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THESIS ABSTRACT

The development of an alternative clean energy resources and pollution free energy

harvesting technologies for environmental remediation is in high demand for the sustainable
growth of human society. Among the various types of strategies employed for utilizing the
renewable energy resources, semiconductor photocatalysis has been emerged as one of the most
promising technology owing to its visible light harvesting capability, eco-friendly, cost-effective,
and easily availability. Recently, graphitic carbon nitride (g-C3sN4) which is a metal-free polymeric
semiconducting material a suitable band gap to absorb enhanced radiation in visible light range.
Further, its intriguing features such as tunable band gap, high chemical stability against oxidation
and thermal stability up to 500 °C on contrary to many other organic semiconductors has made g-
Cs3Ng as a fascinating material for photocatalytic applications. The high recombination rate of
photoinduced electron—hole pairs affect the efficiency of g-C3N4 nanosheets and consequently
limits its practical applications. Therefore, modifications of g-CsNs as to make it a valuable
material for visible light driven photocatalysis is of great importance. A few efforts have been
made to improve the photocatalytic activity of g-CsN4 by employing different modifications such
as loading co-catalyst, designing appropriate textural properties, doping and coupling with a metal
or semiconductor material. However, the coupling is a feasible strategy to form a
nano/heterojunction by g-CsNs nanosheet with a semiconductor to improve its photocatalytic
performance. In this context, the present thesis work has been focused on the designing and
development of highly efficient g-C3N4 based hybrid nanocomposite, with visible light absorption,
separation efficiency and suppressed recombination of the photoinduced excitons, thereby
enhancing their photocatalytic efficiency.

Both bulk and surface properties of these materials are examined and characterized using
PXRD, FT-IR, SEM, FE-SEM, EDS, TEM, TGA, UV-vis DRS, PL, TRFL, XPS and BET surface
area analysis. Photocatalytic efficacies of the synthesized catalysts are tested for degradation of
organic pollutants such as Rhodamine B, Methylene blue and colorless antibiotic pollutant
Ciprofloxacin under visible light irradiation. Based on the experimental results, a plausible
reaction pathway is proposed. Moreover, the synthesized hetero/nanojunctions possess high
photostability and reusability. Hence, these nanostructured semiconductor photocatalysts could be
of potential interest for other practical applications such as water splitting and CO2 reduction under

visible light irradiation.
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Chapter |
Introduction

1.1 Background

Clean and renewable energy production, as well as environmental problems, have emerged
as the top issues and challenges for humanity over the last decade as global population growth and
economic development continue to accelerate. Thus, the rapid growth of the human population
and the intensification of industrial and agricultural activities led to a continuous increase in the
demand for earth's limited supply of fresh water. In this context, protection of natural water
resources and development of new technologies for water and wastewater treatment became key
environmental issues of the 21% century.l41 Breakthrough by Honda and Fujishima in 1970 has
opened up a great opportunity for the use of photocatalysis in the fields of sustainable energy
utilization and environmental remediation.> 71 In photocatalysis one can use visible light as energy
sources and the possibility of introducing another pollutant is also ruled out.

The most important advantages of solar energy are its ecological purity and it offers the
possibility of accomplishing energy cycles without pollution of the environment and additional
heating of the earth. Hence, photocatalysis is emerging as one of the possible means that can
provide viable solutions for the development of pollution free technologies for both environmental
remediation and alternative clean energy supply. However, this technology is widely investigated
for the water splitting and degradation of organic pollutants in the water/air body under UV
light.[8¢] In the past decades, tremendous efforts have been made for improving photocatalytic
efficiency under visible light irradiation.[*®1 Unfortunately, photocatalytic applications under
visible light are still limited due to the low efficiency caused by a number of challenging issues
such as narrow light-response range, bulk structure and surface structure, the high recombination
rate of charge carriers, and poor material stability. Therefore, the development of highly efficient

visible light active photocatalyst is today’s demand.

1.2 State of problem

The growth in population and industrialization has severe negative impact on the
environment and the ecosystem, including organisms and plants. Because of modernization and to
live a better lifestyle, we are exhausting non-renewable energy resources and also releasing

harmful chemicals into the environment. However, technology is lacking where we may utilize
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natural renewable and inexhaustible resources for the sustainable growth and development. In fact
the earth is bleeding because of acid rain, CFC’s, global warming, polluted drains etc.[*? The 21%
century started with environmental protection as the most important task. Photocatalysis
technology can mimic natural photosynthesis as it directly converts solar energy into chemical
energy and represent an attractive strategy for renewable energy generation and environmental
remediation. Unfortunately, the performance of present photocatalysts does not meet the needs of
practical applications. Therefore, the development of a highly effective visible light active
photocatalyst for environmental protection is still being sought.

1.3 Objectives of the present research work
The objectives of the present research work are
» To design and develop visible light active nanocomposite photocatalysts by various
synthetic strategies.
» To characterize the nanocomposites for structural, chemical and optical properties.
» To study the photocatalytic activity for degradation of organic pollutants Rhodamine B,

Methylene Blue, Ciprofloxacin under visible light irradiation.

1.4 Scope of the present research work

The successfully developed novel g-CsN4 based metal oxide nanocomposite photocatalysts
can be potentially applied for photocatalytic water splitting for hydrogen fuel, photocatalytic
conversion of CO- to energy-rich hydrocarbon fuels and photodecomposition of other organic
substances for environmental remediation. Furthermore, it would be interesting to work on the
perovskite type materials and g-C3N4 based photocatalysts with unique Nano-architectures in order
to fulfill the needs of practical applications. Low cost, highly photo-stable, eco-friendly synthetic
strategies and the possibility of using visible light as a radiation source for these photocatalysts

can result in both economically and environmentally advantageous.

1.5 Photocatalysis

The name “photocatalysis” is a collection of two words, “photo” and “catalysis”. Catalysis
is the process by which a substance accelerates the rate of a chemical reaction (oxidation/reduction)
without being altered or consumed in the end. This substance is referred to as a catalyst because it

increases the rate of a reaction by lowering the activation energy.[*3! Photocatalysis is a reaction
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that uses light to activate a substance known as a photocatalyst in order to change the rate of a

chemical reaction without involving the photocatalyst itself.

1.5.1 Semiconductor photocatalysis

Semiconductor photocatalysis is a promising technology that offers a simple way to
harness solar energy for the advancement of a sustainable society.™ Artificial photosynthesis can
be described as photocatalytic degradation of organic pollutants and photocatalytic water splitting.
Acrtificial photosynthesis based on semiconductor nanostructures mimics’ natural photosynthesis.
(Figure 1.1) demonstrates the similarities and differences between natural and artificial
photosynthesis. In natural photosynthesis, plants uses chlorophyll and sunlight to generate glucose
(organic matter) and oxygen from carbon dioxide and water.[*1 While the photocatalyst in artificial
photosynthesis generates strong oxidizing agents and electronic holes to break down the organic
matter (dye) into carbon dioxide and water under the solar light and it can also decompose water
into hydrogen and oxygen.[**1 This has long inspired extensive research in various scientific
disciplines to better understand and even imitate biological energy-transfer processes using
artificial materials and technologies to achieve water splitting, photocatalytic CO> conversion to

energy-rich hydrocarbon fuels, and environmental purification by visible light.

Catalyst
+

O Pollutant
=
[ Photocatalysis

Figure 1.1: Schematic illustration for the process of natural photosynthesis and photocatalysis

(photodegradation of organic pollutants).
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1.5.2 Basic principle of the semiconductor photocatalysis

The key role of a semiconductor photocatalyst in a photocatalysis process is to induce or
accelerate specific reduction and oxidation (redox) reactions in the presence of light. When the
semiconductor photocatalyst is exposed to light (hv) with equal or higher energy than the band
gap, an electron is elevated from the valence band (VB) to the conduction band (CB), leaving a
positive hole in the VB and an electron in the CB (Step-1) as depicted in (Figure 1.2). The photo-
generated excitons (electrons and holes), once spatially separated, may migrate to the surface of
the photocatalyst and eventually to the adsorbed acceptor molecules, thereby initiating the resultant
reduction or oxidation process. The semiconductor can donate electrons to acceptors at the surface
(Step-2), whereas holes can transfer to donor species at the surface (Step-3). At the same time, a
large proportion of the photo-generated excitons recombine by dissipating the input energy as heat
or emitted light (Step-4). The remaining part of photo-generated excitons trapped on the surface
can recombine with their opposite-charge counterparts (Step-5). Both of these recombination

processes (Steps-4 and-5) are disadvantageous to the photocatalytic reaction's efficiency.[8]

P

Figure 1.2: Schematic illustration of the major processes involved on a semiconductor

photocatalyst under light irradiation.
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The process described above could be briefly expressed by the following equations

Step-1: Photocatalyst + h9 — egg+hig (Light absorption)
Step-2: A+ecg — A (Reduction reaction)
Step-3: D+ h{g — D* (Oxidation reaction)
Steps-4 and 5: ecg + hyg — heat (Recombination)

The charge transfer capacity and recombination rate is determined by the adsorbate species
band edge position and redox potential.[22211 For an affirmative electron transfer reaction, the edge
potential of the electron acceptors should be positioned below the CB of the semiconductor (more
positive), while the edge potential of the electron donors should be located above the VB of the
semiconductor (more negative). High photocatalytic activity necessitates the efficient separation
and rapid transport of photo-generated excitons to their adequate active sites for the desired redox

reactions.

1.5.3 Mechanism of the semiconductor photocatalysis

It has been recommended that the superoxide anion radicals (O.") and hydroxyl radicals
(‘OH) are the primary reactive species in the photocatalytic pollutants degradation processes.[?22%
However, the VB and CB of a semiconductor photocatalyst should be located in such a way that

the hydroxyl radicals oxidation potential (E° (H,0/+0m) = +2.8 eV vs.NHE) and superoxide radicals

reduction potential E° 0,/0:7) = —0.3 eV vs.NHE) are well within the band gap for successful
2

photocatalytic degradation. To put it another way, the holes redox potential must be sufficiently
positive to produce ‘OH, while the electrons must be sufficiently negative to produce O>". For
photocatalytic environmental remediation, valence band hole (h{g) are the important elements
that involve the oxidative decomposition of environmental pollutants. These valence band hole
(h{'g) can oxidize pollutants directly and also will react with adsorbed water (H20) or adsorbed
hydroxyl groups ((OH) on semiconductor photocatalysts (SC). The formation of the *OH radical

can occur in two ways. As depicted in Equation (1.2) and (1.3).

SC+h9 - SC*(egg + hig) (1.1)
hig + H,0 — *OH + H* (1.2)
hz + OH™ > *OH (1.3)



Chapter

r
v

a
v

4

L

The formed "OH rapidly attacks pollutants at the surface and in solution as well and can
convert them into degraded products (carbon dioxide and water).

Organic Compound + *OH — Degradation products (1.4)

Since oxygen is the primary electron acceptor in these experiments, it is commonly
believed that it plays an important role in photocatalysis. As shown in Equation. (1.5), Oxygen can

trap conduction band electrons to form O,", these superoxide ions can react with hydrogen ions

forming HO>".

O, +ecg — 03 (1.5)
05~ + H*— HO3 (1.6)
HO% + HO% — H,0, + 0, 1.7
03" + HO3 — 0, + HO; (1.8)
HO; +H* — H,0, (1.9)

According to the equation below, H>O> can be generated from HO-" species. The photogenerated

hydrogen peroxide decomposes further to produce hydroxyl radicals.

ecy + 03 + 2H* — H,0, (1.10)
H,0,+h9 — 2°OH (1.11)
H,0, + 05 —*OH + OH™ + 0, (1.12)
H,0, + egg — *OH + OH™ (1.13)

The majority of reactive hydroxyl radicals are formed by photo-generated hole reactions.
On the other hand, they could not be produced without the presence of water molecules, preventing
the photodegradation of liquid phase organics. A few studies have shown that the photocatalytic
reaction cannot take place without the presence of water molecules.?* The reducing conduction
band (CB) electrons are more significant when using a photocatalytic reaction to produce hydrogen
from water splitting. In order to initiate hydrogen production, the conduction band level must be

more negative than the hydrogen production level:
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2H,0 — 2H, + 0, (1.14)
H,0 & H* + OH™ (1.15)
2H,0 + 2e~ — H, + 20H" (1.16)
2H,0 — 0, +4H" + 4e~ (1.17)

The redox potential for overall reaction at pH = 7 is En = —1.23 V (NHE), with the
corresponding half-reactions of —0.41 V (Eq. 1.16) and 0.82 V, which gives a AG® =+237 kJ/mole.

1.5.4 Photocatalysts and selection

The photocatalytic properties of semiconductors are strongly influenced by their electronic
band structure. The semiconductors band edge position is one of the most important and useful
parameters to consider while using it as a photocatalyst.[?>] The ability of a semiconductor to
undergo photogenerated excitons transfer to adsorbed species on its surface is governed by the
band energy positions of the semiconductor and the redox potentials of the adsorbed species.[?®!
Since the first report of employing photocatalyst for decomposing cyanide.?”l The applications in
environmental purification have been rapidly developed, and we may find various products and
technologies around us to purify the environment by using photocatalysts. On the other hand, a
large number of semiconductor materials, such as TiO2, Fe203, ZnO, WO3, SrM004, CdM0Os4,
MoS;, CdS, AgsPOa, BaBiOs, etc., are known to catalyze the photochemical reaction.[28-30]
Generally, low bandgap materials have a more viable light harvesting capacity compared to more
band gap materials. However, the practical utilization of a photocatalyst for water splitting to
produce H> fuel and degradation of organic pollutants to protect the environment is still a huge
challenge due to its low efficiency. The photocatalytic material selection should be based on the
characteristics shown in (Figure 1.3). An ideal photocatalyst should possess the following
characteristics as shown in (Figure 1.4): (i) photoactive; (ii) have the ability to utilize visible and/or
near-UV light; (iii) photostable (not prone to photo-anodic corrosion); (iv) biologically and

chemically inert; (v) non-toxic and (vi) inexpensive.l” 31
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Figure 1.3: Band gap energy and band edge positions of different semiconductor materials.

Figure 1.4: Characteristics of an ideal photocatalyst.
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1.5.5 Applications of photocatalysis

Both the technological and economical importance of photocatalysis has increased
considerably over the past decade. However, there is a great challenge to use visible light as a
source of energy in photoreaction to solve the environmental problem and energy crisis in the
future. In the recent investigation, photocatalytic processes have been widely used in various
applications as depicted in (Figure 1.5) such as disinfection of drinking water, antibacterial for
textile industries, antimicrobe for plastic container, persistent toxic compounds treatment, organic
degradation, self-cleaning, soil purifications, deodorization, sterilization, air purification, high
efficiency/low cost solar cells, and even clean renewable hydrogen energy production from water
splitting.[32-401

Environmental
Air Water
Purification Purification
Electric y N

: \
A 1 :
sopliance griculture

Photocatalysis
(Light + catalyst)

Residence
(interior)

\

Oxidation or

Energy Water 4
conversion splitting y .

Energy

Printing Medical

Figure 1.5: Potential applications of semiconductor photocatalysis.

1.5.6 Why visible light active photocatalysis?
Visible light active photocatalysts are critical for efficient solar energy conversion because
visible light accounts for approximately 45% of total solar energy, while UV light accounts for

only 4% and the remaining part is IR light approximately 50%.[%42l |t means that the visible light

9
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active photocatalysis is of great opportunity to utilize maximum compartment in the solar energy
spectrum as shown in (Figure 1.6). To utilize solar energy efficiently, research for developing the
high-performance visible light photocatalysts have never stopped, which can be clearly reflected
from the increasing numbers of research papers and patents relating to photocatalysis.
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Figure 1.6: The wavelength distribution of solar light.

1.5.7 Strategies to develop an efficient visible-active photocatalyst

Various semiconductor photocatalysts, such as TiO2, SnO2, ZnO, and ZnS, have been
studied and used in environmental applications over the last few decades.l***°! Despite their high
photocatalytic activity and good chemical stability, the practical applications of semiconductor
catalysts are limited because of low absorption coefficient and mismatch with the solar spectrum.
As a result, the current research in the field of photocatalysis primarily focuses on the search for
active photocatalytic materials with band gap corresponding to the visible light energy. Recently,
significant efforts have also been made to modify semiconductor photocatalysts that are capable
of using visible light, including metal ion doping, non-metal doping, creating oxygen vacancies,

dye sensitization and coupling with metal or another semiconductor.[6-501

1.5.7.1 Metal ion doping
Metal ion doping has been mainly studied to improve the photocatalytic performance under
irradiation of UV light. Nowadays, visible light active photocatalysis using metal ion-doped

semiconductors has been a topic of prime concern for many researchers. Subsequently, these have

10
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revealed the extended absorption spectra into the visible light area. This property has been
described by the electrons transfer from dopant ion to the semiconductor conduction band is called
as metal to conduction band charge-migration. VVarious metal ions, including rare earth metal ions
(such as Yb, La and Ce) and transition metal ions (such as V, Cr, Fe, Ni, Co, Pt, and Ru) have been
explored as possible dopants for visible light photocatalysis. Depending on the dopant,®-2 two
different situations can be reached, as schematically represented in (Figure 1.7) (1) a p-type
doping, by the introduction of cations which act as electron acceptor, (2) n-type doping, by

incorporating electron donors.3

p-type doping n-type doping
A Conduction Band Conduction Band

e~ acceptor level uv Vis

Energy

e~ donorlevel

uv Vis

Valance Band Valance Band

Figure 1.7: Schematic representation of the energy levels of doped semiconductors: p-type

doping and n-type doping.

1.5.7.2 Non-metal doping

Non-metal doping is a versatile and effective strategy for band gap engineering of transition
metal oxide semiconductors for materials design, light harvesting and doping stability. Doping
with non-metallic elements such as C, N, F, P, and S have been studied extensively since the first
report on N-doped TiO2 in 2001.54 It was initially proposed that nitrogen-doped titania is able to
change its light response into the visible area by collaborating 2p orbitals of lattice O with 2p
orbitals of N and increases the photocatalytic performance by the reducing bandgap of the TiO..
Among all non-metals, nitrogen has been the most widely investigated dopant for photocatalytic
applications of TiO». Still, current revisions have revealed both practically and theoretically, the
localized nitrogen 2p orbitals above the VB and the excitations from N 2p orbital to the CB are
made in TiO2 under visible light irradiation.l®>° Unlike metal and non-metal ion dopants, they

exchange lattice oxygen and are less likely to form recombination centers.

11
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1.5.7.3 Co-doping

In most cases, the metal-doped photocatalysts also do not reach the expected results. In
recent times, the development of co-doping has also been widely reported. Few reports have
revealed that N and F co-doping is beneficial for low energy cost and a decrease of defect
formation for the incorporation of N due to the donor (F) and acceptor (N) charge compensation
effect.’”%8 Ta-doped TiO, with co-doped nitrogen effectively changes the photo-absorption
capability.5® Although the successful results with the co-doping approach depend on the position,
amount, and choice of the elements used, and thus, a large amount of experimental and theoretical

research is underway.

1.5.7.4 Dye sensitization

Apart from structural modifications such as metal doping and co-doping, there is a
possibility of modifying the photocatalyst surface with another substance that absorbs light energy
and transfers to the photocatalyst. This substance is referred to as “photosensitizer”. Sensitization
has been studied by several groups and to be one of the most effective ways to extend the
photoresponse of wide bandgap semiconductors into the visible region.[%6l Surface Dye
sensitization has been studied in many areas, such as dye-sensitized solar cells and photovoltaic
devices. However, to a lesser extent, sensitized visible light active photocatalytic degradation of
pollutants and water splitting has been reported. The principle involved in the dye sensitized
photocatalytic degradation of organic pollutants is based on the absorption of visible light for
exciting an electron from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) of a dye.[f1 The excited dye molecule subsequently
transfers electrons into the conduction band of the semiconductor and these injected electrons
reach quickly to the surface where O to form superoxide radical O>" and "OOH. These reactive
species can also disproportionate to give *OH. The subsequent radicals chain reactions can lead to

the degradation of the dye.

1.5.7.5 Metal/semiconductor heterostructure

Another effective method for reducing the recombination rate of photo-generated excitons
and hence increasing their lifetime is to make metal/semiconductor nanocomposites. Superficial
deposition of noble metals (Ag, Au, and Pt) improves the photocatalytic performance under visible
light irradiation. The advantages of metal in metal/semiconductor promotes the charge migration,

12
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act as an electron trapping agent and then reducing electron-hole pair recombination effect.[63-6%]
The metallic elements in the metal/semiconductor photocatalyst could also improve the light

absorption capacity of semiconductors through a plasmonic enhancement effect.

1.5.7.6 Semiconductor/semiconductor nanocomposites

In relation to single-component photocatalysts, which generally have less flexibility in
altering their electronic property by doping and low efficiency of photoinduced charge
transporters. The integration of two different types of semiconductors to make a heterojunction
nanocomposite is an effective strategy to promote exciton separation and minimize exciton
recombination for enhanced photocatalytic activity.[¢¢71 Choosing the two photocatalysts of the
composite system just by the relative band positions for composite photocatalysts may not assure
the enhanced photocatalytic performances, the other factors like development of intimate solid-
solid interface, morphologies of individual catalysts, synthesis methods, etc. will be taken into
consideration for the fabrication of efficient composite photocatalyst systems.

According to the valence and conduction band edge potentials of the two semiconductors,
the heterojunction nanocomposites can be classified into three types: straddling gap (Type-l),
staggered gap (Type-Il) and broken gap (Type-Ill), as depicted in (Figure 1.8). Especially, the
type-11 (staggered gap) heterojunction nanocomposite has the excellence of developing a
constructive interface combination and the spatially isolated charge carrier on other sides of the
hetero/nano junction in which holes can be regulated to one side and electrons to another side. 58]
The spatially separated excitons in the type-11 hetero/nanostructures could make them a more
suitable candidate for enhanced photocatalytic degradation of organic pollutants and water
splitting too. These semiconductor/semiconductor nanocomposites can also overcome the
drawbacks of the individual components and induce a synergistic effect which further improves

the photostability and charge separation.

B
[ & 3 °
A 8 [ VB
[ VB A
[ VB
Type -1 (Straddling gap) I Type-1I (Staggered gap) I Type-III (Broken gap)

Figure 1.8: Different types of semiconductor heterojunctions.
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1.6 Photocatalysis at ‘Nanoscale’

It is well understood that catalytic behavior is not only material-dependent, but also size-
dependent because quantum confinement and surface phenomena based on particle size dominate
material properties at the nanoscale.[5°7% The smaller a semiconductor particle becomes, more the
number of atoms located at the surface and the surface area to volume ratio increases. This may
enhance the available surface active sites and interfacial charge-carrier transfer rates, thus leading
to the higher catalytic activities.’*7? Therefore, nanoscale research allows scientists to alter and
enhance the physical and chemical properties of a material by controlling electronic energy levels
via quantum size and surface effects. Because of their distinct structural, optical, and chemical
properties when compared to their bulk counterparts, nanostructured materials have emerged as
novel photocatalysts for solar energy harvesting in recent years.[>" The well-known diverse
nanostructures such as nanoparticles, porous nanospheres, nanotubes, nanorods, nanowires,
nanosheets, nanoplates and other more complex structures have been demonstrated to show
extraordinary unconventional properties, which can greatly enrich the material selection and open
a new degree of freedom for the design of effective photocatalytic systems.l”>-81 The availability
of a diverse range of nanostructures can enable the flexible integration of multiple functional
components to create heterogeneous structures with distinct properties or unprecedented
performance. As a result, next-generation semiconductor nanoarchitectures with highly efficient
and stable visible light responsive photocatalysts are still being developed for clean energy

production and environmental remediation.
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2.1 Synthesis of nanomaterials

There are two methods usually followed for the synthesis of nanomaterials: “top-down”
and “bottom-up”. Both approaches have been developed with a focus on control over the particle
size, size distribution, morphology, and homogeneity. As the name suggests, “top-down” is
essentially the breaking of the system till the nano size is reached (e.g. ball milling and liquid
exfoliation). While “bottom-up” means we understand building up from the atomic or molecular
precursor to form clusters and subsequently nanoparticles. However, nanomaterials synthesis has
been a challenging job for material scientists who have developed several new methods for
obtaining mono-dispersed nanoparticles. The technique used for the preparation of nanomaterials
depends on the interested material and size of the material. The great demand for fine particles of
semiconductor materials has stimulated a lot of activity towards their synthesis by soft chemical
techniques. There are some well-known soft chemical techniques, which are used for the synthesis
of semiconductor nanomaterials as shown in (Figure 2.1). Among them, sol-gel, microwave,
polymeric-precursor, hydrothermal, solvothermal, ion-exchange, solid-state chemical and

sonochemical approaches are some of the frequently used methods.!*

Co-
Precipitati
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—

Figure 2.1: Synthesis methods of semiconductor photocatalysis.
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Several things have to be appraised for the utility of a particular synthetic methodology: (i)
the homogeneity of product phase, (ii) the range of applicability for different class of materials,
(iii) the control over the average particle size and range of sizes obtainable, and (iv) the
reproducibility of average size and shape of particles. The main principle for the synthesis of
nanomaterials is to generate a large number of nuclei and to control the growth and aggregation of
grains.

For a facile and effective control of crystalline phase and particle size, in-situ precipitation
and hydrothermal strategies, which favor the formation of nanoparticles, were used in this
research. Comparing with sol-gel, solid-state and other methods, the elimination of subsequent
steps greatly simplifies the hydrothermal synthesis method.®] Moreover, for the synthesis of
pristine g-CsNs we followed well known thermal condensation method and for the synthesis of
SrMoOs, a simple modified hydrothermal method was followed, and for the SrMo0QO4/g-C3N4
composite photocatalysts, a simple mixing and heating methodology was followed. The ZnAl-
LDH was synthesized by a simple hydrothermal method, and a facile, cost-effective, and simple
one-step microwave irradiation method was employed for the synthesis of ZnAl-LDH/g-C3N4
composites. In addition, a one-step simple hydrothermal method was used for the synthesis of
pristine Ce(M004), and Ce(Mo00a4)./g-C3sN4 composites. The pristine CdMoO4 was synthesized by
a simple hydrothermal method, and for the fabrication of CdMoO./g-C3sN4 composite
photocatalysts, a facile in-situ hydrothermal method was adopted. The detailed synthesis
procedures are discussed in the following chapters.

2.2 Techniques for characterization of nanomaterials

The morphology, structure, chemical composition and surface area of the synthesized
materials and their composites are determined by different characterization techniques, which are
described hereafter. The detailed explanation and interpretation of the results obtained by different
characterization techniques are discussed in the respective chapters.

2.2.1 Powder X-ray diffraction (PXRD)

PXRD technique is one of the most versatile techniques used to determine the crystal
structure of the materials. It is also employed to know the qualitative and quantitative analysis of
solid phases and provides information on the crystallite size of specific components. Besides, to
know the lattice constants and presence of foreign atoms in the crystal lattice of an active
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component of the catalyst. The PXRD spectrum is obtained by the interaction of a high energy X-
ray beam with the crystalline materials as depicted in (Figure 2.2), which satisfies the Braggs law.
Braggs Law is expressed by as following (equation 2.1).[]
nA = 2dsinf (2.1)
Where n = order of reflection
L = Wavelength of incident x-rays
d = Distance between planes

0 = Incident angle

A C
Incident x-rays Diffracied x-rays
A’ A A C’
A
A
6B &
L 3 e e
d
L 3 B »
Atomic-scale crystal lattice planes

Figure 2.2: Bragg's Law for X-ray diffraction.

The universal database is also known as the Joint Committee on Powder Diffraction
Standards (JCPDS), is used to identify the crystal structures of the materials.[’l The JCPDS is a
collection of standard PXRD patterns, which corresponds to the inter-planar distances of specific
crystallographic properties of the materials. In the present study, the powder X-ray diffraction
patterns of synthesized materials were recorded by the PXRD instruments, PANalytical Advance,
and Rigaku X-ray diffractometer. Corresponding data was collected in the scanning range of 26 =
10° to 80° by using Cu-ka radiation of (A=1.54 A°). The grain size can be determined from the

broadening of the diffracted beam using the Scherer’s formula (equation 2.2).[!
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Where t = Diameter of the grain
A = Wavelength of x-rays
0 = Diffraction angle
B = Full width half maximum (FWHM) of the diffraction peak.
The B is measured from the broaden peak at FWHM and obtained from Warren’s formula
(equation 2.3):
B? = B4 — B? (2.3)
Where, Bm = FWHM of the sample.
Bs = FWHM of a standard sample of grain size of around 2 pm.

2.2.2 Fourier transform infrared spectroscopy (FT-IR)

The infrared area of the electromagnetic spectrum includes radiation with wavelengths
ranging from 1-1000 microns. This range is allocated to 3 regions; Far IR (200 - 10 cm™), Mid IR
(4000 - 200 cm™) and Near IR (12500 - 4000 cm™). The common and majority of analytical
applications are limited to a portion of the middle region extending from 4000 to 400 cm™. The
absorption spectra in the infrared region originate from the transitions between vibrational (along
with rotational) levels of a molecule present in its ground electronic state upon irradiation with
infrared radiation.

The atoms in a molecule are never stationary and a good approximation is to treat them as
a combination of point masses held together by Hooke"s law of forces. By classical mechanics, it
can be shown that the displacements of the masses from their mean positions are always the sum
of the displacements due to a particular set of vibrations.®! If in these sets of vibrations the masses
are in phase and the motion of all the nuclei involved are such that the center of gravity of the
molecule remains unaltered, then such vibrations are known as the fundamental modes of vibration
of the molecule. Mostly, a normal mode is localized largely to a group within the molecule and
hence corresponds to stretching or bending of one or few bonds only and hence associated with
that particular functional group. Whether for the functional group or the entire molecule, the
vibrations are universally classified either as stretching or as bending types. Stretching vibrations,
which correspond to the oscillations leading to a change in the bond lengths, can be further sub-

divided into symmetric or asymmetric stretching vibrations. Bending vibrations are characterized
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by continuously changing the angle between the bonds and is further sub-classified as wagging,
rocking, twisting, or scissoring.

One of the primary requirements for vibrating molecules to interact with the oscillating
electric field of the incident radiation and to undergo a transition between two vibrational energy
levels is that the molecular dipole moment must change during the vibration. The intensity of the
absorption is determined by the magnitude of this dipole moment change. Owing to symmetry,
some of the vibrations in a molecule may not induce a change in dipole moment and hence are
transparent to infrared radiations i.e., IR inactive. In the present study, the FT-IR spectra of
synthesized materials were recorded by the Perkin Elmer (Spectrum 100) FT-IR
spectrophotometer with the KBr pellet method.

2.2.3 X-ray photoelectron spectroscopy (XPS)

XPS is a surface analytical technique; sometimes calls it an Electron Spectroscopy for
Chemical Analysis (ESCA), used to determine the elemental composition at the parts per thousand
ranges, chemical and electronic state of the elements that exist in the samples. When a beam of X-
ray is irradiated on the sample, the electrons are ejected from the surface and the kinetic energy of
the ejected electrons is calculated by using (equation 2.4).10

Kinetic energy = h — BE — ¢ (2.4)

Where hv = Energy of photons
BE = Binding energy of an electron
Atoms of a higher positive oxidation state show a higher binding energy due to the extra coulombic
interaction between the photo-emitted electron and the core ion. This ability to distinguish between
different oxidation states and chemical environments is one of the major strengths of the XPS
technique. The positions of the XPS peaks in the spectrum plotted as emission intensity vs. the
electron binding energy gives the information about the surface chemical composition of the
sample. Furthermore, the intensity of the peaks are related to the concentration of the element
within the sampled region. Thus, the technique offers a quantitative analysis of the surface
composition. In the present study, the XPS spectra of synthesized materials were recorded on the
VGS Thermo K-Alpha, and PHI 5000 Versa Probe 111 instruments with monochromatic Al Ka X-

ray radiation and all the obtained XPS peaks were fitted with Gaussian function.
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2.2.4 UV-Visible diffuse reflectance spectroscopy (UV-Vis DRS)

In UV-Vis DRS technique, when a powdered sample irradiates with UV or visible light,
the light can be reflected in all directions. Some portion of the light is scattered within a solid
sample and reverted to the surface is considered to be a diffuse reflection. Barium sulphate (BaSQOa4)
is used as a reference standard and it must be recorded prior to that of any other powder sample.*!
In the present study, UV-Vis-DRS studies of the as-synthesized materials were evaluated by using
Thermo Scientific Evolution 600 UV-Vis-NIR, and JASCO V-650 spectrophotometer where
BaSO4 was used as a reference.

16
12
Eg= 3.2 eV
o~
—
=
(=)
N’
4
o
v LJ ) ) % L) ;2 T L4 ] L I
2.4 2.8 3.2 3.6 4.0 4.4 4.8

hv

Figure 2.3: Determination of bandgap energy using Kubelka—Munk function.

The semiconductor bandgap energy can be determined by the following formula (equation 2.5)
and it has shown in (Figure 2.3):
ahd = A(hY — E )" (2.5)

Where A= Constant

h = Planck*s constant

Eq = Band gap energy

a = Absorption coefficient
v = Light frequency

The variable n depends on the type of optical transition caused by photon absorption. Eq (bandgap)
can be expected according to a plot of (a/kv)? Vs energy (hv). The ‘o’ was determined from the
Kubelka—Munk function (equation 2.6).[%
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Where ‘o’ is the reflection coefficient of the sample.
‘R’is the reflectance.

2.2.5 Fluorescence spectroscopy (PL)

Fluorescence is the best technique to study the luminescent properties of the materials,
where the molecules of the sample are excited by a certain wavelength of the light irradiation and
emit different wavelength radiation. The emission spectrum thus gives evidence for both
quantitative and qualitative analysis. Fluorescence spectroscopy is mainly concerned with the
electronic and vibrational states. The procedures which happen among the emission and absorption
of light are regularly verified by a Jablonski diagram named after Prof Alexander Jablonski,
regarded as the father of fluorescence.l*®l At each of these electronic energy levels, the
fluorophores can occur in a number of vibrational energy levels, depicted by 0, 1, 2, etc. The first
electronic excited state is generally depicted as, S1 as shown in (Figure 2.4). Once, the molecule
reaches this S: state, relaxation can occur via several pathways. Fluorescence is one of these
methods which results in the emission of light. Essential pathways are:

1. Collisional deactivation leading to non-radiative relaxation.
2. Intersystem crossing

3. Phosphorescence

4. Internal Conversion

5. Fluorescence

Relaxation of the molecules from the S; state to the So state with the emission of light is
called fluorescence and it has a short lifetime (~1071° to 107 sec). The wavelength of the emitted
light is dependent on the bandgap between the So and the S; states. An overall energy balance for
the fluorescence process could be written as following (equation 2.7).

Efiour = Eaps = Evib = Esow.retax (2.7)

Where, Ef;o,,-= Emitted light energy.

E,,s= Absorbed light energy by the molecule during excitation.

E,i»,=molecule energy is lost from vibrational relaxation E,;, re1ax = the difference in the energy
of various bands always corresponds to that between the lowest vibrational level of the first excited

state, and the ground state. For a given molecule, absorption energy is always greater than the
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fluorescence energy. Thus the emitted light is observed at longer wavelengths than the excitation.

This is known as Stokes shift.

Singlet excited states

R Vibrational
i ?;COH\CTSIOH rclaxation
S ihe . //
“ i Triplet excited state
4 7 v
S 4
D, ‘
[ 1 1
v
' ’ ' ' '
é; EF 1
S Intersystem : s 1R
R luorescence psst ing - ;
L ] ' ' '
Absorption Phosphorescence
s 3111}
] ] ' '
L) ' ]
' '
r '
' R '
; £2 Y 3
) \,_ | OF I
Ground 1S /ibrationa ‘
a—Telaxauo
state,S, [ v

Figure 2.4: Electronic transition energy level diagram: Jablonski diagram was adapted from the

website (https://www.quora.com/What-is-the-Jablonski-diagram).

In the present study, Photoluminescence (PL) spectra were measured on (PerkinElmer
LS45; Xe lamp; U.S.A.) instrument and the life of the photogenerated carrier was predicted with
the assistance of the time-resolved fluorescence lifetime (TRFL; FL920 Edinburgh Instruments;

U.K.).

2.2.6 Scanning electron microscopy (SEM)

SEM is a powerful technique that is classified under scanning probe microscopy (SPM); it
uses a focused beam of high energy electrons to give the morphological structure of the compound
by scanning.[**l The electrons collision with atoms in the compound surface gives several signals
that can be observed. It gives information about the orientation of materials making up the sample,
sample external morphology, and elemental composition. Finally, data is collected over a
particular area of the compound, 2D image is generated. SEM facilitates the analysis of samples

with a resolution down to the nanometer scale.
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In the present study, the morphological characteristics and chemical composition were
recorded on a scanning electron microscope (SEM), VEGAS, Tescon, USA integrated with an

energy dispersive X-ray spectrometer (EDS).

2.2.7 Field emission Scanning electron microscope (FE-SEM)

FE-SEM is a magnifying instrument equipped with field emitter and emission source. The
electron source produces the negative electrons with a large and stable current in the small beam
and, these electrons are freed on the sample in a zig-zag pattern to obtain surface morphological
properties of the sample.[*®] There are two classes of emission source: thermionic emitter and field
emitter. Field emitter type is the main difference between the SEM and the FE-SEM. In the present
study, the morphological characteristics and chemical composition are investigated by field
emission scanning electron microscope (FE-SEM; JEOL JSM-7000F instrument) integrated with
an energy dispersive X-ray spectrometer (EDS).

2.2.8 Transmission electron microscope (TEM)

TEM is an SPM technique in which electrons beam having the energy of the order of
hundreds of KeV is transmitted over an ultra-thin sample, interacting with the sample as it passes
through to provide morphological, topographical, compositional and crystallographic information
of the sample. An image is obtained from the interaction between electrons and sample; the image
is magnified and captured by a sensor. High-resolution TEM allows the researchers to outlook
samples on a molecular level in the order of a few angstroms (10°2° m), making it possible to
analyze structure and texture at a significantly high resolution. The TEM operates nearly on the
equal basic principles as SEM as both use electrons. In the present study, the morphology of the
as-synthesized materials was examined by using TEM; JEOL JEM-3010 instrument operated at
100 kV.

2.2.9 Energy-dispersive X-ray spectroscopy (EDS)

EDS is a quantitative and qualitative X-ray micro-analytical technique that can determine
the chemical composition of a sample. A beam of the electron is directed on the compound in
either SEM or TEM. The primary beam of electrons penetrates the compound and interrelates with

the compositional atoms. Bremsstrahlung X-rays, which means “braking radiation”, is denoted as
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characteristic and background X-rays. The X-rays are recorded by an Energy Dispersive detector

which shows the signal as a spectrum. ¢!

2.2.10 Surface Area Analysis (BET)
Nitrogen adsorption-desorption (BET) measurements of the synthesized materials were
carried out on (Quantachrome Autosorb 1; U.S.A.) instrument at 77 K and the specific surface
areas of the samples were determined by using the (Brunauer-Emmett-Teller) BET analysis. This
technique involves the adsorption and desorption of N2 gas onto the surface of the materials at its
boiling point. The number of gas molecules required to form a monolayer on the surface can be
calculated by using (equation 2.8).17]
1 _ 1 4 c—-1 *5
V(%_l) V,C ' VoC P

(2.8)

Where “P” and “Po” are the equilibrium pressure and the saturation pressure of N2 gas, “V” is the
volume of the gas adsorbed, “Vm” is the amount of monolayer of N2 adsorbed, and “C” is BET

constant. A monolayer of N2> molecules adsorbed and the BET constant are calculated from the

_r
P
1)

intercept and slope plot between v ”” against “P/Po”. The specific surface area of these porous

samples can be calculated by using the following (equation 2.9).

VinAm N
22414 sW (2'9)

Where “Am” is the cross-sectional area of N2 (16.2 x 102° m? for N2), “N” is the Avogadro number,

Specific surface area (m?g1) =

and “W” is the weight of the sample (g).

2.2.11 Thermo-gravimetric analysis (TGA)

TGA is a continuous procedure to contemplate the thermal degradation of materials. The
analysis includes the estimation of sample weight with respect to the reaction temperature based
on the programmed rate of heating. Along these lines, the mass of the sample reduces rapidly in a
narrow temperature range and ultimately levels off as the reactant becomes spent, which is shown
as residual mass. This estimation gives data about physical and chemical phenomena like phase
transitions, adsorption, and desorption, thermal decomposition, chemisorptions.[*®! In the present
study, TGA was carried out on a NETZSCH, STA-2500 Regulus thermo analyzer with a heating
rate of 10 °C/min (from RT-800 °C) under N2 atmosphere.
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2.3 Photocatalytic experiments

Photocatalytic technology attracts much attention due to the application on completely
removing environmental pollutants in wastewater and effluents. Unlike the conventional
biodegradable and activated carbon adsorption method, photocatalysis offers a powerful platform
for oxidation processes in the treatment of bio-resistant organic contaminants such as dye
wastewater by converting them into water and carbon dioxide.

To expand the application of photocatalysts, Rhodamine B (RhB), Methylene blue (MB),
and Ciprofloxacin (CIP) were chosen as model pollutants for the study of photocatalytic activity.
The photocatalytic activities of all the synthesized samples were evaluated by monitoring the
photocatalytic degradation of RhB, MB, and CIP in an aqueous solution under direct sunlight and
35W Xe Arc Lamp. In each experiment, 100/50/30 mg of photocatalyst was added to 100 mL or
50 mL respective pollutant solution with a concentration of 5/10/20 mg L. Prior to irradiation,
the suspensions were magnetically stirred in the dark for 30 min to achieve adsorption equilibrium
between the pollutant/dye molecules and the photocatalyst. At given irradiation time intervals, the
suspensions were periodically withdrawn and centrifuged to separate the photocatalyst particulates
for analysis. The filtrates were analyzed by recording variations at the wavelength of maximal

absorption in the UV-Vis spectrophotometer.
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Chapter 111
Development of versatile CdMo00O4/g-C3sN4 nanocomposite for
enhanced photoelectrochemical oxygen evolution reaction and
photocatalytic dye degradation applications

3.1 Introduction

Nonrenewable energy sources depletion and scarcity of energy for future needs are the big
issues to the humankind. Several technologies like photocatalysis (PC), electrocatalysis (EC), and
photoelectrocatalysis (PEC) are widely developed in recent years to address the above issues.
Among the developed technologies PEC water splitting and CO; reduction are the best ways to
generate clean and sustainable energy with more efficiency.[*2 PEC water oxidation and reduction
reactions are widely accepted and most promising routes to fulfill the future energy demands
because it can utilize solar energy to generate clean, sustainable and environment-friendly
hydrogen at the cathode and oxygen at the anode (OER) of an electrolytic cell.>4 Though being
one of the half-reaction, OER becomes the key step to limit the overall efficiency of water
electrolysis and PEC is critically essential to diminish the energy barrier and it requires more
kinetic energy for four electron transfer reaction.[®% Tremendous efforts have been put recently to
develop the highly efficient PEC with reduced overpotential having a small Tafel slope. In this
aspect noble metal oxide based EC such as Ruz0, IrO; are widely used for water oxidation
reactions in both acidic as well as alkaline medium.[" 8!

Due to less abundance and more expensive nature, the use of these noble metal oxides are
limited. Recently scientists are focused on various types of non-noble metal oxides for high-
performance PEC-OER which are cheaply available and more efficient also.® Y1 On the other
hand, water reservoirs such as lakes and rivers are being contaminated with an assortment of
microbial, inorganic and organic impurities. For example, the presence of personal care products,
pharmaceuticals, textiles, dyes and pesticides.*? It is a very big challenge for the complete
elimination of these contaminants by conventional water treatment approaches. However, in recent
years heterogeneous photocatalysts has gained more attention as a prospective approach to deal
with the environmental pollution and global energy crisis because of it is green, economic, and
efficient approach towards pollutant removal and clean energy production by the utilization of

solar energy.[*3-2°]
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Several heterogeneous photocatalytic materials such as d-block metal oxides, oxynitrides,
and sulfides have been developed to address the above issues. Even though, there are serious
shortcomings in heterogeneous photocatalysts because of their high fabrication costs, fast charge
recombination, photo corrosion, poor reusability, and less selectivity to the target pollutants. To
solve above disadvantages, the current trend to improve the selectivity, efficiency, and stability of
heterogeneous photocatalysts.[**17] In recent years, metal free, two-dimensional (2D) polymeric
graphitic carbon nitride (CN) recognized as a notable heterogeneous photocatalyst, because of its
attractive intrinsic properties, such as suitable bandgap (2.7 eV) for harvesting more light energy,
tunable electronic structure, more elemental abundance, superior chemical and thermal stabilities,
cost effective synthesis and ecofriendly nature.!*®*l Having these amazing properties, it has been
used in numerous photocatalytic applications, including degradation of environmentally hazardous
pollutants, solar water splitting to produce O and Ha, reduction of CO., sensors, and catalysts for
selective organic transformations.[?°?* Even though, there are some limitations for its practical
applications because of the more recombination of photo-induced excitons and less charge transfer
capacity towards the catalyst surface. Hence, modification of CN towards the formation of
composites with other semiconductors, doping, loading with metals and changing the morphology
are developed for the enhancement of the photocatalytic activity of CN.[22-27]

In metal molybdates family (MMoOs, M = Pb, Cd, Ba, Na), cadmium molybdate (CMO)
has gained significant attention recently, because of its excellent chemical, optical, electronic, and
structural properties gives an advantage for its potential applications towards heterogeneous
photocatalysis for environmental remediation and clean energy production.?®-3 Unfortunately,
CMO is active under UV light illumination because of its wide bandgap range (3-4 eV). In this
regard, lot of strategies have been employed to enhance the absorbance capacity towards visible
light active photocatalyst for CMO.224 Among the developed methods, the construction of Z-
scheme heterojunction with CMO and visible light active and well-matched band energy levels of
CN is one of the better ways to inhibit the recombination of photo-induced excitons, increase the
light absorption capacity, and enhance the photocatalytic activity. Besides, the valance band (VB)
and conduction band (CB) edge potentials of CMO are lower than those of CN, which supports
the well matched energy band structure that is advantageous for the construction of a Z-scheme
heterostructure. Bo Chai et al. reported recently a fabrication of CdMoQO4/g-C3Na4 heterostructure

composite photocatalyst via a precipitation-calcination process for the photocatalytic dye
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degradation. Zhao et al. also reported the synthesis of CdMO4/g-C3N4composite via simple mixing
and calcination method for CO- reduction as well as dye degradation.[27-35-3€]

In the present work, we have successfully fabricated CMO microspheres on the CN sheets
through a simple one-pot in-situ hydrothermal method. The optimized CMO/CN composite
photocatalyst show remarkable performance in the PEC-OER and photocatalytic degradation of
MB under light illumination, compared with those of pure CMO and CN. Moreover, we have
studied the effect of CMO loading on the photocatalytic and PEC properties. Based on our
experimental results we have proposed a possible photocatalytic degradation mechanism and role
of the photogenerated reactive species analyzed by the trapping experiments. To the best of our
knowledge, this is the first report for the fabrication of CMO/CN heterojunction composites by a
simple one-pot in-situ hydrothermal approach for the potential PEC-OER and photocatalytic
degradation of MB dye under light illumination.

3.2 Experimental section
3.2.1 Materials and method

Melamine (Otto Kemi, 98.0%), cadmium nitrate tetrahydrate (Aldrich, 98.0%), ammonium
molybdate tetrahydrate (Finar, AR grade), polyethylene glycol 600 (Merck, for synthesis), silver
nitrate (Aencore 99.8%), isopropyl alcohol (Choneye, extra pure 99.9%), EDTA-2Na (Panreac,
90.0%), benzoquinone (Aencore 99.8%) and methylene blue (Aldrich, 85.0%). All reagents used
in this work were analytically pure and no need for further purification. Double distilled water was

used for making all aqua solutions.

3.2.2 Synthesis of bulk CN

The bulk CN was prepared by a thermal condensation method using melamine as a
precursor for carbon and nitrogen source. Concisely, in an alumina boat, 5 g of melamine was
placed and calcinated at 550 °C for 2 h in a programmable tubular furnace with a heating rate of 5
°C/min at room temperature. Subsequently, the obtained light yellow-colored product was ground

into a fine powder and collected for further use.

3.2.3 Synthesis of CMO/CN composite photocatalyst
A simple in-situ hydrothermal method was adopted for the fabrication of CMO/CN
composite PC. Briefly, taken 30 mL of double distilled water with the calculated amount of CN

was dissolved, and kept stirring at room temperature for 30 min. Subsequently, 1 mmol of
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cadmium nitrate tetrahydrate (Cd (NO3)..4H20) was added and continued stirring for another 30
min and mark as solution A. Simultaneously, to the 30 mL of polyethylene glycol and 1 mmol of
ammonium molybdate tetrahydrate ((NH4)sM07024.4H.0) was added and stirred for 30 min at
room temperature, and mark as solution B. Then, solution B was added drop by drop to the solution
A while stirring and continue for 1 h, at room temperature. Afterward, the total reaction mixture
was transferred to pre-cleaned Teflon lined autoclave and kept in a microprocessor-controlled
programmable oven and maintain the temperature for 6 h at 160 °C with a heating rate of 3 °C/min.
After cooling to room temperature, the product was washed with ethanol several times and kept
for drying in a hot air oven. Based on the above method we have synthesized successfully a series
of CMO/CN composite PC with the different CMO to CN ratio of 5, 10, 15 wt% and named as
CMO/CN-5, CMO/CN-10, CMO/CN-15. For the synthesis of pure CMO, the same method was
followed in the absence of CN. A detailed schematic representation of the synthesis methodology

is exemplified in Scheme 3.1.

550°C/2h ]6DOC/6h
~
Thermal I[-]ydlmtherrma]l -
condensation treatment

Melamine Bulk g-C,N, .Cd(NO3)Z4HzO (NH4)6M07024 CdMoO,/g-C,N,
" = H,0 = PEG

Scheme 3.1: Schematic representation of fabrication of CMO/CN composite.

3.2.4 Electrochemical measurements

The EC and PEC measurements were performed in a three-electrode system controlled by
potentiostat/galvanostat CHI, 6273D workstation. The electrodes are immersed in 1M H2SO4
electrolyte, synthesized catalyst coated over glassy carbon electrode with active surface area of
0.071 cm? as working electrode (WE), Ag/AgCI (in sat KCI) as reference electrode (RE), and
platinum (Pt) as counter electrode (CE). The PEC characterization was performed using 35 W Xe
arc lamp illuminating backwards. Before, electrochemical characterization the electrolyte solution
was saturated by purging N2 gas for 20 minutes. Cyclic voltammetry (CV) was performed at scan
speed of 50 mV s followed by Linear sweep voltammetry (LSV) was recorded at a scan speed of
5 mV st without iR-correction. Based on Nernst equation the potentials were converted to
Reversible Hydrogen Energy (RHE) (Erxe = Eagiager + 0.0591pH + 0.198). Electrocatalyst ink was
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prepared by dissolving 10 mg of catalyst in 150 ul of DI water with 20 ul of 5% Nafion were added
and ultrasonicated for 30 min. A known amount of catalyst was drop caster over the glassy carbon

electrode and dried in room temperature.

3.2.5 Photocatalytic dye degradation experiments

The photocatalytic activity of the fabricated pure CN, CMO, and CMO/CN composite
photocatalysts were evaluated by their degradation efficiency of an organic pollutant (MB) in
aqueous media by using 35 W Xe arc lamp as a light source. Maintaining the temperature 30 °C
for the photocatalytic reaction system, a jacketed beaker with external water circulating system
was used. For every test, 50 mL of MB 10 ppm (10 mg/L) solution was taken and 50 mg of
photocatalyst powder was added. To establish the adsorption/desorption equilibrium between the
fabricated photocatalyst and dye solution, the above mixture solution was stirred under the dark
condition for 30 min before the light irradiation. At every 20 min irradiation time intervals, 2-3
mL of solution was withdrawn from the reaction mixture and centrifuge to separate the catalyst
and dye solution for the determination of the concentration of the MB after the degradation process
by measuring its absorbance at 663 nm using UV-vis spectrophotometer (Evolution 220). With the
increasing of photocatalytic degradation reaction time, the concentration of the dye solution was
an inversely proportional way. Besides, to understand the photodegradation reaction pathway of
fabricated composite photocatalysts, trapping experiments were performed under similar
experimental conditions as mentioned above, but the addition of different quenchers such as
disodium ethylene diamine tetraacetate (EDTA-2Na) for h*, isopropyl alcohol (IPA) for hydroxyl
radicals ("OH), benzoquinone (BQ) for superoxide anion radicals (O2"), and silver nitrate (AgNO3)
for electrons (e) respectively was added to the reaction mixture before starting the photocatalytic

degradation process.

3.3 Results and discussions
3.3.1 PXRD, FT-IR, and TGA studies

To know the crystal structures of synthesized photocatalysts, PXRD studies are carried out
for the pure CN, CMO, and CMO/CN composite photocatalysts and the results are depicted in
Figure 3.1(a). For the CMO, all major diffraction peaks are observed strong and sharp which are
in tetragonal phase and well agree with the standard JCPDS card number (07-0209) because of the
distinctive diffraction peaks of (112), (004), (200), (211), (204), (220), (116), (312), (224), (008),
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(400), and (316) crystal planes correspond to 26 at 29.23°, 31.95°, 34.79°, 39.92°, 47.94°, 50.01°,
55.23°, 58.96°, 60.56°, 66.76°, 73.41°, and 77.67° respectively. From the diffraction data, any
extra impurity peaks are not recognized, which suggests the formation of the pure tetragonal phase
of CMO.E% For the CN, the major peak observed at 27.6° which is (002) plane responsible for the

o
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interplanar stacking of CN and small diffraction peak which is appeared at 13.2° corresponds to
the in-plane motifs of (001) plane.[*®! In composite materials both the phases of CMO and CN are
observed which confirms to the successful formation of CMO/CN composite photocatalyst.
Moreover, in Figure 3.1(b), it is noticed that with the increasing CMO amount on CN the
diffraction peak at 29.23° intensity increases in CMO/CN composite photocatalysts. Besides the
CN major peak which is appeared at 27.6° intensity was decreased with the decreasing amount of
CN in CMO/CN composite photocatalysts which tells that the co-existence of CMO and CN in the
synthesized CMO/CN composite photocatalysts. Also, it was observed that all the crystalline
diffraction peaks of CMO are shifted to higher diffraction angles after adding CMO into CN which
suggests that the formation of heterojunction between CMO and CN.

To distinguish the structural vibrations, composition and functional groups present in the
fabricated photocatalyst materials FT-IR studies were carried out and depicted in Figure 3.1(c).
For FT-IR absorption spectra of CN, the sharp and major characteristic peak at 807 cm
corresponds to s-triazine ring stretching vibrations and the peaks at 1570, 1416, 1325, and 1247
cm are attributed to the aromatic C-N stretching vibrations, the peak at 1638 cm™ belongs to CN
stretching vibrations. Besides, the broadband which appeared at 3100-3300 cm™ can be assigned
to stretching vibrational modes of residual amino (N-H) fragments.*#2 For CMO, the sharp band
at 438 cm™ and broadband at 790 cm™ correspond to the bending and asymmetric stretching
vibrational modes of Mo-O-Mo and Mo-O in the MoOs? tetrahedron group respectively.
Meanwhile, the strong absorption band appears at 3430 cm™ which is ascribed to the O-H
stretching vibrations and peaks at 1426 and 1621 cm™ assigned to H-O-H bending vibrations
respectively due to the surface adsorption of water molecules.**“° In the FT-IR spectra of
CMO/CN composite photocatalysts, the characteristic band of CMO at 790 cm™ and characteristic
peak at 807 cm™ of CN are mixed, we can clearly observe that with the increase in the CMO
amount those peaks are expanded. The absorption bands of CMO are mixed with those of CN,

which further confirm the formation of CMO/CN composite photocatalysts.
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TG analysis was carried out under the N> atmosphere to further confirm the amount of
CMO loaded in the fabricated CMO/CN composite photocatalysts, and results depicted in Figure
3.1(d). For the CN, the mass loss region identified in the range of 530 °C to 750 °C which is 100
% due to the burning of pure CN.!8! There is no mass loss identified for the CMO and stable up to
800 °C. TGA plot for the CMO/CN composite photocatalysts are giving clear information about
the loaded composition of CMO into CN moiety. The amount of CMO in the CMO/CN composite
photocatalysts can be easily estimated from the residual weight after heating to 800 °C.[47]
Therefore, the weight loss regions of CMO in CMO/CN-5, CMO/CN-10, and CMO/CN-15
composite photocatalysts are detected as 6.2, 11.4, and 17.8% respectively. From the TGA studies,

the formation of CMO/CN composite is further confirmed.
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Figure 3.1: (a) PXRD patterns of synthesized CN, CMO, and CMO/CN composite photocatalysts,
(b) respective expanded PXRD patterns in the range of 26=20°-40°, (c) FT-IR analysis of CN,
CMO, CMO/CN composites photocatalysts, and (d) TGA analysis of CN, CMO and CMO/CN
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composite photocatalysts.
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Figure 3.2: SEM images of (a) CMO, (b) CN, (c) CMO/CN-10 composite photocatalyst, TEM
iamge of (d) CMO/CN-10 composite photocatalyst, EDS elemental analysis of (¢) CN, (f) CMO,
() CMO/CN-10 composite photocatalysts, and EDS elemental mapping images of (h-m)
CMO/CN-10 composite photocatalysts.

To understand the surface morphology and elemental composition of the synthesized CN,

CMO, and CMO/CN composite photocatalysts, SEM analysis was performed as shown in Figure
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3.2, Figure 3.2(a) represents the SEM image of CMO with small spherical like morphology.
Similarly, Figure 3.2(b) depicts the SEM image of CN having identical sheets like morphology.
While, there is no crash of morphology being observed in CMO/CN-10 composite photocatalyst,
and it represent the both of parent morphologies of CMO and CN, respectively. In Figure 3.2(c)
the yellow circles indicate the spherical form of CMO and rest of the part corresponds to CN. The
transmission electron microscope (TEM) analysis were carried out to analyze the formation of
CMO/CN-10 heterojunction and shown in the Figure 3.2(d). From the EDS elemental analysis, it
was noted that all the elements of CN and CMO are present in the CMO/CN-10 composite
photocatalyst as depicted in Figure 3.2(e-g). From the EDS elemental mapping analysis of
CMOI/CN-10 confirms the presence of constituent elements in the composite as shown in Figure
3.2(h-m).

3.3.3 UV-Vis DRS, PL, TRFL, and BET studies

To describe the optical properties of fabricated CN, CMO, and CMO/CN composite
photocatalysts, UV-Vis DRS analysis was performed and shown in Figure 3.3(a-b). As depicted
in Figure 3.3(a), for the CN absorption edge at 467 nm, although, optical absorption for CMO
displayed at the UV region around 369 nm, which is well coordinated with PL spectra values.
After CMO hybridizing with CN, the absorption edge values lie between those of CMO and CN.
A little blue shift in the absorption edge was observed after adding CMO to CN, demonstrating
that CMO has a strong interface with CN. Moreover, compared to CMO the absorption edge shifts
towards higher wavelength region after hybridizing with CN. Although, with the increase in the
amount of CMO on CN the absorption edge was gradually shifted toward the lower wavelength
region which further confirms the formation of heterojunction between two semiconductors. The
more absorption capacity of the CMO/CN composite photocatalysts can, therefore be responsible
for the more photogenerated charge carriers need for the photocatalytic degradation of MB solution
as well as OER performance. Furthermore, the bandgap energies of CN, CMO and CMO/CN-10
composite photocatalyst are shown in Figure 3.3(b). From the Tauc plot, the calculated bandgap
energies are 2.68, 3.31, and 2.71 eV respectively and tabulated in Table 3.1.
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Table 3.1: Calculated Band gap energy, pore volume and surface area values of fabricated

photocatalysts.

Photocatalyst Band gap (eV) Pore volume (cc/g) Surface area (m?/g)
CN 2.68 0.0084 19.23
CMO 3.31 0.009 2.48
CMO/CN-10 2.71 0.0032 7.68

The PL and TRFL studies were carried to examine the electron-hole pair recombination
rate as well as the average lifetime of the photogenerated electrons at room temperature for the
synthesized CN, CMO, and CMO/CN-10 composite photocatalysts and shown in Figure 3.3(c-d).
Generally accepted and well known that the intensity of the PL emission peak is directly
proportional to the recombination probability of the photogenerated excitons. As depicted in
Figure 3.3(c), the excitation and emission wavelengths of as-prepared CMO are 310 and 370 nm
respectively. This is because of the charge- transfer transition between ligand orbital of (O) to the
metal orbital of (Mo 4d) within the MoO42 complex, which is known as ligand to metal charge
transfer process (LMCT) in the CMO structure.*®! For the CN, excitation and emission values are
365 and 465 nm respectively.

High emission peak intensity of CN indicates the more recombination of photogenerated
excitons.[* However, it was noticed that the PL intensity was suppressed remarkably after the
addition of CMO on CN owing to the formation of interfacial charge transfer between the two
photocatalysts through Z-scheme which facilitates suppressing the photogenerated excitons
recombination.t®® Moreover, the TRFL studies were used to understand the role of the interface
on the dynamics of the photogenerated excitons. As shown in Figure 3.3(d), the decay curves of
CN, CMO, and CMO/CN-10 composite photocatalysts are fitted with a ‘bi-exponential’ function

as following (equation 3.1).10]
Fit = B + A; exp (;—lx) + A, exp (;—Zx) (3.1)

Where B is the exponential constant, A; and A are the constants related to non-radiative
and radiative processes respectively, and t; and t, are the shorter and longer decay lifetimes for
non-radiative and radiative relaxation process. The average lifetime of the excitons was estimated

from the following (equation 3.2).551
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List of fitted parameters like shorter and long lifetime components ‘t;” and ‘t2” along with
average lifetime ‘ta,’” of CMO, CN, and CMO/CN-10 are depicted in Table 3.2.

Table 3.2: Calculated relative contribution percentages of lifetimes t; and t> and tay

Photocatalysts = A1 (rel. %) t1 (ns) Az (rel. %) t2 (ns) tav (NS)
CN 3.05 3.36 0.16 13.04 3.85
CMO 9.56 1.23 9.56 1.23 1.23

CMO/CN-10 0.09 21.21 2.77 3.96 4.50

The calculated average lifetime of CMO/CN-10 is 4.50 ns, which is more than CN 3.85 ns,
and much higher than CMO 1.23 ns. Owing the improvement of an average lifetime of
photogenerated excitons are supports the formation of strong heterojunction between the CMO
and CN in CMO/CN-10 composite photocatalyst. Moreover, having less PL emission intensity
and more lifetime of photogenerated excitons leads to enhance the photocatalytic activity of
CMO/CN-10.

The surface area, pore diameter and pore volume of the synthesized CN, CMO and
CMOI/CN-10 composite photocatalysts were analyzed using nitrogen adsorption measurements.
Before the measurements the sample was degassed for 12 h at 150 °C and depicted in Figure 3.3(e-
f). As shown in Figure 3.3(e), nitrogen adsorption isotherms of CN, CMO and CMO/CN-10 along
with pore size distribution as shown in Figure 3.3(f). Compared to CN and CMO, the CMO/CN-
10 composite surface area was decreased and CN is responsible for surface area enhancement and
CMO is responsible for surface area decline. The surface area and pore volumes of CN, CMO, and
CMOJ/CN-10 are determined to be 19.23, 2.48, and 7.68 m?/g and 0.0084, 0.009, and, 0.0032 cc/g
respectively. Besides, the complete list of surface area and pore volume are depicted in Table 3.1.
However, the surface area of CMO/CN-10 was found to be lesser than the CN and CMO. The
CMO is responcesible for the surfac earea decreases in CMO/CN-10 composite. Many other
factors are responsible for the better photocatalytic activity of composite photocatalyst rather than
surface area and more importantly CMO and CN plays a key role in enhancing the photocatalytic
activity by supressing the recombination of photogenerated excitons. The same type of results are

reported by earlier researchers as well.[5253
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Figure 3.3: (&) UV-Vis DRS spectra of CN, CMO, and CMO/CN composite photocatalysts, (b)
Tauc plots of CN, CMO, and CMO/CN composite photocatalysts, (c) PL spectra of CN, CMO, and
CMO/CN composite photocatalysts, (d) time resolved fluorescent lifetime of CN, CMO, CMO/CN-
10 composite photocatalysts, (e) nitrogen adsorption isotherms of CN, CMO, CMO/CN-10

composite photocatalysts, and (f) respective pore size distribution.
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3.3.4 XPS studies

To further confirm the valance states and elemental composition of the fabricated CN,
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CMO and CMO/CN-10 composite photocatalysts are analyzed by assisting with XPS and results
are depicted in Figure 3.4(a-f). As shown in Figure 3.4(a), the survey spectrum of CN, CMO, and
CMOI/CN-10 composite photocatalysts display the existence of corresponding elements Cd, Mo,
N, C, and O with sharp photoelectron peaks appearing at binding energies of 404.86 eV (Cd 3d),
232.76 eV (Mo 3d), 396.87 eV (N 1s), 285.80 eV (C 1s), and 529.82 eV (O 1s) respectively, which
evidences the CMO and CN are existing in the fabricated CMO/CN-10 composite
photocatalysts.*>541 The high resolution C 1s XPS spectra of CN and CMO/CN-10 composite are
depicted in Figure 3.4(b), and further deconvoluted into three peaks with binding energies of
284.73 eV, 288.15 eV, 289.27eV and 285.18 eV, 287.76 eV, 289.54 eV corresponds to surface
adventitious carbon, sp? hybridized aromatic ring carbon (N-C=N), and sp® carbon of C-N-C
groups, which indicates the existence of CN in the CMO/CN-10 composite respectively.[*l High
resolution N 1s XPS spectra of CN and CMO/CN-10 composite are shown in Figure 3.4(c), which
is deconvoluted into three peaks with binding energies of 398.59 eV, 399.60 eV, 404.74 eV, and
398.03 eV, 399.50 eV, 405.58 eV corresponds to the triazine rings which are having sp? hybridized
N, tertiary N bonded to C (N-(C)3), and amino groups (C-N-H), are in the CMO/CN-10 composite
respectively. Figure 3.4(d), depicts the high resolution XPS spectra of Cd 3d in the CMO and
CMO/CN-10 composite photocatalyst, which are further deconvoluted into two doublets with two
different oxidation states of Cd®* and Cd?*. The peak appears with binding energies at 406.43 eV,
414.77 eV corresponds to Cd 3ds, of Cd®" and the peaks appears with binding energies at 405.10
eV, 411.99 eV corresponds to Cd 3ds/, of Cd*? valance ions in CMO. While, for the CMO/CN-10
composite photocatalyst, the peaks displayed at binding energies of 406.28 eV, 413.00 eV
corresponds to Cd 3ds, of Cd®* and the peaks displayed at binding energies of 404.88 eV, 411.54
eV corresponds to Cd 3ds, of Cd?* in the Cd valance ions. Here Cd** peak is the dominating.
Compared to CMO, in CMO/CN-10 composite the binding energies are shifted towards less
energy region, due to the formation of composite.>5-7],

Figure 3.4(e), shows the high resolution XPS spectra of Mo 3d in CMO and CMO/CN-10
composite, which are deconvoluted into two doublet peaks which are having two specific oxidation
states Mo®* and Mo®*. The peaks appear at 232.63 eV, 236.68 eV are assigned to the Mo 3dsz
which are characteristic of Mo valance ions in the Mo®" and the peaks appear at 231.98 eV, 235.23
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eV are assigned to Mo 3dsj, which are characteristic of Mo valance ions in the Mo®>* of CMO.
Whereas, the peaks at the binding energies of 232.57 eV, 236.65 eV corresponds to the Mo 3ds/2
of Mo®" and the peaks at the binding energies of 231.58 eV, 243.30 eV corresponds to the Mo 3ds
of Mo oxidation states of CMO/CN-10 composite photocatalyst.
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Figure 3.4: (a) XPS survey scan of CN, CMO and CMO/CN-10. (b) Cd 3d, (c) Mo 3d, (d) N 1s (e)
C 1s, and (f) O 1s spectra of CMO/CN-10 composite photocatalyst.
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From the above findings concludes that after the formation of composite the binding
energies are shifted to low energy region.®®-¢° High resolution O 1s XPS spectra of CMO and
CMO/CN-10 are shown in Figure 3.4(f), for the CMO and CMO/CN-10 two deconvoluted peaks
which appears at binding energies of 530.30 eV, 532.16 eV and 531.73 eV and 533.59 eV
correspond to the O anions, chemisorbed O species, and C-O bonds, respectively. Compared to
CMO, the CMO/CN-10 composite the binding energies are shifted to higher energy. The above
XPS results further confirms the formation of CMO/CN composites with intimate interfacial
contact between CMO and CN respectively. Moreover, these XPS results are corelates with the
PXRD and TEM results and supports the formation of CMO/CN composites.

3.3.5 Electrochemical and Photo-assisted electrocatalytic OER activity

Figure 3.5(a) shows the redox couples (oxidation-reduction peaks) of CN, CMO, and
CMOI/CN-10 by performing CV in the potential range of -1.0 to 2.0 V using three-electrode
system. The oxidation and reduction peaks are assigned to reversible electrochemical reactions
related to Cd-O/Cd-O-O-OH. According to standard redox potential, potential at 0.37 V the CN
dissociate to (CN)2 + 2 H" + 2 e = 2 HCN and Potential at -0.658 V denotes the reduction of Cd
(OH)* 4 + 2e = Cd + 4 OH for CMO and CMO/CN-10 electrocatalyst, were as transition metal
Mo does not directly involve in redox reaction but enhances the conductivity of the
electrochemical performance of the electrodes.l®! Potential at 1.49 V denotes water oxidation
2H,0 + 2 e = Hz + 20H". Figure 6b shows the LSV of the electrocatalyst series recorded at 5mV
st under dark condition showing higher onset potential of 2.01 V vs RHE for CN and CMO
samples, for composite series the onset potential slightly reduced to 1.95 V for CMO/CN-10 with
maximum current density of 9.76 mA cm2and the results were tabulated in Table 3.3.

Table 3.3: Calculated values of current density, onset potential under dark and light conditions,
and over potentials of the fabricated pure as well as composite photocatalysts.

Material Current Current Onset Onset Over
density in density in Light = Potential in | Potential in Potential

dark (mA/cm?) dark Light (M10)

(mA/cm?)

CN 8.56 28.1147 2.01 1.88 0.8016

CMO 9.13 41.3850 2.01 1.84 0.7642

CMO/CN-5 8.28 43.3465 1.96 1.76 0.7223

CMO/CN-10 9.76 52.7450 1.95 1.77 0.7097

CMO/CN-15 8.52 52.8778 1.96 1.79 0.7132
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Under dark condition, the catalyst series struggles to attain the current density of 10
mA/cm? as shown in Figure 3.5(b). In order to enhance the performance of the electrocatalyst,
photo-assisted electrocatalytic OER activity was performed by illuminating 35 W Xe arc lamp
over the electrocatalyst, and similar studies are published by our group.%283 Figure 3.5(c) shows
the LSV of electrocatalyst series upon light illumination, the onset potential of CN and CMO
samples reduced to 1.88 V and 1.84 V vs RHE with overpotential (1) at current density 10 mA/cm?
shows 0.80 V and 0.76 V and for composite series the onset potential reduced to 1.76, 1.77, and
1.79 V vs RHE with overpotential () of 0.72, 0.70, 0.71 V for CMO/CN-5, CMO/CN-10,
CMO/CN-15 samples.®%1 On comparing the performance of the electrocatalyst under light
condition, CMO/CN-10 catalyst shows least onset and overpotential with the maximum current
density of 52.74 mA/cm? and the results are tabulated in Table 3.3. As shown in Figure 3.5(d) the
Tafel plots of CN, CMO, and CMO/CN series of samples and the results were extracted from
polarization LSV curves given by n=blog (j/jo) were “n” denotes the overpotential “b” is the Tafel
slope and “j/jo” denotes the current density and exchange current density.[®® Smaller Tafel value
indicates the fastest OER reaction rate here CMO/CN-10 shows the least Tafel value of 283 mV
dec, whereas CMO/CN-15 (313 mV dect), CMO/CN-5 (337 mV dec?), CMO (380 mV dec™?)
and CN (386 mV dec™) it’s clear from the plot that CMO/CN-10 shows better performs than other
catalyst series.

Electrochemical impedance spectra (EIS) was performed in dark and light condition to
investigate the charge transfer properties, performed in high frequency range of 100 kHz to low
frequency of 100 Hz in 0.01 V amplitude. The spectra were fitted with equivalent circuit model
and provided in the graph, the smaller semicircle diameter is directly reflecting charge transfer
resistance Rct between the photoanode and electrolyte. Figure 3.5(e) shows EIS in dark for CN and
CMO catalyst shows large charge transfer resistance Ret of 15 Q and 11.81 Q, were as in light
condition shown in Figure 3.5(f) the Rct values are reduced to 12. 56 Q for CN and 10.04 Q for
CMO this clearly denotes that under the light condition the charge transfer properties are improved
greatly. For the composite catalyst series, the resistance of 10.92 Q, 7.59 Q, and 9.76 Q, for
CMO/CN-5, CMO/CN-10, and CMO/CN-15 in dark condition, were as under light the resistance
0of 5.91 Q, 5.72 Q, and 5.78 Q for CMO/CN-5, CMO/CN-10, and CMO/CN-15 respectively.
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Figure 3.5: (a) Redox pairs of CN, CMO, and CMO/CN-10 composite electrocatalysts, (b, c) LSV
of CN, CMO, CMO/CN-5, CMO/CN-10, and CMO/CN-15 composite electrocatalyst series
performed under dark and light condition, (d) Tafel plot extracted from LSV of light, and (e, f) EIS
of CN, CMO, CMO/CN-5, CMO/CN-10, and CMO/CN-15 composite electrocatalyst series
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Figure 3.6: (a) ECSA of CN, (b) CMO, and (c) CMO/CN-10 composite electrocatalysts performed

under light and their corresponding linear fitted curves at 0.8V vs RHE.
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The Electrochemical active surface area (ECSA) of electrocatalyst were estimated from the
double layer capacitance (Cdl), the Cdl were performed in light condition running CV in non-
faradaic region, in the potential range of 0.6 V to 1.0 V vs RHE in increased scan rate of 25 mV s
! to0 200 mV s? for CN, CMO and CMO/CN-10 samples. The double layer charging current
response of the electrocatalyst increase as of the scan rate increases from 25 mV s to 200 mV s
and it is given by formula 1=V cdl. The current density vs voltage curves were shown in Figure
3.6(a) and the double layer capacitance values were estimated by plotting the Aj(ja-jc) at 0.8 V vs
RHE against the scan rate, where the slope is twice Cq1."] The best electrocatalyst CMO/CN-10
shows the value of 0.954 mF cm2 with the high active surface area. The Figure 3.6(b-c) shows
less activity with the values of 0.328 mF cm™ for CMO and 0.184 mF cm™ for CN.

3.3.6 Photocatalytic dye degradation studies

The photocatalytic activities of fabricated CN, CMO, and CMO/CN composite
photocatalysts were investigated for the degradation efficiency of MB, a generally used dye, in
water under light irradiation. The results are depicted in Figure 3.7. We conducted a photolysis
reaction under light in the absence of catalysts which indicates that the photo-stability of MB.
Although the catalytic reaction under dark condition (without light source) further confirms that
the MB photocatalytic degradation occurs with the combination of light and catalyst are the major
priorities. As shown in Figure 3.7(a), time dependent UV-Visible absorption spectrum for
photocatalytic degradation of MB over the CMO/CN-10 under dark as well as light, in that MB
shows characteristic absorption peak at 663 nm for the photocatalytic degradation curves of CN,
CMO and CMO/CN composite photocatalysts with MB following trend was observed as shown
in Figure 3.7(b). CMO/CN- 10 > CMO/CN-15 > CMO/CN-5 > CN > CMO respectively. Figure
3.7(c) clearly indicates the degradation of MB follows pseudo-first-order reaction kinetics model
as shown in (equation 3.3).

—In (C;/Co) = k¢ (3.3)

Where C; and Co are the concentrations of MB at time t and initial concentration, k is the
rate constant. The kinetic plots against —In (Ct/Co) vs irradiation time, the slope of the linear fit
curve gives information about the rate of degradation reaction. The degradation reaction rate
constant of CMO/CN-10 is 2.0x10°2 min"* whereas for the CN, CMO, CMO/CN-5, and CMO/CN-
15 is 1.2x102 mint, 5.7x10° min?, 1.7x102 and 1.8x107 respectively. From the kinetic plots the
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degradation rate of CMO/CN-10 is almost 12.7 and 17.5 times more than the rate observed for
CN, and CMO respectively.
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Figure 3.7: (a) Time dependent UV-Visible absorption spectra for photocatalytic degradation of
MB over the CMO/CN-10 composite photocatalyst, (b) comparison of photocatalytic activity of
synthesized CN, CMO, and CMO/CN composite photocatalysts in the terms of degradation curves,
(c) first order kinetics graphs of CN, CMO and CMO/CN composite photocatalysts, and (d)
percentage of MB degradation of CN, CMO and CMO/CN composite photocatalysts..

The percentage of degradation of MB for the CN, CMO, and CMO/CN composite
photocatalysts are shown in Figure 3.7(d). Amongst the analyzed samples, the CMO/CN-10 has
showed the highest MB degradation performance of 93.7 % which is higher than the CN (81.0%),
CMO (76.2%), and remaining composites of CMO/CN. Interestingly, CMO has shown better
photocatalytic activity even though bandgap is more than 3 eV. This is because we have used 35
W Xe arc lamp, which is the source for a small amount of UV light, and more amount of visible

light. We have not used any cut off filters for exact wavelength (420 nm for visible light source)
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for photocatalytic dye degradation studies. Moreover, with the increasing amount of CMO in
CMOI/CN composites, the photocatalytic activity was increased for CMO/CN-10 then decreased
gradually. This may be explained by the following reasons. With the increasing amount of CMO
in composites of CMO/CN, the photoactive sites on the CN may be blocked by CMO and self-
agglomeration by the addition of an excess amount of CMO to CN causes the reduction in
degradation activity. These findings clearly show that the formation of strong interactions between
CN and CMO in the CMO/CN composite photocatalyst and their enhanced photocatalytic
activities.

To study the effect of temperature on MB dye degradation efficiency for CMO/CN-10
composite photocatalyst, we conducted degradation experiments under same light source (35 W
Xe arc lamp), with the help of jacketed beaker having water circulation arrangement to maintain
the higher temperatures (40 °C and 50 °C). The temperature dependent photodegradation curves
of MB over CMO/CN-10 was shown in Figure 3.8(a). At the higher temperatures degradation
efficiency was increasing dramatically. At 30 °C the photodegradation was 97.3% while at 40 °C
and 50 °C the degradation was 98.5 % and 99.09% respectively. Figure 3.8(b) depicts the rate
constant for the degradation of MB dye at different temperatures, the rate constant was obtained
from the slope of -In (Ct/Co) vs irradiation time. The obtained linear fitted lines show that the MB
degradation follows the pseudo first order kinetics. The rate constant values are increased
significantly with increasing the temperature as follows, 2.08 x 102 min™! at 30 °C, 2.25x102 min-
L at 40 °C, and 2.45x102 min'! at 50 °C. This rapid enhancement in the degradation process and
rate constant values of MB can be ascribed to the effect of applied thermal energy to the reaction
system leads to enhancement in the collisions between the reacting molecules. But temperature do
not show more effect on the photodegradation efficiency as well as the rate of the reaction of MB
dye. The most important parameter is the activation energy. In general, all the molecules are having
energy, which should be more than activation energy then only fruitful collisions will happen
between the two molecules. If an increase in the temperature of the reaction system, which leads
to more amount of MB molecules adsorbed on the surface of the catalyst. In other terms, more
active sites on the surface of the catalyst to further enhancement in the degradation of MB.
Therefore, more photodegradation performance were observed for MB with the increasing in
temperature. With the help of rate constant values at different temperatures, the activation

parameters were calculated.
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Figure 3.8: Curves of Ct/Co (a), and —In (Ct/Co) (b), as a function of time at different temperatures,
the plot between In (k) vs 1/T (c), and the plot between In (k/T) vs 1/T (d).

As shown in Figure 3.8(c), the Activation energy were determined from the Arrhenius
equation. The plot of In k vs (1/T) gives a linear slope. This slope value is substituted in the

Arrhenius equation as shown below (equations 3.4 and 3.5).

Ink = InA — E,/RT (3.4)
n(7) =m(;)- 4+ 3 (35)

Where ‘k’ is the rate constant of photodegradation reaction, ‘A’ is Arrhenius factor, ‘R’ is
the universal gas constant, ‘Ea’ is the activation energy, ‘h’ is Plank’s constant, ‘K’ is the
Boltzmann constant, ‘T’ is the temperature in (Kelvin). AS and AH are the entropy and enthalpy
of activation respectively. As depicted in Figure 3.8(d), entropy and enthalpy were calculated from
the slope and intercepts of (In k/T vs 1/T) plot respectively. Gibbs free energy of activation was

calculated using the following (equation 3.6).
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AG = AH —TAS (3.6)

The values of thermodynamic parameters AS were negative and for AH, and AG were
positive which indicates the photodegradation process follows non-spontaneous, endothermic and
endergonic respectively. The detailed thermodynamic parameters are shown in the Table 3.4.
Table 3.4: Calculated values of activation energy, enthalpy, entropy and Gibbs free energy by

Photodegradation at different temperatures of fabricated CMO/CN composite photocatalyst.

Temperature Ea AH AS AG
CO) (KJ mole™) (KJ mole™) (KJ mole K1) (KJ mole™)
30 16.937
40 6.510 3.908 -0.043 17.367
50 17.797

To further investigate the role of reactive species, which are responsible for the photo-
degradation process of MB were studied by the scavenger test, with the addition of different
quenchers to the reaction mixture, such as EDTA-2Na for h*, isopropyl alcohol for hydroxyl
radicals ("OH), benzoquinone for superoxide anion radicals (O2™), and silver nitrate for electrons
(e) respectively.[®®71 As shown in Figure 3.9(a), for the CMO/CN-10, the degradation
performance was less effected after the addition of benzoquinone, which means that O>™ plays a
minor role in the degradation process. After the addition of silver nitrate more degradation was
observed indicating that e” s are not responsible for the degradation process. With the addition of
isopropyl alcohol, the degradation efficiency of CMO/CN-10 was suppressed dramatically and
suggesting that “OH are the main reactive species in MB degradation.l’*! However, the slight
decrease in the degradation of MB was observed by the addition of EDTA-2Na to the reaction
which tells that h* also act as one of the main reactive species. More interestingly, synthesized
composite photocatalyst CMO/CN-10 was more stable as shown in Figure 3.9(b).

To estimate the stability of CMO/CN-10 composite photocatalyst was used up to four
successive cycles, the same photocatalyst was washed thoroughly with water and ethanol several
times and dry it overnight at 60 °C in hot air oven prior to run each cycle. The degradation
percentage of the first cycle to fourth cycle as follows 93.71 % > 90.04 % > 89.86 % > 87.78 %.
Figure 3.9(c) depicts the PXRD patterns of before and after photodegradation of CMO/CN-10
composite photocatalyst and Figure 3.9(d) shows the SEM image of after photodegradation of
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CMOI/CN-10 composite photocatalyst. It indicates that there is no change in crystal structure and

morphology after the four successive runs.
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Figure 3.9: (a) Trapping experiments, (b) stability of CMO/CN-10 composite photocatalyst up to
4 cycles, (¢) PXRD pattern of CMO/CN-10 composite photocatalyst before and after
photodegradation of MB, and (d) SEM image of CMO/CN-10 composite photocatalyst after
photodegradation of MB.

3.3.7 Probable reaction mechanism for dye degradation
In general, the mobility of photogenerated electrons and holes in the hybrid composite
photocatalysts mainly based on the respective band edge positions of their constituents. In the
present study, for the CN and CMO, VB and CB, edge potentials are determined from the
following (equations 3.7 and 3.8).
Eyp = x—E°+ 0.5 (Ey) (3.7)
Eop = Epp - Eg (3.8)
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Where y is the electronegativity of CMO or CN, E° is the energy of free electrons on the hydrogen
scale (4.5 eV), and Eq is the bandgap of CMO or CN calculated from UV-Vis DRS data. The
calculated VB and CB of CN and CMO are (+1.46 and —1.22 ¢V) and (+0.04 and +3.35 eV)
respectively.[’?]

Based on their VB edge potentials and bandgap energies we proposed two possible charge
transfer mechanisms at the interface, one is a conventional double transfer mechanism and another
is the Z-scheme transfer mechanism. If the CMO/CN-10 composite photocatalyst follows a
double-transfer mechanism the photoreduction reaction would take place at CB of CMO, and the
photooxidation process at the VB of CN. But these expected processes might be not possible.
Because photogenerated electrons in the CB of CN could easily transfer to the CB of CMO, and
the holes remain at VB of CN and resulting photoreduction to be done at CB of CMO. But, as the
CB of CMO (+0.04 eV) is less negative than the reduction potentials of the O2/02™ (—0.33 eV).

Subsequently, photogenerated electrons on the CB of CMO will not reduce O to yield Oz
besides VB of CN (+1.46 eV) is less positive than the oxidation potential of "OH/H.0 (+2.72 eV).
Consequential, holes which are present at VB of CN cannot oxidize "OH/H20 to “OH’. From the
above, all findings and photo generated electron trapping experiment results support the Z-scheme
mechanism rather than the conventional double charge transfer mechanism in the CMO/CN-10
composite photocatalyst.[* 76! Due to their suitable bandgap as well as light absorption capacities
of both CMO and CN are excited together under the light illumination to generate holes in the VB
and electrons in the CB, as shown in Figure 3.10. The photoexcited electrons in the CB of CMO
can easily transfer to VB of CN through Z-scheme, due to the formation of heterojunction between
the well matched band edges potentials of both CMO and CN. As result recombination of electron
on CB of CMO suppressed by the formation of heterojunction via Z-scheme.[’ 781 Besides, the
formation of more electron cloud at CB of CN can easily participate in the photooxidation reaction
by using dissolved O to yield O™ and accumulated holes at VB of CMO can directly generate
“OH’ from "OH/H20 by participating photoreduction reactions respectively. Because the CB
potential of CN (—1.22 eV) is more negative than that of O2/O,™ (-0.33 eV), and VB potential of
CMO (+3.35 eV) is more positive than the oxidation potential of "OH/H.0 (+2.72 eV). Moreover,
the energy gap between CB of CMO to CB of CN, and VB of CMO to VB of CN is more than that

of CB of CMO to VB of CN. Because of this Z-Scheme mechanism is more facilitative than
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conventional mechanism. In this way ‘h* and “OH’ plays the foremost role and ‘O™’ relatively

negligible role in the photodegradation of pollutant dye MB.

< H50/0H-
ead 11010
wOxidation

h*h* h’,

Figure 3.10: Tentative photocatalytic dye degradation mechanism of CMO/CN-10 composite
photocatalyst.

3.4 Conclusions

In summary, we have successfully fabricated a versatile CMO/CN composite
photocatalysts via a facile in-situ hydrothermal method. The optimized CMO/CN composite
photocatalysts displayed remarkable photolectrocatalytic OER and photocatalytic degradation of
MB dye pollutant. CMO/CN-10 composite photocatalyst have shown less Tofel value and small
charge transfer resistance (Rct) behavior with highest OER performance. Due to the formation of
strong heterojunction between the components in CMO/CN composite that facilitate the interfacial
charge transfer to suppress the direct recombination of photogenerated electron hole pairs, together
with enhanced light absorption capacity. The trapping experiments supported that ('OH) and (h")
played a major role, whereas (O2") played minor roles in the degradation process. Notably,
CMOJ/CN composites exhibited high recyclability and stability during successive recycles. Hence,
the results provided in this work offer valuable insights into the improvement of photocatalysts for

environmental remediation and sustainable energy generation applications.
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Chapter IV
Facile Fabrication of Novel SrMo0O4/g-C3sN4 Hybrid Composite for
High-Performance Photocatalytic Degradation of Dye Pollutant
under Sunlight

4.1 Introduction

Due to the globalization and industrialization, the present world is facing the severe
environmental and energy issues.[* % The industries like textile, leather, printing, and paper were
generating pollutants and these are the major sources which are responsible for water and air
contamination. These pollutants are hazardous to human and animal health even at their extreme
trace concentration.[*® Hitherto, several methods such as photocatalytic degradation, membrane
filtration, adsorption, flocculent precipitation, biological treatment, and so on were adopted for
removal of water pollutants.’*! In comparison to these methods, the photocatalytic degradation
method is widely preferred in the recent years, This is because, it is cost effective method as it
employs the utilization of inexhaustible solar radiation as energy source and is found to be
efficient, simple and convenient method.[*? Even though, numerous photocatalysts have been
developed so far, nevertheless, designing of new photocatalyst is still on going and focused area
of research with an objective to achieve more affordable photocatalyst with improved
performance.

Amongst the numerous kinds of photocatalysts reported, SMO is a unique scheelite type
material with the tetragonal phase is reported recently. SMO is widely used material in
photoluminescence, magnetic materials, and photocatalytic applications owing to its intriguing
crystal structure and optical properties.**"1 However, the major limitation which restricts its
exploration as a better photocatalyst is its energy bandgap of ~3.1 eV and therefore responses only
to UV light in the solar spectrum.[8-20]

On contrary, G-CN with a graphene-like skeleton where three nitrogen atoms are
alternatively arranged in a six-membered carbon ring with sp? hybridization and the major
advantage in utilizing G-CN is its adequate bandgap of ~2.7 eV, showing response to visible
light.?Y In addition, abundance, non-toxicity, 2D layered structures, easy fabrication, high
chemical, and thermal stability and distinctive optical properties are indeed reasons for recognizing

g-CN as an excellent material for its numerous applications in various fields.?224 like
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photocatalytic hydrogen fuel generation from water splitting, photodegradation of water/air
pollutants, CO> reduction to useful hydrocarbons, antibiotic, organic transformations, and fuel
cells.[?5-31 As reported G-CN is a nonmetallic photocatalyst and the photocatalytic performance
of G-CN is very limited for practical applications, as a result of low visible light absorption
capacity and fast charge carriers recombination.?? To enhance the photocatalytic efficiency of G-
CN, several approaches have been developed including composite photocatalysts fabrication with
another semiconductor, doping with metal ions, and co-catalyst loading. Among all these
approaches, the most frequently used method for preparing composite photocatalysts is with
energetically identical two semiconductors, where the developed composite photocatalysts allows
faster separation and transfer of photo-induced excitons, further resulting in improvement of
photocatalytic performance under visible light.[32-4%

In the present investigation, by employing the visible-light active G-CN and UV light-
active SMO semiconductors, SMO/G-CN organic-inorganic hybrid composites were prepared for
the first time with varying weight percentages of SMO and G-CN. The synthesized SMO/G-CN
hybrid composite photocatalysts offer an excellent photocatalytic performance under sunlight due
to low recombination and high photo-induced excitons separation efficiency between G-CN and

SMO. Moreover, a most plausible photocatalytic dye degradation mechanism has been illustrated.

4.2 Experimental section
4.2.1 Materials

Strontium nitrate (Merck, 99.0%), ammonium molybdate tetrahydrate (Finar, AR grade),
ethylene glycol, (SDFCL, 99.0%). Rhodamine B (Sigma, 95.0%), ammonium oxalate (Merck
99.0%), tertiary butyl alcohol (Merck, Emsure, ACS, Reagent for analysis) melamine (Otto
Khemi, 98.0%), All the chemicals used in this work are no need for further purification which are

analytically pure. All the aqua solutions were prepared by using double distilled (DD) water.

4.2.2 Synthesis of G-CN

By well-known thermal condensation method G-CN was synthesized. Briefly, in an
alumina boat, required amount of melamine was taken and kept in a tubular furnace with a heating
rate of 5 °C per min, and subjected to calcinated at 550 °C for 2 h under a static air environment.

At the end of the reaction, the light yellow-colored powder was obtained.
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3 Synthesis of SMO

By a simple hydrothermal method the pure SMO was synthesized. In brief, taken 2 mmol
of Sr(NOs3), in a beaker containing 30 mL of ethylene glycol and meanwhile excess amount of
(NH4)sM07024. 4H,O was added in another beaker contains 30 mL ethylene glycol and stirred
separately for 30 min. Further, the ammonium molybdate solution was transferred to the strontium
nitrate solution drop by drop and continue stirring for 2 h at R.T. a white color jelly type solution
was formed. The total mixture of solution was transferred into an autoclave hydrothermal bomb
and kept in a microprocessor oven with the temperature of 160 °C for 6 h. After completion of the
reaction, the attained product was centrifuged with ethanol thrice and dried overnight in a hot air

oven.

4.2.4 Synthesis of SMO/G-CN composite photocatalysts

For the synthesis of SMO/G-CN composite photocatalysts, a simple mixing and heating
methodology was followed. Concisely, the calculated amount of G-CN was added into the beaker
with 100 mL methanol, then sonicated for 3 h to disperse the bulk G-CN to G-CN nanosheets. To
the above solution, the required amount of synthesized SMO spherical microcrystals was added
and stirred for 6 h at 80 °C. After evaporation of the methanol completely, the powder was
collected. A series of SMO/G-CN composite with varied ratios of SMO to G-CN (5, 10, and 15
wt. % of SMO) were synthesized and denoted as SMO/G-CN-5, SMO/G-CN-10, and SMO/G-
CN-15 respectively. The procedure for the synthesis of pure as well as composite photocatalysts

is represented in the below scheme (4.1).

Calcination ML\J Sonication
550 ’( 2h

Melamme g-C;N, bulk g-C;N; sheets

Stirring | d 160°C ()( z )
. . — L, ‘i
"( ~ 6h

Sr“004
@ (NHys Mo,0,,. 4 H,0 Hydrothermal Microspheres

=~ Ethylene glycol Treatment
® Sr(NO,),

R

SrMo0Q,/g-C;N,
Composite photocatalyst

Methanol

Scheme 4.1: Schematic illustration for the synthesis of pure G-CN, pure SMO, and SMO/G-CN

composite photocatalysts.
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4.2.5 Electrochemical Impendence Spectroscopy (EIS)

The Electrochemical measurements were performed in a three-electrode system controlled
by potentiostat/galvanostat (CH Instrument USA) workstation. The electrodes are immersed in 2
mM Ks[Fe(CN)s] + 0.1 molar KCI electrolyte, synthesized catalyst coated over glassy carbon
electrode (CHI, USA; 3 mm diameter) with active surface area of 0.071 cm?as working electrode
(WE), Ag/AgCI (in sat KCI) as reference electrode (RE), and platinum (Pt) as counter electrode
(CE). Electrocatalyst ink was prepared by dissolving 10 mg of catalyst in 150 ul of DI water with
20 pul of 5% Nafion were added and ultrasonicated for 30 min. A known amount of catalyst was

drop caster over the glassy carbon electrode and dried in room temperature.

4.2.6 Photocatalytic Dye degradation experiments

In order to examine the photocatalytic activities of synthesized pure G-CN, pure SMO, and
SMO/G-CN composite photocatalysts under the sunlight RhB selected as a model organic
pollutant. Photocatalytic experiments on the samples were carried out under similar conditions in
April 2019 at NIT Warangal during 11 am to 2 pm, where the fluctuation of the sunlight intensity
is minimal during this month. The concentration of dye used in the photocatalytic experiments is
5 ppm (5 mg/lit) solution and the amount of catalyst used is 0.1 g. Before starting the photocatalytic
experiment, the dye solution containing catalyst was stirred under the dark condition for 30 min to
instituting absorption and desorption between the catalyst and dye solution.

Afterward, the resultant solution was irradiated to the sunlight. During the photocatalytic
experiment, every 3 min the test samples were collected and centrifuged to separate the catalyst
from the dye solution for the analysis of degradation rate of dye pollutant by using UV Visible
spectroscopy Analytic Jena (Specord 205). We performed the blank experiments without catalyst
and in the absence of sunlight and conclude that there is no considerable degradation of RhB in
both, which indicates that, for the photocatalytic studies both catalyst and solar light are the
primary elements.

It is necessary to study the role of photo-reactive species to explain the possible reaction
mechanism in the photocatalytic dye degradation process. To established the photo-reactive
species, scavenger test was conducted in the presence of ammonium oxalate (AO, 10 mmol),
tertiary butyl alcohol (TBA, 10 mmol), and N2 purging in a similar fashion. Here, AO act as a
quencher for holes, TBA act as a quencher for hydroxyl radical, and N act as a quencher for

superoxide radical anion.

64



Chapter IV

v

&
\

&
v

4.3 Results and discussions
4.3.1 PXRD and FT-IR studies

PXRD patterns of the synthesized materials of pure G-CN, pure SMO, and SMO/G-CN
composite photocatalysts were shown in Figure 4.1(a). The results reveals that, all the peaks
corresponding to SMO observed in the spectrum which are in agreement with reported data of
JCPDS card number ‘08-0482".141-431 From these results it can be concluded that SMO crystallizes
in the tetragonal phase with a = b = 5.3940 A and ¢ = 12.0200 A crystallographic parameters, and
there were no other additional peaks which means no impurities were observed. For pure G-CN,

the peaks appeared at 13.25° and 27.54° corresponds to (100) and (002) planes, respectively.4
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Figure 4.1: (a) PXRD, and (b) expanded PXRD patterns in the range of 20 = 20°- 40° of pure G-
CN, SMO and SMO/G-CN composite photocatalysts, (c) FT-IR analysis, and (d) expanded FT-IR
patterns in the wavelength range of 2000 to 570 cm™ of pure G-CN, SMO and SMO/G-CN
composite photocatalysts.

Finally, in the case of SMO/G-CN nanocomposites, with an increase in the content of SMO

to G-CN, a significant broadening of a diffraction peak at 27.32° of CN was observed and shown
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in Figure 4.1(b). Further, the characteristic peak of G-CN at 13.25° corresponding to (100) was
also observed in SMO/G-CN nanocomposites which clearly advocates the formation of SMO/G-
CN composite photocatalysts.

Figure 4.1(c), depicts the FT-IR data of pure G-CN and SMO along with the series of
composite photocatalysts respectively. The appearance of band at 810 cm™ for pure SMO is due
to the asymmetric stretching vibrations of Mo-O in MoOa4 group. Also, the bending vibrational
peak of the Mo-O-Mo bond has been observed at a wavenumber 404 cm™. Further, two bands
appeared at 3407 and 1624 cm™ owing to the stretching and bending vibrations of the hydroxide (
OH) group of atmospheric H,0O molecules adsorbed on the surface of SMO particles.[*>41 The
broad band observed at 3168 cm™ due to the stretching vibrations of N-H bond in G-CN. The
strong vibrational band appearing in the range of 1247 to 1637 cm™ is mainly owing to the
stretching vibrations of C—N and C=N bonds present in the g-C3N4 molecule. Along with these
peaks, a strong peak at 809 cm™ has also been observed in the spectrum, this peak is attributed to
vibrations originated from the S-triazine ring present in the G-CN molecule 851, It is obvious
that all the characteristic peaks of G-CN, as well as SMO, are also present in the FT-IR spectrum
of the SMO/G-CN composite photocatalysts synthesized in the present study. It is worth to
mention that, the peak appearing at 810 cm™ in composites broaden upon increasing the amount
of G-CN in the composites as shown in Figure 4.1(d). This clearly emphasizes the successful

formation of SMO/G-CN composite photocatalysts.

4.3.2. FE-SEM, EDS, and elemental mapping studies

The morphology and elemental analysis of pure G-CN, pure SMO, and SMO/G-CN-10
composite photocatalysts were studied by FE-SEM, and the corresponding images were depicted
in Figure 4.2(a-f). The FE-SEM images for pure G-CN in Figure 4.2(a-b) are the clear indication
of its sheet-like morphology. Pure SMO in Figure 4.2(c-d), display their spherical shapes. These
SMO microspheres are composed of numerous small and spherical nanoparticles with a rough
surface. The FE-SEM images of SMO/G-CN-10 composite photocatalyst were shown in Figure
4.2(e-f). It can be seen from these images that the SMO microspheres are well dispersed on G-CN
sheets, which indicates that the preparation methodology does not influence the morphology of

SMO microspheres.
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Figure 4.2: (a-b) FE-SEM images of pure G-CN sheets, (c-d) pure SMO, (e-f) SMO/G-CN-10
composite photocatalyst, (g) EDS elemental analysis of pure G-CN, (h) pure SMO, (i) SMO/G-
CN-10 composite photocatalyst, and (j-o) EDS elemental mapping images of SMO/G-CN-10

composite photocatalyst.
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EDS elemental analysis of the synthesized composite photocatalysts are shown in Figure
4.2(g-i), reveal that the respective elements which are present in pure G-CN and pure SMO remain
in the SMO/G-CN-10 composite photocatalysts. As displayed in Figure 4.2(j-0), the EDS
elemental mapping images of SMO/G-CN-10 composite photocatalyst indicates the presence of
all corresponding elements like C, N, O, Sr, and Mo in the SMO/G-CN composite photocatalysts

that are found in their ancestral materials i.e. SMO and G-CN.

4.3.3 XPS analysis

The chemical composition and oxidation states of the respective elements present in the
synthesized SMO/G-CN-10 composite photocatalyst was estimated with an aid of XPS analysis.
The XPS survey spectrum of SMO/G-CN-10 composite photocatalyst as depicted in Figure 4.3(a),
confirms the presence of Sr, Mo, O, C, and N elements. The high-resolution C 1s spectra as can
be seen in Figure 4.3(b), reveals the presence of two dissimilar peaks at a binding energy of 289.03
eV and 284.73 eV. These peaks can be ascribed to the nitrogen-containing aromatic ring which is
having sp? hybridized carbon (N-C=N) and sp? C-C bonds, which denotes the main carbon
environment in G-CN. The high-resolution N 1s spectrum demonstrated in Figure 4.3(c) can be
divided into three peaks at 395.95 eV, 398.44 eV, and 400.91 eV. The major peak at 395.95 eV
can be attributed to sp? hybridized nitrogen in triazine rings of G-CN (C-N=C), the peaks at 398.44
eV and 400.91 eV are attributed to bridged ternary nitrogen in N-(C)z and amino functional groups
(N-H), respectively.

Moreover, the C 1s sp? hybridized (N-C=N, 289.03 eV) and two N 1s species in (C-N=C,
395.95 eV) and N-(C)s (398.44 eV), are structural conformational building blocks for G-CN.[52-%4
Figure 4.3(d), represents the high-resolution XPS spectra of Sr 3d which can be resolved further
into 3ds» (131.41 eV) and 3ds2 (129.68 eV) which represents Sr ion in the ‘2" oxidation state.
The high-resolution XPS spectra of Mo 3d shown in the Figure 4.3(e), unveils that Mo is in the
‘6*> oxidation state with Mo 3da/2 (232.11 eV) and Mo 3dsy2 (229.07 eV) binding energy values.
Figure 4.3(f), shows the high-resolution XPS spectrum of O 1s, 528.70 eV, and 536.07 eV
corresponds to the O-Sr and O-H groups that appears because of the absorbed H>O on the surface
of the catalyst.[®® All the above XPS results are correlated with the FE-SEM and EDX elemental
analysis which further confirms the co-existence of respective elements of SMO and G-CN in
SMO/G-CN-10 composite photocatalyst.
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Figure 4.3: (a) XPS survey scan, (b) C 1s, (c) N 1s, (d) Sr 3d, (¢) Mo 3d, and (f) O 1s spectra of
SMO/G-CN-10 composite photocatalyst.

4.3.4 UV-Vis DRS, PL, and TGA studies

Optical absorption of pure G-CN, pure SMO, and SMO/G-CN composite photocatalysts
were investigated by UV-Vis DRS and the absorbance of the materials were shown in Figure
4.4(a). The pure SMO absorbs light in the UV range ~400 nm, while pure G-CN absorbs the light
with the wavelength of 450 nm under visible range. It is interesting to note that, the composites
shows the absorption edge shifting towards the visible region from the UV region. This is due to
the formation of SMO/G-CN composite photocatalysts with visible active G-CN sheets the
absorption edge of composites are close to 450 nm. Therefore, from this optical property it can be
predicted that the mentioned composite would certainly be a promising candidate for the enhanced
photocatalytic activity of SMO/G-CN composite photocatalysts under sunlight, compared to pure
SMO and G-CN, respectively. As shown in Figure 4.4(b), the respective optical band gaps of pure
G-CN and SMO were calculated by Tauc equation (4.1).157-¢%

(ah9)V/? = B(h9 — Eg) (4.1)
Where ‘o’ is the absorption coefficient, ‘Eg’ is the bandgap of the semiconductor, ‘B’ is

band tailing parameter and ‘h9’ is the energy of the photons from Einstein’s equation.[®!]
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According to Tauc equation, the calculated bandgap of pure G-CN and SMO was found to be 2.71
and 3.10 eV, respectively.[*?
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Figure 4.4: (a) UV-Visible DRS spectra of pure G-CN, pure SMO, and SMO/G-CN composite
photocatalysts, (b) Tauc plots of pure G-CN and SMO, (c) PL spectra, and (d) TGA analysis of
pure G-CN, SMO and SMO/G-CN composite photocatalysts.

In order to describe the photogenerated excitons separation and migration efficiency in the
G-CN and SMO/G-CN composite photocatalyst, we performed PL spectra at R.T. and the results
are shown in Figure 4.4(c) it is well known that with high PL emission intensity responsible for
high recombination of photogenerated excitons, which leads to its reduced performance in
photocatlysis. The PL spectra of pure G-CN the excitation wavelength at 365 nm, and the emission
peak at 460 nm wavelength. The PL spectra of pure SMO the excitation and emission wavelength
are 380 and 420 nm these results give agreement with the absorption spectra of G-CN and SMO.[62

The high PL emission peak intensity of G-CN shows high recombination of photogenerated
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excitons, while the addition of SMO microcrystals to G-CN sheets, the recombination rate of
excitons was suppressed remarkably since the formation of composite photocatalysts between two
semiconductors. The low recombination rate of photogenerated excitons on SMO/G-CN-10
composite photocatalyst is responsible for the enhancement in the RhB dye degradation efficiency
of the photocatalyst under sunlight.

TGA analysis were performed for pure G-CN, pure SMO, and SMO/G-CN composite
photocatalysts to calculate the amount of SMO loaded on G-CN and the results are shown in Figure
4.4(d). TGA analysis of pure G-CN shows the burning starts at 550 °C and ends at ~730 °C which
confirms the decomposition of G-CN.[®3 And pure SMO gives a straight TGA curve, indicating
the pure SMO to be stable up to 800 °C. However, the addition of SMO microcrystals on the G-
CN sheets decreases the thermal stability of SMO/G-CN composite photocatalysts, because of the
ability of SMO to activate oxygen and oxidize G-CN to produce gaseous products.’ This is the
reason for the reduced decomposition temperature of SMO/G-CN composite photocatalysts in
comparison to pure G-CN. The appropriate weight loss of the series of composite photocatalysts
(SMO/G-CN-5, SMO/G-CN-10, and SMO/G-CN-15) was found to be 4.4, 7.9, and 13.7 %, which

is approximately close to the amount of loaded SMO, respectively.

4.3.5 Photocatalytic degradation of RhB dye pollutant

In this section, the synthesized materials photocatalytic activity was investigated by its
ability to degrade organic dye RhB in water under sunlight. Figure 4.5(a) depicts the plots between
the concentration of RhB (C/Co) and irradiation time (t) over pure G-CN, pure SMO, and SMO/G-
CN composite photocatalysts, where ‘Co’ is the primary concentration of RhB and ‘C’ is the
concentration at a particular time (t). As shown in Figure 4.5(a) the photocatalytic degradation
efficiency of pure SMO is very less, because its absorption spectra range lies in UV region which
is limited in the solar spectrum. Whereas the pure G-CN also shows limited photocatalytic activity
even though it is in the visible region of the solar spectrum, because of photogenerated excitons
have a more recombination and low redox ability. Among all composites, SMO/G-CN-10
displayed the highest photo-degradation of Rh B under sunlight because of the formation of a
strong heterojunction between semiconductors of G-CN and SMO. The plots of -In (C/Co) against
irradiation time (t), gives linear curves and includes error bars as shown in Figure 4.5(b), which
clearly indicates that photo-degradation rate of the RhB dye follows the first-order kinetic equation

model as shown in below equation (4.2).
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Where Kk’ is the rate constant (min™). From the above results, it can be concluded that
SMO/G-CN-10 composite photocatalyst shows the enhanced photo-degradation rate (0.0976 min-
1y of dye pollutants under sunlight, which has been 4 and 40 times higher than those of pure G-CN
(0.0245 min™t), pure SMO (0.0024 min), and other composites also. This is attributed to the
synergistic effect between the interface of G-CN and SMO. A complete table of the rates of the
reaction are shown in Table 4.1.

Table 4.1: Calculated rate constant values of the synthesized photocatalysts.

S. No. Photocatalysts Rate constant k (min-1)
1 SMO 0.0024
2 G-CN 0.0245
3 SMO/G-CN-5 0.0552
4 SMO/G-CN-10 0.0976
5 SMO/G-CN-15 0.0737

These results indicate that the synthesized SMO/G-CN composite photocatalysts show
remarkable photocatalytic activity compared to pure SMO and G-CN. Although the loaded G-CN
sheets amount with SMO microcrystals is increased from 5 wt% to 15 wt%, the photocatalytic
activity trend was firstly increased up to 10 wt% then decreased. But it was significantly high
photocatalytic activity compared to pure G-CN, and SMO. The decrease in the photocatalytic
activity might be explained by the following causes (1) the optimum G-CN amount is responsible
for good dispersion with the SMO microcrystals which esteem the separation and migration
efficiency of photogenerated excitons and (2) more G-CN amount leads to the formation of
agglomeration due to these active sites on G-CN blocked resulting there are no photogenerated
excitons, subsequently decrease the photocatalytic activity.

To understand the reusability and photo-stability of the synthesized SMO/G-CN-10
composite photocatalyst, we have performed four successive runs after the photocatalytic activity
of the SMO/G-CN-10 composite under sunlight with same experimental conditions as mentioned
above. Prior to each run the sample were collected and washed with DD water several times and
dried in a hot air over and use for further cycle, in every cycle we used freshly prepared RhB

solution with used photocatalyst and the corresponding results are depicted in the Figure 4.5(c).
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Percentage of degradation plots of of pure G-CN, pure SMO and SMO/G-CN composite
photocatalysts with error bars is shown in Figure 4.5(d). Comparison of some organic pollutants
degradation performances of SrMoQO4 based photocatalysts with previous reports are showed in
Table 4.2.
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Figure 4.5: (a) Photocatalytic activity comparison curves of synthesized pure G-CN, pure SMO,
and SMO/G-CN composite photocatalysts, (b) respective first-order kinetic plots of pure G-CN,
pure SMO and SMO/G-CN composite photocatalysts with error bars, (c) stability studies of the
SMO/G-CN-10 composite photocatalyst for degradation of RhB during four successive
experimental runs, and (d) percentage of degradation plots of of pure G-CN, pure SMO and

SMO/G-CN composite photocatalysts with error bars.
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Table 4.2: Comparison of pollutants degradation performances of SrMoO4 based photocatalysts

with previous reports.

Catalvst Pollutant
y name & Light Degradation %
Photocatalyst amount . . Reference
concentration source and time
(mg)
(ppm)
Methylene 350 W Xe 0 . [65]
Mn doped SrMoO4 20 blue & 10 lamp 85% & 140 min
. Methylene UV light .
3 0 [66]
SrMoO4/Bi 150 blue & 10 irradiation 40% & 180 min
. Methylene 97.74 & 120 [67]
SrMo04/0.1Eu/SiO> 200 blue & 10 Xe lamp min
AMo04 (A = Ca, Tetracycline : 0 [68]
Sr. Ba) 100 & 10 Uv light 79% &3h
SrMoQq4 Methyl blue | 350 W Xe 98 % & 120 17
200 . X [17]
nanocrystals solution & 10 lamp min
STMoOs 100 | Methvlorange |y jight | 73% & 60min |
nanostructures &5
Rhodamine B . 0 . Present
SrMo04/g-C3N4 100 &5 Sunlight 95% & 30 min work

In the photocatalytic dye degradation process, the role of photo reactive species could be
studied by holes and radicals trapping experiments. However, TBA, N2, and AO were used for
hydroxyl radicals ("OH), superoxide anion (O2™), and holes (h*) scavengers,™ respectively.
Figure 4.6(a), shows the photocatalytic activity of RhB rapidly decreases after N2 treatment. This
indicates that dissolved O2 plays a major role with the formation of O, for the degradation of RhB
over SMO/G-CN-10 composite photocatalyst under sunlight illumination. After the addition of
TBA, a significant change in the degradation of RhB was observed. Whereas with the addition of
AO, the rate of photocatalytic degradation of RhB is considerably decreased compared with no
scavenger under the same experimental conditions.’! These results indicate the photo-induced
0.7, "OH, and h* plays important role in the RhB degradation over SMO/G-CN-10 composite
photocatalyst under sunlight and the order of the reactive species for the degradation of RhB as
following Oz~ > h* >"OH.

The "OH radical generation during the photocatalytic reaction can be easily detected by a
photoluminescence (PL) technique using terephthalic acid (TA) as a probe molecule, which readily
reacts with *OH to produce the highly Fluorescent product, 2-hydroxyterephthalic acid. The details
of the experimental procedures have been reported in earlier report "2, From Figure 4.6(b), it can
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be seen that the maximum intensity peaks in the PL spectra were observed at approximately 435
nm, signifies the formation of 2-hydroxy terephthalic acid, concludes that *OH is formed in the
photocatalytic oxidation process, which is in agreement with the results of TBA quenching. From
Figure 4.6(b), it is also observed that the PL intensity increases gradually with increasing
irradiation time, which demonstrates that *OH is indeed generated on the sunlight irradiated surface
of SMO/G-CN-10 composite photocatalyst.
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Figure 4.6: () Different scavenger’s effect on performance over the SMO/G-CN-10, (b) “OH
trapping PL spectra of the SMO/G-CN-10 composite photocatalyst with TA solution under sunlight
light irradiation, (c) EIS of G-CN, SMO, and SMO/G-CN composite photocatalysts, and (d) PXRD
pattern of SMO/G-CN-10 composite before and after photocatalytic degradation of RhB.

As shown in Figure 4.6(c) electrochemical impedance spectroscopy (EIS) for G-CN and
SMO photocatalyst shows large charge transfer resistance (Rct) of 1191 Q and 1174 Q. For the
composites of SMO/G-CN photocatalyst series, the resistance was 1074 Q, 1036 Q, and 1066 Q,
for SMO/G-CN-5, SMO/G-CN-10, and SMO/G-CN-15. From the R values we conclude that
SMO/G-CN-10 composite shows less resistance compared with all other composites and bare
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materials also, this results also supports the enhancement in the rate of photocatalytic degradation
of RhB under sunlight. As shown in Figure 4.6(d), the PXRD of SMO/G-CN-10 composite
photocatalyst before and after the photocatalytic dye degradation study, from the PXRD plots we
conclude that there is no change in the crystal structure that indicates the stability of SMO/G-CN-

10 composite. These results are important from a practical application point of view.

4.3.6 Proposed mechanism

Based on our experimental results, the synthesized SMO/G-CN-10 composite
photocatalyst can improve the photocatalytic performance under sunlight. To describe the photo-
degradation process, we have proposed the plausible reaction mechanism for SMO/G-CN-10
composite photocatalyst over the degradation of RhB dye under sunlight and shown in Figure 4.7.
The conduction band (CB) and valence band (VB) energy potentials of the synthesized
photocatalysts can be calculated from the following equations (4.3 and 4.4).

Eyg = X—Ey+ 05Eg (4.3)

Ecg = Eygp+ Eg (4.4)

Where Ecs and Evs are the energy potentials of the corresponding valence band and
conduction band respectively, ‘Eg’ is the bandgap energy which is calculated from the UV-Vis
DRS, ‘X’ is the absolute electronegativity of the semiconductor, which is determined by the
geometric mean of the electronegativity of all the atoms present in the material, and ‘Eo’ is the
energy of free electrons on the hydrogen scale (4.5 eV). The CB and VB edge potentials of SMO
(—0.30 eV and +2.80 eV vs. NHE) 38 whereas the CB and VB edge potentials of G-CN (—1.30
eV and +1.41 eV vs. NHE).[”®1 CB and VB redox potentials of G-CN are more negative than those
of SMO. It is well known that for the generation of O>™", CB potential is more negative than (—0.33
eV vs. NHE), and for "OH formation, VB potential more positive than (+2.68 eV vs. NHE).["4l
Based on VB and CB edge potentials and bandgap energies of SMO and G-CN, two charge transfer
mechanisms are possible. One is a conventional double transfer mechanism and another is the Z-
scheme transfer mechanism. If the SMO/G-CN-10 composite photocatalyst follows a double-
transfer mechanism the photo-reduction reaction would take place at CB of SMO, and the photo-
oxidation would takes place at the VB of G-CN as shown in Figure 4.7(a). But these expected
processes might be not possible. Since CB potential of SMO (—0.30) is less negative than the
reduction potentials of the O2/0,2™ (—0.33 eV vs. NHE). Besides, VB of G-CN (+1.41 eV) is less
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positive than the oxidation potential of “OH/H20 (+2.68 eV vs. NHE). Above discussions support
the Z-scheme mechanism rather than the conventional double charge transfer mechanism for the
SMO/G-CN-10 composite photocatalyst.”>"® Due to their suitable bandgap of both SMO and G-
CN are excited together under the sunlight illumination to generate holes in the VB and electrons
in the CB, as shown in Figure 4.7(b). The photo-excited electrons in CB of SMO can easily transfer
to VB of CN through Z-scheme. Besides, the formation of more electron cloud in CB of G-CN
can easily participate in the photo-reduction reaction by using dissolved O to yield O>™. Since CB
potential of G-CN (—1.30 e¢V) is more negative than that of O2/O>" (—0.33 eV vs. NHE).
Meanwhile, the accumulated holes at VB of SMO can directly generate ‘OH from "OH/H20 by
participating photo-oxidation reactions. Since VB potential of SMO (+2.80 eV) is more positive
than the oxidation potential of "OH/H20 (+2.68 eV vs. NHE). Moreover, the energy gap between
CB of SMO to CB of G-CN, is approximately equal to CB of SMO to VB of G-CN and the energy
gap between VB of SMO to VB of G-CN is more than the CB of SMO to VB of G-CN. Because
of this Z-Scheme mechanism is more facilitative than conventional mechanism.“°! From the above
discussion photo-generated superoxide anion and hydroxyl radicals are the major reactive species
for the degradation of RhB dye under sunlight and supported by the electro n-hole pair trapping
experiment results.

Because of well-matched, coinciding band-structures, photogenerated excitons effectively
separated and migration towards the surface of SMO/G-CN-10 composite photocatalyst leads to
the enhancement in photocatalytic activity. Plausible photocatalytic degradation mechanism of
RhB dye pollutants under sunlight for SMO/G-CN-10 composite photocatalyst is represented by
the following equations (4.5 to 4.9).

SMO/G — CN + h9 - SMO/G — CN (hyz + ecp ) (4.5)
SMO/G — CN (hiz + ecg ) = SMO (h;5)/G — CN (ecp ) (4.6)
SMO (hy) + H,0 — ¢ OH (4.7
G—CN(ecg)+ 0, - 05 (4.8)
«OH + 05~ +h* + RhBdye — Degraded products. (4.9

77



Chapter IV

L 4

L 4
4

Degraded
-2 5
l Qy Products (a) ‘
-1.30 s [
149 i hv
4 Degraded

g Products

0 l n

14 3.10 eV Photo Products
- CN idation || *OH

8-U3Ny
2 4 VB «OH th)to
Oxidation

2.80| h*h*h*h* Degraded QyQ, H,0/

3 SrMo0, Products OH SrMo0,

Figure 4.7: (a) Proposed double transfer mechanism, and (b) Z-Scheme mechanism for SMO/G-

CN-10 composite photocatalyst for degradation of RhB dye under sunlight illumination.

4.4 Conclusions

In brief we have successfully fabricated SMO/G-CN composite photocatalysts with
intimate interaction by a simple, facile mixed heating methodology, the binary composite shows
much higher photocatalytic degradation efficiency of Rh-B under sunlight. The UV-Vis
spectroscopy studies reveal that the photo-degradation was achieved 95% within 30 min under
sunlight illumination. The enhancement in photocatalytic dye degradation of RhB for SMO/G-
CN-10 composite supports the PL and EIS results. Photo-generated O," and "OH are the primary
active species for the photocatalytic RhB dye degradation process. The optimized SMO/G-CN-10
composite photocatalyst shows the highest degradation rate (0.0976 min™t) which is 4 and 40 times
higher than those of G-CN (0.0245 min™) and SMO (0.0024 min™!). The enhanced performance in
the new synthesized nanocomposite is ascribed to the interfacial interactions among those of G-
CN and SMO. This interfacial contact leads to the better-suppressed recombination, and transfer
efficiency of photogenerated excitons. Present investigation might be useful for dye degradation

as well as water splitting applications in a future perspective.
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Chapter V
Microwave-assisted synthesis of ZnAl-LDH/g-CsN4 composite for
degradation of antibiotic ciprofloxacin under visible-light
illumination

5.1 Introduction

The most recent environmental issues are antibiotic pollutants, due to its excessive use in
the form of drugs it become hotspot research topic for current scientists to address these issues. In
this regard, design and development of highly efficient semiconductor photocatalysts for removal
of antibiotic pollutants are in great demand. Ciprofloxacin (CIP) is a fluoroquinolone family
antibiotic known as one of the most hazardous and colorless emerging pollutants released into
drinking water, surface, and groundwater to pollute thousands of waterbodies globally.l* The
complete and successful removal of antibiotic CIP from the water bodies has become a primary
concern, as CIP has more chemical stability and non-biodegradable antibiotics than most other
pharmaceutical chemicals. As a result, the removal of CIP using various techniques has become a
hotspot of research in the field of wastewater treatment.[®] To date, several methods have been
reported for the removal of wastewater containing antibiotics, such as biological methods, physical
methods, advanced oxidation processes, photo-degradation, ozonation, and heterogeneous
photocatalysis. ¢l Owing to its high mineralization and degradation capability, low cost, low
toxicity, and strong oxidizing power, recently, heterogeneous photocatalysis has emerged to be an
effective process to remove the antibiotic organic pollutants. There is no secondary product formed
under visible light conditions in heterogeneous photocatalysis.[*7 8l

Graphitic carbon nitride (CN) has attracted great consideration in recent years as a
“sustainable” photocatalyst. Because it can be synthesized by a very simple thermal condensation
method, with inexpensive melamine as a precursor having most earth abundant elements (carbon
and nitrogen). Besides, having moderate bandgap energy which is suitable for the more visible
light absorption, and tunable electronic structure, high thermal, chemical stability, and 2D planar
conjugation structure.l**2%1  Although, CN photocatalytic activity is limited in practical
applications as a result of its low surface area, low quantum efficiency, and high photogenerated
excitons recombination.?#2%1 Numerous methods have been reported to overcome aforementioned

drawbacks of CN. Coupling CN with other suitable semiconductors to form a composite is an
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effective method to enhance photocatalytic activity.!?8! The formation of composite between two
varied semiconductors does not only improve the photocatalytic performance but also improves
the visible light absorption ability and reduce the excitons recombination by transferring electrons
from one semiconductor to another semiconductor through interface.l?”-28 Till now several types
of g-C3N4 based composites have been reported.[2%-34

Layered double hydroxides (LDHSs) are a branch of synthetic 2D nanostructured anionic
clays with hydrotalcite-like materials in which divalent cations are arranged octahedrally with
hydroxyl groups and trivalent cations have been exchanged isomorphously. Some hydrogen
bonded water molecules may occupy any residual free space in the interlayer section.l*>31 _DHs
are encouraging materials for a greater number of practical applications such as photochemistry,
electrochemistry, catalysis, adsorption, and pharmaceutics. These vast variety of applications are
because of their high flexibility, cost-effective, and easily tailored properties which make it
potential to produce materials considered to achieve specific necessities.73% Nevertheless,
pristine LDHSs generally showed deprived photocatalytic efficiency in most cases because of it’s
low response to visible light, wide bandgap, less charge carrier mobility, and having high
probability of photogenerated excitons recombination rate.[“#?l To get the better of above
concerns, several attempts have been made to improve the photocatalytic performance of LDHs.
Amongst the developed strategies, construction of composite with other semiconductors have been
considered as efficient route to enhance the photocatalytic activity of LDHs.[*3% Microwave-
assisted synthesis of nanomaterials has gained special consideration owing to low cost, easy and
rapid synthesis, more yields with less reaction time. In present investigation we used microwave-
assisted method for synthesis of nanomaterials.[*54"]

In the present study, for the first time we demonstrate a simple microwave-assisted
synthesis of ZALDH/CN composites and its application towards the highly efficient photocatalytic
antibiotic pollutant ciprofloxacin degradation under visible-light illumination. The fabricated
ZALDH/CN composite photocatalysts have shown enriched photocatalytic activity compared to
bare ZALDH and CN. Moreover, the degradation reaction pathway was also studied. Finally,
plausible photodegradation reaction mechanism is also proposed. The results confirmed that as-
synthesized ZALDH/CN composites could be used for not only ciprofloxacin degradation but also

useful for other environmental remediation applications.
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5.2 Experimental section
5.2.1 Materials and method

All agua solutions were preparation using double distilled (DD) water and all chemicals
used in this study are analytical grade and no need for further purification. Zink nitrate hexahydrate
(Finar, 99 %), aluminum nitrate (Finar, 98 %), sodium hydroxide (Finar, 97 %), sodium carbonate
(Loba Chemie, 99.5 %), ciprofloxacin (TCI, 98 %), melamine (Ottokemi, 98 %), isopropanol
(Choneye extra pure, 99.9 %), EDTA-2Na (Panreac, 90.0 %), silver nitrate (Aencore, 99.8 %).

5.2.2 Synthesis of g-CsN4

By the use of thermal condensation method, CN was synthesized. Briefly, 5 g of melamine
was ground well, transferred to an aluminum boat, kept in a tubular furnace, and maintained
temperature 550 °C for 2 h with a ramp rate of 5 °C per minute. After cooling naturally to the room

temperature (R.T.), light yellow color powder was obtained and ground well for further use.

5.2.3 Synthesis of ZnAl-LDH

ZALDH was synthesized by a simple hydrothermal method. Concisely, 4.689 g (0.0125
moles) of aluminum nitrate (Al (NO3)3) and 7.437 g (0.0250 moles) of zinc nitrate (Zn (NO3)3)
was added (molar ratio of Zn:Al = 2:1) into the 100 mL DD water in a beaker and stirred for 1h at
R.T. and marked as (Solution A). Simultaneously, another solution was prepared, having 100 mL
DD water with 3.375 g of NaOH and 2.645 g of NaxCOz was stirred well up to homogeneous
mixture was formed and marked as (Solution B). Afterwards, solution B was transferred gently to
the (solution A) while stirring, a white color solution was formed and the solution was kept stirring
for 2 more hours at R.T. Afterwards, whole mixture (mixture of solution A and solution B) was
transferred in to a 250 mL hydrothermal bomb and kept in a programmable muffle furnace and
operated at 120 °C for 24 hours at a heating rate of 3 °C. After completion, the reaction was allowed
to cool naturally to R.T and the obtained products was washed four times with DD water and with

the help of hot air oven the obtained ZALDH was dried overnight.

5.2.4 Synthesis of ZnAl-LDH/CN composite photocatalysts

For the synthesis of ZALDH/CN composites a facile and simple one-step microwave
irradiation method was adopted. Briefly, appropriate amount of pre-synthesized CN was taken into
a beaker with 50 mL of DD water and sonicated for 1h at R.T. To the above mixture, calculated

amount of already synthesized ZALDH was added and stirred for another 1h at R.T. The resulted
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mixture was subjected to 540 W microwave irradiation for 10 min using a microwave oven. After
the microwave treatment, a white color semisolid product was formed and washed several times
with DD water to remove un-reacted particles. Finally, white color product was collected for
further use. Same as the above method, series of materials were synthesized with varying the
concentration, 5%, 10%, 15% of CN to ZALDH and labelled as ZALDH/CN-5, ZALDH-CN-10,
and ZALDH-CN-15 respectively. A complete synthesis procedure of CN, ZALDH, and

ZALDH/CN composites was represented as shown below in Scheme 5.1.

LDH layer
Hydrothermal
Treatment

Zn A"

120°C /24 h

® NaOH =, _® Zn(NO,),6H,0 H,0
® Na,CO, 1,0 @ AINNO,),9H,0

Thermal 2 .: Microwave
Condensation 0:3.3:.-, =o Sonication zoalLpu | Trradiation
° :ogo:o‘.'o:og ° g-CN, ;
Py P9 .
550°C/2h .3.‘..:.:. H,0 540 W /10 min
. ' ® Mixture of ) e -
Melamine g-C,N, Solution ZnAl-LDH/g-C;N,

Composite

Scheme 5.1: Schematic representation of synthesis of ZALDH, CN, and ZALDH/CN composites.

5.2.5 LC-MS studies

LC-MS studies were performed with the help of MaXis ESI-QTOF tandem MS system
(Bruker Daltonics, Breman, Germany). To identify the CIP photodegradation intermediate
products for the optimized ZALDH/CN-10 composite. This instrument was used in the positive
mode under the control of a microOTOFcontrole program. Agilent 1100 series capillary pump
(Agilent, Palo Alto, CA) equipped with a home-made converse phase C18 column (300 A, 5 um,
320 um x 150 mm) were used for Chromatographic separation with a flow rate of 15 ulL./min. DD
water having 0.1 % formic acid and acetonitrile having 0.1 % formic acid were used as mobile

phase A and mobile phase B in the present analysis.

5.2.6 Photocatalytic activity
To know the photocatalytic activity of the synthesized pure CN, pure ZALDH, and
ZALDH/CN composites. The CIP photocatalytic degradation investigates were carried out with
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the help of 35 W Xe arc lamp. The initial (pH = 6.5) for the CIP solution, initial concentration of
CIP solution was 20 ppm (20 mg/lit), and 30 mg of the synthesized photocatalyst was added in 50
mL of as prepared CIP aqua solution in a jacketed beaker and sonicated for 10 min. The jacketed
beaker was connected with water circulation system to maintain a constant temperature of 30 °C
with the help of a chiller. For 30 minutes, the CIP solution with catalyst was stirred in the dark to
determine adsorption and desorption equilibrium between the photocatalyst and CIP. After 30 min
solution was exposed to visible-light illumination, and at every predetermined 20 min time
interval, reaction mixture sample was collected and centrifuged to isolate the catalyst from the CIP
solution for the analysis of the percentage of CIP photo-degradation with the help of UV-Vis
spectrophotometer. To explain the effect of different experimental aspects, controlled experiments
were performed in the absence of light and catalyst which tells that there is no photo-degradation
of CIP, indicating that, for the photo-degradation, light and catalyst are the primary elements.
Trapping experiments were carried out in the same experimental conditions as described above,
but with the addition of altered quenchers to the reaction system to investigate the role of
photogenerated reactive species. Moreover, the recyclability of photocatalysts were also carried
out by collecting the catalyst after every run with the help of centrifugation and washing

thoroughly with DD water, and dry it before use.

5.3. Results and discussions
5.3.1. PXRD, FT-IR, and TRFL studies

The crystallinity and phase structure of the fabricated CN, ZALDH, ZALDH/CN
composites was examined by PXRD studies, and the PXRD results are depicted in Figure 5.1(a).
For pure CN, two distinctive diffraction peaks were observed. The sharp and high intense peak at
20 = 27.59° is responsible for interplanar stacking of (002) lattice plane and the minor peak at
20 = 13.16° resulting from in-plane structural repeating unit corresponds to (100) lattice planes,
respectively.[294849% For pure ZALDH, the sharp and high intense diffraction peaks found at 26 =
11.74°,23.55°, 34.66°, 39.25°, 46.80°, 60.22°, and 61.59° are attributed to the (003), (006), (012),
(015), (018), (110), and (113) lattice planes, which can be indexed to the hexagonal phase of
ZALDH and well-coordinated with standard diffraction data of (JCPDS No. 38—0486).5054 |n the
case of ZALDH/CN composites, combined XRD patterns of ZALDH and CN were observed, but
the intensity of CN was very low in composites. Since the amount of CN in the composite is too

low at around 5, 10, and 15%, peaks belonging to CN were overshadowed by excessive amount of
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ZALDH in the final composite material and therefore no CN peaks could be identified in
composite. With the increasing CN amount on the ZALDH/CN composites, the diffraction peak
at 27.59° intensity was increased as shown in Figure 5.1(b), with reflecting their respective amount
of CN in the ZALDH/CN composites. This indicates the coupling between the CN and ZALDH
in ZALDH/CN composites.

To know the composition and structural vibrations of the synthesized photocatalysts FT-
IR analysis was carried out. Figure 5.1(c) shows the spectrum of FT-IR for pure CN, pure ZALDH
and ZALDH/CN composites. The spectrum of pure CN contains a sharp peak at 810 cm™ which
is mainly because of the stretching vibrations of S-triazine ring, between the wavenumber values
of 1200 and 1650 cm™ it contains a broad band which is a consequence of stretching vibrations
generated by aromatic heterocycles, precisely C—N and C=N heterocycles. Furthermore, the
broadband appears at 3208 cm™* corresponds to the stretching vibrations of residual N-H groups
which are linked with undiminished amino groups.5d The broad band appeared at 3424 cm™ and
1627 cm for the ZALDH are because of the stretching vibrations generated by -OH group. The
ZALDH spectrum also consists peaks at wavenumber values of 448 cm™, 553 cm?, 613 cm™,
these peaks are ascribed to the translational vibrations generated by the metal-oxygen and metal-
oxygen-metal (Zn—O, Al—O and Zn—O—Al) bonds present in the ZALDH compound. We have
also observed peaks at 1364 cm™ and 1495 cm™, the former peak was intense one compared to the
later one, these peaks are formed because of the symmetric and asymmetric stretching vibrations
generated by (O—C—0) present in Na,COs precursor used in the synthesis.[>>541 It can be noted that
the FT-IR spectra of ZALDH/CN composites have coexistence of all the characteristic bands of
CN and ZALDH. The appearance of these characteristic peaks demonstrates the successful
formation of ZALDH/CN composites.

The photogenerated excitons lifetime and their separation efficiency at the interface of the
ZALDH with CN can be efficiently studied by using time-resolved fluorescence lifetime (TRFL)
analysis. The TRFL spectra were obtained for pure ZALDH, CN, and ZALDH/CN-10 composite
with the excitation and emission wavelength are 380 and 466 nm respectively. As represented in
Figure 5.1(d), the ZALDH/CN composite curve is less steep than bare CN and steeper than bare
ZALDH. As shown in the below (equation 5.1). These average lifetime decay curves were

perfectly fitted when bi-exponential functional equation was used.
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Fit = B + A, exp (;—1") + A, exp (;—2") (5.1)

In this ‘A’ constitutes n' decay weighing parameter and ‘B’ represents constant. Whereas, the

average lifetime was calculated from (equation 5.2) mentioned below,

At + Ayt

toy = (m) (5.2)

As shown in Table 5.1, after the formation of composites, ZALDH/CN, the longer and
shorter lifetimes of components t; and t; were reduced as compared with pure ZALDH and CN. In
the case of ZALDH/CN-10 composite, t1 is contributed by non-radiative process which has a larger
contribution percentage of A1 and another component tz, that is related to second lifetime of
recombination process, has a lower contribution percentage of A,. These findings suggesting the
enhanced charge carrier migration from CN to ZALDH. Moreover, the average lifetime of
ZALDH/CN-10 (3.23 ns) is less than pure CN (4.89 ns) and more than pure ZALDH (1.60 ns).
The decrease in the lifetime of ZALDH/CN-10 composite points out the existence of charge
transfer through different non-radiative pathway by means of newly formed channels induced by
the presence of ZALDH. The charge carriers which are generated by the incident photons are
rapidly captured by ZALDH. This expeditious electron transfer from CN to ZALDH confirms the
formation of ZALDH/CN-10 composite. Because of this speedy process the electron and hole pairs
are separated effectively and assist the enhancement of photocatalytic activity of the ZALDH/CN-
10 composite compared to constituents of CN and ZALDH. Similar explanations have been
reported in earlier literature as well.[5556]

Table 5.1: Shorter and longer lifetime components t1, t>, and average life time of CN, ZALDH, and
ZALDH/CN-10.

Photocatalysts A1 (rel. %) t1 (ns) Az (rel. %) t2 (ns) tav (NS)
CN 0.097 19.918 0.965 3.388 4.896
ZALDH 0.599 1.600 0.599 1.600 1.600
ZALDH/CN-10 0.841 2111 0.182 8.400 3.230
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Figure 5.1: (a) PXRD patterns of synthesized pure CN, pure ZALDH, and ZALDH/CN composites,
(b) respective expanded patterns of XRD, (c) FT-IR spectra of synthesized pure CN, pure ZALDH,
and ZALDH/CN composites, and (d) Lifetime PL studies of pure CN, pure ZALDH and ZALDH-

10 composite.

5.3.2 FE-SEM, TEM, and EDS studies

FE-SEM and EDS studies were performed to investigate the surface morphology and
elements present in the synthesized pure CN, pure ZALDH, and ZALDH/CN-10 composite. As
shown in Figure 5.2(a), FE-SEM images of pure CN show sheet like morphology, whereas in
Figure 5.2(b), pure ZALDH displays a small plate like morphology. Figure 5.2(c-e), shows the
ZALDH/CN-10 composite indicating the presence of both pure CN and pure ZALDH
morphologies. Furthermore, there is no breakdown in the basic skeleton of CN and ZALDH after
the formation of the ZALDH/CN composite. To know the composite formation and interaction
between the CN and ZALDH in ZALDH/CN-10 composite. The atomic and weight percentages
of the synthesized ZALDH/CN-10 composite was shown in Figure 5.2(f). TEM analysis was
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carried out at different magnifications and results are shown in Figure 5.2(g-1). As showed in image
the circle with yellow color indicates the presence of dual material morphology and formation of
a composite hybrid which can yield a better interaction between CN and ZALDH. These results

further conclude the successful formation of composite ZALDH/CN.

Weight% = Atomic%
19.10 30.76
NK 6.20 8.57
0K 38.29 46.31
AlK 8.51 6.10
ZnL 27.90 8.26

Totals  100.00 100.00
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Figure 5.2: (a) FE-SEM images of pure CN, (b) pure ZALDH, (c-e) ZALDH/CN-10 composite, (f)
weight and atomic percentages of ZALDH/CN-10 composite, (g-i) TEM images of ZALDH/CN-10
with different magnifications, and (j) EDS elemental analysis of CN, (k) ZALDH, (I) ZALDH/CN-

10 composite.
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The EDS elemental analysis of the ZALDH/CN-10 composite is shown in Figure 5.2(j-I)

tells about the presence of Zn, Al, C, and N elements with varying weight ratios. To study the

) 4

L 4

distribution of elements in the ZALDH/CN-10 composite selected area EDS elemental mapping
studies were carried out and shown in Figure 5.3(a-f), which indicates the uniform dissemination

of Zn, Al, C, N, and O elements respectively. Above results confirm the construction of

ZALDH/CN-10 composite.

L
2

Figure 5.3: (a-f) EDS elemental mapping images of ZALDH/CN-10 composite with respective

elements.

5.3.3 UV-Vis DRS and BET studies

Figures 5.4(a-b) depicts the UV-Vis DRS studies, which are used to determine the
synthesized photocatalyst’s light harvesting properties, since optical absorption characteristics are
more important for better understanding of the photocatalytic activity. Pure CN displays a strong
absorption edge near to 467 nm indicating that CN can be excited under visible region of the solar
spectrum.®%8 pyre ZALDH exhibits a weak absorption band in the UV-light range 200-400 nm,
which corresponds to electronic transitions of O 2p state to metal ns or np levels (n = 3 for Al and
n =4 for Zn) in ZALDH.15980 As shown in Figure 5.4(a), the composites of ZALDH/CN displays
a slight blue shift, and as the CN content increased, the absorption edge shifted towards the lower
wavelength field, which is accountable for the more visible light absorption in composite
ZALDH/CN. The absorption regions of all the composites are observed in between the pure CN
and ZLDH. ZALDH/CN-15 has a higher absorption in the region 200-450 nm (absorbance region
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of CN) due to the excess amount of CN i.e; 15%. However, it should be noted that, in the region
of 450-600 nm, absorbance of ZALDH/CN-10 exceeds that of ZALDH/CN-15. Bandgap energies
of CN, ZALDH, and ZALDH/CN composites were determined according to Tauc plots (ahv)*? =
A (hv - Eg) as depicted in Figure 5.4(b). The calculated bandgap of CN, ZALDH, are 2.73 eV and
3.07 eV.B*® The improved visible-light absorption capacity in ZALDH/CN composites can

enhance the photocatalytic activity compared to those of bare CN and ZALDH materials.
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Figure 5.4: (a) Ultra Violet —Visible DRS spectra of CN, ZALDH, and composites of ZALDH/CN,
(b) Tauc plots of the respective photocatalysts, (c) nitrogen adsorption isotherms of pure CN, pure
ZALDH, ZALDH/CN-10 composite, and (d) respective pore size distribution plots.

To investigate the BET surface area and pore size distribution of fabricated pure CN, pure
ZALDH, and ZALDH/CN-10 composite, BET adsorption measurements were carried out under
room temperature, and prior to analysis, sample was degassed at 150 °C. The obtained BET results
are depicted in Figure 5.4. As shown in Figure 5.4(c), nitrogen adsorption isotherms of CN,
ZALDH, and ZALDH/CN-10 composite, in comparison with bare CN and ZALDH materials,
ZALDH/CN-10 composite possess more specific surface area. The calculated surface area of pure
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CN, ZALDH, and ZALDH/CN-10 composite is as follows; 17.60 m%g, 16.17 m?/g, and 23.60
m?/g respectively. The high specific surface area of ZALDH/CN-10 composite can provide
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additional visible light absorption capacity of reactant molecules due to the exposed surface area
resulting in effective photocatalytic degradation of pollutants. The corresponding pore size
distribution curves are shown in Figure 5.4(d). The calculated pore volumes of the CN, ZALDH,
and ZALDH/CN-10 Composite as follows 0.056 cc/g, 0.039 cc/g, and 0.063 cc/g respectively.

5.3.4 XPS Analysis

To determine the surface chemical composition and detailed oxidation states of the
elements present in ZALDH/CN-10 composite XPS measurements were carried out. Figure 5.5(a)
displays the survey spectrum of ZALDH/CN-10 composite, which indicates the presence of Zn,
Al, C, N, and O, elements with the respective binding energies of 1022.32 eV, 75.23eV, 286.6 9
eV, 397.90 eV, and 532.28 eV respectively. This confirms the successful formation of composite
between CN and ZALDH which is also consistent with XRD and TEM results. The high resolution
Zn 2p spectrum is shown in Figure 5.5(b). Two major peaks appear at binding energies of 1022.13
and 1045.38 eV corresponding to Zn 2ps2 and Zn 2py2 indicates the presence of Zn binding with
the oxygen molecule (M-O bond). The additional satellite peaks appearing at binding energies of
1026.58 eV and 1049.73 eV are responsible for the high spin divalent state of Zn?* in ZALDH/CN-
10 composite.[®?

Figure 5.5(c) shows the high resolution XPS spectrum of Al 2p, which can be deconvoluted
into two peaks located at binding energies of 74.18 and 76.98 eV which confirms the existence of
the AI** and AI(OH)s respectively, in the composite of ZALDH/CN-10.11 The deconvolution
spectrum of C1s is depicted in figure 5.5(d). The spectrum consists of five peaks which indicates
the five different carbon environments in the system. The peak at 285.18 eV raised due to the
contaminant carbon present in the vacuum oil during the measurement. The peak at 286.93 eV is
assigned to the carbon bound to the nitrogen inside triazine ring and the peak at 288.43 eV formed
due to the carbon bound to the nitrogen in CN. Peaks at 289.53, and 290.60 eV are formed due to
the carbon present in ("O—C=0) group intercalated between the ZALDH layers. The XPS
deconvolution spectrum of N1s is shown in figure 5.5(e). The spectrum shows three different peaks
precisely at 397.68 eV, 399.93 eV and 402.38 eV. The lower binding energy value peak at 397.68
eV is formed because of nitrogen present in (C—N=C) group, the second peak located at 399.93
eV is may be because of the nitrogen bound to three different carbons precisely ternary Nitrogen
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(N—(C)3 groups). The higher binding energy value peak situated at 402.38 eV is may be because
of the Nitrogen present in the amino functional groups (C—N—H). Apart from these three peaks,
there is also a small peak positioned at 404.58 eV. This peak may be a consequence of JI-
excitations in the CN group.-64-%681 Figure 5.5(f), illustrates the deconvolution spectrum of Ol1s.
In this spectrum we can identify two peaks found at 531.83 eV and 535.83 eV respectively. The
former peak located at lower binding energy which might be formed because of the lattice oxygen
species (O%) which is bound to metals present in ZALDH. The later peak positioned at higher
binding energy value has formed because of the oxygen present in the hydroxide group ((OH).[6%
Compared with reported binding energies of bare ZALDHSs 1022.2 eV, 74.3 eV, and 531.8 eV for
Zn2p, Al2p, and Ols. It is noted that the binding energies of ZALDH/CN-10 shifts to the higher
value 1022.3 eV, 75.23 eV and 532.28 eV for Zn2p, Al2p, and O1s respectively. Such high positive
binding energy shifts of metal and oxygen elements are similar to those reported in the case of
ZnAl-LDH/CNTs composite.[8 Therefore, the shift towards higher binding energy for
ZALDH/CN-10 as compared with bare ZALDHSs, confirms the efficient interaction between
ZALDH nanoparticles and CN can possibly be ascribed to the formation of ZALDH/CN-10
composite photocatalyst effectively.
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Figure 5.5: (a) XPS survey spectrum of ZALDH/CN-10 composite, (b) Zn 2p, (c) Al 2p, (d) C1s,
(e) N 1s, and (f) O 1s.
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5.3.5 Photocatalytic activity studies

Figure 5.6(a) depicts the complete CIP degradation comparison curves between
irradiation time vs Ci/Co (concentration of CIP at a particular time/initial concentration of CIP).
For pure CN the photodegradation was 64.2 % whereas for pure ZALDH it was 61.9 %. As for
composites ZALDH/CN-5, ZALDH/CN-10, and ZALDH/CN-15 the photodegradation was 77.6
%, 84.1%, and 80.5 % respectively. Amongst all analyzed samples, ZALDH/CN-10 shows the
highest photocatalytic activity with 84.1 % degradation of CIP within 150 min. The improved
photocatalytic activity could be contributed by the formation of the composite between two
semiconductor materials with negatively charged CN and positively charged metal ions of
ZALDH. In the ZALDH/CN composites, the photodegradation percentage was found to be
elevated with increasing the CN weight ratio up to 10 % which later on decreased when CN was
15 %. This may be caused by excessive amounts of CN blocking the photoactive sites on LDH
and with increasing amount of CN, there is a high probability of agglomeration among the
composites which could be directly responsible for low catalyst-light interaction leading to lower
efficiency.

We conducted experiment, without catalyst and light and concluded that there is no
effect on degradation indicating the highly stable nature of ciprofloxacin. Figure 5.6(b) shows the
plots between —In (C¢/Co) vs irradiation time which gives linear plots. From these linear plots, we
calculated error with the relative standard deviation of duplicate runs, included error bars in the
Figure 5.6(b). From the slope of these linear plots, we calculated the rate constant of the reaction,
and found that the degradation process followed a pseudo first order kinetics model as (—In (Ct/Co)
= kt). The rate constant (k) for the CN, ZALDH, ZALDH/CN-5, ZALDH/CN-10, and
ZALDH/CN-15 was determined as 6.8x10° min, 6.4x10° min™, 1.0x102 min?, 1.2x102 min*
and 1.1x102 min™ respectively.

Table 5.2 shows the rate constant and percentage of degradation. Moreover, we
conducted a stability test for ZALDH/CN-10 composite. In This process photocatalyst was
extracted from the aqueous solution by centrifugation after 150 minutes of irradiation in each
cycle, rinsed thoroughly with DD water, and dried overnight. As shown in Figure 5.6(c),
ZALDH/CN-10 exhibited a considerable loss of degradation efficiency after four successive cycles
of ZALDH/CN-10 composite for photocatalytic degradation of CIP. The reasons for the loss in
the degradation could be as follow. The process for reused catalysts were rinsed with DI water,
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which was unable to properly remove the excessive CIP adsorbed onto the catalyst material during

degradation cycles. Under the studied parameters, the composite had good photo-chemical

stability.
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Figure 5.6: (a) Photocatalytic dye degradation activity comparison curves of synthesized pure
CN, ZALDH, and ZALDH/CN composites, (b) first order kinetics of pure CN, ZALDH, and
ZALDH/CN composites. Error bars represent the standard deviations of duplicate runs, (c)
photocatalyst stability studies of ZALDH/CN-10 composite, and (d) scavengers trapping studies
of ZALDH/CN-10 composite. Error bars represent the standard deviations of duplicate runs.
Figure 5.6(d) shows the active species trapping experiments, which gives information
about photogenerated excitons which are responsible for the photocatalytic CIP degradation
process. Disodium ethylene diamine tetraacetate (EDTA 2Na), silver nitrate (AgNOs), and
Isopropanol (IPA) were used as quenchers for the holes (h™), electrons (e), and hydroxide radicals
("OH) respectively. CIP degradation efficiency was dramatically suppressed by the addition of

IPA, which indicates that, "OH is a major reactive species for the degradation of CIP, whereas with
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the addition of EDTA 2Na and AgNOs to the reaction system the degradation capacity was
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inhibited moderately indicating that h* and e” were also responsible in minor portions. A similar
type of discussion has been reported in previous works.[] The increased absorption ability in the
visible-light field, as well as the improved charge separation efficiency at the well-formed interface

between CN and ZALDH, it might be responsible the increased photocatalytic activity.

Table 5.2: Rate constant and percentage of degradation of CN, ZALDH, and ZALDH/CN-10

composites.
Photocatalysts Rate (mint) Degradation (%)
CN 6.8x10°3 64.1
ZALDH 6.4x107 61.8
ZALDH/CN-5 1.0x102 77.6
ZALDH/CN-10 1.2%102 84.1
ZALDH/CN-15 1 1x10°2 80.5

To examine the effect of temperature on the efficiency of CIP antibiotic pollutant
photocatalytic degradation, we performed photocatalytic degradation experiments by using a water
circulation system with a jacketed beaker to reach higher temperatures (40 °C and 50 °C). The
temperature-dependent photo-degradation curves of CIP over ZALDH/CN-10 have been shown
in Figure 5.7(a). The efficiency of degradation has improved at higher temperatures. Photo-
degradation efficiency from 30 to 50 °C with an increment of 10 °C was calculated and found to
be 84.1% at 30 °C, 89.5 % at 40 °C and 90.5% at 50 °C. Figure 5.7(b) was plotted with -In (Ci/C,)
on Y-axis and irradiation time on X-axis. A linear fit was obtained with their respective slope
values at various temperatures are calculated errors with the relative standard deviation of
duplicate runs, included error bars in the Figure 5.7(b). Slope of the linear fit was the rate constant
at that particular temperature according to the equation —In(Ci/Co) = KT. From the linear plots it
can be emphasized that CIP degradation under visible light irradiation using ZALDH/CN-10
catalyst followed a pseudo first order Kinetics. The calculated rate constant value at 30 °C was
2.22x102 mint, when the temperature was increased to 40 °C, the rate constant was found to be
2.27x102 min. Finally when the temperature was further increased to 50 °C, the rate constant
was calculated as 2.38x102 min™. By observing the calculated rate constant values at different

temperatures, it can be said there is a definite increase in rate constant with an increase in the
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temperature. This increase in CIP degradation rate can be explained as follows. When the
temperature is raised, the molecules are more likely to be agitated due to the absorbed energy
which will lead to their high likelihood of collision, subsequently leading to higher rate of reaction

which is otherwise lower at low temperatures leading to a lesser rate of reaction.

Table 5.3: Complete thermodynamic parameters of ZALDH/CN-10

Temperature Ea AH AS AG
) (KJ Mole™) (KJ Mole ) (KJ Mole'K) (KJ Mole?)
30 18.611
40 9.700 7.097 -0.038 18.991
50 19.371

For a reaction to occur the particles must collide to lower the activation energy of the
overall reaction. Arrhenius equation was taken into consideration to calculate the activation energy
of the system using rate constant values obtained at different temperatures.[®® Figure 5.7(c) was
plotted between In k and 1/T. we have observed linear sloped lines at all the temperatures, these
slope values have been substituted in the Arrhenius equation and we have calculated the activation

energy values. The used equations are listed below.

Ink = InA — E,/RT (5.3)
n(z) =m()-F+ % (5:4)

‘R’- universal gas constant, ‘A’- Arrhenius factor, ‘k’- Rate constant , ‘h’- Planks constant,
‘Ea’- activation energy of the system, ‘K’- Boltzmann constant, ‘T’- Temperature (in Kelvin). AH
is enthalpy and AS is entropy respectively. Figure 5.7(d) shows a plot between In (k/T) on Y-axis
and 1/T on X-axis. We have observed a straight line with a slope and intercept. The slope of this
plot gives the enthalpy of the reaction (Slope = -AH/R) and the intercept of this pot gives the
entropy of the reaction (Intercept = In(k/h) + AS/R). Gibbs free energy equation was used to
calculate the Gibbs free energy of activation, since we have already calculated the enthalpy of the
reaction and entropy of the reaction. The equation is given below.
AG = AH-TAS (5.5)

The calculated thermodynamic parameters for instance Gibbs free energy of activation

(AG) was found to be a positive value and enthalpy of the reaction (AH) was also found to be a

positive value whereas, entropy of the reaction (AS) was found to be a negative value. By taking
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all these into consideration, it can be emphasized that the overall degradation process of CIP was
endothermic, non-spontaneous reaction. It can also be said that the reaction process is endergonic

in nature. All the calculated parameters are listed in Table 5.3.
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Figure 5.7: (a) Plots of Ci/Co vs degradation time, (b) curves of —In (C+/Co) vs degradation time
Error bars represent the standard deviations of duplicate runs, (c) at different temperatures, time
as a function the graph between In (k) vs 1/T, and (d) In (k/T) vs 1/T.

5.3.6 Proposed reaction mechanism

The remarkable results reported as above, a synergistic effect amongst the ZALDH and
CN was observed, which indicates the improved photocatalytic degradation of antibiotic pollutant
CIP with ZALDH/CN-10 composite and we proposed a suitable mechanism as demonstrated
in Figure 5.8. According to the following empirical equations (5.6 and 5.7), the edge potentials of
VB and CB (Evs and Ecg) are calculated.
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Ecg=X-E,+05E, (5.6)
Eyg =E; —Ecp (5.7)
The calculated valence band edge potentials (Evs) and conduction band edge potentials (Ecg) of
CN are +1.43 eV and -1.30 eV and of ZALDH's VB and CB are +3.62 eV and +0.55 eV,
respectively. 54616

‘X" is the Mulliken’s electronegativity that is the geometric mean of the electronegativity
of the constituent atoms of the semiconductor (6.59 eV for ZnAl-LDH and 4.73 eV for g-C3sNa);
‘Ee’ is the energy of free electrons on the hydrogen scale (~4.50 eV); ‘Eg’ is the band gap energies
of the ZnAl-LDH and g-C3Ng are 3.07 eV and 2.73 eV in our experiment.

When we supply energy to the semiconductor more than their respective bandgap energy
the electrons are excited from the VB to CB of the semiconductor. Since pure ZALDH is ultra
violet light active, therefore it cannot excite electrons from VB to CB under visible-light, however
in case of CN, have more visible light harvesting capacity. Because of this property, when CN was
exposed to visible light irradiation it can absorbed light energy more than band gap of CN,
subsequently the electrons are excited from VB to CB. Resulting, the holes are present in VB of
CN and electrons are accumulated in the CB of the CN. Consequently, the photogenerated
electrons on the CB of CN could readily migrates towards the CB of ZALDH since the CB of CN
is (—1.30 eV) was more negative than that of ZALDH (+0.55 eV) while the holes remains in the
VB of CN. The movement of electrons from CB of CN to CB of ZALDH supports the suppression
of electron-hole pair recombination of CN and increase the effective charge separation of
photogenerated excitons. Resulting enhanced photocatalytic activity of ZALDH/CN-10 composite
compared to bare CN and ZALDH. Since more electron density is located at the CB of ZALDH,
it could participate photo-reduction reaction to reduce dissolved oxygen O to O2" . These formed
superoxide anions at CB of ZALDH can react with dissolved H20 to generate "OH, these formed
"OH are responsible for the degradation of CIP under visible-light illumination.

Though, as compared with the standard redox potential (OH/OH™ = +1.99 eV), the VB
position of CN (+1.43 eV) is less positive, which reveals that, remaining holes in the VB of
CN could not oxidize from OH™ or H>O to form "OH, it might be directly react with the CIP to
form degradation products. Meanwhile electron density remains at the CB of CN, after transferring
to CB of ZALDH. It could participate photo-reduction reaction to reduce dissolved oxygen O to
O>"". These formed superoxide anions at CB of CN can react with dissolved H20 to generate "OH,
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these formed "OH are responsible for the degradation of CIP under visible-light illumination. Thus,
photogenerated "OH and h* are the main active species for the CIP photo degradation under visible-
light over the ZALDH/CN-10 composite. These occurrences was are supported by the trapping
experiment results. Similar discussions have been reported with previous works.™ It has been
worth to note that, there is availability of m-electron cloud density on the surface of g-C3N4 sheets,
along with having positive ions and more number of hydroxyl groups on the surface of layered
double hydroxides (LDHSs). These surface hydroxide groups of LDHs are interact with g-CsN4 to
get structure stability as well as to formation of heterojunction among the ZALDH and CN,
because of these strong structural stability and interactions in ZALDH/CN-10 composite has
shown enhanced photocatalytic CIP degradation performance under visible-light illumination. As
depicted in Table 5.4, our work was compared with recently reported literature for the
photocatalytic degradation of antibiotic CIP, and our synthesized composite ZALDH/CN-10
shows good competitiveness. It reveals that, it can be used application point of view in
photocatalytic antibiotic degradation of CIP.

Table 5.4: Comparison of our work with recently reported literature for CIP photocatalytic
degradation.

Amount CIP . . .
Photocatalyst of Concentrati Light T|r_ne Degradation Reference
source (min) (%)
Catalyst on
FeTiOs/ZnO | 1000 mg 10 ppm 80W UV 180 100 [71]
lamp
Nano-ZnO N.A 5 ppm 8 WHg 30 93 [72]
fluorescent
CeO2/Ag/AgBr 50 mg 10 ppm 300W Xe 120 93 (73]
lamp
WO3/RGO 50 mg 20 ppm 300 W 150 94 [74]
CS@Au/ZnO | 1000 mg 5 ppm visible 180 61 78]
light
Fe-doped ZnO 100 mg 10 ppm Sun light 210 66 [76]
ZnAl-LDH/ 30 mg 20 ppm 35W Xe 150 84 Present
g-CsaNy lamp work
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Figure 5.8: Suggested mechanism for CIP photocatalytic degradation over the composite
ZALDH/CN-10 under visible-light.

5.3.7 Photocatalytic CIP degradation pathway

Major intermediate products are formed during the photocatalytic degradation process of
CIP identified by LC—MS analysis and results are depicted in Table 5.5.
Table 5.5: Intermediate products formed during the photocatalytic degradation CIP under visible-
light for ZALDH/CN-10 composite photocatalyst.

S.No | Intermediate | Mass(m/z) | Molecular formula | Proposed chemical structure
(0]
F. COOH
1 CIP 332 C17H18FN3Os (\N N |
HN_/ A
0
FI::(%TCOOH
|
2 CIP-1 362 C17H16FN305 (\N N
HN_
y 0 A
0]
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N
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15116 33 K\N N
NH,H A
)
F COOH
CIP-4 291 Ci14H11FN2O4 04\11} 1
0
F COOH
CIP-5 263 CisHuFN;Os HN z |
0
F
CIP-6 219 CrHuFN;O HN N |

Hojg\)@cm)ﬂ
CIP-7 362 Ci17H1sFN3O
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Three possible photocatalytic degradation routes of CIP have been proposed and shown in
Scheme 5.2. (i) Pathway-1 is the primarily emphasis on the piperazinyl ring moiety breaking.
According to previous studies, CIP-1 was formed when the piperazine ring in CIP is opened.[’"78l
Consequently, with the elimination of one (—C=0) moiety from CIP-1 can be changed to CIP-2.
Further removal of one more (—-C=0) group from CIP-2 to form CIP-3. The transformation of
CIP-3 from CIP-2 was observed by previous researchers also, means this transformation is
consistent. Further, CIP-3 can undergo deamination to form CIP-4. Then CIP-4 would have
participated in decarbonylation and decarboxylation to formation of CIP-6 via CIP-5. By
undergoing all these processes, the piperazinyl moiety of CIP was completely fragmented or in
other words, degraded. (ii) Pathway-2, mainly three types of cleavages can be observed, in which
first one is defluorination, second one is the destruction of quinolone moieties, and lastly the
breakage of benzene rings. As reported in previous works.[731 Hence, CIP-7 can be generated
from defluorination and cleavage of quinolone moieties on the (C=C) bond adjacent to
the carboxylic acid of CIP simultaneously. From the CIP-7, with the loss of two carboxylic acid

groups, CIP-8, CIP-9 were formed. Subsequently, CIP-10 was formed by the cleavage of benzene
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ring from the CIP-9. (iii) Pathway-3 primarily describes hydroxylation of CIP. It was hydrolyzed
to various degrees, resulting in formation of CIP-11, CIP-12, and CIP-13. Earlier research reports
suggested a similar route.["®-#% Furthermore, CIP-6, CIP-10, and CIP-13 also may undergo a series
of cleavage reactions such as quinolone ring and piperazine rings, decarboxylation and,
hydroxylation, and all these products are finally converted into CO2, NO3™, H20, and F". Since
various radicals can be involved, we are unable to depict this aspect of the degradation pathway
here.

(i) Pathway-1

4]

o 0
K coolt K COOH F, COOH F, COOH
| @ — [ —— )
¥ N N N _
O arh A " Cpr & o 1
i CIp H\ e ) ] CIP3
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|
oo — t@ﬁ*r — o
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Scheme 5.2: Proposed pathways for photocatalytic degradation of CIP under visible light.

107



Chapter V

& o ¥
v v

5.4 Conclusions
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In summary, ZALDH/CN composites were successfully synthesized by a simple
microwave irradiation method, which established a strong interface system due to the positively
charged metal ions of Zn?* and AIP* in ZALDH sheets and negatively charged ions in the CN
nanosheets. The results concluded that the optimized ZALDH/CN-10 composite showed a better
photocatalytic performance compared to pure materials and remaining composites for the
photocatalytic degradation of CIP under visible light irradiation. Photo generated active species
trapping studies confirm that, hydroxyl radicals, holes and electrons were responsible for the
degradation process, and also we conducted recyclability test for the ZALDH/CN-10 composite
which revealed the stability of the composite. Moreover, we proposed three major degradation
pathways based on LC-MS results for the photocatalytic degradation of CIP under visible light.
As a result, the findings of this study offer useful information for improving photocatalytic activity

for wastewater treatment and long-term energy generation applications.
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Chapter VI
Photo-thermal studies of stable and potential Ce(M004)2/g-C3N4
binary composite towards degradation of ciprofloxacin and
methylene blue under visible light
6.1 Introduction

The utilization of renewable energy resources is an urgent bustle in the rapid industrial
growth, urbanization, and social economy. It is essential for achieving long-term change in the
face of rapidly depleting fossil fuels and worsening environmental issues. Toxic constituents such
as dyes, antibiotics, heavy metals, and pesticides are entering the aquatic environment to produce
harmful effects and eventually threaten human health.[*? Therefore, it is of great practical
importance to eliminate diverse pollutants from wastewater using various water treatment
methods include membrane separation, adsorption, advanced oxidation, biological processes, and
photocatalytic degradation.[*®! Particularly, the materials or photocatalysts, which are being used
for waste- water treatment plays a key role and the development of prominent materials for
wastewater treatment method become the hotspot research interest for researchers.

Among the various photocatalytic materials, non-metal graphitic carbon nitride (g-CN) is
an n-type semiconductor, which is prepared by thermal condensation of polymerizing monomers
like urea, thiourea, melamine and dicyandiamide. The structure of g-CN is analogous to 2D
conjugated lamellar assembly of graphene which contains heptazine rings bonded with hydrogen
bonding and VVan Der Waal forces.l® '3 Because of its unique characteristics, including excellent
stability, bandgap energy (2.7 eV) for the more visible light absorption capacity, adequate water
oxidation and reduction band levels, and conveniently altered molecular structure.[!>81 g-CN has
gathered particular interest is an effective non-metal photocatalyst for CO- reduction, degradation
of organic pollutants, and water splitting, etc. Even though the practical applications of the bare
g-CN as photocatalyst faces numerous obstacles, such as weak redox ability, fast recombination
of photogenerated excitons and minimal surface to volume ratio.[**2% To overcome disadvantages
as mentioned earlier of g-CN, various approaches have been developed, such as doping
metal/nonmetal ions, changing morphology, and making binary composites with other
semiconductors.?>% The development of heterojunction between g-CN and other semiconductor
is an effective approach to boost the photocatalytic-degradation efficiency of environmental
pollutants by g-CN.
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Recently, transitional metal molybdates gained particular interest due to their various
properties. And they were significantly used in various applications like photocatalysis, sensors,
supercapacitors, Li-ion storage batteries, and optical fibers.[?281 Among the transitional metal
molybdates, cerium molybdates Ce(MoOs)> is a significant in-organic semiconductor
photocatalyst material and gained an excellent attraction to the researchers due to its distinctive
properties such as good catalytic convertor, corrosion inhibitor, and high photo-stability. Owing
to these features, Ce(M0Os). is extensively used in a variety of industrial applications, such as
paints, plastics and ceramics. It is also broadly used in catalysis including the corrosion industry
for the corrosion suppression of aluminium alloys.?®-31 More significantly, recent studies reveal
that cerium molybdates have sufficient valance band edge position to oxidize the organic
pollutants and provide superior visible light active photocatalytic performance.2* The main
objective of the synthesis of the binary nanocomposites, in this we can effectively separate the
photogenerated excitons and inhibits the recombination rate of photogenerated excitons by the
transfer of one semiconductor to another vice versa.

In the present study, we have successfully fabricated CeM/g-CN binary composites via a
facile hydrothermal method. We have investigated the effect of CeM loading on the
photodegradation of dye pollutants. The optimized CeM/g-CN-20 composite was exhibited
enhanced photocatalytic degradation for different pollutants CIP and MB under visible light,
compared with bare g-CN and CeM. Furthermore, we have proposed suitable photocatalytic
pollutants degradation mechanism based on the experimental results, and the role of photoactive
species that are responsible for the degradation processes were analyzed by using scavenger
experiments. As far as we are aware, it was the first study on CeM/g-CN binary composites for

the effective photocatalytic pollutants degradation of CIP and MB under visible light.

6.2 Experimental Section
6.2.1 Materials

All the chemicals were of analytical grade used in this study without any further
purification. Cerium nitrate tetra hydrate (Hmedia, 99 %), ammonium molybdate (Finar, extra
pure), ethylene glycol (Finar, 99%), ciprofloxacin (TCI 98 %), isopropyl alcohol (Choneye, 99.9
%), silver nitrate (Aencore, 99.9 %), benzoquinone (Aencore, 99.8 %), and EDTA-2Na (Panreac
90.0 %).
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6.2.2 Synthesis of pure g-C3N4

The pristine g-CN was fabricated by a well-known thermal condensation routine with
melamine used as Nitrogen (N) and Carbon (C) source. Briefly, 5 gr of melamine was ground well
with a motor pestle and transferred to an aluminium boat and kept in a programmable tubular
furnace maintained at 550 °C for 2 h with keeping heating rate of 5 °C/min. After cooling naturally,

the light yellow colored powder was stored for further use.

6.2.3 Synthesis of Ce(M004)2

Ce(Mo00s)2 was fabricated by a simple one-step hydrothermal route. Concisely, 2 mmol
cerium nitrate hexahydrate was dispersed in 30 mL of ethylene glycol via stirring for 1 h marked
as solution A. Meanwhile in another beaker, with 30 mL ethylene glycol having 2 mmol of
ammonium molybdate was dissolved and marked as solution B and continue stirring for another 1
h. Afterwards, solution B was mixed with solution A while stirring. The stirring was continued for
6 h at room temperature (R.T). The total solution mixture was transferred to a hydrothermal bomb
and placed in a microprocessor programmable controlled oven and maintained at temperature of
160 °C for 6 h. We have applied heating rate of 4 °C per minute. After successfully completion of
the reaction, the obtained products are washed with DD water several times to eliminate any
unreacted precursors. The achieved product was calcined at 500 °C for 2 h and finally a white

color product was obtained.

6.2.4 Synthesis of Ce(M004)2/g-C3sN4 binary composites

The CeM/g-CN binary composites were fabricated by a simple hydrothermal method.
Concisely, 30 mL of DD water was taken in a beaker and an appropriate amount of already
synthesized g-CN and sonicated for 1 h at R.T. Subsequently add suitable amount of CeM and
sonicated for 10 min and continuously stirred for another 2 h at R.T. and the total mixture of the
solution was shifted into a pre-cleaned hydrothermal bomb and maintained at a temperature of 160
°C for 6 h with ramp rate 3 °C per minute. After naturally cooling to R.T., the obtained product
was thoroughly washed several times with water and kept in oven for overnight to dry the obtained
products. As mentioned above, we have fabricated a series of materials with different CeM to g-
CN ratio and denoted as CeM/g-CN-10 (CeM 10%), CeM/g-CN-20 (CeM 20%), and CeM/g-CN-
30 (CeM 30%) respectively. The detailed synthesis methods of all materials are shown in scheme
6.1.
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Scheme 6.1: Pictorial illustration of the fabrication of CeM/g-CN binary composites.

6.2.5 Photocatalytic experiments

The photocatalytic performance of the fabricated materials was studied by
photodegradation of CIP and MB. For the photocatalytic study, 50 mL of 20 ppm of CIP, and in
the case of MB, 50 mL of 10 ppm solution was taken separately in a 100 mL water-jacketed beaker
and constant temperature (30 °C) was maintained with the help of a water circulation system as
described in our previous work 4. Subsequently, 30 mg of the photocatalyst was suspended to
the above dye solution, and allowed it for sonicate i.e; 10 minutes followed by stirring under dark
environments for 30 minutes to achieve adsorption and desorption equilibrium between
photocatalyst and pollutant. Afterward, a visible light source (35 W Xe arc lamp) used with color
temperature of 6000 K was used for the photodegradation process. Every 20 minutes, ~5 mL of
reactant solution was taken from the total reaction mixture, and it was centrifuged to isolate the
photocatalyst and degraded solution for further analysis of absorption measurements by using UV-
Vis spectrophotometer. The stability of the photocatalysts were studied in the same manner as
mentioned above, and 4 successive cycles were performed. Before starting each experiment, the
photocatalyst was separated via centrifugation with ethanol and DD water and drying at 70 °C
overnight in a hot air oven. Scavenger experiments were also completed under the same
experimental conditions as mentioned above but with the addition of respective scavenger (10

mmol) to each experiment before the light illumination. The degradation percentage of dye was
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calculated by reducing the absorption intensities of the remaining dye. The degradation efficiency

of any dye pollutants was calculated using the (equation 6.1).1%]

Degradation efficiency = (1 — %)X100 (6.1)

Where C: - concentration of dye solution after light irradiation, Co - initial concentration of

the dye solution.

6.3 Results and discussions
6.3.1 PXRD, FT-IR, and UV-Vis DRS studies

From the PXRD studies, crystal structure and lattice parameters of synthesized pristine g-
CN, CeM, and CeM/g-CN materials were revealed, and the respective results are depicted in
Figure 6.1. As depicted in Figure 6.1(a), PXRD patterns of pure CeM, the sharp and highly intense
peaks appear at the 20 = 28.05°, 30.21°, 33.57°, 45.77°, 48.22°, 52.31°, 56.69°, 57.95°, and 73.82°
which belong to the crystal planes of (112), (004), (200), (220), (204), (116), (303), (312), and
(316) respectively, corresponding to tetragonal phase of pure Ce(Mo0a)2 and good agreed with the
standard JCPDS card number 33-0330.56-%8 From the diffraction data it could be concluded that,
there are no additional impurity peaks noticed, indicating that the pure tetragonal phase of CeM
has formed. For pure g-CN, the prominent diffraction peak appears at two theta = 27.5°, which
corresponds to the (002) plane assigned to the interplanar staking of g-CN, and the small peak
appears at 2 theta = 13.4°, which corresponds to the (001) plane's in-plane motif.?* After
formation of binary composites, the combination diffraction peaks of both g-CN and CeM are
observed, which confirms the construction of CeM/g-CN binary composites. More importantly,
with the increasing CeM amount in the composite, the prominent diffraction peak of CeM becomes
broaden and intense. These results conclude that there is formation of a strong composite between
the g-CN and CeM. The formation of binary composite was further confirmed with FE-SEM and
XPS results.

Functional groups present in the synthesized materials were analyzed with the help of FT-
IR analysis and the results are depicted in Figure 6.1(b). The FT-IR analysis were done in the range
of 400-4000 cm™ for the synthesized pure g-CN, CeM, and CeM/g-CN binary composites. For
the pure CeM the broad bands appear in the range of 3250 cm™ and 3530 cm™ corresponding to
the O—H stretching mode, and the band found at 1650 cm™ is assigned to O—H bending vibrations

due to the physically adsorbed moisture. The band which appears at 1100 cm™ corresponds to M—
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O-H bending vibration consequently confirming the existence of Ce—~O—H. Peaks that appear at
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715 and 829 cm* assigned to the overlapping vibration of molybdate ions and Ce(OH),. The peak
that appears at 413 cm™ is responsible for the terminal-oxygen bonds in the MoO4? ions.[32%)
Therefore, the FT-IR analysis is endorsed to the existence of H.O, -OH, MoO4 ions, and Ce-O—
H groups. For pure g-CN the FT-IR absorption spectra, the prominent distinguishing peak appears
at 808 cm™ assigned to s-triazine stretching vibrations of. The peaks appearing at the range of 1250
cmto 1575 cm™* corresponds to the aromatic C-N stretching. Besides, at 3100-3340 cm™ can be
ascribed to stretching vibrations of amino N-H groups.[“®41l In the CeM/g-CN binary composite
FT-IR spectra, the main distinctive band of g-CN at 808 cm™ was appeared in all the binary
composites. Besides, CeM bands were also seen in the binary composites. The FT-IR studies
further indorse the formation of CeM/g-CN binary composite.

To know the optical absorption properties of pristine g-CN, CeM, and CeM/g-CN binary
composites, UV-Visible DRS analysis was carried out, and the results are depicted in Figure 6.1(c,
d). As shown in Figure 6.1(c), the absorption edge of pristine g-CN is observed at 460 nm.[*?! In
contrast, the optical absorption for pristine CeM is 556 nm, 3 which confirms that both the bare
materials g-CN and CeM belong to visible light active photocatalysts. While for the binary
composites, the absorption values lie between those of both g-CN and CeM. Figure 6.1(d) shows
the Tauc plots of synthesized materials. According to tauc equation, the estimated bandgap
energies are 2.69 and 2.23 eV for pure g-CN and CeM, respectively.*! Table 6.1 depicts the band
gap energies of CeM/g-CN-10, CeM/g-CN-20, and CeM/g-CN-30 binary binary composites.
Interestingly, after the formation of the binary composites, the bandgap energies show a redshift
in UV-Vis absorption spectra, which further supporting the formation of strong heterojunction
between g-CN and CeM.

Table 6.1: Calculated bandgap of synthesized CeM, CN, and CeM/CN binary composites.

Photocatalyst Bandgap (eV)
CN 2.69
CeM 2.23
CeM/CN-10 2.64
CeM/CN-20 2.63
CeM/CN-30 2.59
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Figure 6.1: (a) PXRD studies of fabricated g-CN, CeM, and CeM/g-CN materials, (b) FT-IR
studies of fabricated g-CN, CeM, and CeM/g-CN materials, (c) UV-Vis DRS studies of fabricated
g-CN, CeM, and CeM/g-CN materials, and (d) respective Tauc plot calculations of bandgap.

6.3.2 FE-SEM, TEM, EDS, and elemental mapping analysis
To know the surface morphology and elemental composition of the synthesized binary

composites, FE- SEM and TEM analysis were performed and the results are depicted in Figure 6.2

As shown in Figure 6.2(a-c), in the FE-SEM images of CeM/g-CN-20 composite at different

magnifications. One could observe the yellow circles which denotes the pure CeM showcasing

nanosheets-like morphology as reported earlier researchers.*8 Moreover, the rest of the part

belongs to g-CN sheet-like morphology.
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Figure 6.2: (a-c) FE-SEM images of CeM/g-CN-20 binary composite at different magnifications,

(d-f) TEM images of CeM/g-CN-20 binary composite with different magnifications, (g) elemental

percentages, (h) EDS elemental analysis of CeM/g-CN-20 binary composite, and (i-n) EDS

elemental mapping images of CeM/g-CN-20 binary composite photocatalyst.
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From these images, we can identify both the morphologies of g-CN and CeM which further
endorses the formation of CeM/g-CN composite. Figure 6.2(d-f) shows the TEM images of
CeM/g-CN-20 binary composite at diverse magnifications, which is depicting the existence of both
the materials in the binary composites and further confirming the formation of CeM/g-CN-20
binary composite. Figure 6.2(g-h) shows the elemental percentages and the EDS elemental
analysis of respective elements in the CeM/g-CN -20 binary composite, which confirms the
presence of respective elements, i.e., Ce, Mo, C, N, and O. Figure 6.2(i-n) depicts the elemental
mapping analysis of CeM/g-CN-20 binary composite, which further confirms the existence of all

corresponding elements in the CeM/g-CN-20 binary composite.

6.3.3 XPS Studies

In order to analyze the synthesized materials with respect to the chemical states and their
chemical composition, XPS analysis was employed and the data were depicted in Figure 6.3. As
depicted in Figure 6.3(a), photoemission spectra can be observed for the CeM/g-CN-20 binary
composite (survey spectrum), which denotes the presence of all respective elements. The peaks
representing binding energies at 232.11 eV (Mo 3d), 287.80 eV (C 1s), 398.52 eV (N 1s), 530.83
eV (O 1s), and 884.74 eV (Ce 3d) confirms the formation of CeM/g-CN-20 binary composite, and
the results are well matched with EDS elemental analysis which is defined in the above section.
As presented in Figure 6.3(b), the two peaks which appear at a binding energy of 885.73 eV and
905.33 eV in the high-resolution XPS spectra of Ce 3d, correspond to Ce 3ds» and Ce 3dap,
demonstrating that Ce in the Ce** state.[*®! Figure 6.3(c) shows the expanded mode of Mo 3d core
level XPS spectrum, the peaks appearing at the binding energies of 232.68 eV (Mo 3ds/2) and
235.73 eV (Mo 3ds2) confirms the Mo ion in Mo®* state.[*?]

The high-resolution XPS spectra of C 1s, as illustrated in Figure 6.3(d) can be deconvoluted
into three peaks, which appear at corresponding binding energies of 284.38 eV of sp? hybridized
(C=C) carbon, 286.28 eV of carbonyl carbon (C=0) and 287.98 eV of N=C-N coordination
endorses the presence of g-CN in the binary composite. The high-resolution XPS spectra of N 1s
showed in Figure 6.3(e) was deconvoluted into further three peaks with binding energies of 398.35,
400.02, and 403.88 eV which are corresponding to triazine rings with sp? hybridized C-N-C
groups, ternary nitrogen banded to C (N-(C)s groups and amino C-N-H groups, respectively.?441
The high-resolution XPS spectra representing O 1s as shown in Figure 6.3(f) appear at a binding
energy of 530.73 eV, which corresponds to the metal-oxygen bond present in the binary composite
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CeM/g-CN-20, Hence, the XPS results concludes the harmony of g-CN and CeM in the CeM/g-
CN-20 binary composite material. Furthermore these findings directly supports with XRD and
TEM results.
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Figure 6.3: XPS Analysis of CeM/g-CN-20 binary composite (a) survey spectrum, (b) Ce 3d, (c)
Mo 3d, (d) C 1s, (e) N 1s, and (f) O 1s.

6.3.4 PL, TRFL, and BET studies

To determine the photo-generated electron hole pair recombination capacity and average
lifetime for the synthesized pristine g-CN, CeM, CeM/g-CN binary composites PL and TRFL,
studies were carried out and shown in Figure 4(a-b). As we know that, less PL peak intensity
represents lower recombination of photo-generated excitons and more PL intensity represents
higher recombination of photo-generated excitons. As depicted in Figure 6.4(a), the excitation and
emission values for synthesized pristine g-CN are 365 nm, and 465 nm.*! Further, pure CeM
excited at 320 nm and it shows a weak emission band observed at 465 nm, due to localized states
in bandgap, 8% and the PL excitation values could be well correlated with the UV-Vis absorbance
spectra values. In the CeM/g-CN binary binary composites, position of emission peak is identical
to g-CN, but the intensity was relatively low compared to pure g-CN, suggesting that after the
formation of CeM/g-CN binary composites the electron-hole pair recombination was suppressed
when a suitable amount of CeM addition to the g-CN. Here CeM/g-CN-20 binary composite
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displays a less PL intense peak responsible for the enhancement in the photocatalytic degradation
of pollutants. Furthermore, as displayed in Figure 6.4(b), the effect of the interface dynamics on
the photogenerated excitons has been investigated using TRFL techniques. The lifetime PL decay
curves of g-CN, CeM, and CeM/g-CN-20 binary composite are fit with the 'bi-exponential’

function as shown in the equation below."

Fit = B + A exp (;—f) + A, exp C_zx) (6.2)

Where ‘B’ exponential constant, 't:" is the shorter decay lifetime for non-radiative, and 't;'
the longer decay lifetime of the radiative process. 'A1' constants correspond to non-radiative, and
‘A2’ constant belongs to the radiative process. With the help of the following equation (6.3) average
life time of the photo-generated excitons was calculated 3. A list of all values obtained from the
fitted parameters was shown in Table 6.2.

ty, = Aqty + Ayt,
A +A,

Table 6.2: All fitted parameters and average lifetime of synthesized CeM, CN, and CeM/CN-20

(6.3)

binary composite.

Photocatalysts Az (rel. %0) t1 (ns) Az (rel. %) t2 (ns) tav (NS)
CN 2.90 3.88 0.12 19.91 4.52
CeM 3.68 1.67 3.68 1.67 1.67
CeM/CN-20 1.81 2.69 1.81 2.69 2.69

The average lifetime of pure CeM and g-CN was calculated as 1.67 ns and 4.52 ns, whereas
for the composite, the average lifetime is calculated as 2.69 ns. It shows that the average lifetime
of the binary composite CeM/g-CN-20 is less compared to pure CeM and g-CN. This is due to the
formation of the non-radiative pathway through newly formed channels in the composite.
Therefore, photo-generated charge carriers are rapidly generated and transferred in the CeM/g-
CN-20 binary composite. This indication of fast electron transfer from g-CN to CeM endorses the
formation of CeM/g-CN binary composites. Which strangely brings about effective separation of
photogenerated electrons and holes. Subsequently, the improvement in the photocatalytic activity

of CeM/g-CN-20 binary composite achieved as reported previous researchers.>?-%4

The BET surface area, pore size, and pore diameter of the fabricated CeM, g-CN, and

CeM/g-CN-20 binary composites were calculated by nitrogen adsorption-desorption
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measurements, and the results are depicted in Figure 6.4(c-d). The BET surface area of pure CeM,
g-CN, and CeM/g-CN-20 binary composite was 17.50 m?/g, 9.20 m?g, and 10.71 m?(g,
respectively, and the corresponding pore volumes are calculated to be 0.720 cc/g, 0.107 cc/g, 0.153
cc/g, respectively. However, the CeM/g-CN-20 binary composite surface area was less compared
to pure CeM and more when compared with g-CN. Because, CeM is mainly accountable for
surface area improvement and g-CN is accountable for the reduction in surface area. Even though
the photocatalytic activity of CeM/g-CN-20 binary composite was more when compared to pure
CeM because many other factors contribute to the increase in photocatalytic activity. More
importantly, suppressing the recombination of photo-generated excitons in the CeM/g-CN-20
binary composite plays an significant role in photocatalytic activity enhancement. Previous

researchers have reported similar findings.[!
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Figure 6.4: (a) PL spectra, (b) TRFL, (c) nitrogen adsorption and desorption isotherms and (d)
pore volume curves of as-synthesized g-CN, CeM, and CeM/g-CN-20 binary composite.
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6.3.5 Photocatalytic activity studies

The photocatalytic dye degradation studies of the as-prepared g-CN, CeM, and CeM/g-CN
binary composite were tested against the antibiotic and organic pollutants of CIP and MB aqueous
solutions under visible-light illumination. The blank test (without catalyst and light source), results
demonstrate that there is no degradation. It concludes, for the efficient photocatalytic dye
degradation experiment, catalyst and light should be needed. CeM/g-CN-20 binary composite
demonstrated the highest photocatalytic performance for the degradation of MB and CIP among
all tested samples. Figure 6.5, depicts the corresponding results. As depicted in Figure 6.5(a-c),
the comparison of photo-degradation curves of pure g-CN, CeM, and CeM/g-CN binary
composites for MB dye and CIP after 150 min of visible-light irradiation. As depicted in Figure
6.5(b-d), the photocatalytic degradation of both the dyes MB and CIP has followed the pseudo-
first-order kinetics model equation (6.4).

kt = ~In(g) (6.4)

Where 'k’ - degradation rate constant, 't' - reaction time, C;- concentration of dye solution
at time ‘t’ and Co - initial concentration.> The rate constants were investigated from the slope of
the linear plots of —In (C/Co) vs degradation time. For the CeM/g-CN-20 binary composite, the
degradation rate constants were calculated as 15.1x10° mintand 14.5x103 min for MB and CIP.
Whereas for the pure g-CN and CeM the degradation rate constants are 10.6x107° min, and
2.4x10° min* against MB dye and 7.8x10° min!, and 3.2x10° min* for CIP, respectively. As
CeM/g-CN-20, binary composite shows enhanced photocatalytic activity for complete degradation
of MB and CIP within 150 min, when compared to pure g-CN and CeM and the corresponding
degradation percentages for MB dye were 79.80 % and 39.22 %, whereas for CIP the degradation
percentages were 66.14% and 45.38%. The degradation percentages and rate constants for MB
and CIP were displayed in Figure 6.6(a-b).

The photocatalytic dye degradation percentages and rate constant trends of MB and CIP
for all synthesized materials as follow CeM/g-CN-20 > CeM/g-CN-10 > CN > CeM/g-CN-30 >
CeM. Furthermore, while increasing the CeM percentage in the CeM/g-CN binary composites the
degradation capacity increases up to CeM/g-CN-20, then decreases steadily. The following cause
may describe this. The photoactive sites of g-CN may be blocked as the amount of CeM in the

CeM/g-CN binary composites (CeM/g-CN-30) increases, and self-agglomeration may occur in the
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binary composites. These findings support the existence of strong interactions between g-CN and
CeM in CeM/g-CN binary composites.

Figure 6.6(c) shows the scavenger test results, which describes the photoactive species
which are accountable for the degradation of antibiotic pollutant (CIP) in the CeM/g-CN-20 binary
composite. Here we used different quenchers like benzoquinone for superoxide radicals (O2¢"),
AgNO:s for electrons (e7), isopropyl alcohol for hydroxyl radicals ("OH), and EDTA-2Na for the
holes (h*), respectively. As shown in Figure 6.6(c), after adding benzoquinone and AgNOszas a
quenchers to the reaction system, there is no effect on the photocatalytic dye degradation process,
which confirms the photo-generated superoxide radicals (O2¢~) and electrons (e”) play a minor role
for the degradation of pollutants. With the addition of isopropyl alcohol as a quencher, the photo-
degradation rate was suppressed at a certain level, which confirms the hydroxyl radicals ("OH) are
the minor reactive species for the pollutants degradation. Finally, after the addition of EDTA-2Na
to the reaction system, negligible amount of photocatalytic degradation of pollutants was observed,
which tells that holes (h*) plays major role in the photocatalytic degradation of pollutants and the
order of photo-generated ions as follows (h*>*OH > e > O*").

Table 6.3: Comparison of obtained results with recently reported literature for the photocatalytic
MB and CIP degradation.

Amount Pollutant and Liaht Degradation Rate
Photocatalyst Concentration g (%), Constant Ref.
(mg) Source . . ol
Time (min.) (min™)
Ce(MoO.) 10 Methyl Orange uv 89 %, 300 min N.A. 3]
5 ppm lamp
2.19x1072
Rhodamine- ROW ‘He’ 75% (RB) and (RB)
NaCe(MoOy). 20 B/Methylene Blue lam & | 95% (MB) 60 6.6 x 102 1431
100 ppm P min (MB)
Methyl Orange 500 W 0 [32]
Cez(M004)s 100 20 ppm Xe lamp 82% (MO) 24 h N.A.
. Methyl Orange /
Ce(MoO.).@Ti . 500 W 95% MO and (3]
0, 100 Rhodamine- B Xe’ lamp | 93% RhB 50 min N.A.
5 ppm
Chloramphenicol S00 W
Ce(M004)/GO 50 5 ‘W’ 99%, 50 min N.A. 371
0 ppm |
amp
Methylene Blue 35 W 89.7%, 150 min | 1.5x107? for
Ce(Mo04)2/g- 30 10 ppm e’ for MB MB This
CsNg4 Ciprofloxacin lam 85.5%, 150 min | 1.4x1072 for | Work
20 ppm P for CIP CIP
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More excitingly, the as-fabricated composite photocatalyst CeM/g-CN-20 was found to be
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stable for photocatalytic degradation of antibiotic pollutant (CIP) under visible-light illumination,
as depicted in Figure 6.6(d). The CeM/g-CN-20 binary composite was subjected to four sequential
cycles to determine its degradation stability. The same photocatalyst was thoroughly washed with
water and ethanol several times after each cycle before being dried overnight in a hot air oven at
60 °C. From the first to the fourth cycle, the following is the deterioration percentage:
85.6% > 64.9% > 54.8% > 41.6%. As shown in Table 6.3. We compared our work with recently
reported literature for the photocatalytic degradation of MB and CIP under visible-light. The most

important thing in our work is we have used the light irradiation of extremely low power compared
to other researchers.
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Figure 6.5: (a) Photocatalytic performance of fabricated g-CN, CeM, and CeM/g-CN binary
binary composites in the terms of degradation curves for MB, and (c) CIP, (b) first-order kinetics
plots of g-CN, CeM, and CeM/g-CN binary binary composites MB, and (d) CIP.
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Figure 6.6: (a) The rate constant and percentage of degradation of g-CN, CeM, and CeM/g-CN
binary composites for MB, (b) CIP, (c) scavenger activity of CeM/g-CN-20 binary composite for
CIP, and (d) stability of the CeM/g-CN-20 binary composite up to 4 cycles for CIP.

6.3.6 Effect of temperature on degradation studies

In order to estimate the effect of temperature on photo degradation efficiency of CIP using
CeM/CN-20 binary composite photocatalyst, we have performed degradation experiments at
various temperatures. The experiment was conducted using 35W Xe arc lamp as light source and
jacketed beaker connected with chiller for the maintenance of temperatures (40 °C and 50 °C).
Figure 6.7(a) displays significant increase in the efficiency of photo degradation with temperature
viz. 85.6 %, 88.0 %, and 90.8 % at 30 °C, 40 °C and 50 °C respectively. The rate constants for the
degradation were calculated at various temperatures from the plot of —In (Ct/Co) vs irradiation time
and found to be increased from 1.4x10°2 min-*at 30 °C, 1.5x102 min'tat 40 °C to 1.7x102 min™ at
50 °C. The obtained plots agree with pseudo first order kinetics equation model as depicted in

Figure 6.7(b). This increase in the rate can be attributed to the rise in thermal energy, which causes
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higher number of molecules to have energy more than the activation energy consequently
enhancing the effective collisions. Increase in temperature may also increase the active sites on the
surface of the catalyst which may lead to increase in adsorption of CIP and thereby increase in the
rate of degradation. The activation energy was calculated by the Arrhenius plot of In k vs (1/T) as

depicted in Figure 6.7(c) by using equation (6.5) and (6.6)

Ink = InA — E,/RT (6.5)
In (;) =In (%) — % + %S (6.6)

where ‘k’ - rate constant of degradation, ‘Ea’ - activation energy, ‘A’ - pre-exponential
factor, ‘R’- gas constant, ‘T’ - temperature of degradation in Kelvin, ‘h’ - Planck’s constant, ‘K’ -
Boltzmann constant, AH - enthalpy and A4S — entropy of the system. AH and AS are calculated
from the slope and intercept of In (k/T) vs (1/T) and the results are represented in Figure 6.7(d).

The calculation of Gibbs free energy was done by using equation (6.7)
AG = AH-TAS (6.7)

The value of AS was found to be negative which implicates the degradation to be non-
spontaneous besides that of AH and AG were found to be positive which renders the degradation
process to be endothermic and endergonic respectively. A complete list of thermodynamic
parameters are tabulated in Table 6.4.

Table 6.4: A complete list of thermodynamic parameters at different temperatures.

Temperature Ea AH AS AG
(°C) (KJ mole ') (KJ mole!) (KJ mole'K") (KJ mole™)
30 17.807
40 9.198 6.596 -0.037 18.177
50 18.547
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Figure 6.7: (a) Curves of Ct/Co vs degradation time at altered temperatures, (b) —In (Ct/Co) vs
degradation time at different temperatures, (c) In (k) vs 1/T plot, and (d) In (k/T) vs 1/T plot.

6.3.7 Photocatalytic mechanism for CeM/g-CN-20 binary composite photocatalyst

Our experimental results reveals that, the fabricated CeM/g-CN-20 binary composite
photocatalyst shows the enhanced photocatalytic efficiency under visible-light illumination. To
know the photodegradation pathway for the MB and CIP, we suggested a possible degradation
reaction mechanism for the CeM/g-CN-20 binary composite photocatalyst under visible-light
illumination, as depicted in Figure 6.9. The conduction band (CB) and valance band (VB) edge
potentials of the synthesized pure CeM and g-CN can be identified with the use of VB spectra of
XPS and the respective results are depicted in Figure 6.8. From the VB edge potential and bandgap
of the semiconductor, we can calculate the CB edge potential as following equations (6.8 and 6.9).

Eq= (Evs — Ecs) (6.8)
Ece = (Eve— Ey) (6.9)
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Figure 6.8: VB XPS plots of pure (a) CeM, and (b) CN.

Where Evg and Ecg are edge potentials of the corresponding VB and CB, E4 is bandgap of
the respective semiconductor. The calculated VB and CB edge potentials of the pure CeM (+2.10
eV and —0.13 eV vs. NHE),[* and while for g-CN, the VB and CB edge potentials are calculated
as (+1.29 eV and —1.41 eV vs. NHE).51 However, VB and CB redox potentials of the CeM are
less negative than those of g-CN. Since redox potentials of the CeM and g-CN lie in visible range,
as depicted in Figure 6.9, under the visible-light irradiation, both the CeM and g-CN can absorb
photons of energy greater than respective bandgap energy, then photo-generated electrons are
excited from VB to CB and leaves holes in the VVB. The photo-generated electrons in the CB of g-
CN sheets could be easily moved to the CB of CeM. Subsequently, more negative charge was
accumulated on the CB of CeM which is close to composite interface. Similarly, photo-generated
holes that are present in VB of CeM can transfer to the VB of g-CN.

Consequently, the photo-generated excitons can be effectively separated and
recombination of these excitons inhibited between the CeM and g-CN interface, results in the
enrichment of the photocatalytic activity of CeM/g-CN-20 binary composite. Besides, more
electron density on CB of CeM can efficiently participate in photo- superoxide anion radicals
reduction reactions with dissolved oxygen molecules to form (O2™). These superoxide anion
radicals (O2") do not directly participate in the photo-degradation reaction.[®® These may react
with water molecules and generates hydroxyl radicals ("OH). This phenomenon is supported by
trapping experiment results when we added benzoquinone to the reaction mixture as a scavenger,
and no degradation was observed, as shown in Figure 6.6(c). Furthermore, the accumulated holes

on the VB of g-CN can participate in the photo-oxidation reactions to forms the hydroxyl radicals
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(‘OH) from water, and some of the holes may directly participate in the degradation reaction. This
process is also supported by the scavenger experiment results, after the addition of EDTA 2Na to
the reaction system, it do not effectively suppress the degradation of dye, as shown in Figure 6.6(c).
This means that under visible light, holes are the dominant reactive species for photocatalytic
degradation of MB and CIP.

>
MB b" on ¢ Degraded
\K products

Figure 6.9: The proposed mechanism for the enhancement in the photocatalytic activity of CeM/g-

CN-20 binary composite for degradation of CIP/ MB pollutants under visible irradiation.

6.4 Conclusions

In brief, g-CN, CeM, and CeM/g-CN binary composite photocatalysts have been
successfully synthesized using a simple hydrothermal method. The optimized CeM/g-CN-20
binary composite demonstrates improved photocatalytic pollutants degradation under visible-light
for MB and CIP. Because of the existence of close interaction between the materials in the
composite of CeM/g-CN, which allows the effective charge transfer between two semiconductors
and further inhibit the recombination of photo-generated excitons, and it also enhances the visible-
light harvesting capacity. Importantly, CeM/g-CN binary composites demonstrated more stability
during the four successive recycle experiments. The scavenger experiment results demonstrated

that h* and "OH played a significant role, while e and O." played the minor roles in the
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photocatalytic degradation of pollutants like MB and CIP. As a result, the results of this study can

be applied to the production of new materials for environmental remediation and renewable energy

generation.
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Chapter VII
Summary and Conclusions

This chapter summarizes and concludes the present work and has the outlook for future work.

7.1 Present thesis

This thesis consists of seven chapters. Chapter | describes the general introduction and
background, objectives and scope of the present research work. Chapter 11 displays the synthesis
and analytical methods employed for the characterization of materials, and chapter 111, 1V, V, and
VI presents original research work on the systematic study of highly efficient g-C3zN4 based metal
oxide nanocomposite photocatalysts for environmental applications. Finally, Chapter VI (present

chapter) focuses on summary and conclusions.

7.2 Conclusions

During the course of this research work, a number of conclusions have been reached,
regarding the synthesis, characterization and utilization of visible light based photocatalysts for

the degradation of organic and antibiotic pollutants.

Chapter I: This chapter describes the general background of photocatalysis, state of the
problem, objective and scope of the present work. It is also describes the literature review on
present work, visible light active photocatalysis and nanomaterials, especially advantages of g-
C3N4 based photocatalysts.

Chapter I1: This chapter deals with the synthesis methods and characterization techniques
used for the synthesis and analysis of materials. Particularly, the principle of characterization
techniques including PXRD, FT-IR, XPS, SEM, FE-SEM, TEM, EDS, UV-Visible DRS,
Fluorescence spectroscopy, TGA, and BET surface area studies. Further, the photocatalytic

experiment details are also explained.

Chapter I11: In this work, we have successfully synthesized a versatile hybrid
photocatalysts i.e.; CdMo0O4/g-CsN4 (CMO/CN) by a facile and simple one-pot in-situ
hydrothermal method. Here CdM0O4 (CMO) microspheres were deposited on the g-C3N4 (CN)
sheets. Fabricated CN, CMO, and CMO/CN composite photocatalysts were analyzed with various
characterization techniques like UV—-Vis DRS, PL, TRFL, EIS, PXRD, FT-IR, SEM-EDS, TGA,
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XPS and BET. The results reveal that the formation of a strong heterojunction between two
semiconductors leads to the formation of active photocatalyst. Furthermore, as-synthesized
materials were tested for the photoelectrocatalytic oxygen evolution reactions (OER) in acidic
medium and photocatalytic degradation of methylene blue (MB) under light irradiation. Among
all tested samples, CMO/CN-10 has shown the highest current density 52.74 mA cm™ at 1.93 V
with lowest over potential of 0.70 mV on glassy carbon electrode for OER in acidic medium. The
photocatalytic degradation rate constant of CMO/CN-10 composite in MB solution is k = 2.0 x 10°
2mint whereas for the pure CMO and CN degradation rate constant is k = 5.7 x 102 min'* and
k=1.2 x 102 min respectively. This enhancement in photoelectrocatalytic and photocatalytic
properties is due to the fast migration of photo-induced electrons in the case of CMO/CN-10
nanocomposite. Trapping experiment results reveal the major reactive species for photocatalytic
degradation of MB is "OH and h* respectively.

Chapter 1V: This chapter shows the successful synthesis of pristine SrMoOs4, g-CsN4 and
SrMo04/g-C3N4 hybrid composite for the first time by a facile mixing and heating methodology
and is characterize by various techniques. Phase analysis carried out by PXRD study, morphology
and elemental analysis were investigated by FE-SEM, EDS and XPS, thermal stability of
synthesized materials were done by TGA, UV-Vis DRS, and PL studies confirm optical properties.
The optimized SrMo004/g-C3N4-10 composite photocatalyst exhibited superior performance for the
photocatalytic degradation of Rhodamine B (RhB) dye under direct sunlight irradiation, The rate
of photocatalytic efficiency of SrMoQOa4/g-C3N4-10 (0.0976 min™) is 4 and 40 times higher than
those of pure g-C3N4 (0.0245 min™) and SrMoOs (0.0024 min™) respectively. The developed good
interfacial interactions among the g-C3N4 and SrMoO4 in SrMo004/g-C3N4-10 composite which
help in the separation and transfer efficiency of photo-induced excitons by inhibiting the
recombination of excitons. The trapping experiment results revels that (O2*~ ) are the major reactive
species. More importantly, our composite SrM004/g-C3N4-10 shows good stability even after four

successive runs.

Chapter V: This chapter deals with the synthesis highly efficient ZnAl-LDH/g-C3Na4
composites via a simple microwave irradiation method first time for the degradation of
ciprofloxacin (CIP), an antibiotic pollutant under visible light. Synthesized materials were
analyzed using different characterization techniques like UV-Vis DRS, TRFL, XRD, FT-IR, BET,
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FE-SEM, TEM, and XPS for optical, crystal structure, morphological, and elemental analysis. The
main reactive intermediates which are formed during the photocatalytic degradation process were
analyzed by LC-MS analysis. More importantly, the optimized ZnAl-LDH/g-C3sNs-10 composite
showed the highest photodegradation rate constant of 1.22x102 with 84.10 % degradation which
is more than bare g-CsN4 and ZnAl-LDH photocatalysts. ZnAl-LDH/g-C3N4 composite materials
showed a high synergy effect with the more specific surface area which helps enhanced visible
light adsorption capacity and also increased number of catalytically active sites. Moreover,
compared to pure materials for composites of ZnAl-LDH/g-CsNa4 are having low electron-hole pair

recombination.

Chapter VI: This chapter describes the fabrication of a new binary Ce(Mo0O4)2/g-C3N4
composite using a simple hydrothermal method. The synthesized Ce(M00Qa4)2/g-C3N4 composite
has displayed enhanced photocatalytic degradation performance towards the organic pollutants of
ciprofloxacin (CIP) and methylene blue (MB) under visible-light. The structure, composition,
morphology, and optical absorption properties of synthesized materials were characterized by
different techniques like PXRD, FE-SEM, EDS, TEM, XPS, FT-IR, PL, TRFL, BET, and UV-Vis
DRS, respectively. Our results conclude that, among the series of synthesized compounds,
Ce(Mo00s4)2/g-C3N4-20 composite has shown significant photocatalytic degradation efficiency for
two different organic pollutants, those are CIP and MB. The degradation percentage and rate
constant of CIP and MB for optimized Ce(M004)2/g-C3N4-20 composite were 85.57% and
14.5x10° min?, 89.77%, and 15.1x10° min in 150 min under visible-light irradiation. The
degradation percentage and rate constant were very high compared to pristine CeM, CN, and other
composites. The enhancement in the degradation ability of Ce(Mo004)2/g-C3N4-20 may be ascribed
to photogenerated charge carriers separation and transferability were more, and recycle test

confirms it has good stability.

7.3 Summary

The obtained results show that the efficiency of a pollutant degradation process largely
depends on the physico—chemical characteristics of the photocatalyst. More importantly, the
photocatalytic activity at nanoscale showed a remarkable enhancement when compared to its bulk
counterpart. Our results also demonstrate that the semiconductor/semiconductor composite is an

alternative strategy to improve the visible light efficiency. The g-CsN4 nanosheet is a promising
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visible light active photocatalyst due to its unique electronic structure with a narrow band gap and

appropriate CB and VB positions, as well as high surface area. Furthermore, composite with a

transition metal oxides and forming a type-11 heterostructure of g-CzN4 benefits to improve the

charge transfer and separation efficiency. Therefore, metal oxide based materials (CdMoQO4 and

SrMo0s) and g-CsNs—based nanostructured photocatalysts appear to be very promising materials

for the pollutant degradation.

7.4 Recommendations for future work

Visible light driven photocatalytic degradation of organic pollutant, using above

nanostructured photocatalysts was described in detail as a possible initiator for future work.

>

The g-CsNs-based metal oxide nanostructured photocatalysts could be used in the
photocatalytic degradation of other priority pollutants such as dyes, antibiotics, pesticides
and pharmaceuticals as well as clean energy H> production and CO. reduction.
Furthermore, it would be interesting to explore g-C3sNs based on the formation of
particularly type-Il heterostructures with unique Nano-architecture in order to fulfill the
needs of practical application.

More importantly, cost—effective g-CsN4 nanosheet based photocatalyst facilitates its
utilization and also opens the possibility of working in a continuous regime as the
preparation of g-CsN4 can be simply accomplished by thermal condensation of low-cost
nitrogen rich precursors. Therefore, it is more economic and environmentally friendly.

In situ observations based on advanced material characterization and fundamental studies
based on computer simulations over g-C3Ns are highly desirable to advance further
developments in this exciting area of research which help in developing a low-cost
photocatalytic system with high efficiency.

Finally, a cost effective synthesis of g-CsNs nanosheet based photocatalysts and a
possibility of using natural sunlight as irradiation source can result in both environmental

and economic advantages.
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Presented a Poster in “Conference on Advances in Catalysis for Energy and Environment
(CACEE-2018)” organized by Department of Chemical Sciences (TIFR) Homi bhabha
Road, Colaba, Mumbai, during 10" to 12" January-2018.

Presented a Poster in “National Conference on Advanced Materials for Energy and
Environmental Applications (AMEEA-2018)” organized by Department of Chemistry,
NIT Rourkela, Odisha during 12" to 14" December, 2018
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Presented a Poster in “Telangana State Science Congress (TSSC-2018)” organized by
Telangana Academy of Sciences in Association with NIT Warangal, during 22" to 24"
December, 2018.

Oral Presentation in “International Conference on Advanced Functional Materials and
Devices (ICAFMD-2019)” organized by Department of Physics, NIT Warangal, during
26" to 28" February, 2019.

Presented a Poster in “International Conference on Materials for the Millennium
(MATCON-2019)” organized by Department of Applied Chemistry, CUSAT, Kerala,
during 14" to 16" March, 2019.

Organized and presented a Poster in International Conference on Advances in Chemical
Sciences and technologies (ACST-2019) organized by Department of Chemistry, NIT
Warangal, during 23 to 25" September, 2019.

Presented a Poster in 6" International Conference (Virtual) on Nanoscience and
Nanotechnology (ICONN-2021) organized by Department of Physics and
Nanotechnology, SRMIST, SRM Nagar, Chennai, Tamil Nadu, during 1% to 3" February
2021.
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PERSONAL INFORMATION Mr. Ambedkar Gandamalla
Doctoral Researcher
Cl/o: Dr. Vishnu Shanker
Associate Professor and Head
Department of Chemistry
National Institute of Technology Warangal (NITW)
Warangal-506004, Telangana

+91 - 9951952358
ambedkar90@student.nitw.ac.in; ambedkarnitw@gmail.com

Gender: Male | Date of Birth: 10-01-1990 | Nationality: Indian | Marital status: Single

GOOGLE SCHOLAR (https://scholar.google.co.in/citations?hl=en&user=gkfEz7EAAAAJ)
RESEARCH GATE (https://www.researchgate.net/profile/Gandamalla-Ambedkar)
OBJECTIVE:

To enhance my knowledge by being an integral part of a result oriented research team which will utilize my
managerial and technical potentials, there by proving to be a productive and trust worthy professional in the

advancements of the organization.

Education:

January 2016 — Present:

Doctoral Research Scholar (PhD Student)

Department of Chemistry,

National Institute of Technology, Warangal, Telangana, India.
(http://www.nitw.ac.in/nitw/)

Under the Supervision of Dr. Vishnu Shanker, Associate Professor and Head.
(https://www.nitw.ac.in/faculty/id/16382)
(https://scholar.google.co.in/citations?user=3NxiBAWAAAAJ &hl=en)

Research Topic: "Development of highly efficient g-C3N4 based meatal

oxide nanocomposites for photocatalytic applications".
Status: To be awarded (Thesis submitted).

Course Work:

As a part of PhD programme, Course works have been carried out on
the followingrelevant subjects for one semester.

Advanced Analytical Techniques (CY 804).

Surface Analytical Techniques (CY 805).

Supra molecular chemistry & Nanomaterials (CY 822).
Solid state Chemistry (CY 824).

English for Scientific Communication.
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July 2011 — June 2013:

Master of Science (Organic Chemistry)
Telangana University, Telangana, India
(http://www.telanganauniversity.ac.in/)
Percentage of Marks: 70.90 (Distinction)

June 2007 — April 2010:

Bachelor of Science (Microbiology, Zoology, and Chemistry)
Osmania University, Hyderabad, Telangana, India
(https://www.osmania.ac.in)

Percentage of Marks: 60.00 (First Division)

June 2005 — March 2007:

Intermediate (Botany, Zoology, Physics, and Chemistry)
Board of Intermediate Education, Andhra Pradesh, India
(http://bieap.gov.in/)

Percentage of Marks: 70.04 (First Division)

June 2004 — March 2005:

Secondary School Certificate (High School)

Board of Secondary Education, Andhra Pradesh, India
(http://bseaps.org.in/)

Percentage of Marks: 65.00 (First Division)

RESEARCH INTERESTS

Nanostructured Materials synthesis and characterization.
g-CsN4-based metal oxide nanocomposites.

Graphene and Carbon base nanomaterials.

Photocatalytic and electrocatalytic watersplitting and CO- reduction.
Photocatalytic water purification.

Energy and environmental related applications.
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JOB-RELATED SKILLS

I am actively involved in innovative and quality research in the field of design and development of novel
and efficient g-C3N4 based metal oxide nanocomposites, Photocatalytic dye degradation and organic
transformations during my doctoral and post-graduation studies; | acquired the following instrumental and
computational expertise.

o Powder X-Ray Diffractometer, PANIytical.

e FTIR Spectrophotometer, PerkinElmer.

e UV-Visible-NIR Spectrophotometers, Perkin EImer,Analytik Jena Specord 205.

e Fluorescence Spectrophotometer, TCS Solutions.

e TG-DT Analyser, Netzshu.

e High Temperature Furnace, Hindfur.

e Scanning Electron Microscope, VEGAS3, Tescon, USA

o Other small instruments relevant for materials characterization and analysis.

e MS Office, X’Pert HighScore.

e Origin, ChemDraw Ultra 12.0 etc.

¢ MENDELEY Reference Manager.
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OTHER SKILLS

o Assisted to my Research Supervisor and worked in several committees in various conferences and
workshops organized by Department of Chemistry, Teaching Learning Centre, and Centre for
Advanced Materials (NITW).

e Very good interpersonal and communication skills along with management skills.

o Good experience in writing technical papers, presentations and reports.

e Guided many post-graduate students for their projects.

HONOURS AND AWARDS

e | have been awarded for Six months (October 1% 2019 to March 23" 2020) TEEP@AsiaPlus,
Short-Term Research Internship (STRI) program under the guidance of Prof. Yen-Pei Fu,
Department of Material Science & Engineering, National Dong Hwa University (NDHU),
Taiwan.

¢ Receiving scholarship from Ministry of Human Resource development (MHRD), Government of
India, for pursing Ph.D. in the Department of Chemistry, NIT-Warangal.

e Qualified in All India Graduate Aptitude Test in Engineering (GATE-2015) in Chemistry, India.

e Qualified in State Eligibility Test for Telangana and Andhra Pradesh States for Assistant
professor/Lectureship (SET-TS & AP-2014) in Chemical Sciences.

e (ot best poster presentation award at Research Conclave-2017, organized by NIT-Warangal 18th to
19th March 2017.

3|Page



