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Chapter 1.

A brief introduction about hazardous pollutants and wastewater treatment methods is
given with a precise discussion on advanced oxidation processes including semiconductor
photocatalysis. This section also illustrates the photocatalytic mechanism in detail using
semiconductors. Furthermore, an extensive discussion on transition metal dichalcogenides
(TMDCs) is provided with description of their unique photo or electrocatalytic properties like
high surface-to-volume ratio, excellent charge transfer capacity, mechanical strength, and low
bandgap energy. The chapter also highlights the advantages of microwave-assisted methods for
synthesis of different TMDC composites and the requirement for the formation of heterojunction
composites to overcome charge recombination. In addition, the research gaps, research

objectives, and characterization approaches have been combined with specifications.

Chapter 2:

The photodegradation of toxic pollutants is a promising way to deal with water-pollution.
In this regard, M0S,/g-C3N4 (MSC) composites with varying weight-ratios were prepared via
fast one step microwave-assisted method. The material was characterized by XRD, XPS, EDS,
FESEM and HRTEM which validate the successful formation of catalyst having the flower-like
and sheet-like morphologies of MoS, and g-C3N4, respectively. The PL and UV-vis DRS
gpectra exhibit low recombination-rate and band-gap (1.7 €V) which is appropriate for
efficacious visible-light degradation. The photocatalytic performance of catalysts was then
anayzed by the degradation of a model dye methylene blue and pesticide fipronil. Best results
were obtained by 5:1 MSC (98.7% degradation efficacy; rate constant 0.0261 min) in 80 min
under sunlight. The effects of solution pH, catalyst-dose, scavengers and illumination-area were
aso explored. The catayst is highly-reusable as confirmed by the characterization and
degradation studies (~82% efficiency) after 5-cycles. The photocatalytic treatment of real
industrial-wastewater was also conducted. The electrochemical degradation of methylene blue
was also investigated using glassy carbon electrode modified with different MSC-ratios. The

xii



electrode modified with 5:1 MSC at pH 7 manifested maximum peak current. The plausible
mechanisms for photocatalytic and electrochemical degradation were proposed. The study
therefore reveals that synthesized nanocomposites have a remarkable potential for wastewater
treatment.

Chapter 3:

Two-dimensional (2D) heterojunctions with layered structures give high flexibility in
varying their photocatalytic/electrocatalytic properties. Herein, 2D/2D heterostructures of
MoS,/MoSe, with different weight-ratios (1:1, 1:3, and 3:1) have been prepared by simple one-
step microwave-assisted technique. The characterization studies confirm formation of crystalline
MoS,/MoSe, nanospheres with high surface area (60 m?g) and porous structure. High
synergistic-effect (1.73) and narrow bandgap (~1.89 eV) of the composites shows enhanced
photo-degradation efficiency towards methylene blue dye (94%) and fipronil pesticide (80%)
with high rate constant (0.33 min™* and 0.016 min™ respectively) under visible light. The effect of
pH, catayst dose, and illumination area on photodegradation has been optimized.
Photodegradation of real-industrial wastewater shows 65% COD and 51.5% TOC removal.
Trapping experiments confirm that holes are mainly responsible for degradation. The composites
were highly reusable as showing 75% degradation after 5-cycles. MoS,/MoSe, composites show
excellent electrochemical water-splitting efficacy through hydrogen-evolution-reaction (HER)
exhibiting stable high current density of —19.4 mAcm™ after 2500 cyclic-voltammetry (CV)
cycles. The CV-plots reveals high capacitance activity (Cq value ~607 uFem®) with a great %
capacitance retention (>90 %). The as-prepared 2D/2D-catal ysts are highly active in sunlight and
beneficial for long-time physico-chemical wastewater treatment. Moreover, the e ectrochemical
studies confirm that these composites are potential materials for HER activity and energy-storage
applications.

Chapter 4:

Visible light-driven photocatal ytic degradation is one of the promising ways to deal with
the major problem of water pollution. This study involves one-step, fast, in-situ preparation of
BiOCI/M0S, (2D/2D) heterostructure via microwave irradiations. The photocatalytic
performance of BiOCI/MoS, composite with different weight ratios (1:1, 3:1, and 1:3) have been
evauated for degradation of organic (methylene blue dye, fipronil pesticide) and inorganic
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pollutants (Cr(VI1)) along with real industrial wastewater under visible light irradiation. XRD,
XPS, FESEM, HRTEM, and SAED analysis indicate the formation of single-crystalline
nanorods with a high aspect ratio of 1:10. The composites possess high surface area (~40m?/g)
with lower charge recombination and high visible light absorption tendency due to lower band
gap (2.30eV) energy. The high synergistic interaction (~2.29) between BiOCl and MoS; results
in enhancement of degradation activity which shows 94%, 89%, and 90% removal of MB,
fipronil, and Cr(V1) metal, respectively by BiOCI/MoS, (1:3) catalyst. The optimum conditions
to get maximum degradation efficiency were determined by varying different reaction
parameters like pH, catalyst dose, and illumination area. Radical trapping experiments indicate
that holes and hydroxyl radicals had a dominant role in the degradation process. The catalyst is
highly stable and reusable as confirmed by the reusability studies. The photocatal ytic treatment
of industrial wastewater without any physico-chemical pretreatment showed 75% COD and 63%
TOC removal under visible light, which indicates high practical efficiency of the catalyst. The
current study validates that the BiOCI/Mo0S, composites with superior characteristic properties
can be efficiently used for wastewater treatment under natural light.

Chapter 5:

The alarming situation of water pollution by human overuse of medications and
pesticides can be efficiently dealt with by using visible-light active, efficient photocatalysts.
Herein, different weight ratios (1:1, 1:3, and 3:1) of M0S,/GO composites decorated with Ag
nanoparticles (named as MAG) have been prepared by the microwave-assisted route. XRD and
XPS investigations indicated the crystalinity of the catalyst and the oxidation states of the
elements, while EDS and color mapping proved the uniform dispersion of elements in the
catalyst. FESEM and HRTEM analyses revealed the presence of small MoS, nanopetals
scattered on GO sheets with Ag nanoparticles dispersed on the surface whereas BET-anaysis
disclosed its excellent surface area (~88 m?/g). The optical properties of MAG catalysts revealed
that they were highly visible-light active, with a bandgap of 2.15 eV and a lower charge
recombination rate. The photocatalytic performance of the as-prepared catalysts has been
evaluated for degradation of antibiotic (tetracycline (TC)), pesticide (fipronil (FIP)), and real
industrial wastewater. The effects of catalyst amount, pH, and effective area of illumination on
degradation were investigated. Excellent efficiency was observed for TC (90.7%: 0.0186 min™)

Xiv



and FIP-degradation (85.2%; 0.0177 min) with 4mg MAG (3:1) catalyst at neutral pH under
visible-light irradiation owing to the high synergistic interaction (~2.21) in the composite. The
high reusable nature of the catayst (65% (TC) and 58% (FIP) efficiency after 5 cycles) was
supported by post-photocatalytic characterization studies. The scavenging experiments revealed
that hydroxyl radicals and holes played an important part in the process of degradation. High
COD (70.4%) and TOC (55.1%) removal rates were achieved in the photo-mineralization of real
wastewater used without any pre-treatment. The current investigation, combined with
comparative literature, illustrates the real-world potential of the MAG cataysts for the

eradication of resistant pollutants.
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CHAPTER 1:

Introduction and literature review

1.1 Introduction and Literature
1.1.1 Wastewater and pollutant

The industrial revolution accelerated the development of human civilization in the late
nineteenth century. However, the progress in urbanization and industrialization has damaged
environmental quality over the years.! Water contamination is currently one of the world's
greatest concerns, owing to the uncontrolled discharge of used industrial water into the
ecosystem, excessive utilization of chemical fertilizers in agricultural areas, development of
roads and buildings, and so on.? The discharge of huge amounts of water pollutants like
organic dyes, phenol, polymers, benzene-based organics, and other dangerous chemicals in
natural water resources are hazardous to living beings as these are highly toxic,
carcinogenic, and recalcitrant in nature.®#

Among the various water pollutants, organic contaminants like dyes,® pesticides,® and
pharmaceuticals’ are the primary sources of contamination. Various chemical and textile
industries dealing with dyes are responsible for the majority of dye usage and effluent
discharge following the process. Every year, around 45,000 tons of organic dyes are
produced worldwide; nevertheless, more than 11% of this amount is lost as effluents in
water bodies.2 Many cardiovascular and metabolic problems arise with the use of pesticides
(such as fipronil (FIP)) in crops. Even their infinitesimal amount can lead to cardiovascular,
reproductive, metabolic, and neurological disorders.® Moreover, the antibiotic (e.g.,
tetracycline (TC)) contamination’ caused by human overuse of medications has sparked
worldwide concern due to the long-term environmental consequences and dangers to
ecosystem creatures.’® As well as with the breakout of COVID-19, the issue of biomedical
wastewater discharges has increased due to a sudden rise in the use of medications. As per
recent WHO figures, approximately 3.7 million people died globally in the twenty-first
century as a result of air and water pollution, and approximately 80-90% of the

global population lives in locations with higher levels of water and air pollution than that of
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the WHO-specified limits.}*'? As a result, toxic waste materials must be removed from the
environment.

Several studies were done to address this environmental concern, including biological,
chemical, and physical methods. Some heavy and easily separable materials are separated
from wastewater using physical separation methods.’® These techniques entail filtration,
adsorption, coagulation-flocculation, and ion exchange methods.'* The biological treatment
methods or bioremediation involve the use of aerobic or anaerobic microbes for the
degradation of pollutants.”® The chemical treatments are used for the degradation of non-
separable or soluble contaminants such as dyes, pesticides, etc. from wastewater. These
chemical methods include processes such as ozonation, Fenton’s reaction, advanced
oxidation processes (AOPs), etc. for the removal of pollutants.® AOPs have been shown to
be the most beneficial for the near-complete degradation of contaminants from water.
Semiconductor photocatalysis is a technology used in the AOP that has a lot of potential for

degrading organic pollutants.t’

1.1.2 Photocatalysis and Semiconductor Photocatalysis
Semiconductors are suitable tools for photocatalytic activity reactions because of their
distinctive electronic structure that allows charge carriers to be separated spatially by photon
absorption. A photocatalytic reaction, in general, comprises three main stages, as shown in
fig. 1.1:18
1) To form electron-hole pairs, the photocatalyst captures photons with higher energy than
its bandgap (Eg).*°
2) These photogenerated e/h* split and move towards the photocatalyst surface. On the other
hand, during this process, the recombination of these charge carriers can also take place
either in bulk or on the surface of the photocatalyst.?°
3) The separated h* and e” participate in the oxidation and reduction process, respectively.
The interaction of the thermodynamics and kinetics of these three essential stages
determines the overall efficiency of a photocatalyst. The photocatalyst must have a broad
light absorption range, rapid charge carrier separation, abundant reactive sites, and excellent

redox capabilities to attain high photocatalytic effectiveness.?:
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Fig. 1.1 General mechanism for semiconductor photocatalytic degradation of pollutants.

In this regard, a wide range of photocatalysts for water purification has been developed,
analyzed, and evaluated, which include metal oxides such as TiO2, ZnO, Fe,03;? sulfides
such as CuS, ZnS;® tungstates such as ZnWO4;?* some ternary materials like titanates
SrTiOs, BaTiOs;% transition metal dichalcogenides % for e.g., MoS;, MoSe,, etc. and even
multi-component systems like BiVO4/Bi,0,C0Os.?” Tian et al. prepared porous TiO, catalyst
through a hydrothermal technique using cetyltrimethylammonium bromide as a template,
which shows better photocatalytic activity than Deggusa P25 under irradiation of UV light.?8
Chen et al. reported the preparation of ZnO photocatalyst from zinc acetate through sol-gel
method. The prepared ZnO was analyzed for the degradation of different azo dyes, and the
influence of calcination temperature on degradation efficiency was also optimized. MO was
removed by 99.70% from ZnO produced at a calcination temperature of 400°C.?° Similarly,
Huang et al. explored the photocatalytic efficiency of ZnWO, catalyst by degrading
formaldehyde and Rhodamine B (RhB) dye. The ZnWOj, catalyst was prepared by the
combination of hydrothermal and annealing processes. Due to excellent crystallization and a
large surface area, the maximum photocatalytic efficiency was seen at 450°C for 1 hour.®
SrTiO3z nanocubes were made by Huang et al. using a hydrothermal technique in an alkaline
environment using TiO2 and Sr(OH)sH.O as precursor materials at varied reaction
temperatures, NaOH contents, and reaction times. The reaction temperature strongly
influences the granular size of SrTiOs; and the catalyst prepared at 130°C shows optimal

degradation efficiency towards crystal violet dye.3! Photocatalytic degradation of pollutants
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by visible light active MoS: catalyst has also been reported. The MoS; catalyst was prepared
by Huang et al. from L-cysteine and sodium molybdate via hydrothermal treatment, and the
prepared catalyst was employed for the effective photocatalytic degradation of toxic
pesticide thiobencarb.3?

TiO2 has received considerable attention among a diverse range of semiconductors due to
its superior efficiency as a photocatalyst in UV irradiation and low cost. Many studies
revealed that there were some limitations in photocatalysts, like 1) fast recombination of
photogenerated e’/h* pairs, which reduce the process's quantum yield; 2) the poor absorption
of visible light limits its applicability in terms of technological benefit and resource; 3)
catalysts lower surface coverage which decreases the efficiency of degradation.® As a result,
many studies have been conducted to increase the photocatalytic efficiency in the visible
region of the spectrum in order to fully utilize solar energy for practical purposes. One of the
best methods to overcome this drawback is the use of visible light-active photocatalysts with

lower band-gap energy.

1.1.3 Transition metal dichalcogenides (TMDCs)

Materials with thin 2D layered structures have gained a lot of attention because of their
distinctive physicochemical features. 2D materials have a larger surface area due to their
layered structure and also, the distance for migration of charge carriers from the interior to
the surface is less.3* These materials possess many "catalytically useful" defects and offer
more active sites due to the presence of numerous unsaturated coordinating surface atoms.
Hence, these materials are extensively used in the field of electro/photocatalysis.®® Two-
dimensional transition metal dichalcogenides (TMDCs) are layered materials that have
received significant interest in a variety of applications. TMDCs have outstanding features
such as a high surface-to-volume ratio, great charge transfer capacity, mechanical strength,
and low bandgap energy due to visible light activity.®® They are composed of transition
metals (Mo, W, etc.) coupled with chalcogenides (S, Se, etc.). The transition metal atom
layer is sandwiched between the two chalcogen atom layers (fig. 1.2).3” The atoms in the
same layer are bound together by strong covalent interactions, whereas two separate layers
are held together via weak van der Waals bonds, allowing these discrete sheets to be

isolated from each other.3¢
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Fig. 1.2 Structural representation of layered Transition Metal Dichalcogenides.®

Several ways for preparing 2D TMDCs with single or few layers have been
investigated throughout the years. Significant work has been done related to the synthesis
of controlled, large-scale, and regular atomic layers of various 2D TMDCs using several
top-down and bottom-up techniques such as chemical or mechanical exfoliation, and
chemical vapor deposition (CVD), etc.®® Conventional techniques are very time consuming,
utilize toxic chemicals, require higher heating rate and may still give rise to the poor yield
of catalyst.®® As a result, a more simple technique with increased processability and
designability is required for practical electrocatalytic or photocatalytic applications. The
microwave-assisted technique is one of the potential methods for facile, less-time
consuming®® synthesis of TMDCs catalysts. Furthermore, the use of microwave energy for
rapid and uniform heating allows for faster synthesis while using less energy. Microwave-
assisted synthesis has several advantages, including low-temperature synthesis,
less reaction time, and the generation of well-exposed active sites through rapid local
heating.*

1.1.4 TMDCs based Composites
Due to certain aspects such as high surface area, layered structures, less bandgap
energy, as well as excellent light absorption and utilization, TMDCs have the great
potential to act as a photocatalyst. The ultrathin layers of these 2D TMDCs possess a large



surface area and a high surface concentration of atoms, reducing the charge transfer
distance and speeding up the electrocatalytic activity.*> MoS; is one of the members of
TMDC family and is found to be a catalyst with a wide-spectrum response because of its
narrow bandgap (= 1.8 eV).* It has high natural abundance, high chemical stability, low
cost, high catalytic performance, and more number of active surface sites. MoS; is an
intrinsically p-type semiconductor with a sandwich-like layered framework of S-Mo-S
layers, which is supported by attracting van der Waals forces. According to the literature,
improving 2D materials with layered MoS; results in many active sites responsible for
providing appropriate interfacial area and increasing catalytic response activity in the
visible light range.** Given its many advantages, the weak electronic conductivity is a
severe disadvantage when used as a photocatalytic semiconductor. Due to the high
recombination efficiency of produced charge carriers, its catalytic activity is
unsatisfactory.*® This constraint may be overcome by the development of semiconductor
heterojunctions, which could significantly enhance charge carrier separation as well as

provide accessible active sites, hence increasing the photo/electrocatalytic performance of
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Fig. 1.3 General mechanism for charge transfer via formation of heterojunction and degradation
of pollutants.

Different energy bands of two semiconductors interact in heterojunction composite

frameworks to generate a system that allows for fast and efficient charge separation while

reducing the recombination rate for electron-hole pairs, as given in fig. 1.3. Photoinduced

charges with a low rate of recombination result in increased photocatalytic performance.*’



Using a variety of synthesis processes, several composites of TMDCs with different
materials were developed. Di et al. in 2014 synthesized MoS; coupled BiOBr microspheres
solvothermally for the enhanced photocatalytic degradation of RhB dye in visible light.*8
In 2013, Min et al. produced CdS/MoS: heterostructures with a branch-like morphology
via a one-pot hydrothermal method. The as-prepared CdS/MoS; heterostructures exhibited
enhanced photocatalytic activity and photostability for the degradation of organic dyes.*® Li
et al. reported the synthesis of novel MoS./BiVOs hetero-nanoflowers by a two-step
hydrothermal approach which shows the enhanced photocatalytic activity. A possible
formation mechanism of this heterostructure was also investigated.>® In 2015, Vattikuti et
al. synthesized the MoS; nanosheet decorated with SnO2 mesoporous nanoparticles by a
facile two-step method. The catalyst shows the enhanced photocatalytic degradation of
RhB dye under UV light irradiation.®® Chu et al. showed the synergetic effect of TiO; as
co-catalyst on MoS: for the enhanced visible-light photocatalytic reduction of Cr(VI). The
MoSe,-TiO2 composites were synthesized via a facile solvothermal method and a high
Cr(V1) reduction rate of 91% was achieved under visible light irradiation.>? Preparation and
photocatalytic behavior of MoS, and WS nanoclusters coupled with TiO> was reported by
Ho et al., which were prepared by an in-situ photoreduction deposition method.>?

Mittal et al. studied the in-situ oxidative polymerization of aniline on hydrothermally
synthesized MoSe; for enhanced photocatalytic degradation of organic dyes. The
MoSe2/PANI nanocomposite shows high degradation of methylene blue and methyl orange
dyes under xenon arc lamp.>* Also, Weng et al. synthesized a two-dimensional MoS;
nanosheet coated with Bi»Sz discoids, and their photocatalytic activity was investigated by
the photocatalytic reduction of Cr(VI) under visible light irradiation.®® Yan et al.
constructed a 2D graphene-like MoS2/C3Ns composite by facile ethylene glycol (EG)-
assisted solvothermal method. The obtained composite exhibited strong absorbing ability in
the ultraviolet (UV) and visible regions, so it showed high photocatalytic activity in the
degradation of methyl orange dye.*® Zhu et al. synthesized nanocomposites of NiSz/g-CsNa
by a facile hydrothermal method. The photocatalytic activities of as-prepared samples were
evaluated by monitoring the photodecomposition of rhodamine B dye under visible light
irradiation.” The novel p-n heterojunction photocatalyst, n-BiVO:@p-MoS; with core-

shell structure, was successfully fabricated by Zhao et al. for the first time through a facile



in-situ hydrothermal method. The MoS: shell thickness can be tuned by varying the
concentration of the MoS; precursor. The photocatalytic performances of samples were
systematically investigated via the photocatalytic reduction of Cr®* and oxidation of crystal
violet (CV) under visible light irradiation.>® By developing these TMDC based composites
can provide photocatalysts with a high surface area, better light absorption tendency due to
low energy band-gap, and reduced recombination rate owing to the charge transfer via

heterojunction hence leading to enhanced degradation of hazardous pollutants.

1.2 Research Gaps

During our literature review, we realized that various semiconductor composites have
been developed for the efficient degradation of pollutants. Most of the traditional
photocatalysts are only UV light active as they have a wide band gap. Therefore, it is
important to develop visible-light active photocatalysts which can easily degrade organic
pollutants present in waste water in the presence of visible light or sunlight and also the
catalysts that can be regenerated easily and reused several times. TMDCs are one of the
potential catalysts that can efficiently be utilized for wastewater treatment. However, the
methods reported in the literature are very time-consuming and require high temperature
and pressure, so they are not cost-effective. Hence based on the literature study, some
research gaps are outlined and given below:

e Almost all the traditional techniques for the preparation of TMDCs catalyst are time
taking and require high temperature or pressure so these are not cost-effective and eco-
friendly.

e Also, there is only very few literature, where microwave-assisted synthesis of TMDC’s
nanocomposites has been reported.

e Degradation of organic pollutants by using different nanocomposites of TMDC (e.g.,
MoS./g-C3sN4, M0S2/MoSe2 and MoS2/BiOCI, etc.) has also not been much studied in the

literature.

1.3 Objectves

To overcome the aforementioned facts, the following aims were proposed for the

synthesis of transition metal dichalcogenides based nanocomposites to enhance the



photocatalytic treatment of wastewater. The main purpose of this work is to prepare various
composites of TMDC’s for the effective degradation of organic pollutants. The specific
objectives are as follows:

Synthesis and characterization of visible light active composites of transition metal

dichcalcogenides by using facile microwave or hydrothermal techniques.

Use of synthesized catalysts in photocatalytic degradation of organic pollutants (e.g.,
dyes/pesticides/VOCs) in visible/UV/sun light.

Variation of different reaction parameters (pH, concentration, illumination area etc.) to
optimize the photocatalytic efficiency.
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CHAPTER 2:

2D/2D Heterojunction of Mo0S/g-CsN4 Nanoflowers for Enhanced Visible-Light

Driven Catalytic Degradation of Organic Pollutants
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v" MoS,/g-C3sNs composites with different weight ratio were synthesized by microwave
method.

v Visible light active nanocomposites are highly effective for toxic pollutant degradation.

Degradation efficiency was remarkably affected by the amount of MoS; and g-C3aNa.

v’ Electrochemical degradation of methylene blue was studied using MoS/g-CsN4 modified

<

GCE.
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2.1 Introduction

Dyes and pesticides from various industrial sectors pollute the water bodies and hence
degradation of such pollutants from the wastewater sources is essential.> Dyes,? pharmaceuticals®
and pesticides *° are now target products in wastewater treatment. Methylene blue is a blue
colored dye commonly used in textile and paper industries. The higher concentration of this
pollutant can lead to various neurodegenerative diseases. The complex carbon structure along
with nitrogen and sulfur moieties can also affect photosynthesis by absorbing different
wavelength of light radiations. Fipronil is another colorless organic pollutant commonly used in
agriculture fields and its minimal amount can cause many cardiovascular and hormonal issues in
human beings. The structure of fipronil closely interacts with thyroid hormones thus disrupting
the hormonal system in human beings.®’ The studies generally focus on the photocatalytic
treatment of pollutants by developing photocatalysts that are very active and effective in the
presence of visible light.®

Recently, polymeric semiconductor g-CsNa (graphitic carbon nitride) has drawn an
incredible attention in the area of photocatalysis.® ™! Due to its high physico-chemical stability,
facile and simple synthesis, “earth-ample” nature and captivating the structure of its electronic
band, it is a broadly used material in photocatalysis, since it has a band gap energy of 2.7 eV, so
active in the visible region.? Its photocatalytic degradation efficiency is fairly weak due to less
light absorption tendency and also a high rate of electron-hole recombination. Therefore a
photoactive material with g-C3sN4 will provide the oxidation or reduction sites to decrease the

recombination of charge, and also to trap the charge carriers. '3

Generally, g-C3sNs is coupled with either other semiconductors or some transition metal
dichalcogenides (TMDC) to increase its photocatalytic performance. Molybdenum disulfide
(MoS>) is an element of TMDC family, which is abundant in nature with its high chemical
stability, low cost, and high catalytic performance. 8 The energy band levels of MoS; and g-
CsNg4 are optimum to one other and photocatalytic performance of MoS: is high under both UV
and visible light irradiations as its band gap energy is 1.9 eV.'° Furthermore, the photocatalysts
having flower-like structure exhibit a greater interfacial transfer of electrons and have a lower
rate of recombination than that of spherical nanoparticles.'® Peng et al.?° have prepared MoS,/g-

CsNg4 hybrids for organic pollutant degradation using the hydrothermal methods to load MoS:
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nanoparticles onto g-CsNs having the degradation efficiency of 60%. Graphene-like MoS2/g-
CsN4 was constructed through ethylene glycol-assisted solvothermal method by Yan et al.? for
selective detection and analysis of trace heavy metal ions in aqueous samples. Li et al.?
observed the variation of degradation efficiency for variable MoS2/g-C3N4 prepared by different
heating rates. But these techniques are time-consuming and require high temperature/pressure
and hence, are not cost-effective and eco-friendly. Literature suggests scanty data on MoS,/g-
C3N4 nanocomposites synthesized using microwave-assisted techniques and hence, motivation to
prepare MoS,/g-CsN4 nanocomposites having a large surface area from the simple precursors,
which can be both time and cost-effective.

Electrochemical methods have recently attracted much interest because they are more
affordable, less tedious, sensitive, selective and offer an effective method to solve problems
related to domestic, industrial and environment arenas. Innumerable studies have shown interest
to degrade methylene blue dye via electrochemical method.?>?® As per literature, no report is yet
present where MoS2/g-C3sN4 hybrids modified GCE (glassy carbon electrode) for electrochemical
oxidation of methylene blue. Hence an attempt has been made to degrade methylene blue dye at
different ratios of MoS2/g-C3N4 hybrids modified GCE (Mo0S./g-C3N4/GCE) at different pH
values.

In this work, an attempt has been made to prepare a series of M0S2/g-C3N4 nanocomposites
with various weight ratios (1:1, 1:3, 3:1 and 5:1) and their photocatalytic activities was examined
under the illumination of various light sources (UV, visible and sunlight). By changing the
morphology and weight ratios, degradation efficiency can be modified. The degradation of
methylene blue dye and fipronil pesticide was studied to determine the photo-electrocatalytic
degradation of the dye and pesticide. A scavenger study was also done to determine the
degradation mechanism. The effect of illumination area, pH, catalyst dose and reusability of the

catalyst were studied.

2.2 Characterization methods and photo/electrocatalytic techniques

2.2.1 Characterization methods

Various optical, surface, and structure determining characterization techniques were used
to examine the as-prepared nanocatalysts. The following sections provide thorough

descriptions of several techniques:
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UV-Visible Spectroscopy: The Shimadzu UV-2450, was used to examine the absorption
characteristics of liquid samples in the 190-1100 nm wavelength range. With diffuse
reflectance spectroscopy (DRS, Shimazdu) and barium sulphate (BaSQO4) as an internal

reference, the optical characteristics of powder solid samples of catalysts were examined.

Photolumiscence (PL) Spectroscopy: PL emission spectra of different photocatalysts
were analyzed on Shimadzu Fluorimeter, in the wavelength range of 200- 800nm The

experiment was conducted by dispersing the samples in distilled water/ethanol mixture.

Surface area analyzer: The surface area of the catalysts was determined using the
Brunner-Emmet-Teller (BET) equation depending on N2 adsorption-desorption using the
BEL mini-Il, Micro Trac Corp. Pvt. Ltd (Tokyo, Japan) instrument. To remove the
adsorbed gas and water molecules, the sample is first heated (150-200°C). Using liquid
nitrogen, the analysis was carried out at -195°C. The pore size and volume were
determined using the Barrett-Joyner-Halenda (BJH) analytical curves.

X-ray diffraction (XRD) spectroscopy: XRD method were utilized to study the
diffraction pattern, phases, lattice planes and crystal structure of the catalyst using
PANalytical Xpert Pro by Cu Ka at 1.54A at 45 kV with a diffraction angle of 10-80°

and 5°min scan speed.

Morphological studies: Field Emission Scanning Electron Microscopy (FESEM), and
transmission electron microscopy (TEM) were used to determine structural parameters
such as shape and particle size of as-prepared nanocatalysts. The FESEM images were
acquired through ZEISS FESEM at an accelerating voltage of 5 kV and the high
resolution transmission electron microscope (HRTEM) of Thermofischer (model: Talos

F200 S) has been used for the structural studies of the as-prepared catalyst.

Elemental analysis: The XPS technique was used to investigate the quantitative
elemental composition, oxidation state, and bonding of elements. Line profile or
elemental colour dot EDS (Energy dispersive X-ray spectrometer) mapping was used to
identify the composition of each element. The X-ray photon spectroscopy (XPS) was

performed using PHI-5000 VersaProbe Il system. Oxford INCA energy dispersive
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spectrometer (EDS) operational at an accelerating voltage of 5 kV was employed to

acquire SEM-EDS and elemental mapping images.

2.2.2 Photocatalytic and electrocatalytic studies

Photocatalytic studies

To determine the photocatalytic activity of the catalysts, a powder catalyst was put into
the pollutant solution. The adsorption-desorption equilibrium was established by stirring the
solution in a completely dark environment. Then the reaction solution was illuminated by
either UV lamp having a Amax 0f 365 nm (100 WHg lamp), visible light (65W CFL lamp,
Phillips, k > 400 nm with intensity of 125 W/m?) or sunlight (at TIET, Patiala, India). The
powder catalyst was removed from the solution by centrifugation. UV-Vis
spectrophotometer (Shimadzu UV-2600) was employed to investigate the absorbance
spectra of pollutant solution in 200-1100 nm wavelength range. The photodegradation
efficiency was determined using the relation:
Degradation efficiency = {(Co- C) / Co} x 100 = {(Ao- A)/ Ao} x 100
where Co, C: concentration of pollutant solution at 0 and t time, respectively and Ao and A:

absorbance of pollutant at 0 and t time, respectively.

COD (chemical oxygen demand) and TOC studies were also done to study raw industrial
waste water degradation. The COD values were determined using the titrimetric method.
TOC was used to study the mineralization of real waste water. The COD and TOC
measurements were done before and after photocatalytic treatment of polluted water under

visible light irradiation using photocatalyst.

Percent COD and TOC were calculated using:

%COD = {(CODo — CODy)/ CODg} x 100

where CODg, COD: are the COD of real waste water at time ‘0 and‘t’ respectively.
%TOC = {(TOCo — TOCt)/ TOCo} x 100

where TOCy, TOC; are the TOC of real waste water at time ‘0’ and‘t’ respectively.

Electrocatalytic studies
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The as-prepared samples were investigated for their electrocatalytic activity test using
Bio-logic EC Lab SP300 standard setup. Out of the three electrodes in the system; platinum
was used as the counter electrode, whereas the working electrode was prepared manually.
For fabrication of working electrode, 1mg of the catalyst was mixed with 250 pL and the
solution was sonicated for 25 min to achieve uniform dispersion of particles. The top of
glassy carbon electrode (GCE), which has the surface area of 0.070 cm?, was drop-casted by
20 pL of the above dispersed solution. A single drop of Nafion 117 solution (Sigma Aldrich)
from 10 pLwas put onto the GCE top and was dried overnight. The measurements were done
using a reversible hydrogen electrode (RHE) as the reference electrode in the 0.5M H2SO4

electrolyte solution.

2.3 Method of Synthesis

Materials used

Analytical grade reagents and double distilled water for the preparation of solutions was
used throughout the experiment. Urea [CH4N20], thiourea [CHsN2S] and methylene blue
dye [C16H18CIN3S, Amax = 664 nm] was acquired from Spectrochem Pvt. Ltd. India.
Ammonium molybdate tetrahydrate (98%) [(NH4)sM07024.4H.0] was purchased from Loba
Chemie Pvt. Ltd. India. Fipronil 5% SC was acquired from Bayer Crop Science Ltd. India.
Phosphate buffer solution, 1 = 0.2 M (PBS) pH 3.0-9.0 to carry out the electrochemical
measurements was prepared according to literature. Electrochemical experiments were
performed in a 10ml electrochemical cell with 3 electrode system, with a counter electrode of
platinum wire, a reference electrode of Ag/AgCl and different ratio of MoS> and g-CaN4
hybrids modified GCE (working electrode) connected to an electrochemical analyzer of CHI
Company, USA (Model D630). For testing pH of the buffer solution the Elico pH meter was
used.

Graphitic carbon nitride (g-CsN4) synthesis
Firstly, urea (12 g) was loaded into a silica crucible and recrystallized by dissolving in
50 mL of water and kept in an oven (12 h). The recrystallized urea was covered with an
aluminum foil and heated to 550°C in a muffle furnace by increasing the temperature of
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10°C/min for 2 h. The yellow-brown colored solid g-CsN4 obtained was grounded using a

mortar-pestle into fine powder and is denoted as CN.?°

Synthesis of MoS2
About 0.4 g of ammonium molybdate tetrahydrate and 0.8 g of thiourea were added in
10 mL of deionized water with stirring and sonication for 30 min and 1 hour respectively.
After sonication, the solution was poured in a 30 mL microwave glass vial, kept in a
microwave synthesizer (Anton Paar Monowave 300) to heat up the solution at 180°C for 30
min. The resultant mixture with black colour solid was washed with deionized water 5-6
times by centrifugation. After washing, the black coloured mixture was dried at 60°C in a hot

air oven. The mat-black coloured powder obtained was MoS; and denoted as MS.3%3

Synthesis of different weight ratios of M0S2/g-C3sN4 nhanocomposites (1:1, 1:3, 3:1 and 5:1)

G\ p—
v
=X
10ml water 30min stir
" ’ 30min sonicate B — Washed
Mr:lmt?::tl:] with water
y+ ) Microwave
i < /
N 180°C, 30 min Oven dry @60°C
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Scheme 2.1. Synthesis scheme for different MoS2/g-C3Na catalysts.

Four different MoS2/g-C3N4 nanocomposites were synthesized with variable weight
ratios. In general, 0.4 g of ammonium molybdate tetrahydrate and 0.8 g of thiourea were
added in 10 mL of distilled water and a desired amount of g-CsN4 was taken into the solution
under stirring and sonication for 30 min and 1 hour, respectively. After sonication, the

mixture was poured in a 30 mL microwave glass vial and the solution was heated in a
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microwave at 180°C for 30 min. The resultant mixture with grayish-black colour was washed
with deionized water 5-6 times by centrifugation and allowed to be dried at 60°C in a hot air
oven for 6 h. The shining grayish-black coloured crystals of M0S,/g-C3sN4 nanocomposite 2
were obtained that are named as MSC (1:1), MSC (1:3), MSC (3:1), and MSC (5:1), where
inside bracket denote the weight ratios of MoSz and g-CsNs. The pictorial representation to

synthesize MoS2/g-CsN4 nanocomposites is shown in Scheme 2.1.

Preparation of electrodes

The synthesized MSC photocatalysts were dispersed with the help of ultrasonicator in
deionized water (10 mL). To polish the surface of GCE, particles of alumina (3.0 nm size)
were used. To remove the settled particles on the surface of electrode, the electrode was
rinsed first with ethanol and then with deionized water. After that 25 pL of MoS2/g-CaN4
hybrids suspension was coated onto the clean GCE and then dried in air. Cyclic
voltammograms in phosphate buffer solution (pH 7) were recorded with potential window
between -0.50 V and 0.20 V to activate the electrode.

2.4 Characterization studies
2.4.1 XPS spectral studies
The XPS survey spectra of MSC composite (Fig. 2.1a) confirms the presence of C, Mo,
N and S elements. Two peaks observed in C1s spectra (Fig. 2.1b), one at 284.30 eV and the
other at 287.5 eV attributes to the adventitious carbon and coordination of N-C=N present in
g-CsaNa, respectively. Also, the two peaks in Mo 3d spectra at 227.8 eV and 231.8 eV in Fig.
2.1c belong to Mo 3ds/2 and Mo 3ds/2, correspondingly. One more peak at 225.1 eV appeared
in this region and belongs to S 2s of MoS». A peak of O 1sin Fig. 2.1d at 531 eV is attributed
to the adsorbed CO, or H;O. Fig. 2.1e shows the spectrum of S; one peak at 161.3 eV is
attributed to S 2psi2, and one peak around 163 eV corresponds to S 2p1». The N1s peaks in
Fig. 2.1f could be deconvoluted as one peak at 398.14 eV related to the presence of C=N-C
coordination in the sample, whereas the peak at 399.6 eV is due to N-(C)s and the one at

403.29 eV belongs to N-H structures of the nanocomposite. 334
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Fig. 2.1. XPS spectra of M0S2/g-CaN4 (1:1) nanocomposite; (a) survey spectrum and
deconvoluted peaks for (b) C 1s, (c) Mo 3d, (d) O 1s, (e) S 2p and (f) N 1s.

2.4.2 Photoluminiscence studies

N1s

The transfer behavior of charge carriers can be analyzed through the photoluminescence
(PL) emission spectrum. In the present study the PL spectra of CN, MS, MSC (1:1, 1:3, 3:1

and 5:1) are shown in Fig. 2.2. If more charge carriers recombine then the intensity of PL

spectra is higher. So lower the intensity of PL spectrum suggests that higher the number of

charge carriers which take part in the degradation process.®® The PL spectrum of all the

nanocomposites exhibits a broad emission peak centered around 440 nm. The pure g-CsNs

exhibit the highest PL intensity among the samples. The intensity of PL spectra suggests that

higher charge carriers are available for the degradation after the addition of MoS; in the

composite. As the PL intensity of MSC (5:1) is the lowest among all the composites and it

indicates that the lower recombination rate which might be responsible for its higher

photocatalytic activity.
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Fig. 2.2. PL spectra of MoSz, g-C3N4 and MSC composites.

2.4.3 UV-Visible DRS
Absorption spectra of the catalysts are introduced in Fig. 2.3a. The energy band gaps
of all the photocatalysts (CN, MS, MSC (1:1, 1:3, 3:1 and 5:1) are determined using the tauc
plot shown in Fig. 2.3b. The energy band gap of pure CN and MS are at ~2.6 eV and 2.04
eV, respectively. With increasing concentration of MoS; in the nanocomposite the band gap
follows the order: CN> MS> MSC(1:1)> MSC(1:3)> MSC(3:1)> MSC(5:1). With the
lowering of band gap energy, adsorption of light shifts more to the visible section thus

enhancing the photocatalytic performance of the nanocomposites in the visible region.

By using this band gap energy, the band gap edge potential of the conduction band

valence band can be determined by using the following formula: 3¢
EVB:X_Ee+0.5 Eg
ECB=EVB - Eq

Where EVB is the valence band edge potential, ECB is the conduction band edge
potential. X represents the absolute electronegativity of the semiconductor materials. Ee is
the estimated energy of the free electrons on the hydrogen scale, which is approximately 4.5
eV. ¥ Eq is the band gap mobility of the semiconductor materials. By using the above

equation, the calculated valence band (VB) and conduction band (CB) edge potentials for
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the MoS; are 1.33 eV and -0.70 eV respectively. Whereas the VB and CB band edge
potential for g-CsN4 are 1.61 eV and -1.09 eV respectively. Through the material interface

these edge potentials favors the migration of photogenerated charge carriers.
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Fig. 2.3. (a) UV-visible diffuse reflectance spectra and (b) Tauc plots of as prepared composites.
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Fig. 2.4. XRD patterns of as-prepared MoS,, g-C3N4 and MSC composites.
Diffraction patterns of MS, CN and different composites of MSC are represented in
Fig. 2.4. The diffraction peaks observed at 20 ~ 32.9° (100) and 58.1° (110) are the
characteristic diffraction peaks of MoS, (JCPDS 37-1492). The peaks observed at 20 ~
12.7° (100) and at 28° (002) (JCPDS 87-1526) are ascribed to the crystal planes of g-C3Na
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(CN). Spectra of all the composites show the presence of both types of peaks, which

confirms the successful incorporation of MoS; into g-CzNa.

2.4.5 Nitrogen sorption studies

15,20

The Fig. 2.5 shows the N2 adsorption-desorption isotherms of MoS, (MS) and

different composites of MoS; and g-CsNa. Fig. 2.5a confirms that all the samples

prepared have the Langmuir type-1V isotherm including the characteristics of

mesoporous nature. The distribution of pore size as illustrated by the BJH curve (Fig.

2.5b) validates the incidence of mesopores in the as prepared samples.

Table 2.1. Specific surface area, mean pore diameter, and pore volume of

as-prepared

materials.
MS [CN MSC(1:1) | MSC(1:3) [MSC@B:1) [ MSC(5:1)

Specific surface 73 52 12 4.9 35 47
area (m?/g)
Mean pore 22.7 35.1 17.3 19.0 17.1 18.2
diameter (nm)
Mesopore volume |0.682 |0.310 |0.053 0.023 0.181 0.209
(cm?3/g)
Total pore volume | 0.701 |0.321 | 0.054 0.024 0.188 0.212

(cm?®/g)

The specific surface area, mesopore volume, mean pore diameter and total pore volume

of MoS, and g-CsNs4 composites as given in Table 2.1, demonstrate that the prepared

nanocomposites have a lower surface area than those of pure MoS; (MS) and g-CsNs (CN).

However, the surface area for MSC (5:1) is highest (47 m?/g) among all the nanocomposites,

which is responsible for the higher degradation efficiency.
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Fig. 2.5. (a) BET adsorption-desorption isotherm and (b) BJH pore size distribution curve for as-

prepared materials.

2.4.6 EDS and elemental mappting
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Fig. 2.6. (a-e) EDS and elemental mapping of MSC(5:1) composite.

The EDS spectrum (Fig. 2.6a) shows the presence of Mo, S, C and N elements in the

composite in a definite ratio. The elemental color mapping of MSC(5:1) nanocomposite (fig.
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2.6b-e) shows the homogenous distribution of the elements present in the sample, which is

also responsible for high photocatalytic efficiency.

24.7 FESEM

v

ony 4
o

Fig. 2.7. FESEM micrographs of (a) g-CaN4 (CN) (b) MoS; (MS), and (c-f) MSC
composites.

FESEM micrographs of CN, MS, and the nanocomposites shown in Fig. 2.7(a-f) confirm
the sheet-like structure of g-CsN4 Fig. 2.7a. The formation of flower-like MoS; can be seen
in Fig. 2.7b. The FESEM images of composites show the presence of both sheet-like
structure of g-CsN4 and flower-like structure of MoS; (Fig. 2.7c- 2.7f). As seen from Fig.
2.7f, the flower-like structure in MSC(5:1) is more prominent since the amount of MoS: is
much higher compared with the quantity of g-C3Na.
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248 HRTEM

The Fig. 2.8 shows HRTEM micrographs of MoSz (MS) and MoS2/g-C3N4 (MSC(5:1).
The presence of flower-like structures in MoS; is confirmed in Fig. 2.8a, while Fig 2.8b
shows the presence of mesopores in the sample. HRTEM images of MSC(5:1) has the
character of both sheet-like g-C3N4 and flower-like MoS; in the sample (Fig. 2.8c and 2.8d).
As shown in Fig. 2.8d the HRTEM image indicated the presence of 0.615 nm lattice
spacing® which could be ascribed to the (002) crystal plane of MoS;, though it did not
appear in the XRD spectra of MoS> in Fig. 2.4. This might be due to the low number of
MoS: layers leading to very low intensity or absence of XRD peak since it is past the
identification furthest reaches of our XRD. The pores are also present in MSC(5:1)

nanocomposite, which is responsible for the high surface area.

Fig. 2.8. TEM and HRTEM images of (a,b) MoS; and (c,d) MSC (5:1) composite.

2.5 Photocatalytic studies
2.5.1 Photocatalytic degradation of dye and pesticide
Approximately 1 mg of the catalysts (CN, MS, and MSC) was put into the methylene
blue dye solution (20 mL of 5 ppm). The adsorption-desorption equilibrium was built up by
stirring the suspension for 20 min under completely dark environment. Then illuminating it

with UV light, visible light and sunlight upto 80 min. The degradation of methylene blue was
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monitored with the absorbance of dye at the wavelength of 664 nm (Amax) by UV-visible
spectrophotometer. Fig. 2.9a shows the Kkinetic analysis of the methylene blue dye
degradation in visible light, which shows that among all the nanocomposites, MSC (5:1)
shows the best catalytic activity. The higher surface area and lower recombination rate of
MSC (5:1) nanocomposite compared to other composites might be responsible for its high
degradation efficiency. The percent (%) degradation of methylene blue by MSC (5:1)
nanocomposite under the illumination of visible light is ~ 94%. To establish the difference
between direct and indirect photodegradation, similar experiments were performed with
colorless  pesticide,  fipronil  (5-amino-1-[2,6-dichloro-4-(trifluoromethyl)phenyl]-4-
(trifluoromethanesulfinyl)-1H-pyrazole-3-carbonitrile). About 2 mg of MSC (5:1) was put
into 10 mL of 600 ppm fipronil solution. To attain adsorption-desorption equilibrium, stir the
suspension in a completely dark environment for 20 min. The solution was irradiated by
visible light for 60 min. Fig. 2.9b indicates the kinetic analysis of fipronil degradation of 77%

of fipronil, which confirmed that indirect photodegradation occurred.
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Fig 2.9. Time study of photocatalytic degradation of (a) methylene blue by as-synthesized
materials, (b) colorless pesticide fipronil by MSC(5:1) nanocomposite.
To compare the degradation efficiency of different photocatalysts, we have studied
photocatalytic methylene blue degradation in different light illumination as shown in Fig.
2.10. According to this study, the catalyst is highly active in visible light as well as in

sunlight, which makes it an efficient photocatalyst for wastewater treatment.
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Fig. 2.10. Percent photocatalytic methylene blue dye degradation in UV, visible and sunlight
by CN, MS, MSC nanocomposites.

A comparison with the literature can be seen in Table 2.2, from which one can conclude

that the materials developed are one of the best photocatalysts with a high rate constant and

hence, may be used for near-complete removal of toxic pollutants.

Table 2.2. A comparative study for dye degradation by MoS; and g-C3N4 based nanocomposites.

Photocatalyst Pollutant Catalyst Degradation Degradation | Reaction | Ref.
concentration | (%) rate time
(g/L) (mint) (min)
Fe? doped Rhodamine |6 81.4 0.013 120 38
g-CsN4/MoS2 B
TiO2/M0S2/TiO2 | Methyl - 89.86 0.017 150 39
orange
N-TiO2-x@MoS2 | Methyl 5 91.8 0.0211 120 40
orange
MoS2/ZnO Phenol 0.6 90 - 80 41
Red
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Mo0S2/C3N4 Methyl - 74 0.022 180 42
orange

g-C3N4 Methylene 0.1 52.3 0.004 100 Present
Blue

MoS:2 Methylene 0.1 63.4 0.0038 100 Present
Blue

MoS2/g- Methylene 0.1 75.8 0.0097 100 Present

CsNa(1:1) Blue

MoS:/g- Methylene 0.1 69.9 0.0096 100 Present

CsNa(1:3) Blue

MoS2/g- Methylene 0.1 87.8 0.0199 100 Present

CsNa(3:1) Blue

MoS2/g- Methylene 0.1 98.7 0.0261 100 Present

CsNa(5:1) Blue

2.5.2 Optimum catalyst concentration

To determine the optimum quantity of photocatalyst for dye degradation the
photocatalytic methylene blue degradation was studied by varying the catalyst dose. For this,
different amounts of MSC (5:1) catalysts were taken in 15 mL of methylene blue solution (5
ppm) and then irradiated with visible light for 80 min. It was observed from Fig. 2.11a that
efficiency of degradation enhanced with rise in catalyst concentrations (0.1 mg/mL to 0.8
mg/mL). When the catalyst concentration was increased to 0.4 mg/mL, degradation
efficiency was much increased, after which saturation in degradation efficiency was observed
(from 0.4 to 0.8 mg/mL). This could be because of increase in the scattering and opacity due

to increased concentration of catalyst in dye solution.

2.5.3 Scavenger study

To determine the photocatalytic mechanism and to investigate the species responsible for
the degradation, we have used various scavengers like methanol (scavenges h*), DMSO

(scavenges ‘OH radicals) and ascorbic acid (scavenges Oy radicals).** Due to its lower
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splitting energy methanol reacts with the photogenerated holes on the surface of
photocatalyst to form formaldehyde and hydrogen. The free electron pairs of its oxygen
atoms allows DMSO molecules to transfer electrons and accept hydrogen bonds, hence it is a
potent scavenger of "OH radicals. Ascorbic acid traps superoxide radicals and form ascorbate
free radicals and then dehydroascorbate.?®*¢3® For this experiment, solutions of these
scavengers (10 M) were prepared and experiments were performed by taking 1 mg of MSC
(5:1) photocatalyst in 10 mL of solutions with 5 ppm methylene blue dye solution, which was
stirred in visible light for 80 min. The percent degradation in the presence of scavenger
(methanol, DMSO and ascorbic acid) and without any scavenger was compared. Fig. 2.11b
shows that holes play the significant job in methylene blue degradation as the minimum
percent degradation was observed in case of methanol. The superoxide ions are also
responsible for the degradation since percent degradation decreased considerably in case of
ascorbic acid scavenger. However, the hydroxyl radicals are the less important species for the
reaction as the percent degradation is affected minimally in the presence of DMSO

scavenger.
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Fig. 2.11. Effect of (a) catalyst concentration and (b) different scavengers on degradation

efficiency of the MSC (5:1) photocatalyst.

2.5.4 Reusability
To separate the powder catalyst after degradation of dye is a major challenge, but
could be easily achieved by centrifugation after the degradation process. The as-prepared
catalysts could be easily separated by centrifugation because adsorption of methylene blue
dye was not permanent over the photocatalyst surface. To reuse, the recovered catalyst was
washed several times with distilled water and using centrifugation. It was observed that

photocatalytic activity of MSC (5:1) nanocomposite almost remained the same up to 5
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consecutive cycles, which suggests the high photo-stability of the catalyst (Fig. 2.12a). EDS
and XRD analysis of the nanocomposite after 5 degradation cycles indicate that elemental
state and crystallinity of MSC composites was not much disturbed, which is responsible for
its high degradation efficiency even after 5 runs (Fig. 2.12b,c).
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Fig. 2.12. MSC (5:1) photocatalyst (a) Degradation efficiency for methylene blue dye

degradation upto 5 runs, (b) EDS spectra after degradation cycles and (c) comparison of XRD

spectra before and after 5 degradation cycles.

2.5.5 Effect of illumination area
The reactor surface area also has an effect on degradation efficiency of the catalyst. We
have studied the effect of illumination area of the photocatalyst surface on the degradation
efficiency of MSC (5:1) nanocomposite. A higher percent degradation of methylene blue was

observed if the surface area of catalyst exposed to light was more as shown in Fig. 2.13a.

2.5.6 Effect of pH

The capacity of the photocatalyst to adsorb the contaminations on its surface is
significantly affected by the pH of the solution, which further affects the catalyst degradation
efficiency. To study the variation of degradation efficiency with pH of solution, we have
prepared aqueous solutions of methylene blue dye having various pH values. Solutions were
prepared by the addition of 0.01N NaOH and 0.1N HCI solution. From these experiments, it was
found that pzc of the catalyst was at ~pH 3 (Fig. 2.13b) and above this pH, surface of the
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photocatalyst was negatively charged. Methylene blue is a cationic dye, so methylene blue
adsorption on the photocatalyst surface occurs at pH>3 and its degradation is lower at pH below
the pzc of the photocatalyst due to the positively charged catalyst surface. Consequently, the
efficiency of degradation is higher at pH 5 to pH 7. The increase in adsorption efficiency is
because of the electrostatic interactions among the cationic molecules of dye and photocatalyst
surface which is negatively charged. Hence, in this pH range (pH>3), adsorption of methylene
blue (a cationic dye) is better due to which its photodegradation is enhanced. The observation

from Fig. 2.13c shows that the catalyst is more effective at pH 5 to pH 7.
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Fig. 2.13. Effect of (a) effective illumination area, (b) point zero charge of catalyst and (c) pH of

methylene blue dye solution on degradation efficiency of MSC (5:1) nanocomposite.

2.5.7 Photocatalysis mechanism

Scheme 2.2 shows the mechanism for photocatalytic degradation of methylene blue and
fipronil by MSC nanocomposite. As indicated by their band gap energies, both MoS> and g-
C3Ng4 are active in visible light. When the catalyst is subjected to visible light, electrons from the
valence band (VB) of MoS> and g-CsNj4 get excited to the respective conduction bands (CB). The
electrons from CB of g-CsNs get transferred to CB of MoS,. Due to this, electrons in the
conduction band of MoS; react with the molecular oxygen to generate free O+ radicals, which
may directly oxidize and break the pollutant molecule or may further convert water molecules to
HO", which would then oxidize the pollutants to form degraded products.®**? Also, the holes

generated in the VB of g-CsN4 react with H2O to produce powerful oxidative species such as
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HO", which further oxidize the methylene blue and fipronil molecules to form CO2 and H.O or

other degraded less harmful products.**4°
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Scheme 2.2. Proposed mechanism for degradation of organic pollutants by MoS2/g-C3Na.

2.6 Electrocatalytic studies
2.6.1 Effect on methylene blue at MSC hybrids as electrode modifier

The influence of different ratios of MS and CN, (1:0, 0:1, 1:1, 1:3, 3:1 and 5:1), hybrids
modified GCE were investigated on the peak current response for 10 uM methylene blue using a
cyclic voltammetric technique. Electrode surface was coated with the nanocomposite suspension
of 25 pL. Fig. 2.14A confirms that the highest peak current was observed for MSC (5:1) hybrid
compared to the individual MS, CN, and other modifiers. Hence, MSC (5:1) hybrid was
established as an electrode modifier to catalyze electro-oxidation of 10 UM methylene blue,

which was used further.
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Fig. 2.14. (A) Cyclic voltammogram of 10 uM of methylene blue at different ratio of MS, CN
and MSC hybrids modified GCE (pH: 7; scan rate: 0.05V; concentration of modifier: 25 puL); a)
Blank; b) bare GCE; c) CN; d) MSC (1:3); €) MSC (1:1); f) MS; g) MSC (3:1); h) MSC (5:1);
inset shows the curves of peak current versus different ratio of MoS; and g-CzNa4 hybrids. (B)
Cyclic voltammetric behavior of 10 uM of methylene blue at MoS2/ g-C3sNa4 (5:1) modified GCE
(pH: 7; scan rate: 0.05V; concentration of modifier: 25 pL).

2.6.2 Electrochemical behavior

The cyclic voltametric technique was utilized to investigate the electrochemical
behaviour of 10 um methylene blue at pH 7 with a potential window from -0.50 V to 0.20 V as
shown in Fig. 2.14B. As there was no peak for the solution of supporting electrolyte without
methylene blue, so the one peak observed belongs to the methylene blue oxidation on the surface
of the electrode. Even if scan rate was reversed the peak was still present indicating that the
process is redox reversible at the electrode. Within the sight of 10 uM methylene blue, a sharp
peak current was observed with MSC (5:1) modified GCE. The highest peak current was
obtained for MSC (5:1) modified GCE, while a least peak current was obtained for GCE, which
shows that the modified electrode has a 15-20 times intensification in the peak current. Further
when compared with the GCE where the oxidation occurs at -0.08 V, the oxidation of methylene
blue for MSC (5:1) occurs at a low potential (-0.12 V). Also, the reduction of methylene blue
occurs at a lower potential of -0.14 V for MSC (5:1) when compared to GCE, where the
reduction occurs at -0.10 V.
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2.6.3 Effect of pH

The solution pH may impact the electrode surface reaction, analyte response, hybrid
material (MSC (5:1) nanocomposite) and its catalytic behavior. Therefore, CV techniques were
used to study the electrochemical behaviour of 10.0 uM methylene blue and analyzed over 3 to
9.2 pH range in 0.2 M PBS (Fig. 2.15). As can be seen from the graph, one observes a less
positive displacement of peak potentials with increase of pH of PBS solution, which shows the
association of protons in the reaction and easy oxidation of methylene blue.***® The maximum
peak current observed for methylene blue was at pH 7.0 as shown in Fig. 2.13, which was used

in further studies.
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Fig. 2.15. Cyclic voltammograms obtained for 10 uM of methylene blue at MSC (5:1) hybrids
modified GCE in buffer solution of different pH »=0.05 Vs%; (a) 3.0; (b) 4.2; (c) 5.0; (d) 6.0; (e)
7.0; () 8.0; (g) 9.2. (Insight: Variation of peak currents Ip / pA versus pH).

2.6.4 Effect of scan rate

By varying the sweep rates in voltammograms, reaction mechanisms at the modified
electrodes can be determined. Thus, by keeping pH at 7.0 (PBS), CV’s of 10 uM of methylene
blue for MSC (5:1) nanocomposite were recorded at varying sweep rates as shown in Fig. 2.16.
From Fig. 2.16A one can observe, a linear increase of Ip values with v. The square root of sweep
rate (v¥/?) shows a linear correlation with the peak current which confirms adsorption-controlled
process according to the equation Ip (nA) = 52.47 v¥? (V/s) — 0.4435; R?=0.9879. Also, log Ip vs
log v plot shows the value of slope as 1.023 and confirms the linearity (Fig. 2.16B). Based on
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this observation, the electrochemical response was an adsorption-controlled process *°, °!

following the equation: log Ip (nA) =1.0296 log v (V/s) + 1.7803 where R? = 0.98. The plot of

Ep vs log v is also linear as shown in Fig. 2.16C with the deduced equation of regression as: Ep

(V) =0.1288+0.049 log v (V/s); R? = 0.959.
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Fig. 2.16. Cyclic voltammograms obtained for 10 uM of methylene blue at MSC (5:1)
nanocomposite modified GCE in pH 7 at different scan rate. A: Plot of Ip (nA) versus v¥2 (V/s);

B: Plot of log Ip (1A) versus log v (V/s); C: log Ep versus log v.

2.6.5 Oxidation degradation mechanism

In a pH range of 3.0 to 9.2, one sharp and reversible signal was observed for

methylene blue studied using MSC (5:1) hybrids modified GCE. In neutral media (at pH
7), oxidation-reduction of methylene blue at MoS2/g-C3N4/GCE exhibits maximum peak
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current. Based on the obtained results, electrochemical redox reaction of methylene blue
involved two electrons and two protons reaction mechanism. The redox reaction
mechanism pathway of methylene blue is shown in Fig. 2.17 and the product was
identified as leucomethylene blue, which is colorless.>?

T
N N
A R +
2e", 2H
(H3C)2N S N(CHa), O (HsC),N S N(CHs),

Methylene blue Leucomethylene blue (Colorless)

Fig. 2.17. Electrochemical redox reaction mechanism pathway for methylene blue.
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CHAPTER 3:
Tuning the Photocatalytic Properties of MoS2/MoSe, Heterostructures by

Varying the Weight Ratios for Enhanced Wastewater Treatment in Visible light

Visible
light

N

Highlights

v

v
v
v
v

Different weight-ratios of MoS2/MoSe, composites prepared by microwave technique.
Composites show enhanced photocatalytic waste-water treatment in visible-light.

The effect of pH, catalyst dose and illumination area were also optimized.

Catalysts show excellent HER activity with stable high current density.

Composites possess high EDLC value/capacitance resistance for energy storage.
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3.1 Introduction

Conserving water and energy is crucial not only for our current needs but also for the
future of mankind. The world is achieving new heights with the development of science,
technology, society, and mankind but at the cost of our limited resources.! The available
water resources are getting contaminated gradually 2 and there is an enormous requirement
for clean water, so it is at most important to pay heed to the treatment of wastewater.® Also,
conventional energy sources are depleting rapidly, and their burning causes environmental
hazards like global warming and climate change.* Thereby, researchers are putting an
emphasis on the development of alternative efficient energy sources (like hydrogen energy)
which are eco-friendly, everlasting, abundant, renewable, and can replace the existing energy
sources potentially.®> Photocatalysis is a fascinating approach to attenuate the problem of
environmental pollution especially water pollution® although many other techniques have
also been studied. It has the potential to degrade the organic compounds to almost completely
degraded products like water and carbon dioxide or some less complex and non-toxic
compounds.” A trend of hydrogen production from water splitting either through
photocatalysis or electrocatalysis was observed with the increasing technology. The
production of hydrogen as an energy source through hydrogen evolution reaction (HER) by
electrochemical water splitting is one of the best ways for the green, renewable and non-toxic
hydrogen production.®

The two-dimensional (2D) materials formed by the combination of different 2D
semiconductive materials are the potential candidates for various applications like catalysis,
energy storage and electronics etc. by tuning its electronic properties. Transition metal
dichalcogenides (TMDC, MX> where M = Mo, W and X = S, Se, and Te) is the class of 2D
materials with a wide range of promising application prospects.” These metal sulfides,
selenides, etc. possess a special layered structure that acts as a support to anchor
semiconductor nanoparticles and to provide more active sites to function and reduce electron
mobility.1® MoS; is found to be a catalyst with a wide-spectrum response because of its
narrow bandgap (= 1.8 eV). It has high natural abundance, high chemical stability, low cost,
high catalytic performance, and more number of surface active sites.!* However, the catalytic
performance of MoS; is unsatisfying due to the high recombination efficiency of generated

charge carriers. This restraint can be overwhelmed by the construction of semiconductor
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heterojunctions which may effectively improve the separation efficiency of charge carriers
and provide more exposed active sites which further enhance the photo/electrocatalytic
activity of materials.*?

MoSe> is an interesting narrow-band-gap semiconductor that has a lamellar crystal
structure, whose basic crystal unit is built of Se-Mo-Se sandwich layers similar to MoSo.
From theoretical band-structure calculations and photoelectron spectroscopy analyses, it is
indicated that the energy gap of MoSe; (1.4 - 1.7 eV) matches the solar spectrum very well.*3
It is also reported that MoSe. possesses very high anti-photo-corrosion stability because the
optical transitions of MoSe, are between nonbonding metal‘d’ states. Both of these
outstanding features of MoSe, greatly benefit its potential use in catalytic related
applications, such as photo-electrochemical solar cells, contamination remediating agents,
and hydrogen production from water splitting.}* Recently, MoS, and MoSe, nanocomposites
have been obtained by various physical and chemical strategies including chemical vapor
deposition (CVD), electro-deposition, colloidal synthesis, sonochemical synthesis, and
solvothermal conversions. Most of the methods are very complicated and need to be carried
out at high temperatures.® The vertically aligned MoS,-MoSe, nanosheets were synthesized
by Yang et al. the liquid-phase sonication method. Yang prepared a few-layered MoS; from
the exfoliation of bulk MoS; by sonication and the MoSe; was synthesized by solvothermal
technique taking exfoliated MoS; as a template.’® The hydrothermal route was used by Li et
al. for the fabrication of MoS2/MoSe> heterostructures. First MoS, was prepared by the
hydrothermal reaction of NazMoOs with CHsN2S and the MoSe:> was prepared by the
selenization of as-prepared MoS; nanosheets.!” Ren et al. fabricated MoSe,@MoS;
composites by a two-step hydrothermal method. The Na2MoQO4 and hydrazine hydrate with
Se powder was used to prepare MoSe, nanosheets, and these nanosheets were added to
Na;MoOs and L-cysteine for hydrothermal treatment to prepare MoSe.@MoS; core-shell
composites.'® However, the poor solubility and lower density of selenium often lead to less
contact between reactants which results in an incomplete reaction. Besides, hydrazine
hydrate presents higher toxicity which is not suitable for extensive use.!® The microwave-
assisted synthesis presents various advantages like low-temperature synthesis, short reaction
time, and formation of well-exposed .active sites .by instantaneous heating via microwaves.

It is an energy saving process which provide higher yield in shorter preparation time hence

50



lowering the cost of processing for material preparation. Also the internal heating, in
contrast to external heating, can prevent the reaction from agglomerating and has been shown
to be more environmentally friendly than traditional methods.?

In this work, an attempt has been made to prepare a series of MoS,/MoSe>
nanocomposites with various weight ratios (1:1, 1:3, and 3:1) from a facile microwave
technique. The composites were prepared in-situ to ensure the formation of high-quality
heterostructures. Their photocatalytic performance was investigated by the degradation of
methylene blue dye, fipronil pesticide, and real industrial wastewater under irradiation of
different light sources (UV, Visible, and sunlight). The weight ratio effect of MoS, and
MoSe, on the photocatalytic activity was studied which shows that MoS,/MoSe, (1:3)
composite shows the best catalytic activity for pollutants degradation. The scavenger study
has been done to determine the degradation mechanism. The effect of illumination area, pH,
and catalyst dose on the photoactivity of the catalyst was also studied. The reusability
efficiency of the catalyst was also optimized by several degradation studies and catalyst
characterization after degradation. The electrochemical water splitting performance and
stability of the synthesized composites was analyzed in the acidic medium. The electric
double layer (EDLC, Cq) storage capacity and high capacitance retention rate for 2500 CV

cycles show its promising application as electrode material for supercapacitors.

3.2 Characterization methods and photo/electrocatalytic studies
Refer to Section 2.2 chapter 2

3.3 Synthesis of catalysts
Synthesis of pure MoSz and MoSe2 and their composites

A series of MoS2/MoSe> composites with different weight ratios were prepared. For
the fabrication of MoS./MoSe, composites, firstly, precursors of MoS, (0.5 g
(NH4)6M07024.4H,0 and 1.1 g CH4N.S) (acquired from Loba Chemie Pvt. Ltd. India) were
added in 30 mL ethylene glycol. Following dissolution, the desired quantity of selenous acid
(based on weight ratios of 1:1, 1:3, and 3:1) was introduced into the present mixture. After
stirring for 30 min, the suspension was sonicated for an hour to achieve full distribution of

the precursors. The thoroughly distributed slurry was then transferred to a microwave vial
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(30 mL) and treated for 20 min at 180°C in a microwave synthesizer. Upon cooling, the
resulting precipitates were properly cleaned via deionized water and ethanol using centrifugal
technique. At last, the rinsed precipitates were dried in a hot air oven for and the acquired dry
catalysts were given names MSMSe (1:1), MSMSe (3:1), and MSMSe (1:3) according to the
weight ratios of MoS; and MoSe; respectively. Pure MoS; and MoSe, were also prepared at
similar conditions by using precursors of only one compound.? A diagrammatic

representation of synthesis procedure for MoS2/MoSe: catalysts is shown in Scheme 3.1.

(S

————

Ethylene
Glycol

MoS,/MoSe, composite Microwave @ 180°C for 20 min

Scheme 3.1 Schematic illustration for the synthesis of MoS2/MoSe, composites.

3.4 Material characterization

3.4.1 XPS

The chemical state of MoS2/MoSe, nanocomposites was explored by using XPS
analysis. The survey spectra in Fig. 3.1a show the presence of Mo, S, and Se elements in
the composites. In Fig. 3.1b there are three peaks, centered around 229.2 eV and 232.2
eV, which belongs to Mo(1V) 3ds. and Mo(1V) 3ds2 correspondingly indicating the
presence of Mo* in the heterostructure. The higher energy peak detected at 235.3 eV
arises from the 6+ oxidation state of Mo, probably due to the formation of MoOs3. The
peak appeared due to oxidation of sample exposed to air during XPS analysis.??> The
peaks in Fig. 3.1c could be fitted to S 2p12 and S 2ps» at 161.3 and 162.1 eV,
respectively. The binding energies of Se 3ds2 and Se 3dy2 in Fig. 3.1d is located at 54.5
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eV and 55.4 eV for Se 3ps2 and Se 3pu2 at 160.5eV and 168 eV which attributes to the

Se? in the prepared composites.®
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Fig. 3.1 XPS analysis (a) survey spectra of MoS,/MoSe; (1:1) nanocomposite, (b), (c), and (d)
are the high-resolution spectra of Mo 3d, S 2p and Se 3d, respectively.

3.4.2 EDS and Color mapping

Energy-dispersive X-ray spectroscopy results (Fig. 3.2a) reveal the coexistence and

homogeneous distribution of Mo, S, and Se elements in MoS2/MoSe, composite, indicating a

uniform distribution of MoS; and MoSe: in the heterostructures. The elemental color mapping of

MSMSe (1:1) nanocomposite with corresponding FESEM image shows the elements (Mo, S and

Se)p

resent in the sample (Fig. 3.2 b-e).
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Fig. 3.2 (a) EDS spectra and (b — e) color mapping of MSMSe (1:1) photocatalyst.
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3.4.3 UV-Visible DRS

Fig. 3.3 (a) and (b) represents the UV-visible DRS spectra of as-prepared MoS2/MoSe;
composites. Both MoS, and MoSe, exhibited a wide light absorption range in visible light (fig
3.3c). The broad absorption starting around 450nm is attributed to the direct transition from the
deep valence band to the conduction band of MoS; and MoSe,.?® It was observed that pure MoS;
and MoSe, have a bandgap of 2.21 eV and 1.66 eV respectively (inset of fig. 3.3c), which
demonstrates, both are active in the visible region of light. The bandgap of MSMSe (1:1) and
MSMSe (3:1) composites are 1.99 eV and 2.1 eV respectively, signifying the good absorption of
visible light. The narrow bandgap of MSMSe (1:3) composite (~1.89 eV) compared with other
composites might be responsible for the high photocatalytic activity of this composite due to
better light absorption. The value of the conduction band (CB) and valence band (VB) was also

determined by the equations:?*
EVB:X_Ee"'O.S Eg

ECB =EVB - Eq4
Here EVB and ECB represent the energy of the valence band and conduction band
respectively and Egq is the bandgap of the sample and E. is the free electron energy estimated on

the hydrogen scale which has a fixed value of 4.5 eV. The X in the equation stands for the total
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electronegativity of the compound.?® Putting the values in the above equations the value of EVB
and ECB for MoS: were found to be 1.25eV and -0.94eV respectively. Similarly, the valence
band and conduction band energy of MoSe was calculated to be 1.46eV and -0.20eV. Due to the
matching energy levels between MoS: and MoSez, the heterojunction formed between these two
materials could assist the movement and separation of photogenerated charge carriers which

enhance the photocatalytic activity of the composite.

a)

—=— MSMSe (1:1)
—e— MSMSe (1:3)
—a— MSMSe (3:1)

—— MSMSe (1:1)
—— MSMSe (3:1)
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Fig. 3.3 (a) UV-Visible DRS absorption spectra and (b) Tauc plots of MSMSe (1:1, 1:3 and 3:1)
composites and (c) UV-Visible absorption spectra of pure MoS> and MoSe> with their corresponding

Tauc plots in the inset.

3.4.4 Photoluminescence Study

The catalytic response of a material is highly dependent on the recombination rate of
charges. The low photoluminescence (PL) intensity implies adequate charge separation viability
and a low recombination rate of electrons and holes.? In the current study, the PL-spectra of as-
synthesized materials were evaluated as shown in Fig. 3.4. The broad PL spectra of samples
consist of two overlapping Gaussian peaks: one is centered at ~420 nm while the other one at
~490 nm (Fig. 3.4). The lower energy PL emission can be ascribed to the transition between
quantized energy levels and the other peak is might be due to defect state mediated transition.?”8
The PL intensity of all the composites prepared was lower than the pure MoSe2 which indicates
that the photocatalytic activity of the composites is higher as compared to individual components
because of the higher separation efficiency of the photo-induced charges in the composites.
However, better separation of the charges in composites is the result of the formation of

heterojunctions between MoS, and MoSe> which results in better electron transport. Moreover,
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the PL intensity of MSMSe (1:3) is the lowest among the composites, it consequences the

highest catalytic efficacy.

— MS
—— MSe
—— MSMSe (1:1)
—— MSMSe (3:1)
—— MSMSe (1:3)

Intensity (a.u.)

| —

\

350 400 450 500 550
Wavelength (nm)

Fig. 3.4. Photoluminiscence spectra of MS, MSe and MSMSe (1:1, 1:3 and 3:1) composites.

345 XRD

The XRD patterns of MoS2/MoSe, composites are shown in fig. 3.5. In the composites
and pure MoSe, the diffraction peaks of both MoSe; and Se ?° are present at 23.3°, 29.8°, 41.2°,
43.7° 45.1° 48°, 51.6° 56° 61.6° 65.1° 68.2° which represent (022), (004), (006), (102),
(111), (105), (201), (110), (103), (200) and (203) (hkl) planes respectively (JCPDS file no 77—
1715) and intensity of these peaks increases as the amount of MoSe, in the composite
increases.®®3! The diffraction peaks of MoS; in the composite are present at 32.6° and 57.4°
which corresponds to (100) and (110) planes of MoS; (JCPDS 37-1492). The XRD pattern of
pure MoS; having diffraction peaks at 32.9° and 58° is shown in the inset of fig. 3.5. Both MoS;
and MoSe; are present in hexagonal crystal systems and 2H phase in the catalyst.3>% The
diffraction peak of MoSe, at 29.8° gets broaden with a decrease in intensity as the amount of
MoS; increases in the composite (MSMSe (3:1)). As observed from the spectra that the
composites have sharp peaks implying the high crystalline nature of the composites. But
compared with the pure MoS and MoSe: the peaks in the composite are slightly shifted and this
type of trend implies close contact and higher interaction between MoS,; and MoSe: in the

composites.3*
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Fig. 3.5 XRD diffraction patterns of as-prepared MSMSe catalysts.

3.4.6 Surface area studies
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Fig. 3.6. (a) Adsorption-desorption isotherms and (b) BJH pore size distribution curves for

MSMSe nanocomposites.

To analyze the surface area of the as-prepared nanocomposites, specific surface area analysis
was carried out. Fig. 3.6a represents the type IV langmuir adsorption isotherm with sharp
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branches of H1 hysteresis loop of all the composites along with bare MoS, and MoSe>, which
validate the mesoporous nature of the as-prepared samples. To figure out the pore size
distribution of the samples, the BJH method (Fig. 3.6b) was followed. From table 3.1, we can
observe that the surface area and pore volume of the pure MoS: is quite high.

The surface area and the pore volume of the composites are higher as compared to pure
MoSe>. However, the surface area increases form MSMSe (1:1) < MSMSe (3:1) < MSMSe (1:3)
which is directly responsible for the better photo/electrocatalytic efficiency of MSMSe (1:3)
composite due to better adsorption of pollutants and more catalytically active surface area for
HER.

Table 3.1. Surface area and pore size distribution analysis of the MoS2/MoSe, samples.

Samples MS MSe MSMSe (1:1) MSMSe (3:1) MSMSe (1:3)

Specific surface 73 38 44 50 60

area (m?/g)

Mean pore diameter  22.7 15.8 16.2 18.2 20.4
(nm)
Mesopore volume 0.682 0.603  0.612 0.615 0.671
(cm®/g)
Total Pore volume 0.701 0.621  0.639 0.664 0.688
(cm3/g)

3.47 FESEM

The FESEM pictures of the as-prepared composites are shown in fig. 3.7 (a-f). These
images reveal that all the prepared composites consist of small and flat disk-like particles.
FESEM pictures depict that there is an irregularity on the surface of the composites. It is
difficult to differentiate the surface morphology of different composites from these FESEM

images. The high-resolution image of MSMSe (1:3) composite (fig. 3.7d) indicates that
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there are irregular plate/disk-like structures which may lead to the increased surface area of

the catalyst, and further helps in the photo/electrocatalytic activity of the catalyst.

Fig. 3.7 FESEM images of (a and b) MSMSe (1:1), (c and d) MSMSe (1:3) and (e and f)
MSMSe (3:1) catalysts.

348 TEM

Fig. 3.8 TEM images of (a) MSMSe (1:1), (b) MSMSe (3:1) and (c) MSMSe (1:3)

nanocomposites.
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The Fig. 3.8 (a, b and c) represents the TEM images of the as-prepared MSMSe
composites which shows the presence of small aggregated spherical particles. From the TEM
images, it is difficult to differentiate between different composites. The close contact of MoS>
and MoSe; in the composites can be observed from the image. Moreover, the small pores present
in the samples validate that the composite possesses a high surface area which is responsible for

the high catalytic activity of the composites.

3.5 Photocatalytic studies

3.5.1 Photodegradation of Dye and pesticide

To determine the degradation efficiency of the catalysts, the kinetic analysis was carried
out with methylene blue (methylene blue) and fipronil pesticide. About 20mL (5 ppm) of
methylene blue dye solution having 0.1g/L of the as-prepared catalysts was allowed to stir firstly
in dark for 30 min to attain adsorption equilibrium and then in visible light for 80 min for
photodegradation. To compare the effectiveness of the catalyst, a similar degradation experiment
was performed with all the composites as well as bare MoS, and MoSe,. The degradation
efficiency, rate constants, and synergy factors of as-prepared catalysts were analyzed. The
photocatalysts show much higher degradation efficiency (Fig. 3.9) than commercial TiO>
nanopowder (Degussa, P25). It was observed that the photocatalytic efficacy of all the prepared
composites was higher than the individual MoS; and MoSe: catalysts (Fig. 3.9a). The synergy
attained from the combination of MoS; and MoSe; photocatalytic system can be determined with

help of synergy factor (R) as follows:

_ kMos2/Mose2 (3)
kmos2+ KMosez

Where KmoszMose2, Kmos2, and Kmose2 in the equation 3 are the photodegradation rate
constants of MoS2/MoSe, composite, pure MoS,, and pure MoSe. respectively.*® The synergy
factors for different MSMSe composites calculated from the above equation are 0.98, 1.34, and
1.73 for MSMSe (1:1), MSMSe (3:1), and MSMSe (1:3) photocatalysts respectively. Although
the photocatalytic activity of all the composites was high, however the best degradation
efficiency (~ 94%) was achieved by MSMSe (1:3) catalyst with a high rate constant of 0.033
min’t and strong synergistic effect (R = 1.73). This high efficiency is may be due to the higher

surface area (confirmed from BET surface area analysis) and lower recombination rate
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(confirmed from PL studies) of MSMSe (1:3) nanocomposite which facilitates the higher
adsorption on the catalyst surface and degradation process.

Likewise, to make the differentiation that the system of photocatalysis is direct or
indirect, the photodegradation of colorless pesticide fipronil was conducted. For this purpose,
about 10 mL (600 ppm) of fipronil solution and 2 mg of the prepared catalysts were allowed to
stir in the dark for 30 min and then in visible light up to 80 min for photodegradation. The
studies were also conducted in similar conditions without adding any catalyst to the solution,
which shows only 8% degradation in light. Whereas after adding the catalyst, the efficiency of
degradation increases by up to 80% (Fig. 3.9b) with a high rate constant of 0.0168 min™ by

MSMSe (1:3) composite, which confirms that the photodegradation was indirect.
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Fig. 3.9 Kinetic plots for photodegradation of (a) methylene blue dye and (b) fipronil pesticide.
To draw the correlation among different light sources, a similar trial was led in UV light
and sunlight with MSMSe (1:3) as a catalyst and summarized in table 3.2. The degradation
efficiency is excellent under all the light sources which confirms that only the small amount of
catalyst is highly effective in UV, Visible as well as in naturally and abundantly available
sunlight irradiation.
Table 3.2 Photocatalytic activities of MSMSe (1:3) composite for methylene blue degradation

under different light sources.

Light Source Percent Degradation (%0) Rate constant (min)
Ultraviolet 96+5 0.0338
Visible 9445 0.0332
Sunlight 9745 0.0345
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Table 3.3 Photocatalytic activity comparison of as-prepared MoSz/MoSe, catalysts with

literature.

Photocatalyst

Crystalline
MoSe2

MoSe2/SrTiO3

TiO2/MoS2/TiO2

SnO2/MoS2

Fe203/MoS2

MoSe2/pg-CsN4

TiO2 (Degussa
P25)

MoS:

MoSe>

MoS2/MoSe2
(1:1)

MoS2/MoSe>
(3:1)

MoS2/MoSe2
(1:3)

Pollutant

Rhodamine
B

Methyl
orange

Methyl
orange

Methylene
Blue

Methylene
Blue

Tetracycline

Methylene
Blue

Methylene
Blue

Methylene
Blue

Methylene
Blue

Methylene
Blue

Methylene
Blue

Catalyst
concentration

(g/L)
2

0.2

0.1

0.5

0.1

0.1

0.1

0.1

0.1

0.1

Degradation
(%)

90

99.46

89.86

58.5

84

92

33

68

69.4

82.1

91.3

94
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Degradation
rate
(mint)

0.019

0.017

0.022

0.0281

0.0036

0.0088

0.0103

0.0188

0.0257

0.0332

Reaction
time (min)

120

70

150

120

120

80

80

80

80

80

80

80

Ref.

36

37

38
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41

Present
Study
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Study
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Table 3.3 shows the comparison of degradation efficiency of as-prepared photocatalysts
with similar kind of catalysts reported in the literature, which shows that the as-prepared
catalysts are one of the efficient photocatalysts with a high value of degradation efficiency and

rate constant in visible light.

3.5.2 Catalyst concentration effect

The optimum concentration of catalysts was determined by varying the catalyst dose and
carrying out the photodegradation of methylene blue dye in visible light. For this, the
concentration of MSMSe (1:3) catalyst was varied from 0.1 to 0.8 g/L in 20 mL of methylene
blue dye solution (5 ppm). From Fig. 3.10a, we can see that as the concentration rises from 0.1 to
0.4 g/L there is a significant increase in the degradation efficacy after 80 min of
photodegradation. However, after this, if the concentration was further increased (0.4 to 0.8 g/L),
there was no noticeable increase in the efficiency. The saturation in degradation efficiency may

be due to the increase in light scattering due to a highly opaque solution.

3.5.3 Illumination area effect

The role of the total effective illumination area was as well investigated in visible light
using MSMSe (1:3) as a photocatalyst. About 1 mg of the catalyst was stirred in 20 mL of
methylene blue dye (5ppm) solution in the visible light for 80 min.
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Fig. 3.10 Effect of (a) catalyst amount and (b) effective illumination area of exposed solution on
the degradation efficiency of MSMSe (1:3) photocatalyst.
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The diameter of the reaction surface was varied by using vessels of different sizes
keeping all other parameters same throughout the experiment. The distance between the light
source and the upper layer of the solution was kept constant (10 cm) while using different
vessels. There is an increase in the degradation efficacy with an increase in the area of the
exposed reaction mixture to light irradiation (Fig. 3.10b). The greater the exposed area of the
reaction mixture more will be the absorption of light which further facilitates the photocatalytic

degradation of the pollutants and thus showing an increase in degradation efficiency.

3.5.4 Solution pH effect

The capacity of the photocatalyst to absorb contaminations on its surface is significantly
impacted by the pH of the solution, which further influences the efficiency of degradation. To
study the influence of pH on degradation efficacy, point zero charge (pzc) of the catalyst surface

was measured.
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Fig. 3.11 Plots showing (a) point zero charge of catayst, and (b) effect of methylene blue dye
solution pH on photodegradation by the MSMSe (1:3) nanocomposite.

The studies were carried out by varying the pH of methylene blue dye solution using
0.1N HCI or NaOH solution. In 20mL of the methylene blue dye solution, 1mg of MSMSe (1:3)
photocatalyst was added and the pH value before and after the treatment was noted. The results
of the study show that the pzc of the catalyst was around pH 5.6 (Fig. 3.11a). This shows that
there was no significant degradation occurs in acidic pH (below pH 5.6). This is because the

adsorption of cationic adsorbents (methylene blue) is supported if pH > pzc where the catalyst
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species exist as M-O" (M is the metal).*> As methylene blue dye is cationic so it will absorb more
productively on the catalyst surface above pH 5.6. So, the maximum degradation efficiency was
observed at pH 7 as shown in Fig. 3.11b. However, at higher basic pH (above pH 9) the
degradation efficacy decreases as precipitates of metal hydroxides may get accumulated on the

catalyst surface which deactivates the catalyst.

3.5.5 Real wastewater treatment
Real industrial wastewater was utilized to measure the viability of the as-synthesized
catalyst dependent on the ideal conditions. The amount of organic matter in the wastewater was
determined with the help of COD (Chemical Oxygen Demand) and TOC (Total Organic
Carbon) techniques. The COD value of industrial wastewater without any treatment was found
to be 1950 mg/L, which shows that the amount of organic matter in the wastewater is high. So
photodegradation of this wastewater by MSMSe (1:3) catalyst under optimum conditions (4mg
catalyst in 50mL wastewater) was carried out and the COD and TOC removal percentage were
analyzed at regular time intervals as shown in Fig. 3.12a. After 240 min of photodegradation,
the COD and TOC removal percentage were increased to 65% and 51.5% respectively. As we
have used raw industrial wastewater so we followed higher degradation time for better
mineralization of pollutants. The increase in removal percentage with time shows that the
organic matter present in the wastewater is mineralizing to relatively simpler compounds.
Moreover, the average oxidation state (AOS) and carbon oxidation state (COS) values were
calculated from equations below in order to determine the biodegradability variation of real
industrial wastewater:*®
AOS =4 - 1.5[COD/TOC]
COS =4 -1.5[COD/TOCj]

The values of AOS and COS variables have a range of +4 to -4 for the most oxidized
form i.e. CO2 and the most reduced form i.e. methane.** The initial AOS value of real industrial
wastewater without any treatment was 1.73 which increased up to 2.37 and 3.2 for AOS and
COS respectively after the photocatalytic degradation. The results show that the biodegradability
of real wastewater has been increased in the presence of MSMSe (1:3) photocatalyst and the
catalyst is effective for the treatment of effluents than the physico-chemical treatment performed

by the industries.
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Fig. 3.12 (a) Percent COD and TOC removal in real textile wastewater, (b) reusability upto 5
runs in methylene blue dye solution with MSMSe (1:3) photocatalyst.

3.5.6 Reusable photocatalyst

One of the major challenges in the photodegradation method of pollutant removal is that
the catalyst cannot be reused, as dye molecules might react with the catalyst or the separation of
the catalyst from the solution is very tedious. The as-prepared catalysts are not only easily
separable by mere centrifugation but can also be reused with great effectiveness. The
reproducibility of the catalyst was investigated by stirring MSMSe (1:3) catalyst in 20mL of
methylene blue dye (5ppm) under visible light for 80 min and after the degradation; the catalyst
was separated by centrifugation with distilled water washing. Then the regained catalyst was
used again and the process was repeated up to 5 runs as shown in Fig. 3.12b. The results show
that after 5 runs the degradation efficacy of the catalyst was still very high (~75%), which
confirms that the catalyst is highly reusable.

To confirm the reusable nature of the catalyst the XRD pattern, FESEM image, PL
spectra, and BET isotherms of MSMSe (1:3) nanocomposite before and after 5 cycles of
photocatalytic degradation is shown in Fig. 3.13. The majority of diffraction peaks of the catalyst
are still present even after 5 cycles of degradation (Fig. 3.13a) verifies that the crystal structure
of MSMSe (1:3) nanocomposite is not disturbed after the reaction which is due to the high
photocorrosion resistance of MoSe». The peaks after the degradation are still sharp which shows
that the crystallinity of the catalyst was maintained even after many degradation cycles. Also, the
morphology of the catalyst remains intact as shown by the FESEM image of MSMSe (1:3)
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composite after 5 cycles of degradation (Fig. 3.13b). Fig. 3.13c shows the PL spectra before and
after degradation up to 5 cycles. There is a slight increase in the PL intensity after degradation,
which may be due to the deactivation of some active sites.

The surface area of the MSMSe (1:3) photocatalyst before degradation was 60 m?/g
which decreases to 48 m?/g after 5 cycles of degradation which is still high and this confirms that
the pollutants were not permanently adsorbed over the surface of the catalyst and thus show high
degradation efficiency even after several degradation cycles. The BET isotherms of the MSMSe
(1:3) catalyst before and after degradation cycles were shown in fig. 3.13d. All these studies

confirm that the catalyst is highly stable and reusable with great degradation efficiency.
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Fig. 3.13. (a) The XRD spectra, (b) FESEM image, (c) photoluminescence spectra, and BET
adsorption isotherms of MSMSe (1:3) catalyst before and after 5 cycles of photocatalytic

degradation of methylene blue.

3.5.7 Plausible photocatalysis mechanism
To determine the major species governing photocatalytic degradation and mechanism of

photocatalysis, scavenger studies were carried out with different scavengers like methanol,
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DMSO, and ascorbic acid for trapping holes (h™), electrons (e7), and superoxide radicals (O2™),
respectively.*® The degradation efficiency was carried out by comparing the activity of MSMSe
(1:3) catalyst in the absence and presence of different scavengers as shown in Fig. 3.14. The
results demonstrate that the catalytic efficiency was most affected in the case of methanol as the
degradation efficiency decreases to 54% in presence of methanol which means holes participate
maximum in the degradation process. However, the degradation efficacy was significantly
decreased in the case of ascorbic acid (60.8%), which confirms the role of superoxide radicals in
degradation. This shows that the degradation of dye was influenced primarily by the holes and

superoxide radicals.
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Fig. 3.14 Degradation efficiency of MSMSe (1:3) photocatalyst in the presence of different

scavengers.

Therefore, based on trapping experiments the plausible mechanism of photocatalysis is
shown in scheme 3.2. As the bandgap energies of MoS, and MoSe; are tunable and both are
active in the visible light, so as it absorbs light energy, the electrons in its valence band get
excited to their conduction band level leaving the holes behind. Due to the formation of
heterojunction between the two semiconductors, these electron-holes do not recombine and thus
a charge separation occurs. Now these electrons in the CB react with the molecular oxygen
forming the superoxide radicals which can either further react with a water molecule to form
hydroxyl radicals or can directly degrade the pollutants. On the other hand, the holes created in
the VB can react with water to form hydroxyl radicals which further cause the degradation of
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pollutants to either CO, and water or relatively simpler products. The probable reaction steps
are:

MoS,/MoSe, + hv ——e +h"

H.O +h® —» H,0" ———» OH +h*

O2+e — 02" + h*

H.0* — OH + h*

OH + h* —— OH

OH'/ Oz + Pollutants —— Degraded Products

4

MoS 2

=
h* h*h*h* 2=

Scheme 3.2. Plausible photocatalytic degradation mechanism by MSMSe catalyst.

3.6 Electrocatalytic Studies
3.6.1 HER activity

The electrochemical activities of as-synthesized nanocomposites were analyzed in 0.5 M
H2SO4. The polarization curves in acidic medium obtained for as-prepared composites are shown
by linear sweep voltammetry (LSV) plots in Fig. 3.15 (a-c). These plots show a maximum
current density of —3.76 mAcm and —4.52 mAcm™2 at a potential of —1 V for MSMSe (1:1) and
MSMSe (3:1) composites respectively. However, the maximum current density of —19.4 mAcm
has been obtained for MSMSe (1:3) catalyst at —1 V potential (Fig. 3.15c) in the acidic medium.
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The MSMSe (1:3) composite exhibits high surface area and the presence of micropores and
mesopores with enlarged pore volume, which increases the active surface characteristics of the
composite and hence results in enhanced HER performance.?? The MSMSe composites show
high current density even with very low mass loading which confirms high efficiency of the

prepared catalysts.

The performance and efficiency of the electrocatalyst were most prominently defined by
its stability which is required in the present time. The stability of MSMSe nanocomposites was
determined by the cyclic voltammetry (CV) technique performed for 2500 cycles at a scan rate
of 100 mVs? in 0.2 to 0.6 V voltage window. The polarization curves obtained after the 2500
CV cycles of the composites show that for MSMSe (1:1) and MSMSe (1:3) composites, there is
a negligible loss in current density as the maximum current density of — 3.74 mAcm™2 and —
19.32 mAcm2 was observed even after 2500 CV cycles as shown in fig. 3.15a and 3.15c. The
combination of MoS; and MoSe> gives rise to a synergistic effect which provides an open porous
space to facilitate the charge transfer within the interlaced arrays so we observe high stability in
current density. Moreover, the higher stability of the as-synthesized composites is attributed to
their high acidic corrosion resistance under continuous CV cycling (under continuous
oxidation/reduction process). However, in the case of MSMSe (3:1) composite, there is a slight
decrease of current density to —3.28 mAcm™ after 2500 CV cycles. This is due to the higher
charge transfer resistance in MoS; as the metallic character of MoS: is lower as compared to

MoSe; (as the metallic nature of S is less).*®

To determine the mechanism responsible for the HER and electrocatalytic performance,
Tafel slope is one of the most important analysis. The following steps determine the probable

mechanism responsible for HER performance:*’

Volmer: H3O" + M(e) — > MHags + H20

Heyrovsky: H3O" + MHags + M(e) ——— 2M + H20 + H»
Tafel: 2MHags ——— 2M + H>

Here the M determines the species active sites and MHags denote the hydrogen adsorbed
intermediate. In the Volmer reaction on the catalyst surface a proton gets attached and then
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through Heyrovsky and Tafel reactions the produced hydrogen leaves the surface of catalyst. If
the Tafel slope of the reaction is ~120 mVdec™ then the reaction proceeds through Volmer-
Heyrovsky pathway whereas if the value is ~30 mVdec™ then the reaction follows Volmer-Tafel
pathway. The reaction rate will be higher if the value of Tafel slope is smaller with respect to the
given potential.*®
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Fig. 3.15 LSV plots of (a) MSMSe (1:1), (b) MSMSe (1:3) and (c) MSMSe (3:1) composites in
acidic medium and Tafel plots of (d) MSMSe (1:1), (e) MSMSe (1:3) and (f) MSMSe (3:1)

composites.

The Tafel slopes of the MSMSe composites are shown in the insets of their LSV plots (fig.
3.15 (d-f)). The value of Tafel slope for MSMSe (1:1), MSMSe (1:3) and MSMSe (3:1) are
141.1, 95.1 and 168.4 mVdec™ respectively in acidic medium. This shows that in an acidic
electrolyte, the rate-determining step (RDS) for HER is the VVolmer-Heyrovsky reaction. The
lower value of Tafel slope for MSMSe (1:3) nanocomposite shows the faster charge transfer
kinetics in the heterostructure. The edge sites of MoS2/MoSe; are the active species in an acidic
medium for HER. So the lower Tafel slope value in MSMSe (1:3) shows a higher number of
active edge sites in the composite which may be due to its higher surface area. The values predict

that adsorption of H* ion is fast but the desorption process is slow due to higher surface area and
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pore size. The active sites get more exposed due to the abundant interfaces in MoS2/MoSe;
heterostructure for the electrochemical reaction. The high stability of MSMSe nanocomposites

and faster charge transfer kinetics on the active edge sites of heterostructure makes them
potential catalysts for HER.

3.6.2 Electric Double Layer Capacitance (EDLC) or Ca

The storage capacity of the as-synthesized nanocomposites has been determined from the
CV plots performed at various scan rates of 10-210 mVs? in the voltage window of 0.2 to 0.6 V
as shown in fig. 3.16 (a-c). The rectangular shape of CV plots suggests that the reactions are
reversible and occur without faradic reaction and attributes to the EDLC (Cqi) storage capability.
By plotting the scan rate vs current density variation (AJ = Jeathodic — Janodic at 0.4V) the calculated
Ca values (fig. 3.17a) comes out to be 500.0, 607.0, and 647.1 uFcm=2 for MSMSe (1:1),
MSMSe (1:3) and MSMSe (3:1) respectively suggesting that the MoS, and MoSe; heterojunction

leads to the higher energy storage performance due to the presence of more exposed active sites
in the heterostructure.

0.15

=
=
o
=)
-

:'uc)

=
=
15
i
=
=
=
L
e
j
=3

2
S
o
]

e

=

b

.
&
=
a

)

s
b

=3

—

=
L
&
1
=

Current density [m.Acm‘zj
: =)
8
Current density [mAcmAZ]
L =]
g

&
s
s
Current density (mArm'ZJ
. | . -
=
s

=

-

o
L

. 17|

-0.15 4 {190

e 21

T T T T T T T T T
T T T T T 0.2 03 0.4 0.5 0.6 0.2 0.3 0.4 0.5 0.6
0.2 03 04 05 0.6

> Potential (V) vs RHE Potential (V) vs RHE
Potential (V) vs RHE otential (V) vs v
0.08 4 f)
o] ) - 0.064 ]
"-‘a g 0.04]
§ 0.05 g 0.02 4
ES = 0.00
= f—T F= f—T1
£om o 300 Z 0024 —
2 o 500) = [, 600
] o 900 S 0044 —"
= - f——1200 e 1200)
g00s e 1500 £ -0.06 e 1300)
E f— 1500 = 084 I
6 o, 2100 | [S femm, 2 100
-0.10 2200 -0.10 4 =
. 2400 | {mmm. 2400
o 2300 0.124 =—2500]|
T T T T T T T T T T T T T T T
0.2 03 ) 0.4 0.5 0.6 0.2 03 0.4 0.5 0.6 0.2 03 0.4 0.5 0.6
Potential (V) vs RHE Potential (V) vs RHE Potential (V) vs RHE

Fig. 3.16 CV plots of (a) MSMSe (1:1), (b) MSMSe (1:3), and (¢c) MSMSe (3:1) at multiple scan
rates and CV plots for 2500 cycles of (d) MSMSe (1:1), () MSMSe (1:3), and (f) MSMSe (3:1).
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From the CV plots, one can observe that even when the CV was performed at a lower
speed (10 mVs™) there was no change observed in the shape of CV plots, only the voltage/area
was enhanced. It also shows that the prepared composites show higher electrochemical active
surface area (ECAS) and results in the enhancement of their electrochemical performance. The
stability and charge storage ability is the vital parameter for electrode fabrication for
electrochemical capacitors. The capacitance retention was determined via CV analysis at a fixed
scan rate of 100 mVs for 2500 CV cycles in an acidic medium in a 0.2 to 0.6 V voltage range
for MSMSe composites (fig. 3.16 (d-f)).

0.16
= MSMSe (1:1) Cgj=500.0 Fem™ a)
0144 » MSMSe (1:3) Cg; = 607.0 JiFem ™2
4 MSMSe (3:1) Cg; = 647.1 pFem™
r;: 0.12 4 g
= v
~  0.10 1 =2
- 2 704 " MsMse(1:1)
= 0.08 g —a—MSMSe (1:3)
e T 604 ——MSMSe (3:1)
-+ -
S 0.06 4 =
H
-~ U 504
0.04 4
40 -
0.02 4
A 30
0.00 T T T T T T T T T T T 1 T I I
0 30 60 9 120 150 180 210 300 600 900 1200 1500 1800 2100 2400
Scan rate (mVs1) Cycle number

Fig. 3.17 (a) EDLC plot and (b) capacitance retention with a number of cycles for MSMSe

composites.

It can be observed from the figures that the shape of CV plots was retained even after
2500 cycles. The only change was observed in the first CV cycle after which all the CV cycles
remain the same. The enhanced retention of capacitance in acidic medium was confirmed by
plotting the % capacitance retention with respect to CV cycle number (fig. 3.17b), which shows
that MSMSe (1:3) has the highest capacitance retention of ~94% for 2500 CV cycles compared
with bare MoS; in literature showing stability up to only 1000 cycles.*® All above results confirm
that the as-prepared MSMSe composites are the potential electrode material for capacitor

applications.
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CHAPTER 4:

2D BIiOCI Nanorods Decorated with 2D MoS2 Nanosheets for Visible Light-

driven Photocatalytic Detoxification of Organic and Inorganic Pollutants

BiOCI/MoS, MoS BiOCI
Composite 2

. > Intermediates > Degraded Products
cr (V1)

Cr(I11)

Degraded Products

Highlights

BiOCI/MoS: nanorods were prepared using in-situ microwave technique.
Composites show characteristic morphological/surface properties.

v
v
v Show effective detoxification of organic/inorganic pollutants under visible light.
v

Practical efficiency confirms by high COD/TOC removal from industrial wastewater.
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4.1 Introduction

Environmental remediation is one of the major worldwide concerns debated over in the past
decades, one of them being water pollution. It poses severe health issues for living beings and a
threat to the ecosystem.! Dyes, pesticides, and toxic metal ions are some of the abundant
contaminants which need to be treated due to their daily use, enormous discharge from various
industries, high toxicity level as well as complicated degradation.? Methylene blue is an organic
dye extensively used in the dye, textile, and plastic industries. MB is also used in the area of
biology to prepare various staining methods, such as Jenner's and Wright's stains.® However, MB
can cause serious complications in humans, including high blood pressure, nausea, shock,
vomiting, the development of Heinz bodies, excessive perspiration, jaundice, and mental
disorientation.*® Similarly, fipronil is also a toxic organic pollutant and cause serious health
hazards as described in the previous chapters.® Not only organic pollutants but some inorganic
metals are also responsible for water contamination. Chromium ion pollution is mostly caused by
industrial plants, such as those involved in leather processing, wood preservation, pigments, and
paint manufacturing.”® Chromium is commonly found in the aquatic environment as Cr(I11) and
Cr(VI1), and while the first is important to human metabolism at extremely low levels, the second
oneis toxic and carcinogenic. Cr(VI) is mostly eliminated from wastewaters after it is
catalytically reduced to Cr(lll) and precipitated as Cr(I1l) hydroxide.>* So potential
semiconductor photocatalysts are required which can efficiently degrade the organic pollutants
as well as can also reduce Cr(VI) to Cr(Ill). Particularly, forming 2D/2D heterostructures is a
promising method to produce large contact areas and quick charge transfer.

Bismuth oxyhalides have drawn a major consideration for their astounding photocatalytic
activities. Due to the layered arrangements and good photo-electronic characteristics, BiOCI has
been used in various procedures showing up with great photocatalytic performance.'? BiOCI
comprises layers of [Bi»0,]*" inserted between two ions of Cl, which facilitates the reduced
recombination of charge carriers owing to inner static electric fields.!®* One of the crucial
drawbacks of BiOClI is that due to its huge band gap (~3.5 eV) it can only use the photons in the
UV region of the spectrum.’* In this manner, the practical usage of BiOCI as a wide-range
photocatalyst is restricted.® In request to improve the catalytic activity of BiOCI in natural light,

numerous attempts have been made to synthesize the visible light active BiOCI based catalysts
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either by bringing in oxygen vacancies, integrating sites for doping, or combining with other

semiconductors having narrow bandgap.®

MoS; is one of the members of transition metal dichalcogenides'’ and has drawn extensive
consideration in the field of photocatalysis. Interestingly, MoS, is an inherently p-type
semiconductor containing a sandwich-like stacked structure of S—Mo—S layers reinforced by
attractive van der Waals forces.'® As its band gap is between 1.4 to 2.1 eV so it absorbs photons
in the visible region.'® The use of MoS; as a photocatalyst is well exploited due to its abundance
in nature with high chemical stability, low cost, and high catalytic performance. From the
literature, it was envisaged that the improvement of 2D materials with layered MoS; gives rise to
a large number of active sites that are responsible for providing sufficient interfacial area and

enhancing the photocatalytic response activity.?

In the present work, a new facile, one-pot, and fast microwave-assisted synthetic procedure
was used for the preparation of an effective photocatalyst BiOCI/MoS; with variable weight
ratios. The structural, morphological and optical characterizations were carried out for the as-
prepared photocatalyst. The photocatalytic performance was estimated by detoxification of
methylene blue dye, fipronil pesticide, industrial wastewater, and chromium (VI) metal.
Variation of catalytic activity with solution pH, catalyst dose, and illumination area was
examined. The reusability of the catalyst was determined by running the catalyst for several
cycles. Also, the mechanism of degradation was examined with the help of scavenger studies.

4.2 Characterization and photocatalytic studies

Refer to section 2.2 chapter 2

4.3 Methodology

Synthesis of BiOCI and MoS; nanocomposites: The catalysts were prepared using simple
precursors and microwave-assisted technique. The required amount of Bi(NO3)3.5H20 and KClI
(Loba Chemie) was mixed in 30 mL ethylene glycol through stirring. Afterwards, the required
amount of ammonium molybdate and thiourea (according to weight ratios 1:1, 3:1, and 1:3) was
added to the above suspension with stirring. The resulting mixture was sonicated for 1 hour to

ensure complete dispersion. After that, the mixture was transferred to a microwave vial for
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heating at 180°C (20 min). After heating, the precipitates were thoroughly washed with distilled
water via centrifugation and dried at 60°C in an oven to obtain black powder catalyst. A
schematic representation of synthesis process is shown in scheme 4.1. The weight ratios of
BiOCIl to MoS> ranges from 1:1, 1:3 to 3:1 and named as BOCMS(1:1), BOCMS(1:3) and
BOCMS(3:1) respectively. The pure BiOCI and MoS; were also prepared through similar
procedure for comparison purposes and named as BOC and MS, respectively as given in our

previous report.?

)

Ethylene
Glycol

BiOCI precursors

Centrifuge

Washing
Drying

Scheme 4.1. Schematic representation for the synthesis of BiOCI/MoS; composite.

4.4 Material Characterization

4.4.1 XPS analysis

The surface valence state of different elements in the BOCMS composite was explored
by the XPS characterization technique. The existence of Bi, O, Cl, Mo, and S elements on the
surface was confirmed with the survey spectra (fig. 4.1a) as in accordance with EDS studies.
The two main peaks of Bi at 159.9 eV and 165.2 eV displayed in fig. 4.1b corresponds to Bi
4f7;, and Bi 4fs), state indicating the existence of Bi in +3 oxidation state. The peak in O1s

spectra at 530.1 eV (fig. 4.1c) is the characteristic peak of Bi-O bonded oxygen species in
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BiOCI lattice and a small peak around 534.2 eV corresponds to adsorbed oxygen on the
surface of sample.?® The ClI 2p spectra can be assigned into two peaks of Cl 2ps;2 and Cl 2p1/2
located at 198.5 eV and 200.1 eV, respectively (fig. 4.1d). The high-resolution spectrum of
Mo 3d can be resolved into two peaks located at 229.8 eV and 232.6 eV (fig. 4.1e) is
attributed to Mo 3ds and Mo 3das2, respectively indicating Mo is present in +4 oxidation
state in the composite. The peak at 235.6 eV signifies the presence of Mo®* which could be
due to the incorporation of O atoms in MoS». Similarly, the peaks of S 2p spectra could be
fitted to S 2p12 and S 2pay2 at 161.5 and 162.1 eV, respectively, as displayed in fig. 4.1f.2°
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Fig. 4.1 (a) Survey scan, (b-f) high resolution XPS spectra of Bi 4f, O 1s, Cl 2p, Mo 3d and S
2p elements in BOCMS (1:3) catalyst.

4.4.2 EDS and elemental mapping
Energy-dispersive X-ray spectroscopy results (fig. 4.2a) reveal the coexistence and
homogeneous distribution of Bi, O, Cl, Mo, and S elements in BiOCI/MoS, composite,

indicating a uniform distribution of BiOCI and MoS: in the heterostructures. The elemental
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color mapping of BOCMS (1:3) nanocomposite with corresponding FESEM image shows
the elements Bi, O, Cl, Mo, and S are present in the sample (fig. 4.2 b-g).

ELEMENT | WEIGHT | ATOMIC
% %
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Fig. 4.2. (a) EDS spectra, (b) SEM image and the corresponding elemental mapping spectra
of (¢) Mo, (s) S, (e) Bi, (f) O and (g) Cl elements in BOCMS composite.

4.4.3 Optical properties (DRS band gap and PL studies)

The optical properties of the catalyst play an important role in influencing the
photocatalytic performance of the catalyst. The light absorption property of the as-prepared
catalyst was measured using UV-Visible DRS spectroscopy. The absorption edge of BiOCl is
limited below 370 nm in the UV range of spectrum corresponding to the literature reports,
but composites show increased visible light absorption in the visible range which signifies
the intimate interfacial contact among BiOCIl and MoS: in the composites (fig. 4.3a). The
introduction of MoS; into BiOCI significantly increases the visible light absorption due to
decrease in band gap energy. The band gap values calculated from the Tauc plots of samples
are given in fig. 4.3b. The band gap energy of BOCMS (1:1) and BOCMS (3:1) composites
appears to be ~2.63 eV and 2.80 eV respectively, and hence both are active under visible
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Intensity (a.u.)

light. The narrow band gap energy (2.29 eV) of the BOCMS (1:3) composite makes it an
efficient catalyst to absorb the visible light irradiations and thus enhancing its photocatalytic
activity for wastewater treatment.
The corresponding positions of valence bands (Eve) and conduction bands (Ecg) of BiOCI
and MoS; can be determined from band gap value by using the following equation:2°
EVB =X —Ee + 0.5 Eq
ECB =EVB - Eq

The energy band gap (Eg) of BiIOCI and MoS; as determined from the tauc plot was about
3.02eV and 2.04eV, respectively. X in the equation represents the value of absolute
electronegativity for BiOCI and MoS». E. in the above equation denotes the energy of the
free electrons (4.5 eV) on the hydrogen scale.?® Hence, the value of Eve/Ecg for BiOCI and
MoS; were found to be 3.35eV/ 0.33eV and 1.33eV/-0.7eV respectively.
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Fig. 4.3 (a) UV-Visible absorption spectrum, (b) Tauc plot, and (c) photoluminescence

spectra of BOCMS catalysts.

To elucidate the combination of charges in photocatalysts, the photoluminescence spectra
of as-prepared catalysts were analyzed. The intensity of PL spectra varies with the
recombination of photogenerated charges as the lower intensity corresponds to the lower
recombination of electrons and holes.?” The main peak for pure BiOCI was observed around
400nm. The PL emission peak of all the BOCMS composites is less intense than that of pure
BiOCI catalyst (fig. 4.3c) which signifies the rate of charge recombination was controlled in
composites. Among the composites, the minimum PL intensity was observed for BOCMS
(1:3) catalyst indicating the least charge recombination in this composite resulting in a better

photocatalytic performance of this composite.
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4.4.4 XRD

The crystal phase of as-prepared catalysts was analyzed using X-ray diffraction studies
displayed in fig. 4.4. The high intensity peaks in BOC catalyst at 26 = 11.6°, 23.9°, 25.8°,
32.0°, 33.4°, 36.5°, 40.7°, 46.5°, 49.6°, 53.9° 55.1° and 58.6° could be indexed to the (001),
(002), (101), (110), (102), (003), (112), (200), (113), (211), (104), and (212) crystal planes
respectively, indicating the tetragonal phase of BiOCI %2 corresponding to JCPDS card no:
06-0249. Some other peaks of lower intensity representing the different planes of BiOCI are
also present. The XRD spectra of composites show the presence of characteristic peaks of
MoS; along with the peaks of BiOCIl. The diffraction peaks at 20 = 15.6° and 28.4°
corresponds to the (002) and (004) planes of MoS, (JCPDS card no: 37-1492) in the
BOCMS composites respectively.?® The peak observed at 20 = 22.4° is indexed to (040)
plane of MoO3 which might be due to the formation of oxides.?* All the planes of BiOCI are
present in the composites indicating the insertion of MoS; did not interfere with the lattice
structure of BiOCI. But the slight shift of peaks in the composite compared to pure BiOCI
spectra indicating the close contact between BiOCI and MoS..

Il I II otk BOCMS (1:3)

> L BOCMS (3:1)

>
S
> A A ~ BOCMS (1:1)
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Fig. 4.4 XRD diffraction pattern of as-prepared BOCMS photocatalysts.

4.4.5 Surface area analysis
The surface area characteristics of as-prepared catalysts were analyzed using BET surface
area analysis. The adsorption-desorption isotherms of BOCMS composites with bare BiOCI
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and MoS; in fig. 4.5a shows the H1 hysteresis loop with type IV Langmuir adsorption,
signifying the mesoporous nature of samples. The pore size distribution analyzed from BJH
method reveals that both mesopores and macropores are present in the as-prepared catalysts
(fig. 4.5b). Table 4.1 lists the comparison of specific surface area, mesopore volume, and
pore size of the composites along with pure BiOCI and MoS..

Table 4.1. Surface properties of the as-prepared BiOCI/MoS; catalysts.

BOC MS BOCMS (1:1) BOCMS (3:1) BOCMS (1:3)
Specific surface 11 68 30 15 42
area (m?/g)
Mean pore 23.8 35.1 34.6 32.3 42.2
diameter (nm)
Mesopore volume 0.0242 0.682 0.0710 0.0507 0.148
(cm3/g)
Total pore volume 0.0299 0.701 0.0748 0.0561 0.154
(cm?3/g)
a) b)
o = BéCMS(SI:l) ; ; i
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Fig. 4.5. The (a) N2 sorption isotherms and (b) BJH pore size distribution curves of as-prepared

catalysts.
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The surface area of pure BiOCI was initially less but when combined with MoS;, the
surface area of the composites increases due to the higher surface area of MoS,. The BOCMS
(1:3) composite shows a higher surface area of ~42 m?/g in comparison with BOCMS (1:1) and
BOCMS (3:1) which is eventually responsible for its higher adsorption property leading to better

degradation performance.

4.4.6 Morphology analysis

The Morphological analysis of the catalysts was done using FESEM and HRTEM
characterization techniques. The FESEM micrographs of as-prepared catalyst are given in fig.
4.6a-e. Images of pure BiOCI catalyst in fig. 4.6a shows the formation of thin BiOCI nanorods
with hollow ends (inset of fig. 4.6a) arranged in the form of a nanoflower. The FESEM images
of pure MoS; catalyst in fig. 4.6b shows the presence of small flowers formed of nanosheets
(inset of fig. 4.6b). FESEM micrographs of BOCMS (1:3) composite demonstrate that the
surface of BIOCI nanorods is partially covered with small discrete MoS. nanosheets. The
presence of rod-shaped BiOCI with dispersed small MoS; nanosheets in BOCMS (1:1) and
BOCMS (3:1) catalysts was confirmed from the fig. 4.6¢-d. In fig. 4.6e, BiOCI is almost
completely covered with MoS; as the amount of MoS: is higher in BOCMS (1:3) composite
indicating the change of morphology with the weight ratio in the catalyst.

The microstructural details of the catalyst were studied with the help of HRTEM analysis.
The TEM image (fig. 4.69) of pure BiOCI show the presence of long BiOCI rods with sharp ends
and possesses a very high aspect ratio of 1:10 having an average width and length of 105nm and
1056nm respectively. The sharp nanorods of different lengths are randomly arranged on each
other forming a cluster of rods. However, the TEM image (fig. 4.6f) of BOCMS (1:3) composite
shows the presence of BiOCI rods with scattered MoS: indicating the intimate contact between
the two, giving rise to a synergistic effect of the composite. The lattice fringes are shown in the
inset of fig. 4.6f displays the clear interplanar spacing of 0.369 nm which corresponds to the
(002) plane of BiOCI. The interplanar spacing of 0.307 nm was also observed which attributes to
the (004) plane of MoS; as displayed in the inset of fig. 4.6f.

The corresponding selected area electron diffraction (SAED) pattern of BOCMS (1:3)
catalyst in fig. 4.6h could be indexed to [010] zone indicates single-crystalline nature of the
photocatalyst, displaying the (001) and (101) diffraction planes of BiOCI with an interfacial
angle of 61.1° which matches well with the theoretical value.?® The (004) and (102) planes in the
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pattern belong to MoS: in the sample. SAED pattern indicates that crystal lattices of the two
components are aligned at an angle of 31.1° between (001) and (004) planes of BiOCI and MoS;

respectively in the composite.

|

e A7,
g\

Fig. 4.4 FESEM micrographs of (a) pure BiOCI, (b) pure MoS;, (c) BOCMS (1:1), (d) BOCMS
(3:1), (e) BOCMS (1:3) catalyst, TEM image of (f) BOCMS (1:3) catalyst and (g) pure BiOCI
catalyst, and (h) SAED pattern of BOCMS (1:3) catalyst.
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4.5 Photocatalytic activity

45.1 Dye and pesticide degradation

Methylene blue dye (5 ppm) and fipronil pesticide (600 ppm) were chosen as representatives
to evaluate the activity of BOCMS composites for organic pollutant degradation. To illustrate the
photocatalytic nature of the reaction, control experiments were performed without adding any
catalyst. As observed from fig. 4.7a and 4.8b, there is no significant decrease in the concentration
of these pollutants in the absence of catalyst. The degradation performances of as-prepared
catalysts were analyzed by adding 3 mg of the catalyst into 15 mL of methylene blue dye and
fipronil pesticide solution. The degradation efficiency of pure BiOCI and pure MoS: catalyst
came out to be 45.9% and 53.9% for methylene blue dye. Similarly, photodegradation of fipronil
pesticide in the presence of bare BIiOCI and MoS, show 40.5% and 50.6% degradation
respectively under visible light irradiation. The low photodegradation activity was due to the
high recombination rate of charge carriers and lower surface area. Also, the higher band gap
energy of BiOCI makes it less active in visible light. Under similar conditions, BOCMS (1:1),
BOCMS (3:1), and BOCMS (1:3) catalysts show enhanced photocatalytic degradation efficiency
of 80.04%, 70.4%, and 93.5% respectively for methylene blue dye. Similarly, photodegradation
of fipronil pesticide was also enhanced by 73.3%, 62.1%, and 88.7% in the presence of BOCMS
(1:1), BOCMS (3:1), and BOCMS (1:3) composites respectively. The rate constants (k) were
determined through pseudo-first-order kinetics plots, as shown in fig. 4.7 (d and e). The k values
follow the order BOCMS (1:3) > BOCMS (1:1) > BOCMS (3:1) > MoS; > BIiOCIl. BOCMS
(1:3) has the highest k, which is 5.8 times as high as that of pure BiOCI for methylene blue dye
degradation under visible light. The synergy attained from the combination of BiOCI and MoS;
photocatalytic system can be determined with the help of synergy factor (R) from the following
equation:2®

R = kBioci/Mos2
kpioci+ kmos2

Where kgiocimos2, Ksiocl, and Kwmos2 in the above equation are photodegradation rate constants
of BiOCI/MoS: composite, pure BiIOCI and MoS: respectively. The synergy factors for different
BOCMS composites calculated from the above equation are 1.30, 0.89, and 2.29 for BOCMS
(1:1), BOCMS (3:1), and BOCMS (1:3) photocatalysts, respectively. Due to the formation of
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heterojunction and high synergistic effect between these layered materials which suppress the

recombination of charges, the degradation efficiency increases. The maximum synergy factors,

as well as photodegradation efficiency in visible light, were shown by BOCMS (1:3) composite

which might be due to its higher surface area and lower band gap resulting in better adsorption of

pollutants on catalytic surface and higher photocatalytic activity in visible light.
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Fig. 4.7 Kinetic analysis showing photodegradation of (a) methylene blue dye, (b) fipronil

pesticide, and (c) Cr(V1) solution, and Pseudo-first-order kinetics plots for (a) methylene blue dye

degradation, (b) fipronil degradation and (c) Cr(V1) reduction under visible-light irradiation in the
presence of BOC, MS and BOCMS composites.

45.2

Cr (V1) reduction

In order to study the catalytic activity of BOCMS composite towards inorganic pollutant

degradation, photocatalytic reduction of Cr(VI) ions was analyzed. In water, Cr(\V1) ions mainly

occur in the form of Cr,O7%, so potassium dichromate is generally used as representative to
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analyze the reduction.® A comparative experiment was conducted with the as-prepared catalysts
keeping all the conditions similar. The kinetic analysis was performed by adding 4mg of the
catalyst into 15 mL of K>Cr20O7 solution (100 ppm) at pH~3. The suspension was allowed to
attain adsorption-desorption equilibrium in dark and then irradiated with visible light for 90 min.
The photoreduction of Cr(V1) solution by the as-prepared samples is displayed in fig. 4.7c and
the rate constants values were determined by pseudo-first order kinetics plots given in fig Sl4c.
Among all the synthesized catalysts, the highest photocatalytic efficiency was shown by
BOCMS (1:3) with 90.6 % removal efficiency and a rate constant of 0.0194 mint within 90 min
irradiation time, which is due to better visible light absorption property and higher surface area
of the catalyst compared to BOCMS (1:1) and BOCMS (3:1) composites. The cycling
experiments with BOCMS (1:3) catalyst and Cr(VI) solution were carried out to determine
photocatalytic reusability of catalyst in Cr(VI) solution (fig. 4.7f). The degradation efficiency of
68% was observed after 5 photocatalytic cycles exhibiting high reusability tendency of the
catalyst. The result signifies that the as-prepared catalyst possesses high photocatalytic efficiency
and stability for Cr(\V1) reduction and can effectively be used in the treatment of wastewater with

toxic inorganic metal ions along with organic contaminants.

4.5.3 Optimum catalyst concentration

The catalyst was further used to determine the optimum concentration for the best
degradation efficiency. For this study, a variable amount of BOCMS (1:3) catalyst was added to
25 mL methylene blue dye (5 ppm) and 20 mL fipronil pesticide (600ppm) solution. All other
conditions of degradation reaction were kept similar. Fig. 4.8a shows the variation of degradation
efficacy in methylene blue dye and fipronil with catalyst amount varying from 1g/L to 10g/L. At
first, the degradation efficiency of both the pollutants increases to a maximum with increasing
catalyst amount. The degradation efficiency for methylene blue dye reaches a maximum (96.4%)
at a catalyst concentration of 6 g/L and for fipronil, the maximum degradation efficiency of
86.3% was observed at 4 g/L. On further increasing the catalyst amount (>6 g/L for methylene
blue and >4 g/L for fipronil), no significant change was observed in the degradation efficacy due
to an increase in light scattering and opacity of solution as light could not infiltrate the solution
properly. So the optimum concentration of BOCMS (1:3) catalyst is 6 g/L and 4 g/L for efficient

degradation of methylene blue dye and fipronil pesticide, respectively.
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Fig. 4.8 Plots showing the effect of (a) catalyst concentration, and (b) illumination area on
photodegradation by the BOCMS (1:3) nanocomposite.

45.4 Illumination area effect
The role of effective illumination area on the degradation efficiency of the catalyst was studied
using BOCMS (1:3) as a catalyst under visible light. In this experiment, the reaction vessels of
different diameters were used to vary the surface area of the solutions exposing to the light
irradiation. About 0.3 g/L of the catalyst was added to the same volume (15 mL) of methylene blue
dye (5ppm) solution keeping the same distance between the light source and upper layer of sample.
The degradation efficiency was increased with the increasing illumination area (fig.4.8b) due to

better light infiltration and absorption by the catalyst.

45.5 Point Zero Charge of catalyst

Knowing the point of zero charge (pzc) of the photocatalysts is very important to determine
the behavior of electrostatic interactions between the photocatalyst and pollutant. The pzc of the
catalyst could be determined by varying the pH of photocatalyst suspension. The solution pH
was adjusted using 0.1N H>SO4 and 0.1N NaOH solution. In order to determine the pzc of
BOCMS (1:3) catalyst, the catalyst (3 mg) was dispersed to the methylene blue dye solution
(15mL) having pH values varying from pH 1 to 10. The pH value of suspension before and after
the adsorption process was observed and the difference between the two values was calculated.

The pH value where the difference in pH value is zero is the pzc of the catalyst. The results
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represented in fig. 4.9a indicates that pzc of the catalyst is around pH 4.4. So the catalyst surface

is negatively charged below this pH and positively charged above pH 4.4.

4.5.6 Optimum pH of the solution

In the photocatalytic process, pH of the solution is one of the most important factors that can
affect the degradation efficiency by influencing the adsorption of pollutants on the catalyst
surface. The influence of change in pH value of methylene blue dye and fipronil solution was
determined by analyzing the degradation performances of the catalysts at different pH values
from 1 to 9. From the above results, the pHpzc of BOCMS (1:3) nanocomposite was determined
which was at pH~4.4. The maximum degradation of methylene blue dye and fipronil pesticide by
BOCMS (1:3) catalyst was observed at pH 5 and pH 3, respectively. It can be observed from fig.
4.9b that the photo-degradation of methylene blue dye increases initially in acidic medium (pH 1
to 5) and then show a slight decrease in neutral and alkaline medium (pH 7 to 9). The optimum
pH for methylene blue dye degradation was found to be 5 as justified from pzc of the catalyst
(4.4). The surface of catalyst is weakly negatively charged above the pzc value enhancing the
adsorption of cationic methylene blue dye on the surface and hence improving the
photodegradation efficacy. Whereas, below the pzc value the surface is occupied with positive
charges coming from the H* ions in the solution, so there are repulsive forces between the
positively charged catalyst surface and methylene blue dye leading to poor adsorption of the

pollutant on the catalyst surface.
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Fig. 4.9 (a) point zero charge of BOCMS (1:3) catalyst and (b) effect of methylene blue
dye/fipronil solution pH on degradation efficiency of BOCMS (1:3) catalyst.
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On the other hand, fipronil being an anionic pesticide show better interaction with the
catalyst in an acidic medium, and hence the optimum pH for fipronil degradation is pH 3 (fig.
4.9b). As the pH increases further, repulsive electrostatic forces between anionic fipronil and
negatively charged catalyst surface increase which leads to lower adsorption and degradation of
fipronil.

45.7 Real wastewater degradation

Textile industrial wastewaters are among the most unsafe wastewaters when they are
released in the water bodies without any treatment. An environmentally economic advancement
strategy in the textile industry has required novel innovations to decrease water toxicity levels.
The mineralization of industrial wastewater was analyzed through the COD (Chemical Oxygen
Demand) and TOC (Total Organic Carbon) methods. The raw wastewater without any
pretreatment shows high COD and TOC values indicating a high percentage of organic
pollutants in the effluent. During the photodegradation of industrial wastewater with 4mg
BOCMS (1:3) catalyst under visible light for 240 min, the percent COD and TOC removal of
wastewater was analyzed at regular time intervals as shown in fig. 4.10a. The higher time for
degradation was applied for better mineralization of pollutants as the wastewater was used for
photodegradation without any pretreatment. The photodegradation by present catalyst show 75%
COD and 62.3% TOC removal after 240 min.
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Fig. 4.10 Plots of (a) percent COD and TOC removal in real textile wastewater, (b) catalyst
reusability and (c) scavenger studies in methylene blue dye and fipronil with BOCMS (1:3)
photocatalyst.
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The increasing percent of COD and TOC removal suggest that organic matter is
mineralizing to simpler molecules. The biodegradaObility of the wastewater was determined by
calculating the average oxidation state (AOS) and carbon oxidation state (COS) from the

equation below:*2

AOS = 4 - 1.5[COD/TOC]
COS = 4 - 1.5[COD/TOC]]

The AOS and COS variables have range from +4 for CO2 (most oxidized form) to -4 for
methane (most reduced form). Without any pretreatment, the initial AOS value of the wastewater
was 1.73 which increased after photocatalytic degradation up to 2.48 and 3.43 for AOS and
COS, respectively suggesting that BOCMS (1:3) photocatalyst increases the biodegradability of
the wastewater. So the catalyst is effective for the treatment of effluents than the physico-

chemical treatment performed by the industries.
45.8 Reusability

For large-scale practical applications, the reusability of catalysts is of paramount
significance. Hence the photocatalytic stability of catalyst up to multiple degradation cycles is
important to analyze. The reusability of as-prepared BOCMS (1:3) catalyst (3mg) was analyzed
for 5 successive runs in 25mL methylene blue dye (5ppm) and fipronil (600ppm) solution under
visible light. The catalyst was separated from the suspension by centrifugation and washed with
distilled water after every run. The comparison of degradation efficiency after each cycle is
shown in fig. 4.10b. The composite shows high photocatalytic stability with the degradation
efficiency of 72% and 62.9% for methylene blue dye and fipronil, respectively after 5
consecutive degradation cycles.

The stability of catalyst was also determined by the analysis of structural, optical, and
morphological properties of BOCMS (1:3) catalyst after degradation cycles. The surface area
analysis of the catalyst after degradation indicates its specific surface area is ~35m?/g confirming
the pollutants are not permanently adsorbed on the catalyst surface. The sorption isotherms of
before and after 5 degradations are displayed in fig. 4.11a. There are no significant changes in
the optical properties of the catalyst as confirmed from the PL spectra of the catalyst before and

after degradation cycles (fig. 4.11b). A slight increase in intensity was observed after degradation
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which might be due to the inactivation of some active sites. The XRD analysis after degradation
reveals that most of the planes are present in the spectra (fig. 4.11c) and the peaks are sharp
indicating the crystalline nature of the catalyst is remains intact after degradation. As observed
from the FESEM image (fig. 4.11d), the morphological properties of the catalyst also remain
intact after degradation cycles indicating the high stability of the catalyst. All these studies

confirm that the catalyst is highly stable and reusable with great degradation efficiency.

a) b)

After Degradation

—a— Before Degradation
—e— After Degradation

Before Degradation

Adsorbed volume (cmS/g), STP
Emission Intensity (a.u.)

0.0 0.2 0.4 0.6 0.8 1.0 360 390 420 450 480 510
Relative pressure (p/pg) Wavelength (nm)

TR T Ll O
L4
A

After Degradation

(0D) 49

BiOCI
MosS,

Intensity (a.u.)

Before Degradation

10 2'0 3'0 4'0 5'0 6'0 7'0 8'0 90
20 (degree)
Fig. 4.11 (a) BET adsorption-desorption isotherms, (b) PL spectra, (c) XRD spectra, and
FESEM image of BOCMS (1:3) photocatalyst before and after 5 cycles of methylene blue
photocatalytic degradation.

4.5.9 Mechanism for degradation
Trapping experiments were conducted to investigate the major species responsible for the
degradation of the pollutants. Scavengers like ascorbic acid, methanol, and isopropyl alcohol
(IPA) of 10 M concentrations in methylene blue dye and fipronil solutions were used for
trapping the superoxide radicals (O2 %), holes (h*), and hydroxyl radicals ("OH), respectively. The
experiments were performed with 3mg of the BOCMS (1:3) catalyst in 15mL of the above-
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prepared solutions under visible light irradiation.®! As observed from fig. 4.10c, the degradation
process was significantly inhibited in presence of methanol scavenger indicating holes are the
major species responsible for the degradation of methylene blue dye. However, for fipronil, the
photodegradation was most affected in the presence of IPA and methanol. This indicates that
hydroxyl radicals (*OH) and holes are the dominant species for fipronil degradation. The results
imply that photodegradation of methylene blue dye and fipronil was majorly governed by the
holes and hydroxyl radicals, respectively which are dominantly participating in the degradation

mechanism.

Based on these observations, the plausible mechanism for photocatalysis of pollutants is
shown in scheme 4.2. Since the CB potential of MoS> (-0.7eV) was more negative as compared
to BiOCI (0.33eV), and the VB potential of BiOCI (3.35eV) was more positive compared to
MoS; (1.33eV), a staggered band position was formed by two semiconductors. The MoS: in
BOCMS catalyst being active in the visible light absorbs the energy of photons falling on it with
the energy equal to or greater than its band gap. This energy excites the electrons in the valence
band (VB) to the conduction band (CB) of the catalyst, creating holes in the VB and an excess of
electrons in the CB of MoS,. Then, the excited-state electrons produced in the CB of MoS: can
be transferred into the CB of the coupled BiOCI due to joint electric fields between the two
materials. Due to the formation of heterojunction between the two semiconductors, these
electron-holes do not recombine and thus a charge separation occurs. The electrons in the CB are
good reductants which reduces the adsorbed O> on the catalyst surface to O, radicals. This can
further produce "OH radicals by reacting with water. These reactive species result in the
degradation of toxic pollutants. In addition, the photogenerated holes in the VB also help in the
decomposition of pollutants either by reacting directly with pollutants or forming ‘OH radicals.
The probable degradation reaction steps are:

BiOCI/MoS, + hvn. —» +h"

H.O + h* — H,0* —— OH +h"

O+ —> 0 & h*

H,O" — OH + h*

OH + h" — ®H

*OH/ Oz *+ Pollutants —— Degraded Products
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Scheme 4.2 Plausible mechanism for photodegradation of wastewater pollutants by
BOCMS catalyst.
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CHAPTER 5:

Facile Assembly of 2D Mo0S./GO Composites with Ag Nanoparticles for Visible

Light-Driven Photocatalytic Abatement of Recalcitrant Pollutants
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PoIIutants/

Wastewater
o2 Intermediates
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{ Degraded Products

Degraded Products Pharmaceutlcals
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co, H0 & yes ot
Non-toxic Pollutants Toxic

Highlights
» MoS2/Ag/GO composite with different weight-ratio prepared via microwave-route.
» Effective photodegradation of antibiotic/pesticide was done under visible light.
» Catalyst show effective real wastewater degradation with high COD/TOC removal.
» Catalyst with high efficiency/photostability is efficient for wastewater treatment.
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5.1 Introduction

Growing industrialization and urbanization have resulted in massive energy generation
and, as a result, environmental pollution, primarily chemical discharge, which had a massive
impact on all living beings.! The use of pesticides (e.g., fipronil (FIP)) in crops causes a slew
of cardiovascular and metabolic issues as mentioned in the previous chapters.>® Also, the
antibiotic (e.g. tetracycline (TC)) contamination caused by human overuse of medications
has sparked worldwide concern due to the long-term environmental consequences and
dangers to ecosystem creatures®. The prolonged half-life of antibiotics in residual organic-
mineral sediments and fluids demonstrates their persistence as emergent contaminants in the
environment.® The risk involved with this persistence is that many antibiotic-resistant
microbiota may thrive, affecting human health and ecosystems.® Based on the mentioned

research, semiconductor photocatalysis technology emerges as the times required.

Semiconductor materials are crucial in photocatalysis for efficient solar energy
conversion. Among these, a transition metal dichalcogenide such as molybdenum disulfide
(MoSz) with an ultrathin layered structure and a significant band gap of around 1.8 eV is an
outstanding material.! Though this comparatively narrow band is favorable for the production
of photoexcited electrons, the catalytic action of pure MoS; is insufficient due to the
recombination of the photoexcited carrier. Furthermore, the appealing chemical ability of
MoS: is well recognized to be mostly due to its sulfur edge, whereas random packing and
aggregation drastically limit its uses.” Hence, developing novel techniques for enhancing
photogenerated carrier segregation and transport efficacy, as well as regulating the
assembling state of MoS2 nanostructures, remains highly desirable. As a result, modifications
to MoSz, such as by forming heterojunctions with one or may be more semiconductors
and doping with non-metal or transition metal ions, have piqued the interest of researchers in

the fields of degradation, adsorption, and optoelectronics.®

Graphene is an atomically dense, 2D nanosheet-like structure made up of sp? hybridized
carbon atoms organized in a “honeycomb-like” pattern that can act as an efficient charge
carrier for semiconductors at ambient temperature.® The presence of surface O-groups allows
graphene oxide (GO) to contact with various inorganic/organic molecules, allowing for the

straightforward synthesis of a diverse spectrum of functional composites with unique
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characteristics. Furthermore, surface deposition of various functional compounds is promoted

due to its large surface area and aids in the chemical adsorption ability of the material.°

Noble metal ions (e.g., Pd, Ag, Pt, and Au) might be inserted as nanoparticles (NPs) to
improve the catalytic effectiveness of materials. Silver NPs are thought to be suitable for this
application due to their excellent optical characteristics, better chemical stability, and non-
toxic nature.!! Different metals have previously been doped onto MoS;, but Ag-doped MoS;
and GO has received little attention. Besides, Ag NPs-doped MoS, was prepared by via
hydrothermal method having various amount (2.5, 5, 7.5, 10 wt%) of Ag dopant. The catalyst
showed excellent improvement in photocatalytic degradation of methylene blue (methylene
blue) dye relative to pure MoSz and it was observed that MoS, with 0.1 wt% doping of Ag
NPs shows the best photocatalytic activity.*> Lu et al.*® fabricated a composite of g-
C3N4/Ag/MoS; in a flower-like structure of diameter about 0.4—0.6um. The as-prepared Z-
scheme photocatalyst showed excellent degradation of rhodamine B dye and exhibited a high
rate of Hz evolution from water. Similarly, a photocatalyst incorporating Ag NPs, graphene,
and TiO2 was prepared in ethanol using a combination sol-gel/solvothermal approach. The
results indicated that the Ag/TiO2/rGO composites had a good efficiency for degrading
methylene blue dye by >79 % in visible light.2* rGO suppresses the recombination of charges
and enhances the separation of e/h* in TiO2 via joining TiO2 and Ag NPs as a potential
conductor. The light absorption is increased by insertion of Ag NPs as they created a surface
plasmon resonance effect.®> Consequently, the resultant composite had a wide surface area
and enhanced photocatalytic activity to degrade methylene blue molecules when exposed to
visible light.}* Despite the fact that numerous types of MoS; or GO-based composite
materials have been prepared, to the best of our knowledge, the facile synthesis of MoS2/Ag
NPs/GO-based ternary composite materials for the photodegradation of recalcitrant
pollutants is scarce.

In this work, variable weight ratios of MoS,/GO heterostructures decorated with Ag NPs
were prepared through a facile, less time-consuming microwave-assisted method. The as-
prepared composites were utilized in the degradation of TC and FIP in visible light. Analysis
of various parameters like catalyst amount, pH, and exposed light area was done. The
stability was verified via using the photocatalyst for many runs. Trapping studies were
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carried out to establish the photodegradation mechanism. The practical efficiency of the

catalyst was investigated by photodegradation of real industrial wastewater.
5.2 Characterization and photocatalytic studies

Refer to section 2.2 chapter 2
5.3 Material and Methods

Materials used: Analytical grade reagents and double distilled water for the preparation
of solutions were used throughout the experiment. Tetracycline [C22H24N20g, Amax = 357nm]
was acquired from Sigma Aldrich Pvt. Ltd. Ammonium molybdate tetrahydrate (98%)
[(NH4)6M07024.4H20], graphite powder, sodium nitrate (NaNO3), potassium permanganate
(KMnOg4) ferrous ammonium sulphate (FAS) and potassium dichromate (K.Cr.O7) was
purchased from LobaChemie Pvt. Ltd. India. H2O2 was obtained from RANKEM Pvt. Ltd.
Fipronil 5% SC was acquired from Bayer Crop Science Ltd. India. AgNO3s was obtained
from Qualikems Fine Chem Pvt. Ltd.Real wastewater was procured from textile industry,
Ludhiana, India.

Synthesis of Graphene Oxide (GO): GO was prepared from graphite powder via
Hummer’s method. In a standard procedure, 23 mL concentrated HoSO4 was mixed with 0.5
g graphite powder and 0.5 g NaNOs. After that, the suspension was immersed in an ice cube
tray to maintain a constant temperature around 20°C. The mixture was allowed to stir for 4
hours to ensure complete dispersion. Now, 3 g of KMnO4 was added gradually to the above
mixture under lhour of stirring while keeping the mixture in an ice bath. After complete
addition, the mixture was diluted with 100 mL deionized water. It is very important to keep
the mixture on an ice bath while adding distilled water as the temperature of the reaction
increases during addition. After cooling down, 5 mL of 30% H20, was added dropwise to the
above mixture. The precipitates were washed with 5% HCI and deionized water for several
runs and the GO obtained was dried in an oven overnight to get dry graphene oxide
powder.’

Synthesis of MoS;: Pure MoS, was prepared according to our previously reported
microwave-assisted method. Ammonium molybdate tetrahydrate ((NH4)sM07024.4H20) and
thiourea (CH4N2S) were used as precursors for the synthesis of MoS; and these precursors
are heated in the Anton Parr Microwave at 180°C for 20 min. The resulting mixture was

washed with water and dried in an oven at 60°C to obtain powder MoS; (labeled as MS).8
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Synthesis of Ag NPs: The following procedure was used to prepare Ag NPs from AgNOs
as described in the literature. For the synthesis, about 500 pL of 0.01 M AgNO3 solution was
added in a 15 mL aqueous solution of fructose (50 mg/mL). Afterwards, 1 M NaOH solution
was added dropwise under constant stirring till the appearance of yellow color which
indicates the formation of Ag NPs.™®

Preparation of MoS; and GO composites decorated with Ag NPs:

Graphene Oxide

Washing
with HCI and
D.l. water
== /<\" :

rying

’ Overnight Stirring ‘

Scheme 5.1 Schematic representation of the steps for the preparation of MAG composites.

In a typical synthesis procedure, about 0.5 g (NH4)sM07024.4H20 and 1.1 g CH4N2S
were dissolved in 30 mL deionized water. After dissolving, the required amount (according
to wt. ratios 1:1, 1:3 and 3:1) of synthesized GO was mixed into the above solution. To
ensure thorough dispersion of GO and MoS: precursors, the mixture was allowed to sonicate

for 1 hour after stirring at room temperature. The completely dispersed mixture was further
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shifted to a microwave vial (30mL) and heated in a microwave synthesizer at 180°C for 20
min. After cooling down, the resultant mixture was washed thoroughly with deionized water
and ethanol through centrifugation. Finally, the washed sample was put in a hot air oven for
drying at 60°C for 24 hours. The as-obtained dry black powders were named according to the
weight ratios as MAG 1:1, MAG 1:3 and MAG 3:1. About 500 pL of freshly prepared Ag
NPs solution and 500 mg of the as-synthesized composite were added into 20 mL (3:1)
water-ethanol solution and allowed to stir overnight at room temperature. Afterward, the
mixture was washed with deionized water and dried at 60°C to obtain dry powders. A brief
schematic representation for the preparation of MAG composites is given above in scheme

5.1.

5.4 Characterization Results

5.4.1 Surface area

The surface area and pore nature of synthesized materials was determined using BET
surface area measurements. The N2 sorption isotherms represented in fig. 5.1a illustrates type
IV Langmuir isotherms indicating the mesoporous nature of prepared catalysts. The
composite's consistency and pore structure were confirmed via presence of H1 hysteresis
loops with sharp branches of adsorption-desorption. The pore size distribution was deduced
by following the BJH plot as given in fig. 5.1b indicates the presence of micro and

mesopores in the catalysts.
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Fig. 5.1 (a) Nitrogen adsorption-desorption isotherms and (b) BJH plot of the as-prepared

catalysts.
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The surface area, pore-volume, and pore diameter of the produced materials are
tabularized in Table 5.1. The values indicate that the specific surface area of as-prepared GO
(200 m?/g) is sufficient for excellent adsorption, whereas pure MoS, (68 m?/g) has a
comparatively lower surface area. Combining MoS, and GO in composite gives catalysts
with a large surface area, which is ideal for adsorption and, eventually, degradation of
pollutants.

Among the composites, maximum surface area of ~116 m?/g was observed in the case of
MAG 1:3, which could be due to the higher amount of GO in the composite; hence it might
be the reason for its better adsorption property in the dark. As a result, GO plays an important

function in increasing surface area by serving as a support.

Table 5.1 Surface area, pore volume and pore diameter of as-synthesized MAG catalysts.

Specific Surface

area (m?/g)

Total Pore VVolume 0.886 0.234 0.634 0.421 0.698
(cm®/g)

Pore Diameter 18.3 35.7 27.8 314 21.3
(nm)

5.4.2 UV-Vis DRS studies

Solid-state UV—Vis spectroscopy with 200-900 nm absorbance range was used to
examine the optical characteristics of MoS2/Ag/GO composites (1:1, 1:3, and 3:1) as displayed
in fig. 5.2a. In the spectra, all the composites exhibit a peak around 230 nm, which is attributed
to the m—n* aromatic transition of C=C bond directed to restoring of complete conjugated

framework carbon sp? atoms. There is also a small shoulder peak obtained around 300 nm, which
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Absorbance (a.u.)

2

arises due to n—x* of the C=O transition bond.’® In UV-Vis spectra, the nanocomposites
exhibited a strong absorption edge in the visible range owing to surface-plasmon-resonance of
Ag NPs as well as due to visible light active MoSz, which further validates it to be an active
photocatalyst for the removal of pollutants. Optical bandgap energy was calculated through the
Tauc plot, as shown in fig. 5.2b. The equation is shown here:?

(ahv)? =hv - Eq

where a, h, Eg, v are absorption coefficient, Planck constant, bandgap energy, and light
frequency, respectively. The optical band gap values of MAG (1:1) and MAG (1:3) calculated
from the Tauc plots were found to be 2.36 eV and 2.98 eV, respectively. However, the optical
band gap value of MAG (3:1) comes out at 2.15 eV, allowing effective absorption of visible

light, which might be responsible for its better photodegradation activity than other composites.
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Fig. 5.2. (a) UV-Visible DRS spectra, (b) Tauc plot and (c) PL emission spectra of as-prepared
MAG catalysts.

5.4.3 Photoluminescence (PL) studies

In the photodegradation process, charge carrier recombination plays an important role. The
recombination probability of e/h* pair is likewise less when PL intensity is less, whereas
separation of charges is high. At a excitation wavelength of 280 nm, the PL spectra of all
samples were observed.’® Graphite is a semiconductor with a zero energy bandgap and not
shows any photoluminescence activity. Carbon vacancies and functional groups of oxides in GO

and rGO nanosheets can transform graphene into any carbon nanocluster with enhanced
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semiconducting and photo-luminescent characteristics. The PL spectra of GO and MAG
composites show a peak centered around 325 nm, attributed to e/h* combination in the sp?
carbon-cluster local state joined with sp® matrix.!® Incorporating MoS; and Ag NPs in GO leads
to a sharp decrease in PL peak intensity at 325 nm (fig. 5.2c), indicating enhanced separation of
e/h™ pair via heterojunction formation. Under light irradiation, strong interactions among Ag,
GO, and MoS; can promote segregation of e/h* pair, where electrons can simply hop to CB of

MoS, blocking direct recombination of e/h* pair.

5.4.4 XRD studies
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Fig. 5.3 XRD diffraction patterns of bare GO and MAG (1:1, 1:3, and 3:1) nanocomposites.

The crystal structure of the as-prepared samples was analyzed through XRD analysis
presented in fig. 5.3. In the spectra of pure GO, the characteristic peak present at 26=9.1° and
44°, corresponding to the (001) and (100) affirms the formation of GO.1"?! In case of MAG
composites, the presence of both the diffraction peaks indicates that incorporating MoS: did not
affect the crystal structure of GO, however, the peaks are slightly shifted owing to the formation
of heterojunction. The other peak present around 24.8° attributes to the formation of rGO (002)
during the synthesis of MoS: in the composites. In MAG composites, the diffraction peaks for
MoS; are present at 16.1°, 30.2°, and 35.1% which could be indexed to (200), (310) and (211)
planes of hexagonal MoS; according to JCPDS#73-1508. Only a single peak for Ag in MAG
composites was found at 26=77.2° corresponding to (311) diffraction plane (JCPDS#04-0783) of
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Ag, which might be because of low amount of Ag.?? Presence of diffraction patterns of MoS,,

Ag and GO in samples indicates the successful formation of MAG ternary composite.

5.4.5 XPS studies

The XPS characterization technique was used to investigate the surface valence state of
elements in the MAG (1:1) composite. The survey spectrum confirms the existence of C, O,
Ag, Mo, and S elements (fig. 5.4a), which was consistent with EDS analyses. The high-
resolution spectrum of Mo 3d can be resolved into two peaks located at 229.9 eV and 232.7
eV (fig. 5.4b) is attributed to Mo 3ds2 and Mo 3dsy, respectively indicating Mo is present in
+4 oxidation state in the composite. The presence of Mo®" is indicated by the peak at 235.7
eV, which could be attributed to the insertion of oxygen in M0S2.224 In S 2p spectra peaks at
161 eV and 162.7 eV could be fitted to S 2ps2 and S 2pus, respectively (fig. 5.4c). Besides,
the S at 164 eV and 167.5 eV corresponded to S;?>"and S** species in SOs2.'® Two
convoluted peaks at 368.2 eV and 374.3 eV were observed for the spectra of Ag 3d (fig.
5.4d), which attributes to Ag 3ds2 and Ag 3dz2.2°
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Fig. 5.4 (a) Survey scan and XPS high resolution spectra of (b) Mo3d, (c) S2p, (d) Ag 3d, (e)
Clsand (f) Ols in MAG composite.
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In fig. 5.4e the peak present at 284.5 eV in C1s spectra belongs to C-C bond present in
GO. Furthermore, the peaks at 287 eV, 288.9 eV, and 289.3 eV were assigned to carbon
oxygen bonds C-O, C=0, and O-C=0, confirming the presence of oxygen functional groups
in the GO network.?®> Similarly, the high-resolution spectrum of O 1s (fig. 5.4f) can be
resolved into four peaks at 530.5 eV, 531.9 eV, 532.9 eV and 533.4 eV which corresponds to
0-C=0, C=0, C-OH and C-O-C bonds, respectively in GO.%

5.4.6 Morphology studies

Fig. 5.5. FESEM images of (a) bare GO sheets, (b) bare MoS>, (c and d) MAG (1:1) at different
magnifications, (e and f) TEM images of MAG (1:1) composite at different resolutions where

inset showing lattice fringes and presence of Ag NP in the composite.

To evaluate the microstructure and morphology of the as-prepared samples, scanning and

transmission electron microscopy (SEM and TEM, respectively) pictures are acquired.SEM
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micrograph in fig. 5.5a intuitively represents the surface structure of prepared GO nanosheets.
The micrograph indicates the presence of long thin sheets overlapped on each other. The large
spacing between nanosheets possesses numerous pores hence validating the high surface area of
graphene oxide. MoS; exhibits a 3D flower-like spherical structure with a rather uniform texture,
which is composed of numerous thin 2D nanosheets/nanopetals (fig. 5.5b). In, fig. 5.5¢ and 5.5d
present the SEM images of MoS2/Ag/GO (1:1) composite, in which all these MoS2 nanopetals
are intimately attached on the thin GO sheets, demonstrating a very uniform distribution.
Furthermore, as shown in fig. 5.5d the composite's surfaces have gotten rougher, which could be
due to the addition of Ag nanoparticles. For better understanding, the TEM image of
MoS2/Ag/GO (1:1) composite is shown in fig. 5.5e in which Ag NPs are well dispersed into the
GO and MoS: nanosheets surface. Additionally, small MoS: nanopetals scattered on stacked GO
sheets can be clearly observed, which conforms well to the results of the preceding SEM
observations. The inset of fig. 5.5f shows the magnified image of Ag NPs with the major and
minor radius of 18.5 and 14.1 nm, respectively. In addition, it can be seen from the inset of fig.
5.5f that the crystal lattice stripes of the MoS nanopetals are 0.532 nm with corresponds to
(200) crystal plane in accordance with JCPDS#73-1508.
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Fig. 5.6. (a) EDS spectra, and (b-f) color mapping spectra of Mo, S, C, O and Ag elements

a3 E

present in MAG composite.
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The elemental content and their distribution in ternary MAG (1:1) nanocomposite were
determined by EDS (in fig. 5.6a) and elemental mapping analyses (in fig. 5.6 b-f), respectively.
The appearance of Mo, S, C, O, and Ag elements without any other impurities confirms the
exceptional quality of the nanostructure. The foregoing findings demonstrate that the

MoS2/Ag/GO ternary photocatalyst was successfully formed.

5.5 Photocatalytic activity
5.5.1 Photodegradation of TC and FIP
The photocatalytic ability of the MoS2/Ag/GO composites was investigated via the
photodegradation of pollutants TC, and FIP with concentrations 10, and 600 ppm,
respectively. The photolysis of TC (fig. 5.7a) and FIP (fig. 5.7¢) in the absence of catalyst
manifested only ~23.9% and 10% degradation, respectively in 165 min under visible light.
The photocatalytic degradation of TC and FIP using 0.25 and 0.2 g/L of as-prepared
catalysts, respectively, was performed. The composite of MAG (3:1) exhibited maximum
removal efficiency with 90.7 and 88.7% photodegradation of TC and FIP, respectively (fig.
5.7 a,c). A comparison was drawn between the catalytic activities of the prepared
composites with bare MoSz, GO catalyst, commercial TiO> P25 powder and with other
reported similar catalysts from literature which demonstrated that all the as-prepared

composites possess supreme photoactivity as given in table 5.2.
Eq. utilized to determine the rate constant, depicted as follows:
In (C/Co) = -kt

Where k denotes the rate constant, Co denotes the concentration at time = ‘0’ and C
represents the concentration at a time ‘t’.The rate constant values were 0.0186 min~' for TC
degradation (fig. 5.7b) while 0.0177 min~' for FIP degradation by MAG (3:1) catalyst (fig.
5.7d) and the values (as listed in Table 5.2) were higher in comparison to other composites

as well as to MoS,, and GO.
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Fig. 5.7 Plots of kinetic analysis and pseudo-first-order kinetic graph for photodegradation of

The synergy attained by the formation of MoS./Ag/GO photocatalyst can be calculated
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(a,b) TC and (c,d) FIP by as-prepared MAG catalysts.

using synergy factor (R) from the eq.:?’
R = kmos2/ag/GO
kmos2+ kco

The synergy factors for degradation of TC by different MAG catalysts calculated from the
above equation are 1.29, 2.21, and 0.89 for MAG (1:1), MAG (3:1), and MAG (1:3)
photocatalysts, respectively. The recombination of charges was suppressed in the composites due

to the formation of heterojunction and high synergistic effect between these materials; hence the

degradation efficiency of MAG composites increases.
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Table 5.2 Comparison of photocatalytic activity and rate constant of different catalysts with

MAG composites.

Magnetic Tetracycline 1 74 0.014 100 28

GO/ZnO

Ag/GO Rhodamine 0.25 82 0.028 60 29

MoS2/Zn0O Phenol 0.6 90 - 80 3
Red

MoS2/ZnSOs  Tetracycline 0.5 80.2 0.022 60 81

MoS2/FesO4  Tetracycline 0.5 79.53 0.0140 100 82

GO Tetracycline/ 0.25/ 60.3/ 0.0031/ 120 Present

. . work

Fipronil 0.2 58.6 0.0028

MoS:2 Tetracycline/ 0.25/ 54.8/ 0.0053/ 120 Present

) ) work

Fipronil 0.2 50.6 0.0051

MoS2/Ag/GO  Tetracycline/  0.25/ 76.7/ 0.0109/ 120 Present

(1:1) ) ) work
Fipronil 0.2 71.8 0.0104

MoS2/Ag/GO  Tetracycline/  0.25/ 66.7/ 0.0074/ 120 Present

(1:3) N work
Fipronil 0.2 60.1 0.0077

MoS2/Ag/GO  Tetracycline/  0.25/ 90.7/ 0.0186/ 120 Present

(3:1) N work
Fipronil 0.2 85.2 0.0177
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5.5.2 Optimum catalyst dose
Catalyst concentration was varied to optimize the best degradation activity. The study
was done by performing the photocatalytic degradation of TC and FIP pollutants with various
MAG (3:1) catalyst concentrations (0.1, 0.4, 0.6, 0.8 and 1.0 g/L) as shown in fig. 5.8a. The
maximum photodegradation efficiency was achieved at 0.6 g/L in the case of TC and 0.4 g/L for
FIP pollutants. Following subsequent increases in catalyst amount (>0.6 g/L for TC and >0.4
g/L for FIP), no significant change in degrading efficacy was seen due to the rise in the

scattering of light and opacity of solution as light couldn't permeate the solution properly.

5.5.3 Illumination area

Using vessels of various diameters, the influence of total illumination area on catalyst
photodegradation effectiveness was investigated. Keeping all other parameters same, the
photodegradation of TC and FIP was performed with 0.4 g/L of MAG (3:1) catalyst in different
vessels so that the solution area coming in contact with the light directly is thereby different. The
gap between the solution’s upper layer and light source was kept constant and the degradation
was performed under visible light for 120 min. The enhancement in degradation efficiency with
increasing the reactor area can be observed in fig. 5.8b, which is attributed to the improved

absorption of visible light photons with increasing area.

100 4 T _
a) — 1 100{ D) T 1
90 - TC 1 T
T 1w
80 1 FIP il IE
TC OH O OH O 80 4 I 1
c 70 - c T
i) —e—FIP 2 =
3 el
Z O‘C 5 o]
s OH S
o 50 4 H,C >
<3 N L
@) 40 4 H,;C CHj; [a) 0
S Cl S
30 4 N CN
20 FsC Ng 20 4
S$=0
10 -
0 T T T T T 0
0.0 0.2 0.4 0.6 0.8 1.0 3 6 9 12
Catalyst dose (g/L) Illumination area (cm?2)

Fig. 5.8 Plots showing variation of photodegradation activity of MAG (3:1) catalyst with (a)
catalyst concentration and (b) effective illumination area of reaction.
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5.5.4 Effect of pH

The photodegradation activity of the as-prepared catalysts was studied throughout a pH
range of 1, 3,5, 7, 9, and 10 to assess the influence of pH value of TC and FIP solution. The pH
changes can be attributed to the catalyst’s surface charge at various pH values, as well as the
pollutant’s electrical charges. Firstly, the catalyst's point of zero charge (pzc) was found by
changing the pH of the photocatalyst suspension from 1 to 11. (fig. 5.9a). The pzc value of
MAG (3:1) photocatalyst was estimated to be ~5.9. This indicates that the catalyst surface is
dominated by negative charges at pH>5.9, whereas at pH<5.9 the surface of catalyst is
positively charged. The photodegradation with MAG (3:1) catalyst (4mg) was performed at
different pH values of TC (20 mL) and FIP (20 mL) solution as shown in fig. 5.9b.
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Fig. 5.9 (a) point zero charge of MAG (3:1) catalyst and (b) variation MAG (3:1) catalyst
degradation efficiency with pH of TC and FIP solution.

In the case of TC, the maximum degradation efficiency was observed at neutral pH 7. As
TC exists in cationic form (TC*) at pH<3.3 (pKa of TC), in the zwitter ionic form (TC?*) in the
range of pH 3.3-7.7 and for pH>7.7 in anionic form (TC").® The degradation efficiency was
lower in pH range 1-3 as the TC™ repels with the positively charged surface of the catalyst
(pzc=5.9). Above this range, as the electrostatic interactions between catalyst surface and TC*
increase, the efficiency increases, leading to maximum photodegradation at pH7. Thereafter, the
efficacy again decreases for pH>7 which is attributed to repulsion between TC™ and negatively

charged catalyst (pzc=5.9). In the case of FIP pesticide, the degradation was facilitated in the
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acidic pH 1-5 with the maximum efficiency at pH 5, which is attributed to the strong
electrostatic interactions between positively charged catalyst surfaces (pH<5.9) and the anionic
pollutant. After this pH, the efficiency declines and in the basic range (pH 9-10) as the repulsion
between the negatively charged catalyst and FIP increases which leads towards the lower

adsorption and hence degradation of the pollutant.

5.5.5 Reusability
Given the practical large-scale application, photocatalyst durability is quite essential. As
a result, it is critical to investigate the material's photocatalytic stability over several degradation
cycles. The reproducible nature of as-prepared MAG (3:1) composite (4mg) was optimized for
5 successive degradation runs in 20mL TC and FIP solution (fig. 5.10a). After performing the
degradation of pollutants, the retrieved photocatalyst was washed multiple times with deionized
water, later dried, and then reused for the next cycle. The degradation efficiency of MAG (3:1)
catalyst for both TC (65%) and FIP (58%) remains high even after 5 cycles of degradation

representing the high reusability of catalyst.
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Fig. 5.10 (a) Reusability studies, (b) XRD, (c) N2 sorption isotherms, (d) SEM image of MAG
catalyst before and after five photodegradation cycles with MAG (3:1) catalyst.

122



The photostability of the catalyst was further confirmed via characterization of the
catalyst after photodegradation cycles. The XRD peaks of MAG (3:1) composite (fig. 5.10b)
remain intact after photodegradation suggesting the crystal structure of the composite was
maintained. Some additional peaks are identified, which might be due to the formation of MoO:s.
In fig. 5.10c the type IV isotherm after degradation determines that the mesoporous nature of the
catalyst was maintained after the photocatalytic reaction. As the pollutants are not permanently
adsorbed over the surface of the MAG (3:1) catalyst, so the surface area before (Sger = 88 m?/g)
and after (Sget = 70 m?/g) photodegradation was not significantly decreased. The SEM image of
MAG (3:1) catalyst (fig. 5.10d) indicates that the surface morphology was not much disturbed
after degradation. The results demonstrate that the as-prepared catalyst is highly reusable and

could be beneficial in large-scale applications.

5.5.6 Industrial wastewater degradation

It is crucial to determine the practical degradation efficiency of catalysts for the
mineralization of industrial wastewaters. To reduce water toxicity levels, an ecologically
economic advancement strategy in the sectors has demanded unique solutions. Without any
pretreatment, the COD and TOC levels in raw wastewater were high, suggesting a significant
organic contaminant percentage in the effluent. The conditions followed during the
photodegradation of wastewater are: 0.4 g/L MAG (3:1) catalyst; neutral pH and time = 180 min.
At regular time intervals, the % COD and TOC removal of wastewater was observed as shown in
fig. 5.11a.The photocatalytic degradation by the prepared composite shows 70.4% COD and
55.1% TOC removal after 180 min under visible light. As the degradation was done without any
physicochemical pretreatment, the high turbidity content hinders the infiltration of appropriate
light energy and catalyst for the photocatalytic removal of refractory organic pollutants in the
effluent. However, the increasing % COD/TOC removal validates the mineralization of organic
matter to simpler molecules. Also, the original AOS (average oxidation state) value of the
wastewater was 1.69 before any treatment, which increased to 2.47 and 3.31 for AOS and
COS(carbon oxidation state), respectively, indicating that the MAG (3:1) composite boosts the
biodegradability of the wastewater. As a result, the catalyst can be more effective than the

physicochemical treatments used by industries for effluent treatment.
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Fig. 5.11 (a) COD and TOC removal analysis of real wastewater and (b) scavenger experiments
with MAG (3:1) catalyst.

5.5.7 Mechanism of degradation

Scavenger analyses were carried out in order to identify the active species that play a
critical part in the degradation process. For trapping hydroxyl radicals ("OH), holes (h™), and
superoxide radicals (O27),different quenchers like isopropyl alcohol (IPA), methanol and
benzoquinone were used, respectively.* The experiments were carried out with 4mg MAG
(3:1) catalyst in 20 mL of TC and FIP solutions with different scavengers under visible light
irradiation. It is evident from fig. 5.11b that, the degradation was significantly inhibited in the
presence of both methanol and IPA for TC, as well as FIP indicating the holes and "“OH radicals,
are actively participating in the degradation process. On the other hand, the presence of
benzoquinone (O2" scavenger) does not affect the degradation efficiency much. The findings
show that the photodegradation of TC and FIP was mostly governed by holes and *OH, which
play a significant role in the degradation pathway. Based on these findings, scheme 5.2 depicts
an integrative approach for the photocatalysis of contaminants in wastewater. In the presence of
light, MoS: in the composite absorbs photons with energy greater than its band gap resulting in
the excitation of e~ from the valence band (VB) to conduction band (CB) and producing h* in
VB. Besides, the inserted Ag NPs created a surface plasmon resonance effect which increased
the absorption of light. Because it has a lower Fermi level than CB of MoS,, GO could provide

a viable transfer channel with intriguing conductivity for the generated electrons.
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Scheme 5.2. A schematic depiction of the possible mechanism involved in the photodegradation

of pollutants by MAG catalysts.

Furthermore, when MoS; and Ag NPs are joined to produce a composite material, a
"Schottky barrier" is formed at their interfaces, implying the development of an effectual e
transfer pathway from MoS; to Ag.®* These two effects of accelerating charge separation and
transfer could fairly justify the excellent photocatalytic activity of MoS2/Ag/GO ternary
hybrids, which offers considerable potential for practical recyclable use. The CB's electrons are
strong reductants, converting O> adsorbed on the surface of the catalyst to O>" radicals.
Furthermore, upon chemical reaction with water can produce more *OH radicals. Furthermore,
the holes generated in the VB aid the breakdown of contaminants by interacting directly with
them or via producing “OH which further react with the pollutant. The following are the possible

steps in degradation reaction:
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MoS2/Ag/GO + hvv —— +h'
H.O0+h" — H,0" —©H +h'
O2+e — O" + h”

H,0* —— OH + h*

OH + h* —— "OH

‘OH/ Oy " + TC/FIP —Degraded Products
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Conclusions and Future aspects

Chapter 1:

Water pollution and energy requirement are the environmental challenges that pose a
threat to our daily lives and long-term growth. Various unique technologies for environmental
remediation have been successfully established at this time. AOPs are the techniques ensuring
complete mineralization of hazardous organic pollutants into simple degraded products. Using
bountlessly available sunlight energy, semiconductor photocatalysis can be the efficient method
for treatment of wastewater. Hence, the researchers are now more focussed on the development
of visible—light active photocatalysts as most of the commercial photocatalysts are only UV-light
active. TMDCs have emerged as highly sought nanostructures as they are finding diverse electro
and photocatalytic applications. This can be accredited to their exceptional physicochemical
properties such as high surface-to-volume ratio, narrow bandgap, and excellent charge transfer
capability in addition to good visible-light absorption tendency. The limitation of photogenerated
charge carrier recombination can be easily overcome by combining TMDCs with other
semiconductor materials. For the synthesis of these TMDCs, microwave assisted techniques are
most potential methods as they are less-time consuming, more efficient, provide even localized
heating. Although many efforts have been made in this area, but most of the techniques reported
in literature requires much time as well as high temperature and pressure conditions also not
much emphasis has been laid on the photo/electro catalytic applications of TMDCs based
composites. Hence the research focuses on the preparation of various TMDCs based composites
(Mo0S2/g-C3N4, MoS2/MoSe», BiOCI/MoS; and MoS2/Ag/GO) via microwave assisted technique
and evaluation of its photocatalytic performance for degradation of organic pollutants under

different reaction parameters.
Chapter 2:

A rapid and convenient synthesis of flower-like MoS, and Mo0S/g-CsN4 nanocomposites
was attempted by the microwave technique with variable weight ratios (1:1, 1:3, 3:1 and 5:1). The
photocatalysts were employed further for photo-electrocatalytic degradation of methylene blue in
different light (UV, visible and sunlight) irradiation. By changing the weight ratios of MoS> and
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g-CsN4, one can modify the catalytic efficiency. From the present work, we suggest that the
amount of MoS, and g-C3N4 has a high impact on photo-electrocatalytic degradation. The best
degradation performance was observed with MSC (5:1) nanocomposite in sunlight. The
degradation of colorless fipronil pesticide confirms indirect photocatalysis. The mechanism of
degradation was also explained using scavengers. The electrochemical behavior of methylene
blue was studied at MoS2/g-CsN4 (5:1) modified GCE. Cyclic voltammetry was employed to
determine the redox behavior of methylene blue. Based on the electrochemical experiments, we
confirm that redox mechanism of methylene blue involved two protons and two electrons to yield
colorless leucomethylene blue. The environment-friendly nature and high reusability efficiency of
the developed photocatalysts/electrocatalysts make them suitable for sustainable wastewater

treatment applications.

Chapter 3:

In summary, the 2D/2D heterojunction of MoS2/MoSe; with different weight ratios was
successfully prepared by the facile microwave technique which is less time taking and cost-
effective. The prepared materials show high photocatalytic and electrocatalytic performance.
Compared with the pure MoS; and MoSey, the photocatalytic efficiency of the composites was
highly enhanced towards methylene blue dye and fipronil pesticide degradation. Due to their
similar energy levels, the heterojunction formed between the two, assist the separation of charges
which results in the better degradation activity of the composites. The degradation efficiency was
remarkably affected by varying the amount of MoS: and MoSez in the composite. The MSMSe
(1:3) composite shows the best catalytic activity due to its higher surface area and lower
recombination rate of charges as compared to other composites. Moreover, the pH of the
solution, the amount of catalyst, and the exposed area has a high impact on the degradation
efficiency of the present catalysts. The high removal of COD and TOC in the real wastewater
confirms the as-prepared catalysts can be used in the physico-chemical treatment of real
wastewater. Also, the recovery and reuse of the catalyst make it suitable for long-term
application. In the acidic medium, the synthesized nanocomposites are highly efficient
electrocatalysts for HER activity with a stable current density. The EDLC studies show that the
MSMSe nanocomposites are potential electrode material with high capacitance retention for

energy storage devices. The studies in this work can give a genuine guide for the fast and easy
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synthesis of highly efficient; visible-light based stable catalysts for photocatalytic wastewater
treatment and electrocatalytic hydrogen production.
Chapter 4:

The study comprises the successful preparation of 2D/2D BiOCI/MoS: heterostructures
through fast, one-step microwave-assisted technique and the variation of their properties and
photocatalytic activities with the composition of BiOCI and MoSz. The prepared BiOCI/MoS;
composites show single-crystalline nature with high surface area and low charge recombination.
The interfacial contact of BiOCI and MoS; results in a high synergistic effect which enhances the
degradation capability of the composites thus resulting in higher removal of organic and
inorganic pollutants like methylene blue dye, fipronil pesticide, and Cr(\V1) metal. The excellent
practical efficiency of the catalyst was confirmed through high COD and TOC removal in textile
industrial wastewater without any pretreatment. The optimization of different degradation
parameters was done to determine the conditions for maximum degradation efficacy. The high
reusability of the catalyst with ease of separation confirms the good photostability of catalyst for
many degradation runs. The enhanced photocatalytic activity for both organic and inorganic
pollutants as well as real industrial wastewater indicates that the catalyst is efficient for
detoxification of water containing different types of pollutants.

Chapter 5:

Ternary composites of MoS; nanopetals and GO sheets with Ag NPs were prepared using
the microwave-assisted technique. The introduction of GO provides a high surface area and also
an electron transfer path for photogenerated electrons. The composites have a large surface area
and superior optical characteristics, making them ideal for photocatalytic activity. The study of
different reaction parameters revealed that the catalyst is highly effective for the degradation of
TC and FIP at natural pH, even with a low catalyst dose. The predominant role of hydroxyl
radicals and holes in the process of degradation was affirmed by trapping experiments. The
catalyst's excellent practical performance was demonstrated by the significant removal of COD

and TOC from industrial wastewater without any pretreatment.

General Conclusion
The core focus of this thesis is to develop visible-light active photocatalysts for efficient
wastewater treatment. In this work, composites of MoS: with different semiconductors (g-CsNa,
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MoSe», BiOCI, GO) were prepared which has been utilized for the degradation of recalcitrant
pollutants. It has been enlightened that the photocatalytic efficiency of MoS> has been greatly
improved by the formation of heterojunction due to tuning of its band gap and reduced
recombination rate. All the composite materials prepared show excellent photocatalytic activity
in the visible light. Considering all the factors (degradation efficiency, catalyst amount,
reusability etc.) it has been observed that the composite BiOCI/MoS; (1:3) show remarkably
excellent photocatalytic activity towards degradation of organic pollutants. This might be due to
its lower energy band gap and reduced recombination rate attributed to heterojunction formation.
Moreover, the morphology of the composite consists of both rod like BiOCI and nanosheets of
MoS: which might provide higher active sites for the degradation of pollutants. This innovative
and highly active photocatalyst is well suited for use in photocatalytic degradation and other
applications, and it paves the door for the future fabrication of different highly effective

heterojunction photocatalysts to address energy and environmental issues.

Future aspects

In this thesis, the main focus relies on photocatalysis by elucidating the physical
characteristics of the catalyst rather than the electrochemical behaviour. Though people are
currently concentrating on photoelectrocatalytic (PEC) degradation of organic pollutants with
concomitant H, evolution, which has received a lot of attention due to the use of a minimal
external potential to aid electron transmission. Shape of photocatalysts also imposed a significant
impact on the properties and activities of materials, hence TMDCs with different morphology
can also be explored for optimizing the variation in activity with shape. The tunable bandgap
energy of TMDC:s facilitates the formation of composites with other materials. In spite of the fact
that TMDC nanostructured materials are magnificent substrates for various applications, there is
a lot of space for logical exertion for the progression in the interdisciplinary region. There is
much room for their exploration in biomedical fields for the detection and treatment of various
diseases. There is also a huge scope to increase the selectivity and sensitivity in sensor area by
the modification of TMDCs. Along these lines, more applications are yet to be expected to
investigate the tunable properties of TMDC-based nanomaterials in the near future and

advancements.
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