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ABSTRACT

Carbon nanomaterials (CNMs), ever since their discovery have gained widespread
attention due to their remarkable properties like high tensile strength, Young’s modulus,
surface area to volume ratio, thermal and electrical conductivities, carrier mobility and many
more. Due to their phenomenal features, CNMs have catered to several fields of research
ranging from aerospace to drug delivery applications. The present study was an effort to
develop and understand the photocatalytic behaviour of CNMs-based graphitic carbon nitride
(9-C3N4) hybrid photocatalyst materials for effective degradation of rhodamine B (RhB) dye.
Hence, the overall objective of this thesis work was to develop g-CsN4 photocatalyst material
by optimizing the synthesis parameters and study its photocatalytic dye degradation property.
Further, to enhance the photocatalytic performance of g-C3N4 by synergistically coupling with
the CNMs and finally to compare & study the photocatalytic property and eventually propose
a degradation mechanism based on morphology of the developed photocatalyst materials.

In this thesis work, 2D g-CsNs was synthesized using a conventional thermal
decomposition process using melamine as the precursor material. The synthesis parameters like
reaction temperature and atmosphere were optimized to obtain the near-ideal g-CsN4 material.
This optimized photocatalyst was further improved by incorporating ammonium chloride
(NH4CI) during the synthesis process. The role of NH4Cl was to act as a bubbling agent and
provide porous and thin sheets of g-CsNa4. The structure, morphology, and optical properties of
the developed photocatalyst materials were investigated using XRD, SEM, TEM, UV-DRS,
FTIR, PL, BET and XPS techniques. The photocatalytic behaviour was evaluated with the help
of an in-house fabricated reactor taking RhB as the target dye. It was observed that the
improved g-CsN4removed 94% of the RhB dye (Conc. = 10 mg/L) in 30 minutes whereas the
initially prepared g-C3N4 showed only 35% efficiency.

Further, various CNMs like carbon nanotubes (CNTSs) and carbon soot nanoparticles
(CS) were prepared using the arc discharge technique. It is a conventional physical method of
preparing CNMs where two graphite rods are brought near and a high current is applied in an
inert atmosphere. The sublimation of one of the graphite electrodes and deposition on the cooler
surfaces results in the formation of the CNTs and CS. Besides, graphene nanoplatelets (GNP)
were synthesized through microwave exfoliation of graphite intercalated compound followed

by sheer mixing in a solvent mixture (DMSO & DI water). The obtained CNMs were coupled



with g-CsN4 to attain higher degradation efficiencies. It was observed that CS coupled g-
C3aNshybrid photocatalyst showed 97% degradation of RhB (conc. = 20 mg/L) in 90 minutes
however, pristine g-C3N4 showed 88% in similar conditions. Moreover, the CNT-coupled g-
CsN4 hybrid photocatalyst also showed 97% degradation in 90 minutes under visible light
irradiation. Further, the 2D/2D hybrid photocatalysts showed the highest performance. Here,
GNP-coupled g-CsNshybrid photocatalyst showed 96% degradation in 60 minutes whereas
pristine g-CsN4 showed 55% efficiency.

The enhanced performance of CNMs coupled hybrid photocatalyst was essentially due
to the effective charge separation of photogenerated charge carriers resulting in reduced
recombination rates. It was discovered that the 2D/2D coupling showed faster degradation rates
than 1D/2D and other coupling systems. This was further proved by developing another 2D/2D
system using commercial hexagonal boron nitride (hBN) coupled g-CaNa. It was observed that
91% of RhB was removed in 60 minutes under the visible light source. Therefore, the

morphology played a significant role in deciding the overall performance of the materials.
Keywords: Graphitic Carbon Nitride (g-CsN4), Carbon Nanotubes (CNT), Carbon Soot,

Graphene Nanoplatelets (GNPs), Hexagonal Boron Nitride (hBN), Rhodamine B (RhB),
Visible - light Photocatalysis.
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Figure 6.18 Possible mechanism for RhB degradation in BC2 sample.
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Chapter 1

Introduction

1.1 The element carbon

The word carbon is derived from the Latin word “carbo” which means charcoal. In the
present day, carbon is, of course much more than charcoal. The element carbon is symbolized
as ‘C’ and has an atomic number of 6 with the following electronic configuration; /s°2s°2p°.
Carbon due to its versatile structure and properties holds top priority as the starting material in
all the major industries across the globe. Unlike most elements, carbon has various material
forms which are known as polymorphs or allotropes. They are entirely composed of carbon but
have different physical structures. These very diverse materials, with such large differences in
properties, all have the same building block- the element carbon, which is the thread that ties

the various constituents of this chapter and gives its unity.

1.1.1 Various forms of natural carbon

Carbon materials have always played a crucial role for mankind; for instance, shiny and
slippery natural graphite powder as pencil lead, soot in black ink in the printing industry,
charcoal as an adsorbent, diamond in jewellery and ornaments, carbon fibres for reinforced
composites, graphite electrode in steel industries, carbon electrode in Li-ion batteries, activated
carbon in water purification systems, etc. So far, various carbon materials have been developed
and more will be developed in the future [1]. Some of the naturally available carbon materials,

their chemical structure and other salient features are discussed below:

1.1.1.1 Diamond

CARBON ATOM

Covalent Bond
Between
C-Atoms

Figure 1.1 Structure of diamond.
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Diamond is a 3D carbon allotrope with a tetrahedral crystal structure and contains sp°-
bonded carbon. The ideal diamond structure has the characteristic property that every carbon
atom is surrounded by four other carbon atoms at the corners of a regular tetrahedron (Fig.1.1).
Diamond has some outstanding properties; it has the highest thermal conductivity at room
temperature, it is the hardest naturally occurring material, it has extremely high strength and
rigidity, its semiconducting and optical properties are remarkable. In the last few years,
breakthrough discoveries occurred when diamond thin films were successfully grown by
various chemical and physical vapour deposition techniques at moderate temperatures and
pressures [2]. With this discovery, a broad range of applications have opened for diamond and
its derivates materials. Diamond is extensively used as micro tips in cutting, drilling, and
grinding tools. Due to low electrical conductivity, diamond offers many advantages over other
wide-bandgap materials and can be used in high-speed electronics and response systems as well

as high-power laser windows, protective coatings and many more.

1.1.1.2 Graphite

ABC Stacking

Graphite
Figure 1.2 Structure of graphite with various stacking arrangements.

The most common form of carbon material that has been produced on an industrial scale
is graphite. It is a 2D form of carbon with a hexagonal crystal structure and contains sp>-bonded
carbon in its structure. Its fundamental structure consists of a stack of layers of hexagonal
carbon moieties. These layers have strong anisotropy due to the sp? covalent bonding in the
layer (ab-plane) but weak van der Waals forces between n-electron clouds of the stacked layers
(c-axis). The stacking layers possess a specific regularity based on which the crystal system
can be determined as shown in Fig. 1.2: if it follows ABAB stacking then the graphite crystals
have a hexagonal arrangement and if it is ABCABC stacking then the graphite crystals have
rhombohedral crystal system. When the layers are too small and there is no stacking regularity

even though they stack in parallel, in such case the graphite is called turbostratic stacking [3].
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Ideal graphite has some remarkable physical, thermal, electrical, mechanical and chemical
properties; its anisotropy when measured along the ab-direction and c-direction, graphite
sublimes when the temperature reaches 4000 K at 1 atm pressure, high heat of vaporization,
high thermal conductivity in the ab-direction, low electrical resistivity along ab-axis and high
along c-axis, the anisotropy of graphite is reflected in its chemical behaviour as well, reaction
with gases or vapours occurs preferentially at active sites that is, the end of the basal planes of
the crystal and at the defect sites such as dislocations, vacancies and steps [4]. Besides these
commendable properties, graphite also has a myriad of applications ranging from household
aspects like pencil tips, and adsorbents to industrial aspects like brakes and clutch plates,
linings, gaskets, lubricants, carbon brushes for electric motors, fire retardants and insulation

and reinforcement products.

1.2 Carbon at nanoscale

The word nanoscience or nanotechnology has become the most commonly used
terminology by the scientific community after the breakthrough discovery of new forms of
nanocarbon materials which led the inventors to receive the Noble Prize. In the last couple of
decades, 0D, 1D and 2D CNMs have gained tremendous momentum due to their exclusive
thermal, optical, electrical, and chemical properties [5]. In particular, fullerenes, carbon onions,
carbon nanotubes, graphene, graphene oxide and graphitic carbon nitride became the epitome
of research and development in the nanotechnology sector. These carbon nanostructures have
been explored and continue to experiment with in a wide spectrum of applications ranging from
life sciences to aerospace as depicted in Fig. 1.3 [6]. These materials compete and outstand

other materials due to their following inherent properties:

e A high surface-to-volume ratio leads to better performance.

e A high percentage of surface atoms or molecules results in unique properties.

o Size effect: It is the characteristic size of the building block that is reduced to a point where
the mean free path of the electrons or phonons become comparable with the characteristic
size of the building block of the material, then the material is said to have spatial
confinement of electrons along that direction. If one dimension of the material is in the
nanoscale range then such nanomaterials are called 2D nanomaterials. Similarly, if two and
three dimensions of the material are at the nanoscale then such nanomaterials are called 1D
and 0D nanomaterials respectively. The quantum confinement effect in carbon
nanomaterials has produced unique optical and electronic properties with respect to its bulk

counterparts.



e High electrical and thermal conductivities.
e High chemical activity.
e Extraordinary mechanical properties like high tensile strength and Young’s Modulus.

e High carrier mobility and optical transparency.

s
=
m
2
>
o
(%2}

Figure 1.3 Applications of multi-dimensional carbon nanomaterials in various fields.

Some of the majorly researched carbon nanomaterials based on their dimensionality are

discussed below:

1.2.1 Fullerenes and carbon onions

0D CNMs are majorly dominated by fullerenes and carbon onions. Fullerenes are large
clusters of carbon atoms arranged in a stable geodesic structure in the form of a cage-like
spheroid, consisting of a network of pentagonal and hexagonal formation of carbon atoms
(Fig.1.4). The fullerene structure, in order to close into a spheroid must have exactly 12
pentagons and can have a variable number of hexagons. This result follows Euler’s theorem of
polyhedral [7]. To have a symmetrical structure and thermodynamical stability, it is important
that the fullerene molecule satisfy the isolated pentagon rule where it is energetically
unfavourable for two pentagons to be adjacent as this would result in higher curvature on the
fullerene ball and thus more strain. For this reason, the smallest possible fullerene to satisfy the

above rule consists of 60 carbon atoms (Ceo) and the next possible largest fullerene is Cro [8].

Fullerenes are formed from the carbon-rich vapours that can be obtained in several ways

like; resistive heating of carbon electrodes in a vacuum, plasma discharge between carbon
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electrodes in an inert atmosphere, laser ablation and oxidative combustion of benzene/Ar gas
mixture. Most of the synthesis methods result in a mixture of stable fullerenes, and impurity
molecules like polyaromatic hydrocarbons and carbon soot. Therefore, the synthesis of
fullerenes is generally followed by purification and extraction techniques [9]. Fullerene
aggregates are exceptionally strong and have high impact strength and resilience. Theoretical
calculations indicate the Ceo could be a direct bandgap semiconductor similar to GaAs and can

more readily act as an electron acceptor than that of an electron donor [10].

Figure 1.4 Structure of C60 fullerene.

Some of the potential applications of fullerenes and their derivates are listed below:

e Fullerenes when combined with Cs or K or Rb show superconductivity. Especially Cs3Ceo
exhibits superconductivity below T.= 38 K and at room temperature it acts as an insulator.

e Development of polymer-fullerene solar cells. The most effective cell has been made from
bulk heterojunction in which a donor-type conjugated polymer is blended with an acceptor
fullerene.

e Fullerene and its derivatives are extensively studied in biomedical and personal care sectors

for toxicity, biocompatibility, molecular imaging, etc.

Recently, enormous attention has been received towards morphological variations in
fullerene-like carbon nanostructures. Within this new class of carbons, carbon-onions (CO) or
onion-like layered structures came into the spotlight. CO typically consists of hollow spherical
fullerenes covered with graphene layers with increasing radii and maintaining an interlayer
distance of 0.335nm attributing to the van der Waals interactions between the layers. CO have
a cage-inside-cage structure similar to that of Russian dolls. CO is synthesized by similar

techniques as that for fullerenes. It was observed that when an intense electron beam in TEM
5



was irradiated on carbon soot particles and tubular graphitic structures, a quasi-spherical CO
was formed. Graphitization of nanodiamond particles at high temperatures under high vacuum
results in concentric polyhedral graphitic shell structures [11]. Another unique technique which
does not require a vacuum is under water direct current arc discharge process. Although it is
economical, the output product efficiency is quite low and contains several nanocarbon
impurities [ 12]. The physicochemical properties of CO depend on its structure, number of layers
and their distance. The properties also depend on the method of synthesis and operating
conditions. Similar to that of fullerenes, CO also have widespread applications in
electrochemical, energy storage devices, electromagnetic shielding, biomedical applications

and many more [13].

1.2.2 Carbon Nanotubes

CARBON NANOTUBE

SINGLE-WALLED MULTI-WALLED
Figure 1.5 Types of carbon nanotubes.

CNTs were discovered by S. Iijima in 1991 and as the name suggests, it is a 1D CNM
having tube-like morphology (Fig.1.5). CNTs are available in various forms like single-walled
or multi-walled, of different types like armchair or zigzag or chiral and any nature like metallic
or semiconducting [14]. CNTs production majorly comprises several techniques like arc
discharge, laser ablation and chemical vapour deposition (CVD) [15]. However, numerous
other routes have been developed but the overall yield is comparatively low. The first two
methods i.e., arc discharge and laser ablation are physical methods, where the precursor is
essentially a graphite electrode which is evaporated either by passing current or by laser. These
carbon vapours travel in an inert medium and get deposited on a relatively cooler surface. This
solidification process results in CNTs formation. The latter method, CVD is a chemical process
where the volatile precursors are used as a carbon feed source to a catalyst. Here catalyst acts

as a nucleation site onto which CNTs growth takes place.



CNTs have tremendous electronic, optical, and structural properties that are largely
determined by their nearly 1D structure. The chemical reactivity of CNTs is high due to their
curvature and is directly proportional to the pi-orbital mismatch caused by an increased
curvature. Covalent chemical modification on CNT structure multifold its chemical reactivity
[16]. The elongated structure of CNTs results in remarkable electrical and electronic properties.
The conductivity of smaller-diameter CNTs depends on their chiral vector. Even the optical
properties are greatly influenced by their chirality. With increasing diameter, the optical
properties of CNTs disappear [17]. Young’s Modulus of CNTs in the axial direction is very high.

Thus, making them potential materials for applications that need anisotropic properties [18].

Due to their high anisotropy and chemical reactivity CNTs have a vast array of
applications. CNTs are highly preferred filler material in polymer nanocomposite preparation.
CNTs are used to make high-strength materials in automobiles and aerospace industries [19].
CNTs are proactively used as electrode material for electrochemical devices due to their large
specific surface area and porosity combined with high electrical conductivity [20]. Few research
groups have primarily focused on using CNTs as field emission electron sources for flat panel
displays, discharge tubes, lamps and X-ray and microwave generators [21]. Apart from these,
CNTs are also used in sensing and probing devices because of their high sensitivity towards
electron movement [22]. Post-pandemic CNTs are widely tested in biological sensors and drug

delivery systems [23].

1.2.3  Graphene

With the discovery of graphene in the early 2000s, a breakthrough in the field of
nanotechnology took place. A single layer of graphite is called graphene. It is the thinnest object
ever created (thickness ~ 0.34 nm). Graphene is a 2D CNM with sp? hybridized carbon atoms
all around as shown in Fig. 1.6. These sp® carbons consist of out-of-plane n-bonds and in-plane
o-bonds. This imparts the delocalization of an array of electrons on the surface of the graphene
sheet resulting in electron conduction by providing weak interactions between graphene layers
or between graphene and the substrate [24]. Various synthesis techniques have emerged in
recent years. However, exfoliation of graphite flakes and thermal CVD are predominantly
preferred. Exfoliation involves the separation of graphite sheets either by chemical or
mechanical routes. It is a top-down approach [25]. Meanwhile, CVD is a bottom-up approach

where the carbon precursors are made to deposit on a substrate, preferably a transition metal



substrate [26]. Besides, these techniques, some other methods are also tried and explored like

unzipping CNTs, chemical synthesis and microwave synthesis [27].

Figure 1.6 Structural schematic of graphene.

Graphene dominates several properties in terms of electrical conductivity, mechanical
strength, optical transparency, and thermal conductivity. Studies reveal that by varying the
thickness of graphene, excellent optical properties can be achieved and when combined with its
remarkably high electrical conductivity, graphene becomes a top competitor in the transparent
conductive membrane which could replace conventional membranes like Indium Tin Oxide
(ITO) ad Fluorine doped Tin Oxide (FTO) [28]. Electron mobility is another interesting
property of graphene. It is the most conductive material so far at room temperature, with a
conductivity of 10° S/m and sheet resistance of 31 Q/sq. The thermal conductivity and
mechanical strength of graphene are also very high. The elastic modulus and tensile strength of
graphene are 1.1 TPa and 125 GPa respectively [29]. Therefore, this can be considered as a
typical 2D enhancement for potential applications in composite materials. The thermal
conductivity of graphene at room temperature is 5x10° W/m-K [30], which is almost 10 times
higher than that of copper (401 W/m-K). Also, the specific surface area reaches 2630 m?/g in
the case of graphene [31]. This property can be explored in micro-detectors for gas sensing, by
monitoring minute resistance changes during gas adsorption and desorption [32]. Due to the
above-discussed exceptional properties, graphene has become a new dimension in the field of
nanomaterial-based applications. Graphene is majorly applied in display systems, as transparent
and flexible conductive films, conductive inks for printed electronics, graphene-based
separation membranes, and graphene as biosensors and biomarkers in biomedical applications

and energy storage devices [33].



1.2.4  Graphitic Carbon Nitride

Another class of 2D CNMs recently became popular due to their opto-electronic
properties is g-C3Ny. It is a metal-free compound having a structure similar to that of graphite
hence, the name graphitic carbon nitride. It is a polymeric semiconductor material having a
layered structure and consists of repeating motifs of a C-N heterocyclic array. Two different
condensation states have been explained as the primary building blocks in a single layer of g-
C3N4 (Fig. 1.7): (a) s-triazine units (C3N3) periodic moieties; (b) tri-s-triazine or heptazine units
(CeN7) connected through planar tertiary amino groups. However, experimental, and theoretical
studies demonstrate that heptazine-based g-C3Njy structure was energetically more stable than
s-triazine structure and therefore, heptazine-based g-C3Njy structure is the most widely accepted

basic building unit for g-C3N4[34,35].

Triazine based g-C;N; structure
Tri-s-triazine/ Heptazine based g-C;N structure e —+C @®—N
Figure 1.7 Structural schematic of graphitic carbon nitride with two different building blocks.

g-C3N4 can be readily fabricated in a cost-effective, eco-friendly approach with non-
toxic carbon and nitrogen-rich precursors like melamine and urea through a conventional
thermal condensation approach. Besides, thiourea, cyanamide, dicyandiamide and guanidine
hydrochloride are also used [36]. Apart from this conventional synthesis method, a few other
techniques are also explored like ionothermal synthesis, molecular self-assembly, microwave
irradiation and ionic liquid strategy [37]. Owing to its graphitic structure, g-C3N4 has several
properties in resemblance with 2D structures like high specific surface area, decent thermal
stability up to 600 °C and many more [38]. The chemical reactivity of g-C3N4 is also appreciable
due to the uncondensed amino groups at the edges which act as the reactive site for chemical
reactions [39]. Since the material is semiconducting, it has a bandgap of around 2.7 eV which
makes it a visible-light active material and hence this material finds major applications due to
its optical properties [40]. The major areas of g-C3N4 material research lie in and around

heterogeneous photocatalysis where it acts as a visible-light-driven photocatalyst for H»



evolution, CO> reduction and organic pollutant degradation [41]. Besides, g-C3Ns is also
explored in electrochemical energy devices due to its surface properties [42]. Recently, g-C3N4
has also made its footprint in the anti-bacterial application where photosensitization of bacteria
is done by g-C3Na in the presence of visible light [43]. Moreover, g-C3N4 has been explored in

areas other than photocatalysis like device fabrication, biomedical applications, etc. [44].

1.3 Carbon nanomaterials in wastewater treatment

As we know, about three-quarters of the earth's surface is covered with water and the
increasing demand for freshwater due to the exponential growth in the industrial sector and
population has become a threat to the natural water resources for future generations. Therefore,
there is an urgent need to treat industrial wastewater so that it can be reused by industries thus
leaving the freshwater sources conserved for upcoming generations. In this context of
wastewater treatment, significant breakthroughs have been achieved by nanomaterial-based
wastewater treatment systems. The special contribution of CNMs for their unique promising
features has generated tremendous interest among material researchers. Recent studies indicate
extensive research of CNMs in wastewater treatment applications and were found with
extremely positive outcomes. Majority of the industrial wastewater consists of heavy metal
ions, organic matter, hazardous textile dyes and similar products. Therefore, the most common
technique employed for wastewater treatment is adsorption onto the adsorbent. Apart from this
method, few studies have used CNMs in disinfection, membrane filtration and heterogeneous
photocatalysis techniques. the following section deals with each of the above-mentioned

techniques in detail.

1.3.1  Adsorption

Adsorption is one of the most conventional and impressive wastewater treatment
techniques employed for removing organic and inorganic water pollutants. It can be defined as
the process in which liquid and gaseous solutes accumulate on the adsorbent material which is
usually a solid molecule [45]. Broadly, absorption can be classified into two categories,
physisorption and chemisorption. Physisorption is the phenomenon in which the adsorbate and
the adsorbent are attracted and attached by the van der Waals forces while chemisorption
happens when the respective molecules are attached through a strong chemical bond [46]. The
overall performance of the adsorption process depends on the total percentage removal of the
contaminant from the wastewater and it is directly proportional to the adsorption capability of

the material being used. This essentially depends on the specific surface area, surface active
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sites and the affinity towards the pollutant. Thus, CNMs prove to be an essential adsorbent due
to their high specific surface area and abundant active sites [47,48]. However, CNMs do have
some limitations in their pristine form due to the defects and other carbonaceous impurities
generated during the synthesis process. So, to enhance its overall performance, surface
functionalization in the presence of acid and alkali solution is preferred [49—51]. Some of the
major contaminants removed by CNMs via the adsorption technique are heavy metal ions such
as Zn, Cd, Pb and Cr, natural organic matters such as trihalomethane and synthetic dyes such

as Rhodamine B (RhB), methyl orange (MO), acid red (AR) and many [52-56].

1.3.2 Disinfection

Another impressive decontamination technology was found to be the disinfection
technique. This method mainly focuses on the elimination of pathogens and other
microorganisms from the drinking water. A higher quality of purified water is needed when we
are dealing with drinking water. It is a difficult task to remove bacterial contaminants as the
concentration of the pathogens keeps fluctuating as also the type of pathogens. Conventional
disinfectants such as chlorine and ozone-based disinfectants from toxic by-products become a
challenge later for further removal. Therefore, to avoid the formation of these toxic by-products
and improve the quality of treated water, nanotechnology came up as the solution provider for
this issue [57]. In the past few years, several nanomaterial-engineered systems proved to be
excellent and extraordinary disinfectants including silver nanoparticles [58], Ag-fullerenes n-
Ce0[59] and CNTs [60]. However, the poor dispersion stability of CNTs limits their application
and still research is going to further improve the material by surface functionalization [61].
Similar is the case for the other CNMs, where the employment of fullerenes for antimicrobial

studies is still budding and further material modifications are under research [62].

1.3.3 Membrane Filtration

Membrane filtration is another wastewater treatment technique that recently picked
momentum. It is a physical separation method characterized by the ability to separate
contaminants of different sizes or concentration levels. Membrane filters act as a barrier to
separate contaminants from water. The overall performance of a membrane is decided by two
crucial factors, membrane permeability and selectivity. In general, a high permeability and
selectivity membrane is always preferred [63]. Such a type of membrane improves the overall
purity of the water and also consumes lower energies which becomes an important aspect of

this pressure-driven process. On that note, successful studies have proved that the incorporation
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of CNMs into a membrane (mostly polymer-based membranes) enhances the overall purity of

the output water [64—66].

1.3.4  Heterogeneous Photocatalysis

In the last few years, heterogeneous photocatalysis got tremendous attention from
material science researchers because conventional water treatment techniques are too slow,
ineffective, generate toxic by-products and are not eco-friendly. To overcome these problems,
new and facile strategies have been developed and tested. One such method is heterogeneous
photocatalysis. It is an advanced oxidative process (AOP) which consists of oxidation-reduction
reactions in water and air. AOP’s overall performance depends on the production and utilization
of hydroxyl radicals [67]. Therefore, the term photocatalysis can be defined as a photon-assisted

chemical reaction in the presence of a semiconductor photocatalyst [68].

1.3.4.1 Basic principle and mechanism
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Figure 1.8 Schematic of photocatalysis degradation mechanism.

The photocatalytic process majorly involves three processes as shown in Fig. 1.8: photon
absorption, electron-hole pair (exciton) generation and separation and surface catalytic
reactions. Therefore, improvement in any of these processes simultaneously enhances
photocatalytic performance [69]. (1) When the semiconductor is irradiated with energy equal
to or greater than the bandgap of the semiconductor material, electrons get pulled out of the
valence band (VB) and go to the conduction band (CB), leaving behind a hole vacancy in the
VB. This whole process can be summarized as photon absorption and exciton generation. (2)

The charge separation process involves the disengagement of the photo-generated charge

12



carriers. This happens by the migration of charge carriers towards the surface. Meanwhile, a
large portion of these electrons and holes recombine due to the electrostatic force of interactions
resulting in photon generation or heat. (3) Then, the electrons in the CB initiate the reduction
reaction and reduce the target pollutant. Similarly, the holes in the VB oxidize the adsorbed
toxic pollutant. Here, the oxidation and reduction reactions take place in the presence of the
radical reactive species namely hydroxyl radical (¢*OH) and superoxide radicals (0 ). These
radicals are formed due to the following reactions in the aqueous medium loaded with the

catalyst and the pollutant in the presence of the light:

Semiconductor + hv —» h* + e~ 1.1
h*+ H,0 - +«0OH + H* 1.2
e+ 0; -0, 1.3
Pollutant + (» OH, h*,e 0; ) - Pollutant degradation --------- 1.4

From the above discussion, it is clear that *OH radicals have strong oxidising power and

*0; radicals have strong reducing power and can be used to degrade several organic pollutants.

1.3.4.2 Photocatalytic degradation of rhodamine B dye

COOH

0 N\
Ry g

C,H; C,H;

Figure 1.9 Rhodamine B (RhB) chemical structure.

RhB is a cationic xanthene dye with a bright pink colour having an absorption maximum
at A=554 nm. RhB is one of the most explored dyes in photocatalysis applications. The chemical
structure of RhB essentially consists of ethyl groups on the edge of the benzene rings (Fig. 1.9)
and upon prolonged light illumination, the absorption spectrum undergoes a blue shift due to

the de-ethylation of the RhB dye molecule eventually leading to chromophore cleavage and



hence, de-colouration of the dye solution is achieved [70]. Chromophore is that part of the

molecule which when exposed to light will absorb and reflect a certain colour.

Besides, pollutant degradation, photocatalysis is employed for several other applications

like CO;z reduction, water splitting, disinfection and many more [71].

14 Literature review on materials for photocatalytic degradation

Photocatalysis is a vast subject dealing with a wide variety of environmental
applications. As previously discussed, a material must satisfy a few basic criteria to become an
efficient photocatalyst. These include a suitable bandgap, a decent specific surface area and
appropriate energy band levels for surface redox reactions to take place. Apart from carbon-
based photocatalysts, there are several metal-based oxides, sulphides, nitrides, etc that are
proven to be excellent photocatalysts. This section deals with a brief literature review of the
current trends in photocatalytic dye degradation studies. Broadly, this section can be classified
into two categories: one that deals with only carbon-based photocatalytic material and the other

with all non-carbon-based photocatalytic materials.

1.4.1 Non-carbonaceous photocatalytic materials

The most commonly employed material for dye degradation studies is transition metal-
based photocatalysts. Due to their suitable band gaps and band edge potentials, transition metal-
based photocatalysts are widely preferred. TiO, is the highest preferred and proven
photocatalyst material [72]. It has an ideal bandgap of 3.2 eV, which essentially falls in the
ultraviolet region of the solar spectrum. To utilize the visible light which mostly reaches the
earth’s surface, bandgap tuning is employed where heterostructures or hybrids are formed by
coupling or doping with other suitable materials thereby enhancing the TiO2 photodegradation
efficiency [73]. Other metal oxides that are widely used are ZnO, CeO,, Fe,0Os3, CuO, Bix0Os3,
etc. [74,75]. Besides, metal sulphides like MoS», ZnS, WS, etc are applied for dye degradation
studies [76]. Due to their excellent physical, chemical and optical properties, they have received
great research interest [77]. For example, MoS: is a layered material having a bandgap between
1.1-1.3 eV. Upon exfoliation, MoS; nanosheets are formed and formed and present a bandgap
of 1.7-1.9 eV [78]. Notably, several properties of this material can be altered by varying the
number of layers and morphology [79]. Apart from these metal oxides and sulphides, metal-

halides, selenides, phosphates, and nitrides are actively used for dye degradation studies. A
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summary of this section can be tabulated where all the various photocatalyst materials, the target

dye and other results are discussed in one place (Table 1.1).

Table 1.1 Literature review on non-carbonaceous photocatalyst materials for dye degradation

studies.
Irradiation Dve Photo-
Target y catalyst Efficienc | Ref.
Photocatalyst Time | Conc.
Dye Source . (mg/L) Conc. y (%) No.
(min) g (mg/L)
11
MB ZnO NPs WUV 120 - 50 80 [80]
lamp
1kW X
MG CdS/CdWO4 WXe 100 100 600 97 [81]
lamp
mo | B eoié/C“S/ S| Lep 60 - 500 99 [82]
2
MG CdS OW LED | 120 20 20000 95 [83]
X
RhB hBN/BiOBr 300W Xe 30 10 100 99 [84]
lamp
MB | zawowcds |20V EE] o5 20 200 95.7 [85]
lamp
MB CdS/Mg-Al 300W Xe 90 10 400 94.78 [86]
lamp
1
MB BiOCl SWUV 240 5 500 80 [87]
lamp
H
MB CuS 70W He 120 5 1600 100 [88]
lamp
RR141 Zn0O/CdS UV lamp | 240 10 250 80 [89]
H
MB znonvn | SV HE 0 - 300 99 [90]
lamp
MB 93
hBN/PANI uv 90 10 200 [91]
MO source 95
MO Zn0O/ZnSe/Mo | Visible 180 30 600 915 [92]
Sex source
10W
ZnO/ZNF
Mo | 20 g N1 Ep | 140 | 10 333.33 99 [93]
lamp
500W
MB CuO/ZnO halogen 85 10 4000 97 [94]
lamp
X
RhB ZnO/Ag 300W Xe 20 10 1500 100 [95]
lamp
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RB203 | zno/oNT | SV UV o 20 5 99.1 [96]
lamp

MB MoS> Sunlight | 20 32 100 99.3 [97]

MB | MnTiOy/TiO; | Sunlight | 240 - 100 75 [98]

RhB | Ce-sm/mio, | 220V Xe | 3 10 ; 98 [99]
lamp

RhB | CeO./TiO; | Xelamp | 180 - i 82 [100]

1.4.2  Carbonaceous photocatalytic materials

The current section deals with photocatalytic degradation studies based on CNMs
coupled with graphitic carbon nitride. From earlier discussions, it can be inferred that the
properties of carbon materials are deeply associated with their dimensions and morphology.
Accordingly, C/g-C3N4 materials usually show different physicochemical characteristics.
Therefore, these functional CNMs can be roughly categorised into three groups; 0D, 1D and
2D. Each of the types is discussed in detail.

1.4.2.1 0D CNMs based g-C3N4 photocatalysts

0D CNMs typically include carbon quantum dots (CQDs), fullerenes, etc. and generally
possess the following advantages: (1) it has significant surface effects and quantum
confinement effect due to their tiny size. (2) the photo-generated carriers have powerful redox
capability compared with other dimensional CNMs. (3) the operability of 0D CNMs is high
including tuneable optoelectronic properties, suitable functionalization, etc. that can promote
their photoluminescence activity. Also, it has excellent solubility, chemical reactivity and so on,
making these materials promising in the field of photocatalysis and other photochemical

applications.

Some of the reports that worked on the photocatalytic degradation of 0D CNMs/g-C3N4
are discussed here. Fang. S and co-workers designed C-dots modified g-C3N4 modified hybrids
for RhB degradation studies [101]. They used a novel strategy for synthesis where the C-dots
were hydrothermally prepared by taking carbon soot as the raw material. Further, the obtained
C-dots stock solution was mixed with 10g of dicyandiamide and the dried mixture was
pyrolyzed at 823 K for 3 hrs. The resultant yellow product was milled into powder for further
use. The photocatalytic studies were carried out on RhB under a 3W LED lamp. The C-dot/g-

C3Ns photocatalyst concentration was fixed at 1mg/L and the dye concentration was 1x107
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mole/L. It was observed that 0.25 wt.% of C-dot modified g-C3Ns4 showed the highest
photocatalytic activity which was 3 times higher than pristine g-C3Na. Another group Liu. H
et.al has made N-doped CQD-modified g-C3N4 through the impregnation method and achieved
100% degradation of RhB under a visible light source [102]. Xu. Z and group employed a
simple and fast hydrothermal (HT) process where C-dots were dispersed in between the layers
of g-C3N4 without hampering its original structure [103]. This technique has resulted in a better
version of the material with an enlarged specific surface area by 356 times and showed
improved photodegradation performance on RhB. A similar type of work with various other
pollutants and synthesis methodology has been reported and can be summarized in the table

given below (Table 1.2).

Table 1.2 Literature review on 0D CNMs/ g-C3N4 photocatalyst materials for pollutant

degradation studies.

Irradiati
Target Photocatalvst Synthesis Efficiency rraciation Ref.
Pollutant ¥ Methodology (%) Time No.
Source .
(min)
Impregnation- 300W Xe
Phenol | C-dot/g-C3N4 Thermal method 100 lamp 200 [104]
D/ Exf. g-
ppa | 9 c/ NX & | Hydrothermal 90 64WLED | 240 | [105]
3N4
RhB GO/g- 99 Visible 35
H h 1 1
CV | CiNy/C-dots | ydrotherma 99 Source | 60 | LM%
. 500W X
RhB Coo/g-C3Ns Adsorption 97 “1 60 | [107]
lamp
RhB Thermal 100 300W Xe 80
D/g- 1
MB CQD/g-C3Ny decomposition 100 lamp 20 [108]
_CQDs/g- - X
MO 5-CQDs/g Co- 043 | SOOWXe o | oo
C3Ny polymerization lamp
MB N-CQDs Hydrothermal 97 Sunlight 160 [110]

1.4.2.2 1D CNMs based g-C3N4 photocatalyst

The 1D functional CNMs commonly used for g-C3N4 modification are mainly CNTs and
carbon nanofibers (CNFs). These materials usually possess these features: (1) 1D materials can
be easily functionalized with hydroxyl and carboxyl groups which can increase the surface
chemical activity of the material as a whole. (2) The 1D linear channel provides an easy path

for the direct transfer of electrons. (3) The 1D tubular structure provides a higher specific
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surface area thus, providing more active sites. Some of the recent works published on 1D
CNMs/g-C3N4 material for photocatalytic studies are discussed herewith. Shi. L and co-workers
designed CNTs modified porous g-C3N4 using single step thermal polycondensation method
and successfully prepared this hybrid structure [111]. The CNTs used were of commercial-grade
quality. The obtained photocatalyst was studied over RhB degradation under a 300 W Xe lamp
visible light source where 30 mg of the catalyst was added to 50 mL of the dye solution having
a concentration of 5 mg/L. To obtain adsorption equilibrium, the solution was stirred for 60 min
in aphotic conditions. After 40 min of irradiation under light, the hybrid composite degraded by
almost 99%. However, pristine material could perform up to 81%. Hence, the addition of CNTs
leads to the enhancement of the photodegradation performance by efficiently restricting the
recombination of the charge carriers. Another group Ma. T, et.al, synthesized CNFs modified
g-C3Ny through electrospinning technique, high-temperature pyrolysis, and gas-solid phase
method [112]. Herein, the authors first prepared g-C3Ny4 via thermal pyrolysis of melamine at
550 °C for 4hrs. followed by an electrospinning technique where the precursor solution was the
mixture of g-C3N4+PAN dissolved DMF solution. Finally, the CNF/g-C3Ns was prepared
through a facile gas-solid method where a high-pressure and temperature autoclave was utilised
as the reaction chamber. The prepared photocatalyst was employed for the degradation of
different organic dyes, especially, methyl orange (MO), acid red 18 (AR 18), methylene blue
(MB), sodium fluorescein (SF) and ethyl rhodamine B (ER B) under a UV light (500W Hg
lamp) and a visible source (300 W Xe lamp). The initial concentration of all the target pollutants
was Smg/L and the catalyst loading was 1mg/ml in the dye solution. It was observed that under
UV light except for MB, all other dyes were degraded above 90 % in 6 hrs. However, under
visible light even after 9 hrs except for AR18 and SF, other dyes could barely perform.
Therefore, the role of CNFs was to increase the adsorption sites thereby increasing the
photocatalytic efficiency. Besides, dye degradation studies CNTs/g-C3Ns model is highly
employed for H» generation [113—116], oxygen evolution reactions [117], CO> reduction [118],

electrochemical sensors [119,120] and many more. Some of the works are listed in Table 1.3.
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Table 1.3 Literature review on 1D CNMs/ g-C3N4 photocatalyst materials for pollutant

degradation studies.

T ¢ Svnthesi Effici Irradiation Ref
arge ynthesis iciency ef.
Photocatalyst .
Pollutant OroCataYSt 1 Methodology (%) S Time | No.
ource )
(min)
MWCNT/Whit 300W X
MB " | Hydrothermal | 100 “1 180 | 1213
g-C3Ny lamp
MO NCNT/mpg- . 88 300W Xe 300
Pyrol 122
RhB CsN, YIOSIS 95 lamp 30 | 122
MWCNT/g- | Supramolecular 300W Xe
RhB 100 60 123
C3Ny Assembly lamp [123]
150W X
RhB CNT/g-CsNs | Hydrothermal 100 g “1 80 | [124]
Thermal Visible
RhB CNTg-C3N. .. 91.7 . 300 125
S decomposition light [125]
Water bath 300W X
RhB | CNT/g-CiNy et e 98.1 1 60 | [126]
method lamp
Di ting + 300W X
RhB | CNF/g-CsNy b coating 98 1 60 | 27
pyrolysis lamp

1.4.2.3 2D CNMs based g-C3N4 photocatalyst

The 2D functional CNMs typically include graphene, graphene oxide (GO) or reduced
graphene oxide (rGO), g-C3N4 nanosheets and their derivates essentially consisting of abundant
sp” hybridizations. These 2D structures possess some of the following features: (1) the excellent
covalent bond on their surface resulting in powerful in-plane conductivity, (2) the vast surface
of 2D materials renders abundant surface sites that help in faster photoelectrochemical
reactions. (3) the pi-pi interactions are superior in 2D structures thus coupling with g-C3Ny is
highly favourable. Some of the major works based on 2D CNMs/ g-C3N4 material for dye
degradation are discussed here. One of the reports by Li. Y and group [128] were about cross-
linked rGO/g-C3N4 nanocomposite fabricated via pyrolysis of a mixture of cyanamide and GO
with different weight ratios. The photodegradation study was carried out on RhB dye and 4-
nitrophenol under visible light illumination. After 75 min of irradiation, RhB was completely
degraded by GCN/rGO-2.5. However, other samples moderately performed. This improved
performance of the nanocomposite could be attributed to visible light utilization, efficient

electron transportation and oxidation power which is due to the positive shift in the VB
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potential, narrow bandgap, and improved electronic conductivity. Another group Christy. E. J.
S and Pius. A synthesized carboxymethyl cellulose (CMC) based g-C3N4/GO/CMC bio-
composite through a solution blending method where CMC solution and GO solution were
mixed in an ultrasonic bath to get a homogeneous suspension. Later, 20 mL of NH3.H>O was
added to the above suspension and heated at 90 °C under continuous stirring for 60min to obtain
GO/CMC composite. Further, g-C3N4 solution was mixed to attain a homogeneous solution
which was heated at 80 °C and calcined at 250 °C for 2 hrs to obtain a g-C3N4+/GO/CMC
composite. This novel composite was applied to basic green 4 (BG 4) and basic blue 9 (BB 9)
dye degradation under direct sunlight. It was observed that 94% of BG 4 was degraded in 60min
whereas 98% of BB 9 was degraded in 50 min. Besides dye degradation studies, these 2D/2D
structures are applied for Bisphenol A (BPA) degradation [129]. Jilani. A and group prepared
sulfonated polyaniline graphene-modified C3N4 for BPA degradation under UV radiation [130].
H; evolution studies have also been tested using 2D CNMs/g-C3Ny hybrid structure [131-134].
Further, CO; reduction [135,136], antibacterial studies [137,138] and electrochemical sensing
studies [139,140] are also carried out using this novel material. A summary of various 2D/2D

CNMs models for photodegradation application is tabulated below (Table 1.4).

Table 1.4 Literature review on 2D CNMs/ g-CsN4 photocatalyst materials for pollutant

degradation studies.

Target Photocatalvst Synthesis Efficiency Irradiation Ref.
Pollutant y Methodology (%) S Time | No.
ource .
(min)
RhB 94.2 300W 150

‘ 2,4- GO/g-C3Ny Sono-chemical ’7 1 Xe 240 [141]
dichlorophenol lamp
. LED

MB GO/g-C3Ny Ultrasonication 99 180 | [142]
source
300W

MO rGO/g-C3Ny Solvent method 97.5 Xe 60 | [143]
lamp
Thermal 330w

RhB rGO/g-C3Ny . 95 Xe 60 | [144]

decomposition 1

amp
Thermal S500W

MO rGO/g-C3N4 | decomposition + 92.3 Xe 120 | [145]
hydrothermal lamp
Microwave 300W

RhB rGO/g-C3Ny L. 97.2 Xe 30 | [146]
Irradiation lamp
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From the above literature survey, it was observed that there is an urgent need for a
visible-light active photocatalyst in the market which is environmentally benignant,
inexpensive and shows excellent photocatalytic performance. Further, the performance of the
currently available g-C3N4 photocatalyst was enhanced by coupling with metal-based oxides,
sulphides, etc. This leads to an additional task of removal of these metal-based photocatalysts
from the water which otherwise would result in polluting the marine ecosystem. To overcome
this problem, carbon nanomaterials-based g-C3;Ns hybrid photocatalyst materials have been
developed which showed remarkable performance as discussed in the literature review.
However, the studied literature showed higher efficiencies when either the CNMs loading
amount was higher or the light illumination time was longer. Therefore, the present thesis work
was carefully curated by aiming at the voids currently present in this field of research and the

following objectives were developed.

1.5 Objectives of the present thesis work
The key objectives of this thesis work are as follows:

e To optimize the synthesis parameters of pristine g-C3N4 photocatalyst material and study its
photocatalytic dye degradation property.

e To enhance the photocatalytic performance of g-C3N4 by improving the surface area via
templating technique.

e To enhance the photocatalytic performance of g-CsNs by synergistically coupling with
carbon nanomaterials such as CS, CNT and GNP prepared by arc discharge and microwave
exfoliation techniques.

e To compare & study the photocatalytic property and eventually propose a degradation

mechanism based on the morphology of the developed photocatalyst materials.

1.6 Structure of the thesis

This thesis presents an organised compilation of the work carried out over the years. On

this note, the thesis has been divided into six chapters.

Chapter 1 deals with an overview of the carbon element and its structures, its basic
properties, and applications. Based on the morphology CNMs have been categorised and briefly
discussed. This chapter also discusses the contribution of CNMs in wastewater treatment and

various other methods employed using CNMs focusing more on the heterogenous
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photocatalysis, basic principle and mechanism. In addition, a literature study has been included
on various types of photocatalytic materials employed for the decontamination of wastewater.
In particular, graphitic carbon nitride and CNMs-based hybrid photocatalysts for dye
degradation application are discussed. A summarized format of some of the recent reports is

tabulated at the end. Finally, the objectives are discussed in bullet points in this chapter.

Chapter 2 describes detailed information about materials synthesis and characterization
techniques used in the present study. It involves the synthesis of g-C3N4 through the thermal
decomposition method. Followed by CNTs and CS synthesis via conventional arc discharge
technique. This chapter also speaks about GNP synthesis via shear force-dominated exfoliation
of exfoliated graphite. Also, the synthesis of g-C3N4/CNMs hybrid photocatalysts is discussed.
Further, the details of the characterization techniques and photodegradation studies carried out
in this work have been explained in this chapter. Structural and morphological investigations
were done by X-ray diffraction (XRD), field-emission scanning electron microscopy (FE-
SEM), high-resolution transmission electron microscopy (HR-TEM), thermogravimetric
analyser (TGA) and Raman spectroscopy (RS). Optical studies by UV-Vis diffuse reflectance
spectroscopy (UV-DRS), photoluminescence spectroscopy (PL), Fourier transform infrared
spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS) techniques. Surface studies
were carried out using N2 adsorption-desorption measurements (BET) and a zeta potential
analyser. The photocatalytic degradation studies were carried out using a UV-Vis

spectrophotometer instrument.

Chapter 3 is divided into two parts. The first part describes the structural,
morphological, optical, and photocatalytic studies of pristine g-C3N4 photocatalysts synthesized
via the pyrolysis process. In this section, the optimization of reaction temperature and
atmosphere has been done and all the samples were applied to RhB degradation studies. It was
observed that the 6504ir sample showed the best performance compared to other samples by
degrading 96% of dye (conc. = 10mg/L) in 90 min. The second part deals with the improvement
of the photocatalytic performance of the pristine g-C3N4 through a facile green templating
technique where a porous and expanded g-C3N4 was achieved with enhanced photodegradation
efficiency. Here, a certain amount of NH4Cl was added to the precursor material during the
pyrolysis process. The NH4Cl at elevated temperature starts bubbling and gets decomposed
leaving behind a porous and expanded g-C3N4 photocatalyst. It was observed that the expanded
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g-C3N4 showed a 2.4 times higher photodegradation rate than its counterpart and degraded

around 94% in just 30 min.

Chapter 4 is subdivided into three parts. The first part deals with the optimization of
process parameters of arc discharge setup for high yields of CNTs and C-Soot. The obtained
samples were analysed using XRD, FE-SEM, HR-TEM, RS, and TGA techniques. with the help
of these results, the optimum process parameters were chosen. The second part deals with the
structural, morphological, optical, and photocatalytic studies of the C-Soot/g-C3N4 hybrid
photocatalyst. Here different weight ratios of C-Soot from 0.1% to 1% with respect to g-C3N4
were considered. The obtained samples were applied for 20 mg/L RhB dye degradation
performance. It was observed that 0.1% weight of C-Soot in g-C3Ns showed the best
performance with around 96% of dye getting removed as compared to pristine g-C3N4 which
showed 88% degradation in 90 min. The third part describes the structural, morphological,
optical, and photocatalytic activity of the CN'T/g-C3N4 hybrid photocatalyst. Here also, a similar
sample set was considered as in the previous case. Here, 97% of the dye was degraded in 90

min whereas the pristine g-CsNsmoderately performed.

Chapter 5 too is categorised into two parts. The first part describes the structural,
morphological, optical, and photocatalytic studies of GNP/g-C3N4 hybrid photocatalyst. Here
too, different weight ratios were considered and RhB degradation performance was observed.
It was observed that 96% of the dye was eliminated in 60 min. However, pristine g-C3N4 barely
performed. The reason for faster degradation is the morphology of GNP and this hybrid forms
a 2D/2D heterostructure where the charge separation and transportation rates are much higher
as compared to 0D/2D or 1D/2D structures. As an extension to this 2D/2D structure, another
non-carbon-based 2D structure was incorporated within g-C3Ns. The second part deals with the
h-BN/g-C3sN4 hybrid. h-BN also called white graphene was commercially procured and used in
this work as it is. h-BN has a similar structure as that of g-C3Ns. This hybrid structure was
applied for RhB degradation studies and it was observed that 0.5% loading of h-BN in g-C3N4
showed the best results. Here, 91% of the dye was removed in 60 min however, pristine g-C3N4

showed 55% degradation after 60 min.

Chapter 6 gives the summary and conclusions of the present thesis work. Besides, the
future scope of this work is also discussed and suggestions are made for the extension of this

work.
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Chapter 2

Experimental details:

Synthesis, characterization, and measurements

This chapter consists of a comprehensive study of the synthesis techniques adopted for
the preparation of g-CsNs-based hybrid photocatalysts. Besides, various structural,
morphological, optical, and thermal characterization techniques employed in analysing the
properties of the synthesized materials are discussed. Finally, at the end of this chapter, the
photocatalytic degradation studies of the prepared material are explained in detail with

supporting schematics.

2.1 Materials

The following table describes the information about the raw materials and chemicals

used in the present work. These chemicals are used without further processing.

Table 2.1 List of chemicals and raw materials used for synthesis and photocatalytic studies.

Chemical Supplier/Grade
Graphite Flakes (GF) Graphite India Pvt Ltd
Graphite Electrode Nickunj Eximp Entrp Pvt Ltd
Melamine Sigma Aldrich
Ammonium Chloride (NH4ClI) Sigma Aldrich
Hexagonal Boron Nitride (hBN or BN) Industrial Grade
Hydrogen Peroxide (H20.) Merck, India
Sulphuric Acid (H2SO4) Merck, India
p-Benzoquinone (BQ) Sigma Aldrich
Ammonium Oxalate (AO) Sigma Aldrich
Isopropanol (IPA) Merck, India
Rhodamine B (RhB) Sigma Aldrich
Dimethyl Sulfoxide (DMSO) M/S Finar Ltd, India
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2.2 Materials synthesis
2.2.1 Synthesis of graphitic carbon nitride (GCN):

N’ Air, Ar&N, - — } Q;XV
—

] Graphitic
Melamine Carbon Nitride

Figure 2.1 Synthesis schematic of graphitic carbon nitride through pyrolysis of melamine.

The GCN photocatalyst was synthesized by conventional thermal decomposition
technique. Here, a certain amount of melamine was taken in an alumina crucible covered with
a lid. The crucible was allowed to undergo a thermal pyrolysis process in a Muffle furnace at a
slow heating rate of 2 cpm for three different temperatures i.e., 550 °C, 600 °C and 650 °C for
2 hrs. Further, different types of gaseous atmosphere were applied to study its effect on GCN
synthesis. In this case, static air, argon, and nitrogen gases were used. After the reaction process
was over, the crucible was allowed to cool naturally inside the furnace and was taken out
afterwards and finely ground for further analysis. The schematic of synthesis and the final

product obtained after the pyrolysis process are shown in Fig. 2.1.

2.2.2 Synthesis of improved graphitic carbon nitride (NGCN):

Melamine A %
N

Porous g-C;N,

Figure 2.2 Synthesis schematic of graphitic carbon nitride through pyrolysis of melamine and

ammonium chloride.

The synthesis parameters of GCN prepared in the above section were optimized and
now, this optimized GCN is further modified for better photocatalytic performance. Here, a
green templating approach was opted, wherein a bubbling agent (NH4Cl) was incorporated

along with the precursor during the pyrolysis process and was heated at 650 °C in static air for
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2 hrs as shown in Fig 2.2. At elevated temperatures, NH4Cl decomposes to produce NH3 and
HCI gases resulting in higher porosity and specific surface area. In this work, three different
weight ratios of melamine and NH4ClI were considered namely; 1:0.5, 1:1 and 1:2 which were

named NGCN-1, NGCN-2, and NGCN-3 respectively.

2.2.3 Synthesis of carbon nanotubes and carbon soot via arc discharge:

(@)

ROTARY

VACUUM GRAPHITE

CATHODE

CATHODE DEPOSIT

Figure 2.3 (a) Schematic of arc discharge setup and (b) arc discharge reactor facility at ARCL

Arc discharge is a conventional technique to prepare carbon nanomaterials where a
graphite electrode is resistively heated by applying high voltages in an inert atmosphere. The
laboratory setup and the schematic are shown in Fig. 2.3. The setup consists of a stainless-steel
double-walled chamber equipped with cooling water circulation and a leakproof arrangement.
The setup is attached to a rotary pump to attain a vacuum and is further filled with helium gas
of the required pressure before starting the experiment. A 10 mm diameter of high purity
graphite electrode of an average density of 1.805 gm/cc and length of 20 cm is used as an anode
and a larger diameter graphite electrode is used as a cathode. Here, the anode is a motor driven
whereas the cathode is stationary. A DC voltage is applied between the electrodes and the anode
is slowly moved towards the cathode. At a threshold distance of a few millimetres, an arc is
struck between the electrodes. Due to the smaller diameter of the anode w.~¢ cathode, a high
current density and high temperature are generated resulting in sublimation of the anode. The
temperature at the arcing point goes up to 4000 K, leading to the breakdown of the buffer gas
near the electrodes in the reactor. This ionized gas results in hot plasma formation between the
electrodes and the collisions of electrons and ions in the plasma emits photons which are
responsible for the glow in the plasma (Fig. 2.4(a)). The role of plasma is to act as a highly

conducting medium which provides the movement of carbon vapours between the electrodes.
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These carbon vapours decompose and aggregate to form carbon clusters and drift towards the
cathode that is relatively cooler. This temperature gradient and quenching effect of the
atmosphere solidifies and crystallizes to form a stable hexagonal structure that grows along the
cathode (Fig. 2.4(b, c)). Simultaneously, the walls of the reactor are covered with lightweight
fluffy carbon soot that is essentially a mixture of spherical carbon nanoparticles and fullerenes.

The outcomes of the arc discharge experiment are shown in Fig.2.4(d).

LEFTOVER ANODE

0

" CATHODE DEPOSIT

Carbon Deposit in [
Arc Discharge Setup ==

Figure 2.4 (a) Photograph of the arcing point, (b) schematic of constituents of a typical cathode
deposit, (c) photograph of cathode deposit and (d) image of the arc discharge reactor after the

completion of the experiment.

In this work, three different arc voltages and buffer gas pressure values were considered
as shown in Table 2.2. The obtained cathode deposit samples were named CD1, CD2, CD3,
CD4, CDS5, CD6, CD7, CD8 and CD9. Similarly, the CS samples were denoted as CS1, CS2,
CS3, CS4, CS5, CS6, CS7, CS8, and CS9. Here, the number in the sample nomenclature
represents the corresponding voltage and pressure values given in Table 2.2. The obtained CD

and CS samples were finely ground and used for further testing.

Table 2.2 Identification of matrix elements via numbering.

Pressure (Torr) —
200 400 600
Voltage (V) {
30 1 2 3
35 4 5 6
40 7 8 9
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2.2.4 Synthesis of graphene nanoplatelets (GNP):
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Figure 2.5 Synthesis schematic of graphene nanoplatelets via exfoliation of graphite flakes.

Multilayer graphene nanoplatelets (GNP) were prepared through a simple strategy of
microwave exfoliation of graphite intercalation compound (GIC) followed by co-solvent
mixing using a kitchen mixer (Fig. 2.5). Here, GFs were taken as raw material for the
preparation of GNP. Initially, the H2SO4: H2O> (10:2 v/v) mixture was added to 20 gm of GFs
and chemically treated for 6 hrs to form GIC. This mixture was further agitated using a
mechanical stirrer to attain uniform dispersion of the acid mixture and the GFs. GIC was
exfoliated using a conventional microwave oven for a few seconds. Again, the obtained
exfoliated graphite (EG) underwent a liquid phase exfoliation using a kitchen mixer in DMSO:
Water (8:2 v/v) mixture for 1 hr. The final solution was centrifuged at 2000 rpm for 40 min to

remove unexfoliated GFs based on the density separation method.
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2.2.5 Synthesis of C-Soot/g-C3N4 hybrid photocatalyst:
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Figure 2.6 Synthesis schematic of C-Soot/graphitic carbon nitride hybrid photocatalyst through

thermal decomposition.

This hybrid photocatalyst was prepared in a similar way as that of the modified GCN
material. Here, melamine and NH4Cl were taken in a 2:1 weight ratio and a certain amount of
carbon soot was added to this mixture. These three materials were finely ground and transferred
into an alumina crucible with a lid covering the top and placed in the furnace at 650 °C for 2
hrs with a slow ramping condition. In this study, four weight percentages of C-soot were
considered: 0.1%, 0.3%, 0.5%, and 1% with the following reference codes: SC1, SC2, SC3 and
SC4 respectively. The schematic of the synthesis is shown in Fig. 2.6.

2.2.6 Synthesis of CNT/g-C3N4 hybrid photocatalyst:

The CNT/GCN hybrid photocatalyst was synthesized by following a similar procedure
(Fig. 2.6) as discussed in section 2.2.5. In this case, similar weight percentages of CNTs were
considered during the pyrolysis process and were referred to as CC1, CC2, CC3, and CC4

respectively.

2.2.7 Synthesis of GNP/g-C3N4 hybrid photocatalyst:

The GNP/GCN photocatalyst was made by following the procedure employed for
CNT/GCN material. Similar weight percentages and synthesis parameters were opted for and

were referred to as GC1, GC2, GC3 and GC4 respectively for 0.1%, 0.3%, 0.5%, and 1% of
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GNP loading in the hybrid photocatalyst. The synthesis schematic is the same as shown in
Fig.2.6.

2.2.8 Synthesis of hBN/g-C3N4 hybrid photocatalyst:

Here, hBN used for this study was commercially procured which was synthesized by
reacting boric acid with urea in nitrogen atmosphere at high temperatures and used without
further modifications. Similar to the previous hybrid materials, here also similar synthesis
procedure (Fig.2.6) was followed with the following weight loading percentages: 0.1%, 0.5%,
1% and 5% of hBN loading and were coded as BC1, BC2, BC3, and BC4 respectively.

2.3 Characterization Techniques

2.3.1 Scanning Electron Microscopy and Field Emission Scanning Electron Microscopy:

Scanning electron microscopy (SEM) is a fundamental technique commonly used for
studying the material superficially. The basic principle of this technique involves the generation
of an electron beam from a suitable source typically a tungsten filament (in SEM) or a field
emission gun (for FE-SEM) [1,2]. The generated electron beam is accelerated by applying high
voltages and passes through a series of apertures and electromagnetic lenses to collimate and
produce a thin beam of electrons onto the surface of the specimen. The electron beam then scans
the surface of the specimen and eventually electrons are emitted from the specimen surface and
are finally collected by a suitably-positioned detector. There are multiple detectors for various
types of electrons that are ejected after the electron beam and sample interaction such as
characteristic X-rays, backscattered electrons, and secondary electrons. These detectors collect
and process the emitted electrons to a signal that helps in producing an image. This image is
stored and contains essential information about the sample. From this technique besides
morphology, the sample’s crystallographic information, composition and topography can also
be found. The specimen surface must be conductive to avoid charging effects which blur the
final image quality. In such cases, it is preferred to sputter the sample surface with a conductive
coating of a few nanometres thick [3,4]. For this study, the Zeiss Gemini SEM500 FE-SEM
instrument was used to carry out this characterization and for analysis, a few mg of powder
sample was uniformly spread over a carbon tape and gold coating was done using sputtering

technique.

2.3.2 Transmission Electron Microscopy:
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Transmission electron microscopy (TEM) is another microscopic technique, similar to
that of SEM but advanced in terms of resolution. It also uses an electron beam to produce the
images of the samples. However, the major difference is that the electron beam is accelerated
up to 300kV so that it can transmit across the sample to produce the image. In the TEM
technique, the sample thickness must be very thin (< 100 nm) so that the electron beam can
pass through the specimen. An image is formed by the interaction of electrons with the sample
as the beam 1is transmitted through the sample. The image is thus magnified and focused onto
an imaging device such as a fluorescent screen, a photographic film, or a sensor such as a
charge-coupled device (CCD). There are various modes of operation depending on the user's
requirements. The imaging mode provides a highly magnified view of the micro and
nanostructures and ultimately results in high-resolution (HR) images. The nanoanalytical
modes (X-ray and electron spectrometry) tell the user which elements are present in the tiny
volume of the sample [5—7]. In this study, the JOEL JEM2100 HRTEM instrument was used to
get the HR micrographs of the sample and diffraction patterns. For sample preparation, a
powdered sample was dispersed in ethanol solvent by ultrasonication for a few minutes

followed by drop casting on a Cu grid.

2.3.3 X-ray Diffraction:

X-ray diffraction (XRD) technique is an age-old, conventional, and non-destructive
technique based on constructive interference of monochromatic X-rays ad a crystalline sample.
These X-rays are produced by a cathode ray tube, filtered to generate monochromatic
radiations, collimated to focus, and directed towards the sample. The interaction of incident
rays with the specimen produces interference patterns when conditions satisfy Bragg’s law
which states that the path difference between the two x-ray beams that are diffracted from the
two adjacent planes is equal to the integral multiple of the wavelength of the incident x-ray and

is given by;

2d sin0@ = nAi - 2.1

where, ‘n’ is an integer (n = 1,2,3, and so on), A is the wavelength of the incident x-rays (A=
1.5406 A), d’ is the interplanar spacing (nm), and 0 is the angle between the incident x-ray
beam and the crystal plane. These diffraction patterns contain useful information about the
sample such as interplanar distance, grain or crystal orientation, and crystal structure
identification and also help in measuring the shape, size, and internal stress of the small
crystalline regions [8,9]. In this work, the Rigaku Smartlab 9kW powder XRD instrument

producing Cu K, radiation was used to get the diffraction pattern of the samples.
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2.3.4 Thermogravimetric Analysis:

Thermogravimetric analysis (TGA) is a characterization tool that gives information
about the thermal properties of a material. The main components of a TGA instrument are a
heating furnace, thermobalance, temperature programmer and data acquisition system. From
TGA, the user can get the following information: thermal and oxidation stability of the
materials, composition of multi-component systems, decomposition kinetics of the materials,
the effect of the reactive or corrosive atmosphere on materials, and moisture and volatile
contents of a given sample [10]. TGA measures the changes in weight with the temperature
changes. A derivative weight loss curve can be used to tell the point at which weight loss is
most apparent. In the present study, the Netzsch STA 449 Jupiter simultaneous thermal analyser
(STA) instrument was used for recording the TG curves. A few mg of powder sample was

loaded in the alumina crucible for carrying out the studies.

2.3.5 Raman Spectroscopy:

Raman spectroscopy (RS) is a powerful tool for determining chemical species. This
technique detects certain interactions of light with matter. RS was discovered by Sir CV Raman
in 1928 and for which he was awarded the Noble Prize in 1930. It is a spectroscopic technique
used to observe vibrational, rotational, and other low-frequency modes in a system [11,12].
When a monochromatic radiation of energy hv is incident upon a sample, inelastic scattering
occurs due to the interaction of vibrational/ rotational motion of the atoms/molecules. This
interaction induces a change in polarizability with respect to vibrational motion, which causes
a dipole moment in the molecule. As a result, a change in the energy of the scattered light is
observed. Three conditions are possible here: (1) if the scattered energy is the same as that of
the incident photon energy, then it is called Rayleigh elastic scattering. (2) if this scattered
energy is lower than the incident photon energy, then it is called Stokes inelastic scattering, and
(3) if this scattered energy is higher than the incident energy, then it is Anti-stokes inelastic
scattering. These inelastic scatterings are of great significance, as they contain major
information about the chemical structure, crystallinity, and molecular interactions of the
material [13]. The major components of the instrument are the laser source, sample illuminator,
filter, and detector. When the sample is illuminated with the laser beam, light is scattered
elastically and inelastically. The filter is used to block the elastically scattered light and passes
the inelastic component to the detector which finally processes and produces a spectrum

consisting of the intensity vs. Raman shift that is, change in frequency. Here in this work, the
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WITec UHTS 600 Confocal Micro-Raman spectrometer with a laser excitation of 532 nm was

used to obtain the Raman spectra of the samples.

2.3.6 Fourier-transform Infrared Spectroscopy:

The Fourier-transform infrared spectroscopy (FTIR) technique is also known as
vibrational spectroscopy. This technique is widely used to identify unknown materials,
determine the functional group existing in a given sample and calculate the amount of
components in a mixture [14]. FTIR mainly consist of a simple optical device called a
Michaelson Interferometer. This device produces a unique type of signal which has all the IR
frequencies encoded in it. Each chemical bond or functional group has a unique characteristic
vibrational frequency and hence, whenever, the incident radiation matches the vibrational
frequency of a particular chemical bond or a functional group, the radiation gets absorbed. This
causes a change in the vibrational states of the molecule from the ground to the excited state.
As a result, the dipole moment of the molecule is also altered. It is known that when light falls
on a material some part of the light is absorbed and some is transmitted. So, the transmitted
light is collected by a detector and forms an interferogram which is in the time domain. To
generalize the output data, it is important to convert the time domain into the frequency domain.
To do that Fourier transformation is applied to the data using computer software [15,16].
Finally, the obtained FTIR spectrum is a function of transmittance or absorbance vs
wavenumber. From these absorption bands, the chemical bonds or functional groups can be
found easily. In this work, FTIR spectra were recorded with the help of Bruker Optics Tensor27
FTIR instrument.

2.3.7 Ultraviolet-Visible Spectroscopy:

The ultraviolet-visible spectroscopy (UVS) is a widely used characterization tool to
study the absorption activity of a material in the UV and visible region of the EM spectrum.
This technique is sometimes known as electronic spectroscopy because the energy is used to
excite the electrons to higher energy levels. The basic components of a UVS are a UV source
(Deuterium lamp) and a visible source (Sodium lamp), a filter wheel, a diffraction grating, and
a detector. Essentially, a cuvette made of quartz is used as a sample holder where the liquid
sample is loaded and placed before the detector. For solid samples, a different sample holder is
used. Usually, a beam splitter is used to pass the incident light through the sample cuvette and
a reference cuvette which contains everything except the sample. The emerging beam is
compared at the detector (a photodiode) and the absorbance is obtained as a function of

wavelength. The principle of working is based on Beer-Lambert’s law which states that at a
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given wavelength, the absorbance of a material is equal to the product of the molar absorptivity
of the compound or the molecule (¢) in the solution, the path length of the cuvette (b) and the

concentration of the solution (C) that is,

A= ebC --2.2

A special attachment in this instrument is used for powder samples and is called diffuse
reflectance spectroscopy (DRS). This method is commonly used for opaque samples that absorb
too strongly to be measured in transmission mode and therefore reflectance of the sample is
measured by collecting the scattered light from the sample [17,18]. For this study, a Perkin
Elmer Lambda 35 UV-Visible spectrophotometer was used to study the UV-Vis behaviour of

the samples.

2.3.8 Photoluminescence Spectroscopy:

Photoluminescence spectroscopy (PL) is a contactless, non-destructive method of
probing the electronic structure of materials. Light is directed onto a sample where it is absorbed
and imparts excess energy into the material in a process called photo-excitation. In this way,
this excess energy can be dissipated by the sample either through the emission of light or by
luminescence. In the case of photo-excitation, it is called photoluminescence. The intensity and
spectral content of the PL curve are a direct measure of various important material properties
like bandgap determination, impurity levels and defect detection, recombination mechanisms
surface effects and excited states [19]. A typical emission experiment involves the selection of
an excitation wavelength by one monochromator and luminescence is observed through a
second monochromator positioned at a right angle to the incident light to minimise the intensity
of scattered light reaching the detector. If the excitation wavelength is fixed and the emission is
scanned, an emission spectrum is produced. In this work, the Horiba Scientific FL3C-21

fluorometer was used to study the PL spectra of the samples.

2.3.9 X-ray Photoelectron Spectroscopy:

X-ray photoelectron spectroscopy (XPS) also called electron spectroscopy for chemical
analysis (ESCA), is an analytical method to determine the elemental composition of a material’s
surface. It can also be applied to determine the chemical or electronic state of these elements.
XPS works on the principle of the photoelectric effect and the spectra are a result of the

interaction of x-rays with the sample surface up to a few nanometres depth. When x-rays hit the
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material surface, electrons are emitted from the core-shell of the atoms with a characteristic

kinetic energy (KE) proportional to the energy of the radiation and is given by;

KE=hv-BE - ¢ --- 2.3

where ¢ is the work function, hv is the incident x-ray energy and BE is the binding energy of
the electron inside the atom. To detect the emitted photoelectrons, an electron energy analyser
is used. From the BE vs intensity curve, the elemental identity, chemical states, and percentage
composition can be determined [20,21]. In the present work, the Thermo Scientific K-Alpha

instrument was utilised to carry out the analyses.

2.3.10 Zeta Potential Analyser:

For the present work, the Malvern Zetasizer NanoZS90 instrument was used to measure
the zeta potential (ZP) at various pH values thereby calculating the point of zero charge (pzc).
ZP is a parameter that measures the electrochemical equilibrium at the particle-liquid interface.
It measures the magnitude of electrostatic repulsion/attraction between the particles and thus it
has become one of the fundamental parameters known to affect the stability of colloidal
particles. Here, the ZP is measured based on the laser Doppler electrophoresis phenomenon
[22]. The speed the particles move is proportional to the field strength and ZP. So, by applying

the established theories and formulas and other known values ZP is calculated.

2.3.11 N2 Adsorption-Desorption Studies:

The N: adsorption-desorption studies were carried out using the Quantchrome
AutosorblQ instrument. Here, the specific surface area (SSA) of the samples was calculated by
using the multi-point Brunauer — Emmett — Teller (BET) model within the relative pressure
range of 0.05 — 0.9. The pore volume and pore size distribution were calculated using t — plot
and the total pore volume of the material was determined at a relative pressure of 0.99. The pore
size distribution of the material was obtained by investigating the data under density functional

theory (DFT) and Barrett — Joyner — Halenda (BJH) models [23].

The complete analysis of the sample is done by first degassing the sample above 200 °C
for about 1 — 2 hrs to remove surface adsorbed impurities. The weight of the sample is measured
after cooling and then subjected to N2 gas at variable pressure and fixed temperature (- 196 °C).
Finally, the amount of gas adsorbed/desorbed with an increase/ decrease in the applied pressure
is measured. The graph between quantity adsorbed as a function of relative pressure gives

information about SSA and the pore structure of the specimen [24,25].
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2.4 Photocatalytic Degradation Studies

2.4.1 Photodegradation measurements reactor setup:

A laboratory prototype was designed for carrying out photocatalytic degradation
experiments. Here, a wooden box of 1ft x 1t x 3ft dimensions was made with a door system on
the front side of the box and a white LED light of 1000W was fixed on the top of the box. A
magnetic stirrer was placed at a fixed place such that the distance between the surface of the

beaker and the light source was 10 cm. The schematic of the reactor is shown in the figure 2.7.

nunuuﬂ

Figure 2.7 Schematic of the reactor designed for studying photodegradation experiments.

2.4.2 Rhodamine B photodegradation studies:

This present work discusses the photodegradation of RhB dye under a visible light
source. Among several commercial dyes available in the market, RhB is highly preferred
because of its cationic nature and effective activity under visible light. Also, it is considered to
be a highly stable synthetic dye. Herein, a certain concentration of dye solution and some
amount of photocatalyst was added and this suspension was stirred in the dark for some time to
attain adsorption-desorption equilibrium before visible light irradiation. After the light source
was turned on, periodic aliquots of dye solution were drawn out using a 5 mL syringe and then
with the help of a syringe filter, the photocatalyst was separated from the dye. Then the filtered

dye solution was scanned under a UV-Visible spectrophotometer and the absorbance intensity
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at the maximum absorbance wavelength (Amax) value of RhB was noted down. The amount of

dye removed (%) was calculated using the following expression:

n(%) = <=2 100 2.4
0

where 11 (%) is the amount of dye removed (%), and Co and C; are the UV- Visible absorbance

intensities of RhB dye solution at time 0 minutes and ‘t” minutes respectively.

2.4.3 Reactive species trapping experiments:

This is a crucial study that helps in finding out the photodegradation mechanism and the
active component during the degradation process. We know that the photogenerated holes,
hydroxyl radicals and superoxide anions are the major reactive species that are involved during
the photodegradation process. So, to find out which one has the major role during the
photodegradation process, a trapping agent is added to the dye solution while starting the
experiment. This chemical scavenges the generated radical species thereby affecting the overall
photodegradation. In this way we can find out which is the major component responsible for

photodegradation activity and a mechanism can be proposed.
In this work, three different chemicals were chosen for carrying out these studies;

(1) Ammonium Oxalate: It is a reducing agent and is used to trap photogenerated holes. A 10
mM concentration of ammonium oxalate was added to the dye solution at the beginning of
the experiment. Being a reducing agent, it donates an electron to the hole and gets oxidised
thus, tapping the hole.

(2) p-Benzoquinone: This chemical is used to trap superoxide anions. It traps this radical by
accepting an electron from p-Benzoquinone which gets converted to hydroquinone. Thus,
the superoxide anion is quenched in this process.

(3) Isopropanol: this solvent is used for hydroxyl radical trapping. Here also, 10 mM of
1sopropanol is added to the catalyst-loaded dye solution. In this case, the generated hydroxyl
radicals react with isopropanol and convert it to propenal thereby, getting quenched in this

reaction.

At the end of each experiment, the RhB degradation is noted and from this data, we can
propose a mechanism and can know about the major participants during the photodegradation

process.
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2.5 Conclusions

In this chapter, detailed information about the chemicals and other materials used in the

present work was tabulated. Followed by a detailed explanation of synthesis procedures with

supporting schematics was done. Besides, the material characterization tools like FE-SEM,

TEM, XRD, TGA, UV-Vis, and other techniques used in this work were discussed briefly. In

the end, the photocatalytic degradation studies; experimental setup and measurement

procedures were discussed with the help of schematics.
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Chapter 3

Part I- Synthesis of g-C;N4 photocatalyst: Effect of reaction

atmosphere & pyrolysis temperature

3.1 Introduction

g-C3N4 has shown tremendous potential as a visible-radiation active photocatalyst for
energy generation as well as pollutant removal [1]. It is a metal-free polymeric semiconductor
that exhibits suitable Physico-chemical properties - as low bandgap (~2.7 eV), 2D stacked
layered structure with high surface area efc. Structurally, it consists of triazine or heptazine
motifs forming a periodic array in a stacking pattern, rendering a high density of catalytic sites.
It also shows excellent thermal stability up to 600 °C, due to its aromatic structure. Thus, g-
C3Ny-based photocatalysts have opened a new avenue in photo-catalysis research [2]. There are
several reports of nitrogen-doped visible light photocatalysts [3,4] and certain g-C3Ny systems
used for several applications ranging from environmental remediation to energy storage.
Further, such nitride systems show tremendous potential for their utilization in the photo-
degradation of organic toxic wastes, reduction of carbon dioxide, hydrogen evolution and in
electrode material for batteries and supercapacitors [5]. There are quite a few publications on
the synthesis of g-CsN4. In one such report by Yan S.C and others, they made g-C3N4 material
by directly heating melamine as precursor material [6]. Whereas Zhang et al. prepared g-C3N4
through pyrolysis of thiourea at different temperatures [7]. Dong F ef al. made graphitic carbon
nitride by thermal decomposition of urea at 550 °C [8]. Here, we exploited a simple graphitic

carbon nitride preparation methodology to prepare an efficient visible light active photocatalyst.

In the present work, we have undertaken a systematic optimization of graphitic carbon
nitride synthesis with parametric variation in reaction temperature and atmosphere, during
melamine pyrolysis reaction. Further, we have investigated these carbon nitride systems for the
photocatalytic deterioration studies of organic-dye, to achieve an efficient photocatalyst. This
study is expected to improve an understanding of g-C3N4 photocatalyst designing and synthesis

for several related applications.
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3.2 Results and discussions

The melamine-derived graphitic-carbon nitride (MGCN) samples were prepared by
thermal degradation of melamine at different temperatures and reaction atmospheres. Further,
the obtained product was finely ground and taken for further studies. For the sake of clarity in
name convention, these synthesized MGCN samples were termed according to temperature and

gas atmosphere used during the reaction as tabulated below in Table 3.1.

Table 3.1 Nomenclature of the MGCN samples synthesized at various reaction temperatures

and gas atmosphere.

Air Ar (Argon) N2 (Nitrogen)
550 °C 550Air 550Ar 550N
600 °C 600Air 600AT 600N>
650 °C 650Air 650Ar 650N2

3.2.1. Effect of pyrolysis temperature
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Figure 3.1 TG-DSC curve of melamine.

Pyrolysis temperature is a key parameter that influences C3N4 formation. Accordingly,
melamine undergoes various intermediates reactions and finally, g-C3N4 is formed.
Thermogravimetric studies of melamine (Fig. 3.1) indicate a temperature range of 500 - 700 °C
is suitable for temperature optimization. Fig. 3.2 displays the XRD pattern of MGCN samples
prepared at various temperatures and indicates the formation of C3N4 above 550 °C. As the
temperature increases above 400 °C, structural modification of melamine occurs through

forming intermediate products until 500 °C [9]. From 550 °C onwards, the significant peaks of
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g-C3Ny4 were observed at around 13.1° (210) and 27.5° (002) which are attributed to the intra-
planar recurring motifs of the C-N architecture and the pi-conjugated assembly of g-C3N4

layers, respectively [10,11].

(a) (002) 650 Air| (b)

1 1 1 1
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Figure 3.2 (a)XRD diffractogram of MGCN synthesized at different temperatures and (b)
magnified view of (002) peak with respect to increasing temperature.

In-depth analyses reveal that the (002) peak shifts to higher angles, with an increase in
reaction temperature, and correspondingly inter-layer distance decreases from 0.325 nm to
0.321 nm. This decrease in d-spacing is associated with the removal of the N- containing species
from the MGCN framework [12]. Fig. 3.3 shows the FESEM micrograph of MGCN samples
in the air at different temperatures, demonstrating the formation of a layered structure with an
increase in pyrolysis temperature. Further, the size of the crystallites was calculated using the

Scherrer equation which can be given as,

D = KA/BcosB 3.1

where D is the size of the crystallite (nm), K 1s the Scherrer’s constant (~0.9), 4 is the X-ray
source wavelength (Cu-K) i.e., 0.15418 nm and S is the FWHM of the (002) peak. The number

of layers (n) in a single crystallite can be calculated using the formula: n = (g) + 1 where d is

the interlayer spacing (nm) [13]. The calculated values are tabulated below (Table 3.2). It was
noticed that the size of the crystallite increases with an increment in reaction temperature and

so does the number of layers. For the 650A4ir sample, a single crystallite contains 36 layers of
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C3Ngystack, promoting a huge number of active locations from the sheet edges in the degradation
reaction. Thus, at higher temperatures, the crystallite size increases indicating that higher
pyrolysis temperature assists the nucleation and growth of MGCN [14]. Moreover, the specific
surface area of the MGCN samples clearly shows an increasing trend with reaction temperature
where 650 °C sample records the highest value among all the samples. Above 650 °C, MGCN

becomes unstable and decomposes at 700 °C [15].

Figure 3.3 FESEM micrographs of MGCN synthesized at different temperatures.

Table 3.2 Interlayer spacing, crystallite size, number of layers and BET surface area of MGCN

samples synthesized by varying reaction temperature and reaction atmosphere.

Interlayer spacing Crystallite Size NLIIJI::,)::SOf
Sample d (am) D (am) o SBeT (m?g™)
550Air 0.324 6.32 20 14.22
600Air 0.323 7.00 23 18.49
650Air 0.321 11.39 36 42.34
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Figure 3.4(a) shows the UV-DRS spectra for the MGCN samples. It shows a distinct and
gradual red-shift in, the absorption band with a rise in the reaction temperature. This behaviour
is ascribed to the extension of the heterocyclic pattern in the g-C3N4 network [16]. Fig. 3.4(b)
shows the KM analyses of the corresponding absorption spectra used to estimate the indirect
bandgap values, which are found to decrease from 2.78 eV to 2.73 eV, and 2.71 eV concerning
an increase in temperature. These values are in accordance with past reports [6,7] and exploited

here as visible light photocatalysts.

PL spectroscopy is essential to investigate the separation competency of the charge
carriers. Fig. 3.4(c) shows the photoluminescence behaviour of the MGCN samples that were
synthesized at different reaction temperatures. It indicates that the peak intensity gradually
reduced with the steady rise in the reaction temperature, thereby implying enhancement in the
lifetime of the photoinduced charge carriers and a higher charge transfer efficiency [17]. The
chemical structure development of MGCN samples made at various reaction temperatures was
analysed by FT-IR spectroscopy, as shown in Fig. 3.4(d). All IR peaks match with the absorption
bands of the pristine g-C3N4 reported earlier [18]. A strong peak at 806 cm™ is associated with
the outward-plane bending vibrations of the CN aromatic structures. The peak at 890cm™ is
associated with the deformation mode of the cross-linked heptazine units. Whereas, the peaks
within the range of 1200-1800 ¢cm™ are ascribed to the vibrating modes of aromatic C-N
skeletons [19]. A broad band centred 3160 cm™! could be attributed to the stretching modes of
N - H bond vibrations [20]. No major difference could be seen in the spectra of MGCN samples
prepared at 550 °C, 600 °C and 650 °C. However, the MGCN sample synthesized at 500 °C
comparatively had distinguishable absorption bands indicating insufficient condensation of
melamine which is consistence with the XRD results previously discussed [21]. Hence, from
the observations, it can be said that 650 °C is the ideal temperature for g-C3N4 formation.
Further, it can be noted that IR peaks of the 6504ir sample are much sharper and more intense

which is due to a higher degree of polycondensation of these C-N heterocyclic systems [22].
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Figure 3.4 (a) UV-DRS spectra, (b) its respective KM plot, (c) PL spectra (Aext ~365 nm) and
(d) FT-IR spectra of MGCN samples.

The elemental composition can be accurately measured using the XPS technique due to
its extremely high sensitivity of valence electron spectrum to the chemical bonding
environment. The survey spectra predominantly reveal that all the samples majorly contain C
and N elements along with small traces of O that might be attributed to the adsorbed Oz or H.O
on the sample surface or due to pyrolysis atmosphere. The atomic percentages and C/N ratio
are tabulated in Table 3.3. It was observed that only the 6504ir sample has a C/N value near the
stoichiometric value i.e., 0.75. Fig. 3.6 displays the XPS spectra of MGCN samples prepared
in air. For C 1s spectra, the photoelectron line is observed around 284.5 eV and for C with N
compounds, these lines are observed between 283-289 eV [23]. The major peak varying
between 287.01 and 287.27 eV is attributed to the sp>-bonded carbon in nitrogen-containing
triazine or heptazine rings ((N)—C=N). Whereas the peak between 287.75 and 288.62 eV can
be assigned to sp® bonded carbon (C—(N)3) [24]. Peaks between 283 and 285 eV are induced
by the adventitious carbon and C—C bond [25]. The N 1s spectra mainly consist of three peaks.
The main peak centred around 398 eV corresponds to pyridinic nitrogen (C=N—C) which is sp?
hybridized N in the aromatic rings. Minor peaks around 399 and 400 eV are assigned to tertiary
nitrogen N—(C)s; and N—H structures respectively [16,26] The deconvoluted O 1s spectra
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consist of two peaks around 531 and 533 eV. These peaks reveal the adsorbed oxygen functional

groups on the surface of the samples [14].
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Figure 3.5 XPS spectra of MGCN samples synthesized at different temperatures in air
atmosphere.

Table 3.3 Elemental composition and C/N ratio of MGCN samples synthesized in air
atmosphere.

Sample C(%) | N®%) | O(%) C/N

550Air 45.76 50.72 3.52 0.9
600Air 50.27 47.65 2.08 1.05
650Air 40.41 55.82 3.77 0.72
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3.2.2. Effect of reaction atmosphere

The reaction atmosphere in the pyrolysis process can be a major factor that can influence
the final product. It may act as a carrier agent in the process or as a protective gear from
excessive oxidation at elevated temperatures. Lack of such a controlled protective atmosphere
could lead to partial or overreactions resulting in deformed or defective chemical structure.
Thus, it is important to observe the effect of the reaction atmosphere on the formation of
graphitic carbon nitride. Here three types of atmospheres have been taken into consideration:
first is oxidative (air), second and third is an inert atmosphere of argon and nitrogen. The

following studies have been made to observe the effect of each gas type in the synthesis process.

(a) (002) —— 650Air (b) (002) —— 650 Ar

— 650N,

Intensity (a.u.)

— 650 Air

)

10 20 30 40 50 60
20 (Degrees)

10 20 30 40 50 60
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Figure 3.6 XRD diffractogram of (a) MGCN 650Air sample, (b) MGCN synthesized in different
reaction atmospheres at 650 °C.

Figure 3.6 shows the XRD pattern of the 6504ir sample and other MGCN samples
prepared under various reacting atmospheres of N2, Ar and Air. All MGCN samples show
analogous XRD patterns. The reaction atmosphere exhibits a significant effect on the crystal
structure as shown in Fig. 3.6(b). The inter-planar spacing, graphitic stack size, specific surface
area and other relevant information are tabulated below (Table 3.4). The (002) peak intensity
enhanced from N> to Air in different reaction atmospheres. This indicated that inter-layer
distance decreased synchronously as the reaction atmosphere changed from nitrogen to argon
and air. This decrease is probably because of the elimination of nitrogen-containing species
from MGCN architectures [27] which is obstructed in the case of nitrogen and argon
atmospheres. Besides, the morphology of these samples observed under FESEM (Fig. 3.7)
confirms that the air sample has a large number of stacking formations as compared to that of
the other two samples. In addition, the obtained BET surface area value of the air sample stands

out as compared to that of the N> and Ar samples. These numbers directly correlate with the
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extent of polymerization developed during the pyrolysis reaction [24]. Thus, the air sample has

the highest degree of polymerization as compared to other samples.

Figure 3.7 FESEM Micrographs of MGCN synthesized in different reaction atmospheres at
650°C.

Table 3.4 Variation of crystallite size(D), number of layers(n) and SSA of MGCN samples

synthesized by the change in reaction atmosphere at 650 °C.

Number of
Interlayer spacing | Crystallite Size 2 1
Sample d (nm) D (nm) la‘y:,rs SeeT (M*g™)
650 N2 0.323 5.48 18 6.07
650 Ar 0.325 6.21 20 8.43
650 Air 0.321 11.39 36 42.34

Figure 3.8(a, b) displays the optical absorption bands of the as-prepared MGCN samples
in argon and nitrogen atmospheres respectively. From the KM plot, the calculated energy
bandgap values are 2.73 eV, 2.65 eV and 2.51 eV for nitrogen samples whereas 2.7 eV, 2.6 eV

and 2.55 eV for argon samples with respect to increasing temperature. At 650 °C, the obtained

indirect energy gap values for nitrogen, argon and air samples are 2.51 eV, 2.55 eV and 2.71 eV
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respectively. From this, it is evident that the lower value of the energy gap was seen for the
nitrogen sample whereas the air sample shows the highest energy gap. The reason for this is the

ratio of the defect generated in nitrogen and argon samples as compared to that in air samples.

As depicted in Fig. 3.8(c), the PL spectra of the MGCN samples in argon and nitrogen
atmospheres showed similar behaviour as that of the one in the air. However, the peaks obtained
were broader and less intense than those of the air samples. Theoretically, these samples should
be highly photoactive, but in reality, this was not true [28]. The reason for this could be the
presence of structural defects due to ineffective polycondensation of melamine in argon and
nitrogen atmospheres which falsely decrease the PL intensity in these samples. From Fig. 3.9(d)
all the samples showed similar IR spectra with notable intensity variation. But in the case of
nitrogen and argon samples, these peaks were moderately strong implying that there could be a
structural deviation in both cases due to the low degree of polymerization, which in turn led to
low photodegradation activity [24]. However, all the MGCN samples showed similar bands as
described in the previous section implying clear evidence for graphitic carbon nitride formation

[29].
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Figure 3.8 (a, b) UV-DRS spectra and inset shows respective KM plots, (c) PL spectra (Aex:
~365 nm) and (d) FT-IR spectra of MGCN samples in argon and nitrogen atmospheres.
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Figure 3.9 shows the XPS spectra of MGCN samples in different reaction atmospheres.
All the peaks are relevant to the significant lines of the constituent elements. However, in the
case of the argon atmosphere sample, the intensities of the major peak in C 1s and N 1s spectra
are lower as compared to air and nitrogen atmospheres implying a lower degree of
polymerization in this case. Moreover, from the N 1s spectrum of the nitrogen atmosphere
sample, a minor peak at 400 eV disappears probably suggesting the lack of N—H structures in
the architecture which further implies the stoichiometric deviation of the graphitic carbon
nitride structure formation. Also, the atomic percentages of the constituent elements are shown
in Table 5. Like in the previous section here also 6504ir sample holds the C/N ratio near the

stoichiometric value suggesting g-C3Ng4 structure formation.
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Figure 3.9 XPS spectra of MGCN samples synthesized in different atmospheres at 650 °C.
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Table 3.5 Elemental composition and C/N ratio of MGCN samples synthesized in different

atmospheres.
Sample C (%) N (%) O (%) C/N
650 AIR 40.41 55.82 3.77 0.72
650 Ar 48.29 47.73 3.98 1.01
650 N2 44.89 53.13 1.98 0.84

3.2.3. Photodegradation studies

The photodegradation efficiency of the as-prepared MGCN samples in the air was
examined by studying the photodegradation of RhB dye (concentration = 5 mg/L) under visible
light illumination as shown in Fig. 3.10. The UV-Vis absorption spectra of RhB show a
maximum at 554 nm in water, which is generally considered for decolouration studies.
Prolonged illumination of the dye solution creates a blue shift in the intensity of the absorption
maximum. This behaviour is due to the de-ethylation of the RhB dye molecule leading to
chromophore cleavage in the end [30]. All the MGCN samples degraded consistently under a
longer irradiation time. However, the 6504ir sample showed excellent activity by degrading
about 94% of the dye in just 45 minutes and a total of 96% in 90 minutes. Whereas 5504ir and

6004ir samples showed moderate efficiency of 88% and 81% respectively as shown in Fig.

. . o L C
3.10(a). The experimental values were fitted in first-order kinetics reaction i.e., In (c_) =
0

—kt (Fig. 3.10(b)), where Cy is the original concentration of the pollutant suspension, C;is the

concentration at time ¢ and & is the apparent rate constant of the first-order degradation reaction

. : 1
whose value can be calculated using the expression: k = In@

- where t12 is the half-time value
1/2

when the concentration of the dye becomes half of its initial concentration [31]. The apparent
rate constant of RhB degradation is shown in Table 3.6. It can be noticed that the photocatalytic
activity of the 650A4ir sample is 4 times faster than that of the 5504ir and 600Air samples.

62



Table 3.6 Rate constant values of MGCN samples with their respective half-time values.

Samble Half time | Rate constant
P | ta(min) | K (min™)
550 Air 45.89 0.015
600 Air 62.68 0.011
650 Air 15.66 0.044
650 Ar 36.84 0.018
650 N2 26.46 0.026
(@)107 No light (b) &
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Figure 3.10 Photodegradation studies of MGCN samples (a) prepared at different temperatures

in air, (b) its respective first-order kinetics curve, (c) prepared in different atmospheres at 650

°C, and (d) its respective first-order kinetics curve.

The degradation studies of MGCN samples prepared in argon, nitrogen, and air are

shown in Fig. 3.10(c). It was observed that argon samples showed nominal decolouration i.e.,

around 79% whereas nitrogen samples showed good efficiency of 92%. Above all, the air
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sample showed the highest activity of 96% in 90 min. From Table 3.6 it was observed that the
photodegradation activity followed this order: Air > N> > Ar (Fig. 3.10(d)). The reason for
650Ar showing lesser activity even after having a higher surface area from 650N: is due to the
lower average lifetime of the photoinduced charge carriers in the case of the 6504r sample.
Overall characterization and testing indicate that 650°C temperature and Air atmosphere are the

optimum process parameters for the formation of g-C3N4 and superior photocatalytic activity.

To understand the degradation mechanism, it is crucial to know the isoelectric point
(IEP) of the photocatalyst material as it is an important physicochemical property of many
compounds. By knowing this value one can interpret the adsorption ability of the material. IEP
is estimated by measuring the zeta potential at different pH values and the pH value resulting
in zero net charge is called the isoelectric point. The zeta potential of 6504ir as a function of
pH value is shown in Fig. 3.11. The IEP value of 650A4ir was obtained to be 2.43 which means
the MGCN particles are positively charged below this pH value whereas negatively charged
above this point. The interactions of hydrogen and hydroxyl ions with MGCN surface groups
under different pH conditions result in various zeta potentials and surface charges. As we know
graphitic carbon nitride structure consists of primary (CNH3), secondary (CoNH) and tertiary
(CsN) amine groups and in aqueous suspensions, ionization of these groups on the surface takes
place as amine groups due to their lone pair of electrons acts as proton acceptor and acquire
positive surface charges [32] and at the same time, primary and secondary amine groups can
react with hydroxyl ions and acquire negative surface charges. According to Zhu et al [33], the
number of amine groups on the carbon surface and the pH of the MGCN suspension determine
the chemical equilibrium and thereby resulting in diverse zeta potentials. Two significant
factors can enhance the adsorption activity i.e., higher surface areas and negative zeta
potentials. 6504ir has both a negative zeta potential value as well a higher surface area. Hence,

650A4ir shows a higher adsorption capability of Rhodamine B dye than other MGCN samples.
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Figure 3.11 Zeta potential of 650 Air as a function of the pH value of the suspension.

To understand the RhB degradation process by MGCN samples, it is very important to
know the fundamental processes, that take place during the photodegradation of organic
pollutants. Fig. 3.12 explains the heterogenous photocatalysis phenomenon in detail. The first
step in this phenomenon is the exposure of the photocatalyst material with an appropriate light
energy source which leads to the generation of photoinduced electron-hole (e=/h") pairs. Some
of the generated charge carriers drift to the surface (holes near the valence band (VB) and
electrons near the conduction band (CB)) and initiate a chain of chemical reactions with the
adsorbed pollutant species [34]. Meanwhile, a large percentage of electrons recombine with the
holes due to the electrostatic force of interactions either through radiative or non-radiative ways
[35]. Photocatalytic reactions involve three main dynamic species: h*, *OH and O," radicals.
Each of these plays a typical role in the oxidation-reduction reactions as discussed in section
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Figure 3.12 Photodegradation mechanism in MGCN.
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The overall performance of the photocatalyst depends on the energy levels of the VB
and CB. The surface oxidation and reduction reactions by photogenerated h" and e~ respectively
are only possible when their reduction and oxidation potentials lie between the CB and VB

potentials. These values can be analytically found using the equations given below [36]:

Eyp =X — E,+0.5E, 3.2

ECB =EVB_Eg 3.3

where Evp is the potential band-edge of the VB, X is the absolute semiconductor
electronegativity, E. is the free-electron energy on the normal hydrogen energy (NHE) scale
(~4.5eV) and E; is the semiconductor energy gap. The Evp and Ecg values of the 650A4ir sample
calculated from the above equations (6 & 7) are 1.58 eV and -1.12 eV, respectively which are
essentially higher than the oxidation potential of water (1.23eV vs. NHE) and lower than the
reduction potential of oxygen (-0.33eV vs NHE) [37]. Moreover, RhB being a cationic dye can
easily be adsorbed on the photocatalyst surface as the photocatalyst possesses a negative surface
charge in water above 2.43 pH as discussed earlier [33]. Hence, the photodegradation of RhB
by MGCN follows the reaction sequence as given in equations (2-5) thereby clearly indicating
that MGCN is suitable for the decomposition of RhB and can find potential applications in

pollutant removal.

Part II- Synthesis of improved g-Cs;N4 photocatalyst for

enhanced photodegradation performance

33 Introduction

g-C3Ny 1s a novel material that has become the epitome of visible light photocatalysis
for a few years and continues to explore its potential in multiple aspects. Due to its remarkable
features like visible light activity corresponding to a wavelength of around 460 nm, low
bandgap (~2.7 eV), appropriate band edge potentials required for photo-oxidation and reduction
of organic pollutants, two-dimensional layered stacking consisting of C-N aromatic architecture
providing higher specific surface areas and high thermal stability up to 600 °C. g-C3N4 has a
wide band of applications in energy and environmental remediation sectors such as wastewater
decontamination, CO: reduction, hydrogen/oxygen evolution via water splitting, electrode
material in battery or supercapacitor, deodorization of toxic gases and many more [1,2,5,38—

41].
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However, this super material also has some drawbacks like low specific surface area and
rapid charge carrier recombination which are mainly due to its bulk structure resulting in a
relatively low photocatalytic degradation efficiency. Hence, there is an urgent need to encounter
these issues and enhance its photocatalytic efficiency. In this connection, few research groups
have come up with a green templating technique wherein, a bubbling material i.e., ammonium
chloride (NH4Cl) is incorporated along with the precursor material during the thermal
decomposition process where NH3 and HCI gases are liberated resulting in bubbling action
leaving behind a porous structure [42—46]. The main idea behind adapting such an approach is
to delaminate the layers of the bulk structure and obtain a highly porous material resulting in a
greater number of surface sites for pollutant adsorption thereby increasing the photodegradation
efficiency. However, out of the reported literature on the subject, the concept is not extensively

investigated to attain its full potential.

In the present work, we report this novel synthesis approach with an in-depth
investigation to prove the bubbling material concept during the thermal decomposition process.
The amount of NH4Cl loading during the melamine decomposition process is optimized
systematically. Herein, we observe a remarkable increase in the interlayer spacing with the
addition of NH4Cl and denote this material as expanded g-CsN4. The expanded g-Cs3Ny has
exhibited high surface area and volume expansion leading to enhanced photodegradation
performance of RhB under visible light, confirmed with relevant supporting experimental

pieces of evidence.

3.4 Results and discussions

GCN was synthesized through the thermal pyrolysis method as discussed in the earlier
section. Besides, for obtaining higher surface areas, a bubbling agent (NH4Cl) was incorporated
along with the precursor during the pyrolysis process. At higher temperatures, NH4Cl
decomposes to liberate NH3 and HCI gases resulting in higher porosity and specific surface
areas. In this study, three different weight ratios of melamine and NH4Cl are considered viz,

2:1, 1:1 and 1:2 which are named NGCN-1, NGCN-2, and NGCN-3, respectively.

Figure 3.13(a) shows the XRD pattern of the GCN and NGCN samples. It can be noticed
that NGCN samples possess a similar XRD pattern as that of the GCN sample which essentially
means that the original structure of the g-C3N4 material has been retained irrespective of NH4Cl
presence during the pyrolysis process. The XRD pattern typically matches with the ICDD PDF:
00-066-0183 pattern assuming orthorhombic crystal structure [47]. It was also observed that
there was a peak broadening and shift in the (002) peak in NGCN samples implying an increase
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in d-spacing value (Table 3.7) as shown in Fig. 3.13(b, c) and suggesting shortened-range
stacking order of layers along the c-axis [44]. However, this increase in the d-spacing showed
a reverse trend with an increase in the amount of NH4Cl loading. This is attributed to the
incomplete polycondensation of melamine caused by an excessive amount of ammonium
chloride, supported by an earlier report [45]. Similar results were observed in the FTIR spectra

as well which will be discussed later.

Table 3.7 Interlayer spacing calculated using Bragg’s law, 2dsinf=nA, n=1, full-width half
maxima (FWHM) and crystallite size calculated using Scherrer’s formula, D=KA/Bcos0, K=0.9
of GCN and NGCN samples.

Interlayer spacing Crystallite Size

Sample FWHM (B)

‘d’(nm) (nm)

NGCN-1 0.325 0.0187 7.60

NGCN-2 0.325 0.0178 7.99

NGCN-3 0.323 0.0170 8.35

GCN 0.322 0.0151 9.47
() 2 ICDD PDF : 00-066-0183 ) —GCN

Relative Intensity
Relative Intensity

T T T T T T T
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Figure 3.13 (a) X-ray diffractogram pattern, (b) the (002) peak broadening and (c) the (002)
peak shift of NGCN and GCN samples.
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The morphology and microstructure of the synthesized GCN and NGCN-1 samples were
observed under FESEM and TEM as shown in Fig. 3.14. The GCN sample possesses a bulk
structure having thick and dense sheets which are closely packed [Fig. 3.14 (d, e & f)].
However, the NGCN-1 sample unlike GCN bears a completely distinct morphology with a
reduced particle size as shown in Fig. 3.14 (a, b & ¢). It can be seen that the NGCN-1 sample
possesses a flaky structure containing irregular-shaped hollow spaces caused by the
decomposition of NH4Cl leading to the liberation of NH3 and HCI gases during the pyrolysis
process, supported by a similar phenomenon reported earlier [48,49]. These hollow spaces are

attributed to the porous nature of the material leading to elevated specific surface areas.

Figure 3.14 (a, b & ¢) FE-SEM images of NGCN-1 and GCN samples respectively, (d, e & f)
TEM micrographs of NGCN-1 and GCN samples, respectively.

The optical properties of a photocatalyst material are a very crucial factor that governs
the photodegradation performance. To analyse its properties, UV-DRS and PL studies were
carried out as shown in Fig. 3.15. From the UV-DRS spectra [Fig. 3.15 (a)], it was discovered
that all the NGCN samples have a wider absorption edge in the visible region of the
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electromagnetic spectrum with respect to the GCN sample. Besides, the Kubelka-Munk (KM)
plot of these samples shows a substantial raise in the energy bandgap (E,) of the NGCN samples
as depicted in Fig. 3.15 (b) which is mainly due to the size confinement effect where electrons
and holes are confined to CB and VB respectively [50]. Moreover, the flat-band potentials of
all the samples were calculated using the following equations 3.6 and 3.7. The calculated values
are plotted as shown in Fig. 3.15(c) where the CB minimum and VB maximum of all NGCN
samples have widened in opposite directions. Apart from this, the photoluminescence data has
interesting observations as shown in Fig. 3.15(d) where at an excitation wavelength of 365 nm,
NGCN samples have lower PL intensity than GCN samples which essentially implies that
NGCN samples have a relatively higher charge carrier lifetime than GCN sample [17,51].

The structural information was reconfirmed with the help of infrared (IR) studies. As
displayed in Fig. 3.16, all the vibrational bands have characteristic peak positions related to g-
C3Namaterial [18]. The broad peak around 3173 cm™ is due to the vibrations of N-H groups at
the edges of the g-C3Na sheet [20], the bands between 1200-1800 cm™! belong to the stretching
vibrations of the C-N aromatic architecture and the peaks below 900 cm™ are due to the out-of-
plane bending vibrations of triazine units [19]. The IR results are evident and supplement the

structural analysis and formation of g-C;Na.
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Figure 3.15 (a) UV-Visible absorbance spectra, (b) its respective Kubelka-Munk plot, (c) the
shift in the VB and CB potentials and (d) the PL spectra of NGCN and GCN samples.
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Figure 3.16 FTIR spectra of NGCN and GCN samples.

The XPS is a surface-sensitive quantitative spectroscopic technique widely used for
identifying the elemental composition of a material. From Fig. 3.17, it can be observed that the
XPS spectra of GCN and NGCN-1 samples essentially contain C and N elements with minute
traces of O that could be attributed to the surface adsorbed oxygen or water molecules. Clearly,
there is no signal related to the Cl element in NGCN-1 thus indicating the absence of Cl
incorporation during the pyrolysis process in C-N architecture. The atomic composition in
percentages is tabulated in Table 3.8 where it can be observed that the C/N ratio remains
unaltered irrespective of NH4Cl addition during the synthesis process. The elemental

composition and C/N ratio of GCN and NGCN-1 samples are presented in Table 3.8.

Table 3.8 Elemental composition and C/N ratio of GCN and NGCN-1 samples.

Sample | C (%) N (%) 0 (%) C/N
GCN 45.98 50.2 3.82 0.91
NGCN-1 | 45.77 50.54 3.69 0.90
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Figure 3.17 XPS spectra of GCN and NGCN-1 samples.

In XPS spectra for Cls spectrum, its significant photoelectron line is observed around
284 eV and the signal around 287 eV is attributed to sp? bound C in N- containing ring
architecture. Besides, the carbon attached to uncondensed -NH> groups shows a signal around
293 eV [24]. The high-resolution N1s spectrum shows three peaks around 398, 400 and 402
eV which are attributed to pyridinic-N [C — N = C], tertiary nitrogen-containing groups [N —
(C)3] and N — H species respectively [25,26]. The deconvoluted Ols spectrum consists of one

peak around 531 eV which is due to surface adsorbed oxygen groups on the material [14].

The nitrogen adsorption-desorption isotherms of GCN and NGCN samples were
investigated in Fig. 3.18. All the samples typically reflect type IV isotherm following the H3
hysteresis loop essentially containing porous morphology [52]. It was observed that all the
NGCN samples showed elevated specific surface area values and decreased average pore size
concerning the GCN sample as summarized in Table 3.9. Further, the crystallite size of NGCN

samples was relatively lower which is also responsible for higher surface availability providing
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an increased number of potential active sites over the surface for carrying out photodegradation

reactions [44].
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Figure 3.18 Nitrogen adsorption-desorption isotherms of NGCN and GCN samples.

Table 3.9 Specific surface area, pore size and pore volume of GCN and NGCN samples.

Sample SBeT (M?/g) Pore Size (nm) | Pore Volume (cc/g)
NGCN-1 69 213 0.39
NGCN-2 66 235 0.39
NGCN-3 51 28.8 0.36

GCN 42 29.2 0.30

The zeta potential measurement is a quantitative study to identify the electrostatic charge
on the surface of the photocatalyst material in an aqueous phase at a given pH value [53]. The
zeta potential at various pH values provides an outline of the material surface-charge conditions
which is a very crucial factor that directly influences the photodegradation performance [54].
To understand the surface-charge phenomenon on photodegradation performance, one needs to
estimate the IEP. In general, the material possesses a negative charge below IEP and a positive
charge above this value. In g-C3N4, the interactions of surface groups with the hydrogen and
hydroxyl ions determine the variation in the surface charge, the phenomenon is explained in
detail in our earlier report [55]. From Fig. 3.19, it can be observed that GCN and NGCN samples
have IEPs between 2 and 5 which implies that at pH 7 (pH of the dye solution during
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photodegradation), the surface of the photocatalyst possesses negative charges and hence, the
target pollutant must have a net positive surface charge. Therefore, we choose RhB as the target

pollutant since it is a cationic dye and can easily be adsorbed onto the photocatalyst surface.
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Figure 3.19 Isoelectric points of NGCN and GCN samples.

The photodegradation efficiency of the samples was investigated by taking RhB as a
target pollutant (concentration = 10 mg/L) under visible light source irradiation for 30 minutes.
It was observed that all the NGCN samples have higher degradation efficiencies than the GCN
sample as shown in Fig. 3.20(a). Besides, the photo-deterioration reaction followed first-order
reaction kinetics as shown in Fig. 3.20(b), the degradation experimental details are summarized
in Table 3.10. The reaction mechanism involves the investigation of the role of major reactive
species responsible for photo oxidation-reduction of the target pollutant [56]. For this, reactive
species trapping experiments were performed by adding a certain amount of each of the
scavenging agents during the photodegradation process. In this study, equal amounts of
isopropanol (IPA), p-Benzoquinone (p-BQ) and ammonium oxalate (AO) were incorporated as
scavenging agents for HO®, » 03 and h" respectively [57]. By adding IPA to the dye solution
during the experiment, the IPA gets reduced by generated hydroxyl radicals to propenal thereby
scavenging the hydroxyl reactive species. Similarly, p-BQ takes an electron from the superoxide
radical and gets oxidised to hydroquinone and AO being a reducing agent, loses an electron to
the photo-generated holes thereby acting as a trapping agent. The degradation performance after
adding each of the scavenging chemicals individually effected in the following manner as

shown in Fig. 3.20(c). From Table 3.11 it can be predicted that each of the reactive species has
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a definite role in the decomposition process. Among all, photogenerated holes majorly affected
the photo-degradation however, we cannot rule out the influence of other reactive species which
rendered an almost equal role during the photodecomposition process. Apart from this, the
effect of only light (photolysis) and only photocatalyst (adsorption) was also carried out to find

out its influence during the dye degradation process.

Table 3.10 Reaction rate constant ‘k (min™')’ and percentage (%) of RhB degradation of GCN
and NGCN samples.

Sample Kk (min) RhB Degradation (%)
GCN 0.015 35
NGCN-1 0.036 94
NGCN-2 0.026 55
NGCN-3 0.023 49

Table 3.11 RhB photodegradation experiments with different radical scavenging agents,
without photocatalyst (photolysis) and light irradiation (adsorption) for the NGCN-1 sample.

Experimental detail RhB Degradation (%)
Photolysis (Only Light) 2
Adsorption (Only Photocatalyst) 5
Hole Scavenger 30
Hydroxyl Scavenger 45
Superoxide Scavenger 53
No Scavenger 94
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Figure 3.20 (a) Dye degradation studies, (b) first-order kinetics curve of NGCN and GCN
samples, (c) reactive species trapping experiment of NGCN-1 sample using different scavenging
agents and (d) RhB dye solution images of initial concentration and post photodegradation
concentrations of GCN and NGCN-1 samples.

3.5 Conclusions

In summary, the first part deals with the synthesis of graphitic carbon nitride by a facile
template-free technique through the thermal decomposition of melamine at various
temperatures and reaction atmospheres. The superior photocatalytic activity was achieved in
the 6504ir sample due to its large specific surface area (42 m?g™!), the suitable position of the
band edge potentials and higher degradation rate constant (0.044 min'). More importantly, the
present photocatalyst is prepared from an economical and eco-friendly method which can be
easily produced in bulk. These optimized process parameters can be used as a standard recipe

for the synthesis of g-C3N4 and could be further extended in making g-C3N4-based composites.
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Further, the second part discusses synthesis of expanded g-C3N4 using this single-step
cost-effective approach. The amount of NH4Cl required for the porous structure was optimized
and found to be adequate in the NGCN-1 sample. The XRD and FTIR results confirm the
structural integrity of g-C3Ns irrespective of NH4Cl addition during synthesis which implies
that NH4Cl does not alter the structure of g-C3N4 and only generates porosity in the sample as
confirmed based on TEM analysis. The structural and morphological modifications in g-C3N4
by the present process inherently enhanced the photodegradation efficiency rate by 2.4 times.
This can be adapted as the standard synthesizing process for porous g-C3Ns which can be further

applied while making g-C3N4-based composites.
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Chapter 4

Synthesis of carbon nanomaterials through arc discharge

method

4.1 Introduction

The state-of-the-art material, carbon nanotubes (CNTs) was first made by Sumio lijima
in 1991 by simple arc-plasma ablation of pure graphite electrodes in an inert atmosphere [1].
Since then, this new class of material has been tremendously explored and today after three
decades of'its discovery, still this material is studied and applied in various sectors of application
around the globe. Besides, the formation of CNTs, the arc discharge technique is also utilized
to synthesise carbon soot which essentially consists of fullerenes [2]. However, the separation
and extraction of fullerenes from carbon soot is a laborious task and requires a special extraction
setup and toxic solvents [3]. Therefore, in this work, the as-produced carbon soot is employed.
The arc discharge is a conventional physical technique used to synthesise different carbon
nanomaterials (CNMs) like nanotubes, fullerenes, carbon onions, etc. through a simple
sublimation of graphite rods in an inert atmosphere. The major drawback of this method is the
presence of an excess of graphitic nanoparticles along with CNMs. However, the quality of
CNTs obtained from this technique is higher compared to other techniques due to their length
and shape. In this case, sharp needle-like CNTs are obtained whereas in the chemical vapour

deposition (CVD) technique, entangled and curly CNTs are observed.

CNTs due to their excellent electrical, mechanical, thermal, optical, and
physicochemical properties [4] are widely explored in several fields of applications like
automobile and aerospace industries [5], electrochemical devices [6], display panels, discharge
tubes, and X-rays and microwave generators [7] and many more. Besides, CNTs are also
actively used as adsorbents in water purification systems due to their surface properties [8].
Among these, the adsorption of toxic textile dyes from wastewater has always been a matter of
concern and rigorous research has been done in the last decades [9—11]. Furthermore, the carbon
soot obtained from various sources has been extensively used for pollutant adsorption studies

[12-15].
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Herein, we report a systematic approach for the optimization of process parameters for
higher yields of carbon nanomaterial synthesis through the arc discharge method. The as-

prepared samples were characterized using various techniques and discussed in this work.

4.2 Results and discussions

Figure 4.1 Images of cathode deposits obtained at different pressure and voltage values.

Figure 4.1 shows the image of the cathode deposits obtained at different voltages and
pressure values. From this image few observations can be drawn: (1) at fixed voltage conditions,
cathode deposit length initially increased with an increase in buffer gas pressure and beyond
400 Torr, a slight decrease in the length was observed. This could be ascribed to the function of
gas pressure which is to facilitate momentum to the gaseous particles and to channelize the flow
of ions between the electrodes. At low pressure, the yield is low because the ion density is low
eventually leading to unstable plasma. However, at higher pressure, a greater amount of ions
were involved in the plasma formation thereby blocking the movement of carbon vapours
between the electrodes [16—18]. Therefore, the optimum range of He gas pressure for higher
yields of CNTs synthesis was noticed to be ranging between 300 to 500 Torr. (2) At a given
pressure condition, the deposit length showed inverse proportionality with applied voltage. The
arc voltage is a crucial parameter as it is responsible for the electrical breakdown of the buffer
gas. The applied voltage directly affects the arc current which is one of the significant process
parameters in the arc discharge technique. The overall yield and quality of the nanotubes depend
on the arc current. It results in electron emission from the cathode which travels with high

velocity and sputter the target carbon source from the anode. The applied current generates
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resistive heating of electrodes which leads to high temperatures. Due to this, the carbon source
sublimes to form carbon vapours and nucleates at the cathode which is relatively cooler due to
the cooling water supply and thus, results in nanotubes formation. Higher arc voltages lead to
instability and frequent fluctuations of arc current values due to faster consumption of anode
thus forming shorter deposits [19]. Below 30V, discontinuous arcing was noticed due to low
ion density leading to unstable plasma resulting in lower yield and quality of nanotubes [20].
Therefore, an arc voltage of 30V could be optimum for higher yields of CNTs. Besides the
formation of deposits during the arcing process, a notable amount of carbon soot was also
generated. However, a very low yield (a few milligrams) of soot was produced at lower voltages
(30 and 35V). But at 40V, soot yield was remarkably increased with pressure. This could be
essentially due to the faster rates of anode erosion at higher arc currents thus resulting in higher

amounts of soot generation than cathode deposit [21,22].
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Figure 4.2 XRD diffractogram pattern of (a) CD samples and (b) CS9 sample.

The as-prepared samples were further analysed under XRD, Raman, FESEM and
HRTEM to validate the above observations. Fig. 4.2(a) shows the XRD diffractogram of all the
CD samples. It was noticed that all the samples displayed similar XRD patterns pertaining to
MWNTs. However, the (002) peak intensity for the CD2 sample was the highest among the set
thus indicating higher orderliness of nanotubes stacking layers [23]. The XRD pattern of the
CD?2 sample with peaks distributed around 26° (002), 42° (100), 44° (101), 54° (004) and 77°
(006) attributed to the stacking of graphitic sheets, honeycomb lattice structure, in-plane
regularities, and reflection from parallel basal hexagonal planes respectively [24]. The

interlayer spacing (d) and the particle size (D) were calculated using Bragg’s law and Debye-
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Scherrer’s formula respectively and were found to be 0.341 nm and 12.28 nm respectively for
the CD2 sample. Fig. 4.2(b) shows the stacking of XRD patterns of all CS samples. It was
observed that one sharp intense peak around 26° associated with (002) hkl plane obtained due
to the stacking of lamellar benzoic lattice decreased gradually with raise in voltage and pressure
values [25] and the yield increased inversely. The XRD pattern of the CS9 sample where two
broad peaks at 26.5° (002) and 43.1° (100) were associated with graphitic peaks as discussed
above and having a d-spacing of 0.337 nm and crystallite size of 1.82 nm. The broadness of the
(002) peak can be ascribed to the amorphous nature of the arc soot [26]. Table 4.1 shows the
FWHM of all the CD and CS samples. It can be observed that CD2 sample has lowest value
which means the diameter of the nanotubes is higher in this case [27]. Further, all the CS
samples showed lower FWHM values however, CS9 sample showed highest value which was

attributed to the lower degree of crystallinity of the carbon soot material [28].

Table 4.1 Full width half maximum (FWHM) of CD & CS samples.

Sample FWHM (°) Sample FWHM (°)
CD1 0.012 CSl1 0.006
CD2 0.009 CS2 0.004
CD3 0.011 CS3 0.005
CD4 0.012 CS4 0.004
CD5 0.011 CSs 0.005
CD6 0.011 CS6 0.005
CD7 0.012 CS7 0.006
CD8 0.013 CS8 0.007
CD9 0.012 CS9 0.016
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Figure 4.3 Raman spectra of (a) CD1, CD2, and CD3 samples, (b) CS7, CSS8, and CS9 samples.

The Raman spectra of any of the carbon nanomaterial (Fig. 4.3) can be associated with
three characteristic peaks obtained at 1335 cm™, 1579 cm’!, and 2696 cm™ which can be
ascribed to; D-peak: the disorder peak connected with structural defects, G-peak: the graphitic
resulted due to the vibration of sp? carbon atoms, and G’ or 2D-peak: corresponds to the second
overtone of the D peak respectively [29]. For CD1, CD2, and CD3 samples (Fig. 4.3(a)), the
ratio of the intensities of D peak to G peak (Ip/Ig) which is the measure of the graphitization
index was lowest for the CD2 sample as shown in Table 4.2. Similarly, the high I,p/Ip ratio
which is the measure of the overall crystalline quality of the graphite network and the high
Lop/lG ratio which represents the long-range ordering of the graphite network are favourable for
greater quality of nanotubes [30]. The new bands around G’ peak can be attributed to the
combination of D+G which corresponds to a defect-generated double resonance scattering
process [31] or D+D’ which is allowed via a defect-generated triple resonance process [32].
From Fig. 4.3(b), the comparable intensities of D and G peaks reveal that the arc soot consists
of significant quantities of both graphitized and amorphous structures [33]. For all the samples,
the Ip/lg ratio was greater than 1 leading to strong disordering which was attributed to nano

porosity [34].

Table 4.2 Ip/Ig, /I, and Ip/Ip ratios of CD samples.

Sample In/lc I2n/Ic I2p/Ip
CDl1 0.556 1.042 0.58
CD2 0.493 1.966 0.968
CD3 0.649 0.226 0.147
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The microstructural and morphological studies of cathode deposits were carried out
under FESEM and HRTEM. Fig. 4.4(a, b, and c¢) shows the FESEM micrographs of CD1, CD2,
and CD3 samples respectively. It was visible that the cathode deposit essentially contained a lot
of impurities in the form of graphitic carbon particles [35]. This is a major drawback of arc
discharge CNTs. However, the CD2 sample had relatively higher amounts of CNTs. The length
of the nanotubes was in the order of a few hundred microns and were highly crystalline having
needle-like sharp tips. This is one of the advantages of arc discharge CNTs. Fig. 4.4(d, e, and f)
shows the HRTEM images of the CD2 sample displaying agglomerated clusters of carbon
nanoparticles embedded with the CNTs and removing it has always been a tedious task. The
CNTs structure observed in HRTEM very well supports the FESEM results. The SAED pattern
shows blurred rings with bright spots on it depicting the polycrystalline nature of arc discharge
CNTs. Fig. 4.5 shows the nanoscopic images of the CS9 arc soot sample. The soot contained
spherical nanocarbon particles with an average size between 50-100 nm that are highly

amorphous as noticed from SAED diffused ring pattern [36].

The N> adsorption-desorption studies were done to investigate the specific surface area
(SSA), pore size, and ore volume of the CNMs produced by arc discharge as shown in Fig. 4.6.
All the samples possessed type IV isotherm essentially having abundant mesoporosity and
followed H4 hysteresis [37,38]. The CD samples showed smaller SSA and pore volume as
shown in Table 4.3 resulting in lower volume adsorption (Fig. 4.6(a)). Moreover, the CS
samples showed remarkably high SSA values resulting in higher pore volumes and thereby
better adsorption ability. Further, the pore size distribution curves (Fig. 4.6(Inset)) typically
showed mesoporous richness in the case of both cathode deposit and carbon soot samples.

However, slight microporosity can be observed in CS samples.
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Figure 4.4 FESEM micrographs of (a) CD1, (b) CD2, (c¢) CD3; (d & e) HR-TEM micrographs
of CD2 sample and (f) SAED pattern of CD2 sample.

Figure 4.5 (a)FESEM, (b) HRTEM, and (c) SAED pattern of CS9 sample.
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Figure 4.6 N: adsorption-desorption isotherms and the insets showing the pore size distribution
of (a) CD samples and (b) CS samples.

Table 4.3 SSA, pore size and pore volume of CD and CS samples.

Sample SSA (m?/g) Pore Size (nm) Pore Volume (nm)
CD1 19 11.64 0.054
CD2 24 10.39 0.056
CD3 13 12.33 0.042
CS7 131 13.32 0.269
CS8 204 9.29 0.280
CS9 237 10.06 0.378

4.3 Conclusions

In summary, the present work focuses on the optimization of process parameters of the
arc discharge technique for the synthesis of higher yield and quality of carbon nanotubes and
carbon soot. Here, buffer gas pressure and arc voltage were optimized to [400 Torr, 30 V] and
[600 Torr, 40 V] for obtaining higher yields of nanotubes and of carbon soot nanoparticles

respectively with the help of various techniques like XRD, FESEM, HRTEM, Raman and BET.
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Chapter S

Arc discharge-derived carbon nanomaterials-based hybrid

photocatalysts for RhB dye photodegradation studies

5.1 Introduction

Among all the known photocatalytic materials, graphitic carbon nitride (g-C3N4 or CN)
has emerged as a star performer due to its visible-light activity, metal-free composition, 2D
layered morphology, ideal band gap value (~ 2.7 eV), and large surface area [1-3]. Due to these
outstanding properties, g-C3Ns photocatalyst is used in water splitting, energy storage,
environmental remediation, H> evolution, CO> reduction and several other applications [4-6].
Unfortunately, the performance of g-C3Ny is majorly restricted by fast recombination rates of
photo-generated charges thus limiting its practical application [7]. To overcome this situation,
the construction of semiconductor heterostructures has proven to be an effective way. Several
binary or ternary heterostructures have been developed and tested. However, the metal ions or
other harmful elements doped in these structures are likely to be released into water during
photodegradation experiments [8]. Meanwhile, CNMs due to their non-toxicity and exceptional
properties have gained widespread attention. CNMs have excellent electron affinity and high
chemical inertness which makes them good electron acceptor species and this nature can be
effectively utilised to achieve greater charge separation efficiencies in the g-Cs;N4 hybrid
photocatalyst materials [9]. Several carbon-based photocatalyst materials are available
commercially thus, proving their significance in enhancing photocatalytic performance

[10][11].

In this work, CNMs (Carbon Soot and MWCNTs) exclusively made from the
conventional arc discharge method are utilized in making g-CsNas.based hybrid photocatalysts.
Carbon soot is a non-crystalline CNM with remarkably high surface area and pore volume
which is mainly exploited in this study. Some of the works focusing on sphere-like CNMs based
on g-C3N4 materials used in heterogenous photocatalysis are discussed here. Martinez J.P.C and
group [12], have prepared g-C3N4/ Carbon Sphere composite through hydrothermal synthesis
having a visible region band gap for removal of Chromium [Cr (VI)] from water. After 4 hrs of
light irradiation, 82% (100 ppm conc.) of the metal ions were removed from the water (pH2).

Another group [13], fabricated a g-C3N4/Ceo hybrid photocatalyst via a solid-state
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mechanochemical route and used it for hydrogen production. It was observed that the hybrid
photocatalyst has produced 4 times higher amounts of H» than that of the pristine g-C3N4
photocatalyst. On the other hand, CNT is a 1D CNM having an outstanding aspect ratio,
extremely good surface area to volume ratio, abundant surface reactive sites for electron
trapping and good chemical stability [14]. Thus, CNT stands out to be an appropriate filler
material that meets the requirements as discussed earlier. Many research groups across the
world have worked on CNT-based g-C3N4 photocatalysts for wastewater detoxification studies.
Ding. F and co-workers, fabricated CNT/ g-C3N4nanocomposite using melamine-cyanuric acid
precursor via a one-pot method. Here, 2% weight loading of CNTs showed complete
degradation in 1 hour under visible light. The target pollutant used in this case was Rhodamine
B (RhB) solution (30 mL, 10 mg/L) with 30 mg of photocatalyst loaded in it [15]. Another
group Wang. C, et. al., developed a novel electrochemical sensor consisting of CNTs and g-
C3N4on a glassy carbon electrode [16]. The fabricated electrode exhibited excellent response

in the detection of dopamine, uric acid, and tryptophan levels.

Herein, we address a systematic approach in preparing the g-C3N4/CS and g-
C3No/MWCNT hybrid photocatalysts with varying weight loading percentages of CS and
MWCNTs in g-C3Ny4 from 0.1 to 1% separately. The as-prepared hybrid samples showed lower
PL intensity, thus resulting in effective charge separation, and achieving higher

photodegradation efficiency under visible light.

5.2 Results and discussions

5.2.1  C-Soot/g-C3N4 hybrid photocatalyst for RhB photodegradation studies
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Figure 5.1 XRD diffractograms of CN, CS, and SC samples.
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The structural properties and phase information of the as-synthesized materials were
investigated by studying the X-ray diffractogram (Fig. 5.1). It was observed that all the SC
samples retained a similar diffraction pattern as that of the pristine CN sample maintaining two
significant peaks around 12.8° and 27.7° associated with the in-plane distance between the
heptazine moieties, (210) plane and inter-plane distance between the stacking structure, (002)
plane respectively matching with the ICDD PDF: 00-066-0183 pattern [17]. The CS sample
showed a small peak at 26.3° associated with the (002) plane arising due to the stacking of a
lamellar benzoid lattice, a commonly found signature peak in all graphitic carbon materials
[18]. The interlayer distance, d (nm) and crystallite size, D (nm) were calculated using Bragg’s
law and Scherrer’s formula respectively. The ‘d” and ‘D’ values for the CS sample were
calculated to be 0.338 nm and 18.75 nm whereas for the CN sample, it was found to be 0.325
nm and 7.6 nm respectively for the (002) plane. Moreover, it was noticed that the average ‘d’
and ‘D’ values of all the SC samples were obtained to be 0.321 nm and 10.02 nm respectively.
This increase in the crystallite size was evident because of the incorporation of soot

nanoparticles however, it did not alter the primary structure of the g-C3N4 material.

The surface morphology and microstructure information were evaluated using FESEM
and HRTEM (Fig. 5.2). From the FESEM micrograph of the CN sample, a large flake-like
surface was observed. However, HRTEM gave a clearer image where a thin sheet-like structure
with folded edges was noticed and possessed a diffused SAED ring pattern (Fig. 5.2(a, b))
implying weak crystallinity [19]. Fig .5.2(c, d) shows the SEM and TEM micrographs of carbon
soot particles. Huge clusters of spherical particles were observed in SEM whereas crushed
paper-ball-like morphology was seen under HRTEM which were highly non-crystalline as
confirmed by the SAED pattern [20]. The average particle size was typically between 50-100
nm as observed from these micrographs. Fig. 5.2(e, f) shows the micrograph of the SC/ sample.
Here, the FESEM image was similar to that of the CN sample showing platelet-like layered
morphology however, TEM showed high-resolution images where tiny soot particles were

evenly embedded in the g-C3N4 sheets as observed in the similar report [21].
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Figure 5.3 (a) UV-DRS spectra, (b) the KM plot, (c) the PL spectra and (d) the FTIR spectra
of CN, CS, and SC samples.

The UV-DRS studies of all the as-prepared samples (Fig. 5.3(a)) revealed that the
addition of carbon soot increased the absorbance edge in the visible region which is evident
with the slight red shift in the absorbance spectra of the SC samples [22]. Besides, the bare CS
sample has maximum absorbance in the ultraviolet region and extends into the visible region.
The energy band gap of all the photocatalyst material was obtained by drawing the KM Plot as
shown in Fig. 5.3(b). The energy band gap values of SC/ and CN samples were estimated to be
2.08 eV and 2.96 eV respectively. The lower band gap values in all the SC samples than the
pristine CN sample were due to the increased crystallite size that resulted from the addition of
soot nanoparticles [23]. The photogenerated charge carrier behaviour was examined with the
help of PL spectroscopy (Fig. 5.3(c)). It was seen that the nanocomposite sample SC/ showed
reduced PL intensity than the CN sample. This was essentially due to the incorporation of soot
nanoparticles which generate intermediate metastable states resulting in increased lifetime of
the charge carriers [24]. The FTIR spectra of CN, SC1, and CS samples are shown in Fig. 5.3(d).
The pure g-C3N4 sample showed strong vibrational bands around 800 cm™! attributed to out-of-
plane bending vibrations of triazine units [25], bands between 1000 — 1800 cm! were assigned
to stretching modes of CN heterocyclic structures [26] and the bands around 3200 cm™ were

designated to adsorbed -OH and uncondensed -NH groups [27]. Meanwhile, the FTIR spectrum
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of the CS sample displayed three moderate peaks around 1223 cm™!, 1370 cm™, and 1738 cm™
which could be assigned to C — O, C = C, and C = O respectively [28]. Due to the minute
addition of carbon soot, the hybrid photocatalyst essentially retained the original vibrational

band structure of the pristine CN sample [29].

The XPS studies were carried out to obtain the elemental composition and chemical
bonding information of CN, CS, and SCI samples (Fig. 5.4). From the wide scan spectra, it was
discovered that the CN and SC/ samples essentially contained C, N, and O elements only (Fig.
5.4(a)) and CS sample contained C and O elements. The deconvoluted Cls spectra (Fig. 5.4(b))
of CN and SCI samples showed three similar peaks at ~ 284 eV, ~ 288 eV, and ~ 293 eV
assigned to the C — C bond (photoelectronic line of C), C = N — C (sp? carbon in CN network),
and C — NH; (carbon attached to the uncondensed amine groups) respectively [30].
Furthermore, the deconvoluted N1s spectra (Fig. 5.4(c)) of CN and SC/ samples displayed three
similar peaks at ~ 398 eV, ~ 400 eV, and ~ 404 eV typically attributed to sp? hybridised ‘N’
bonded to ‘C’ (N — C = N, pyridinic N), sp® hybridised N in CN architecture (N — (C)3), and
terminal —NH groups respectively [31]. For the CS sample, the Cls spectrum had two peaks,
one at ~ 284 eV attributed to graphitic carbon, (C=C) and a minor peak due to m — m*
interactions. All the samples showed a small peak at ~ 532 eV due to surface-adsorbed moisture
or oxygen (Fig. 5.4(d)) [32]. From Table 5.1, it can be confirmed that no substantial changes
were manifested with the addition of carbon soot nanoparticles. As the C/N ratio is essentially

constant for the hybrid photocatalyst.

Table 5.1 Elemental composition of CN, CS and SC1 samples.

Sample Cl1s (%) N1s (%) C/N Ratio O1s (%)
CN 44.48 53.01 0.83 2.51
SCI 44.03 52.6 0.83 3.37
cS 85.34 - - 14.66
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Figure 5.4 XPS spectra of CN, CS, and SC1 samples.
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Figure 5.5 N adsorption-desorption isotherms with the inset showing pore radii distribution
of CN, CS, and SC1 samples.

The BET surface area and pore size distribution of CN, SCI, and CS samples were
calculated by studying the N> adsorption-desorption equilibrium behaviour (Fig. 5.5). It was
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perceived that all the samples typically contained mesoporous structures which was evident by
the Type — IV isotherm and followed H4 hysteresis loop [33]. The pore size distribution also
confirms the mesoporosity of the samples (Fig. 4.11 Inset) where the CS sample has a majority
of mesoporous structures [34]. The specific surface area (SSA), pore width and volume values
are tabulated in Table 5.2. Due to the high SSA of CS, just by adding 0.1 % weight percentage
of soot, the SSA remarkably increased to 75 m?/g (SCI). Thus, larger surface areas promote

better photocatalytic activity [35].

Table 5.2 SSA, average pore width and volume of CN, CS, and SC1 samples.

Sample SSA, (m?/g) P°1§e<?ni3th P0£7e (‘clg/l;)me
CN 69 21.35 0.365
SCI 75 20.55 0.378
cs 237 10.06 0.426

The zeta potential (ZP) studies are used to find the surface charge potential on the
photocatalyst material which essentially decides the target pollutant adsorption and thereby
degradation efficiency. The net surface charge on g-C3N4 material is determined based on the
interactions between photogenerated charges and the primary, secondary, and ternary amine
groups present in the g-C3Ny structure [36]. The ZP vs pH curve gives information about the
effect of pH on the surface charge polarity [37]. From Fig. 5.6, it can be commented that with
an increase in the pH of the solution, the surface charge changes from positive to negative
potential. At neutral pH, essentially CN and SC/ samples have negative ZP which implies that
the surface of the photocatalyst is negatively charged. Therefore, a cationic pollutant can be

easily degraded in this case.
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Figure 5.6 Zeta potential values at various pH values of CN, CS, and SC1 samples.

The photocatalytic performance was evaluated by studying RhB photodegradation as
shown in Fig. 5.7(a). The removal efficiencies of SC1, SC2, SC3, SC4, CN, and CS samples
were 97 %, 58 %, 28 %, 31 %, 88 %, and 72 % respectively in 90 minutes of light illumination.
The 0.1% loaded sample showed maximum photodegradation among all the samples. However,
the gradual increase in carbon soot content drastically decreased the performance. This was
attributed to the limited exposure of light on the photocatalyst due to the presence of excess
soot particles in the nanocomposite material [35]. Besides, the CS sample showed notable
efficiency which was basically due to the high SSA value that resulted in the adsorption of dye
molecules on the soot particles. The rate of reaction of all the photocatalyst samples was
obtained by applying pseudo — 1% order kinetics equation [ In C/Co = -kt, where k (min™') is the
rate constant] as shown in Fig. 5.7(b). It was noticed that the SC/ sample degradation rate was
1.44 times faster than the pristine CN sample. This was due to the addition of carbon soot
nanoparticles. The present work has been compared with some of the previously reported works

using different pollutants as given in Table 5.3.
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Figure 4.13 (a) Dye degradation studies of all the samples, (b) 1st-order reaction kinetics curve
of all the samples, (c) radical trapping experiment of SC1 sample using different trapping
agents, and (d) RhB dye solution images post photodegradation experiment.

Table 5.3 Comparative study of present work with some of the C/ g-C3N4 published literature.

Spherical Tarvet
S, No CNMs Target Cofc Time Degradation Ref. No
"7 | Loading Pollutant (m /I_.) (Minutes) (%) S
(%) d
1 - Cr(IV) 75 240 ~100 [46]
2 0.3 RhB 10 60 ~100 [53]
3 2 RhB 5 40 91 [66]
4 1 RhB 5 60 97 [69]
5 0.03 MB 3 300 - [70]
6 0.1 RhB 20 90 97 This Work

The degradation mechanism was further explored by conducting radical quenching

experiments (Fig. 5.7(c)). Here, 10 mM each of Ammonium Oxalate, (AO) p-Benzoquinone

(pBQ), and Isopropanol (IPA) were added to the dye solution to quench the photogenerated
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holes (h"), superoxide anion (+03), and hydroxyl radical (*OH) respectively. It was discovered
that with the addition of a h" scavenger, the removal efficiency dropped to 2 % whereas when
*0; and *OH scavenging agents were added, and the removal percentage dropped to 46 % and
44 % respectively. On this note, it can be said that h* majorly influenced the photodegradation
process followed by superoxide and hydroxyl radicals. The image of the final colour of CN and
SC1 sample solutions after the photodegradation experiment is shown in Fig. 5.7(d). Clearly,
the solution treated with SC/ became colourless whereas CN treated solution was slightly

coloured.

@" (b)"

~
-

-’
(002)

%
(=]
o«
(=3
1

Used SC1

SC1

N
(=3
L
'y
(=
1

[}
(=1
3
(=1
1

RhB Degradation (%)
3
RhB Degradation (%)
(=)
S
Relative Intensity (a.u.)
i (210)

o
(=]
T

1 2 3 4 1 2 3 4 10 20 30 40 50 60
Repetition Times Recyclability Times 20 (Degrees)

Figure 5.8 (a, b) Repeatability and recyclability of CCI photocatalyst sample for RhB
degradation and (c) XRD pattern of SCI1 sample before and after photodegradation
experiments.

The consistency and stability of the material were studied by doing repeatability and
reusability tests as displayed in Fig. 5.8(a, b). For four times consecutively, the degradation
efficiency remained constant and during the reusability study, up to three cycles, there was a
minute drop in the overall efficiency however, in the fourth cycle the efficiency dropped to 30
%. This could be majorly due to the loss of material during the collection and drying process.
Furthermore, the XRD pattern of the used SC/ sample showed an identical pattern to that of the
fresh SC1 sample (Fig. 5.8(c)) which implies that the structural characteristics were essentially

unperturbed post-experiment.
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Figure 5.9 A possible mechanism for RhB degradation in the SCI sample.

Based on the above results, a plausible degradation mechanism is proposed as shown in
Fig. 5.9. In general, when the light of required energy is incident on the photocatalyst material,
electron-hole pairs (e — h") are generated and the ¢ gets excited to conduction band (CB) from
the valence band (VB) leaving behind a hole void in the VB which eventually participate in
photo redox reactions. Simultaneously, a large portion of charge carriers are recombined
resulting in low performance. To overcome this problem, nanocomposites are developed that
contain a small fraction of electron-accepting species like carbon nanomaterials. Due to the
incorporation of carbon soot nanoparticles in this case, the photoelectrons are easily delocalised
in the honeycomb structure of the soot nanoparticles facilitating a synergistic charge separation
and transportation [38]. The transferred electrons will presumably migrate towards the surface
and capture the surface-bound oxygen molecules to produce superoxide radicals and thus

participate in photocatalytic reactions [39].
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5.2.2 MWCNTs/g-C3N4 hybrid photocatalyst for RhB photodegradation studies
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Figure 5.10 XRD diffractograms of CN, CNT, and CC samples.

The crystallographic structural information was investigated via XRD studies as shown
in Fig. 5.10. It was noticed that the raw CN sample showed significant fingerprint peaks at 12.8°
and 27.7° designated to (210) and (002) planes and typically matches the reference ICDD PDF:
00-066-0183 pattern and assumes orthorhombic crystal structure [40]. Further, the CNT sample
possessed one prominent peak at 26.2° corresponding to the (002) plane which was due to the
rolling up of graphene sheets in concentric formation [41]. With the incorporation of CNTs in
the g-C3N4 network, no major alterations in phase information were observed. This could be
plausibly due to the infinitesimal loading of CNTs in the g-C3N4 network [42]. Besides, the
crystallite size (D) and the inter-layer distance (d) were calculated using Scherrer’s expression
and Bragg’s law respectively. The values are tabulated in Table 5.4. The values are almost near
to that of the pristine CN sample. Thus, the inclusion of CNTs did not manipulate the primary

structure of g-C3N4 thereby maintaining the structural stability of the carbon nitride.
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Table 5.4 The interplanar distance, d and the crystallite size, D, of the as-prepared CN, CNT,
and CC samples.

Sample Interplanar distance | Crystallite dimension
d (nm) D (nm)
CN 0.325 7.6
cci 0.320 9.40
cC2 0.322 10.28
CC3 0.320 10.83
CC4 0.320 9.65
CNT 0.339 12.95

The morphological inspection was carried out under FESEM and HRTEM as shown in
Fig. 5.11. The pristine CN sample (Fig. 5.11(a, b)) showed a flake-like structure in FESEM
whereas clear layered morphology was observed under HRTEM [43]. The SAED pattern
essentially pointed towards the amorphous nature of g-C3Ns. The arc discharge fabricated
MWCNTs (Fig. 5.11(c, d)) were typically embedded with a huge number of graphitic carbon
nanoparticles which is a major drawback of these CNTs [44]. The SAED rings indicated the
polycrystalline nature of these nanotubes. The hybrid nanostructure of CNTs and g-C3N4 (Fig.
5.11(e, f)) showed a similar structure as that of pure CN in FESEM due to smaller loading
amounts of CNTs. However, TEM micrographs showed random diffusion of CNTs into the g-

CsNzssheets [45]. Thus, confirming the composite formation.
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Figure 5.11 FESEM micrograph and HRTEM image with SAED pattern (inset) of CN (a, b),
CNT (c, d) and CC1 (e, f), respectively.

108



(a) (b) 1o{—¢¢
3
< &
< .
£ ——ccl &
2 —CC2 =
< —CC3
—CC4
—CN
——CNT 00 ,
200 300 400 500 600 700 800 22 24 26 28 30 32 34
Wavelength (nm) Energy (eV)
(©) —cCc1| (d) ° 9o
— CN O [SRS]
CNT
3
&, % |€el
2 2
Z &
2 g N\
i 2 [CN
= e
~ =
NH/ -OH
groups
CN Heterocycles ;’
T T - T T T - T T T T T
400 450 500 550 600 4000 3000 2000 1000
Wavelength (nm) Wavenumber (cm)

Figure 5.12 (a) UV-DRS absorbance spectra, (b) the KM curve, (c) the PL spectra and (d) the
FTIR spectra of CN, CNT, and CC samples.

The optical behaviour of the samples was investigated with the assistance of UV-DRS,
PL, and FTIR spectroscopic techniques as displayed in Fig. 5.12. The UV-DRS spectra (Fig.
5.12(a)) of all the CC samples showed a greater absorption edge in the visible region as
compared to the pristine CN sample. Besides, the CNT sample showed low absorbance in the
visible range as expected [46]. This enhanced visible light absorption resulted in the decrease
of the energy bandgap of the hybrid photocatalyst from 2.96 eV (CN) to 2.68 eV (CCI) as
displayed in the KM plot (Fig. 5.12(b)). However, a gradual increment in the CNT addition
resulted in a decrease in the visible light activity of the hybrid photocatalysts. This could be
attributed to the black colour of the CNTs which minimized the overall optical absorption of

the samples [47].

The charge carrier lifetime was evaluated by studying the photoluminescence property
of all the as- samples at an excitation wavelength of 365 nm. As shown in Fig. 5.12(c), the CC/
sample has lower PL intensities than the pure CN sample. This could be surely associated with

the charge carrier separation phenomenon that happened due to the incorporation of CNTs into
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the g-C3N4 network [48]. The chemical bonding and other functional group information were
obtained by examining the FTIR spectra of CN, CC1, and CNT samples (Fig. 5.12(d)). CN and
CC1 samples displayed similar absorption bands [49—51] pertaining to the g-C3N4 fingerprint
structure. Thereby confirming that no substantial changes in the skeletal structure of g-C3N4
occurred with the addition of CNTs [15]. The FTIR spectrum of CNT showed three weak bands
between 1000 and 2000 cm™! which are the fingerprint peaks relevant to the sp? and sp* carbons
[52].
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Figure 5.13 XPS spectra of CN, CNT, and CC1 samples.

The elemental and chemical analyses of the as-synthesized samples were investigated
through XPS as shown in Fig. 5.13. The wide scan spectra (Fig. 5.13(a)) of CN, CC1, and CNT
samples confirmed the existence of C, N, and O elements with the percentage compositions as
shown in Table 5.5. The deconvoluted C1s spectra of all the samples are given in Fig. 5.13(b).
CN and CC1 samples were deconvoluted into three peaks roughly located at ~284 eV, ~287 eV,
and ~293 eV attributed to the photoelectron line of C, sp2 bonded carbon in CN architecture,
and carbon attached to amine groups respectively [53]. Similarly, the N1s deconvoluted spectra
of CN and CC1 samples (Fig. 5.13(c)) showed three peaks around ~398 eV, ~400 eV, and ~ 404
eV designated to sp? bonded N in aromatic rings (N—C=N), also called pyridinic N, tertiary N-
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containing species [N—(C)s], and — NH groups respectively [54,55]. In the case of CNT, the
Cls spectrum showed one intense peak at ~ 284 eV attributed to the graphitic carbon, (C=C)
and a small hump at ~ 291 eV due to n—n™* interactions [56]. Further, all the samples showed
a minor peak at ~ 532 eV due to the surficial oxygen (Fig. 5.13(d)) [57]. Due to lower loading
portions of CNTs (~ 0.1%, w/w), there was negligible change in the C/N ratio as shown in Table
5.5.

Table 5.5 Elemental composition of CN, CNT and CC1 samples.

Sample C1s (%) N1s (%) C/N Ratio O1s (%)
CN 44.48 53.01 0.83 2.51
CcC1 43.58 52.93 0.82 3.5
CNT 97.99 - - 2.01
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Figure 5.14 BET surface area isotherms with the inset showing pore radii distribution of CN,
CNT, and CC1 samples.

The N> adsorption-desorption studies were done to evaluate the specific surface area
(SSA), pore width and capacity as shown in Fig. 5.14. Essentially, all the samples possessed
mesoporosity which was evident from its Type-1V isotherm following the H4 hysteresis loop

[58]. The pore distribution (Fig. 5.14(Inset)) displayed a broad spectrum of mesoporous
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structures [59]. But there was a slight decrease in the surface area was seen after CNT
incorporation (Table 5.6). However, the photocatalytic activity was not affected due to the lower
SSA value of the heterostructure, which means that the surface area was not the major parameter

for the enhanced photodegradation performance [47].

Table 5.6 SSA, average pore radius and volume of CN, CNT, and CC1 samples.

Sample | SSA, (m¥/g) Pofze (l;i?)ius P%e (\c]:/l;)me
CN 69 15.32 0.367
CNT 37 14.31 0.349
P 49 10.85 0.201
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Figure 5.15 Zeta potential values at various pH values of CN, CNT, and CC1 samples.

The zeta potential (ZP) calculations play an essential role in deciding the target pollutant.
Fig. 5.15 shows the ZP vs pH curve, from which one can get information about overall
electrostatic charges on the surface at different pH values [60]. At pH7, both the CN and CC1
samples possessed a net negative charge which means the target contaminant must possess a
total positive charge for better electrostatic attractions resulting in surface adsorption of the

pollutant to the catalyst. In the g-C3N4 network, the overall surface polarity usually depends on
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the synergistic interactions between the primary, secondary, and tertiary amine groups present

in the lattice and the photogenerated charge carriers [61].
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Figure 5.16 (a) Dye degradation studies of all the samples, (b) 1st-order reaction kinetics curve
of all the samples, (c) radical scavenging experiments of CC1 sample, and (d) RhB dye solution
images post photodegradation experiment.

The photocatalytic performance of all the CC samples was assessed by studying the
photodegradation performance of RhB dye under visible light illumination (Fig. 5.16(a)). For
comparison, CN and CNT samples were also tested under similar conditions. The degradation
efficiency and reaction rate constant are displayed in Table 5.7. It was observed that the CC1
sample showed near complete degradation in 90 minutes. The dye degradation performance
decreased beyond pristine CN when the CNT loading percentage reached 1% w/w of g-C3N4
(CC4 sample). This gradual decrease in the performance can be attributed to the presence of an
excess amount of CNT sheets blocking the surface and thus preventing the absorption of visible
light [62]. However, the overall performance was improved by the successful separation of
photo-induced charges due to the addition of CNTs in g-C3N4[63]. The present work has been
compared with some of the previously reported works using different pollutants as given in

Table 5.8.

113



Table 5.7 RhB degradation percentage and reaction rate constant values of CN, CNT, and CC
samples after 90 minutes of light illumination.

Sample RhB Degradation (%) | Rate Constant, k (min')
ccC1 97 0.0458
CcC2 94 0.0291
CC3 93 0.0301
CC4 87 0.0234
CN 88 0.0241
CNT 6 0.0004

Table 5.8 Comparative study of present work with some of the CNT/ g-C3Ns published
literature.

S. No. Lg:aNd-il;lg P-gﬁlrﬁ; t rfja(ffce} (MTi;ISfes) Deg?ﬁ/:;' tion Ref. No.
(%) (mg/L)
1 0.1 RhB - 300 91.7 [42]
2 1 RhB 10 60 98.1 [45]
3 2.3 RhB 5 40 99 [48]
4 2 RhB 10 60 100 [15]
5 0.2 RhB 15 80 ~100 [62]
6 0.1 RhB 20 90 97 This Work

The reaction rate constant was estimated by employing a pseudo-1* order reaction
equation [In (C/CO0) = -kt, where k (min-1) is the rate of reaction] as shown in Fig. 5.16(b).
From Table 5.7, it can be noticed that the degradation rate of CC1 was double that of the CN
sample. Also, except CC4, all the CC samples showed higher degradation rates. The
degradation procedure was further analysed by studying the reactive species scavenging
experiments. Here, 10 mM of para-Benzoquinone (p-BQ), ammonium oxalate (AO) and
isopropanol (IPA) were added separately at the beginning of the light irradiation to trap the
photogenerated holes (h*), superoxide anion (03 ), and hydroxyl radical (*OH) respectively.
From Fig. 5.16(c), it was clear that h" was mainly responsible for the photodegradation of RhB
(n=9%). Similarly, 0, and *OH radicals also affected the overall degradation efficiency (n =
54% and 94% respectively). Based on the above discussions, a theoretical degradation

mechanism can be proposed in the upcoming section. the images of the final colour of the dye
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solution after 90 minutes of light exposure for CN and CC1 samples can be seen in Fig. 5.16(d)

along with the image of the initial solution.
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Figure 5.17 (a, b) Repeatability and recyclability of CCI photocatalyst sample for RhB
degradation and (c) XRD pattern of CCIl sample before and after photodegradation
experiments.

The repeatability and recyclability of the CC1 sample were studied as shown in Fig.
5.17(a, b). For 4 times consecutively, the degradation efficiency was unaltered thus confirming
the consistency of the synthesized material. Besides, the recyclability of the sample was greatly
affected after 3™ cycle which could be majorly due to the loss of material during the collection
process. The post-experiment material was tested for its structural stability (Fig. 5.17(c)). and
it was noticed that the photocatalyst material has shown an unaltered structure in its XRD

pattern post-photodegradation experiment.

«OH

Figure 5.18 4 possible mechanism for RhB degradation in the CC1 sample.
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A possible photodegradation mechanism can be predicted based on the above results and
discussions (Fig. 5.18). When the light of suitable energy is exposed to the material, electrons
(") are excited from the stable energy states, valance band (VB) to the excited states, conduction
band (CB) creating a charge vacancy, hole (h") in the VB. Here, in a pristine CN sample, some
of the photogenerated charges quickly recombine resulting in lower photodegradation
efficiencies. However, in the case of composite photocatalyst, strong interaction between the
carbon nitride and carbon nanotube forms a barrier junction due to close contact between the
constituent materials and offers an effective pathway for minimizing e — h" recombination by
facilitating intrusion of electrons into the nanotube [64]. In this way, CNTs promote interfacial
electron transfer by acting as electron acceptors while the semiconductor acts as an electron

donor under light irradiation.

5.3 Conclusions

In summary, a hybrid photocatalyst was successfully prepared using a one-pot synthesis
approach where, melamine, CNMs, and ammonium chloride were mixed physically and
allowed to undergo a pyrolysis reaction at 650 °C for 2 hrs. The as-prepared samples were tested
under XRD, SEM, TEM, FTIR, PL, BET, XPS, UV-DRS, etc to study the optical, structural,
morphological, chemical bonding and other crucial information. All the hybrid photocatalyst
samples were applied to study the RhB photodegradation performance. It was observed that
under visible light, 0.1 % of carbon soot loading showed a remarkable degradation performance
of 97 % of the dye in 90 minutes whereas 0.1 % of CNT loading showed the height
photodegradation performance by scrapping 92 % of RhB dye in 60 minutes. However, the
pristine g-C3N4 sample could degrade only 88 % and 55 % in 90 and 60 minutes respectively
under visible light illumination. This enhanced performance can be attributed to high SSA and
pore volume, longer lifetime of charge carriers and appropriate band edge potentials which

implies efficient charge separation.
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Chapter 6

2D/2D g-C3N4 based hybrid photocatalyst materials for
photodegradation of RhB dye

6.1 Introduction

Recently, graphene and graphene analogous materials have picked tremendous attention
due to their unique outstanding structural and electronic properties. One such material,
graphitic-carbon nitride (g-C3N4), a non-metallic organic polymeric semiconducting material
having an ideal bandgap of 2.7 eV, essentially existing in the visible region of the solar
spectrum, is an incredible and assuring photocatalyst material. However, bulk g-C3N4 consists
of a few demerits, like lower specific surface area and faster recombination rates of
photogenerated charge carriers, which majorly limits its photocatalytic performance [1].
Therefore, various strategies have been deployed to overcome these shortcomings. It is known
that g-C3Ny is a 2D material, and coupling with another 2D structure has some merits: (a) it can
provide a larger area of contact for charge transfer and separation [2], (b) layered structure can
be easily brought together to form a composite with the help of Van Der Waals forces of
attraction thus, reducing the contact resistance [3]. Therefore, 2D/2D coupling can become a

promising strategy to further enhance the photocatalytic activity of g-C3Na.

Special attention on graphene-based nanomaterials has been generated by researchers
due to their exceptional thermo-mechanical properties, honeycomb-lattice structure,
remarkable charge carrier ability, high surface area, low noise and vast applications in catalysis,
energy, and composites fields [4]. Graphene-coupled nanocomposites have been widely used
for fabricating electrochemical devices [5], pollutant degradation [6], aerospace applications
[7], and optoelectronic devices [8], etc. which implies that incorporation of graphene enhances
the overall performance of the composite materials. Therefore, the above discussion suggests
that the g-C3N4 and GNP would be a great choice for making a hybrid system. There are only a
few reported literature related to GNP-based g-C3N4 nanocomposites for pollutant degradation
studies. For example, Li. Y and group reported methyl orange (MO) degradation using reduced

graphene oxide (rGO) and g-C3N4 composite prepared via thermal polymerization followed by
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a hydrothermal method. Here, they removed 92.3% of MO (15 mg/L) within 120 minutes under
simulated solar light irradiation [9]. Another research group [10], reported a novel synthesis
method for rGO/ protonated g-CsN4 (rGO/pCN) nanocomposite where they have joined
ultrasonic dispersion and electrostatic self-assembly approach followed by a reduction process.
In this work, the optimized rGO/pCN exhibited 5.4 times enhanced CH4 evolution than that of
pristine pCN. Another work [11], explains the development of GNP and g-C3N4 heterojunction
synthesized via vacuum vaporization/condensation method and was applied for studying the
photodegradation performance of tetracycline hydrochloride under visible light. Gu. Y and co-
workers [12] prepared rGO/ g-C3N4 through microwave irradiation technique and applied it for
studying RhB degradation. After 30 minutes of illumination of visible light, 97.2% dye was

removed whereas pristine g-C3N4 showed only 70% degradation.

Another new class of metal-free, few-layered material having a similar structure to that
of graphite has come into the spotlight due to its magnificent structural, thermal, and chemical
properties. This new material is called hexagonal-boron nitride (A#BN or BN) or white graphene
due to its similarities with graphene but white. The ABN-based composites have been
extensively researched for the last few years [13]. A small amount of ZBN incorporation into
the photocatalyst material leads to a high surface area that facilitates charge transfer and,
eventually, separation [14]. Various A#BN/semiconductor-based photocatalyst systems have
been designed and studied for several applications [15]. Almost all this research explains that
the significant role of ABN is to provide active surface sites for pollutant adsorption, altering

the behaviour of photo-induced holes or passivation of surface barriers.

Herein, we report systematic and detailed studies regarding the effect of GNP and hBN
loading percentage individually on the overall photodegradation performance. The preparation
method involves a single-step simple polycondensation strategy. The prepared heterostructure
showed a higher carrier lifetime as observed through PL spectroscopy resulting in efficient

charge separation and ultrafast degradation of RhB under visible radiation.
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6.2 Results and discussions

6.2.1 GNP/g-C3N4 hybrid photocatalyst for RhB photodegradation studies
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Figure 6.1 XRD diffractograms of CN, GNP and GC samples.

Figure 6.1 shows the typical XRD patterns of CN, GNP, and GC samples. The bare CN
sample showed two significant peaks around 12.8° (210) and 27.7° (002) representing the intra-
planar distance between heptazine moieties and inter-planar distance between the stacking
layers respectively assuming rhombohedral structure [16]. The XRD pattern of GNP showed
one major peak at 26.6° (002) and a minor peak at 54.6° (004) which corresponds to the
reflections of graphene materials [17]. With the incorporation of GNP into the g-C3Nj4 structure,
no significant peaks were detected pertaining to graphene structure at lower weight loading.
This could be due to the smaller amounts of the added GNP material that inhibit the detection
during XRD studies or that could also be due to the good coverage of g-C3Ns over the GNP
material [18]. However, when the loading amount further increased to 1%, a slight shoulder
peak was observed at 26.6° related to the (002) peak of GNP material. The crystallite dimension
of all the GC samples was slightly larger than the bare CN sample as shown in Table 6.1. This
was due to the incorporation of graphene in the g-CsNy architecture. From XRD studies, it can
be propounded that no major structural deformation or internal lattice stress is generated due to

the incorporation of GNP into the g-C3Nj structure.
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Table 6.1 The interlayer distance, d and the crystallite size, D, of the as-prepared CN, GNP, and

GC samples.
Sample Interlady((lelrn?)pacing Crystalii)t(en:l;;nension

CN 0.325 76

GC1 0.322 8 40

GC2 0.321 9.85

GC3 0.319 10.59

GC4 0.320 10.06

GNP 0.335 20.08

The surface morphological and structural studies were carried out by observing the
samples under FESEM and HRTEM (Fig. 6.2). The bare CN sample consisted of agglomerated
flaky structures that are densely packed together (Fig. 6.2(a)). Besides, the HRTEM micrograph
showed an identical layered structure that was uniformly spread throughput (Fig. 5.2(b)) with
an indisputable diffused ring pattern (Fig. 6.2(b) Inset) implying the amorphous nature of the
material and thereby confirming the g-C3N4 structure formation via thermal decomposition
method [19]. The microscopic structure of GNP essentially possessed a large laminar structure
in the order of a few microns and contained large-sized grains as shown in Fig. 6.2(c) [20].
However, the HRTEM image displayed thin translucent layered morphology acquiring a semi-
crystalline nature as shown in the SAED pattern (Fig. 6.2(d) Inset). The hybrid sample GC1
morphology approximately retained similarities to that of the bare CN sample (Fig. 6.2 (e))
when observed under FESEM. This could be due to the lower weight loading of GNP in the
nanocomposite. While the HRTEM 1mage revealed the intimate fusion of C3N4 and graphene
sheets where the dark dense area represents the CN sheets and the semi-transparent region
displays the GNP sheets (Fig. 6.2 (f)). A close investigation of diffraction rings unveils the semi-

crystalline framework of the hybrid material.
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GNP (c, d) and GCI (e, f), respectively.
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The optical absorbance of the samples was measured through the UV-DRS technique
(Fig. 6.3(a)). From the graph, it was observed that the incorporation of GNP has manifested
exceptional absorbance in the visible zone as compared to the conventional g-C3Ny4 sample.
Furthermore, pristine graphene does not possess a bandgap due to its symmetrical structure of
non-equivalent carbon atoms [21]. To overcome this problem and create an energy band gap in
graphene, it is usually coupled with other 2D materials forming heterostructures [22]. From Fig.
6.3(b), the bandgap energies of CN, GCI, GC2, GC3, and GC4 are 2.96 eV, 2.92 eV, 2.89 eV,
2.87 eV, and 2.85 eV respectively. The incorporation of GNP has resulted in the reduction of
the energy bandgap of GC samples. This is attributed to the large crystallite size of GNP as
discussed in the previous section [23]. Apart from this, there also exists an intrinsic imbalance
in the charges at the interface, thus resulting in band-bending and electrostatic charge adsorption

onto any of the constituent materials in the composite sample [24].
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Figure 6.3 (a) UV-DRS spectra, (b) the KM plot, (c) the PL spectra and (d) the FTIR spectra
of CN, GNP, and GC samples.
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The photogenerated carrier’s behaviour was analysed using a PL spectrometer. From
Fig. 6.3(c) it was observed that under 365 nm of excitation, the GC/ sample showed lower PL
intensity as compared to that of the neat CN material. This implies that photogenerated charge
carriers have longer lifetimes in the hybrid photocatalyst than the pristine g-C3N4 because of
the presence of GNP which helps in delaying the recombination process by acting as a trap to

these photogenerated charges [11].

The chemical structure analysis of CN, GNP, and GCI samples was examined using the
FTIR technique (Fig. 6.3(d)). The CN sample showed the characteristic significant strong peaks
between 1000 -1800 cm™! related to the aromatic structure of CN heterocycles [25]. A strong
peak around 810 cm™ is assigned to the triazine blocks present in the C3N4 architecture [26].
The weaker peaks at longer wavenumbers are attributed to the uncondensed amino groups or
hydroxyl groups present on the edges of this aromatic architecture [27]. On the other hand, the
GNP showed three strong bands at 1735 cm™, 1368 cm™!, and 1218 cm™! which are ascribed to
the C=0, C=C, and C—O bonds respectively. These chemical bonds could have resulted during
the intercalation process [28,29]. It was observed that the amalgamation of GNP and CN did
not modify the chemical structure of the pure g-C3N4. This could be due to the smaller portion

of GNP loading in the nanocomposite [30].

The XPS studies of CN, GNP, and GCI samples are displayed in Fig. 6.4. The wide scan
survey spectra of CN and GC/ show an identical pattern and affirm the presence of C, N, and
O elements [31]. Besides, GNP majorly consists of C elements and around 5.7% of O. This
could be possibly due to the oxygen functional groups as discussed earlier. The deconvoluted
Cls spectra of CN and GCI samples show 3 peaks around ~284 eV, ~287 eV, and ~293 eV
which are attributed to the characteristic graphitic C(sp?), C — (N)s in the CN aromatic skeleton,
and C attached to the -NH» groups respectively [32]. Further, the N1s deconvoluted spectra of
CN and GCI samples also showed 3 peaks at ~398 eV, ~400 eV, and ~404 eV which are
designated peaks for pyridinic N (C=N—C) that is, N (sp?) in aromatic rings, tertiary N-
containing groups [N—(C)3], and N—H species respectively [33,34]. Apart from this, the Ols
spectra show a single peak at 532.5 eV for all the samples which in the case of CN and GC/
was assigned to surface adsorbed oxygen [35] whereas for GNP this was due to the existence
of oxygen groups attached to the graphene structure [20]. Due to lower amounts of GNP
loading, there was no substantial change in the C/N ratio for CN and GC/ samples (Table 6.2)
[18].
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Figure 6.4 XPS spectra of CN, GNP, and GCI samples.

Table 6.2 Elemental composition of CN, GNP and GC1 samples.

Sample Cls (%) Nis(%) | C/NRatio | Ols (%)
CN 44.48 53.01 0.83 2.51
GCl1 42.56 53.62 0.79 3.82
GNP 94.3 - ; 5.7
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Figure 6.5 Zeta potential values at various pH values of CN, GNP, and GC1 samples.

Zeta potential studies are crucial and help in finding the electrostatic charge polarity on
the surface of the photocatalyst in an aqueous phase [36]. For this, one must calculate the
isoelectric point (IEP) [37], which is known as the point of zero surface charge i.e., the value
of the pH of the solution where the total surface charge is zero. Typically, all the material
possesses a net positive surface charge below the IEP and a net negative charge above this point.
This value helps in choosing the target pollutant i.e., the target pollutant must possess an
opposite charge as that of the photocatalyst to develop electrostatic forces of attraction between
the photocatalyst and the pollutant. Fig. 6.5 shows the IEP measurements for CN, GCI, and
GNP samples. It was noticed that all the samples possessed zero surface charge when the pH of
the solution was around 4. This means the photocatalyst will attain a negative charge in the
solution having a pH value greater than 4 and vice-versa. In g-C3Na, the synergy between the
primary, secondary, and ternary amine groups with photogenerated carriers decides the overall
surface charge for a given pH value [38]. Therefore, the target pollutant must have an overall
positive charge for efficient photodegradation (Since the pH of the solution is neutral during

the experiments).
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Figure 6.6 N> adsorption-desorption isotherms with the inset showing pore radii distribution

of CN, GNP and GCI samples.

The N, adsorption-desorption studies were carried out to calculate the specific surface
area (SSA), average pore size and volume of CN, GNP, and GCI samples. From Fig. 6.6, it can
be realised that all the samples obey Type-IV isotherm, under the ITUPAC classification
following the H4 hysteresis loop which is mainly recognised to the predominance of
mesoporous structure [39]. From Table 6.3, it can be noticed that with the addition of GNP to
CN, the SSA remarkably increased leading to a larger pore volume. This could be possibly due
to a large number of mesopores as shown in the pore size distribution plot (Fig 6.6(Inset)).
Therefore, higher SSA renders higher surface sites for pollutant adsorption thus leading to faster

degradation [40].

Table 6.3 SSA (Specific surface area), average pore radius and pore volume of CN, GNP,
and GC1 samples.

Pore Radius Pore Volume

2

Sample SSA, (m*/g) R (nm) V (cc/g)
CN 69 15.32 0.367
GNP 48 19.97 0.480
G(Cl1 83 16.03 0.665
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Figure 6.7 (a) Dye degradation studies of all the samples, (b) 1st-order reaction kinetics curve
of all the samples, (c) radical trapping experiment of GCI sample using different trapping

agents, and (d) RhB dye solution images post photodegradation experiment.

The photocatalytic activity of GC samples was inspected by mineralizing RhB dye under
visible light and studied with the help of degradation curves (Fig. 6.7(a)). For reference, the
photodegradation performance of CN and GNP was also carried out under similar experimental
conditions. The dye removal efficiencies of GCI, GC2, GC3, GC4, CN, and GNP after 60
minutes of visible light illumination were 96%, 84%, 62%, 53%, 55%, and 3% respectively.
Thus, indicating high photodegradation activity by the GCI sample. So, the infinitesimal
addition of GNP showed remarkably almost complete degradation of RhB within 60 minutes.
However, the pristine CN sample displayed minimal performance. The increase in loading of
GNP showed a gradual decrease in the degradation efficiency which could be ascribed to the
excess of GNP sheets over the CN sheets thereby blocking its surface from absorbing the visible
light [41]. However, the modification with GNP has favoured the charge separation conditions
[42]. The present work has been compared with some of the previously reported works using

different pollutants as given in Table 6.4.
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The photocatalytic reaction rate was calculated by applying pseudo-1* order reaction
kinetics (Fig. 6.7(b)) [In (C/Co) = -kt, here k (min™') is the reaction rate const.] where GCI
possessed 4.5 times higher rate const. (k= 0.0567 min™') than that of pristine CN (k= 0.0127
min!). Moreover, the reactive species quenching experiments were carried out to further
investigate the degradation mechanism (Fig. 6.7(c)). For this study, 10 mM of Ammonium
Oxalate, p-Benzoquinone (p-BQ), and Isopropanol (IPA) (Sigma Aldrich, Purity < 95%) was
added separately at the beginning of the experiment to quench the photogenerated superoxide
anion (*03), holes (h"), and hydroxyl radical (*OH) species respectively. It was noticed that
photogenerated holes majorly influenced the photodegradation process (n1=4%) as compared to
other reactive species whose influence was moderate. Besides, during adsorption and photolysis
experiments, a negligible amount of dye degradation happened. On this note, a theoretical
mechanism was proposed in the later section. The images of the final solution are shown in Fig.
6.7(d) where it is visible that the GCI sample has completely eradicated the dye whereas, the

pristine sample has merely performed.
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Figure 6.8 (a, b) Repeatability and recyclability of GCI photocatalyst sample for RhB
degradation and (c) XRD pattern of GCI sample before and after photodegradation

experiments.

The consistency of the prepared photocatalyst material was tested consecutively for 4 times
and it was seen that the material holds great repeatability against RhB degradation (Fig. 6.8(a)).
The reusability of the GCI sample was carried out for 4 times and it was noticed that after each
cycle there was a notable amount of decrease in the overall degradation efficiency (Fig. 6.8(b)).
This could be mainly due to the loss of material during the collection and drying process. The
crystal structure of the GCI sample post-experiment was studied under XRD (Fig. 6.8(c)) and
was found that there was no sign of any structural modifications after the photodegradation

experiment implying material stability against external environments.
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Table 6.4 Comparative study of present work with some of the published literature.

Graphene Target Target Time Degradation Ref.
S.No. | Loading Pollutant Conc. (Minutes) (%) No
(%0) (mg/L) ’ '
TCH
1 0.5 (Tetracycline 15 120 ~ 100 [11]
hydrochloride)
BPA
2 0.25 (Bisphenol A) 5 45 ~92.2 [18]
MB
3 N/A (Methylene 0.2 51 87 [30]
Blue)
4 5 Nizatidine 5 20 85 [43]
5 0.1 RhB 20 60 96 This
work

Figure 6.9 Possible mechanism for RhB degradation in GCI sample.

From the earlier discussions, a probable photodegradation mechanism has been realized
as shown in Fig. 6.9. When the energy of suitable wavelength is incident on the material,
electron-hole pairs are generated where photogenerated electrons travel through the energy gap
to reach the conduction band (CB) and holes stay back in the valence band (VB). In pristine g-
C3Ny, after this step, a major amount of photogenerated carriers are recombined resulting in

poor photodegradation performance. However, due to the addition of GNP, the charge
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recombination issue was effectively counter-attacked. In this case, the photogenerated electron
after reaching the CB immediately gets migrated towards the GNP sheets due to its remarkable
conductivity and electron storing capability [44]. Besides, the flat band potentials were slightly
lowered with the inclusion of GNP. From the electronegativity equations [45], the flat band
potentials for CN were found to be: Ecem =-1.31 eV; Evem = 1.65 eV and for GCI it was: Ecam
= -1.29 eV; Evem = 1.67 eV where Ecsm and Eyvem are CB minimum and VB maximum
respectively. The slight shift of VB towards the positive direction greatly influences the photo-
oxidation process thereby enhancing the overall efficiency [46]. Therefore, the enhanced
performance of the nanocomposite can be accredited to the remarkable SSA, greater visible

light absorption, better carrier lifetime and efficient charge separation.

6.2.2 hBN/g-C3N4 hybrid photocatalyst for RhB photodegradation studies
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Figure 6.10 XRD diffractogram patterns of as-prepared BN, CN and BC samples.

The crystal structure and phase information of the as-prepared CN/BN nanocomposites
were investigated by studying the XRD diffractogram as shown in Fig. 6.10. The pristine CN
sample showed two significant peaks at 12.8° and 27.7° corresponding to (210) and (002) planes
typically matching the ICDD PDF: 00-066-0183 pattern and presuming orthorhombic structure
[47]. Besides, the pristine BN sample XRD pattern fits well with the ICDD PDF: 98-016-8894
pattern possessing a hexagonal crystal structure containing one prominent peak at 26.4°,

attributing to the (002) plane. No substantial variation in the diffraction pattern was observed
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for all the BC samples. However, a small shoulder peak was observed at 26.5° in the BC4
sample, attributed to the pristine BN (002) phase. The average crystallite size of BC samples
was slightly larger than the pristine CN sample which was typically due to the addition of BN
(Table 6.5). Besides, the interplanar distance of BC samples decreased infinitesimally than that
of CN samples due to the presence of BN. These results propound that incorporating BN did
not influence the phase information and crystal structure of BC samples, and that could be

plausibly due to the infinitesimal loading amounts of BN material [48].

Table 6.5 The interlayer distance, d and the crystallite size, D, of the as-prepared CN, BN, and

BC samples.
Sample I“tel’l’lcil"(li:’n;pacing Crys]t)zzﬂi;le) Size

CN 0.325 76

BC1 0.321 10.06
BC2 0.322 992
BC3 0.322 10.06
BC4 0.322 9.72
BN 0.336 15.16

The morphological studies of CN, BN and BC2 were carried out using FESEM and
HRTEM techniques. The FESEM micrograph of CN (Fig. 6.11(a)) showed flake-like structures
closely packed together, resulting in aggregation. Similarly, the HRTEM image (Fig. 6.11(b))
revealed thin layers with curled edges with obvious diffused fringe patterns (Fig. 6.11(b), Inset),
indicating the amorphous nature of the material and thus, confirming the bulk g-CsN4
morphology formation by polycondensation method [49]. From 6.11(c, d), it was understood
that the BN structure consists of small stackings of platelet-like design arranged compactly,
resulting in aggregation of #BN sheets. The selected area electron diffraction (SAED) pattern
exhibited a semi-crystalline nature of the material (Fig. 6.11(d) Inset) [50]. The FESEM
technique could not find the hybrid structure in the case of the BC2 sample, as shown in Fig.
6.11(e). This could probably be due to the selected area dependency of the characterization
technique. However, the HRTEM image showed the hybrid structure formation with slight
semi-crystallinity, as shown in the SAED pattern. A close observation of Fig. 6.11(f) discovered
that the BN sheets were nicely ingrained onto the CN sheets, clearly showing the 2D-2D
interactions between the #BN and g-C3N4 [51,52].
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4 100 nm

Figure 6.11 FESEM micrograph and HRTEM image with SAED pattern (inset) of CN (a,
b), BN (c, d) and BC?2 (e, f), respectively.
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Figure 6.12 (a) UV-DRS spectra, (b) the K-M plot, (c) the PL spectra and (d) the FTIR spectra
of CN, BN, and BC samples.

The optical behaviour of all the samples was initially investigated using the UV-DRS
technique (Fig. 6.12(a)). All the BC samples have manifested remarkably enhanced light-
harvesting capability across the visible region compared to that of the pristine CN. As evident,
the BN sample exhibited minimal absorbance in the visible spectrum. The optical bandgap (Eg)
of the BC samples was slightly lower as compared to the CN sample. This could be due to the
size of the BC samples, as discussed in the earlier section [52]. Another possible reason could
be attributed to the local imbalance in the charge neutrality at the interface, causing band-
bending or electrostatic charges adsorbed to BN or CN components in the composite samples
[53]. The calculated bandgap values of BC1, BC2, BC3, BC4, CN and BN from the KM plot
were 2.52 eV, 2.62 eV, 2.66 eV, 2.67 eV, 2.95 eV and 5.57 eV, respectively (Fig. 6.12(b)). The
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E, values in the BC samples suggest good interaction of the BN with CN which may be due to

the structural and morphological modifications between these materials at optimal ratio [54].

The photogenerated charge carrier efficiency was examined by analysing the samples
under a fluorimeter Fig. 6.12(c) shows the PL spectra of the CN and BC2 sample under an
excitation wavelength of 365 nm. A low PL intensity usually implies a reduced photo-induced
electron-hole pair recombination rate. Clearly, the BN-modified photocatalyst showed
significantly lowered PL intensity relative to the pristine CN, thus suggesting a notable drop in

the charge recombination rate [55].

The chemical structure of the samples was studied under an FTIR spectrophotometer
(Fig. 6.12(d)). Strong absorption peaks in the CN and BC2 samples revealed their molecular
structure. Multiple intense bands at 810 cm™!, between 100-1700 cm™ and 3000-3300 cm™
attributed to the breathing modes of triazine units, stretching modes of C-N heterocyclic
structures and the vibrational modes of O-H and N-H bonds of the uncondensed amino groups
in the C3N4 network [56,57]. Besides, the pure BN sample showed two significant sharp peaks
at around 773 cm™ and 1360 cm™!, corresponding to B-N-B out-of-plane bending vibrational
mode and B-N in-plane stretching vibrational modes, respectively [58]. Due to the infinitesimal
incorporation of BN in BC samples, no additional peaks induced by BN loading were detected,
suggesting that the g-C3Njy structure was well preserved [59].
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Figure 6.13 N> adsorption-desorption isotherms with the inset showing the pore size

distribution of CN, BN and BC2 samples.
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The N> adsorption-desorption isothermal studies were carried out for CN, BN and BC2
samples, as shown in Fig. 6.13. All three samples showed mesoporous morphology with an
average pore size between 2-50 nm (Table 6.6). However, the specific surface area of the BC2
sample was slightly lower than the pristine CN sample, the pore volume was relatively higher
than pristine CN due to the presence of smaller pores as shown in the distribution curve
(Fig.6.13 inset). Lower specific surface area could be attributed to the blockage of pores due
to the addition of ABN to g-C3N4 [60]. Nevertheless, the overall specific surface area value was
still notable in providing abundant active sites on the surface of the photocatalyst. All the

samples possessed type IV isotherm adhering to the H4 hysteresis loop [61].

Table 6.6 SSA, average pore radius and pore volume of CN, BN, and BC2 samples.

Sample SBET, (M?/g) POi‘f (ﬁi‘:)ius PO{fe(Z:/l;)me
CN 69 15.32 0.36
BN 39 12.73 0.24
BC2 64 17.43 0.55

The elemental composition, chemical structure, and oxidation states of the as-
synthesized BN, CN and BC2 samples were analysed using the XPS technique. As shown in
Fig. 6.14(a), the wide scan spectra of these samples confirmed the presence of C, N, B and O
elements. The survey scan also noticed that the BC2 sample did not contain any traces of B
element. However, a narrow scan showed a small peak at the energy position corresponding to
the photoelectron line of the B element, thus, confirming the presence of boron in the composite

samples.

The Cls spectra (Fig. 6.14(b)) of these samples showed one expected peak at 284 eV
designated to the pristine C element. The peaks around 288 eV and 293 eV are attributed to the
sp? hybridized C in triazine or heptazine moieties in the C3Na network and the carbon attached
to the uncondensed —NH> groups [62]. The N1s spectrum (Fig. 6.14(c)) of BN contained one
sharp peak at 398 eV corresponding to the N—B bond in the BN structure. In the case of CN
and BC2, the N1s spectra were deconvoluted into three peaks situated at 398 eV, 400 eV and
404 eV assigned to pyridinic N (C=N—C) that is sp® bonded N in C-N aromatic rings, tertiary
N (N-C3) and N-H species respectively in the CsNy architecture [63,64]. From the Bls
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spectrum (Fig. 6.14(d)), it was noticed that one sharp, intense peak at 190 eV was assigned to
the B-N bond, and the BC2 sample, too, showed a low-intensity peak at the same position [65].
The Ols spectra (Fig. 6.14(¢e)) showed a less intense peak at 532 eV due to the surface adsorbed
moisture or dust during the analyses [66]. Table 6.7 shows the elemental composition of all the
samples. It was observed that the C/N ratio remained unchanged in the case of the BC2 sample,

which could be due to the small amounts of BN addition.

Table 6.7 Elemental composition of BN, CN and BC2 samples.

Sample C1s (%) N1s (%) C/N Ratio O1s (%) B1s (%)
BN 7.75 40.33 - 4.49 47.43
CN 44.48 53.01 0.83 2.51 -
BC2 42.84 52.66 0.83 3.84 0.66
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Figure 6.14 XPS spectra of BN, CN, and BC2 samples.
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Figure 6.15 Zeta potential values at various pH values of BN, CN, and BC2 samples.

The overall photocatalytic performance of a material also depends on the net
electrostatic charge on the photocatalyst surface. To understand better, it is crucial to calculate
a critical physicochemical property called the isoelectric point (IEP) of the material. IEP is the
pH value of the solution for a given solute where the net surface charge is zero [67]. It is
obtained by measuring the zeta potential by varying the pH values. From the graph (Fig. 6.15),
the IEP values for BN, CN and BC2 were found to be 2.14, 4.23 and 4.22, respectively, meaning
that the material holds a net positive charge below a net negative charge above this point. For
better adsorption, the target pollutant must possess an opposite surface charge with respect to
the photocatalyst material at a given pH value. Hence, zeta potential studies are crucial in
deciding the target contaminant. In the g-CsN4 network, the interactions of the primary,
secondary, and tertiary amine groups with the photogenerated electron-hole pairs determine the

overall surface charge at a given pH value [68].

The photocatalytic degradation activity of BC samples was investigated by neutralising
RhB (Conc. 20 mg/L) under visible light irradiation. For reference, the photodegradation
performance of BN and CN was also evaluated under identical experimental conditions. The
solution, including the pollutant and the photocatalyst, was stirred in aphotic conditions for
about 30 minutes to attain adsorption-desorption equilibrium. From Fig. 6.16(a), the

photodegradation efficiency of ABN-loaded samples showed better performance than the
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pristine g-C3Ny4. BC2 sample showed the highest degradation efficiency and removed 91% of
RhB in 60 minutes. However, with the increase in the #BN loading, the performance decreased
gradually. This could be attributed to the overloading of the ZBN sheets onto g-C3Nj, thus,
shielding its surface from absorbing the visible light. Although the modification with BN
favoured the charge separation phenomenon, the lower light harvesting condition would reduce
the generation of electron-hole pairs [69]. The reaction kinetics of all the samples for RhB
photodegradation were examined (Fig. 6.16(b)). All the samples fit well with the pseudo-first-
order kinetics, that is, In (C/Co) = -kt, where Cy is the initial concentration, C is the final
concentration in mg/L at time ¢, and k is the apparent first-order rate constant (min!). From
Table 6.8, it can be observed that there was a gradual increase in the degradation performance
initially followed by a decline with further BN addition. A comparative study with some of the
previous works has been included in Table 6.9 where similar photocatalyst material

performance is compared with the present work.

Table 6.8 RhB degradation (%) and reaction rate constant 'k (min™')' of as-prepared samples.

Sample RhB Degradation (%) Rate Constant, k (min')
BC1 75 0.0239
BC2 91 0.0412
B(C3 90 0.0309
BC4 43 0.0096
CN 55 0.0127
BN 32 0.0069
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Figure 6.16 (a) Dye degradation studies of all the prepared samples, (b) first-order reaction
kinetics curve of all the prepared samples, (c) radical trapping experiment of BC2 sample using

different trapping agents, and (d) RhB dye solution images post photodegradation experiment.

Photo-induced reactive species trapping studies were carried out to explore the
degradation mechanism further. It is a known fact that the photogenerated holes (h"),
superoxide anions (*03) and hydroxyl radicals (*OH), are the exclusive participants in the
photodegradation process. To probe the predominant active species, p-Benzoquinone (BQ),
Ammonium Oxalate (AO) and Isopropanol (IPA) were employed as the trapping agents of <03,
h"and *OH reactive species, respectively. From Fig. 6.16(c), it was discovered that for the hole

scavenging experiment, the photodegradation efficiency of RhB drastically dropped from 91%
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to 11%, indicating that holes are the primary active species. Similarly, a considerable amount
of degradation loss was observed when BQ was added, thus, verifying the superoxide radical's
active role in the photodegradation mechanism. However, minor losses were noticed during
IPA addition, indicating minor business of hydroxyl radicals during the experiment. The colour
of the final solution of BN, CN and BC?2 is shown in Fig. 6.16(d). From the above discussion,
a plausible mechanism is picturized in the later section. The repeatability and reusability
experiments for the BC2 sample were performed (Fig. 6.17 (a, b)), and it was observed that the
degradation result was consistent throughout the repetitions; however, the reusability
performance dropped after two runs. This could be majorly due to material loss while collecting
samples for measurements. Further, the post-experimental characterization was carried out for
the BC2 sample as shown in Fig. 6.17(c). It was observed that the crystal structure of the
photocatalyst material was stable even after the photodegradation experiments. Thus, proving

the material stability.
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Figure 6.17 (a, b) Repeatability and recyclability of BC2 photocatalyst sample for RhB
degradation and (c) XRD pattern of BC2 sample before and after photodegradation
experiments.

Table 6.9 Comparative study of present work with some of the published literature.

s Target . .
S. No. ioor;;flt(l:/d)e Target Pollutant | Conc. (Mrl;:llzfes) Degl:;/d;l tion Ref. No.
e (mg/L) ’
1 0.5 RhB 10 120 98.2 [49]
TC
2 0.48 (Tetracycline) 10 60 79.7 [50]
TCH
3 1.5 (Tetracycline 40 60 91 [52]
Hydrochloride)
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ENFX
! ’ (Enrofloxacin) 8 60 100 [54]
5 0.9 BPA 10 150 91.9 [55]
6 0.5 RhB 20 60 o1 This
work

T’

0.5% hBN/g-C;N,

Figure 6.18 Possible mechanism for RhB degradation in BC2 sample.

The above discussion leads to the explanation of a possible photocatalytic degradation
mechanism (Fig. 6.18). When the BN/CN hybrid is irradiated with visible light, the g-C3Ny gets
excited and generates exciton pairs in the semiconductor photocatalyst material. The
conduction and valence band edges for CN and BC2 were calculated using equations 3.2 and
3.3. The conduction band edges for CN and BC2 were -1.30 eV and -1.15 eV, respectively,
whereas the valence band edges were 1.64 eV and 1.46 eV, respectively, for CN and BC2. After
photoexcitation, the electrons in the conduction band migrate towards its surface and get rapidly
transferred into the hBN layers due to the intrinsic nature of the boron nitride, which makes it a
kind of surface passivation material to alter the behaviour of photogenerated electrons [70].
This leads to efficient charge separation and thus restricts charge recombination. At the

conduction band, electrons react with the dissolved oxygen forming superoxide radicals,
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thereby mineralizing the RhB. Hence, it can be acknowledged that a good surface area, better
visible light absorption, higher carrier lifetime and efficient charge separation are beneficial for

increasing the performance efficiency of a photocatalyst.

6.3 Conclusions

In summary, 2D/2D g-C3N4-based hybrid photocatalyst materials were successfully
prepared using GNP and hBN by employing a one-pot thermal decomposition synthesis
technique. The structural and morphological construction of the hybrid photocatalysts were
validated by XRD, FESEM, and HRTEM techniques. The photocatalytic performance of the
nanocomposites was applied to study RhB photodegradation under visible light irradiation for
60 minutes. It was observed that 0.1% loading of GNP showed the highest degradation
performance when compared with other samples. The hybrid sample showed 4.5 times faster
degradation than the pristine g-C3Ns sample. However, the 0.5% h-BN loading sample
displayed the highest photocatalytic RhB degradation under visible light illumination for 60
minutes. Meanwhile, pristine g-C3Ns showed 55% of dye removal under similar experimental
conditions. This enhanced photodegradation can be ascribed to the higher SSA, better visible
light absorbance, and higher carrier lifetime of the hybrid material. These observations were
validated by BET, UV-DRS, and PL studies respectively. Further, radical trapping experiments
were conducted to propose a degradation mechanism. Moreover, the photocatalyst reusability
and repeatability were also checked 4 times. This work resulted in the development of a new
class of multifunctional 2D/2D visible-light active photocatalyst material and exposed a new

dimension to further explore the advancements in visible-light-driven photocatalysis.
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Chapter 7

Summary and conclusions

In this chapter, an overall summary and detailed conclusions of the present thesis work
are discussed. The future scope for this work to explore multiple fields of research has also been

suggested.

7.1 Summary of the thesis work

The main aim of the present work was to investigate the role of multi-dimensional
carbon nanomaterials coupled with graphitic carbon nitride towards visible-light photocatalytic
purification of wastewater. The pristine 2D g-C3Ns gave limited activity for the
photodegradation of RhB under visible light due to the rapid recombination of photo-generated
charge carriers. Therefore, research was extended to investigate the reasons why the material
did not perform as expected based on the literature reports. Some evidence of improved charge
separation led to the use of carbon nanomaterials for the photocatalytic decomposition of RhB.
To achieve this aim, the objective decided at the beginning of the research was accomplished
and was addressed in detail in chapters 3 to 5. A cost-effective, eco-friendly, and easy synthesis
process was adapted to develop visible-light photocatalyst material that showed good
photodegradation performance. Improved specific surface area and overall efficiency were
successfully achieved for graphitic carbon nitride-based hybrid materials. The overall summary

of the thesis work is framed in Table 7.1.

Table 7.1 Summary of the thesis work.

S. Photocatalyst Synthesis Target Degradation
No. Material Method Pollutant (%)
1 Graphitic Carbon Polycondensation of Rhodamine B 95% in
Nitride (GCN) melamine (Conc. 5 mg/L) 45 min

Polycondensation of

. .
melamine and NH4Cl Rhodamine B 94% in

o) Improved g-C3Ny

(g-C3Na) (2:1 ratio) (Conc. 10 mg/L) 30 min
Arc Discharge synthesis of
; . o) :
3 CS/g-CsNy CS nanoparticles followed Rhodamine B 97% in

by thermal decomposition | (Conc. 20 mg/L) 90 min
of melamine, NH4Cl and CS
Arc Discharge synthesis of
4 | MWCNT/ g-CsNs | MWCNT: followed by
thermal decomposition of

Rhodamine B 92% in
(Conc. 20 mg/L) 60 min
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melamine, NH4Cl and
MWCNTs

Microwave-assisted
synthesis of GNP followed

. o -
T OWEON | bl semrenten | ConeSomgt) | O
of melamine, NH4Cl and ) g
GNP
Thermal decomposition of ) o -
6 hBN/g-C3N4 melamine, NH4Cl1 and Rhodamine B 91% in

(Conc. 20 mg/L) 60 min

commercial-grade hBN

7.2 Conclusions

The following conclusions have been drawn from the present thesis work:

In Chapter 3, 2D g-C3N4 photocatalyst material was synthesized and the process parameters
like reaction temperature (550 — 650 °C) and atmosphere (air, nitrogen, and argon) were
optimized.

The morphology of the as-prepared samples was studied under FESEM, and XRD to
understand the structural and crystalline properties of the samples. FESEM confirmed the
2D layered structure formation and XRD results also supported these observations.

The optical studies revealed that the sample synthesized at 650 °C in air showed near the
ideal bandgap of 2.71 eV.

The BET-specific surface area of this sample was observed to be 42 m?/g and was the
highest among all the samples. Also, the PL intensity was lower thus implying these process
parameters to be optimum for the formation of g-C3Na.

These results were also backed by favouring FTIR and XPS data. Besides, the zeta potential
studies were carried out to find the surface charge potential of the sample.

All the synthesized samples were applied to study the photodegradation of RhB (Conc. 5
mg/L). It was observed that the sample synthesized at 650 °C in the air atmosphere removed
95% of the dye in 45 minutes whereas other samples moderately performed.

Further, this performance was enhanced by undertaking some modifications in the synthesis
process. Here, a green templating technique was approached where a bubbling agent like
NH4Cl was included along with the precursor melamine during the pyrolysis reaction. Three
different ratios of melamine and NH4CI were considered (2:1, 1:1, and 1:2).

All three samples were characterized using various techniques like XRD, SEM, TEM, UV-
DRS, PL, FTIR, XPS, BET and ZETA to study their structural, morphological, optical,

chemical composition, surface area and surface charge behaviours.
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The d-spacing of the modified sample (2:1 ratio) increased more than the pristine g-C3N4
sample. This was essentially due to the incorporation of NH4Cl during the synthesis process.
However, the structural integrity was maintained irrespective of NH4ClI addition.

The optical band gap increased from 2.71 eV to 2.95 eV due to the reduction in the
crystallite size. Similarly, low PL intensity and high BET surface area were also observed
for the (2:1 ratio) sample. XPS results also confirmed that no traces of NH4Cl were left over
after the pyrolysis reaction.

All the samples were applied to study the photodecomposition of RhB (Conc. 10 mg/L). it
was noticed that (2:1 ratio) prepared g-C3N4 sample degraded 94% in 30 minutes whereas
pristine g-C3N4 could remove only 35%. This enhanced performance was due to the
increased specific surface area and porosity of the photocatalyst material.

Therefore, at 650 °C in the air atmosphere, the addition of NH4Cl (1 part) to melamine (2
parts) during the pyrolysis process produced an efficient g-C3N4 photocatalyst material.

In Chapter 4, the synthesis of carbon nanomaterials through arc discharge was studied in
the first part. Here MWCNTs and CS nanoparticles were synthesized by fine-tuning buffer
gas pressure and arc voltage.

Different pressure values (200 Torr, 400 Torr, and 600 Torr) and arc voltages (30V, 35V, and
40V) were considered. XRD, SEM, TEM and Raman characterizations were conducted to
study the structural and morphological properties of the carbon samples.

It was observed that 30V and 400 Torr favoured the formation of MWCNTs whereas 40V
and 600 Torr showed higher amounts of carbon soot deposits which essentially contained
these spherical carbon nanoparticles.

Further, the 2" and 3™ parts of Chapter 4 deal with the development of the hybrid
photocatalyst with the synthesized carbon nanomaterials and the g-C3N4 materials. Here
four different weight ratios of carbon nanomaterial wrt to g-C3N4 were considered namely:
0.1%, 0.3%, 0.5% and 1%.

The CS loaded in g-C3N4 samples were named SC1, SC2, SC3, and SC4 respectively
whereas, the MWCNTs loaded in g-C3N4 samples were coded as CC1, CC2, CC3, and CC4
respectively.

All these samples were characterized under SEM, TEM, XRD, UV-DRS, PL, FTIR, BET,
XPS, and ZETA to study their structural, optical, morphological, chemical composition,
surface area and charge properties.

It was discovered that all these hybrid samples showed smaller bandgaps than pristine g-

C3N; and also low PL intensities. The hybrid photocatalyst materials essentially preserved
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the fundamental g-C3Ng structure. This was confirmed by XRD, FTIR, and XPS. However,
TEM confirmed the formation of hybrid structures.

The photodegradation of RhB (Conc. 20 mg/L) was performed to study the photocatalytic
activity of the hybrid samples. It was noticed that the 0.1% loading of CS in g-C3N4 (SC1
sample) showed the highest degradation performance i.e., 97% in 90 minutes.

Similarly, 0.1% loaded MWCNTs in g-C3N4 (CC1 sample) also showed 97% degradation
in 90 minutes whereas pristine g-C3Ns4 showed 88% efficiency in similar experimental
conditions. This enhanced performance was typically due to the effective charge carrier
separation phenomenon.

In Chapter 5, 2D/2D hybrid nanostructures were developed using GNP and hBN separately.
Here, four different weight ratios were considered namely: 0.1%, 0.3%, 0.5%, and 1% of
GNP in g-C3N4 coded as GC1, GC2, GC3, and GC4 respectively and 0.1%, 0.5%, 1%, and
5% of hBN in g-C3N4 coded as BC1, BC2, BC3, and BC4 respectively.

GNP was prepared by microwave exfoliation of graphite intercalated compound followed
by shear mixing of the obtained exfoliated graphite in DMSO & DI water mixture and
finally centrifuged to remove unexfoliated particles.

The obtained GNP was mixed with melamine and NH4Cl and kept in a Muffle furnace at
650 °C in air. Similarly, hBN was procured commercially and used to prepare hybrid
material through the thermal condensation method as discussed earlier.

All the synthesized samples were studied using different characterization tools like XRD,
SEM, TEM, XPS, UV-DRS, PL, FTIR, BET, etc. to know their structural, optical,
morphological, chemical, and other essential properties.

The hybrid photocatalyst materials showed lower PL intensity and low optical bandgap than
the pristine g-C3N4 sample. Also, there was no substantial change in the structure of the
photocatalyst by adding either GNP or hBN. This was confirmed through XRD, FTIR, and
XPS analyses.

The photocatalytic activity of as-prepared samples was studied by degrading RhB (Conc.
20 mg/L) under a visible light source. It was observed that the GC1 sample removed 96%
of the dye whereas the BC2 sample removed 91% of the dye in 60 minutes. However, the
pristine g-C3N4 sample removed only 55% of RhB under similar experimental conditions.
In 2D/2D hybrid photocatalyst, the charge carrier separation was more effective as
compared to previous models due to which faster degradation was possible. This was
definitely due to the morphology of the coupled material.

Nevertheless, the interesting finding from the RhB photo decomposition was the potential

role of carbon nanomaterials in g-C3N4 hybrid photocatalyst material. This work makes a
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significant contribution to our knowledge concerning carbon nanomaterial morphology and

its effective charge carrier separation in photocatalytic decontamination of wastewater.

7.3 Scope of the future work

The present work has addressed the synthesis and parameter optimization of g-C3N4
followed by hybrid structure formation using different carbon nanomaterials via a detailed study
of the synthesis, structural, optical, and chemical properties of photocatalytic degradation
activity. This work can be further extended to study the photocatalytic performance in real time
under direct sunlight. Also, different types of pollutants can be explored and studied with these
developed materials. Besides carbon nanomaterials, other 2D materials like Metal oxides,
MXenes, Metal chalcogenides, etc. can be explored for the development of binary and ternary
hybrid structures. Meanwhile, these hybrid materials can be explored and experimented with in

different applications like CO; reduction, Hz evolution and many more.
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