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Chapter 1

Introduction

As the global population grows and industrial activities continue to
expand, the demand for clean, reliable, and sustainable energy has become
one of the most pressing challenges of our time. Our dependence on fossil
fuels is driving not only the depletion of these finite resources but also
severe environmental consequences, including global warming, climate
change, and air pollution. At the same time, water pollution, particularly
from persistent contaminants like antibiotics and synthetic dyes such as
methylene blue poses serious threats to ecosystems and human health. In
this context, the development and application of clean, pollution-free, and
renewable energy sources are of immense importance. Among various
alternatives, solar energy emerges as a particularly promising resource as
it is abundant, inexhaustible, and environmentally friendly. The challenge
lies in effectively capturing, converting, and storing this energy.
Photocatalysis, a process that mimics natural photosynthesis, offers a
compelling route to convert sunlight into chemical energy, enabling the
generation of clean fuels such as hydrogen (H:). Since the pioneering
work of Fujishima and Honda in 1972 on photoelectrochemical water
splitting, photocatalytic technologies have gained momentum as a
sustainable solution for energy production and environmental remediation.
A key to the success of photocatalytic systems lies in the choice of
semiconductor materials. Recently, two-dimensional (2D) materials like
graphene, transition metal dichalcogenides (TMDs), MXenes, and

graphitic carbon nitride (g-CsN.) have emerged as strong candidates in this
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field. Their unique physicochemical properties, such as high surface area,
tuneable electronic structures, and excellent optical characteristics, allow
them to perform exceptionally well in energy storage, photocatalytic
reactions, and pollutant degradation. These materials show great promise
in a wide range of applications, from water splitting and CO- reduction to
wastewater treatment and fuel cell technologies. Among the above
mentioned 2D materials, g-CsNa4 stands out due to its ability to absorb
visible light, suitable band edge positions, and ease of synthesis from

earth-abundant elements.
1.1 g-CsN4 (Graphitic Carbon Nitride)

g-CsNa4 is a metal-free semiconductor that was discovered in the late
1800s. Liebig reported melamine, melem, melam, and melon, all of which
were identified as triazine and/or tri-s-triazine basic constituents. These
were a-CsNa, B-CsNa, pseudo-cubic-CsNa, cubic-CsNa, and g-CsNa. In
contrast to alternative kinds of g-CsNa, g-CsNa4 is simple to synthesize,
extremely robust, and has an excellent semiconductive property. In 2009,
Wang and his colleagues discovered for the first time that g-CsN4 might be
exploited for Hz synthesis under solar irradiation. This was a significant
advancement for metal-free photocatalysts. After then, a great deal more
study was conducted on the g-CsN. semiconductor, and a great deal of

articles were published [1].
1.2 Structure of g-C3Nas

g-C3N4 offers a promising high performance due to its hardness, light
weight, preparation from easily available starting material, excellent
stability at ambient conditions and as it has suitable band gap energy of
2.7 eV and can absorb blue light up to 450 nm. C3Nas exists in five

different allotropic forms: a-g-CsNa, B-g-CsNa4, graphitic-CsNa, cubic-
2
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C3N4, pseudo-cubic-g-CsNa and their bandgap is 5.49, 4.85, 4.30, 4.13,
and 2.7 eV, respectively. Among them, g-CsNa has the narrowest bandgap
and good light absorption [2].

Fig.1 Structure of g-C3sN4

g-CsNa possesses a stacked 2-dimensional (2D) graphite-like planar
structure, with N-heteroatoms substituted in the graphite framework
containing p-conjugated systems maintaining a distance of 0.326 nm
between two layers. g-CsNa is made up of only carbon and nitrogen and is
stable in both acidic and basic media due to the presence of strong
covalent bonds between the carbon and nitrogen atoms. Bonding consists
of a N-atom (N1) in a planar sp? configuration and a 3-coordinated C-
atom, which is sp2 hybridized and is bonded to 2-coordinated N-atom (N2)
in a 1,3,5-triazine ring. Both the nitrogen atoms (labelled as N1 and N) are
sp? hybridized (Fig. 1) [1].

Inside the molecular building blocks, strong covalent bonds exist, but in
the molecular crystal, there exists weak interactions, such as hydrogen
bonding and van der Waals forces. Due to the different degree of
condensation, the polymerized structure of g-CsN. develops optimization
in its packing, which makes the material behave as a multifunctional

catalyst. The presence of a pi-conjugated system, as shown in Fig. 2,
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modifies its bulk electronic structure and surface properties to allow it to
exhibit:

. Electronic properties

. Nucleophilic properties

. The ability to form H-bonds

. Photocatalytic activity

Through its special electronic properties, it can activate the Friedel-Craft
reaction, Diels—Alder reactions and trimerization of alkynes. Due to its
nucleophilic properties, it helps in the activation of COs. Its ability to form

H-bonds favors the trimerization of nitrides [1, 3].

Electronic

properties Bronsted basic
“NH % functions

Lewis basic motif
functions

Fig.2 Structure of Planar g-CsNa

The appropriate means of selection of precursors and condensation
methods had led to two main types of g-CsNa structural polymorphs and
this includes, firstly, the g-CsN. consist of a condensed s-triazine units
(ring of CsNi) with a periodic array of single-carbon vacancies. The
second type of g-CsN. consists of the condensed tri-s-triazine (tri-ring of
CsN7) subunits coupled through planar tertiary amino groups, and this has
greater periodic vacancies in the lattice. The g-CsN4 networks mainly

consists of melon-based segments (the second type structure; this consists

4
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of the tri-s-triazine unit, Fig. 3a) which is thermodynamically more stable
compared to the melamine-based arrangements (the first type structure;
this compose of the s-triazine, Fig. 3b) as described by the functional
theory (DFT) calculations. Hence, it is broadly believed that the tri-s-
triazine nucleus is the fundamental building blocks for the formation of
the g-CsNa network. Tri-s-triazine (CeN7) or triazine (CsNs) rings are
connected by C-N bonds to form a layered structure with triangular
nanopores uniform distribution, which is different from the honeycomb

structure closely connected in graphene layers [4].
(a) (b)

triazine tri-s-triazine (heptazine) __

Fig.3a) Tri-s-triazine and 3b) triazine structures of g-C3Na

1.3 Synthesis of g-C3N4

g-CsNa can be prepared by Thermal polymerization of precursors such as
urea [5], thiourea [6], cyanamide [7], dicyandiamide [8] and melamine [9].
In general, the synthesis of g-CsNa could be divided into two processes:
Polyaddition and Polycondensation. Both processes are temperature-
dependent. The precursors firstly polymerize to melamine (Polyaddition
process). Then Melamine is condensed by the loss of ammonia
(polycondensation), which finally results in the formation of g-CsNa

polymer [10].



Chapter 1

The g-CsN. powder was obtained by heating urea/ Thiourea/ Cyanamide/
Dicyandiamide/ Melamine or we can combine both urea and thiourea in
the ratio of (1:1) in microwave muffle furnace. Typically, 20 g of urea was
calcined at 550°C for 2 hours with heating rate of 5°C min-1. The obtained
bulk g-CsNa4 was collected and ground to powder after cooling. Different
kinds of precursors and calcination temperature can greatly affect the
physicochemical features of the subsequent g-CsNa, including the specific
surface area, porosity, absorption edge, photoluminescence, C/N ratio, and

nanostructure design [10].

Cyanamide Dicyandiamide Melamine  Thiourea Urea
550°C 550°C 500-580°C 450-650°C 550°C

Thermal [condensation

g-GN,

Fig.4 Schematic illustration of the main synthesis routes of bulk g-CsN.

The formation of graphitic carbon nitride proceeds by various routes at
thermal condensation of the above-mentioned precursors. At thermal
pyrolysis, the cyclization of any of the above-mentioned nitrogen-
containing precursors yields melamine. The dimerization of melamine at
350°C yields melem and melon that transforms into polymeric g-CsNa at

temperatures above 500°C [11]. Graphitic carbon nitride is known to have

6
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a defect-rich structure, which results from incomplete deamination during
thermal polycondensation. For this reason, synthesizing high-crystalline g-
CsNa is a difficult task, albeit exact crystallinity (correct arrangement of
atoms) is a critically important parameter affecting the band structure and
charge recombination rate (e-/h+) of a photocatalytically active material.
A large number of structural defects increases the charge recombination
rate, and thus impedes photocatalyst activity. Texture controlling can
improve the chemical, physical, and optical properties of g-CsNa4 [11].

i

Dicyandiamide ~ Melamine

Melem Melon n

o .3:3. .3“)3'
.%'.0.%030.3«.0.
[ ]

.r::' R0
.xmés.-%:s.

Fig.5 Thermal Condensation of Dicyandiamide to form g-CsN4

1.4 Properties of g-C3N4

1.4.1 Physical properties:

g-CsNa is an organic n-type semiconductor photocatalyst with a bandgap
of 2.7 eV corresponding to visible absorption of 460 nm. The electron-rich
nature of g-CsN. enables it to absorb visible light corresponding to a
wavelength of 460 nm (pale yellow colour). DFT calculation studies on
the band structure of g-CsN. stated that the VB (HOMO) and CB (LUMO)
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results from the p, orbitals of pyridine like nitrogen and carbon p; orbitals
with significant contribution from edge nitrogen atom respectively. The
CB and VB edge potentials from Mott-Schottky (M-S) plot and Valence
Band X-ray Photoelectron Spectra (VB-XPS) are found to be —1.3 and 1.4
V and —1.53 and 1.16 V respectively vs NHE at pH 7. The slight
difference in values is acceptable for an n-type semiconductor like g-CsNo.
The VB and CB edge potentials are suitable for many photocatalytic redox
reactions [12]. It is known for its high thermal and chemical stability. It is

one of the highly thermally stable organic compounds and is stable up to
600°C, beyond which oxidation occurs via distinctive C, N fragmentation
reactions. Moreover, thermogravimetric analysis (TGA) of g-CsNa
revealed a sharp endothermic peak at 630°C, equal to the sequential total
weight loss which indicates that the thermal decomposition and
vaporization of the samples have commenced at this temperature. The
overall decomposition of g-CsN4 happens at 750°C, and no remains of the
materials are left subsequently. Gillan hermetically sealed g-CsNa in an
evacuated silica ampoule and positioned it in a range of different
temperatures. The result showed that a very gentle sublimation of g-CsNa
occurs at 450°C and a tremendous increase at 650°C. This thermal
stability of g-CsNa is the highest among those of characteristic high-
temperature organic polymers, which is superb for high-temperature
applications. However, the thermochemical stability of g-CsNa is different
using different preparation methods, which is affected by the various
degrees of polycondensation of the g-CsNa precursors [13].

UV-vis diffuse reflectance spectroscopy and photoluminescence
spectroscopy typically characterize the optical features of g-CsNa.
Optimizing the optical features of g-CsN4 is also of immense importance

to achieve superior photocatalytic performance. It should be noted that the
8
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physicochemical properties, for instance, the bandgap energy of the state-
of-the-art g-CsN. semiconductor photocatalytic material, are correlated
with the kind of precursor, condensation temperature, difference in band
gap and applications, as shown in Table.1. This difference in bandgap
energies is usually related to the formation of different local structures,
packing motif, and defects produced in the course of the synthesis or
modification procedures. Also, different modifications of g-CsN. may
result in a hypsochromic shift (for instance, protonation or Sulphur
doping) or a bathochromic shift (B and F doping and copolymerization
with malonylurea). The favourable electronic band structure also makes
the g-CsNa photocatalyst suitable for applications related to
photoelectrochemical and solar energy conversion. Moreover,
modification in the nanostructure of g-CsN. results in a tuned electronic
band structure and improved photocurrent response. For instance,
mesoporous g-CsNa can enhance the light harvesting capacity due to its
larger specific surface area and multiple light-scattering effects, and

consequently exhibit an improved electrical conductivity [13].

Temperature Band Gap

Precursors . o Application
(in°C) (eV) PP
Urea 450-550 2.7 Water splitting
Thiourea 450-650 24-26 Organic Pollutant Degradation
. S 450-550 . N
Dicyandiamide >600 (Collapse) 2.7-2.8 Bacterial Inactivation
Cyanamide 550 2.7-2.8 Photoelectrochemical devices
Dicyandiamide 450-550 2.5-2.6 Hydrogen Production
under H,
Cyanamide under CO; photoreduction to fuels
Co, 500-580 24-25 (CH,.CO)
Melamine 500-580 2.8-3.0 Fluorescent sensors[14]

Table. 1 Synthesis Parameters, Properties and Applications of g-sNa
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1.5 Modifications of g-C3N4

Pristine graphitic carbon nitride (g-CsN.) is a promising metal-free
semiconductor, but its use in photocatalysis is limited by a few key issues.
The main problems are that its electrons and holes tend to recombine
quickly, and its bandgap is too wide to absorb much visible light [15].
Carbon nitride, albeit known for a long time, has been tested as a
photocatalyst only since 2009. Every year, the interest of researchers in
this material increases, about 10-12% of all studies on the photocatalytic
H> production devoted to the synthesis and study of photocatalysts based
on g-CsNa4 and their applications. Graphitic carbon nitride g-CsNa has the
band gap of 2.7 eV and the conduction band-edge potential -1.3 V vs.
NHE, which enables an efficient hydrogen production process. The
downside of this process is that it yields materials with low specific
surface areas and high electron-hole recombination rates that provokes the
loss in the catalytic activity. To stabilize the photocatalytic activity of g-
CsNa, the following approaches are used:

1. Alteration of textural characteristics by introducing templates, pore

formers, or pre-treatment method;

2. Doping with heteroatoms [16-18]

3. Modification with metals

4. Construction of composite photocatalysts.
The following strategies are used for the modifications of g-C3N4:-
1.5.1 Elemental Doping: Doping in semiconductor photocatalyst is
generally a band engineering strategy by virtue of which the bandgap
reduction and extended absorption towards the visible region of the solar
spectrum occur. In the case of g-CsNa, various elemental (metal or
non-metal) and molecular (copolymerization with organic moieties)

doping has emerged to improve the photophysical properties in the last
10
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few years. Elemental doping is in accordance with the ionic radii of the
dopant and the in-planar and inter planar distance between the C:sN.
lattices, thereby resulting in substitutional or interstitial doping [12].

1.5.2 Metal Doping: Metal doping generally takes place by the insertion
of metal atoms into the CsN4 framework via cave doping, in which metal
atoms get fixed into the large nitride pores (pots) of triazine units by the
strong electrostatic attraction between negatively charged nitrogen and the
positive metal cations. The reduction in bandgap is achieved via the
introduction of additional energy levels by metallic impurities, which may
be lower or higher than the CB minimum and VB maximum, respectively,
to reduce the bandgap values. Many alkali/alkaline earth metals, transition
metals or noble metals are incorporated into the CsNs matrix by adding
soluble salts during thermal condensation polymerization [12].

1.5.3 Alkali/Alkaline Earth Metal Doping: Cave doping alkali metal
cation induces non-uniform spatial charge distribution in different
directions and thereby enhance charge transfer kinetics [19] and an
increased number of charge carriers. The combined effect of dopants and
structural oxygen atoms strongly influences the material’s morphology
and band structure. Besides, there is a reduction in the doped system’s
surface area values due to the agglomeration of doped CsN. and limited
CO:a release during thermal condensation [12].

1.5.4 Noble Metal Doping: An interesting study based on DFT
calculations indicated that the cave doping of noble metals like Pd, Pt in
semiconductor material would reduce the optical bandgap, thereby
facilitating extended visible light absorption. These are the outcome of
surface plasmon resonance (SPR) and Schottky barrier (space—charge
separation region) generation. The nano Ag deposition on CsNa sheets

leads to increased surface area [20], and all these factors positively

11
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influenced the TC degradation. Porous CsNa (PCN) decorated with Ag
nanoparticles for the degradation of TC was reported. PCN/Ag composites
have superior surface area value (100 m2/g) and reduced bandgap
(2.68 ¢V) [21], which results in improved TC degradation kinetics. They
have used Pt decorated C:sNa for the simultaneous degradation of
macrolide antibiotic and hydrogen production [22], in which macrolide act
as a sacrificial agent and being consumed in the reaction. Au/Pt/g-CsN.
plasmonic photocatalyst for TC HCI degradation was one of the first
reports on antibiotic degradation by CsN4 based systems [12].

1.5.5 Other Transition/Inner Transition Metal Doping: Apart from noble
metals, other transition metals are also cave doped into nitride pores of
triazine units of CsNa enabling superior photophysical properties. Single
atom such as Co loaded in CsNas matrix is achieved through a bidentate
ligand approach. Interestingly, an interlayer and intralayer Cu doping on
the CsN4 matrix was reported for the degradation of Norfloxacin (NOR)
antibiotic [23, 24]. Porous CsN4 with Cu(l) ions with traces of Cuz0 is
reported for the degradation of chlortetracycline hydrochloride (CTC HCI)
via metal to ligand charge transfer (MLCT) phenomena. Fe** doped
porous CsNa for the degradation of sulfadiazine antibiotic [25] is reported
by Ou et al. Doping of rare earth metal ions on CsNa4 gathered interest due
to the availability of unfilled 4f orbital and empty 5d orbital, which serves
as electron capturing centre to improve the photoinduced charge carrier
and restrict the recombination rate. Mesoporous CsN4 doped with Sm for
TYL degradation via simple one step calcination are realized [12].

1.5.6 Non-Metal (Anion) Doping: Generally, non-metal doping in CsNa
occurs by the chemical substitution leading to reduced bandgap and
enhanced visible light absorption. Copolymerization of dicyandiamide
with ammonium citrate in a one-step thermal polymerization leads to

12
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carbon doped CsNa with some nitrogen vacancies [26]. The electrical
conductivity and charge transfer separation is greatly enhanced by the
replacement of bridging nitrogen. A red shift in bandgap is observed due
to the improved n—n* and n—x* transitions as proven by DFT calculations.
In a notable work, Guo et al. introduced a one-step strategy for Cl doping
in CsN. nanosheets for the degradation of tetracycline [27]. CsNa doped
with Cl and Br using NH:Cl and NH4Br respectively is reported for
oxytetracycline degradation in a similar approach. The acid gas like
HCI/HBr gas leads to doping in CsNa sheets and protonation; both
improve the photocatalytic performance [12].

1.5.7 Co-Doping (Anion+Anion): Co-doping of anions has recently
attracted much interest in the field of semiconductor photocatalysis by the
synergistic effects of dopants compared to single dopant. Recently, a
one-step thermal polymerization of polyvinylpyrrolidone (PVP),
guanidinium hydrochloride (GndCl) and hexachlorotriphosphazene
(HCCP) for the fabrication of P and O co-doped CsN. is reported [28] for
the degradation of a number of fluoroquinolone antibiotics. Based on the
various spectroscopic techniques like XPS and NMR, it is found that the
corner and bay carbon atoms are replaced by P atoms while, oxygen is
occupied in the place of N in the CsN4 framework. Another report on P-Cl
co-doped CsN. with nitrogen-vacancy emphasised the degradation of
norfloxacin [12].

1.5.8 Metal/Non-Metal Co-Doping: The synergy between metal and
nonmetal dopants is a way to improve the photophysical properties of
photocatalysts. In a recent paper, C Ce co-doped porous CsNa prepared by
supramolecular self-assembly is reported for the TC degradation. Another
report on S and Gd co-doped CsNa exhibited better photocatalytic
degradation of sulphamethazine (72%/180 min) compared to pristine C3Na

13
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(10%/180 min). Similarly, K & | and Ag & P co-doped CsN. are widely
reported for antibiotic degradation [29]. Nguyen et al. fabricated Ag P co-
doped CsN4 for the degradation of sulphamethoxazole [30]. The bandgap
reduction and effective separation of exciton lead to 99% degradation of
antibiotic [31] within 30 min of visible light irradiation [12, 30].
1.5.9 Heterojunction interfaces: Concurrent charge separation and
migration of photo generated charge carriers are two important factors that
will define the overall photocatalytic activity. The charge separation in
single component photocatalyst is sometimes inadequate for large scale
applications. The construction of heterojunction interfaces between two or
more compatible components (semiconductor/metal/non-metal) is an
advanced technique to ensure the effective separation and migration of
electron-hole pairs in semiconductor photocatalysis. The alignment of
band structures of two different semiconductors results in the formation of
heterojunction. The junction formation results in a band bending
phenomenon, leading to the built-in electric field in the space charge
region. As a result, the migration of electrons and holes occurs in the
opposite direction and promotes spatial charge separation and reduces the
recombination rates [32]. The creation of junction is influenced by the
electronic structure, electron affinity, and work function of the
participating materials. Based on the phase composition, heterojunctions
can be classified as isotype or hetero type junctions [12]. The interface
formed between different compounds is generally termed as hetero type
junctions or simply heterojunctions. Hetero type junction can be classified
in different ways according to the number of components or depending on
the band alignment of the components. Considering the number of
components, the heterojunctions can be classified further into binary,
ternary, or quaternary heterojunctions. The important heterojunctions
14
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based on band alignments are type I, type I, type Ill, Schottky, p-n and Z-
scheme. The confinement of VB and CB of small bandgap material within
the large bandgap material leads to a straddling kind arrangement of band
edges, which is termed as type | heterojunction. In type Il heterojunction,
a staggered band alignment of the semiconductor offers effective
separation of the charge carriers by the creation of a built-in electric field
on account of the chemical potential difference of the band edges. Type Il
heterojunction provides more room for extended visible light absorption,
fast charge migration, reduced exciton recombination, and shows
enhanced photocatalytic performance. A broken type of arrangement of
band edge positions without band crossing is observed in type Il
heterojunction [12].

These heterojunctions are very rare, and thus reports of such junctions
displaying effective results are also rare. A conventional Z-scheme
photocatalysis is defined by a two-step photoexcitation process as similar
to natural photosynthesis. It comprises two photocatalysts and an electron
acceptor-donor pair. In a photocatalysis process, the Z-scheme
heterojunction comprises one photocatalyst with strong reductive electrons
and another photocatalyst with strong oxidative holes, aiding spatial
charge separation and thereby improving the photocatalytic activity. The
photocatalytic activity of all-solid-state Z-scheme enhances the overall

spatial charge separation of electron-hole pairs [12, 33].

1.6 Spinel Oxides and Catalytic Activity

To improve its photocatalytic activity, composites of g-CsN. with other
semiconductor materials are formed. Among these, spinel structured
compounds such as ZnCo0:04, NiC0204, CuAl:0s, CuCr:0s, ZnCrz20a,

MnCo0.04, and CuCo:04 gained more attention due to their incredible

15
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applications in electronic, magnetic, catalytic, sensing reduction of organic
molecules, electrocatalyst for oxygen evolution reaction, and anode
materials. The combination of high electrochemical activity,
interconnected nanostructured morphology, and the presence of multiple
redox-active sites contributes to their higher energy storage and oxygen

evaluation performance [34].
1.6.1 Copper Cobaltite (CCO)

CuCo20s stands out due to its unique spinel structure, which enables rich
redox chemistry and superior electrochemical activity. Unlike binary
oxides such as Co0304, CuO, or NiO; CuCo:04 benefits from the
synergistic interaction between Cu and Co ions, which enhances charge
transport, catalytic efficiency, and active site density. CuCo.04 features a
spinel AB20. structure, with A as the bi-valent Cu metal atom on
tetrahedral sites and Co as the tri-valent transition metal atom on
octahedral sites. Additionally, CuCo:0s4 exhibits higher electrical
conductivity and better cycling stability than many other transition metal
oxides, making it a promising candidate for high-performance applications
in energy storage, electro-photocatalysis, optoelectronic devices,
electrochemical sensors, solar cells and biomedical applications. Its
substantial active surface area and conductivity enhance the charging and
discharging processes, essential for energy storage devices. Furthermore,
its catalytic activity in oxygen evolution (OER), hydrogen evolution
(HER), oxygen reduction reaction (ORR), and CO: photoreduction [35-
37] plays a crucial role in electrochemical processes such as water
splitting [38-40] and fuel cells. The wide bandgap and capability to absorb
a broad spectrum of visible and near-infrared light render it effective for

solar energy harvesting. Beyond its notable electrochemical and catalytic
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response, CuCo:0s4 has recently gained attention in biomedical
applications due to its unique physicochemical properties. Specifically,
CuCo204 nanoparticles have been explored for their antibacterial
properties, because of their ability to generate reactive oxygen species
(ROS) and the release of Cu?* and Co?" ions [41].

In order to enhance the photocatalytic properties, coupling of p and n-type
semiconductor materials like CuC0204 (p-type) or g-CsNa (n-type) will be
more appropriate. The fabricated CuCo0204/g-CsNa (1:0.5), CuCo204/g-
CsNa (1:1) and CuCo204/g-CsNa (1:2) composite catalysts were tested for
MO degradation under solar light illumination. Compared to the bare
CuCo0204 and g-CsNi, the photocatalytic performances of hybrid
composites were found to be low due to the shielding of CuCo0204 over g-
CsNa4 which reduces the absorption capacity of g-CsNa and also the surface
area lower than bare photocatalysts. The addition of H20: increases the
degradation process which might be due to the decomposition of H.02 and
the production of hydroxyl radicals (*OH) on the catalyst surface
facilitates the reaction process faster [41]. The photocatalytic degradation
of these pollutants results from the generation of reactive species such as
h*, H202, *OH and O:e. Electrons and holes produced under sunlight
within the excited CuCo:04 allow absorbed oxygen molecules to trap
electrons forming superoxide radicals O."*. These active species act as
oxidants, degrading various pollutants such as carbonyl, amino, hydroxyl
groups, among others [42].

1.7 Photocatalytic Degradation of Antibiotics

Ciprofloxacin (CIP) is a fluoroquinolone group broad-spectrum antibiotic

drug that can act as a bidentate ligand forming iron complexes during its
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degradation in the photo-Fenton process (PFP). It works through the
inhibition of protein synthesis of both gram-positive and gram-negative
bacteria. CIP was globally prescribed in the order of 18.7 million defined
daily doses in the year of 2010 (Schwabe and Paffrath, 2011). CIP could
exist in target organisms even up to 72% of non-metabolized forms
(Ternes, 2003). In a bulk drug production site in Patancheru, Hyderabad
(India), the concentration of CIP obtained in disposed water was as high as
the toxicity limit to some bacteria (Larsson et al., 2007). In fact, CIP
residues are frequently found in hospital wastewater, sewage treatment
plant effluent, and surface water (Li et al., 2011). CIP molecules also have

a strong tendency to be adsorbed on sewage sludge (Golet et al., 2002)

[43].
Fluoroe
Carboxylic
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Piperazin-1-yl \)
A— Cyclopropyl

Fig.6 Structure of CIP

Ciprofloxacin is a solid white powdery compound having half-life of
about 3—4 hours. Figure 1 shows the structure of ciprofloxacin. In order to
avoid its photodegradation, it is stored in dark at 4°C. It has a melting
point of 255-257°C and solubility is dependent on pH; at pH below 5 the
solubility is maximum and minimum when pH is near 7, i.e., isoelectric
point (Sharma et al., 2017). This drug has a concentration-dependent

permeability and passes through most of the body tissues and fluids well
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such as bile, prostatic tissues, gingival fluid, and lungs (Sharma et al.,
2017) [44].

In a recent study, the degradation of Ciprofloxacin (CIP) was reported by
a novel p-n junction created by nitrogen-deficient g-C3Ns4 loaded with
polyoxometalate porous photocatalysts. The nitrogen-deficient nanosheets
of carbon nitride were prepared by the magnesium thermal denitrification
process. The addition of Mg powder along with melamine as the raw
component results in formation of black porous structures of g-CsN4 [12].
The g-CsN./CuCo.0. heterojunction effectively degrades the antibiotic
CIP by creating a highly efficient Z-scheme photocatalytic system.

When exposed to light, this system boosts the separation of charge
carriers, preventing them from simply recombining. Under illumination,
electrons from the CuCo204 conduction band migrate to combine with
holes in the g-CsN. valence band. This unique pathway preserves the
electrons with high reductive power on g-CsN4 and the holes with strong
oxidative power on CuCo204. These separated, powerful charges then
react with oxygen and water to generate a high concentration of reactive
oxygen species (ROS), specifically superoxide radicals («O*) and
hydroxyl radicals (*OH). These highly reactive radicals are the key agents
that attack and mineralize the complex structure of the Ciprofloxacin

molecule, breaking it down into less harmful byproducts.
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Objectives




Materials and Methods

Chapter 2

This chapter gives a brief description of the materials and experimental

procedures adopted for the present investigation.

2.1 Materials Required

Urea

Thiourea

Copper Nitrate
Cobalt Nitrate
Sodium Hydroxide

Distilled water

2.2 Apparatus Required

Silica crucible
Magnetic Stirrer
Muffle furnace

UV-Vis lamp
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2.3 Experimental Procedures

2.3.1 Preparation of g-C3Na4

The graphitic carbon nitride samples were synthesized via a direct thermal
polycondensation method using urea and thiourea as precursors. In a
typical synthesis, 10 g of the precursor (urea, thiourea, and a 1:1 mass
ratio mixture of both - hereafter denoted as CNU, CNT and g-CN
respectively) was placed in a covered silica crucible separately. The
crucible was heated in a muffle furnace in a Temperature of 500°C -
550°C. The sample was calcined at this temperature for 1 hour in an air
atmosphere. After the heating process, the furnace was allowed to cool
naturally to room temperature. The resulting product, obtained as a pale-
yellow solid, was collected and ground into a fine powder for further

physicochemical characterization [45].

2.3.2 Synthesis of Copper Cobaltite

The Spinel shaped Copper Cobaltite (CCO) can be synthesized using a co-
precipitation - 550°C annealing method. In the first step, 3 mmol of copper
nitrate and 6 mmol of Cobalt nitrate were dissolved in 25 mL of deionized
water. Simultaneously, 22.5 mmol of NaOH was dissolved in another 25
mL of deionized water. The two solutions were then mixed under stirring.
The mixture was stirred in a water bath at 60°C for 30 minutes and then
aged at room temperature for 2 hours. In the second step, the reaction
mixture was centrifuged at high speed to obtain the solid product, which
was then washed and centrifuged multiple times. In the third step, the
purified solid product was placed in a tube furnace and annealed at 550°C
for 3 hours in an air atmosphere, with a heating rate of 5°C per minute, to
obtain the CuCo,04 solid powder [46].
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2.3.3 Preparation of CuC0204/g-C3N4 Hybrid Composites -
Impregnation Method

An impregnation strategy was adopted for the preparation g-
C3N4/CuCo0204 hybrids. In a typical process, 0.5 g g-C3sN4 was dispersed
in ethanol via stirring. An ethanolic solution of CuCo,04 was added to the
above solution and further stirred for 12 hours followed by solvent
evaporation under continuous stirring and heating. The samples were dried
at 80° C for 8 hours. A g-C3N4/CuCo204 hybrids with 5 weight percentage
of CuCo204 was synthesized and denoted hereafter as g-CN/CCO [47].

2.4 Photocatalytic Studies

The photocatalytic activity under visible light irradiation of the as-
prepared g-C3N4 samples from different precursors was assessed using the
photocatalytic degradation of methylene blue [48]. The percentage
degradation of methylene blue was assessed by monitoring the absorbance

of the solution at 664nm at definite time intervals.

2.5 Photocatalytic Degradation Ciprofloxacin

The application of studies of the hybrid samples were conducted. The
samples were used for the degradation of the antibiotic ciprofloxacin. In a
single run, 10 mg of the catalyst was dispersed in 10 ml of the aqueous
solution of ciprofloxacin (10 mg/L) and the suspension was stirred in the
dark to attain the adsorption/desorption equilibrium. The percentage
degradation of CIP was assessed by monitoring the absorbance of the

solution at 268 nm at definite time intervals
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2.6 Characterization Techniques

2.6.1 Fourier Transform Infrared Spectroscopy (FTIR)

Infrared (IR) spectroscopy, particularly Fourier Transform Infrared
Spectroscopy (FT-IR), is a widely used technique for chemical analysis in
laboratories. It provides valuable insights into molecular vibrations,
enables the identification of functional groups within a molecule making it
a powerful tool for recognizing the chemical composition of a compound.
The method is based on the absorption of infrared light by a sample,
resulting in a spectrum that displays absorbance or transmittance intensity
against frequency (wavenumber). Each peak in the IR spectrum
corresponds to specific molecular vibrations, allowing for the
identification of functional groups. As such the IR spectrum acts as a
unique fingerprint for unknown compounds, which can be compared with
standard reference spectra for structural identification. IR spectroscopy is
versatile and can be used to analyze both organic compounds and
inorganic materials, such as minerals and metals. Additionally, it can be

applied to liquids and solids at atmospheric pressure.

2.6.2 X-Ray Diffraction (XRD)

XRD is a non-destructive analytical technique used primarily for
characterizing crystalline materials. An XRD instrument measures the
intensity of the diffracted X-rays as a function of the scattering angle (29).
This produces a diffraction pattern-a plot of intensity versus 2° The
positions of peak in the pattern is determined by the spacing between the
atomic planes and therefore reveals the size and shape of the unit cell and
the arrangement of atoms within the compound. As a result, the X-ray
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diffraction pattern serves as a fingerprint for the periodic atomic
arrangement present in a material.

2.6.3 Field-Emission Scanning Electron Microscope (FESEM):

Field Emission Scanning Electron Microscopy (FESEM) is an advanced
surface characterization technique used to observe the morphology,
topography, and size distribution of materials at very high resolution.
Actually Field Emission indicates the type of electron gun used. Field
Emission is one of the different types of electron gun used in SEM system.
The fundamental principle is similar to conventional Scanning Electron
Microscopy (SEM), where a focused electron beam scans the specimen
surface, and signals generated from electron sample interactions (primarily

secondary electrons) are collected to form a high magnification image.

2.6.4 Ultraviolet-Visible Reflectance Spectroscopy (UV-DRS):

UV-DRS is a non-destructive technique used to analyze the optical
properties of solid materials, particularly their absorption and reflection of
UV and visible light. This method is valuable for characterizing electronic
properties, determining bandgaps and other surface properties of materials

like semiconductors, catalysts, and pigments.
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Results and discussion

3.1 Characterization of g-CsN4 and g-C3N4/CuC0204

3.1.1 XRD

Crystallinity and phase purity of the samples were ensured by XRD
analysis. The pure g-CsN4 exhibits two characteristic peaks at 13.0° and
27.6° corresponding to the (100) and (002) planes. The high intensity peak
at 27.6° corresponding to an interlayer d-spacing of 0.321 nm can be
attributed to the periodic stacking of layers of 2D graphitic systems. The
comparatively weak peak at 13.0° corresponds to an interlayer spacing of
0.678 nm which is due to the in-plane trigonal nitrogen linkage of tri-s-
triazine motifs. No discernible impact could be observed in the XRD
pattern upon insertion of CuCo20g, indicating the preservation of the
framework. The absence of distinctive peaks corresponding to CuCo204 or
any shift in the inherent peaks of g-CsN4 may be relatively low content

and fine dispersion of CuC0204 on 2D layers [49].
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Fig.7 XRD Patterns of g-CN and g-CN/CCO
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3.1.2 FESEM

These are the FE-SEM images of gCN and its composite gCN/CCO. This
analysis reveals that the synergestic dispersion of g-CsNs sheets and
porous CuCo204 provides superior distribution and well mixed composite
photocatalysts. Therefore, we expected that such a gCN/CCO hybrid
structure is beneficial for improving the absorption of light, adsorption of

dyes and transfer the photoexcited electrons [49].

Fig.8 FESEM images of g-CN and g-CN/CCO

3.1.3FTIR

The surface functionalities of g-CsNs and g-CsN4/CuCo.04 hybrid
systems were analyzed by FTIR spectroscopy. The broad peak observed in
the range 30003500 cm™ could be ascribed to N-H stretching vibration
of terminal amino groups and may also have the contribution of O—H from
adsorbed moisture. The characteristic peaks of g-C3Na4 exist in the range of
1200-1700 cm™. The peaks at 1227, 1429, 1572, and 1644 cm* represent
the characteristic skeletal vibrations of aromatic CN heterocycles. A peak
at 810 cm™ is observed, which is typical of out-of-plane bending of tris-s-
triazine units. The conservation of the parent structure of g-CsNs is
affirmed by the FTIR spectra as the spectra of g-CaN4/CuCo0.0;4 retained
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all the intrinsic peaks of g-CsNs. Further, New small peaks at ~500-700

cm™! indicate the presence of Co-O bonds from the cobalt oxide [49].
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Fig.9 FTIR Spectra of g-CN and g-CN/CCO
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Fig.10a) UV-DRS Spectra of CNU, CNT, g-CN 10b) UV-DRS Spectra of
g-CN/CCO Composite
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3.2 Photocatalytic Studies

To optimize the combination of precursors, three different trials were
conducted. Three different types of carbon nitrides were synthesized using
urea, thiourea and 1:1 combination of urea and thiourea. The sample
prepared with the combination of urea and thiourea named as g-CN
showed maximum absorption in UV-DRS spectra. In order to further
substantiate the results, the photocatalytic activity of the samples was
compared. For this, the degradation of methylene blue was selected as a
model reaction. In the reaction the g-CN sample exhibited pronounced
activity for methylene blue degradation followed by CNT and then CNU.
The reaction was conducted under visible light irradiation. The progress of
the reaction was monitored using UV-Vis spectrophotometer. The
concentration of methylene blue was 10 ppm. The UV profile and

comparison of degradation percentages are given in fig. 11a and 11b.
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Fig.11a) UV-Vis Spectra of CNU, CNT and g-CN in Degradation of Methylene
Blue 11b) Comparative Evaluation of Photocatalytic Performance.
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3.2.1 Photocatalytic Degradation of Ciprofloxacin

The application of as prepared hybrid systems was assessed using the
degradation of an antibiotic CIP. The self-photolysis of CIP assessed in
the absence of catalyst indicated negligible response. Prior to light
exposure, the CIP solution containing the catalyst was placed in the dark
for 30 min under continuous stirring to establish the adsorption desorption
equilibrium. The solution was then exposed to visible light irradiation and
percentage degradation was calculated from the change in the absorbance
of CIP solution at 268 nm before and after irradiation. After 60 min of
irradiation, the percentage degradation observed with various catalyst
systems is depicted in first Figure.12a. Incorporation of CuCo020a
enhanced the Photocatalytic activity, maximum performance being
displayed by g-CsN+/CCO which could be attributed to better charge
transfer prospects due to the synergistic heterojunction architecture.
Spectroscopic analysis revealed a gradual decrease in the absorbance of
CIP with time indicating slow degradation. A comparative evaluation of
absorption spectra shows almost complete degradation of CIP within 2 h
in the presence of g-CsN4/CCO. Concentration—time plots also supplement

the slow degradation of CIP, as indicated in spectral studies.
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Time(min) | Absorbance | % Time(min) | Absorbance | %
15 0.43 43 15 0.36 52
30 0.38 50 30 0.33 56
45 0.36 52 45 0.14 a1
6o 0.34 35 60 0.09 88

Fig.12 Photocatalytic Degradation of CIP: UV-Vis spectra and Degradation
Percentages for (a) g-CN and (b) g-CN/CCO Catalysts.

3.3 Plausible Mechanism

Under simulated sunlight irradiation, both g-CsNs and CuCo:0. are
photoactivated owing to their narrow band gaps and strong visible-light
absorption capability. Upon light absorption, electrons in the valence band
(VB) of each semiconductor are excited to their respective conduction
bands (CB), generating electron—hole pairs. This photoexcitation process
initiates charge carrier dynamics at the g-CsN4/CuCo0204 heterointerface.
Due to the favourable band alignment between the two semiconductors,
the photogenerated electrons in the conduction band of g-CsN. tend to
migrate toward the conduction band of CuCo:04. This electron transfer is
driven by the difference in CB energy levels and promotes spatial
separation of charge carriers. Meanwhile, the photogenerated holes remain
predominantly in the valence band of g-CsNa, while some holes may also
exist in the VB of CuCo:04. This directional charge movement results in
effective charge separation, with electrons accumulating in the CB of
CuCo204 and holes enriched in the VB of g-CsNa, thereby significantly
suppressing electron—hole recombination.

The well-separated charge carriers actively participate in surface redox
reactions. The accumulated electrons in the CB of CuCo.0. react with

dissolved molecular oxygen to generate reactive oxygen species such as
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superoxide radicals (O2¢"), which can further undergo protonation and
reduction steps to form hydroperoxyl radicals (¢*OOH). Simultaneously,
the holes present in the VB of g-CsNa possess strong oxidative ability and
can oxidize surface-adsorbed water molecules or hydroxide ions to
produce highly reactive hydroxyl radicals (¢OH).

These generated reactive oxygen species play a crucial role in the
photocatalytic degradation of ciprofloxacin (CIP). The ROS attack the CIP
molecules through a series of oxidative reactions, leading to the
breakdown of the molecular structure, cleavage of functional groups, and
eventual mineralization into harmless end products such as CO- and H-O.
The synergistic interaction between g-CsN4 and CuCo204, combined with
efficient charge separation and enhanced ROS generation, accounts for the
improved photocatalytic performance of the heterostructure under visible-
light irradiation [49]. A picture depicting the plausible mechanism is given
in fig. 13.
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Fig.13 Schematic Representation of Plausible Mechanism: Electron Transfer

Facilitating CIP Degradation.
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Conclusions

In this work we have successfully completed the design and fabrication o
of g-CsN4/CCO heterojunction for enhanced photocatalytic performance.
The hybrid g-CsN+/CCO heterojunction system was synthesised by an
impregnation strategy. FTIR and XRD results substantiates the fine
dispersion of CCO over the g-CsN4 material. The enhanced absorption in
the hybrids was confirmed by UV-DRS plots and the band gap reduction
was obtained from Tauc plots. Methylene blue degradation reaction was
used as a test reaction for the optimization of precursors. The 1:1
combination of urea and thiourea was found to be the optimized
combination for g-CsN4 preparation. The hybrid systems were synthesized
by employing a wet impregnation method. The as prepared hybrid system
was employed for the photocatalytic degradation of a persistent antibiotic
CIP. The hybrid systems exhibited enhanced activity for degradation of
CIP. The formation of heterostructure resulted in reduced recombination
of electron-hole pairs. This enhanced performance of the hybrid systems
can be ascribed to the successful formation of heterostructures, which in

turn resulted in the efficient charge transfer.
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