) 146
2.4 Infrared (IR) and Raman spectroscopy 146
2.5 Diffuse reflectance spectroscopy (DRS) and photoluminescence spectroscopy (PLS) 148
2.6 N2 sorption studies and BET surface area analysis 149

3. Photocatalytic degradation of organic pollutants by g-C3N4 152
3.1 Photocatalytic degradation of organic pollutants by doped g-C3N4 152
3.2 Photodegradation of dye by g-C3N4-based binary composites 153
3.3 Photodegradation of dye by g-C3N4-based ternary composites 157

4. Mechanistic pathway of photodegradation by g-C3N4-based materials 162
5. Conclusion and future scope 166
References 167

1. Introduction

A wide variety of organic pollutants are introduced into the freshwater system from var-

ious sources, such as industrial effluents, agricultural runoff, and chemical spills [1,2].

Their toxicity, stability to natural decomposition, and persistence in the environment

have been the cause of much concern to societies and regulatory authorities around

the world [3]. In particular, dye-containing effluents from textile industries and chemical

manufacturing containing, methylene blue (MB), methyl orange (MO), rhodamine

B (RhB), congo red (CR), acid orange 7 (AO7), etc., are becoming serious environmen-

tal problem because of their toxicity, unacceptable color, high chemical oxygen demand,

and resistance to chemical, photochemical, and biological degradation [4]. Most of the
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dyes are carcinogenic, mutagenic, and toxic to aquatic life as well as human health. Dyes

may cause allergic problems, such as contact dermatitis, respiratory disease, irritation in

eyes and respiratory tract, and may even cause cancer in kidney, urinary bladder, and

liver. The highly toxic dyes may decrease the light penetration power through water,

thereby decreasing the quality and transparency of water, as well as affect the photosyn-

thetic activity of aquatic plants, which in turn may lead to oxygen deficiency in aquatic

ecosystem. The treatment of such organic dyes in micropolluted water has always been

paid attention by many researchers. Phenolic compounds are also a serious category of

aqueous pollutants, which causes severe environmental problems [5]. Nitrophenols,

chlorophenols, aminophenols, chlorocatechols, methylphenols, and other phenolic

compounds have all been characterized as exerting toxic influence on humans [6]. Phenol

is a kind of refractory organic compound, having carcinogeneic, teratogeneic, and muta-

genic impact upon prolonged exposure [7]. Phenol and phenolic compounds, such as

2-Chlorophenol (2-CP), 4-chlorophenol (4-CP), 2,4,6-trichlorophenol (TCP),

2-nitrophenol (2-NP), 4-nitrophenol (4-NP), etc., are being released from different

industrial activities, such as refineries, pesticides, insecticides, pharmaceutical, pulp and

paper industries, etc. and are found along with other organic pollutants in water [8].

These compounds tend to persist in the environment over a long period of time, accu-

mulate and exert toxic effects on humans and animals [9].

The traditional purification techniques have not been suitable to meet the existing

water quality standards. The treatment of environmental pollutants in wastewater by

using active semiconductor photocatalysts has recently attracted considerable attention

due to its ability to completely degrade organic contaminants to carbon dioxide, water,

andmineral acids [10–14]. Photocatalysis, based on semiconductor, is the most promising

technology due to its potential applications in many aspects, mainly in degradation of

organic pollutants [15,16]. The synthesis and application of semiconductor photocatalyst

in environmental and energy applications has been a challenging area of research. There

are numerous semiconductor materials, including TiO2 [17], CuO [18], WO3 [19],

Ag2O [20], ZnO [21], Bi2WO6 [22], FeO3 [23], MoO3 [24], Ag2CO3 [25], SnO2

[26], CdS [27], CoO [28], Bi2O3 [29], Ag3VO4 [30], Ag3PO4 [31] among others. How-

ever, from the viewpoint of practical applications, there are some major challenges with

these semiconductors, such as poor visible-light absorption, large band gap energy, and

quick recombination of electron–hole pair, thereby limiting their photocatalytic activ-

ities. Therefore, the design and development of semiconductor nanocomposite materials

has become an active area of research during recent years. In this context, various research

groups are utilizing graphitic carbon nitride (g-C3N4) as a new type of metal-free

polymeric-layered n-type semiconductor. The unique electronic, optical, structural,

and physiochemical properties of g-C3N4, such as moderate band gap (�2.7eV), appro-

priate electronic band structure, absorption of visible light, nontoxicity, low cost, and
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good stability [32,33] make g-C3N4 extremely promising in environmental and energy

applications [34,35]. The tuneable band gaps and efficient intercalation of various

compounds find profound use of this novel material in heterogeneous catalysis and

support. The material can be readily utilized to fabricate some hybrid photocatalysts

with controllable size and pore structures, size distributions, and morphologies [36].

Since the revolutionary photocatalytic water splitting studies by Wang and his research

group [37], g-C3N4 has become a promising photocatalytic material. The number of

citations per year for the Wang’s ground-breaking paper published on “Nature

Materials” in 2009 is significantly increasing day by day (Fig. 7.1). In 2021 itself, this

article has already been cited over 351 times. This gives a clear indication that g-C3N4-

based nanostructures are becoming promising material for various energy and environ-

mental applications.

In this chapter, we discuss the research progress of semiconductor nanocomposite

materials based on g-C3N4 in a chronological order. The fabrication process, character-

ization, and photocatalytic applications of g-C3N4-basedmaterials in water treatment and

purification from the purview of degradation of organic pollutants are discussed. In addi-

tion to this, we highlight the underlying mechanism, challenges, and scopes for further

research on the photcatalytic activity of this material for widespread industrial

applications.

Fig. 7.1 The number of citations per year for Wang’s pioneer work published in Nature Materials in
2009. (Using CrossRef, on 22nd February 2021). (No permission required.)
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1.1 Structure and properties of g-C3N4

The electronic structures of pure monolayer g-C3N4 is shown in Fig. 7.2A. The mono-

layer structure of g-C3N4 is composed of a unit cell of bulk g-C3N4 along the (001) plane.

The model structure contains 24C-atoms and 32 N-atoms. There exists a vacuum space

of 15Å in the z direction. The in-plane lattice constant of the g-C3N4 model is found to

be 7.15 Å [38]. The previous computational data and experimental result revealed by

X-ray diffraction pattern reveal similar observations [39,40]. From the symmetry of

the tri-s-triazine structure of g-C3N4, it is found that there are three nonequivalent

N-atoms and two nonequivalent C-atoms labeled as N1, N2, N3, C1, and C2, respec-

tively [41]. The bond lengths of N1–C1, C1–N2, N2–C2, and C2–N3 are found to be

1.39, 1.33, 1.34, and 1.47 Å, respectively. Similar observations from DFT calculations

were also obtained in previous studies [42]. The calculated band structure and corre-

sponding density of states (DOS) of monolayer g-C3N4 are shown in Fig. 7.2B. The

points G, F, Q, and Z represents highly symmetric points in the reciprocal space lattice

while the short dashed line set at zero is assumed as the Fermi level. The material can be

considered as an indirect band gap semiconductor having a band gap energy of

1.18eV [38].

1.2 g-C3N4 as photocatalyst and its limitations
When visible light having higher energy (hυ) than the band gap energy (Eg) falls on the

visible band (VB) of g-C3N4, the electrons get excited (e
�) to the conduction band (CB),

leaving behind some positively charged holes (h+), as shown in the Fig. 7.3. Eventually,

the VB acquires positive charge and acts as an oxidizing center, while the CB acquires

negative charge and acts as a reducing center [43]. The holes oxidize the OH� ions to

Fig. 7.2 (A) Monolayer g-C3N4 (B) Band structure and corresponding DOS of monolayer g-C3N4. (From
B. Zhu, J. Zhang, C. Jiang, B. Cheng, J. Yu, First principle investigation of halogen-doped monolayer g-C3N4
photocatalyst, Appl. Catal. Environ. 207 (2017) 27–34. https://doi.org/10.1016/j.apcatb.2017.02.020.)
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OH• radicals and simultaneously the organic dyes adsorbed on g-C3N4 sheets are

degraded to CO2 and H2O. There is a probability that the O2 from the solution in pres-

ence of the excited electrons undergo reduction to O2•
� radicals, which may further

degrade the organic dyes into various byproducts. The OH• and O2•
� radicals also takes

part in the degradation of the organic dyes into CO2, H2O, and inorganic ions. The pro-

cess of capturing the electrons from the CB by O2 to yield O2•
� radical is a very impor-

tant step as it can suppress electron–hole (e�–h+) pair recombination [33]. However, the

mechanism of the photocatalysis reveals every possibility that the photo-generated elec-

trons (e�) and holes (h+) may recombine in the bulk of the photocatalyst and conse-

quently diminish the photocatalytic activity of the material.

1.3 Synthesis of pristine g-C3N4

The graphitic carbon nitride is a polymeric-layered semiconductor material containing

carbon and nitrogen. There are several methods of synthesizing g-C3N4 viz. thermal

polycondensation [44], thermal exfoliation [45], thermal polymerization [46], solvother-

mal [28], chemical vapor deposition (CVD) [47], plasma sputtering reaction deposition

[48], and sonochemical [49] methods. However, the choice of precursor and the mode of

synthesis play an important role that affects the electronic band structures and morphol-

ogy of the material. Some commonly used precursors include compounds containing

prebonded C]N or C^N core structure like cyanamide, dicyandiamide, trithiocyanu-

ric acid, melamine, triazine, and heptazine derivatives, which are basically nitrogen-rich

compounds [50–52].
A facile, economic, environmentally friendly, and large-scale method of synthesis of

g-C3N4 was reported for the first time by Dong and his research group [53]. Their

method involves direct heating of thiourea up to 550°C for 2h. The research group used

Fig. 7.3 Mechanism of organic dye degradation by g-C3N4 under visible light (No permission required.)
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thiourea as the precursor, which is both inexpensive and commonly available, and thus

can be used as a substitute of the other widely used toxic or unstable precursors. The

as-prepared g-C3N4 using thiourea exhibits better photocatalytic activity under visible

light for degradation of organic pollutant when compared with g-C3N4 prepared from

dicyandiamide which is found to be toxic. In 2013, Dong and coworkers [54] also

reported the synthesis of g-C3N4 by direct pyrolysis of cheap urea up to 550°C and

observed the effect of pyrolysis time. In the typical synthesis, urea powder was taken

in a silica crucible with a cover and then heated to 550°C in a muffle furnace for a certain

time at a heating rate of 15°C per min. The resultant powder was collected and directly

used without further treatment. The research group suggested that the surface areas of the

photocatalyst can be increased remarkably by simply prolonging the pyrolysis time to

240min under the temperature of 550°C. The g-C3N4 prepared from thiourea exhibits

slightly smaller band gap energy compared with the g-C3N4 prepared from urea but it

possesses much higher surface area than that prepared from melamine [55]. Fig. 7.4 pre-

sents a brief summarization about the synthetic processes of g-C3N4 by thermal polymer-

ization of different precursors [56]. Thus, the easiest way to synthesize g-C3N4 is just to

select an appropriate precursor and adopt a suitable method. However, the stress should

be given on environmental, economical, and industrial aspects.

Fig. 7.4 Schematic illustration of the synthesis process from the possible precursors of g-C3N4. (From
W.J. Ong, L.L. Tan, Y.H. Ng, S.T. Yong, S.P. Chai, Graphitic carbon nitride (g-C3N4)-based photocatalysts for
artificial photosynthesis and environmental remediation: are we a step closer to achieving sustainability?
Chem. Rev. 116 (12) (2016) 7159–7329. https://doi.org/10.1021/acs.chemrev.6b00075.)
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2. Spectroscopic methods for characterization of g-C3N4
and g-C3N4-based materials

The g-C3N4 and g-C3N4-based materials are generally characterized by powder X-ray

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron micros-

copy (SEM), transmission electron microscopy (TEM), Fourier transform infrared spec-

troscopy (FTIR), Raman spectroscopy, UV–vis diffuse reflectance spectroscopy (DRS),

photoluminescenece (PL) spectroscopy, surface area and porosimetry analysis, and zeta

potential measurement. The characterization by some of these methods is discussed as

follows.

2.1 Powder X-ray diffraction studies
Analysis of g-C3N4 and g-C3N4-based heterostructure nanocomposites by powder

XRD is an important technique in predicting the crystal structures and the dimensions

of the spacing in the crystal structure. The powder XRD patterns can be taken using Cu

Kα radiation (λ¼0.15406nm) at 40kV and 40mA with 2θ ranging from 10° to 80°with
various step size in a XRD instrument. A typical experimental XRD pattern (Fig. 7.5) of

tubular g-C3N4 [57] exhibit a distinct peak at 17.4° (line a), which corresponds to an

interplanar distance (d) of 0.49nm. It indicates the formation of s-triazine units

(d¼0.47nm) [58] in g-C3N4. However, the bulky g-C3N4 powders display (Fig. 7.5)

two distinct diffraction peaks obtained at 2θ¼27.40° and 13.0° (line b), due to (002)

and (100) diffraction planes of graphitic materials (JCPDS 87–1526) [37]. The XRD
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Fig. 7.5 Powder XRD patterns of (A) the tubular carbon nitride and (B) the bulky g-C3N4 synthesized by
directly heating melamine at 520�C for 2h. (From B. Zhu, P. Xia, W. Ho, J. Yu, Isoelectric point and
adsorption activity of porous g-C3N4, Appl. Surf. Sci. 344 (2015) 188–195. https://doi.org/10.1016/j.
apsusc.2015.03.086.)
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pattern results reveal that the g-C3N4 exhibits flake-like structure with interplanar stack-

ing distance of 0.325nm revealed by (002) diffraction plane, which is similar to that of

graphite with stacking distance of 0.34nm [59]. The XRD patterns in Fig. 7.6 shows that

the diffraction peak of pure g-C3N4 at 2θ of 27.4° is observed when the g-C3N4 content

is higher than 50wt% with a relative lower peak intensity which gradually improves on

increasing the g-C3N4 content [60].

2.2 FESEM and TEM analysis
The morphology can be studied by field emission scanning electron microscopy

(FE-SEM) and high-resolution transmission electron microscopy (TEM). FE-SEM

is a type of electron microscope that generates the image by scanning the sample surface

with a high energy electron beam focused onto the sample surface. TEM is a micro-

scopic technique in which a focused beam of electron is transmitted through an ultra-

thin specimen. TEM provides most powerful magnification, potentially over a million

times or more. This microscopic technique is able to provide information about the

surface features, shape, size, and structure. TEM also provides information about the

topography, morphology, composition and crystalinity of a material. Chen and his

research group [61] reported the fabrication of a series of Z-scheme Ag2CO3/

g-C3N4 with different molar ratios of Ag/g-C3N4(0%, 1%, 2%, 3%, 4%, 5%, 6%,

Fig. 7.6 XRD patterns of pure TiO2, pure g-C3N4 and g-C3N4/TiO2 composites. (From N. Boonprakob, N.
Wetchakun, S. Phanichphant, D. Waxler, P. Sherrell, A. Nattestad, J. Chen, B. Inceesungvorn, Enhanced
visible-light photocatalytic activity of g-C3N4/TiO2 films, J. Colloid Interface Sci. 417. (2014) 402–409
https://doi.org/10.1016/j.jcis.2013.11.072.)
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7%, 8%, and 9%). The morphology and microstructure of the samples thus synthesized

were studied by SEM and TEM (Fig. 7.7) of g-C3N4 and the 7% Ag2CO3/g-C3N4

composite. In the SEM images, it was observed that both the 0% and 7% sample exhibit

irregular lump and cotton-like shapes of g-C3N4. The results of energy dispersive

X-ray (EDX) analysis demonstrated the presence of C, N, Ag, and O elements on

the surface of 7% Ag2CO3/g-C3N4 composite. TEM image demonstrated that

Ag2CO3 particles were deposited on the surface of g-C3N4. In the HRTEM image,

lattice fringes of 0.238 and 0.204nm corresponding to the (040) and (131) plane of

the monoclinic Ag2CO3, respectively, were observed, which is in accordance with

the JSPDS card (26–0339) [62]. The results of EDX and HRTEM confirmed the pres-

ence of Ag2CO3 and g-C3N4 in the composite.

Fig. 7.7 SEM images of (A) bare g-C3N4 (B) 7% Ag2CO3/g-C3N4 (C) EDS pattern (D) TEM image and
(E) HRTEM of 7% Ag2CO3/g-C3N4. (From J. Chen, J. Zhong, J. Li, S. Huang, W. Hu, M. Li, Q. Du,
Synthesis and characterization of novel Ag2CO3/g-C3N4 composite photocatalysts with excellent solar
photocatalytic activity and mechanism insight, Mol. Catal. 435 (2017) 91–98, https://doi.org/10.1016/j.
mcat.2017.03.026.)
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2.3 X-ray photoelectron spectroscopy (XPS)
Photoelectron spectroscopy (PES) is an outstanding technique for the analysis of atomic

and molecular energy levels. There are two types of PES, the X-ray PES (XPS), and UV–
vis PES (UPES). g-C3N4 and g-C3N4-based materials are generally characterized by

XPS. Fig. 7.8A displays a survey scan XPS spectrum of heterojunction photocatalyst

Co3O4–g-C3N4 [63]. The research group had taken the XPS spectrum to determine

the chemical states of the 0.2wt% Co3O4–g-C3N4 and the valence states of various spe-

cies present therein. The Fig. 7.8B displays the high-resolution deconvulated XPS spec-

tra of C(1 s) with two peaks corresponding to 284.6eV and 288.6eV [64]. The key peak

at 288.6eV is attributed to CdC bonding in a pure carbon environment of g-C3N4,

while the other peak at 288.6eV is attributed to C-atoms bonded with three neighboring

N-atom in its chemical backbone [65]. The XPS data gave an evidence for the existence

of graphite-like sp2-bonded structure in g-C3N4. The peak at 398.55eV in the XPS spec-

trum of N(1 s) (Fig. 7.8C) corresponds to N-atoms [65]. The two peaks observed at

796.1eV and 780.9eV in the XPS spectrum of Co(2p) of the composite (Fig. 7.8D) cor-

responds to the Co(2p1/2) and Co(2p3/2) spin states. The presence of Co3O4 can be con-

firmed further by the O(1 s) XPS peak at 531.85eV (Fig. 7.8), which corresponds to the

O-atom lattice in the Co3O4. These results confirm the presence of Co3O4 in the

g-C3N4 composite.

2.4 Infrared (IR) and Raman spectroscopy
IR spectroscopy is often used to identify structures because certain functional group gives

rise to characteristic bands both in terms of intensity and position (frequency) regardless of

the structure of the rest of the molecule. The chemical composition and information

about the bonding of g-C3N4 can be identified by FTIR. Fig. 7.9 depicts a typical FTIR

spectrum of g-C3N4 synthesized by heating melamine (MCN), thiourea (TCN), and

urea (UCN) [55]. The characteristic peaks observed in the region around

900–1700cm�1 were usually assigned to the stretching vibrations of aromatic

heptazine-derived repeating units, including the typical sp2-bonded C]N stretching

modes and out-of-plane bending vibrations of the sp3-bonded CdN stretching

[66,67]. The sharp absorption peak centered around 810cm�1 is attributed to the char-

acteristic breathing mode of tri-s-triazine cycles [68]. The absorption peak at around

883cm�1 is attributed to the deformation mode of NdH bond in amino groups [54].

The broad peaks observed between 3000 and 3500cm�1 are attributed to the stretching

vibration [54,67] of residual free NdH in the bridging C-NH-C units and OdH orig-

inated from physically adsorbed water molecules on the surface of g-C3N4.

The presence of some functional groups and CdNd networks can be further iden-

tified by Raman spectroscopy. Raman spectroscopy is a chemical analysis technique

which can provide information about the chemical structure, phase, crystallinity, and
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Fig. 7.8 XPS spectrum of the as-prepared 0.2wt% Co3O4–g-C3N4 composite photocatalysts: (A) survey
spectrum; (B) C(1s), (C) N(1s), (D) Co(2p), (E) O(1s). (From C. Han, L. Ge, C. Chen, Y. Li, X. Xiao, Y. Zhang, L.
Guo, Novel visible light induced Co3O4-g-C3N4 heterojunction photocatalysts for efficient degradation of
methyl orange, Appl. Catal. Environ. 147 (2014) 546–553, https://doi.org/10.1016/j.apcatb.2013.09.038.)
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molecular interactions. It is based upon the interaction of light with the chemical bonds

of a material. In the Raman spectra (Fig. 7.10), the characteristic peaks of g-C3N4 are

observed at 1616, 1555, 1481, 1234, 751, 705, 543, and 479cm�1 which confirms

the vibration modes of CN heterocycles [70]. It is observed that the peak corresponding

to 1234cm�1 is attributed to the N]C (sp2) bending vibration which exhibits a signif-

icant blue shift (1250cm�1 for 1-layer g-C3N4), due to the phonon confinement and

strong quantum confinement effect [70]. The ratio of peak heights of 751–705cm�1

(I751/I705) and 543–479cm�1 (I543/I479), corresponding to layer–layer deformation

vibrations or the correlation vibrations, obviously increased with decreasing the number

of layer in g-C3N4 [70].

2.5 Diffuse reflectance spectroscopy (DRS) and photoluminescence
spectroscopy (PLS)
The DRS is a spectroscopic technique where the diffuse reflection of radiation in theul-

traviolet to visible range (190–800nm) of a sample is measured. This technique is used to

characterize samples in solid (thin film) or in liquid form, where there is not much dis-

persion, and the angle of incidence is exactly equal to the angle of reflection, i.e., the

reflection is specular. However, in the case of granular/powder or thin films of high sur-

face roughness, the reflection is not specular and hence the transmitted intensity being too

low cannot be measured to get the absorption of the sample. Therefore, for powdered

samples or thin films of high surface roughness, the DRS is used. Boonprakob and his

team [60] reported the synthesis of g-C3N4/TiO2 composites by directly heating a mix-

ture of melamine and presynthesized TiO2 nanoparticles in Ar gas flow with varying

Fig. 7.9 FTIR spectra of g-C3N4 powders obtained by heating melamine (MCN), thiourea (TCN), and
urea (UCN). (From B. Zhu, P. Xia, Y. Lia, W. Ho, J. Yu, Fabrication and photocatalytic activity enhanced
mechanism of directZ-scheme g-C3N4/Ag2WO4photocatalyst, Appl. Surf. Sci. 391 (2017) 175–183,
https://doi.org/10.1016/j.apsusc.2015.08.149.)
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contents of g-C3N4/TiO2. The optical properties were investigated by UV–vis DRS

study. As shown in Fig. 7.11, the composites exhibit higher absorbance in the visible

region, and 50wt% g-C3N4/TiO2 composite has the highest absorbance. The corre-

sponding band gap energy was calculated from (αhυ)1/2 vs photon energy (hυ) plot
and are found to be 2.83 and 3.31eV for g-C3N4 and TiO2, respectively.

PLS is an extensively used technique for predicting the optical and electronic prop-

erties of heterogeneous semiconductor catalysts and other substances. A material that

emits light is called luminescent material. The PLS (Fig. 7.12) exhibits that the

g-C3N4/ZnO/AgCl composite has lower recombination probability of the photogen-

erated charge carriers compared with pure g-C3N4 and the binary composites g-C3N4/

ZnO or g-C3N4/AgCl [71]. Thus, the ternary composite g-C3N4/ZnO/AgCl exhibited

higher photocatalytic activity than the pure g-C3N4 and binary composites.

2.6 N2 sorption studies and BET surface area analysis
The specific surface area of a sample including the pore size distribution of a solid or

porous material can be measured by BET (Brunauer, Emmett, and Teller) surface area

analysis method. The principle is based on the adsorption of an unreactive gas (e.g.,

N2). The solid material under investigation is cooled by using a cryogenic liquid. By

keeping the temperature constant, the pressure or concentration of the adsorbing gas

is increased. As the relative pressure increases, more molecules are adsorbed on the

Fig. 7.10 Comparison between the Raman spectra of coplanar bulk and 1-layer g-C3N4 samples
(780nm laser) (From J. Jiang, L. Ou-Yang, L. Zhu, A. Zheng, J. Zou, X. Yi, H. Tang, Dependence of
electronic structure of g-C3N4 on the layer number of its nanosheets: a study by Raman spectroscopy
coupled with first-principles calculations, Carbon 80(1) (2014) 213–221, https://doi.org/10.1016/j.
carbon.2014.08.059.)
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Fig. 7.11 UV–vis DRS of (A) pure TiO2, (B) 20wt% g-C3N4/TiO2, (C) 50wt% g-C3N4/TiO2, (D) 70wt% g-
C3N4/TiO2, and (E) pure g-C3N4 films. Inset is (αhυ)1/2 vs photon energy (hυ) plot of pure TiO2 and
g-C3N4 films, respectively. (From N. Boonprakob, N. Wetchakun, S. Phanichphant, D. Waxler, P.
Sherrell, A. Nattestad, J. Chen, B. Inceesungvorn, Enhanced visible-light photocatalytic activity of
g-C3N4/TiO2 films, J. Colloid Interface Sci. 417 (2014) 402–409, https://doi.org/10.1016/j.jcis.2013.11.072.)

Fig. 7.12 PL spectra for the g-C3N4, g-C3N4/ZnO, g-C3N4/AgCl, and g-C3N4/ZnO/AgCl nanocomposite.
(From A. Akhundi, A. Habibi-Yangjeh, Ternary g-C 3N4/ZnO/AgCl nanocomposites: synergistic
collaboration on visible-light-driven activity in photodegradation of an organic pollutant, Appl. Surf.
Sci. 358 (2015) 261–269, https://doi.org/10.1016/j.apsusc.2015.08.149.)
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surface, resulting in the formation of a thin monolayer that covers the entire surface. By

measuring the volume adsorbed, the number of gas molecules in the monolayer is

recorded. As the area of cross-section of the adsorbate is known, the area of the accessible

surface can be determined. The exact mathematical equation was developed by Bru-

nauer, Emmett, and Teller [72].

1

X P0=Pð Þ � 1½ � ¼
1

XmC
+

C � 1

XmC

P

P0

� �

The BET equation firmly describes a linear plot of 1/[X(P0/P)-1] vs P/P0 which is

applicable for most of the solids, using nitrogen as the adsorbate. However, the plot is

restricted to a P/P0 range of 0.05–0.35. This equation describes the relationship between
the number of gas molecules adsorbed (X) at a given relative pressure (P/P0). The surface

area can be calculated from the slope, intercept and the cross-sectional area (CSA) accord-

ing to the following equation.

Surface area ¼ 1

Slope+ Intercept
� CSA

The liquid N2 adsorption–desorption isotherms of g-C3N4 and the g-C3N4/

Ag2WO4 composite synthesized by Zhu and coworkers [73] and the corresponding pore

size distribution curves are displayed in Fig. 7.13. As per the Brunauer–Deming–Dem-

ing–Teller classification, the two isotherms are considered as type IV and they exhibit

high adsorption in the high relative pressure (P/P0) region. The results thus reveal the

existence of mesopores and macropores in the composite [74]. The pore size distribution

curves shown in the inset of Fig. 7.13 indicate a wide pore size distribution from 2 to

140nm. The composite has some smaller mesopores with diameters of 2–15nm due

to the fact that somemesopores are sealed with Ag2WO4 particles. The BET surface areas

Fig. 7.13 N2 adsorption–desorption isotherms and corresponding pore size distribution curves (inset)
of g-C3N4 and the g-C3N4/Ag2WO4 composite. (From B. Zhu, P. Xia, Y. Lia, W. Ho, J. Yu, Fabrication and
photocatalytic activity enhancedmechanism of directZ-scheme g-C3N4/Ag2WO4photocatalyst, Appl. Surf.
Sci. 391 (2017) 175–183, https://doi.org/10.1016/j.apsusc.2015.08.149.)
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and pore parameters are listed in Table 7.1. The g-C3N4/Ag2WO4 composite exhibits

lower surface area because of the deposition of Ag2WO4 particles, which can block some

mesopores and space of g-C3N4.

3. Photocatalytic degradation of organic pollutants by g-C3N4

Although g-C3N4 can be utilized as visible-light photocatalyst, it still has some limitations

for practical applications due to small specific surface area (<10m2/g) [69] and therefore

poor adsorption, low efficiency of visible-light utilization, low electrical conductivity,

and faster recombination rate of the photogenerated charge carriers [75].

3.1 Photocatalytic degradation of organic pollutants by doped g-C3N4

To address the limitations of g-C3N4 in photocatalytic applications, an attractive

approach is to dope g-C3N4 with other materials. Previous studies established that doping

with nonmetals like carbon, sulfur, oxygen, phosphorous, and boron and introduction of

some halogen atoms like chlorine and bromine and metals like platinum, gold, palladium

are some alternate ways to improve the electrical conductivity and reduce the recombi-

nation rate of the electron (e�)–hole (h+) pairs and thereby increase the photoactivity of
g-C3N4. Ge and coworkers [76] reported for the first time about the facile synthesis of

g-C3N4-doped with novel Ag metal with different weight ratios and discussed the effect

of Ag loading on the photocatalytic performance on degradation of methyl orange (MO)

under visible light. A significant increase in the absorption intensity is observed with Ag

loading in the UV–vis DRS spectra. It is suggested that there may be a charge-transfer

transition between the Ag species and the CB or VB of g-C3N4 due to which higher

photocatalytic activity is observed. The characterization results revealed that the

visible-light responses of these Ag/g-C3N4 composites are significantly improved by

Ag doping, and there exist a separation of photogenerated electron–hole pairs in

g-C3N4. Thus, the materials exhibit enhanced photocatalytic activities than the pure

g-C3N4 samples. It was observed that 1.0wt% Ag-g-C3N4 demonstrated the highest

photocatalytic activity with a degradation rate of 1.00 (Fig. 7.14) as compared to the

undoped g-C3N4. Thus, it can be concluded that the photocatalytic activity is dependent

on the doping amount of Ag, and it was suggested that the Ag species actually covers the

active sites of the g-C3N4 surface, which in turn reduces the charge separation.

The idea behind such doping involves the fact that the metals or nonmetals would

strongly absorb visible light due to surface plasmon resonance, which will extensively

Table 7.1 BET surface area and pore parameters of g-C3N4 and g-C3N4/Ag2WO4 [73].

Sample SBET (m
2/g) Vpore (cm

3/g) dpore (nm)

g-C3N4 37 0.056 6

g-C3N4/Ag2WO4 8 0.054 27
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increase the absorbance of visible light [77]. The degradation performance in terms of the

rate constants or % degradation value of various as-prepared doped g-C3N4 photocata-

lysts are shown in Table 7.2. However, it is observed that in most of the studies, the effect

of amount of the doping substance on the photocatalytic performance and the possible

mechanism of photocatalysis of g-C3N4 were not investigated properly.

3.2 Photodegradation of dye by g-C3N4-based binary composites
Besides the use of g-C3N4 and subsequent-doped g-C3N4 as photocatalysts, a wide vari-

ety of some other semiconductor photocatalysts are fabricated using the material g-C3N4.

Such materials can be effectively used as visible-light-driven photocatalyst in wastewater

treatment basically in organic pollutant degradation. A major advantage of g-C3N4 is that

it can be used to facilitate electron transfer which consequently diminishes the probability

of e�–h+ pair recombinations in such photocatalysts. Fabrication of such materials with

g-C3N4 results in increase in the absorption of light as well as the surface area of the com-

posites. Thus, the photocatalytic activity of the composite materials increases dramati-

cally. Therefore, use of g-C3N4 as a supporting material along with various other

semiconductors as stable, recyclable, and fully efficient photocatalyst has been found

Fig. 7.14 (A) Photocatalytic performance in the presence of Ag/g-C3N4 samples, (a) blank, (b) pure
g-C3N4, (c) 0.5wt% Ag/g-C3N4, (d) 1.0wt% Ag/g-C3N4, (e) 1.5wt% Ag/g-C3N4, (f ) 2.0wt% Ag/g-C3N4,
(g) 3.0wt% Ag/g-C3N4, (h) 4.0wt% Ag/g-C3N4, and (i) 5.0wt% Ag/g-C3N4. (From L. Ge, C. Han, J.
Liu, Y. Li, Enhanced visible light photocatalytic activity of novel polymeric g-C 3N4 loaded with Ag
nanoparticles, Appl. Catal. A. Gen. 409–410 (2011) 215–222, https://doi.org/10.1016/j.apcata.2011.10.006.)
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Table 7.2 Photocatalytic degradation performance of various as-prepared doped g-C3N4 photocatalysts.

Doping
element Mode of synthesis

Band gap
(eV)

Pollutant
selected

Photocatalytic activity in terms of k or
% degradation

Increment w.r.t.
g-C3N4 Reference

B Thermal

condensation

2.66 RhB 0.192min�1 3.6-fold [78]

C Polycondensation 2.65 RhB 0.0362min�1 4.47-fold [79]

P Copolymerization – RhB 98% in 1h – [80]

Copolymerization 2.63 RhB 0.0466min�1 4-fold [81]

Copolymerization 2.86 RhB 0.0985min�1 2.7-fold [82]

S Thermal

condensation

2.56 RhB 0.0167min�1 12.8-fold [83]

Na Thermal

polymerization

2.58 RhB 0.0064min�1 3.6-fold [84]

K Annealing 2.57 RhB 0.011min�1 26.9-fold [85]

Fe Impregnation 2.56 RhB – 4.5-fold [86]

Calcination – MB 100% in 90min – [87]

Cu Thermal

condensation

– RhB 100% in 45min – [88]

Thermal

condensation

2.25 MO 90.2% in 1h – [89]

Eu Thermal

condensation

2.45 MB 0.0121min�1 2.1-fold [90]

Ce Annealing 2.57 RhB 0.0155min�1 2.1-fold [91]

Mn Calcination

refluxing

2.62 RhB 0.682�10�2 min�1 2.3-fold [92]

Fe Thermal

polymerization

2.5 Phenol 1000% in 50min – [93]

Pd Chemical

reduction

– BPA 100% in 360min Fivefold [94]

Pt Hydrothermal – PCP 98% in 420min – [95]

Ag Photodeposition – PNP 98% in 120min 1.2-fold [96]



to be a challenging area of research. Many research groups have reported the fabrication

of some g-C3N4-based semiconductor materials to improve the photocatalytic activities

to a significant extent to design some type-II heterojunctions orZ-scheme photocatalysts

by coupling g-C3N4 with various materials such as ZnO, TiO2, SmVO4, SnO2, Co3O4,

Ag3VO4, Ag3PO4, BiVO4, CdS, Ag2CO3, MoO3, and many more.

The photocatalytic activities of g-C3N4/TiO2 composites were investigated [60] by

measuring the decolorization of MB under visible light. Fig. 7.15A clearly indicates that

self-photolysis of MB is negligible and about 35% of the dye was degraded in presence of

pure TiO2 films within 3h of irradiation. The photoactivity of the g-C3N4/TiO2 com-

posite was, however, much higher. The highest photoactivity of 68% was obtained in

presence of 50wt% g-C3N4/TiO2 film. The improved photocatalytic activity observed

from the g-C3N4/TiO2 films may be due to the red-shift of the light absorption range

and the strong light absorption intensity of the g-C3N4/TiO2 composites as observed in

the UV–vis DRS study and also due to an improved charge separation efficiency of

photogenerated e�–h+ pairs due to the suitably matching CB and VB levels and the close

interfacial connection between TiO2 and g-C3N4 in the composite material [62] [97].

The recyclability of the material was tested with the best performing 50wt% g-C3N4/

TiO2 composite. It is observed in the Fig. 7.15B that only about 5% deactivation of

the material is observed after five consecutive cycles. The result revealed that the material

has a very good stability and recyclability toward the photodegradation of MB dye.

Fig. 7.15 (A) MB photolysis and photocatalytic degradation over pure TiO2, pure g-C3N4 and g-C3N4/
TiO2 composite films and (B) cycling runs using 50wt% g-C3N4/TiO2 film (the initial MB concentration
of 10.0mg/L). (From N. Boonprakob, N. Wetchakun, S. Phanichphant, D. Waxler, P. Sherrell, A. Nattestad, J.
Chen, B. Inceesungvorn, Enhanced visible-light photocatalytic activity of g-C3N4/TiO2 films, J. Colloid
Interface Sci. 417 (2014) 402–409, https://doi.org/10.1016/j.jcis.2013.11.072.)
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Chen and coworkers [61] reported the fabrication of a series of Z-scheme Ag2CO3/

g-C3N4 with different molar ratios of Ag/g-C3N4 (0%, 1%, 2%, 3%, 4%, 5%, 6%, 7%,

8%, and 9%). The research group investigated the adsorption of MO (Fig. 7.16A) on

photocatalysts thus synthesized and found that the dye is adsorbed onto the catalyst sur-

face to an extent of mere 10% after 12h in dark. This group also found that self-photolysis

of MO is negligible and photocatalysis in presence of pure g-C3N4 is very slow. But, on

coupling with Ag2CO3, the photoactivities of the composite are enhanced remarkably,

and the 7% Ag2CO3/g-C3N4 composite exhibits the highest activity (Fig. 7.16B). The

photodegradation of MO in presence of all the samples follows first-order kinetic equa-

tion as shown in Fig. 7.16Cwith the corresponding first-order rate constant values. It can

Fig. 7.16 (A) Adsorption of MO on the different photocatalysts after 3h in dark; (B) Conversion of MO
with the irradiation time; (C) Photocatalytic decolorization rate constants of MO over the samples;
(D) Four consecutive cycles of degradation of MO using the 7% sample. (From J. Chen, J. Zhong, J.
Li, S. Huang, W. Hu, M. Li, Q. Du, Synthesis and characterization of novel Ag2CO3/g-C3N4 composite
photocatalysts with excellent solar photocatalytic activity and mechanism insight, Mol. Catal. 435
(2017) 91–98, https://doi.org/10.1016/j.mcat.2017.03.026.)
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be observed that the rate constant gradually increases with increase in Ag2CO3 loading,

reaches a maximum 0.198min�1 in presence of 7% Ag2CO3/g-C3N4 composite, and

then falls rapidly. It is observed that the first-order rate constant in presence of the 7%

Ag2CO3/g-C3N4 composite is 15-fold higher than that in presence of the bare

g-C3N4. From the recyclability study (Fig. 7.16D), it was found that the phocatalytic

activity of 7% composite exhibit only a slight decrease in the phocatalytic activity after

fourth cycle. Thus, the material possesses excellent photocatalytic stability.

On critical analysis, it was observed that the different heterostructure g-C3N4-based

binary composite photocatalysts fabricated by various research groups are found to be

efficient w.r.t. the photodegradation of organic dye as well as phenolic compound con-

taminated wastewater. The ease in the transfer of charge from the semiconductor material

by the supporting g-C3N4, improved e�–h+ pair separation, band gap narrowing,

enhanced visible-light absorption as well as higher stability are the deciding factor in this

regard. As of now various binary composites containing g-C3N4 have been designed and

developed with enhanced photocatalytic activities toward degradation organic pollut-

ants. The degradation performance in terms of the rate constants or % degradation value

of various as-prepared g-C3N4-based binary photocatalysts are shown in Table 7.3.

3.3 Photodegradation of dye by g-C3N4-based ternary composites
Many research groups are working toward fabrication of g-C3N4 with variety of other

materials to improve the photocatalytic performance to a considerable extent. Research

works are also underway for the fabrication of some highly efficient g-C3N4-based type-

III dual channel Z-scheme heterostructure ternary composites by combining two metal

oxides/sulfides with g-C3N4 or other materials like metal oxide/phosphate and metal

halide with g-C3N4. Yuan and coworkers [118] synthesized a novel g-C3N4/CeO2/

ZnO ternary nanocomposite by decorating g-C3N4/CeO2 binary nanosheets with

ZnO nanoparticles. The research group at first synthesized binary g-C3N4/CeO2

nanosheets by pyrolysis and subsequent exfoliation method followed by decoration with

ZnO nanoparticles to construct the ternary nanocomposites. The as-prepared g-C3N4/

CeO2/ZnO ternary nanocomposites exhibit better photocatalytic activity, as compared

to bare g-C3N4, ZnO, and g-C3N4/CeO2 toward degradation of MB dye. The aug-

mented photocatalytic activity of the material is attributed to the presence of numerous

active sites of nanosheet shapes and the faster interfacial charge separation due to the for-

mation of type-II band alignment with more than one heterointerface and the efficient

three-level electron–hole transfer.
The research group investigated the photocatalytic activity of the material for the deg-

radation of methylene blue (MB, 10mg/L, 80mL) with 30mg of the photocatalysts

under visible light. The photodegradation performance of MB dye over pure

g-C3N4, ZnO, g-C3N4/CeO2, and the g-C3N4/CeO2/ZnO composite under
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Table 7.3 Photocatalytic degradation performance of various g-C3N4-based binary photocatalysts.

Hetero
structure Method of synthesis Pollutant

Experimental conditions

Rate constant (k₁)
%
Degradation

Increment w.
r.t. g-C3N4 Reference

Initial dye
conc. (C0)

Catalyst dose Illumination
time

ZnO/g-C3N4 Simple calcination PNP 4mg/L 3g/L 300min 0.0081min�1 100% 6.4-fold [98]

g-C3N4/

Bi2WO6

Ball Milling 2,4-

DCP

0.02g/L 1g/L 300min – 92% – [99]

g-C3N4/

SmVO4

Mixing-Calcination RhB 10mg/L 1g/L – 2.07h�1 – 2.4-fold [100]

ZnO/g-C3N4 Ball Milling RhB 10mg/L 2g/L 150min 0.0239min�1 97.60% 3.1-fold [101]

g-C3N4/

Ag2O

Liquid-phase

synthesis

MO 20mg/L 0.4g/L 30min – 90% 11-fold [102]

Phenol 180min – 82% –
Ag3PO4@g-

C3N4

In situ deposition 4-CP 20mg/L 1 180min 18�10�3 min�1 96.50% 5.5-fold [103]

g-C3N4/

SnO2

Chemical synthesis MO 10mg/L 1g/L 180min 0.0078min�1 73% 6-fold [104]

g-C3N4/

BiVO4

Hydrothermal RhB 10mg/L 1g/L 40min 0.0994min�1 99.70% 2.3-fold [105]

g-C3N4/TiO2 Direct heating MB 10mg/L Thin film 180min – 68% – [60]

AgVO3/g-

C3N4

In situ hydrothermal BPA 0.02g/L 1g/L 90min 0.0552min�1 100% 10-fold [106]

Cd0.2Zn0.8S/

g-C3N4

Hydrothermal Phenol 0.01g/L 1g/L 180min – 76.10% 4.2-fold [107]

CeO2/g-

C3N4

In situ co-pyrolysis Phenol 10mg/L 1g/L 300min – 55% 17.3-fold [108]

Bi2MoO6/

g-C3N4

Direct Coupling MB 10mg/L 1g/L 40min 0.0688min�1 90% 4.8-fold [109]

Ag2CrO4/

g-C3N4

Chemical

precipitation

MO 10mg/L 0.3g/L 120min 0.0068min�1 – 5.7-fold [110]

g-C3N4/TiO2

nanotube

Impregnation

method

RhB 5mg/L 2�2 cm2

film/ 20mL

300min 354�10�5 min�1 67% 1.4-fold [111]



g-C3N4/

Ag2WO4

In situ precipitation MO 10mg/L 1g/L 150min 95% 2.3-fold [55]

Ag2CO3/

g-C3N4

Facile precipitation MO 10mg/L 1g/L 10min 0.198min�1 80% 15-fold [61]

ZnS/ g-C3N4 Atomic layer

deposition

MB 6mg/L 0.3g/L 100min 0.023min�1 90% 2.6-fold [112]

Bi2WO6/g-

C3N4

Calcination

Hydrothermal

RhB 10mg/L 1g/L 120min – 80% 3.4-fold [113]

CuS/ g-C3N4 In situ precipitation-

hydrothermal

RhB 10mg/L 0.3g/L 120min 1.722min�1 93% 3.5-fold [114]

ZnO/

g-C3N4

Ball milling RhB 10mg/L 1g/L 120min 0.426h�1 51.30% 2.1-fold [115]

MoS2/

g-C3N4

Electrostatic self-

assembly

Phenol 20mg/L 1g/L 120min – 95% 4.7-fold [116]

g-C3N4/

WO3

Hydrothermal PNP 10mg/L 1g/L 60min 0.0518 94% 5.8-fold [117]



visible-light illumination is displayed in Fig. 7.17A. It is observed that in presence of the

photocatalysts, the concentration of the dye decreases steadily with increase in illumina-

tion time. Especially, the g-C3N4/CeO2/ZnO composite exhibits the highest photode-

gradation efficiency of 52.0% after 4h. On the other hand, MB is photodegraded by only

22.0%, 20.0%, and 32.0% in the presence of ZnO, pure g-C3N4, and g-C3N4/CeO2

binary composite, respectively. The first-order rate constant (k) of MB degradation as

shown in Fig. 7.17B over the g-C3N4/CeO2/ZnO composite is found to be 0.03min�1

which is higher than that over pure ZnO (0.011min�1), g-C3N4 (0.009min�1), and

g-C3N4/CeO2 (0.016min�1) by a factor of 2.7, 3.3, and 1.9, respectively. The results

of this work suggest that the fabrication of type II multiheterostructures is highly efficient

and reusable g-C3N4-based visible-light photocatalysts for environmental purification

and energy conversion.

A ternary heterostructure nanocomposite, Fe3O4/TiO2/g-C3N4, was prepared by

Raza and his coworkers [119] by a facile and in situ growth process based on hydrother-

mal treatment using melamine, tetrabutyl titanate, and as-prepared Fe3O4 nanoparticles.

The photocatalytic performance of the material was investigated for photodegradation of

RhB (shown in Fig. 7.18) and MO (shown in Fig. 7.19) under visible-light irradiation.

The as-prepared material exhibited about 96.4% and 90% of RhB and MO degradation

in 80min and 120min, respectively. The pseudo first-order rate constants for RhB and

MO degradation on the ternary Fe3O4/TiO2/g-C3N4 nanocomposite were found to be

Fig. 7.17 The photocatalytic activity of the photocatalysts under visible light (A) and apparent rate
constants for the photodegradation of MB (B). (From Y. Yuan, G.F. Huang, W.Y. Hu, D.N. Xiong, B.X.
Zhou, S. Chang, W.Q. Huang, Construction of g-C3N4/CeO2/ZnO ternary photocatalysts with
enhanced photocatalytic performance, J. Phys. Chem. Solid. 106 (2017) 1–9, https://doi.org/10.1016/j.
jpcs.2017.02.015.)
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0.0441min�1 and 0.0186min�1 which are about 3.73 and 2.74 times of the bare g-C3N4.

The material also shows the high photocatalyst durability and good photocatalytic per-

formance after four consecutive cycles. The results of the study reveal that the photoca-

talytic efficiency of g-C3N4-based material can be proficiently improved by coupling of

anatase TiO2 and Fe3O4. The enhanced photocatalytic performance is mainly attributed

to the lager surface area and effective separation efficiency of the electron–hole pair’s

recombination (Fig. 7.18).

Till date, various ternary heterostructure nanocomposites have been designed and

developed with enhanced photocatalytic activities toward degradation of organic pollut-

ants. The degradation performance in terms of the rate constants or % degradation value

of some as-prepared g-C3N4-based ternary composites is shown in Table 7.4.
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Fig. 7.18 (A) The photocatalytic degradation of RhB for bare g-C3N4, Fe3O4, TiO2/g-C3N4, and Fe3O4/
TiO2/g-C3N4 nanocomposite; (B) Changes in absorption spectra of RhB solution with time; (C) Kinetic
plots for the degradation of RhB; (D) Photostability for the RhB degradation in presence of Fe3O4/TiO2/
g-C3N4 nanocomposite. (From A. Raza, H. Shen, A.A. Haidry, S. Cui, Hydrothermal synthesis of Fe3O4/TiO2/
g-C3N4: advanced photocatalytic application, Appl. Surf. Sci. 488 (2019) 887–895, https://doi.org/10.1016/
j.apsusc.2019.05.210.)
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4. Mechanistic pathway of photodegradation by g-C3N4-based
materials

There are many methods that have been developed to increase the visible-light absorp-

tion, inhibit the recombination of photogenerated electron–hole pairs, and also to facil-

itate charge transfer for augmentation of the photocatalytic efficiency of the material. The

photocatalytic activity of g-C3N4 has been improved to a considerable extent by metal/

nonmetal element doping and fabrication of g-C3N4 with some other semiconductor

material(s) to design Z-scheme binary or ternary heterojunction photocatalytic systems.

As shown in Fig. 7.20, the degradation mechanism proposed by Ge and coworkers [76]

suggested that the doped Ag particles act as electron traps to facilitate the separation of
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Fig. 7.19 (A) The photocatalytic degradation of MO for bare g-C3N4, Fe3O4, TiO2/g-C3N4 and Fe3O4/
TiO2/g-C3N4 nanocomposite; (B) Changes in absorption spectra of MO solution with time;
(C) Kinetic plots for the degradation of MO; (D) Photostability for the degradation of MO in
presence of Fe3O4/TiO2/g-C3N4 nanocomposite. (From A. Raza, H. Shen, A.A. Haidry, S. Cui,
Hydrothermal synthesis of Fe3O4/TiO2/g-C3N4: advanced photocatalytic application, Appl. Surf. Sci.
488 (2019) 887–895, https://doi.org/10.1016/j.apsusc.2019.05.210.)
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Table 7.4 Photocatalytic degradation performance of various g-C3N4-based ternary photocatalysts.

Heterostructure Method of synthesis Pollutant

Experimental conditions

Rate Constant (k₁)
%
Degradation

Increment
w.r.t.
g-C3N4 Reference

Initial dye
conc. (C0)

Catalyst
dose

Illumination
time

g-C3N4/

RGO/

Bi2WO6

Hydrothermal TCP 20mg/L 1g/L 120min 30�10�2 min�1 98% – [120]

RGO/g-

C3N4/Ag-

AgCl

Deposition-

precipitation

MO 7�10–5M 1.6g/L 60min 0.0271min�1 80% 9.34-fold [121]

g-C3N4/Ag/

Mo2

Sol–gel-
hydrothermal

RhB 20mg/L 1g/L 60min – 100% – [122]

g-C3N4/

Fe3O4/

CuWO4

Refluxing-

calcination

RhB 1�10�5

M

0.4g/L 270min 124.2�10�4 min�1 100% 10.5-fold [123]

g-C3N4/

Ag2CrO4/AgI

Refluxing method RhB 1�10�5

M

0.4g/L 120min 328�10�4 min�1 99% 27.9-fold [124]

g-C3N4/

CNT/BiVO4

Wet Phenol 10mg/L 1g/L 120min 0.0102min�1 80.60% 5.2-fold [125]

Impregnation

g-C3N4/ZnS/

SnS2

Hydrothermal MB 8mg/L 0.6g/L 20min 0.148min�1 95% 8.74-fold [126]

CdS/CQDs/g-

C3N4

Calcination-

preparation

Phenol 10mg/L 1g/L 120min 0.015min�1 58% 2.5-fold [127]

MB 10mg/L 1g/L 120min 0.024min�1 98% 2.7-fold

CaTiO3/g-

C3N4/AgBr

Hydrothermal

assembly

RhB 5mg/L 0.5g/L 30min 0.1907min�1 99.60% 19.9-fold [128]

ZnO/g-C3N4/

C-Xerogel

Sol–gel method 4-CP 10mg/L 0.2g/L 300min 0.0051min�1 72% 10.2-fold [129]

g-C3N4/

WO3/MoS2

Facile

co-calcination and

hydrothermal

RhB 50mg/L 1g/L 10min 0.097min�1 99.90% 3-fold [130]

MO 20mg/L 1g/L 60min 0.023min�1 83.40% 2-fold

MB 20mg/L 1g/L 60min 0.032min�1 91.80% 4-fold

AO-7 20mg/L 1g/L 60min 0.055min�1 94.20% 5-fold

rGO/g-C3N4/

CoFe2O4

Hydrothermal 4-NP 20mg/L 0.25g/L 40min 0.0802min�1 94% 15.7-fold [131]

TiO2/g-

C3N4/

Bi2WO6

Hydrothermal Phenol 10mg/L 1g/L 210min – 64% 3.2-fold [132]

AgBr/BiPO4/

g-C3N4

Hydrothermal RB-9 20mg/L 1g/L 60min 20.2�10�2 min�1 80% – [133]



photogenerated electron–hole pairs and promote interfacial electron transfer process.

Under the influence of visible light, the electrons from the VB of g-C3N4 are excited

to the CB leaving behind some holes (h+) and react with O2 molecules which are then

reduced to superoxide radical anion O2•
�. The electrons are then excited to the CB of

g-C3N4 and are readily trapped by Ag nanoparticles due to its high Schottky barriers at

the Ag/g-C3N4 interface. The reactive oxygen radicals and the photogenerated holes are

responsible for the degradation of methyl orange dye.

A directZ-scheme mechanism is proposed by Zhu and coworkers [55] which is illus-

trated in Fig. 7.21. The research group proposed that when the binary composite

g-C3N4/Ag2WO4 is exposed to visible light, e� s from the VB of both g-C3N4 and

Ag2WO4 are excited to the higher energy CB leaving behind the holes. The e� s from
the CB of Ag2WO4 are then transferred to the VB of g-C3N4 due to strong electrostatic

attractions. This process reduces the chance of recombination of e� and h+ within

Ag2WO4 and g-C3N4 and consequently enhances the space separation of the charge car-

riers. The electrons in the CB of g-C3N4 are now trapped by O2 to form •O2
� because

the more negative (�1.12eV) CB potential of g-C3N4 than the standard potential of

O2/•O2
� redox couple. Simultaneously, the holes in the VB of Ag2WO4 react with

OH� ions or H2O molecules to produce •OH radicals because the more positive VB

potential of Ag2WO4 than the standard potential of •OH/OH� redox couple. The

•O2
� and •OH thus generated afterwards participate in the photodegradation of MO

dye molecules.

Fig. 7.20 Proposed mechanism of MO degradation over Ag/g-C3N4 composite photocatalyst. (From L.
Ge, C. Han, J. Liu, Y. Li, Enhanced visible light photocatalytic activity of novel polymeric g-C 3N4 loaded with
Ag nanoparticles, Appl. Catal. A. Gen. 409–410 (2011) 215–222, https://doi.org/10.1016/j.apcata.2011.10.
006.)
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The possible charge-transfer processes and photocatalytic degradation mechanism

proposed by Beyhaqi and coworkers [130] in the degradation of RhB dye by a

Z-scheme ternary composite g-C3N4/WO3/MoS2 are illustrated in Fig. 7.22. Upon

visible-light illumination, electrons (e�) from the valence band (VB) of both g-C3N4

and WO3 are excited to their respective higher energy conduction bands (CB) leaving

Fig. 7.21 Proposed mechanism for the direct Z-scheme g-C3N4/Ag2WO4 photocatalyst in dye
degradation. (From B. Zhu, P. Xia, Y. Lia, W. Ho, J. Yu, Fabrication and photocatalytic activity
enhanced mechanism of directZ-scheme g-C3N4/Ag2WO4photocatalyst, Appl. Surf. Sci. 391 (2017)
175–183, https://doi.org/10.1016/j.apsusc.2015.08.149.)

Fig. 7.22 Photocatalytic degradation and charge separation mechanisms in the g-C3N4/WO3/MoS2
heterojunction systems. (From A. Beyhaqi, Q. Zeng, S. Chang, M. Wang, S.M. Taghi Azimi, C. Hu,
Construction of g-C3N4/WO3/MoS2 ternary nanocomposite with enhanced charge separation and
collection for efficient wastewater treatment under visible light, Chemosphere 247 (2020), https://doi.
org/10.1016/j.chemosphere.2019.125784.)
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behind the holes (h+). The e� s from the CB of WO3 then migrate to the VB of g-C3N4

and combine with the holes of g-C3N4. This process reduces the chance of recombina-

tion of e� and h+ in bothWO3 and g-C3N4. The residual h
+s inWO3 then oxidize H2O

to •OH radicals. At the same time, the e� s in the g-C3N4 are trapped by MoS2 and rap-

idly reduces O2 to H2O, since MoS2 is an efficient catalyst material ion reaction

[134,135]. This process also facilitates the separation of electron–hole pairs and the gen-

eration of •OH radicals. Consequently, the ternary composite g-C3N4/WO3/MoS2
exhibit higher photocatalytic activity compared to bare g-C3N4, WO3, and the binary

composites.

5. Conclusion and future scope

This chapter focuses on properties, fabrication, and potential application of g-C3N4-

based composite photocatalysts in photocatalytic degradation of wastewater containing

organic dyes and phenolic compounds. g-C3N4-based composite photocatalysts such

as doped g-C3N4, binary or even ternary g-C3N4-based heterojunction photocatalysts

exhibit superior photocatalytic performance. The enhanced photocatalytic activity is

mostly owing to improved light absorption in the visible range, increased specific surface

area, narrower band gap, faster charge transfer, and minimal electron–hole pair recom-

bination Although considerable progress have been achieved in this regard, but the fol-

lowing challenges must be resolved in days to come.

The photoactivity of doped g-C3N4, binary or even ternary g-C3N4-based compos-

ites depend on proper choice of the material(s). The optimum weight % of the materials

in the composite by which g-C3N4 is going to be fabricated should be determined so that

maximum photocatalytic activity is achieved.

The accurate control on surface defects and facile scale preparation methods of

g-C3N4 nanosheets are highly desired. Stress should be given on the development of

low cost, environmental friendly, stable, and recyclable materials for large-scale industrial

applications with considerable photocatalytic performance.

The optimization of the system parameters such as photocatalyst dose, initial dye

concentration, solution pH, temperature, light intensity, presence of oxidizing agents/elec-

tron acceptors, and the presence of ionic components should be investigated properly and

ensure that the optimum degradation efficiency is determined.

The photocatalytic performance of a material is dependent on the adsorption of the

organic pollutants on the surface of the material. Therefore, it is extremely important to

know the extent of adsorption of the pollutants by batch adsorption studies. The kinetics

of adsorption should also be investigated by changing various system parameters applying

various kinetic models to find the maximum adsorption capacity of the material.

The photodegradation of the g-C3N4-based heterojunction photocatalysts are tested

by selecting some model pollutant such as RhB, MO or MB, phenol, 4-CP, 4-NP only.
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However, a good number of cationic and anionic dyes as well as phenolic compounds are

present in real effluents. Therefore, degradation of those pollutants should also be prop-

erly investigated. Furthermore, in real practice, the wastewater may contain a mixture of

dyes and phenolic compounds. So, the study on the photocatalytic degradation of simul-

taneous coexisting wastewater containing dye and phenols should be included.

In summary, the authors believe that if the aforementioned issues and challenges are

addressed properly, then in the near future, g-C3N4-based heterojunction photocatalysts

will be an excellent material for large-scale industrial applications.
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1. Introduction

Today’s modern society unavoidably relies on enormous energy consumption, which

causes the gradual release of various contaminants from countless chemical industries to

aquatic and terrestrial environmental and inevitably gives rise to environmental issues

[1–9]. The produced wastewater is recognized as a precious resource for reuse after

appropriate treatment, especially in water-scarce locations [10]. From 1900 to 1970,

the primary goals of water treatment were confined to the following: (1) separation

of suspended solids from wastewater, (2) removal of biodegradable compounds and

biological oxygen demand (BOD), and (3) treatment of pathogens. Enhancing water

quality first gained the attention of officials in the 1970s. From 1970 to 1990, the
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treatment aims were concentrated on esthetic and environmental issues [11]. Water-

borne disease outbreaks (arising from pathogens) endanger human health [12]. Over

the past decades, countless scientific articles have reported the existence of unprece-

dented substances, namely “emerging pollutants,” in aquatic environments [13].

Emerging pollutants (EPs) are natural or human-made chemicals that cannot be recog-

nized commonly and are detectable by specific analytical techniques in low concentra-

tions. EPs have raised significant concerns due to their long-term unknown or

suspected negative environmental and/or human health consequences [14–16]. These
nonregulated organic trace pollutants are continuously produced, consumed, and

finally introduced into the environment.

Various physical, chemical, and biological technologies have been utilized for water

decontamination. However, most of these methods are time-consuming with low

efficiency in the treatment of hazardous pollutants [17–20]. Thus, rapid, sustainable,
and cost-effective purification methods are necessary to address this issue as well as water

scarcity. Conventional treatment methods suffer from drawbacks such as low removal

efficiency, high power consumption, system obstruction and operation, and increment

of toxicity level. In addition, considering the high land price, space shortage, and diffi-

culties of chemical management, finding an appropriate method seems essential [21].

Among different water treatment technologies, advanced oxidation processes

(AOPs) have exhibited outstanding results for purifying an extensive range of

pollutants, e.g., to degrade different toxic compounds such as dyes, pesticides, pharma-

ceuticals, polycyclic aromatic hydrocarbons (PAHs), heavy metals, etc. [22,23]. This

method has also been utilized as pretreatment for diminishing toxic organic compounds

in aqueous solutions. Hitherto, several materials have been used in water treatment

goals which cover a wide range of material types, including nanomaterials (NMs) from

carbonaceous nanostructures (including fullerenes, carbon nanotubes, and graphene),

nanoparticles (NPs) (e.g., metal oxides, oxyacids), and nanocomposites to biomaterials

and polymeric materials [17,24–33]. Among these materials, carbon nitrides (C3N4)

have gained great attention because they have turned carbon supplements (in the form

of various allotropes with multiple characteristics) into a potential nominate for envi-

ronmental applications [34].

Accordingly, the main focus of this study was in detail investigation of g-C3N4-

based composites for photocatalytic degradation of EPs. Different properties of EPs

and their adverse effects on human health and the environment are briefly presented.

An in-depth description of g-C3N4-containing compounds, their origin, and character-

istics, as well as adsorption and degradation mechanisms via photocatalytic reactions,

are provided. Eventually, the results of several studies for decontamination of

EP-containing water and wastewater are evaluated for possible cognizance of current

knowledge gaps. So, this alternative water supply can be utilized without human health

or environmental risks.
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2. Emerging pollutants

The studies proved that dissemination of some EPs has likely occurred for the long term,

but their presence has not been identified due to the lack of adequate detection methods.

In some other cases, changes in application or discharge of the existing chemicals can

cause the generation of new sources of EPs [35]. A major classification of well-known

EPs is pharmaceuticals, veterinary products, disinfectants, pesticides, illicit drugs, personal

care products (PCPs), surfactants and other industrial chemicals, food additives, water

disinfection by-products, and biological toxins [36]. Another classification of EPs is based

on their physical/chemical properties as following: (1) organic compounds including

persistent bioaccumulative and toxic compounds and polar substances such as pesticides,

industrial chemicals, pharmaceuticals, etc., (2) inorganic compounds such as metals, and

(3) particulate pollutants (e.g., NPs and microplastics) [37].

Currently, comprehensive analysis and sampling procedures have not been presented

by responsible institutions for most of the EP compounds. Therefore, by considering the

hazardous threats of these substances, authorities must pay specific attention to industrial

discharges and also the elimination of EPs from aquatics for population safety [38].

In general, particular EPs are detected by advanced ultrasensitive tools such as liquid

chromatography-tandem mass spectrometry (LC-MS/MS), gas chromatography-mass

spectrometry (GC-MS), and high-resolution accurate-mass spectrometry (HRAM) [39].

In different cases, mass analyzers, including time-of-flight (TOF), quadrupole, triple quad-

rupole (QqQ), ion traps mass spectrometry (ITMS) can be coupled to GC and/or LC. The

involved factors in the application of these analyzers are resolution, the intended mass

range, and available characteristics [40]. Utilization of such technologies can cause a simple

sample preparation, the possibility of simultaneous assessment of manifold EP samples, and

enhancement of detection limits. Despite the high price, these instruments provide a pre-

cise quantitative amount of EPs in the suspended matter, aqueous solution, and soil [14].

3. Photocatalytic reactions as advanced oxidation processes

Themain aim of using AOPs is in-situ production of highly reactive oxygen species (ROS)

and free radicals with at least one unpaired electron, such as hydroxyl radical (•OH,

E0¼2.80eV), ozone (O3, E0¼2.08eV), hydrogen peroxide (H2O2, E0¼1.76eV),

hydroperoxyl radical (•HO2, E0¼1.44eV in weak acidic solution and E0¼1.65eV in

strong acidic solution), and superoxide anion radical (•O2
�) for complete mineralization

of contaminants to H2O, CO2, and inorganic ions or acids [41]. Owing to unique features

including nonselective nature, high reactivity, and strong oxidation ability, hydroxyl rad-

icals have attracted considerable attention among other oxidizing agents [42]. The •OH

radicals can attack and degrade a wide variety of organic pollutants in aqueous solutions

with reaction rate constants in the range of 106–109M�1 s�1 [43].
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Studies reported that the reaction mechanisms of almost all AOPs for the participation

of •OH are similar [44]. Depending on the essence of the target substance, degradation by
•OH radicals can conform to one of the following three mechanisms:

1. If the target compound contains CdH bonds such as alkanes (R), the degradation

mechanism will be based on the dehydrogenation or extraction of a hydrogen atom

for the generation of the water molecule. The resultant radical •R can contribute to

the generation of peroxyl radical (•ROO) and subsequently mineralization of pollut-

ants by oxidation reactions (Eqs. 8.1 and 8.2) [45]:

RH+ �OH ! H2O+ �R (8.1)

�R+ O2 ! �ROO (8.2)

2. If the target compound contains aromatic or aliphatic compounds (Ar), the invasion

of •OH radicals will cause hydroxylation of target organic substances in the high

electron-density zones and increase in the unsaturated bonds and onset of oxidation

reactions (Eqs. 8.3–8.6) [46]:

�ROO+ n �OH=O2ð Þ ! xCO2+ yH2O (8.3)

ArH+ OH ! ArH OHð Þ (8.4)

ArH OHð Þ+ O2 ! ArH OHð ÞOO½ � (8.5)

ArH OHð ÞOO½ � ! ArH OHð Þ+ HO2 (8.6)

3. Oxidation/reduction reactions which will cause charge transfer and consequently

ionization of the target molecule (Eq. 8.7) [47]:

OH+ RX ! �RX+ OH� (8.7)

Based on the type of activation, AOPs are categorized into nonphotochemical (ther-

mal) and photochemical processes. Nonphotochemical processes include Fenton, ozon-

ation, electrochemical oxidation, ultrasound, and sonolysis, while photochemical

processes include radiation, photo-Fenton, and photocatalysis [48]. Photocatalysis, as a

feasible and green technology, attained growing attention after the early development

of this technology by Fujishima and Honda for the application of TiO2 in water splitting

under solar light [49]. Later on, this technology found extensive application in numerous

energy production and environmental purification due to easiness of operation and low

time consumption [50].

In photocatalysis technology, photochemical reactions are speed up by utilization of

an activated semiconductor by receiving energy equal to or more than its bandgap and

absorption of photons [51,52]. If electron carriers recombine, no oxidation and/or

reduction will occur on the surface or bulk of the catalyst causing aggravation in

178 Nanostructured carbon nitrides for sustainable energy and environmental applications



photodegradation efficiency [53]. A successful photocatalytic reaction consists of a few

steps, including accumulation of contaminants near the surface of the photocatalyst,

adsorption of contaminants on the surface of the photocatalyst, photoactivation and

photodegradation of the adsorbed molecules, desorption of the reaction products, and

elimination of the products from the surface [54].

In other words, electrons will migrate from the valence band (VB) to the conduction

band (CB), and hole/electron (h+/e�) pairs will be generated on the surface of the semi-

conductor, which will participate in the degradation of pollutants (Eq. 8.8) [55]. The

superoxide radical anion is the product of the reaction of an electron acceptor such as

oxygen molecule and electron (e�) (Eq. 8.9). On the other hand, hydroxyl radical is

the product of the reaction of holes (h+) and OH� and H2O (Eqs. 8.10 and 8.11, respec-

tively) on the semiconductor’s surface [56]. The produced hydroxyl radicals can contrib-

ute to the oxidization of organic substances to water, carbon dioxide, and inorganic ions

(Eq. 8.12) [57].

Semiconductor+ hν ! e�CB+ h+VB (8.8)

e�CB+ O2 ! �O2
� (8.9)

h+VB+ OH� ! �OH (8.10)

h+VB+ H2O ! H++ �OH (8.11)

R�H+ �OH ! �R0 ! H2O+ CO2+ inorganic ions (8.12)

4. Graphitic-C3N4

The polymeric C3N4 is one of the oldest organic conjugated substances, and first discov-

ered in 1834 by Berzelius and named “melon.” The initial studies about C3N4 were con-

centrated on the synthesization of a stoichiometric C3N4 phase with an extremely stiff

material by Liu and Cohen [58]. More attention was drawn to CNs after the prediction

of β-C3N4 in 1989 [59]. Other anticipated phases of C3N4 are α-C3N4, cubic-C3N4,

pseudocubic-C3N4, and graphitic-C3N4 (g-C3N4) [60]. g-C3N4 was first figured out in

1922 by the thermal decomposition ofHg(SCN)2 by Franklin. As themost stable allotropes

of CNs in ambient conditions, the polymeric g-C3N4 is attractingmore andmore attention

of researchers to conduct a considerable number of studies about synthesization of g-C3N4-

based composites for pollution abatement [61]. The statistical results of the publication

trend about this material are presented in Fig. 8.1. People’s Republic of China, India,

United States, Germany, Australia, South Korea, Japan, Iran, Saudi Arabia, and England

are the top 10 countries in studying photocatalytic applications of g-C3N4, respectively

(Fig. 8.1A). As can be seen, the attention has drawn to this material so that only 25 pub-

lications in 2000 have exhibited a gradual increase and have reached 1863 in 2019

(Fig. 8.1B). Further, analyzing the context of reports revealed that these studies are mostly
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Fig. 8.1 Worldwide academic tendency to the photocatalytic application of g-C3N4 in case of selecting keywords: “g-C3N4,” “graphitic carbon nitride,” and
“photocataly” in all databases of the Web of Science. (A) The top 10 paper publishing countries since 2000. The circles are related to the number of articles
published by the country in the mentioned fields, (B) the gradual increase in publication trend of g-C3N4 in the world since 2000, and (C) the top
10 categories in the photocatalytic application of g-C3N4 and their contribution percentage compared to each other (July 25, 2020) [62–64].



in the following categories: chemistry, physics, material science, applied physics, chemical

engineering, nanoscience and nanotechnology, condensed matter physics, environmental

engineering, energy fuels, and material science coating films, respectively (Fig. 8.1C).

This novel metal-free semiconductor has a moderate bandgap of 2.7eV. The mono-

layer π-conjugated structure of g-C3N4 has caused optical properties of this material,

which has exhibited exemplary responsiveness to visible light due to the existence of

nitrogen and sp2-hybridized carbon at absorption edge around 460nm [65,66].

A schematic structure of g-C3N4 is illustrated in Fig. 8.2. Nitrogen atoms are responsible

for the π-π interaction among the neighbored layers and hamper electrons migration

from one heptazine unit to another. As a result, the recombination rate of the bulk

g-C3N4 can significantly reduce [67].

Due to considerable features such as proper and tunable conduction and valence band

(1.1 and 1.6eV vs the normal hydrogen electrode, respectively), high thermal and chem-

ical tolerance, high stability in wide pH ranges, facile preparation, nontoxic and eco-

friendly nature, biocompatibility, abundance, and low cost, g-C3N4 have been widely

utilized in several applications such as water splitting, reducing CO2, and contaminant

degradation from aqueous solutions [12,50,68,69].

5. Different morphologies of g-C3N4

The dimension of g-C3N4 can be adjusted by differing the synthesis parameters.

Researchers have conducted various modifications for the production of different

dimensionalities of graphitic carbon nitride, including zero-dimensional quantum dot,

one-dimensional micronanotube, micronanowire, and micronanorod, two-dimensional

nanosheet (NS) and film, and three-dimensional bulk form (Fig. 8.3) [59]. 0D and 2D

g-C3N4 can be transformed into 1D g-C3N4 via specific treatments. A brief description

of these materials is provided in the following.

Fig. 8.2 Schematic diagram of g-C3N4.
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5.1 0D g-C3N4

In zero-dimensional g-C3N4 (also known as g-C3N4 quantum dots, CNQDs), electron/

holes cannot move freely. Special attention has been drawn to this material due to own-

ing significant properties, such as solubility in water, appropriate photoexcited electron

Fig. 8.3 Various dimensionalities of g-C3N4 which could be produced by utilizing diverse precursors
and synthesization methods.
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transfer, inexpensiveness, nontoxicity, efficient upconversion features, size efficacy, and

photochemical resistance [70].

Owing to these exemplary features, tremendous growth has occurred in the number

of studies about photocatalytic application of CNQDs from 2014 to 2020 (Fig. 8.4). The

statistical results obtained fromWeb of Science databases included “g-C3N4,” “graphitic

carbon nitride,” and “g-C3N4 quantum dot” (or CNQD, g-C3N4/quantum dot, 0D

g-C3N4, zero dimensional g-C3N4) as keywords.

CNQDswith an average size<10nm have been fabricated by several methods such as

solvothermal [72], hydrothermal [73], ultrasonic-assisted method [74], thermal polymer-

ization [75], sol-gel [76], electrostatic self-assembly strategy [77], etc.

5.2 1D g-C3N4

As another morphology, one-dimensional g-C3N4 (1D g-C3N4) has gained considerable

attention and prominence in academia for its remarkable optical and electrochemical

properties (Fig. 8.5) [78]. These properties could be optimized for appropriate photoex-

citation by adjusting parameters such as length, diameter, and aspect ratio (length: diam-

eter) [79]. Compared to bulk g-C3N4, micronanorod C3N4 has shown higher

photocatalytic efficiency. Utilization of physical approaches for their thermal, mechan-

ical, ultrasonic, and high-pressure effects and chemical effects could result in compression

of bulk g-C3N4 and fabrication of 1D structure [59]. One-dimensional g-C3N4 in which

the electrons can be transferred in one direction have been synthesized by the template-

Fig. 8.4 Worldwide publication trend about g-C3N4 quantum dots from the first publication date so
far (2003�20) in terms of the keywords including “g-C3N4,” “graphitic carbon nitride,” “photocataly,”
and “g-C3N4 quantum dot” (or CNQD, g-C3N4/quantum dot, 0D g-C3N4, zero dimensional g-C3N4) in
all databases of the Web of Science (July 29, 2020) [71].
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assisted method [80], CVD [81], thermal polymerization [82], ionic liquid promoted

method [83], nanocasting technique [84], etc.

5.3 2D g-C3N4

Tremendous research effort has been dedicated to two-dimensional g-C3N4 nanosheets

and films (Fig. 8.6) due to their excellent features such as great length to width, extensive

surface area, ultrathin thickness, large surface anchoring groups for cocatalysts, and

advanced pillared structure [86]. The interactions between 2D g-C3N4 NS and other

coupled 2D semiconductors have superlative prominence in extending heterojunction

interfaces to ease and prolong the lifetime of e�/h+ and finally lead to successful catalytic

applications. Moreover, achieving an inexpensive and easily accessible metal-free 2D/2D

g-C3N4-based photocatalyst will reduce costs for application on large scales [87]. Several

methods such as calcination method [88], thermal vapor condensation [89], solvothermal

route [90], spray coating [91], ultrasonication [92] are among the bottom-up approaches

for NM fabrication. The utilization of bottom-up approaches for synthesization of

g-C3N4 films can prevent aggregations and formation of cracks and consequently lead

to the production of uniform structure, persistent coating, and well contact with the

substrate [93].

Fig. 8.5 Worldwide publication trend about 1D g-C3N4 in the case of the keywords: “g-C3N4,” “graphitic
carbon nitride,” “photocataly,” and “one dimensional g-C3N4” (or 1D g-C3N4, g-C3N4 wire, g-C3N4 rod,
g-C3N4 tube) in all databases of the Web of Science (July 29, 2020) [85].
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5.4 3D g-C3N4

Three-dimensional g-C3N4 (3D g-C3N4) benefits from higher Brunauer-Emmett-

Teller (BET) surface area compared to other morphologies of g-C3N4, which can sig-

nificantly enhance required active sites for surface reactions by light-harvesting and con-

sequently more appropriate performance in adsorption [95]. In other words, 3D g-C3N

offers facile interfacial transport, straightforward diffusion path, and easily accessible dis-

persion of active sites with different dimensions [96]. These advantages have attracted the

increasing attention of scientists over the years (Fig. 8.7) [97].

Fig. 8.6 Proceeding in publication number about 2D g-C3N4 since 2007 in the world considering the
keywords: “g-C3N4,” “graphitic carbon nitride,” “photocataly,” and “two dimensional g-C3N4” (or 2D
g-C3N4, g-C3N4 film, g-C3N4 sheet) in all databases of the Web of Science (July 29, 2020) [94].
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6. Synthesis methods of g-C3N4 for water purification

Graphitic carbon nitride has been successfully fabricated by inexpensive N-rich feed-

stocks such as cyanamide (CH2N2) [98], urea (CH4N2O) [99], melamine (C3H6N6)

[100], thiourea (CH4N2S) [101], guanidinium chloride (CH6ClN3) [102], dicyandia-

mide (C2H4N4), and so on [103,104]. Studies revealed that various feedstocks and treat-

ment methods could strenuously affect the physical and chemical features of the obtained

graphitic-C3N4, such as structure, porosity, surface area, absorption capacity, photolu-

minescence, and C/N ratio [65]. The presence of g-C3N4 is typically affirmed by instru-

ments such as X-ray powder diffraction (XRD), Fourier transforms infrared spectroscopy

(FTIR), X-ray photoelectron spectroscopy (XPS), UV-vis diffuse reflectance spectra

(DRS/UV-vis), and high-resolution transmission electron microscopy (HRTEM)

[105–107]. The VB and CB are usually identified by density function theory (DFT)

calculations [108].

The effect of reaction parameters such as temperature, reaction time on physicochem-

ical characterization of g-C3N4 is reported in several studies. For instance, Yan et al.

reported an increase in C/N ratio from 0.721 to 0.742 after increasing calcination tem-

perature from 500°C to 580°C, respectively. More investigations revealed a decrement

in the band gap from 2.8 to 2.75eV. The precursor in this study was melamine [109]. In

another study, Hollmann et al. fabricated carbon nitride via sol-gel method using mel-

amine as the precursor. Increasing the pyrolysis temperature from 450°C to 600°C
resulted in facile charge separation, which was proved by the utilization of electron para-

magnetic resonance (EPR) method [110]. To investigate the influence of pyrolysis dura-

tion on the physicochemical properties of the g-C3N4 (urea as the precursor) at constant

temperature (550°C), Dong et al. extended reaction time from 0 to 240min. They

observed a significant increase in surface area from 31 to 288m2/g, which resulted from
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Fig. 8.7 Number of publication about 3D g-C3N4 in the world since the first publishing in terms of the
keywords: “g-C3N4,” “graphitic carbon nitride,” “photocataly,” and “three dimensional g-C3N4” (or 3D
g-C3N4) in all databases of the Web of Science (July 29, 2020) [97].
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increased porosity and decreased layer thickness from 36 to 16nm [111]. Mao et al. uti-

lized urea andmelamine as precursors to produce u-g-C3N4 andm-g-C3N4,respectively,

at 580°C. After 3h, surface studies demonstrated mesoporous flakes and nonporous flaky

structures for u-g-C3N4 and m-g-C3N4, respectively. The u-g-C3N4 product exhibited

more surface area (39.5m2/g) than m-g-C3N4 (3.7m
2/g). In addition, u-g-C3N4 repre-

sented higher photoactivity (in terms of quantum efficiency) compared to m-g-C3N4

(0.18% vs 0.08%) for CO2 reduction [112].

The low crystallinity and high disorder of typically prepared g-C3N4 are indescrib-

able. The fabrication of g-C₃N₄with high crystallinity is not simple [61]. These disorders

operate as recombination zones and can enhance electrical conductivity, visible light

absorption efficiency, and, consequently, expand this material’s photocatalytic

applications [113].

The synthesis method has a crucial effect on the physicochemical specifications and

photocatalytic proficiency of the resultant photocatalyst. The most utilized synthesis

methods for fabrication of g-C3N4 are sol-gel, thermal polycondensation, ultrasound,

chemical vapor deposition (CVD), ionothermal, solvothermal reactions, and template-

assisted methods [102,114,115]. These methods are briefly described in the following.

The sol-gel method (or chemical solution deposition) is a wet-chemical technology.

The primary presentation of the sol-gel notion was by Ebelmen in 1845 [116]. In this

method, a chemical solution (sol) operates as a precursor for an integrated network

(gel) of separate particles or polymeric lattices and has extensively been engaged in the

materials sciences field (especially for fabrication of metal oxides) [117]. The sol-gel tech-

nique is carried out in multiple stages, including (1) hydrolysis and condensation of pre-

cursor to generate a clear colloidal solution, (2) condensation of solution particles to form

a 3D lattice product over time and after drying [118]. The thermal polycondensation is a

typical polymer-formation process that connects monomers, which could lead to bypro-

ducts removal [119]. In ultrasound technique, the interaction of waves and gas bubbles

inside the solution leads to the generation of chemical reactions and powerful physical

force (namely acoustic cavitation) for appropriate conduction of chemical reactions

via generation of extremely high pressure and temperature [120]. The resultants are

the production of radicals, shock wave, shear force, turbulence, jets, and light

emission-sonoluminescence, which could be utilized for water and wastewater treatment

and the generation of protein bubbles for drug delivery [121]. Chemical vapor deposition

(CVD) refers to the growth of solid material due to the reaction of gaseous source sub-

stances and resulting in the production of gaseous effluent [122]. Ionothermal method is

defined as the fabrication of solids by simultaneous utilization of ionic liquids where the

leading agents are the solvent and the template [123]. Solvothermal technique refers to

the conduction of chemical reactions in a closed reaction vessel containing solvent and

precursors with pressures more than 1bar and temperature more than the solvent’s boil-

ing point [124]. Template assisted is a procedure for deposition of various materials in or
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on the templates to generate a multilayer structure. The application of a free-standing

template enables the researchers to repeatedly utilize one template for several oxide sys-

tems regardless of their composition or preparation method of the solution in the begin-

ning [125,126] (Table 8.1).

7. Defects of g-C3N4

The performance of g-C3N4 strongly depends on two principal parameters: (1) the sur-

face condition including functional groups, defects, and doping, and (2) the structural

condition including thickness, porosity, and morphology of g-C3N4 [65]. Besides, all

preponderances, graphitic carbon nitride suffers from shortcomings such as high recom-

bination rate due to poor van derWaals force among adjacent CN layers, narrow absorp-

tion at visible light region (beyond 470nm), poor quantum yield, and low specific surface

area [137]. These drawbacks significantly restrict extensive photocatalytic activity and

also practical applications of pure g-C3N4. Thus, researchers have offered numerous

strategies for enhancing the photoactivity of this material.

8. Methods to minimize defects

Diverse approaches have been applied to enhance the photocatalytic capability of g-C3N4.

Nonmetal-ion and metal-ion doping, noble metal loading, passivation layer deposition,

morphology control, fabrication of heterojunction compounds, application of suitable

organic dyes as sensitizers, and metal-free hybridization are among the most applicated

strategies [138]. The presence of nitrogen with six lone-pair electrons in the molecular

structure of g-C3N4 predispose this material to metal acceptance (e.g., Co, Fe, Cu, and

Pb), and as a result, electrons can be doped to g-C3N4 semiconductor [139]. Generation

of impurity level (energy level) in the forbidden bandgap can effectively reduce the band-

gap energy and recombination rate by creating traps for e�/h+ [140]. In the nonmetal-ion

doping strategy, reduction of band gap energy occurs through upshifting the VB edge with

less formation possibility of donor levels and recombination centers in the forbidden band

[141]. So far several nonmetal ions such as bromine [142], boron and sulfur [143], phos-

phorus [144], fluorine [145], oxygen [146], nitrogen [147], and iodine [148] have been

doped with g-C3N4. The usage of transition metals as dopants along with g-C3N4 leads

to the generation of an acceptor level under the main CB or donor level beyond the main

VB. Considering that noble metals have a smaller Fermi level than g-C3N4, the migration

of the photoexcited e� from CB to the deposited metal on the photocatalyst’s surface will

happen. This will occur while the work function of the metallic NPs has enough in accor-

dance with the semiconductor’s CB [149]. In the following, the generated h+ will migrate

to the surface of the photocatalyst. It is noteworthy that the surface plasmon resonance

(SPR) of noble metals can sufficiently enhance solar energy absorption [150]. Various
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Table 8.1 Synthesization method of various g-C3N4 contained composites, the reaction rate constant, and the associated species in photocatalytic
degradation of emerging pollutants.

Composite Synthesization method Pollutant
Reactive
species

Reaction rate
constant References

GO/g-C3N4/MoS2 Solvothermal Crystal violet Holes (h+) 0.0123min�1 [127]

B@C3N4/LiFePO4/CuFe2O4 In-situ deposition Atenolol
•
O2

� and
•
OH

0.0712min�1 [128]

AgI/g-C3N4 Deposition-precipitation Diclofenac h+ and
•
O2

�
0.561min�1 [129]

CdS/g-C3N4 Ultrasonication Metronidazole Holes (h+) – [130]

N-doped carbon dots/

g-C3N4

Polymerization Indomethacin h+ and
•
O2

�
0.0272min�1 [131]

g-C3N4/RGO/Bi2WO6 Hydrothermal 2,4,6-

Trichlorophenol

Holes (h+) 0.003min�1 [132]

MoS2/g-C3N4-PANI polymer Sonochemical Bisphenol-A
•
O2

� and
•
OH

0.0395min�1 [133]

Attapulgite/Cu2O/Cu/

g-C3N4

One-pot redox strategy under

anoxic calcination

Chloramphenicol h+ and
•
OH

– [134]

g-C3N4/N-doped CeO2 Thermal oxidation Diuron
•
O2

� 0.0047min�1 [135]

g-C3N4/TiO2 (P25) Hydrothermal-calcination Clofibric acid
•
OH (8.47�0.33)�

109M�1 s�1
[136]



transition metals, including Fe, Ni [151], Co [152], Mn [153], Sc, V, Cr [154], Ag, Pt, and

Au [155] are some of the doped metals along with g-C3N4.

Passivation layer deposition is another beneficial approach for efficacious charge

transfer through the liquid and semiconductor interface. These narrow layers

(<100nm, mostly 1–2nm) have several privileges such as diminishing recombination

rate at surface state, lowering corrosion of the semiconductor, inclusion in NMs with

high aspect ratio and surface areas, and enhancing the stability and oxidation reaction

kinetics in aqueous solutions [156]. Therefore by passivation, layers become less affected

by the surrounding environment. These kind of deposited layers can be constructed by

atomic layer deposition [157,158], electron beam evaporation [159,160], spin-coating

[161,162], electrochemical deposition [163,164], sputtering [165], dip-coating

[166,167], and floating transfer [168,169].

Morphology control can improve the material’s specific surface area and lead to the

formation of ultra-thin NSs, hollow bubbles, and tubular nanostructures [170,171].

Designing reactions, controlling temperatures, selecting appropriate solvents, etc., are

among the main activities in synthesizing materials with special shapes [172].

Fabrication of heterojunction semiconductors incorporates the stacking up of multi-

ple semiconductors with distinct band gaps [173]. The precondition is the corrosion resis-

tance and presence of these narrow and unequal band gaps in the visible region.

Furthermore, by considering momentum, the direct bandgap (in which the greatest

energy level of the VB equals the minimum energy level of the CB) is more favorable

than the indirect bandgap [174].

The application of dyes as sensitizers on g-C3N4 is an advantageous strategy to

capture energy at longer wavelengths [175]. For as much as organic dyes can be syn-

thesized, they own proper CB and tunable absorption range. While the CB of

g-C3N4 is lower and higher than the LUMO and HOMO value of dyes, respectively,

the absorption region of the produced material will be remarkably enhanced [176]. As

a result, the number of photoexcited electrons from the LUMO to the CB of g-C3N4

and consequently, the recombination rate of e�/h+ will be increased and decreased,

respectively.

Metal-free hybridization refers to employment of carbonaceous structures (e.g., gra-

phene oxide [177], graphene quantum dot [178], carbon spheres [179], etc.), polymeric

materials (e.g., poly(indenofluorene) [180], polyaniline [181], poly(ethylene terephthal-

ate) [182], poly(3-hexylthiophene) [183], etc.), and other metal free compounds (e.g.,

melem [184], g-C3N4 itself [185]) for modification of g-C3N4.

9. Photocatalytic applications of g-C3N4

Due to marvelous properties and capabilities, g-C3N4 is considered as a promising metal-

free semiconductor photocatalyst, which could serve humanity and diminish the negative

effects of environmental contaminants by the degradation of organic pollutants and
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reducing the CO2 concentration by transformation to renewable fuels and other valuable

substances [186,187]. Moreover, this valuable component has demonstrated a significant

potential and flexibility in NOx conversion [188], nitrogen fixation [189], water splitting,

bacteria disinfection, reduction of heavy metals, and more important, in photodegrada-

tion of antibiotics and other emerging pollutants [190]. A detailed description of the

applications of g-C3N4 in the photocatalytic abatement of emerging pollutants will be

presented in the following section.

Polymeric g-C3N4 semiconductors are extensively utilized as catalysts due to their

considerable chemical endurance and unique electronic band structure [191]. da Silva

et al. [192] prepared g-C3N4/Nb2O5 semiconductor for photodegradation of

10mg/L amiloride drug (AML) under visible-light irradiation (six 15W fluorescent

lamps). The g-C3N4 was prepared by urea feedstock, and the heterostructure was fabri-

cated by a sonochemical process with different weight ratios of g-C3N4 and Nb2O5 (1:3,

1:1, and 3:1). To evaluate the adsorption/desorption equilibrium, the samples were kept

in the darkness, and after 12h, the adsorption capability of pollutants in all samples was less

than 5%. Under direct photolysis (without any catalysts), no degradation was observed

after 180min. In the presence of 10mg g-C3N4/Nb2O5, the 1CN:3Nb sample appro-

priated the highest photoactivity (Fig. 8.8), specific surface area (133.9m2/g), and appar-

ent rate constant (kapp¼13.7�10�3 min�1) which was ascribed to the generation of

efficient heterojunction interfaces between g-C3N4 and Nb2O5 and the surface acidity

difference of the semiconductor and AML. All samples with different weight ratios had

Fig. 8.8 Photodegradation of amiloride by various amount of g-C3N4/Nb2O5 (CAML¼10mg/L,
Cheterostructure¼500mg/L). (Adapted from G.T.S.T. da Silva, K.T.G. Carvalho, O.F. Lopes, C. Ribeiro,
g-C3N4/Nb2O5 heterostructures tailored by sonochemical synthesis: enhanced photocatalytic
performance in oxidation of emerging pollutants driven by visible radiation, Appl. Catal. B Environ.
216 (2017) 70–79, https://doi.org/10.1016/j.apcatb.2017.05.038.)
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the same bandgap value of g-C3N4 (2.8eV), illustrating the optical conquest of g-C3N4

to Nb2O5 [192].

Dong et al. [193] investigated the purification of carbamazepine-contaminated water

by 100mg/L imidazole-modified g-C3N4-iron phthalocyanine (FePcCl16) in the pres-

ence of peroxymonosulfate (PMS). Optimization was conducted by altering parameters

such as the amount of FePcCl16 (0%, 2%, 5%, and 8%), pH (3, 5, 7, and 9), presence of

10mM of each of miscellaneous anions (H2PO2
�, HCO3

�, SO4
2�, NO3

�), and effect of

NaCl (0–30mM). Increasing the Cl� content from 0 to 30mM (by adding NaCl) led

to a doubling reaction rate constant (from 0.108 to 0.218) and complete degradation

of carbamazepine (CBZ) by producing Cl• radical and active chlorine species HOCl/

Cl2 (Fig. 8.9A). Adding 10mM HCO3
� and H2PO2 plays a preventive role in the

Fig. 8.9 The photocatalytic performance of g-C3N4-IMA-FePcCl16 visible light region in (A) the
presence of various NaCl concentration, (B) the presence of miscellaneous anions (10mM of each
of which), (C) variation of pH, and (D) cyclic experiments (CCBZ¼25μM, Cphotocatalyst¼100mg/L,
CPMS¼0.3mM, λ>420nm, optimum pH¼7). (Adapted from L. Dong, T. Xu, W. Chen, W. Lu,
Synergistic multiple active species for the photocatalytic degradation of contaminants by imidazole-
modified g-C3N4 coordination with iron phthalocyanine in the presence of peroxymonosulfate, Chem.
Eng. J. 357 (2019) 198–208, doi:https://doi.org/10.1016/j.cej.2018.09.094.)
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degradation of CBZ due to their competition with PMS for adsorption of UV irradiation

and reactive radicals (Fig. 8.9B). In contrast, SO4
2� and NO3

� positively affected the

removal efficiency. The application of 0.3mM PMS g-C3N4-IMA-FePcCl16 illustrated

superb photocatalytic degradation (�95% within 25min) of 25μMCBZ over a wide pH

range (Fig. 8.9C). Cyclic experiments (up to 10-fold) proved that the material is reusable

and applicable on large scales (Fig. 8.9D) [193].

Lakshmi Prabavathi et al. [194] synthesized MnWO4@g-C3N4 nanocomposite by

hydrothermal followed by ultrasonication method for photodegradation of ofloxacin

(OFX). Several parameters, for instance, concentration of photocatalyst (10, 30, 50,

and 70mg/L), the dosage of OFX (10, 20, and 30mg/L), and the existence of inorganic

anions (e.g., 0.1M of Cl�, CO3
2� and SO4

2�) were evaluated in photocatalytic efficiency

of the fabricated nanocomposite. The nanocomposite exhibited 3.5 and 4.8 times greater

first-order reaction rate constant than that of pristine g-C3N4 (0.0095min�1) and

MnWO4 (0.0071min�1), respectively. By anchoring MnWO4 nanorods on the

g-C3N4 NSs, the computed energy band gaps of MnWO4 (2.1eV) and g-C3N4

(2.7eV) changed to 2.58eV, which clearly demonstrated narrower band gap and conse-

quently enhancement in photoresponse in the visible region. At the optimum dosage of

the nanocomposite and pollutant (50 and 10mg/L, respectively) and among various con-

tents of MnWO4 and g-C3N4, the MnWO4@g-C3N4 (1:1) nanocomposite represented

supreme performance (90.4%) in degradation of OFX. Results indicated that lower load-

ing of g-C3N4 has led to a decrease in the removal efficiency which was ascribed to the

insufficient formation of heterojunctions (Fig. 8.10). Further increase in the g-C3N4 ratio

(>1) resulted in increase in the recombination rate of e�/h+ and reduction of light

absorption by MnWO4. CO3
2� and SO4

2� anions considerably reduced the degradation

efficiency compared to Cl� resulting from greater adsorption of divalent anions on the

surface of photocatalyst and more prohibition of OFX removal [194].

In another study, Vigneshwaran et al. [195] investigated degradation of chlorpyrifos

(CPFS) insecticide by chitosan-assisted g-C3N4 (CS/g-C3N4) under irradiation of vis-

ible light (using 300W Xe lamp). In this study, the effects of parameters such as chlor-

pyrifos dosage (10–100mg/L), composite dosage (10–70mg), pH (1–12), and reaction
time (10–60min) were investigated for the purification of pesticide from aqueous solu-

tion at room temperature. The removal efficiency illustrated an uptrend with increase

in CS/g-C3N4 dosage which was attributed to the addition of binding sites. The opti-

mum composite dosage of 50mg/L was chosen for the continuation of experiments.

The maximum degradation efficiency (94%) was achieved at a pH range of 3–5 and

an initial pollutant concentration of 10mg/L. The reason was ascribed to the fact that

at pH<5.3, organophosphate is the prevailing anion and, as a donator of electron pairs,

leads to higher adsorption by CS/g-C3N4. Investigation of contact time illustrated

ascending trend and degradation reached the equilibrium after 50min. Analysis of

SEM images revealed a regular quasi-sheet (Fig. 8.11A) and typical stacked lamellar mor-

phology (Fig. 8.11B) for pure g-C3N4 and synthesized CS/g-C3N4, respectively [195].

193Graphitic carbon nitride-based composites for photocatalytic abatement



Diazinon is another emerging pollutant that was successfully eliminated by g-C3N4/

Fe3O4/Ag photocatalyst. Ghodsi et al. [196] synthesized this nanocomposite via a hydro-

thermal method and its photocatalytic performance under UV light irradiation was eval-

uated at various condition, including catalyst dosage (200, 500, 700, and 1000mg/L), pH

Fig. 8.10 Performance of different ratios of MnWO4 and g-C3N4 in OFX removal (COFX¼10mg/L,
Cphotocatalyst¼50mg/L). (Reproduced from S. Lakshmi Prabavathi, K. Saravanakumar, G. Mamba, V.
Muthuraj, 1D/2D MnWO4 nanorods anchored on g-C3N4 nanosheets for enhanced photocatalytic
degradation ofloxacin under visible light irradiation, Colloids Surfaces A Physicochem. Eng. Asp. (2019),
doi:https://doi.org/10.1016/j.colsurfa.2019.123845.)

Fig. 8.11 Surface morphology of (A) pure g-C3N4, (B) CS/g-C3N4 composite. (Adapted from S.
Vigneshwaran, J. Preethi, S. Meenakshi, Removal of chlorpyrifos, an insecticide using metal free
heterogeneous graphitic carbon nitride (g-C3N4) incorporated chitosan as catalyst: photocatalytic and
adsorption studies, Int. J. Biol. Macromol. 132 (2019) 289–299, doi:https://doi.org/10.1016/j.ijbiomac.
2019.03.071.)
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(3, 5, 7, 9, 11), and diazinon concentration (5, 10, 20mg/L). The complete removal effi-

ciency was obtained at the optimum condition (60min reaction, neutral pH, catalyst dos-

age of 500mg/L, and pollutant concentration of 5mg/L). The kinetic data best fitted

with first-order model with the highest reaction rate constant (k¼0.067) and the linear

correlation coefficient (R2¼0.9982). The utilization of different scavengers (e.g., ammo-

nium oxalate, benzoquinone, and tert-butanol) was conducted for controlling holes,

hydroxyl radical (•O2
�), and superoxide radicals (•OH), respectively. In the presence

of ammonium oxalate, benzoquinone, and tert-butanol, the complete removal efficiency

of diazinon reduced to 95.22%, 89.9%, and 39.5%, respectively. The result implies that

holes and hydroxyl radicals have played a vital role in the purification of diazinon by

g-C3N4/Fe3O4/Ag [196].

Zhao et al. [197] constructed a multitasking membrane (GO/g-C3N4/Ag) for deg-

radation and detection of organic contaminants (rhodamine 6G and paraoxon-ethyl pes-

ticide, respectively) at low concentrations. The regularly arranged graphene oxide (GO)

nanosheets were applicated for facile transportation and selectivity of small molecules. To

enhance the self-cleaning and recyclability of the membrane, g-C3N4 photocatalyst was

introduced. The noble metals, e.g., Ag were utilized due to their high surface plasmon

resonance and enhancement of photoexcited charges transfer by the generation of het-

erojunctions. The preparation progress is demonstrated in Fig. 8.12. The bandgap ener-

gies of the g-C3N4 and GO/g-C3N4/Ag were 2.73 and 2.67eV. After five cycles, a very

low difference in signal intensities was observed. The water flux of GO and GO/

g-C3N4/Ag membranes were 63.66 and 230.64L/m2 hMPa, respectively. The corre-

sponded values of the rejection rate were 97.32% and 89.27%, respectively. The lowest

detectable limit of paraoxon-ethyl was 10�9M. Thanks to the production of more •O2
�

and 1O2 by GO/g-C3N4/Ag, 97.59% of rhodamine 6G was eliminated after 90min irra-

diation of the visible light, which was approximately 1.4 times higher than that of solo

g-C3N4 [197].

In another novel research, Moorthy et al. developed ZnSeO3/g-C3N4 nanocomposite

by an ultrasonic deposition method for removal of methyl parathion (MP, a toxic pesticide)

and cefuroxime (CF, an antibiotic drug). Urea was utilized as the main feedstock for the

fabrication of g-C3N4. By fabrication of ZnSeO3/g-C3N4 nanocomposite, the bandgap

energy of g-C3N4 reduced from 2.69 to 2.65eV. Under visible-light irradiation, •OH

and •O2
� radicals were themain species in the reaction. The optimization studies were con-

ducted by variation of several factors, including photocatalyst dosage (10, 25, 50, and

75mg) and pollutant concentration (50, 75, and 100μM). At the optimum condition

(50mg photocatalyst and 50μM pollutant), the removal efficiency for both MP and CF

was approximately 95% after 80 and 120min, respectively. The reusability and stability

studies illustrated supreme efficiency in the photocatalytic degradation of the input pollut-

ants even after eight cycles (70%–75%) [198].
Aanchal et al. [199] developed layered and porous g-C3N4/H-ZSM-5 (zeolite) nano-

composite by calcination method for purification of organic endocrine disrupting
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compounds (e.g., fipronil) from aqueous solutions. The moderate bandgap (2.63eV) and

high surface area (�175m2/g) of the nanocomposite offered abundant active sites for

capturing photoinduced carriers, which caused high removal efficiency (�84%) and rate

constant (0.00875min�1). The investigations on efficacy of parameters such as pH

(1�11), photocatalyst concentration (40, 80, 120, and 160mg/L), scavengers

(10�3M), and light sources (UV, visible, and sunlight) proved that after 140min and

at room temperature (25�2°C), the degradation efficiency of 600mg/L fipronil

increased by increasing the photocatalyst dosage until a given amount (120mg/L). Fur-

ther increasing the catalyst led to saturation and opacity of the solution. The maximum

degradation (89%) was obtained at pH 4 and under visible-light irradiation. Adding

ascorbic acid (a scavenger for •O2
� radicals) significantly affects (�40% reduction) the

elimination efficiency. The field emission scanning electron microscopy (FESEM) and

high-resolution transmission electron microscopy (HRTEM) image of the nanocompo-

site indicated irregular plate-like shape of g-C3N4 with the crystalline structure of the

H-ZSM-5 zeolite (Fig. 8.13) [199].

The ultrasonic synthesized g-C3N4/CdS composites by Ayodhya and Veerabhadram

[200] exhibited superior performance toward purification of 15mg/L monocrotophos

Fig. 8.12 (A) The preparation progress of the ultrathin GO/g-C3N4/Ag membrane, (B) the procedure of
surface-enhanced Raman scattering (SERS) and photocatalytic degradation of organic pollutants by
the membrane. (Adapted from L. Zhao, C. Deng, S. Xue, H. Liu, L. Hao, M. Zhu, Multifunctional g-C3N4/
Ag NPs intercalated GO composite membrane for SERS detection and photocatalytic degradation of
paraoxon-ethyl, Chem. Eng. J. 402 (2020), doi:https://doi.org/10.1016/j.cej.2020.126223.)
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(MCP)-contaminated water. The bandgap energies of pure Cds, g-C3N4, and g-C3N4/

CdS were estimated as 2.18, 2.18, and 2.51eV. The surface area of the as-prepared com-

posite was equal to 48.25m2/g. After 60min sunlight irradiation and in the presence of

100mg/L catalysts, 97.21% of MCP was successfully removed from polluted water,

which was much higher than that of solo CdS and g-C3N4 (62.57% and 23.54%, respec-

tively). The pseudo first-order reaction kinetics provided the best correlation of the

experimental data. The catalyst demonstrated remarkable stability and recyclability after

five cycles with (94.16% removal efficiency) [200].

Chen et al. [201] constructed a highly efficient ternary photocatalyst consisting of car-

bon dots (CDs), boron nitride (BN), and g-C3N4 via a facile calcination method and

applied it for the elimination of 8mg/L enrofloxacin antibiotic under blue LED irradiation

(5.4�0.2mW/cm2). Various g-C3N4/BNmaterials with different BN contents (0.5, 1.0,

1.5, 2.0, and 2.5g) were prepared. Results proved that the compound with 1.5g BN has

Fig. 8.13 (A, B) The FESEM images and (C, D) HRTEM image of the synthesized g-C3N4/H-ZSM-5 catalyst
with a mean pore diameter of 4.25nm. (Adapted from Aanchal, S. Barman, S. Basu, Complete removal of
endocrine disrupting compound and toxic dye by visible light active porous g-C3N4/H-ZSM-5
nanocomposite, Chemosphere 241 (2020), doi:https://doi.org/10.1016/j.chemosphere.2019.124981.)
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had the highest photocatalytic efficiency. Later, diverse CDs/g-C3N4/BN with different

CDs volume (0.01, 0.05, 0.1, 0.3, 0.5, 1.0mL) was prepared. The most appropriate per-

formance was obtained when the solution contained 0.1mL CDs. Utilization of 1g/L

photocatalyst helped complete degradation of the enrofloxacinwith high reaction rate con-

stant (0.114min�1) within 40min. The addition of extra CDs content generated compe-

tition for photon capture. The fabricated composite demonstrated fivefold higher activity

than pristine g-C3N4 and considerable removal efficiency after five cycles (�91.8%). Appli-

cation of CDs and BN caused improvement in the charge carriers transference and, con-

sequently, higher production of reactive oxygen species (ROS) [201].

Sun et al. [202] developed novel Ag/g-C3N4/kaolinite composite by in situ calcina-

tion method followed by photodeposition process. Ibuprofen was used as the model sam-

ple, and dicyandiamide was utilized as feedstock for synthesis of g-C3N4. Using Ag (7%

mass ratio) and under 5-h visible-light irradiation, the reaction rate constant of 1g/L cat-

alyst for complete degradation of 5ppm pollutant was 0.0113min�1, which was 1.87

times more than that of the composite without kaolinite. The reason was ascribed to

the provision of a more powerful adsorption propensity, proper charge separation,

and wider photoresponse limit. Attachment of g-C3N4 on the kaolinite surface lessened

the agglomeration possibility and supplied rather active sites for Ag adherence. In addi-

tion, the presence of Ag nanoparticles played a fundamental role as receivers of photo-

excited electrons and gave rise to the number of accessible holes [202].

Zhao et al. [203] formed g-C3N4/carbon quantum dots (CQDs) by an adsorption-

polymerization method for removal of CBZ by employing visible light as the irradiance

source. The presence of CQDs made no difference in the bandgap energy of the g-C3N4

whereas considerably reduced the recombination rate and improved the removal kinetics

over fivefold compared with solo g-C3N4 (1.36 � 10�2 min�1). Radicals such as •O2
�

and h+ were the fundamental species in CBZ photodegradation. Within 60min irradi-

ation, at the neutral pH, and in the presence of 1mg/L CBZ and 500mg/L catalyst, the

maximum removal efficiency reached to �96%. The SEM images displayed tubular and

rod-shaped frame (with 3–5 μm in diameter) for the synthesized g-C3N4. The tiny cav-

ities were later observed on the surface of g-C3N4/CQDs. While sintering by polymer-

ization procedure, the tubular CN and tubular g-C3N4/CQDs featured their porous

structure which were due to amino and nitro groups loss [203].

Hong et al. [204] fabricated β-Bi2O3@g-C3N4 core/shell nanocomposite by a facile

self-assembly strategy and examined its proficiency for purification of 10mg/L tetracy-

cline antibiotic under visible-light radiance. Among various mass ratios of g-C3N4 (1%,

3%, 5%, and 7%) in the nanocomposite, after 50min contact time, 5wt% loading of

g-C3N4 demonstrated the highest reaction rate constant and removal efficiency values

(k¼0.0311min�1 and 80.2%, respectively). Increasing the g-C3N4 content from 1 to

5wt% improved the photodegradation of the pollutant (from 58% to 80.2%). Further

increment to 7wt% reduced the efficiency to approximately 73%. In the presence of
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500mg/L catalyst, the synthesized nanocomposite illustrated remarkable stability and

efficiency after five cycles (�75%) and exemplary photocatalytic performance due to

the formation of Z-scheme heterojunction. At the same condition, the degradation effi-

ciency of pristine g-C3N4 (Eg¼2.53eV) and β-Bi2O3 (Eg¼2.42eV) was 15.4% and

56.6%, respectively. Kinetic data best fitted to the pseudo first-order model. The pro-

posed diagram of the photodegradation of tetracycline pollutants by researchers is pre-

sented in Fig. 8.14 [204].

Wang et al. [131] presented a novel N-doped carbon dot (NCDs)/g-C3N4 composite

which was constructed by a facile polymerization method. The new-established compos-

ite possessed much higher photoactivity than that of g-C3N4 and CDs/g-C3N4 in the

elimination of 4mg/L nonsteroidal antiinflammatory drugs (NSAID-indomethacin) in

such a way that the addition of even low NCDs loading (1wt%) increased the reaction

rate up to 13.6 times as compared with pristine g-C3N4 (0.0020min�1). After 90min

reaction, at neutral pH and in the presence of 1.0g/L photocatalyst, 91.5% of the con-

taminant was degraded. The corresponding value obtained by application of pristine

g-C3N4 was 16%. Just 5.3% of the indomethacin was absorbed by the composite in

the dark condition [131].

In another investigation, Wang et al. [205] fabricated a ternary composite consisting

of single atom-dispersed Ag and CQDs and loaded on ultrathin g-C3N4 (Ag-CQDs/

UCN) and evaluated its photocatalytic performance for the purification of 4mg/L

Fig. 8.14 The surface morphology of the as-prepared compounds: SEM images of (A) the precursor of
tubular g-C3N4, (B) the precursor of g-C3N4/CQDs, (C) the porous structure of tubular g-C3N4 after
sintering, and (D) the porous structure of g-C3N4/CQDs after sintering. (Adapted from C. Zhao, Z.
Liao, W. Liu, F. Liu, J. Ye, J. Liang, Y. Li, Carbon quantum dots modified tubular g-C3N4 with enhanced
photocatalytic activity for carbamazepine elimination: mechanisms, degradation pathway and DFT
calculation, J. Hazard. Mater. 381 (2020), doi:https://doi.org/10.1016/j.jhazmat.2019.120957.)
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NSAID, e.g., naproxen. The composite was synthesized by a facile thermo-

polymerization method. It was reported that degradation of this component included

two main steps: (1) decarboxylation and (2) naphthalene ring opening. Using Tauc equa-

tion, the bandgap energies of UCN, CQDs/UCN, and Ag-CQDs/UCN calculated as

2.62, 2.46, and 2.08eV, respectively. Optimization was conducted by varying parameters

such as CDs content (0.1, 0.25, 0.5, 1.0, and 2.0wt%) and Ag amount (1, 3, 5, 10, and

20wt%). Increasing CQD content from 0 to 1.0wt% led to an increase in reaction rate

constant from 0.0368 to 0.0883min�1, but further increment reduced the reaction rate

constant due to competition of CQDs and UCN for photon capture. The existence of

3.0wt% Ag increased the reaction rates up to 10 and 2.4 times greater than those of the

UCN and CQDs/UCN, respectively. Using 1g/L Ag-CQDs/UCN at the optimized

condition (CDs¼1.0wt% and Ag¼3.0wt%), the efficiency reached the maximum value

of 87.5% [205].

All these studies demonstrated the impressive performance of the g-C3N4 composites

in the photodegradation of the emerging pollutants. Although there are countless carbon

nitride-based composites, researchers in almost all studies emphasized the optimization of

environmental and experimental parameters, which could strongly affect the synthesized

catalysts’ morphology and efficiency. A summary of some of these studies and their main

key points are presented in Table 8.2.

10. Conclusion and future perspectives

This chapter reviewed the problems caused by EPs and the current state of the various

g-C3N4-based composites utilized for abatement of these contaminants on the global

platform. An in-depth overview of the characteristics of g-C3N4 and its different mor-

phologies, diverse synthetic methods, and the significant achievements of the fabricated

composites in treatment goals has been presented. The importance of this material in

environmental issues was represented by the number of published researches and its

upward trend from their first publication based on the selected keywords. Metal and

nonmetal-ion doping, morphology control, developing heterojunction composites,

and employment of sensitizers are among the strategies for reducing the available defects

of pristine g-C3N4 and enhancing the removal efficiency. The advances in fabrication

methods make it a cost-effective, efficient, time-saving material for in situ clean-up of

contaminated aqueous solutions. This can be ascribed to the increment of surface area,

charge carrier lifespan, and widening the absorbance wavelength range of the obtained

composites compared to that of pristine g-C3N4.

This literature demonstrated that most of the prominent applications of g-C3N4-

based composites for water or wastewater purification are in the small scales and labora-

tory phases. However, utilization in industrial scales requires to be profoundly analyzed.

For instance, the operational costs, the fate of as-prepared composites, and health and
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Table 8.2 Recent reports on g-C3N4-based composites in photocatalytic pollution abatement.

Catalysts composition
Feedstock of
g-C3N4 Intended pollutant Condition

Degradation
efficiency (%) References

Carbon-doped/g-C3N4 Urea Atrazine Ccatalyst¼1000mg/L

Carbon¼0.07wt%

Cpollutant¼100μM

86 [206]

g-C3N4/Ag3PO4/AgI Dicyandiamide Nitenpyram

(insecticide)

Cpollutant¼5ppm

Ccatalyst¼0.5g/L

95 [207]

WO3-TiO2@g-C3N4 Melamine Acetylsalicylate

(pharmaceutical)

TiO2¼2wt%

g-C3N4¼1wt%

Cpollutant¼10mg/L

Ccatalyst¼50mg/L

98 [208]

g-C3N4/CQDs/CdIn2S4 – Ibuprofen

(pharmaceutical)

CQDs¼0.075g

g-C3N4¼0.2115g

CdIn2S4¼0.05g

Cpollutant¼80mg/L

Ccatalyst¼100mg/L

91 [209]

0D/2D Cu2�xS/g-C3N4 Dicyandiamide Levofloxacin

(pharmaceutical)

g-C3N4¼0.1g

Cu2�xS¼0.8wt%

Cpollutant¼20mg/L

Ccatalyst¼1000mg/L

100 [210]

Delaminated Ti3C2Tx/

alkalized-C3N4

Urea Tetracycline

hydrochloride

Delaminated

Ti3C2Tx¼25mg

Cpollutant¼20mg/L

Ccatalyst¼200mg/L

77 [211]

g-C3N4-shielding polyester

fiber/TiO2

Urea Sulfaquinoxaline Cpollutant¼2�10�5mol/L

Catalyst¼130mg

97 [212]

Thiamethoxam Reactor volume¼40mL �100



environmental risks of these materials should be considered and evaluated with other

conventional purification methods. Proper stability and separation of composites from

aqueous solutions are serious subjects while studying the upscale application of these

materials. In this way, researchers have utilized magnetic particles, which can finally

diminish the total cost of treatment. These composites can benefit from privileges such

as high selectivity and activity, large surface area, and prevention from aggregation.

Considering the fast-growth in synthesis of new g-C3N4-based composites and their

wide application in water and/or wastewater treatment, especially in the degradation of

emerging pollutants, uncontrollable release of these materials into the natural environ-

ments are reported. Hence, basic information about efficient utilization and fabrication

of engineered composites are essential to make them more environmentally friendly.
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The link between energy sources and development became clear even at the first steps of

industrialization. Nowadays, it is evidenced that this is not enough and development

must be realized with renewable energy sources produced through a sustainable process.

There are two distinct reasons for this. First, the issue originates from the demand for

energy that is globally rising rapidly and the progressive depletion of fossil fuels, i.e., cur-

rently the main source for energy production. Second, the sever environmental impact

due to the use of traditional fossil fuels. This last issue is mostly linked with climate change

and in particular global warming that has been evidenced in the last decades due to the

production of greenhouse gas (GHGs). Among the different gases that contribute to

global warming, carbon dioxide (CO2) is listed among the top contributors. This is

mainly due to its high production rates that results in increasing concentration. Although

CO2 has been in the atmosphere since the beginning of time, its negative effect originates

from the destabilization of the natural carbon cycle. In this direction, man-kind activities

are currently considered as major contributors of CO2 emissions. Among the different

CO2 emission sectors, the energy sector occupies the vast majority of CO2 emission

in the atmosphere [1]. In this respect, “anthropogenic activities” and in particular activ-

ities related with the production of energy, is the only parameter that can be controlled by

our site as a way to reestablish equilibrium in natural environment. Nature has established

a cycle to maintain CO2 at acceptable levels; however, this cycle is relatively slow and

cannot manage the high amounts originating from anthropogenic activities. Based on

the above-mentioned grounds, the search for alternative, renewable and clean energy
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sources is an unavoidable step so that development will not be reached on the expense of

natural environment and human health.

Even though sustainable clean energy production is a well-known issue for decades, it is

still one of the major challenges man-kind is facing. Many different approaches have been

proposed and explored including chemical, biological, thermally, and electrically triggered

approaches.However, issues relatedwith efficiency and the true environmental character of

the process still remain. Among the proposed processes, the application of solid semicon-

ductors as catalysts to perform photo-triggered reactions with the aid of solar energy has

been emerged as promising approach that can deal both with clean energy production

via a sustainable approach and environmental protection. The strategy of applying hetero-

geneous photocatalysis making use of a free, endless and renewable energy, e.g., solar

energy, combinedwith the production of carbon-free fuels seems ideal for the development

of a “carbon-neutral” society with zero CO2 emissions during production and combustion

of the fuel.Oneof themain advantages of photocatalysis is that it is a stand-alone process and

does not require any external energy input. However, there are several shortcomings in this

process that must be fixed in order to meet industrial needs.

Photocatalysis is based on a mechanism developed by nature, i.e., photosynthesis that

makes use of solar energy as the only energy input to perform a specific reaction. Natural

photosynthesis actually stores solar energy in chemical bonds through the synthesis of carbo-

hydrates and oxygen using as feedstocks CO2 and water. This directs a way to produce sus-

tainable and clean energy.Basedon this approach, the applicationof photocatalysis andproper

choice of the substrate that will be converted seems suitable to deal with the issue of energy

production via a sustainable and environmental friendly process.Onourway tomimic natural

photosynthesis, a chemical process named artificial photosynthesis has been developed. This

term includes any reaction that is triggered by light (ideally solar light) and converts solar

energy into chemical energy. In order for this process to be considered sustainable, suitable

substrates must be used. Photocatalytic water splitting converts water into hydrogen (H2) and

O2. H2 is considered as the fuel of the future. It is a carbon-free fuel since when combined

withO2 (fuel cell technology), the energy stored is releasedwith the concomitant production

of onlywater. Itmust be pointed that currently natural gas ismostly used for the production of

H2 (steam reforming process). However, this process cannot be considered sustainable due to

two issues: (i) it makes use of a fossil fuel that will inevitably deplete and (ii) produces CO2.

Photocatalytic CO2 reduction into valuable chemicals including fuels is a process thatmimics

natural carbon fixation performed via photosynthesis. Although hydrocarbons are developed

through this approach, the use ofCO2 before entering into the atmosphere results in a carbon

neutral technology. Therefore, both H2O and CO2 could be used as cheap and largely avail-

able feedstocks for the production of clean energy and in particular fuels through artificial

photosynthesis. This process is a fascinating and simple method to obtain energy reach che-

micals. It should be highlighted that currently clean fuel productionmust be our primary tar-

get since large-scale energy storage using batteries is still expensive, although significant

improvements have been achieved in this field in the last years.
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Despite the tremendous efforts that have been devoted over the last years and the major

improvements performed in the field of photocatalytic fuel production, efficiency still

remains as the main drawback for large-scale applications, domestic or industrial. To this

end, it is clear that the properties of the photocatalyst used plays essential role. As a limiting

rule, the fundamental electronic properties (see in the next section)must be obeyed so that a

semiconductor can be applied either for H2 evolution or CO2 reduction. Many different

photocatalysts have been developed and tested (metal oxides, sulfides, and hydroxides)

[2,3]. Among them, inorganic semiconductors have beenmostly developed and optimized.

TiO2 is certainly the most used material for any photocatalytic reaction. Some inorganic

photocatalysts present impressive photoactivity in hydrogen production, e.g., CdxZn1�xS

presents �93% quantum yield of H2 production from aqueous S2
�/SO3

2� solution [4].

However, the main limitation of using inorganic materials is the difficulty to finetune

important parameters such as the electronic and optical properties. In addition, toxicity

issues may arise (i.e., dissolution and release of toxic Cd2+). To add to the complexity

of the optimization process, synthesis protocols must be usually performed under milled

and perfectly controllable conditions. This is not the case for most of the inorganic semi-

conductors developed so far.

Although carbon based photocatalysts present advantages compared with inorganic

semiconductors in several aspects, the development and application of organic photoca-

talysts is significantly less studied. In 2009, the photocatalytic properties of a new type of

carbon-based semiconductor (graphitic like carbon nitride or polymeric carbon nitride

(CN)) was demonstrated in the water splitting process [5]. CN, a conjugated polymer, is

metal-free semiconductor made solely of earth abundant elements: carbon, nitrogen, and

hydrogen. In CN structure, tri-s-triazine/heptazine or s-triazine unites are covalently

connected via tertiary amines forming 2D sheets. The 2D sheets are stacked through

weak van der Waals forces forming the bulk CN structure [5]. The photocatalytic prop-

erties of Cn originate from its π-conjugated electronic structure. Its chemical composi-

tion, structure and fasil synthesis process provides interesting properties such as chemical

and thermal stability under working conditions, nontoxicity, interesting electronic prop-

erties and reasonable fabrication cost. One of the main advantages of CN as photocatalyst

is that it absorbs light in the visible region of light (λ<460nm, i.e., relatively narrow band

gap SC), a critical parameter in photocatalytic applications. This makes it suitable for

applications using solar light irradiation. In this type of materials, the actual chemical

composition, the structure as well as the morphology of the material plays crucial on

the final chemical, optical, and electronic properties. Among the most interesting prop-

erties of CN is its polymeric nature that allows easy and permanent modification in con-

trast with traditional inorganic semiconductors. This gives a plethora of opportunities for

chemical modification as a way to tune the chemical, textural, and optoelectronic prop-

erties. These advantages have emerged CN-based materials into promising candidates for

many important applications. Among other, these include its application as photocatalyst

for energy production and in particular solar fuels, since it possesses suitable band
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structure for both H2 production and CO2 reduction. Nevertheless, despite the many

privileges mentioned earlier, bare bulk CN materials suffer from fast charge recombina-

tion rates, a phenomenon that diminish its application. As will be discussed in the follow-

ing in detail, several different approaches have been studied to minimize this issue.

Among these, CN-based composite materials cover a big class of materials that has been

developed as a way to overcome the limitations of the bare bulk CN.

In this chapter, we will discuss the recent developments on CN-based composite

materials applied as photocatalysts in artificial photosynthesis. Nevertheless, since a solid

understanding of the principles of the photocatalytic process as well as the synthesis of CN

materials are essential for the development of efficient catalysts for solar fuel production,

an introduction on the basic principles of photocatalysis, the drawbacks and limitations

followed by a brief discussion on the synthesis protocols of CNwill be given before mov-

ing to the CN-based materials development section.

1. Elementary steps in photocatalytic processes

The photocatalytic process is a catalytic reaction that is initiated by light irradiation and

performs redox (reduction and oxidation) reactions through the formation of photogen-

erated charges, electrons and hole pairs (e�/h+). Therefore, the first step in such reactions
is the formation of photogenerated e� and h+. Photocatalytic reactions may be divided

into two main classes, homogeneous and heterogeneous reactions. Obviously heteroge-

neous catalysis that makes use of semiconductors (SCs) offers advantages due to the easy

separation of the catalyst from the reaction mixture. When SCs are exposed to light of

energy greater than the energy difference between the bottom level of the conduction

band (CB) and the top level of the valence band (VB), e� are excited from the VB to the

CB living behind an empty state at the VB, i.e., h+. In other words, the energy of the light

must be higher than the band gap (Eg) energy of the SCs. In SCs, the e
�/h+ pairs should

ideally be generated by solar light, and in particular by visible-light irradiation in order to

make use as much as possible of the light reaching the surface of earth. This adds the first

important limitation on the search of efficient photoactive materials, i.e., photocatalysts

must make use the visible region of solar light as much as possible in order to ensure a

better exploration of the environmental character of the process. Once the e�/h+ pairs

are formed, several steps must follow so that a reaction on the surface of the catalyst to

occur. Following formation, the photogenerated charges must be separated and trans-

ferred to the surface of the catalyst in order to perform redox reactions. Therefore,

recombination phenomena at the bulk and the surface of the material must be avoided.

Different approaches have been applied to minimize charge recombination including

chemical/compositional and morphological modification including the size and the

shape of the SC. A schematic illustration of the basic steps in a photocatalytic reaction
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together with the reactions describing water splitting process and CO2 reduction is given

in Fig. 9.1A.

The photoactivity of a SC is controlled by many different parameters such as the spe-

cific surface area since reactions are performed on the surface of the catalyst, charge

recombination rates, light absorption (preferentially in the visible region of light), stability

under working conditions to name a few. It is clear, therefore, that the choice of the SC

will define activity. However, the property that allows the realization of a specific reac-

tion is the actual band structure of the catalyst and in particular the energy of the CB and

VB level. In order for a reduction reaction to occur, the CB level must by more negative

than the specific redox couple’s normal potential. The same stands for the VB h+, i.e. VB

h+ must be more positive than the specific redox couple’s normal potential. Therefore,

Fig. 9.1 (A) Charge formation in SCs and redox reactions performed on the surface of the SC.
(B) Charge transfer mechanism in heterojunctions of Type-II (left panel) and Z-scheme
heterojunction (right panel). (Reprinted from K.C. Christoforidis, P. Fornasiero, Photocatalysis for
hydrogen production and CO2 reduction: the case of copper-catalysts, ChemCatChem 11 (2019)
368–382, with permission from Wiley.)
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the electronic properties related with Eg and the actual level of the CB and VB are the

main parameters that direct the utilization of a photocatalyst in specific application.

2. Fundamentals of photocatalytic water splitting and CO2 reduction

We should start by highlighting that photocatalytic H2 production from the water split-

ting process and CO2 reduction are competing reactions since both make use of CB elec-

trons. They were both demonstrated for the first time in the same period [6,7] but H2

evolution reaction is significantly more studied than CO2 reduction due to the inherent

difficulties of the later. In both processes, an electron donor must be supplied to consume

the VB h+. The choice of the reductant will define sustainability. Ideally, a largely avail-

able substance with no environmental impact should be used.Water fulfills these require-

ments. However, water oxidation is a highly demanding 4-electron reaction and

practically is the bottleneck of the water splitting process.

Two half reactions consist the water splitting process. The first is the proton reduction

into H2 and the second water oxidation producing O2 and H+. Other inorganic and

organic substrates have been also used as h+ scavengers in the photocatalytic H2 evolution

reaction, mainly due to the easier oxidation process compared with water. In the case of

organic oxygenates, the process is named photoreforming [8].

In the case of CO2 reduction, the process is more difficult and complicated. First to

mention is that the one-electron reduction reaction of CO2 has high standard electro-

chemical potential (�1.9eV vs SHE at pH 7). There is no photocatalyst with that high

CB level and at the same time able to oxidize water. In addition, more than one product is

usually formed during CO2 reduction. This raises the question of selectivity toward one

specific reaction product, making more difficult products detection and would require

complicated separation processes. Compared with the direct CO2 reduction process,

the proton-assisted multielectron CO2 reduction process is energetically less demanding

reaction since it has lower redox potentials. However, besides thermodynamic and

kinetic barriers due to the multielectron transfer process, the CO2 reduction process

requires C-C coupling and hydrogenation reactions. To add to the complexity of the

CO2 reduction reaction, one should mention the low solubility of CO2 in water. This

drawback can be bypassed by performing the reaction in organic solvents or in the pres-

ence of chemicals with high CO2 affinity. However, this adds environmental issues to the

overall process that cannot be overlooked. All these barriers resulted in the domination of

the water splitting process over CO2 reduction in the field of solar fuels production. The

standard reduction potentials vs SHE of several common reactions for CO2 reduction are

listed in Table 9.1 together with the standard potentials for the two half reactions in the

water splitting process. As it can be seen, the proton assisted multielectron reduction pro-

cess of CO2 possesses occur at similar potentials as the proton reduction in the H2 evo-

lution process.
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3. Composite photoactive materials—General remarks

As stated earlier, photoactivity depends on many different parameters. Usually, the fine-

tuning of one parameter affects other critical parameters as well. For example, the doping

process has been widely applied to improve the light absorption properties of SCs. How-

ever, the presence of dopants at interstitial or substitutional positions in the lattice many also

introduce charge recombination centers in the material [10,11]. It is clear, therefore, that

modification processes of the bare SC must be performed under perfectly controlled con-

ditions. In this direction, the coupling of different materials for the formation of composites

offers advantages, since the synthesis of each material can be tuned before the coupling. In

addition, the plethora of photoactive nanomaterials presented in the literature offers the

possibility of many different combinations as a way to improve more than one parameter

in parallel. The restriction in this process is that the coupled materials should present a

chemical interaction since simple physical mixtures do not offer the desired interaction.

Composite materials through the coupling of either bare CN or modified versions of

CN with other materials including SCs correspond to a large class of CN-based materials

applied as photocatalysts in many different applications. This is an efficient approach used

to expand the properties of many SCs and improve photo activity [3,12]. Usually, the

developed composite materials target on the improvement of light absorption, charge

formation and separation, to introduce morphological restrictions to the one part [13]

and selectivity. There is no restriction on the number of the coupled materials but, obvi-

ously, one must be photoactive. It should be emphasized though that multicomponent

systems such as ternary [3] and quaternary materials increase the difficulty of the synthesis

step and requires in depth analysis to elucidate the role of each part in the final composite.

In the specific case where two SCs are coupled, the resulted material is a heterojunc-

tion. However, coupling of a SCwith insulators, conductive materials andmetallic nano-

particles has been also applied to improve several material’s properties [3,14–17]. In the

Table 9.1 Redox potential of the two half reactions in the
water splitting process and selected reactions in the CO2

photocatalytic reduction [1,9].

Reaction E0 (SHE, pH 7)

2H2O+4h+!4H++2O2+4e� +0.81

2H+2e�!H2 �0.42

CO2+ e� ! CO2
� �1.90

CO2+2H++2e�!HCOOH �0.61

CO2+2H++2e�!CO+H2O �0.53

CO2+4H++4e�!HCHO+H2O �0.48

CO2+6H++6e�!CH3OH+H2O �0.38

CO2+8H++8e�!CH4+2H2O �0.24
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case of heterojunctions, different types of heterojunctions can be developed depending

on relative position of their CB and VB levels. Therefore, care must be given in the actual

band structure of the coupled materials, so that charge separation will occur. In coupled

SCs, photogenerated charges are spontaneously transferred to levels of lower energy.

This, if certain criteria are fulfilled, allow efficient charge separation as well as sensitization

of wide band-gap SCs. Fig. 9.1B presents a schematic representation of the charge transfer

mechanism in Type-II and Z-scheme heterojunctions. In Type-II heterojunctions,

coupled SCs with correctly aligned band structures allow the transfer of photogenerated

e� and h+ in opposite parts of the composite. This reduces significantly charge recom-

bination rates and increases their abundance and stability. This particular type may also be

used to sensitize SCs with large Eg through the coupling with narrow Eg SCs. Despite the

advantages in charge separation, Type-II heterojunctions present a significant shortcom-

ing. The energy of the photogenerated charges is reduced since they are transferred to

lower laying energy levels, reducing the driving force to perform a specific reaction.

On the contrary, Z-scheme heterojunctions (right panel in Fig. 9.1B), that mimic the

natural photosynthetic centers, allow charge separation not at the expense of the energy.

Special attention must be also given in the coupling of a SC with metallic nanopar-

ticles. In the case of H2 evolution reaction, noble metals have been widely used to

increase activity. This is mostly attributed to the charge separation. The difference in

the Fermi level between the metallic nanoparticles and the SC allows the formation

of a Schottky barrier, allowing the migration of the photogenerated e� to the metal cen-

ter. In this class of materials special attention has been also given on the coupling of SCs

with plasmonic metal particles, a direction that mimics the dye sensitization approach by

increasing light absorption and injecting electrons to the SC. The presence of plasmons

on the surface of the SC induces charge formation at or near the surface of the SC,

increasing the abundance of such species by reducing their migration distance.

4. CN synthesis

The fasil development process of CN is one of its main advantages. However, the actual

synthesis conditions applied including the precursor used (melamine, cyanamide, dicya-

namide, urea, thiourea), the thermal conditions etc. play essential role on the properties

of the final material. A variety of synthesis protocols have been developed for the prep-

aration of bulk CN as well as to add dimensional, morphological, and compositional

constrains or to posttreat bulk CN. Two general directions have been applied. The

bottom-up approach involves the assembly via thermal polycondensation of nitrogen

reach organic precursors while the top-down approach includes the treatment of pre-

formed CN. Processes that have been applied for the development of CN-basedmaterials

include solvothermal/hydrothermal conditions (at moderate temperatures and high pres-

sure) [18], electrochemical deposition [19], solid-state synthesis [20] but the process that
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has beenmostly applied is a direct thermal treatment of anN-containing organic precursor,

mainly due to the simplicity of the process. In this last case, at approximately 390–400°C
the rearrangement of melamine molecules forms s-triazine units and with further hitting

(>520°C) condensation of the s-triazine units results in the formation of polymeric CN.

A schematic representation of the synthesis procedure using different precursors is given in

Fig. 9.2. The temperature of the thermal treatment for the polycondensation of the organic

precursor should be above 500°C. It is highlighted that even small alterations in the syn-

thesis protocol may significantly affect the properties of CN. Different conditions have

been applied in this step to optimize the synthesis process such as the use of different pre-

cursors, treatment of the precursors before the thermal treatment, variations of the actual

thermal treatment (temperature, ramp, atmosphere) [21–23], etc.
One of the two main drawbacks of CN synthesized through the direct thermal poly-

condensation process is the low surface area due to the layered structure of the formed

bulk material. As expected, variations have been reported in the literature depending on

the actual thermal conditions applied as well as the precursor used. Low surface area is

detrimental to photoactivity. In this direction, the application of the templating tech-

nique (hard and soft) has been reported to be useful in controlling primarily the surface

area (i.e., formation of porous structures) but the morphology as well. All textural prop-

erties as well as morphology can be tubed using proper templates. SiO2 particles including

mesoporous silica templates (i.e., SBA-15) are typical examples of substrates in the

hard-templating method [24] while ionic liquids and surfactants have been reported in

Fig. 9.2 Thermal polymerization process of different precursors for the synthesis of CN. (Adapted from
W.J. Ong, L.L. Tan, Y.H. Ng, S.T. Yong, S.P. Chai, Graphitic carbon nitride (g-C3N4)-based photocatalysts for
artificial photosynthesis and environmental remediation: are we a step closer to achieving sustainability?,
Chem. Rev. 116 (2016) 7159–7329.)
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the soft-templating process [25]. Self-templating processes, i.e., preassembling and for-

mation of supramolecular structures (self-templating methods), by using different mol-

ecules/structures as precursors is another interesting approach to control key textural

properties [26]. The obvious advantage of this process is that there is no need for an exter-

nal template, a factor that diminishes the extra posttreatment step of removing the tem-

plate that usually requires hazardous agents. Template-free methods have been also

developed for controlling the morphology such as simple reflux of preformed CN in

the presence of specific solvent mixtures [27]. Exfoliation of the bulk CN structure

and the formation of CN nanosheets (NS) even single-layer CN is also a highly applied

process to improve in parallel the textural properties and charge recombination phenom-

ena. Many different processes have been applied for the formation of CN NS, of which

the modification of the thermal treatment is one of the most used processes. For example,

the presence of lithium chloride ions and the stepwise thermal polycondensation of

dicyandiamide that was used as the CN precursor resulted in the formation of porous

CN NS nanostructures with significantly improved specific surface area than the bulk

CN [28]. The exact thermal conditions, besides optimization of the textural properties

may induce changes in the electronic properties related with the actual band structure, i.e.,

theEg and the energy level of the CB. This was very nicely demonstrated byNiu et al. that

applied a thermal oxidation etching of bulk CN for the development of CNNS [29]. The

authors controlled the thickness of CN NS by varying the temperature of the thermal

treatment (Fig. 9.3). In general, posttreated bulk CN under high temperatures present

higher surface area and improve the charge handling properties (higher electronmobility),

prolonging the lifetime of charge carriers and enhancing significantly the photocatalytic

activity [29,30]. In addition, by prolonging the pyrolysis step small CN layers may be

produced [31]. Soft silk-like nanostructures were observed at 240min pyrolysis period

at 550°C, while large CN layers were detected at very short pyrolysis steps (Fig. 9.4). This
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Fig. 9.3 Schematic of the formation process of the g-C3N4 nanosheets by thermal oxidation etching of
bulk g-C3N4 at 500°C in air. (Reproduced with permission from P. Niu, L. Zhang, G. Liu, H.-M. Cheng,
Graphene-like carbon nitride nanosheets for improved photocatalytic activities, Adv. Funct. Mater.
22 (2012) 4763–4770, Copyright 2012, Wiley-VCH.)
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was critical in controlling surface area. However, an increase in the Eg is usually observed

in the modified catalysts without losing the visible-light activity (Fig. 9.5) [32].

The second main limitation of bulk CN materials is the fast recombination rate of

photogenerated structures that hinders activity. In this case, besides control of the CN

morphology, several other approaches have been applied to improve the electronic prop-

erties related with the abundance and stability of e�/h+ pairs. The doping technique is a

well-knownmethod applied extensively as a modification process of SCs. Doping of CN

Fig. 9.4 TEM images of CN materials prepared by varying the pyrolysis period of urea at 550°C.
(Reprinted from F. Dong, Z. Wang, Y. Sun, W.K. Ho, H. Zhang, Engineering the nanoarchitecture and
texture of polymeric carbon nitride semiconductor for enhanced visible light photocatalytic activity, J.
Colloid Interface Sci. 401 (2013) 70–79, with permission from Elsevier.)
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with heteroatoms has been also applied and besides improvements in light absorption,

charge separation efficiency has been also improved [8]. Usually, the method adopted

for the doping of CN is the in-situ process where the dopant precursor (metal salts or

organics) is mixed with the CN precursor prior to the thermal treatment. As in all cases

where impurities are introduced into the structure of the catalyst as a way to improve a

specific parameter, the amount the dopant plays essential role. First to mention is that the

heteroatom must occupy a small fraction of the catalyst in order to be considered as a

dopant. Usually, photoactivity presents a “volcano” type relationship with the amount

of the dopant used [2], presenting an increase up to a critical point after which begins to

decrease with increasing dopant amount [33]. As mentioned earlier, the morphology of

the CN material may also improve the charge availability and, therefore, activity. Liang

et al. reported a simple thermal treatment for the development of CNNS with abundant

structural defects and vacancies to modify light absorption properties and the band struc-

ture as well as to minimize recombination phenomena [34]. The structural defects

formed together with the NS morphology were the main reasons for the nearly

20-fold increase of the H2 production compared with the bulk CN.

CN-based composite materials and especially CN coupled with other SCs for the

development of heterojunctions are a large class of materials that have been developed

to eliminate the limitations of CN as photocatalyst. In this particular case, composites

are formed in order to couple the properties of the different parts and also to develop

properties unpresented in the individual counterparts, e.g., synergistic effect. The advan-

tage of this process is that it offers the possibility to fine tune the properties of the final
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Fig. 9.5 Electronic band structure of CN posttreated at different temperatures. (Reprinted from F.
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material under mild and perfectly controlled conditions and improve in parallel many

different material properties. In the next section, the advantages in the field of

CN-based composite materials applied as photocatalysts in the water splitting process

and CO2 reduction will be discussed.

5. CN-based composite materials for artificial photosynthesis

Due to the urgent need for the sustainable production of carbon-free fuels, it is not sur-

prising that the photocatalytic properties of CN were first demonstrated in the water

splitting process [5]. As a general remark in photocatalytic H2 production, a cocatalyst

is frequently required to improve photoactivity while usually a sacrificial reagent is used.

The reason behind the use of a cocatalyst is to improve the availability of photogenerated

electrons. In this direction, a noble metal with high work function can trap easily the e�.
It is generally accepted that between a SC and a metal nanoparticle the formation of a

Schottky barrier takes place due to the difference in the Fermi levels of the coupled sys-

tems, allowing the transfer of e� from the CB of the SC into the metal [35,36]. On the

contrary, the promotional effect of the latter case, i.e., use of a sacrificial reagent, is based

on the easier consumption of the h+, i.e. lower redox potential required. However, even

with these adjustments, the low efficiency of bulk CN against H2 photocatalytic produc-

tion still remains, a reason that dictated the need for modification of the bare catalyst. In

this direction, many composite materials were developed mainly through the coupling of

CN with other SC as well as other nanostructures. A variety metal oxides [2,37] and sul-

fides [38,39], metals [40,41], or even carbon nanostructures [14,42,43] were effectively

coupled with CN toward enhancing activity.

Coupling of CN with metal nanoparticles may result in significant improvement in

charge separation through the fast migration of e� from the CB of CN to the metal to

align the Fermi energy levels at the interface. Therefore, metal nanoparticles can act as

electron traps and in this way the recombination phenomena are reduced. Based on this,

noble metals have been widely applied due to their large work function. Metals with

higher work function would perform better. This was very nicely shown in a series of

metal nanoparticles/CN coupled systems where Pt/CN presented superior photoactivity

due to the largest work function of Pt nanoparticles [44]. Of course, one should mention

that many other parameters of the metal nanoparticle such as particle size that is also

related with the dispersion of the nanoparticles on CN, light absorption properties

including SPR effects, the content of the metal nanoparticle play vital role in activity.

Therefore, care must be given on the characterization of the final material that should

include as much as possible all effects. It should be pointed out that CN catalysts without

the presence of a cocatalyst are practically inactive in the water splitting process. Tradi-

tionally, Pt nanoparticles played the role of the cocatalyst due to the easy preparation

process (in-situ photodeposition is usually applied) and the large work function.
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Improvements in photoactivity have been also shown for Pt loaded CN composite mate-

rials. For example, the presence of Pt nanoparticles enhanced H2 evolution in CeOx/CN

composites [45]. This has been also documented for other types of heterojunctions, i.e.,

oxide/sulfide heterojunctions [3]. In these ternary systems, besides optimization of the

content of all parts in the composite, care must be given in the order of the deposition.

This may have a significant impact on the control of the interaction of the different parts

in the composite. We have very recently demonstrated that in TiO2-based materials dec-

orated on the surface with SnS2 nanoplatelets and Pt nanoparticles (i.e., ternary systems),

Pt nanoparticles must have a strong interaction with both TiO2 and SnS2 phases, acting as

e� sink for both photoactive TiO2 and SnS2 (Fig. 9.6). This was controlled by the order

of the deposition on TiO2 particles. Even if the coupled SCs improve charge separation,

the presence of Pt nanoparticles further improves the availability of the charges and,

hence, activity. This observation can easily be expanded to other SCs and metal nano-

particles. However, it must be emphasized that the increase of the number of the phases in

a composite increases the complexity of the system and full characterization with high

resolution techniques able to discriminate changes at subnanometer level is essential to

resolve the underlying mechanism.

As in all coupled systems, the interaction between CN and the metal plays essential

role. This was very nicely demonstrated by Shiraishi et al. where they applied two

Fig. 9.6 Photochemical processes for H2 photocatalytic production in Pt-TiO2 system in the presence
(green, dark gray in print version) and in the absence (orange, light gray in print version) of SnS2.
(Reprinted from I. Barba-Nieto, K.C. Christoforidis, M. Fernández-García, A. Kubacka, Promoting H2

photoproduction of TiO2-based materials by surface decoration with Pt nanoparticles and SnS2
nanoplatelets, Appl. Catal. B Environ. 277 (2020) 119246, with permission from Elsevier.)
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different approaches to deposit Pt nanoparticles on CN [46]. The high temperature

reduction process applied for the deposition of Pt nanoparticles on CN lead to stronger

interaction between the Pt and CN and resulted in a significant enhancement in H2 pro-

duction. However, photodeposition of Pt nanoparticles on a SC is usually reported as the

best deposition process since it allows the development of Pt nanoparticles close to the

active surface centers of the catalyst. This highlights the complexity of the process for the

development of efficient photocatalysts.

Noble metals have been widely applied as cocatalyst especially for the photocatalytic

H2 production reaction. Pt is the most used metal nanoparticle as cocatalyst. However,

the use of noble metals should be avoided due to the high cost. In this direction, the

development of bimetallic nanoparticles (i.e., alloy cocatalysts) has been introduced as

an alternative. Besides lowering the cost, the development of alloys offers the possibility

to control important parameters by varying the content of the different phases as well as

the structure. For example, PtCo alloy nanoparticles deposited on 2D CN NS using an

in-situ chemical method were identified as suitable cocatalyst for H2 evolution under

pure visible-light irradiation [47]. If fact, the optimum PtCo/CN catalyst was more

active than the corresponding monometallic Pt/CN system, 960μmolh�1g�1 vs

330μmolh�1g�1, respectively. The Fermi energy level of the bimetallic PtCo nanopar-

ticles was lower than the CB of CN, allowing efficient charge separation. More impor-

tantly, the driving force for e� transfer from the CB of CN to the metal nanoparticle is

higher in the PtCo case than the Pt due to the change of the Fermi energy level. This

originated from the presence of Co that increased the surface defects in the bimetallic

system. Nevertheless, the presence of Co decreased the adsorption of H+. Therefore, care

must be given in the molar ratio of the coupled metals in multiphase nanoparticles. Cou-

pling of CNwith Pd nanoparticles has been also utilized for H2 evolution but Pd presents

stronger adsorption of H2 [48]. However, precise engineering has been applied by Cao

et al. for the development of Pd/CN materials that presented superior photocatalytic H2

production than the Pt/CN benchmark photocatalyst [49]. By applying a multistep pro-

cess, atomic Pd was intercalated into the gap between the layers of CN framework and

the simultaneous decoration of CN surface with single atomic Pd. The intercalated Pd

acted as vertical channels and directed charge transport from the bulk through the dif-

ferent CN layers improving charge separation, a mechanism that is not easy to be accom-

plished in bare CN due to the weak van derWaals forces between the different layers. On

the other hand, surface Pd atoms acted as reactive sites (Fig. 9.7). Single Pd atoms on CN

were also found more active than CN functionalized with Pd nanoparticles [48].

No-noble metal nanoparticles on CN have been also utilized in the photocatalytic H2

production reaction [16,50]. Ni nanoparticles were deposited on CN via a facile reduc-

tion of Ni(II) using the photogenerated e� from CN [50]. The amount of Ni was opti-

mized and the photocatalyst presented significant H2 evolution rates under natural

sunlight (4000μmolg�1h�1) without significant deactivation. The high production rates

were ascribed to the efficient charge separation.
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Besides coupling of the bare CN with other nanostructures, the combined modifi-

cation of bare CN and the formation of a composite have been also shown beneficial

to further improve photoactivity. The combined functionalization of CN with amines

and Au nanoparticles developed under a single process presented (Fig. 9.8) enhanced

photocatalytic CO2 reduction compared with the reference materials under pure

visible-light irradiation [51]. The enhanced photocatalytic activity was attributed to

the improvement of the available e� and the presence of NH2 groups that increased

CO2 adsorption capacity. The structure of the metal nanoparticle may also affect signif-

icantly photoactivity and selectivity. This was documented in Pd/CN composites where

the morphology (surface facets) of the Pd nanoparticle was controlled [52]. A solution-

phase process using different facet-selective capping agents was adopted for the
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Fig. 9.7 (A) Schematic illustration of interlayered into CN and surface anchored of Pd on CN. (B) HOMO
and LUMO of Pd/CN. (C) Adsorption energy of H2O on the Pd/CN. (Reproduced with permission from S.
Cao, H. Li, T. Tong, H.-C. Chen, A. Yu, J. Yu, H.M. Chen, Single-atom engineering of directional charge
transfer channels and active sites for photocatalytic hydrogen evolution, Adv. Funct. Mater. 28 (2018)
1802169, Copyright 2018, Wiley-VCH.)
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development of single-faceted Pd particles on the CN. The Pd [111] facets were selective

for CO2 reduction while the selectivity for H2 evolution was higher on Pd [100] facets.

An additional advantage in the metal nanoparticles CN composites is that specific

metal nanostructures can absorb strongly light in the visible region due to their surface

plasmon resonance effect [35,36,53]. The use of transition metals for the development of

binary metal nanoparticles such as CuPt alloys may be used not only to improve the

economics of the process but also the light absorption properties [54]. Cu nanoparticles

promoted light absorption to the visible region and improved the charge handling prop-

erties in Cu/CN composites improving significantly photoactivity [16]. Recently, the

conditions applied for the synthesis of CN and the coupling with Au nanoparticles were

evaluated for the H2 evolution reaction [55]. It was shown that photoactivity is greatly

affected by the properties of the CN and not only by the presence of plasmonic Au par-

ticles. This study once again highlighted that the possibilities to optimize the catalytic

properties of composite materials are greatly enhanced compared to single phase

materials. Nevertheless, although plasmonic nanoparticles offer obvious improvements

in specific properties, research should focus on abundant metal. In this direction, Cu

nanoparticles are promising candidates both for CO2 reduction and H2 evolution

reaction.

Fig. 9.8 Schematic illustration of the synthesis of NH2-functionalized CN coupled with Au
nanoparticles. (Reprinted with from F. Li, H. Zhou, J. Fan, Q. Xiang, Amine-functionalized graphitic
carbon nitride decorated with small-sized Au nanoparticles for photocatalytic CO2 reduction, J. Colloid
Interface Sci. 570 (2020) 11–19, with permission from Elsevier.)
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Molecular doping through the introduction of organic functional into the framework

of CN and the development of modified structures is also considered as a strategy to

develop CN-based composites [56]. This is usually achieved in-situ through the copo-

lymerization approach or via postsynthetic modification of CN through covalent func-

tionalization. Different heteromolecules have been incorporated into the CN

framework. Many examples in this family of materials have demonstrated that extended

π-delocalization improves light absorption [57]. The introduction of barbituric acid did

not alter the morphology of CN but affected significantly the electronic properties [58].

The amount of barbituric acid played also vital role in H2 production. High amounts had

detrimental effects in photoactivity under UV-vis irradiation while low amounts

improved performance compared with the bare CN reference. The introduction of

strong electron donor groups taking into account the aromaticity in order to match

the structure of CN such as thiophene moieties [59] can be used to control the band

structure. In the specific case of incorporating thiophene, charge separation was also

improved [59]. Molecular complexes have been also used to functionalize CN. This

approach resembles the molecular incorporation in the CN framework but molecular

complexes offer the additional advantage to act as catalysts for a specific reaction.

Recently, Pan et al. combined CN with bipyridine cobalt molecular catalyst by covalent

bond and verified the importance of forming a surface molecular junction for improving

H2 evolution and CO2 reduction [60]. The covalent assembly of Co(bpy)3
2+ and CN pre-

sented significant improvement of charge separation due to the interfacial e� transfer

from CN to the CO molecular catalyst. Biisonicotinic acid was used as the covalent

linker. Efficient charge transfer is not possible in physical mixtures (Fig. 9.9). The

covalent functionalization of CN with Co(bpy)3
2+ presented orders of magnitude

superior photocatalytic activity for H2 production and CO2 reduction compared with

CN/Co(bpy)3
2+ physical mixtures (Fig. 9.10). Ruthenium binuclear complex coupled

with CN where proven highly selective and robust catalysts for the reduction of CO2

into HCOOH under pure visible-light irradiation [61]. In this system, the incorporation

of Ag nanoparticles and the development of Ru/Au/CN ternary catalyst further

improved photocatalytic activity. An impressive selectivity up to 99% toward the syn-

thesis of HCOOHwas demonstrated. The binuclear Ru/Ru0/Au/CN catalyst follows a

Z-scheme charge transfer mechanism that resembles photosystem II. In such systems,

many parameters affect efficiency and stability including the chemical moieties used

to anchor the molecular catalyst [62,63].

Undoubtedly, the vast majority of CN-based composites applied in artificial photo-

synthesis concerns the coupling of CN with SCs for the synthesis of heterojunctions. In

this case as well, the primary aim is to improve the charge separation efficiency and

increase their availability. However, other important aspects such as the increase of

the interaction of the catalyst with the substrate (i.e., CO2) may be also improved. This

last argument is based on the low solubility of CO2 in water (i.e., the solvent of choice for
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a true environmental friendly technology) and the low specific surface area of traditional

photocatalysts. Due to the huge number of SCs studied, different couplings have been

tested. In this class of materials, of particular importance is the development of isotype

CN heterojunctions where nonidentical CN structures are coupled, known also as

crystal-phase heterojunctions. This is similar to the P25 TiO2 case that contains both ana-

tase and rutile TiO2 structures and allows charge separation. Typical examples include the

combined polymerization of different CN precursors [64,65]. Formation of a Type-II

heterojunction was developed by the thermal polycondensation of both urea and thio-

urea [64]. A heterojunction was formed that allowed charge migration via the interphase

Fig. 9.9 Electron transfer in physical mixture and covalently linked CN and Co(bpy)3
2+. (Reproduced with

permission from Z. Pan, P. Niu, M. Liu, G. Zhang, Z. Zhu, X. Wang, Molecular junctions on polymeric carbon
nitrides with enhanced photocatalytic performance, ChemSusChem 13 (2020) 888–892, Copyright 2020,
Wiley-VCH.)
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Liu, G. Zhang, Z. Zhu, X. Wang, Molecular junctions on polymeric carbon nitrides with enhanced
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improving charge separation. Similarly, post formation process of the heterojunction can

be also applied on preformed CN. Using dicyandiamide and trithiocyanuric acid, Zhang

et al. developed CN isotype heterojunction in a two-step process [65]. The improved

photocatalytic activity in H2 production was ascribed to the improved charge separation

via the interface of the CN parts developed from the different precursors.

CN-based heterojunctions have been also developed using other SCs. CN/TiO2 het-

erojunctions have been widely applied in many different reactions [66–68]. In this type of
materials, bare as well as modified version of the two parts was used. Coupling of CNNS

with bare as well as B-doped CN resulted in improved photocatalytic H2 production

under artificial solar light irradiation and using Pt 1wt% as cocatalyst (Fig. 9.11) [2].

A tight interaction of TiO2 and CN was observed using EPR spectroscopy verified

through the interaction of Ti3+ centers with the nuclear spin of N (I ¼1). This strong

interaction allowed the photogenerated charges to migrate to opposite directions in

the composite, e� on TiO2 and h+ on CN. Besides chemical modification, studies have

also shown that the morphology of TiO2 crystals affect also activity in TiO2/CN

composites [69]. This is related with the reactivity of the specific TiO2 plane [69]

Fig. 9.11 SEM and HRTEM images of pure TiO2 (A)–(C) and CN/B-doped TiO2 composite (D)–(F).
(Reproduced with permission from K.C. Christoforidis, T. Montini, M. Fittipaldi, J.J.D. Ja�en, P. Fornasiero,
Photocatalytic hydrogen production by boron modified TiO2/carbon nitride heterojunctions,
ChemCatChem 11 (2019) 6408–6416, Copyright 2019, Wiley-VCH.)
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or even with the interaction with the CN [66]. Besides charge separation, CN coupled

with TiO2 may result in alteration of the specific surface area, improve the light absorp-

tion properties and affect the crystal size [70], all important parameters in controlling cat-

alytic efficiency.

We have recently highlighted the crucial effect of morphology of TiO2 nanoparticles

on the efficiency of the photocatalytic CO2 reduction reaction using TiO2/CNNS het-

erojunctions [66]. TiO2 NS nanocrystals with predominant j001} facets as well as non-
shaped TiO2 nanoparticles with j101} exposed facets were coupled with CN NS

(Fig. 9.12). Although the bare TiO2 NS showed lower activity compared with the iso-

tropic shape TiO2, when they were coupled with the CN NS the TiO2 NS/CN NS

heterojunction presented superior activity than the corresponding heterojunction con-

taining nonshaped TiO2 nanoparticles. By applying advanced transient absorption spec-

troscopy, we have shown that in the heterojunction with 2D/2D morphology charge

separation via the interface was significantly improved. This was ascribed to the enhanced

contact between the two phases of the composite. As is it obvious, in order for charge

separation to take place in multiphase materials, an interface must be formed. If fact, more

efficient charge transfer is anticipated for larger contact area. Comparing the different size

interface based on the morphology at the nanoscale of the used counterparts in a com-

posite (i.e., 0D, 1D, 2D, and 3D), the coupling of 2D materials offers the higher contact

area [71]. 2D/2D van der Waals heterojunctions made of BixOySz nanoplates and atom-

ically thin CNNS have been synthesized and tested in CO2 reduction [72]. Formation of

CH4 and CH3OH was ascribed to the strong adsorption of CO∗ on the BiOS part.

Other oxides have been also used for the development of CN-based composites.

Recently, Co3O4 has been effectively coupled with CN [73]. CN acted as platform,

retarded the growth of Co3O4 and prevented active components from leaching.

Cu2O/CN composites presented also superior photocatalytic H2 production under

visible-light irradiation [74]. Due to the significantly more negative potential of

Fig. 9.12 Schematic representation of the TiO2/CN NS composites synthesis controlling the
morphology of TiO2 particles. (Reprinted from A. Crake, K.C. Christoforidis, R. Godin, B. Moss, A.
Kafizas, S. Zafeiratos, J.R. Durrant, C. Petit, Titanium dioxide/carbon nitride nanosheet nanocomposites
for gas phase CO2 photoreduction under UV-visible irradiation, Appl. Catal. B Environ. 242 (2019)
369–378, with permission from Elsevier.)
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Cu2O CB, photogenerated e� were transferred on CN, while h+ followed the opposite

direction increasing the availability of charges. Ultra-small phosphotungstic acid have

been deposited on CN NS through a facile self-assembly method (Fig. 9.13) [75].

The heterojunction presented a Z-scheme charge transfer and H2 production and

CO2 reduction was significantly increased compared with the reference CN material.

Besides oxides, metal sulfides have been also coupled with CN. The development of

metal sulfides usually includes the solvothermal/hydrothermal process and composites

are formed in the presence of preformed CN. The coupling of hard templating method

for the development of hollow CN structure and the further development of a hetero-

junction via the introduction of MoS2 has been shown beneficial for the photocatalytic

Fig. 9.13 (A) Surface active-sites at the 2D/2D and 0D/2D hetero-interface regions; (B) interaction
between N-deficient and pristine CN NS with phosphotungstic acid. (Reprinted from X. Jiang, Z.
Zhang, M. Sun, W. Liu, J. Huang, H. Xu, Self-assembly of highly-dispersed phosphotungstic acid clusters
onto graphitic carbon nitride nanosheets as fascinating molecular-scale Z-scheme heterojunctions for
photocatalytic solar-to-fuels conversion, Appl. Catal. B Environ. 281 (2021) 119473, with permission
from Elsevier.)
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production of H2 [76]. A ternary system where 2D layered MoS2/CN hybrid composite

was functionalized with 0D CeO2 nanoparticles promoted significantly H2 production

from water splitting [77]. The enhanced activity was ascribed to the efficient charge sep-

aration from the multistep charge transfer processes (Fig. 9.14). In addition, the devel-

oped ternary system presented more active sites and presented higher adsorption

capacity for H2O molecules, reducing further the energy barriers. A Z-scheme hetero-

junction was developed by coupling ZnxCd1�xS with Au@CNwhere Au acted as elec-

tron mediator [78]. The significant higher production of CH3OH from CO2 reduction

was ascribed to the efficient charge separation. Synergistic effects to increase activity have

been documented for other multicomponent systems including oxides and sulfides, such

as TiO2/WO3/CN [79] and CdS/CN/CuS [80]. In such systems, care should be given

on the order of the interacting parts.

Finally, special attention must be given on the coupling of CN with carbon nanos-

tructures (CNSs). Many contributions have shown that CNSs/CN composite materials

improve important parameters such as light absorption and charge separation

[14,42,43,81–83]. The content as well as the type and the structure at the nanoscale

of the chosen CNS plays crucial role in photoactivity. We have highlighted recently

the importance of the letter parameter in composites made through the coupling of

CN with carbon nanotubes (CNTs) of different wall number [14]. The presence of

CNTs modified the electronic properties of the final photoactive composite material.

Besides the well-known effect of charge separation due to the conductivity of the CNSs

and the improvements in light absorption, the actual structure at the nanoscale played

vital role. As depicted in Fig. 9.15, when single-wall CNTs were coupled with CN

Fig. 9.14 Proposed multistep charge-transfer processes in CeO2@MoS2/CN composites. (Reprinted
from C. Zhu, Y. Wang, Z. Jiang, F. Xu, Q. Xian, C. Sun, Q. Tong, W. Zou, X. Duan, S. Wang, CeO2

nanocrystal-modified layered MoS2/g-C3N4 as 0D/2D ternary composite for visible-light photocatalytic
hydrogen evolution: interfacial consecutive multi-step electron transfer and enhanced H2O reactant
adsorption, Appl. Catal. B Environ. 259 (2019) 118072, with permission from Elsevier.)
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(SW-CN composites), the charge transfer of the photogenerated electrons from the CN

part to the CNTs was significantly higher than all the other tested cases (i.e., double- and

multiwall CNTs). This was experimentally evidenced by coupling advanced electron

paramagnetic resonance and transient absorption spectroscopy to monitor both the

photogenerated charges as well as their dynamics. This allowedmore efficient charge sep-

aration and therefore, higher H2 production from water splitting under both simulated

solar light and pure visible-light irradiation.

6. Concluding remarks and directions

Converting solar energy into chemical energy via artificial photosynthesis is currently

considered as a research field at the frond font of science. Based on the indigenous prop-

erties of CN and considering the resent advantages of CN materials development,

CN-based composites are expected to play leading role in the field. However, improve-

ments are still needed in terms of efficiency and selectivity for large-scale applications.

Nevertheless, over the last years significant progress has been documented in both direc-

tions due to the advanced materials synthesis that allowed control of the composition,

structure, morphology, size, and electronic properties. These all apply also in multicom-

ponent architectures.

In the H2 production process, work should focus on improving activity since selec-

tivity is not an issue here. Future works should focus on improving the electronic prop-

erties in terms of both light absorptions, since bare CN absorbs only a small portion of

solar energy, as well as charge separation. These two parameters will allow improvements

in both formation and stability of photogenerated electrons. The situation is more

Fig. 9.15 Schematic representation of the electron transfer ability in composites made of CN and CNTs
of different wall number. (Reprinted from K.C. Christoforidis, Z. Syrgiannis, V.L. Parola, T. Montini, C.
Petit, E. Stathatose, R. Godin, J.R. Durrant, M. Prato, P. Fornasiero, Metal-free dual-phase full organic
carbon nanotubes/g-C3N4 heteroarchitectures for photocatalytic hydrogen production, Nano Energy
50 (2018) 468–478, with permission from Elsevier.)
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complicated in the CO2 photocatalytic reduction reaction. In this case, besides improve-

ments in the electronic properties, the selectivity is a major issue. Different products have

been detected, a factor that adds an extra separation step that will be required for practical

applications. Therefore, materials with high selectivity toward the development of a spe-

cific product are urgently needed. In addition, research should focus on the development

of high added value products and especially those that currently are synthesized using a

process with high environmental impact, i.e., high CO2 production during the process.

Ideally, in both H2 production and CO2 reduction, catalytic reactions should be per-

formed under solar light irradiation since the ultimate goal is the utilization of sunlight.

There is no point to develop materials that absorb in the whole region of solar spectrum if

their performance is lower thanmaterials possessing lower ability in light absorption. This

will provide a platform of data to compare different systems. Furthermore, the use of

expensive rawmaterials should be avoided. Regarding this point, it should be emphasized

that current research is on the right direction since there are many examples of catalysts

made of abundant raw materials presenting high efficiency. Furthermore, complete

materials characterization of the catalyst is essential and will allow identifying the prop-

erties of the material that control activity. This requires the application of a multimetho-

dology characterization process including structural, morphological, textural, electronic,

and compositional characterization. Especially for multicomponent systems, high-

resolution techniques able to discriminate changes at subnanometer scale are necessary

as well as in-situ methodologies to study catalysts under real catalytic condition. The out-

come of this approach will provide critical information that, unavoidably, will lead on the

development of more advanced photocatalytic systems. As a final point, the ideal candi-

date for should be able to perform the desired reaction under environmental conditions.

Pressure and temperature are controllable parameters; however, all current contributions

have used anoxic conditions. Although this seems far from the present, our aim should be

not only to mimic but to exceed the performance of natural photosynthesis.
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1. Introduction

In recent times, significant attention has been given to storage of energy and global pres-

ervation of environment [1–4]. Modern civilization, rapid industrialization and extreme

use of natural assets leads to various environmental problems, such as groundwater con-

tamination, air pollution, and many others [5–9]. These pollutants, particularly heavy

metal ions, are harmful not only to the environment but also to the living beings

[10]. The heavy metal ions include transition metals, metalloids, and some f-block ele-

ments. These heavy metal ions can cause a crucial menace to human health, animals, and

to ecosystem [11,12]. In order to detect or remove these heavy metal ions, there are var-

ious conventional techniques, such as electrochemical, coagulation, precipitation,

adsorption, and ion exchange method [13–19]. However, they have some practical inap-

plicability due to their low binding abilities, testing procedure, and nanotoxicity. Hence,

there is a need of suitable materials with high metal loading capacity, facile synthesis, and

good biocompatability [20]. Among all the detection methods available based on the

usage of fluorescent materials, quantum dots (QDs) have gained considerable interest

because of their magnificent optical and chemical properties and have excellent applica-

tions in drug delivery, bioimaging, and sensing [20–26]. As semiconductor-based QDs

have some toxicity issues, carbon dots (CDs) have emerged as a better alternative because

of their outstanding applications [27,28]. The CDs are highly resistant to photobleaching,

have low toxicity and good biocompatibility along with marvelous applications in the

field of biological labeling, biosensors, drug/gene delivery, biomedicine, biological
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sensing, high accuracy, and essential simplicity [29–32]. CDs were first discovered occa-

sionally during the separation and purification of single-walled carbon nanotubes by arc

discharge method in 2004 [33]. Therein, graphitic carbon nitride-based quantum dots (g-

CN QDs), a N-rich carbonaceous material with a prototypical two-dimensional (2D)

graphitic structure, based on triazine or tris-triazine units as their building blocks, have

emerged [34,35]. In practical application, they are most stable with band gap of 2.7eV

[36]. These are emerging as a new attractive metal-free catalyst in photocatalytic appli-

cations and other energy conversion processes, such as hydrogen evolution, pollutant

removal, and CO2 reduction reaction. They also exhibit interesting electronic properties,

promising catalytic activities, high in-plane nitrogen content, and are enriched with envi-

ronmentally friendly features. These have attracted numerous research interests because

of their simple synthesis method, biocompatibility, easy functionalization, high water sta-

bility, high quantum yield, chemical stability, and high photoluminescence [37]. Due to

these properties, they are extensively used in sensing applications, such as ion sensor, gas

sensor, humidity sensor, and biosensor [38–45]. Fig. 10.1 depicts the pictorial represen-
tation of properties and applications of g-CN QDs [46].

Fig. 10.1 Schematic of sensing applications of g-CN. (From Y. Wang, R. Zhang, Z. Zhang, J. Cao, T. Ma,
Host–guest recognition on 2D graphitic carbon nitride for nanosensing, Adv. Mater. Interfaces 6(23) (2019),
https://doi.org/10.1002/admi.201901429.)
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Generally, g-CN QDs have a framework of π-conjugated of C–N graphitic layers

over GQDs and CDs, which contain C–C and C–O layers. In particular, there is sp2

hybridization between N and C, which gives rise to π-conjugated graphitic planes

[47,48]. Further the modifications of the g-CNQDs using various dopants can generate

recognition probes for specific target analytes, which help in designing of the nanosen-

sors. Recently, fluorescent graphitic carbon nitride quantum dots are gaining interest due

to their graphene-like structure and also have van derWalls forces that join the covalently

bondedC–N layers [49]. Due to the presence of elements like C, N, andO, they are most

prominent in practical applications and are environment friendly [45]. These g-CNQDs

have splendid optical properties due to which they are used in various applications in drug

delivery, catalysis, bioimaging, pollutant degradation, and in sensing. There are numer-

ous reports in literature on sensing properties of pristine g-CN QDs [50–52]. These
reports explained that pristine g-CN QDs works best for sensing of Hg2+ ions but to

further explore their sensing properties toward other ions or to improve their selectivity

pristine g-CN QDs must be modified by doping. Doping enhances their sensing prop-

erties toward other ions.

2. Graphitic carbon nitride quantum dots as an optical sensor for
Hg2+ ions

Based on the unique properties of g-CN QDs, they have a strong response toward sens-

ing of mercury ions. Pristine g-CN QDs have advantage in detecting Hg2+ ions. This

mechanism has been explained by Singh et al. [53]. They synthesized g-CN QDs with

water stable carboxyl and cofunctionalized with amine viamicrowave assisted solvother-

mal method. These prepared g-CNQDs were used in the detection and removal of mer-

cury ions in micro-cartridge method. They also have done density functional theory

(DFT) calculation and exposed mercury atom interaction. These DFT calculations

explained mercury atom embedded on the surface of g-CN leads to the distortion in

structure, band gap reduction and dielectric response alteration. Fig. 10.2 represents

the schematic representation of g-CN QDs and their conjugation with NHS activated

agarose to trap mercury ion present in contaminated water.

Fig. 10.3A shows the X-ray diffraction (XRD) spectrum and the inset of XRD shows

the high-resolution transmission electron microscopy (HRTEM) image of g-CN QDs.

In the XRD spectrum, there are two peaks. The small peak is at 11.690 degrees which is

due to nitrogen linked plane structure of elementary triazine moiety and an intense peak

(002) at 27.130 degrees which is due to crystalline nature of g-CNQDs. FromHRTEM

it is confirmed that the size of QDs is below 10nm which is the characteristic size of

g-CN QDs. The Fourier-transform infrared (FTIR) spectrum shows various peaks

and band, confirming the presence of C]N bond stretching, C]O vibrations,

N–H, O–H bond vibration and presence of triazine ring (Fig. 10.3B).
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Fig. 10.2 Schematic representation of synthesizing g-CN QDs and subsequent bioconjugation with
functionalized agarose matrix packed in microcartridge for trapping Hg2+ ions present in
contaminated water. (From M. Shorie, H. Kaur, G. Chadha, K. Singh, P. Sabherwal, Graphitic carbon nitride
QDs impregnated biocompatible agarose cartridge for removal of heavy metals from contaminated water
samples, J. Hazard. Mater. 367 (2019) 629–638, https://doi.org/10.1016/j.jhazmat.2018.12.115.)

Fig. 10.3 (A) XRD spectrum, inset shows HRTEM image of g-CN QDs, (B) FTIR spectrum of g-CN QDs.
(From M. Shorie, H. Kaur, G. Chadha, K. Singh, P. Sabherwal, Graphitic carbon nitride QDs impregnated
biocompatible agarose cartridge for removal of heavy metals from contaminated water samples, J.
Hazard. Mater. 367 (2019) 629–638, https://doi.org/10.1016/j.jhazmat.2018.12.115.)
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Further computational studies were carried out, the sheets of graphitic heptazine is

periodic along x–y plane consists of 79 atoms (Fig. 10.4).

Functional groups such as carboxyl, amino, and hydrogen atom passivated along the

ends. Along x, y directions, dimensions were taken to be 18.43 and 19.04Å, respectively.

In 2D sheets, the artificial interactions are avoided by simulating the system with 20A of

vacuum perpendicular to the sheets direction. Fig. 10.4A shows the cavity which is des-

ignated by dotted lines in the optimized structure of g-CN. In g-CN unit cell, there are

three units of heptazine, and g-CN in which Hg is embedded referred as g-CN-Hg. Fur-

ther, the dielectric response was calculated by first-order time-dependent perturbation

theory for g-CN and g-CN-Hg. Kohn-Sham (KS) formalism was used for computing

transition matrix element in between employed and nonemployed single electron

Fig. 10.4 Optimized structure (A) top view of bare sheet g-CN, circled area shows view of electron rich
cavity where Hg atom get trapped, (B) top view of g-CN-Hg geometric structure, (C) side view of g-CN
sheets, (D) side view of g-CN-Hg geometric structure. Balls in blue (light gray in print version), brown
(dark gray in print version), red (dark gray in print version),white, and gray are nitrogen, carbon, oxygen,
hydrogen, and mercury atoms, respectively. (From M. Shorie, H. Kaur, G. Chadha, K. Singh, P. Sabherwal,
Graphitic carbon nitride QDs impregnated biocompatible agarose cartridge for removal of heavy metals
from contaminated water samples, J. Hazard. Mater. 367 (2019) 629–638, https://doi.org/10.1016/
j.jhazmat.2018.12.115.)
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[54]. For vertical polarization electric field’s direction is perpendicular to the g-CN sheets

while in case of parallel polarization the electric field is plane with g-CN sheets. The

decrease in photo luminescent properties on addition of Hg2+ is concentration depen-

dent in the range of 50ppb to 50ppm (Fig. 10.5A and B).

To test the binding affinity of Hg2+ with g-CN QDs in water, a sample of microcar-

tridge packed g-CN-Agarose conjugate were taken. This sample show bright blue fluo-

rescence in the presence of UV light. The conjugate was further analyzed to confirm the

binding by scanning electron microscopy (SEM) and FTIR with agarose microbeads.

The optical spectroscopy is used to measure the residual Hg2+ when the solution is passed

through the column. The concentration range is higher than that allowed byWHO [55],

to check authentic ability of column in short span of time with heavy amount of mercury.

Ag NPs were used to check the unbound amount of Hg2+ leaching from the column

[56,57]. The reduction potential of Hg2+ and Ag+ are 0.855 and 0.799V [58]. This shows

that if both the ions are present in a solution, then Hg0 will change to Hg2+ and Ag+ will

change to Ag0.When AgNPs are added a standard curve is generated there. This standard

curve is used to detect the amount of Hg2+ ions by adding the flow through with AgNPs

by observing the loss of surface plasmon in AgNPs, which is due to the presence of Hg2+

ions as shown in Table 10.1.

For checking the binding of mercury, the column was tested with three runs and each

time thoroughly washed for regaining the mercury binding ability and to calculate the

capacity of binding. It was observed that there is no mercury loss during the column

washing, which is due to the high interaction degree. It was found that from 10mL sam-

ple volume, the column was capable of binding 90.71% of mercuric ions. To check the

Fig. 10.5 (A) Effect of mercury (II) ions on fluorescence intensity of g-CN QDs, (B) fitted data of peak
intensities. (From D. Vashisht, E. Sharma, M. Kaur, A. Vashisht, S.K. Mehta, K. Singh, Solvothermal assisted
phosphate functionalized graphitic carbon nitride quantum dots for optical sensing of Fe ions and its
thermodynamic aspects, Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 228 (2020) 117773, https://
doi.org/10.1016/j.saa.2019.117773.)
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practical capability of capturing Hg2+ ions by microcartridge, the water samples were

taken from different resources such as sewage, tap, and rain water and centrifuged at

3000rpm for separating solid contaminants from water. These samples were incubated

with 2700ppm of Hg2+ ion concentration and these samples were observed with Ag

NPs. It was analyzed that the column was able to capture mercuric ions in natural water

samples and also have very high number of interfering particles. This shows that pristine

g-CNQDs show sensing behavior toward mercury ions.

3. Graphitic carbon nitride quantum dots as an optical sensor
for Fe2+ and Fe3+ ions

g-CN QDs have also been used in sensing of heavy metal ions wherein the selectivity of

material has been enhanced either by induction of metal ion binding functionality on the

surface or by doping or both by functionalization and doping. Ngo et al. synthesized

g-CNQDs functionalized with Phenyl Boric Acid by hydrothermal method for selective

detection of glucose with detection limit of 16nM [59]. Li et al. have synthesized func-

tionalized g-CN QDs with conjugated polyene by calcination process. These have less

PL intensity, great fluorescence lifetime in comparison to pristine g-CN QDs which

helps to lower the rate of recombination of photogenerated electrons and holes [60].

Singh et al. have synthesized phosphate functionalized graphitic carbon nitride with sol-

vothermal method where oleic acid was used as a solvent [45]. The morphology of these

g-CN QDs was studied by XRD, FTIR, and TEM. XRD spectrum shows two peaks,

one at 2θ¼12.5° which is due to the repeating melem units and the second peak is an

intense peak which is at 27° corresponding to 002 plane and arises due to interplanar

stacking of g-CN structure (Fig. 10.6A). The FTIR studies show various characteristic

peaks which corresponds to different functionalities such as peaks at 3430 and 3220cm�1

is due to O–H and N–H, 1715cm�1 is due to C]O, at 1660 and 768cm�1 is due to

triazine moiety. Triazine moiety is the basic building block of g-CN structure. The peaks

Table 10.1 Analysis of mercuric ion binding ability of Agr-g-CN column successive runs of highly
contaminated water samples and validation with mercuric ions spiked in real water sample collected
from various sources [53].

Water
source

Hg2+ added
(ppm)

Hg2+ absorbed
(ppm)

Hg2+ recovered
(ppm)

%
absorption

Run 1 2700 2454.84 245.16 90.92

Run 2 2700 2489.4 210.6 92.20

Run 3 2700 2403 297 89.00

Sewage 2700 2605.5 94.5�7.56 96.50

Tap 2700 2670.3 29.7�3.78 98.90

Rain 2700 2664.09 35.91�12.96 98.67
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at 1620 and 1415cm�1 is due to C–P, at 1403, 1296, 1099cm�1 is due to P–O and 908,

541cm�1 is due to P–OH and P–C functionalities (Fig. 10.6B). Fig. 10.6C reveals the

dependence of absorbance and photoluminescence on respective concentration. Inset of

Fig. 10.6C shows the relationship of absorbance and photoluminescence at respective

concentration of reference, i.e., quinine sulfate. Quantum yield was calculated using

the relationship given below [61].

Q ¼ Qr

m� n2

mr
� n2r

where Qr is quantum yield of reference, Q is quantum yield of quantum dots, m is the

slope of sample in absorbance vs photoluminescence emission graph, and mr is slope of

absorbance vs photoluminescence emission of reference. The quantum yield of synthe-

sized quantum dots comes out to be 60.54% using this equation. The TEM image show

particles are well dispersed, spherical in shape and the size of these phosphate

Fig. 10.6 (A) XRD pattern of Ph-g-CNQDs, (B) FTIR spectrum of Ph-g-CNQDs, (C) plot of PL intensity vs
absorbance at particular concentration of Ph-g-CNQDs (inset of panel (C) depicts the PL intensity vs
absorbance of quinine sulfate as reference), (D) TEM image of Ph-g-CNQDs. (From D. Vashisht, E.
Sharma, M. Kaur, A. Vashisht, S.K. Mehta, K. Singh, Solvothermal assisted phosphate functionalized graphitic
carbon nitride quantum dots for optical sensing of Fe ions and its thermodynamic aspects, Spectrochim.
Acta Part A Mol. Biomol. Spectrosc. 228 (2020) 117773, https://doi.org/10.1016/j.saa.2019.117773.)
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functionalized g-CN QDs are below 10nm. This study reveals that their size is in the

quantum dot regime of size (Fig. 10.6D).

To further explore these Ph-g-CNQDs they have done optical studies which include

UV and fluorescence studies. From UV studies they found out that there are two shoul-

ders and a sharp peak. The shoulder at 265nm and a peak at 330nm belongs to π!π* and
n!π* transition which are due to melem moiety. There is a shoulder at 368nm which

arises due to the defective surface sites (Fig. 10.7A). They also studied PL emission of

Ph-g-CNQDs by exposing them at different wavelengths from 320 to 500nm. The

intensity increases with increase in excitation wavelength up to 350nm after that intensity

starts decreasing. Therefore, the excitation wavelength is fixed to 350nm and emission

wavelength at 450nm (Fig. 10.7B). Emission spectrum is excitation dependent as

increase in excitation wavelength also causes increase in emission wavelength

(Fig. 10.7C). CQDs exhibit PL due to trapping of energy by defective surface sites

Fig. 10.7 (A) UV-vis spectrum of Ph-g-CNQDs, (B) effect of excitation on emission of Ph-g-CNQDs,
(C) normalized graph of emission at different excitations, and (D) effect of pH on emission of
Ph-g-CNQDs. (From D. Vashisht, E. Sharma, M. Kaur, A. Vashisht, S.K.Mehta, K. Singh, Solvothermal
assisted phosphate functionalized graphitic carbon nitride quantum dots for optical sensing of Fe ions
and its thermodynamic aspects, Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 228 (2020) 117773,
https://doi.org/10.1016/j.saa.2019.117773.)
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due to surface passivation [62]. The nature of PL emission is nonemissive due to absence

of UV-vis chromophores. This shows that these quantum dots itself generate bright blue

emission [63]. These Ph-g-CNQDs show brilliant emission in the pH range 3.0–12.0.
This confirms that there is no interference due to pH (Fig. 10.7D).

To detect the selectivity of Ph-g-CNQDs, these are exposed to different metal ion

solutions such as Zn2+, Pb2+, Ni2+, Na+,Mg2+, Ce3+, K+, Al3+, Cr2+, Ca2+, Fe2+, Cu2+,

Cd2+, Ba2+, Co2+, and Fe3+. Ph-g-CNQDs show higher sensing response toward Fe2+

and Fe3+ and except for these two ions Ph-g-CNQDs do not show any noticeable

quenching toward any other ion. 0.25mM of Fe2+ and Fe3+ quench the PL intensity

of Ph-g-CNQDs to 33.66% and 65.80% (Fig. 10.8).

This behavior is due to the difference in paramagnetism of both the ions. Fe3+ ions are

more paramagnetic than Fe2+. All electrons in Fe2+ ion pair up and gives rise to low spin

state due to strong ligand effect of N, O, K. Due to this reason, diamagnetic effect dom-

inates and paramagnetic quenching is less in case of Fe2+ in comparison to Fe3+. To fur-

ther confirm the selectivity studies effect of concentration of these two ions on the PL

intensity of Ph-g-CNQDs were also studied and as we increase the concentration the PL

intensity of Ph-g-CNQDs started decreasing (Fig. 10.9A and B). Fig. 10.9C andD shows

the PL intensity versus concentration plot for Fe2+ and Fe3+ ions. In case of ferrous ions,

as we increase the concentration, the trend of quenching is linear up to 600μM but after

600μM, it becomes nonlinear. In the same way, ferric ions show linear behavior up to

300μM and after that it becomes nonlinear. This linear behavior disappears after

Fig. 10.8 Selectivity studies of Ph-g-CNQDs. (From D. Vashisht, E. Sharma, M. Kaur, A. Vashisht, S.K.
Mehta, K. Singh, Solvothermal assisted phosphate functionalized graphitic carbon nitride quantum
dots for optical sensing of Fe ions and its thermodynamic aspects, Spectrochim. Acta Part A Mol.
Biomol. Spectrosc. 228 (2020) 117773, https://doi.org/10.1016/j.saa.2019.117773.)
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sometime because number of binding sites decreases and later on increasing the concen-

tration both dynamic and static quenching was observed.

4. Conclusion

In recent years, g-CN QDs have gained a lot of pace in diverse field especially in optical

sensing due to its high-water stability, excellent photoluminescence, photo/chemical

resistant, and most important is the ease of functionalization. In this chapter, we have

discussed facile synthesis of pristine graphitic carbon nitride. Optical results reveal the

synthesis of pristine g-CN with quantum dot regime having excellent optical properties.

The synthesized QDs have been successfully utilized for the optical detection of Hg ions

with the wide concentration range (50ppb to 50ppm). DFT studies have been utilized

for the support of the hypothesis of metal ion binding with g-CN QDs. Further, to

enhance an applicability of the present work, a microcartridge has been developed using

Fig. 10.9 (A) Effect of concentration of Fe(II) ions on emission of Ph-g-CNQDs, (B) effect of
concentration of Fe(III) ions on emission of Ph-g-CNQDs, (C) PL intensity vs concentration plot of
Fe(II), and (D) PL intensity vs concentration plot of Fe(III). (From D. Vashisht, E. Sharma, M. Kaur, A.
Vashisht, S.K. Mehta, K. Singh, Solvothermal assisted phosphate functionalized graphitic carbon nitride
quantum dots for optical sensing of Fe ions and its thermodynamic aspects, Spectrochim. Acta Part
A Mol. Biomol. Spectrosc. 228 (2020) 117773, https://doi.org/10.1016/j.saa.2019.117773.)
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agarose bind g-CN QDs for the removal of Hg ions from water system. To further

enhance the selectivity of g-CN QDs, another work has been discussed in detail, i.e.,

phosphate-functionalized g-CNQDs for the detection of the Fe (II/III) ions. In this sec-

tion, solvothermal technique has been implemented for the synthesis of Ph-g-CNQDs.

XRD confirms melem unit and graphitic nature of g-CN QDs. FTIR results reveals the

triazine molecules as well as surface functionalization of g-CN QDs with phosphate

group. Quantum yield calculation comes out to 60.54% revealing the excellent photo-

luminescence nature of Ph-g-CNQDs. Phosphate functionalities have also been con-

firmed by using XPS studies. pH studies reveal that the Ph-g-CNQDs have broad

workability in wide pH range from 2.0 to 12.0. In application part Ph-g-CNQDs have

shown the selectivity toward both Fe (II) and Fe (III) ions via surface catalyzed energy

transfer from QDs to metal ions. Out of the two Fe ions, Fe (III) shows better binding

affinity toward Ph-g-CNQDs due to its higher charge density and is fully supported by

the Ksv values. It has been observed that the review of data in this explains the facile and

ease fabrication of both pristine and functionalized g-CN QDs with excellent photolu-

minescence enhances the energy transfer from QDs to Hg (II), Fe (II)/(III) ions, respec-

tively. These types of functionalization of QDs could not only enhance the selectivity but

also improve the quantum yield of QDs.
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