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CHAPTER 1

Introduction

1.1 Nanoscience and technology

Nanoscience is a distinct division in science that deals with the nano-sized (i.e., 1 to 100 nm)
particles. The importance of the nanoparticles or nanomaterials is because of the distinct
properties from their bulk counterparts. The study of these extremely small particles is known
as nanoscience, and it can be used in almost every scientific sector, say physics, chemistry and
biology, to develop advanced technology, so-called nanotechnology.

The term nanotechnology was first used by a well-known scientist Richard Feynman
during the American physical society meeting on 29 December 1959. Feynman pronounced a
way to employ individual atoms and molecules to build a proportionally smaller structure
through a set of specific tools. The reduction in the size of particles to the nano range abruptly
changes the properties (i.e., electrical, physical, chemical, etc.) of the material. In 1974, a
professor at Tokyo science university named Norio Taniguchi explained in his paper “On the
basic concept of nano-technology”, he explained the steps of nanotechnology, i.e., the
processing, separation, consolidation and deformation of materials from a single atom or
molecule. In 1980°s Dr. Eric Drexler described the significance of the nano range technologies
through books and talks like “Engine of creation: the coming era of nanotechnology and
nanosystem, manufacturing and computation, and molecular machinery”.

Nanostructured materials have become the cornerstones for recent developments in

science and technology because they show entirely different properties from their bulk



counterparts. The properties of the materials, which are size-dependent like quantum
confinement, surface plasmon resonance, etc., are observed only in nanoscale. In contrast, the
bulk counterparts possess constant physical characteristics irrespective of their size. The
production of the nanomaterials had started a long time back, even before nanotechnology was
emerged as an innovative scientific sector. This interest has been amplified drastically in the
past few decades [1]. These nanostructured materials have revolutionized the various core
sectors in scientific fields: electronics, computing, biomedicine, communication, information
storage, catalysis, energy conversion, environmental protection, space exploration, and other

various sectors [2-5].
1.2 Types of Nanomaterials

Nanomaterials can be categorized as organic, inorganic, biological and composite materials.

The inorganic nanomaterials can further be classified into the following categories:

1) Carbon-based nanomaterials: These are the materials that contain carbon as their primary
nano component and are structured differently, say, in the form of a hollow sphere,
ellipsoids, tubes, etc. Carbon nanotubes (CNT) are the graphene sheets rolled to form tubes,
whereas the spherical and ellipsoidal structures of carbon are called fullerenes. Among other
carbon structures, CNT quite fascinated the scientific community because of their unique
mechanical and electrical properties [6-10]. The CNT possesses great potential for
applications in energy storage, hydrogen storage medium, large-area display applications,
etc.

2) Metal nanoparticles: This category mainly involves noble metals such as gold, silver,
platinum, palladium, etc. With these, the transition metals are also being formed like copper,

nickel, iron, etc. These materials play a substantial role in potential applications such as



3)

4)

5)

catalysts, chemosensors, biosensors, optoelectronic devices, etc., because of their
controllable size, shape, composition, and architecture [11-18].

Semiconductor nanoparticles: In nano-sized semiconductors, electronic, optical,
chemical, and physical properties changed abruptly compared to their bulk counterparts.
The scientific community has shown great interest in semiconductor nanoparticles because
of their bandgap tuning capabilities with the size of the particles required for the desired
applications. These materials are further classified as shape confinement in different
dimensions (D), i.e., 1D, 2D, 3D and 0D. These semiconducting nanomaterials possess high
chemical stability and are of low cost. Also, their quantum dots (OD nanomaterials) have
gained great attention from the scientific community due to their unique applications in
chemical, biological and optoelectronic fields.

Magnetic Nanomaterials: Those nanoparticles, which consist of the elements like iron,
copper, nickel, etc., alter the magnetic properties of the nanoparticles. Recently, the
nanoparticles with magnetic properties had gathered a lot of attention among researchers
because of the potential applications of the nanoparticles in catalysis, data storage (flexible
recording media), environmental remediation, biomedicine, magnetic particles imaging,
magnetic resonance imaging (MRI) and magnetic fluid hyperthermia [19-27].

Ceramic nanomaterials: This particular group possesses the silicates, various oxides and
non-oxides of inorganic materials, tuff metals and their composites [28-30]. These
materials are primarily insulators and have multiple applications as photovoltaic devices,

photo catalysis, electro ceramics, etc.



1.3 Quantum size effects

When the particle size becomes shorter than the de Broglie wavelength, electrons and holes of
the nanocrystal are confined to a spatial space, hence increases the energy. As a result, the energy
levels become discrete instead of continuous as in the bulk materials, shown in Fig. 1.1. The
systematic variations in the density of states occurring in the electronic energy levels because of
the changes in shape and size of the material result in variations in electronic and optical

properties [31].
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Figure 1.1 The systematic density of states occurs in the electronic energy levels of bulk

semiconductors and bulk metals.

When the material size is reduced short to the nanoscale, an increase in their energy
level spacing is noted as quantum confinement. Therefore, when the shape and size of the
nanomaterials are constrained from 3-dimensional (3D) to 0-D, its confinement increases
drastically and creates a lot more changes in the density of states (DOS) of the material. Fig.

1.2. shows the DOS vs. energy graph for 3, 2, 1 and 0-D materials.



1.3.1 3-D nanoparticles:
When the particles are not confined to any of the dimensions in nanoscale, the particles are
popularly classified as 3-D nanoparticles. Some of the examples are metal oxides, ceramic
materials, etc.

1.3.2 2-D nanomaterials:
When the nanomaterials are restricted only in one direction and form the quantum well and
the plane sheet, are popularly classified as 2-D nanomaterials. In this class, the length and
breadth of the plane are much bigger than its height, whose dimensions fall in the range
comparable to the Bohr exciton radius of the material. Therefore, the thickness of the
quantum well gets analogous to the de-Broglie wavelength of the carriers, i.e., electrons and
holes, by increasing the energy levels because of the enactment of the quantum confinement
effect.

1.3.3 1-D nanomaterials:
When the particles are confined in 2-D, only their length is elongated, then they are
popularly classified as 1-D nanomaterials. Some examples of the 1-D nanomaterials are
nanorods, nanowires, nanotubes, quantum wires, etc. Here, the quantum effect on the
nanomaterial affects the electrical properties of the materials and hence increases the
electrical conductivity of materials. This is because, the carriers (electrons) are bound to
travel in a transverse direction of the wire, and its energy is quantized in packets of discrete

values.



Figure 1.2 The density of states vs. energy graph for 3, 2, 1 and 0-D materials.
1.3.4 0-D nanoparticles:
In this class of nanomaterials, every dimension of the particle is confined in the nanoscale
(<100 nm). The very famous example of 0-D nanomaterials is the quantum dots (QD),
whose dimensions are shorter than the Bohr exciton radius. These tiny spheres are pretty
popular because of their distinct properties and great potential applications, which we learn

later in this chapter.

1.4 Synthesis of nanomaterials:

The nanomaterials are prepared through various ‘physical’ and ‘chemical’ techniques.
Generally, there are two major approaches to fabricate the nanomaterials, which are as follow:
I. Top-down approach:
It has been elaborated on how to process nanomaterials from the past few decades and
control the synthesis steps externally. A larger piece of material is kept and broken into
numerous nanostructures through external forces acting over it. Such a kind of approach of

6



fabrication is known as the top-down method of synthesis. Some examples of the process
are ball milling, scotch tape, electro-deposition synthesis, plasma arcing, lithographic
etching techniques, etc. Many mesmerizing materials have been synthesized through these
methods, but the cost of extraction was too high compared to the amount of material
synthesized. Besides, it helped to get the purest form of the nanomaterials but have certain
restrictions like imperfect surface structures and less control over the dimensions and the
morphology of the particles.
Bottom-up approach:
This approach involves the self-assembly process leading to the formation of miniaturized
nanoscale structures from the components, which sometimes are as low as atomic level.
Whereas, to build larger structures, the physical forces at nanoscale works to keep the
basic units altogether. Some examples of this synthesis approach are chemical vapor
deposition (CVD), epitaxial growth synthesis, colloidal formation of particles,
hydrothermal technique, etc. Both the methods have their advantages and disadvantages.
Still, there is a fair chance to fabricate nanostructures in large amounts in bottom-up
approaches, with fewer defects, cost-effective and better homogeneous chemical
composition. The bottom-up method is treated to be a very efficient fabrication technique
of the nanoparticles intended for the direct implications to the applications because the
synthesis procedure involves the thermodynamic equilibrium state as long as it follows
the reduction of Gibb’s free energy [32]. Some commonly used synthesis techniques have

been discussed as follows:

1.4.1 Plasma arcing technique



Here, the system possesses two electrodes in a discharge chamber at vacuum, and when
the electric arc crosses the two electrodes, the anode vaporizes and gets stick at the
cathode. This is the vital technology extensively used for the fabrication of carbon
nanotubes (CNT), for which the carbon electrodes were being used.

1.4.2 Ball milling technique
This method is very similar to the mechanical crushing of the larger pieces to a small
powder form. Here, the powdered material (~50 um) has been kept inside the container
with hard balls allowed to rotate inside it, press the material against the walls, and crush
the solid into fine nanopowder. The cause the impart of the energy because of collisions
and create smaller nanoparticles grain size.

1.4.3 Chemical vapour deposition (CVD)
This deposition technique includes the deposition of materials through the gas phase at
high temperatures over a solid substrate. Here, the precursors mixed with the gas acting as
a carrier to the hot substrate surface. As soon as the reactants come in contact with the
substrate at a high temperature, the chemical reaction gets triggered to form a nanofilm
over the surface of that substrate. This technique has revolutionized the synthesis of
nanofilms in past decades due to its usability in developing the most mesmerizing
materials like CNT, graphene, metal dichalcogenides, etc.

1.4.4 Sol-gel technique
As the name suggests, this method involves preparing the solution (sol) from the reactant
materials followed by aging it to form a gel that later be post-treated to produce the final
nanostructures in a very high amount and cost-effective manner. This technique has been

used to create nanoparticles of size more than 50 nm in diameter. It is a very efficient



technique to control the size of the material because the method involves many steps like
hydrolysis of reactants, poly condensations, gelation, and finally, the drying process
(involves annihilation).
1.4.5 Electro-deposition technique
This is an effective method of synthesizing the material using away with fewer resources
than any other technique. A fuel cell setup is used where the electrical current flows
through the two electrodes and an electrolyte solution that acts as a transportation medium
to the particles. The current electrically charged the reactants and allowed them to deposit
over the electrode (cathode or anode) depends on the type of charge.
1.4.6 Hydrothermal technique

Hydrothermal is a chemical technique in which the reactants were kept in a closed vessel
at high pressure/temperature in the water as solvent. The pressure inside the vessel reached
height value with temperature and the amount of percentage of the vessel filled. The high
pressure allows increasing the solubility and reactivity of the insoluble inorganic
compounds even below the critical temperature of the water.

The hydrothermal method of producing nanomaterials has some of its advantages. It is
a facile route to synthesize the materials and have great control over physical and chemical
parameters. It makes it possible to operate the nanoparticle's growth finely, extract small
size quantum structures, narrow size distribution, and require stoichiometry. By this
method, metal, as well as semiconducting quantum nanostructures can be synthesized. The
nanostructure growth majorly depends on the parameters like precursors used,
temperature, percentage amount filled in the vessel, the surfactant type and the reaction

time. The hydrothermal synthesis technique has been chosen over other approaches to



form molybdenum disulfide (MoS2) nanostructures (2-D and 0-D) and its nanocomposites
in the current work. The MoSz deposition could be done by many means like chemical
bath deposition (CBD), metal-organic chemical vapour deposition (MOCVD), spray
pyrolysis, atomic layer epitaxy and pulsed laser deposition [33-38]. This method has
various other benefits, like the low-cost production of materials. Many nanoparticles can
be produced quickly with small size, high crystallinity; additionally, surface modifications
are possible.

1.5 Literature review

Molybdenum disulfide is a 2-D semiconductor material and considered highly for research
for the last decade because of its magnificent electrical and optical properties. MoS; has
promising applications in many sectors, gas sensors, photochemical catalysis, optoelectronic
devices, solar cells, numerous luminescence devices, laser and infrared detectors, etc.[39,40].
Being MoS: so popular in the research community is because it is an inorganic cousin of
graphene with many intriguing properties. As graphene has zero bandgap, being a
semiconductor MoS; has a wide direct bandgap of 1.8 eV for a single layer and varies with
the number of layers. This bandgap tuning with the size and number of layers makes it useful
for applications discussed above according to their requirements.
1.5.1 Structure of MoS2

The structure of MoS> can be best described as a layer of Mo packed between two hexagonal
sulfur planes attached with strong covalent bonds, and interlayer planes were kept together
by the weak Van der Waals forces. Likewise, other metals, transition metal dichalcogenides
(MX>) could also be described after replacing Mo metal atoms with other transition metals

like Ti, Hr, V, Ta, W, etc., and sulfur with other chalcogenides say Se or Te. Therefore, the
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single layer of these MX> consists of three atoms and exhibits completely different properties
from their bulk counterparts [41,42].

In the 3-D structure of MoSy, the covalent bonding and interlayer attractions have been
observed. Because of this weak interlayer VVan der Waals forces, the exfoliation of MoS; to
the single layer is possible. The thickness of single-layer MoS; is reported to be 6.5 A
calculated by density functional theory at local density approximations [43]. They found the
MoS: unit cell structure similar to the honeycomb lattice pattern, and layers are weakly held
together with different order stacking. Generally, MoS; structures are polytypes, i.e.,
hexagonal (2H) and rhombohedral (3R) with trigonal prismatic coordination. The numbers 2
and 3 in the polytypes represent the number of layers. The 2H-MoS; is comparatively stable
and dominant than the 3R-MoS,. Upon heating, the 3R-MoS; can transform to 2H. The 2H
and 3R-MoS; structures are majorly produced during the synthesis processes, but some
exfoliation processes result in a metastable state of MoS». The lithium intercalation method
while liquid phase exfoliation process of synthesis causes some changes in metal coordination
from 2H to octahedral geometry (1T) [44]. The two different phases of MoS; exhibit different
electronic properties as 2H is a semiconductor in nature while 1T is metallic.

1.5.2 Properties of MoS2
The exfoliated ultrathin MoS, nanosheets exhibit physicochemical properties which are
entirely different from their bulk counterparts because of the confinement of the charge
carriers [45]. The bulk MoS: possesses the indirect bandgap of 1.2 eV, whereas the
monolayer 2H-MoS; nanosheets have a direct bandgap of 1.9 eV. The increase in bandgap
occurs because of the decrease in thickness [46]. Hence, strong photoluminescence is

observed in monolayer MoSz, which cannot attend its bulk counterpart [46]. The direct
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bandgap of MoS, proves excellent potential for various applications in photonic and
electronic fields like field-effect transistors (FET) sensors [47,48]. Also, the high effectivity
of MoS; in photocatalytic reactions than other photoactive catalysts because of its lower
direct bandgap. It lies in the visible range compared to others whose bandgap falls in the UV
region, which is only 5% of the total solar light and makes it even more eminent for
degradation of organic contaminants [49,50].

The benefits of MoS; over the nearest competitor of semi-metallic nature with zero
bandgaps, i.e., graphene, includes direct implication in transistors, energy harvesting devices,
optoelectronic devices and other environmental applications like electro/photo catalysis and
sensing. Also, the 1T-MoS: nanosheets proved to be a promising cost-effective alternative to
the electrocatalyst for the hydrogen evolution reaction (HER) because of the presence of
numerous active sites over its surface [51,52]. These active sites have a higher affinity
towards the thiol groups and can be adsorbed or removed easily from MoS; [53]. The
commendably stable functionalization of MoS> could be obtained via chemical reactions with
electrophiles like aryl diazonium or organohalide, etc., because of the electron-rich 1T phase

of MoS; [54].

PROPERTIES OF MOS;

PHYSICAL APPEARANCE Black/lead-grey solid
MOLAR WEIGHT 160.07 g/mol
DENSITY 5.06 g/cm?®

WATER SOLUBILITY Insoluble
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SOLUBILITY e Soluble in sulfuric acid, hot aqua
regia, nitric acid

e Does not dissolve in dilute or weak

acids
MELTING TEMPERATURE 2,375 °C
STRUCTURE e hR9, R3m, No 160 (3R)

e hP6, P6a/mmc, No. 194 (2H)
GEOMETRY Trigonal prismatic (Mo'Y)
Pyramidal (S)

LATTICE PARAMETERS a=0.3161 nm (2H), 0.3163 nm (3R)
¢ = 1.2295 nm (2H), 1.837 (3R)

ENERGY BAND GAP ~1.23 eV (indirect)

~1.8 eV (direct, monolayer)

Table 1.1 Physical properties of MoS..

1.5.3 MoS2 quantum dots

The MoS; quantum dots (QDs) possess entirely different electronic and optical properties than
the 2-D nanostructure due to the enactment of the quantum confinement and the edge effects
[55-59]. The MoS2 QDs have attracted the research community in the last decade because of
their low level of toxicity, excellent optical performance, abundance availability and high
stability [60]. They exhibit an excellent surface-to-volume ratio and great in-plane electronic
transportation ability than other nanostructures of MoS, [61]. The MoS, QDs have been
employed because of their remarkable size tuned electronic and optical properties for the

applications like hydrogen evolution reactions (HER), chemo-sensors, bio-sensors,
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photodetectors and as a photocatalyst [62—-67]. The increase in the bandgap of MoS: is because
of the quantum confinement. When the particle size is restricted within 2-4 nm and the direct
bandgap became 3.9 eV, which is higher than the monolayer MoS; [68]. When the size of
MoS> nanosheets are reduced to their QDs, the changes occurred in the properties of the
material such as, formation energy, spin and charge density of MoS; arises due to the quantum
mechanical as reported by Gan et al. [69]. Also, the effect of dangling bonds over for the MoS>
QDs was observed.

The MoS; QDs exhibits blue emission under the illumination of ultraviolet (UV)
radiation, which arises because of the transition from the K point of Brillouin zone [70]. The
fluorescent behaviour of the MoS, QDs, open gate for the numerous applications in the field
of sensors, as some of them are sensing biomolecules (i.e., BSA, hyaluronidase, and
dopamine), nitro-explosive compound (2,4,6-trinitrophenol), pesticides (methyl parathion) and
other chemical compounds (such as hydrogen peroxide, glucose, hypochlorite) [71-75].
Sufficient research is needed to prove the MoS; QDs as an efficient sensor for metal ions like
Fe®*, Cu?" and AP* [76-79], as the study based on MoS; QDs as the metal ion sensor is limited
[80]. To achieve fluorescent MoS; QDs, both the top-down and bottom-up approaches could
be employed. In comparison, the bottom-up approach is preferred over the top-down approach
because the top-down method involves the use of the organic solvent, harmful reagents, and a
very long process [21]. The bottom-up method involves the chemical reaction taking place
between the Mo/S precursors which involves a capping reagent, the parameters of the reaction

conditions could be controlled effectively for the production of high-end product.
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1.6 Problem statement and objectives

The above literature review describes the significance of the material MoS; nanostructures due
to their outstanding potential for various applications in sectors like environmental, biological,
sensing, energy storage, etc. The literature described the two main nanostructures of MoS, i.e.,
the nanosheets and the quantum dots. Both of them are very different in properties instead of
the same composition, though they could be employed for different jobs according to their
practicality. The main objective behind the thesis work is to synthesize the MoS>
nanostructures and exploit their properties for various applications, say sensing and
photocatalytic activity.

The proposed research objectives include studying structural, morphological, electrical,
compositional and optical properties of MoS2 nanostructures and discussing their utility for
sensing and photocatalytic applications. The MoS, nanosheets and quantum dots will be
synthesized through the facile hydrothermal route, different sizes of the particles will be
prepared to explore their properties comprehensively. The optical properties of MoS>
nanostructures (like absorption, photoluminescence (PL) and PL lifetime) along with the
different sensing and photocatalytic applications will also be explored in detail. The
applications based on the magnificent properties of the MoS; nanostructures will also be

discovered to prove beneficial for the environment and human beings.
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CHAPTER 2

Experimental Tools and Technigues

This chapter includes the detail experimental procedures and characterization techniques used
throughout the thesis work. It comprises all the basic information and parameters involved
while recording the data. The chapter discusses the fundamental aspects of optimizing the
methodologies acquired during experiments and the statistical approach used to analyze the
obtained results. The description of structural, vibrational and morphological features for the
prepared nanoparticles can be picturized with analysis tools like X-ray diffractometer, Fourier
transform Infrared spectroscopy, scanning electron microscopy (SEM), high-resolution
transmission electron microscopy. The optical characteristics of nanoparticles were recorded
by equipment like UV-visible absorption spectrometer, photoluminescence (PL)
spectrofluorometer, and time-correlated single-photon counting system. The presented ray
diagrams of the characterization techniques, describes their working, device descriptions,

operational controls, and features to understand the instruments better.
2.1 X-Ray diffraction (XRD)

X-ray diffraction is a well-recognized technique to gather information, like crystal structure,
lattice constants, geometry, phase orientation, determination of unknown materials stress and
strain of any materials. It is one of the fundamental and powerful techniques used commonly
to study the any materials in nanostructures as well as in bulk form [1,2].

The diffractometer possesses an X-ray source, two movable arms for enabling motion of

source and detector. The detector is formed in a circular shape, focusing the center where the
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sample is placed. The source tube produces the X-ray by hitting an anode metal target (Cu,
Mo, Fe, Cr) through the high voltage electron beam in a vacuum environment. The detector
counts the number of photons of particular energy striking for each angle 26, which is directly
responsible for peak intensity [3]. The schematic representation of the X-ray diffractometer is
shown in Fig. (2.1).

The wave nature of X-rays best explains the diffraction process. The intensity and
diffraction angles of various diffracted beams are structure-dependent. The Bravice point
lattice and unit cell dimensions are responsible for variation in diffracted angles. Whereas the
geometrical relationship of atoms and their respective atomic numbers are responsible for

diffracted intensities.

Detector

Goniometer [7

Source

.

Sample Analysing crystal

Figure 2.1. Schematic representation of an X-ray diffractometer.

The typical powder XRD patterns usually collect data from 5 to 80° in a single scan. The
fundamental principle for XRD is the wavelength of x-ray radiation incident over the

crystallized sample should have comparable interatomic spacing in the lattice. Therefore, the
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generalized relation for calculating angular distribution pattern derived from the crystal lattice
is obtained by Bragg’s Eq. (2.1) [4].

2dsin® = nA (2.1)
where ‘d’ corresponds to the distance between two atoms, ‘n’ is an integer, 6 is the angle of
incident rays and ‘A’is the wavelength. The diffracted X-ray intensity depends on the
diffraction angle 26 and the orientation of the specimen. XRD is a widely used technique as
no special sample preparation is required and provides much information about the material
[5]. By using the Scherer’ formula (Eq. 2.2), crystallite size ‘D’ of the materials can be

determined from the peak width, i.e.,

KA
31/200503

D =

2.2)

where 65 is the Bragg angle, 31/2 is the full

width at half maximum (FWHM) of the
peak and ‘K’ is the constant depending
upon the geometry of the material. The
broadening of the peak indicates a
reduction in the size of the sample
particles.

XRD measurements were recorded
in reflection mode by a Bruker

diffractometer D8 advance operated at 45

kV with CuKa radiation (A = 1.546A).  Figure 2.2. Photograph of Bruker D8 advance
The Bruker D8 advance diffractometer is  x-ray diffractometer.

shown in Fig. (2.2).
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2.2 High-resolution transmission electron microscopy (HR-TEM)

HR-TEM is a powerful tool to gather the image of the nano-sized materials/nanoparticles to
study their  structure, size and .
compositional  properties. In  this
technique, a high energy electron beam
(~1 MeV) is to be passed through the
specimen and the transmitted electrons are
collected by a detector to form a magnified
of the material and provides the
morphology and the structural defects of
the materials The transmitted beam of
electrons undergoes a line of multiple
lenses before hitting the phosphor screen
detectors or sensors such as a charge-
coupled device (CCD) camera.

It has an arrangement of a flexible

lens that offers information regarding the

crystal structure of the material of interest

and is called selected area -electron

Figure 2.3. Photograph of HR-TEM system,
diffraction (SAED) [6]. Here, the condenser ~ Thermo Scientific, Talos.
lenses are used to defocus and direct a

parallel electron beam towards the specimen and a selected area aperture is used to consider

the specific area. We had used TALOS, Thermo scientific instruments for the HR-TEM
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working at an accelerating voltage of 200 kV to record the high-resolution images of the

nanoparticles, as shown in Fig. (2.3).
2.3 Absorption (UV/Vis/NIR spectrometer)

The absorption spectroscopy, popularly known as UV-visible absorption spectroscopy, plays
a vital role to study the optical properties of the matter and feeds us with various significant
parameters like optical energy bandgap, molar extinction coefficient and the size of the
nanomaterials. In this measurement, the material is exposed to the light where the photons are
absorbed by the electrons of the matter. Some of the energy is transmitted through it, producing
an absorption spectrum based on absorbed and transmitted light. The absorbed energy causes
the electronic transitions from ground states to the higher excited states of the materials. The
spectrophotometer measures the absorption at each wavelength in the UV-vis range (usually
200 to 800 nm) and produces data as a spectrum between absorbance and wavelength. At a
specific wavelength of light, the spectrum may follow the Beer-Lamberts law, as shown in Eq.
(3):
A= logIT" = &lc (2.3)
where ‘1o’ is the incident radiation intensity, ‘I’ is the intensity of transmitted radiation from
the specimen, cis the concentration exposed to the light (M), ¢ is the molar extinction
coefficient (Lmol-cm™) and | is the path length (cuvette width).

Figure (2.4) demonstrates the ray diagram of the UV-vis/NIR spectrometer. In this
system, two different sources i.e., deuterium and tungsten halogen lamps are used to measure
absorption profile. The utmost part of the radiation emitted, falls in the near infrared (NIR)

region. The beam of light (UV/visible) is separated into its constituent components using
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diffraction grating or the prism. The produced beam of light is split into two equal intensity

components with the help of half-mirror devices.

Figure 2.4. UV/Visible absorption spectrophotometer ray diagram.
These two components of light pass through the reference cuvette and the sample
cuvette and finally, the absorption is obtained using the ratio recording method. We have used
the UV/Vis/NIR spectrophotometer by Perkin Elmer, Lambda-750 (ranges 250-3300 nm) for

absorption measurements (Fig. 2.5).

Figure 2.5. Photograph of UV/Visible/NIR spectrometer, Lambda-750, Perkin Elmer.
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2.4 Photoluminescence (PL) (Spectrofluorometer)

PL is the phenomenon of re-emission of the absorbed light by the specimen because of the
electronic transitions that occurred from a ground state to the higher excited states of the
atom/molecule. The relaxation process of excited electrons to the ground state with radiative
transitions is known as fluorescence/photoluminescence, which is generally completed within

nanoseconds/microsecond.

Dual grating excitations

monochromator [/ =
k\\\\\\\\§ . Xenon LamE

Filter holder

Beam splitter

Polarizer

Dual grating emission Sample chamber
monochromator

= Monochromator ——

Controller ! Display

>

Figure 2.6. Photoluminescence spectrofluorometer ray diagram.

PL spectroscopy is a beneficial and sensitive technique to gather vital information about
specimen compositions, mono-dispersibility of the sample, luminescence intensity, intensity
quenching, quantum yield, etc. PL spectroscopy is recorded by two different approaches, i.e.,
by steady-state and by time-resolved PL measurement. Fig. (2.6) shows the schematic ray
diagram of the spectrofluorometer, which can measure the PL. Here, the monochromatic light

source of a fixed excitation wavelength strikes the specimen and the absorption process occurs.

29



After which, the re-emission of radiation is recorded by the photon detector through the
combination of lenses. Finally, the signals are processed by the software and represented as a

spectrum over the computer display. The spectrum is a plot between intensity and wavelength

of the emitted radiation, which gives qualitative information about the materials.

Figure 2.7. Photograph of spectrofluorometer, Fluorolog-3, Horiba Jobin Yvon.

The PL measurement was carried out with Horiba Jobin Yvon Fluorolog-3
spectrofluorometer equipped with double monochromators (grating 1200 lines/mm) at
excitation and emission and a photomultiplier tube (PMT) detector. The 450-Watt Xenon lamp

is used as a source with variable slit width from 0.5 nm to 5 nm (Fig. 2.7).

2.5 Time-correlated spectroscopy for photon counting (TCSPC)

It is advantageous for measuring the fluorescence lifetime in nano and sub-nano seconds [7—
12]. TCSPC is a technique to count the time-correlated photons with the excitation pulse
through time to amplitude converter (TAC). It uses either laser pulses or intense flash lamps

of specific wavelengths to record time-dependent intensity profiles.
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Figure 2.8. Schematic representation of TCSPC.

The TCSPC process involves the total time measurement from excitation of a specimen
by laser light source and fluorescent photon (re-emitted radiation) to the PMT. The time
correlation between the excitation and emission processes is done by a time-to-amplitude
converter (TAC). Here, the timing capacitor is linearly charged from a constant current source
after applying a start signal, at certain fixed delay and discontinued the charging by the
applying a stop pulse, hence an output pulse is produced with amplitude. The start-stop process
is represented in the histogram as increased memory value and the x-axis shows the time. The
final plot demonstrates the plot between counts and channels, as shown in Fig. (2.8).

The plot represents the fluorescence decay of the sample and a single start-stop pulse
obtains each point of the plot. A neutral density filter is used to minimize the attenuate
excitation intensity, so the single-photon is recorded by 100 excitation pulses. With this rate,
the 8000 pulses/second for excitation source of frequency 50 MHz. Typically, the 10000 counts
are collected to maximize the signal-to-noise ratio. The instrument response function (IRF)
was also measured, which is the intensity-time function of the laser pulse and is generated by

Stokes or Rayleigh scattering of LUDOX at the excitation wavelength.
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Figure 2.9. DeltaFlex-01-DD TCSPC measurement unit.

The fluorescence decay times were measured using DeltaFlex-01-DD, Horiba Jobin
Yvon, equipped with delta diodes as pulse source and PPD.850 PMT for detection. All the data
sets were optimized using the least square fitting method by the software provided by Horiba
(Fig.2.9).
2.6 Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy is a technique that involves the collection of high-resolution spectral data
in the IR range. This comprise the correlation of transmission or absorption occurred in IR
region and produces the information about the vibrational modes (i.e., the stretching and the
bending vibrations to deliver the compositional analysis of the material) [13-15]. It is a specific
compositional method to determine the unique fingerprinting of the molecular structures,
which makes it vital for various analyses. The primary benefit of the IR spectroscopy is that it
measures in a very wide range of the frequency, dislike other dispersive spectrometers, which
have a limited range of intensity measurements.
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Figure 2.10. Schematic ray diagram of FT-IR.

The FTIR causes the IR beam to fall over the sample and record the amount of radiation
absorbed or transmitted. The beam is then split into two separate frequencies to give a second
data point, and this process is repeated multiple times to record the whole spectrum. The
recorded data is analyzed on a computer for each data point. The FTIR spectrometry is based
on the Michelson interferometer and
can simultaneously process all the IR
frequencies instead of processing one
after the other. This makes it time-
efficient to few seconds from several

minutes. The schematic diagram of

FTIR is shown in figure (2.10). In

Figure 2.11. Photograph of FTIR, Spectrum-I1,
Perkin Elmer

experiments, the FTIR spectra were
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recorded through spectrum (I1) (Perkin Elmer) instrument, whereas the recording range would

be 450 to 4000 cm™* (Fig. 2.11).
2.7 Chemicals used

All chemicals used during the experiments were of the analytical grade received from Sigma
Aldrich. As a molybdenum (Mo) source, sodium molybdate has been used, whereas
thioacetamide (TAA) was used as the sulfur source. The 1,4-diaminobutane has been used for
amine functionalization of QDs and as a capping agent. The salts for different metal analytes
were employed during the experiments i.e., mercury chloride, lead (11) perchlorate, aluminium
perchlorate nonahydrate, cadmium chloride hydrate, copper (I1) chloride anhydrous, cobalt (I1)
perchlorate hexahydrate, zinc perchlorate hexahydrate, iron (I11) perchlorate hydrate, iron (11)
perchlorate tetrahydrate and nickel (I1) perchlorate were obtained from Sigma Aldrich. The

Pur-a-lyzer dialysis kit of pore size 1KDa was used from Sigma Aldrich.
2.8 Synthesis procedure of MoS; nanostructure

To synthesize MoS: nanostructures, several techniques have been acquired. Majorly, these
synthesis techniques were categorized in two ways, i.e., top-down and bottom-up approaches,
as discussed in Table (2.1).

In top-down techniques, the bulk semiconducting materials were broken into nano-
sized particles using various techniques like mechanical exfoliation- ball-milling process,
liquid-phase exfoliation, electrochemical exfoliation technique, etc. In comparison, the
bottom-up approaches include the synthesis mechanism of building nanoparticles from more
minor reagents by many techniques like chemical vapour deposition (CVD), pulsed laser

deposition (PLD), hydrothermal/solvothermal method, sol-gel process, etc.
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Category | Synthesis Phase | Morpholog Advantages Disadvantage Primary
method Yy applications
Tob- Mechanical 2H Monolayer * High quality Low yield, random Study and device
op o : 4
exfoliation and few-layers | * Mild conditions layer numbers performance
Down demonstration
Liquid 2H Few layers * High yield Use of toxic solvents, | Energy storage,
exfoliation * scalable surfactant residue, electronic devices
large size
distribution
Chemical 1T/2H monolayers = Highyield Use of flammable Hydrogen
exfoliation hybrid * Presence of defects | chemicals, phase evolution
for further conversion reaction,
functionalization membrane
materials
Bottom- | Chemical 2H Mono and few | « Crystalline and high | High temp. required, | Optoelectronics,
u vapour layers quality sample potential leaking of | sensors,
P deposition ¢ Size and thickness toxic vapour (sulfur, | electronics
(CVD) control H,S)
Hydrothermal/ | 1T/2H Nanoflowers + Scalable Harsh conditions, Catalysis,
solvothermal hybrid | and * Highyield aggregation into environmental
synthesis nanotubes * Facile hybridization | microscale adsorbents
structures

Table 2.1. Top-down and bottom-up approaches for the synthesis of MoS, nanostructures.
The advantages of the bottom-up technique over the top-down approach are that it
provides greater control over the shape, size and composition of the nanomaterials. The major
drawback is the presence of numerous impurities. The various synthesis techniques of the

MoS> nanostructures are listed in Fig. (2.12).
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Figure 2.12. Synthesis techniques of MoS; nanostructures.
2.8.1 M0S; nanosheets synthesis process

A facile hydrothermal route has been opted to synthesize the MoS; nanosheets. Here, 1.0 g of
ammonium hepta-molybdate tetrahydrate (AHM) and 0.5 g of citric acid were dissolved in 60
mL of de-ionized (DI) water for 1 h in an argon atmosphere. The citric acid helps the MoS>
nanosheets to grow by reducing Mo (V1) to Mo (V). Then, 1.2 g of thiourea is mixed into the
solution, and the final solution is kept at 60 °C with stirring for another 1 h. After that, the
solution is transferred to the Teflon-lined hydrothermal vessel (of capacity ~100 mL), treated
at high temperature up to 200 °C for a day and permitted to cool naturally to room temperature.
The obtained black precipitates were centrifuged at 5000 rpm for 20 min few times with DI
and ethanol to remove the excess chelating agent and the unreacted precursors. Then, the
precipitates were dried at 60 °C for 12 h in a hot air oven. To achieve highly crystalline MoS>
nanosheets, the finally obtained black powder was annealed under the inert environment in a

tubular furnace at 850 °C for 2 h.
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2.8.2 MoSz quantum dots synthesis process

S0 ey
w\xnw;nw Thioacetamide

1,4-
diaminobutane

Hydrothermal Process qu
o v.'i.-" :

Dialysis Process

Mixing Process

MoS, quantum dots

Figure 2.13. Synthesis process of MoS quantum dots.
The preparation of MoS, QDs was conducted in a sealed Teflon-lined hydrothermal chamber.
The facile route of synthesis involves the chemical reaction between the sodium molybdate
and thioacetamide as the Mo and S sources, whereas the 1,4-diaminobutane (DAB) acts as
capping agent as well as amine source for the functionalization of the QDs. To synthesize MoS>
QDs, the 0.25 g of sodium molybdate was dissolved in ultrapure water (60 mL) and stirred for
10 min. Then, 0.5 ml of DAB was added to the mixture and stirred for 30 min in an inert
atmosphere. Afterward, the 0.3g TAA was added to the mixture and the final solution was
transferred to the Teflon vessel after stirring for 30 min. The Teflon line hydrothermal was
kept at 200 °C for 24 h. The high pressure forming inside the chamber forced the reagent to
react, and the formation of MoS, QDs takes place. The heterogeneous QDs were filtered out
to remove larger particles, after allowing hydrothermal to cool down naturally. The filtered

extract was then purified through a dialysis membrane (pore size ~1kDa) for 48 h and water
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was changed in the interval of 2h. Then, the finally remained extract or the QDs were stored

in glass vials and kept at 4 °C for further characterizations (Fig. 2.13) [16,17].
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CHAPTER 3

Synthesis of fluorescent MoS, QDs and their application in
detection of 2,4,6-TNP explosive *

3.1 Introduction

Nowadays, chemical sensing for the quick detection of deleterious explosives, which have a
lasting adverse effect on earthling, has been a great notion of research. It is a tenacious subject
from the viewpoint of national security, human health and environmental fortification [1]. The
sensing platform for 2,4,6-trinitrophenol (TNP) (picric acid) is important as it has superior
explosive strength than 2,4,6-trinitrotoluene (TNT) [2]. Also, TNP acts as a notorious pollutant
for the environment because of its great acidic behaviour and excellent solubility in water and
could cause severe hazards to the agricultural land and aquatic life [3,4]. This is frequently
used in the industrial sector to produce dyes, leather, glass and fireworks [5], which is a
treacherous matter of fact, that a renowned toxic pollutant is continuously released in the
surroundings throughout the manufacturing and consumption of the byproducts. Hence,
intended to trace hidden explosives and environmental monitoring, the detection of TNP in
soil and water holds a great significance [6].

Usually, a photo induced electron transfer (PET) mechanism is considered for explosive
sensing because of the poor electron affinity but does not hold good for the selectivity [7]. In
addition, nonradiative and radiative energy transfer (RET) mechanisms are also explored to

enhance selective sensing of TNP.

*Part of this work has been published in Optical Materials 100 (2020) 109646.
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The energy transfer (ET) system includes an excited fluorophore (donor), which
transfers its energy into an acceptor through dipole-dipole interactions. Hence, the overall
lifetime of donor entities will decrease [8,9]. Quantum dots (QDs) are usually preferred for
TNP detection because of the alteration in photoemission colour by constraining the particle
size [10-13]. The layered transition-metal dichalcogenide material (LTMD) viz., molybdenum
disulfide (Mo0S>), has fascinated the research society because of its unique structure, catalytic
and electronic properties [14-17]. Unlike MoSz nanosheets (NSs), its QDs comprise few layers
with compact size and definite shape exhibit excellent fluorescence, electrochemical, catalytic
and photocatalytic properties because of the quantum confinement and the edge effects.
Among all the 0-D materials, MoS. QDs has been confirmed as a potential sensing platform
for gas sensing, chemical sensing, biosensing, bioimaging, etc. [18-20].

In this study, amine-functionalized fluorescent MoS, QDs have been prepared through
a simple and eco-friendly hydrothermal method, which was further used for effective detection
of TNP (considered as an explosive and a toxic) in aqueous media. The quenching of PL of
QDs as a function of TNP concentrations has been recorded and analyzed.

3.2 Materials and method

Sodium molybdate, thioacetamide (TAA), diaminobutane (DAB) and 1KDa Pur-a-lyzer
dialysis kit were acquired from Sigma-Aldrich. To synthesize the DAB-capped MoS; QDs, the
bottom-up approach was attained for which 50 mg of sodium molybdate is dissolved in 40 ml
de-ionized (DI) water in an inert environment. Then 1 ml of DAB is added to the solution and
kept at 50 °C for 1h. Afterward, TAA was added as a sulfur source to the above mixture and
left for another 0.5h. The pH of the above mixture was maintained at 7 using a buffer solution.

Finally, the resultant mixture was transferred to the 100 ml Teflon lined autoclave, which was
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kept in an electric oven at 200 °C for 24 h then left to cool down naturally, shown in Fig. 3.1.

Thereafter, the synthesized nanodots were dialyzed using 1KDa Pur-a-lyzer dialysis kit for 48

h, with the surrounding water being changed after every two hours.

To prepare the MoS; QDs incorporated polyvinyl alcohol (PVA) films for the

measurement of low temperature-dependent (TD) PL, 0.5 gm of PVA was dissolved in 10 ml

of DI and DI+QDs (9:1). The mixture was stirred for 4 h at room temperature and then

transferred to a petri dish to settle homogeneously all over its surface. Then the petri dish was

kept at 60 °C in an oven to dry for 8 h. Finally, the plain PVA and PVA+QDs films were

retrieved.
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Amm. Molybdate ‘ . MoS, quantum dots
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|
1,4-diaminobutane \ /
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24h

heating at 200°C for

Figure 3.1. The schematic mechanism for preparation of MoS2 QDs in water.

3.3 Characterization Techniques

High resolution-transmission electron microscopy (HR-TEM) images were recorded by

TALOS (Thermo scientific instruments) with an accelerating voltage of 200kV. The Fourier
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transform infrared spectroscopy (FT-IR) was recorded on Spectrum Il (Perkin
Elmer) ranging from 450 to 4000 cm™. The absorption spectra were recorded with a
spectrophotometer, Lambda 750 (Perkin Elmer) and the photoluminescence (PL) spectra were
recorded on a spectrofluorometer, Fluorolog-3 (Horiba Jobin Yvon) equipped with a 450 W
xenon lamp. The PL lifetimes were recorded on a time co-related single-photon counting
(TCSPC) system, DeltaFlex-01-DD (Horiba Jobin Yvon, IBH Ltd.) equipped with PMT (PPD
850) detector and 340 nm delta diode as the excitation source [21].

3.4 Results and discussion

3.4.1 High-resolution transmission electron microscope (HR-TEM) images

The high-resolution images of MoS2 QDs were recorded by HR-TEM. Fig. 3.2 illustrates the
HR-TEM images of MoS; QDs having non-uniform spherical architectures with size ranges
from 3-4 nm. The HR-TEM image shows the formation of crystalline MoS; with paralleled
and ordered lattice fringes. The lattice d-spacing of the as-synthesized MoS; QDs estimated to

be 2.2 A, corresponding to (103) faces.
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Figure 3.2. HR-TEM images of MoS; quantum dots dispersed in water.

3.4.2 Fourier transform infrared (FTIR) spectra

Fig. 3.3 shows the FT-IR spectrum of amine-functionalized MoS, QDs. The vibrational peak
at 3315 cm? illustrates the N-H stretching vibrations and the peak at 1630 cm™ indicates N-H
bending and in-plane stretching. The weak band observed at 467 cm™ arises due to Mo-S

stretching vibration [21].
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Figure 3.3. FT-IR spectrum of MoS, QDs dispersed in water.

3.4.3 UV-visible absorption and photoluminescence spectra
Fig. 3.4 shows the absorption spectrum of MoS, QDs dispersed in water. Two absorption bands
were noticed at 275 and 335 nm, which arise due to transitions from the deep valence band to

the conduction bands.
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Figure 3.4. The absorption, PL and PL-excitation spectra of MoS, QDs dispersed in water.

The optical band-gap of MoS, QDs calculated from Tauc’s plot comes out to be 4.56 eV, as

shown in Fig. 3.5. The band-gap energy (Eg) of MoS, QDs was calculated from a well-

established equation:
30

25 MoS, QDs
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((J\'.hv)2

10p

Eg= 4.56 eV

25 3.0 3.5 4.0 4.5 5.0
hv (eV)
Figure 3.5. The Tauc's plot obtained from the absorption of MoS2 QDs.
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ahv = A(hv — Ey)" (3.2)
where A is the constant, o is the absorption coefficient, I, is the input intensity, I is the
transmitted intensity, hv be the photon energy and n are the constant (n = 1/2 for direct
semiconductor) and L is the path length. The variation in (ahv)? with the photon energy hv
allows calculating the band-gap energy [22]. The tangent around the band edge was
extrapolated to find the Eg. As predicted, the value of band-gap energy (Eg) outdoes the bulk
MoS; (~1.2eV). The PL spectrum (Fig. 3.4) peaked at 430 nm when excited with 340 nm
wavelength and the corresponding PL-excitation spectrum (blue spectrum) peaked at 340 nm.
Further, the as-synthesized MoS, QDs exhibit the excitation dependence PL (Fig. 3.6). With
an increase in excitation wavelength from 260 to 400 nm, the PL spectrum of MoS; gradually
shifts towards the longer wavelength region.

Moreover, the PL-excitation spectrum also shifted towards red (by ~25 nm) while
increasing the monitored PL wavelength (Fig. 3.6). The variation in excitation spectra is
observed while varying the PL peaks from 400 to 460 nm wavelengths. The change observed
was quite evident as it changed almost 25 nm of wavelength.

These different peaks may arise from the recombination of electron-hole pairs at
varying energy levels due to the surface states. The estimated quantum yield of the amine-

functionalized MoS; QDs is ~8 %.
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Figure 3.6. The PL spectra at different excitation wavelengths and the PL-excitation spectra

at different PL wavelengths of MoS, QDs dispersed in water.

3.4.4 Time-resolved spectroscopy (PL lifetimes)

Fig. 3.7 illustrates the PL decay profiles of colloidal MoS. QDs collected across the PL
wavelength at the fixed excitation wavelength (340 nm). The obtained PL decays are well
reproduced with triexponential function (I(t) = a; e C/™) + q, e (Ct/72) 4 g4 e (F1/73)),
where «; describes the pre-exponential factors and z; represents the lifetimes, as mono and bi-
exponential functions could not give reasonable fitting. All three lifetimes increase with
increasing monitored wavelength, e.g., 1 varies from 0.29 to 0.39 ns, 1> from 2.25 to 2.86 ns
and t3 from 8.45 to 9.76 ns. However, the corresponding pre-exponential factors, a2 and as

increase whereas a1 decreases.
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Figure 3.7. The fitted photoluminescence decay curves of MoS, QDs dispersed in water. The

excitation wavelength was 340 nm.

The observed lifetime and corresponding amplitude at the red edge of the PL band
indicates that the shortest component comes from the band edge PL whereas the longer one
comes from the surface states. The average lifetime (75, = Y ;7,2 / Y (a;1;)) follows the
same trend, i.e., increase in the lifetime with increasing PL wavelength. Thus, the prepared
QDs may have edge defects, resulting in an increase in t,,, at the red edge of the PL band.
3.4.5 Low-temperature photoluminescence
The temperature-dependent PL of MoS2 QDs incorporated in PVA were recorded in the range
of 300 to 100 K, and the observed results are shown in Fig. 3.8. With lowing temperature

caused an explicit increase in the PL intensity and became maximum at 100 K.
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Figure 3.8. The temperature-dependent PL spectra of MoS, QDs incorporated in PVA film.

The rise in intensity at low temperature originates, due to increase in ground state
population of the charge carriers as compared to the PL at room temperature. Fig. 3.9 (a-e)
illustrates the TD-PL contour maps of temp. ranging from 300K to 100K, of the MoS, QDs
incorporated in PVA at different excitation wavelengths. The QDs were excited from
wavelength of 280 to 360 nm and illustrated the 3D-coloured representation of PL intensities.
The counter maps indicated the variation in PL with the excitation wavelengths. The red
elliptical area demonstrates the maximum PL intensity, which ranges from 390 to 430 nm,
obtained when excited with the wavelengths from 330 to 360 nm. No new PL peak has been

observed at low temperature study of the MoS, QDs.
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3.4.6 PL quenching of MoS2 QDs by TNP
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Figure 3.9. The PL contour maps of MoS; QDs (a, b, ¢, d and e) were obtained at 100, 150,

200, 250, 300 K. The excitation wavelengths were 280 to 360 nm.

Furthermore, the PL of MoS, QDs quenched in the presence of a small amount of TNP

explosive poured into the cuvette. The substantial quenching in PL of MoS2 QDs was observed

52



by adding 3 uM concentration of TNP (Fig. 3.10). After adding up to 20 uM concentration of

TNP, the PL intensity of the MoS, QDs was quenched to 60% to the initial intensity.
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Figure 3.10. PL spectra of MoS, QDs with the addition of different concentrations of TNP.

The excitation wavelength was 340 nm.

When the TNP concentration is continued to increase upto 400 uM, the PL intensity of
QDs gradually quenches to 98% and the PL peak shifts and finally reached the PL of TNP,
which is appeared at 465 nm (Fig. 3.11). With the increase in TNP concentration, a redshift in
PL was observed (Fig. 3.10), might be due to the dominance of the PL of TNP. The absorption,
PL and PL-excitation spectra of TNP were shown in Fig. 3.11.

The well-known Stern-Volmer (S-V) relation (Eq. 3.2) was plotted for the quenching
of PL intensity of MoS, QDs in the presence of various concentrations of trinitrophenol [23].

I/ = 1+ Kgy [TNP] (3.2)
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Figure 3.11. The normalized absorption, PL (Aex= 367 nm) and PL-excitation (Aem= 465 nm)

spectra of TNP in water.

Where I and lo are PL intensities of MoSz QDs with and without the quencher (TNP),
respectively and Ksy is the S-V constant, calculated from the linear relation of S-V plot shown

in Fig. 3.12 and comes out to be 0.31 x 10% M. The quenching rate constant K, determined
by Eq. (Ksy = K,7o) is comes out to be 7.78 x 10'* M'S™, where 1o is the lifetime of MoS:

QDs in the absence of quencher.
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Figure 3.12. The Stern-Volmer plot between relative PL intensity of MoS; QDs and TNP.

The limit of detection (LOD) for the selectively detected nitro explosive TNP is 5.3x10°
® M. To report the selectivity of TNP among other nitro explosives, 2,6-dinitrotoluene (2,6-
DNT), 2-nitrotoluene (2-NT) and 4-nitrotoluene (4-NT) were also studied. These compounds
could not outperform as TNP, demonstrated in Fig. 3.13 at a particular concentration of the
nitro compounds, whereas Fig. 3.14 presents the 3-D plot for the different nitro compounds at
variable concentrations. Thus, it has been concluded that MoS2 QDs shows selective sensing

of TNP over other nitro compounds.
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Figure 3.13. Bar diagram of PL intensity of MoS2 QDs at a particular concentration of

various nitro-explosives.

Figure 3.14. Bar diagram of PL intensity of MoS, QDs with varying concentrations of

various nitro-explosives.
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3.4.7 Energy transfer mechanism
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Figure 3.15. The spectral overlap of the absorption spectrum of TNP and PL spectrum of MoS;

QDs in water.

Further, there is significant overlapping between the PL spectrum of MoS; and the absorption
spectrum of TNP (Fig. 3.15), indicating the possibility of the energy transfer process.

The amine capped MoS; quantum dots (QDs) possess high electron affinity because of the
electron-rich -NH2 group around the QDs. In the presence of nitro groups presence on TNP,
there are strong electrostatic interactions between them and causes an instant electron transfer
between the donor (QDs) and acceptor (TNP). This process is similar to resonance electron
transfer (RET) due to energy transfer to the acceptor, which also depends on the spectral
overlap of emission of donor and absorbance of the acceptor (shown in Fig. 3.15) like RET. In
Fig. 3.15, the PL peak for MoS; arises at 430 nm, whereas the absorbance peak of TNP

observed at 355 nm shows a significant overlap. As the PL of the QDs is decreased, the plot
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of the rate of energy transfer (Kr) as a function of TNP concentration is nearly linear (Fig.

3.16).
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Figure 3.16. A plot between the rate of energy transfer (K;) as a function of the concentration

of TNP.

The spectral overlap integral J(1), represented by an equation (J(4)= fo(:, Fp(Deya(M)A%dA)
is calculated to be 1.35719x10Ynm*M~1cm™1. Where F;, (1) represents the corrected donor
fluorescence intensity, €,(4) represents the acceptor’s extinction coefficient at A. The Forster

distance or critical distance (Ro) is the distance at which the FRET efficiency is 50% and could

2
be calculated from Eq. (R, = % [J(A)]) where, k2 represents the orientation of dipoles

interactions, @, represents the quantum yield of donor, N and n represents the Avogadro’s
number and refractive index of the medium, respectively [24]. The R, was calculated to be 28
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Fpa
Fp

A. The efficiency of energy transfer (E%) can be defined by Eq. (E = 1 — -22) where, Fp,

and Fj, are fluorescence intensity of donor in presence and in absence of acceptor respectively.

The efficiency depends on distance (1p4) between the donor and the acceptor, which can be

61—
represented by Eq. (rp,6=—2 [; E]).

The steady-state fluorescence results show a gradual increase in E% with the increase in TNP

concentration and the 1,4 are represented in Figs. 3.17 and 3.18, respectively. The rate of

energy transfer or the resonance energy transfer rate (Kr) is given by, K; = LA )6 where, Tt

Tp TpA

is the lifetime of the donor in the absence of the acceptor.
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Figure 3.17. A plot between efficiency of energy transfer (E) and concentration of TNP.
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Figure 3.18. The plot between donor-acceptor distance (rp4) and the concentrations of TNP.

However, unlike PL, the lifetime of MoS2 QDs in the absence and the presence of TNP is
nearly the same; hence, Forster resonance electron transfer (FRET) is excluded. The observed
almost constant lifetime and the linear relation between the rate of energy transfer and TNP
concentration demonstrated the radiative energy transfer as an efficient mechanism between
the QDs and TNP. Fig. 3.19 shows the possible PL quenching mechanism of MoS2 QDs by

TNP while using QDs as a sensing probe and TNP as a quencher.
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Figure 3.19. Schematic diagram of the process of fluorescence quenching of MoS, QD by TNP.
3.5 Conclusions

The functionalized colloidal MoS2 QDs were prepared by considering a facile hydrothermal
route to get high-quality of QDs. The HR-TEM of QDs exhibits a spherical shape with size in
the range of 2-4 nm. The quantum yield of the fluorescent MoS, QDs comes out to be 8%. The
FTIR spectrum of the QDs further supports the formation of Mo-S and N-H vibrational
stretching. The absorption spectrum of MoS, QDs showed a peak at 287 nm. The band-gap
energy estimated by Tauc’s relation is 4.5 eV. The PL peak was observed at 420 nm when
excited with wavelength of 340 nm. The PL of QDs doped in PVA film were also studied at
low temperatures. The exponential increase in the PL intensity was observed by lowering the
temperature from 300 to 100 K.

The functionalized QDs then employed as an efficient and highly selective probe for
detecting TNP without the interference of other nitro explosives. The PL intensity of the MoS>

QDs was quenched to ~98%. The linear S-V plot and rate of energy transfer as a function of
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concentration along with the constant lifetime confirmed the feasibility of radiative energy

transfer instead of nonradiative energy transfer as a possible mechanism for PL quenching.
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CHAPTER 4

MoS; Quantum Dots for the Lead Metal lons Sensing”

4.1 Introduction

Over the years, a series of fluorescent chemo-sensors have been recognized for the remarkable
detection of ions and other neutral analytes, widely implied in distinct sectors such as
pharmacology, physiology, biology, and environmental sciences. Despite the development
made over the period, several more challenges could be achieved in the coming years through
fluorescent sensors. Such challenges include the detection of the biologically and
environmentally important species, such as detection of the toxic heavy metal ions (which are
biologically not essential and are harmful) [1-4], the reactive oxygen (ROS) and nitrogen
(RNS) species (which are essential for cell’s internal redox status, but redox changes could
lead to acute diseases like cancer, diabetes, etc.) [5—7], chemical explosive compounds [8], etc.
In the past few years, the semiconductor quantum dots (QDs) have been preferred for sensing
applications because of their unique photophysical properties. The bright luminous QDs act as
a fluorescent probe for the rapid detection of various ions and neutral analytes [9].

The two-dimensional (2D) compounds and their quantum dots have recently gained
great attention for sensing purposes. One such compound is the molybdenum disulfide (MoS.)
nanoparticles which have been the notion of research because of its magnificent electrical,
optical and physical properties, which makes it appropriate for various applications such as

sensing, energy storage, electro catalysis, photo catalysis and optoelectronic devices [10-19].

*Part of this work has been published in Materials Research Bulletin 131 (2020) 1109782.
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MoS; is a popularly recognized layered transition metal dichalcogenide, also
acknowledged as the inorganic cousin of graphene. The preparation of their quantum dots turns
out to be very significant because of their distinct optical and electronic properties compared
to their bulk counterparts due to the enactment of quantum confinement and edge effects [21—
23]. The MoS2 QDs exhibit excellent blue emission when exposed to ultraviolet (UV)
illumination, which attributes to the transition from the K point of the Brillouin zone [24].

The exceptional properties of MoS, QDs lead to various applications in bioimaging,
catalysis, sensing and photodynamic therapy [25-32]. The luminescent behaviour of MoS;
QDs acts as a fluorescent probe for various sensing applications, such as detection of pesticide
(i.e., methyl parathion), explosive compounds (i.e., 2,4,6-trinitrophenol), biomolecules (i.e.,
bovine serum albumin, hyaluronidase and dopamine) and other chemical compounds (such as
hydrogen peroxide, glucose, hypochlorite) [29,33-36]. So far, very few articles have been
reported that recognize the MoS, QDs as a metal ion sensor for detecting ions like AI**, Cu?*
and Fe3* [4,37-40]. However, the study of metal ion sensing through MoSz QDs is limited
[41].

Both top-down and bottom-up approaches could develop the MoS2 QDs. The top-down
approach includes harmful reagents, organic solvent, and very time taking processes [21].
While in the bottom-up method, the reaction conditions can be controlled more appropriately
and produce high-quality QDs. Here, MoS. QDs were developed by modifying the previously
reported hydrothermal method of synthesis [8]. The large-scale production of MoS; QDs is
proposed by mixing sodium molybdate and thioacetamide as Mo and sulfur sources,

respectively, in a fixed proportion and followed by the hydrothermal process. The as-
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synthesized MoS; QDs exhibit blue emission at 440 nm when excited at 360 nm wavelength

and possess a high quantum yield (QY) of ~17% in an aqueous medium.

— uv
Hydrothermal

=)

MoS, QDs

Pb?* Sensing Pb%* addition

= =
- o

e
-

Intensity (x10% fau.)

=
[
T

2
e

409 450 500 580 00 E50
Wavelength (nm)

Figure 4.1. Schematic representation of the steps involved in the PL quenching of MoS; QDs
occurred in the presence of Pb?* metal ions in water.

The QDs were used as a fluorescent probe for the primary detection of the toxic metal
ions in the aqueous medium, as shown in Fig. 4.1 (for Pb?*). The processed colloidal sensing
probe shows promising sensitivity towards the detection of Pb?* ions. Lead is a commonly

used substance for commercial purposes like agricultural sectors, pharmaceuticals, and
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industries such as batteries, pigments, metallurgy, etc. Also, Pb?* has been declared one of the
most toxic elements by the world health organization (WHQO) for the environment and human
health and wildlife [42—44]. The small amount of Pb?* metal ions can cause severe brain
dysfunctionalities and nervous breakdown [45,46]. So, due to its high toxicity, it becomes an
urgent requirement to detect Pb?* metal ions by using advanced materials with high sensitivity

and selectivity.
4.2 Materials and Method

4.2.1 Chemicals and reagents

All precursors and reagents used were of analytical grade and received from Sigma Aldrich.
The sodium molybdate, thioacetamide and 1,4-diaminobutane were used as precursors for the
synthesis of MoS2 QDs. The metal analytes used in the experiment such as lead (11) perchlorate,
cadmium chloride hydrate, mercury chloride, aluminum perchlorate nonahydrate, zinc
perchlorate hexahydrate, cobalt (I1) perchlorate hexahydrate, copper (I1) chloride anhydrous,
nickel (11) perchlorate, iron (1) perchlorate tetrahydrate and iron (I11) perchlorate hydrate were
obtained from Sigma Aldrich. For the dialysis, a 1KDa Pur-a-lyzer dialysis kit was acquired
from Sigma Aldrich.

4.2.2 Synthesis of MoS2 QDs

MoS, QDs were synthesized by a facile hydrothermal process involving the sodium molybdate
as Mo source, thioacetamide (TAA) as a sulfur source and 1,4-diaminobutane (DAB) as
capping agent. MoS; QDs were synthesized through the interaction of both the precursors in a
high-temperature hydrothermal reactor and considered as an eco-friendly and easy approach.
Here, 0.2 g of sodium molybdate and 0.3 g of TAA was dissolved in 70 ml deionized (DI)

water for 0.5 h. Then, a certain amount of DAB was added to the above mixture. Afterward,
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the resultant mixture was kept in a bum shell for the hydrothermal process in an oven at 200
°C for 24 h, and eventually allowed to cool down naturally. Finally, the obtained supernatant
was dialyzed through the 1kDa dialysis membrane for 48 h. At every 2 h interval, the water of
the dialysis membrane was changed. The as-purified amine-functionalized MoS, QDs were
stored at 4° C for further characterization and uses. The schematic synthesis of functionalized

MoS; QDs by the facile hydrothermal process is demonstrated in Fig. 4.2.
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Figure 4.2. Schematic representation of the synthesis of functionalized MoS; QDs by facile
hydrothermal process.

4.3 Instrumentation

The morphological studies of the prepared MoS, QDs were analyzed using high-resolution
transmission electron microscopy (HR-TEM, TALOS, Thermo scientific instruments) at an
accelerating voltage of 200 kV. The Fourier transform infrared spectroscopy (FT-IR) spectrum
was recorded on the spectrum (I1) (Perkin Elmer) ranging from 450 to 4000 cm™. The
UV/VIS/IR double beam spectrophotometer (Lambda 750, Perkin EImer) was used to observe
the steady-state absorption spectra. The spectrofluorometer (Flourolog-3, Horiba Jobin Yvon
Inc.) equipped with a 450 W xenon lamp was used to record the photoluminescence (PL)
spectra [47]. Quartz cuvette was used for recording absorption and PL spectra, whereas the

frontal geometry stage was used to eliminate the inner filter effect. Fluorescence decay curves
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were recorded with the time-correlated single-photon counting (TCSPC) arrangement
(DeltaFlex-01-DD, Horiba Jobin Yvon IBH Ltd.) equipped with PMT (PPD 850) and Delta
Diode of wavelength 360 nm. To analyse the observed PL decays, the least square fitting and
re-convolution methods were used. The total number of counts was kept at 10,000 in the peak
channel. The instrument response function was taken by Ludox scatterer.

4.4 Results and Discussion

4.4.1 High-resolution transmission electron microscope (HR-TEM) images

Fig. (4.3) illustrates the HRTEM images of the prepared MoS, QDs. The images show that the
particles were heterogeneously distributed with dimensions ranging from 2 to 5 nm (Fig. 4.3a).
The ordered lattice fringes confirm the crystalline structure of MoS, QDs and the lattice d-

spacing corresponds to the (103) plane is 2.25 A (Fig. 4.3b).

Figure 4.3. HR-TEM images of MoS, QDs dispersed in water at different magnifications.
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4.4.2 Fourier transform infrared (FTIR) spectrum

Fig. (4.4) illustrates the FT-IR spectrum of functionalized MoS; QDs. The vibrational peaks at

3333 cm™ and 1630 cm represent the N-H stretching and bending modes, respectively, with

a weak band at 481 cm™* corresponding to Mo-S stretching vibrations [8].
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Figure 4.4. FTIR spectrum of pristine MoS, QDs dispersed in water.

4.4.3 UV-visible absorption spectroscopy

The absorption spectrum of as-synthesized MoS> QDs dispersed in water is shown in Fig. 4.5.

The absorption peak at around 300 nm corresponds to the excitonic behaviour of MoS2 QDs,

which is slightly redshifted from the earlier report [38] and is probably due to the larger size

of QDs. The optical energy bandgap (Eg) of as-synthesized MoS, QDs has been calculated

from the Tauc's equation:

ahv = A(hv — Ey)"

(4.1)
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where A is a constant identified as the band tailing parameter, o signifies the absorption
coefficient, n represents the power factor of the transition mode and hv is the photon energy.
The factor ‘n” depends on the type of electronic transition and is considered % for the direct
transitions. The energy bandgap of QDs was calculated by extrapolating the linear part of the
Tauc's plot obtained between (ahv)? and the photon energy (hv), and the interception of the

hv axis by the straight line gives the energy bandgap of MoS, QDs, as shown in the inset of

Fig. 4.5.
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Figure 4.5. The absorption spectrum of MoS2 QDs dispersed in water. Inset shows the Tauc's

plot for the direct optical bandgap.
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The direct optical bandgap of the developed QDs comes out to be ~4.6 eV, which is
very large as compared to its bulk counterpart (1.2 eV) and is due to the quantum confinement
effect.

4.4.4 Photoluminescence (PL) spectroscopy
The PL spectrum of the as-synthesized MoS, QDs exhibits a maximum intensity at 440 nm
when excited with 360 nm wavelength, whereas the corresponding excitation spectrum peaked

at 360 nm (Fig. 4.6).
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Figure 4.6. The peak normalized PL (red) and PL-excitation (black) spectra of MoS; QDs in

water.

75



3.0

A‘excilation (nm)
300
—310
—320
—330
—340
—360
—350
—370
—380
—390
——400

Intensity (x10°) (a.u.)

600 700
Wavelength (nm)

Figure 4.7. The PL spectra of MoS, QDs in the water at different excitation wavelengths.
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Figure 4.8. Peak normalized PL spectra of MoS, QDs dispersed in water at excitation
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The PL intensity increases without changing peak wavelength after changing the
excitation wavelength from 300 to 350 nm. With further increasing the excitation wavelength
from 350 to 400 nm, the PL maximum shifts towards the longer wavelength region i.e., from
410 to 470 nm, as shown in Fig. 4.7. The normalized PL intensity demonstrates the shift in PL
maximum, as shown in Fig. 4.8. Similarly, the PL excitation spectrum shifted from 347 to 367
nm by increasing the monitored PL wavelength from 400 to 470 nm (Figs. 4.9 and 4.10). The
wavelength-dependent behaviour of MoS, QDs may be considered due to the polydispersity

of colloidal synthesis or inhomogeneous distribution of particles and surface functionalization

[48,49].
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Figure 4.9. PL-excitation spectra of MoS, QDs dispersed in water at different PL

wavelengths.
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Figure 4.10. Peak normalized PL-excitation spectra of MoS; QDs dispersed in water at

different PL wavelengths.

The PL quantum vyield (QY) of the MoS: QDs was calculated using Eq (4.2),

considering quinine sulphate as a reference with a quantum yield of 54.2% [5,50].

Area 1 Abs n 1 2
sample o, reference x ( sample > (42)
Areareference AbSsample

QYsample = ereference X

Nreference

where the QYsgmpie aNd QYreference SigNify the quantum yield of sample and reference
respectively, Areasgmpie aNd Ared,qrerence represent the area under the curve of PL for

sample and reference, respectively (at the excitation wavelength of 300 nm), whereas Abs
represents the absorbance and # is the refractive index of the medium. The estimated QY of
MoS; QDs is ~17%, which is higher than that of the reported fluorescent MoS> QDs and

graphene QDs [8,51-54].
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4.4.5 Absorption spectra of MoSz QDs with metal ions (Sensing)
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Figure 4.11. The absorption spectra of MoS2 QDs in the presence of various concentrations

of Pb%* ions in water.

Fig. 4.11 illustrates the absorption spectra of the synthesized MoS> QDs in the presence of
different concentrations of Pb?* ions. In the presence of a low concentration of Pb?* ions (33
H1M), the optical density (absorbance) is increased, accompanied by the sharpening of the
absorption band. Upon increasing the concentration of Pb?* ions from 0.0 to 0.2 mM, the
optical density increases from 0.10 to 3.30. The increase in absorbance and change in the
spectral shape indicates the formation of MoS, QDs/Pb?" complex. A linear relationship has
been observed between the absorbance of MoS, QDs with the concentration of Pb?* metal ions
(Fig. 4.12). The observed linear relation demonstrates that MoS> QDs could be used as a probe
for sensing Pb?* metal ions in the aqueous environment.
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Figure 4.12. A plot between the absolute absorption intensity of MoS2 QDs vs. the

concentration of Pb%* ions.

4.4.6 PL quenching of MoS2 QDs with metal ions

The PL titration of MoS2 QDs, used as a fluorescent probe (sensor), was conducted for different

concentrations of metal ions in an aqueous environment, and the results are shown in Fig. 4.13.
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Figure 4.13. The PL spectra of MoS, QDs at different concentrations of Pb?* ions in water
at the excitation wavelength of 360 nm.

The metal ion sensing experiments were done by taking 3 mL of the MoS2 QDs
dispersed in DI water in a quartz cuvette (10 x10 mm) and then various concentrations of metal
ion (from 33 uM to 8.0 mM) were added. The PL intensity obtained at 360 nm excitation
quenched gradually with increasing the concentration of metal ions, as shown in Fig. 4.13.
With a small amount (33 uM) of Pb?* ions, a decrement in PL intensity is noticed. Almost half
of the PL intensity has been quenched with the addition of 1.6 mM of Pb?" ion. When the
analyte concentration reaches around 8.0 mM, the PL intensity reduced approximately 89% of
the initial value. The graphical representation of the turn-off PL of MoS, QDs by Pb?* ions is
shown in Fig. 4.14. Initially, the QDs solution shows the flaxen colour under sunlight and blue
colour under UV light; however, in the presence of metal ions, the solution became colourless

under UV light.
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Figure 4.14. The graphical representation of PL turn-off sensing of Pb?* ions by MoS, QDs.

The substantial reduction in PL intensity was analysed using a well-known Stern-
Volmer (S-V) equation (4.3)
lo/l = Ksv [Pb?*] +1 (4.3)
where lo and I signify the initial PL intensity and final PL intensity (in the presence of analytes),
respectively, [Pb?*] signifies the molar concentration of the analyte added to the MoS; QDs
and Ks.v signifies the PL quenching constant (M). The S-V plot for the PL quenching in the
presence of Pb?* metal ions illustrate a linear relationship for the complete range of
concentrations (Fig. 4.15). The estimated quenching constant (Ks.v) came out to be 824 M.
Thus, the described Pb?* metal ions sensor exhibits high sensitivity with a limit of detection

o and covers a linear detection range from 3.3x107" to 6x10° .
(LOD) of 50 uM and li d i ge fi 3.3x107" to 8x10° M
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Figure 4.15. The Stern-Volmer plot between relative PL intensity of MoS; QDs and Pb?*

ions concentration.
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Figure 4.16. PL spectra of MoS, QDs dispersed in water in the presence of various

concentrations of lead ions. The excitation wavelength was 330 nm.
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Similar results were observed by changing the excitation wavelength, i.e., with 330 nm
excitation. The PL intensity is quenched significantly and covers a similar range of
concentrations (Fig. 4.16). The corresponding S-V plot is linear (Fig. 4.17). The value of Ks.y

and LOD comes out to be 3.5x10° M and 12x10° M, respectively.
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Figure 4.17. A Stern-Volmer plot of MoS, QDs in the presence of various concentrations of
Pb?* ions.

4.4.7 Time-resolved PL spectroscopy

The time-resolved PL decays of MoS, QDs at various analyte concentrations were recorded
and demonstrated in Fig. 4.18. The decay curves could not be fitted well with mono- and bi-
exponential models but follow a triexponential function:

I(t) = a;eCY™ + @, e U™ + g5 et/ (4.4)
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where a; illustrates the pre-exponential factors and t; represents the lifetimes. The estimated
lifetimes and corresponding pre-exponential values are summarized in Table 1. The lifetime
component of 2.27 ns with the highest amplitude (72%), may represent the band edge PL. In
contrast, the long lifetime component (16.18 ns), which has the smallest contribution (3%),
may be assigned to the defect state of QDs. The average lifetime is calculated from equation
(4.5).

Tar = N(Ty) (4.5)

The average lifetime decreased from 3.8 ns (0 mM) to 2.26 ns with the addition of a 1.65 mM
Pb?* ion. The slight increase of average PL lifetime at high concentration is due to the increase
of longest lifetime component and corresponding amplitude, which may be arising from the

increase of defect states contribution.
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Figure 4.18. The PL decay curves of MoSz QDs in the absence and the presence of different

concentrations of Pb?* ions with instrument response function (IRF).
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The decrease in the PL lifetime of MoS, QDs with the increase in the concentration of Pb?*
metal ions follows the S-V relation (Eq. 4.6).
lo/T =t/ = Ks.v [Pb?] + 1 (4.6)

The Ks.v value obtained from the slope of the linear S-V plot of Fig. 4.19 came out to
be 0.60 M. The quenching rate constant Kq calculated from the equation Ksv = Kqto is

1.58x10% Ms?, where 10 is the PL lifetime of MoS; QDs in the absence of metal ions.

Table 4.1. Lifetimes (t;) and pre-exponential factors (a;) of MoS; QDs with various
concentrations of Pb?* ions dispersed in water. The lex and lem Were 360 and 440 nm,

respectively.

Pb?* conc. | t,(ns) T5(ns) 73(ns) a; | a, | ag | Tg(ns)
(mM)

0.00 6.67+0.02 | 2.28+0.02 | 16.18+0.31 | 0.25 | 0.72 | 0.03 | 3.80
0.16 7.01£0.02 | 2.17+0.01 | 18.47£0.69 | 0.21 | 0.77 | 0.02 | 3.51
0.30 7.31£0.11 | 1.93+0.01 | 22.63+3.16 | 0.18 | 0.81 | 0.01 | 3.10
0.50 7.10+£0.12 | 1.84+0.02 | 21.05+2.10 | 0.16 | 0.83 | 0.01 | 2.90
0.65 6.09+0.10 | 1.55+0.01 | 16.39+1.51 | 0.17 | 0.81 | 0.02 | 2.62
1.00 6.57£0.10 | 1.50+0.01 | 20.35+2.25 | 0.14 | 0.85 | 0.01 | 2.40
1.65 5.97+0.15 | 1.35+0.01 | 18.83+0.67 | 0.16 | 0.83 | 0.01 | 2.26
2.31 5.65+0.16 | 1.37+0.01 | 16.70+0.42 | 0.16 | 0.82 | 0.02 | 2.36
3.30 5.97+0.15 | 1.46+0.01 | 18.32+0.57 | 0.17 | 0.81 | 0.02 | 2.56
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Figure 4.19. The Stern-Volmer plot between relative PL lifetime of MoS; QDs and Pb?* ions
concentration.

4.4.8 Selectivity tests towards Pb?* ions

To test the selectivity of the as-synthesized MoS, QDs towards Pb*? metal ions, we have also
performed PL titration for other metals ions, such as Ni%*, Cu?*, Fe?*, Ba®*, Fe?*, Zn**, Co?*,
Hg?*, AI**, Fe**, etc. The percentage of quenching in PL intensity by the individual metal ions
is shown in Fig. 4.20. The Hg?* and Fe** metal ions show considerable PL quenching at initial
concentrations and get saturated after quenching (20-40%) of the initial PL intensity. Further,
the interference of other metal ions on Pb?* metal ions in water was studied. The PL spectra of
MoS. QDs were monitored individually at a fixed concentration (1.6 mM) of each metal ion
and then with the addition of an equal concentration of Pb?* metal ion. The addition of Pb?*

ion prominently quenched the PL intensity of QDs in the presence of other analytes (Fig. 4.21).
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The percentage of quenching is almost equal for Pb?* ions in the presence of each of the other
metal analytes and maintained nearly the same percentage of quenching (~90%). Hence, no
significant interference was observed in the presence of different metal ions on PL quenching
of MoS; QDs by Pb?*.
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Figure 4.20. Bar diagram of PL quenching (%) of MoS, QDs in the presence of various
metal ions in water.

The absorption spectrum of MoS; QDs in the presence of Pb?" shows a significant
change. The absolute absorption intensity increases linearly and acts as an absorbance-
dependent sensing probe to detect the selected metal ions. This indicates the formation of the
complex between functionalized MoS, QDs and Pb?* ions in an aqueous medium. The
reduction in PL intensity and PL lifetime follows a linear S-V relationship, which indicates
that the diffusional quenching is a predominant mechanism. The decrease in PL intensity and
lifetime with increasing the concentrations of the Pb?* ions indicates the nonradiative electron-

hole recombination-annihilation, i.e., transfer of electron of excited QDs to the metal ions.
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Figure 4.21. Bar diagram of PL quenching (in %) of MoS, QDs in the presence of various
metal ions (1.65 mM) together with a fixed concentration of Pb?* ions.

The electron-deficient nature of Pb?* metal ions binds to the nitrogen donor atoms of
the functional group attached over the surface of MoS, QDs [55]. An electron transfer process
occurs between the excited state of the QDs to the Pb?* ions, which quenches the PL of the
QDs [56]. Another plausible quenching pathway might be, i.e., the cation-exchange process,
which is usually observed in heavy metal ions, as no red shift was observed in absorption and
PL of MoS: QDs in the presence of analytes [57]. Also, at high concentration (~6 mM), little
aggregation was observed, which might be due to detaching ligands from the surface of QDs
and traps the electrons from the conduction band, which leads to the PL quenching. As no red
shift was observed in the absorption and PL spectra and no precipitation was observed even at

high concentration concludes that the electron transfer from the conduction band of QDs to the
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electron-deficient metal ions is the major factor of the PL quenching of the MoS2 QDs. The
quenching of MoS; QDs towards selective metal ions also depends on the size of QDs, i.e., the
bandgap of QDs. Usually, the sensitivity and selectivity of the QDs towards the analyte depend
upon the respective quenching pathways. Here, the Pb?* ions quench PL of large-sized MoS;
QDs. This study does not support the variation in quenching due to the different sizes of QDs,
as HR-TEM analysis exhibit the presence of an inhomogeneous distribution of QDs within the
range of 2-5 nm only, hence cannot be considered as the large variation in their size. The
interference of other analytes in the presence of Pb?* ions does not show any considerable
effect; therefore, it can be concluded that MoS; QDs is an effective probe for detecting Pb?*
metal ions. On the other hand, the PL quenching by Fe3* ions could be due to the formation of
a dark complex with -NH2 group at the surface [58].

4.5 Conclusions

The functionalized MoS, QDs were prepared using the facile and highly efficient hydrothermal
technique, which provides high-quality quantum dots in large quantities. The size of QDs is in
the range of 2 to 5 nm. The FTIR of the MoS; QDs demonstrated the presence of Mo-S and N-
H vibrational stretching, which confirms the amine functionalization of the MoS, QDs. The
absorption spectrum of MoS, QDs showed a peak at 300 nm with a bandgap of 4.6 eV. The
MoS; QDs were then analyzed randomly to detect the heavy metal ions and showed a great
response with lead metal ions. The absolute absorption intensity of MoS, QDs exhibits a linear
dependence on the concentration of Pb?* ions, which shows the potential sensing capability of
the MoS, QDs towards the Pb?" ions. The PL intensity of MoS; QDs was quenched
significantly in the presence of Pb?* ions and followed a linear S-V relationship for the wide

dynamic range of concentrations, i.e., from 33 uM to 8 mM, with a sensitivity (LOD) of 50
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uM. The high sensitivity of PL of MoS, QDs towards the Pb?* ions was noticed among 13
selected analytes. Thus, the conducted research work has great significance for humans as the
presence of lead metal ions in drinking water could cause severe health hazards; therefore,

detecting Pb?* ions in the aqueous medium becomes more significant for human well-being.
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CHAPTER 5

Synthesis of pristine MoS; nanosheets and their
applications *

5.1. Introduction

Nowadays, water pollution has become a great concern for human beings and the environment
[1]. The increased industrialization has led to the dumping of untreated hazardous organic
pollutants directly into the water bodies (rivers, ponds, etc.), affecting the water quality and
aquatic life [2-4]. Therefore, the detection of toxic compounds (like heavy metal ions, organic
compounds, nitro explosives, etc.) and the degradation of organic compounds under
illumination possess great significance for the betterment of the ecosystem [5-7]. The
photocatalysis process is one of the most extensively studied oxidation processes because of
its numerous environmental applications as hydrogen evolution, organic compounds
degradation, pharmaceutical waste removal, dye degradation, etc. Usually, metal oxides (TiO»,
ZnO, Sn0., etc.) are used as photocatalysts because of their high stability, efficient
photoactivity, cost-effective production, and non-toxic behaviour [8-10]. Despite these
outstanding features, the bandgap of the metal oxides lies in the ultraviolet (UV) region [9].
Therefore, an alternative for the metal oxides is constantly being searched due to its narrow
window of excitation wavelengths, i.e., the ultraviolet (UV) region consists of only 5% of the

natural sunlight.

*Part of this work has been published in the Journal of Molecular Structure 1249 (2022)

131651.
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The molybdenum disulfide (MoSz) is the most studied layered transition metal
dichalcogenide (LTMD). In the past few decades, it has been the research notion in the
scientific community because of its structural similarity with graphene [5,7].

The two-dimensional (2D) structure of MoS: possesses excellent electronic and optical
properties with greater surface area. The MoSz nanosheets can be implied to a wide range of
applications like photocatalysis, transistors, supercapacitors, gas sensing, catalysis, photo-
detectors, batteries and optoelectronic devices [10-25]. The structure of MoS, nanosheets
consists of strong intra-layer covalent bonding between Molybdenum (Mo) and Sulfur (S)
atoms in the trigonal prismatic arrangement, where the Mo atoms possess the hexagonal plane,
which is packed between the two hexagonal planes of S atoms. The interlayer MoS; stackings
are strengthened with the weak Van der Waals forces [27], as shown in Fig. 5.1. Due to the
weak interlayer bonding, the production of ultrathin nanosheets is possible with the micro-
mechanical cleavage technique, as demonstrated by Novoselov et al. [28]. But it is quite

challenging to produce a high yield of MoS. monolayer through microexfoliation. The weak

interlayer interactions in  MoS;

nanosheets led the incorporated ions or

molecules to be introduced between the

layers through intercalation. Therefore,

MoS; could be formed as an

intercalation host in terms to deliver a t
a Q= b

promising alternate electrode material

in high energy density batteries. Figure 5.1. The molecular structure of the
MoS; nanosheets.
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Despite the structural similarity with graphene, the MoS, shows distinct
semiconducting properties as the monolayer MoS> has a bandgap of 1.9 eV (direct bandgap),
while the bulk MoS; has 1.3 eV (indirect bandgap), as compared to the graphene, which has
zero bandgaps [29]. This indirect to direct bandgap transition originated due to the quantum
confinement effect. The photoluminescence property of MoS; occurred because of the large
bandgap, which made it an active photocatalyst in the visible range [30]. The pristine MoS>
nanosheets have shown great photocatalytic activity towards the CV dye due to low bandgap
energy, high surface to volume ratio, multiple active edge sites. To synthesize MoS;
nanosheets, the facile hydrothermal technique was used because of its ability to produce a huge
amount of good quality nanosheets.

Here in this work, the pristine MoS, nanosheets were synthesized by the facile
hydrothermal process and investigated with different techniques. The hexamethyl
pararosaniline chloride, popularly known as crystal violet (CV) dye or methyl violet 10B
developed by the German chemist's Kern and Caro, is degraded through photocatalysis using
MoS: nanosheets as catalyst or photocatalyst. The crystal violet dye has a vast range of
medical, non-medical, and veterinary applications. Instead of its beneficial properties, the dye
has been listed as unsafe for animal feed by the food and drug administration (FDA) in the
United States, intended for human consumption. The continuous use of CV destroys the
consumable water resources as they are dumped directly into rivers through sewage systems
without the proper treatment. Therefore, the degradation of the waste dye makes the work more

significant given for human and environmental benefit.
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5.2. Materials and Method:

5.2.1. Materials used:

All the reagents were purchased from Sigma Aldrich and CDH chemicals of analytical (AR)
grades. The ammonium heptamolybdate tetrahydrate ((NHz)sM07024.4H20), the Mo source
was purchased from Sigma Aldrich and the thiourea as sulfur (S) source was purchased from
CDH chemicals. The citric acid from CDH chemicals was used as a reducing agent. The crystal
violet dye has been purchased from CDH chemicals. The ultrapure de-ionized water (DI) has
been used during the whole experiment with a resistivity of 18.2 MQ cm.

5.2.2. Experimental Method:

A facile hydrothermal route has been opted to synthesize the MoS; nanosheets. Here, 1.0 g of
ammonium hepta-molybdate tetrahydrate (AHM) and 0.5g of citric acid were dissolved in 60
ml of de-ionized (DI) water for 1 h in an argon atmosphere. The citric acid will aid the MoS>

nanosheets to grow by reducing Mo (V1) to Mo (I1V). Then, 1.2 g of thiourea is mixed into the

transferred to Teflon -
|

d vessel I
—

heating at 200°C for
Amm. Molybdate 24h

+

Thiourea
+

ine
<
Citric acid stirring

B Q0

850°Cfor 2h O Areon gut

=4
MoS, nanoflakes

Figure 5.2. Schematic representation of hydrothermal synthesis process of MoS; nanosheets.
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solution and the final solution are kept at 60 °C with stirring for another 1 h. After that, the
solution is transferred to the Teflon-lined hydrothermal reactor (of capacity ~100 mL), treated
at 200 °C for 24 h and allowed to cool down naturally to room temperature. The obtained black
precipitates were centrifuged at 5000 rpm for 20 min few times with DI and ethanol to remove
the excess chelating agent and the unreacted precursors. Then, the precipitates were dried at
60 °C for 12 h in a hot air oven. To achieve highly crystalline MoS; nanosheets, the finally
obtained black powder was annealed under the inert environment in a tubular furnace at 850

°C for 2 h, as shown in Fig. 5.2. The reaction that occurred during the process is as follows

[31]:

CH4N2S + 2H20 = CO2t + 2NH3! + HoS1 (5.1)
(NH4)sM07024.4H20 + 28H,S + 8NHsz = 7(NH4)2M0Ss + 28H,0 (5.2)
502 + 2N2 + 2CsHgO7 + 2(NH4)2M0Ss = 2M0S; + 12CO; + 4(NH4)2S (5.3)

Eq. (5.1) describes the sulfurated reaction while Eq. (5.2) shows the formation of intermediate
compound (NH4)2MoS4, which is a rare compound and hard to find; therefore, the AHM is
used as its inexpensive alternate. Then finally, the reduction process of (NH4)2MoS4 takes place
to form MoS,. The sulfurization and reduction processes are vital for MoSz nanosheets without
forming intermediate products like MoO. or MoO3 [32,33].

5.3. Characterization technique

The powder XRD Ultima IV, Rigaku equipped with CuKoa radiation (A = 0.15406 nm) applied
at 20 mA, was used to record the X-ray diffraction (XRD) pattern at an accelerating voltage of
35 kV. The synthesized nanosheet's surface morphology was recorded by the Zeiss EVO40
scanning electron microscopy (SEM) technique at an accelerating voltage of 0.1-30 kV. The

TALOS, Thermo scientific instruments, used to record the high-resolution transmission
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electron microscope (HR-TEM) images operated at an accelerating 200 kV. The spectrum (1)
(Perkin Elmer) was used to record Fourier transform infrared spectroscopy (FT-IR) spectrum
in the range from 450 cm™ to 4000 cm™. The UV/VIS/NIR spectrometer by Lambda-750,
Perkin-Elmer, was used to record the UV-visible absorption spectra for the overall
measurements.

5.4. Results and discussion

5.4.1. X-ray diffraction (XRD) pattern

002

JCPDS No. :- 00-037-1492

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degree)

Figure 5.3. The XRD pattern of the synthesized MoS> nanosheets.

The XRD pattern of the as-synthesized MoS, NS was recorded by Cu Ka (A= 1.54 A) ranging
from 10° to 80° with a given step size of 0.02° (26), as shown in Fig. 5.3. The observed XRD
pattern showed the high crystallinity having hexagonal structure (2H-MoSz) compared with

the reference pattern of JCPDS card no. 0037-1492. The highly intensive peak (002) at 20 =
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14.28° depicts that the layered structure of MoSz has been stacked orderly along the plane with
a d-spacing of 0.61 nm along a plane (002). Therefore, the peaks were observed at (002), (006)
and (008) positioned at 20 =14.28°, 44.21°, and 60.31° represents the layered structure of the
material. The diffraction pattern indicates the absence of any impure phase in as-prepared
MoS: nanosheets. The crystallite size of the MoS, nanosheets was calculated by employing

Scherrer’s formula, as given in Equation (5.4):

__ 091
- B Cos6

(5.4)

where A illustrates the x-ray source wavelength (CuKa, A = 0.154 nm) and P represents the full
width at half maximum (FWHM) of the high-intensity peak (Radian), 6 is the Bragg’s
diffraction angle. Using Eq. (5.4), the crystallite size estimated was 33 nm (for 26 = 14.28° and

B = 0.240).
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Figure 5.4. The Williamson-Hall plot for the synthesized MoS; nanosheets.
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Fig. 5.4 represents the Williamson-Hall (W-H) plot between the fcos6 and 4sind for
the MoS2 NSs to determine the average crystallite size and the micro-strain (&) using the

relation Eq (5.5).

BcosO = 4&sinf + % (5.5)
where K illustrates the shape factor having a value be 0.9. The peaks at planes (002), (001),
(103) and (100) were considered for calculating D and & of MoS2 NSs. The value of the
microstrain of MoS; estimated from the linear fitted W-H plot is 0.027. Whereas the average

crystallite size from the W-H plot was calculated to be ~ 24 nm.

5.4.2. Scanning electron microscope (SEM) images

Figure 5.5. The SEM images at the magnification (a) 50 kx, (b) 100 kx and (c) 200 kx of

MoS; nanosheets.
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Fig. 4 represents the SEM images for the synthesized nanosheets formed in the presence of
citric acid as a reducing agent. The images of Fig. 5.5 (a, b, and c¢) were recorded at 50, 100
and 200 kx magnifications, clearly show the presence of flakes-like structures. These structures
were growing inconsistently in all directions, rendering to the rough surface morphology.

5.4.3. High-resolution transmission electron microscope (HRTEM) images

Figure 5.6. The TEM image (a) and HR-TEM images (b and c) of MoS, nanosheets.

The typical HR-TEM was carried out to record the highly magnified images of the MoS, as
shown in Fig. 5. HR-TEM was recorded on copper TEM grids with carbon coating on which
a drop of sample dispersed in DI was loaded. Fig. 5.6(a) demonstrates the number of
nanosheets stacked over one another. Fig. 5.6(b) illustrates the crystalline structure of MoSa,

with its orderly patterned fringes, which confirms the crystalline structure. The ‘d’ is the inter-
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planar spacing came out to be 0.54 nm, similar to the value calculated from the XRD pattern.
Fig. 5.6(c) represents the presence of 5-6 layers in the synthesized nanosheets, which would
lead to high adsorption and a greater surface-to-volume ratio.

5.4.4. Fourier transform infrared (FTIR) spectrum

Mo-S 613

% Transmittance
1118

1631

™
w0
=
™

500 1000 1500 2000 2500 3000 3500

Wavenumber (cm'1)

Figure 5.7. The FT-IR spectrum of the MoS2 nanosheets.

Fig. 5.7 shows FTIR spectrum of as-synthesized MoS; layered structure. The spectrum
describes the chemical characteristics of the material. The characteristic weak bands appeared
at 1118 cm™ and 613 cm™ due to the S-S bonds and Mo-S bonds stretching vibrations,

respectively. The vibrational bands observed at 3463 cm™ and 1631 cm™ attribute to the
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stretching and the bending mode of vibrations of O-H bonds of water molecules absorbed on
the surface due to the hygroscopic nature of KBr.

5.4.5. UV-visible absorption spectroscopy

UV-visible absorption spectroscopy is a vital measurement technique required to characterize
the material's electronic band structures. Fig. 5.8 represents the UV-vis absorption spectrum of
the as-synthesized MoS> NSs. Here in the absorption spectrum, the characteristic absorption
bands of MoS;,i.e., A, B, C and D, are visible at wavelength 678 nm, 624 nm, 458 nm and 406
nm, respectively. The absorption bands at the 678 nm and 624 nm are because of the excitonic
transitions of the first and second Brillouin zones at the points K/K', while the absorption bands
at 458 and 406 nm (C & D) are because of the electronic transitions from the valence to the
conduction bands. The energy bandgap calculated to be 2.07 eV using the well-known Tauc’s
plot relation (as shown in the inset of Fig. 5.8) as given in Eg. (5.8):

Ahv= A(hv-Eg)" (5.8)
where A is a constant, Eg illustrates the bandgap of the material, hv is the photon energy
incident on the specimen, n is the transition coefficient (n= % for Direct bandgap) depending

on the nature of semiconductor material.
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Figure 5.8. The absorption spectrum of pristine MoS2 nanosheets dispersed in water. The

inset shows the corresponding Tauc’s plot.
5.5. Dye degradation activity of MoS:

The dye degradation capabilities of MoS2 nanosheets were performed with the crystal violet
dye in sunlight irradiation. The intensity of the sunlight on the day of testing was recorded to
be 38-48 kLux (Latitude 28° 37' 56.7444" N and Longitude 77° 13' 7.6368" E). The UV-visible
absorption spectroscopy was used to record the degradation process by measuring the variation
(decrement) in the absorbance of the dye. The initial concentration of dye was taken as 4.0 x
10° M having an absorption intensity of 0.73 (absorbance) at Amax = 581 nm. The dye solution
was tested for its photoactivity in the sunlight, where no change in the absorbance value was

observed. Subsequently, the absorption spectra of dye were recorded in the presence of
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synthesized MoS; nanosheets upon irradiation with a halogen lamp having the intensity of 30
kLux, UV illumination, and sunlight. The results of the degradation of dye under different

conditions were compared.
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— 5 min
—— 10 min
—15 min
—— 20 min
—— 25 min
— 30 min

0.60
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Figure 5.9. The absorption spectra of CV dye in the presence of MoS; nanosheets under
solar illumination.

For photocatalytic activity (PCA) of NSs, the crystal violet dye solution was prepared
and kept in a dark place. The absorption spectrum of the CV dye was recorded. Then 5 mg of
MoS: nanosheets were added to the 50 ml of the CV dye solution and stirred homogeneously
for 30 min in the dark surrounding to achieve adsorption/desorption equilibrium. Then, 10-12
mL of the mixture was extracted from the solution and centrifuged at 5000 rpm for 2 min to
separate the large catalyst particles. After this, the absorption spectrum was again recorded to

measure dye degradation because of adsorption/desorption isotherm. Then, an equal amount

109



of surfactant was kept under sunlight, halogen light and UV light to examine the effect of the

natural and artificial light over the dye solution in the presence of the catalyst.
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Figure 5.10. The absorption spectra of dye in the presence of MoS, NSs under UV irradiation.
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Figure 5.11. The absorption spectra of the dye in the presence of MoS2 NSs under halogen

irradiation.
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Fig. 5.9 illustrates the absorption spectra of dye solution under solar irradiation in the
presence of MoS> nanosheets. The dye degradation was observed as a decrease in absorbance
of the dye with a time under the solar irradiation in the presence of MoS, NSs. It was observed
that the dye degraded entirely in 50 min. Similarly, the other two samples were placed under
halogen and UV light. Therefore, their absorption spectra were recorded, as shown in figures,

Fig. 5.10 and 5.11. It was observed that the complete degradation occurred under natural light
(sunlight). In contrast, the halogen and UV light caused some significant change in the

absorption intensity of dye but could not degrade it entirely within 50 min, compared to the

sunlight.

100

=]
(=]

Y (%)

60

Degradation Efficienc

Figure 5.12. The 3D plot of the degradation efficiency of the dye by catalyst under solar,

halogen and UV irradiation.
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The degradation of the dye was observed in terms of degradation efficiency (%), as
calculated by Eq. (5.9)
Degradation Efficiency (%) = [(Co-C)/Co] x 100, (5.9)
where the Co and C attribute the absorbance values at initial and the specified time illumination,
respectively. The degradation efficiency (%) was calculated and represented in the 3-D plot,
as shown in Fig. 5.12. It illustrates the comparison of degradation efficiency of the samples
under solar, halogen and UV lights. The maximum 92% degradation was achieved within 50
min of solar illumination. In contrast, on the other side, under halogen and UV light, the
degradation of dye was achieved upto the 68% and 27%, respectively, under the same
temperature and pressure. The reaction Kinetics for the degradation of the CV dye by MoS»

NS was calculated by the pseudo-first-order kinetic model shown in Equation (5.10) [9]:

In(C/Co) = -kt (5.10)
1.0 : Under Irradiation
0.8 | : UV light
|
|
0.6 | !
=) I
&) |
o |
Hal I
oak | alogen lamp
I
|
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! Sunlight
|
0.0 L A . .
-20 0 20 40 60
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Figure 5.13. The plot of absorbance ratio (C/C,) of CV dye with the function of time in the

presence of MoSo.
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where C and Co are the time-dependent and initial concentrations, and t is the time at which
the sample was exposed under sunlight. Fig. 5.13 attributes the plot between the ratio of
concentrations (C/C,) and the time period for the samples under solar illumination, halogen
lamp, and UV light. Therefore, it showed that the fastest degradation was achieved from solar
exposure to the dye sample.

The graph between the In(C/C,) and the irradiation time (Fig. 5.14) demonstrates the oxidation
of CV dye by the MoS> nanosheets, which is well-fitted in a pseudo-first-order kinetic model.
The rate constant was calculated to be 0.049 min? for the dye solution under the solar

irradiation and proved to be the fastest degradation among the other light sources.

0.0
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o
O
o
o
= 1.5
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Figure 5.14. The pseudo-first-order reaction rate constant (k) plot with a function of the

irradiation time.
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The rate constant for dye degradation under halogen lamp and UV light was calculated to be

0.018 min't and 0.002 min™ respectively, as shown in Fig. 5.14. The degradation of dye was

also checked for different amounts of catalyst (MoS.), varied from 0.05 g/L to 0.3 g/L. The

absorption spectra were recorded for each catalyst dosage in the dye solution under no light

irradiation, as shown in Fig. 5.15. The mixture was stirred for 10 min (fixed) and centrifuged

afterward at 5000 rpm before recording its absorption spectra. The inset of Fig. 5.15

demonstrates the absorbance value of the dye solution with the increase in the amount of MoS;

NSs.
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Figure 5.15. The absorption spectra of dye for different catalyst concentrations. The inset

shows the plot between the absorbance of dye vs. the catalyst concentration.
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Figure 5.16. The degradation efficiency of the CV dye with the MoS, NSs concentration.

This illustrates the linear decomposition of dye due to an

increase in

adsorption/desorption isotherms. Fig. 5.16 showed the degradation efficiency of the catalyst at

different amounts and it is noted that the dye solution was completely decomposed when 0.3

g/L catalyst was added. The comparison of the different catalysts for the degradation of the

CV dye is given in Table 5.1.

Table 5.1. The comparison of photocatalytic performance of various catalysts used to

degrade 100 mL CV dye under solar irradiation.

S. Catalyst Loading of Conc. Degradation Time Results
No. catalyst (mg) (LM) (%) (min)
1 Sn@Cdots/ 60 25 90 210 Ref. [34]
TiO>
2 Mn/PVP/ZnO 25 24 91 180 Ref. [35]
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NPs
3 CaFe204 100 94 90 100 Ref. [36]
4 ZnO flowers 100 24 86 80 Ref. [37]
5 Nano-anatase 40 25 90 45 Ref. [38]
TiO:
6 MoS2 NSs 10 40 92 50 This work

The solar light-driven PCA of the CV dye by MoS> NSs was best described by the
internal mechanism taking place during the process. In solar irradiation, the small bandgap
energy of the MoS, NSs generates electron-hole pairs between conduction and valence bands.

The electrons in the conduction band of the catalyst interact

Excitation

Figure 5.17. The possible degradation mechanism of the CV dye in the presence of MoS, NSs

under solar irradiation.
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with the oxygen atoms present in the system, which forms the superoxide (‘O2) radicals and
afterward reacts with the H* ions to make H20, which lately decomposes to give hydroxyl
radicals ("OH) [39]. Likewise, the holes present in the conduction band due to the formation of
excitonic e-h pairs react with the water molecules present in the system to form *OH radicals.
The produced "OH radicals interact with the dye adsorbed at the surface to release CO2/H.0O to
the environment, which is later used to produce acetic acid or used for other applications when

produced at a considerable scale (illustrated in Fig. 5.17). The reaction mechanism is as follows

[40].
Adsorption
MoS; NS + CV o Dye adsorbed on MoS, NSs
MoS,  NSs Mon M0S; =—————p e¢-h" pair
e+ 02 — ‘O
H20 —— H* + OH"
‘O + H* — H20>
H20:> — ‘OH
h* + OH —_— "OH
"OH + CV dye —_— CO2/H20

5.6. Application of MoS; NSs in Li-ion Battery

The MoS: NSs were used as an alternative anode in the half cell with respect to the lithium
metal sheet (chip) as counter electrode. The slurry for anodes were prepared by making

homogeneous mixture of the active material i.e., MoS, NSs, carbon black as a conductive
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material and PVDF (polyvinylidene difluoride) for binding in a weight ratio of 75:10:15,
dissolved in NMP (N-methyl-2-pyrrolidinone) solvent tailed by the 12 h of stirring at room
temperature. The slurry obtained was then coated through the doctor’s blade on a copper foil.
Afterward, the film was kept for drying in a vacuum oven at 75 °C for 12 h to evaporate the
solvent from the film.

The circular electrodes were taken out by cutting the film into 19 mm disks. The
CR2032 coin half-cells were accumulated in glove box (Abron Tech, Oz and H2O level were
kept at <0.5 ppm) filled under inert atmosphere by filling it with the argon gas. The lithium
disks were purchased from Sigma Aldrich (99.9%), which was employed as a reference and a
counter electrode. The separator made of glass fiber filter (Advantec, GB-100R) was used
whereas, 1 M LiPFs was used as an electrolyte. Then, the cyclic voltammetry (CV), rate

performance and impedance spectra were measured.
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Figure 5.18. The cyclic voltammograms of MoS; nanosheets at a scan rate of 0.05 mVs™,
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The cyclic voltammetry (CV) was measured for the MoS; electrode in the cell, as
shown in Fig. (5.18). In the first cycle of CV, the two reduction peaks (at 0.33 V and 0.87 V)
and one oxidation peak at 2.37 V were observed. Whereas the subsequent three cycles
demonstrated the occurrence of three reduction bands at 0.28 V, 1.08 V, and 1.88 V, and one
oxidation peak was observed at a voltage similar to the first cycle. Therefore, no significant
variation is recorded in the potential of oxidation peak whereas, the reduction peaks were
shifted from their initial positions. Here, in the first cycle, the lithiation process, i.e.,
intercalation of Li* ions with the layers of MoS> nanosheets, forms LixMoS, compounds. After
the complete occupation of these sites, the Li* ions were intercalated into defect sites of MoS>
nanosheets. Fig. (5.19) represents the stepwise rate performance of the MoSz nanosheets. The
initial cycle shows the higher specific capacity whereas, with the increasing number of cycles,

the cell performance could not stabilize much.
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Figure 5.19. The rate performance of MoS, nanosheets-based cell for number of cycles.
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Electrochemical impedance spectroscopy (EIS) was employed to the fresh cell and the
impedance spectra of the prepared MoS> nanosheets were measured and are demonstrated in
Fig. (5.20). The impedance spectra were recorded for MoS; nanosheets as an anode material
within the range of 10 mHz to 10 kHz for an AC voltage of 5 mV. The semicircle in the curve
falls in the region of high-frequency whereas, the straight line falls in the region of low-
frequency. The ohmic resistance (Rs) was measured by the interception of the x-axis in the
region of high-frequency, which shows the electrode and electrolyte resistance. In the middle-
frequency range, the EIS test demonstrates the charge transfer resistance (Rct). The inclination
of the curve in the region of low-frequency by 45° shows the Warburg impedance (Zw), which
defines the resistance due to Li-ion diffusion in the electrolyte solution. The diffusion

coefficient (D) could be calculated through the equation (5.11):

__ 0.5R?*T?
T A2C2F4g2

(5.11)
Where R is the gas constant, A is electrode area, T is the absolute temperature, F is the Faraday
constant, C is the Li" ion concentration and ¢ is the Warburg factor. Also, the real impedance
can be explained by equation (5.12):

Z'=R;+ Ry +ow™0° (5.12)

The plot slope obtained between the Z’ vs. o ® gives the Warburg factor. The D calculated

for the above EIS test came out to be 2.83 x 107*? cm?s™. This indicates that the prepared

nanosheets deliver higher discharge capacity.
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Figure 5.20. The impedance spectra of prepared MoS nanosheets recorded with AC pulse of

5mV.
5.7. Conclusions

MoS2 NSs were synthesized by the facile hydrothermal technique and studied for their
structural, morphological, compositional, electrochemical and optical properties. The XRD
pattern confirms the formation of 2H structure of MoS. NSs with a crystallite size of 33 nm.
The SEM images illustrate the formation of MoS: flakes-like structure. The HR-TEM images
showed the synthesized MoS: nanosheets have 5-6 layers, and the distance between the layers
was 0.67 nm. The orderly arranged fringes in the HR-TEM image confirmed the crystalline
structure with the inter-planar spacing of 0.54 nm, which is approximately similar to the value
calculated from the XRD pattern. The NSs exhibit well-defined absorption bands with a

bandgap energy of 2.07 eV.
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The synthesized MoS> nanosheets were used for the decomposition of the crystal violet
dye as a catalyst. The chain of experiments demonstrated that the 0.1 g/L of the catalyst worked
perfectly for the degradation of 4 x 10 M of the CV dye under solar irradiation within 50 min.
The degradation efficiency and the kinetic rate constant for the above trials were 92% and 0.04
min’t, respectively. Under halogen light, these values are 68% and 0.018 min, respectively.
Further, complete degradation of the dye can be achieved without irradiation by increasing the
concentration of the catalyst (MoS2 NSs) from 0.05¢/L to 0.3g/L. The MoS2 nanosheets as an

anode in Li-ion battery showed a significant performance with the diffusion constant of 2.83

cmZs,
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CHAPTER 6

2,4,6-TNP explosive sensing by WS, QDs
6.1. Introduction

The two-dimensional (2D) nanomaterials have always been fascinated the research community
due to their extraordinary properties. The most extensively studied 2D material is graphene,
possessing unique properties that could be exploited in many ways to sort various purposes for
greater advancements in science and technology [1,2]. In the past few decades, the search for
other 2D materials led the scientific community to a different class of transition metal
dichalcogenides (TMDs) with a graphene-like structure and many other interesting properties
[3-7]. One such TMD is the tungsten disulfide (WS>), which has gained considerable attention
due to its excellent optical and electronic properties [8]. The 2D structure of WS, is composed
of the atomic layer of tungsten sandwiched between the two hexagonal layers of the sulfur
atoms. The layers are interconnected by the weak van der Waals forces [9]. The reduction in
layers causes the transition from the indirect bandgap to the direct bandgap by exfoliating the
bulk WS; to its nanosheets [10,11]. This enlargement in the bandgap encouraged some
outstanding properties, which makes it appropriate for applications in bioimaging [12],
catalysis [13], energy storage devices [14,15], transistors [16] and optoelectronic devices [17].

Recently, a new class of nanomaterials known as the WS, quantum dots (QDs) has
been developed by restricting the size of the nanosheets. It possesses distinct electrical and
optical properties than nanosheets because of quantum effects, such as quantum confinement
and edge effects [18-24]. This displays the large direct bandgap energy (3.2 eV) of the WS,

QDs when compared to its monolayer (2.1 eV) and a bright blue emission is observed when
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exposed to the ultraviolet (UV) light [25]. Photoluminescence (PL) properties of WS, QDs can
be exploited for many-valued causes like electrodeless sensing studies, catalysis applications,
electrical transportation, targeted drug delivery, etc. [26,27]. The PL-based sensing of WS,
QDs was extensively studied and a lot of work has been pursued. WS2 QDs carried out the
selective sensing of dopamine through its fluorescence turn-off mechanism [28]. The fungicide
drug called nitrofurazone was detected by the quenching mechanism of the fluorescent WS,
QDs through the Forster resonance energy transfer (FRET) mechanism [29].

The quantum dots have been preferred for the direct detection of toxic and dangerous
compounds. One such compound is 2,4,6-trinitrophenol (TNP), popular as picric acid, which
is an explosive compound with more explosive strength than the very famous explosive 2,4,6-
trinitrotoluene (TNT) [30-35]. TNP is used deliberately in fireworks, dye, pharmaceuticals,
rocket fuels, forensic research, and chemical laboratories [36]. The widely used compound
finds its way into the ground and pollutes the soil and the water bodies by its highly acidic
nature. TNP has many proven harmful effects on the aquatic ecosystem, the terrestrial lifeforms
and can cause many health issues like damaging the respiratory system, affecting liver
functioning, skin irritations, etc., in humans [37]. The high solubility and highly acidic nature
make its detection significant and appealing.

Here in this work, the novel water-dispersible WS, QDs has been synthesized by facile
hydrothermal technique. The synthesized QDs were employed to detect TNP in an aqueous
medium by the quenching of PL intensity. The prepared QDs showed promising sensitivity
and selectivity towards the highly acidic nitro explosive, which has a high-risk factor in

humans and the environment. The Forster resonance energy transfer mechanism has also been
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explained in this work. The primary detection of 2,4,6-TNP compound in water through WS,

QDs holds great significance for the safety of human beings and the environment.

6.2. Materials and methods
6.2.1. Materials used

All the reagents used were of analytical (AR) grade and without further purification. The
sodium tungstate was used as a tungsten source, purchased from CDH chemicals LTD. The
sodium sulfide had been used as sulfur source, purchased from CDH chemicals LTD. The
diaminobutane (DAB) is used as the capping agent, purchased from Sigma Aldrich. The nitro-
explosive compounds, i.e., 2,4,6-trinitrophenol, 2,4-nitrotoluene, 2-nitrotoluene, 4-
nitrotoluene and 2,4-dinitrobenzene were purchased from Sigma Aldrich. The ultrapure de-

ionized (DI) water was used for the sample preparation and sensing application.
6.2.2. Experimental method

The WS, QDs were prepared through a novel facile hydrothermal method. Here, the 0.5 mM
sodium tungstate and a certain amount of DAB are mixed in 30 ml of DI water in a round
bottom flask under an inert environment. The 1.2 mM sodium sulfide was stirred separately to
20 ml DI water for 30 minutes and then transferred to the mixture above in a round bottom
flask. After 10 min of rigorous stirring, the combination was moved to the stainless-steel
hydrothermal chamber with Teflon lined vessel and kept in a pre-heated oven at 150 °C for 8
h. The retrieved surfactant was dialyzed by a cellulose membrane of 1kda for 48 h, where water
is changed every 2 h. The finally recovered colloidal solution consists of the fluorescent WS>

QDs.
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6.3. Instrumentation

The absorption spectra were recorded by the UV-visible double beam spectrophotometer
(Lambda 750, Perkin Elmer). The photoluminescence (PL) spectra were recorded by the
spectrofluorometer (Flourolog-3, Horiba Jobin Yvon Inc.) with an excitation source of a 450
W xenon lamp [38]. The sample cuvette made of quartz was used to record the steady-state
measurements.

6.4. Results and Discussion
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Figure 6.1. The absorption spectrum of the WS, ODs. Inset illustrates the Tauc's plot for the
measurement of the direct bandgap.

UV-visible absorption spectroscopy is a very important diagnostic technique to record

electronic transitions of the WS, QDs. Figure (6.1) demonstrates the absorption spectrum of

the WS, QDs and a sharp band has been observed at a wavelength of 288 nm, illustrating the

130



excitonic behavior of the QDs. The inset of Fig. (6.1), represents the Tauc’s plot of as-
synthesized WS, QDs, to depict the optical bandgap energy (Eg) through the well-known
Tauc's equation (6.1):

ahv = A(hv — Ey)" (6.1)
where A signifies the constant value known as band tailing parameter, a illustrates the
absorption constant, n is the power factor of the transition mode and hv describes the photon
energy. The factor n varies for different electronic transitions and for the direct transitions, it
is equal to Y%.

For determining Eg, the Tauc's plot was drawn between (ahv)? vs. hv. The intercept of
the x-axis (hv) by extrapolating the linear part of the Tauc's plot provides the energy bandgap
of WS, QDs. The optical bandgap for a direct transition of the prepared QDs was obtained to
be ~3.6 eV, which is comparably larger than its bulk counterparts because of the quantum

confinement effect.

Normalized Intensity

300 375 450 525 600 675

Wavelength (nm)
Figure 6.2. Normalized PL and PL-excitation spectra of WS, QDs in water.
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Figure (6.2), illustrates the PL spectrum of the prepared WS, QDs, which shows a band
at 432 nm when excited with the source wavelength of 360 nm. The PL-excitation spectrum
shows peaks at 310 and 360 nm with an emission wavelength of 430 nm.

The absorption and excitation of the QDs do not overlay completely, which may occur
due to the PL of WS> QDs, which comprises different species that may originate from various
ground states. Accordingly, the PL of the QDs were measured at various excitation
wavelengths ranging from 300 to 400 nm with an interval of 10 nm, as shown in Fig. (6.3).
With the increase in the excitation wavelengths, the PL peak position shift towards the higher

wavelengths region (from 420 to 460 nm), along with the change in peak intensity (Fig. (6.4)).

24 Kex= — 300 nm

—— 310 nm

—320 nm

20 —— 330 nm

o —— 340 nm

S —— 350 nm

8 16k — 360 nm

g — 370 nm

e ——380 nm

2 12k ——390 nm

£ —— 400 nm
7
e

L 08

£

0.4

0.0

360 400 440 480 520 560
Wavelength (nm)

Figure 6.3. The PL spectra of MoS, QDs in the water at different excitation wavelengths.
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Figure 6.4. Peak normalized PL spectra of WS, QDs dispersed in water with varying the

excitation wavelength from 300 to 400 nm.

These changes may have occurred due to the formation of electron-hole pairs at
different energy levels, which took place due to the inhomogeneous distribution of the particle
size in the aqueous medium and the surface functionalization of the WS, QDs. The
corresponding blue shift occurred in the PL excitation spectrum with changing emission

wavelength, as shown in Fig. (6.5).
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Figure 6.5. PL-excitation spectra at different PL wavelengths of MoS, QDs dispersed in water.

6.5. Detection of Nitro explosives
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Figure 6.6. The absorption spectra of WS, QDs with different concentrations of TNP in

water.
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Figure (6.6) demonstrates the change in the absorption spectrum of the prepared WS>
QDs with an increase in the concentration of TNP. The addition of TNP (2.8 uM) increased
the absorbance of the QDs, accompanied by the origination of a new absorption band at around
350 nm from TNP. Upon increasing the concentration of TNP from 2.8 to 56 uM, the
absorbance of the WS, QDs increases from 0.74 to 0.95. Fig. (6.7) shows the linear relationship
between the absorbance of WS, QDs and the concentration of TNP. The observed linear

relationship exhibits that WS, QDs can be employed as a sensing probe to detect TNP in water.
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Figure 6.7. A plot between the absorbance of the WS, QDs and the concentration of TNP.
WS, QDs have been preferred as a fluorescent probe for detecting nitro compounds
due to their size-dependent bandgap tuning. Therefore, the PL titration experiments of the WS,
QDs were conducted for various nitro compounds (10 M) to observed their impact on PL

spectrum and intensity. The experiment was withheld by taking QDs (3.5 ml) in a 10 mm wide
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quartz cuvette as a fluorescent probe. Afterward, different concentrations of the nitro explosive
compounds were added in an incremental order from 0.28 uM to 160 uM. The PL spectra were
recorded at each concentration for different nitro explosive compounds at the exciting

wavelength of 360 nm.

Intensity (x10°) (a.u.)

400 450 500 550 600 650
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Figure 6.8. The PL spectra of WS, QDs with the incremental concentration of TNP in water
with 360 nm excitation of wavelength.

The PL intensity recorded at excitation wavelength 360 nm of the WS, QDs were

gradually quenched with increasing concentration of the TNP compound, as shown in Fig.

(6.8). Fig. (6.8) shows that the very small concentration of TNP (1.4 uM) caused significant

quenching in the PL intensity of the WS> QDs. The initial PL intensity of the QDs reduced to
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half by adding 17 uM concentration of TNP. The initial PL intensity of the QDs quenches to
~99% by raising the concentration of TNP to 1.6 mM. Also, the blue fluorescent WS, QDs
turn non-fluorescent under UV illumination.

The substantial decrease in the PL intensity of the WS, QDs were signified using the
well-known Stern-Volmer (S-V) equation (6.2):

lo/l = Ksv [TNP] + 1, (6.2)
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Figure 6.9. The SV plot between relative PL intensity of QDs vs. the TNP concentration. The
inset of the figure shows the linear region of SV plot at low concentrations of TNP.
where lo and | denote the initial and positional (with different concentrations of TNP) PL
intensities of the WS, QDs, respectively [TNP] and Ks.v denotes the quenching constant (M-

Y. Fig. (6.9) illustrates the non-linear SV plot for higher concentrations of TNP, whereas a
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linear SV plot has been obtained for the lower concentrations of TNP (inset of Fig. 6.9). The
quenching constant (Ks.v) was calculated to be 0.76x10° M. The limit of detection (LOD)
calculated for the above titration using 36/Ks.v, Where o illustrates the standard deviation of

the blank and Ks.y is the slope of the SV plot to be 0.2 uM, for the dynamic range of TNP

concentration from 0.28 to 85 pM.
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Figure 6.10. Bar plot for the PL quenching (in %) of WS, QDs with different nitro explosive
compounds in water.

The selectivity test was conducted for the selective detection of TNP by performing
titration experiments with several nitro explosive compounds like 2-nitrotoluene (2-NT), 4-
nitrotoluene (4-NT), 2,4-dinitrobenzene (DNB) and 2,4-dinitrotoluene (DNT). The
comparison between the PL % of quenching is shown in Fig. (6.10), which shows that the PL
guenching by TNP is many times larger than other nitro explosives. Thus, WS, QDs could be

an efficient probe sensing TNP selectively in water. Also, the interference of other nitro
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explosives was tested in TNP sensing. For that, an equivalent concentration of other nitro
compounds was added to QDs as the TNP. Then, the PL spectra of QDs were recorded in the
presence of all the compounds. The bar graph (Fig. 6.11) showed the interference effect on the
TNP sensing. The quenching percentage for all interference results is nearly the same because

of the presence of TNP compound.

100F s - oL Ll
80 |
<
2 eof
=
Q
c
O
g 40}
|
o
20 |
0

TNP DNB+TNP 2-NT+TNP DNT+TNP 4-NT+TNP
Figure 6.11. Interference bar plot for the PL quenching (in %) of WS, QDs with different
nitro explosive compounds at certain TNP concentrations.

6.6. Conclusions

The WS> QDs were prepared through a novel facile hydrothermal technique. The prepared
QDs were characterized through absorption spectroscopy to measure their optical bandgap
energy. The UV-visible absorption spectrum showed a sharp absorption band at 288 nm
whereas, the bandgap energy is calculated to be 3.6 eV with Tauc’s plot. The PL and PL-
excitation spectra were also measured for the synthesized WS, QDs. The absorption and
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excitation spectrum of the QDs do not overlap because the PL of WS, QDs comprises different
species that might originate from different ground states. The excitation-dependent PL
occurred due to the evolution of electron-hole pairs at different energy levels, which took place
due to the inhomogeneous distribution of the particle size in the aqueous medium and the
surface functionalization of the WSz QDs.

The prepared QDs were employed for the detection of highly acidic and explosive
compound 2,4,6-trinitrophenol. The QDs senses the TNP efficiently and selectively with a
detection limit of 0.2 uM for the dynamic range of TNP concentration of 0.28-85 uM. We feel
that the primary detection of a commonly used pollutant in the environment using QDs is quite

significant for humanity.
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CHAPTER 7

Summary and Scope of Future Work

7.1. Summary

The objectives of the current thesis entitled “Growth of molybdenum disulfide (MoSy)
nanostructures and their applications” disclosed the structural, morphological, electrical,
compositional and optical properties of MoS> nanostructures and discussed their utility for
sensing and photocatalytic applications. The MoS> has gained a great attention because of its
structural similarity with graphene [1]. The layers tuned bandgap of MoS> possesses
magnificent optical and electronic properties which exhibit a wide range of applications, i.e.,
catalysis, transistors, batteries, photodetectors, gas sensing, and as well as optoelectronic
devices [2-16]. When the layered MoS> nanosheets are reduced to the zero-dimensional (0D)
quantum dots (QDs) then the entirely different photo-physical properties of MoS; arises
because of its quantum confinement and edge effects [17-19]. MoS. QDs have been
extensively studied due to its low toxicity, high stability, abundance availability and excellent
optical properties. The production of novel and advance MoS. nanostructures, is the
fundamental step towards their implications to the numerous applications in various divisions.
This thesis holds synthesis of different MoS> nanostructures by adopting the facile
hydrothermal route. The hydrothermal/solvothermal method to synthesize MoS, was opted,
due to its ability to form nanostructures at high pressure and temperatures, ease in handling,
uniform production of nanomaterials and high yield [20-22]. The MoS> nanosheets and their
quantum dots were prepared by altering the size of the particles and confining them in one or

all axis to explore their properties comprehensively. The optical properties of MoS;
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nanostructures (like absorption, photoluminescence and time-resolved photoluminescence)
along with the different sensing and photocatalytic applications have also been discussed in

detail.
7.2. Important findings of the research work

The MoS: nanostructures were hydrothermally synthesized and their constituent phase, phase
purity and the crystallite size were analysed from the XRD and compared with the respective
JCPDS files. The results were then confirmed by analysing HR-TEM images, for particle size
and structure. The orderly patterned fringes confirmed the formation of crystalline structure of
MoS. The optical investigations through UV-visible absorption spectroscopy, PL
spectroscopy and FTIR spectroscopy had been carried out for the prepared nanostructures to
recorded their optical performances.

The synthesized MoS; QDs were then employed to detect the very explosive
compound, 2,4,6-trinitrophenol (TNP), which has greater explosive strength than the very
well-known explosive, trinitrotoluene (TNT). The TNP or picric acid is very acidic in nature
and has been used in various industries, whose waste can cause severe health-related issues
and destroy the soil and water resources. The primary detection of TNP of concentration as
low as 5 uM, could be recorded through this sensing probe.

The highest quantum yield (QY) of the prepared quantum dots i.e., 17% had been
achieved among previously reported QDs through the same hydrothermal route. Then, the
absorption and PL spectra were recorded of the MoS, QDs and used to detect the lead metal
ions (Pb?*) in water bodies. The Pb?* ions can cause severe damage to the human brain and
could be a preliminary cause of cancer. The detection of Pb?* ions in water holds great

significance for the sustainability of humanity. The detection of the Pb?* ions was pursued the
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greater sensitivity and larger selectivity among other metal ions in water. Therefore, certain
experiments were carried out and the data has been represented wisely to demonstrate the MoS;
QDs as an efficient Pb?* ion sensor. The detection of Pb?* of concentration as low as 50 uM is
possible through this probe.

The synthesized nanosheets were then employed for the photodegradation of the
organic pollutant, i.e., crystal violet (CV) dye in water. The photodegradation of CV dye was
performed because of the bandgap of the nanosheets, which lies in the visible region and
supports the environment by using the abundant solar energy for the decomposition of an
organic pollutant. The presence of the CV dye in water is a severe threat to the environment
and aquatic life. Therefore, its degradation holds great significance for the upliftment of a
sustainable environment.

The other transition metal dichalcogenides were also synthesized. The synthesis and
characterization of tungsten disulfide (WSz) QDs were carried out. The bright blue
fluorescence was observed when exposed to ultraviolet light (365 nm). The prepared QDs were
then employed to detect the TNP compound in water. The sensitivity and selectivity of the
WS> QDs based sensor were calculated. The primary detection of TNP of concentration as low
as 0.2 uM, could be recorded through this sensing probe.

7.3. Future scope of the work

1. Preparation of modified MoS> nanosheets by doping or forming heterostructures to
enhance its photo/electro-catalytic performance.

2. Implementation of the prepared MoS; nanosheets as an anode in Li-ion batteries.

3. Preparation of modified fluorescent TMD QDs with enhanced optical performances.

4. Electro-absorption/emission properties of the fluorescent TMD QDs.
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