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ABSTRACT

Every material science research is enriched by the addition of carbon-based
materials. Carbon dots are a new type of luminescent nanoparticles that belong to
the carbon family and are currently gaining popularity. They have attracted broad
research interests because of their excellent physiochemical properties and
characteristics like low-cost synthesis, novel optical properties, nontoxicity,
biocompatibility, etc. Due to their multi-functionality, they are widely used in
various applications such as sensing, catalysis, bioimaging, security, anti-
counterfeiting, and optoelectronics. Since it is a recently explored material, its
challenges related to product yield, optical efficiency, and functionalization
remain problematic and open to research.

In this thesis work, various carbon dots have been obtained by exploring multiple
precursor categories: Proteins, Biomass, and organic. The precursors used are
non-toxic and free of rare earth elements and metals, making the prepared carbon
dots environmentally friendly and independent from problematic sources.
Different synthesis methods, such as microwave, hydrothermal, and heating, were
utilized to obtain a reasonably high yield. These methods are low-cost and
straightforward to manipulate. We targeted diverse applications for all our carbon
dots, thus making them a multifunctional nanomaterial. Examples of the various
applications demonstrated for the carbon dots include anticounterfeit, LEDs,
sensing, antibacterial, information encryption decryption, etc.

Keywords: Carbon dots, high yield, multifunctional, anticounterfeit, LED, sensor,
antibacterial, information encryption decryption



ABSTRAKT

Uhlikové materialy pronikly do vsech oblasti materialové-védného vyzkumu.
Uhlikové tecky jsou novy typ luminiscenénich nanocastic patiici mezi uhlikové
materialy a jejich popularita stale vzrista. Pritahuji Siroky zajem vyzkumnikt
diky svym vynikajicim fyzikalnéchemickym vlastnostem a dalSim
charakteristikam, jako jsou nizké naklady na syntézu, nové optické vlastnosti,
netoxicnost, biokompatibilita apod. Diky své multifunkcionalité jsou Siroce
vyuzivany Vruznych aplikacich, jako je senzorika, katalyza, biologické
zobrazovani, bezpecnostni a protipad¢latelské aplikace a optoelektronika. Jelikoz
je to teprve nedlouhou dobu zkoumany material, vyzvy spojené S vytéznosti
syntézy, optickou ucinnosti a funkcionalizaci ziistavaji problémem, a jsou stale
otevieny dalSimu zkoumani.

V této disertani praci byly pfipraveny rtuzné uhlikové tecky pii zkoumani
nékolika kategorii vychozich surovin: bilkovin, biomasy, a organickych latek.
Tyto latky jsou netoxické a obejdou se bez prvki vzacnych zemin a kovi, coz
¢ini ptipravované uhlikové tecky ptiznivymi pro zivotni prostfedi a nezavislymi
na obtizné dostupnych zdrojich. Byly vyuzity rizné metody syntézy jako jsou
mikrovinna syntéza, hydrotermalni syntéza i prosty ohiev, aby bylo dosazeno
dostate¢né vysokych vytézki. Zameérem bylo najit rizné aplikace pro vsechny
ptipravené uhlikové tecky, abychom vskutku dosahli multifunkéniho
nanomaterialu. Piiklady, které to demonstruji zahrnuji protipadélatelské aplikace,
LED, sensoriku, antibakterialni Gi¢inek, Sifrovani informace apod.

Klicova slova: Uhlikové tecky, vysoky vytézek, multifunkcni, protipadélatelsky,
LED, sensor, antibakterialni, sifrovani informace
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1. INTRODUCTION

Nanotechnology is a field of science and technology that deals with manipulating
atoms and molecules at a scale less than 100 nm. The idea behind this started with
a talk given by Richard Feynman in 1959 on the topic “There is plenty of room at
the bottom.” Since then, this multidisciplinary field has undergone broad research
to discover its application in different technology fields. The advantages of
nanotechnology are based on the ability to alter material structures at extremely
small scales to obtain specified features. As we go from the bulk to the nano size
of a material, there is an enormous change in the physical and chemical properties.
The large surface-to-volume ratio at the nanoscale greatly benefits these
nanosystems.

In nanotechnology, the synthesis of nanomaterials plays a huge role in obtaining
the required properties of a material. Two basic approaches are followed for
synthesizing nanomaterials to get the desired features: top-down and bottom-up.
The top-down approach involves breaking down bulk material into nano-sized
structures or particles. Some of the different top-down approaches include
lithography, arc discharge, and laser ablation methods. One of this approach's
main disadvantages is its imperfection of the surface structure. On the other hand,
the bottom-up approach involves the building up a material atom by atom,
molecule by molecule, and cluster by cluster. Examples of bottom-up synthesis
methods include sol-gel, microwave, and chemical co-precipitation. Compared to
the top-down approach, bottom-up approaches are more efficient because of
better structure formation. These approaches can potentially create less waste and
are more economical.

Among the nanomaterials being examined and studied, carbon dots (CDs) have
become a hot research topic due to their excellent properties. These dots open up
many new opportunities for science and industry today. Researchers are
developing customized CDs to meet the various needs of industries like
nanomedicine, electronics, food, batteries, textiles, sensors, etc. Different
approaches are being studied to synthesize these CDs with sufficient product yield
and excellent properties. However, since it is a recently developed material, the
quest still prevails due to its challenges like product yield and optical efficiency.
In this doctoral thesis, we report the synthesis, characterization and applications
of different CDs synthesized via different precursors and methods. Precursors
such as proteins, biomass and organics are used for the synthesis. The synthesis
methods involved are simple, low cost and productive. The diversity of the
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synthesized carbon dots is shown through various applications like
anticounterfeit, sensing, phosphor for Light Emitting Diodes (LEDSs),
antibacterial, information encryption decryption, security, etc. The novel CDs'
unique functional and optical properties make them a universal material for
multiple applications.

2. BACKGROUND

CDs are nanoparticles with dimensions less than 10nm, belonging to the carbon
family. Xu and his colleagues discovered them in 2004 during the purification of
single-walled carbon nanotubes [1]. These dots are primarily composed of
elements C, H, O, and N [2]. The CDs comprise sp?/sp® hybridized carbon in the
core and with surface functional groups. Their structure depends on the precursor
and the synthesis conditions. They have been explored massively in the last few
years because of their tremendous properties like bright fluorescence,
biocompatibility [3], low cost and easy synthesis. Among their different
properties, their optical properties are given much attention because of their
widespread applications in the field of light emitting diodes [4], anticounterfeit
technology [5], bioimaging [6] and optoelectronics [7]. An overview of the
various precursors and synthesis approaches used to obtain CDs is in Scheme 1.

2.1 Precursors for Synthesis

The two primary precursor sources used to synthesize carbon dots are chemical
and green.

One of the main reasons chemical precursors are used is because of their ability
to give high product yield and optical efficiency. Among the chemical precursors,
the two sub-categories are acidic and non-acidic precursors [8]. Some of the acidic
precursors used in synthesizing CDs include citric acid, boric acid, ascorbic acid,
phthalic acid, tartaric acid, succinic acid, etc. Citric acid precursor combined with
ethylenediamine yields one of the most excellent fluorescence quantum yields, at
85.69%][9]. Also, amino acids have several advantages of being a precursor
because of their non toxic, biocompatible and eco-friendly characteristics. The
different types of functional groups available with amino acids greatly enhance
CDs chemical and optical properties. Non-acidic precursors include graphite
oxide, poly(ethylene glycol), glucose, bovine serum albumin, chitosan, etc.
Non- acidic precursors also provide remarkable properties, thus proving their
potential compared to acidic precursors. Due to their unique properties, they are
effectively used in versatile applications[10].
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TOP DOWN

BOTTOM UP

Scheme 1. Schematic representation of precursors, synthesis approaches, and
structure of CDs (Own courtesy).

Research is progressing towards green sources due to their simple, low-
cost, and large-scale production of high-quality carbon dots. Some of the green
sources include fruits, seeds, leaves, vegetables, waste products etc. The different
chemical groups in the raw materials provide exciting properties to the
synthesized carbon dots. Acidic fruits like lemon and citrus sinensis are rich in
glucose, fructose, and ascorbic acid, and their peels are rich in proteins and fibers.
As aresult, the carbon dots have higher fluorescence characteristics. Seeds having
excellent anti-inflammatory, antioxidant, and antimicrobial properties have been
used as precursors of carbon dots to eradicate various microorganisms. Leaves
also serve as excellent precursor material. Recently, the carbon dots obtained from
Calotropis procera leaves gave a quantum yield of 71.95% [11].
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Surface functionalization alters the CDs surface with functional molecules
or polymers, while doping adds atomic impurities into C-dots to change their
electronic structure. Using compounds like urea, thiourea, and ethylenediamine
to introduce heteroatoms like nitrogen and sulphur also increases the
luminescence of the CDs. Heteratoms can be used to modify the electronic
bandgap. The sp? -conjugation is disrupted by a small number of heteroatoms,
which causes the band gap to increase. On the contrary, a high concentration of
heteroatoms can also lead to a decrease in the band gap [12].

In our thesis work, a protein called “Casein” was used as a precursor in the first
study. Casein is a readily available milk protein. It has both hydrophobic and
hydrophilic domains. They contain large quantities of calcium and calcium
phosphate. It is rich in essential amino acids. The second study used Syzygium
cumini L. (SCL) as a biomass precursor. SCL is a natural seed belonging to the
tropical and subtropical family of Myrtaceae, generally known as Indian
blackberry or Jamun. They have high contents of phenolic acids and flavonoids
[13]. Due to their low cost, non-toxic properties and healing potential, they are
frequently used in biological applications. In the third work, 1, 10 phenanthroline,
an organic precursor, was used to synthesize phosphorescent CDs. Its aromatic
structure, with the presence of a suitable hetero atom, is fundamental in obtaining
appropriate inter system conversion, thus attaining phosphorescent
characteristics.

2.2 Synthesis

Controllable preparation of CDs is critical to scientific study and application
development, which can be realized through careful choice of synthetic methods.
The CDs can be synthesized using both top down and bottom up approaches [14-
16]. Some of the examples include Laser ablation [17], Electrochemical synthesis
[18], arc discharge [19], Microwave [20], and hydrothermal [21]. Scheme 2
represents a schematic representation of the top down and bottom up approaches
to obtaining carbon nanoparticles.

BULK
POWDER
NANOPARTICLE CLUSTERS

ATOMS
' % "
TOP P —
DOWN I - 0000 .'..3:. SSHOM
L]
e 00 .
. -

Scheme 2.Schematic representation of town down and bottom up approaches
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Even though CDs are synthesized using both Top-down and Bottom-up
methods, Bottom-up methods are generally chosen because of their simplicity,
low cost, controlled surface functionalization, and ability to control particle shape
and size.

2.3 Structure
The structure of CDs is composed of core and surface functional groups.

Depending upon the synthesis, the core can be either crystalline or amorphous,
and the surface groups can host different polar and nonpolar groups. CDs with
crystalline cores tend to have a graphitic structure mostly. In such a structure, the
core is composed of sp? hybridized carbon stacked on each other. The crystallinity
of the core is analyzed through different techniques like X-ray diffraction, Raman
spectroscopy, and high-resolution Transmission microscopy. On the other hand,
amorphous carbon dots [22] contain a mixture of sp? and sp® hybridized carbon
with different proportions without any lengthy periodicity in the core. Apart from
the core structure, the CDs have similar features, whether crystalline or
amorphous.

The surface of the CDs possesses different functional groups, which can be easily
analyzed through Fourier Transform Infrared spectroscopy (FTIR) or X-ray
photoelectron spectroscopy. Some CDs have high oxygen content due to the
oxidation of core/surface groups. The surface might contain groups that are
hydrophilic, hydrophobic, or amphiphilic. One of the essential aspects of the
synthesis of CDs is proper surface passivation. The surface passivation plays a
crucial role in providing bright luminescence. Dangling bonds, non-radiative
states, radicals, and other defects can be found on a bare C-dot surface. Because
of these defect sites, C-dots are vulnerable to external contamination, resulting in
poor photostability and low quantum yields [23].

When it comes to the CDs electronic structure, the CDs = states can be ascribed
to aromatic sp? hybridized atoms in the core. It has been reported that as the
number of aromatic carbons increases, the energy difference between n-States
decreases, similar to m-conjugation in organic compounds. Functional groups
containing electron lone pairs, such as carbonyls, amines, amides, and thiols, are
accountable for CDs n-states. If lone pair-carrying functional groups are coupled
to aromatic sp?-hybridized carbons, electron transfers from the functional groups'
n-states to the aromatic carbons' m*-states can occur. Orbital overlap and the
functional groups' electron withdrawing/donating abilities also affect the
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Interaction between the © and n states of carbon dots. The use of hetero atoms can
only affect the electronic structure if they can interact with the sp? network [12].

2.4 Photoluminescence Mechanisms

Even though the exact Photoluminescence (PL) mechanism for the emission
characteristics of carbon dots has not yet been concluded, many different kinds of
PL mechanisms are speculated [24]. The following Scheme 3 represents the
various of PL mechanism models. Amongst them, the standard PL mechanism
models used to explain the emission features of CDs include the Quantum
confinement effect, surface state effect, and molecular state effect. Sometimes
due to the inefficiency of the individual models, two or more models are
combined together to explain the PL mechanism of the carbon dots.

Quantum
Confinement
effect

Sirfdos . Surfaf:e arrangements
State effect J L

/ ey + Conjugated small
QllZ ) molecule systems

of CDs / SUIESE . Non conjugated small
/' molecule systems

Environmental™ AR RSV
S /+ Temperature
» Solvent

Scheme 3. Schematic representation of the various PL mechanism models
responsible for the photoluminescence of CDs (Own courtesy)
2.4.1  Quantum Confinement Model

This kind of mechanism comes into effect in the case of defect-free and impurity-
free dots. When a photon is absorbed, the electron gets excited to the conduction
band, leaving a hole in the valence band. The recombination as a follow-up leads
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to an emission known as fluorescence. This intrinsic bandgap fluorescence is
entirely governed by Quantum confinement effects, where the exciton
confinement effect helps understand the size dependence and spectral
homogeneity due to particle size distribution. This model's noteworthy features
are narrow PL emission band and excitation-independent emission. For dots with
well-defined crystalline cores, PL strongly depends on the size [25]. An increase
in the size of the particles leads to a red-shifted emission and leads to the
narrowing of the bandgap between the highest occupied molecular orbital and the
lowest unoccupied molecular orbital. The size of the dots can be effectively
controlled by synthesis techniques, surface modification, and purification
methods [26].

2.4.2  Surface state effect

In many instances, quantum confinement is not observed because of surface
defects and traps due to the presence of various surface functional groups and
hetero atoms. In such a scenario, the photoexcited electron/hole is trapped by the
surface defects or traps, followed by recombination, leading to nonradiative
transitions or radiative transitions of lower energy. Variations in the surface
arrangements of CDs could modify their electron energy levels or light-emitting
locations and could even trigger emission in CDs that were previously non-
luminous. Generally, this PL mechanism comprises two mechanisms from
different sources: the core with its intrinsic quantization effects and the particle
surface. These are controlled by the surface functional groups and defects. The
hybridization of the carbon backbone and the attached chemical groups plays a
huge role in determining the electronic level of the dots [27]. A typical feature of
this PL behaviour is their excitation-dependent emission. A generalized
explanation for the redshift observed under this mechanism is given to the
increased surface oxidation [28]. Controlling the surface functional groups and
attaining efficient doping in the system aids in regulating CDs luminescence
characteristics. The surface configurations and hetero atom doping with nitrogen,
fluorine, sulphur, etc., significantly affect the electronic structure of the CDs,
thereby affecting their luminescence.

2.4.3 Molecular state effect

Small molecules that exist independently of the carbon core but are
physiochemically adsorbed to the CDs surface may also be the source of PL
emission. The molecular state model is based on the presence of fluorescent
molecular species, either free or attached to the CDs structure. They are present
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as a significant contributor towards the CDs luminescence. These states are
mostly obtained from bottom-up synthesis methods, as small molecules tend to
react immediately to form fluorophore molecules [24]. This kind of PL emission
provides a very broad emission band due to the superimposition of several
emissions. This typical mechanism is suppressed when there is a quenching by
the surface emitter groups like the heavy atoms. Non-conjugated molecular
systems play a vital role in determining the chemical structure of fluorophores
and their luminescent center can exist without the presence of CDs. However,
conjugated small molecules do not always exhibit molecular luminescence. The
conjugation effect might apply to some of such molecules.

Apart from these standard models some of the other environmental factors playing
a vital role in influencing the luminescence of CDs include solvent [29]
temperature [30] and pressure [31].

In some cases, a single PL mechanism cannot explain the complete working
photoluminescence mechanism of the CDs. Hence, more than one mechanism is
interconnected to fully explain the luminescence [32]. Some of the different
combinations include, the carbon core and surface state effect [33], conjugation
effect and surface functional groups [34] and conjugation effect and defects [35].
The work by Krysmaan and the team suggest that only a high temperature can
lead to the formation of a carbogenic core, resulting in a PL due to the presence
of both molecular fluorophores and the carbogenic core [36]. Without a
carbogenic core, the observed PL is derived solely from surface states that serve
as PL emitter centers.

Based on all the above mechanisms, it can be seen that the PL behaviour strongly
depends on the synthetic methods and their conditions, surface functionalization
or passivation, and the presence of the small molecules, which are either already
present or are found as the byproducts of the reactions.

2.5 Phosphorescence of carbon dots

Phosphorescence is a phenomenon in which electrons relax from the singlet state
to the triplet state and then slowly return to the ground state following an
appropriate light source stimulation. There are different types of phosphorescent
materials available, like rare earth metals [37] and organic materials [38].
However, they suffer disadvantages like expensive raw materials, complex
synthesis, difficult purification, etc. Phosphorescent carbon dots [39] have
captured recent attention due to their simple preparation, low cost, small size, and
excellent optical properties. However, it is essential to obtain good stabilization
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strategies to protect the triplet species of the CDs, as their phosphorescence is
guenched fast by external factors like oxygen and water. Here are some activation
strategies for obtaining effective phosphorescence in carbon dots and their
composites

2.5.1  Phosphorescence Activation in CDs

The phosphorescence of CDs is achieved by obtaining enhanced spin-orbit
coupling and efficient intersystem crossing. Precursors and synthetic methods
play a huge role in stabilizing the excited triplet species and thereby attaining
good phosphorescence [40]. Scheme 4 shows the various milestones achieved in
the development of phosphorescent CDs over the years.

Polymer matrix- Aggregation-induced
enhanced RTP Zeolite-enhanced TADF Matrix-free RTP RTP

CDs@2D-AIPO
=)

Benzil

Inorganic salt matrix-enhanced RTP Water-induced RTP Multicolor RTP

Scheme 4. Schematic representation of the selective milestones in the development
of afterglow CDs in the last decade (adopted from [40] under CC BY 4.0).

Some of the methods used to activate phosphorescence are as follows:

Hydrogen Bonding activation

In this approach, Hydrogen Bonding plays a vital role in achieving
phosphorescence. The excited triplet species are stabilized due to the formation
of hydrogen bonds between the surface functional groups and the matrices. Due
to the fixation effect, the nonradiative relaxation of the luminescent centers is
reduced, and phosphorescence is attained. In a work by Li and the team, room
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temperature phosphorescence of CDs was achieved using CDs and cyanuric acid.
They utilized water molecules to construct hydrogen-bonded networks between
CDs and cyanuric acid particles. The hydrogen-bonded network greatly enhanced
the phosphorescence characteristics [41].

Molten salt activation

Molten salts undergo a phase transformation from solid to liquid at high
temperatures. It is possible to easily regulate the carbonization temperatures of
precursors by carefully selecting a combination of widely available salts that will
strictly control the melting temperature of molten salts. Feng and team obtained
room temperature CDs using neutral red, KNO3z, MgCl,, and KH,PO, as starting
materials. The Mg metal ion accelerated the intersystem crossing, and the
insoluble salt shell was used to suppress the non-radiative transition. The
aggregated salt shell improved the structural rigidity and increased the
phosphorescence lifetime [42].

Covalent Bond activation

Due to its strong bond strength, this activation outweighs the other two. Hydrogen
bonding interactions can be the first step toward creating covalent bonding
between matrices and CDs. The hydrogen bonds can then be converted into
covalent bonding at high temperatures or by extending the reaction time. In 2018,
Tian and their team developed CDs and embedded them in a PVA matrix through
thermal annealing at 200°C. The establishment of chemical bonding between the
two components stabilized the triplet species and enabled the material to be
phosphorescent [43].

Zeolite Encapsulation activation

Zeolites are well-defined structures with uniform pores. Zeolites are tiny,
crystalline solids made of aluminosilicates or aluminophosphates with
homogeneous porosity and clearly defined shapes. As host matrices for
encapsulating, they are appealing for encapsulation and activation of
phosphorescence. In 2022, Zhong and team synthesized CDs@zeolite composite
with multicolor fluorescence and phosphorescence. They impregnated the CDs
into the RHO zeolite through in situ hydrothermal synthesis and calcined it. Using
this method, a strong host-guest interaction was achieved. Temperature-
controlled calcination provides a distinct pore architecture, exceptional stability
of the zeolite matrix, surface oxidation level, and carbon core size of confined
CDs. The resulting composites were stable, and intense phosphorescence was
observed in solid and aqueous solutions [44].
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Self protective activation

This approach is like a one step synthesis of CDs with phosphorescence
characteristics inbuilt during the synthesis. In 2021, Su and the team developed
N-CDs with blue and green room temperature phosphorescence emissions. They
used Polyethylenimine as the carbon source and the cross-linking agent, and
phosphoric acid was used to speed up the formation of the carbon core. These
carbon dots were effectively used in the detection of promethazine. It was found
that the electron transfer from CDs to promethazine increased the
phosphorescence lifetime, leading to promethazine detection [45].
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3. MOTIVATION

As a researcher, your goal is to revolutionize the industry by creating a material
that is not only easily attainable and low-cost but also has excellent properties
with multiple, versatile applications. By achieving this objective, you can make a
significant impact on the world by providing a solution that meets the needs of
a variety of industries and reduces environmental pollution that arises due to the
synthesis of different types of materials for different purposes. Additionally,
choosing an environmentally friendly production method that is scalable is
crucial. By doing so, we not only contribute towards a safer and cleaner
environment, but we also set ourselves up for sustainable growth and success.

Considering all these factors, we fixed our direction towards working with carbon
dots, the new rising star. These newly discovered nanolights in the carbon family
have taken the world by storm due to their wonderful and unique properties.
Unlike non-carbon dots, which have been linked to toxicity and environmental
problems, carbon dots provide superior advantages. The carbon dots can be
synthesized using various resources available in the homeland and with simple
methods, thus minimizing the use of expensive raw materials. The emergence of
these novel multifunctional fluorophores has revolutionized the field of
nanotechnology, taking it to unprecedented heights of improvement. These
remarkable compounds possess many benefits, including aqueous solubility,
biocompatibility, non-toxicity, high sensitivity, exceptional electron-donating
and accepting capabilities, and high optical efficiency. As a result, they have
become a sustainable and environmentally friendly alternative to traditional
materials, paving the way for a brighter and greener future of technological
advancement. Nevertheless, the synthesis methods for preparing CDs are still at
the laboratory level, and productive efficiency remains a big challenge.

This doctoral thesis aims to create a novel type of multifunctional carbon dots. By
utilizing affordable, non-toxic, and easily accessible precursors, we can create
multifunctional carbon dots that can potentially transform a wide range of fields.
A particular focus has been given to developing synthesis methods that can
produce these carbon dots on a larger scale, and we have conducted extensive
research to understand their properties. Our findings have shown that the carbon
dots developed in this work are highly effective and provide exceptional
functionalities that make them ideal for use in different fields. With the
development of these innovative carbon dots, we are excited to contribute to a
brighter and more sustainable future.
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4. AIM OF THE DOCTORAL THESIS

This dissertation aims to create a novel type of multifunctional carbon dots
utilizing available and abundant source materials with simple and effective
production methods. Fluorescence and phosphorescence shall be the main
functionality of the prepared CDs, which is to be studied, and from which the
various applicability demonstrations are expected. Besides that, other
functionalities, such as antimicrobial activity, will be investigated according to
the newly discovered characteristics of the prepared materials.

The doctoral thesis was accomplished with well-designed objectives. The
different objectives of the doctoral thesis work are summarized below.

1. Source selection — The source material should be green and sustainable.
Proteins, Biomass and organic precursors shall be explored.

2. The choice of the method — A quick and controllable method of synthesis
should be used. The method should help with fast and scalable production.

3. Characterization — Morphology — TEM,; structure — XRD, FTIR, XPS;
electronic properties — PL and UV-Vis. Analysis of their structure and
properties and luminescence mechanism shall be achieved.

4. The application potential of the prepared CDs will be explored in different
fields such as anticounterfiet, sensing, phosphor for LEDs, antibacterial,
security etc.

5. Publication in renowned journals

The following Scheme 5 indicates a summary of the research objectives of this
doctoral work.

Novel carbon dots
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Scheme 5. Scheme indicating the research goals for the doctoral work




5. EXPERIMENTAL SECTION

This Chapter explains about the instruments and the methods used for the
different types of CDs synthesized.

5.1 Experimental for casein based CDs
5.1.1  Materials required, Instrumentation and Characterization

Polyvinylpyrrolidone (PVP) and styrene-ethylene-butylene-styrene (SEBS) are
bought from Sigma Aldrich. MPC 85 Micellar Casein was obtained from a local
dealer in the Czech Republic. Deionized water was used for the preparation
purpose. The Polyethylene terephthalate (PET) substrates used for printing were
acquired from Novacentrix, Texas. Metal ion salts such as Fe(NOs)s.9H,0,
CO(NO3)2.6H20, CU(N03)2.3H20, Mn(NO:s)2.H;0, Zn(NOs)2.6H,0,
Al(NO3)3.9H,0, NaNO;, KNOs; Ni(NO3),.6H,O were bought from sigma
Aldrich. The various solvents, such as ethylene glycol and isopropanol, were
purchased from PENTA, Czech Republic. The deionized water used for all
experiments had a conductivity of 1 uS/cm and a pH of 6.3. All the chemicals and
reagents were utilized without any additional purification [BP1].

The size of Carbon nanodots was estimated using a Transmission Electron
Microscope (TEM). The JEOL JEM 2100, TEM was performed at 300 kV
(LaBs cathode, point resolution 2.3 A equipped with OLYMPUS SYS TENGRA
camera (2048 x 2048 pixels)). Image J Software was used to determine the
particle size. The particles were dissolved in water, coated on a TEM grid, and
dried overnight. The next day, the grid was used for imaging. An X-ray powder
diffractometer (Rigaku Miniflex 600) was used to obtain the X-ray diffraction
pattern, which was achieved using CoKa radiation (A= 1.7903 A) at a beam
voltage of 40 kV and a beam current of 100 mA. The absorption studies were
performed on Perkin- Elmer Lambda 1050, UV-Vis spectrophotometer. The
emission studies were performed at room temperature on photoluminescence (PL)
spectrophotometer FLS920 and Edinburgh Instruments (Xe lamp with a double
monochromator used for excitation). 5 mg of the freeze-dried carbon nanodots
sample was dissolved in 5 ml water for both UV and PL experiments. To execute
the studies, 1 mL of this solution was obtained and made up to 3 mL. Both detector
sensitivity and excitation source intensity were adjusted in the obtained spectra.
The Fourier Transform Infrared (FTIR) spectra analysis was resolved on Thermo
Scientific Nicolet 6700 spectrometer by applying the ATR method with the
diamond crystal (4000-400 cm™, resolution 2 cm™, 64 scans). The Dimatix
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Materials Printer (FUJIFILM DMP-2800 series) was used to print with the CND
ink. The thermogravimetric analysis was accomplished on a Setaram LabSys Evo
with a TG/DSC sensor in an air atmosphere (Heating ramp 5°C mint, up to 1000
°C). The contact angle studies were done on the SEE System (Advex Instruments,
Czech Republic). The total optical transmission of the samples was measured
using a spectrometer Lovibond RT850i (Tintometer Limited) along with the
ASTM D 1003[BP1].

5.1.2  Preparation of Carbon nanodots derived from casein

Casein, a sustainable carbon source, and PVP, an efficient stabilizer, are used to
synthesize highly efficient individual carbon nanodots (CND). In a beaker, 20 ml
of ethylene glycol was added to 0.1 g of casein for the synthesis. Ethylene glycol
Is used as a solvent as well as a reducing agent. The solution was ultrasonicated
for 60 minutes to obtain a good dispersion. In a separate beaker, 0.2 g of PVP was
dissolved in 20 ml of ethylene glycol using ultrasonication for 10 minutes. Both
solutions were mixed, poured into a Teflon-lined container, and placed in the
microwave reactor. The microwave-assisted reaction was performed at 200 °C for
30 minutes with 100 % (600 W) power. The brown colour solution obtained after
synthesis is filtered using a 0.22 um membrane filter. Using a dialysis bag (3.5
KD), the filtered solution is dialyzed for two days to remove all the undesired
particles. Lastly, the dialyzed solution is freeze-dried for two days to obtain the
required product. The product yield is calculated using the following equation
(5.1) below [46].

m
PY = D« 100% (5.1)
Mcp + Mpyp

Where menp indicates the mass of the CND obtained after lyophilization, mca
indicates the mass of casein, and mpyp indicates the mass of PVP. The product
yield attained utilizing this formula was found to be 25% [BP1].

5.1.3  Preparation of SEBS/CND nanocomposite film

SEBS/CND nanocomposite film preparation was carried out by preparing
20 wt % of SEBS solution and 0.25 wt % (C1), 0.5 wt % (C2), and 1wt % (C3)
CND solution in chloroform. The two solutions were mixed in a 2:1 volume ratio
and stirred for approximately 60 minutes. Once mixed sufficiently, the solution is
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slowly poured onto a petri dish and covered to allow the film to dry slowly
overnight [BP1].

To determine the hydrophobic or hydrophilic nature of the film, water contact
angle (WCA) studies were performed. For the study, five measurements were
carried out on the same film substrate at different places, using 5 pL of water for
each droplet. Deionized water, having a conductivity of about 0.09 uS/cm, was
used to perform the analysis. Typically, the substrate is claimed to be hydrophilic
if the contact angle is less than 90°. However, if the contact angle is more than
90°, the substrate is claimed to be hydrophobic [BP1].

5.1.4  Preparation of CND ink

The luminescent CND ink was prepared by blending the CND solution with
ethylene glycol. The mixture contains 1 wt % of CND in water and ethylene
glycol in a 2:1 volume ratio. The presence of ethylene glycol increases the
viscosity of the ink. The ink is dispersed adequately in a sonicator for 10 minutes.
The prepared CND ink is then loaded into the cartridge of the Dimatix Materials
Printer and kept in the cartridge holder. The printer head nozzles and PET
substrate were maintained at 30 °C and 40 °C, respectively [BP1].

5.15 Preparation of CND-LEDs

To obtain the proper dispersion of CND into the SEBS polymer solution, 1 ml of
20 wt % of CND in chloroform was added drop by drop for an hour in 2 ml of
22 wt % SEBS solution in chloroform. After adding CND, the solution was
allowed to be stirred for another hour. This mixture was then poured onto a petri
dish slowly and covered to allow the film to dry overnight. The obtained uniform
CND/SEBS nanocomposite film with a minimum thickness of about 3 mm was
mounted as a flat layer on the LED device with a wavelength of 365 nm. The
luminescence spectra of the device were recorded separately [BP1].

5.1.6  Detection of Fe®*" ions

To investigate the efficiency of CND as a sensor probe, 500 uM of all the metal
ions were prepared and mixed with the standard CND solution. To prepare the
standard CND solution, 5 mg CND was mixed in 5 ml of water and diluted to
obtain an absorbance value of 0.1 (0.25 ml CND sol in 2750 ml water). The CND
and the metal ion salts were mixed to a 1:1 ratio, and the fluorescence response
was recorded at an excitation wavelength of 370 nm.
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5.1.7 Real water sample analysis

For the real water analysis, 500 uL of tap water was taken, mixed with CND and
Fe®* solutions, and made up to 4 ml. The solution was spiked with two different
concentrations. After the spiking, their respective PL response was recorded. The
recovery rate was calculated using the following equation:

G -G

R(%) = [ ] * 100 (5.2)

3

Where Cs is the spiked concentration, C, is the concentration of Fe* ions present
inside the water samples before the addition of Fe3" ions, and C; is the
concentration of Fe** ions in the water sample after the spiking of the known
concentration of Fe®* ions.

5.2 Experimental for of carbon dots derived from Syzygium
cumini L. (SCL) seed extract

5.2.1  Materials Required, Instrumentation and Characterization

SCL seeds were obtained from Tamil Nadu, India. They were crushed using a
mixer to get their powder. Ultrapure water from Alfa (Haverhill, MA, USA) was
used to synthesize CDs. The gram-positive and gram-negative bacteria, namely
Escherichia coli(ATCC 25,922), Staphylococcus aureus (ATCC 29,213),
Staphylococcus epidermidis (ATCC 12,228), and Klebsiella pneumoniae (ATCC
700,603), were obtained from Dr. Banin’s Lab, The Mina and Everard Goodman
Faculty of Life Science, Bar llan University, Israel. To check the antibacterial
properties of the CDs on textiles, a commercial 100 % cotton fabric was used
[BP2].

The image of the particle size of CDs was captured in the transmission electron
microscope with the model number TEM-JEOL-2100 (Peabody, MA, USA). A
few drops of the dialyzed CDs solution were dropped on the copper grid and dried
overnight at 60 °C. The absorbance studies were conducted on the UV-visible
spectrophotometer-type Varian Cary 100 Bio Spectrophotometer. A Varian Cary
Eclipse fluorescence spectrophotometer was used to attain the emission studies.
Fourier transform infrared (FTIR) spectra ranging from 500 to 4000 cm™* were
collected from a Tensor 27 spectrometer (Bruker, Germany). The surface charge
was analyzed on Malvern Zetasizer Nano-ZS (Malvern, UK). X-ray
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photoelectron spectroscopy was conducted on an XPS, Nexsa spectrometer
(England). The binding energies for all elements were set by the C1s peak at
285 eV. The reactive oxygen species (ROS) generation of CDs was recorded on
a Bruker X-band spectrometer (121 EPR 100d) with DMPO (5,5-dimethyl-1-
pyrroline-Noxide) as a spin trap. The CDs solution (40 pL) was taken and mixed
with 10 pL of DMPO (0.01 M) for electron paramagnetic resonance (EPR)
measurement. The blank was measured using deionized water without CDs
[BP2].

5.2.2  Preparation of Carbon dots derived from Syzygium cumini L.

Initially, dried SCL was taken and ground nicely using a mixer. From the obtained
powder, 1 g of SCL was taken in 60 ml of water. This mixture was stirred at
around 90 °C for 60 minutes at 650 rpm. After 60 minutes, the solution was
centrifuged at 9000 rpm to remove the larger particles. Next, the supernatant was
taken, put in a Teflon container, and kept for hydrothermal reaction. The reaction
was allowed to run for 8 hours at 200 °C. After cooling, a dark brown solution
was obtained. Subsequently, the solution was filtered using a 0.22 uM filter. The
filtered solution was dialyzed for 24 hours. Finally, the dialyzed solution was
again filtered using a 0.22 uM filter and stored in the fridge for further
characterization and applications [BP2].

5.2.3  Antibacterial activity of CDs

The four bacteria, namely Escherichia coli (EC), Staphylococcus aureus (SA),
Staphylococcus epidermidis (SE), and Klebsiella pneumonia (KP), were grown
overnight with agitation at 120 rpm in lysogeny broth (LB) at 37 °C. The
emerging bacterial concentration was analyzed by taking absorbance at 595 nm
(OD%%). Based on the values obtained, the bacterial concentration was adjusted
to 10°.

For the antibacterial studies with CDs, 500 uL of CDs and 500 pL of 10° bacterial
solutions were mixed and incubated at various intervals with constant shaking at
120 rpm. The control consisted of only bacterial solution and water. To observe
the time-dependent activity of the CDs, three time intervals of 0 hrs,12 hrs, and
24hrs were selected. After each time interval, an appropriate amount of the
incubated sample was taken and plated in a 96-well plate, and up to 7 dilutions
were performed. After dilution, 5 pL of each dilution was taken and plated on an
agar plate and incubated at 37 °C along with the control. A similar procedure was
carried out for various concentrations of the CDs for 24 hours. The well known
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colony forming unit (CFU) method was used to calculate the rate of bacterial
growth observed in the agar plate [BP2].

5.2.4  Antibacterial activity of CDs on fabric

To observe the antibacterial effect of CDs on textiles, the probe ultrasonication
method was used for coating. Commercial 100 % cotton cloth with dimensions
1 cm*1 cm was taken and put in 20 ml of CDs solution and sonicated. The
sonication was performed for 1 hour with an amplitude of 30 %. After 1 hr, the
cloth was dried in an oven at 70 °C overnight. The dried cloth was then used for
antibacterial studies for the four bacteria [BP2].

The procedure is similar to that of the CDs solution. For the antibacterial
experiment with fabric, the fabric was incubated with 1 ml of bacteria overnight
at 37 °C with constant shaking at 120 rpm. After 24 hours, an appropriate amount
Is taken and diluted in a 96-well plate with up to 7 dilutions. From each dilution,
5 uL is taken and plated on an agar plate and incubated overnight at 37 °C. The
CFU method was utilized to observe the bacterial growth [BP2].

5.3 Experimental for carbon dots derived from 1,10
Phenanthroline

5.3.1  Materials Required, Instrumentation and Characterization

1,10 phenanthroline and Boric acid were acquired from Sigma Aldrich. The UV
LED diodes were purchased from Roithner Lasertechnik, Austria. No additional
purification was performed before using any of the chemicals. The water utilized
had a pH of 6.3 and a conductivity of 0.09 uS/cm.

The particle size of the Room temperature phosphorescence (RTP) CDs was
carried out on the TEM model, JEOL JEM 2100 microscope, operated at 300 kV
(LaB6 cathode, point resolution 2.3 A equipped with OLYMPUS SYS TENGRA
camera (2048 x 2048 pixels)). The RTP CDs were dissolved in water and then
applied to the TEM grid in small amounts for the analysis. The grid was allowed
to dry overnight, and the next day, the grid analysis was obtained. The particle
size was analyzed using ImageJ software. Powder XRD diffraction patterns were
obtained on an X-ray powder diffractometer (Rigaku Miniflex 600) using CoKa
radiation (A = 1.7903 A), operated at a beam voltage of 40 kV and a beam current
of 100 mA. The XRD pattern was analyzed by converting CoKa radiation to
CuKa radiation( A=1.54 A) using PowDLL Converter. The functional groups
were studied using Thermo Scientific Nicolet 6700 Fourier Transform Infrared
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(FTIR) spectrophotometer using the ATR method with the diamond crystal
(4000400 cm™, resolution 2 cm™?, 64 scans). PL measurements were conducted
on photoluminescence (PL) spectrophotometer FLS920, Edinburgh Instruments
(Xe lamp with a double monochromator used for excitation in continuous-wave
regime at room temperature). The phosphorescence studies were obtained on a
self-designed experimental setup. A laboratory UV lamp (UVLMS-38, Analytik
Jena US) operated in the 302 nm mode was utilized as a light source. The emitted
light from the RTP CDs was collected from an optical guide. An Avantes
AvaSpec 2048 spectrometer (Avantes B.V., The Netherlands) was employed as a
detector. The luminance of the self standing self matrix RTP CDs films was
collected using Chromameter CS 160 (Konica Minolta, Japan). The DRUV/Vis
measurement was obtained on a UV-Vis spectrometer Avantes Avaspec 2048
with an integration sphere with a 50 mm diameter and an integration time of
detector 1000 ms. The Kubelka Munk function was used to convert the
reflectance data. Elemental analysis was carried out using two methods — ICP and
CHNS. Boron content was ascertained by ICP-OES spectroscopy performed on
an iCAP PRO XPS Duo spectrometer (Thermo Scientific) with the use of a boron
spectral line at wavelength 249.773 nm. The experimental parameters were set as
follows: radial view, 12 mm height, RF power 1050 W, nebulizer gas flow 0.55 |
min. The CHNS analysis was collected from Flash 2000 CHNS/O+MAS200R
(Thermo Scientific). Two samples were collected from various batches of the
CDs. A sample of two to three milligrams was used, and each analysis was carried
out three times.

5.3.2  Preparation for control experiments

Control experiments comparing the individual precursor components and the
precursor mixture were carried out to examine the efficacy of the
photoluminescence spectra of RTP CDs as compared to the precursors. To
conduct the experiment, for the first set, 1.5 g of Boric acid (BA) and 5 mg of
phenanthroline were mixed in a mortar and pestle and thoroughly ground. For the
second set, the same precursors were used in the subsequent control, combined
with a small amount of water to create a paste, and dried in a vacuum oven. For
the third set, a drop of water was added to each of the above mixtures. The PL
response of these three sets was studied.
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5.3.3  Preparation of RTP CDs derived from 1,10 Phenanthroline

The synthesis of Room temperature phosphorescence carbon dots (RTP CDs) was
obtained using a simple heating approach. Typically, 3 g of boric acid and 10 mg
of 1,10 phenanthroline were mixed with 40 mL water in a beaker. 1, 10
phenanthroline was used as a carbon precursor, and boric acid was used to attain
a self matrix. The beaker was covered with foil to prevent fast evaporation of
water. The beaker was heated in an oven for 5 hrs at 200 °C. Next, the mixture
was allowed to cool overnight. The following day, a glassy product was obtained.
The product was broken down to powder with a mortar and pestle for other
characterizations and applications. The product yield was calculated using the
same equation as (5.1), which is as follows:

MRTP CDs
PY =

Mmpa + M4 10 Phen

* 100 % (5.3)

Where mcps indicates the mass of the RTP CDs obtained after the synthesis, mga
indicates the mass of Boric acid, and mjjo pren indicates the mass 1,10
Phenanthroline. The product yield attained utilizing this formula was found to be
57%.

5.3.4  Preparation of RTP CDs as security inks

To demonstrate data encryption decryption, the RTP CDs were dispersed in water
with a 50 mg/mL concentration. For fake ink, salicylic acid in ethanol was used.
The desired pattern was printed and cut into the desired shape. The correct
information was painted with RTP CDs, and the wrong information was painted
with fake ink.

5.35  Preparation of RTP CDs as LED phosphor material

RTP CDs were made into pellets to demonstrate the use of RTP CDs as LED
phosphor materials. Briefly, 80 g of RTP CDs were compressed and formed into
a pellet. The pellets obtained were 0.44 mm thick. The pellet was placed on top
of 310 nm and 340 nm LEDs, and their respective electroluminescence was
recorded and studied.
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6. SUMMARY OF THE RESEARCH OBJECTIVES

This thesis work aims at the preparation of different types of carbon dots with
high optical and functional characteristics for diverse applications. Here is a
point-wise summary of the achieved research goals

» A successful selection of novel, sustainable, renewable and economical
precursors was performed. The three types of precursors involved in the study
are Casein, Syzygium cumini L., and 1, 10 phenanthroline. Casein is a
sustainable, readily available milk protein rich in amino acids. Syzygium
cumini L. seed is a renewable biomass precursor. They are low-cost, nontoxic,
and rich in phenolic acids and flavonoids. 1, 10 Phenathroline is a hetero atom
containing an economical organic precursor with an aromatic structure. It
serves as an excellent precursor for phosphorescence applications.

> After the selection of suitable precursors, three different methods were
selected to synthesize CDs. The methods used include microwave reactor-
assisted, hydrothermal, and simple heating methods. In all these methods,
CDs were synthesized at 200°C but at different time intervals. All these
methods produced suitable, appropriate and relatively scalable production of
CDs. The methods abided by the green chemistry principles, including using
less hazardous chemicals, locally available and abundant renewable
feedstock, safe solvents for synthesis and inherently safer chemistry for
accident prevention.

» The different types of carbon dots obtained via the different methods were
characterized using various characterization techniques, including TEM,
FTIR, UV-VIS, PL, XPS, ICP, Elemental, TGA, etc. Their morphology,
structure, functional and optical characteristics were studied in detail. Specific
attention has been paid to the comprehension of the optical properties of CDs.
Their optical working mechanism was deeply analyzed and elucidated.

> The excellent functional and optical properties of the CDs enabled them to be
utilized for multiple applications. The various applications of CDs explored
include anticounterfeit, metal ion sensing, fluorescent markers, LED
phosphor, information encryption decryption and antibacterial. This indicates
that the synthesized CDs can be used for multiple applications.

» Publication in renowned journals of RSC and Springer was achieved.
Furthermore, publication in Wiley is opted as the next publication target.
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7. CONCLUSIONS AND SUMMARY OF THE
RESEARCH WORKS

A Dbrief summary of the research work carried out has been given below:

The first chapter, entitled: SYNTHESIS OF CARBON DOTS FROM CASEIN
MICELLES AND THE ORIGIN OF THEIR LUMINESCENCE

In this research work, CND was developed using a simple microwave-assisted
approach. This method produced a product yield of 25% with respect to the initial
precursor concentration. The high yield corresponds to almost quantitative
pyrolysis of the initial material directly to the quantum dots, which is a distinct
feature of the discovered synthesis and can be explained by the proper choice of
the initial casein source having a hierarchically organized structure. Hence, the
CND was obtained as a result of casein disintegration into submicelles, followed
by the formation of individual casein coils corresponding to the size of the CND.
Partial carbonization of the casein coils resulted in the formation of CND. These
CND showed blue fluorescence when excited at 365m and demonstrated the
typical excitation wavelength dependent PL emission spectrum. A new PL
mechanism explanation, “competitive model,” was introduced to explain the
unique blue shift followed by a red shift in the PL spectra and the portion of UV
luminescence independent of the excitation wavelength. The defects and
disorders in the CNDs were explained with the help of the Urbach and WAT
region tailing deep into the band gap in the absorption spectrum. Polymer
composites with SEBS were obtained with good photostability, optical
transmittance, and mechanical properties. CND was produced in the form of ink
to be utilized in the anticounterfeit market for polymer ink with appreciable
thermal stability. The polymer nanocomposite SEBS/CND film was
demonstrated for its application as an anticounterfeit film for packaging and
security applications. The remarkable transparency of this polymeric
nanocomposite makes it a highly promising material for a wide range of
applications in diverse fields such as information technology, defence,
transportation, and environmental protection. Its exceptional qualities offer
unparalleled advantages that significantly enhance performance and efficiency,
making it a valuable asset in various industries. The study proposes CND as a
potential phosphor material for LEDs, using a unique experimental setup that
reduces UV transmission and avoids self-absorption, thus improving efficiency.
The CND was also employed for effectively sensing Fe3* ions in an aqueous
environment. Hence, the above-obtained results help to conclude that the
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synthesized CND can be used as a universal material for multipurpose
applications.

The core of this work was published with the title “Unravelling the highly
efficient synthesis of individual carbon nanodots from casein micelles and the
origin of their competitive constant-blue-red wavelength shift luminescence
mechanism for versatile applications” (Authorship contribution: R Blessy
Pricilla: Investigation, writing, reviewing, and editing.)

The second chapter, entitled: BIOMASS-DERIVED CARBON DOTS AS
A POTENTIAL ANTIMICROBIAL AGENT

This research reports the synthesizes of CDs using Syzygium cumini L., a
renewable biomass precursor. The hydrothermal method, a green preparation
approach, was used to obtain the CDs. The synthesis was done at 200 °Cfor for 8
hours, followed by dialysis and freeze-drying. Various characterization
techniques like TEM, SEM, FTIR, UV-Vis, and PL were used to study and
analyze the structural, functional, and optical properties of CDs. The obtained
CDs were spherical in shape, with an average size of 6.3 nm. They exhibited
excitation wavelength-dependent PL emission spectrum due to the surface state
PL mechanism. A blue fluorescence was achieved when the CDs were excited.
The antibacterial properties of the synthesized CDs were tested against four
pathogens involving two gram-positive and two gram-negative bacteria. The CDs
were found to be effective against Staphylococcus aureus and S. epidermidis
within 12 h and Escherichia coli and Klebsiella pneumonia within 24 h at
500 pg/mL. The potential of carbon dots was also tested in textiles. The carbon
dots were embedded into a 100% commercial cotton textile using an
ultrasonication probe for 1 hour. The CDs-coated cotton textile also showed
potential antibacterial effects against all the tested gram-positive and gram-
negative bacteria. Even though the exact mechanism is unclear, the expected
mechanism of work against the eradication of the bacteria by the CDs has been
explained.

This work was published with the title “Biomass-derived Carbon dots and their
coated surface as a potential antimicrobial agent”. (Authorship contribution: R
Blessy Pricilla: Investigation, writing, and editing.)
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The third chapter, entitled: SELF MATRIX CARBON DOTS WITH
ULTRALONG ROOM TEMPERATURE PHOSPHORESCENCE LIFETIME

This research work describes the synthesis of room temperature phosphorescence
carbon dots using 1, 10 phenanthroline, an organic precursor. Boric acid was used
to obtain a rigid matrix environment for the CDs to produce phosphorescence. A
simple heating method was used to obtain the RTP CDs. A high product yield of
57% of the initial source compound mass is attained using this method. The
efficiency of the synthesis is due to the simplicity of the method used. The mass
loss is almost only the dehydration of boric acid to the blend of pyroboric acid
and boron trioxide matrix, whereas the chemical transformation of the organic
material is a minor contribution. The self matrix RTP CDs exhibit excellent
fluorescence and phosphorescence emission. Blue fluorescence is obtained when
excited at 302nm. However, phosphorescence is obtained when the excitation
source is removed. The unique phosphorescence characteristics are attained due
to various factors such as efficient spin-orbit coupling, intersystem crossing,
covalent bonding, etc. The rigid matrix provided by boric acid stabilizes the triplet
species, thereby reducing nonradiative decay. The self matrix RTP CDs possess
excitation wavelength-independent PL spectra, possibly due to the presence of a
simple core structure and uniform surface states. The effect of temperature and
precursor ratio concentration on the phosphorescence lifetime was also studied. It
was revealed that increased precursor concentration and temperature reduced the
phosphorescence lifetime. The RTP CDs produced ~22 s naked eye
phosphorescence with a 2.4 s average lifetime. These values of phosphorescence
lifetime make the RTP CDs a highly competitive material in self matrix RTP CDs.
The various applications of RTP CDs demonstrated in this work include
anticounterfeit, information encryption decryption, LED Phosphor, and water
sensitivity. The above results and applications of RTP CDs validate their use as
an economical, sustainable, and ubiquitous material for diverse purposes in
multiple fields.

This work will be published with the title “Exploring the Ultralong Lifetime of
Self Matrix 1,10 Phenanthroline and Boron-based Room Temperature
Phosphorescence Carbon Dots for Multiple Applications.” (Authorship
contribution: R Blessy Pricilla: Investigation, writing, reviewing, and editing.)

35



8. CONTRIBUTION TO SCIENCE AND PRACTICE

The doctoral thesis, encompassing three pivotal chapters, contributes to the field
of material science, mainly focusing on the synthesis, properties and applications
of carbon dots (CDs). This research underscores the potential of CDs in various
domains and illustrates the integration of scientific inquiry and practical utility.

The fundamental objective of this dissertation was to obtain new carbon dot
materials from economic and sustainable resources. This was accomplished as the
precursors used in this work fulfilled these requirements. The methods of
synthesis involved in this work are also green, ensuring the environment's safety.
The methods gave appreciable product yields, opening a pathway to reach the
market from the lab scale production. Synthesized carbon dots are an incredibly
versatile and valuable resource with applications in electronics, sensing, biology,
security, and more. By using CDs, we can reduce the environmental impact
caused by synthesizing multiple materials for different needs. Adopting the use
of CDs can significantly contribute towards a healthier planet for the future age
to come.

*kkkk

The work on synthesis and applications of casein-derived CND delineates a novel
method for synthesizing carbon nanodots (CND) from casein micelles, employing
a microwave-assisted approach. The key scientific contribution here lies in the
high yield and efficient conversion process, showcasing an almost quantitative
transformation from casein to quantum dots. This advancement not only adds a
new dimension to the understanding of material synthesis but also paves the way
for more sustainable and efficient production methods in nanotechnology.

The synthesized CNDs have practically demonstrated immense potential in many
possible application fields. Their utility in creating polymer composites with
improved photostability, optical transmittance, and mechanical properties opens
new avenues in material engineering. Furthermore, the application of CNDs in
anti-counterfeit films and as a potential phosphor material for LEDs exemplifies
their practical relevance, particularly in fields like information technology and
environmental protection.

*kkkk

The work on biomass-derived CDs as antimicrobial agents shifts the focus to the
antimicrobial potential of CDs synthesized from Syzygium cumini L., a renewable
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biomass. The scientific contribution here lies in exploring CDs’ structural,
functional, and optical properties obtained from an unconventional source but
mainly in discovering their efficacy against various bacterial pathogens. This
research enriches our understanding of the antimicrobial properties of
nanomaterials and opens up new research pathways in finding other than nano-
silver and similar demanding material solutions.

From a practical standpoint, integrating these CDs into textiles to confer
antibacterial properties represents a significant leap in hygiene and consumer
products. Such application potentially enhances the value of everyday materials
and contributes to public health by offering a novel method to combat bacterial
infections.

*kkk*k

The work on phosphorescence CDs with extended lifetimes presents a successful
approach to synthesizing self matrix room-temperature phosphorescence carbon
dots (RTP CDs). The scientific significance of this work lies in the extended
phosphorescence lifetime achieved through a simple heating method, advancing
our understanding of luminescent materials.

The practical implications of this research are far-reaching. These self matrix RTP
CDs have demonstrated potential in diverse applications such as anti-counterfeit
measures, information encryption, and LED phosphors. Moreover, their
sensitivity to moisture can be further studied to obtain a stimuli-responsive-based
application. This versatility showcases the economic and sustainable attributes of
the prepared CDs and their adaptability across various industries.

*kkkk

In summary, the research presented in this doctoral thesis significantly contributes
to both science and practice. Scientifically, it expands our understanding of
carbon dots, their synthesis, and their properties. Practically, it translates these
scientific insights into tangible application potential demonstrations across
multiple industries, ranging from healthcare to information technology. This
thesis exemplifies the symbiotic relationship between scientific research and
practical application.
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9. FUTURE PROSPECTS

Even though the results achieved are reasonable, there is always room to improve
performance. With the ever-changing research trends and future directions, it is
Imperative to set clear goals for the future of carbon dots. By identifying the
following goals, we can continue our work towards obtaining the carbon dots with
higher efficiency for different applications:

» Development and scale-up of methods giving high product yield, showing
an open gateway for industrial applications.

» Discovering precursors adhering to sustainability and green chemistry
metrics, thus enabling the achievement of atom economy, carbon economy,
and energy efficacy.

> Development of Carbon dots with specific hetero atom doping to obtain
higher optical quantum yield and tailored luminescence properties.

» Creative functionalization with suitable organic moieties is expected to
increase the optical quantum efficiency, thereby giving high-effulgent
Carbon dots.

» Successful nanocomposite preparation will help us to attain new standards
of efficient materials.

» Discovering other multiple applications of the Carbon dots and their
composites in different fields.
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