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Abstract

This thesis comprises of two main sections. The first part discusses the degradation of nitenpyram
using g-C3Ny4 nanosheets and the second part converse the dual functional photocatalysis which
involves the simultaneous reduction of Chromium (VI) and oxidation of nitenpyram from water
using g-C3N4/WOs heterojunction. Firstly, the g-C3N4 nanosheets were prepared by two step
calcination process of melamine in muffled furnace. The characterization results of the prepared
nanosheets showed enhanced visible light harvesting ability, narrow band gap and increased
surface area compared with the bulk g-C3N4 increasing the overall efficiency of the photocatalyst.
The nanosheets were utilized as a photocatalyst under visible light to degrade nitenpyram from
water. All these experiments were carried out in a batch reactor with a light source for visible light
photocatalytic reactions. The results show that it can degrade 99% of the nitenpyram with an initial
concentration of 10 ppm at pH 9.0 and catalyst dosage of 1.0 g/L. Further analysis indicates the

successful degradation of nitenpyram into its metabolites CPMF, and CPF.

Secondly the nanosheets were combined with metal oxide WO3 to form a heterojunction which
can be used as a dual process for reduction of chromium (VI) and degradation of nitenpyram
(NTP). Characterization results show that it has narrower band gap, suitable valance and
conduction bands positions, reduced recombination rate of electron-hole pairs which increases its
photocatalytic ability for the redox reaction. The experimental outcomes display that it can
efficiently reduce chromium (VI) and degrade nitenpyram under visible light. For the dual process
at pH 3.0, catalyst dosage of 1.0g/L and initial concentration of 20 ppm the chromium (VI) reduced
88.75% and nitenpyram (NTP) degraded 91.6%. The performance of the heterojunction is
compared with the nanosheets and WO3; which shows a considerable increase in removal of

pollutants from environment. The band positions of g-C3Ns and WO3, as determined from UV-
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DRS, indicate the formation of a Type II heterojunction between the two semiconductors. This
configuration significantly enhances the separation of photogenerated electrons and holes, thereby

improving the reduction efficiency of chromium (VI) and the degradation efficiency of nitenpyram

(NTP).
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Chapter 1. Introduction

1.1 Background

Industrialization and anthropogenic activities have accelerated water pollution by various organic and
inorganic contaminants (e.g., dyes, phenolic compounds, pesticides, pharmaceutically active
compounds, heavy metal ions, etc.). These pollutants are recalcitrant to degradation and exhibit high
toxicity and carcinogenicity, posing a significant threat to the biosystem and human health [1].
Although several techniques including adsorption, electrodialysis, membrane filtration, and
electrochemical reduction have been used to remove water pollutants, the re-release of water
pollutants (the pollutants removed initially are unintentionally released in the environment) and
high energy consumption limit their practical applications. Over the past decades, solar-driven
photocatalysis has been intensively applied to convert/decompose toxic water pollutants into less-
toxic or non-toxic compounds [2, 3]. Significant progress has been made in developing various solar-
or visible-light-active photocatalysts, most of the previous studies have been devoted to either the
reductive pathway of heavy metal ions or the oxidative degradation of organic pollutants [4, 5]. The
development of an efficient dual-functional photocatalytic reaction system for simultaneous
detoxification of a mixture of organic pollutants and heavy metals deserves more research. Compared
with single-reaction (either reduction or oxidation) systems that require separate infrastructure for
reduction or oxidation, a solar-driven dual-functional photocatalytic process is more efficient and

cost-effective in terms of process economics.

Graphitic carbon nitride (g-C3N4) is a metal-free conjugated polymer semiconductor constituted
mainly by carbon and nitrogen. It is considered a good photocatalyst because of its non-toxicity,
high stability, moderate bandgap energy (~2.7 eV), and good visible light harvesting efficiency
[6]. Although g-C3N4 has been utilized for H> production, CO; reduction and degradation of
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organic pollutants, the obstacles to its commercialization and wider applications are limited by the
fast recombination of charge carriers (reduced reaction rate and low efficiency), low surface area,
and moderate oxidation ability [6—8]. Photocatalytic performance enhancement of g-C3N4 can be
accomplished through modifications to its morphology, structure, and surface functionalization.
Five commonly used strategies for engineering g-C3Ny4 are elemental doping, copolymerization,
morphological control, heterojunction construction, and defect engineering [9,10]. Thermal
oxidation etching is a facile morphology control strategy that reduces the number of layering
layers, thereby increasing the specific surface area and density of reaction sites in g-C3Ny [10].
Nevertheless, additional research is needed to investigate the effects of thermal oxidation etching

on the molecular structural change of g-C3N4 and the separation of photogenerated charge carriers.

Another strategy for improving the photocatalytic activity of g-C3Ns is to integrate with other
facile semiconductor photocatalysts to form a heterojunction, which can suppress the
recombination of photogenerated charge carriers owing to the opposite migration directions of
these carriers within the two semiconductors [11]. So far, various single metal oxides (metal
sulfides) have been coupled with g-C3N4 for enhanced visible light photocatalysis [12]. Among
metal oxide semiconductors (such as TiOz, ZnO, WOs, AgPOs, Fe O3, BxO3, etc.), WO; is
considered a proper oxidizing semiconductor for heterojunctions because of its visible light
response, strong oxidation ability, high photostability and excellent photo-corrosion resistance
[13]. Zang et al. synthesized an environmentally benign g-C3N4/WOs3 heterojunction via a facile
mixing-heating procedure, which showed superb performance in methyl orange degradation [14].
A 2D/2D WOs3/g-C3N4 heterojunction was constructed by Pan et al., with anionic polyacrylamide
assisted template method [15]. The obtained composite demonstrated marvelous visible-light-

activity by degradation of tetracycline [14]. In a most recent study, a direct Z-scheme g-C3N4/WO3



heterojunction fabricated by acid-induced molecule self-assembly method displayed excellent
visible-light-responsive activity in degrading several phenolic pollutants [16]. The remarkably
enhanced performance of WO3/g-C3Ns heterojunctions was mainly ascribed to the synergistic
effects of the enhanced visible light absorption, enlarged specific surface areas and efficient

separation of photogenerated charge carriers [17].

Despite the quite significant research studies in using WO3/g-C3N4 heterojunctions for
photocatalytic degradation of organic pollutants, not much work has been done on the dual-
functional photocatalytic process. Systematic research investigation on the synergetic effect of
WO3/g-C3Ns heterojunction for the dual-functional photocatalysis should be carried out.
Furthermore, rational design of g-C3sN4/WOs3 heterojunction to maximize synergistic effects
without hindering the desirable intrinsic properties of both materials is challenging because it
demands strong interfacial interaction and unique band alignment between the two
semiconductors. It is even more difficult to identify and verify the exact charge transfer pathway
between them. More research efforts should be devoted to understanding the structure-function
relationship of the g-C3Na/metal oxide heterojunctions for the enhanced photocatalytic activity and

stability of the binary photocatalyst.

1.2 Research Objective

This study examines the performance improvement of g-C3;N4 as a visible-light responsive
photocatalyst via thermal oxidation etching and heterojunction formation for the degradation of
nitenpyram, a worldwide utilized pesticide. Utilizing facile thermal oxidation etching, we aim to
enhance the surface area and porosity of g-C3N4, hence increasing the accessibility of active
adsorption and reaction sites for the reactants. We intend to examine the simultaneous

photocatalytic reduction of chromium (VI) (Cr (VI)) and oxidation of nitenpyram over the g-



C3N4/WOs heterojunction under visible light irradiation. This research represents a novel endeavor
in the realm of dual-functional photocatalysis for the simultaneous elimination of two hazardous

water contaminants.

The research encompasses the subsequent phases: 1) Synthesis of g-C3Ns nanosheets through
thermal exfoliation of bulk g-C3N4; 2) Photocatalytic degradation of NTP from aqueous solutions
using g-C3N4 nanosheets 3) Construction of g-C3N4/WOs3 heterojunction and examination of band
alignment between g-C3N4 and WO3; and 4) Simultaneous photocatalytic degradation of NTP and

reduction of Cr (VI) utilizing g-C3N4/WOs heterojunction under visible light irradiation.

1.3 Structure of Thesis

This thesis includes five chapters; Chapter 1 provides an overview of the research topic and
research objectives. Chapter 2 comprises a literature review of the related topics. Chapter 3
contains the visible-driven photocatalytic removal of nitenpyram from water using g-C3Ns
nanosheets. Chapter 4 presents the simultaneous photocatalytic degradation of nitenpyram and
reduction of chromium (VI) using g-CsN4+/WO; under visible light irradiation, and Chapter 5

includes major conclusions drawn from the study and recommendations for future work.
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Chapter 2. Literature Review

Two-dimensional (2D) graphitic carbon nitride (g-C3Ns4) is a unique layered material,
characterized as N-substituted graphite composed of 7-conjugated graphitic planes formed by sp*-
hybridized carbon (C) and nitrogen (N) atoms [1]. The unique physical structure of 2D g-C3N4
nanosheets provides additional possibilities for applications in energy conversion and storage. The
following sections will present a concise review of the synthesis of 2D g-C3N4 nanosheets and

their application as a visible-light-absorbing photocatalyst in wastewater treatment.

2.1 2D g-C3N4 Nanosheets

Graphitic carbon nitride (g-C3Na4) is a novel polymer semiconductor consisting of two primary
units, namely, tri-s-triazine (CsN7) and s-triazine (C3N3) rings, as presented in Figure 2.1 [1, 2].
Tri-s-triazine or triazine rings are connected by C—N bonds, resulting in a layered structure
characterized by uniformly distributed triangular nanopores. Typically, g-C3N4 prepared through
high-temperature solid-state reactions is a bulk phase (3D) material with a low specific surface
area (< 10 m? g'!) [3]. The exfoliation of bulk g-C3N4 can significantly enhance its photocatalytic
activity by augmenting the surface area, increasing the number of active reaction sites, and
promoting effective charge separation. Therefore, the construction of 2D g-C3N4 nanosheets is

crucial for heterogeneous photocatalysis.

g-C3Ny exhibits electron-rich characteristics, basic moieties, and hydrogen-bonding groups owing
to the presence of hydrogen and nitrogen atoms. 2D g-C3N4 nanosheets have a band gap of 2.7 eV
and can absorb visible light up to 460 nm [4, 5] it is therefore mostly used as heterogeneous
photocatalyst in multiple fields such as pollutant degradation [6], hydrogen evolution [7, 8], CO2

reduction [9,10] and organic transformations.



triazine tri-s-triazine (heptazine)

Figure 2.1 Structure of g-C3N4 (gray , blue and white atoms balls are carbon, nitrogen and
hydrogen respectively) [11]

2.1.1 Synthesis of g-C3N4 nanosheets

g-C3Ny4 is commonly synthesized by calcining nitrogen-rich precursors such as urea, thiourea,
melamine, cyanamide, and dicyandiamide at temperatures between 450 and 650 °C for 2—4 h.
During this process, precursors undergo polyaddition and/or polycondensation to form tri-s-
triazine units, which can then be converted into g-C3N4 through polycondensation. It has been
confirmed that the choice of precursors significantly influences the electronic band structures and
textual properties of obtained g-C3N4. For example, g-C3Ns prepared from thiourea exhibits a
slightly narrower bandgap compared with that prepared from urea [12]. On the other hand, g-C3N4
prepared from urea presents much higher specific surface area than that prepared from thiourea
and melamine. Another parameter that determines the properties of g-CsNy is the reaction
temperature. Usually, the polymerization is incomplete at temperature below 450 °C, whereas g-
C3Njy starts to decompose at temperature above 650 °C. Furthermore, the atmosphere composition
(e.g. inert atmosphere, oxidizing atmosphere) used during the thermal polycondensation process
can influence the nature of the obtained g-CsNa, producing nitrogen vacancies and consequently
altering the band gap of g-C3Na.

Based on open literature, different morphologies of g-C3N4, including nanodots (0D), nanorod

(1D), nanotubes (1D), nanosheets (2D), and prisms (3D) can be fabricated through manipulating
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synthetic routes. Among them, the 2D g-C3N4 nanosheet, made of few atomic layers, exhibits
exceptional physical and optical properties, such as high specific surface area, improved photo-
response and photo-absorption, thus enhanced photocatalytic activity [13]. This is because the
reduced thickness in g-C3N4 nanosheets shortens the migration distance of charge carriers from
the bulk to the surface-active sites, therefore speeding up the transmission of electrons in the plane.
Secondly, the increased specific surface area is advantageous for light harvesting and mass
transport, enhances the accessibility of the surface to reactant substrates and electrolytes, and offers
a significant number of active sites for ion adsorption and redox reactions. Additionally, due to the
quantum confinement effect, the conduction band (CB) position of g-C3N4 nanosheets can be
shifted to more negative values than that of their bulk compartment, which provides a larger

driving force for photocatalytic reaction [14].

2D g-C5N4 nanosheets can be produced from bulk (3D) g-C3N4 by chemical exfoliation, thermal
oxidation etching, and ultrasonication-assisted liquid phase exfoliation [15-17]. In general,
exfoliating g-C3N4 bulks require overcoming the interlayer van der Waals forces and hydrogen
bonding between layers. Chemical exfoliation method typically delaminates bulk g-C3N4 through
chemical reactions (such as such as redox reactions, intercalation, and ion-exchange) using
concentrated acids (e.g., H2SO4, HNO3, or HCL). In this method, concentrated acids molecules
penetrated between the layers of g-C3Na, and then water molecules and sonication help to weaken
the van der Waals interaction and obtain the monolayered nanosheets [18]. A study by Zhang et
al. compared the effectiveness of nitric acid and hydrochloric acid for exfoliating g-C3N4 [19]. It
was observed that both acids are quite efficient and the maximum yield of the nanosheets is up to
40 %. Ma et al. processed the bulk g-C3N4 using used HNOs3 to obtain proton-functionalized g-

C3N4, which was followed by ultrasonication in de-ionized water to produce g-C3N4 nanosheets
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[19]. The final nanosheets had a much larger surface area of 179 m?g ! than that of the g-C3Na4
bulk of 17.4m?g™". The increased surface area extended to a marked improvement in photocatalyst
activity in hydrogen production and the decolorization of methylene blue. Nonetheless, chemical
exfoliation has some drawbacks, such as poor control mechanism, low yield, and involvement of

toxic compounds.

Thermal oxidation etching is a facile method which exfoliates bulk-g-C3Ns4 by breaking the
interlayer hydrogen bonds through the oxidation reactions with air (O2) at high temperature
[20,21]. Liu et al., first proposed this method in 2012 and they eventually achieved a 2D g- C3N4
nanostructure with a thickness of 2 nm [15]. Furthermore, thermal oxidation etching also leads to
the attainment of porous structure within bulk g-CsN4 due to the release of gaseous products from
the oxidative degradation of hydrogen atoms attached to tri-s-triazine or s-triazine moieties. This
will greatly increase the internal surface area and pore volume of the obtained nanosheets and
hence significantly improve photocatalytic performance. Challagulla et al. [20] utilize the thermal
etching to prepare g-C3N4 nanosheets for photocatalytic nitrobenzene reduction. The resulting 2D
g-C3N4 nanosheets had a BET surface area of 216.3 m?/g, much higher than that of bulk material
[20]. Although thermal oxidation etching method is considered the most cost-effective approach
as it is easy to scale up and realize the production of g-C3N4 nanosheets with the desired properties

for photocatalytic applications, the yield of nanosheets of this method is usually quite low [12].

The ultrasonication-assisted liquid exfoliation uses the acoustic energy of the ultrasonic wave to
delaminate bulk g-C3N4 due to the weak van der Waals forces or hydrogen bonding of g-C3N4
layers in solvent [22-24]. During this process, the surface energy of the solvent under the action
of the ultrasonic mechanical energy is the crucial factor affecting the exfoliation efficiency. The

commonly used solvents with proper surface energy for ultrasonication treatment include water,
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acetone, ethanol, 1-isopropanol (IPA), N-methyl-pyrrolidone (NMP), 1,3-butanediol, and
dimethyl formamide (DMF). Huang et al. used ultrasonication in a water to exfoliate g-C3N4
nanosheets from thermally etched melamine [25]. The BET surface area of g-C3Ns nanosheets
raised to 26.0 m?/g from 8.0 m?/g of bulk g-C5N4. In another study, ultrathin g-C3N4 nanosheets
were prepared from bulk g-C3N4 through ultrasonication-assisted exfoliation in mixed solvents of
water, ethanol and DMF [26]. The resultant ultrathin g-C3N4 had a uniform thickness of 0.38 nm,

which was well matched with the theoretical thickness of monolayer g-C3N4 (0.33 nm).

Although 2D g-C3Nj is a promising metal-free photocatalyst, it suffers from intrinsic limitations
and drawbacks related to its structural disorder, such as rapid charge recombination, limited light
absorption range, and poor dispersibility in both aqueous and organic mediums. To overcome these
shortcomings, various modification approaches have been employed to boost the properties of g-

C3N4 and expand the range of its application.

2.1.2 Modification to g-C3N4nanosheets

Modification is an effective way to improve the physiochemical properties of 2D g-C3Na.
Modification of 2D g-C3Ns can be implemented through elemental doping, molecular
copolymerization and defect engineering, which will be discussed in this section. Whereas the
performance enhancement by the formation of heterojunctions with other semiconductors will be

introduced in Section 2.2.
2.1.2.1 Elemental doping

Introducing dopants is a standard method to enhance the photoelectronic characteristics of g-C3Ng,
which can enhance the band gap, decrease the interlayer resistance of semiconductors, boost the

adsorption of active sites, and increase surface area [27]. Depending on the van der Pauw method,
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its layered structure with cavities allows the incorporation of dopants without affecting the

compound’s ability to absorb visible light.

Carbon-doped g-C3N4 has been widely reported for increasing photocatalytic activity by enhancing
visible light absorption and lowering the recombination rate of electron/hole pairs. Li et al.
[28]prepared the C-g-C3Ns by hydrothermal method using glucose and observed that the
photocatalytic degradation of methylene blue by C-g-C3N4 increased compared to the pure g-C3Na.
Bao et al. [29]synthesized carbon-doped g-C3;Ns4 nanosheets by anionic polyacrylamide as the
intercalator via thermal reaction. The prepared catalyst showed a narrower band gap and increased

surface area, leading toward 95% degradation of X-3B in 30 minutes under visible light.

In addition, boron-doped g-C3N4 can also be prepared using different methods to
increase photocatalytic activity. Thaweesak et al. [30]prepared B-doped g-C3N4 by calcinating the
ammoniotrihydroborate, dicyanamide and NH4Cl, which indicates an increase in surface area and
higher production of Hz. Sulphur doping is another approach to tuning the properties of g-C3Na;
the sulphur-doped g-C3Ng is prepared by pyrolysis of S and N-rich precursors [27]. The prepared
photocatalyst shows excellent absorption ability of Pb (II), indicating that S doping can increase

the adsorption sites of g-C3Ns resulting in increased photocatalytic ability of the S-g-C3Ns.

Zhu et al. [31] have also used P doping through the thermolysis method to prepare flower-like g-
C3N4 photocatalysts. It enhances the photocatalytic properties of the substance in the water-
splitting process by refining the morphology related to the electronic structure, optoelectronic
characteristics and surface area. Phosphorus doping of g-CsNs can yield flower-shaped
morphologies (as described in Zhu et al.), which are favourable for enhanced surface area and
quantum effects. The production of this morphology gives more reaction sites and minimizes

charge recombination, making photocatalytic more active.
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The heteroatom doping not only increase the adsorption sites of the reaction substrate but also act
as active site to promote the transfer of photogenerated electron/hole pairs and enhance the light
absorption of g-C3Ns. In g-C3Ny structure the bridging of N1 cannot transfer the photogenerated
carriers, [27] but when doped with heteroatoms it can find a way to transfer the photogenerated
carried within the six-fold cavity of g-C3Na.

2.1.2.2 Molecular copolymerization

Molecular copolymerization, a strategy of grafting structure-matching small molecules into the tri-
s-triazine network of g-C3N4 during the copolymerization process, is considered a promising
pathway to modulate the conventional 7 frameworks, optical absorption, electronic band structures
and photocatalytic performance [32]. This method provides more opportunities for g-C3Ny to
effectively fill the organic skeleton polymerization loss and extend the z-delocalized system. In
the process of high-temperature copolymerization, precursors with similar structures perform
molecular self-assembly to constitute a new supramolecular polymer by breaking and
reassembling the original hydrogen bonds of g-C3N4 [33,34]. Combining melamine and cyanuric
acid, Jun et al. constructed 3D macroscopic assemblies of g-C3N4 by organic cooperative synthesis
[35]. The resulting self-supporting 3D material demonstrated high thermal stability, redshift of
absorption edge (up to 700nm), and efficient separation and migration of photogenerated carriers
[35]. Wang et al., synthesized a series of 2-aminobenzonitrile-functionalized g-C3Ns by
copolymerization of different amounts of 2-aminobenzonitrile (ABN) with dicyandiamide. The
remarkably improved optical absorption was observed on ABN-functionalized g-C3N4, extending
the absorption edge from 460 nm to 700 nm [36]. However, the introduction of comonomers

sometimes narrows the bandgap and reduces the VB position, bringing unfavorable effects for the
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photocatalysts [37]. Further research on the copolymerization modified g-C3N4 is anticipated to

offer new perspectives on performance enhancement.

2.1.2.3 Introduction of defects

Defect engineering is considered as an effective way to tune the electrical structure and surface
morphology of g-C3Nj4 for obtaining the desired physiochemical properties [38,39]. Used as a post-
treatment method, vacancies can be introduced in either a reducing or oxidizing atmosphere during
the thermal treatment of g-C3N4, which lead to the generation of several kinds of defects, including
point defects (e.g., vacancies and interstitial defects), line defects (such as dislocations), and bulk
defects (e.g. voids). Particularly, vacancy-rich g-C3N4 photocatalyst exhibit increased visible light
absorption, accelerated reactants adsorption, and enhanced charge separation because of the
position, structure, and concentration of vacancy defects [40].

Defect engineering approaches are useful for controlling the band structure of g-C3N4. Extremely
poor bonding at defect sites reduces the differences between the bonded and anti-bonded orbitals
connected by conduction band (CB) and valence band (VB) states, providing extra electronic states
in the bandgaps. A decrease of the bandgap was observed from a carbon-vacancy modified g-C3N4
due to the optimistically shifted CB position, leading to a formation of a mid-gap below the CB of
pristine g-C3N4[41]. Moreover, the introduction of defects into g-C3N4 may also accelerate visible
light absorption. Yu et al., synthesized nitrogen deficient g-C3N4 using alkali-assisted technique
[42]. The obtained g-C3N4 product with a UV-vis absorption edge of 510 nm demonstrated strong
redshift in harnessing visible light compared to original g-C3N4 (UV-vis absorption edge of 460
nm). In addition, vacancy defects can considerably prevent the recombination of the
photogenerated electron-hole pairs and enhance their utilization efficiency in the surface redox

reactions. Research study carried out by Dong et al., revealed that carbon vacancies were able to
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capture electrons and suppress the radiative recombination of the photogenerated charges,
resulting in much-enhanced separation efficiency of photogenerated electrons and holes, as well
as the photocatalytic performance [43]. However, introduction of comonomers sometimes shrink

the bandgap and reduce the VB position, bringing unfavorable effects for the photocatalysts.

2.1.3 Applications of g-C3N4 nanosheets

Graphitic carbon nitride nanosheets have gained significant consideration because of its distinctive
properties, adjustable band gap, environmental sustainability, stability and easy synthetic process.
These properties make them a suitable catalyst for a wide range of applications. In environmental
remediation it can be used as a visible light active photocatalyst for removal of organic pollutants
from the environment, producing Hz, and CO; reduction [44]. Additionally, g-C3N4 is promising
in energy storage and conversion application, such as lithium-ion batteries, fuel cells and

supercapacitors, where its surface area and conductivity boost its performance.

2.1.3.1 Photocatalysis

Heterogeneous photocatalysis, a process of accelerating a light-induced reaction in the presence
of heterogeneous catalysts (semiconductors), has been considered as one of the most cost-effective
methods to produce renewable energy and degradation of various water pollutants. The mechanism
of photocatalysis for the removal of pollutants is shown in figure 2.2 where the photocatalyst
absorb visible light and generate electron and hole pairs which undergo photocatalytic

reaction[45].
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Figure 2.2 Mechanism of Photocatalysis[46]

The properties of the g-C3N4 photocatalysts make many environmental applications possible such
as photocatalytic removal of pollutants, H> production and CO; reduction. To illustrate this
effectively, Jiang et al. [47] used N-doped g-C3Ns nanosheets for tetracycline degradation. The
synthesized nanosheets demonstrated enhanced photocatalytic performance and stability
compared to the bulk g-C3N4, confirming that g-C3Ns-based materials have a broad application

prospect in environmental treatment.

Photocatalytic water splitting is a process that converts solar energy into carbon-neutral green H»
by splitting H>O into H> and O> on a semiconductor photocatalyst. The bandgap of the
photocatalyst should exceed the water splitting energy which is 1.23 eV. The CB minimum should
be more negative than the reduction potential H/H> and VB should be more positive than the
oxidation potential O2/H>O. The bandgap of g-C3N4 is 2.7 eV which not only meet the energy
requirement but also can absorb visible light, g-C3N4 nanosheets shows steady H» production under

visible light when kept in Pt deposition[48]. Qu et al. [49]compared the performance of bulk and
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monolayered g-C3N4, and found out that monolayered has more negative CB position which results

in more H» production.

Photocatalytic CO; reduction is the process of converting CO; into other fuel utilizing solar energy,
CO2 activation is the rate determining step due to its higher potential. Initially TiO> was used as a
photocatalyst for CO» reduction but due to its limitations in visible region, g-C3N4 is more suitable
in this case. Niu et al. [50] effectively fabricated two different g-C3N4 photocatalysts, bulk g-C3Na4
and g-C3N4 nanosheets, with bandgaps of 2.77 eV and of 2.97 eV, respectively. Under UV—vis
light, the g-C3N4 nanosheets displayed a high selectivity to the generation of CH4 whereas the bulk

g-C3N4 favoured to yield CH3CHO.

In conclusion, the g-C3N4 nanosheets have bright photocatalytic potential due to their large surface
area. However, researchers are still studying other safer and more effective photocatalytic

materials for environmental purification.

2.1.3.2 Energy Storage

g-C3N4's favourable structure has sparked interest in its application within energy storage systems,
because of the macrospores which serves as adsorption sites for alkali metals. g-C3N4 shows great
potential in the electrochemical storage i.e. lithium-ion batteries (LIBs), sodium ion batteries
(SIBs), lithium sulfur batteries (LSBs) and supercapacitors[51].

In 2013 Wu and Coworkers [52] proved that g-C3N4 has a great potential for LIBs through the
DFT calculation. Jorge et al. showed the electrochemical performance of g-C3N4 on LIBs [53] and
it can be observed by the cyclic volumetric that it shows oxidation and reduction peaks between
0.5-1.5 V, but its capacity decreases from 14 to 6-8 mA h g! after one cycle. This indicates that
g-C3N4 can be used for electrochemistry, but its performance depends on conductivity, surface

area, N content crystallinity and other factors.
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The impact of more than two Li" adsorbed in bulk and monolayered g-C3Ns4 was thoroughly
studied by Hankel and colleagues [54] in 2015. According to the DFT calculations, Li" primarily
interacts with the pyridinic-N and adsorbs preferentially over the triangular pores with a high
adsorption energy. The graphitic-N (C3N) bonds are weakened and break first as a result of Li's"
preference for the pyridinic-N. The primary cause of g-C3N4's high irreversible capacity is the
structural instability caused by the bonds breaking in graphitic-N. Consequently, one efficient
method of enhancing lithium storage performance is to decrease the amount of graphite-N to
increase the structural stability of g-CsN4. Motivated by this, Chen and colleagues [55] used
pristine g-C3Njy as the precursor to create N-deficient g-C3N4 (ND-g-C3N4) via a magnesiothermic
denitriding technique. The quantitative examination of XPS spectra following the
magnesiothermic denitriding reaction revealed that, particularly for graphite-N, the N content of
ND-g-C35N4 decreased significantly to 8.84 at% from the original N content of g-C3N4 (51.4 at%).
Furthermore, the conductivity of ND-g-C3N4 was enhanced by the transformation of graphitized
carbon and the decrease of N content. ND-g-C3N4 demonstrated good lithium storage performance,
including low irreversible capacity and steady cycle stability, thanks to a drop-in graphite-N
concentration and an increase in conductivity. When used as an anode material in LIB, the ND-g-
C3Ny delivered a high reversible lithium storage capacity of 2753 mA h g! after 300th cycle,
which was 200 times than the pristine g-C3Na.

There have been several attempts to use g-CsN4 to sodium-ion batteries (SIBs) due to its
exceptional performance in LIBs. Although SIBs and LIBs operate on the same principle, the
bigger size of the sodium ions in SIBs causes a longer electrochemical response process.

Liu et al. [56]obtained the g-C3N4 precursor with zinc catalysis at various temperatures to produce

g-C3Ny4 with varying layer spacing to increase the reactive power in SIBs. The g-C3N4 produced at
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800°C is made up of three layers spaced 0.51 nm apart, the g-C3Ns produced at 800 °C has the
best sodium storage performance and the widest layer gap when compared to the g-C3N4 annealed
at 700 and 900°C. It demonstrated exceptional long-term stability, ultra-high-rate capability (56.6
mA h g ' at40 A g!), and Na" storage performance when utilized as a SIB anode. This is due to
the fact that the p-orbital lone pair pyrrolic-N is highly active in absorbing Na", and that varying
annealing temperatures alter the amount of pyrrole-N in CN. Unlike pyridinic-N, which possesses
a single pair of electrons, Pyrrolic-N with lone electron pairs perpendicular to the graphene plane
can increase the interlayer parallel to the graphene layer. The cycling life of MIBs can be prolonged
by employing 2D materials with fewer layers and larger interlayer spacing, which can effectively
counteract the structural stability damage brought on by the insertion/extraction of metal ions
between the layers[51-56]. Although 2D g-C3N4 nanosheets are easy and affordable to create, they
are far less conductive than graphene. Most significantly, the g-C3N4 with lower N content has
better electrical conductivity, which surely opens up more possibilities for g-CsNa's use in

electrochemistry.

2.2 g-CsNs/metal oxide heterojunctions

The construction of heterojunctions is another feasible approach to improve properties of g-C3N4
nanosheets [57]. Especially, the charge separation efficiencies can be greatly improved owing to
the tunable band structure at the interface. Combination of g-C3N4 (a reductive semiconductor)
with widely abundant metal oxides (MO) with strong oxidative potential facilitates the resulting
heterojunctions with both high oxidative and reductive potentials. Most commonly, either a Type
IT or a direct Z-scheme heterojunction can be formed based on the band positions of g-C3N4 and
the selected metal oxide. As illustrated in Fig. 2.3a, a Type II heterojunction requires two coupled

semiconductors with staggered energy-band configurations. Once exposed to visible light,
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photogenerated electrons move from CB of semiconductor I (g-C3N4) to CB of semiconductor II
(metal oxide) and holes transfer in the opposite direction. The migration of charge carriers in the
opposite direction significantly enhances the electron—hole spatial separation and retards the
charge recombination to prolong the lifetime of free electrons and holes [58]. Nonetheless, the
migration of the photogenerated electrons to the less negative CB and holes to the less positive VB
reduces the redox abilities of electrons and holes in type II heterojunction [59,60]. Construction of
direct Z-scheme heterojunctions can help to overcome this shortcoming. The direct Z-scheme
heterojunction (Fig. 2.3b) has the same band alignment as that of type II heterojunction but differs
in the charge transfer mechanism. Due to different CB and VB edges between SC I and SC II,
photo-induced electrons in a Z-scheme heterojunction are transferred from the CB of SC II to the
VB of SC I, which results in oxidation on the surface with higher oxidation potential (SC II surface)
and reduction on the surface with higher reduction potential (SC I surface) [60]. Furthermore, the
charge migration in direct Z-scheme heterojunctions is based on the electrostatic attraction
between electrons and holes, which is easier than that of type II heterojunction [59]. Therefore,
combining g-C3N4 with metal oxides such as TiO2, ZnO, and WOs3 through these heterojunction
mechanisms can greatly improve the photocatalytic efficiency for various environmental, and

energy applications.
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Figure 2.3 Band structure of (a) Type II and (b) direct Z-scheme heterojunction between g-C3N4
and metal oxide[61]

2.2.1 Fabrication of g-C3N4/metal oxide heterojunctions

The preparation of g-C3Ns/metal oxide (g-C3N4/MO) heterojunctions and the control of their
microstructures are crucial for modulating their physicochemical and optical properties, and thus
photocatalytic performance. The most used synthetic methods for g-C3N4/MO heterojunctions
include co-calcination, hydrothermal/solvothermal synthesis, and microwave-assisted method

[62].

The hydrothermal/solvothermal synthesis is a method of preparing nanoparticles from high-
temperature aqueous solutions or organic solvents in high-pressure autoclaves.
Hydrothermal/solvothermal method has been widely applied because of its advantages of
simplicity, high reactivity, ease of control, and low cost. Koci et al. synthesized g-C3N4/TiO2
heterojunction for the photocatalytic decomposition of N>O via hydrothermal and calcination
methods [63]. The g-C3N4/TiO2 heterojunction was fabricated by calcining mixers of TiOx,
prepared by thermal hydrolysis, and g-C3Ny, derived from commercial melamine, at 450°C for 1
h. The photocatalytic efficiency of the synthesized catalyst is significantly enhanced in comparison

to pristine TiO2 and g-C3N4. Kumar et al. prepared a 2D/2D g-C3N4/N-ZnO heterojunction through
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hydrothermal method. In this study, N-doped ZnO (N-ZnO) was mixed with g-C3N4 in water for
48 h, followed by evaporation of water, and a powder composite of g-C3N4/N-ZnO nanoplates was
prepared after drying at 100 °C for 1h. In another study, solvothermal synthesis of ZnO/g-C3N4
hybrid materials has been achieved by dissolving Zinc nitrate in ethanol and then adding prepared
g-C3N4, and the mixture was heated under a Teflon-lined autoclave at 180°C for 12 hours. This
process leads to a proper dispersion of ZnO on the g-C3N4, which contributes to the photocatalytic

degradation of the organic contaminants.

One-pot calcination (or co-calcination) has also been employed to synthesize various g-C3N4/MO
heterojunctions. Zhu et al. prepared g-C3N4/ZnO through one-pot calcination of mixtures of
evaporation-dried dicyandiamide and Zn(NOs)2. The resulting heterojunction exhibited a notable
red shift in the absorption of longer wavelength visible light [64]. Another study reported the
fabrication of exfoliated g-C3N4/MoO; heterojunctions via one-step calcination of bulk g-C3N4
and (NH4)>MO4 powders at 500°C for 2 hours [65]. The g-C3N4/MoO; composite exhibited a
specific surface area of 96.17 m* g and a H evolution rate of 320.8 umol g' h™" under visible
light, representing a 4.1-fold increase compared to bulk g-C3;N4. By co-calcination of urea and
TiO; precursors, the g-C3N4/TiO> heterojunction with high dispersion and good particle size
distribution was obtained[66]. The UV—Vis diffuse reflectance spectra, photoluminescence
spectra, and photochemical tests indicated that g-C3N4/TiO; exhibited significant visible light
absorption and efficient transfer of photo-generated carriers, resulting in enhanced photocatalytic

activity under sunlight irradiation.

Microwave-assisted synthesis is a promising method for the preparation of nanomaterials with the
advantages of fast reaction rate, high reaction selectivity and low energy consumption. Microwave

generates direct volumetric heating, and heat is simultaneously produced in the whole system,
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which results in fast and selective heating [67]. In recent years, microwave irradiation (MWI)
technique has been utilized for the synthesis of various types of carbon materials, metal oxides and
metal hydroxides. An in-situ microwave-assisted synthesis approach has been developed by Wang
et al. to prepare N-Ti02/g-C3N4 heterojunctions using HoTiOs3 as the reactant and NH3-H>O as the
N-doping source [68]. More specifically, peroxotitanate solution was mixed with the g-C3N4
suspension under constant agitation for 3h, the mixer was then exposed to microwave irradiation
for 1 h and calcinated at 300—500 °C in a muffle furnace for 2 h. The resulting N-TiO2/g-C3N4
heterojunctions had a porous structure and large surface areas and exhibited significantly improved
photocatalytic activity. Highly porous heterojunction of g-C3N4 and SnO- was prepared by through
pyrolysis of urea in tin chloride solution under MWI for 30 minutes [69]. By continuous removing
the gaseous products from the synthetic environment, a porous heterojunction with high specific
surface area and efficient photogenerated charge separation was obtained. Recently, Vijayakumar
and Vadivel constructed a g-C3N4/WO3 heterojunction through one-step MWI technique followed
by direct calcination of a combination of WO3 and g-C3N4 at 400 °C for 4 h [46]. A much higher
BET surface area (138.0 m? g!) was achieved by the g-C3N4/WO; heterojunction compared to

pure WOs nanoparticle (98.0 m* g).

2.2.2 Applications of g-C3N4/metal oxide heterojunctions

Heterojunctions of g-C3N4/MO, owing to their appealing optical and physicochemical properties,
have been widely utilized as functional materials to address various issues in energy conversion
and environmental remediation. g-C3N4/MO heterojunctions serve as photocatalysts for hydrogen
production through water splitting, CO> reduction (or CO> hydrogenation), pollutant degradation,

and organic compound transformation. g-C3N4/MO heterojunctions have been utilized as
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supercapacitors in multifunctional devices[70]. The utilization of g-C3N4/MO heterojunctions as

gas sensors for the detection of toxic or volatile gases is extensively documented [11].

2.2.2.1 Photocatalysis

Hydrogen production has been proposed as a feasible solution to address the significant global
energy demands. The solar-driven photocatalytic splitting of water appears a promising technique
for producing H> in a clean and environmentally sustainable way [71]. Photocatalytic water
splitting is a process that converts solar energy into carbon-neutral green Ha by splitting H>O into
H> and O; on a semiconductor photocatalyst. For successful photocatalytic water splitting, the CB
position of a semiconductor must be below 0 V relative to the normal hydrogen electrode (NHE),
and the VB edge must exceed 1.23 V relative to NHE [70]. The band structures of g-C3N4/MO
heterojunctions fulfill this criterion. Furthermore, the enhanced efficiency of visible-light
absorption and charge carrier separation allows g-C3N4/MO heterojunctions to achieve a
substantially higher H> generation rate compared to pristine g-C3N4 and/or metal oxides. Rahman
et al. constructed a g-C3N4/Ti02 heterojunction with in-situ growth of ultrathin g-C3;N4 nanosheets
(~2nm in thickness) on the TiO; core. The resulting g-C3N4/TiO> core-shell heterojunction showed
improved H> generation performance from 35.43 to 45.25 mol h™! owing to the enhanced charge
carrier separation [71]. Fu et al. fabricated an ultrathin 2D/2D g-C3N4/WO3 heterojunction by self-
assembly of WOs3 layers and g-C3Ns nanosheets [103]. The H> production rate was greatly
enhanced by the g-C3N4+/WO3 heterojunction, which is 1.7 folds higher than that by pure g-C3N4
[72]. A SnO»/g-C3N4 heterojunction photocatalyst was prepared via the self-assembly method for
the H> production from water splitting [73]. An exceptionally high H, generation rate (2090 pmol
h'! g!) was achieved by SnO/g-C3N4 due to the bulk electron mobility of SnO> and excellent

separation of photogenerated electrons and holes in SnO2/g-C3N4[73].
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Considerable efforts have been devoted to photochemical conversion of CO», the most important
green house gas, into value-added alcohols and fuels (e.g., CO, CH4, CH30H, and HCOOH) using
visible-light-responsive g-C3N4/MO heterojunctions. Photocatalytic CO> reduction typically
necessitates elevated energy levels to cleave the C-O bond and facilitate the formation of new C-
H bonds . A Z-scheme g-C3N4/Ag3POs heterojunction was prepared for the CO» reduction at 80
°C. The photogenerated electrons in the CB of g-C3N4 participate in reduction reactions, while the
holes in the VB of AgizPOs are involved in oxidation reactions. The optimized g-C3N4/AgzPO4
achieved a CO conversion rate of 57.5 umol h™!, corresponding to 6.1- and 10.4-fold increases
compared to g-C3N4 and AgzPOq, respectively[74]. He et al. developed a 2D/2D g-C3N4/ZnO
heterojunction using a facile impregnation method[75]. A type II heterojunction was established
between g-C3N4 and ZnO, demonstrating superior photocatalytic CO2 reduction activity, 4.9 and
6.4 times greater than that of pristine g-C3N4 and ZnO, respectively. The boost in performance
was ascribed to improved CO> adsorption and the effective separation of photogenerated charge
carriers. Visible-light-driven CO; photoreduction was carried out on a Z-scheme heterojunction of
N-doped TiOz and g-C3N4, with CO to be the main carbonaceous products. The quantity of CO
generated after 12 h was observed to be 3.2 times greater than pure g-C3N4 under UV-vis
irradiation [76]. Using the in-situ colloidal crystal template method, a direct Z-scheme
heterojunction of g-C3N4 nanosheets adorned macroporous WO3 were constructed by Moutigaud
et al. for CO; reduction [77]. Owing to the improved separation efficiency of photogenerated
electron-hole pairs, the resultant heterojunction exhibited good catalytic activity for CO; reduction,
with a CO production rate of 48.7 mol g'h'!. Despite significant advancements in the
photocatalytic reduction of CO> via g-C3N4/MO heterojunctions, enhancing reaction selectivity

remains to be a challenge.
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Semiconductor-based photocatalysis using solar energy has attracted increasing attention as a
sustainable technology for catalytic degradation of water pollutants and environmental
remediation. Over the past decade, g-C3N4/MO heterojunctions have been extensively applied to
decompose diverse water contaminants due to their superior oxidation ability and tunable
electronic properties. Munoz-Batista et al. developed g-C3N4/Ti0O: heterojunction by impregnation
method, resulting in a significant improvement in the photodegradation of toluene under UV and
sunlight exposure[78]. Shen et al. demonstrated that a mesoporous g-C3N4/Ti0; heterojunction,
synthesized through protonation and in-situ deposition of TiO> onto g-CsNs, significantly
enhanced the degradation efficiency of methyl orange (MO) under visible light irradiation[79]. A
Z-scheme g-C3N4/ZnO heterojunction was prepared by Vignesh et al. by a sonication-assisted
solvent impregnation method [80]. The obtained heterojunction showed excellent performance in
photocatalytic degradation of rhodamine B (RhB), capable of completely degrading Rh B (10 mg
L) within 60 min under the simulated solar light irradiation. Magnetically separable g-
C3N4/Fe304 heterojunctions were fabricated by an in-situ growth method of Fe;O4 nanoparticles
on g-C3N4 nanosheets[81]. The heterojunction containing 84.8% of g-C3N4 exhibited the highest

photocatalytic activity for RhB, being seven times greater than that of pristine g-C3Na.

In addition to the commonly used metal oxide semiconductors (such as TiO2, ZnO, Fes;Oq4, etc.),
combination of g-C3N4 with other metal oxides such as Bi2O3, CeO2, MoOs3, and WOs3 has also
been widely reported. Using the impregnation technique, Shafawi et al. fabricated a novel
Bi2Os/porous g-C3N4 heterojunction for the photodegradation of reactive black 5[82]. The best-
performance Bi203/g-C3N4 heterojunctions achieved a degradation of up to 84% of reactive black
5 (10 mg L-1) at pH 5.7 after 120 minutes of UV-vis light exposure, exhibiting degradation rates

1.87 and 1.75 times superior to porous g-C3N4 and Bi203, respectively. Ma et al. prepared a Type
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IT g-C3N4/CeO; heterojunction through hydrothermal method for degradation of bisphenol A
(BPA) under visible-light irradiation [47]. The best-performance g-C3N4/CeO> heterojunction
dissolved 93.7% of BPA after 80 minutes of visible light irradiation, significantly surpassing the
decomposition rates of g-C3Ny (65.0%) and CeO- (14.4%). A separate study synthesized a series
of g-C3N4/CeO; heterojunctions with varying mass fractions of CeO» for the reduction of Cr (VI)
and the degradation of 2-chlorophenol (2-CP) from wastewater [48]. The 15% CeO; integrated g-
g-C3Ns heterojunction exhibited exceptional photocatalytic performance due to effective
photogenerated charge separation, obtaining a reduction efficiency of 96% for Cr (VI) and a
removal efficiency of 93% for 2-CP under visible light irradiation. A g-C3N4/MoOs heterojunction
was prepared with a simple mixing-calcination method for the photodegradation of methylene blue
(MB) under visible light [83]. The heterojunction with a g-C3N4 mass fraction of 7% had the
optimal photocatalytic activity, capable of degrading 93.0% of MB (10 mgL™) after 3 h visible
light irradiation, much higher than that of MoO; (43.0%) and g-C3Ns (52.0%). A Z-scheme
heterojunction comprising g-C3N4 and WO3 was constructed and utilized as a visible-light-
responsive photocatalyst for the degradation of sulfamethoxazole (SMX), a widely used antibiotic
[84]. Due to enhanced separation of photogenerated electron-hole pairs and redox capacity, the g-
C3N4/WO; heterojunction achieved a degradation of 91.7% of SMX (10 mg L) with a catalyst

dosage of 1.0 g L', which was 2.2 and 2.0 times more than that of WO3 and g-C3Na, respectively.

2.2.2.2 Sensing

The integration of g-C3Ns nanosheets with various MOs has facilitated the development of
advanced chemiresistive sensors for the detection of hazardous and flammable gases [85]. The
fundamental working mechanism of chemiresistive sensors relies on the adsorption and desorption

of target gas molecules on the sensor's surface, leading to alterations in the sensor's resistance.
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Chemiresistive sensors typically utilize a two-electrode system in which the resistance of the
sensing layer within the electrodes is monitored over time during gas exposure[86]. The sensing
materials for chemiresistive sensors comprise conducting polymers, carbon nanomaterials, and
semiconducting metal oxides. The combination of g-C3N4 with MO significantly enhances the
sensing selectivity and sensitivity of both g-C3N4 and Mos [86]. To date, g-C3N4/MO composites
have been employed for the detection of poisonous gases, volatile organic compounds (VOCs),
and flammable gases, owing to their rapid response and recovery times, good sensing selectivity,
and low cost [55]. Cao et al. reported a facile calcination method for the synthesis of g-C3N4/SnO»
sensors[87]. The response value and selectivity of the g-C3N4/SnO> composite sensor to ethanol
surpass those of pristine SnOz nanoparticles. A g-C3N4/ZnO heterojunction was synthesized using
the precipitation calcination process, in which g-CsNsnanosheets were affixed to the petals of a
ZnO flower-like structure [88]. The composite with 3wt% of g-C3N4 demonstrated a significantly
enhanced sensing response, expedited response/recovery time, and superior long-term stability
relative to the pure ZnO sensor when exposed to 1000 ppm CH4 at 320 °C. The enhanced sensing
response resulted from the presence of a porous structure, an extensive surface area, and efficient
charge transfer at the g-C3N4/ZnO interface [88]. In a separate investigation, Zeng et al. employed
a-Fe203/g-CsNy for the detection of H>S. Their findings indicated that the heterojunction
containing 5.97% a-Fe2O3 in g-CsN4 exhibited the optimal cataluminescence response[89].
Recently, Akhtar et al. synthesized g-C3N4/CuO nanocomposites (with different weight ratios of
g-C3N4to CuO) by a hydrothermal method for the detection of diverse VOCs [90]. The composite
with 4 w% of g-C3N4 exhibited the highest sensing response (143.7 to 1000 ppm for acetone) and

selectivity (about 14.37 for 1000 ppm acetone/1000 ppm ammonia). Their findings indicated that
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the decorating of CuO nanoparticles on g-C3N4 nanosheets augmented the specific surface area of

the nanocomposite, hence enhancing the sensing response.
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Chapter 3. Visible Light Photocatalytic Degradation of Nitenpyram using

Graphitic Carbon Nitride Nanosheets

3.1 Introduction

Neonicotinoids are a class of synthetic and neurotoxic insecticides that have been widely spread
in nearly 120 counties worldwide as a result of their extensive use in agroforestry, aquaculture,
crop protection, and pest management[1-3]. Seven neonicotinoids are available in the market,
which are divided into three main groups: five-membered ring structure, six-member ring
structure, and non-cyclic compounds[4]. Owing to their long half-life in soil and high solubility in
water, neonicotinoids have the potential to accumulate in soil and percolate into groundwater and
surface water[5,6]. The documented neonicotinoid content in some rivers in Australia is
118ng/L[2], whereas specific water resources in lowa, USA, and Ontario, Canada, have been
found to contain neonicotinoids at concentrations of 57 and 280ng/L, respectively[3]. The presence
of neonicotinoids in the environment may directly harm non-targeted organisms such as honeybees
or infiltrate food chains, endangering human health through trophic transfer[7—10]. It has been
studied that long-term exposure to neonicotinoids will cause neurological disorders in children and
Alzheimer’s in aged people[11]. Hence, it is imperative to devise economical approaches to

alleviate the contamination from the persistence and accumulation of neonicotinoids.

Nitenpyram (NTP), a second generation of neonicotinoid, has been extensively used in agriculture
because of its relatively low mammalian toxicity and no apparent long-term cumulative effects.
NTP affects the neuronal nicotinic acetylcholine receptors (nAChRs) of the nervous system in
insects[12]. It is registered in more than 110 countries and regions and has been employed on more

than 130 staple crops. With its extensive application and high water solubility (590 gL!), NTP is
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one of the most frequently detected neonicotinoids in groundwater and surface water[13—15].
Therefore, removing NTP from the contaminated water is a major environmental issue. In recent
years, photocatalytic degradation of NTP has proved to be the most appropriate method because
of its environmental friendliness and efficiency [14-15]. Compared with physical methods (e.g.,
adsorption, membrane filtration, etc.), biological and/or electrochemical degradation methods,
solar-driven photocatalytic degradation of NTP shows high degradation efficiency and consistent
sustainability advantages. Therefore, it is crucial to prioritize the advancement of cost-effective

photocatalysts that exhibit high absorption efficiency of visible light.

NO,

/NO/\N NHCH,
ci = K[:H:1

Figure 3.1 Structure of Nitenpyram

Despite recent significant technological advances, a couple of major challenges remain in the
photocatalytic degradation of NTP or other organic pollutants: (i) the low visible-light harvesting
efficiency, (ii) the fast recombination of photogenerated electrons and holes, and (iii) the potential
of secondary pollution due to the use of toxic metal-based semiconductors. The discovery of
graphitic carbon nitride (g-C3Na4) as a metal-free conjugated polymer semiconductor has stimulated
intensive research in sustainable photocatalytic degradation of water contaminants[16]. Bulk g-
C3N4 (three-dimensional) can be readily obtained by pyrolysis of many N-rich precursors, such as
melamine[17], urea[ 18], thiourea, and cyanamide. However, the photocatalytic efficiency of bulk

g-C3Ny is quite low because of its small specific surface area, marginal visible light absorption,
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and low electric conductivity [18]. Exfoliation of bulk g-C3N4 has been intensively employed to
increase the specific surface area and decrease the recombination of photogenerated charges

caused by the reduced diffusion path lengths.

In this chapter, a facile thermal exfoliation method was implemented to prepare two-dimensional
(2D) g-C3N4 nanosheets for the photocatalytic degradation of NTP under visible-light irradiation.
The composition, morphology, crystalline structure, and specific surface area of the g-C3N4
nanosheets have been characterized through XPS, TEM, XRD, and BET surface area analyzer.
The photocatalytic performance of g-C3N4 nanosheets in degrading NTP was investigated, and the

impact of several operating parameters on the degradation efficiency was analyzed.

3.2 Materials and Methods

3.2.1 Materials

Melamine (99%), ACS-grade hydrochloric acid, sodium hydroxide, HPLC-grade acetonitrile, and
water were acquired from Fisher Scientific. Nitenpyram (>98%) was purchased from Sigma-
Aldrich. All these chemicals were used as received, without any additional purification. All the
aqueous solutions used in the photocatalytic reactions were prepared with ultrapure water

generated from a laboratory MilliQ water system.

3.2.2 Synthesis of g-C3N4 nanosheets

Melamine is used to synthesize g-C3N4nanosheets by a two-step calcination process [19]. Firstly,
5.0 g of melamine was put in a crucible with a cover (to control polymerization) and heated at
520°C for 4 hours at a ramp rate of 2.5°C/min in a muffled furnace to make bulk g-C3N4. The
obtained yellow product was then milled into fine powder using a mortar. In the second step, 1.0

g of bulk g-C3N4 yellow powder was placed in a crucible without the cover (to allow gas escape
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and refine the structure) and heated again at 520°C for 4 hours at a ramp rate of 2.5°C/min in a

muffled furnace. After cooling to room temperature, the g-C3N4 nanosheets were obtained.

3.2.3 Characterization

High-resolution transmission electron microscopy (TEM) was performed on a Thermo Scientific
Talos F200X G2. X-ray diffraction (XRD) was used to analyze the structure of the g-C3N4
nanosheets. The Fourier transform infrared (FTIR), from 400 to 4000 cm™!, was used to determine
the molecular structure. X-ray photoelectron spectroscopy (XPS) was used to determine the
elemental composition of the prepared g-C3N4 nanosheets. The UV-Vis diffuse reflectance spectra
(UV-DRS) of g-C3Ns nanosheets were measured using a UV-3900 UV-Vis-Nir
spectrophotometer. (BET) surface area was measured on an N> adsorption-desorption assay on a

Micro active for Tristar I1.

3.2.4 Degradation of NTP under visible light

The reaction for the degradation of NTP under visible light (300W Xenon lamp with a 420-nm cut
off filter) was carried out via a photocatalytic batch jacketed reactor at a temperature of 30°C.
Reaction temperature was controlled using a refrigerated/heating circulator (FP50-HL, Julabo,
USA). NTP degradation was carried out using 50.0 ml of NTP water solution with an initial NTP
concentration of 10 mg L' and a catalyst dosage of 1.0 gL!. g-C3N4 nanosheets and NTP solution
were stirred in the dark for 1 hour to achieve adsorption equilibrium. After the first hour, the Xenon
lamp was turned on to speed up the reaction, and 1.0 ml of the suspension was extracted and
filtered using a 0.22um filter at each sampling point. The samples were analyzed using high-

performance liquid chromatography (HPLC) system.
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3.2.5 HPLC Detection Condition:

To determine the concentration of NTP, an Agilent HPLC DAD detector was used, the
chromatographic separation was determined using a C18 column, and a mixture of Water and
Acetonitrile (80:20) was used as an isocratic mobile phase, and the flowrate was 0.6 ml min™'. The

detection wavelength was 270 nm, and the column temperature was maintained at 30°C[19].

3.3 Results and Discussion

3.3.1 Powder XRD

XRD is used to determine the prepared nanosheets' structure and crystallinity. The XRD patterns
of g-C3Njy feature two pronounced diffraction peaks at 13.08 and 27.72° as illustrated in Fig. 3.2(a)
The peak at 13.08° resembles the (100) crystal plane of g-C3N4, recognized as the interlayer
repetitive component of tri-s-triazine. The most substantial peak at 27.72° fits the (002) crystal
plane attributed as an interplanar stacking ring of conjugated aromatic rings[19,20]. Fig. 3.2(b)
also compares the XRD patterns of g-C3N4 before and after photocatalytic reactions. It is observed
that the XRD pattern of g-C3Ns after the reaction is almost identical to that before the

photocatalytic reaction, as there is no significant peak shift.

@) a (b) g
8 e
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Figure 3.2 XRD of bulk g-C3N4 and g-C3N4 nanosheets(a) g-C3Ns nanosheets before and after
the reaction(b)

3.32 FT-IR

FTIR was used to characterize the molecular structure of the catalysts. The FTIR spectra of the
Bulk g-C3N4 and g-CsN4 nanosheets[21] can be seen in Fig. 3.3(a), and the FTIR spectra of
nanosheets before and after the reaction are shown in Fig. 3.3(b). Very similarly, there are no
noticeable peak shifts in the IR spectra of g-C3N4 before and after the reaction. The peak in
wavelength number 810cm™ is connected to the bending vibration of heptazine rings, and the peaks
between 1200-1600cm™ refer to the distinctive stretching mode of CN in heterocycles.[19] The
peak between 3000-3300cm™! corresponds to the amino group's N-H or O-H bond stretching

vibration[22].
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Figure 3.3 FTIR spectra, bulk g-C3N4 and g-C3N4 nanosheets(a) g-C3Ns nanosheets before and
after the reaction(b)
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3.3.3XPS

The elemental composition of the catalyst was studied using XPS, as it can be seen in Figure 3.4
(a) that the catalyst mainly consists of C and N. The C 1s spectra can be detached into two peaks
at a value approxiamtely 284.8 eV and 288.1 eV, corresponding to the signal of the standard
reference carbon and the sp?-hybridized carbon bonded to N inside the triazine rings. In the N 1s
spectra, the peak around 398.5 eV was deconvoluted at around 399.4 eV, 401.01 eV and 404.6
eV[21]. The prominent peaks at 398.5 and 399.4 eV could be allocated to the sp>-bonded N atoms
within the triazine rings and the tertiary connecting N atom (N-(C)3). In addition, the peak of about
401.01 eV could be attributed to the amino functional groups containing hydrogen (C-N-H), and
404.6 eV is the charging effect. In the O Is spectrum, there is only one peak at 532.1 eV due to

the small quantity of water[21].
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(c)N1s 398.5 eV (d) O 1s
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Figure 3.4 XPS survey scan of g-C3N4 (a) and high-resolution spectrum for C 1s (b), N 1s (c),
and O 1s (d)

3.3.4 UV-DRS

The optical properties of the nanosheets were analyzed using UV diffuse reflectance spectra.
According to the literature, the band gap of g-C3Ny is 2.7 eV, suitable for absorption in visible
regions. With the reflectance spectra, we can find the band gap energy (Eg) of the prepared g-C3Na

nanosheets using equation (3-1) and Tauc plot[23].
(ahv)"™ = A(hv-Eg) (3-1)

Where h is the planks constant, v is radiation frequency, « is the absorption coefficient, » is the
transition state of the semiconductor, and 4 is the proportionality constant. According to the theory
of P.Kubelka and F. Munk, the reflectance spectra can be transformed into absorbance by using

equation (3-2)[23]

(1—R)2
2Ro0

F(Roo) = KJS = (3-2)
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Where Roo = R sample

R standard

and S is the scattering coefficient. Putting F(Roo) instead of a in equation 3-1

(F(Ro0). hv) " = B(hv-Eg) (3-3)

is the reflectance of an infinitely thick specimen, while K is absorption

Where n = ' is for direct, two is for indirect transition, and B is the proportionality constant that

depends on material properties and type of material. The value of n for g-C3N4 is two indirect

transitions[24]. The value of E; of the prepared g-C3N4 nanosheets is 2.66eV.
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Figure 3.5UV DRS (a) Reflectance spectra (b) band gap energy of g-C3N4 nanosheets
3.3.5 BET Analysis
The nitrogen adsorption and desorption isotherms of the prepared bulk g-CsN4 and nanosheets are
shown in Fig 3.6. The N, isotherms show strong absorption at relative pressure above 0.8,
indicating meso or micropores. The pore size of the bulk and nanosheets is 5.23 and 0.978 nm,
respectively, and the surface area for the bulk is 9.51 and 25.81m?*/g for the nanosheets. The BET
analysis indicates an increase in the surface area of the nanosheets, increasing their overall

photocatalytic performance and redox ability.
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Figure 3.6 N> adsorption and desorption isotherms

3.3.6 TEM

To study the morphology of the prepared g-C3N4 nanosheets the transmission electron microscopy
(TEM) was used, and the results are shown in figure 3.7. As it can be seen in the figure that, the
prepared nanosheets have a wrinkled surface with some pores, indicating that the exfoliation

increases the surface area of the nanosheets making it suitable for pollutant removal under visible

light.
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3.3.7 Photocatalytic study of g-C3N4 nanosheets

The photocatalytic ability of the prepared g-C3N4 nanosheets was studied under visible light for
the degradation of NTP. Fig. 3.8(a) demonstrates the variation in the concentration of NTP with
the passage of time in the presence of g-C3N4 nanosheets and bulk g-C3Ns. At first, the reactor was
kept in the dark for 1 hour to achieve equilibrium; the degradation of NTP for both bulk and
nanosheets was similar in the dark, which is around 32%. The change occurred when the light was
turned on for 3 hours to speed up the reaction. So, after 3 hours, 99% of the NTP was degraded in
the presence of g-C3N4 nanosheets and 79% in the presence of bulk g-C3Na4. So, g-C3N4 nanosheets
perform well under visible light and can degrade 99% of NTP (initial concentration 10ppm) in 4
hours. The photocatalytic performance increased because of the modification in the structure of
nanosheets. This change in structure increases its surface area and provides more active sites for
the photocatalytic reaction, increasing its overall photocatalytic efficiency compared to bulk g-
C3N4. As shown in Figure 3.8(c), the reaction was carried out three times. The average error was

+0.39, showing that the experiment is valid and repeatable. The reaction rates for the bulk and
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CJ/Co

Concentration (ppm)

nanosheets are shown in Figure 3.8(d), which are 0.00658 min™! and 0.0191 min!. The rates were

determined by using equation (3-4)
In< = kt
co

Where k is reaction rate constant

(a) —a— Nanosheets
1.0 - —e—Bulk
0.8 -
Dark
0.6 | Light On
I
I
0.4 I
0.2 4
0.04
-60 0 60 120 180
Time (min)
(c) Accuracy Analysis

Light On

1 1 1

Time (min)

-60 =30 0 30 60 90 120 150 180

-4

(b) ——— Nanosheets
Bulk

-In(C,/Cy)

0 30 60 90 120 150 180
Time (min)

d
0.020 () 0.0191

0.018

0.016

0.014
<70.012
£
Eo.010
< 0.008
0.00658
0.006
0.004

0.002

0.000

Bulk Nanosheets

Figure 3.8 Photocatalytic degradation of NTP under visible light (a) first-order reaction kinetics
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3.3.8 Effect of pH

pH is the most essential factor that we must study because pH can alter the surface charge and
affect the reaction between photocatalysts and NTP. Photocatalytic degradation of nitenpyram was
carried out at different pH (2.5, 6.0, 9.0, 11.0) values to study the influence of pH. The pH values
were adjusted using HCL and NaOH solution. The natural pH value of 10ppm NTP in 50ml water

1s 6.0.

Fig. 3.9(a) illustrates the photocatalytic degradation efficiency of NTP under different pH values.
Results in Fig 3.9 (a) demonstrate that g-C3N4 can degrade NTP more efficiently under basic
conditions, achieving degradation efficiencies of 89.2% at pH 2.5, 80.8% at pH 6.0, 99.0% at pH
9.0, and 89.6% at pH 11.0. The degradation efficiency is the highest under pH 9. It is known that
the concentration of hydroxyl groups (OH") in the reaction system increases when the solution pH
goes up, leading to the generation of a higher quantity of hydroxyl free radicals (-OH). The
hydroxyl group (-OH) directly contributes to the degradation of NTP, resulting in enhanced
photodegradation of NTP at higher pH levels. Nonetheless, excessive concentration of hydroxyl

radical at pH 11 results in scavenging of photogenerated sites that lowers the NTP degradation.

The reaction kinetics were studied using the first-order kinetic equation (3-4), and the reaction rate
constant is shown in Figure 3.9(b), which indicates that the reaction rate is low in acidic conditions
and high in base conditions. The reaction rate appeared to be highest at pH 9, but at pH 11, it starts
decreasing again this is because excessive generation of hydroxyl radical although hydroxyl
radical is favourable for degradation but excessive concentration of hydroxyl radical will result in

scavenging of photogenerated sites reducing the generation of (-OH) radical.

ct
In o -kt (3-4)
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Where k is the reaction rate constant.
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Figure 3.9 Effect of pH on NTP degradation(a), and NTP degradation rates under different pH(b)

3.3.9 Effect of Temperature

The influence of temperature on the photocatalytic performance of g-C3N4 nanosheets was also
studied, and the results can be seen in Fig. 3.10. With a catalyst dosage of 1g/L, NTP solution at
pH 9, the reaction was run at three different temperatures (30°C, 40°C, 50°C). As shown in Fig.
3.10, the degradation efficiency increases with the increase in temperature. This is because of the
increase in the diffusion rate of the reaction. With the increase in temperature, the diffusion rate
also increases. However, with the temperature rise, the energy cost also increases, so the

temperature was set at 30°C, the optimal temperature with minimum cost.

The influence of temperature on the reaction kinetics is studied using the first-order kinetic
equation (3-4), and the results are shown in Figure 3.10(c ), which indicates that the reaction rate

increases with the increase in temperature.
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3.3.10 Degradation Pathways of NTP

The photocatalytic reaction was to degrade nitenpyram using g-C3Ns nanosheets under visible
light. The reaction time was 4 hours, the catalyst dosage was 1g/L, pH 9, the reaction temperature
was 30°C, and the reaction volume was 100 ml. 1 ml of samples was taken out at each sampling
time, and the samples were analyzed using mass spectroscopy. At first, before the start of the
reaction, it shows a prominent peak with m/z values of 271.09, which is like the molecular weight
of nitenpyram. When the reaction started, the peak for m/z value 271.09 started decreasing, and

two new peaks started coming out around retention time 6 and 13 minutes with an m/z value 100

56



and 212, respectively, which indicates that the nitenpyram was degraded into its metabolites with
m/z value of 212, and 100. From Figure 3.11, nitenpyram can undergo different degradation
pathways, the figure shows a product with an m/z value of 210, indicating [C1oHi3CIN3] . This is
because of the oxidation of C9/C11 olefins, a nitenpyram metabolite called CPMF. CPMF is
further degraded into CPF, which shows an m/z value of 104[25,26]. CPF is less toxic as compared

to NTP because it lacks the ability to directly effect nicotinic receptors of mammals.
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Figure 3.11 Degradation of nitenpyram into its metabolites
3.4 Conclusion

In this study, modified g-C3N4 was used to degrade nitenpyram from water. The prepared catalyst
was characterized using XRD, FTIR, XPS, UV-DRS, BET and TEM. The catalyst shows a
narrower band gap and increased surface area, providing more active sites for the reaction
and enhancing its photocatalytic ability to degrade nitenpyram. The effect of pH and temperature
was studied, showing that pH 9 and temperature 30°C are the optimized conditions for degrading
NTP. The experimental results show that the prepared exfoliated nanosheets give 99% degradation
of NTP with an initial concentration of 10 mgL™!, pH 9, temperature 30°C, and catalyst dosage of
1g/L, whereas bulk g-C3N4 gives us only 79% degradation efficiency. These results indicate that
the exfoliated nanosheets are better at degrading the pollutant as compared to the bulk one due to
its increased surface area and narrower band gap. Further analysis using HPLC MS indicates the

successful degradation of NTP into its metabolites, CPMF and CPF.
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Chapter 4. Simultaneous Photocatalytic Degradation of Nitenpyram and

Reduction of Cr (VI) using g-C3:N4/WO3 under Visible Light Irradiation

4.1 Introduction

The integration of a photoinduced reductive half-reaction with a corresponding oxidative half-
reaction for dual-functional photocatalysis has garnered increasing interest [1]. Typically, dual-
functional photocatalysis serves to accomplish two objectives, such as concurrent H2 production
and the oxidation of organic pollutants, or the reduction of heavy metals alongside the degradation
of organic pollutants [1,2]. Solar-driven dual-functional photocatalysis necessitates a photocatalyst
capable of concurrently facilitating both types of reactions; thus, a dual-functional photocatalyst
must exhibit narrow band gaps, effective charge-carrier separation, and higher positive valence
band and negative conduction band potentials [3,4]. Such requirements can not be met by single-
phase/component photocatalysts. Constructing multiphase or multicomponent heterojunctions is

essential for dual-functional photocatalysis.

Heterojunctions combining graphitic carbon nitride (g-C3N4) with metal oxides such as TiO2, ZnO,
Bi1,03, and WO3 have garnered significant interest as dual-functional photocatalysts [5-7]. A range
of g-C3Nas/metal oxide (g-C3N4/MO) heterojunctions has been fabricated for the simultaneous
generation of hydrogen (H2) and the oxidation (degradation) of organic pollutants. Photocatalytic
water splitting is characterized by two distinct half reactions: the reduction of protons (H") to form
hydrogen (H>) and the oxidation of water to yield oxygen (O2). In contrast to the half-reaction of
water oxidation, the oxidative transformation of organic water contaminants typically requires less
energy. This characteristic enhances the efficiency of coupling oxidative organic transformation

with reductive H, generation. A Z-scheme CeO,/g-C3N4 heterojunction was recently developed
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for the concurrent photocatalytic evolution of H> and degradation of bisphenol A (BPA) under
visible-light irradiation [8]. The heterojunction exhibited superior photocatalytic performance
compared to CeOz and g-C3N4 nanosheets, achieving an H, production rate of 1240.9 umol g! h-
!, approximately 5.2 times greater than that of pure CeO> under identical reaction conditions.
Meanwhile, the g-C3N4/CeO> heterojunction demonstrated the ability to oxidize 94.1% of BPA
(co=10.0 mg L) within 2.5 hours of visible light exposure, achieving efficiencies 4.2 and 6.8 times
greater than those of pure CeO2 and g-C3Ng, respectively. The enhanced photocatalytic activity of
the heterojunction was ascribed to the increased adsorption of organic pollutants and the efficient
separation of photogenerated carriers at the interface of CeOz and g-C3Na. In another study, a novel
Wi8049/C@g-C3Ns S-scheme heterojunction was prepared through electrospinning and vapor
deposition methods for enhanced photocatalytic H, evolution and degradation of rhodamine B
(RhB) [9]. The efficiencies of synchronous Hz evolution and RhB degradation over W1s049/C@g-
C3N4 nanofibers were approximately 5.60 and 3.51 times higher than those of W15049/C, and 2.45

and 22.55 times higher than those of C@g-C3N4 nanofibers, respectively.

The photocatalytic reduction of CO into hydrocarbon fuels (CH3OH, C;HsOH, and CHa)
represents a compelling technological advancement that addresses both the challenges of global
warming and the demand for energy supply in a cohesive manner. Given the pronounced reduction
capability of g-C3N4, g-C3N4/MO heterojunctions have been utilized for the dual function of
photocatalytic reduction of CO> in conjunction with the degradation of organic pollutants. A
heterojunction comprising Cu/Cu20O decorated g-C3N4 was engineered for the concurrent reduction

of CO2 and the oxidative coupling of benzylamines [10].

Following 16 hours of exposure to visible light, the optimized Cu/Cu,O@g-C3N4 heterojunction

demonstrated the capability to synthesize N-benzylidene benzylamine through the oxidation of
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benzylamine and to produce methanol from the reduction of CO,, achieving rates of 5451 umol g
"'and 437 pmol g’!, respectively. A heterojunction comprising a mixed metal oxide and g-C3Na,
specifically, CdMo00O4/g-C3N4, was constructed for the simultaneous photocatalytic degradation of
RhB and reduction of CO; [11]. The formation of a heterojunction structure between CdMoO4 and
g-C3N4 markedly improved the separation of electron—hole pairs and increased photocatalytic
activity. The CdMo0QO4/g-C3N4 heterojunction demonstrated a degradation rate of RhB that is 6.5
times greater than that of pure g-C3Ns when exposed to visible light irradiation. The composite
exhibited a CO, conversion rate of 25.8 mold h™'g ™!, representing a 4.8-fold increase compared to

the pristine g-C3Na.

The utilization of g-C3N4/MO heterojunctions for the concurrent photocatalytic degradation of a
pollutant combination has also been reported [6,12,13]. The simultaneous detoxification of a
mixture of organic contaminants and heavy metal ions has emerged as a critical concern due to
their simultaneous presence in industrial effluent. Chromium (Cr) frequently coexists with 2,4-
dichlorophenol (2,4-DCP), 2,4-dichlorophenoxyacetic acid (2,4-D), and antibiotics. To
concurrently eliminate them, the oxidation of 2,4-D and the reduction of Cr (VI) were performed
using a Z-scheme Co9Os/g-C3N4 heterojunction [13]. The concurrent consumptions of electrons
by Cr (VI) and holes by 2,4-D inhibited charge carrier recombination, significantly enhancing
photocatalytic performance relative to a single pollutant system. Jiang et al. developed a solar-
driven g-C3N4/TiO> heterojunction to facilitate the simultaneous photocatalytic reduction of U (VI)
and oxidation of As (III) [14]. Experimental results demonstrated the formation of a Type II
heterojunction between g-C3N4 and TiO», achieving conversion rates of 82.66% for U (VI)
reduction and 41.18% for As (III) oxidation, with initial concentrations of both metal ions set at

20 mg L', Two factors contributed to the achievement of a relatively lower conversion rate of As
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(IIT). Initially, the oxidation of As (III) occurred on the valence band (VB) of g-C3N4, which
possesses a lower oxidation capability compared to other semiconductors. Secondly, the reduction
of U(VI) and the oxidation of As (III) both utilized photogenerated electrons, leading to

competition between these two photocatalytic processes.

Despite considerable studies on dual-functional photocatalysis targeted at eliminating a variety of
water pollutants, the optimal structural design of g-C3N4/MO heterojunctions to inhibit the
recombination of photogenerated e /h* and to prevent the misalignment of band energy between
g-C3Ny4 and the MO remains a significant challenge. Increased research endeavors need to be
directed towards elucidating the structure-function relationship of g-C3Na/metal oxide
heterojunctions to improve the photocatalytic activity and stability of the binary photocatalyst.
Moreover, it is crucial to optimize the operating conditions (such as temperature, solution pH,
reactant concentration, catalyst dosage, etc.) to achieve elevated conversion rates for both half-
reactions, given that the optimal conditions for reduction reactions generally differ from those

required for oxidation reactions

In this study, we aim to design and fabricate novel g-C3N4/WOs3 heterojunction for the
simultaneous photocatalytic reduction of Cr (VI) and oxidation of NTP. WOj3 is selected because
of its high oxidation ability and positive valance band position which will give us a well balanced
band structure for dual photocatalysis. The research investigation will be mainly focused on
optimizing the properties (favorable bandgap and band edge positions, prolonged carrier lifetime,
short carrier pathway to the surface, etc.) and photocatalytic activity of the heterojunction. The
photocatalytic activity of the heterojunctions will be assessed and optimized based on their

performance and efficiency in the conversion of Cr (VI) and NTP.
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4.2 Materials and Methods

4.2.1 Materials

Melamine (99%), sodium tungstate dihydrate (99%), sodium dichromate dihydrate
(Na2Cr207-2H:0, 99.5%), isopropanol (99.9%), triethanolamine (99%), and ACS grade sulfuric
acid, phosphoric acid, oxalic acid, and sodium hydroxide were purchased from Fisher Scientific.
ACS grade diphenyl carbazide (DPC), nitenpyram (>98%), and p-benzoquinone (>98%) were
obtained from Sigma-Alderich. All these chemicals were used as received, without further

purification. HPLC-grade acetonitrile and water were purchased from Fisher Scientific.

4.2.2 Synthesis of the g-C3N4/WQOs3 heterojunction

Melamine was used as a precursor for the synthesis of g-C3N4 by a two-step calcination procedure
[15-17]. Initially, 5.0 g of melamine was placed in a covered crucible and heated to 520 °C for 4 h
at a ramp rate of 2.5 °C min™! in a muffled furnace. The substance was cooled to room temperature
and ground into powder using a mortar. In the second phase, the powder was placed in an
uncovered crucible and heated at 520 °C for 4 h with a ramp rate of 2.5 °C min™ in a muffle

furnace. The light-yellow g-C3N4 nanosheets were then acquired.

WO; was synthesized via a hydrothermal process [18]. 5.0 g of sodium tungstate was solubilized
in 100.0 mL of water. 12.0 M HCl was introduced during stirring, resulting in a yellow solution.
Subsequently, 1.0 g of oxalic acid was added follows by constant agitation for 1 h. The solution
was transferred to an autoclave and subjected to an oven temperature of 150 °C for a duration of
10 h. After cooling, the product was rinsed with deionized water. The product was ultimately

placed in a crucible, calcined for 4 h at 320 °C, and thereafter crushed into powder.

66



The g-C3N4/WOs3 heterojunction was prepared by dispersing g-C3N4 and WO3 in deionized water
at a mass ratio of 5:1. The mixture was ultrasonicated for 20 minutes, to evenly distribute the

nanoparticles, dried overnight at 60°C, and finally ground into a powder.

4.2.3 Characterization

The g-C3N4/WOs3 heterojunction was characterized using X-ray photoelectron spectroscopy (XPS,
PHI 5000 VPIII, ULVAC-PHI, Japan) and Fourier transform infrared (FTIR, Tensor II, Bruker,
Germany) spectroscopy throughout a spectrum of 400 to 4000 cm™'. Powder X-ray diffraction
(XRD) was employed to assess the crystallinity of the synthesized photocatalyst. An ultraviolet
diffuse reflectance spectrophotometer (UV-DRS) was employed to ascertain the reflectance
spectrum and the UV-visible absorption of the synthesized photocatalyst. The valence-band

position of the g-C3N4/WOs heterojunction was assessed by valence-band XPS.

4.2.4 Dual-functional photocatalytic degradation of NTP and reduction of Cr (VI)

The photocatalytic efficacy of the g-C3N4/WO3 heterojunction was examined by experimental
studies in a jacketed batch reactor of 150 ml under visible light (300W Xenon lamp with a 420-
nm cutoff filter) at a constant temperature. The temperature of photocatalytic reaction was
controlled by a circulating water system (FP50-HL, Julabo, USA). The reaction involved the
mixing of 50.0 mg of g-C3N4/WO3 with 50.0 mL of Cr (VI)-NTP binary solution containing 20.0
mgL! Cr (VI) and 20.0 mg L' NTP. The initial pH of the binary solutions was adjusted to 3.0
with 1.0 M H2SO4 and NaOH solutions. The mixture was stirred in darkness for 1 h to reach
adsorption equilibrium, after which the reaction was initiated by activating the light source. At
each sampling time, 1.0 ml of the sample was withdrawn and filtered through a 0.22 pm syringe
filter for subsequent analysis. To verify the repeatability of the dual-functional photocatalytic

processes, three repeated experimental trials were conducted with an initial concentration of both
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pollutants set at 20.0 mg L', a pH of 3.0, and a catalyst dosage of 1.0 g L™\. The mean experimental

error was within +5.0%, indicating excellent experimental repeatability.

Three scavengers were employed in binary degradation to ascertain the active radical species.
Triethanolamine (TEOA), benzoquinone (BQ), and isopropyl alcohol (IPA) were utilized as
scavengers to capture holes (h"), superoxide radical (O:*) and hydroxyl radical (+OH),
respectively. During experiments, a specific type of radical scavenger was introduced to the
reaction suspension, while all other conditions were maintained consistently (pH=3, 7= 30 °C,

photocatalyst dosage at 1.0 g L™).

4.3.5 Concentration determination of NTP and Cr (VI)

The concentration of NTP was determined using an Agilent HPLC-MS system with a DAD
detector at a wavelength of 270 nm. The C18 column was used with a mobile phase of water and
acetonitrile at a 80:20 (v/v) ratio. The flow rate was fixed at 0.6ml/L, and the column temperature

was kept at 30°C.

The concentration of Cr (VI) was determined via a diphenylcarbazide (DPC) colorimetric method.
The detailed steps are as follows: 2.0 ml of distilled water was added to 0.5 ml of the sample. Then,
50 uL H2SO4 and 50 pL of H3PO4 were added to the mixture and mixed entirely. Subsequently,
200 pL of freshly made DPC solution was added to the mixture and allowed to sit for full-color
development. The Cr (VI) concentration was found by measuring the UV-vis absorbance at a

wavelength of 540 nm with water as a reference.
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4.3 Results and Discussions

4.3.1 Characterization results

The elemental composition of the g-C3N4/WO3 heterojunction has been determined using XPS.
Fig. 4.1a reveals the survey scan of the composite which mainly includes C, N, O, and W. The
high-resolution C 1s XPS spectrum depicted in Fig. 4.1b can be deconvoluted into three peaks at
284.6, 287.9, and 289.4 eV, which correspond to C-C (reference carbon), N=C-N within the
triazine ring, and the O-C=0 functional group [19, 20]. Fig. 4.1c illustrates the high-resolution
XPS spectrum of N s together with the deconvoluted peaks. The peaks at 398.3, 399.9 and 404.0
eV correspond to sp*>-bonded nitrogen (C=N-C) atoms, benzenoid amine (-NH-), and C-N bonds,
respectively [21]. Two characteristic peaks at 35.2 and 37.3 eV of XPS spectrum of W 4f (Fig.
4.1d) represent the W4f72 and w4fs2 doublet of the highest oxidized states of tungsten ions in
monoclinic WO3 [22]. The XPS spectrum of O 1s as seen from Fig. 4.1e has been deconvoluted
into two major peaks at 529.8 eV and 531.6 eV, which are ascribed to O* ions in WO3 and organic

C=0 bond, respectively [22].
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Figure 4.1 XPS Survey (a), C 1s (b), N 1s (c), W4f (d), and O 1s (e) of the g-C3N4+/WO3
heterojunction

The FT-IR spectrum of g-C3N4/WOs3, in conjunction with that of g-C3N4 nanosheets and WOs3, is
presented in Fig. 4.2. The IR spectrum of WO3 exhibits a large absorption band within the
wavelength range of 500-950 cm!, associated with the stretching modes of W-O-W and O-W-O
[19]. The peak at 802.2 cm™ for g-C3N4 is ascribed to the bending vibration of heptazine rings, the
peaks located at 1234.2 and 1317.1 cm™! resulted from the vibration mode of C—N bond [23]. The
bands of 1396.2, and 1539.9 cm™' correspond to the vibration of C=N bond in aromatic
heterocycles, peak at 1627.6 cm™! is attributed to the stretching vibration of C=0 bond [23]. The
broad peak between 3000-3300 cm™! indicates the N-H or O-H bond stretching vibration from the
uncondensed amino group [22]. Figure 4.2 illustrates that the IR absorption peaks of the g-
C3N4/WO3 heterojunction correspond to those of pure WO3 and g-C3N4. The composite's peak
intensity is enhanced at a wavelength of 802.2 cm™ due to the convergence of absorption peaks
from g-C3Ns and WOs. The peak intensity within the wavelength range of 500-950 cm™ is

diminished due to the low concentration of WOs3 in the composite.
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Figure 4.2 FTIR spectra of g-CsN4 nanosheet, WO3 and g-C3N4/WOs3 heterojunction
The crystal structure and orientation of g-C3Ns4 nanosheets, WOs3, and the g-C3N4/WO3
heterojunction have been analyzed via powder XRD. Fig. 4.3 illustrates the XRD patterns of g-
C3N4, WO3, and the g-C3N4/WOs3 heterojunction. Two distinctive diffraction peaks at 13.08 and
27.72°, corresponding to the (100) and (002) crystal planes of g-C3N4 nanosheets, are observed.
The former is attributed to the interlayer repeating unit of tri-s-triazine, while the latter is assigned
to an interplanar stacking ring of the conjugated aromatic ring [24]. Pure WO3 exhibits diffraction
peaks at 26 values of 23.3, 23.7, 24.5, 28.9, 34.32,47.2, 48.3, 50.5, 51.2, and 56°, corresponding
to the (002), (200), (020), (112), (220), (020), (040), (140), (112), and (114) planes of its
monoclinic crystal structure [22]. In the XRD pattern of the g-C3N4/WO3 heterojunction, all

distinguishable peaks correspond to the monoclinic WO3 phase and the exfoliation of g-C3Na.
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Figure 4.3 Powder XRD patterns of g-C3N4 nanosheet, WO3 and g-C3N4/WOs heterojunction

4.3.2 Optical properties of the g-C3N4/WO3 heterojunction

Optical absorptions of pure g-C3N4 nanosheets, WOs3, and the g-C3N4/WO3 heterojunction have
been analyzed using UV-vis diffuse reflectance spectra. As seen in Fig. 4.4a, all samples
demonstrated absorption in the visible light region. The absorption edges of g-C3N4 and WO3 are
480 nm and 473 nm, respectively, whereas the absorption edge of the g-C3N4/WO3 heterojunction
is approximately 476 nm. The g-C3N4 spectrum displays a faint absorption tail that extends nearly
to 550 nm, attributable to defects within the g-C3Nj4 structure, as documented in other studies [25].
A comparable absorption tail is also evident in the spectra of the g-C3N4/WO3 heterojunction,

which further corroborates the establishment of a robust bond at the interface of g-C3N4 and WOs.

The bandgap energy (E;) of the three photocatalysts can be determined from the Tauc plot
employing the methodology outlined in Chapter 3. Figure 4.4b illustrates that the band gap of the
g-C3N4/WOs3 heterojunction is situated between that of pure g-C3Ns and WO3. This outcome

illustrates the formation of tightly chemically bonded interfaces between g-C3N4 and WOs.

73



The positions of the valence bands (VB) for g-C3N4 nanosheets, and WO3 have been determined

through the analysis of the XPS valence band spectra, as illustrated in Fig. 4.5. The VB edge

potentials (Evs) of g-C3N4 and WO3 are measured to be 1.9 eV (NHE) and 2.44 ¢V (NHE),

respectively. The conduction band (CB) potentials of g-C3N4 (-0.76 ¢V vs. NHE) and WO3 (-0.12

eV vs. NHE) are calculated correspondingly.
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Figure 4.4 UV-Vis absorbance (a) and bandgap (b) of g-C3N4 nanosheets, WO3 and g-C3N4/WO3
heterojunction
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Figure 4.5 Valance band spectra of g-C3N4, WO3, and g-C3N4 /WO3 heterojunction

4.3.3 Photocatalytic performance of the g-C3N4/WO3 heterojunction

The photocatalytic performance of the g-C3N4/WOs3 heterojunction has been investigated for the
concurrent photocatalytic reduction of Cr (VI) and degradation of NTP under visible light. Figs.
4.6a & d illustrate the temporal variation in the concentrations of NTP and Cr (VI) when subjected
to three distinct photocatalysts (g-C3N4, WO3 and the g-C3N4/WOs3 heterojunction) under identical
reaction conditions. For NTP degradation, approximately 10.5%, 15.0%, and 8.2% of NTP was
adsorbed or oxidized by C3N4, WO3 and the g-C3N4/WOs3, respectively, after 1 hour in darkness.
In contrast, 29.8%, 35.7%, and 33.4% of Cr (VI) was adsorbed or reduced by C3N4, WO3 and the
g-C3N4/WOs, respectively, after the same duration in darkness. Following a 3-hour exposure to
visible light, degradation rates of 76.2%, 67.8%, and 91.6% for NTP were observed, alongside
reduction efficiencies of 71.3%, 76.7%, and 88.7% for Cr (VI) over g-C3Ns4, WO3 and the g-
C3N4o/WO3, respectively. The g-C3N4/WOs3 heterojunction exhibits a substantial improvement in

photocatalytic activity compared to g-C3N4 and WOs.
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Figure 4.6 NTP degradation (a) and Cr (VI) reduction (d) over g-C3N4/WO3 with the first- and
second-order reaction kinetics of NTP degradation (b, ¢) and Cr (VI) reduction (e, f)

76



The reaction kinetics for Cr (VI) reduction and NTP degradation has been analyzed using the first-
and second-order kinetic equations (Eq. (4-1) & Eq. (4-2)). Table 4.1 summarizes the derived
reaction rate constants along with their corresponding R-square values. The findings presented in
Figs. 4.6b, c, e, f and Table 4.1 indicate that the first-order rate equation more accurately describes

the experimental kinetic data compared to the second-order rate equation.

In(c,/c,)=—kt (4-1)

%t - %O = kyt (4-2)

where ki is the apparent first-order rate constant, 4> is the second-order rate constant, and 7 is the
time.

Table 4.1 Reaction rate constants for NTP degradation and Cr (VI) reduction over different
photocatalysts under visible light irradiation.

Photocatalysts Reactions 1%t order 2" order
k1 (min) R? k2 (L mg™! min) R?
NTP degradation 1.14x10%2 0.876 2.68x1073 0.592
g-C3N4/WO3
Cr (VI]) reduction 9.20x107 0.976 1.57x107? 0.844
NTP degradation 6.16x107 0.946 6.41x10™ 0.833
g-C3Ny
Cr (V]) reduction 4.89x107 0.977 4.80x10™ 0.903
NTP degradation 5.09x1073 0.977 4.74x10™ 0.971
WO;
Cr (VI) reduction 5.91x1073 0.996 6.62x10™ 0.963

Note: the reaction conditions are as follows: the initial concentration of NTP and Cr (VI) are 20.0
mg L, catalyst dosage is 1.0 g L', 7=30 °C, and pH 3.0.
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4.3.3.1 Effect of pH on Cr (VI) reduction and NTP degradation

The pH of the solution significantly affects both the decrease of Cr (VI) and the degradation of
NTP. To examine the effect of pH on the photocatalytic efficacy of g-C3N4/WO3 heterojunction,
simultaneous Cr (VI) reduction and NTP degradation were conducted at varying pH levels (3.0,

5.0, and 9.0), maintaining all other reaction parameters constant.
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Figure 4.7Effect of pH on NTP degradation and Cr (VI) reduction efficiency (a) and the first-
order rate constants (b)

Figure 4.7a illustrates that the g-C3N4/WO3 heterojunction demonstrates superior efficacy for both
pollutants under acidic circumstances. As pH increases, the degradation rate of NTP declines from
91.6% at pH 3.0 to 76.9% at pH 5.0 and 67.2% at pH 9.0. Similarly, the reduction efficiency of Cr
(VD) reduces from 88.7% at pH 3.0 to 58.6% at pH 5.0 and 12.5% at pH 9.0. Lower pH facilitates
the generation of additional protons (H") and hydroxide (OH"), which are crucial for the reduction
of Cr (VI) and the production of hydroxyl radicals (*OH) for NTP degradation, respectively. The
first-order rate constants for Cr (VI) reduction and NTP degradation across different pH values are

illustrated in Fig. 4.7b, and the findings are completely consistent with those shown in Fig. 4.7a.
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4.3.3.2 Effect of temperature on Cr (VI) reduction and NTP degradation

The influence of temperature on Cr (VI) reduction and NTP degradation over g-C3N4/WO3 has
been experimentally examined at different temperatures (20, 30, and 40°C) at pH 3.0 under visible
light irradiation. Figure 4.8a illustrates the efficiencies of Cr (VI) reduction and NTP degradation
across various temperature conditions. The findings presented in Fig. 4.8a suggest that the
efficiency of NTP degradation is enhanced at elevated temperatures. Nonetheless, the reduction of

Cr (V]) exhibited no significant dependence on temperature.

Figure 4.8b illustrates the first-order reaction rate constants for Cr (VI) reduction and NTP
degradation. The degradation of organic pollutants is a complex process including oxidative
degradation, the production of reactive oxygen species, and adsorption onto catalysts, all of which
necessitate activation energy and are impacted by temperature variations. Conversely, the
reduction of Cr (VI) is an electrochemical process primarily influenced by the quantity of electrons

produced, with lesser dependence on temperature.
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Figure 4.8 Effect of temperature on NTP degradation and Cr (VI) reduction
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4.3.3.3 Radical trapping experiment
It is established that free hydroxyl (*OH) and superoxide (O, ) radicals, along with the

photogenerated electrons and holes (e /h"), are involved in the photocatalytic redox reaction. A
free radical trapping experiment has been conducted to explore the primary reactive species
involved in photocatalytic reactions. In this study, three distinct scavengers were employed:

benzoquinone (BQ) served as a scavenger for O, , triethanolamine (TEOA) to mitigate the

presence of holes (h"), and isopropanol (IPA) to prevent the formation of *OH. Fig. 4.9 illustrates
the effects of these three scavengers on the reduction of Cr (VI) and the degradation of NTP. The
NTP degradation experiences a notable reduction in efficiency, decreasing from 91.6% to 84.5%,
59.6%, and 22.7% upon the introduction of IPA, BQ, and TEOA into the reaction system.
Surprisingly, the efficiency of Cr (VI) reduction remains largely unaffected by the addition of IPA
and BQ, while a significant decrease in Cr (VI) reduction efficiency is observed when holes are
consumed by TEOA. The findings presented in Fig. 4.9 indicate that holes are pivotal in the

reduction of Cr (VI) as well as in the degradation of NTP.
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Figure 4.9Free radical trapping experiment
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The results of radical trapping experiments indicate that the following reactions are involved in

the concurrent photocatalytic reduction of Cr (VI) and degradation of NTP.

g—CN,/ WO, +hv —>e_, +hy, (4-3)
2H,0+4h" — 4H" +0, (4-4)
OH +h" -{OH (4-5)
O,+e >0, (4-6)
HCrO; +3e”+7H" — Cr™" +4H,0 (4-7)
Cr,07 +6¢ +14H" — 2Cr’* +7H,0 (4-8)
h

O, +NTP — oxidization (4-9)
[OH

4.3.4 Reaction mechanism for Cr (VI) reduction and NTP degradation

It is widely recognized that the efficiency of photogenerated charge transfer and separation in
photocatalysts is the primary determinant of superior photocatalytic performance [26]. Both g-
CsN4 and WOs3 demonstrate comparable and moderate E; values, resulting in a high capacity for
visible light absorption, an identical light absorption spectrum, and a similar charge carrier
generation rate. Upon exposure to visible light, the g-C3N4/WO;3 heterojunction simultaneously
excites g-C3N4 and WOs, resulting in the production of many charge-carriers (¢ /h"), which are
favorable for redox reactions. Conversely, the distinctive band alignment of g-C3Ns and WO3
facilitates the formation of a Type II heterojunction (Fig. 4.10), enhancing the separation of

photogenerated electrons and holes while maintaining robust photo-redox capability. This is the
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most important factor that determines the enhanced photocatalytic oxidation activity of g-

C3N4+/WOs3 towards simultaneous photocatalytic Cr (VI) reduction and NTP degradation.
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Figure 4.10 Photocatalytic Mechanism of g-C3N4/WO3

4.3.5 Stability and reusability of the g-C3N4/WO3 heterojunction

To evaluate the stability of the synthesized g-C3N4/WOs heterojunction, XRD and FT-IR
measurements were conducted post-photocatalytic reactions, with findings presented in Fig. 4.11
alongside pre-reaction data. The IR spectrum of the photocatalyst exhibits no substantial peak shift
after the reaction, indicating the catalyst's excellent chemical stability. Correspondingly, the
powder XRD pattern of the -C3N4/WOs3 after the photocatalytic reaction exhibits the same
characteristic diffraction peaks as the pattern prior to the reaction. Nonetheless, the intensity of the
XRD signal of the heterojunction diminishes after reaction, signifying a reduction in the particle
size of the photocatalyst. Moreover, the small particle size of the photocatalyst complicates its

separation and recovery from the liquid phase, resulting in inadequate reusability of the
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synthesized heterojunction. Consequently, it is essential to immobilize the photocatalyst onto a

stable solid matrix to create porous particles, thereby enhancing phase separation and reusability.
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Figure 4.11Comparison of FT-IR spectra (a) and powder XRD patterns (b) of g-C3N4/WO3
before and after photocatalytic reactions
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4.4 Conclusion

A facile synthetic method has been employed to fabricate the g-C3N4/WOs3 heterojunction for the
simultaneous photocatalytic reduction of Cr (VI) and degradation of NTP under visible light
irradiation. The findings from XPS, FT-IR, and powder XRD validate the establishment of robust
chemically bonded interfaces between g-C3Ns and WOs. The synthesized heterojunction exhibits
improved photocatalytic activity, achieving a reduction of 88.7% Cr (VI) and a decomposition of
91.6% of NTP at pH 3.0 and a temperature of 30 °C with the initial concentration of both pollutants
being 20.0 mg L' and a catalyst dosage of 1.0 g L"!. Experimental results demonstrate that low pH
enhances both Cr (VI) reduction and NTP degradation, attributed to the production of additional
protons (H") and hydroxide (OH"), which are essential for these processes. Furthermore, elevated
temperatures enhance the degradation of NTP, while having a negligible impact on the reduction
rate of Cr (VI). The radical trapping experiment demonstrates that h* is important in both
conversions. The band positions of g-C3N4 and WO3, as determined from UV-DRS, indicate the
formation of a Type II heterojunction between the two semiconductors. This configuration
significantly enhances the separation of photogenerated electrons and holes, thereby improving

the reduction efficiency of Cr (VI) and the degradation efficiency of NTP.

84



[3]

[8]

References

F. Niu, W. Tu, Y. Zhou, R. Xu, Z. Zou, Killing two birds with one stone: State-of-the-art
progress in dual-functional photoredox catalysis for solar fuel conversion and selective
organic transformation, EnergyChem 5 (2023) 100112.
https://doi.org/10.1016/j.enchem.2023.100112.

Z.Yan, K. Yin, M. Xu, N. Fang, W. Yu, Y. Chu, S. Shu, Photocatalysis for synergistic water
remediation and H» production: A review, Chem. Eng. J. 472 (2023) 145066.
https://doi.org/10.1016/j.cej.2023.145066.

W. Shang, Y. Li, H. Huang, F. Lai, M.B.J. Roeffaers, B. Weng, Synergistic Redox Reaction
for Value-Added Organic Transformation via Dual-Functional Photocatalytic Systems, ACS
Catal. 11 (2021) 4613—4632. https://doi.org/10.1021/acscatal.0c04815.

S. Kampouri, K.C. Stylianou, Dual-Functional Photocatalysis for Simultaneous Hydrogen
Production and Oxidation of Organic Substances, ACS Catal. 9 (2019) 4247-4270.
https://doi.org/10.1021/acscatal.9b00332.

A. Akhundi, A. Zaker Moshfegh, A. Habibi-Yangjeh, M. Sillanpdéd, Simultaneous Dual-
Functional Photocatalysis by g-C3Ns-Based Nanostructures, ACS EST Eng. 2 (2022) 564—
585. https://doi.org/10.1021/acsestengg.1c00346.

H. Dou, Y. Qin, F. Pan, D. Long, X. Rao, G.Q. Xu, Y. Zhang, Core—shell g-C3N4/Pt/TiO>
nanowires for simultaneous photocatalytic H » evolution and RhB degradation under visible
light irradiation, Catal. Sci. Technol. 9 (2019) 4898-4908.
https://doi.org/10.1039/COCY01086F.

P. Suyana, P. Ganguly, B.N. Nair, A.P. Mohamed, K.G.K. Warrier, U.S. Hareesh, Co304—
C3N4 p—n nano-heterojunctions for the simultaneous degradation of a mixture of pollutants
under solar irradiation, Environ. Sci. Nano 4 (2017) 212-221.
https://doi.org/10.1039/C6EN00410E.

W. Zhao, T. She, J. Zhang, G. Wang, S. Zhang, W. Wei, G. Yang, L. Zhang, D. Xia, Z. Cheng,
H. Huang, D.Y.C. Leung, A novel Z-scheme CeO2/g-C3N4 heterojunction photocatalyst for

85



[10]

[11]

[12]

[13]

[14]

degradation of Bisphenol A and hydrogen evolution and insight of the photocatalysis
mechanism, J. Mater. Sci. Technol. 85 (2021) 18-29.
https://doi.org/10.1016/j.jmst.2020.12.064.

T. Yan, R. Tao, Y. Wang, T. Li, Z. Chu, X. Fan, K. Liu, Highly dispersed g-C3N4 on one-
dimensional WigOg4o/carbon nanofibers for constructing well-connected S-scheme

heterojunctions with synchronous H» evolution and pollutant degradation performance, Surf.

Interfaces 54 (2024) 105122. https://doi.org/10.1016/j.surfin.2024.105122.

P.K. Prajapati, D. Tripathi, M.K. Poddar, P. Gupta, S.L. Jain, Dual photocatalysis for CO>
reduction along with the oxidative coupling of benzylamines promoted by Cu/Cu2O@g-C3N4
under visible irradiation, Sustain. Energy Fuels 6 (2022) 2996-3007.
https://doi.org/10.1039/D2SE00378C.

L. Zhao, L. Zhang, H. Lin, Q. Nong, M. Cui, Y. Wu, Y. He, Fabrication and characterization
of hollow CdMoO4 coupled g-C3N4 heterojunction with enhanced photocatalytic activity, J.
Hazard. Mater. 299 (2015) 333—-342. https://doi.org/10.1016/j.jhazmat.2015.06.036.

J. Gu, H. Chen, F. Jiang, X. Wang, L. Li, All-solid-state Z-scheme C09S8/graphitic carbon
nitride photocatalysts for simultaneous reduction of Cr (VI) and oxidation of 24-
dichlorophenoxyacetic acid under simulated solar irradiation, Chem. Eng. J. 360 (2019) 1188—
1198. https://doi.org/10.1016/j.cej.2018.10.137.

S. Patnaik, K.K. Das, A. Mohanty, K. Parida, Enhanced photo catalytic reduction of Cr (VI)
over polymer-sensitized g-C3N4/ZnFe;O4 and its synergism with phenol oxidation under
visible light irradiation, Catal. Today 315 (2018) 52-66.
https://doi.org/10.1016/j.cattod.2018.04.008.

X.-H. Jiang, Q.-J. Xing, X.-B. Luo, F. Li, J.-P. Zou, S.-S. Liu, X. Li, X.-K. Wang,
Simultaneous photoreduction of Uranium(VI) and photooxidation of Arsenic(IIl) in aqueous

solution over g-C3N4/TiO2 heterostructured catalysts under simulated sunlight irradiation,

Appl. Catal. B Environ. 228 (2018) 29-38. https://doi.org/10.1016/j.apcatb.2018.01.062.

86



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

P. Niu, L. Zhang, G. Liu, H. Cheng, Graphene-Like Carbon Nitride Nanosheets for Improved
Photocatalytic ~ Activities, = Adv.  Funct. = Mater. 22  (2012) 4763-4770.
https://doi.org/10.1002/adfm.201200922.

Y. Deng, C. Feng, L. Tang, Y. Zhou, Z. Chen, H. Feng, J. Wang, J. Yu, Y. Liu, Ultrathin low
dimensional heterostructure composites with superior photocatalytic activity: Insight into the
multichannel charge transfer mechanism, Chem. Eng. J. 393 (2020) 124718.
https://doi.org/10.1016/j.cej.2020.124718.

Y. Wang, Y. Deng, D. Gong, L. Yang, L. Li, Z. Zhou, S. Xiong, R. Tang, J. Zheng, Visible
light excited graphitic carbon nitride for efficient degradation of thiamethoxam: Removal

efficiency, factors effect and reaction mechanism study, J. Environ. Chem. Eng. 9 (2021)

105739. https://doi.org/10.1016/j.jece.2021.105739.

X. Wang, Z. Zhu, J. Jiang, R. Li, J. Xiong, Preparation of heterojunction g-C3Nis/WO3
photocatalyst for degradation of microplastics in water, Chemosphere 337 (2023) 139206.
https://doi.org/10.1016/j.chemosphere.2023.139206.

J. Meng, X. Wang, Y. Liu, M. Ren, X. Zhang, X. Ding, Y. Guo, Y. Yang, Acid-induced
molecule self-assembly synthesis of Z-scheme WOs3/g-C3Ns heterojunctions for robust
photocatalysis against phenolic pollutants, Chem. Eng. J. 403 (2021) 126354.
https://doi.org/10.1016/j.cej).2020.126354.

Y.-E. Shin, Y.J. Sa, S. Park, J. Lee, K.-H. Shin, S.H. Joo, H. Ko, An ice-templated, pH-tunable
self-assembly route to hierarchically porous graphene nanoscroll networks, Nanoscale 6

(2014) 9734-9741. https://doi.org/10.1039/C4NRO1988A.

X.-Y. Sun, F.-J. Zhang, C. Kong, Porous g-C3N4/WOs3 photocatalyst prepared by simple
calcination for efficient hydrogen generation under visible light, Colloids Surf. Physicochem.

Eng. Asp. 594 (2020) 124653. https://doi.org/10.1016/j.colsurfa.2020.124653.

S. Chen, Y. Hu, S. Meng, X. Fu, Study on the separation mechanisms of photogenerated
electrons and holes for composite photocatalysts g-C3N4-WO3, Appl. Catal. B Environ. 150—
151 (2014) 564-573. https://doi.org/10.1016/j.apcatb.2013.12.053.

87



[23]

[24]

[25]

[26]

H. Yu, F. Hu, H. Xu, B. Song, H. Wang, M. Li, G. Shao, B. Fan, H. Wang, H. Lu, In-situ
construction of g-C3N4/WOs; heterojunction composite with significantly enhanced
photocatalytic degradation performance, J. Phys. Chem. Solids 187 (2024) 111852.
https://doi.org/10.1016/j.jpcs.2023.111852.

M. Sun, Y. Zhou, T. Yu, J. Wang, Synthesis of g-C3N4/WOs-carbon microsphere composites
for photocatalytic hydrogen production, Int. J. Hydrog. Energy 47 (2022) 10261-10276.
https://doi.org/10.1016/j.1jhydene.2022.01.103.

S.C. Yan, Z.S. Li, Z.G. Zou, Photodegradation Performance of g-C3N4 Fabricated by Directly
Heating Melamine, Langmuir 25 (2009) 10397—-10401. https://doi.org/10.1021/1a900923z.

J. Su, G. Li, X. Li, J. Chen, 2D/2D Heterojunctions for Catalysis, Adv. Sci. 6 (2019) 1801702.
https://doi.org/10.1002/advs.201801702.

88



Chapter 5. Conclusion and Recommendations

5.1 Conclusions

In this study, graphitic carbon nitride based photocatalysts were synthesized for the removal of
pollutants from the environment. First, g-C3N4 was synthesized by calcination of melamine in a
muffled furnace; the bulk g-C3N4 underwent a second-step calcination process to form g-C3;Na
nanosheets. The synthesized nanosheets were utilized for the removal of nitenpyram from water.
The nanosheets were again utilized to make a heterojunction with WO3. WO3 was prepared by a
hydrothermal and calcination method. The prepared WO3; was then dispersed with g-C3N4 in
distilled water to make a heterojunction. This heterojunction is employed for the dual process to

treat nitenpyram and Cr (VI) from the environment simultaneously.

The prepared g-C3N4 nanosheets and g-C3N4/WOs3 heterojunction were characterized by XRD,
FTIR, XPS, UV-DRS and BET. The characterization of g-C3N4 nanosheets shows a narrower band
gap, and increased surface area as compared to the bulk g-C3N4 and a positive valance band
position, making it suitable for the degradation of nitenpyram. Also, the characterization of g-
C3N4+/WO3 indicates the successful synthesis of the type II heterojunction, reduced recombination
rate and a well-balanced band structure for simultaneous reduction and oxidation of Cr VI and

NTP respectively.

The g-C3N4 nanosheets prepared by a two-step calcination process in a muffled furnace at 520°C
with a ramp of 2.5°C /min for 4 hours were used to degrade NTP from the water. Experimental
results show that pH 9 gives us the highest degradation efficiency of 99% after exposure to visible

light for 3 hours with an initial concentration of 10 ppm and catalyst dosage of 1.0g/L. The MS

89



spectrometry shows the reaction mechanism where the NTP is degraded into its metabolites CPMF

and CPF.

The prepared heterojunction g-C3N4/WO;3 was used to simultaneously degrade NTP and reduce Cr
(VD) from water under visible light. The experimental results show that pH 3 gives us the highest
efficiency in dual process with 91.6% degradation of NTP and 88.7% reduction of Cr (VI) with an
initial concentration of 20 ppm and catalyst dosage of 1.0g/L. The reaction mechanism was also
studied for the simultaneous degradation and reduction, which shows that the holes from VB of
WOs transfer towards VB of g-C3N4 nanosheets and electrons from CB of g-C3Ns nanosheets
transfer towards CB of WOs3, indicating type II heterojunction. The radical trapping experiment
was carried out to find the most reactive species in the photocatalytic removal of NTP, which, after

experimentation, came out to be h'.

5.2 Recommendations for future work

In past years, plenty of efforts have been made to make an environmentally friendly and low-cost
photocatalyst that can be used to remove pollutants from the environment and other applications.

But still, there is room for improvement in the synthesis and utilization of the catalyst.
Some recommendations for future work:

(1) The nanosheets prepared by this method had some impurities, which can be removed by
employing purification methods i.e. solvent washing to remove dissolved impurities, acid
base treatment and extraction with organic solvents which will remove the impurities and

the unreacted precursor without damaging the structure of g-C3Na.
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(2) The efficiency of the nanosheets can be improved by elemental doping to modify electronic
properties or modification in synthesis techniques. Different types of dopants such as
sulfur, boron, and phosphorus can be used to enhance g-C3N4 photocatalytic ability.

(3) In this study, the g-C3Ns was combined with WOs3; to prepare a heterojunction.
characterization results of the heterojunction demonstrate that a type Il heterojunction was
formed. To further increase its photocatalytic ability Z-Scheme heterojunction is preferred
for dual process.

(4) The interface between nanosheets and other components is crucial for separating charge,
the detailed study of the interfacial interaction and electron transfer dynamics can help us
improve the photocatalytic efficiency.

(5) The reuse of the catalyst is still challenging because of its small particle size. The
reusability of the catalyst can be enhanced by introducing better separation techniques such
as modified magnetic separation, surface functionalization, and electrostatic separation
which are favourable for small particles without major loss.

(6) Conduct environmental assessment to check the products of nitenpyram degradation and
chromium (VI) reduction are harmless and non-toxic to the environment.

(7) The prepared catalyst performed well in the lab, we should also consider catalyst efficiency

in real-world and compare it with other environmental pollutants to extend its application.
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