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Abstract

Transition-metal dichalcogenide (TMD) quantum dots (QDs) represent a rapidly
advancing class of nanomaterials distinguished by tunable photoluminescence (PL),
high surface reactivity, chemical stability, and biocompatibility, yet achieving water-
stable QDs with strong emission remains challenging. This thesis systematically
examines the hydrothermal synthesis of WS> and MoSe; QDs and correlates their
physicochemical properties with optical behavior to develop high-performance
fluorescent probes for detecting industrial, environmental, and pharmaceutical
contaminants. Alkaline-synthesized WS> QDs (pH = 11) resolved the instability
associated with acidic exfoliation, producing highly dispersible, blue-emitting QDs
with multiexponential lifetimes and strong structural stability. These QDs were
comprehensively characterized using XRD, FTIR and HR-TEM, while their optical
responses were evaluated through steady-state and time-resolved spectroscopy,
collectively confirming their crystalline integrity, defect-mediated emissive states and
robust aqueous stability. The WS> QDs demonstrated exceptional sensitivity toward
hydrogen peroxide (0.33 nM—594 puM, LoD 1.7x10°® M) through reversible redox
cycling between W(IV) and W(VI), enabling nearly complete signal recovery across
multiple cycles. Complementarily, hydrothermally prepared MoSe. QDs characterized
by strong 260 nm absorption and blue excitation-dependent emission served as highly
sensitive probes for 2,4,6-trinitrophenol (TNP), showing linear Stern—Volmer
behaviour (3.3-99 nM) and an LoD of 1.43 nM dominated by the inner filter effect.
Together, these findings highlight the tunability and responsiveness of TMD QDs
toward oxidative and nitroaromatic pollutants.

Further extending their sensing versatility, WS2 QDs were applied for detecting
heavy-metal ions and pharmaceutical contaminants. For Cr®", the QDs exhibited strong
and reversible PL quenching driven primarily by static surface complexation,
supported by XPS evidence of partial oxidation of W and S atoms. The platform
delivered ultralow detection limits (39.5-154 pM across different water matrices), a
broad linear range (0.66—660 nM), and excellent recyclability over more than 18 redox
cycles, establishing it as one of the most sensitive WS»-based Cr®" sensors to date. WS,

QDs also enabled sensitive, label-free detection of Vitamin B12 via a static-dominated
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mechanism (0.33-565 nM range, 555 pM LoD), and amoxicillin via combined static—
dynamic quenching supported by FTIR-verified adsorption and minor lifetime changes
(0.33-607 nM, 1.24 nM LoD). Collectively, this research demonstrates that
hydrothermally synthesized WS> and MoSe; QDs form a robust, regenerable, and
environmentally benign sensing platform capable of detecting oxidants, metals,
nitroaromatics, vitamins, and antibiotics. The study provides crucial insight into
structure, property and function relationships in TMD QDs, and establishes their
strong potential for real-sample monitoring, multimodal sensing, catalytic

remediation, and emerging biophotonic applications.
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Chapter 1

Introduction

1.1. Historical Evolution: From Ancient Art to Modern Science

Nanoscience (NS) has its origins much further back in time than most people think.
NMs were unknowingly utilised by ancient craftsmen. The 4™-century Lycurgus Cup
obtains its dichroic colour from gold and silver nanoparticles (NPs), and stained-glass
windows manufactured in the middle ages acquired their vivid colours through the
application of metal oxide NPs [1,2]. In the 19th century, Michael Faraday conducted
pioneering experiments with colloidal gold that laid the groundwork for NS. Working
in the basement laboratory of the Royal Institution in the 1850s, Faraday discovered
that gold could be divided into particles so small they were invisible to any microscope
of his day. He observed that solutions containing these fine gold particles showed a
distinctive red colouration, which varied depending on the particle size- a phenomenon
he explored through careful optical experimentation. Faraday prepared pure colloidal
gold samples using chemical reduction, and excellently noted that the colour changes
were not due to a chemical compound, but rather to the size-dependent interaction of
light with suspended particles. This work culminated in his 1857 Bakerian Lecture, in
which he described the remarkable optical properties of activated gold and outlined
what we now recognise as the Faraday-Tyndall effect, where the scattering of light by
colloidal particles produces visible colored cones. Faraday’s systematic study of ruby-
glass fluids not only demonstrated the key principle that nanoscale dimensions govern
material properties but also established experimental routes and theoretical insight that

would inspire future generations of researchers in NS and nanotechnology (NT) [3-5].

NS got its start in the modern era with Richard Feynman’s landmark 1959 lecture,
“There’s Plenty of Room at the Bottom”. In this visionary talk, Feynman proposed the
idea that it should be possible to manipulate and arrange individual atoms and

molecules, opening a new frontier for the engineering of materials and devices at the
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atomic scale. Although his proposals seemed futuristic at the time, Feynman’s insights
anticipated many of the core approaches now fundamental to NT, such as atomic-scale
fabrication, molecular machines, and data storage on unprecedentedly small scales [6—
8]. The term “nanotechnology” was later introduced by Norio Taniguchi in 1974, who
formally defined it as the meticulous engineering of materials and devices with
nanometre-scale precision, further establishing the conceptual framework that would
guide technological advances in this field. Both Feynman’s foresight and Taniguchi’s

definition continue to shape research directions in NS and NT today [9].

Building on Feynman's foundational vision, the field of NS rapidly advanced with the
invention of high-resolution characterisation tools such as the scanning tunnelling
microscope and atomic force microscope in the 1980 [10,11]. These tools enabled the
direct visualisation and handling of materials at the atomic level, thus facilitating the

production and research of a wide range of nanomaterials (NMs).

1.2. Nanoscience and Its Technological Impact

NS and NT have transformed the way materials are understood and engineered by
shifting attention from bulk properties to phenomena that emerge at the nanometer
(nm) scale. When at least one dimension of a material becomes comparable to
characteristic physical lengths (electron mean free path, exciton Bohr radius, phonon
wavelengths), quantum confinement, surface-to-volume ratio effects, and altered
defect physics produce electronic, optical, and chemical behaviours that are distinct
from the bulk. These size-dependent changes enable novel functionalities, for
example, tunable band gaps, enhanced catalytic activity, strong light-matter
interactions, and altered mechanical properties, which can be exploited across

electronics, photonics, energy conversion, and sensing technologies [12].

The drive toward NMs arose from the realisation that traditional bulk materials could
not meet the demands of next-generation technologies. As device miniaturisation
progressed, especially in electronics and medicine, scientists needed materials with
tunable properties, high sensitivity, and multifunctionality. NMs—engineered at the

atomic or molecular level-offered solutions: they could be designed for specific
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optical, electrical, or catalytic behaviours, and their high surface area [13] made them

ideal for sensing and catalysis [7,12,14].

Unlike bulk counterparts, NMs exhibit emergent properties due to their quantum
confinement and large surface-to-volume ratio, which enable enhanced adsorption,
faster response rates, and increased reactivity—traits crucial for high-performance
applications ranging from biosensors to energy storage and targeted therapeutics
[12,15]. The ability to tailor the structure, composition, and surface chemistry of NMs
has opened pathways for multifunctional systems that can respond dynamically to
external stimuli, highlighting their pivotal role in transforming modern technology

[16,17].

1.3 Classification of Nanomaterials

NMs can be distinguished by their dimensionality, chemical composition, morphology,
and physicochemical properties. This multi-level classification is crucial for
understanding how their structure influences their applications in sensing, electronics,

catalysis, and medicine.

1.3.1. Classification by Constituents and Chemical Nature

1.3.1.1 Carbon-based NMs: Carbon-based NMs, such as carbon nanotubes (CNTs),
Fullerenes, graphene, and carbon quantum dots (QDs), are the next generation of
materials that find their application in the field of electronics due to their excellent
electrical properties, and in the field of multifunctional materials. The atomically thin
nature of graphene, with its high carrier mobility and flexibility, makes it a suitable
material for electronics. In contrast, CNTs can be utilised in mechanical applications
due to their high tensile strength and in thermal applications due to their high thermal
conductivity. Besides, fullerenes and carbon QDs show excellent optical properties
and are biocompatible; therefore, they are used in sensing, energy, and biomedicine

fields [18,19].

1.3.1.2 Metal-based NMs: Metal-based NMs, such as gold, silver, platinum, and iron
oxide NPs, are valued for their plasmonic, magnetic, and catalytic properties. Gold and
silver NPs show strong localised surface plasmon resonance, enhancing their use in
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biosensing and imaging. Platinum NPs are highly efficient catalysts, and iron oxide
nanoparticles are widely used for magnetic resonance imaging and targeted drug

delivery [20-23].

1.3.1.3 Semiconductor NMs: Semiconductor NMs include silicon NPs, CdSe QDs,
and TMD QDs. The materials are engineered to exhibit variable bandgaps and display
unique optical/electronic properties. One of the size-dependent photoluminescence
(PL) properties of QDs is exploited for the application of optoelectronic devices and
bioimaging. TMD QDs offer strong excitonic effects and high charge carrier mobility
[24,25].

1.3.1.4 Polymeric NMs: Polymeric NMs, such as dendrimers, micelles, and nanogels,
offer excellent biocompatibility and versatility in drug delivery. Dendrimers have
highly branched structures for targeted therapy, while micelles and nanogels can
encapsulate drugs for controlled release. Their tunable surface chemistry and
responsiveness to stimuli make them suitable for advanced biomedical applications

[26-28].

1.3.1.5 Lipid-based NMs: Lipid-based NMs, such as liposomes and solid lipid NPs,
are used broadly in the medical field and the pharmaceutical industry because they are
compatible with the human body and can release drugs in a controlled way. Liposomes
carry water-loving as well as water-hating drugs, thus making the drugs more effective
and less toxic [29,30]. Solid lipid NPs further enhance stability and targeted delivery.
Recently, lipid NPs have gained significant importance in the fields of vaccine and
gene therapy, owing to their efficient encapsulation, protection of payloads, and

minimal toxicity [31,32].

1.3.2. Classification by dimension

NMs are classified by the number of dimensions in which electrons are confined to the
nanoscale (1-100 nm). This dimensionality not only determines their physical form
but also fundamentally alters their electronic properties, especially the density of states

(DOS)- the number of available electronic states at each energy level.
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D(E), which represents the number of available electronic states per unit energy, arises
significantly with the dimensionality of a material and is a key factor governing its
optical and electronic behaviour (Fig. 1.1). In three-dimensional (3D) bulk materials,
the D(E) increases smoothly with the square root of energy (D3p(E) « E1/2), leading
to continuous energy bands. When the dimensionality is reduced to two dimensions
(2D), as in atomically thin layers, the D(E) becomes step-like, remaining constant
within each sub-band and resulting in sharper optical transitions (D2p(E) « E°). In one-
dimensional (1D) systems such as nanowires or nanotubes, the D(E) exhibits a series
of singularities (Van Hove singularities) due to quantum confinement along two
directions (Dip(E) o E-1/2), while in zero-dimensional (0D) systems like QDs, the
energy levels become fully discrete, like atomic orbitals (Dop(E) ) §(E — E;). This
progressive confinement from 3D to 0D not only modifies the DOS but also enhances
excitonic effects, alters carrier dynamics, and leads to tunable bandgaps, all of which

are crucial in designing nanoscale optoelectronic and photonic devices.

Dot
L °
Bulk
D(E) D(E) D(E) D(E)
ﬁ J
Eg E Eg E Eq E Eg E

Fig. 1. 1 Schematic illustrating the D(E) as a function of energy for materials in
different dimensions.

1.3.2.1 Zero-Dimensional (0D) nanomaterials

Zero-dimensional (0D) NMs are characterized by QC in all three spatial dimensions

(x, y, and z), such that charge carriers are restricted within a region comparable to or
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smaller than their exciton Bohr radius. This means that electrons are restricted in every
direction, resulting in discrete, quantised energy levels, a phenomenon known as QC.
Common examples include QDs, NPs, and fullerenes. These materials often exhibit
spherical or quasi-spherical shapes and possess a high surface-to-volume ratio, which
enhances their chemical reactivity and provides many active sites per unit mass [33].
The unique optical and electronic properties of 0D NMs, such as size-dependent PL
and high quantum yield (QY), make them highly valuable for applications in

bioimaging, sensing, and optoelectronics [34,35].
1.3.2.2 One-Dimensional (1D) nanomaterials

1D NMs exhibit QC in two spatial dimensions, while charge carriers are free to move
along one direction. This anisotropic confinement gives rise to unique electronic and
optical properties, such as Van Hove singularities in the DOS. Common examples
include nanowires, nanotubes, and nanorods, which typically appear as needle-like or
wire-like forms [36,37]. In 1D NMs, electrons may move without restriction along the
elongated axis but are limited in the other two directions, which leads to the step-like
DOS and the extraordinary transport properties. These materials may be in the form of
crystals or a glassy state, metals, ceramics, or polymers, and can be either the main
agents or those absorbed in other media. Their high aspect ratio and efficient charge
transport make them ideal for applications in nanoelectronics, sensors, and energy

storage [38,39].
1.3.2.3 Two-Dimensional (2D) nanomaterials

2D NMs are confined in only one spatial dimension, with their thickness reduced to a
few atomic layers, while charge carriers remain free to move in the other two
directions. Such materials exhibit step-like DOS and strong QC and surface effects.
This results in sheet-like or plate-like structures, such as nanosheets, nanofilms, and
layered materials like transition metal dichalcogenides (TMDs) are prominent
examples of 2D NMs [40,41]. In these materials, electrons are confined in the
thickness direction but are free to move in the plane, leading to a constant DOS within
each sub-band. The large surface area and tunable electronic properties of 2D NMs
make them highly attractive for sensing, catalysis, and flexible electronics [42,43].
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1.3.2.4 Three-Dimensional (3D) nanomaterials

3D NMs lack QC, as their dimensions extend beyond the nanoscale in all three
directions. They exhibit a continuous DOS like that of bulk materials, but may still
show enhanced surface reactivity when composed of nanosized grains or particles.
Some of these are nanocubes, nanonetworks, and bulk nanocomposites. In 3D NMs,
the electrons are free to move, and the DOS is continuous, like in bulk materials. Such
materials may retain the properties of their nanoscale components and thus, they can
be mechanically stronger, more catalytically active, and multifunctional [44,45]. 3D
NMs find extensive applications in the field of structural materials, as porous

materials, and as the supports for catalysis and adsorption [14,46].

1.4 Quantum size effects

At the nanoscale, materials exhibit properties that deviate markedly from their bulk
counterparts due to QC. When the dimensions of a material approach the de Broglie
wavelength of electrons, the motion of charge carriers becomes restricted, resulting in
discrete energy levels rather than continuous bands. This phenomenon, known as the

quantum size effect, leads to several notable changes [34,47].

1.4.1 Tunable electronic and optical properties

As the particle size decreases, the QC effect causes an increase in the band gap energy,
which results in a noticeable blue shift in the absorption and emission spectra of NMs,
as represented by Fig. 1.2. This size-dependent tunability of electronic and optical

properties is central to the design of nanoscale devices and sensors [48].
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Fig. 1. 2 Schematic represents how reducing the QD size leads to an increased energy
band gap.

1.4.2 Enhanced surface effects

The surface-to-volume ratio rises sharply, so a larger fraction of atoms are at or near
the surface, increasing chemical reactivity and altering thermal and mechanical

properties [48,49].

1.5 Two-Dimensional (2D) Nanomaterial: Emergence & Significance
Graphene, a single layer of carbon atoms arranged in a 2D honeycomb lattice, marked
the beginning of a new era in materials science following its successful isolation in
2004 by Geim and Novoselov. Its extraordinary physical properties, such as high
carrier mobility (~2 x 103 cm? V! s71), excellent thermal conductivity (~5000 W m'!
K1), mechanical strength (Young’s modulus ~1 TPa), and optical transparency
(~97.7%), established it as a model 2D material and triggered immense research
activity worldwide [50]. The linear dispersion relation near the Dirac points yields
massless Dirac fermion behaviour, which gives graphene its unique electronic and
transport characteristics. Owing to these exceptional features, graphene was initially
envisioned as a potential material for next-generation electronic, photonic, and energy

devices. However, despite its outstanding properties, graphene also exhibits
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fundamental limitations that restrict its applicability in semiconductor-based
technologies. The most critical drawback is the absence of an intrinsic band gap,
resulting in a semi metallic nature with a zero-band gap. This makes it extremely
difficult to achieve a high on/off current ratio in graphene-based field-effect transistors,
a requirement for logic switching applications. Various approaches, such as chemical
functionalization, doping, substrate-induced band gap opening, and QC in graphene
nanoribbons, have been attempted to overcome this issue, but these often degrade
carrier mobility and compromise structural integrity. Additionally, graphene’s
chemical inertness and lack of out-of-plane bonding hinder its interaction with many
molecules, limiting its use in chemical sensing and catalysis without surface
modification. The absence of strong light absorption near the band edge also restricts
its efficiency in optoelectronic devices such as photodetectors and solar cells.
Moreover, the large-scale synthesis of defect-free, monolayer graphene with uniform
thickness remains challenging, as methods such as chemical vapor deposition (CVD)
or chemical exfoliation often produce multilayered or defect-rich films. Thus, while
graphene has revolutionised research on 2D materials, these inherent limitations have
motivated the exploration of alternative layered materials that possess tunable band
gaps, rich chemistry, and diverse functionalities. In this context, TMDs have emerged
as promising candidates, combining the advantages of a 2D morphology with

semiconducting behaviour and versatile optoelectronic properties.

1.5.1 Transition metal dichalcogenides

TMDs represent an important class of layered 2D materials with the general chemical
formula MX>, where M is a transition metal such as Mo or W, and X is a chalcogen
such as S, Se, or Te. Each monolayer consists of a hexagonally packed plane of metal
atoms sandwiched between two planes of chalcogen atoms, forming a stable X—-M—-X
structure. Fig. 1.3 represents the stacking sequence and structural unit cells of 2H-
trigonal prismatic, 1T-octahedral, and 3R-distorted octahedron phase. Adjacent layers
are held together by weak van der Waals forces, allowing them to be mechanically or
chemically exfoliated into monolayers or few-layer nanosheets. The intrinsic
semiconducting nature of many TMDs, along with their thickness-dependent

electronic properties, distinguishes them from graphene, which is gapless. Several
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TMDs undergo a transition from an indirect band gap in bulk to a direct band gap in
the monolayer, resulting in significantly enhanced optical absorption, strong PL, and
pronounced excitonic effects. Beyond electronic and optical properties, TMDs also
exhibit versatile chemical reactivity, layer-dependent mechanical strength, and tunable
catalytic activity. These characteristics make TMDs promising candidates for
applications in optoelectronics, catalysis, sensing, energy storage, and flexible
electronics. The vast compositional and structural diversity within TMDs enable
researchers to tailor their properties for specific applications by controlling layer
number, phase, morphology, and defect density, establishing them as a central focus of

contemporary 2D materials research.

Fig. 1. 3 Metal coordination’s (a), stacking sequences (b), and top view (c) of WS>
structural unit cells (2H-trigonal prismatic, 1T-octahedral and 3R-distorted octahedron
phase).

TMDs such as WS, and MoSe> share a layered crystal structure, where each monolayer
consists of a plane of transition metal atoms (W or Mo) sandwiched between two
planes of chalcogen atoms (S or Se), forming an X-M—-X configuration. These
monolayers are held together by strong covalent bonds within the plane and weak van
der Waals forces between the planes, enabling easy exfoliation into 2D sheets. Both

WS, and MoSe; typically crystallise in the stable 2H phase, which belongs to the
|
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hexagonal space group P63/mmc (No. 194) [51]. In this structure, the metal atoms (W
or Mo) exhibit trigonal prismatic coordination, while the chalcogen atoms (S or Se)
are arranged above and below the metal plane, resulting in a sandwich-like geometry.
The lattice parameters are similar for both materials, with MoSe: having a lattice
constant of approximately a =3.28 A, ¢ =12.92 A, and WSywitha =3.244, ¢
=12.32 A4, [52]. The interlayer spacing is slightly larger in MoSe> due to the larger

atomic radius of selenium compared to sulfur [53].

At the monolayer level, both materials maintain hexagonal symmetry and a thickness
of about 0.7 nm [51,52]. The weak interlayer vander Waals interactions allow for the
isolation of single or few-layer nanosheets, which is crucial for exploring their unique
2D properties. Stacking of these monolayers in the bulk leads to indirect bandgap
semiconducting behaviour, while monolayer forms often display a direct bandgap,
making them attractive for optoelectronic applications [51,54]. WS> and MoSe», two
prominent members of TMDs, exhibit remarkable electronic, optical, and catalytic
properties that make them highly suitable for sensing and energy applications. Both
materials are semiconducting with thickness-dependent direct bandgaps,
approximately 2.0 eV for monolayer WS and around 1.5 eV for monolayer MoSex,

which enables efficient absorption and emission in the visible light spectrum [51].

QDs derived from WS, and MoSe, represent a class of 0D NMs that exhibit
pronounced quantum confinement effects, resulting in discrete energy levels and size-
dependent optical and electronic properties. These QDs are typically synthesised via
bottom-up methods, such as hydrothermal, solvothermal, or ultrasonication-assisted
reactions, which allow for precise control over particle size, crystallinity, and surface
chemistry. Recent advances have enabled the production of WS, and MoSe2 QDs with
high crystallinity, narrow size distributions, and stable PL, making them attractive for
integration into sensor platforms with enhanced sensitivity and selectivity. For
example, hydrothermally synthesised WS, QDs have demonstrated stable fluorescence
and water dispersible, and their PL can be selectively quenched by analytes such as
Fe', enabling their use as sensitive probes for chemical and biological sensing [67].
WS, and MoSe:> QDs display strong PL, with emission wavelengths tunable by

adjusting the particle size. This tunability arises from the quantum size effect, where
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reducing the QD diameter increases the bandgap, leading to a blue shift in emission.
The QDs also exhibit high surface-to-volume ratios, providing abundant active sites
for chemical interactions, which is advantageous for sensing and catalytic applications
[55,56]. Similarly, MoSe> QDs produced via hydrothermal or liquid-phase exfoliation
methods have shown tunable PL and efficient charge separation, which are beneficial

for photocatalytic and optoelectronic applications [51,57].

1.6 Scope and Overview of the Present Work

The present thesis focuses on the synthesis, characterization, and application of TMDs
NSs, particularly WS, and MoSe> QDs, as multifunctional photoluminescent materials
for chemical and biological sensing. Motivated by the unique optical tunability, high
surface reactivity, and QC effects of TMD QDs, this research explores their potential
as efficient fluorescent probes for detecting environmentally and biologically
significant analytes. The work is structured around a systematic investigation of the
synthesis—structure—property relationships of these QDs and their sensing behaviour
toward diverse targets. The synthesised WS, and MoSe> QDs are characterized using
various spectroscopic and microscopic techniques to understand their size,
morphology, optical transitions, and defect states. Subsequently, their PL responses are
utilised for the selective and sensitive detection of H20», 2,4,6-TNP, hexavalent
chromium ions (Cr®"), Vitamin B12, and the antibiotic AMX, as well as, among other
substances. The underlying quenching mechanisms, including inner filter effect,
charge transfer, and dynamic quenching, are analysed in detail to elucidate the
interaction pathways between the QDs and analytes. Overall, the thesis aims to
establish a comprehensive understanding of how compositional variation, surface
chemistry, and excitation-dependent emission in WS, and MoSe; QDs can be exploited

for real-world sensing applications.
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Chapter 2

Experimental Tools and Techniques

2.1 Synthesis of Nanomaterials
The fabrication of NMs can be categorised into two main processes: top-down and
bottom-up, as illustrated in Fig. 2.1. One method alone cannot overcome all NSs'

challenges; thus, hybrid approaches combining the advantages of both methods are

being developed.
|T0p-Down Approach | | Bottom-up Approachl
Precursor AN ) e
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Fig. 2. 1 Tllustration of top-down and bottom-up strategies for the synthesis of NPs.

2.1.1 Top-Down Techniques

Top-down methods start with bulk materials and break them down into nanoscale
structures through physical or chemical processes. These are typically subtractive

techniques, where the original material is reduced in size:

2.1.1.1 Mechanical Grinding (Ball Milling): Bulk materials are mechanically ground

to a powder of a small particle size. NPs are commonly produced by ball milling in
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various industrial processes due to their ease of scalability and straightforwardness;

however, they can still cause the generation of defects and a wide size distribution.

2.1.1.2 Lithography: This technique uses light, electrons, or ions to pattern materials
at the nanoscale. Photolithography and electron-beam lithography are essential for

fabricating nanoarchitectures in microelectronics and nanodevices.

2.1.1.3 Etching: Chemical or plasma etching selectively removes material to create

nanoscale features. It is often combined with lithography for precise patterning.

2.1.1.4 Erosion: Physical or chemical erosion processes, such as laser ablation or ion

beam milling, are used to sculpt NSs from bulk materials.

Top-down approaches can be effective for generating vast amounts of NMs and for
involving NSs in existing devices. However, these methods may still have some
drawbacks, such as defects, high prices, and a smaller extent of atomic-scale feature

control [58,59].

2.1.2 Bottom-Up Techniques

Bottom-up methods construct nanomaterials atom by atom or molecule by molecule,
starting from gaseous or liquid precursors. These additive techniques allow for fine

control of the material's composition and structure:

2.1.2.1 Sol-Gel Method: Involves the transition of a system from a liquid 'sol’
(colloidal suspension) to a solid 'gel' phase. It is widely used for synthesising metal

oxide NPs and thin films.

2.1.2.2 Chemical Vapour Deposition: Gaseous reactants are deposited onto a
substrate, where they react to form thin films or NSs. CVD is crucial for producing

high-purity, uniform NMs, including 2D materials like TMDs [25].

2.1.2.3 Physical Vapour Deposition: The material is first vaporised and then
condensed into a thin layer on a substrate. The method is used for creating nanoscale

metals, semiconductors, and composites [60].
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2.1.2.4 Electrochemical Deposition: NMs are synthesised by electrochemical
reactions at electrodes, allowing for controlled growth of NSs such as nanowires and

coatings.

2.1.2.5 Atomic Layer Deposition: Thin films are fabricated one layer at a time through
alternating exposure to precursor gases, providing the materials with control for both

thickness and composition at the atomic scale.

2.1.2.6 Hot Injection Method: This methodis an extensively used bottom-up
technique for synthesising NMs, especially QDs and other colloidal nanocrystals.
Essentially, a cold precursor solution is quickly injected into a hot solvent that contains
surfactants or stabilising agents, usually at temperatures exceeding 150°C. This sudden
injection creates a high level of supersaturation, which imparts the nucleation of NPs
immediately followed by a controlled growth phase. One of the primary benefits of
this method is the ability to isolate the nucleation and growth phases of the process.
Despite its strengths, this method can be challenging to scale up due to the need for
rapid and uniform mixing, as well as precise temperature control. Furthermore, the
method is also very sensitive to slight changes in the concentration of the reactants and
the injection rate, which can yield different results each time the experiment is repeated

[61-63].

2.1.2.7 Hpydrothermal Synthesis: Hydrothermal synthesis is a solution-based
technique that enables the formation of NMs under elevated temperature and pressure
in a sealed vessel known as an autoclave. This method is inspired by natural geological
processes and is particularly effective for producing crystalline phases that are difficult

or impossible to obtain by conventional high-temperature methods [45,64,65].
Working Mechanism of Hydrothermal Method

The process begins by dissolving precursor materials in water or another solvent,
generally with the addition of mineralizers to enhance solubility. The solution is
transferred to a Teflon-lined or steel autoclave, which is then sealed and heated to
temperatures typically above 100°C, generating high vapour pressure inside the vessel.
The high temperature and pressure increase the solubility and reactivity of the

precursors, thereby facilitating nucleation and crystal growth. Depending on the
.
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synthesis strategy, a temperature gradient may be maintained within the autoclave,
allowing the nutrient to dissolve at the hotter end and crystallise at the cooler end, or
the entire vessel may be cooled gradually to induce supersaturation and crystallisation.
Fig. 2.2 represents the Schematic of a typical hydrothermal synthesis vessel, showing
the Teflon cup containing water and solid reagents, enclosed by a stainless-steel shell

and lid, with a bursting disc for pressure control.

Stainless steel

Bursting Disc lid
Teflon cup Water (Solvent)
t\ ...
Stainless-steel shell Solid reagents

Fig. 2. 2 Schematic representation of a typical hydrothermal experimental setup.

Key Parameters and Control

The morphology, size, and crystallinity of the final NMs can be quantitatively
controlled by adjusting the synthesis parameters, including temperature, pressure, pH,
reaction time, and precursor concentration. For example, lower temperatures and
shorter reaction times favour the formation of kinetically stable phases, while higher
temperatures and longer durations promote thermodynamically stable products. The
use of mineralizers (e.g., NaOH, KOH) can further influence the solubility and growth
kinetics, enabling the synthesis of diverse NSs such as rods, sheets, spheres, and

hollow particles [66,67].

Advantages of Hydrothermal Synthesis
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1. Versatility: Capable of producing a wide range of NMs, including oxides,

chalcogenides, and complex structures.

2. Morphology and Size Control: Fine-tuning of synthesis conditions allows for

precise control over particle shape and size.

3. High Purity and Crystallinity: The method yields highly crystalline products with

fewer defects, which is essential for advanced applications.

4. Eco-friendly: Often uses water as the solvent and requires lower energy input

compared to other methods.

5. Access to Unique Phases: Enables the synthesis of materials that are unstable or

have high vapour pressure near their melting points.

For TMDs, such as MoS,, WS, and MoSe>, hydrothermal synthesis is especially
advantageous. It allows for the controlled growth of uniform nanosheets and QDs with
tailored properties, which are critical for high-performance sensing applications. The
ability to adjust reaction conditions enables the optimisation of the surface area,
crystallinity, and defect density of TMD NMs, directly impacting their sensitivity and

selectivity in chemical and biological sensors [68—70].

2.2 Characterization Techniques

After synthesizing NMs, it is essential to carefully examined them to understand their
structure and properties. Characterization techniques help reveal important details
such as particle size, shape, crystal structure, chemical composition, and optical
behaviour. These methods allow researchers to see how the materials are built at the
atomic level and to measure how they interact with light and other substances. This
chapter presents the experimental procedures and advanced characterisation
techniques employed throughout the thesis to analyse the synthesised NMs. A
comprehensive approach was adopted to ensure accurate determination of structural,
morphological, compositional, and optical properties, which are crucial for

understanding the behaviour and performance of NPs in various applications.

Structural and compositional information was obtained XRD, HR-TEM, and
XPS. Functional groups and molecular interactions were identified by FT-IR. Optical
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properties, including absorption and emission behaviour, were studied using UV-
visible spectroscopy and PL measurements. PL lifetimes and excited-state dynamics

were further explored with TCSPC.

Together, these techniques offer a comprehensive toolkit for probing the
structure, composition, and optical properties of NMs. The following sections present
ray diagrams and concise descriptions of each characterization method, detailing their
working principles, instrumentation, and operational features to facilitate a deeper

understanding of the experimental approaches used in this thesis.

Unless otherwise stated, all subsequent chapters utilize the same

characterization techniques described herein.

2.2.1 X-ray Diffraction (XRD)

X-ray diffraction is a fundamental and widely used technique for characterizing the
crystal structure, phase composition, and lattice parameters of crystalline materials,
including NMs. The technique is non-destructive and requires minimal sample
preparation, making it ideal for routine analysis of powders, thin films, and bulk

samples.

The method is based on the interaction of monochromatic X-rays with the periodic
atomic planes in a crystal. When a finely ground, homogenized sample is irradiated
with X-rays, the atoms in the crystal lattice scatter the incident rays. Constructive
interference occurs at specific angles, producing a diffraction pattern that is

characteristic of the material’s atomic arrangement [71].

The principle underlying XRD is Bragg’s law (Fig. 2.3), which relates the wavelength
of the X-rays (L), the interplanar spacing (d), and the angle of incidence (0) as follows:

2dSinf = nAi (2.1)

where n is an integer representing the order of reflection. When the Bragg condition is
satisfied, the diffracted X-rays reinforce each other, resulting in detectable peaks in the
diffraction pattern. By scanning the sample over a range of 20 angles, all possible

diffraction directions are sampled due to the random orientation of crystallites in a
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powder specimen. Each material exhibits a unique set of d-spacings, allowing for

phase identification by comparison with standard reference patterns.

/

Reflected angle

/

/

I4—D.—-v|

Atomic plane
d Sin@ \

Path difference : 2d Sin6

Fig. 2. 3 Schematic representation of Bragg’s law of X-ray diffraction.

A typical X-ray diffractometer consists of an X-ray tube (commonly with a copper
target for CuK,, radiation, A=1.5418 A), a sample holder and a detector mounted on a
goniometer. The X-ray tube generates X-rays by accelerating electrons toward a metal
target, resulting in the production of characteristic X-ray lines. The monochromatic X-
rays are collimated and directed onto the sample and the diffracted rays are detected
as the sample and detector rotate through preset angles. The resulting diffraction
pattern is recorded as intensity versus 20 and the positions and intensities of the peaks
provide information about the crystal structure, unit cell dimensions, and crystallite

size. The schematic representation of X-ray diffractometer is shown in Fig. 2.4.
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Fig. 2. 4 Schematic representation of an X-ray diffractometer.
XRD is especially valuable for NMs, as it can reveal not only phase composition and

crystallinity but also estimate average crystallite size through peak broadening
analysis. This is achieved using the Scherrer equation, which relates D to the

wavelength of the X-ray radiation (L), the FWHM, [ of diffraction peaks, and the

Bragg angle (0)
KA
b= B/, cos0 ’ (2.2)

here, K'is a dimensionless shape factor dependent on the crystallite geometry,
typically~ 0.9. The broadening of diffraction peaks, after correction for instrumental
contributions, arises primarily from the finite size of coherently diffracting crystalline
domains. Smaller crystallites result in broader peaks, allowing this formula to provide
an approximate average size. It is important to note that the Scherrer equation estimates
the size of crystal domains, which may differ from particle size, especially when

particles are aggregates of multiple crystallites [72].

XRD measurements in this thesis were carried out in reflection mode using a Bruker
D8 Advance powder X-ray diffractometer (Fig. 2.5) operated at 45 kV with Cu Ka
radiation (A = 1.546 A).
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Fig. 2. 5 Image of Bruker D8 Advance powder X-ray diffractometer.
2.2.2 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR is a crucial analytical technique used to identify and characterize materials based
on their molecular vibrations. In FT-IR, infrared radiation passes through a sample,
where specific frequencies are absorbed by the material, depending on its molecular
structure, while the remaining radiation is transmitted. The resulting unique spectrum
reflects the vibrational modes of the functional groups present in the material, which
acts as a molecular fingerprint. Unlike traditional dispersive spectroscopy, FT-IR
employs an interferometer to simultaneously measure all infrared frequencies,
significantly reducing scan times from minutes to seconds. The collected
interferogram, containing combined frequency information, is converted to a
frequency spectrum through Fourier transformation by the instrument's computer

system (Fig. 2.6).
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Fig. 2. 6 Schematic representation of FTIR instrumentation.

FT-IR spectrometry offers several instrumental advantages. It offers high scan speed
(Fellgett advantage), high sensitivity due to greater optical throughput (Jacquinot
advantage) and precise wavelength calibration using a He—Ne laser (Connes
advantage). The instrument also features mechanical simplicity, ensuring stability and

reliability during routine analyses [73,74].

FT-IR measurements in this thesis were performed using two different
spectrometers: a Perkin Elmer, Two-spectrum FT-IR spectrometer, and a
thermoscientific Nicolet Summit X FT-IR spectrometer. Both instruments operated in

the wavenumber range of 400-4000 cm™! (Fig. 2.7).
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Fig. 2. 7 Image of the Thermo Scientific Nicolet Summit X FT-IR spectrometer.

2.2.3 High-Resolution Transmission Electron Microscopy (HR-TEM)

HR-TEM is a powerful analytical technique used to study the morphology, size, lattice
structure and crystallinity of NMs at the atomic scale. It provides information in both
real and reciprocal space through imaging and SAED patterns, respectively.

It operates by transmitting a highly focused beam of high-energy electrons (typically
several hundreds of kV) through an ultra-thin specimen. The electrons interact with
the sample’s atomic planes, producing an interference pattern that forms a magnified
image revealing lattice fringes and structural defects at the atomic scale.

The electron beam is generated by a thermionic or field emission gun and focused by
electromagnetic lenses into a monochromatic beam before passing through the
specimen. Transmitted electrons are further magnified using objective and projector
lenses and then collected by detectors such as a charge-coupled device camera or
phosphor screen. Contrast in HR-TEM images arises from variations in sample
thickness and density, with denser regions appearing darker due to greater electron
scattering. HR-TEM enables the direct visualisation of lattice fringes and atomic
arrangements, allowing for the determination of d-spacing and confirmation of the
crystalline nature of the sample through SAED patterns [75]. It is widely employed for
analyzing lattice defects, dislocations, grain boundaries, stacking faults, and other

structural features of NMs.
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Fig. 2. 8 Schematic representation of the principle of the HR-TEM system.

HR-TEM analysis in this study was performed using two different instruments: the
Thermo Scientific TALOS and TECNAI TEM (Fei Electron Optics) system, each
operated at an accelerating voltage of 200 kV, which enables high-resolution imaging

critical for detailed structural characterization.

2.2.4 X-ray Photoelectron Spectroscopy (XPS)

XPS is a quantitative, surface-sensitive technique used to determine elemental
composition, chemical states, and electronic environments within the top 1-10 nm of
a material’s surface. This enables precise identification and quantification of surface
atoms, as well as insight into chemical bonding, oxidation state, and sample

homogeneity.

The technique is based on the photoelectric effect, in which a material is irradiated
with monochromatic X-rays, causing the emission of core-level electrons. The kinetic
energy (Ex) of these emitted photoelectrons is measured and related to their binding

energy (BE) by the Einstein equation:
BE=hv—E,— @ (2.3)

where hv is the photon energy of the incident X-rays, and @ is the work function of

the spectrometer. Each element has a characteristic set of binding energies, which
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allows identification and analysis of the chemical state and electronic environment of

atoms in the sample.

A typical XPS system is composed of three essential components: an X-ray source, an
electron energy analyzer, and an ultra-high-vacuum chamber. The X-ray source
provides monochromatic radiation, commonly Al K, (1486.6 eV) or Mg K, (1253.6
eV), which excites the core-level electrons of the sample atoms. The emitted
photoelectrons are then analyzed by a hemispherical electron energy analyzer, which
precisely measures their kinetic energy, enabling the determination of the
corresponding binding energies. To ensure accurate measurements and minimize
contamination or scattering of photoelectrons, the entire system operates under ultra-
high vacuum conditions, typically around 10 mbar. In addition to these primary
components, the system may include an electron or ion gun for in situ surface cleaning,
as well as detectors for photoelectron counting and signal amplification. A schematic
representation of the working principle of the XPS setup used in this study is illustrated
in Fig. 2.9.

Electron energy Analyzer
(measures kinetic energy of
electrons)

Electron collection

lens
Electron Detector
Photo-Emitted electrons (<1.5 kV) (counts the electrons)
escape only from the very top

surface of the sample

Electron
Take-Off Angle

Focused beam of
X-rays

SiO,/Si’
Sample Si(2p) XPS signals
from Silicon Wafer

Fig. 2. 9 Schematic representation of the XPS system.
XPS analysis in this thesis was performed using a PHOIBOS 150 hemispherical

analyser (SPECS system) with a monochromatic Al K, source (hv = 1486.6 eV) under
an ultra-high vacuum (base pressure ~1 x 10° mbar). Spectra calibration was
referenced to the C 1s peak of adventitious carbon at 284.8 eV, ensuring consistency

across samples. Data analysis and peak deconvolution were performed in OriginLab
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using a Gaussian—Lorentzian fitting routine with linear background subtraction to

resolve contributions from elements and their corresponding chemical states.

2.2.5 Absorption Spectroscopy

Absorption spectroscopy is a fundamental optical characterization technique used to
investigate the electronic and optical properties of semiconductor nanocrystals, thin
films and bulk insulating materials. These materials exhibit distinct optical bandgaps
and absorption occurs when incident photons possess sufficient energy to excite
electrons from the valence band to the conduction band. The resulting absorption
spectra provide valuable information about electronic transitions, excitonic features

and the optical bandgap energy of the material.

Ultraviolet to near-infrared (UV/Vis/NIR) radiation is commonly employed to
study these transitions, as it effectively covers the energy range relevant to most
semiconductors. In this measurement, the sample is exposed to a beam of light and
photons are absorbed by the electrons, while part of the light is transmitted. The
spectrophotometer records the intensity of transmitted light (I) relative to the incident
light intensity (I,), generating a spectrum of absorbance (A) as a function of

wavelength. The relationship follows the Beer—Lambert law, expressed as:
A= log%0 = ecl (2.4)

where A is absorbance, I and / are incident and transmitted intensities, € is the molar
extinction coefficient, /is the path length and cis the concentration of absorbing

species.

The UV/Vis/NIR spectrophotometer typically employs a deuterium lamp for UV and
a tungsten halogen lamp for Vis/NIR, covering a wide spectral range from 190 to 3200
nm. The incident light beam is dispersed into its constituent wavelengths by a
diffraction grating or prism. The separated light is then divided into two beams using
a half-mirror device, with one beam passing through a reference cuvette and the other
through the sample cuvette. The system detects the transmitted intensities and

computes absorbance using a ratio-recording method, ensuring high precision and
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baseline stability [76]. Fig. 2.10 demonstrates the ray diagram of instrumentation of

UV/Vis/NIR spectrophotometer.
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Fig. 2. 10 Ray diagram of UV/Vis/NIR absorption spectrophotometer.

This technique enables rapid, non-destructive analysis with minimal sample
preparation, allowing for the reliable quantification of bandgaps and other parameters.
Absorption spectra measurements in this thesis were performed using a PerkinElmer
Lambda-750 spectrophotometer (Fig. 2.11), which covers wavelengths from 190 to
3200 nm, equipped with automated electronics for precise data collection, this system

also used an integrated system for the solid samples.

Fig. 2. 11 Photograph of UV/Visible/NIR spectrometer, Lambda-750, Perkin Elmer.
2.2.6 Photoluminescence (PL) Spectroscopy

PL spectroscopy is a powerful, non-destructive technique for probing the optical and
electronic properties of NMs and semiconductors. In a typical PL spectrofluorometer

setup, monochromatic light from a stable excitation source irradiates the specimen,
|
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initiating photon absorption. The emitted PL is then collected through a system of
lenses and monochromators, dispersed according to wavelength, and detected by a
PMT. The recorded signal is processed electronically and displayed as a spectrum of
emission intensity versus wavelength, revealing the radiative recombination processes
occurring within the material [77,78]. Fig. 2.12 shows the schematic ray diagram of

the spectrofluorometer.
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monochromator
e Lamp

Dual grating emission
monochromator

!
Lk

Ref cell
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Filter Holder
. /; 5 Beam splitter

Polarizer

Optical module
\‘-— B 13

Sample holder

Monochromator controller DISPLAY

Fig. 2. 12 Ray diagram of Photoluminescence spectrofluorometer.

PL can be studied in both steady-state and time-resolved (TRPL) modes to distinguish
radiative mechanisms, quenching and recombination dynamics. In steady-state, the PL
intensity is recorded as a function of wavelength at a fixed excitation wavelength, and
for photoluminescence excitation (PLE) spectra, the PL wavelength is held constant

and excitation intensity is varied to identify energy-specific transitions.

PL spectra in this thesis were recorded using two spectrofluorometers: a Horiba
Scientific Fluorolog-3 spectrofluorometer (Fig. 2.13), equipped with double
monochromators for high spectral resolution, a Hamamatsu R928P (PMT), and a 450
W xenon lamp and a customized JASCO spectrofluorometer (FP-8500).
Measurements were typically performed at room temperature with tunable excitation

and emission settings. The instrument configuration enables the precise determination
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of luminescence properties, which are crucial for optoelectronic and sensing

applications.

Fig. 2. 13 Photograph of spectrofluorometer, Fluorolog-3 (Horiba Jobin Yvon).

2.2.7 Time-Correlated Single-Photon Counting (TCSPC) System

TCSPC is a highly sensitive and precise optical characterization technique used for
measuring PL lifetimes in the nanosecond and sub-nanosecond time domains. It
operates on the principle of recording the time interval between the excitation of a
fluorophore by a pulsed light source and the subsequent emission of a single photon.
This time correlation enables the construction of a PL decay profile, providing crucial
insights into radiative and non-radiative recombination processes within the material

[79].

In a typical TCSPC setup, the specimen is excited using a pulsed laser or flash lamp
of defined wavelength. Each excitation event generates PL photons that are detected
by a PMT or a single-photon detector. The time difference between the excitation pulse
and the detected photon is measured using a Time-to-Amplitude Converter. The TAC
linearly charges a timing capacitor upon receiving a ‘start’ signal from the excitation
pulse and stops charging when a ‘stop’ signal from the emitted photon is received,
generating an output pulse whose amplitude corresponds to the time interval between

the two events. These amplitudes are converted into a histogram of photon counts
|
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versus time channels, representing the PL decay curve of the sample, as represented in

Fig. 2.14.
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Fig. 2. 14 Schematic representation of the TCSPC system.

To ensure accurate lifetime determination, the IRF— which represents the temporal
profile of the excitation pulse— is also recorded. The IRF is typically obtained by
measuring the scattered light from a non-fluorescent reference material, such as
LUDOX solution, through Stokes or Rayleigh scattering at the excitation wavelength.
The measured decay curve is then deconvoluted with the IRF to yield precise lifetime

values.

PL lifetime measurements in this thesis were carried out using a Horiba Jobin Yvon
DeltaFlex-01-DD system equipped with a DeltaDiode laser and a PPD.850 detector
(Fig. 2.14). Data analysis and fitting were performed using the instrument's software,

employing least-squares algorithms to extract accurate lifetimes.
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Fig. 2. 15 Image of DeltaFlex-01-DD TCSPC lifetime spectrometer.

2.2.8 pH meter

A pH meter is an analytical instrument used to determine the acidity or alkalinity of a
solution by measuring the hydrogen ion activity. Accurate pH measurement is essential
in chemical, environmental, and materials research, as slight variations in pH can
significantly influence reaction kinetics, surface charge, stability, and optical

properties of NMs.

pH measurements in this thesis, were carried out using a Fisherbrand Accumet XL 600
dual-channel pH/mV/ion/conductivity/DO meter (Fig. 2.16 a), which provides high
precision and rapid stabilization. The instrument was calibrated using standard buffer

solutions before each set of measurements to ensure reliable and reproducible results.

Fig. 2. 16 Photograph of pH meter (a) and UV lamp (b).
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2.29 UV Lamp

A UV lamp is commonly used to provide controlled ultraviolet irradiation for studying

the optical stability and photodegradation behavior of fluorescent NMs.

A Cole-Parmer UV lamp (Fig. 2.16 b) in this thesis, with an excitation wavelength of
365 nm and an output power of 8 W was employed for photostability experiments. The
uniform UV exposure enabled the systematic evaluation of changes in PL intensity
under prolonged irradiation, ensuring accurate assessment of the photostability of the

synthesized QDs.
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Chapter 3

Synthesis of WS, Quantum Dots for
H»O2 Sensing: Quenching and
Recovery of Photoluminescence

3.1 Introduction

Due to their layered structure, diverse physical properties, and prospective uses in
nanoelectronics and optoelectronics devices, transition metal dichalcogenides (TMDs)
materials have piqued the interest of the scientific community [25]. Usually, TMDs are
optically active materials due to their metallic or semiconducting characteristics,
which depend on their structure. Especially, group-VI TMDs, such as WS, MoS; and
WSe,, exhibit semiconductor characteristics with a direct band gap [24,80], providing
tunability in the band gap, high mobility, and vast surface area [81]. Moreover, TMDs
have the standard formula MX; (M = Mo, W; X= S, Se, Te) composed of a transition
metal atomic layer stacked between two chalcogen atom layers, depending on atomic
stacking configurations. MX> can form two crystal structures, i.e., a trigonal prismatic

(2H) phase and an octahedral (1T) phase (Scheme 3.1).

Scheme 3.1 Trigonal prismatic (2H) WS; (a) and Octahedral (1T) WS: (b).

The findings of this work have been published in Materials Today
Communications 34(2023)105013 (Elsevier)
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Semiconductor TMDs quantum dots (QDs) such as WS, MoS, etc., with their
unique properties such as strong fluorescence, high stability, low toxicity, and large
surface area [17,82], allow them to be used in a variety of applications such as chemo
and biosensors, energy harvesting and memory devices [82—84]. Due to their high
photostability, they are also applicable in biomedical research such as gene delivery
[24], drug delivery [19], diagnosis [17,82] and bio-imaging [85]. High quantum yield
of photoluminescence (PL), broad absorption bandwidth and high photostability make
them superior as PL probes to be used in sensing applications [86—88]. The advantage
of QDs includes a narrow PL band, high quantum efficiency, active chemical sites for

conjugation and high photostability [89,90].

An outstanding achievement has been obtained with some semiconducting
TMDs such as MoS2, MoSe», and WSez. WS> has also gained great attention due to its
potential and sensing applications [91]. WS consists of a crystal structure with the
analogue of MoS:; both Mo and W belong to the same column of the dichalcogenide
family. WS> comprises S-W-S single layers through weak bonds, each of which
comprises S atoms that contain two hexagonal planes. The intercalated hexagonal
plane of W atoms binds with S atoms in a 2H configuration [92]. Each layer has a
thickness of ~6 A due to weak out-of-plane and strong in-plane covalent bonding in
the presence of van der Waals forces, making it suitable for various applications such
as optoelectronics, sensors, energy storage, catalysis, treatment, and bioimaging [64].
Reducing the layered structure from 2-D to 0-D leads to the formation of WS> QDs,
resulting in strong blue PL under UV irradiation. Strong emission can be easily seen
with the naked eye [11,29]. The formation of fluorescent WS, QDs leads to new
physical and optical properties due to edge effects and strong quantum confinement
[16,64]. WS> QDs have numerous active sites and a large surface-to-volume ratio,
which extends beyond their monolayer 2D structures, enabling them to serve in
photocatalysis-based applications [64,93,94]. The study of WS> QDs as a sensing
probe is still in its early stage compared to other fluorescent materials, such as carbon
QDs or semiconductor QDs [63,95,96], and it is interesting to study the fluorescent
properties of WS> QDs as a probe [80,97].

|
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Nowadays, the development of cost-effective, quickly responsive, and portable
chemical sensors for detecting hazardous gases and explosives is in high demand due
to the necessity for monitoring the ecological balance on Earth to protect human lives
[65,98]. Hydrogen peroxide (H20>) is a simple chemical compound, but it is essential
in various fields such as mining, clinical, food manufacturing, and pharmaceutical
applications. Excess H»>O» consumption harms the immune system. If the
concentration of H>O, exceeds a certain level, live cells will suffer from oxidative
stress and substantial damage [99-101]. A higher elevation in the level of H20:
generation also leads to various major diseases such as cancer, congestive heart failure,
chest pains, and Alzheimer’s disease. Therefore, detection of H2O; is very important
to maintain therapeutic interventions and for the proper etiology of diseases. Numerous
tech niques were used to detect H>O», such as spectrophotometry, chemiluminescence,
fluorimetry, chemical titration, chromatography, etc [100-103]. To detect H>O»
concentration, electronic and optical methods may also be used. In electrochemical
detection, electrons are generated through the catalytic reaction of H20O2, which is
subsequently utilised as a current signal [41]. In the optical mode of detection, we have
two types of signal-based studies: one utilises fluorescence signals, and the other
employs surface plasmon resonance (SPR) [104]. Methods based on luminescent
probes may be much more useful due to their high sensitivity, quick response, cost-

effectiveness, and good selectivity [105].

In the present study, therefore, fluorescent WS> QDs have been synthesized in
situ and examined whether these QDs can be used as an efficient sensing probe for
H>0; detection in an aqueous medium. Spectroscopic measurements confirmed the
“turn OFF ON” mechanism with cyclic stability of the probe in the presence of H>Oo.
Naked eyes can also see the visible colorimetric response. It is shown that PL is
quenched by ~98 % with H>O» and that the quenched PL recovers entirely by adding
a suitable amount of 0.1N of HCL

|
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3.2 Experimental section
3.2.1. Chemicals and reagents

Commercially available precursors and solvents having analytical purity were used in
synthesis without further purification. Sodium tungstate dihydrate (Na;WO4.2H>0, 96
%), H20, toluene, benzoic acid, benzene, aniline, benzaldehyde and HCIl were
procured from Thermo Fisher Scientific India Pvt. Ltd. L-cysteine
(HSCH,CHNH2COOH, 98 %) was procured from Sigma Aldrich. For all experiments
of H2O; sensing, deionised (DI) water with a resistivity of 18.2MQ-cm was used as a

solvent.

3.2.2. Synthesis

WS> QDs were synthesised using the previously reported single-step and facile
hydrothermal method with minor modifications [29]. Briefly, sodium tungstate and L-
cysteine were dissolved into an aqueous medium simultaneously with a molar ratio of
1:2. The pH value of the solution was adjusted with a pH meter to be ~ 11.0 (basic) by
using 0.1N NaOH solution with continuous stirring at 565 rpm at 30 °C. After swirling
for half an hour, the solution was sonicated for 20 min. Finally, the prepared solution
was placed into a 100 mL stainless steel autoclave and vessel lined with Teflon. The
hydrothermal vessel was kept for 36 h in the oven preheated to 200 °C. After cooling
down naturally, the vessel was taken out and the yellow-colored solution was
centrifuged to get desired WS> QDs. Any additional capping, stabilising agent, or post-
synthesis process was not necessary for the present synthesis. L-cysteine provides
stability to the as-synthesised WS> QDs due to its photoresist property, making this
method more attractive and straightforward. The systematic synthesis process for WS>
QDs is illustrated in Scheme 3.2. The reaction that occurs during the synthesis is

discussed in the next section.

The detailed synthesis procedure for WS> QDs used throughout this thesis is described
in this chapter (Section 3.2.2). In subsequent chapters, only additional modifications

or relevant experimental conditions are mentioned to avoid repetition.

|
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Scheme 3.2 Synthesis processes of colloidal WS, QDs using a single-step
hydrothermal growth method.

3.2.3. Chemical reactions involved

L-cysteine interacts with DI water to form the simplest alpha-keto acids, i.e., pyruvic
acid, having carboxylic acid and ketone functional groups, giving the emission of
chalcogen hydride gas, which has the typical unpleasant stench of rotten eggs [64].
HSCH>CHNH,COOH + H,0 — CH;COCOOH + NH;z + H,S T

Tungstate reacts with the produced halide gas and pyruvic acid, resulting in the
production of WSz QDs colloidal solution.

4 W03~ + 9 HzS + 6 CH;COCOOH — 4WS; + S05~ + 6CH3COCO0~ + 12 H,0

The chemical reactions and underlying mechanisms involved in the synthesis of the
prepared nanostructures are presented in this chapter (Section 3.2.3). These reaction
pathways are not repeated in subsequent chapters; only additional or modified

reactions relevant to specific studies are discussed.

3.3 Results and discussion
3.3.1. XRD and FTIR spectrum analysis

When TMDs changed from bulk to QDs, there was no clear evidence in the XRD
pattern [106]. In most samples, there was no discernible signature in XRD patterns

when the particle size was very small due to the creation of quantum dots [107].
|
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Further, it was reported that there was no peak or signal in the XRD pattern of
WS>/MoS; [108]. In the present case, WS> QDs showed a hump corresponding to the
(004) plane at 20 = 30°, as shown in Fig. 3.1(a), and it matches well with the reported
WS, QDs [106]. Figure 3.1(b) represents the FT-IR spectrum of the WS> QDs. The
band at around 1045 cm™' can be assigned to the C-O stretching vibration of hydroxyl
groups [109]. The band at 1637 cm™ represents the N-H out-of-plane and/or N-H;
bending vibrations of the amide group [64]. The bands at 419 cm™ and 2115 cm™ are
assigned to the W-S vibration and N=C stretching vibration, respectively [64,84]. The
hydrophilic groups (-OH and -COOH) are considered to occupy the surface of the
produced QDs. These groups contribute to the excellent water dispersibility of QDs,
which significantly expands their sensing applications in aqueous environments, as

exemplified by carbon dots [86].

0.2} a) —— WS, QDs b)
= 004 ~90
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00— 40 60 06 12 1.8 24 30 3.6
20 (degrees) Wavenumber (x10°) cm’

Fig. 3.1 XRD pattern of the produced WS> QDs thin film (a) and FT-IR spectrum of
colloidal WS, QDs dispersed in water (b).

3.3.2 HR-TEM analysis

The HR-TEM images of the synthesised WSz QDs at different magnifications are
shown in Fig. 3.2. The HR-TEM images in Fig. 3.2(a,b) show that WS, QDs have a
spherical, homogeneously distributed configuration with small aggregation of
particles, whose size ranges from 2 to 5 nm. The ordered and paralleled lattice fringes
demonstrate the crystalline nature of WS> QDs (Fig. 3.2a). The estimated crystal lattice
d spacing of 0.2 nm corresponds to the (100) plane of WS, crystal, as shown in the
inset of Fig. 3.2(a). The Gaussian distribution over the particles yields an average size
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of 4.5 nm as shown in Fig. 3.2(d). A narrow distribution of particles is helpful for
further applications.

Size = (4.5 : 0.07) nm

Frequency (Counts)
[

2 3.6 40 44 48 52 56 60

Particle size (nm)

Fig. 3.2 HRTEM images (a-c) of WS, QDs with particle size distribution (d).

3.3.3. Optical properties of obtained WSz QDs spectra

The absorption spectrum of colloidal WS> QDs dispersed in water is shown in Fig.
3.3(a), where the inset shows color images of WS> QDs observed under white light
irradiation and UV light irradiation, respectively. The absorption spectrum shows
intense bands at 334, 274 and 242 nm, along with a hump at 390 nm. The strong band
at 334 nm corresponds to an excitonic absorption band caused by direct gap transitions
at the K point in the Brillouin zone [106]. The band at 274 nm is caused by the optical
transitions from the valance band to the conduction band, whereas the bands at 242
nm and 390 nm are considered to be caused by the absorption of surface-adsorbed
functional groups such as sulphate or hydroxyl ions [64,108]. Figure 3.3(b) represents
the PL spectra of WS> QDs observed at ambient temperature with different excitation
wavelengths in the range of 280-450 nm. When the excitation wavelength (4., ) was
shifted from 280 to 310 nm, the PL intensity increased, whereas the intensity decreased

when A,, was shifted from 320 to 450 nm. With a shift of A,,from 280 to 400 nm, a
|
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gradual red shift of the PL peak was observed, as shown in Fig. 3.3(c). The maximum
shift of the PL peak was about 110 nm. At 310 nm excitation, the maximum PL
intensity was observed at 415 nm with a full width at half maximum (FWHM) of 90
nm. The obtained FWHM and the excitation-dependent PL spectra indicate the
possibility of numerous potential transition paths due to a considerable number of
surface defects [110], as in the case of carbon nanodots [111]. The excitation-
dependent PL spectra demonstrate polydispersity and/or inhomogeneous distribution
of WS> QDs, which is understood in terms of carriers that may be produced and fall
into localized states upon photoirradiation [88]. The carriers recombine radiatively or
scatter into lower-energy localized states. Carriers having high excitation energy may
recombine at highly localized states before the relaxation to the lowest state. If carrier
relaxation in high localized states is slow, photons having high energy may be emitted

[112], resulting in the excitation-wavelength dependent PL spectra [113].
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Fig. 3.3 Absorption spectrum of WS> QDs dispersed in water. Inset represents the
color photographs under visible illumination and UV irradiation (~365 nm) (a), The
overlapped absorption and PL spectra WS> QDs (b). PL spectra of WS, QDs at the
different excitation wavelengths (b) and the normalized spectra (¢). Fitted decay curves
of WS> QDs at 320 nm excitation and various PL wavelengths along with instrumental
response function (d).
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Furthermore, PL excitation spectra were also observed by monitoring the emission at
different wavelengths, as shown in Fig. 3.4. The PL excitation spectra are nearly
independent of the monitoring wavelength, and a prominent band was observed at
around 305 nm. It is also true that the PL band at around 360 nm showed a small blue

shift with decreasing the monitoring wavelength.

Pem=——420 nm
— 430 nm
— 440 nm
— 450 nm
— 460 nm
—470 nm
— 480 nm
— 490 nm
— 500 nm

PL Int. (x10%) (Arb. unit)

280 320 360 400
Wavelength (nm)

Fig. 3.4 PL excitation spectra of WS> QDs obtained by monitoring PL at different
wavelengths, which are shown in the figure.

To estimate the quantum yield (QY) of fluorescence of WS> QDs, quinine sulfate,
which has a QY of 54 %, has been used as a reference [114], based on Eq. (3.1) [115].

2
stam — QYref X Aredsam X AbSyef % (nsam) (31)

Areares  AbSsam  \Mref

where QYrer and QYsam are the quantum yield of quinine sulphate and WS> QDs,
respectively. “Abs” indicates the absorbance, and the “area” represents the integrated
areas of PL spectra. ‘n’ is the refractive index of the solvents employed for QDs and
reference, namely distilled water and sulfuric acid. The QY estimated from the above
equation was 8 %, which is higher than the reported QY for WS> QDs [64,91].

PL decay profiles of WS> QDs were measured with 320 nm excitation by monitoring
the PL at 380, 420 and 460 nm. The decay profiles could be fitted by using a tri-

exponential function, i.e., with Eq. (3.2).

|
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I(t) = o exp (-t/1q) + otz exp (-t/15) + a3 exp (-t/13) (3.2)
where a; and 7; represent the pre-exponential factor and lifetime of i-th component.
The results are summarized in Table 3.1, and typical fitted decay profiles are shown in
Fig. 3.3(d).

PL at 380 nm shows that a; of the fastest decaying component, which gives a
lifetime of 0.36 £+ 0.09 ns, was 0.69, and that o; of the slowest decaying component,
which gives a lifetime of 9.37 + 0.07 ns, was only 0.10. As the monitoring wavelength
became longer from 380 to 460 nm, the lifetime of all the decaying components

1.2
became longer. In the results, the average lifetime (t,,) calculated with t,, = ZZO:TT‘
iti

became longer with increasing the monitoring PL wavelength (see Table 1). The
monitoring wavelength dependence of the PL lifetime may be caused by the presence

of multiple emitting states arising from different surface states.

Table 3.1 PL lifetime and pre-exponential factors of WS, QDs dispersed in water at
320 nm excitation.

Aex | ApL T1 T2 13 51 o3 a3 | Tay |1
(nm) (ns) (ns) (ns)
(nm) (ns)
380 | 0.36 3.29 9.37 +10.69(021]0.10 594 | 1.34
320 0.09 0.38 0.07
420 | 0.51 4.08 10.12  +[0.63|0.23 |0.14 | 6.85 | 1.28
0.01 0.12 0.04
460 | 0.61 4.57 11.01  +£[0.65|0.25|0.11 | 6.84 | 1.36
0.08 0.11 0.05

3.4. Hydrogen Peroxide Sensing

3.4.1. Effect of H20: on the absorption and PL of WS2 QDs

All the measurements were carried out with freshly synthesised WS> QDs in DI water
[116]. Upon adding a small amount of H>0», e.g., 0.33 nM in a colloidal WS> QDs

dispersed in water, the absorption intensity of the excitonic band with a peak at 334
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nm as well as the intensity of the band-edge absorption at ~274 nm decreased (Fig.
3.5a). With increasing the concentration of H>O», the intensity of these absorption
bands decreased gradually. With a 594 uM concentration of H>O», for example, the
band at 274 nm became almost flat, while the 334 nm band diminished substantially.
The plots of (A¢—A), where Ao and A represent absorbance in the absence and presence
of H20», respectively, as a function of the concentration of H>O> in a range of 0 to 594
uM give a straight line with a fitting parameter of R? =0.98, as shown in the inset of
Fig. 3.5(a), suggesting that the absorption intensity can be employed as a probe to
detect H>O: in a given environment. Figure 3.5(b) shows PL spectra of WS> QDs
observed in the absence and presence of H2O2, having different concentrations ranging
from 0.33 nM to 594 uM. The PL intensity, which decreased significantly even with a
small amount of H2O2 (0.33 nM), further decreased gradually with increasing H20:
concentration. Thus, the PL quenching occurred in the presence of H>O», but the shape
of the absorption band didn’t change. Upon addition of H>O> (594 uM), the PL
intensity diminished by ~ 98 % (Fig. 3.5b), and the color change was clearly observed.
Pictures of WS, QDs solution were taken at different concentrations of H>O> under
white light and UV light irradiations, respectively. As shown in Fig. 3.5(c), color
change was observed with H>O>. As shown in Fig. 3.5(c), the yellowish color of the
sample observed under white light irradiation changed to no color, and the blue color
observed under UV irradiation disappeared with increasing H>O> concentration.
Usually, PL is quenched either due to a complex formation in the ground state,
1.e., the static quenching, or due to diffusion and collision of photoexcited species,
resulting in dynamic quenching [110,117]. To explore the quenching mechanism, PL
intensity was measured as a function of H>O, concentration, that is, Stern-Volmer
(S—V) plots given by Eq. 3.3 were obtained [65,118].
Io/I=1+ Ksv[H202] (3.3)
where I and Ip are the PL intensities observed with and without H>O», respectively.
The S-V plots showed a linear relation between PL intensity and H>O> concentration
with R?= 0.98 (inset of Fig. 3.5b). Then, the plots can be used as a calibration curve to
detect the quencher concentration. Ksy, called as S-V constant or quenching constant,

was estimated from the linear plots, to be 5.1x10° M! with Eq. (3.3). The
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corresponding LoD for H>O; was estimated with 36/K [119,120], where ‘G’ represents
the standard deviation (counted from ten measurements of blank QDs samples, without

the quencher) and 'K' is the slope in the plots, to be 1.7 x 10® M (S/N=3).
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Fig. 3.5 Absorption spectra of WS, QDs in the absence and presence of various (0.33
nM to 594 uM) H>O» concentrations (a) PL spectra of WS> QDs in the absence and
presence of various (0.33 nM to 594 uM) concentrations of H>O» with 320 nm
excitation (b) and inset of (a) shows the plot of (Ao—A) as a function of the
concentration of H>O> over a range of 0 to 594 uM and (b) inset of represents the
corresponding linear S-V plot and photographs under UV and visible illumination for
H>O> concentration of 0, 231, 495 and 594 uM (c).

In order to confirm that H»O selectively quenches PL of WS> QDs, similar
experiments have been done with other chemicals. As common chemicals [121],
toluene (TOL), benzoic acid (BZA), benzene (BZ), aniline (ANI) and benzaldehyde
(BAL) were used instead of H>O> with equivalent concentration (594 uM) of all
analytes. The results are shown in Fig. 3.6. Then, it was confirmed that the PL of WS>

QDs was selectively quenched by H>O», whereas such a quenching was not confirmed

with other chemicals.
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Fig. 3.6 Selectivity of PL quenching in WS> QDs was examined by using various
chemicals. Plots of the PL intensity (%) of WS> QDs in the presence of each of
chemicals (ANI, BZ, BZA, BAL, TOL and H202) relative to the intensity in the
absence of chemicals (Initial). The concentration of the chemical was 594 uM in every
case.

3.4.2. Effect of H202 on PL lifetime of WS2 QDs

PL decays are usually measured to understand excitation dynamics. For example, static
quenching and dynamic quenching can be distinguished. Accordingly, PL decays of
WS, QDs were measured with 320 nm excitation by monitoring the PL at the peak
position. Decay profiles were measured at various concentrations of H>O> under the
same experimental conditions as used for the steady-state PL measurements. The
observed decay profiles could be fitted with a tri-exponential function. The parameters
used for the fitting are summarized in Table 3.2, and fitted decay profiles are shown in
Fig. 3.7. It is noted that small baseline signals (about 10-20 counts) in different decay
profiles are different from each other because of the experimental uncertainty. As
mentioned in the previous section, the multiple lifetimes may be assigned to different
emitting states and polydispersity of QDs.

The lifetime 11 decreased from 0.51 ns to 0.26 ns with increasing H»>O»
concentration up to 495 uM (Table 3.2). The lifetimes of the second decaying

component, T2, also decreased slightly with increasing H>O», but the lifetime of the
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slowest decaying component, t3, was nearly independent of H»O,. Not only the
lifetime but also the pre-exponential factors are influenced by H>Oz; a1 increases from
0.63 to 0.79, whereas o, and oz decreased with increasing H>O; (Table 3.2). As a
result, the average lifetime (tav) in the absence of H>O», i.e., 6.85 ns is nearly the same
as the one in the presence of 396 uM H»>O» (6.81 ns). The inverse of 7; is plotted for
each component as a function of H>O» concentration. As shown in Fig. 3.7, to/11 as a
function of H2O> shows a straight line, indicating the presence of dynamic quenching
for this component. Note that to represents the lifetime of each component in the
absence of H>02, and the S-V plots given by the following equation could be obtained:
to/T = 1 + Ksv [H20:2]. The Ksv and LoD estimated from the linear plot for t; are 1.0
x10°> M and 0.6 x10° M, respectively. These values are different from the ones
determined from the steady-state measurements of the PL quenching because the
quenching mechanism is different from each other; steady-state PL quenching mainly
comes from the complex formation, which results in the decrease of absorption
intensity of the emissive WS, QDs and PL quenching (static quenching), while the
linear S-V plots derived from the PL lifetime of t; results from dynamic quenching by
a collision of emitting excited species with H>O,. Thus, the steady-state and time-
resolved PL measurements indicate the involvement of both static quenching caused
by the complex formation in the ground state and dynamic quenching caused by a
collision of emitting species of WS> QDs with H>O», respectively. Here, it should be
stressed that the present static quenching doesn’t mean the decrease of QY of PL,

though PL intensity decreases.
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Table 3.2 PL lifetime and pre-exponential factors of WS, QDs at the excitation
wavelength of 320 nm and PL wavelength of 420 nm at different concentrations of
H>0,.

Conc. of T1 T2 T3 oq (05 a3 Tav Xz
H20: (uM) (ns) (ns) (ns) (ns)
00 0.51+0.01 | 4.08+0.12 10.12+0.04 | 0.63 0.23 0.14 1.28
6.85
33 0.36+0.01 | 3.97+0.12 10.74£0.05 | 0.74 0.17 0.09 6.89 1.32
99 0.33+0.01 | 3.89+0.11 1093 £0.05 | 0.77 0.16 0.08 6.88 1.33
198 0.30+0.01 | 3.70+0.10 10.83 £0.05 | 0.78 0.15 0.08 6.95 1.41
297 0.31+0.01 | 3.90+0.11 11.04+0.05 | 0.78 0.16 0.07 6.73 1.40
396 0.29+0.01 | 3.86+0.11 11.09+£0.05 | 0.79 0.16 0.07 6.81 1.29
495 0.26+0.04 | 3.36+0.01 10.49+£0.09 | 0.79 0.13 0.07 6.70 1.39
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Fig. 3.7 Fitted decay profiles of WS> QDs in the presence of various concentrations
of H2O2 with 320 nm excitation and monitored at 420 nm. The inset shows the S-V
plots of individual lifetimes.

3.4.3. Restoring the PL of the sensing probe

The reversible nature of sensors is very important for their use in real practical

applications. To examine the reversibility of the sensor probe, 0.1 N HCI was added to
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WS> QDs water solution, which contained H2O; (with 594 uM). Upon adding HCI we
see PL intensity starts increasing sequentially and at an adequate amount of HCI1 (297
uM), the quenched PL of WS> QDs recovered by nearly 100 %, as shown in Fig. 3.8(a),
where the bar diagram of PL quenching and recovery following the addition of H>O>
and HCI, respectively, are presented. The photographs observed under UV irradiation
(365 nm) are also presented. Similar to the PL, absorption intensity of WS> QDs has
also been recovered (~100%) with addition of HCI, as shown in Fig. 3.8(b).
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Fig. 3.8 Bar diagram of relative PL intensity (%) of colloidal WS, QDs in the absence
(blue color) and presence of 594 uM H>0O: (red color) along with the recovered PL
intensity by adding 297 uM of 0.1 N HCI (green). The photographs of the colloidal
QDs under UV irradiation corresponding the bar diagram and the PL spectra upon
adding different amount of HCI are shown in the inset of (a). Absorption spectrum of
WS QDs in the absence (green line), presence of 594 uM of H>O» (blue line) and upon
addition of 297 uM of 0.1 N HCl in presence of H202 (594 uM)(b).

To examine the cyclic stability of WS, QDs-based fluorescent sensors, PL quenching
and recovery cycles were monitored by sequentially adding H,O> and HCI. The results
are shown in Fig. 3.9. The PL intensity of the developed chemosensor slightly
decreased after nine cycles of adding H>O> (594 uM in each cycle) and HCI (297 uM
in each cycle), but it is clearly shown that WS> QDs can be used to detect
H>0O; for more than nine cycles. Thus, the synthesized fluorescent probe of WS> QDs,

i.e., chemosensor, is known to be applicable as a selective and sensitive sensor of

H>0; for many cycles.
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Fig. 3.9 PL intensity of the developed fluorescent probe (QDs) upon successive
addition of H>O; (594 uM) and HCIl (297 uM) up to nine cycles. The plot shows
excellent cyclic stability for more than nine cycles.

3.4.4. Promising recovery mechanism
Colloidal WS> QDs, which showed PL with 8% QY were synthesized in DI water at a

certain pH. As already mentioned, PL decay profiles could be fitted with a
multiexponential function, probably due to the presence of different emitting states
arising from different surface states. The PL of WS> QDs diminished by 98% upon
adding a certain amount of H>O, but the diminished PL intensity was restored entirely
upon adding a certain amount of 0.IN HCI. The absorption and PL intensities of
colloidal WS, QDs decreased gradually upon successive addition of H»O,. The
absorbance of WS> QDs decreased drastically with H2O2 without any change in the
peak position, and PL of WS, QDs also decreased drastically with H>O,. As a
mechanism, WS QDs are considered to get oxidized in an alkaline aqueous
environment in the presence of H2Oz; the conversion to W(VI) from W(IV) is
considered to occur by making a complex of WS> QD with H>O», resulting in
quenching of both absorption intensity and PL intensity [96,122]. Upon adding a
certain amount of 0.1 N HCI, the absorption and PL intensity recovered to the original

value due to the conversion from W(VI) to W(IV) [120,123,124], as demonstrated in
|
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Fig. 3.10. Various probes which respond to H>Oz, as well as used methods reported so
far are summarized in Table 3.3, where the sensing effect of WS on H>0; is compared
with other probes for H>O». It is known that the present probe, WS> QD, is very

sensitive to H2O2 and very useful in a wide range of concentrations.

H,0,

PL “ON ”

7/
$ -

Fig. 3.10 The pictorial representation of the conversion of W(IV) to W(VI).

Table 3.3 A comparison of different probes claimed for H>O; detection.

Probe used Detection method Linear range LoD (nM) | Reference
Colloidal WS, QDs Absorption, PL, 0.33 nM-594 uM 1.7 This work
Lifetime (oxidation
and reduction)
Graphene quantum SPR 0.0 uM-100 uM 1.0 [125]
dots (GQDs)
Biosynthesized AgNPs | SPR 0.0 uM-140 uM 21.0 [126]
Pd-decorated PEDOT | Biosensor 2.5 uM-1.0 mM 2.84 [127]
nanospheres
Fe;04 nanocomposites | Coprecipitation 0.1 uM-6.0 mM 3.20 [128]
CNF electrode Electrochemical 1.0 uM-800 uM 0.60 [129]
Ultrathin Pt@Au NPs | Redox 1.0 uM-450 uM 0.18 [130]
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AgNPs/TiO; NTs Electrophoresis 0.75 uM-11.2 mM | 0.09 [131]
Pt/TeO,-NWs Amperometric 2.0 uyM-16 mM 0.60 [132]
Black phosphorus Electrochem. 0.1 pM-50 uM 10.0 [133]
MnOOH/CC Electrocatalyst 20 pm-9.67 mM 3.20 [134]
PDA-Ag hybrid Self-polymerization 92 uM-20.0 mM 1.97 [135]
hollow microspheres

Ag-NPs/MB Biocomposite 1.0 uM-3.0 mM 0.09 [136]
biocomposite

3.5. Conclusion

A bottom-up one-step hydrothermal method was used without any subsequent
treatments to prepare stable functionalized WS, QDs with an average size of 4.5 nm
in an aqueous medium. TEM, HR-TEM and FT-IR were used to examine size, shape,
bonding as well as presence of functional groups. WSz QDs emit a bright blue PL,
which depends on the excitation wavelength, with a QY of nearly 8 %. Non-
exponential decay profile of PL, along with a large redshift of the PL spectra with
increasing excitation wavelength, suggests that PL emissions were caused from
multiple emitting states arising from different surface states. Addition of H>O: to water
solution diminished absorption intensity of WS> QDs. Increasing the H>O»
concentration decreased PL intensity by about 98 %. The decrease in PL intensity gives
linear Stern-Volmer plots as a function of H>O> concentration in the range from 0 to
594 uM. The average lifetime of PL was roughly the same, irrespective of the presence
of H>0,. The limit of detection (LoD) was estimated to be 0.6 x 10° M and 1.7 x 10"
M with S/N=3, based on the time-resolved and steady-state PL measurements,
respectively. The quenching of both absorption and PL by H,O2 was recovered nearly
100% by adding HCI. The PL quenching/recovery demonstrated excellent cyclic
stability. Thus, the study of in situ fabrication of functionalized QDs with loss and
recovery of PL intensity opened a new pathway as efficient probes for optical,

biosensing, bioimaging, and other applications.
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Chapter 4

Synthesis of MoSe; Quantum Dots

for Sensing Waterborne Explosives

4.1 Introduction

Due to national security concerns, selective and careful identification of explosive
NACs has gained much attention recently. This depends on environmental impact
calculation, homeland security, community safety, and real-world uses. Rapid and
affordable methods for recognizing explosive components must be developed in light
of the expanding frequency of violent crimes involving NACs. Moreover, NACs are
considered perilous pollutants that pose a significant ecological risk [137]. Among
numerous explosive components, commonly found compounds are 2,4,6-TNP, 2,4-
DNT, TNT, TNB, and DNB [138]. Among, TNT, DNT and 2,4,6-TNP are the main
components of detonated landmines [121]. Prolonged exposure to TNT may result in
skin irritation, anemia, and headaches. However, 2,4,6-TNP has a far more explosive
tendency than TNT [139]. The explosive characteristics of 2,4,6-TNP separate it from
other eminent NACs due to its fast detonation velocity and slow safety coefficient
[110]. In addition, 2,4,6-TNP's remarkable water solubility and high acidity make it an
environmental pollutant that poses a significant risk to marine ecosystems and
agricultural land [110,139]. The extensive use of 2,4,6-TNP in industries such as waste
management, construction, mirror manufacturing, and rocket production exacerbates
the harm caused by this hazardous material [140,141]. The release of 2,4,6-TNP into
the atmosphere during the fabrication and use of these products contributes to water
and soil pollution. The haematotoxin and hepatotoxic effects of 2,4,6-TNP are well-
documented, with known associations with carcinogenesis and mutagenesis in living

cells [142]. For this reason, trailing buried explosives and monitoring ecological
|
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pollution depend severely on detecting 2,4,6-TNP in soil and water. Numerous
approaches and techniques, including Raman scattering, mass spectroscopy, gas
chromatography, and chromatographic technologies, have been used to perceive
explosives [142—144]. However, the genuine uses of these techniques are hindered by
their constraints, which include sophisticated arrangement, lengthier processing times,
intricate synthesis procedures, restricted selectivity, and lesser sensitivity. So, creating
innovative techniques that provide faster and more precise explosive identification is
crucial. Fluorescence-based practices have gathered considerable interest among
sensing technologies because of their virtuous selectivity, high sensitivity, low cost,
and ease of use [110,145-147]. Explosive recognition has special appeal in the
fluorescence approach because of its practical benefits and adaptability, which utilize
light emission upon excitation [141,148,149]. PL is a phenomenon where light excites
fluorescent molecules or materials, causing them to emit light at longer wavelengths.
By identifying and studying the emitted light, it is possible to gain valuable insights
into the target chemicals. This research aims to develop a highly selective sensing
method for 2,4,6-TNP, along with an exploration of the underlying energy transfer
mechanisms [110]. The energy transfer (ET) system consists of an excited fluorescein
(donor) that transfers its energy to an acceptor via dipole-dipole interactions, resulting
in a reduction in the total lifespan of donor species [150].

MoSez, an earth-abundant and incipient star in the TMDs family that seems to
be encouraging material for a variety of applications, including photovoltaic cells
[151], heterogeneous catalysis [152,153], photoresistors [154], surfactants [152], and
rechargeable batteries [155]. Layered semiconducting material MoSe, comprises
weakly interacting Se—-Mo—Se layers stacked vertically and bound together by van der
Waals interactions [156]. It shows both an indirect and a direct bandgap of 1.1 eV and
1.5 eV in bulk and monolayer form, respectively [157]. MoSe> displays remarkable
suitability for optoelectronic devices due to its highly tuneable bandgap and substantial
light interaction throughout a broad range spanning from infrared to ultraviolet regions
[158]. Additionally, MoSe; displays a supplementary metallic character compared to
MoS; [159], resulting in enlarged electrical conductivity, which is advantageous for
hydrogen evolution reaction and sensing processes. By adding diverse functional

groups and identifying different receptors, MoSe, QDs vary their properties uniquely,
.
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permitting the selective detection of definite targets and other probes [83,158].
Combined with the advantageous characteristics of MoSe», this aspect adjustment
capability makes synthesized QDs a perfect option for sensing applications
[153,154,160].

In this study, MoSe> QDs were developed and their optical transitions were
thoroughly examined. These QDs were then employed to monitor 2,4,6-TNP by
observing changes in PL intensity. The variation in PL intensity with respect to 2,4,6-
TNP concentrations offers valuable insights into the sensing mechanism. This work
establishes a foundation for designing and optimizing future sensing systems based on

MoSe» and similar materials.

4.2. Experimental Sections

4.2.1. Materials

The synthesis utilized high-purity precursors and solvents directly [28]. Sodium
molybdate (NazMo00O4-2H>0), selenium powder, nitro-aromatic chemicals, i.e., 2,4,6-
trinitrophenol, 1,2-dinitrobenzene, 2,6-dinitrotoluene, 2-NT and 4-NT were procured
from Sigma-Aldrich. Hydrazine hydrate, BZCOOH, toluene (tol), benzene (bz),
BzCHO, ANI, and ACN were obtained from Thermo Fisher Scientific India, and SRL
Chem Pvt. Ltd., respectively. To attain the best possible outcomes, all experiments
were carried out using UP water, which is necessary for applications that demand a
low ionic content and have a resistivity of 18.2 MQ cm. It is important to note that
proper cautionary measures were followed when handling and using explosive
nitroaromatic chemicals such as 2.4,6-TNP. These hazardous materials were used in

small quantities following safety protocols and guidelines.

4.2.2. Synthesis method

MoSez QDs were synthesised via a hydrothermal method. Briefly, solution A was
prepared by dissolving 0.01 mol of sodium molybdate dihydrate in 30 mL of DI water
at RT under magnetic stirring [29]. Simultaneously, solution (B) was prepared by
dissolving 0.02 mol of Se powder in 20 mL of hydrazine hydrate with magnetic stirring
for 25 minutes, resulting in a coal-black suspension [29]. After stirring solution, A for
25 minutes, solution B was slowly added dropwise while maintaining continuous

magnetic stirring. This combination yielded a peach-brown solution with a pH of 7.4.
|
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Following preparation, the mixture was put into a pressure vessel with a Teflon lined
and kept for 24 hours at 200 °C to heat in a oven. The vessel was then allowed to cool
to RT over a period of 12 hours. The resulting solution containing MoSe> QDs
underwent purification with centrifugation at 6000 rpm for ~15 minutes to remove
impurities and residual bulk particles. This washing process was repeated several times
using ethanol to remove residual reaction products. Finally, the purified MoSe> QDs
were rinsed with DI water and subsequent redispersion for further analysis and
characterization. Scheme 1 visually depicts the sequential steps involved in the
synthesis process. This approach successfully yielded high-quality MoSe> QDs for

potential applications in explosive NACs detection and analysis [30,31].

Hydrothermal Reaction

molybdate

+ DI water for 24 h at 200 °C

Stirring for 25 min

¥

* ¥
MoSe, QDs #* el * -

¥ ¥

Solution
containing
MoSe, QDg

Scheme 4.1 Schematic representation of the synthesis process of MoSe> QDs.

4.3 Results and discussion

4.3.1. XRD analysis

The crystalline characteristics of the produced MoSe; QDs were obtained using X-ray
diffractometry, which was carried out at RT. The obtained XRD pattern for MoSe; QDs
is demonstrated in Fig. 4.1(a). The characteristic diffraction peaks were noticed at 20
angles 13.6, 31.8, 37 and 56.1, corresponding to the diffraction planes (002), (100),
(103) and (110) respectively, that exactly matched with the standard hexagonal 2H—
MoSe> (JCPDS No. 29-0914) [158]. The broad diffraction peaks indicate the nano-

|
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crystalline character of the produced QDs [35,36]. The average crystallite size was
estimated to be 4.93 nm by employing the Debye—Scherrer equation [35,36].

a) — JCPDS 29-0914
=2.0 (100) — MoSe, QDs .
g (103) (110) S
£ 3
2 5
k= =
— MoSe? QDs
0.0f | N O T O-1
10 20 30 40 50 60 70 05 1.0 1.5 2.0 25 3.0 35
20 (degrees) Wavenumber (x10%) cm’!

Fig. 4.1 XRD pattern of obtained MoSe; QDs thin film and JCPDS cards details (a),

FT-IR spectrum of synthesised MoSe> QDs dispersed in water along with the band's
identification.

4.3.2 FT-IR Spectrum analysis

Due to the infrared activity of the produced MoSe> QDs, FT-IR was utilized to discuss
the validation of the structure of synthesized QDs [83]. FT-IR is a widely used
technique for identifying organic, polymeric, and inorganic compounds, as well as
detecting functional groups [37]. FT-IR spectrum of MoSez QDs recorded in the 400-
4000 cm™ range is represented by Fig. 4.1(b). Several characteristic peaks were
observed in the spectrum. The Se-O-Se stretching vibration appears at 561 cm™!, while
the O-Mo-O stretch is observed at 828 cm™ [38]. Peaks corresponding to Se-O and
COO! peaks are appeared at 1110 cm™ and 1393 cm™!, respectively [38]. The bands at
3311 cm’l is attributed to the O-H stretching and bending vibrations of water
molecules [37]. The C=0 [157] and C—H stretching vibrations are responsible for the
peaks at 1675 cm™ and 2926 cm!, respectively. Additional peaks at 2972 cm™ and
2157 cm! are attributed to C-H and (H-O-H) & COO" functional groups present in the
MoSe; QDs [21,38,39]. These FT-IR findings further confirm the structure and
functional groups in the synthesized MoSe2 QDs.
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4.3.3 Transmission electron microscopy (TEM) analysis

HR-TEM was employed to examine the structural and morphological features of the
synthesized MoSe; QDs. The HR-TEM images of MoSe2 QDs captured at various
magnifications are shown in Fig. 4.2, reveal important insights into their structure. Fig.
4.2(b) and 4.2(c) display the MoSe> QDs, which are spherical in shape and exhibit a
uniform distribution, with small particles sized between 3 and 6 nm. The crystalline
nature of the MoSe> QDs is confirmed by the clear, well-ordered, and parallel lattice
fringes seen in Fig. 4.2(a). The inset of Fig. 4.2(a) shows the (103) crystal plane of
MoSez, with the calculated crystal lattice D- spacing of 0.23 nm, further supporting
the crystalline structure. The average particle size of the MoSe> QDs was determined
to be 4.78 nm, as calculated from the Gaussian distribution curve in Fig. 4.2(d). This
narrow distribution range of particle sizes indicates a consistent synthesis method,

which is advantageous for potential applications in various fields.

Average size = 4.78 = 0.063 nm

60-d)

»
n

30

Frequency Counts

4.5 5.0 5.5
Particle size (nm)

Fig. 4.2 HR-TEM images of obtained MoSe> QDs at different magnifications (a-c)
with particle size distribution (d). The inset of (a) shows the extended view of the
calculated d-spacing.

4.3.4. Optical properties of obtained MoSe2 QDs
Fig. 4.3(a) shows the absorption spectrum of produced colloidal MoSe, QDs along

with the Gaussian bands used to reproduce the absorption and the second derivative of

the absorption spectrum. The second derivative and Gaussian bands reveal the
|
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presence of two primary absorption peaks: a strong peak at 260 nm and a weaker one
around 305 nm. These bands are attributed to the transition from excitonic bands
[40,41]. The inset of Fig. 4.3(a) shows the appearance of the colloidal solution under
ordinary white light (LED) and UV light, highlighting the distinct color of the sample
under different lighting conditions. Fig. 4.3(b) displays the PL spectra of the MoSe>
QDs as a function of excitation wavelength, ranging from 270 to 450 nm at ambient
temperature. The PL intensity increases as the excitation wavelength shifts from 270
nm (4.59 eV) to 340 nm (3.64 eV). Beyond this, as the excitation wavelength increases
from 350 nm (3.54 eV) to 450 nm (2.75 eV), the PL intensity decreases. The maximum
PL intensity is observed at 410 nm when excited with 340 nm light. A gradual shift in
the PL peak to longer wavelengths is seen when moving from 270 nm to 450 nm, as
shown in the normalized PL spectra (Fig. 4.3(c)), with a total shift of about 105 nm.
This excitation-dependent PL behaviour indicates that the MoSe; have a polydisperse

or inhomogeneous size distribution[28].

a) — Absorbance - 5%
_ ond derivative of absorbance | = 340 nm =
0.9 20d derivative of absorbance = L z 0.9
£ 2
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_é 0.6 -rg ; 0.6 270 nm
_Z z E) 450 nm
< e <
0.3 IC g 0.3
= z
O'OZIO = 280 350 420 490 0‘0280 350 420 4‘) 5(0 630 %0 350 420 490 560 630
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Fig. 4.3 Absorption spectrum of synthesised MoSe> QDs with its 2™ order derivative
(blue solid line) and Gaussian bands g1, g2 and g3 used to reproduce the measured
absorption. The inset represents the colour of the solution under white LED and UV
irradiation (~365 nm) (a). PL spectra of synthesised MoSe, QDs with different
excitations ranging from 270 to 450 nm (b) and normalized PL spectra at different
excitations (c).

Fig. 4.4(a) presents the PL spectra of the colloidal MoSe; QDs along with Gaussian
bands used to reproduce the observed PL spectra. The PL spectra observed with 300
and 340 nm excitations were reproduced with three Gaussian bands at 387, 432 and
456 nm. However, with 380 nm excitation, an additional band at approximately 498
nm appears, and its intensity increases with excitation at 420 nm. At 450 nm excitation,
only a single band at 498 nm is observed, which can be reproduced by a single
Gaussian fit, suggesting that this emission is from a single emitting state. This indicates
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that the emitting state can be populated by different excitation wavelengths.
Additionally, the PLE spectra (Fig. 4.4b), were recorded at PL wavelengths ranging
from 400 to 500 nm. The inset shows the normalized PLE spectra, which broaden with
increasing monitoring wavelengths, indicating the presence of multiple excitation
bands. The observed PL spectra can be well reproduced by four Gaussian bands, which
correspond to four different emitting states. These states are populated by direct

excitation along with defect and trap states [42].
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Fig. 4.4 Photoluminescence spectra of colloidal MoSe> QDs at different excitation
wavelengths along with the Gaussian band used to reproduce the observed spectra (a),
PL excitation (PLE) spectra of MoSe> QDs with variable emission wavelengths
(varying from 400 to 500 nm). The inset represents the normalized PLE spectra (b).

Further, utilizing absorption and PL spectra of synthesized MoSe, QDs and quinine
sulfate (as a standard reference), the quantum yield /efficiency (QY), a remarkable
parameter of fluorescent materials, was computed. Using the formula [5,32], the
calculated QY value is 12 %. The PL properties of MoSe> QDs were also studied with
respect to pH. The corresponding data shows that the PL intensity remains nearly
constant over a wide pH range from 2.0 to 13.0 (Figs. 4.5a,b), indicating that MoSe>
QDs are highly stable and exhibit exceptional tolerance to pH changes in solution
[43,44]. This pH stability is desirable for practical applications, as it suggests that
MoSe> QDs can maintain their optical properties in diverse environments without

significant degradation.
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Fig. 4.5 Plot of PL intensity at 410 nm of MoSe> QDs as a function of pH (2-13) (a),
and corresponding PL plot (b).

4.3.5. 2,4,6-TNP explosive sensing

Using MoSe> QDs as a fluorescent probe, a decrease in PL was used to monitor 2,4,6-
TNP. The relation/interaction between MoSez QDs and 2,4,6-TNP was investigated by
titrating a freshly prepared 2,4,6-TNP solution with a concentrations range of 3.3 to 99
nM into a quartz cuvette containing a 3.0 mL MoSe2 QDs solution. To evaluate the
selectivity of MoSe> QDs as a sensing probe for 2,4,6-TNP, various potential
interfering analytes (each at a concentration of 99 nM) were introduced into a solution
containing both MoSe; QDs and 2.,4,6-TNP (both at 99 nM). After ensuring thorough
homogenization, changes in the PL intensity were monitored by measuring the PL at
an excitation wavelength of 340 nm. These results demonstrate the selectivity of
MoSe; QDs to 2,4,6-TNP compared to other analytes, showcasing the potential of

MoSe: QDs in specific detection applications.

4.3.5.1 Impact of 2,4,6-TNP on absorption and PL properties of MoSez2 QDs

Fig. 4.6(a) illustrates the effect of varying concentrations of 2,4,6-TNP on the
absorption spectra of MoSe, QDs dispersed in UP water. Upon the addition of 2,4,6-
TNP, there was a noticeable increase in the overall OD, indicated by a rise in
absorbance and a flattening of the absorption peak around 260 nm, especially at the
highest concentration of 99 nM. This increase is attributed to the independent ab
sorption of the 2,4,6-TNP molecules themselves, as demonstrated by the absorption

spectra of 2,4,6-TNP at 99 nM concentration, which also shows an increase in OD [5].
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Notably, the observed spectral changes can be used to differentiate between static and
dynamic quenching mechanisms. Static quenching involving complex formation in the
ground state [36], leads to spectral shifts in the absorption band. On the other hand,
dynamic quenching, characterized by collisions between fluorophore and quencher
molecules, primarily affects higher excited states and does not alter the ground state
or absorption spectrum. This indicates that the observed increase in OD is due to the
2,4,6-TNP absorption, which overlaps with the absorption of MoSe> QDs, rather than
a classical quenching process [5,45,46].

The PL intensity of MoSe> QDs, rather than a classical QDs was remarkably reduced
in the presence of a modest amount of 2,4,6-TNP in the QDs solution. Upon adding a
3.3 nM of 2,4,6-TNP to the MoSe, QDs, a considerable reduction in PL intensity was
observed (Fig. 4.6b). As the concentration of 2,4,6- TNP increased up to 65 nM, the
PL intensity of the MoSe> QDs was quenched to 70 % of its original value. However,
when the concentration of 2,4,6-TNP reached 99 nM, the PL intensity of MoSe> QDs
gradually decreased to around 94 % of its initial intensity. To elucidate the quenching
mechanism, a S-V plot was constructed by plotting the PL intensity (Fo/F) against the
quencher (2,4,6-TNP) concentration according to Eq. (3.3) [47].

The resulting S-V plot exhibited excellent linearity with a high correlation coefficient
(R?) of 0.99 (inset of Fig. 4.6b). The linear fit of the plot yielded a Stern-Volmer
quenching constant (Ksv) of 9.28 x 10° L mol . The Slope is further used to calculate
LoD for 2,4,6-TNP with formula 36/K, where ‘c’ signifies the standard deviation of
the blank measurement obtained from ten replicate measurements of the PL spectrum
of pure MoSe> QDs and ‘K’ represents the slope of the plot [48]. The determined LoD
was 1.43 nM.
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Fig. 4.6 Absorption spectra of MoSe> QDs in the absence and presence of varying
concentrations of 2,4,6-2,4,6-TNP (3.3 to 99 nM) along with the absorption of bare
2,4,6-2,4,6-TNP at a fixed concentration of 99 nM (a), Photoluminescence spectra of
MoSe; QDs in the absence and presence of various concentrations (3.3 to 99 nM) of
2,4,6-TNP with 340 nm excitation. The inset represents the corresponding S-V plot

(b).

To assess the selectivity, the change in PL of MoSe; QDs was conducted with various
potential analytes, including BZCOOH, 4-NT, tol, BZCHO, 2,6-DNT, bz, ANI, 2-NT,
and 1,2-DNB. The PL titrations were performed in aqueous environments for analytes
with moderate water solubility, while for analytes (NACs) with lower solubility, water-
acetonitrile (ACN) mixtures were used. Fig. 4.7(a) presents a bar graph illustrating the
percentage quenching of PL intensity by each analyte. Furthermore, a separate study
was conducted to evaluate the anti-interference capability of the MoSe, QDs as a
sensing probe with the presence of other analytes. A fixed concentration of 2,4,6-TNP
(99 nM) was introduced into samples containing the same concentration (99 nM) of
each potential interfering analyte used. The results are depicted as a bar graph in Fig.

4.7(b), confirming negligible interference from these co-existing compounds.
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Fig. 4.7 The bar graphs of PL intensity quenching (%) of MoSe> QDs with fixed
concentration (99 nM) of different analytes (a) and with a fixed concentration of 2,4,6-
2,4,6-TNP (99 nM) and different analyst (99 nM) representing the anti-interference
effect (b). The pink bar shows the change in PL intensity (%) in the presence of various
analytes, whereas the black bars of (a) and (b) represent the PL intensity in the absence
of analytes.

Thus, Ksv of 2,4,6-TNP > compared to other analytes (1,2-DNB >bz >ANI >tol >2-
NT =BzCHO =2,6-DNT = BzCOOH =4-NT) (Fig. 4.8a). This suggests that MoSe>
QDs have a good selectivity for 2,4,6-TNP, with a selectivity factor (SF) of 1,
calculated by dividing the Ksv of 2,4,6-TNP by the Ksv of each interfering analyte
[43] (Table 4.1). The selectivity was further examined using a different excitation
wavelength, specifically the absorption maximum of one of the NACs, 4-NT. The PL
results showed slightly higher quenching (~23 %) with 290 nm excitation
(corresponding to the absorption band maximum) compared to 330 nm excitation (~17
%), which was used for all the NACs, as discussed earlier. The results are shown in
Figs. 4.8(b) and 4.8(c). This confirms that MoSe; QDs are highly selective for 2,4,6-
TNP, as highlighted by their SF compared to other NACs and interferents [2]. Further,
changes in PL intensity of QDs as a function of time with the addition of 99 nM of
2,4,6-TNP were measured. Notably, the decrease in PL intensity was observed within

<1 min of 2,4,6-TNP addition, which may be consider a response time of the probe

(Fig. 4.8 d)
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Fig. 4.8 Stern Volmer (S-V) plot of all analytes with the varying concentrations
ranging from 3.3 to 99 nM (a), Absorption spectra of different NACs at a fixed
concentration of 99 nM alongwith 2,4,6-TNP (b), Photoluminescence spectra of
MoSe: QDs: in the absence (black solid line), in the presence of 4-NT at a fixed
concentration of 99 nM (red solid line), and with 2,4,6-TNP (blue solid line) under 290
nm excitation (c), sensing response time of the probe in the presence of 2,4,6-TNP (99
nM) in an aqueous medium is < 0.3 min. Plots of PL intensity at 410 nm as a function
of time upon adding 2,4,6-TNP. The inset of represents the time response of the probe
in about seconds (d).
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Table 4.1 Parameters estimated from Stern—Volmer plots of PL intensity of MoSe:
QDs at 410 nm with various NACs at fixed concentrations of 99 nM.

Analytes Ksv (10 M- | Correlation Intercept SF
D) (R?) (nm)

2,4,6-TNP 0.928 0.99 0.091 1.0000
1,2-DNB 0.748 0.97 0.007 0.8060
2,6-DNT 0.001 0.97 0.019 0.0011
2-NT 0.002 0.92 0.008 0.0021
4-NT 0.001 0.98 0.017 0.0011
tol 0.006 0.98 0.002 0.0064
BzCOOH 0.001 0.98 0.007 0.0011
bz 0.009 0.97 0.009 0.0097
ANI 0.008 0.97 0.012 0.0086
BzCHO 0.002 0.93 0.056 0.0021

4.3.5.2 Impact of 2,4,6-2,4,6-TNP on PL lifetime of MoSe2 QDs

Furthermore, the excitation dynamics and specific quenching behaviour can be
ascertained by measuring time-resolved photoluminescence (TRPL). TRPL of MoSe>
QDs were measured in the presence of the quencher to elucidate the PL quenching
mechanism. As a reference, TRPL measurements were also conducted without 2,4,6-
TNP. The decay profiles obtained in the absence of 2,4,6-TNP were best described by
a tri-exponential fitting function (Eq. 4.2), revealing distinct lifetime components 14,
T, and 13 as 0.42, 3.54 and 11.5 ns. Notably, the 11.5 ns component (t3) possess the
highest amplitude (51 %). However, the lowest contribution (13 %) is seen for the
shortest lifetime component (1), which is 0.42 ns. Fig. 4.9 illustrates the PL decay
curves of MoSe> QDs monitored at a fixed excitation and emission of 340 nm and 410
nm, respectively. Single or bi-exponential functions could not adequately describe the
observed decay profiles [5]. Instead, they were well-fitted with tri-exponential
functions, following Eq. 3.2.

The deconvolution of PL spectra of MoSe> QDs (Fig. 4.4a) revealed that the PL
spectrum could be resolved in three distinct Gaussian bands, supporting the existence

|
ANEESHA CH 4: Synthesis of MoSez2 Quantum Dots .......



66

of three different types of luminescent sites within the QDs depending on the excitation
wavelengths [49]. It has been noted that the lifetimes (14, T, and t3) show a slight
decrease when the quencher (2,4,6-TNP) concentration increases from 3.3 to 99 nM.
In addition, the variance in the relative change in PL lifetime is depicted in the inset of

Fig. 4.9. The average PL lifetimes (t4,,4) were calculated using Eq. 4.3:

E(al 1) (43)

As shown in Table 4.2, the average lifetime decreased from 10.01 ns to 9.68 ns,
indicating a slight influence of 2,4,6-TNP on the excited state dynamics of MoSe; QDs
[110].
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Fig. 4.9 Fitted decay curves of MoSe, QDs with different concentrations of 2,4,6-
TNP (3.3 to 99 nM) with 340 nm excitation and monitored at 410 nm.
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Table 4.2 PL lifetime and pre-exponential factors of MoSe; QDs at the excitation
wavelength of 340 nm and PL wavelength of 410 nm at different concentrations of
2,4,6-TNP.

Conc. T1 T2 T3 Tay

@M) | (ns) (ns) ms) | I R R 3
00 | 042+001 | 3.54+005 | 11.5+0.03 | 13.1 | 357 | 51.2 ] 10.01 | 1.28
16 | 042+001 | 351005 | 1154003 | 13.1 | 357 | 512 | 10.01 | 1.25
27 | 041001 | 3.49+005 | 1154003 | 13.1 | 358 | 51.1 | 1001 | 1.32
40 | 038+003 | 3.44+005 | 11.4=001 | 13.1 | 356 | 512 993 | 1.27
60 | 042+001 | 3.52+0.06 | 113003 | 132 | 359 | 509 | 9.85 | 1.42
75 | 041001 | 3.41£005 | 1124003 | 129 | 359 | 51.1| 979 | 138
85 | 0394001 | 3.42+0.05 | 11.1£0.03 | 12.8 | 359 | 512 9.68 | 1.23
99 | 0.42+003 | 3.52+0.06 | 11.1-0.01 | 133 | 363 | 504 | 9.64 | 1.35

4.3.5.3 Fluorescence Quenching Mechanism of MoSe2 QDs with 2,4,6-TNP

NACs can diminish the PL of QDs through three mechanisms that are known to
deactivate excited states in various systems: PET, FRET, and IFE [5]. One primary
reported mechanism involves PET due to the electron-deficient nature of NACs [5,50—
52]. However, unlike PL, the lifetime of MoSe> QDs in the presence and absence of
2,4,6-TNP is nearly the same (Table 4.2); hence, FRET can be ruled out [2,53,54]. The
observed nearly constant lifetime of MoSe, QDs as a function of 2,4,6-TNP
concentration may be due to static quenching; however, there is no complex formation
or very weak formation. Furthermore, a significant overlap between the absorption
spectrum of 2,4,6-TNP and the excitation spectrum of MoSe> QDs (Fig. 4.10a) along
with constant lifetime supports the IFE mechanism [55-59]. The absorption of 2,4,6-
TNP reduces the number of excited MoSe> QDs, leading to a decrease in overall PL
intensity. The S-V plots, generated by recording PL spectra at the right angle (RA) and
front face (FF) detection modes, as shown in Fig. 4.10(b), reveal a significant
difference in slope, confirming the role of IFE. In addition to IFE, a small possibility
of a PET process cannot be entirely ruled out. Further, analysis of radiative and non-
radiative decay rates could provide further evidence [57] (Table 4.3). In PET, the

excited state electron of the donor (MoSe> QDs) can transfer to the electron-deficient
-

ANEESHA CH 4: Synthesis of MoSez2 Quantum Dots .......



68

acceptor (2,4,6-TNP). This electron transfer process from MoSe> QDs (donor) with a
potentially high radiative decay rate (fast emission) to 2,4,6-TNP (acceptor) with a
potentially low non-radiative decay rate (slow relaxation back to ground state), could

contribute to the observed quenching alongside IFE [57,60—62].
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Fig. 4.10 Spectral overlap of absorption spectrum of 2,4,6-TNP, PL and PL- excitation
spectra of MoSe2 QDs (a), S-V plots of MoSe, QDs with 2,4,6-TNP obtained in RA
and FF detection modes (b).

Table 4.4 summarizes various reported probes responsive to 2,4,6-TNP and their
associated methodologies. It also compares the sensing performance of MoSe> QDs
for 2,4,6-TNP detection with that of other established 2,4,6-TNP probes. Notably, the
present MoSe> QDs probe demonstrates good sensitivity for 2,4,6-TNP detection
across a wide concentration range.

Table 4.3 Comparison of MoSe2 QDs-based probe with the reported probes for 2,4,6-
2,4,6-TNP sensing.

Fluorescence probes | Linearity range Correlation | LoD Refs
(nM) coefficient (nM)
(R%)

MoSe> QDs 3.3-99 0.99 1.43 This Work
N, S-CNPs 1.0 x 10 - 4x 10* 0.99 43.0 [64]

NCPs & CPEs 1.0 x 10?-5.0 x 10* | 0.99 5.0 [65]

CDs 1.0x 10°- 1.0 x 10° | 0.99 840 [66]
BSA-CulnS; QDs 3.0x10°-5.0 x 10* | 0.99 28.0 [67]
BZQZPy 0.0-2.2x10° 0.99 20.0 [150]
DE-CDs 2.0x10*-5.0x10* | 0.99 50.0 [68]

|
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S@GQDs
CQDs

CDs
Tb@CDs
Cy-CuNCs
MoS: QDs
MoS;QDs@1,2 DAB
f-ZnSe QDs
Zn-MOF
O-fNPs
g-C3Ny
N-GQDs
BN-CNPs

1.0x 10*-1.0x 10°
0.0-1.0x 10°

1.0x 10* - 2.6x 10°
5.0x 10%-1.0x 10°
2.5x10°-2.5x10*
99.0-3.6 x 10*

3.0 x 10°- 4.0 x 10°
2.0x10°-2.5x10°
1.0x 10°

0.0-6.0 x 10°

5.0 x 10— 1.0 x 10*
0.0 -4.0 x 10°

0.0 -2.0x 10°

0.99
0.99
0.99
0.99
0.99
0.99
0.98
0.98

0.99
0.99

93.0 [53]
355 [69]
51.0 [70]
200 [71]
190 [72]
95.0 [43]
50 x 102 [54]
124 x10° | [110]
560 [73]
7.46 [140]
8.50 [44]
420 [74]
10.0 [75]

Additionally, the stability of the MoSe, QDs was evaluated by monitoring the PL
intensity at 410 nm over a period of 8 months. This exceptional stability makes them
promising candidates for long-term sensing applications (Fig. 4.11a). Moreover,
MoSe> QDs were continuously irradiated under a UV lamp with a power output of 8
W at a wavelength of 365 nm for 180 min, as shown in the bar graph in Fig. 4.11(b)
The results demonstrated minimal variation in PL intensity, indicating excellent

photostability of the MoSe2 QDs.
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Fig. 4.11 Photoluminescence intensity of MoSe> QDs at 410 nm monitored in the
repeated interval up to 8 months, representing stability of QDs longer than 8§ months
(a), Photoluminescence intensity (%) of MoSe, QDs monitored at 410 nm under
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continuous UV lamp irradiation (365 nm) for 180 min, representing the photostability
of QDs (b).

4.3.5.4 Validation and Analysis of Real Samples

Real water samples were examined to assess the realistic sensing ability of MoSez QDs
for 2,4,6-TNP detection. Three water samples were gathered: Yamuna River, DTU
Lake and tap water. The Yamuna River, one of the largest tributaries of the Ganga
River, was chosen due to its high pollution levels, particularly in Delhi, caused by
household sewage, industrial effluents, and agricultural runoff [36]. TNP was initially
added to the collected water samples at different concentrations, ranging from 3.3 to
99 nM, to mimic actual contamination levels. A MoSe, QDs solution made in UP water
was then added to the spiked water samples to dilute them and maintain the ideal
concentration of QDs for PL measurements. Each type of water sample was diluted by
0.5 mL of MoSe> QDs solution to a final volume of 10 mL for the tests. For PL
measurements, 3ml of the diluted solution was then placed in a quartz cuvette (1cmx1
cm). In the presence of TNP at fixed doses ranging from 3.3 to 99 nM, the PL
quenching behavior was methodically examined in all water samples. Fig. 4.12(a-c),
show the corresponding PL spectra for Yamuna river, DTU lake and tap water,
respectively, along with the S—V plots (inset), which shows the linearity and quenching
efficiency for TNP detection.Table 4.5 summarizes LOD values determined for every

water sample, highlighting the excellent sensitivity of the proposed system.
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Fig. 4.12 Photoluminescence spectra of MoSe> QDs in Yamuna River (a), DTU lake
(b), tap water (c) in the absence and presence of various concentrations (3.3 to 99 nM)
of2,4,6-TNP with 340 nm excitation. The insets represent the corresponding S-V plots.

Table 4.4 Calculated LoD values with quenching percentage for MoSe> QDs in
different water samples.

|
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Water Sample Quenching (%) Limit of detection
(LoD) (nM)
Ultrapure water 94 1.43
DTU lake water 92 6.69
Tap water 90 3.49
Yamuna river water 92 7.38

Additionally, the sensing performance across the three distinct water matrices,
including an original sample in UP water, is visually represented by comparative bar
chart [63], as shown in Fig. 4.13. These findings demonstrate the efficacy of MoSe:
QDs in real-sample analysis for TNP detection in various water sources and

environmental monitoring.
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Fig. 4.13 Percentage quenching of PL intensity (at 410 nm) of MoSe2 QDs in different
water samples. A comparative bar graph representing 2,4,6-TNP sensing in real
samples, highlighting the efficiency of QDs as a sensor for explosive detection in real-
world samples monitoring.
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4.4. Conclusion

In summary, the work demonstrates that MoSe> QDs can be successfully synthesized
using a hydrothermal method and can be employed to detect waterborne explosives.
The MoSe> QDs exhibited strong light absorption and PL properties. The PL intensity
at 410 nm displayed a significant change with increasing 2,4,6-TNP concentration,
showcasing the high sensitivity towards this specific nitroaromatic compound. The
probe/sensor demonstrated a linear response over an extensive 2,4,6-TNP
concentration range (3.3-99 nM) with high sensitivity and selectivity and an
impressive detection limit (1.43 nM). IFE likely dominate as a quenching mechanism.
Overall, these finding pave the way for developing highly sensitive and selective
MoSe> QD-based sensors for detecting various environmental pollutants and

explosives.
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Chapter 5

Fluorescent WS; Quantum Dots for
Sensing Carcinogenic Cr®" in Real

Samples

5.1 Introduction

TMDs are attracting considerable attention due to their remarkable properties and
numerous applications in various sectors, including sensing, electronics, and photonics
[17,157,180]. Due to its exceptional chemical stability, WS> has become a top
contender among TMDs with a broad absorption spectrum and unique PL properties
[17,25]. WS> QDs can be synthesised in several ways, but the hydrothermal method is
the most widely used and effective. The production process is simplified by the
hydrothermal approach, which eliminates the need for post-functionalization or
capping agents [123,163,181]. This process produces WS> QDs with superior optical
properties and good stability, making them ideal for sensing applications [180,182].
Given the needs of modern technology, there is a growing demand for portable,
affordable, and rapid-response sensors that can detect hazardous gases and heavy
metals. The development of sensors that meet these criteria is crucial for effective
environmental monitoring and public health management [183,184].

Cr is a d-block transition metal that can exist in multiple oxidation states,
namely elemental (0), divalent (+2), trivalent (+3) and hexavalent (+6) forms [185].
Among these, the hexavalent form of Cr®" is of particular concern due to its highly
toxic and carcinogenic nature. Cr®" is dangerous primarily because of the mechanism
by which it interacts with biological systems. Upon reduction within cells, Cr®"
releases reactive hydroxyl radicals, which cause extensive cellular damage and can

bind to DNA, leading to mutations and the development of cancer [186—188]. Whether
____________________________________________________________________________________________________________________|]

The findings of this work have been published in Materials Today Communications
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from ingestion, inhalation, or contact with tainted food or water, exposure to Cr®"
increases the risk of cancer and other serious health problems [185,189]. The lack of
cost-effective treatments for diseases like cancer further underscores the importance
of early detection and prevention [190-192]. Identifying and managing carcinogens at
a premature stage is crucial for reducing the risk of cancer. Various analytical
techniques, such as differential pulse voltammetry, atomic absorption spectrometry,
and ICP-MS, are used for Cr®" detection. However, many require costly instruments,
complex procedures, or lack suitability for rapid, on-site monitoring [188,191,193—
197]. Given these challenges, there is an urgent need to develop efficient, rapid, and
straightforward methods for detecting Cr®*, particularly in liquid matrices like food
and water. As a result, there is now more interest in optical and chemical sensors that
use nanomaterials. Among them, nanoparticle-based sensors, especially those that
utilise noble metals and other cutting-edge materials, are the subject of considerable
investigation due to their potential for detecting a wide range of hazardous compounds.

Fluorescent QDs, including carbon dots, CdSe-based QDs and other TMD
QDs, have garnered significant attention as highly sensitive probes for detecting
various heavy metal ions such as Pb>", Hg**, and Cr®" [88,110]. These nanomaterials
exhibit excellent PL properties and tunable surface chemistry, enabling specific and
selective recognition of toxic ions in environmental samples. For instance, carbon QDs
synthesised from renewable sources have demonstrated effective PL quenching upon
interaction with Cr®" and other metal ions, enabling detection at trace levels
[183,198,199]. CdTe and ternary I-III-VI QDs have also been successfully employed
for multiplexed detection of heavy metals with low LoD [200,201]. Although these
advancements highlight the potential of QD sensors, studies specifically leveraging
WS, QDs for Cr* detection remain limited, which motivates the present investigation
into a WS, QD-based turn-off/on PL sensor.

Here, we explore the use of hydrothermally synthesised WS> QDs as a turn-
off/on PL sensor for Cr®" detection. The sensing mechanism involves a significant
quenching of PL when Cr®" is introduced via static conditions, with the recovery of PL
upon the addition of ascorbic acid (Vit C), which reduces Cr®" to its less toxic trivalent
form, Cr**. This dual-action detection and reduction strategy offers an efficient and

eco-friendly approach for monitoring and mitigating chromium contamination. The
.
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practical feasibility of the developed sensing platform was established through testing
with real environmental matrices, including river water from the Triveni Sangam
(Prayagraj), a holy place, and tap water, confirming its reliability and potential for real-

world deployment.

5.2 Experimental section

5.2.1. Chemicals and reagents

The synthesis was carried out using commercially available precursors and
analytically pure solvents without the need for further purification steps. Sodium
tungstate dihydrate (Na2WO4:2H>0, 96%), L-cysteine (HSCH>CHNH>COOH, 98%)
and various metal ions (99.8%), including potassium dichromate (Cr®"), iron (III)
perchlorate hexahydrate (Fe*"), erbium (III) chloride hexahydrate (Er*"), calcium (II)
perchloride tetrahydrate (Ca®"), europium (III) chloride hexahydrate (Eu®*), terbium
(IIT) chloride hexahydrate (Tb*"), lead (II) perchlorate trihydrate (Pb*"), cadmium (II)
chloride hydrate (Cd*"), iron (II) perchlorate hydrate (Fe?"), zinc (II) perchlorate
hexahydrate (Zn?*), aluminum (III) perchlorate nonahydrate (AI*"), nickel (II)
perchlorate hexahydrate (Ni**), magnesium (II) perchloride hexahydrate (Mg**),
barium (II) perchlorate anhydrous (Ba®"), and mercury (II) perchlorate hydrate (Hg>"),
copper (II) chloride dehydrated (Cu?*), chromium (III) chloride (Cr**) was sourced
from Sigma Aldrich. DI water (18.2 MQ-cm) of ultrapure grade was used throughout
the experiments. Furthermore, actual water samples were gathered in order to assess

the WS> QDs-based probe's practical sensing capabilities.

5.2.2. Synthesis
The WS> QDs used in this study were synthesized following the procedure described
in section 3.2.2. The detailed schematic representation of synthesis process is shown

in Scheme 5.1.

The chemical reactions involved in the formation of WS. QDs have already been

detailed in Chapter 3 (Section 3.2.3).

|
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Solution containing

WS, QDs Hydrothermal reaction Sonication

Scheme 5.1 Schematic representation of the one-step hydrothermal synthesis route
for colloidal WS QDs.

5.3 Results and discussion

5.3.1. XRD and FTIR study

Fig. 5.1(a) illustrates the XRD pattern of the synthesised WS, QDs dispersed on a glass
substrate, with weakly discernible peaks at (002), (004) and (006), corresponding to
20 values of 13.2°, 32.1°, and 44.2°, respectively. Previous studies, such as those by
Ren et al. [107] and Wu et al. [108], have demonstrated that when the particle size is
extremely small, the XRD pattern typically lacks distinct peaks [106,180]. This is
attributed to the nanoscale nature of the material, which often results in the broadening
or absence of sharp diffraction features [107,108]. The weak diffraction humps
observed here support the formation of nanoscale WS, QDs with a very small and thin
structure, consistent with their QD size. Figure 5.1(b) illustrates the FT-IR spectrum
of the WS> QDs. The IR absorption band around 1025 cm™! is attributed to the C-O
stretching vibration of hydroxyl groups [109]. The 1632 cm™! and 3285 cm™! peaks
correspond to the N-H out-of-plane bending and/or N-H> bending vibrations from the
amide group and the dimer formed due to the hydroxyl group, respectively [64,135].
The bands at 545 cm ™! and 2115 cm™! are associated with the C-H bending vibration
and N=C stretching vibration, respectively [1,19]. The presence of hydrophilic groups,
such as -OH and -COOH, on the surface of the synthesised QDs is crucial for their

excellent water dispersibility [84]. These surface groups enhance the QDs stability and
.
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expand their potential applications in aqueous environments, similar to the behaviour

observed in various carbon dots [86,202].
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Fig. 5.1 XRD pattern of synthesised WS> QDs deposited on thin film (a) and FT-IR
spectrum of WS> QDs dispersed in aqueous medium (b).

5.3.2 HR-TEM analysis

The HR-TEM images of the prepared WS> QDs, captured at various magnifications
(Fig. 5.2 a,b) confirm their spherical morphology with homogeneous distribution,
whose size ranges from 1.5 to 3.5 nm. The high-resolution image shown in the inset
of Fig. 5.2(b)displays well-ordered and parallel lattice fringes, demonstrating the
crystallinity of the WS> QDs. The calculated d-spacing of 0.2 nm matched with the
(100) lattice plane of WS, consistent with prior reports [138,180,203]. Particle size
distribution analysis, performed through Gaussian fitting, showed an average particle
size of about 2.5 nm. The narrow distribution suggests that the synthesised QDs are
monodisperse (Fig. 5.2¢). Such uniformity in particle size enhances their stability and

suitability for further applications.

) S5 Size = 2.5+ 0.04 nm
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Fig. 5.2 HR-TEM visuals of obtained WS> QDs at various magnifications (a,b) and
particle size distribution (¢). The enlarged view of the image with computed d-spacing
is displayed in the inset of (b).

.
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5.3.3. Photophysical Performance and Properties of WSz QDs

Figure 5.3 shows the UV-Vis absorption spectrum of the synthesised WS> QDs, which
exhibits distinct peaks at 242 nm (5.12 V), 276 nm (4.49 eV), 336 nm (3.69 eV) and
a shoulder band at 392 nm (3.16 eV), indicating characteristic electronic transitions.
The strong absorption band at 336 nm (3.69 eV) corresponds to the excitonic
absorption from direct bandgap transitions at the K point in the Brillouin zone, a
hallmark feature of WS, QDs [64,180]. The peak at 276 nm (4.49 eV) is attributed to
the optical transition from the valence band to the conduction band [180,204], while
the absorption at 242 nm (5.12 eV) is linked to electronic transitions influenced by
quantum confinement effects. The additional broad feature at 392 nm (3.16 eV) is
associated with surface states and defect-related absorption, likely influenced by
functional groups such as -OH and -SO4* adsorbed on the QD surface [64,205], or due
to the agglomeration of the QDs. A second-order derivative spectrum analysis was
performed to further validate these absorption features, which distinctly resolved these
peak positions and confirmed their accuracy. The derivative spectrum enhances clarity
by minimising background interference and ensuring precise peak identification.
Additionally, the visual appearance of WS> QDs is depicted in the inset of Fig. 5.3,
where the colloidal solution appears light yellow under white LED illumination but

exhibits blue PL when exposed to ~365 nm under a UV lamp.
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Fig. 5.3 Absorption spectrum of synthesised WS> QDs overlaid with its 2" order
derivative (red dotted line). The inset displays the visible colour representation under
white LED illumination and UV irradiation (365 nm).
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Fig. 5.4(a) shows the overlapped absorption spectrum, PL spectrum with an excitation
of 320 nm (3.87 eV), and PL-excitation spectrum (PLE) at 420 nm (2.95 eV). Fig.
5.4(b) shows the PL spectra recorded at room temperature (RT) for different excitation
wavelengths (280-420 nm), exhibiting an increase in PL intensity from 280 to 320 nm,
with an emission peak at 420 nm (2.95 e¢V) at an optimal excitation at 320 nm. Beyond
320 nm, the PL intensity gradually declined. A red shift of 82 nm was observed in the
PL spectrum as the excitation wavelength varied from 280 to 420 nm shown by the
normalized PL spectra in Fig. 5.4(c), indicating an inhomogeneous size distribution
and multiple localized defect states. This excitation-wavelength-dependent behaviour
is attributed to polydispersity and defect states in the WS> QDs [16,160], as represented
by the CIE plot (Fig. 5.4d).
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Fig. 5.4 Overlapped absorption, PL, and PLE spectra of colloidal WS> QDs (a). PL
spectra of WS> QDs recorded at various excitation wavelengths (b) and normalized PL
spectra to highlight PL shift and profile consistency (c). CIE 1931 chromaticity
diagram representing the colour coordinates of WS> QDs emissions (d).
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PLE were recorded by monitoring the emission at various wavelengths. The excitation
spectra exhibited dependence on the emission monitoring wavelength, with a
prominent excitation band observed near ~320 nm. Additionally, a secondary
excitation feature around 362 nm displayed a slight blue shift as the monitored
emission wavelength decreased. Further, PLE spectra of synthesized WS> QDs
recorded at different emission wavelengths ranging from 420 to 500 nm were
deconvoluted using three Gaussian bands g1, g2 and g3 centered at 320 nm, 362 nm,
and 388 nm, indicating the involvement of three distinct excitation states in the
luminescence process as illustrated in Fig. 5.5(a). These excitation bands show a strong
correlation with the observed absorption bands at 276 nm, 336 nm, and 392 nm,
respectively. For the calculation of the quantum efficiency/quantum yield (QY) of WS;
QDs, a standard comparative method was employed, using quinine sulfate with known
QY 0.54 as a reference, following Eq. 3.1 [180].

Where QY.er and QYs,, are the QY of quinine sulfate and WS> QDs, Abs is the
absorbance, Area is the integrated PL emission, and n is the solvent refractive index
for each sample, which yielded an estimated value of 8.4%, higher than previously
reported [64,180]. The significant QY of WS, QDs indicates efficient radiative
recombination. Additionally, PL decay profiles of WS, QDs were collected using a
320 nm excitation source while monitoring the emission at 370 nm, 410 nm and 490
nm, as shown in Fig. 5.5(b) along with the instrument response function (IRF) and
residual plots (Fig. 5.5¢) corresponding to decay fitting, along with chi-square (y*)

values indicating goodness of fit.
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Fig. 5.5 PLE spectra of synthesised WS> QDs at different emission wavelengths along
with deconvoluted Gaussian bands g1, g2, and g3 (a). TRPL decay curves of WS, QDs
excited at 320 nm, recorded at different emission wavelengths, along with IRF (b) and
residual plots corresponding to the fitted decay profiles along with the associated x>
values (c).

The TRPL decay curves were well-fitted using a tri-exponential decay function as
described by Eq. 3.2:

At a PL wavelength of 370 nm, the decay was dominated by the fastest component (1,
= 0.20 ns, a1 = 0.79), while the slowest component (t,= 8.18 ns) had a minor

contributed (a3 = 0.09). The intermediate component displayed a lifetime ranging from
2.92 to 4.33 ns, depending on the PL wavelength, which varied from 370 to 490 nm.
These three decay lifetimes are attributed to distinct emissive states or recombination
centres, likely arising from a combination of quantum confinement and surface defect
states generated following photoexcitation. All three lifetime components show a
gradual increase when monitoring at longer wavelengths. This trend is likely due to
the contribution of defect states or the polydispersity of the QDs, leading to the broader

distribution of emissive sites. The average PL lifetime (t,), calculated using Eq. 4.3,
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also increased with increasing PL wavelength. This behaviour suggests the presence
of multiple surface-related emissive states, further supported by polydispersity in the

QDs population, as summarized in Table 5.1.

Table 5.1 Tri-exponential fitted PL lifetimes and pre-exponential factors of colloidal

WS: QDs.
Aex Apy T1 T2 13 o (45 a3 Tav x
(nm) (ns) (ns) (ns)
(nm) (ns)
370 0.20+0.01 |2.92+0.07 | 8.18+0.03 | 0.79 | 0.12 | 0.09 | 5.69 | 1.12
320 | 410 0.34+0.02 | 4.15+£0.03 | 8.87+0.01 | 0.61 | 0.19 | 0.20 | 6.88 | 1.10
490 0.49+£0.01 | 4.33+0.15|9.37+0.04 | 0.61 | 0.22 | 0.17 | 6.74 | 1.15

5.3.4. Photostability and Environmental stability of synthesized WS2 QDs under

different conditions

The stability of synthesised WS> QDs was evaluated under varying pH, temperature,
UV exposure, and long-term storage conditions. The PL intensity of WS> QDs
remained nearly unchanged across a broad pH range from 2 to 12, indicating their
exceptional chemical stability in highly acidic and alkaline environments represented
by the bar graph shown in Fig. 5.6(a). This stability is consistent with previous studies
on TMDs such as MoS; and WS etc. [83,88], which attribute their robustness to strong
covalent bonding and minimal surface oxidation [160]. Further, under prolonged UV
exposure at 365 nm for 2 hours, the PL intensity exhibited negligible variation,
demonstrating the excellent photostability of WS> QDs. Such resistance to
photodegradation makes them suitable for PL-based sensing applications. Fig. 5.6(b)
represents the corresponding relative change in PL intensity under different time
exposures. The temperature-dependent PL studies also revealed an increase in PL

intensity at lower temperature ranges (-5 to 15°C), likely due to suppressed non-
-
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radiative recombination processes at reduced thermal energy [206,207]. However, as
the temperature increased from RT, ~30 to 105°C, a very slight decrease in PL intensity
was observed. Figure 5.6(c) shows the bar graph corresponding to the relative change
in PL intensity at various temperature ranges from -5 to 105 °C. This minor reduction
is attributed to enhanced thermal vibrations, which cause increased non-radiative
recombination—a common phenomenon observed in WS, and MoS; QDs [208,209].
Furthermore, a long-term stability analysis was conducted over two months, with PL
intensity measurements taken at 15-day intervals at RT. The results showed an almost
negligible change, confirming the outstanding structural and optical stability of WS>
QDs over extended periods. The bar graph showed the corresponding relative change
in intensity at different intervals of days (Fig. 5.6d). This long-term stability is crucial

for their future applications.
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Fig. 5.6 Bar graphs showing the relative PL intensity (%) of WSz QDs under different
conditions: pH-dependent PL stability (a), UV irradiation (A=365 nm) indicating
photobleaching resistance (b), temperature-dependent PL response representing
thermal stability (c) and long-term shelf-life stability at RT (d).
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5.4. Cr® sensing

5.4.1 Effect of Cr®* on UV-vis Absorption and PL spectra of WSz QDs

Fig. 5.7(a) illustrates the UV-vis absorption spectra of synthesised WS> QDs in the
presence of varying concentrations of Cr®" ions. Upon the addition of a small amount
of Cr®" (0.66 nM), a slight increase in optical density (OD) is observed for the
absorption peak at 336 nm (3.69 eV), along with the characteristic peaks at 242 nm
(5.2 eV) and 392 nm (3.16 eV). As the Cr®" concentration increases to 660 nM, this
trend continues, leading to significant spectral changes. The peak at 242 nm (5.12 eV)
progressively flattens at higher concentrations, while the absorbance at 336 nm (3.69
eV) and 392 nm (3.16 eV) continues to increase substantially. In contrast, the 276 nm
(4.49 eV) band remains largely unaffected, exhibiting only a slight decrease at elevated
concentrations. Interestingly, an isosbestic point appears nearer to 220 nm. These
spectral modifications suggest strong electronic interactions between WS> QDs and
Cr®" ions, potentially forming a WS, QDs/Cr®" complex in the ground state. A similar
trend has been observed in MoS: QDs, where Pb*" ion binding increased absorbance
and spectral sharpening, indicating complex formation [88]. The plots of (Ao-A),
where Ao and A represent the absorbance in the absence and presence of Cr®
respectively, as a function of increasing concentrations of Cr®" varying from 0.66 to
660 nM, exhibit a linear relationship with the fitting parameter of R? =0.98, as shown
in the inset of Fig. 7a, which supports the hypothetical 1:1 complex formation. To
further validate the presence of an isosbestic point, a Benesi-Hildebrand (B-H) plot
was constructed by plotting 1/(A-Ao) vs 1/[Cr®'] by using a well-known B-H Eq. 5.4
[210].

. : [ . +1] (5.4)

(A-A¢)  (Amax—Ag) LK [Cré+]

1

el confirm

The linearity of the plot, as represented by Fig. 5.7(b), between j Vs

the formation of 1:1 complex between WS, QDs and Cr®" with calculated binding
constant (intercept/slope) as 3.31x10° M™!. This suggests that the absorption intensity
of WS, QDs can be effectively utilised as a probe for Cr®" detection in aqueous

environments.
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Fig. 5.7 UV—vis absorption spectra of WS> QDs recorded in the absence and presence
of Cr®" ions over a concentration range of 0.66 to 660 nM. The inset displays the
corresponding (Ao- A) plot as a function of Cr®" concentration at 336 nm and enlarged
characteristic peak (a) and the corresponding B-H plot between 1/AA vs 1/[Cr®"] (b)
PL spectra at Aoy = 320 nm and corresponding S-V plot of WS> QDs recorded upon
incremental addition of Cr®" ions over the entire concentration range of 0.66 to 660
nM (c,d). The concentration gradient was obtained by serial dilution of 10, 10, and
10* M Cr®" stock solutions, added in different volumes (uL) to a fixed WS, QDs
dispersion.

To further elucidate the underlying quenching mechanism, PL titration studies
were conducted to investigate the nature of electronic transitions and their role in Cr®"
sensing. Fig. 5.7(c) illustrates the PL spectra of WS> QDs monitored in the absence
and presence of Cr®" at the same concentration range used in absorption spectra (0.66
to 660 nM). A significant decrease in PL intensity was observed even at the lowest
Cr®" concentration (0.66 nM), and the quenching effect progressively intensified with
increasing Cr®" levels. After adding 660 nM Cr®", the PL intensity diminished by

~94%. However, the shape and position of the PL band, centred at 420 nm under 320
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nm excitation, remained unaltered, suggesting a dominant quenching mechanism
without additional transitions. PL quenching can typically arise from either static
quenching involving ground-state complex formation or dynamic quenching due to
diffusion and collision of photoexcited species [100,180]. To investigate the PL
quenching mechanism of WS, QDs upon exposure to Cr®" ions, a SV plot was
constructed by plotting the ratio of PL intensities (Fo/F) against the molar concentration
of Cr® ions. The data were fitted to the classical S-V using Eq. 3.3.
The resulting plot, as shown in Fig. 5.7(d), exhibited excellent linearity with a
correlation coefficient (R?) of 0.99, confirming a well-defined quenching interaction.
The linear regression yielded a quenching constant (Ksy) of 1.16x10° M1, Using this
slope, the LoD and limit of quantification (LoQ) were calculated based on the formulas
LoD = 30/K and LoQ = 106/K, where o represents the standard deviation of the PL
intensity of pristine WS> QDs computed by repeated ten PL spectra. The corresponding
values were found to be 39.5 and 129 pM, respectively, demonstrating the high
sensitivity of the probe toward Cr®" ions. This value aligns well with the World Health
Organization (WHO) guideline for Cr" in drinking water, which is <50 mg/L (<0.96
mM) [211]. The calculated LoD was found to be the lowest, to the best of our
knowledge, for reported Cr®" detection using various sensors. Notably, the detection
range achieved in this work spans from 0.66 to 660 nM, making it highly suitable for
practical sensing applications. To date, such picomolar-level sensitivity has not been
previously reported for this concentration range. A comparative overview of relevant

studies is presented in Table 5.2 to support this finding.
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Table 5.2 Summary of reported Cr®* detection probes and their analytical performance

parameters.
Sensing Probe Linear range LoD Refs.
(nM) (nM)

WSz QDs 0.66 -660 39.5 pM This work
Ag-NPs 0.3-166.6 95 pM [185]
N, S-doped CDs 10 -66x10° 0.33 [212]
N, Zn-doped CDs 5-135 0.47 [213]
N-doped CDs 1x10'-25%10* 05 [214]
Au NCs-CDs 5x10% - 1x10* 5.34 [215]
CDs 1x10° - 1x10° 250 [216]
N-GQDs 0 - 14x10* 40 [217]
Si QDs 1.25 - 4x10* 650 [218]
C QDs 25x10! - 25%x10° 140 [219]
S QDs 1x10* to 12x10* 360 [220]
B, N@CDs 3x10% to 5x10° 240 [221]
N@CQDs 0-15x10° 300 [222]
Se QDs 5x10°-105%10° 145 [223]
Si-N CQDs 0-2x10° 995 [70]
Fe;04 QDs 1-190 181 [224]
N-GQDs 0-2x10° 800 [225]
N,B CQDs 0-1x10° 49 [68]

5.4.2 Effect of Cr® on PL Lifetime of WS2 QDs

The PL decay measurements provide insights into the excitonic dynamics and PL
quenching mechanisms of WS, QDs in the presence of Cr®*. TRPL decays, modeled
using a tri-exponential fitting approach (Fig. 5.8a), reveal three distinct lifetime
components, as previously discussed. With increasing Cr®" concentration (up to 660
nM), alterations in decay behavior are observed. Specifically, the fastest lifetime
component (t1) decreases notably from 0.34 ns to 0.18 ns, while the intermediate

lifetime (12) declines from 4.15 to 3.30 ns. Conversely, the slowest lifetime (13) exhibits
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a slight increase from 8.87 to 9.44 ns, suggesting enhanced surface defect related
trapping with higher Cr%" levels [226,227]. Also, the contribution of short-lived states
(t: and 12) increases, while the long-lived state (13) becomes less dominant. This means
non-radiative (non-light-emitting) processes become more common, while radiative
(light-emitting) processes are reduced when Cr¢* is added (see Fig. 5.8, Table 5.3). The
average lifetime decreases only slightly from 6.88 to 6.40 ns, which points mainly to
static quenching. In this case, Cr®" binds to the QDs surface and forms non-emissive
complexes [227]. However, the small drop in average lifetime (tav) also suggests some
dynamic quenching, where Cr®" briefly interacts with QDs in solution, possibly limited
by surface coatings or functional groups [228,229]. Further, the SV plots based on
individual and average lifetimes remain linear (see Fig. 5.8b), which supports a mixed
quenching mechanism, both static and dynamic [75,76]. This behavior is consistent
with other studies on similar TMD quantum dots, where both stable complexes and

temporary interactions play a role in reducing PL.
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Fig. 5.8 Fitted TRPL decay profiles of WS> QDs at 320 nm excitation and monitored
at 410 nm emission, recorded in the absence and presence of Cr®" (660 nM)

concentration (a), S-V plots based on individual PL lifetimes of varying concentrations
of Cr%" ions (b).
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Table 5. 3 PL lifetimes and pre-exponential parameters of WS> QDs dispersed in water
excited with 320 nm and monitored at 410 nm for different concentrations of Cr®".

Conc. Ty Ty T3 oy a, | oz | Tay | A
(nM) (ns) (ns) (ns)
(ns)

0 0.34 £ 4.15 % 8.87+ 0.61 6.88 | 1.10
0.02 0.03 0.01 0.19 ]0.20

99 029+ 3.90 £ 8.92 + 0.62 6.77 |1.19
0.04 0.04 0.07 0.21 |0.17

198 021 = 373 £ 937+ 0.63 6.73 | 1.15
0.03 0.06 0.01 0.23 |0.14

495 0.18 + 330+ 9.44 + 0.67 6.40 | 1.18
0.05 0.05 0.03 0.22 |0.11

Further, to evaluate the selectivity of the WS, QD-based probe, PL quenching
experiments were conducted in the presence of various potentially interfering analytes.
As 1illustrated in Fig. 5.9(a), none of the tested analytes exhibited significant
fluorescence quenching, Fe** and Pb** showing a minor reduction in emission intensity
(<20%). Furthermore, to assess the interference effect in a competitive environment, a
fixed and maximum concentration (660 nM) of each analyte was introduced along with
Cr®%" ions. The PL intensity remained nearly the same as that observed for Cr®* alone,
as depicted in the bar graphs in Fig. 5.9(b). Furthermore, to visually confirm the
interaction, images of WS> QDs solutions were captured at a fixed concentration of
660 nM of all analytes, including Cr®", under normal LED light and UV illumination
at 365 nm, which is represented in Fig. 5.9(c). These observations indicate that the
presence of coexisting analytes in aqueous media does not significantly affect the
detection efficiency for Cr®", confirming the high selectivity and minimal interference

of the WS, QDs-based probe.
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Fig. 5.9 Bar diagrams showing the quenching (%) response of WSz QDs in the
presence of different analytes at fixed concentrations of 660 nM (a). Quenching (%)
of colloidal WS, QDs exposed at 660 nM concentration of Cr®" along with other
interfering analytes at the same concentrations (b), showing negligible interference
effects. The yellow bars in both (a) and (b) represent control samples without any
analytes, and the blue-green bars represent the presence of analytes. Corresponding
visual images of the QDs under white LED and 365 nm UV illumination, depicting PL
changes with different analytes at 660 nM concentration (c).

5.4.3 XPS analysis after Cr®" addition

The surface compositions, oxidation states, and bonding properties of the as-
synthesised WSz QDs were examined using XPS. The survey spectrum confirms the
presence of W, S, C, N, O, and Cr, revealing the composition of the QDs and potential
Cr interactions. High-resolution core-level spectra of W 4f, S 2p, C 1s, N 1s, O 1s, and
Cr 2p provide insights into their oxidation states and chemical environments. The XPS
spectrum in the binding energy (BE) range of 29 - 43 eV, W 4f after Cr addition,
exhibits three distinct deconvoluted peaks at 35.04 eV, 37.18 eV, and 40.65 eV as
shown in Fig. 5.10(a). These peaks can be attributed to the W 4f;/> and W 4fs/»
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components of W*" along with an additional peak corresponding to W®' (4fs/2)
[230,231]. Compared to previously reported values for pristine WS> QDs, where W**
appears at approximately 32.8 eV and 34.9 eV, and W at 39.3 eV [64], the observed
shift toward higher BE indicates a slight modification in the tungsten oxidation
environment, implying an interaction with Cr®" ions that can induce surface oxidation
or local electronic structure changes [228]. Further, standard WS, QDs, the doublet
peaks of S 2p appear at 162.5 eV and 163.7 eV, corresponding to the S 2ps/2 and S 2pi/2
states of S*, along with an additional peak at 167.9 eV attributed to residual sodium
sulfate [64,211,232]. After Cr addition, the S 2p peaks shift slightly to higher values
at 163.05 eV and 164.25 eV (Fig. 5.10b), indicating partial oxidation or altered S—W
bonding due to Cr®" adsorption. The oxidation and binding energy shifts further
corroborate the formation of new chemical interactions at the WS> QD surface upon
Cr% binding, supporting quenching mechanisms via charge transfer or surface
trapping sites. The high-resolution C 1s XPS spectrum in the 280-290 eV BE range
was deconvoluted into three distinct peaks centered at 284.3, 285.6, and 288.9 eV (Fig.
5.10c). These peaks are respectively attributed to the C—C/C=C (sp® hybridized
carbon), C—N (carbon bonded to nitrogen), and O—C=0 (carboxyl or ester groups),
indicating the presence of graphitic carbon, nitrogen functionalities, and oxygenated
species on the surface [233,234]. The high-resolution N 1s XPS spectrum in the BE
range of 397405 eV was deconvoluted into two prominent peaks located at 399.34
and 401.1 eV (Fig. 5.10d). These peaks can be ascribed to nitrogen functionalities
corresponding to C—N and O=C-N bonding environments, respectively, suggesting the
incorporation of nitrogen-containing groups such as amides or imides on the surface
of the as-synthesized WS> QDs [130,235]. These surface functionalities can modulate
colloidal stability and participate in Cr®" adsorption, as indicated in the literature
[60,236,237]. Additionally, the O 1s core-level spectrum in the range of 527-536 eV
was deconvoluted into two peaks centered at 530.2 and 531.37 eV (Fig. 5.10e). The
peak at 530.2 eV is assigned to lattice oxygen (O*") involved in W=0 bonds, while the
peak at 531.37 eV corresponds to surface hydroxyl groups (O—H) [64,237,238]. The
presence of W=0 and O-H groups further confirms partial surface oxidation at the
edges of WS> QDs, contributing to their enhanced colloidal stability in aqueous media.

Fig. 5.10(f) represents the XPS spectrum of chromium in the BE range of 571-597 eV.
|
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The detection of Cr in its hexavalent form (Cr 2ps/2 at 578.48 eV and Cr 2p1/2 at 588.50
eV) strongly supports the selective interaction of Cr®" species on the QD surface

[190,228].
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Fig. 5.10 High-resolution XPS spectra of WS, QDs/Cr* system: W 4f, (a) S 2p, (b)
C s, (c) N 1s,(d) O 1s, (e) and Cr 2p ().

5.4.4 Performance Analysis of EDTA as a General Chelator in Cr¢* Detection

To investigate the potential masking effect of EDTA on Cr®" ion detection using WS>
QDs as a PL probe, systematic experiments were conducted with varying EDTA
concentrations (99, 198, 297, 396, 495, 594, and 660 nM). Initially, a fixed amount of
Cr®" solution (660 nM) was introduced in a cuvette containing WS> QDs solution to
establish a consistent quenching interaction. Subsequently, different concentrations of
EDTA were added individually to the Cr® /WS, QDs system. After the addition of
EDTA to the WS, QDs/Cr®" system, the mixture was allowed to stabilise for 5 seconds,
and the PL spectra were immediately recorded. PL measurements were performed with
an excitation wavelength of 320 nm, and the obtained spectra for different
concentrations of EDTA are given in Fig. 5.11(a). The analysis revealed that the
incremental addition of EDTA did not significantly influence the PL quenching of WS;
QDs by Cr®" ions. These results demonstrate that the WS, QDs-based sensing platform

|
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retains its selectivity and sensitivity toward Cr®" detection even in the presence of

EDTA, highlighting its robustness against common chelating agents.
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Fig. 5.11 Effect of different EDTA concentrations (99, 198, 297, 396, 495, 594, and
660 nM) for Cr®" detection (a), Effect of different ascorbic acid concentrations (165,

231, 297, 393, 429, 462, and 528 nM) for Cr®" detection (b), S-V plot of WS> QDs

constructed by plotting (Fi) — 1 vs conc. of AA recorded upon incremental addition
0

of AA concentrations (165, 231, 297, 393, 429, 462, and 528 nM)(c).

5.4.5 Restoring the PL of sensing probe WSz QDs using AA (ascorbic acid)

To demonstrate the reversible nature of our WS> QDs/Cr®* sensing probe, an essential
feature for practical and reusable sensors, we investigated its ability to recover PL upon
the addition of a reducing agent. After PL quenching by 660 nM Cr®*, we introduced
different concentrations of AA as represented in Fig. 5.11(b) and found that at 528 nM
of AA, the original PL intensity was successfully restored. Also, the S-V plot for AA
is given in Fig. 5.11(c) and the calculated LoD is 94.9 pM. This effective recovery
highlights the redox conversion of Cr®" to Cr**, confirmed by the XPS spectrum of
chromium (Fig. 5.12a), where newly appearing Cr’" peaks were observed alongside
the reduction of Cr* signals. The molar ratio of Cr%": AA =1.25:1 indicates that a sub-
stoichiometric amount of AA is sufficient for complete PL restoration, enhancing the
probe's sensitivity. Additionally, the probe maintained a consistent PL response across
18 consecutive quenching and recovery cycles, demonstrating excellent cyclic stability
and reversibility. These results confirm that developed WS, QD-based probe functions
effectively through a reliable and efficient molar ratio-driven mechanism. This
complete and reversible redox transformation is confirmed over 18 cycles of
quenching and recovery, demonstrating the robustness and recyclability of the system

illustrated in Fig. 5.12(b).
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Fig. 5.12 High-resolution XPS spectra of Cr 2p in WS, Qds/Cr®*/AA system (a) and
cyclic PL response of the developed WS> QDs-based probe upon successive alternate
additions of Cr®" (660 nM) and AA (528 nM) over 18 cycles. The plot demonstrates
excellent reversibility and stability of the PL signal.

For the visible test strip experiments, Whatman Grade 1 filter paper was employed as
a solid support for immobilising WS> QDs. The paper substrate was first modified with
WS, QDs, yielding a uniform blue PL under 365 nm UV light. Six representative
images, presented in Fig. 5.13, illustrate the sequential sensing process: unmodified
paper under UV irradiation, WS> QD-modified paper exhibiting bright PL, exposure
to Cr%" at 99 nM resulting in slight quenching, exposure to Cré* at 660 nM showing
near-complete PL inhibition, partial PL restoration upon addition of AA at 99 nM, and
full PL recovery at 528 nM AA. The distinct PL changes confirm the practical
applicability of WS, QD-based paper strips for rapid, portable, and visual detection of

non-colored analytes.
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Fig. 5.13 WS, QD-based paper strip assay showing PL quenching by Cr®" and
recovery with AA under 365 nm UV light.
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5.4.6 Promising Mechanism of PL Quenching and Recovery of WS2 QDs upon

Cr° Interaction

Upon introducing Cr®" ions into the WS> QDs system, a significant quenching of PL
intensity is observed. Mechanistically, this quenching arises from a combination of
processes. This quenching is primarily governed by static interactions, particularly the
formation of ground-state complexes between Cr®" ions and the surface of WS, QDs.
The formation of a non-emissive ground-state complex is supported by the notable
spectral changes in the UV-Vis absorption spectra, including the appearance of an
isobestic point at approximately 220 nm (Fig. 5.7a). However, time-resolved PL
lifetime measurements reveal a minimal change in the excited-state lifetime from 6.88
to 6.40 ns of the QDs in the presence of maximum concentration (660 nM) of Cr®".
The obtained lifetime suggests a predominantly static quenching, likely through
complex formation and PCT from the excited WS, QDs to Cr®" ions adsorbed on their
surface with a small contribution of dynamic behaviour. XPS provides compelling
evidence supporting this redox-based interaction. After Cr®" treatment, the W 4f peaks
of WS, shift notably from 34.9 eV to 35.04 eV (W*") and further to 37.18 eV, indicating
that W* undergoes partial oxidation. An additional high-energy component at 40.65
eV corresponds to W%, confirming surface oxidation of tungsten. Deconvolution of
peak areas shows that W®" increases from 0% to ~10.22%, while W*" decreases
proportionally, reflecting a partial redox process between Cr®" and WS..
Simultaneously, the S 2p doublets, initially at 162.5 eV and 163.7 eV for pristine S,
shift to 163.05 eV and 164.25 eV after Cr®" exposure, suggesting a modification in the
local electronic environment around sulfur. A higher BE peak at 168.14 eV is attributed
to oxidised sulfur species, potentially from residual sulfate or S—O bond formation due
to surface oxidation. Area analysis indicates that ~60% of sulfur remains as S**, while
~40% converts to oxidised forms. The chromium XPS spectrum monitored in the range
571-597 eV after the addition of Cr®" shows two distinct peaks at 578.48 eV (Cr®"
2ps/2) and 588.5 eV (Cr®" 2pi/2), confirming the presence of high-valent Cr%" species
with no signature of other oxidation states of chromium. These species act as strong
electron acceptors, efficiently withdrawing photogenerated electrons from WSo,

thereby quenching the PL without affecting the lifetime. Upon subsequent introduction
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of 528 nM of AA, a known reductant, the PL intensity of WS, QDs is fully restored.
XPS analysis after AA treatment shows complete disappearance of Cr®" peaks and
emergence of new Cr** peaks at 576.72 eV, 577.09 eV (2ps/2), and 586.65 eV (2pi/2),
signifying full reduction of Cr®" to Cr**. The proposed redox reaction is given in Eq.
5.6 [239], where the total number of electrons involved in the reduction of Cr®" is three:
HCrOs + 7H'+ 3¢ — Cr’* + 4H,0 (5.6)
Cr**, being less electron-deficient, does not facilitate effective electron extraction,
hence allowing radiative recombination and PL restoration. Additionally, to compare
the different chemical states of W, S, N, O, C and Cr, the total atomic concentrations
were corrected based on the peak area ratios derived from the deconvolution of their

respective high-resolution XPS spectra (refer to Table 5.4) [233].

Table 5.4 Peak area, FWHM, and total organic contribution from different elements
present in XPS analysis of WS, QDs/Cr " system.

Peak | Are Peak | Are Peak | Are
Sampl FWH FWH FWH Organic
1 a 2 a 3 a
e M (eV) M (eV) M (eV) | s (%)
€V) | (%) €V) | (%) €V) | (%)
50.9 37.5 11.4
W 4f 34.9 1.02 37.18 1.21 40.65 1.30 21.7
6 6 7
24.5 164.2 | 14.8 168.1 | 60.5
S2p 163.7 0.75 0.80 1.10 48.4
9 5 6 4 5
401.0 399.3
N 1s 82.0 | 0.80 18.0 | 0.90 — — — 10-15
5 5
531.3 529.7
O1s 86.8 | 1.05 13.2 | 0.89 — — — 10-15
7 8
284.3 285.6
Cls 0 61.5 | 1.10 | 19.2 | 1.20 288.1 [ 9.9 1.13 5-10
576.7 | 42.3 577.0 | 32.1 586.6 | 25.5
Cr¥ 0.95 1.05 1.30 6-10
6 5 9 2 5 3
5784 | 41.7 25.9 322
Cr® o 5 0.90 583.5 ; 1.10 588.5 o 1.20 8-11

To further clarify the mechanism, absorption spectra of all metals were monitored at

fixed concentrations of 660 nM, as shown in Fig. 5.14. Notably, the UV—vis absorption
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of Cr®" falls within the optical response range of WS> QDs, enhancing its selective

recognition.

0.3 Pb**
ﬂ 3+ Ca®*
Eu Z 2+

2t n
0 Cu ET3+
2 0.2 NiZ™
S 0.

= Mg* Fe?'
é Cd2+ F63+
< A Cre"
—_— Hg2+ CI'BJr

Ba2+

é""—:— —

Wavelength (nm)

Fig. 5.14 UV-vis spectra of different analytes at a fixed concentration of 660 nM.

5.4.7 Application of WSz QDs nanoprobe to quantify Cré* in real samples
The practical applicability of the WS, QDs-based sensor was evaluated through the

detection of Cr®" in real water samples. These included municipal tap water and river
water collected from the Triveni Sangam region in Prayagraj, India—a sacred
confluence of the Ganga, Yamuna, and the mythical Saraswati rivers—during March
2025. The collected samples were first filtered through a 0.22 um membrane to remove
suspended particles and then used for further experiments. Upon addition of Cr®" ions
with a similar concentration range (0.66 to 660 nM), the PL intensity exhibited
significant quenching of approximately 93% in tap water and 91% in Triveni Sargam
water, while maintaining the original PL spectral shape with no noticeable shifts,
confirming the preservation of WS, QDs’ optical properties (see Fig. 5.15a and 5.15b).
Inset of Figs. 5.15(a) and 5.15(b) demonstrate excellent linearity in both cases. The
calculated LoDs were 88 and 154 pM for tap water and Triveni Sangam water,
underscoring the sensor’s high sensitivity in complex real-world matrices. A

comparative overview of LoD values in different water systems is presented in Table
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5.5, highlighting the superior performance of the developed WS> QD-based sensor for

reliable environmental chromium monitoring.
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= 04 = 04
. _1
= b SRS & i) TN — 660 nM
0.0 L e 0.0 s . e
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Fig. 5.15 PL spectra of WS, QDs in tap water (a) and Triveni Sangam water (b)
recorded upon incremental addition of Cr®* ions over a concentration range of 0.66 to
660 nM. The insets present the corresponding S-V plots.

Table 5.5 Calculated values of LoD with quenching percentage for WS> QDs in
different water samples.

Water Sample Quenching LoD LoQ
(%) (rM) (rM)
Ultrapure water 94 39.5 129
Tap water 93 88 292
Triveni Sangam 91 154 512

Additionally, recovery studies were performed with known amounts of Cr®" ions that
were spiked into these matrices at concentrations ranging from 0.66 nM to 660
nM (9.9, 33, 99, 330, and 594 nM), as presented in Table 5.6. The prepared spiked
solutions were mixed thoroughly to ensure homogeneous dispersion of the analyte
before proceeding with PL quenching measurements under the optimised experimental
conditions. These results confirm that the as-synthesised WS> QDs-based fluoroprobe
is highly sensitive and meets the technical criteria required for trace-level monitoring
of Cr®" in drinking water. Compared to previously reported probes, the present system

offers a significantly lower LoD and a comparable or wider linear range, highlighting
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its potential as a low-cost and effective tool for routine environmental monitoring of

Cr®" in real samples.

Table 5.6 Cr®' detection in real water samples at different spiked concentrations (9.9,
33,99, 330 and 594 nM)

Sample Type | Spiked Cr®" [Detected Cr® SD RSD
Conc. (nM) | Conc. (nM) [Recovery (%)
(%)

9.9 9.81 99.13 0.02 0.22

33 33.58 101.75 0.61 1.89

Tap Water 99 98.42 99.42 0.55 0.56
330 328.23 98.43 1.19 0.36

495 491.34 99.46 0.58 0.10

9.9 9.78 98.86 0.27 2.81

33 31.80 96.35 1.25 3.98

Triveni 99 99.16 100.16 1.52 1.59
Sangam 330 333.39 101.02 1.15 0.36
495 495.70 100.34 0.57 0.10

5.5. Conclusion

This study demonstrates the successful development of a highly sensitive and reusable
WS> QDs PL-based sensor for detecting toxic Cr®" ions in various water samples. The
PL-based sensor operates via a predominantly static quenching mechanism driven by
complexation and PCT, with a minor contribution from dynamic behaviour. Its ability
to fully recover PL upon AA treatment enables multiple cycles of detection and
regeneration, highlighting excellent durability and cost-effectiveness. The wide linear
detection range and ultralow LoD achieved in UP (0.0116 ppb), tap and real Triveni
Sangam water validate its practical applicability for environmental monitoring.
Overall, this work presents a promising approach for on-site, real-time chromium

sensing, contributing to safer water quality management and pollution control.
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Chapter 6

Sensing of Vitamin Bl2 via
Fluorescent WS, Quantum Dots

6.1 Introduction

Vitamin B12 (cobalamin, Cbl) is a crucial water-soluble vitamin that plays a vital role
in DNA synthesis, RBC formation, and neurological function [240]. Its complex
molecular structure, characterized by a corrin ring with a central cobalt ion, is shown
in Scheme 1, which influences its unique chemical properties and biological activity

[241].

Scheme 6. 1 The molecular structure of vitamin B12 (Cbl) featuring a corrin ring
with a centrally bound cobalt ion, surrounded by four nitrogen atoms from pyrrole
groups.
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Deficiency of Cbl is an important public health problem, which has been reported to
cause around 3.6 to 15 % of the adult population worldwide [242,243], that is much
more common in seniors and some vulnerable groups such as expectant mothers,
people suffering from digestive diseases and those who follow a very strict plant-based
diet [214,244]. The clinical manifestations of Cbl deficiency represent a wide
spectrum, which may consist of symptoms that are not severe, for instance, weakness
and paleness of the skin and to extensive and very alarming that affect the nervous
system and can be permanent like peripheral neuropathy [245], ataxia [246], cognitive
disturbances [245] subacute combined degeneration of the spinal cord [243,247].
Deficiency is frequently associated with megaloblastic anaemia, which is
characterised by the presence of large and structurally nucleated RBCs. Histologically,
changes may include leukopenia, thrombocytopenia, and pancytopenia [244,248]. In
pregnant and breastfeeding women, insufficient Cbl can result in neural tube defects,
developmental delays [249,250] and anaemia in offspring [240]. The causes of Cbl
deficiency are multifactorial, encompassing inadequate dietary intake, malabsorption
syndromes (such as pernicious anaemia or atrophic gastritis), gastrointestinal surgeries
[251,252], chronic use of certain medications (e.g., proton pump inhibitors,
metformin) and rare congenital disorders affecting absorption or transport
[226,251,252]. One of the main reasons that a Cbl deficiency can be hard to detect is
that the body stores a large amount of the vitamin in the liver. These hepatic reserves
can mask the development of deficiency for a long time, thereby postponing the
identification of the disorder and increasing the risk of permanent bodily injury
[243,249,253]. Early and accurate detection of Cbl deficiency is therefore crucial for
preventing long-term complications and improving patient outcomes. However,
current diagnostic methods, including serum B12 measurement and functional
biomarkers, can be confounded by subclinical deficiency, comorbidities and
limitations in assay specificity and sensitivity [254,255]. This underscores the urgent
need for the development of rapid, sensitive, and selective sensing platforms capable

of detecting Cbl at low concentrations in complex biological matrices.

Recent advances in nanomaterial-based optical sensors have opened new avenues for

highly sensitive and selective detection of biomolecules in complex environments.
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Among these, QDsand noble metal nanomaterials have emerged as leading
candidates due to their unique optical and electronic properties [25,80]. QDs have
attracted significant attention in biosensing due to their unique optical properties, such
as size-tunable PL, high QY and remarkable photostability [121,256]. These features
allow QDs to serve as highly sensitive fluorescent probes for detecting a wide rang of
biological molecules, including vitamins [214], proteins [257] and nucleic acids [24],
often outperforming traditional organic dyes in terms of brightness and stability [26],
surfaces can be easily modified to enhance selectivity for specific targets, making the
m versatile tools in the development of next-generation biosensors.  Despite  the
promise of QDs, most conventional sensor technologies for biomolecule detection still
rely on electrochemical (EC) and electroluminescent (EL) methods. EC sensors, which
measure electrical signals generated by redox reactions, are valued for their sensitivity
and potential for miniaturisation [28]. However, their performance is often hindered
by matrix interference from complex biological samples, surface fouling and the need
for extensive sample preparation to reduce background noise and improve selectivity
[261,262]. These factors can complicate the analysis and limit the reliability of results,
especially in real-world applications. EL sensors, which detect light emitted from
chemical reactions or electrical excitation, offer high sensitivity and low background
noise. Nevertheless, they typically require sophisticated and expensive
instrumentation, as well as precise control of experimental conditions to maintain
signal stability. Additionally, the luminescent materials used in these sensors may
degrade over time or be affected by components in biological samples, leading to
issues with reproducibility and long-term reliability [32]. Both EC and EL approaches
often struggle with multiplexed detection and are less suited for rapid, real-time
analysis compared to optical methods based on QDs. Noble metal nanomaterials, such
as goldand  silver nanoparticles, also  contribute to  enhanced sensing
through plasmonic effects and surface-enhanced Raman scattering, but QDs stand out
for their versatility in  emission wavelength and ease of surface modification
[157,193]. Within the family of QDs, tungsten disulfide (WS>) QDs have attracted
significant attention for sensing applications. WS> QDs possess a highly tunable
bandgap, strong light-matter interaction, and both direct and indirect band gap

transitions, which enable efficient absorption and emission across a broad spectral
|
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range [83]. Their layered structure, combined with the ability to introduce diverse
functional groups, allows for the selective detection of specific targets by modulating
their PL response. Studies have shown that surface-functionalized WS> QDs can
achieve exceptional selectivity and sensitivity for various analytes, with detection
limits (LoD) reaching the nanomolar range in real samples [256,266]. The
spectroscopic approach using WS> QDs offers several advantages over traditional
methods. It provides rapid, non-invasive, and highly sensitive detection, often
requiring minimal sample preparation and enabling compatibility with real-world
samples [128,173]. The strong and stable PL emission of WS, QDs ensures a reliable
signal output, while their chemical tunability supports the development of selective
sensors for a wide range of biomolecules [266,267]. Despite these advances, a research
gap remains in fully exploiting the potential of WS> QDs for the detection of clinically
relevant targets, such as Cbl. Addressing this gap, the present work aims to develop
and optimise a WS, QD-based spectroscopic sensor, leveraging their unique physical
and chemical properties to achieve sensitive, rapid, and selective detection of Cbl in

complex matrices.

6.2 Experimental Section

6.2.1 Materials used

All chemicals utilised in this work were of analytical grade and employed without any
additional purification. Sodium tungstate dihydrate (Na;WO4-2H>0) was supplied by
Thermo Fisher Scientific India Pvt. Ltd., and L-cysteine (HSCH,CHNH>COOH) was
obtained from Sigma-Aldrich. The target analyte, Cbl (Cs3HgsCoN14O14P), was
procured from Central Drug House (CDH), India. Various potentially interfering and
biologically relevant species, including urea, cholesterol (chol), 7Al, 6HQ, glucose
(Glue), Vit K, BSA, and DA were procured from CDH, India. All aqueous solutions
were prepared using ultrapure deionised water (DI) with resistivity 18.2 MQ-cm,

provided by an Adrona ultra-water purification system.

6.2.2 Synthesis
The WS> QDs used in this study were synthesized following the procedure described

in Chapter 3 (Section 3.2.2). The schematic representation of synthesis process is

shown in Scheme 6.2.
|
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The chemical reactions involved in the formation of WS> QDs have already been

detailed in Chapter 3 (Section 3.2.3).
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Scheme 6. 2 Facile single-step hydrothermal preparation of water-soluble WS> QDs.

6.3 Results and discussion

6.3.1 XRD and FT-IR analysis

As represented by Fig. 6.1, the XRD pattern of the WS, QDs exhibited a broad peak
at 20 = 30°, corresponding to the (004) crystallographic plane, which aligns well with
the patterns documented for WS, QDs in the literature [180]. When TMDs transition
from bulk materials to QDs, distinct signatures in XRD patterns often become obscure
or vanish altogether. Specifically, many studies have noted the absence of
characteristic peaks or signals in the XRD patterns of WS, and MoS» QDs, attributed
primarily to their ultrasmall particle size and quantum confinement effects [108] The
average crystallite size was further calculated by using the Debye-Scherrer equation,
using Eq. (7.1) [268]

KA

D= Bost (6.1)

where K (= 0.94), A4, B, and 6 represent the geometric factor, wavelength of X-ray
associated with copper (CuK,) source, FWHM of the observed peak, and the angle of
diffraction peak, respectively. The value of D, as calculated using Eq. 1, was found to

be 3.14 nm.
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Fig 6. 1 XRD pattern of WS, QDs thin film (a), FT-IR spectrum of colloidal WS,
QDs dispersed in water (b).

Fig. 6.1(b) represents the FT-IR spectrum of the obtained WS> QDs. The band at
around 1042 cm! can be attributed to the C-O stretching vibration of hydroxyl groups
[109]. The band observed at 1637 cm™! represents the N-H out-of-plane bending and
N-H; bending vibrations associated with the amide functional group. Additionally, the
band observed at 2111 cm™ is assigned to N=C stretching vibration [64,84]. The
surface of the synthesised QDs is predominantly decorated with hydrophilic groups
such as —OH dimer and —COOH, which confer excellent water dispersibility to the
QDs, thereby significantly enhancing their applicability in aqueous sensing

environments [86].

6.3.2 HR-TEM analysis

The HR-TEM images of the synthesised WS> QDs at various magnifications are
represented in Fig. 6.2, revealing that QDs are predominantly spherical and
homogeneously dispersed with minor particle aggregation (Fig. 6.2a-c). The particle
size 1s observed to range from 2 to 5 nm. Clear and parallel lattice fringes visible in
the inset of Fig. 6.2(a) demonstrate the crystalline nature of the QDs, with a lattice
spacing of approximately 0.2 nm corresponding to the (100) plane of the WS> crystal.
The particle size distribution, fitted with a Gaussian function, indicates an average
diameter of about 3.3 nm (Fig. 6.2d), which closely relates to the average crystallite
size obtained from the XRD pattern. Such a narrow size distribution is advantageous

for consistency and performance in further applications.
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Fig 6. 2 HR-TEM images of WS> QDs at various magnifications (a-c) with particle
size distribution (d). Inset of (a) shows an enlarged image with measured d-spacing.

6.3.3. UV-Vis absorption and PL spectra of obtained WS2 QDs

The absorption spectrum of colloidal WS, QDs dispersed in DI, as shown in Fig.
6.3(a), exhibits predominant intense bands at 336, 275, 241 nm, and 391 nm. The band
at 336 nm is attributed to excitonic absorption stemming from direct bandgap
transitions at the K point in the Brillouin zone [106]. The absorption feature at 275 nm
corresponds to electronic transitions from the valence band to the conduction band.
Meanwhile, the bands observed at 241 nm and 391 nm are associated with the
absorption of surface-adsorbed functional groups, such as sulfate and hydroxyl ions
[64,108]. The inset displays the colour images of WS> QDs observed under white light
irradiation and UV light irradiation, respectively. Furthermore, the Tauc plot method

was utilised to estimate the direct bandgap of WS, QDs, by plotting (ahv)? versus
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photon energy (hv), where a is the absorption coefficient, h is Planck’s constant and
v is the frequency of incident light (inset of Fig. 6.3a). Considering the direct bandgap
nature of WS, the value of n was taken to be 2 [268]. The linear portion of the plot
was extrapolated to the energy axis, revealing the bandgap of the WS> QDs to be
approximately 4.21 eV. Fig. 3(b) represents the PL spectra of WS> QDs observed at
ambient temperature with different excitation wavelengths in the range of 270-420 nm.
As the excitation wavelength increased from 270 to 320 nm, the PL intensity increased;
however, it decreased when the excitation wavelength increased from 330 to 420
nm. A gradual redshift of the PL peak was noted as the excitation wavelength shifted
from 270 to 420 nm, with the maximum peak shift reaching approximately 76 nm as
represented by Fig. 6.3(¢c). The highest PL intensity was observed at 320 nm excitation,
with an emission peak centred at 410 nm and a FWHM of 70 nm. The excitation-
dependent PL behaviour and the FWHM suggest multiple possible transition
pathways, likely due to the abundance of surface defects, as observed in carbon
nanodots [87]. The excitation-dependent PL further indicates polydispersity and/or an
inhomogeneous distribution of WS> QDs, attributed to photogenerated carriers
becoming trapped in localised states, then either radiatively recombining or scattering
into lower-energy states [88]. Photons of higher energy emission may arise if carrier
relaxation within highly localised states is slow, explaining the excitation-wavelength
dependency in the PL spectra. The color coordinates of the PL of WS> QDs were
analyzed using the CIE chromaticity diagram (Fig. 3d). The PL maxima, spanning
398-475 nm at different excitation wavelengths, are tightly grouped within the blue-
cyan region of the visible spectrum, illustrating the highly tunable and pure emission
attainable with these QDs. The narrow clustering of PL coordinates visually
demonstrates both the strong color purity and high color stability of WSz QDs. This
behaviour is retained for excitation-dependent PL spectra, which arise from multiple
radiative recombination channels within the QDs. The specific position of WSz QDs
in the CIE plot underlines their promise for device applications demanding pure and
tunable color emissions across the blue-cyan range. Additionally, PL excitation (PLE)
spectra monitored at different wavelengths showed near independence of the excitation
band on emission wavelength, with a dominant peak around 315 nm and a slight blue

shift in the PL peak near 360 nm as the monitoring wavelength decreased.
|
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Fig 6. 3 Absorption spectrum of colloidal WS> QDs. Inset represents the color
photographs under visible and UV irradiation (~365 nm) (a), PL spectra (b),
normalized PL spectra (c) at different excitations ranging from 270 nm to 420 nm and
CIE 1931 plot with blue emission (d) of the synthesised WS, QDs.

Further, using quinine sulfate (with a quantum yield of 54%) as a reference, the
quantum yield of WSz QDs was calculated via the standard comparative method, and
the resulting quantum yield was about 8.7 %, exceeding previously reported values for

WS, QDs [114].

6.3.4 PL decay analysis

PL decay curves of WS> QDs were monitored at an excitation wavelength of 320 nm
by measuring the PL at 380, 410, and 480 nm. These decay curves were best described
by a tri-exponential function, indicating the presence of multiple emissive
components, with the intensity expressed by Eq. (3.2).

The results are summarised in Table 7.1, and typical fitted decay curves are illustrated

in Fig. 6.4 along with corresponding residuals.
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PL at 380 nm shows that a; of the fastest decaying component, which gives a lifetime
of 0.29 £ 0.06 ns, was 0.65, while for the slowest decaying component, which gives a
lifetime of 8.22 + 0.38 ns, it was only 0.19. As the monitoring wavelength increased
from 380 to 480 nm, the lifetime of all the decaying components also increased.
Consequently, the average PL lifetime, calculated accordingly using Tt,, =
Y(a;t?)/ Y (g ;) relation, systematically increases with longer monitoring
wavelengths (refer to Table 7.1). This dependence of PL lifetime on monitoring
wavelength is likely attributed to the presence of multiple emissive states originating

from different surface defect states within the WS, QDs.
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Fig 6. 4 Fitted PL decay curves for WS> QDs at different emission wavelengths at
dex = 320 nm, along with IRF and their corresponding residuals and > values.
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Table 6. 1 PL lifetime and pre-exponential factors of WS> QDs dispersed in water at
320 nm excitation.

7\'ex 7\'PL T1 T2 T3 Tav )
(281 (253 O3 X
(nm) | (nm) (ns) (ns) (ns) (ns)
380 0.29+0.06 | 2.91+0.08 8.22+038 | 0.65 | 0.16 | 0.19 | 643 | 1.21
410 0.37+0.01 3.15+0.04 8.55+0.12 | 0.57 | 0.17 | 0.26 | 6.98 | 1.18
320
480 0.46 +0.08 3.45+0.05 8.84+0.11 | 0.58 | 0.20 | 0.22 | 6.78 | 1.17

6.3.5 Stability Analysis of WS2 QDs Under Environmental Stressors

To assess the optical durability and environmental robustness of the synthesised WS>
QDs, systematic stability tests were conducted under varying conditions. The
photostability was evaluated by exposing WS> QDs to continuous UV irradiation for
3 hours, as represented by the relative change in PL intensity (Fig. 7.5a), demonstrating
negligible variation in PL intensity and indicating excellent resistance to photo-
induced degradation. The pH stability was examined over a broad range from 3 to 12,
with relative change in Fig. 7.5(b) revealing that the PL intensity remains constant
across both acidic and alkaline environments, confirming outstanding chemical
stability. Shelf-life stability monitoring over approximately 6 months at 4°C indicated
that the WS> QDs retained almost their original PL intensity, as depicted in Fig. 7.5(c)
, reflecting minimal environmental degradation and strong surface passivation. This
exceptional stability is attributed to the robust W—S lattice structure and effective
surface chemistry, which mitigate oxidation and hydrolysis, underscoring the practical

suitability of WS, QDs for long-term use in sensing and optoelectronic applications.
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Fig 6. 5 Bar graphs showing relative PL intensity of WSz QDs with 3h of continuous
UV irradiation (A=365 nm) (a), across a range of pH from 3 to 11 (b) and over a period

of 6 months (c), indicating excellent stability.
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6.4. Vitamin B12 (Cbl) Sensing

Figure 7.6(a) illustrates the effect of varying concentrations of Cbl on the absorption
spectra of colloidal WS, QDs dispersed in DI water. Upon the addition of 0.33 nM
Cbl, no spectral shift or new absorption features corresponding to WS: QDs are
observed. Instead, a progressive increase in the overall absorbance intensity is evident
as Cbl concentration increases. However, with further incremental increases in Cbl
concentration up to 565 nM, the intensity of these absorption bands independently
rises. This enhancement originates from the intrinsic absorption peaks of Cbl, which
display well-defined bands at 278 nm and 361 nm, along with a characteristic broad
shoulder in the 510-550 nm region due to corrin-ring electronic transitions. The
absence of peak shifts, band broadening, or emergence of new spectral features in the
WS> QDs region confirms that no significant ground-state complexation occurs
between WS, QDs and Cbl. Instead, the observed absorbance increase is solely
attributed to the independent optical contribution of Cbl, rather than any modification

of the electronic structure of the WS> QDs [269].
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Fig 6. 6 Absorption spectra and PL spectra (Aex =320 nm) of WS> QDs in the presence
of different concentrations of Cbl ranging from 0.33 to 565 nM (a,b). Inset of (b)
represents the corresponding S-V plot.

Figure 7.6(b) illustrates the PL response of WS> QDs in the presence of increasing
concentrations of Cbl (0.33-565 nM). A significant decrease in PL intensity is
observed even at the lowest concentration (0.33 nM), and the quenching progressively
intensifies with increasing Cbl concentration, ultimately reaching ~94% suppression

at 565 nM. Importantly, the PL peak position and spectral shape of WS: QDs remain

|
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unchanged throughout the titration, indicating that the emissive state of the QDs is not
structurally or electronically perturbed. PL quenching may arise from dynamic
(collisional) or static (ground-state complexation) processes; therefore, Stern—Volmer
(SV) analysis was carried out to identify the dominant mechanism, following Eq. 3.3.
The plot revealed an excellent linear correlation between PL intensity ratio and Cbl
concentration (R? = 0.99), as shown in the inset of Fig. 6.6(b). The linearity of the S-
V plot across the full concentration range indicates a single, uniform quenching
pathway, and the quenching constant (Ksv) was determined to be 1.83x107 M™!. The
limit of detection (LOD), calculated using 3c/K, where ¢ is the standard deviation
from ten blank WS> QD measurements and K is the slope of the calibration plot, was
found to be 555 pM (0.753 ng/mL). The corresponding limit of quantification (LOQ),
determined using 36/K, was 1850 pM (2.51ng/mL), demonstrating the sensitivity of
WS, QDs toward trace-level Cbl detection. The obtained LoD values for Cbl detection
are significantly lower than those reported in previous literature (Table 6.2),

highlighting the superior sensitivity of the WS> QDs-based sensing platform.

Table 6. 2 Comparative data of WSz QDs-based probe with prior investigated
probes for the detection of Cbl.

Probe Used Linearity Range | Limit of Detection (LoD) Ref.
t-CDs 1-12 pg/mL 74nM (19) [270]
CDs 03-15uM 93 nM(22) [271]
NA-CQDs 0.1-60 uM 31.7nM [271]
CdTe QDs 0.5-300 uM 81nM [272]
PN-CQDs 2.0-31 uM 3.0nM [273]
Boron CDs 0.2-24 uM 6.1 nM [274]
CdTe QD 0.02-70 uM 20 nM(24) [275]
WS> QDs 0.33 - 565 nM 555 pM This Work
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6.4.1. Effect of Cbl on PL lifetime of WS2 QDs

PL decays are usually measured to understand excitation dynamics. For example, static
quenching and dynamic quenching can be distinguished. Accordingly, PL decays of
WS, QDs were measured with 320 nm excitation by monitoring the PL at the peak
position. Decay profiles were measured at various concentrations of Cbl under the
same experimental conditions as used for the steady-state PL measurements. The
observed decay profiles could be fitted with a tri-exponential function. The parameters
used for the fitting are summarised in Table 3, and the fitted decay curves are shown
in Fig. 6.7. It is noted that small baseline signals (about 10-20 counts) in different
decay curves are different from each other because of the experimental uncertainty. As
mentioned in the previous section, multiple lifetimes may be assigned to different
emitting states and the polydispersity of QDs.

The lifetime (t1) decreased from 0.37 ns to 0.32 ns with increasing Cbl
concentration up to 565 nM (Table 3). The lifetimes of the second decaying component
(t2) decreased slightly from 3.51 to 3.42 ns, and the third component (t3) remained
almost constant with increasing Cbl. The corresponding pre-exponential factors are
not significantly influenced by Cbl; a1 a, and a3 with increasing Cbl (see Table 3). As
a result, the average lifetime (tav) in the absence of Cbl, i.e., 6.98 ns is nearly constant

as the one in the presence of maximum concentration of Cbl (6.95 ns).
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Fig 6. 7  Fitted PL Decay curves at Aem=410 nm of WS> QDs in the absence and
presence of the lowest concentration 0.33 nM and 565 nM of Cbl, along with their
respective residual profiles and ¥? values.

Table 6. 3 PL lifetimes and pre-exponential parameters of WS> QDs dispersed in DI,
excited with 320 nm and monitored at 410 nm for different concentrations of Cbl.

Conc. T1 Ty 13 oy oy o3 Tav | X
(nM) | (ns) (ns) (ns) (ns)

0 0.37+0.03 | 3.51+0.02 | 8.55+0.03 | 0.57 0.17 |0.26 | 6.98 1.18
33 0.36+0.02 | 3.49+0.06 |8.55+0.03 | 0.57 0.18 [0.25 [ 6.92 1.12
165 0.36+0.01 | 347+0.08 | 8.54+0.02 | 0.58 0.17 | 025 | 6.94 1.16
363 0.33+0.05 | 345+0.03 | 8.44+0.05 | 0.57 0.17 | 026 | 6.94 1.09
565 0.32+0.04 | 342+0.01 |8.44+0.03 | 0.57 0.17 [0.26 | 6.95 1.08

C_________________________________________________________________________|
ANEESHA

CH 6: Sensing of Vitamin B12 Via.........




115

6.4.2 Detection of Cbl Using WSz QDs: Interference and Anti-Interference
Analysis with Other Analytes

To evaluate the selectivity of the WS> QD-based probe, PL quenching experiments
were conducted using various potentially interfering analytes, including urea, chol,
7AIL 6 HQ, Gluc, Vit K, DA, and BSA. As shown in Fig. 6.8(a), none of these analytes
caused significant PL quenching, with only minimal reductions in emission intensity
(<20%) observed for certain species. Additionally, to assess interference in a
competitive setting, each analyte was added at a fixed concentration (565 nM) in the
presence of Cbl ions. The resultant PL intensity closely resembled that quenched Cbl
alone, as illustrated in Fig. 7.8(b). These results collectively confirm that WS, QDs
exhibit high selectivity and negligible interference from coexisting compounds in
aqueous matrices, substantiating their suitability as reliable probes for selective

detection applications.
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Fig 6. 8 (a) Bar diagrams showing the quenching (%) response of WS> QDs in the
absence and presence of different analytes at fixed concentrations of 565 nM. PL
quenching (%) of colloidal WS> QDs exposed with 565 nM concentration of Cbl, along
with other interfering analytes at the same concentrations with 565 nM . The cyan bars
in both (a) and (b) represent control samples without any analytes, and the magenta
bars represent the presence of analytes.

6.4.3. Mechanism of PL Quenching of WSz QDs with Cbl

The interaction mechanism between WS, QDs and Cbl was systematically investigated
through UV vis absorption, steady-state PL, and time-resolved PL measurements. Cbl
exhibits its characteristic absorption peaks at 278 and 361 nm along with a broad
shoulder around 510-550 nm, typical of its corrin-ring electronic transitions. Upon
incremental addition of Cbl (0.33-565 nM) to the WS, QDs, only the intrinsic

|
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absorption features of Cbl increased in intensity without any observable peak shift,
band broadening, or new absorption features attributable to WS> QDs. However, an
isobestic points is noticed at around 333 nm an 391 nm in the absorption spectra of
WS QDs in the presence of Cbl. The PL average lifetime changed from 6.98 to 6.95
ns of about 0.03 ns only. The change in lifetime does not correlated with change of PL
in the presence of Cbl. Thus the lifetime is nearly constant which may support the

static quenching as an dominant mechanism [110,175].

6.5. Conclusions

In summary, WS> QDs were successfully developed as an efficient fluorescent probe
for the sensitive and label-free detection of Cbl. The isobestic points at 333 and 391
nm in absorption spectra confirmed ground-state complex forms between WS, QDs
and Cbl. Nevertheless, a strong concentration-dependent PL. quenching was observed,
reaching ~94% at 565 nM. The noticed unchanged PL lifetime, together with excellent
S-V plot linearity, established that the quenching mechanism is primarily governed by
the static quenching. The probe exhibited a wide linear detection range of 0.33—565
nM and achieved a LOD 555 pM (0.753 ng/mL), demonstrating high analytical
sensitivity. Overall, the findings highlight WS> QDs as a promising, cost-effective, and
rapid sensing platform for Cbl detection, with potential applicability in biomedical,

nutritional, and environmental monitoring.
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Chapter 7

A Spectroscopic Approach for
Amoxicillin  Sensing using WS,
Quantum Dots

7.1 Introduction

Amoxicillin (AMX) is a widely used broad—spectrum antibiotic (Abx) that belongs to
the B-lactam class, specifically the penicillin family, with its structure as shown in

Scheme 1 (Ci6H19N30s5S).

P B ER e
L

{ A

Scheme 7.1 Chemical structure of amoxicillin (AMX)

It is frequently prescribed to treat a range of bacterial infections, including those of the
respiratory tract, urinary system, gastrointestinal tract, skin and soft tissues [276-278].
Its effectiveness, affordability, and broad availability have made it one of the most
consumed Abx globally. However, with its growing and often unregulated usage,
concerns have emerged regarding the presence of AMX residues in food products such
as milk and meat, as well as in water sources [279,280]. The presence of such residues,
even in trace amounts, poses a significant threat to human health and the environment.

Long-term exposure to residual Abx can lead to allergic reactions, disruption of the
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beneficial gut microbiota, and most alarmingly, the development of Abx-resistant

bacteria- a major health challenge in the 21 century [281].

Beyond human health, the environmental implications of uncontrolled AMX
contamination are equally serious. Residual antibiotics enter the ecosystem through
pharmaceutical waste, agricultural runoff, and improper disposal. These substances
can persist in natural waters and soils, disrupting microbial communities and
contributing to the spread of resistance genes [282,283]. As a result, the ability to
detect and monitor AMX at low concentrations in various media has become a critical
need. Regulatory bodies in several countries have established maximum residual limits
for Abx in food and water, which further emphasises the need for reliable and sensitive
detection methods. In this context, the development of rapid, sensitive, cost-effective,
and user-friendly sensors for AMX detection is not just scientifically relevant, but also
socially and environmentally imperative [283]. Conventional methods for detecting
AMX include high-performance liquid chromatography [284], enzyme-linked
immunosorbent assays [285], and electrochemical sensors [286]. While these
techniques are accurate and sensitive, they are often expensive, time-consuming, and
require complex instrumentation and trained personnel. Moreover, sample pre-
treatment and preparation are usually necessary, further complicating the analytical
process. As a result, there has been increasing interest in the development of alternative
methods that are simple, faster, and more adaptable to field applications without

compromising on sensitivity and specificity [287].

In recent years, nanomaterials have attracted considerable attention for sensor
development due to their unique physicochemical properties [288,289]. Among them,
quantum dots (QDs)- semiconductor nanoparticles with size-dependent optical and
electronic properties- have emerged as promising candidates for chemical sensing
applications. Transition metal dichalcogenides (TMDs), such as tungsten disulfide
(WS>), have demonstrated significant potential due to their tunable bandgap, high
surface area, and excellent photoluminescence (PL) properties [41,42]. WS> QDs are
a relatively new class of TMD-based nanostructures that offer strong and stable PL,
good aqueous dispersibility, and the ability to interact selectively with various analytes

through surface adsorption or charge transfer mechanisms [273,290]. Despite their
[ e s e e = e
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promising properties, the use of WS, QDs for antibiotic detection, particularly for
AMX, remains underexplored. Only a few studies have investigated the interaction
between WS> QDs and Abx molecules in optical sensing platforms. This presents a
clear research gap and an opportunity to explore the optical behaviour of WS> QDs in
the presence of AMX. By exploiting the changes in PL intensity upon interaction with
target analytes, a sensitive and label-free optical sensing mechanism can be developed.
Such a method would not only be rapid and cost-effective but also suitable for real-

time detection without the need for complex procedures.

In this study, we address the pressing need for a simple, sensitive, and cost-effective
detection method for AMX by exploring the potential of WS> QDs as an optical sensor.
AMX, chemically known as [D(-)-a.amino-p-hydroxybenzylpenicillin], contains both
B-lactum and phenolic groups, which can interact with the nanomaterial's surface
through hydrogen bonding, n-m stacking, or electron transfer [291,292]. These
interactions have the potential to influence the PL behaviour of WS> QDs. This study
aims to develop a label-free, PL-based detection platform by addressing a clear gap in
the current body of knowledge and leveraging the unique properties of WS> QDs. This
work provides a significant step toward the development of new-generation, TMD-
based sensors for Abx detection. The findings of this study could not only enhance the
understanding of QD-analyte interactions but also pave the way for designing similar

sensors for other pharmaceutical compounds of concern.

7.2. EXPERIMENTAL SECTION

7.2.1 Materials used
All reagents used in this study were of analytical grade and used without further

purification. Sodium tungstate dihydrate (Na2WO4.2H>0) and hydrochloric acid (HCI)
were procured from Thermo Fisher Scientific India Pvt. Ltd. L-cysteine
(HSCH2CHNH2COOH) was purchased from Sigma-Aldrich. The target analyte,
amoxicillin trihydrate (C16H19N30OsS), along with structurally related antibiotics TC,
DOX, NOR, AMP and other biologically relevant compounds, including uric acid UA,
Fru, Glu, DA, Suc, and Chol, were purchased from CDH, India. All aqueous solutions
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were prepared using ultrahigh-purity DI with a resistivity of 18.2 MQ.cm, obtained

from an Adrona ultra water purification system.

7.2.2 Synthesis
Water-soluble WS> QDs were synthesised via a modified hydrothermal route,

optimised for lower energy consumption, and enhanced reproducibility [180]. In a
typical synthesis, 0.082 g (0.25 mmol) of sodium tungstate dihydrate, used as tungstate
(W) precursor, was dissolved in 12.5 mL of DI water using a stirrer and ultrasonicated
for 15 minutes to ensure uniform dissolution. Subsequently, 0.0605 g (0.5 mmol) of
L-cysteine, used as sulfur (S) precursor, was added to the solution along with an
additional 50 mL of DI water, and the pH of the solution was then adjusted to ~5 using
0.1 M HCI under magnetic stirring and was further ultrasonicated for 25 minutes to
obtain a clear and homogenous reaction mixture. This sets the molar ratio of W:S
precursor at 1:2, which was found to be optimal for achieving a small particle size and
strong PL, as cysteine acts as both an S precursor and a stabilising ligand. The prepared
solutions were then transferred into a 100 mL Teflon-lined stainless-steel autoclave
and heated in an oven at 180 °C for 24 hours. The reduction in temperature and reaction
time, compared to previous synthesis, was made possible by optimising the precursor
concentration and pH, which facilitated more efficient nucleation and growth kinetics
without compromising the crystalline quality of the QDs. After natural cooling to room
temperature (RT), the resulting yellowish dispersion was centrifuged at 8000 rpm for
15 minutes to remove large aggregates and unreacted species. Further, filtered the
supernatant containing well-dispersed WS, QDs using Whatman filter paper of Grade
1 and stored at 4°C for further use. The product required no additional purification or
capping steps, as the presence of L-cysteine ensured excellent water solubility,

colloidal stability, and surface passivation of the synthesised WS> QDs.

The chemical reactions involved in the formation of WS. QDs have already been

detailed in Chapter 3 (Section 3.2.3).
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Scheme 7.2 Schematic illustration of modified hydrothermal synthesis of water-
soluble WS> QDs.

7.3. RESULTS AND DISCUSSION
7.3.1 XRD analysis

Fig. 7.1 illustrates that the XRD of the as-prepared WS, QDs displays only very weak
and broadened features rather than the sharp reflections observed for bulk WS». This
loss of well-defined diffraction peaks is expected for materials that have been reduced
to the QDs regime, where strong size broadening and a high fraction of edge/defect
sites reduce long-range crystallographic order and lower peak intensities. The most
pronounced feature is a broad hump centred near 26 ~ 30°, which can be attributed to
the diminished (004) - type stacking reflection of WS; in the quasi-OD structure. The
position and diffuse nature of this hump are consistent with earlier reports [108,293]
and matched with the JCPDS card (00-008-0237) of WS> on hydrothermally
synthesised and liquid-exfoliated WS> QDs and reflecting the transition from layered,
long-range order (in the bulk) to small, often turbostratic or defect-rich QDs. Further,
the average crystallite size was calculated using the Debye-Scherrer equation

mentioned in Eq. 6.1 [256]. The value of D, as calculated was found to be 3.03 nm.
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Fig 7.1 XRD pattern of synthesised WS> QDs deposited on a thin film.

7.3.2 High-resolution transmission electron microscopy (HRTEM) analysis

The HR-TEM images of the synthesised WS> QDs at different magnifications are
displayed in Fig. 7.2. The HR-TEM micrograph in Fig. 7.2(a) (recorded at 50 nm scale)
reveals that the WS, QDs possess a nearly spherical morphology with uniform
dispersion. At higher magnification (Fig. 7.2(b), 20 nm scale), the individual QDs are
clearly visible and appear to be homogeneously distributed with nanoscale dimensions.
The inset of Fig. 7.2(b) exhibits distinct lattice fringes, confirming the crystalline
nature of the WS, QDs. The measured ‘d’ of approximately 0.2 nm corresponds to the
(100) plane of hexagonal WS», in good agreement with previously reported values
[138,226]. The particle-size distribution histogram (Fig. 7.2(c)) follows a Gaussian
profile with an average particle size of 3.12 nm, indicating a narrow size distribution.

This narrow and uniform size distribution is beneficial for their application in various

nanodevices.

CH 7: A SPECTROSCOPIC APPROACH FOR
ANEESHA AMOXICILLIN.........



123

[ size = 3.12£0.03 nm

30

[
=]

=

2 3 4
Particle size (nm)

Fig 7.2 HR-TEM image of the obtained WS> QDs at different magnifications (a,b),
with particle size distribution (c).

7.3.3 Optical Properties of WS2 QDs

The optical behaviour of the synthesised WS> QDs was investigated through
absorption and PL spectroscopy, as presented in Fig. 7.3. The absorption spectrum
(Fig. 7.3(a)) exhibits a distinct excitonic absorption feature with a peak at 260 nm,
characteristic of the quantum-confined WS, structure. The insets of Fig. 7.3(a) show
the optical appearance of the colloidal WS> QDs solution under white LED and UV
light illumination, where a clear difference in colour (emission) can be observed,
confirming strong luminescent behaviour under UV excitation. Further, the band-gap
energy (E;) of WS, QDs was determined using a widely accepted method based on
the Tauc relation (ahv)™ = A(hv — E;), where a is the absorption coefficient, hv is
the photon energy, A is a proportionality constant, and n depends on the nature of the

electronic transition (with n = 2 for a direct bandgap semiconductor).

By plotting (ahv)? against hv and extrapolating the linear portion near the band edge
to the energy axis, the value of E; was obtained to be 5.67eV (Fig.7.3 b). Fig. 7.3(c)
displays the excitation-dependent PL spectra of the WS> QDs recorded at room
temperature for excitation wavelengths ranging from 280 to 400 nm. The PL intensity
increases as the excitation wavelength shifts from 280 nm (4.42 eV) to 320 nm (3.87
eV), reaching a maximum emission at 380 nm when excited with 320 nm light. Beyond
this, a gradual decrease in intensity is observed with further increase in excitation
wavelength up to 400 nm (3.09 eV). The normalized PL spectra (inset of Fig. 7.3 ¢)

demonstrate a redshift of approximately 85 nm in the emission peak with increasing

CH 7: A SPECTROSCOPIC APPROACH FOR

ANEESHA AMOXICILLIN.........



124

excitation wavelength, indicating the presence of excitation-dependent (wavelength-
tunable) PL, typically attributed to surface states and size-dependent quantum
confinement effects [268]. The CIE chromaticity diagram (Fig. 7.3d) further illustrates
the PL behaviour of WS> QDs under different excitation wavelengths. The PL
coordinates are mainly confined within the blue-cyan region of the visible spectrum,
validating the tunable blue luminescence nature of the synthesised QDs. The close
clustering of PL coordinates in the CIE diagram indicates a narrow emission
distribution, suggesting high color purity and photostability of the WS> QDs. Such
excitation-dependent, tunable PL behaviour suggests multiple radiative recombination
pathways, including band-edge and surface-defect emissions, which contribute to the

observed optical response [110,209].
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Fig 7. 3 Absorption spectrum of WS> QDs with inset representing the visible color
under normal LED light and UV light (a), corresponding Tauc plot (b) PL spectra at
different excitations ranging from 280 nm to 400 nm (c) and CIE 1931 plot with blue
cyan emission (d) of the synthesised WS> QDs.Inset of (c) shows normalized PL
Spectra.

CH 7: A SPECTROSCOPIC APPROACH FOR

ANEESHA AMOXICILLIN.........



125

Figure 7.4 presents the deconvoluted PL (Fig. 7.4a) and PLE (Fig. 7.4b) spectra of the
synthesised WS> QDs, revealing distinct emission and excitation features. The PL
spectra, recorded at excitation wavelengths (Aqx) of 280, 300, and 320 nm, can be
deconvoluted with three Gaussian bands centred at approximately 370, 390, and 440
nm, indicating the coexistence of three efficient emissive states. When excited above
350 and 380 nm, the PL profiles can be well-fitted with two Gaussian bands. To further
elucidate the excitation-dependent PL behaviour, PLE spectra were recorded at
emission wavelengths (Aqp) 0f 370, 390, 410, 440, and 480 nm, corresponding to the
PL deconvoluted components. The PLE spectra monitored at A.,= 370, 390, and 410
nm can be resolved into two Gaussian bands centred at 300 and 323 nm, attributed to
high-energy excitonic transitions. In contrast, the PLE spectrum at Aep,= 440 nm
requires two excitation bands at 300 and 380 nm, while the spectrum recorded at Aep,=
480 nm, an additional excitation band around 410 nm, reflecting the presence of
multiple excited-state manifolds and relaxation channels. The high-energy excitations
(300 and 323 nm) correspond to intrinsic excitonic transitions within the confined WS>
QDs core, which relax radiatively to produce short-wavelength emissions around 370
nm. Conversely, the lower-energy transitions (380 and 410 nm) originate from
defect/surface states that dominate the longer-wavelength emissions at 430 and 470
nm [226,294]. The coexistence and persistence of both excitonic and defect-associated
features across varying excitation and emission wavelengths confirm the presence of
two major recombination pathways-direct excitonic recombination and defect/surface-
state-mediated emission [295]. Fig. 7.4(c) represents the fitted decay curves along with
their residuals of the synthesised WS> QDs obtained at different PL wavelengths (350,
380, and 410 nm.)
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Fig 7.4 PL (a) and PLE (b) spectra of WS> QDs, along with Gaussian bands used and
simulated (Sim) spectra. Fitted PL decay curves for WS, QDs at various PL
wavelengths at an excitation wavelength of 320 nm, along with IRF and their
corresponding residuals (c).

The observed decay transients were well-fitted using a tri-exponential function (Eq.
3.2), indicating the presence of multiple recombination processes contributing to the
overall emission [296]. At the emission wavelength of 350 nm, the fastest decay
component (7;= 0.23) exhibited the highest amplitude contribution (a;=0.72). In
contrast, the slowest component (73= =8.54) contributed only marginally (a3=0.12)
corresponding to long-lived trap-assisted emission. As the monitored emission
wavelength increased from 380 to 410 nm, all decay components exhibited
progressively longer lifetimes. However the calculated average lifetime was obtained
by using the relation 74, = Y.(a;7?)/Y.(a; T;) also increased accordingly and the
obtained fitting parameters are summarized in Table 7.1. This wavelength-dependent
increase in lifetime reflects the involvement of multiple emissive centres within the
WS> QDs, including both intrinsic excitonic and surface/defect-related states [110].
The slower decay components are attributed to radiative transitions originating from
surface defect states, whereas the faster components correspond to direct excitonic
recombination. Such multi-exponential decay behaviour is characteristic of quantum-

confined WS> nanostructures and confirms the coexistence of radiative pathways that
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contribute to the observed excitation-dependent PL, consistent with recent findings for

TMDs QDs [87].

Table 7.1 PL lifetime and pre-exponential factors of colloidal WS> QDs at Aex = 320

nm.
7\'em T1 T2 T3 Tav 5
261 %5 a3 X
(nm) (ns) (ns) (ns) (ns)
023+ 238+ 8.54 +
350 0.72 ] 0.16 | 0.12 | 6.17 1.16
0.03 0.07 0.03
031+ 297+ 8.49 +
380 0.57 ] 0.21 | 0.22 | 6.65 1.11
0.01 0.09 0.06
0.39+ 328+ 942 +
410 0.58 | 0.26 | 0.16 | 6.61 1.05
0.02 0.11 0.08

Additionally, the PL quantum yield of the synthesised WS> QDs, which quantifies the
efficiency of photon emission relative to photon absorption, was determined
considering quinine sulfate (QY = 0.54 in 0.1 M H2SO4) as a standard reference. The
QY was calculated according to Eq. 3.1 [180]

The calculated QY of the WS, QDs was found to be 9.7% which is higher than the
previously used method [180].

7.3.4 Systematic Assessment of the Optical and Environmental Stability of WS2
QDs:

Influence of pH, Temperature, UV Exposure, and Shelf Life

To evaluate the optical durability and environmental robustness of the synthesised WS>
QDs, stability tests were conducted under varying environmental conditions, as

represented in Fig. 7.5.
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Fig 7. 5 Relative PL intensity of WS, QDs across a range of pH from 3 to 12 (a), with
6 h of UV irradiation (A=365 nm) (b), change in temperature from 0 to 100 °C (c), and
over a period of 8 months (d), indicating excellent stability.

The pH stability of WS, QDs was assessed over a broad pH range from 3 to 12, as
shown in Fig. 7.5(a). The PL intensity remained nearly constant across both acidic and
alkaline environments, signifying excellent chemical stability. This strong pH
tolerance can be attributed to the robust covalent W-S bonding framework and limited
susceptibility to surface oxidation, consistent with previously reported behaviour of
TMDs [25,122]. Photostability was examined by exposing the WS> QDs to continuous
UV irradiation of a Cole-Parmer UV lamp, with an excitation wavelength of 365 nm
and an output power of 8W for 6 h, as shown by Fig. 7.5(b). The PL intensity exhibited
negligible variation throughout the exposure period, indicating remarkable resistance
to photo-induced degradation. This superior photostability is likely due to the intrinsic
structural integrity of WS: layers that effectively prevents photooxidation and surface
reconstruction under prolonged illumination. Temperature-dependent PL

measurements are shown in Fig. 7.5(c), revealing a slight enhancement in PL intensity
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within the 0-30 °C range, which can be ascribed to the suppression of non-radiative
relaxation processes at lower temperatures [96,256]. A gradual and minor decline in
PL intensity was observed as the temperature increased from RT (~30 °C) to 100 °C,
reflecting the expected thermal quenching due to enhanced phonon interactions at
elevated temperatures. Overall, the temperature response confirmed the thermally
resilient nature of WS> QDs. Furthermore, the shelf-life stability of WS> QDs was
monitored over an 8-month storage period at 4 °C in a refrigerator, as shown in Fig.
7.5(d). The QDs retained more than 98% of their initial PL intensity, confirming
minimal environmental degradation and strong chemical passivation. The exceptional
stability can be attributed to the inherent rigidity of the W—S lattice and the surface
chemistry that suppresses oxidation and hydrolysis during long-term storage. These
findings underscore the practical durability and optical reliability of WS, QDs for

diverse sensing and optoelectronic applications.

7.4. AMOXICILLIN (AMX) SENSING

7.4.1 Influence of Incubation Time on PL Response

To determine the optimal incubation time required for the interaction between WS:
QDs and AMX, the PL response was monitored at different time intervals after adding
the maximum quenching concentration of AMX (607 nM) to the WS> QDs dispersion.
As shown in Fig. 7.6, the PL intensity of WS> QDs decreased rapidly with increasing
incubation time and reached a stable value within 7 min, indicating that the quenching
process occurred almost instantaneously. No significant change in PL intensity was
observed beyond 7 min, suggesting that the interaction between WS, QDs and AMX
molecules reached equilibrium rapidly. Therefore, an incubation time of 7 min was

selected as the optimum time for all subsequent PL quenching experiments [297].
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Fig 7. 6 Quenching (%) of WS> QDs as a function of incubation time, in the
presence of a fixed amount of AMX (607 nM).

7.4.2 FT-IR Characterization of WS2 QDs and Their Interaction with AMX

Transmittance (%)

844+ Trnac

oG
— WS, QDs + AMX §

30

700 1400 2100 2800 3500

Wavenumber (cm™)

Fig 7.7 FT-IR spectra of WS, QDs, AMX and WS> QDs/AMX dispersed in DI.
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Figure 7.7 represents the FTIR spectra, which illustrate the chemical interactions
among WS> QDs, AMX, and their composite (WS> QDs/AMX). The absorption band
at 1025 cm™! corresponds to C—O stretching of hydroxyl groups, while peaks at 1630
and 3289 cm™! [298] are attributed to N-H bending vibrations of amide and hydroxyl
dimers, respectively. The bands at 545 and 2115 cm™! correspond to C-H bending and
N=C stretching vibrations, respectively. The presence of hydrophilic surface groups (-

OH, -COOH) enhances the aqueous dispersibility and stability of WS> QDs [296,299].

In the spectrum of pure amoxicillin, distinct peaks appear at 844, 1020, 1145, 1245,
1398, 1636, 2970, and 3308 cm™!, corresponding to characteristic functional groups of
the antibiotic [300,301]. After interaction with WS, QDs, new peaks emerge at 1776
and 2981 cm’!, indicating possible chemical interactions or hydrogen bonding between
functional groups of amoxicillin and the QD surface, confirming successful

conjugation [300,302].

7.4.3 Impact of AMX on optical properties of WSz QDs

Figure 7.8(a) illustrates the effect of varying concentrations of AMX on the UV vis
absorption spectra of WS, QDs dispersed in DI. With the gradual addition of AMX,
from 0.33 nM to 607 nM, a progressive increase in overall absorbance was observed,
accompanied by a slight flattening of the characteristic absorption band of WS> QDs,
centred around 260 nm. This increase in absorbance is primarily attributed to the
intrinsic absorption of AMX, which shows characteristic bands around 242 nm and
343 nm. These bands partially overlap with the absorption region of WS, QDs, leading
to an additive enhancement of the measured spectrum. To verify this contribution, the
absorption profile of pure AMX at 607 nM was recorded, which exhibited a slightly
higher absorbance than the WS> QDs/AMX mixture at the same concentration. This
confirms that the major contribution to the rising absorbance originates from AMX
itself. However, a slight flattening and marginal broadening of the WS> QDs
absorption band upon AMX addition suggest weak ground-state interactions between
AMX molecules and the surface of WS. QDs. Although no new absorption peak or
prominent spectral shift appears, indicating the absence of a strong ground-state
complex [142,143,291]. Figure 6.8(b) shows the effect of increasing AMX
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concentration (0.33—607 nM) on the PL behaviour of WS> QDs. The WS> QDs exhibit
a strong PL band centred at approximately 380 nm when excited at 320 nm. Upon the
gradual addition of AMX, the PL intensity of WS, QDs decreased progressively
without any significant shift in the main PL peak, indicating PL quenching. The extent
of quenching increased with increasing AMX concentration, reaching a maximum of
95.5% at 607 nM. Furthermore, at intermediate concentrations above 231 nM, a slight
overlapping and broadening of the PL spectra were observed near 450 nm, which can
be attributed to the intrinsic PL of AMX molecules. At the highest concentration (607
nM), the PL signal from AMX became more pronounced, confirming spectral overlap

between the PL of WS, QDs and the inherent PL band of AMX.

The quenching behavior exhibited a clear concentration-dependent response,
enabling the construction of Stern-Volmer (S-V) plots to analyze the quenching

efficiency. The S-V plot was generated by plotting the ratio of PL intensities of WS>

QDs (FO/ F) against AMX concentration following Eq. 3.3 [303],

The SV plots of AMX (inset of Fig. 7.8(b)) were observed to be linear, with a good
correlation coefficient of R? = 0.98. These linear plots were further used to evaluate
the quenching constant, which was calculated from the slope of the SV plots. The
quenching constant (Ks) was observed to be 7.76x107 M~1. Furthermore, the LoD
was calculated using 36/Ksv, where ¢ represents the standard deviation calculated
from the ten blank PL measurements of QDs, and was estimated to be 1.24 nM. A
comparative data of various probes reported for the detection of AMX is summarised
in Table 7.2. The obtained LoD values for AMX are significantly higher, highlighting
the superior sensitivity of the WS, QDs-based sensing platform.
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Fig 7. 8 Absorption spectra and PL spectra (Aex = 320 nm) of WS, QDs in the presence
of different concentrations of AMX ranging from 0.33 nM to 607 nM (a, b), and an
Inset of (a,b) corresponding to AMX structure and SV plot, respectively. Bar diagrams
showing the relative quenching response of WS> QDs in the presence of different
analytes at fixed concentrations of 607 nM (c), and the same concentration of AMX
(607 nM) along with other interfering analytes (d), showing negligible interference
effects. The blue-cyan bars in both (a) and (b) represent control samples without any
analytes, and the magenta bars represent the presence of analytes.

Table 7. 2 Comparative data of WS, QDs-based probe with prior investigated probes

for the detection of AMX.

Probe Used Linearity Range | Limit of Detection (LoD) Ref.
B-CQDs 1.43-429.12uM 0.825 uM [304]
MIP-QDs 0.20-50.0 gL™! 0.14 gL! [305]

MPA-CdS QDs 5-30 pugL! 5.19 ugL! [306]

Cu,N@CQDs 0.2-120.0 uM 0.06 uM [307]

Si-capped ZnO QDs 0.2-24 uM 77.86 nM [308]

Cds@CdTe@MIP 0-100 pgL! 0.15 pgL™! [309]
WS> ODs 0.33 -607 nM 1.24 nM This Work
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7.4.4 Selectivity and sensitivity of AMX towards WS: probe

To evaluate the selectivity of the WS> QDs—based PL probe toward AMX, potential
interfering species, including UA, Fru, Glu, DA, Suc, Chol, TC, DOX, NOR, and
AMP, were tested under identical conditions. As illustrated in Fig. 7.8(a), none of the
tested analytes exhibited significant PL quenching, AMP and NOR showing a minor
reduction in PL intensity (<20%). Furthermore, to assess the interference effect in a
competitive environment, a fixed and maximum concentration (607 nM) of each
analyte was introduced along with AMX. The PL intensity remained nearly the same
as that observed for AMX alone, as depicted in the bar graphs in Fig. 7.8(b). These
observations indicate that the presence of coexisting analytes in aqueous media does
not significantly affect the detection efficiency for AMX, confirming the high

selectivity and minimal interference of the WS> QDs-based probe.

7.4.5 Impact of AMX on PL decay of WSz QDs

PL decay measurements were performed to understand the excitation dynamics of WS>
QDs and to distinguish between static and dynamic quenching processes. Time-
resolved PL decay profiles were recorded at an excitation wavelength of 320 nm by
monitoring at the peak position. The decay profiles were obtained at different AMX
concentrations under the same experimental conditions as those used for steady-state
PL studies. All decay profiles were well fitted with a tri-exponential function, and the
corresponding fitting parameters are summarised in Table 6.3. The slight variations in
the baseline signals (~10-20 counts) among individual decay curves are due to normal
experimental uncertainty. As discussed earlier, the presence of multiple lifetime

components is attributed to different emissive states and the polydispersity of the QDs.

The shortest lifetime component ( 7; ) remained nearly constant (0.31 ns) up to 231 nM
AMX and then gradually increased to 0.41 ns at 607 nM of AMX. In contrast, the
second and third lifetime components (7, and 73) showed a variation with increasing
AMX concentration, from 2.97 to 2.58 ns and from 8.49 to 8.64 ns, respectively. The
pre-exponential factors were also influenced by AMX; a;increased from 0.57 to 0.64
and a,from 0.21 to 0.27, while azdecreased from 0.22 to 0.09 (see Table 6.3).
Consequently, the average lifetime (7,,) showed a modest decrease from 6.65 ns
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(without AMX) to 4.97 ns at 607 nM AMX, indicating the presence of dynamic

quenching.

These results, combined with steady-state PL. quenching, confirm that both static and
dynamic quenching mechanisms are involved. The steady-state PL. quenching mainly
arises from ground-state complex formation between WS> QDs and AMX, which
reduces the effective absorbance of emissive species (static quenching). Meanwhile,
the PL decay profiles support dynamic quenching due to collisional interactions
between AMX and the excited states of WS> QDs. It is noteworthy that static
quenching in this system refers to the reduction in emission intensity due to complex

formation and does not imply a reduction in the intrinsic QY yield of the fluorophore.

AMX molecules.
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Fig 7.9 Fitted PL Decay profiles of WS> QDs in the absence and presence of AMX,
along with their respective residual profiles and ¥ values at Aex = 320 nm and Aem =
380 nm.
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Table 7. 3 PL lifetime and pre-exponential factors of WS> QDs upon addition of
different concentrations of AMX at Aex = 320 nm and Aern = 380 nm.

Conc.
T T2 T3 Tav
(AMX) oy o a3 XZ
(ns) (ns) (ns) (ns)
(nM)
0 031+0.01 | 297+0.09 | 8.49+0.06 | 0.57]|0.2110.22|6.65|1.15
33 032+0.03 | 2.75+0.08 | 8.41+0.06 | 0.55]10.2210.23|6.62|1.10
99 031+0.01 | 2.85+0.10 | 8.39+0.05 [0.55]|0.2210.23|6.61|1.05
231 032+£0.02 | 2.86+0.09 | 8.45+0.09 | 0.58|0.2310.20|6.40 | 1.01
607 041+0.05| 2.58+0.08 | 8.64+0.07 | 0.64|0.2710.09|497|1.13

7.5. Conclusion

In summary, WS> QDs were successfully employed as a highly sensitive fluorescent
probe for detecting AMX. Comprehensive spectroscopic analyses— including FTIR,
UV-vis absorption, steady-state PL, and time-resolved PL measurements— revealed a
pronounced and concentration-dependent quenching of WSz QD PL in the presence of
AMX. The system exhibited a high quenching percentage (~95.5%) and an excellent
SV linearity, demonstrating reliable and quantitative sensing behaviour. Mechanistic
investigations confirmed that the quenching arises primarily from strong static
interactions between AMX and the WS, QD surface, as supported by the appearance
of new FTIR bands and a reduced effective absorption of emissive species. A
secondary but weaker dynamic contribution was also identified, as reflected by the
slight decrease in PL lifetime from 6.65 ns to 4.97 ns. The synergistic involvement of
dominant static quenching, assisted by minor dynamic quenching through excited-
state collisions and partial PET effects, establishes the overall sensing mechanism.
These findings highlight the potential of WS> QDs as an efficient, selective, and
reliable fluorescent nanosensor for AMX detection, providing a foundational

understanding for designing next-generation QD-based antibiotic sensing platforms.
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Chapter 8

Conclusion, Future Scope of Work

and Social Impact

8.1 Conclusion
The present thesis establishes that TMDs QDs, particularly WS, and MoSe; QDs, can

be synthesised through a simple, single-step hydrothermal method without any post-
functionalisation, yielding highly stable, water-dispersible nanostructures that retain
their structural and optical integrity for extended periods. The resulting QDs display
bright fluorescence, significant quantum yield, well-defined absorption features, and
strong excitation-dependent PL originating from quantum confinement and abundant
surface/defect states. These stable and intense optical responses enabled the
development of versatile fluorescent probes capable of detecting a wide spectrum of

environmental and pharmaceutical analytes with remarkable sensitivity.

Across the sensing studies, WS> QDs demonstrated outstanding performance for
oxidative, metallic, and pharmaceutical contaminants. For H>O», the QDs exhibited
strong, reversible PL quenching over a wide range (0.33-594 uM) with an LoD of
1.7x10% M, governed by a redox-mediated mechanism involving reversible
W(IV)/W(VI) transformation. Their capability for Cr®" detection was equally
impressive, showing pronounced quenching through a combined static—-dynamic
pathway driven by strong surface complexation and partial oxidation of W and S
atoms, achieving ultra-low LoDs of 39.5 pM (DI), 88 pM (tap water), and 154 pM
(Triveni Sangam water), along with excellent multicycle reversibility upon reduction
of Cr® to Cr** by ascorbic acid. Additional environmental relevance was demonstrated
using MoSe; QDs for 2,4,6-TNP detection, where efficient PL quenching occurred
with a linear range of 3.3—99 nM and an LoD of 1.43 nM, predominantly governed by
the inner filter effect due to spectral overlap. WS: QDs also proved effective for
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pharmaceutical contaminants: Vitamin B12 induced ~94% PL quenching via a static
mechanism (LoD = 555 pM), while amoxicillin caused concentration-dependent
quenching with slight lifetime reduction, confirming a combined static—dynamic
mechanism and enabling highly sensitive detection over 0.33—607 nM with an LoD of

1.24 nM.

These interactions— governed by the inner filter effect, redox-active behaviour, surface
complexation, and static/dynamic quenching—were systematically validated through
spectroscopic tools including time-resolved PL, FTIR, and XPS. Several sensing
systems further exhibited excellent reversibility and multi-cycle operability,
underscoring the robustness of the QD surface chemistry and their practical suitability

for real-sample applications.

Overall, this work concludes that hydrothermally synthesised WS> and MoSe: QDs,
owing to their one-pot preparation, long-term stability, high brightness, and tunable
optical/surface properties, represent a powerful, cost-effective, and regenerable class
of fluorescent nanosensors. Their ability to detect a diverse range of analytes—from
oxidants and heavy metals to nitroaromatics, vitamins, and antibiotics—positions
TMD QDs as promising candidates for next-generation environmental, biomedical,

and analytical sensing technologies.

8.2 Future Scope of Work
8.2.1 Surface Engineering and Doping

Further refinement of WS> and MoSez QDs can be achieved through controlled surface
engineering and selective doping to enhance stability, shift emission wavelengths, and
improve analyte specificity. Mild ligand passivation and biomolecular

functionalization may provide superior selectivity for biological targets.

8.2.2 Development of Multi-Analyte and Ratiometric Sensors

Future work may focus on designing dual-emission or ratiometric systems for
simultaneous multi-analyte detection. Integrating TMD QDs with materials such as
carbon dots, MXenes, or metal nanoparticles can further enhance signal reliability and

broaden the sensing capability.

C_________________________________________________________________________|
ANEESHA CH 8: CONCLUSION, FUTURE SCOPE OF WORK.........



139

8.2.3 Integration into Portable and On-Site Devices

To enable real-world use, QD-based sensors can be incorporated into paper-based
strips, smartphone-integrated fluorometric readers, or solid-state films for rapid, low-

cost, field-deployable detection.

8.2.4 Biological Applications and Toxicity Studies

Comprehensive toxicity and biocompatibility assessments are essential before
biomedical deployment. Future studies may evaluate their performance in cellular
imaging and clinical matrices for biomarkers such as vitamin B12 or indicators of

oxidative stress.

8.2.5 Mechanistic and Theoretical Investigations

Deeper insight into QD—analyte interactions can be gained through DFT modelling
and ultrafast spectroscopic techniques, facilitating the optimisation of QD surface

chemistry and excited-state dynamics for next-generation sensor design.

8.2.6 Environmental and Industrial Applications

QD probes should be tested in complex matrices such as industrial effluents, river
water, and agricultural runoff. Coupling sensing with photocatalytic degradation offers

the possibility of combined detection and remediation.

8.2.7 Electrochemical and Photocatalytic Sensing
Beyond PL, the inherent electrochemical and photocatalytic activity of TMD QDs can
be explored for redox sensing, pollutant degradation, and complementary analytical

applications.

8.3 Society Impact

The outcomes of this research offer several meaningful contributions to society,

reflected across environmental, health, and technological domains:

8.3.1 Environmental Benefits

v Early detection of water contaminants such as Cr®', 2,4,6-TNP, H.0O», and

pharmaceutical residues helps prevent long-term ecological damage.

v Ultrasensitive and selective nanosensors enable real-time monitoring of

polluted water bodies, protecting aquatic life and ecosystems.

C_________________________________________________________________________|
ANEESHA CH 8: CONCLUSION, FUTURE SCOPE OF WORK.........



140

v Regenerable sensing systems reduce chemical waste and support sustainable

environmental practices.

8.3.2 Public Health and Safety

v Trace-level detection of toxic metals and explosive residues contributes to safer

drinking water and reduced health risks.

v Monitoring antibiotics like amoxicillin helps control AMR by identifying

pharmaceutical contamination in water.

v Sensitive detection of Cbl supports affordable nutritional assessment and early

diagnosis of deficiency-related disorders.

8.3.3 Economic and Technological Advancement

v' Low-cost hydrothermal synthesis promotes scalable, eco-friendly

nanomaterial production suitable for widespread use.

v QD-based sensing platforms can be integrated into portable and smartphone-
based devices, enabling accessible on-site testing for communities and

industries.

v Reusable sensors reduce operational costs compared to conventional single-

use detection systems.

8.3.4 Sustainability and Green Chemistry

v" The synthesis approach uses minimal hazardous chemicals, aligning with green

chemistry principles.

v' Long-term reusable probes decrease environmental burden and foster

sustainable technological development.

8.3.5 Real-World Applicability

v' The sensors are validated in real water samples (tap water, river water, lake

water), demonstrating direct relevance for municipal water testing.

v" They can be adapted for community-level water monitoring, industrial effluent

testing, and healthcare diagnostics.
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In metst seudies, bquid-esfollaced nengsien disalfide quantam dots (WS; QDs) were synthesized a1 pi—4 (acklic)
and generally unstable. Therefore, a figment synthesis techalque far creating stable WS; QDs Is essential. Here,
funcrionalized blue fuorescent WE; QDs were fabsicated with a single-step hydrothermal growth method ot
pH-11 withour any subsequent modifications. Functional grougs in the W5y DDx give great stability, water
dispersibility, and sgnificant photolaminescence [PL) which depends on excitation wavelengrh. PL shows a
multiesponential decay, probably as a result of the overlap of emissions from different embiting states. The
abscrpiion and PL of Wi, Qs were extremely sensitlve to hydrogen peroaide (Ho0y) In water, The absoopoion
and PL of W55 (D5 quenched strongly and Hnearly with increasing HyOg concentratian frons 0.33 nd to 594 M.
The quenching of both absorpiion and PL by HyO, recovered nearly 100 % by adding 000 M HCL The PL
quenching frecovery showed cyelic stabilicy for more than nine cyeles, and the lmit of detection (LoD) of HyO,
wis estimated o be 1.7 = 10 M. The oxidarion froem WiIV) bo W{VT) and subseqoent reduction are considered to
indwee gquenching of absorption/PL and recovery. PL decoy profiles of WS QDs were aleo meassred, and excbted-
state dynamics of the emiting state of Wiz QDs in the presence of HzOn have been discussed, Thus, the fuo-
rescent Wiz s having significant emtssion quantum viekd can detest Hz0; with excellent oyclic stabdlicy and
sensltivity in an aquesus enviranment, which will be further used for biodogical applicatians.

1. Introduction

configurations, MX; can form two crystal structures, i=, a triganal
prismatic (2H]} phase amd an octabedral (1T) phase (Scheme 1L In the

Due to the layersd structure, diverse physical properties, amd pro
spective uses in nane and optoelectronics devices, transition metal
dichalcogenides (TMDs) matedals have piqued the inberest of the sci
entific community [ | . Usually, TMDs are apiically active materials due
ta their metallic or semicanducting characteristics, which depend an
their structure. Expecially, group-WI TMDs such as WS, MoS: and WSea
show semicarductor characteristics with a direct band gap [2.3],
praviding tunability in the band gap, high mobility and vast surface area
[4]. Moreover, TMDs have the standard formula MX; (M= Mo, W and X
= &, S, Te) compased of a transition metal atomic layer stacked be
tween two chaloogen atom layers, depending on atomic stacking

2H phase, each transition metal is prismatically coordinated to six sur
raunding chalcogen atoms resulting in o thermodynamically stable
phase. In contrast, in the 1T phase, six chaloogen atoms form a distorved
octahedron around each tramsition metal, resulting in 2 metastable
phase [1,3,56]. Surprisingly, intralayer atomic gliding allvws each
phase to change into the other easily. These different phases provide a
wide spectrum af layered materials with numerous applications in en
ergy starage (7], catalysis [8-10], chemical sensors [11], bio-imaging
[12], and o cn. It is also repocted that the lavered strocture is highly
sensitive 1o applied elsoric feld [13].

TMDs such as MaS:, Wiz, Mobe), TiSs, etc. show different properties,

Abbreviations W5, 00s, Tungsten disulfide quantum dois FL, Phoicluminescence; HyOy, Hydrogen peroxide; LoD, Limis of desection; THDs, Transion metl
dichalcegenides; NMF, N-methyl-Z-pyrrolidone, TCSPE, Time-correlated single-phoioa counting; IRF, Instrament response function; HRE-TEM, High-resaluton
aransmission ebostron micrescople; FTIR, Fourier sranstoms infrared, XRD, X-ray diffraction; 5V, Stern-Volmern, 51, Sapplementary Infomsation; PR, Surfnce plasmon

resonance; FWHM, Full width a1 halfl macdmun.
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THE

This study explores the synthesls of MeSe, quantum dots (QDs) via the hydrothermal methed, fallowed by
detalled chamcterization to determing their size and crystallinity. The MoSe; Qs exhibit a strong absonption
peak at 260 nen and exclacien-dependent phoicluminescence (FLL These FL properiies were ubllized o develop
a probessensor for detecting 2.4,6-minirophencd (2,4,6-THNFP), o voxie niorcaromatic compound commonly found

In contaminated water. As the concentration of 24,6-TNP Increases, the PL intensity of (s at 410 nm decreases
I & monotonke fashion, showing o Mnear Stem-Volmer response withdn the concentration mnge of 3.3-99 ni,
with a detection limit of 1.43 p8. The reduction in PL incensity is primarily driven by the inner flter effsce. This
studdy highlights the potential of MoSez QDs for envirosmental monitoring and the detectlon of hazardous
compounds lke plonke acld in water,

1. Introduction

Drue to national security concerns, selective amd careful identification
of explosive nitroaromatic compounds (NACs) has gained much aten
tian recently. This depends an envirommental impact caloulation,
homeland security, community safety, and realsworld uses. Rapid and
affordable methods for recognizing explosive components must be
developed in light of the expanding frequency of violent crimes
inwvilving NACs. Morsaver, MACs are considered perilous pollutants that
puose a significant ecalogical risk [1]. Among numerows explosive com
ponents, commicnly feund compouds are 2,4,6-THP, 24-dinitretoluene
(DNT), Z,4,6arinitratoluene (TNT), Z,4,64rinitrobenzene (THE), and 1,
uinitrobenzene (DKBE] [2]. Amang, TNT, DNT and 2,4,6-TNP are the
main companents of detonated landmines [1]. Prolonged exposure to
THT may result in skin irritation, anemia, and headaches, However, 2,4,
G- THF has a far more explosive tendency than THT [4]. The explosive
characteristics of 2,4,6-TNP separate it from ather eminent NACs due to
its fast detonation velocity and shw safety coefficient [5]. In addition, 2,
4,6-TNF's remarkable water solubility and high acidity make it an
environmenial pollutant that poses a significant risk to marine scosys
tems and agricultural land [4,5]. The extensive use of 2,4,6:-THF in in
dustri=s  such a5 waste management, construction,  miror
manufacturing, and rocket production exacerbates the harm caussd by
this hazardowus material [9.7]. The release of 2,4,6-THF into the

* Corresponding author,

E-mail address: msmehata@gmall com (M5, Mehata).
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atmosphere during the fabrication and use of these products contributes
b water and sail pollution. The haematotoxin and hepatoboxic effects of
2.4,6:-THP are well-documented, with known associations with carci

nogenesis and mutagenesis in living cells [9]. Por this reason, trailing
buried explasives and monitaring scelogical pollution depend severely
on detecting 2.4 6 THNP in soil and water. Numeraus approaches and
technigues, including Raman scattering, mass spectroscopy, gas chro
matography, and chromatographic technologies, have been used 1o
pereeive sxplosives [5-10]), However, the genuine uses af these tech

migues are hindered by their constradints, which include sophisticated
arrangement, lengthier processing times, intricate synthesis procedures,
restricted selectivity, and besser sensitivity. So, creating innovative
technigues that provide faster and maore precise explasive dentification
is crucial. Fluorescence.bassd practices have gathered considerable in

terest amang sensing technologies because of their virtuous selectivity,
high sensitivity, low cost, and ease of use [5,1113]. Explosive recog

nition has special appeal in the fluorescence approach because of its
practical benefits and adaptability, which utilize light emision upon
excitation [7,14,15]. PLis a phencaenan whers light excites flucrescent
molecules or materials, causing them to emit light at knger wave

lengths. By identifying and studying the emitted light, it &5 possible to
gain valuable insights into the target chemicals. This research aims to
develop a highly selective smnging method for 2,4,6.-TNP, aleng with an
explomtion of the underdlying mechanisms [©]. The energy transfer (ET)

teed form 23 December 2024; Accepred 28 December 2024
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Reusable fluorescent WSz QDs sensor for ultralow-level detection of cr® in
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This report describes an efficlent, reusable photnleminescence (PL)-based sensor wilising mungsten disalfide
{WSzh quantum dats (QDs) for the selentive deteetion of wale hespvalent chromium (00%) jons in sgoesos en-
vironments, The introduction of €™ tans Induces significant PL quenching in WSz Ok, accompanded by a minor
change In avernge lifedme, sugpesting a predeminandy stk quenching mechanism, likely driven by
coanplexation between the (0w and Cr" lons with some contributian from dynemic quenching. Xray photo-
eleriron spectroscopy reveals partial oxidation of pangsten and sulfur an the Q6 surface, confimadng interactions
with the electron-withdrawing Cr'* lons. Notably, the sensor demonstrates full reversibility upon ascarbic acld
{vitansin Cl-medinted reduction of O 1w o', with PL recovery and consistent performance sustalned over
more than 18 sensing cychs. The probe exhibits o broad linear detection mnge (0.66-680 nM} of G and
achieves remarkabdy low detection lindis of 39.5 (0.2 ppb), B8 (0026 ppb), 154 (0045 pph) and 94.9 (0.0017
pptd pM i delonized, wp, Trivenl Sasgam water and for pscorbde acid, respectively. The high sensivvity,
sedertivity, and recyelability of W5 Qs highlight their potential ns o robust toold for manitoring G contam-
ination and i1s reversible redox interactions in diverse real-world water systems.

1. Introduction

Transiticn metal dichal

[TMDs) are attracting cansiderable

crucial for effective environmental monitoring and public health man
agement [12,17].
Chromium (Cr) is a d-block transition metal that can exist in multipls

anention due to their remarkable properties and numerous applications
in varius sectors, including sensing, electronics, and phetandics [1-3].
Due to its exceptional chemical stability, tungsten disulfide (W5.) has
become a tap contender among TMDs with o broed absarption spectrum
and unique FL properties  [24]. WSa's layered structure and
phase-dependent properties illustrated in Scheme 1, enable tunable
electrical and chemical features, which find applications in catalysis,
energy storage and bisimaging [5-7].

WS, quantum dots (Q0s) can be synthesised in several ways, but the
hydrathermal method is the most widely used and effective. The pro
ducton process is simplified by the hydrothermal approach, which
eliminates the need for pest-functionalization ar capping agenes [2-10].
This process produces WS QDs with superior optical properties and
good stability, making them Sdeal for sensing applications [1,11]. Given
the nesds of me<dern technelegy, there is a growing demand Far portable,
affordable, and mpid-response sensors that can detect hazsardows gases

oxidation states, namely elemental (0], divalent (+2), trivabent (+3) and
hexavalent {+6) forms [14]. Among thess, the hexavalent form of Cr™
is af particular concern due to its highly taxic and carcinogenic nature.
ot is dangeraus primarily because of the mechanism by which it in
tercts with bisdogical systems. Upon reduction within cells, o ore
beases reactive hydrooy] radicals, which canse extensive cellular damage
and can bind to DNA, beading to mutations and the development of
cancer [ 15-17]. Whether fram ingestion, inhalation, or contact with
tainted food or water, exposure o Cr'* increases the risk of cancer and
other serious health problems [ 14, 18], The lack of cost-effective treat
ments far diseases like cancer further underscares the impartance of
early detection and prevention [15 20]. Identifying and managing
carcimagens at a premature stage &5 crucial for redocing the risk of
cancer. Varous analytical techniques, such as differential pulss vol
tammetry, atamic abscoption spectrometry, and 1CPMS, are used for
Cr** detection. However, many reguire costly instnamments, complex

and heavy metals. The development of sensors that meet these criteria is

* Comresponding authaer,
E-muil address: meneh

procedures, or lack suitability for mpid, onesite monitoring [17, 20
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Selectively probing ferric ions in aqueous environments using
protonated and neutral forms of 7-azaindole as a multiparametric
chemosensor
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Abstract

T-azaindole (TAIY dimer 15 a model molecule for DNA study and understanding the mutagenic behavior based on the
exciled-state proton transfer process in hydrogen-bonded networks. The neutral and protonated forms of TAT monomer with
significant fluorescence (FL) intensity fit the luorescent sensor strategy o recognize selective metal ions. Out of several
metal ions (Fe'*, AP, Fet, Ph2*, Bat, Ni?t, Zn’t, .\-‘Igl F Calt, Cult, ||_'L_=."I * and Cd* ). the absorption, Auorescence and
Muorescence lifetime of TALin the agueous medium are selectively sensitive to the ferric G_Ft-'=' ) ions. The absolute value of
absorplion intensity increases lnearly with concentration of a particular metal ions. FL intensity of both the forms of TAI
decreases gradually with Fe'* jons and trails the linear Stern—Volmer relation. The formation of non-flusrescent complexes
was confirmed with Benesi-Hildebrand and Job plots, along with FL and FL decays. The FL lifetime of the protonated form
of TAL which is 0.83 £0.01 ns, is nearly constant with Fe™ jons concentrations, confirming the static quenching mechanism,
The limit of detection {LoD) of Fe' jons over the long range of 16-363 uM for the neutral and protonated forms of TAL s
(46 £0.02 and 0.49 £ 0.02 pM, respectively, estimated using FL spectra. Additionally, the linear plot of absorbance with
Fe' ions of both the forms of TATL can also act as a calibration curve with very close LoDis, as obtuined by FL spectra. Thus,
the multi-parameters-based probe for detecting the Fe * ions over long-range in real aqueons environments with operational,
high sensitivity, fast response (<3 s), and good selectivity (over 12 metal ions) is undoubtedly a superior approach over
other methods.
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Synthesis of Graphene Quantum Dots (GQDs) from Paddy Straw

for Bilirubin Detection
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Abstract

This work reports the synthesis of blue-cmitting graphene quanium dots (GQDs) with an average diameter of 3.8 £ 0.5 nm
from paddy straw. a sustainable biomass resource, via hydrothermal synthesis. These GQDs demonstirate excellent per-
formance in hilitubin (BR) detection. The GQD photoluminescence (PL) intensity exhibits a proportional decrease with
increasing BR concentration. indicating efficient quenching. The limit of detection for BR reaches a low value of 87,9 nhd,
highlighting the high sensitivity and selectivity of the GOQD-based sensor. The observed quenching likely arises from a
combined mechanism involving static quenching due to GQD-BR complex formation, inner filter effect {(1IFE). and Firster

resonance cnergy transfer facilitated by spectral overlap.

Keywords Biomass waste - Paddy straw - Graphene quanium dots - Bilirubin - Forster resonance energy transfer

Introduction

Carbon nanostructures have collected all important atten-
tion repaid to their striking mechanical vigorous, electrically
conductive abilities, and noteworthy chemical and thermal
qualities [1]. In particular, graphene, known as the principal
form of carbon graphite, containg only one layer of carbon
atoms joined wgether by coinciding :ip! hyhrid bonds [2].
Unlikely graphene, GOQDs are non-zere band gap materi-
als [3] that exhibit their strong quantum confinement [4]
and edge effects [5]: for this reason, GQDs possess remark-
able optical and electrical propertics. They serve important
propertics such as strong water solubility, low cost, stable
photoluminescence (PL), tunable bandgap. good compat-
ibility, and low toxicity [6—8]. GQDs possess their unique
inner structure and surface chemical groups [9]. GODs nor-
mally have features that drop below a diameter of 20 nm
[10]. Because of its small size, GOQDs carry a declaration
for biomedical applications in comparizson with graphene
or graphene oxide (GOO [11, 12].

. Mohan Singh Mehala
msmehata® gmail.com

Laser Spectrascopy Labaratory, Depariment of Applied
Physics. Delhi Technodogical University, New Debhi 110042,
India

Biomass waste, described from its green, affordable,
abundant, casily accessible, and carbon-rich nature. intro-
duces a promising option as a precursor for creating GOQDs.
The management and rencwal of biomass waste presents an
important confrontation in today’s world. The effective use
of biomass waste not only helps in rewsable obstacles but
also givies a low-hudget source for GOQDs synthesis. This plan
considered using biomass waste as a low-budget and sus-
tainable precursor [ 13]. Rice is one of the highest-expanded
crops globally [14]; kowever, agricultural waste for example
paddy straw is a usual agricultoral residue thar consists of
generous carbon content because of the existence of cellu-
lose and lignin [13]. The maximum paddy straw manufac-
wred is currently inclined through open field buming. This
procedure leads to air pollution, energy wastage, and the
cecupation of landfill arcas [16]. Constructively modifying
paddy straw biomass waste into valuable products can capit-
ulate essential cconomic and environmental benefits [17).

GO synthesis wechniques are often divided into tao dis-
tinct categories: top-down and bottom-up methods. Bottom-
up techniques utilize detailed effective steps and particulate
organic clements, imposing obstacles for optimizing cir-
cumstances [11]. On the other band, top-down techniques
include breaking down and separating casily available bulk
graphenc-based materials, like graphite, under the worst
circumstances. These procedures typically consist of dif-
ferent steps involving strong oxidizing agems, concentrated
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e Characterization: XRD, FTIR, UV-Vis, PL, HRTEM, SEM, XPS and TRPL.
e Device Fabrication: Thin-film and nanogenerator preparation.

o Data Analysis Tools: Origin, ImageJ, and basic Gaussian.

Achievements
o CBSE Physics Topper (95%), 2012.
e University Rank holder in M.Sc. Physics (MDU).
e Patent awarded for nanomaterial-based sensor.

e Presented research at national and international conferences.
Professional References:

1) Dr. Mohan Singh Mehata
Associate Professor
Department of Applied Physics, Delhi Technological University
9953142553
msmehata@dtu.ac.in

2) Dr. Amrish K. Panwar
Associate Professor
Department of Applied Physics, Delhi Technological University
9891778307
amrish.phy@dtu.ac.in

C_________________________________________________________________________|
ANEESHA


mailto:msmehata@dtu.ac.in
mailto:amrish.phy@dtu.ac.in

