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ABSTRACT

The investigation outlined in the thesis entitled “Multifunctional Carbon
Dots Based Nanocomposites for Sustainable Environmental
Management” was launched in August 2020 at the Department of
Chemistry, Indian Institute of Technology Indore. The aims of this thesis
are to design and develop multifunctional carbon dots and
nanocomposites for pollutant remediation and water purification
through sensing, photocatalytic degradation, and interfacial solar-driven

water evaporation. The main points of the thesis are as follows-

1) Modulation of green and chemical source-derived carbon dots

through a post-synthetic reduction strategy for metal ion sensing.

2) Design a portable and non-invasive fluorescent thin film from

Cascabela thevetia-derived carbon dots for picric acid detection.

3) To develop a hybrid platform from carbon dots anchored bacterial

cellulose for the environmental remediation of pharmaceuticals.

4) To engineer a multifunctional photothermal membrane from carbon
dots incorporated into bacterial cellulose for interfacial solar-driven

water evaporation and purification.
5) To fabricate a photothermal membrane by integrating carbon dots-

based organic network into bacterial cellulose for interfacial water

evaporation.
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This thesis includes seven chapters, and it starts with a general
introduction to the topic and literature review (Chapter 1), followed by
the synthesis of carbon dots from a sustainable source and their
reduction to modulate the optoelectronic properties, and utilizes both
carbon dots for the detection of metal ions (Chapter 2), synthesis of
portable fluorescent thin film from Cascabela thevetia flower derived
carbon dots for selective and trace-level detection of picric acid
(Chapter 3), followed by fabrication of carbon dots anchored bacterial
cellulose nanoplatform as a fluorescent sensor and photocatalytic
remover of antibiotics (Chapter 4), interfacial solar driven water
purification along with evaporation from NIR active carbon dots
upgraded photothermal membrane (Chapter 5), and further synthesis of
organic network comprising of carbon dots incorporated in bacterial
cellulose for photothermal solar driven water evaporation (Chapter 6).
Finally, the thesis concludes with a future perspective, especially
focusing on further utilization of carbon-based membranes and
developing new strategies for synthesizing photothermally active
membranes at a larger scale (Chapter 7). The content of each chapter

included in the thesis is discussed as follows:

Chapter 1 provides an overview of the challenges faced currently in
water remediation applications. It begins by highlighting the urgent need
for innovative approaches and the development of new materials that
can overcome the limitations of existing technologies. After that, an
introduction to the fundamentals of carbon dots is provided, which
includes their structural classification, synthesis, tuning of optical
properties, and physicochemical properties of carbon dots. This is
followed by a brief discussion on the carbon dots-based nanocomposites
and particularly those pertinent to applications in optical sensing,
photocatalytic degradation, and solar-driven water evaporation, are

critically discussed.

In Chapter 2, oxidized/reduced carbon dots (CDs) with tunable optical features
have emerged as a new class of CDs having common “molecular origin” but

different fluorescence (FL) behavior. Using “banana peel” as a sole carbon
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source, followed by doping with fluorine (F), boron (B), and nitrogen (N) over
CDs, banana peel-derived carbon dots (BP-CDs) were synthesized using a well-
known hydrothermal synthesis method. Moreover, as-synthesized BP-CDs
were further reduced to “rBP-CDs” by NaBH4. At post-reduction, the FL
performance (ie., quantum yield) of rBP-CDs was found to be enhanced
compared with the BP-CDs, along with variations in excitation and emission
wavelengths. Interestingly, the optical sensing attributes of BP-CDs and rBP-
CDs were varied; that is, BP-CDs selectively sense “Co?* with a limit of
detection (LOD) value of 180 nM”, whereas rBP-CDs detected Co?* (with an
LOD value of 242 nM) as well as Hg?" (with an LOD value of 190 nM). This
work presents the very first report on the modulation of CDs’ sensing behavior
after reduction. The modulation in the sensing behavior with the common
carbon precursor and reduction paves a new possibility for exploring CDs for

different commercial applications.

Scheme 1. Banana Peel-derived Carbon Dots (BP-CDs) and Their Reduced
Form (r-BP-CDs) for Metal Ion Sensing.

In Chapter 3, N, S, and P-doped carbon dots (TF-CDs) have been synthesized
from C. thevetia flowers through a simple one-pot method, which exhibit
selectivity for the sensitive detection of picric acid (PA). Further integration of
this fluorescent probe onto polyvinylidene fluoride (PVDF) enables the
fabrication of a highly porous, thin, and flexible TF-CD@PVDF film strip via a
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simple phase inversion method, enabling the selective and trace-level detection
of a potent explosive, PA. The TF-CD@PVDF strip shows a limit of detection
(LOD) of 244 nM for PA, whereas TF-CD itself in suspended form shows
sensitivity as low as 104 nM. The findings reveal a static quenching mechanism
for TF-CDs in the presence of PA. The real sample analysis was further
performed by extemally spiking real water samples, validating the real-world
applicability of the as-prepared TF-CDs for sensing in polluted water. The
present study paves the way for designing portable, flexible fluorescent

platforms for extended applications.

Picric acid sensing

Scheme 2. Portable and Non-invasive Fluorescent Thin Films for

Sensitive Detection of Picric Acid.

In Chapter 4, a one-arrow two-hawk approach was implemented to
enable fluorometric trace level detection as well as photocatalytic
remediation of antibiotic drugs tetracycline (TET) and doxycycline
(DOX) using a melamine derived carbon dots (M-CD) and encapsulated
bacterial cellulose (M-CDs@BC) luminescent hydrogel composite
synthesized via a single-step one-pot hydrothermal method. The M-CDs
showed a wide linear range and good sensitivity with lower limits of

detection (LOD) of 133 nM and 138 nM for TET and DOX, respectively.
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Encouraged by the remarkable fluorescence (FL) characteristics of M-
CD@BC, the solid phase hydrogel platform was utilized to detect the
concentration of TET and DOX in a sequential manner for the first time.
The M-CDs@BC composite showed excellent sensing ability and
selectivity towards TET and DOX, among other available antibiotics.
Moreover, the photocatalytic activity of the M-CDs is found to be
preserved in M-CDs@BC as well and played an effective role in the
photodegradation of both TET and DOX (70.3% and 64.0%,
respectively). Furthermore, the present M-CDs@BC hydrogels display
high cycling performance for recurrent usage. Overall, our work paves
the way for the generation of unique CDs composites for environmental

remediation.

Solid State Platform

TET. & ON DOX

Sensing
Scheme 3. Carbon Dots and Carbon Dots Embedded Fluorescent

Hydrogel for the Sensitive Detection and Photocatalytic Degradation of
Antibiotics.

In Chapter 5, a robust multi-purpose near-infrared (NIR)-active hydrogel
composite (c-BC@N-LCD) from broad-spectrum active nitrogen-doped lignin-
derived carbon dots (N-LCDs), which is covalently cross-linked with a bacterial
cellulose (BC) matrix, has been synthesized. BC provides adequate porosity and
hydrophilicity required for easy water transport while managing heat loss. A
commendable evaporation rate (ER) 0of 2.2 kgm™ h™" under one sun (1 kW m™)
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is achieved by c-BC@N-LCD. The developed hydrogel system is also found to
be efficient for desalination (~2.1 kg m2h™') and for remediating various
pollutants (heavy metal ions, dyes, and pharmaceuticals) from feed water. The
efficacy of the membrane remains unaltered by different grades of water, and
hence can be adoptable for economically stressed communities living in water-
polluted regions as well as those residing in coastal areas. This solar-driven
interfacial evaporation has emerged as an efficient approach for wastewater

treatment and seawater desalination.

Multi-functional Photothermal Evaporator

Photothermal
Evaporator

Scheme 4. The Lignin-derived Carbon Dots (N-LCDs) Cross-linked
with Bacterial Cellulose, ie., ¢c-BC@N-LCD, a Multifunctional

Evaporator for Water Evaporation and Purification.

In Chapter 6, a high-performance photothermal membrane (F-CD-
p@BC) was fabricated by integrating a carbon dots-based organic
network (F-CD-POR) into bacterial cellulose (BC) using the Alder-
Longo reaction. F-CD-p@BC exhibits superior solar water steam
generation performance, longevity, and significant adaptability
throughout numerous environments. The hydrophilic three-dimensional

interlinked porous network of F-CD-p@BC is advantageous for fast
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evaporation of water while reducing heat loss. Fabricated F-CD-p@BC
membrane efficiently evaporates water at a 2.3 kg m h'! rate (1 sun)
and also demonstrates high efficacy in desalination, removal of organic
pollutants, and heavy metal ions from wastewater. Long-term stability
confirms its durability across multiple cycles, while outdoor
experiments validate its real-world applicability. Eco-friendly design of
F-CD-p@BC provides an energy-efficient solution for water
purification in resource-limited regions, opening new avenues for

advanced photothermal applications.

Scheme 5. The Photothermal Membrane (F-CD-p@BC) Incorporates a
Novel Carbon-Dot-Based Organic Network (F-CD-POR) into a
Bacterial Cellulose Hydrogel Through a Novel Chemical Approach for

Solar-Driven Water Evaporation.

Chapter 7 includes the conclusion and future perspective of this work.
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1.1.General Background

With the rapid advancement of human society, surface water is
increasingly polluted by complex substances from industrial effluents,
including heavy metal ions /1], explosives /2], and pharmaceutical
products /3/, etc. Humans rely on water for a wide range of purposes,
from drinking to domestic use and agricultural irrigation. It is essential
for maintaining health, supporting sustainable development, and
ensuring the survival of life. Water is essential for generating power,
agricultural purposes, and industry, lacking any sustainable
alternatives. Moreover, the maintenance and persistence of ecosystems
are highly dependent on water, highlighting its fundamental ecological
significance [4-6/. Approximately 70% of the Earth’s crust is covered
by water, predominantly present as groundwater, glaciers, rivers, lakes,
and oceans. Nevertheless, 97% of the earth’s water is saline, making it
unsuitable for drinking or agricultural use. Of the remaining 3 % of
Earth's water, approximately 2.3% is sequestered in glaciers and polar
ice caps. Only about 0.7% is accessible for human use, with the
majority found as groundwater (0.66%), and less than 0.03% present as

freshwater in lakes and rivers /7, 8/.

Consequently, water is regarded as a valuable and finite resource,
necessitating its careful use to prevent unnecessary loss. The scarcity
of water is further exacerbated by pollution, unregulated consumption,
and inadequate management of water resources [9/. Global water
demand is increasing annually by approximately 1%, driven primarily
by population growth. The combined effects of globalization and
industrialization have further intensified freshwater consumption,
contributing to an emerging water crisis, as illustrated in Figure 1.1.
As per the United Nations, over 2.2 billion people lack access to
freshwater, and this number continues to rise with each passing day
[10]. As a result of this critical situation, which led to an estimated 2.2
million deaths, primarily caused by consumption of contaminated
drinking water and inadequate sanitation practices, leading to

widespread disease outbreaks [717].



borﬁestic
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Figure 1.1. Representation of freshwater usage worldwide (data taken

from the 2024 United Nations World Water Development Report). [12]

Addressing water scarcity and pollution requires the implementation of
effective purification and water regeneration strategies. Emerging
technologies are continually being investigated for the remediation and
treatment of contaminated water [/3-16]/. Heavy metal ions [I17],
pharmaceuticals /18], explosive effluents /2], dye-polluted water /19/,
and industrial effluents /20] are just a few examples of many
concerning contaminants. Various materials have been employed for
wastewater treatment and solar water evaporation, and therefore, a
wide variety of approaches have been exploited for this purpose.
Recent research has emphasized the application of nanomaterials in
advancing novel technologies for environmental remediation and

sustainable solutions /21, 22].

Nanotechnology has garnered considerable attention in recent decades
due to the unique physical properties of nanoscale materials and holds
the prospect of significantly contributing to the development of
cleaner, greener technologies that are advantageous over other
techniques /23]. It is a field of science and engineering focused on
designing and synthesizing materials at the atomic and molecular level
[24]. At the nanoscale, traditional principles of chemistry and physics
often no longer apply, as material properties like visual appearance,
mechanical strength, electrical conductivity, and chemical sensitivity

undergo significant changes between nano and macroscale dimensions



[25]. Owing to their high surface-to-volume ratio, nanomaterials
exhibit significantly enhanced reactivity and functional efficiency
compared to their bulk counterparts. Consequently, they are
extensively employed across diverse domains, including scientific
research, environmental remediation, industrial processes, and
biomedical applications /26, 27]. The length of a nanometre can be
understood through the example of five silicon atoms or 10 hydrogen
atoms lined up, which is one nanometre. Materials are typically
classified as nanomaterials when at least one of their dimensions falls
within 1 to 100 nanometers. Naturally occurring nanomaterials have
been present since the Earth's formation and have continued to evolve
throughout its 4.5-billion-year geological history /28/. In contrast,
incidental nanomaterials, which are generated as by-products of human
activities, have seen a significant increase since the onset of the
Industrial Revolution [29]. Engineered nanomaterials, purposefully
synthesized to exhibit distinct and tunable physiochemical properties,
are extensively utilized in diverse sectors, including biomedicine,
electronics, energy systems, water purification, and environmental
remediation. Nanomaterials are broadly defined as inorganic, organic,
or hybrid materials that exhibit distinct electrical, physical, and/or
chemical properties attributable to their ultrasmall dimensions,
typically ranging from 1 nm to several tens of nanometres /29]. These
materials demonstrate size-dependent property variations, primarily
due to quantum confinement phenomena and their inherently large
surface-to-volume ratios, which enhance their surface reactivity. The
exciting physiochemical, photothermal, and optical properties of CDs,
such as absorption, excellent photoluminescence, superior
photostability, low photobleaching, biocompatible nature, and
environment-friendliness, easy preparation, NIR-active nature, have
made them highly important in multiple applications ranging from
sensors, catalysis, optoelectronics, agriculture, environment, bio-
medical, and solar-driven interfacial evaporation field /30-33/. The
sustainable environmental solution of CDs is extended to sensing,

degradation, and solar water evaporation.
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1.2. Carbon Dots

Over the past three decades, carbon-based nanomaterials have garnered
immense attention since the initial discovery of fullerene produced
through laser ablation of graphite /34/. The subsequent discoveries of
fullerene /35/, carbon nanotubes /36/, graphene /37], and carbon dots
[38] brought widespread attention to a diverse spectrum of 0-, 1-, 2-,
and 3-dimensional carbon-based materials as shown in Figure 1.2,

owing to their distinct properties, structures, and potential applications.

2004

Fullerene Carbon Nanotube Graphene Carbon Dots
Discovery of Nanomaterials

Figure 1.2. Schematic representation of the discovery timeline for key

carbon-based nanomaterials.

Among the various carbon allotropes, carbon dots (CDs) exhibit
excellent photoluminescence, high biocompatibility, aqueous
dispersibility, biocompatibility, ultrasmall sizes (<10 nm), and tunable
surface  functionalities with diverse electron donor—acceptor
characteristics /39, 40]. These fluorescent carbon nanoparticles were
serendipitously found during the purification of single-walled carbon

nanotubes by Xu et al. /38] for the first time in 2004.

In 2006, Sun et al. [4]] synthesized fluorescent carbogenic
nanoparticles (NPs) through laser ablation of a graphite powder and
cement mixture and, for the first time, designated them as CDs, thereby
initiating widespread research into their synthesis, purification,
separation, characterization, and diverse applications [42-44]. PL,
regarded as one of the most captivating characteristics of CDs, has
been extensively investigated, with notable enhancements in their FL

QY achieved over time. These properties have facilitated their



extensive use in diverse fields, including sensing /45], photocatalytic
degradation /46], bioimaging [47], drug delivery /48], near-infrared
(NIR) responsive systems [49/, solar cells /50], light-emitting diodes
[51], and photothermal therapy /52].

1.2.1. Structural Classification of CDs

Numerous hypothesized structures of CDs are often explored;
nevertheless, a thorough investigation remains limited. CDs are
frequently described as possessing a shell-core architecture, with the
shell consisting of several surface functional groups [53].
Understanding the structure of CDs, encompassing their core and shell,
is highly beneficial, as it helps us investigate the structure-property
relationship between CDs and other related applications [54, 55].
Generally, CDs can be roughly classified into four discrete classes, i.e.,
carbonized polymer dots (CPDs), carbon nanodots (CNDs), carbon
quantum dots (CQDs), and graphene quantum dots (GQDs) as
indicated in Figure 1.3. The GQDs are graphene-based NPs with
diameters under 100 nm, comprising a few layers of graphene in the
core. The graphene layers in GQDs are responsible for rich n-electron
density and high surface area. GQD consists of sp? hybridized carbon
atoms with anisotropy. When the particle size of GQDS decreases
below 10 nm, quantum confinement and edge effects result in
distinguishing optoelectronic properties of GQDs. The optoelectronic
characteristics of GQDs can be tuned by altering their morphologies
and edges, resulting in variations in the band gaps of the valence and
conduction bands /56, 57]. CQDs are a category of carbon-based
quasi-spherical nanoparticles distinguished by either an amorphous
configuration or a crystalline graphitic lattice. CQDs comprise more
layers of graphite structure within their carbon core compared to
GQDs. GQDs exhibit anisotropic characteristics with lateral
dimensions greater than their height. So, the degree of spalling decides
whether the resultant product is CQDs or GQDs. Moreover, CQDs
involve mixed sp?> and sp® hybridized carbon atoms, making them

isotropic /58, 59/. CPDs are a new class of CDs that are synthesized
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via cross-linking and aggregation of linear polymers, their monomers,
or small organic molecules. Due to the utilization of polymers and
some organic molecules during synthesis, the CPDs can possess
numerous functional groups and polymer chains on their surface with a
core similar to CQDs, leading to unique optoelectronic properties /60,
61]. CNDs exhibited excellent PL upon excitation. The presence of
multiple surface functional groups on CNDs can alter their band gaps
and impart distinctive features, such as selectivity towards metal ions
in sensing applications and other catalytic applications, etc /62, 63].
Besides, the synthesis of CDs with various precursors can also tune the
properties of CDs to have diverse applications, which will be further

discussed in the subsequent section.

Type of Carbon-dots

GQD CND

Figure 1.3. Schematic illustration highlighting the distinct types of
carbon dots. /64]

1.2.2. Synthesis of CDs

The properties of CDs are closely linked to their structure, which is
significantly dependent on the synthetic approach. In top-down
methods, such as arc-discharge, laser ablation, oxidation, and
electrochemical oxidation of bulk carbon materials, the resulting CDs
often exhibit crystalline graphitic cores and abundant oxygen-
containing functional groups due to harsh oxidative conditions /42,
65]. Conversely, bottom-up approaches like microwave-assisted
method, hydrothermal/solvothermal synthesis, pyrolysis method, and
ultrasonic method of organic precursors typically yield amorphous or
partially crystalline carbon dots with tunable surface functionalities,

size, and photoluminescence properties /66, 67]. The synthesis route
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thus plays a crucial role in determining the size, morphology, surface
chemistry, and optical behavior of CDs. A summarized representation

of the synthetic approach is shown in Figure 1.4.

rowdV
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pyrolysis Method

Ultrasonic
Method

Carbon Dots

Figure 1.4. Schematic representation of CDs synthesis utilizing top-

down and bottom-up approaches.

A variety of precursors were investigated for the synthesis of CDs. A
significant number of chemical and green precursors are utilized for
CDs synthesis. Notably, the nature of the precursor, dopant, reaction
temperature, and synthesis route substantially influence the
characteristics of CDs. Based on the precursor used for the synthesis of
CDs, they have been categorized as CDs derived from chemical

precursors and biomass-derived CDs.
1.2.2.1. CDs Derived from Biomass

Biomass as a renewable precursor is a crucial carbon source in the
synthesis of CDs due to its abundance and cost-effectiveness [68].
Biomass-derived carbon sources, as renewable and environmentally
benign alternatives to conventional precursors, offer distinct
advantages for CDs synthesis, including cost-effectiveness, widespread
availability, and environmental sustainability /69/. The synthesis of
CDs from natural biomass enables the transformation of low-value
biomass waste into high-value, nanomaterials with broad applicability.
Biomass enriched with heteroatoms serves as an optimal precursor for
CDs synthesis, as it facilitates in situ heteroatom doping, which

enhances the properties of the resulting CDs [70]. In recent years, the



use of diverse biomass sources as renewable carbon precursors for the
synthesis of CDs, including orange waste peel /71/, banana peel [72],
fish scalp /73], wild fruit [74], eggshells [75], elephant manure [76]
has attracted significant attention (Figure 1.5a-f). The massive
increase in the use of green sources for the synthesis of CDs has started
a new era of CDs, and so far, a variety of green sources have been

explored.
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Figure 1.5. Carbon dots derived from various biomass, including (a)
Orange peels /71], (b) banana peel [72], (¢) Rosa Roxburghii fruit
[73], (d) chicken eggshell /74], (e) fish scalp /75], (f) elephant manure

[76].

Electrochemical

1.2.2.2. CDs derived from Chemical Precursors

Numerous natural precursors have been employed in the synthesis of
cost-effective, biocompatible chemical precursors of CDs, which are
still under investigation to obtain an excellent QY. The benzene
derivative is mostly explored as a carbon source, which includes
phenolic, aromatic amines, polycyclic aromatic hydrocarbons, and
various polymers. Various acid reagents such as citric acid /77/, folic

acid /78], tartaric acid [79], etc, and non-acidic reagents such as
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chitosan /80], sugar [81], o-phenylenediamine /82/, lignin [83], coal
[84], etc, have been extensively employed for CD synthesis. Moreover,
CDs with a high QY of 65 % are synthesized by Tufenkji and co-
workers /85] utilizing citric acid and phenylalanine via a one-step
hydrothermal method, as shown in Figure 1.6a. In this work, the role
of stoichiometry on the chemical and structural composition of CDs
and, in turn, its effect on QY was checked. In another study by Fan and
co-workers /86] performed radical-assisted synthesis of hexagonally
shaped CQDs from perylene precursor at a relatively low reaction
temperature of 80 °C, achieving exceptionally high PL QY, i.e., near
unity (96 %) (Figure 1.6b). Further, Gong and co-workers /87]
developed a mild, one-step thermolysis method conducted at low
temperature and pressure for rapid synthesis of CDs with ultrahigh PL
QY as indicated in Figure 1.6¢c. In this method, citric acid,
pyrocatechol, and o-phenylenediamine are utilized as a carbon source,
and 1-butyl-3-methylimidazolium chloride as a solvent and surface

passivating agent for CDs synthesis.
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Figure 1.6. (a) Initial steps for the reaction of citric acid and
phenylalanine to synthesize CDs, /85] (b) Synthesis route of CQDs by
radical-assisted synthetic strategy using perylene precursors, /86] (c)
Synthesis process of multicolor emissive CDs with ionic liquid as
solvent and citric acid, pyrocatechol, and o-phenylenediamine as

precursors. [87]

1.2.3. Approaches to Tuning the Fluorescence Efficiency of CDs

¢ Passivation- Passivation refers to coating and capping of the
surface of carbon dots with polymers, surfactants, or small
molecules to reduce non-radiative recombination sites. The surface
modification or passivation plays a crucial role in altering the PL
properties and band gaps of CDs. In some cases, CDs did not
exhibit PL unless they underwent surface passivation /88/. In this
study by Ren et al. /89/ largely amorphous carbon nanoparticles

were copolymerized with N-vinyl carbazole through microwave-
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assisted radical reactions. The resulting copolymer is structurally
analogous to a CD with each nanoparticle surface functionalized by
multiple poly(N-vinyl carbazole) segments. Alas et al. /90]
synthesized red emissive CDs from p-phenylenediamine by a
single-step microwave-assisted solvothermal method. Further, the
surface of CDs was modified with hyperbranched bis-MPA
polyester hydroxyl polymers. The QY of CDs after passivation
altered from 31.4 % to 79.8 %.

Doping- The doping of CDs with various elements, such as
phosphorus (P), sulfur (S), fluorine (F), nitrogen (N), and others,
has been extensively employed to tailor their photophysical and
optoelectronic characteristics /64, 91]. Notably, Wu et al. /92]
reported a correlation between the nitrogen content of CDs and
their photo-oxidative activity, highlighting the significance of
doping, which influences the functional performance. The doping
of CDs with highly electronegative atoms (such as N and S)
typically induces a blue shift in PL emission. Moreover, Wu et al.
synthesized nitrogen and sulfur doped carbon dots (N,S-CDs),
resulting in improved PL QY from 11.2 % to 65.1 %. Through S
element doping red-shifted the FL emission from 430 to 545 nm
and suppressed non-radiative transitions. The N,S-CDs enabled
dual-mode detection of Zr*" and NO,, and were also used for anti-
counterfeiting applications. In contrast, doping with weak electron-
donating elements, including P, B, and Se, tends to cause a red shift
in PL emission relative to undoped CDs /93-95].

Reduction- It is a new strategy based on the reduction reaction of
synthesized CDs that was developed for improving their
fluorescence performance. Shen et al. /96] developed a reduction
pathway to tune FL QY and the emission wavelength of CDs. The
original CDs, initially exhibiting a QY of 1.55 %, were reduced
using NaBHy4 and LiAIH4, resulting in QY enhancement to 7.25 %
and 7.44 %, respectively. The variation in surface functional groups
resulted in distinct fluorescence (FL) characteristics in unmodified,

NaBHs-treated, and LiAlHs-treated CDs. Du et al. [/97]
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investigated the FL properties of coal-derived CDs and proposed
strategies for their enhancement. In this work, they have utilized N-
doping and a reduction with NaBH4 to improve the optical
properties of CDs. The reduced form of CDs indicated the blue-
shifted FL and an increase in QY. Overall, reduction treatment
offers a promising route for tailoring the PL properties of CDs by
modifying their surface chemistry and electronic structure.

1.2.4. Carbon Dots Properties

The structural and optical properties of CDs are highly sensitive to the
synthesis method and precursor composition. Hydrothermal and
solvothermal methods offer tunability by adjusting reaction
temperature, time, and precursor concentration. Doping with
heteroatoms during or after synthesis not only modifies the bandgap of
the CDs but also introduces new energy levels, affecting absorption

and emission behavior.

1.2.4.1. Structural Characteristics

CDs are a class of carbon-based nanoparticles, typically exhibiting
spherical or quasi-spherical morphologies with a diameter below 10
nm [98]. Their core structure can range from amorphous to crystalline
carbon, depending upon the choice of precursors and synthesis

methods.

The high-resolution transmission electron microscopy (HR-TEM)
revealed the amorphous or crystalline structure of CDs, with an
average size of around 10 nm. The lattice fringes with an interlayer
spacing of a few nanometres correspond to the graphitic carbon
domain [99]. These crystalline domains are more pronounced in CDs
synthesized at elevated temperatures or under controlled atmospheres,
while those synthesized at low temperatures through hydrothermal or
microwave-assisted processes often exhibit amorphous internal
structures /100, 101]. The crystallinity of CDs is further supported by
X-ray diffraction (XRD) analysis, which typically shows a broad
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diffraction peak around 20-25°, corresponding to the (002) plane of
disordered graphitic carbon. The intensity and sharpness of this peak
vary with the degree of graphitization, allowing to distinguish between
the amorphous and crystalline nature of CDs /702]. Surface chemistry
is another essential structural feature of CDs. Their surfaces are
commonly decorated with abundant functional groups such as
hydroxyl (-OH), carboxyl (-COOH), carbonyl (C=0), and amino (-
NH:), derived from both the precursor molecules and reaction
conditions //03]. These surface moieties enhance water dispersibility,
biocompatibility, and chemical reactivity, enabling facile post-
synthetic modification for specific applications [/04]. Analytical
techniques, such as Fourier-transform infrared (FTIR) spectroscopy,
X-ray photoelectron spectroscopy (XPS), and Raman spectroscopy, are
also commonly employed to investigate the chemical structure of CDs
[105]. The degree of crystallinity significantly influences the
electronic and optical properties of CDs. Graphitic CDs with higher
sp*-hybridized carbon content tend to exhibit better conductivity and
well-defined optical transitions, while amorphous CDs are often more

versatile for surface modification.
1.2.4.2. Optical Properties

The optical behaviour of CDs stands out as one of their most
characteristic and thoroughly investigated aspects. CDs generally
exhibit broad UV-visible absorption spectra, which arise from various
electronic transitions associated with their carbonaceous structure and
surface functionalities. The strong absorption band in the UV region,
re., below 300 nm, is primarily attributed to =m-m* transitions of
aromatic C=C bonds within the sp?> hybridized carbon core.
Additionally, n-m* transitions originating from non-bonding electron
pairs on oxygen-containing functional groups such as carbonyl or
carboxyl moieties, at longer wavelengths (around 320-400 nm) /106].
In certain cases, CDs demonstrate absorption tailing to the visible or

near infrared (NIR) region, attributed to surface defects or mid-gap
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energy levels introduced during synthesis. NIR-emitting CDs are of
particular interest due to their photothermal conversion efficiency,
making them highly valuable for photothermal therapy and interfacial
solar-driven water evaporation /52, 107]. A hallmark of CDs is their
strong and tunable FL, which is often excitation-dependent and allows
CDs to emit across a wide spectral range, which is particularly
advantageous for applications in sensing and optoelectronics. Several
mechanisms have been proposed to explain this unique FL behavior,
including quantum confinement effects, surface defect states, and the
presence of molecular fluorophores formed during synthesis /108,
109]. The carbon core structure, surface states, and molecular
fluorophores determine not only the emission wavelength but also the
FL QY, lifetime, and stability of CDs. QY for CDs varies significantly
and can be greatly enhanced by surface passivation or heteroatom
doping /110, 111]. The FL lifetime measurements, commonly obtained
via time-correlated single-photon counting (TCSPC), show that CDs
possess nanosecond-scale lifetimes, indicating their emission arises
predominantly from allowed electronic transitions. CDs also exhibit
excellent photostability, maintaining FL intensity under prolonged
excitation without significant photobleaching. Furthermore, their
emission remains stable under a wide range of pH, ionic strengths, and
temperatures, enhancing their utility in diverse environmental and

biological conditions /30, 112].

1.3. Carbon Dot-Based Nanocomposites

Carbon-based nanocomposites continue to emerge as the next
generation of innovative materials. Many scientists have begun to
notice the potential for utilizing these materials in novel applications
such as sensing [/13], removal of organic pollutants [/7/4], and
interfacial solar-driven water evaporation [/75]. Moreover, among
many carbon-based composite materials, carbon dot-based
nanocomposites (CNCs) are fabricated by embedding CDs of diverse

morphologies and sizes into a polymer matrix //76]. Nonetheless, the
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incorporation of these nanoparticles is strongly influenced by their
aspect ratio and degree of dispersion. The CDs impart mechanical
strength, thermal stability, biocompatibility, UV resistance, and
fluorescence to the polymer matrix. Notably, the polymeric network
restricts the agglomeration of CDs, and CDs improve the optical and
mechanical characteristics of as-synthesized composites owing to their
small size and high surface area [//-119]. Some of the host matrices
that have been utilized previously to immobilize CDs include graphene
oxide [120], polyurethane [121], PVDF [122], metal-organic
framework [123], cellulose [124], zeolites [125], chitosan [126],

wood /83], etc, as shown in Figure 1.7.
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Figure 1.7. Schematic illustrating carbon dots-based various

nanocomposites.

Notably, the one-step approach and the two-step approach are the two
primary approaches utilized in the formulation of CD-based
composites. In the one-step approach, both the CDs and the matrix

form simultaneously within the reaction system, resulting in the in-situ
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confinement of CDs within the host matrix. Towards this approach in
2017, Liu et al. /127] designed a facile method to integrate the CDs in
zeolite matrices in situ in a dot-in-zeolites manner under solvothermal
or hydrothermal conditions. In contrast, CDs are first synthesized via
top-down or bottom-up methods and then subsequently incorporated
into host matrices through a chemical or physical approach in the two-
step approach. Alternatively, first, a host matrix is prepared, which is
subsequently subjected to thermal treatment such as pyrolysis,
combustion, or heating to generate CDs within it. Based on that Wang
et al. [128] reported a CD@ZIF-8 composite which was prepared by
solvothermal synthesis of ZIF-8 nanocrystals followed by calcination.
Moreover, Tian et al. [129] synthesized N-doped CDs using
isophorone diisocyanate (IPDI) as a carbon precursor under a
microwave-assisted method. Next, dibutyltin dilaurate and
polytetramethylene ether glycol were introduced into the N-doped CDs
and IPDI mixture, which was then heated to 80 °C to form CDs@PU

composites.

1.3.1. Structural Supports for CD Nanocomposites

» Bacterial Cellulose (BC)

In nature, pure cellulose is obtainable only as bacterial cellulose (BC),
which is biosynthesized by specific bacterial species, primarily from
the genera Acetobacter, Sarcina ventriculi, Kombucha, Agrobacterium,
and others /7/30]. In their natural environment, they can produce a
protective envelope composed of extracellular polysaccharides like
cellulose, forming a thick, gel-like pellicle at the interface between the
culture medium and air, as shown in the schematic of Figure 1.8
[131]. In vivo cultivation of these bacteria under favorable
environmental conditions, i.e., pH 4-6, temperature 28-30 °C, and a
growth medium enriched with carbon, nitrogen, and various nutrients
leads to the formation of cellulose nanofibers with 20-100 nm in

diameter and several um in length /732, 133]. These microfibrils offer
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a versatile platform for embedding or stabilizing diverse
nanomaterials. The nanosized fibrils of BC serve as a stable support for
CDs, playing a crucial role in the development of versatile, portable
membranes functioning as sensors or photothermally active
membranes /134, 135]. In this context, nanoscale cellulose fibrils offer
the necessary surface roughness to attain high sensitivity, making them
suitable for applications in environmental monitoring //36]/, food

safety /137], and biomedical diagnostics /138].

Purification

Purified BC pellicle

Symbiotic culture for BC growth at the
vacteria and yeast air-water interface /

Figure 1.8. Schematic of BC culturing.

» Polyvinylidene Fluoride (PVDF)

PVDF is a versatile fluoropolymer characterized by abundant covalent
C-F bonds, making it highly suitable for applications in sensors,
piezoelectric devices, and polymer batteries due to its thermal stability,
processability, high dielectric constant, and non-toxicity /7/39/. Owing
to its excellent thermal stability, chemical resistance, mechanical
robustness, flexibility, eco-friendliness, and affordability, PVDF
emerges as a promising material for thin film fabrication [/40]. The
inherent hydrophobicity, combined with its strong adhesion properties,
ensures a substantial mechanical strength, thereby preventing leaching
of hydrophilic active FL agents from the film matrix /[741]. Typically,
PVDF membranes are synthesized through nonsolvent-induced phase
separation by immersing the casting solution into a coagulation bath
that promotes phase separation and film formation //42]. The film
fabricated by PVDF possesses distinct properties like ease of
processing, flexibility, and lightness. So, CNCs have garnered huge
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attention in environmental remediation due to their exciting
physicochemical properties like large surface area, tunable optical
properties, biocompatible nature, mechanical stability, and exceptional
durability /143, 144]. They are further explored for multifaceted
applications, particularly in the domains of sensing, photocatalytic

degradation, and photothermal applications.
1.4. Multifunctional Applications

Figure 1.9 illustrates the multifunctional applications of CDs and CDs-
based nanocomposites and focuses mainly on three areas, 1.e., sensing,
photodegradation, and solar-driven water evaporation. These
applications are enabled by key properties of CDs, including strong
and tunable PL for sensitive and selective sensing, excellent
photocatalytic activity driven by high surface area and efficient charge
separation for effective photodegradation, and superior light absorption
along with outstanding photothermal conversion efficiency for solar-
driven interfacial evaporation. Additionally, their chemical stability,
water solubility, biocompatibility, and ease of functionalization
enhance their performance and integration into multifunctional
nanocomposite systems. These combined attributes position CDs as

promising materials for sustainable environmental solutions.
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Figure 1.9. Illustration of CDs and CD-based nanocomposites for

multifunctional applications.

1.4.1. Fluorescent Detection of Pollutants

The detection of toxic compounds, including metal ions,
pharmaceuticals, pesticides, nitro compounds, and other environmental
pollutants, is of critical importance due to their adverse effects even at
trace concentrations on human health and ecosystems /26, 30].
Consequently, developing sensitive, selective, and rapid detection
methods is essential for applications in food safety, environmental
monitoring, and biomedical diagnostics. Recently, CDs have been
considered a milestone in optical sensing due to their exceptional
physical and chemical properties /42]. In this context, numerous CD-
based sensors have been developed for the detection of a wide range of
analytes [145-147]. CDs have attracted much attention as a sensor due
to their multiple attributes, like stable PL, robust chemical inertness,
excellent QY, water-solubility, resistance to photobleaching, a wide
range of raw materials or precursors, excellent biocompatibility, low
toxicity, tunable optical properties, cost-effectiveness, and on-site
detection ability /7148, 149]. These features enable CDs to selectively
interact with various analytes such as metal ions,'>° biomolecules,'!
antibiotics [145], pesticides [152], nitro compounds /2/, which often
results in a change in FL intensity, either FL turn off or turn on
behaviour, wavelength shift, or quenching effects. The changes in
optical behaviour of CDs could be due to electron transfer (ET),
Forster resonance energy transfer (FRET), inner filter effect (IFE),
aggregation-induced emission (AIE), aggregation-induced quenching
(AIQ), static or dynamic quenching, charge transfer, bonding /26,
153], etc. Additionally, the low toxicity and excellent stability under
light and extreme environmental conditions make them a suitable
candidate for real-time application for environmental monitoring of
toxic pollutants. To this end, Bavya et al. //54] synthesized sulfur-
doped CDs (SCDs) hydrothermally using cellulose derived from waste
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bamboo and sodium thiosulfate as precursors. The resulting SCDs
demonstrated high selectivity and sensitivity towards Hg(II) ions,
achieving a remarkably low detection limit as indicated in Figure
1.10a. The enhancement in FL observed upon interaction with mercury
ions was attributed to complex formation between Hg(II) and
functional groups on the SCDs, which effectively modulated the PL
behaviour. In a related study, Cui et al. //55] designed a CD-based
sensor using DL-malic acid and urea through a microwave-assisted
approach. Furthermore, the obtained NCDs were utilized as the FL
sensor to detect ascorbic acid and Fe3" in solution, as shown in Figure
1.10b through static quenching and the inner filter mechanism. To
effectively monitor nitro compounds, Mahto et al. /7156/ synthesized
N-doped CDs (NCDs) using microwave-assisted pyrolysis of urea and
malic acid (in a 3:1 molar ratio) and utilized them as fluorescent probes
for the sensitive and selective detection of picric acid, as shown in
Figure 1.10c. Furthermore, for analysing antibiotics, Dong et al. [157]
synthesized two-photon CQDs (TP-CQD) using ethylenediamine and
citric acid in phosphoric acid solution via the hydrothermal method. As
shown in Figure 1.10d, the TP-CQD nanoprobe was applied as a
chemosensor to detect chlortetracycline, which quenches the intrinsic

FL of TP-CQD.
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Figure 1.10. Schematic Illustration of: (a) aggregation-induced FL
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Moreover, incorporating CDs into hydrogels or solid substrates
significantly enhances their practical utility in sensing applications.
Embedding CDs into solid support improves their photostability and
protects against degradation. Additionally, immobilization facilitates
the development of a portable, reusable sensing platform. Thakkar et
al. /126] demonstrated this concept by developing a carbon dot-based
hydrogel composite. In this study, they have synthesized CDs using
lemon peels and incorporated them into a chitosan hydrogel for the
detection of Fe(Ill) and glutathione. The hydrogel matrix not only
provided mechanical support and ease of handling but also
demonstrated the effectiveness of such integrated systems in practical

sensing environments.

Photocatalytic Degradation

In addition to detecting environmental pollutants, their degradation is
equally important to ensure complete removal from the environment to
protect human health /758/. Numerous pollutants in the aquatic system
are becoming public concerns, such as dyes /759/, industrial effluents
[160, 161], pharmaceuticals [/62], and related byproducts. The
presence of residues from these sediments has the potential to cause
severe and chronic toxicity. Therefore, a major concern in
environmental water quality monitoring and purification is the
effective removal technique for organic contaminants from
pharmaceutical waste to industrial wastewater //63/. In order to solve
this problem, one of the most cutting-edge oxidation technologies is
photocatalytic degradation using sustainable solar energy. This method
offers numerous benefits, including affordability, straightforward
photocatalyst synthesis, absence of external oxidizing agents, minimal

toxicity, and efficient mineralization.

The photocatalytic degradation relies on photon absorption with energy
slightly greater than the catalyst’s band gap, generating photoinduced
charge carriers that generate reactive oxygen species in the reaction

medium /7164, 165]. CDs [18] and CNCs [166] have received a lot of
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attention in photocatalytic applications due to their optical, electronic,
and surface properties. CDs can absorb light and generate electron-hole
pairs, which participate in redox reactions that lead to the breakdown
of organic pollutants into less harmful substances such as CO; and
H,O /158] (Figure 1.11a). In this context, Chen et al. //8] developed a
cost-effective photocatalyst by modifying TiO, with blue algae-derived
carbon quantum dots (B-CQDs). The resulting composite demonstrated
the remarkable photocatalytic activity to degrade the antiviral drug
favipiravir in 60 min, as indicated in Figure 1.11b. Furthermore,
Nayak et al. [167] synthesized carbon quantum dots (CD)
hydrothermally from lemon juice and cysteamine, which shows
excellent photocatalytic performance in the degradation of anionic and
cationic dyes (Figure 1.11¢). Further advancing this concept, a novel
polymeric hydrogel was fabricated using polyvinylpyrrolidone cross-
linked with CD for the dual purpose of dye adsorption and
photocatalytic  degradation. Therefore, CDs and CD-based
photocatalysts offer a sustainable and efficient approach for the
degradation of various contaminants, including dyes, pharmaceuticals,

etc.
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1.4.2. Interfacial Solar-Driven Water Evaporation

Solar evaporation is viewed as a promising solution to freshwater
scarcity, leveraging sustainable and renewable energy, while
minimizing ecological impact [168/. The solar-driven water
evaporation utilizes the localized solar heating at the air-water interface
to accelerate evaporation while minimizing energy loss to the bulk
water [169]. Moreover, CDs have emerged as multifunctional

nanomaterials with significant potential in environmental remediation
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as well as solar-driven interfacial water evaporation [32]. The
remarkable photothermal conversion and broad-spectrum light
absorption of CDs make them an excellent candidate for the fabrication
of photothermally active membranes //07]. The only hurdle in the case
of CDs is their small size, rendering slow leaching, so better
recyclability is achieved by embedding CDs into a polymer matrix
(e.g., cellulose, hydrogels, or aerogels) /40, 170-173]. So, CDs have
been incorporated into porous matrices to form a composite material
that can be utilized for solar-driven water evaporation. As illustrated in
Figure 1.12a, Li et al. //74] developed a high-performance solar
evaporator using chitosan carbon aerogel modified with lignin-derived
carbon quantum dots (C-LCDCA). The incorporation of LCQDs
enhanced the light absorption and photothermal conversion efficiency
of C-LCDCA. The C-LCDCA achieves a high evaporation rate of 1.71
kg m? h'! and strong salt rejection ability. Similarly, Ji et al. [175]
synthesized a wood-based solar evaporator (CD-wood) via a one-step
in situ process, employing lignin inherently present in wood as the
carbon source, as depicted in Figure 1.12b. The CD-wood evaporator
demonstrated broadband absorption with high solar-steam conversion
efficiency and offers a scalable, all-biomass-based material for
efficient solar steam generation and water purification. Furthermore, Li
et al. /176] recently introduced hierarchical assemblies of carbon dots
(HA-CDs), synthesized through a stepwise assembly strategy, wherein
monodispersed UV-absorbing CDs were combined into supra-CDs
(PA-CDs), which were then cross-linked with Fe** ions to form 3D
porous architectures as shown in Figure 1.12c. These HA-CDs
exhibited full-spectrum solar absorption, superior water resistance, and
an impressive 84 % solar-to-thermal energy conversion efficiency
under simulated solar illumination. The HA-CDs-fabric exhibited
efficient two-dimensional solar interfacial evaporation, along with
electricity production and integrated water-electricity cogeneration,
highlighting the multifunctionality of carbon dot-based photothermal
materials. Together, carbon dots and CNCs represent the

transformative role of carbon dots in designing next-generation solar
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evaporators that are not only efficient and cost-effective but also

sustainable and adaptable to a variety of water treatment challenges.
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Figure 1.12. Schematic illustration of: (a)

C-LCDCA material

exhibiting high efficiency evaporation, salt tolerance, and self-cleaning

ability. [174] (b) Fabrication of the CD-Wood evaporator and the setup

of the solar steam generation device. [/

75] (c) Schematic

representation of the synthesis pathways for F-CDs, PA-CDs, and HA-

CDs, along with the hierarchical assembly mechanism of HA-CDs in

the solar evaporator. [176]
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1.5. Scope of the Present Work

The synthesis strategies, properties, and tuning of the photophysical
characteristics of CDs and CD-based nanocomposites, along with their
applications, are discussed in previous sections of the thesis,
highlighting the importance of CDs in sustainable environmental
management, including fluorescence sensing, photocatalytic
degradation of various analytes. The present thesis work highlights the
development of CDs using green and chemical precursors and
incorporates them in solid matrices for the remediation of pollutants
and solar-driven interfacial water evaporation. This work is motivated
by the potential application of these CDs and CD-based
nanocomposites in optical sensing, photocatalytic degradation, and

solar-driven water evaporation for water purification.

The main highlights of the thesis work are mentioned below:

1. Modulation of photophysical characteristics of carbon dots
through post-synthetic reduction strategy for metal ion sensing.

2. Develop a portable, non-invasive carbon dots-based fluorescent
thin film for the detection of picric acid.

3. Design a carbon dot-bacterial cellulose hybrid platform for
remediating pharmaceuticals.

4. Engineered a multifunctional photothermal membrane by
incorporating carbon dots into bacterial cellulose for interfacial
solar-driven water evaporation and purification.

5. Fabricate a photothermal membrane by integrating a carbon
dot-based organic network into bacterial cellulose for

interfacial water evaporation
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2.1. Introduction

Among the various classes of carbon nanomaterials, carbon dots (CDs)
have emerged as one of the most exciting nanomaterials owing to their
small size, easy functionalization, and amazing fluorescence (FL)
behavior. Carbon-based quantum dots have been established as one of
the promising and divulged candidates in fluorescent sensing
applications, enabling the replacement of many toxic quantum dots
(QDs) and dyes, thanks to their highly tunable luminescent properties,
water miscibility, and photostability /7-4]. Since the discovery of QDs,
a plethora of luminous quantum dots of semiconductors and carbon
families have been showcased in various sensing applications. So far,
surface manipulation of CDs by passivation/functionalization and
doping is the two prominent approaches to attain desirable surface
features required for the anticipated application /5, 6/. It is well
documented that doping may introduce additional impurity states for
dissipating energy in the form of heat or photons /7, &8/. In this respect,
heteroatom doping or co-doping may be adopted to attribute vivid
photophysical features to the CDs as desired. For instance, nitrogen
(N) doping, i.e., the introduction of an n-type impurity, can enrich the
electron density in the skeletal structure /9/. Moreover, boron (B) may
serve the role of a p-type impurity. Co-doping of both these atoms,
therefore, can fine-tune the optoelectronic features of carbon dots
(CDs) such as delaying radiative decay time /[/0]. Fluorine (F)
embellishment, on the other hand, may be an attractive strategy to

increase photostability and biocompatibility /77].

On the other hand, introducing functionalities such as epoxide,
carboxyl, or amides may in fact act as trapping sites for electrons,
preventing them from direct recombination with holes /72, 13]. Many
groups have reported reduction as a useful strategy to modify the
photoelectron transition channel by introducing electron-rich surface
groups /9, 12]. For example, Dongjun et al. //4] reported the reduced
form of CD showing an increase in the quantum yield (QY) of CDs

upon reduction. Furthermore, the FL performance of reduced CDs was
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better than that of the original CDs, demonstrating the applicability of
reduced CDs for bioimaging and as a biomarker. Similarly, Pranav et
al. [15] reported reduced CDs co-doped with N, B, and F as an
effective strategy to achieve enhanced photophysical properties for
bioimaging applications. Apparently, reducing CDs without affecting
the size of the CD is an effective approach to augment the electron
density at the CD surface. Though the earlier work has shed some light
on the photophysical properties of reduced CDs but its applicability in

the field of environmental sensing is yet to be explored properly.

The above-mentioned approaches to regulating the FL emission
features of CDs have direct implications for tracing waterborne
pollutants within a heavy metal family. It is well documented that
many of the heavy metals, such as Hg?', As**, Cd**, Pb*", Co*" and
Cr**/Cr® etc., serve as grounds for fatal health conditions upon long-
term exposure above a threshold level [/6-20]. For instance, though
cobalt (Co) ion is known to be an essential micronutrient, the presence
of Co in blood above the permissible level can make it a carcinogen,
and cause respiratory, circulatory, neurological, and allergic diseases
[21]. The prime sources of Co (II) are industries, sewage, and mining
[22], which can directly enter into the aquatic life and ultimately into
the human body. While only the high concentration of Co is harmful to
the ecosystem, the release of even trace amounts of other heavy metals
like Hg (II) into the water bodies can be fatal. Its release into the
ecosystem may happen via either anthropogenic activities, viz.,
industrial indiscriminate dumping of industrial effluents, coal
production, metal extraction, etc., or natural events like volcanic
eruption and erosion of mineral deposits /22/. Mercury (Hg)
contamination arises due to its high affinity with diverse biomolecules
within the human body. The persistent Hg in nature makes its tracking

crucial to avoid a long-term threat /24].

Hitherto, numerous techniques have been utilized to detect/analyze
Co?" and/or Hg?" [25]. Out of them, highly sensitive and selective

techniques such as inductively coupled plasma-mass spectrometry
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(ICP-MS) /26], atomic absorption spectroscopy (AAS), etc., require
complex preparation steps, experienced personnel, and installation of
sophisticated instrumentation, making them less reliable for rapid and
on-site detection of heavy metal pollutants. To find out more feasible
substitutes for these sophisticated techniques, enormous research has
been devoted to alternative tools such as colorimetric detection /27],
resonance scattering assay /28], surface-enhanced Raman scattering
(SERYS) /29], electrochemical methods /30/, etc. Nevertheless, an FL
sensor renders much more flexibility in terms of simple
instrumentation/operation, fast response, multiple analysis, high
sensitivity, and good selectivity with ample scopes to attune CDs as
required. Furthermore, a wide range of cheaper sources with green
synthesis routes, such as the hydrothermal method, have also been
explored to date to make them more reliable in practical applications

/31, 32].

Though many attempts have already been made to detect a range of
contaminants, including heavy metals, by differently functionalized
green CDs, very few works have particularized a detailed investigation
of the physicochemical attributes of CDs responsible for their heavy
metal sensing behavior. Herein, a deliberate attempt has been made to
understand how the reduction could affect the surface functionalities
for tuning useful photophysical attributes to be used for the speciation
of heavy metal (Co?" and Hg?") and its dual-sensing at trace level. The
CDs required for this study are prepared from banana peel extract,
waste biomass heavily dumped after the consumption of edible fruits in
household garbage, and the marketplace. Cellulose, hemicellulose,
lignin, and pectin, which are the main components of banana peel,
could thus be effectively used as a major carbon source for
synthesizing CDs with varied surface functionalities /33]. Further, the
viability of the said CD systems is tested for real samples. To the best
of our knowledge, this work presents the very first report on the

modulation of CDs' sensing behavior after reduction.
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2.2. Experimental Section
2.2.1. Materials and Reagents

The purchasing of bananas (ripe bananas) was done in a local market.
Ethylenediamine (EDA) and Sodium fluoride (NaF) were procured
from SRL chemicals. Phenyl boronic acid (PBA) and sodium
borohydride (NaBH4) were procured from Spectrochem. The various
metal salts of Co?*, Pb**, K*, AI**, Ca?*, Cr**, Na*, Zn?*, Sn?*, Hg*",
Zr*, Ni*, PO4*~, Se*', I, S?7, and vitamin B6 (VitB6) and amino acids
like L-tyrosine (L-tyr), histidine (His), and nicotinamide (Nico) were
procured from SRL, Sigma-Aldrich, and Merck. All the chemicals
were utilized without any further purification. All the experiments were
performed using deionized water (DI) obtained from a Sartorius Milli-

Q system (Germany).
2.2.2. Instrumentation

A Rigaku RINT Smart Lab2500V X-ray diffractometer with CuKa
radiation (1.5406 A) was used for performing X-ray diffraction (XRD).
Raman spectra were recorded using a Horiba Jobin Yvon micro-Raman
spectrometer with a 633 nm excitation laser with minimum power to
avoid any laser-induced heating. Transmission electron micrographs
(TEM), high-resolution TEM (HR-TEM) images, and SAED (selected
area electron diffraction) of BP-CDs and rBP-CDs were captured in an
FEI Tecnai 30 G2S-TWIN transmission electron microscope at an
accelerating voltage of 300 kV. The SAED pattern was acquired to
determine the crystallinity of carbon dots. To know more about the
atomic compositions and changes in chemical functionalities of CD
samples, survey spectra, and high-resolution spectra were recorded on
a Thermo Scientific NEXA Surface analyzer X-ray photoelectron
spectrometer (XPS). A model 3000 Hyperion microscope with a Vertex
80 Fourier transform infrared (FTIR) system was used for recording
(4000— 400 cm™!). The UV-visible spectroscopic studies were
conducted on a Varian UV-Vis spectrophotometer (Carry 100 Bio). The
FL spectra of BP-CDs and rBP-CDs were obtained by using a
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Fluoromax-4 spectrofluorometer (HORIBA Jobin Yvon, model
FM100) with an excitation and emission slit width of 2 nm. FL lifetime
studies were performed using time-correlated single-photon counting
(TCSPC) on a HORIBA Jobin Yvon system of model Fluorocube-01-
NL.

2.2.3. Synthesis of BP-CDs and rBP-CDs

BP-CDs were synthesized using a simple one-step hydrothermal
method. The banana peels were cleaned with tap water and soaked in
500 mL of distilled water for 2 h. The obtained peels were then
chopped and ground using a domestic mixer. The obtained thick
extract was then diluted with 15 mL of distilled water. To this solution,
5 mL of EDA, NaF (0.8M in 5 mL), and PBA (0.4 M in 5 mL) were
added. The obtained mixture was then sonicated for 15 min to get a
homogeneous solution. This solution was poured into a Teflon-lined
autoclave and reacted hydrothermally at 180°C for 12h. The autoclave
was cooled down to room temperature, and the obtained solution was
centrifuged at 5000 rpm to remove any solid remains. The rBP-CDs
were prepared from BP-CDs by adopting an earlier reported study
[14]. Briefly, 0.35 g of NaBH4 was added to BP-CDs and stirred for 6
h at room temperature to obtain the rBP-CDs. Any unwanted NaBH4

was removed by heating the solution at 80°C.

2.2.4. QY, Radiative Rate Constant (Kr), and Limit of Detection
(LOD) Evaluation

The FL QY (®) of BP-CDs and rBP-CDs were calculated by the
procedure stated in the manual Guide to Recording FL QY by
HORIBA Jobin Yvon IBH Ltd., and also the published procedure /34].
The BP-CDs and rBP-CDs FL QY were calculated by equation 2.1,
keeping quinine sulfate (with 0.54 QY) dissolved in 0.1 M H2SO4 as a

standard.
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Here, ® and @y stand for sample and standard QY. S and Sy are the
sample and standard slopes from the plot of the FL integrated intensity
versus the absorbance, respectively. As and A are the absorbance of
the standard and the sample at (excitation wavelength) Ay,
respectively. ns and ng are the solvent refractive index of the sample

and standard, respectively.

The FL radiative rate constant of the CDs was also computed with the

help of the following equation 2.2:
Ke=®¢/Te  (2.2)

Whereas kr is the FL radiative rate constant, @y is the QY of CDs, and
Teis the FL lifetime of CDs.

The LOD was calculated by equation 2.3.
LOD =33 x (¢/S) (2.3)
Where S is the slope of the calibration plot and o is the error.

2.2.5. Selectivity Studies, Detection of Co?*' and Hg?*, and

Interference Studies

The selectivity of BP-CDs toward various analytes such as metal ions,
amino acids, and VitB6 (10 mM) was determined by adding various
metal ions, amino acids, and VitB6 in 2 mL of the BP-CD solution
bearing a concentration of 120 mg/mL, which was kept for 5 min in
static conditions for equilibration, and same conditions were followed
throughout the experiment, and then the FL spectra at Aex 370 nm were
recorded. Then, for the sensitivity study, different concentrations of
Co?" solutions were added, and the FL spectra at Aex 370 nm were
recorded by setting the maximum obtained intensity as a control (Io).
Next, the interference study was performed. For that purpose, the other
metal ions, amino acids, and Vit B6 were mixed with BP-CDs. Then,
in the same system, the Co?" solution was added. Then, the FL spectra
were recorded. The concentration of the Co?* solution was kept at 10

mM. The selectivity study of rBP-CD toward different metal ions,
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amino acids, and a Vit B6 solution of 10 mM was performed. The FL
spectra for rBP-CDs were taken at Aex 360 nm, and emission spectra
were recorded. Further, for the sensitivity study, different
concentrations of Hg?* ions and Co?* ions solutions were added to a 2
mL rBP-CDs solution of a 132 mg/mL concentration, followed by FL
measurements. The interference study was performed with rBP-CDs
containing various metal ions, amino acids, and Vit B6. In this
solution, the Hg?" was mixed and, at Aex 360 nm, the emission
spectrum was recorded. The 10 mM Hg?* solution was used for all
interference studies. The selectivity and sensitivity experiments were
performed three times, and the error bar was calculated. All the
experiments were performed under identical conditions unless

otherwise mentioned.
2.2.6. Detection of Analytes in Real Samples

All the samples (the tap water (corporation water, Simrol area, Madhya
Pradesh), milk (Amul, India), vegetable juice (spinach, local market,
Simrol, Madhya Pradesh), and urine (female, human)) were utilized
after pre-treatment. These samples were spiked with different
concentrations of metal ions, and sensing in the same conditions was
performed by following the procedure stated in the previous section,
and recovery was calculated. All the samples were utilized after pre-
treatment. The sensors’ (BP-CD and rBP-CD) efficiency was studied
by spiking the real samples with 20, 40, and 60 pM metal ion
concentrations. The BP-CDs were added to prepared real samples
spiked with Co?" and rBP-CDs to samples spiked with Co?* and Hg?".
The FL spectra at Aex of 370 and 360 nm for BP-CD and rBP-CD,

respectively, were recorded, and recoveries were calculated.

2.3. Results and Discussion

2.3.1. Synthesis and Characterization of BP-CDs and rBP-CDs

The B, N, and F-doped CDs were hydrothermally synthesized using
banana peel as a green precursor and PBA, EDA, and NaF as doping

agents for B, N, and F, respectively. The prepared banana peel-derived
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carbon dots (BP-CDs) were further reduced at room temperature by using
NaBH4 and termed as rBP-CDs, shown in Scheme 2.1, to tune their

photophysical properties.
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Scheme 2.1. Schematic representation for the synthesis of BP-CD and
rBP-CD.

The optical properties of CDs were further altered through tri-elemental
doping with B, N, and F. It is reported that the introduction of new trapped
states within an energy level could be achieved by N-doping, enabling a
high yield of radiative recombination while suppressing non-radiative
recombination, which contributes to an improved QY and PL
(photoluminescence) /35, 36/. B on the other hand, is integrated into CDs
by covalent bonding, modifying the electronic structure and providing
more active sites, resulting in CDs with good optical and electrical
properties /37]. F, being a highly electronegative element, will strongly
attract the adjacent electron. This tends to increase the separation between
negative and positive charges, thereby altering the electronic structure and
excitation and emission characteristics of CDs /38, 39/. Therefore,
heteroatom doping improves the photophysical and electronic properties
[40-41]. A detailed study of the variation in photophysical, surface, and
morphological properties between BP-CDs and rBP-CDs was done using
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spectroscopic and microscopic techniques. Furthermore, the applicability

of both CDs was explored towards heavy metal sensing.

For further assessing the surface functionalities upon reduction of
original CDs, FTIR spectra were acquired for BP-CDs (Figure 2.1a,
black spectrum) and rBP-CDs (Figure 2.1a, red spectrum). Since the
stretching vibration absorption of C=C and C=0 is analogous, a small
neck at 1636 cm! in BP-CDs is assigned for C=C/C=0 stretching
vibrations. However, this peak disappeared in rBP-CD, signifying its
effective reduction. The peak at 1048 cm™ corresponds to C-O-C
(epoxide ring), present in BP-CDs, and was evidently diminished in rBP-
CDs [42]. Apparently, stretching vibrations of O-H at 3440 cm™! and C-
H at 2930 cm™! were found largely enhanced in the reduced form. A
similar trend was observed in N-H bending vibrations, probably from
an amide group, positioned at 1577 cm™' /43, 44]. Both imply the
emergence of a large number of surface O-H/N-H functionalities upon
reduction /14, 42]. To further support the reduction of BP-CDs, XPS
analysis of both BP-CDs and rBP-CDs was performed (Figure 2.1b).
The major peaks that appeared in the survey spectra from both samples
were assigned to specific elemental orbitals according to their binding
energies, such as 192.8 eV (Bls), 285.6 eV (Cls), 399.2 eV (Nls),
532.0 eV (Ols), and 688.2 eV (Fl1s) [45, 46]. It confirmed the doping
B, N, and F in the initial BP-CDs sample to an extent of 0.1 %, 1.4 %,
and 0.5 %, respectively, calculated from their respective peak areas. It
is estimated that the percentage of doping remains roughly the same in
rBP-CDs even after reduction. The Cls high-resolution spectra of BP-
CD and rBP-CDs (Figure 2.1¢c-d, respectively, supporting information)
could be resolved into 3 peaks centering at 284.5 eV (C=C), 285.9 eV
(C-O/C-N/C-0-C), and 288.4 eV (C=0). A significant diminishing of
peak area at 288.4 hints at the prominent hydrogenation of ‘C=0’
functionalities upon reduction /7, 47, 48]. Further, the raman spectra of
the BP-CD and rBP-CD were acquired (Figure 2.1e) to confirm their
physicochemical structures. It is evident that both the raman spectra

display two broad peaks at approximately 1373 and 1588 cm™!, which

65


javascript:popupOBO('CMO:0000823','c2cc30188a')

are attributed to the “disorder” D-band (sp?®) and “crystalline” G-band
(sp?), respectively. The Ip/lg value calculated from integrated
intensities of deconvoluted Ip and Ig bands /49, 50/ for BP-CD was
0.9, and that of rBP-CD was 1.2. These values signify the introduction
of more defects with a partially disordered crystal structure arising
from the sp?carbon core upon the reduction of BP-CDs. Also, the
observed broadness in the region of 1540-1690 cm™! could be attributed
to the attachment of other functional groups to the sp? carbon atom of
BP-CD and rBP-CD /51, 52]. The results obtained from XRD patterns
of both CDs have broad peaks at 23.5° and 23.2° for BP-CD and rBP-
CD, respectively, as shown in Figure 2.1f. The broadness of these

peaks might be attributed to the amorphous carbon phase of CDs [53].
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Figure 2.1. (a) FTIR spectra of BP-CD and rBP-CD. XPS survey
spectrum of (b) BP-CD (blue line) and rBP-CD (red line),
deconvoluted Cls spectra of (c) BP-CDs and (d) rBP-CDs. BP-CDs
(blue line) and rBP-CDs (red line): (e) raman spectra, (f) XRD spectra.

Furthermore, the morphology and shapes of CDs were obtained by HR-
TEM imaging. The low-resolution TEM image of BP-CDs given in
Figure 2.2a and its histogram (Figure 2.2b) describe the narrow size
distribution of spherical BP-CDs with a particle size of 1.8-3.4 nm. The
corresponding SAED pattern shows diffused rings as shown in Figure
2.2¢, suggesting the amorphous nature of CDs. The HR-TEM image of
BP-CDs in Figure 2.2d reveals the lattice fringes (002) plane with a d-
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spacing of 0.33 nm. Similarly, the TEM image of rBP-CDs shown in
Figure 2.2e indicates the presence of evenly dispersed spherical CDs. The
size distribution histogram of rBP-CDs shows a particle size in the range
of 2.0-3.8 nm (Figure 2.2f). The diffused rings observed in the SAED
pattern (Figure 2.2g) support the amorphous nature of rBP-CDs. The
prominent lattice fringes seen in Figure 2.2h correspond to the (002) plane
with a d-spacing of 0.34 nm. TEM results indicated no variation in
morphology and size after the reduction of BP-CDs to rBP-CDs. This
again supports that the change in optical behavior after reduction occurs

solely because of the changes in surface functionalities [54].

2.00 1/nm

=~
A

2.00 1/nm

Figure 2.2. (a) TEM image of BP-CDs at low resolution, corresponding
(b) histogram showing the size distribution of BP-CDs, (c) SAED pattern,
and (d) HR-TEM image showing (002) planes with a d-spacing of 0.33 nm
for BP-CD. (e) Low-resolution TEM image of rBP-CDs, corresponding (f)
histogram showing the size distribution of rBP-CDs, (g) SAED pattern,
and (h) HR-TEM image showing (002) lattices with a d-spacing of 0.34
nm for rBP-CD.

To start with the optical behavior, the absorbance and emission of BP-CDs
and rBP-CDs were studied using UV-vis and FL spectrometers (Figure
2.3). The BP-CDs showed two absorbance peaks, as shown in Figure
2.3a. The main peak obtained at 288 nm can be attributed to the m-m*
transition of sp? carbon (C=C), which red-shifted to 290 nm upon
reduction, as shown in Figure 2.3b. Whereas, a shoulder peak obtained at
370 nm, assigned to the n-n* transition of C=0, disappears after reduction

due to a decrease in the concentration of carbonyl and epoxide /43, 55-
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57]. The FL spectra of BP-CDs at various Acx from 290-390 nm are shown
in Figure 2.3c. The BP-CDs exhibited excitation-dependent emission
behavior with FL intensity increasing initially and then decreasing. Also,
the emission peak was red-shifted from Acx 310-350 nm and came back to
a blue shift from 370-390 nm. The BP-CDs showed a maximum emission
peak at 506 nm against an Aex of 370 nm. The FL of CDs is thought to be
primarily controlled by surface states /58/. Similarly, the FL spectra of
rBP-CDs were recorded at various Aex (280-400 nm range; Figure 2.3d).
The rBP-CDs also show excitation-dependent emission behavior, where
they show an increase in FL in the beginning, followed by a subsequent
reduction. This could be attributed to variable emissive states of CDs as
reported earlier /45, 59]. The blue shift of 10 nm in Aex of BP-CDs was
observed after the reduction, with emission at 456 nm when excited at 360
nm. Interestingly, a blue shift in FL maxima along with an increase in FL
intensity upon reduction of BP-CDs to rBP-CDs has been observed due to
the reduction of carbonyl and epoxide /55/. Obviously, surface states are
regarded as the primary determinant of CD FL. Moreover, about a 30 %
increase in QY for BP-CDs was also observed upon reduction to rBP-CDs
from 10.39 % to 13.28 %, calculated via Equation 2.1, respectively. After
the reduction with NaBH4, more defects were created when the carbonyl
and epoxide groups were reduced to hydroxyl groups. The appearance of
these defects infers the influx of « electron density, due to which radiative
recombination rates increase, which ultimately increases QY and also leads
to an enhancement in FL /60, 61]. The FL lifetime of BP-CDs and rBP-
CDs was calculated through the TCSPC technique as shown in Figure
2.3e. The BP-CDs and rBP-CDs were excited with a 334 nm diode laser,
and the emissions were monitored at 506 nm and 456 nm, respectively.
The PL decay curves fit well with two exponential decay functions. The
change in PL lifetime was observed from 3.48 ns to 3.81 ns for BP-CDs to
rBP-CDs. The average lifetimes of BP-CDs and rBP-CDs were

approximately the same.
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Figure 2.3. Optical characterizations of BP-CD and rBP-CD. UV-vis
absorption spectra of (a) BP-CD, and (b) rBP-CD with (insert: digital
photographs of the corresponding CDs under visible light). FL emission
spectra of (¢) BP-CD and (d) rBP-CD with varying excitation
wavelengths. FL lifetime plots of (¢) BP-CD and rBP-CD.

Further, Equation 2.2 has been utilized to compute the kr of CDs. The k¢
for BP-CDs and rBP-CDs were found to be 2.9x107 and 3.4 x107 s7!,
respectively. As the value of kr increases, the number of radiative
transition centers increases while the number of non-radiative
transition centers reduces in rBP-CDs as compared to BP-CDs, which
is in accordance with the advanced unified defect model (AUDM)
theory's prediction /62, 63]. Notably, the increase in the FL and QY of
rBP-CDs indicates that the FL intensity, emission wavelength (Aem),
and QY can be favorably tuned simply by the reduction of as-
synthesized CDs [64, 65]. The consolidated optical properties of BP-
CDs and rBP-CDs have been shown in Table 2.1 for comparing the
changes that occurred in the optical properties of CDs before and after

reduction.

Table 2.1. Optical attributes of BP-CDs and rBP-CDs.

Sample A, (nm) A, (nm) D (%) T, (NS)
BP-CDs 370 506 10.39 3.48
rBP-CDs 360 456 13.28 3.81
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2.3.2. Study of the Fluorescence Stability

Since the fluorescent nature of these CDs has proven applications in
the areas of optical sensing, validating the stability of their FL
properties under different harsh conditions is crucial. Accordingly, the
FL stability of BP-CDs and rBP-CDs was checked under different
conditions, and the results are summarized in Figure 2.4a-c. The
obtained results showed that both BP-CDs and rBP-CDs FL spectra
were stable, suggesting their usefulness in sensing applications. Since
the main aim of the present work was to check the FL sensing nature of
synthesized carbon dots (BP-CDs) and their reduced counterpart (rBP-
CDs), the following subsections discuss the sensing attributes of BP-
CDs in detail and followed by rBP-CDs. After having excellent
photophysical properties of both BP-CDs and rBP-CDs, we were

prompted to explore their sensing behavior.
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Figure 2.4. Plots showing stability in fluorescent properties of BP-CDs
and rBP-CDs under different conditions: (a) at various NaCl

concentrations, (b) at different pH, and (c) under various temperatures.
2.3.3. Sensing Studies

The selectivity of BP-CDs and rBP-CDs towards various metal ions such
as Co?", Pb?", K*, AP*, Ca?", Cr’*, Na*, Zn?*, Sn**, Hg?*, Zr*", Ni**, PO4*,
Se**, I, S%, and Vit B6, L-tyr, His and Nico were also checked. As
represented in Figure 2.5a, Co?* showed the strongest quenching effect on
the FL intensity of BP-CDs out of all the metal ions, amino acids, and Vit
B6. Whereas, in the case of rBP-CDs, both Hg?>" and Co?" showed
profound quenching in FL intensity (Figure 2.5b). The error bar on
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both the bar graphs indicates the uncertainty in the measurement,

which is very low as shown in Figure 2.5a-b.
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Figure 2.5. Selective sensing response towards various metal ions and
amino acids (concentration = 1.0 x 102 M): (a) BP-CDs (120 mg/mL), and
(b) rBP-CD (132 mg/mL).

As the next step, the fluorescent sensing behavior of different metal ions
was explored with the BP-CDs. It showed a sensing response towards
Co?". The sensitivity was monitored through quenching of the FL intensity
of BP-CDs for Co*" ions. After the addition of 10 mM of Co*" with a
concentration range of 50-1000 uM in an aqueous solution of BP-CDs, a
visible decrease in FL intensity was noticed, as shown in Figure 2.6a. For
the linearity study, F/Fo was plotted against the concentration of Co?" (50-
1000 uM) (Figure 2.6b). A good linear correlation is obtained for the 50-
250 uM concentration range with a linear correlation coefficient, R? =
0.9986, with error bars that indicate the precision in measurements. The
LODs for all the samples were calculated by using Equation 2.3. The
LOD for BP-CDs with Co?" ions was calculated as 180 nM. Furthermore,
the reduced form of CDs (rBP-CDs) was used to investigate their FL
sensing behavior towards several metal ions; among these, rBP-CDs were
found to be specific towards sensing of Co?" and Hg?" at different
concentrations. The sensitivity was monitored through quenching of the FL
intensity of rBP-CDs towards Co?* and Hg?". The Co?" and Hg?" solutions
in the range of 50-1000 uM were added to the rBP-CDs separately and
showed a turn-off behavior and decrease in FL intensity of rBP-CDs as
shown in Figure 2.6¢c and e, respectively. The superior correlations

obtained for Co?* (Figure 2.6d, R? value of 0.9942 within the 50-250 uM

71



range) and Hg?" (Figure 2.6f, R? value of 0.9876 within the 50-200 uM
range) with rBP-CDs, with uncertainty in measurements indicated by error
bars. The LOD for both Co?" and Hg?" ions was found to be 242 nM and
190 nM, respectively, with rBP-CDs.
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Figure 2.6. (a) FL spectra of BP-CD after the addition of Co*" in a
concentration range of 50 uM to 1000 uM, (b) Co** concentration vs F/Fo
plot for BP-CD. (c) FL spectra of rBP-CD after the addition of Co*" in a
concentration range of 50 uM to 1000 uM, (d) relationship between Co?*
concentration and F/Fy of rBP-CD, (e) rBP-CD FL spectra after reacting
with Hg?" of various concentrations in the 50 uM to 1000 uM range, (f)

linear regression plot between Hg?* concentration and F/Fy of rBP-CD.

Furthermore, the competitive selectivity of BP-CDs and rBP-CDs was
checked by combining them with other anions, cations, amino acids,
and Vit B6. Despite the presence of various foreign components, BP-
CDs showed upright sensing behavior for Co?*, and rBP-CDs showed a

good sensing response towards Co?" and Hg?" (Figure 2.7a-b).
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Figure 2.7. Competitive selectivity towards the sensing response of (a)
BP-CD, (b) rBP-CD in the presence of various metal ions, and amino

acids (concentration = 1.0 x 1072 M).

The performance of the present CD system was found to be superior in
comparison to the other earlier reported FL-based Co?* and Hg?"
sensors. Moreover, the simple and environment-friendly synthesis of
the current CDs makes them superior as compared to other sensors.
(Table 2.2-2.3). Our samples show good detection capability in a broad
linear range as well as a better LOD. Their applicability to real sample
analysis makes them valuable for practical applications. Therefore, the
current work presents a facile preparation route for a multifaceted

heavy metal ion sensor with impressive sensitivity.

Table 2.2. State-of-the-art performance comparison of various FL-

based Co?".

Sensing Element Linear | LOD Real Sample
Range (nM)
(UM

Carbon dots (Carbopol) 0-40 Lake water and Tap water
2 Carbon dots (citric acid) 1-90 400 Injection sample 67
3. Carbon quantum dots (Pyridoxal) 0-60 53 River water 68
4, Carbon dots (a-cellulose) 1870 16840 No 69
54 Carbon dots (acrylic acid) 1-60 250 Tap water 70
6. Carbon dots (Kelp) 1-200 390 River water 71
7.  Polymer dots (Polyvinyl alcohol) 3450 1000 Pond and river water 72
8. Carbon dots (citric acid) 0-40 1250  Drinking water and Tap water 73
9. Carbon dots (flax straw) 0-500 380 Tap and River water 20
10. Mn2*:ZnS QDs/ZIF-8 2-100 270 human serum albumin 74
1. Salicylal-derived Schiff base L  800-2000 780 Lake and Tap water 75
12. PEI-MA 0-200 270 - 76
13! DBA Chemosensor - 682 Ground, canal, distilled , tap 77
water
14.  Carbon dots (Banana peel) 50-250 180 Tap water and Milk DresentiWork
15.  Reduced Carbon dots (banana  50-250 242 Tap water and Milk Present Work
peel)

Table 2.3. State-of-the-art performance comparison of various FL-

based Hg?" sensors.
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sr. Sensing Element Linear LOD‘ Real Sample ’ Ref.

No. Range (uM nM
1 Graphene quantum dots 0.79-9.0 99.99 No 78
(Graphene)
2 Carbon dots 0-40 2000 Lake water and tap 79
water
Carbon dots (Adipic acid) 4-18 2470 - 80
Carbon dots (Citric acid) 0-80 201 Lake water and urine 81
of cattle
Carbon dots (Folic acid) 0-41.86 118 Tap water 82
6. Graphene quantum dots 2.5-800 2500 Lake water and waste 83
(Ammonium hydroxide) water
7. Carbon dots (China grass carp  0.014-30 14 Lake water and 84
scales) cosmetic samples
8. Carbon dots (Citric acid) 0.2-2.6 160 Biological and 85
environmental system
9. Carbon dots (Citric acid) 5-50 1780  Waste water and river 86
water
10. Carbon dots (Citric acid) 2-14 440 Breast milk 87
11.  Carbon dots (Guava plant leaf) 60-380 82000 No 88
12, Carbazole benzothiazole 0-1.2 141 - 89
sensor
13. TFPPy-CHYD COF 0.054.0 17 - 90
14. Lanthanide MOF 0-240 220 River water 91
15.  Tetra-phenylethane-based FL 0-1.2 1834 - 92
sensor
16. Reduced Carbon dots (banana 50-200 190 Tap water and Milk Present Work
peel)

2.3.4. Real-Sample Analysis with BP-CDs and rBP-CDs

Furthermore, regular tap water, milk, vegetable juice, and urine
samples were utilized as solvents to assess the reliability of the
developed CDs as analytical tools for real-time examination. The
above-mentioned samples were tested with the as-prepared BP-CD
fluorescent probe, and it was found that the metal ions were initially
absent in any of them. All the samples were spiked with 20, 40, and 60
uM concentrations of Co?* metal ions, and the recovery tests with BP-
CDs were performed. The recovery here means the amount of metal
ion simulated to the amount of metal ion detected by the FL probe. The
results are tabulated in Table 2.4. With tap water, the recovery of
Co?"ions was in the range of 92-99 %. The recovery of milk was found
to be in the range of 97-103 %. The recovery rate was 102-103 % for
Co?" ions in vegetable juice. With a urine sample, the recovery of

Co?"ions was in the range of 103-104 %. The high recovery rate, as
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well as the sensor's precision and reliability, demonstrated the sensor's

utility in real-world applications.

Table 2.4. Details of real-sample sensing and recovery of Co?" from
various natural samples using BP-CD as a probe. The experiments
were performed by spiking Co?* in tap water, milk, vegetable juice,

and urine samples.

Sample Claimed Concentration  Obtained Concentration Recovery (%) SD (n=3)
(uM) (uM)

Tap water 20 20.00 98.34 0.19
40 39.79 97.72 0.63
60 5838 92.74 0.08
Milk 20 20.00 103.15 12
40 39.79 101.35 0.55
60 59.19 97.10 0.82
Vegetable juice 20 20.00 103.5 1.04
40 39.70 103.4 12
60 59.59 102.3 1.04
Urine 20 20.00 104 0.62
40 3939 104.1 0.88
60 59.79 103.8 0.83

In addition, to check the reliability of as-developed rBP-CDs as an
analytical tool for real-time analysis, a similar fluorescent analysis was
performed as discussed in the case of the non-reduced form. For this,
normal tap water, milk, vegetable juice, and urine samples were used
as solvents. Metal ions were not present initially in any of the
solutions, as ensured by analyzing using an as-prepared fluorescent
probe. All of the samples were spiked with different concentrations of
metal ions (i.e., Co>" and Hg?"), and recovery assays with rBP-CDs
were performed (Table 2.5-2.6. The recovery of the Co?* ion was 96-
97 %, and that of the Hg?" ion was 97-104 % with tap water. The
recovery of Co?" and Hg?" ions in milk was found to be in the range of
93-94 % and 98-103 %, respectively. The recovery rate for Co?" ion in
vegetable juice was found to be 101-103 %, and for Hg?" it is 99-102
%. The recovery of the Co?" ion from a urine sample was 101-102 %,

and that of the Hg?" ion was 101-102 %. Thus, the sensor's utility in
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real-world applications was established by its high recovery rate, as

well as its precision and reliability.

Table 2.5. Details of real-time sensing and recovery of Co?" from

various natural samples using rBP-CD as a probe.

Sample Claimed Concentration = Obtained Concentration Recovery (%) SD (n=3)
(uM) (uM)

Tap water 20 20.00 96.15 1.2
40 38.58 96.89 0.24
60 59.19 97.35 0.67
Milk 20 20.00 94.80 1.4
40 3939 93.53 0.70
60 59.59 93.65 0.62
Vegetable juice 20 20.00 103.8 0.36
40 39.79 101.2 1.2
60 59.59 101.1 1.2
Urine 20 20.00 102.6 0.6
40 39.79 102.0 1.0
60 59.19 101.1 1.0

Table 2.6. Details of real-time sensing and recovery of Hg?* from

various natural samples using rBP-CD as a probe.

Sample Claimed Concentration = Obtained Concentration Recovery (%) SD (n=3)
(nM) (nM)

Tap water 20 20.00 104.1 0.27
40 39.79 97.94 0.67
60 58.38 99.83 0.54
Milk 20 20.00 100 1.2
40 39.79 98.60 12
60 59.19 103.4 0.78
Vegetable juice 20 20.00 101.5 1.04
40 39.79 993 0.66
60 59.19 993 1.1
Urine 20 20.00 102.9 0.56
40 39.79 102.0 0.56
60 58.38 101.8 0.57

For comparison, a summary of reduced CDs explored so far for
multifarious applications such as tuning of FL property, catalysis,
synthesis of nanoparticles, utilization as a drug carrier, and bioimaging

agent have been listed in Table 2.7 which indicates that the reduced
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form of CD has been utilized for metal ion sensing for the very first

time.

Table 2.7. Comparison of carbon dots and their reduced form for

various applications in previous literature reports.

Tuned Synthesizing | Drug | Bioimaging Reference
FL nanoparticles | Carrier
1. v X X X X X 15
X X

CNBF, ICNBF

2. CDs, ICDs v X X X 62

3. CDS, rICD1s, v X X X X X 14

rCD2s

4. GQDs, rGQDs v X X X X X 54

5. CD, rCD v X X X X X 93

6 GQDs, rGQDs v X X X X X 64

7 rCD-AuNCs, X X v X X X 48
rCDs-AgNPs

8. GQD, rGQD v X X X v X 42

9. r-FCD X X X v v X 94

10. Thermally X X X X X v 55
reduced t-CDs

1. r-CD X X X X X v 95

12. BP-CDs & rBP- X X X X X N Present

CDs Work

2.3.5. Mechanism of Sensing by BP-CDs and rBP-CD for Co?" and
Hg2+

The FL sensing mechanism usually includes static quenching, dynamic
quenching, inner filter effect (IFE), and photoinduced electron transfer
(PET). The plausible quenching mechanism in the case of BP-CDs and
rBP-CDs towards metal ions has been revealed by UV-vis studies and
the FL lifetime curve. As the result shown in Figure 2.8a-c, the
absorption spectrum of Co?* and Hg?" did not overlap with the
excitation spectrum of BP-CDs and rBP-CDs, respectively. So, Co?*
and Hg?" ions were not able to shield the excitation light for BP-CDs
and rBP-CDs, respectively, and also did not absorb the emission light
of both CDs. Therefore, the inner filter effect quenching mechanism

was not possible in both cases.
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Figure 2.8. (a) Absorption spectra of Co?* overlapped with excitation
and emission spectra of BP-CDs. (b) UV-vis
spectra of Co?" overlapped with excitation and emission spectra of
rBP-CDs. (¢) Hg?" absorption spectra overlapped with the excitation

and emission spectra of rBP-CDs.

Moreover, the dynamic and PET mechanisms are easily distinguished
from the static quenching mechanism by TCSPC curves because the
FL lifetime of the fluorophore remains constant in the case of static
quenching, but it gets altered in the case of dynamic quenching. So, the
FL lifetime decay curves for BP-CDs in the presence and absence of
Co*" were recorded to point out the quenching phenomenon and
presented in Figure 2.9a. The decay curves with and without Co?*
remain unaltered in both cases, which elucidates the static quenching
with ground state complex formation as the plausible mechanism for
Co?" ions sensing by BP-CDs. Further, the corresponding absorbance
spectra were acquired to further confirm the sensing mechanism. As
shown in Figure 2.9b, after the addition of Co*"in BP-CDs, the peak of
absorption at 288 nm was shifted to 358 nm, confirming that Co?*
changes the electronic structure of BP-CDs by forming a non-
fluorescent stable complex between the surface functional groups, such
as carbonyl/pyridinyl N of BP-CDs and Co?'. The gradual color
change in BP-CDs colloid before and after the addition of Co?* under

visible and UV (365 nm) light has been captured and presented in
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digital photographs shown in Figure 2.9c, which also indicates the
quenching of BP-CDs by Co?". The obtained results confirmed that
static quenching is the sole mechanism for Co?" induced FL quenching.
Figure 2.9d illustrates the schematic of cobalt ion sensing with BP-

CDs.
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Figure 2.9. Photographs showing changes in: (a) lifetime decay curves
acquired for BP-CD in the presence and absence of Co?*, (b) UV-vis
spectra of BP-CDs in the presence and absence of Co?*, (¢) BP-CD
colloid after adding Co?' solution under visible and UV light, (d)
scheme showing FL quenching of BP-CDs after addition of Co?".

The PL lifetime decay curves of rBP-CDs in the presence and absence
of Co?" remain almost unchanged, with little to no change in their PL
lifetime, evidencing static quenching with ground state complex
formation as the feasible mechanism for Co?* ions sensing (Figure
2.10a). The UV absorption spectra were obtained to further confirm the
static mechanism. The absorbance peak at 290 nm in rBP-CDs was
red-shifted to 358 nm upon the addition of Co?’, as shown in Figure
2.10b, suggesting the formation of a complex between the surface
functional groups, such as carbonyl/pyridinyl N groups of rBP-CDs
and Co?*. Besides, the color change in rBP-CDs solution before and
after the addition of Co?" under visible and UV (365 nm) light was
captured and exhibited in digital images shown in Figure 2.10c,
indicating the quenching of FL /70, 96-98]. Likewise, with an

empbhasis on further exploring the mechanism for Hg?* ion sensing by
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the rBP-CDs probe, similar studies were carried out. The similar
lifetime decay curves of rBP-CDs in the presence and absence of Hg?",
with almost no change in their PL lifetime, further confirm rBP-CDs
undergoing ground-state complex formation with static quenching as a
possible mechanism (Figure 2.10d). Furthermore, the red shift in the
absorbance peak of rBP-CDs from 290 nm to 313 nm (Figure 2.10e)
suggested the formation of a ground-state complex between the amine
and hydroxyl surface functional groups of rBP-CDs and Hg?". The
moderate change in color of rBP-CDs is depicted in Figure 2.10f in the
presence and absence of Hg?" under UV light (365 nm) and visible
light, indicating the quenching in FL /99/. Our above findings clearly
show that rBP-CDs undergo static quenching with both Co?* and Hg?",

which is further illustrated through the schematic representation in

Figure 2.10g.
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Figure 2.10. Lifetime decay curves were acquired for rBP-CD in the
presence and absence of (a) Co?*, and (d) Hg?*. UV-vis absorbance

spectra of rBP-CD in the presence and absence of (b) Co?*, and (e)
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Hg?*. Photographs showing changes in the appearance of (¢) rBP-CD
colloid after the addition of Co?*, and (f) rBP-CD solution after adding
Hg?" under visible and UV light, (g) scheme showing FL quenching of
rBP-CD after the addition of Co?" and Hg?".

2.4. Conclusions

In conclusion, B, N, and F-doped carbon dots (BP-CDs) were
synthesized by using banana peel as an economically viable carbon
precursor. A simple reduction with NaBHj4 resulted in reduced BP-CDs
(rBP-CD) with an enhanced QY, which tuned their optical properties.
Interestingly, rBP-CDs also revealed a similar composition but with
different optical features. A visible change in sensing behavior was
observed between the original BP-CDs and their reduced form (rBP-
CDs). Surprisingly, rBP-CDs showed dual-sensing behavior toward
both Co?*(LOD value of 242 nM) and Hg?* (LOD Value of 190 nM),
whereas BP-CDs sensed only Co?* (with LOD value of 180 nM).
Despite the variation in surface and optical features, both CDs showed
consistent QY and excellent stability under diverse harsh conditions
such as a range of temperatures, salinities, and pHs. Furthermore, the
present CD probes showed excellent detection ability of Hg?* and Co?*
in various real samples such as milk, tap water, vegetable juice, and
urine. Our results clearly highlight the importance of the above probes
in the fabrication of a new and efficient sensor for real sample analysis.
To the best of our knowledge, this is the first report in which a
comparative study has been attempted toward the sensing application
of both as-synthesized carbon dots and their reduced form as
fluorescent probes. Our present study paves a new pathway for
designing multiple sensors based on a single carbon dot synthesized,

through tailoring surface states by the reduction method.

Note: This is copyrighted material with permission of the American

Chemical Society.
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3.1. Introduction

Making detection and remediation of environmental pollutants smart
and versatile has strong implications in the modern era. In the past
decade, carbon dots (CDs) have proven to be efficient fluorescent (FL)
sensors due to their exceptional and stable luminescent properties with
minimal photobleaching and excellent biocompatibility /7/-3]/. The
abundance of various precursor molecules and simple synthetic routes
with ease of surface modification make CDs quite versatile and highly
useful in myriad applications, such as sensing /4/, bio-imaging /5/,
drug delivery /6], energy storage [7]/, photodynamic therapy /§/,
photocatalysis /9], etc. Recent studies show that the CD structure
could be better controlled by the wise selection of carbon precursor.
Unlike top-down approaches, a logical manipulation of the CD
structure is possible in a bottom-up approach /[/0]. It has been
established that structural features of precursor fragments are retained
to various extents in the partial carbonization step of CD formation as
per the specific synthetic parameters employed /[//]. Though the
mechanism behind the structural formation is yet to be fully
understood, a large number of oxygen-nitrogen containing groups or
polymerizable functionalities like -OH, -NH,, -COOH, -C=0, -C=C-,
etc., in the precursor units facilitate the polymerization-carbonization
process under hydrothermal conditions /72]. From this point of view,
several biomass-based precursors, viz., lignocellulose /73], pectin [14],
vitamins //5], amino acids /16/, tannins [17], alkaloids /18], etc., that
are rich in polyols, amines, heteroaromatics, and/or carbonyl groups,
have been exploited as the major carbon source, a green approach, as
well as cost cost-effective way to achieve desirable end optoelectronic

attributes such as luminescence to the intended CD /19, 20].

The photophysical properties of CDs not only make them a good
candidate for the detection of a wide range of pollutants but also enable
the removal of several wastewater contaminants through photocatalytic
degradation pathways /21, 22]. The exponential increase of harmful

contaminants such as explosives and organic dyes in water bodies
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requires stern actions for their trace-level detection, quantification,
and/or removal for a clean and sustainable ecosystem. Picric acid
(PA), a key member of the nitroaromatic compounds (NAC) family, is
extensively utilized in the production of matches, glass, rocket fuel,
dyes, and pharmaceuticals /23]. It is known for its high explosive
power with low safety value and high detonation velocity, and is
considered a significant groundwater contaminant being a potent
irritant and allergen /24]. PA is discharged into the water ecosystem
either directly or indirectly, leading to several diseases like liver
dysfunction, cyanosis, anemia, and other chronic disorders, as well as
skin and eye irritation in exposed mammals, including humans /25].
Therefore, effective monitoring and trace-level detection of PA is
important for social and environmental safety /26/. Till now, many
fluorescent systems have been employed for detecting NAC. The most
successful demonstrations of the FL detection of PA were focused
mainly on graphene quantum dots (QDs) /27], semiconductor QDs
[28], perovskite QDs /29], fluorescent polymers /30]/, metal-organic
frameworks /31, 32], chemosensors /33, 34], supramolecular assembly
[35], etc. Very few reports are available with CD as FL probe for
detecting PA, that too in the solution phase /36, 37]. Also, plentiful
reports available for detecting a wide range of other pollutants (e.g.,
metal ions, pharmaceuticals, and dyes) were mostly carried out in
aqueous medium /37, 38]. This made the process simple but limits the
recyclability/reusability of CDs as a practical sensor since CDs tend to
agglomerate in aqueous medium upon the addition of foreign analytes

due to electrostatic interactions among them /39].

Parallel efforts have been invested to fabricate flexible CD composites
to confront the above-mentioned issues /40-42]. An effective way is to
integrate sensor material with a stable polymer matrix without
compromising the FL properties of the luminescent probe. This helps
to make the sensor portable and reusable, bestowing fast and sensitive
on-site detection of pollutants /43-45]. Many polymeric platforms

have been reported to form a film-based fluorescent platform for
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detecting potential pollutants by incorporating various PL sensing
probes. However, most of the FL polymeric sensor strips or films
reported so far [46-48] lack the combined merits of a simple
fabrication procedure, a high limit of detection (LOD) with good
selectivity, portability, less toxicity, less photo bleachability, and
multicycle detection ability. Cross-linking with starch /49/, physical
incorporation with PVA /50], TLC plate [51], or SiO»-based nano
mesh scaffold technology /52], etc, are some strategies for integrating
FL active sensing probe with a film platform. In this respect,
polyvinylidene fluoride (PVDF) can be considered a potential
candidate for thin film formation due to its high thermal stability and
chemical resistance, mechanical strength, flexibility, environmentally
friendly nature, and low cost /53, 54]. Its inherent hydrophobicity and
excellent binding property ensure high mechanical robustness in an
aqueous system, preventing the gradual leaching of hydrophilic FL

active components from the composite film.

Herein, we have utilized fluorescent CDs derived from the Cascabela
thevetia (C. thevetia) flower (as a green multicomponent carbon source
that adds desired functionalities to the final CD structure) and N, S,
and P doping agents for the fabrication of luminescent, photo-
catalytically active N, S, P-doped CDs (TF-CD). A highly porous, thin,
flexible, and reusable TF-CD@PVDF strip is then fabricated by a
simple phase-inversion method, enabling easy and selective sensing of
PA without compromising much sensitivity (with a LOD of 244 nM).
Furthermore, the photocatalytic efficacy of TF-CDs towards
environmental remediation using the photocatalytic degradation of
methyl orange (MO) was also explored. TF-CDs showed fast
degradation kinetics for MO under sunlight with a removal efficiency
0f 96.8% within ~60 min. Real sample analysis was also carried out
for both sensing and degradation to validate the versatility of the as-

prepared TF-CDs in real-world applications.

3.2. Experimental Section
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3.2.1. Materials and Reagents

The flowers of C. thevetia were plucked from the Simrol area (Indian
Institute of Technology Indore campus, Madhya Pradesh, India);
methyl orange (MO), L-cysteine, 3-nitroaniline (3-NA), 4-iodoaniline
(4-IA), and the sodium salt of ethylenediaminetetraacetic acid (Naa-
EDTA) were purchased from Sigma Aldrich. Phosphoric acid (H3PO4)
and 2,4-dinitrotoluene (2,4-DNT) were procured from Himedia.
Polyvinylidene fluoride (PVDF), aniline, 2-nitrophenol (2-NP), and
tert-butyl alcohol (t-BuOH) were provided by Thermo Fisher
Scientific, Finar, S D Fine Chem Limited, and SRL chemicals,
respectively. 4-Nitrotoluene (4-NT) and p-benzoquinone (BZQ) were
purchased from Lobachem. N-methyl-2-pyrrolidone (NMP) was
purchased from Rankem Chemicals. PA and nitrobenzene (NB) were
purchased from Merck. The studies were carried out using deionized
water (DI) acquired from the Sartorius Milli-Q system (Germany),

without further treatment.
3.2.2. Instrumentation

The UV-vis spectroscopic studies were recorded using a Shimadzu
UV-1900 spectrophotometer. All fluorescence (FL) data were taken on
a Fluoromax-4 spectrofluorometer (HORIBA Jobin Yvon, model
FM100) with an excitation and emission slit width of 2 nm in a quartz
cell (1x1 cm). All decay studies were performed using time-correlated
single-photon counting (TCSPC) on a HORIBA Jobin Yvon system of
model Fluorocube01-NL. For obtaining FTIR spectra (4000-400 cm™),
an attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR) Bruker Alpha II system was used. The powder X-ray
diffraction (PXRD) pattern was obtained from a Rigaku Smart Lab X-
ray diffractometer with a Cu Ko radiation source (1.5406 A).
Transmission electron micrographs (TEM), high-resolution TEM (HR-
TEM) images for morphological characterization, and SAED (selected
area electron diffraction) patterns of samples were obtained to know

about the morphology and crystallinity of CDs using an FEI Tecnai 30
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G2S-TWIN transmission electron microscope at an accelerating
voltage of 300 kV. To know more about the atomic compositions and
changes in chemical functionalities of CD samples, survey spectra and
HR spectra were recorded using an X-ray photoelectron
spectrophotometer (XPS) using PHI 5000 Versa Probe 11 (ULVAC-PHI
Inc., USA) equipped with a micro-focused (200 mm, 15 kV),
monochromatic Al Ka X-ray source (hv = 1486.6 eV). Morphological
data of the films were recorded using a Supra55 Zeiss field emission
scanning electron microscope (FE-SEM). The wettability of samples
was checked using a contact angle goniometer (KYOWA, DMe-201)
by placing sessile-dropping water (2.0 mL) droplets on the film.

3.2.3. Synthesis of TF-CDs

The fluorescent CDs were synthesized from C. thevetia flowers as a
green precursor by a one-step hydrothermal method. First, flowers
were washed thoroughly and chopped into small pieces, dried, and a
domestic mixer was used for grinding. The obtained powder was used
further for the synthesis of CDs. Briefly, 0.2 g of flower powder, 0.1 g
of L-cysteine, and 2 mL of H3PO4 were mixed with 20 mL of DI water
on a stirrer for 30 min to prepare a homogenous solution. Then, the
above solution was poured into a 50 mL Teflon-lined autoclave, and
the reaction mixture was treated hydrothermally at 180 °C for 12 h.
The as-obtained brown solution was centrifuged (10000 rpm; 15 min)
to remove any solid product. Further purification was performed by
dialyzing the obtained product against DI water. The final product
obtained was stored in a refrigerator until further use and referred to as

TF-CDs.
3.2.4. Synthesis of PVDF Thin Films with TF-CDs

PVDF films were prepared as described earlier /55/. Briefly, 15 wt%
PVDF was dissolved in NMP through vigorous stirring at 80-90 °C. To
this solution, 0.5 mL of TF-CDs (674 mg/mL) was added and mixed
well. Then, the solution was poured on a glass slide, and a thin film

was cast on a glass slide with uniform thickness. Furthermore, the
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glass slides were immersed in a coagulation bath containing DI water
to accomplish the phase inversion procedure. Finally, the porous TF-
CDs@PVDF film was obtained and dried at room temperature. After
forming the film, it was allowed to dry overnight. For a control
experiment, the casting solution without TF-CDs was prepared by a

similar procedure.
3.2.5. Quantum Yield (QY) and LOD Measurement

The QY of TF-CDs was determined by using quinine sulfate as the
reference standard solution. It was calculated using the following

equation 3.1:

Ss _ As
D= Qpg X — X —
SQS AQS

ng
Here, @ and @qg is the QY of the TF-CDs and quinine sulfate,
respectively. As and Aqs represent the absorbance, Ss and Sgs are the

integrated intensity, and ns and nqs represent the refractive indices of

TF-CDs and quinine sulfate, respectively.

The LOD was calculated using the following expression;
LOD = 3.3 x (a/5) (3.2)

Here, S is the slope of the calibration plot, and ¢ is the error.

3.2.6. FL Sensing of PA using TF-CDs

To evaluate the sensitivity and selectivity of the synthesized TF-CDs,
different nitro compounds, viz., PA, 2,4-DNT, 4-NT, NB, 4-1A, 2-NP,
and 3-NA, were tested. The selectivity was determined by adding each
NAC (200 mM concentration each) to 2 mL of TF-CD (674 mg/mL)
solutions. The solutions were kept under static conditions for
equilibration, and their FL intensities at an excitation wavelength (Acx)
of 340 nm were subsequently recorded. Among the various NACs
under test, the sensor exhibited high specificity towards PA. Therefore,
further studies were carried out with PA. To study the sensitivity of TF-
CDs, different concentrations of PA (0-200 mM) were added, and the
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FL spectra were examined when excited at a wavelength of 340 nm.
After that, the interference study was carried out in which different
NACs were mixed with TF-CD, as well as the PA and FL of the
mixtures were recorded at Aex 340 nm. The following Stern—Volmer

equation was used to determine the quenching constant (Ksy):

I

70 =1+ Kgy[C] (3.3)
where [y and [ are the CD’s emission intensities before and following
the addition of analytes, respectively, and [C] is the analyte

concentration.
3.2.7. Sensing of PA with TF-CD@PVDF Composite Films

The sensitivity of TF-CD@PVDF composite films was checked by
dropping different concentrations of PA (ranging from 0-100 mM) onto
2 x 2 cm films and incubating the films for 5 min. The films were then

dried and subjected to FL studies at 330 nm Acx.

3.3. Results and Discussion

3.3.1. Preparations and Characterizations of TF-CD

The TF-CDs were prepared from C. thevetia flowers via simple one-pot,
single-step hydrothermal synthesis as shown in Scheme 3.1. C. thevetia
extracts have proven to contain alkaloids, steroids, volatile oils,
flavonoids, and tannins, as constituents which are responsible for
major functionalities observed on TF-CDs, etc /56/. To enhance the
optical and electronic properties of the CDs, doping with N, S, and P was
accomplished utilizing L-cysteine and H3PO4 as doping agents /57, 58]. It
is well known that the heteroatom doping in CDs not only improves their
fluorescence efficiency but can also add new functionality and active sites

on the surface of CDs /2§].
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Scheme 3.1. Schematic representation for the synthesis of TF-CDs from

C. thevetia flowers by one-pot hydrothermal method.

The successful synthesis of TF-CDs was confirmed using various
morphological and spectroscopic techniques. To that end, we first
performed HR-TEM to analyze the morphology of CDs. Figure 3.1a
shows the TEM image of TF-CDs, proving the presence of spherical dots
with a mean diameter of 2.7 nm revealed from the histogram drawn
(Figure 3.1b). The magnified HR-TEM image (Figure 3.1c) clearly
shows the distinct lattice fringes of CDs with a 0.25 nm d-spacing that is
related to the (100) graphite plane /59, 60].

The XRD analysis was used to investigate the crystalline properties of
CDs. The diffraction pattern of TF-CDs (Figure 3.1d) features a
characteristic broad diffraction peak of CD at an angle of 22.41°, assigned
to the (002) plane. The broadness of the diffraction peak indicates an
amorphous nature of TF-CDs /8. The surface functional groups were
confirmed using ATR-FTIR spectroscopy. According to Figure 3.le,
stretching vibration of the O-H/N-H results in the broad band at 3291 cm™.
The peaks at 2942 and 2872 cm™ are assigned to C-H stretching from sp*
carbon. The peak reflected at 2140 cm™' is attributed to the S-H bond.
The peak centered at 1631 cm™ is due to the stretches of C=0/C=C
groups. Peaks at 1561 c¢cm™' (N-H bending) and 1380 cm™ (C-N
stretching) indicated the amide functional groups in the TF-CD
structure. The distinct peaks C-O, P-O, P=0O, and C-S groups were
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observed at 1146 cm™, 1041 cm™!, 669 cm™!, and 581 cm’!, respectively
[61-63].
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Figure 3.1. (a) TEM image, (b) Size distribution histogram, (c) HR-
TEM image with d-spacing of TF-CD, (d) XRD, and (e) FTIR of as-
synthesized TF-CDs.

Moreover, the chemical composition and functionalities of CDs could be
better elucidated with XPS analysis. The XPS survey spectrum of TF-CD,
as shown in Figure 3.2a, confirms the doping of P (135 eV, 2.3%), S (164
eV, <.1%), and N (399 eV, 0.5%) elements in the TF-CDs. The HR XPS
peak for P2p (Figure 3.2b) deconvoluted into several binding energies at
133.0 and 134.2 eV indicates the presence of P-C and P-O groups,
respectively. Similarly, the S2p spectra were deconvoluted into two peaks,
centered at 164.7 and 167.1 eV binding energies as shown in Figure 3.2¢,
attributed to C-S and S-H, respectively, which corroborate the
incorporation of sulfur on TF-CDs. The deconvoluted high-resolution Cls
spectrum exhibits four peaks at the binding energy values of 284.1, 284.9,
285.7, and 287.1 eV, corresponding to C-S, C=C, C-N/C-P, and C=0,
respectively (Figure 3.2d). Figure 3.2e shows the N1s spectrum with two
peaks at 399.1 eV from pyridinic-N and 400.6 eV arising from pyrrolic-N.
Figure 3.2f shows the HR scans of the Ols spectrum resolved to two
peaks centering at 532.5 and 533.9 eV assigned to C-O and C=0/P=0 /64,
65].
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Figure 3.2. (a) XPS survey scan. Deconvoluted high-resolution XPS
spectra of (b) P2p, (c) S2p, (d) Cls, (e) Nls, and (f) Ols of TF-CDs.

The XPS and FTIR studies confirm how N, S, and P were being doped in
TF-CDs as functionalities such as -NH», -COOH, -SH, P-O, P=0, and -
OH. Apart from the H3PO4 and cysteine as P and S and N doping agents,
we speculate that the major C-O, phenolic/hydroxyl functionalities
observed on TF-CD were derived mainly from the constituents of C.
thevetia biomass (alkaloids, steroids, volatile oils, flavonoids, and tannins)

[66] acting as a major C source for CD formation.

The optical behavior of the as-synthesized TF-CDs catalyst was
studied by UV-vis spectroscopy. As shown in Figure 3.3a UV-vis
absorption spectrum exhibits absorption peaks at 260 nm, typically
ascribed to the m-m* transition belonging to the carbon core (C=C
bonds), along with its peaks positioned at 344 and 400 nm, assigned to
n-t* from the surface states [67]/. The band gap energy of a
photocatalyst is an important optical parameter to predict the formation
and transfer of photoinduced electrons and holes /68]. The digital
photographs in the inset of Figure 3.3a show that the aqueous solution
of TF-CDs was light yellow under visible light and showed a bright
blue FL when irradiated with 365 nm UV light. FL studies performed
in Figure 3.3b show the excitation dependency of TF-CD. A

progressive increase in FL intensity was observed as the Aex was
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increased from 280 nm to 400 nm, reaching a maximum emission at
406 nm (with Aex = 340 nm). The excitation-dependent behavior
indicates the different distribution of emission trap sites and different
sizes of CDs. The major hypotheses existing for the luminescence
mechanism of CDs are related to the molecular state, carbon core state,
surface state, and size-dependent emission ///]. In the case of TF-CD,
we adopted a hydrothermal synthesis and confirmed the retention of
most of the active electron-rich functionalities of precursor molecules
(from FTIR and XPS analysis) along with a graphitized core
(evidenced by TEM and XRD analysis). This is in accordance with the
report saying that the hydrothermal condition induces a partial
condensation-polymerization-carbonization mechanism to form CDs
retaining some sp* features of precursor molecules /71]. Thus, being a
QD, the plausible FL centers observed for as-prepared TF-CD could be
attributed to carbon core, surface-state, and size-dependent emission.
Besides, the FL lifetime, an inherent property of CDs that is related to
the FL site and its environment, was also recorded. The decay curve, as
shown in Figure 3.3c, indicates the average FL lifetime of TF-CD,
calculated to be 0.76 ns, which was fitted biexponentially.
Additionally, Equation 3.1 was utilized to measure FL QY of TF-CDs,
which was found to be 16.5 %, with quinine sulfate at 330 nm
wavelength with bright blue FL. This result demonstrates the potential

of as-prepared TF-CDs for sensing and photocatalytic applications.
3.3.2. Study of Fluorescence Stability

The FL stability of TF-CDs was examined under different conditions,
like temperature, pH, and NaCl. Stability is a very important parameter
of CDs when used for sensing and degradation applications. Moreover,
the FL of TF-CDs was observed to be stable up to 99 % at various
temperature ranges (from a lower temperature of -25 °C to a
temperature as high as 100 °C) (Figure 3.3d). The FL emission of TF-
CD was relatively stable (with a retention of up to 94 % FL) in the pH
range of 3-11 (Figure 3.3e). Similarly, TF-CDs exhibited considerable
stability under a very high saline concentration (1 M NaCl) up to 90 %,
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as shown in Figure 3.3f. Thus, TF-CDs could be an exciting applicant

for environmental remediation.
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Figure 3.3. (a) UV-vis spectra (inset: TF-CDs solution in both visible
and UV light), (b) FL emission spectra, and (c) TCSPC measurement
recorded for TF-CDs. Stability plot of TF-CDs under different: (d)

temperatures, (¢) pH, and (f) NaCl concentrations.
3.3.3. Fluorescent-based PA Detection with TF-CDs

Aqueous dispersions of TF-CDs were mixed with a series of NACs to
investigate the selectivity. TF-CD solutions were separately treated
with 200 uM of PA, 3-NT, 2,4-DNT, aniline, 4-IA, NB, 2-NP, 4-NT,
and 3-NA, and their FL emissions were recorded at 406 nm as shown
in Figure 3.4a. Complete FL quenching of the blue TF-CDs solution
was observed in the presence of PA. The remaining NACs caused
negligible quenching in FL. The photograph given in Figure 3.4b
portrays visible selective quenching of CDs’ bright blue FL with PA
compared with other NACs. The FL titration of the TF-CDs was
further carried out to calculate the LOD and quenching constant by
incubating with different concentrations of PA (0-200 uM). Figure
3.4c displays a consistent decrease in the FL of CDs upon treatment
with different doses of PA, showing a 96 % quenching response at a
maximum concentration of 200 pM. Figure 3.4d is the intensity
variation vs PA concentrations plot, revealing a linear relationship

(with an excellent correlation coefficient R? of 0.9976), and a LOD of
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104 nM determined by Equation 3.2. The value of the quenching
constant was found to be 2.8 x 102 M™! calculated by Equation 3.3.
The results obtained suggest that the interaction of TF-CDs with PA is
quite strong. The higher the value of Ky, better the quenching
efficiency of TF-CD towards PA detection /69]. Next, we performed
the interference study to ascertain the effectiveness of TF-CDs in the
detection of PA in the presence of other NACs. Figure 3.4e shows the
anti-interference ability of TF-CDs towards PA, where there was no
hindrance in the detection of PA even with the other competitive ions.

This validates the high selectivity of TF-CDs’ FL response among
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Figure 3.4. (a) Selectivity of TF-CDs towards various NACs, (b)
photographs of TF-CDs in the presence of various NACs captured
under UV light, (c¢) FL spectra of TF-CDs after adding different
concentrations of PA (0-200 mM), (d) relationship between PA
concentration vs. F/FO for TF-CDs, and (e) competitive selectivity

towards sensing response of TF-CDs in the presence of nitro aromatic

compounds (¢ = 1.0 x 102 M).
3.3.4. PA Sensing Mechanism

The FL quenching mechanism of PA with TF-CDs was elucidated with
the help of UV-vis spectroscopy and FL lifetime measurements
(Figure 3.5a-d). The FL quenching mainly occurs either due to forster

resonance energy transfer (FRET) /70] or the inner filter effect (IFE)
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[71]. Interestingly, no change in the FL lifetime of TF-CDs (0.76 ns)
was observed in the absence and presence of PA (Figure 3.5a), i.e.,
100 uM and 200 uM of PA were added in TF-CDs, and the lifetime
was obtained to be 0.77 and 0.74 ns, respectively, which shows a lack
of possibility of any excited state quenching process like FRET.
Furthermore, to check the possibility of IFE, we utilized UV-vis
spectroscopy to study the changes in the UV-vis spectra of TF-CDs in
the presence of different concentrations of PA (Figure 3.5b). Notably,
the absorption intensity of TF-CDs increased upon increasing the
concentration of PA with no changes in the absorption maxima (Amax)
of TF-CDs. The increase in the absorption intensity can be attributed to
the spectral overlap between the absorption spectra of PA and
excitation spectra of TF-CDs (Figure 3.5¢). The lack of any FRET and
the presence of good spectral overlap between the absorption of PA and
the excitation of TF-CDs indicate a secondary mechanism of FL
quenching, i.e., IFE mechanism for the detection of PA /72]. Figure
3.5d shows the schematic illustration of the FL quenching of TF-CDs
in the presence of PA. The above results clearly show that the
synthesized TF-CDs have excellent sensitivity and selectivity towards
the detection of PA and can be utilized to quantify the concentration of

PA in contaminated water.
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Figure 3.5. (a) Lifetime data, (b) UV-vis absorption spectra of TF-CDs

with the addition of PA (black line) and maximum fluorescence
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excitation of TF-CDs (blue line) showing spectral overlap, (¢) UV-vis
spectra of TF-CD for different concentrations of PA, and (d) schematic

representation of quenching of TF-CD after the addition of PA.
3.3.5. Detection of PA on TF-CD@PVDF Strips

Encouraged by the remarkable sensing attributes of TF-CDs, we
further established their sensing potential as a portable device in
practical applications for the on-site detection of PA using PVDF-based
thin film strips. Highly porous TF-CDs incorporated PVDF (TF-
CD@PVDF) thin films were fabricated by adopting a phase inversion
method as depicted in Scheme 3.2. A uniform distribution of
hydrophilic TF-CDs in hydrophobic PVDF film was indeed
challenging during the film formation. Therefore, the selection of the
solvent was made thoughtfully. The chosen NMP as a solvent for
PVDF was not only an excellent dispersant for TF-CDs but also known
to improve processability for film formation. During the phase
inversion process, NMP was replaced by fast diffusion of water from
the coagulation bath, forming porous PVDF film embedded with TF-
CD. In addition, when PVDF formed a slurry in TF-CD dispersed
NMP medium, we speculated a possible interaction of fluorine atoms
of PVDF with the amine hydrogen or hydroxyl hydrogen present on
the TF-CD surface. Hence, a uniform dispersion of as-prepared CD

with PVDF in moderate concentration is justifiable.
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Scheme 3.2. Schematic illustration showing the preparation of TF-

CD@PVDF film.

We observed a reduction in FL intensity upon higher loading of TF-
CD, possibly due to the increased aggregation-induced quenching at
higher CD concentrations. Figure 3.6a shows the effect of different
concentrations of TF-CDs on PVDF film on FL emission intensity. The
fabrication method of these hybrid films is simple and can be used for
scale-up production. Furthermore, the present method is highly cost-
effective as the coagulation bath utilized for immersion can be reused
several times /73]. The incorporation of CDs in these films provides
good optoelectronic characteristics that can be utilized for a broad
range of applications. Moreover, Figure 3.6b demonstrates the
retention of bright blue FL of TF-CDs in free-standing film form
(photographs captured under visible and UV light) with flexibility. The
surface morphology of a control PVDF film and TF-CD@PVDF
composite film thus prepared was analyzed using FESEM (Figure
3.6¢c-d). It is observed that a highly perforated thin film structure was
formed with a control film (Figure 3.6¢). The porous features were
created on TF-CD@PVDF due to phase separation. Notably, this
porous structure will be retained in the composite film even after the
incorporation of TF-CDs into PVDF (Figure 3.6d). The inset of
Figure 3.6d represents the low-magnification SEM image of TF-
CD@PVDF.
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concentration of TF-CDs, (b) photographs of TF-CD@PVDF film
under visible and UV light (365 nm). SEM images of (¢) PVDF and (d)
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Moreover, Figure 3.7a shows the UV-vis absorption spectra of PVDF
and TF-CD@PVDF composite. Notably, bare PVDF film does not
feature any evident absorption peaks, while two apparent peaks
centered at 260 and 344 nm, characteristic of CDs, emerged upon the
incorporation of TF-CDs into the PVDF film. Furthermore, the FL
spectra of TF-CD@PVDF (Figure 3.7b) exhibit a maximum emission
wavelength at 398 nm upon excitation at 330 nm, which further
indicates a blue shift in the FL maximum of the composite film with
respect to TF-CDs. Figure 3.7¢ shows the PXRD pattern of PVDF, as
well as TF-CD@PVDF, with peaks centered at 18.4° (020), 20.0°
(110), and 26.5° (110), which can be ascribed to the crystalline nature
of PVDF a phase [74]. Moreover, the peak intensity at 20.0° was
increased, and peaks at 18.5" and 26.5" were merged in the case of TF-
CD@PVDF [75]. The contact angles of PVDF and TF-CD@PVDF
films were checked with a contact angle goniometer by sessile drop

experiment. The contact angle of a bare PVDF membrane was found to

115



be 96.9 + 1°, which was reduced to 77.1 + 1° after adding TF-CDs in
PVDF. The difference in contact angle of PVDF (Figure 3.7di) and
that of TF-CD@PVDF (Figure 3.7dii) proves that the hydrophobic
nature of PVDF was reduced after the incorporation of hydrophilic
CDs into PVDF film. This is beneficial for the applicability of TF-
CD@PVDF for sensing waterborne pollutants /76].

(a) (b) (c)
@ 5 —— PVDF —— PVDF _
Q4] 559y PVOF + TFCDFIm | 4 540° =~ TF-CD@PVRF Film
® | = :

234 344 nm @ 1.0x10° &

.0x >

22] T £ 3

o £ s c

<1 ] 5.0x10 g
0

300 400 500 600 350 400 450 500 5 10 15 20 25 30 35
Wavelength (nm) Wavelength (nm) 20 (Degree)

d
(d) (ii) B

96.9+1° —|—»77.1+1°

(i) 9

Figure 3.7. (a) UV-vis spectra of PVDF film and TF-CD@PVDF
composite film, (b) FL spectra of TF-CD@PVDF composite film
under different excitation, (¢) PXRD of PVDF and TF-CD@PVDF, (d)
Sessile drop contact angle (0) measurements of the (i) PVDF

membrane, (ii) TFCD@PVDF.

Further, the stability of TF-CDs@PVDF film was determined at
various pH levels, by varying the concentration of NaCl, and at various
temperatures. The TF-CDs@PVDF stability is depicted in Figure
3.8a-c. The film is relatively stable in the pH range of 3-11 as indicated
in Figure 3.8a. Under an adverse NaCl concentration, as shown in
Figure 3.8b, the film is stable and retains the FL up to 79 %. Similarly,
FL was stable at different temperatures up to 96 % when kept at -
21°C,3°C,20°C,37°C, and 100 °C as indicated in Figure 3.8c.
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pH, (b) NaCl concentrations, and (c) temperature.

The porous structure of the fabricated TF-CD@PVDF film can further
provide an efficient diffusion pathway for the fast detection of PA. The
pale-yellow color strips exhibit bright blue-colored FL upon 365 nm
UV illumination. The changes in the blue FL behavior were visible
under UV light after adding different concentrations of PA solutions on
strips (photographs are given in Figure 3.9a), and the changes in the
FL intensity were further examined with an FL spectrophotometer. The
FL of the thin film is successively turned off by increasing PA
concentration (from 0-100 uM). Furthermore, the FL intensity ratio
F/Fy is linearly correlated (R?> = 0.9904) in the range of 0-100 uM PA
concentrations (Figure 3.9b). The detection limit was calculated to be
244 nM, which is superior to any other solid FL sensing platform
reported for PA sensing (Table 3.1). Further, we performed the
selectivity of TF-CD@PVDF in the presence of other NAC
compounds. The selectivity was determined by immersing the films in
each NAC (100 uM concentration each) for 5 min in static conditions
for equilibration, and further, their FL intensities were recorded at Acx
of 330 nm. Among the various NACs under test, the TF-CD@PVDF
film showed high specificity towards PA, as indicated in Figure 3.9c.
Figure 3.9d is the recyclability plot of the as-prepared FL sensor strip,
presenting stability and reusability (at least for 5 cycles). After each
cycle, the film was washed with DI water, dried, and further reused for
PA detection. Therefore, the as-developed flexible and portable sensing
strip renders multiple reuses of the sensor, inhibiting the elution of FL

active CD into the environment.
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Figure 3.9. (a) Digital images of TF-CD@PVDF films after adding
different concentrations of PA (under UV illumination of 365 nm), (b)
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composite film, (c) selectivity of TF-CD@PVDF film towards various
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detection.

Table 3.1. The performance comparison for the PA sensing platform.

I 8 e =
range (UM platform of Sensor
1. AIE luminogen- 0to 50 1700 - - Yes 77
functionalized MM

2. N-GQDs 1to 60 300 - Lake water - 78
N-CNPs 0-20 250 - - - 79
4. Cdot-Ppy film - 148.4 Film Ground water - 80
and soil
N doped GQDs 0-4 420 - - - 81
6. Polymeric Thin 10-90 56000 Film - Yes 82
Films
7. MOFs 0-1000 5000 - - - 83
8.  (Na-Ala/Chit -cl - - - Yes = Yes 84
polyAAm
9. Ce-Doped Zn0O 0-12 278 = = = 85
10. TF-CD@PVDF 0-100 244 Yes Tap, ground and Yes Present
river water Work
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3.3.6. Real Sample Analysis

The developed system was further utilized for the determination of PA
in water samples from various sources, such as river water (Narmada
River, Madhya Pradesh), tap water (Simrol, Madhya Pradesh), and
groundwater (Simrol, Madhya Pradesh). The collected water samples
were filtered through a 0.22 pm membrane. As expected, initially there
were no traces of PA were found in the above-mentioned water
samples when checked by FL TF-CDs. Next, the above water samples
were spiked with different concentrations of PA (20, 40, and 60 uM),
and recovery tests were performed. The recovery of 73-100 % with a
standard deviation of less than 2 was obtained for TF-CDs (Table 3.2).
The same experiment was performed for TF-CD@PVDF film. A
recovery of 91-104 % with a standard deviation of below 2 was
obtained as shown in Table 3.2. The excellent recovery rate with good
precision and reliability demonstrates the vast applicability of TF-CD
and TF-CD@PVDF composite film to be used as a sensor in real

sample analysis.

Table 3.2. PA sensing in real water samples with TF-CDs and TF-
CD@PVDF films (N=3).

TF-CD TF-CD@PVDF
Sample Claimed Obtained Recovery SD Obtained Recovery SD
Concentration | Concentration (%) (n=3) | Concentration (%) (n=3)
(M) @M (M)

Tap water 20 20 97.86 0.86 20 91.25 1.38
40 39.39 100.05 0.30 39.89 104.85 0.52

60 59.71 99.75 0.46 59.80 99.75 0.28

River water 20 19.83 97.33 1.52 19.97 96.15 2.8
40 39.93 99.95 1.49 39.80 100.67 1.03

60 59.94 93.78 0.01 59.94 99.06 1.89

Ground water 20 19.88 88.47 0.14 20 91.24 1.36
40 39.75 82.45 1.42 39.93 95.64 0.45

60 59.89 73.27 0.61 59.71 100.07 1.01

3.4. Conclusions

In the current work, we have synthesized N, S, and P co-doped CDs
from C. thevetia flower by a simple one-pot hydrothermal method.

Further, the aqueous solution of TF-CDs shows a significant and
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selective FL quenching towards PA among the other nitro compounds
under examination. We developed TF-CDs loaded with highly porous
PVDF film strips, portable for on-site detection of PA. The TF-
CDs@PVDF film shows a blue color FL, which gets quenched upon
the addition of PA. The TSCPC and UV-vis measurements revealed a
static quenching mechanism for PA detection. Moreover, the sensor
can also be used for further real sample analysis, highlighting its
practicality. The synthesized material is utilized for easy, fast, and

selective detection of PA both in aqueous and film form.

Note: This is copyrighted material with permission from the Royal

Society of Chemistry.
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4.1. Introduction

Throughout the 20th century, antibiotics have been significant drugs in
the global medical market, which have been used to treat bacterial
diseases and other microorganisms. Unfortunately, the widespread use
of these antibiotic drugs, particularly those that combat bacterial
resistance or operate as antibacterial agents, has detrimental effects on
human health as well as soil and water sources /I, 2/. Therefore, a
wide range of analytical techniques have been developed to examine
the presence of antibiotics in the environment, humans, and
pharmaceutical formulations /3/. Many important antibiotics,
including benzylpenicillin, macrolides, tetracyclines, streptomyces,
chloramphenicol, and doxycycline (DOX), are typically found in or
derived from living organisms /4/. Among them, tetracycline (TET)
and DOX are the most widely used groups of antibiotics for the
prevention and treatment of microbial infections due to their
availability, affordability, and broad-spectrum antibacterial effect /5,
6]. However, overdosing or prolonged low-dose exposure to TET and
DOX can lead to residues in environmental matrices that can cause
allergic reactions, bacterial resistance, liver damage, and direct toxicity
[7]. Moreover, they can also harm human health through long-term
enrichment in the food chain. Therefore, there is an urgent need to
design quick and sensitive approaches for the detection and removal of
antibiotics in environmental waters /8/.

Furthermore, the extensively utilized conventional detection and
separation methods mainly include liquid chromatography integrated
mass spectrometry, high-performance liquid chromatography, capillary
electrophoresis, and so on. However, although these methods show
high specificity and sensitivity, they also have various drawbacks, such
as long-time consumption, the need for a precise instrument,
complicated sample preparation, as well as they are costly /[9/.
Recently, the development of a new type of sensor that involves the
use of immunological /710], fluorescence (FL) /5/, and electrochemical

techniques /1], which have gained immense interest. Among them,
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FL sensors are considered desirable candidates for TET and DOX
detection owing to their remarkable characteristics of simplicity,
rapidity, and operability /7, 12]. Also, the timely upgradation of
sensing technologies is needed in this era, as the volume and severity
of water and soil pollution are reaching new heights. Previously, a
wide range of sensors involving nanomaterials and synthetic organic
and inorganic compounds have been developed to achieve superior
detection of pollutants /73-15]. Recently, carbon-based nanomaterials
[16-18], perovskites [19, 20], hybrid coacervates /21], plasmonic
nanomaterials /22], etc., have gained a lot of interest in the field of
environmental remediation due to their unique optoelectronic and
photophysical properties. Among them, Carbon dots (CDs) have been
extensively employed in sensing applications, especially for the
detection of numerous analytes such as metal ions /23/, antibiotics
[24], biomolecules /25], explosive nitro compounds /26/, etc. CDs are
predominantly utilized as fluorescent probes in FL-based sensors due
to their prominent water solubility, photostability, low toxicity,
superior biocompatibility, and tunable FL properties. The small size
(2-10 nm) of CDs with high quantum yield (QY) and tunable surface
functionalization makes them promising candidates for FL sensing
applications /27, 28]. Notably, the catalytic property of CDs has also
been further explored toward the removal of pollutants from the
ecosystem, as it is equally important to the analytical detection of the
contaminants. CDs act as photocatalysts to degrade various pollutants
via the generation of electrons and holes [29-37]. Altogether, the
excellent optical and catalytic properties of CDs make them attractive,
multifaceted nanomaterials for the simultaneous degradation and
detection of pollutants, which is anticipated to effectively address the
important challenge of sensing and catalyzing the degradation of
pollutants.

Furthermore, enhanced efficiency, reusability issues, and material loss
were achieved for CD-based composites. By taking advantage of
surface functional groups present on CDs that can be easily

incorporated into polymers, membranes, or papers [32-34]. In this

136



aspect, Bacterial cellulose (BC), a prevalent biomass material, is
widely recognized as an exceptionally attractive three-dimensional
(3D) polymer composed of a large number of intertwined fibers that
can be utilized /35/. BC, which is free from lignin and hemicellulose,
is synthesized by bacteria instead of plants and possesses a nanofibrous
structure /36/. It is an excellent substrate to host CDs with attractive
properties such as phenomenal aqueous solubility, high mechanical
strength, low cost, biodegradability, biocompatibility, flexibility,
porous matrix, and chemical stability /37/, which makes BC much
superior to many synthetic polymeric materials in device fabrication.
The incorporation of CDs into BC hydrogel therefore yields a robust
FL active hydrogel system with greater flexibility, surface area,

porosity, etc.

Previously, many groups have focused on CD-based hydrogel
composites for sensing as well as photocatalysis applications. For
example, Huang et al. prepared a hydrogel by incorporating optically
active CDs into a polyacrylamide hydrogel network for recognizing
dual metal ions /33]. Similarly, Ehtesabi et al. reported the detection of
TET by CDs encapsulated in sodium alginate hydrogel /9/. Also, Das
et al. synthesized a MoS; nanoflower decorated on graphene aerogel
for photocatalytic degradation of TET. However, it is worth
mentioning that most of these recent reports demonstrate different
hydrogel systems for sensing and degradation applications. The scope
of simultaneous usage of a single system for sensing as well as
pollutant elimination is yet under investigation. To fill this gap, we
have synthesized a single entity and explored its FL and catalytic
properties for sensing and degradation of antibiotics TET and DOX.
Furthermore, this work was designed to synthesize CDs from
melamine and sodium citrate precursors via a single-step hydrothermal
method to produce the photocatalytically active, luminescent M-CDs.
The obtained M-CDs were subsequently incorporated into a fibrous
three-dimensional BC to fabricate fluorescent sensor M-CD@BC,

which is used for FL detection as well as photocatalytic degradation of

137



TET and DOX under sunlight illumination. M-CD@BC showed FL
quenching upon the addition of TET and DOX with high sensitivity.
The sustained stability of M-CDs@BC FL further justified the

reusability of the composite system.
4.2. Experimental Section
4.2.1. Materials and Reagents

The sodium salt of ethylenediaminetetraacetic acid (Na>-EDTA),
melamine, and erythromycin (ERY) were obtained from Sigma-
Aldrich. Sodium citrate was procured from Spectrochem, TET
hydrochloride, DOX hyclate, norfloxacin (NOR), ampicillin sodium
salt (AMP), vancomycin hydrochloride (VAN), ciprofloxacin
hydrochloride hydrate (CIP), streptomycin hydrate (STR), sodium
sulphate (Na>SO4), and tert-butyl (t-BuOH) were obtained from SRL,
and NaOH was obtained from TCI. Benzoquinone (BZQ) was
purchased from Lobachem. Deionized (DI) water was procured from

the instrument central facility of IIT Indore.
4.2.2. Characterization Techniques

The prepared samples were thoroughly characterized to functionally
elucidate the structure, morphology, particle shape, size, surface area,
and energy absorption sites. The structure was determined and
highlighted by X-ray diffraction (XRD) analyses with Cu Ka radiation
(model D/max2200PC, Rigaku Co., made in Japan). The morphology
and microstructure of samples were characterized by scanning electron
microscopy (SEM) (Verios 460, FEI, USA) and transmission electron
microscopy (TEM) (Tecnai G2 F20, FEI, USA). The particle shape and
size were determined from TEM images, and surface electronic states
were evaluated by using X-ray photoelectron microscopy (XPS) using
PHI 5000 Versa Probe II (ULVAC-PHI Inc., USA) equipped with a
micro-focused (200 mm, 15 kV) monochromatic Al Ko X-ray source
(hv = 1486.6 eV). Photoluminescence (PL) spectra were determined
using a Fluoromax-4 spectrofluorometer (HORIBA Jobin Yvon, model

FM100) with an excitation and emission slit width of 2 nm in a quartz
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cell (1x1 cm). The Fourier transform infrared (FTIR) spectra were
collected in the 4000-400 cm™! range using an attenuated total
reflectance-Fourier transform infrared spectroscope (ATR-FTIR)
(Bruker Alpha II system). The absorption spectra in the photocatalytic
degradation process were obtained by a Shimadzu 2100 UV-vis
spectrometer. The specific surface areas of the aerogels were measured
by the Brunauer-Emmett-Teller (BET) method using Autosorb-1C
(AX1C-MP-LP) at 298 K. The pore size distribution was obtained by
the Barrett-Joyner-Halenda (BJH) method. Electrospray Ionization
Quadrupole time-of-flight Liquid Chromatography-Mass Spectrometer
(LC-MS) designed by a Bruker MicrOTOF-Q II Daltonik, utilized for
exact mass and true isotopic measurements. Liquid Chromatography-

Mass Spectrometry (LC-MS) Brunker micrOTOF-Q II Daltonik.
4.2.3. Quantum Yield (QY)

The QY of M-CDs was determined by using quinine sulfate as the
reference standard solution. It was calculated using the following

equation:

Ss _ As _ nd
O =Pog X=X —— X5~ (4.1)
Sqs  Aqgs Ngs
Whereas, @ and @ are the QYs of the M-CDs and quinine sulfate,
respectively. As and Aqs represent the absorbance, Ss and Sqs represent

integrated intensity, and ns and ngs represent the refractive indices of

M-CDs and quinine sulfate, respectively.
4.2.4. Synthesis of M-CDs

In a typical synthesis, melamine and sodium citrate were used as
precursors. Briefly, 0.08 M melamine was dissolved in 20 mL of DI
water, consisting of 0.014 M sodium citrate, under ultrasonication for
30 min. The resulting mixture was added into a Teflon-lined sealed
stainless-steel autoclave and treated at 200 °C for 12 h; then the

autoclave was cooled down to room temperature. The obtained product
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was centrifuged at 10000 rpm and then dialyzed for 12 h against DI

water. The obtained yellow dispersion was named M-CDs.
4.2.5. Synthesis of M-CDs@BC

A BC pellicle (3x3x0.5 c¢cm?®) was pre-soaked in M-CD precursor
solution (reaction mixture prepared as for M-CDs) and added to a
Teflon-lined stainless-steel autoclave. The same procedure was
followed as above to obtain M-CDs anchored on BC hydrogel (M-
CDs@BC).

4.2.6. Detection of TET and DOX with M-CDs

For analyzing the selectivity of synthesized M-CDs towards
pharmaceuticals, different antibiotics, viz. TET, DOX, NOR, AMP,
VAN, CIP, ERY, and STR were checked. The interactions between M-
CDs and various analytes were analyzed using FL studies, where the
concentration of M-CDs was set as 11.2 mg/mL, mixed with 200 uM
of different antibiotics. The solution was kept in a static condition to
maintain the equilibrium for 1 min. Each of the samples was studied at
least three times. The FL spectra of the resulting solutions were

recorded under the same experimental conditions.

Further, sensitivity studies were carried out with TET and DOX. A
series of TET and DOX, and M-CDs (11.2 mg/mL) with different
concentrations of TET and DOX (0-200 uM) were prepared, and their
FL signals were recorded. Afterward, to explore the selectivity of M-
CDs for TET and DOX detection while coexisting with other
antibiotics such as NOR, AMP, VAN, CIP, AMO, and STR were also

checked by FL spectroscopy.

The limit of detection (LOD) was calculated by the following equation:
LOD =33 X ad/S (4.2)

Where o is the error, and S is the slope of the calibration plot.

The Stern-Volmer equation was used to determine the quenching

constant (Ksy):
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II—" =1+ Kgy[C] (4.3)

where Iy and [ are the CDs’ emission intensities before and following
the addition of analytes, respectively, and [C] is the analyte
concentration. All the experiments were triplicated under similar
conditions. The stability tests of M-CDs under different conditions,
such as ionic strength, pH, and temperature, are performed with the aid

of FL spectroscopy.
4.2.7. Antibiotics Detection in Real Samples

The reliability of this analytical sensor for real-time applications was
checked using milk (procured from a local milk shop), tap water (from
the laboratory), groundwater (Simrol, Indore), and seawater (Arabian
Sea, Mumbai). The milk samples for detecting TET and DOX were
prepared using the previously reported literature /38/. Briefly, the raw
milk was diluted 2.5 times, then the pH of the milk was lowered to 4.5
by adding 10 % trifluoroacetic acid. Then sonicate the above solution
at room temperature for 15 min. This solution was centrifuged for 15
min at 12000 rpm to get a clear supernatant, which was again
neutralized via 30 % NaOH and again centrifuged to remove any
deposit. Further, water samples and milk samples were spiked with
different concentrations of TET and DOX, separately, and the sensing

of the same was performed.
4.2.8. M-CDs@BC Sensing TET and DOX

FL detection tests of various antibiotics by M-CDs@BC were carried
out with a similar procedure adopted for M-CDs. The M-CD@BC
hydrogel (3x3x0.5 cm?® hydrogel) was immersed in different antibiotics
such as TET, DOX, NOR, AMP, VAN, CIP, ERY, and STR, prepared in
50 mL (200 uM) and further incubated for 5 min before FL analysis.
The FL sensitivity of M-CD@BC towards TET and DOX was also
examined by analyzing different concentrations of analyte (ranging

from 0-200 pM).

4.2.9. Photocatalytic Experiments
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The photocatalytic studies of as-synthesized M-CDs were performed
towards the degradation of TET and DOX aqueous solutions under
sunlight irradiation. Two 50 mL experimental solution mixtures were
prepared, each containing M-CDs (11.2 mg/mL) spiked with TET and
DOX (20 mg/L) separately. The mixtures were allowed to achieve
adsorption and desorption equilibrium in the dark under continuous
stirring for approximately 15 min. Afterward, all the photocatalysis
experiments were performed under natural sunlight (from 11:30 am to
1:30 pm on March 2023 at IIT Indore campus, Simrol, India, with an
average sunlight intensity of 1 kW/m?). At an interval of 15 min, 3 mL
of solution was collected, and the changes in concentrations of TET
and DOX were measured by noting Amax In a UV-vis
spectrophotometer. The photodegradation of TET and DOX antibiotics
was calculated using equation 4.4:

(¢, —¢J

% Degradation = —c X 100 (4.4)

0

Where Cy and C; are the initial and remaining concentrations at time t,

respectively, for TET and DOX.

Additionally, the values for photocatalytic degradation of TET and
DOX were fitted to a pseudo-first-order equation (equation 4.5), and
the rate constant (k) was calculated from the corresponding slope of a

fitting line.
—In(Cy/C,) = kt (4.5)

The further photocatalytic performance of M-CDs@BC hydrogel
(3x3x0.5 c¢m?®) towards the degradation of TET and DOX under
sunlight was investigated. Briefly, the hydrogel containing TET and
DOX solutions was separately stirred in the dark for 15 min to ensure
the achievement of adsorption-desorption equilibrium. After that, the
above mixture was exposed to solar light to initiate photodegradation,
and an aliquot solution of 3 mL was taken every 15 min degradation of
TET and DOX was determined using UV-visible spectroscopy. The %

degradation and the rate of reaction were determined by using

142



equations 4.4-4.5, respectively. After each cycle, the M-CDs@BC were
washed thoroughly with dilute acid and multiple times with DI and
resuspended in fresh TET and DOX for 5 cycles. All the experiments
for TET and DOX were conducted separately.

4.2.10. Electrochemical Photocurrent Measurement

The photocurrent using the amperometry i-t curve mode and
electrochemical impedance spectra (EIS) over a frequency range of 1
to 105 Hz with an AC voltage amplitude of 10 mV was recorded in an
AUTOLAB PGSTAT 204N celectrochemical workstation, and all the
electrochemical measurements were carried out using a three-electrode
cell with 0.5 M Na,SO4 as an electrolyte. The M-CDs sample as a
working electrode, Ag/AgCl as a reference, and a platinum (Pt) wire as
a counter electrode were utilized. All the photo-electrochemical
measurements were conducted using a blue light source with 100 mW

cm power density.

4.3. Results and Discussion

4.3.1. Preparation and Characterization of M-CDs

The M-CDs were synthesized via the hydrothermal method from
melamine precursors as shown in Scheme 4.1a. Melamine (triamino-s-
triazine) is a nitrogen-rich compound of considerable economic,
industrial, and scientific importance /39, 40]. Therefore, we selected
melamine as a major precursor for synthesizing highly fluorescent
CDs. Scheme 4.1b indicates the aqueous dispersion of M-CDs under
UV with excitation wavelength (Aex) of 365 nm and visible light, which
exhibited the light-yellow colour and strong blue FL, respectively.

|
a i
) ' N UV gl Visible
i Light
O OH O )"i? -
s X
Na® “Owog @Na + /NL )N\ 180°C,12 h
o 0% %\, HoN N NH, H NS
Sodium Citrate Melamine —
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Scheme 4.1. (a) Schematic illustration of the synthesized M-CDs, (b)
photograph of the aqueous dispersion under UV (Aex= 365 nm) and

visible light illumination.

The M-CDs were characterized through XPS, TEM, FTIR, PXRD,
UV-vis, and PL spectroscopy. A distinct absorption peak at 346 nm
arises from the n-n* transition of multi-conjugate C=0 and C-O on the
M-CDs surface, along with the former peak at 245 nm, which arises
due to m-n* transition of aromatic sp? carbon within CDs’ core (Figure
4.1a). Upon excitation at 350 nm, the PL band of M-CDs is observed
at 440 nm, with no shift in the emission wavelength (Figure 4.1b). The
excitation-independent PL may result from the same emissive traps on
the surface of M-CDs. The PL QY at an excitation wavelength of 350
nm is 16.7 %, which was calculated from Equation 4.1. From the
decay curve, which was fitted biexponentially in Figure 4.1c, the
average FL lifetime of M-CDs was observed to be 7.13 ns. The TEM
image reveals a structural detail of M-CDs, which indicates the
existence of evenly dispersed spherical M-CDs with a size ranging
from 2.4-4.4 nm (Figure 4.1d and histogram; inset). The HR-TEM
image displays distinct lattice fringes with a characteristic d-spacing of
0.26 nm, which is the in-plane (100) spacing of graphene (Figure
4.1e). Further, a broad PXRD peak at 2q = 23.6° suggests the
amorphous nature of these M-CDs (Figure 4.1f), which is for (002)
graphitic carbon structures /47]. Figure 4.1g shows the FTIR spectrum
of M-CDs demonstrates a wide peak at 3354 c¢cm™ is ascribed to the
hydroxyl (-OH) or amine (-NHy) groups. The stretching vibration peak
of C=0/C=N is located at 1668 c¢cm, the bending vibration of N-H
appears at 1566 cm!, and the peaks centered at 1405 and 1048 c¢cm!
could be ascribed to C-H bending and C-O-C stretching vibrations,
suggesting the existence of O-H, N-H/NH,, and C=O functional

moieties on the surface of CDs.
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Figure 4.1. (a) Absorption, (b) FL spectra, and (c) lifetime data. (d)
TEM image (inset; histogram), and (¢) HR-TEM showing lattice
fringes. (f) XRD spectra. (g) FTIR spectrum of the synthesized M-
CDs.

The XPS survey scan reveals the surface functionality in the case of
M-CDs, indicating the presence of carbon, oxygen, and nitrogen
(Figure 4.2a). The deconvoluting Cls, Nls, and Ols spectra (Figure
4.2b-d) facilitated the determination of C-C/C=C, C-O, C=0, C-
OH/COO- groups, pyrrolic-N, pyridinic-N, and graphitic-N. Several
hydrophilic functional groups present on the surface of the CD enabled

them to disperse well in the experimental solution.
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Figure 4.2. (a) XPS survey spectrum. High-resolution XPS spectra of:
(b) Cls, (c) Ols, (d) N1s of M-CDs.

In addition, the M-CDS exhibited essential FL stability against
different NaOH concentrations, pH values, and temperatures (Figure
4.3a-c). Overall, these results demonstrate the formation of evenly
distributed, colloidally stable, and luminescent spherical M-CDs, and

these features are crucial for sensing TET and DOX in actual metrics.
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Figure 4.3. Stability plot of M-CDs in the presence of (a) NaOH, (b)
pH, and (c) temperature.

4.3.2. Fabrication of M-CD@BC

The M-CD@BC were fabricated by reacting melamine dissolved in
sodium citrate with BC under a one-step hydrothermal synthesis

method (Figure 4.4a). All non-bounded M-CDs were washed off with
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fresh water, and the leaching study was repeated until no more FL was
observed in the washings. The lyophilized M-CD@BC was utilized
further for various morphological and spectroscopical studies to
substantiate the above argument and establish the approach. The
morphological characterization reveals maximum fibers are within the
size range of 60 nm. Also, for a better understanding of the
incorporation of M-CDs onto BC, the TEM analysis has been
performed, which confirms the adsorption or internalization of M-CDs
within BC as indicated in Figure 4.4b. Further, the micromorphology
of BC (Figure 4.4c) and composite M-CD@BC (Figure 4.4di) was
confirmed by SEM. Importantlyy, SEM analysis indicates the
incorporation of M-CDs on the polymeric network of BC, and they are
well bound as indicated in the magnified SEM image of M-CD@BC
shown in Figure 4.4dii. Also, the porosity of BC remains unaltered,
which confirms the deposition of M-CDs on the membrane. Through
SEM images, the thicknesses of fibers were analyzed and a histogram
was drawn (Figure 4.4c and 4.4di; inset), showing the width of BC
fibers falls in the 20-100 nm range.
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Figure 4.4. (a) Schematic illustration of the synthesis of M-CD@BC
by the incorporation of M-CDs onto BC. b) TEM image of M-
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CD@BC (red dotted arrows point to the attached M-CD on BC fibers).
SEM images of M-CD@BC (c) BC showing nanofibrous porous
network structure (inset: histogram from a width of cellulose fibers),
(d) (i) Nanofibrous porous network of BC incorporating M-CDs (inset:

histogram from a width of cellulose fibers), and (ii) magnified image.

The BET analysis was performed to know about the specific surface
area and pore distribution (Figure 4.5a-d), which gives a high specific
surface area before and after the incorporation of M-CDs on BC.
Though the porosity of the composite was maintained upon
incorporation of M-CDs, a small reduction in pore volume from 24.6

nm to 23.5 nm is evident, probably due to the incorporation of M-CDs.

(@) (b)_
(=
& 1601 &0.18
y,g’ =@ Adsorption Lo0.16
120 i <
£ =@~ Desorption £0.14
— 80 So12
° E 5 0.
8 i 0.10
S -
9 404 So.os
E: So.06
] 0 5
£ ; 0.04 BJH Average Pore Dia=24.5 nm
T T T T T T 3
3 00 0.2 04 0.6 08 1.0 0 500 1000 1500 2000
> Relative Pressure (P/P,) Pore diameter (nm)
c —_—
( )% 50 ( )§ 0.06
“ — M-CD@BC
o240 £ o005
” Y
§3° E 0.04
B 20 =@~ Adsorption S 003
i =@~ Desorption i :
S -
@ 10 4 S 002
« g 0.01
o 01 5 _
£ T T T T T T S 0.00 BJH Average pore dia= 23.5nm
3 00 02 04 06 08 1.0 S w0 1000 1500 2000
S Relative Pressure (P/P,) Pore diameter (nm)

Figure 4.5. Nitrogen adsorption and desorption analysis conducted for
control pristine BC and M-CD@BC aerogels: a) BET adsorption
isotherms, and b) corresponding BJH pore volume plots for BC. c)
BET adsorption isotherms, and d) corresponding BJH pore volume

plots for M-CD@BC.

The surface chemistry of BC samples before and after modification can
be discussed via ATR-FTIR. A comparison of the FTIR data observed
for M-CD@BC with that of the BC and M-CDs is presented in Figure
4.6a. The stretching vibrational peaks corresponding to O-H/N-H
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bonds appeared as a considerable broadband between 3111-3478 cm’!
in M-CDs. However, it is worth mentioning that the intensity of the -
OH/N-H stretch vibrations (broad peak at 3354 c¢cm™ in M-CDs) is
greatly reduced and shifted to 3340 cm™ in M-CD@BC, which can be
attributed to the interactions of a large proportion of -NH moieties of
M-CDs with the functional groups of BC. Interestingly, a shift in the
bending vibrations of N-H moieties was observed from 1563 to 1551
cm! in M-CDs and M-CD@BC, respectively. A shift in the -OH
stretching of BC was observed from 1427 to 1434 cm™' upon the
formation of M-CD@BC. Altogether, these changes in the FTIR
spectrum of M-CDs and BC upon the formation of M-CD@BC point
towards the electrostatic interactions between the -NH and -OH groups
of M-CDs and BC. These results, along with XPS data, further
substantiate that M-CDs have been successfully integrated with BC.
The XPS survey scan recorded for M-CD@BC, BC, and M-CDs are
compared in Figure 4.6b. The XPS of M-CDs reveals the presence of
carbon (C), oxygen (O), and nitrogen (N) (Red line) and survey scan
spectra of BC exhibited two peaks at 284.0 and 530.4 eV, indicative of
presence of C and O, respectively (Figure 4.6b; grey line). Further, the
survey spectrum of M-CD@BC proves the coexistence of C, N, and O
elements (Figure 4.6b; blue line), which confirms the anchoring of M-
CDs on BC due to the reoccurrence of the N peak in M-CD@BC.
These observations signify the successful incorporation of M-CDs onto

BC.
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Figure 4.6. (a) ATR-FTIR spectrum, and (b) comparative XPS survey
spectra of M-CD, BC, and M-CD@BC.

As displayed in Figure 4.7a (grey line), the spectral absorption values
of pure BC are in the range of 200-800 nm, and there is only a small
absorption peak in the wavelength range of 220 to 250 nm. The
addition of M-CDs in BC increased the absorption in the range of 200-
800 nm. An absorption spectrum for M-CD@BC is shown in Figure
4.7a (blue line) features 2 peaks at 229 nm and 455 nm. The later peak
in M-CD@BC is one of the indications of interaction between neat M-
CDs and BC and forms a hydrogel composite M-CD@BC. However,
the optical band gap was measured at room temperature by
extrapolating the linear portion of the plot of the square root of the
absorption coefficient versus photon energy (Figure 4.7b). Further, the
FL properties of both the hydrogel, i.e., BC and M-CD@BC, were
studied. Equitable cuboid hydrogel (3x3x0.5 c¢m?) was utilized to
check the FL property of the hydrogel. The results obtained in Figure
4.7c¢ indicate that only the hydrogel-incorporated M-CDs are
fluorescent, and their emission intensity is unaltered after purification.
Figure 4.7d is the horizontal photograph view of the freshly prepared
M-CD@BC hydrogel under visible and UV light. Thus, the composite

incorporates the PL properties of the M-CDs in a macroscopic
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network. The nanoscopic property is now expressed at the macroscopic

scale.
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Figure 4.7. (a) Absorbance spectra of BC (grey line) and M-CD@BC
(blue line), (b) band gap estimation of M-CD@BC. (c) FL spectra of
BC (grey line) and M-CD@BC (blue line), and (d) digital photographs
of M-CD@BC observed under visible and UV light (Aex = 365 nm).

4.3.3. Selective Sensing of TET and DOX

After establishing the physiochemical properties, the M-CDs and
composite M-CD@BC can be utilized as efficient TET and DOX
sensors. Initially, their optical activities were investigated in the
presence of various antibiotics. The FL quenching performance of
various antibiotics (concentration of 200 uM) was evaluated to
evaluate the selective FL response of M-CDs to various antibiotics.
Figure 4.8a shows the selective FL response of M-CDs (11.2 mg/mL)
with various antibiotics such as TET, DOX, NOR, AMP, VAN, CIP,
ERY, and STR. The F/Fy values for both TET and DOX were
significantly lower (FL off) compared to other antibiotics, indicating
that M-CDs exhibited a high selectivity towards TET and DOX. The
circumstances can be attributed to the presence of nitrogen and

oxygen-containing functional groups in M-CDs. These functional
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groups exhibit a greater affinity towards TET and DOX in comparison
to other antibiotics [42]. Figure 4.8b-c demonstrates the effects of
antibiotic concentration on the FL property. Specifically, the FL
intensity of M-CDs gradually decreased as the concentration of TET
and DOX (ranging from 0 to 200 uM) increased, respectively,
illustrating that M-CDs can act as a sensor for detecting the turn-off
behavior of TET and DOX. The plot of intensity variation vs different
concentrations of both the antibiotics follows a linear trend as a
function of TET (Figure 4.8d) and DOX (Figure 4.8e¢) in a
concentration range of 0-100 puM and 0-80 uM, respectively.
Furthermore, the fluorescent digital images (under UV lamp) of M-
CDs were captured after mixing the M-CDs with different antibiotics
and are shown in Figure 4.8f. The LOD was estimated by Equation
4.2 and found to be 133 nM for TET and 138 nM for DOX.
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Figure 4.8. (a) FL intensity of the M-CDs recorded after incubation
with the indicated different antibiotics for selective detection. M-CD
emission spectra with different concentrations of (b) TET, and (c)
DOX, ranging from 0-200 mM. The linearity plot of F/Fo vs different
concentrations of (d) TET and (e) DOX. (f) photographs of M-CDs in

the presence of various antibiotics under UV light.
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It was found that the findings were superior to most of the prior
reported literature (Table 4.1). The K, was calculated from Equation
4.3 and was found to be 2.0x102 M in the presence of TET and
3.0x102 M1 for DOX, indicating a strong interaction between
functional groups and targeted antibiotics. As the value of Ky is high,
the quenching efficiency of M-CDs for antibiotic detection will be
improved [43].

Table 4.1: The comparative performance of the sensing platform of

antibiotics.

Sr.  Sensing Element Analyte Detection LOD (hM) Portable Platform References

No. Range (uM)
1. Alginate-CDs TC 1-20 2000 Hydrogel 9
nanocomposites
2. CDs TC 10-400 6000 - 44
3. Ag@SiO, TC 0.2-400 16.2 - 45
4, Cu-CQDs TC 2-32 170 - 46
5, N-CQDs DC - 250 - 5
6. | CDs/PVA composite TC 0-350 170 Film 47
7. Mn-PBAy,on@MIP TC 0.2-200 70 - 48
8. | MoS, QDs and Ca?* DC 0.2 to 100 23.2 - 7
3 Eu,-Al,-MOG DOX 2-200 770 Metal-Organic Gel 49
10. M-CD TETand = 0-100 and 133 and - Present
DOX 0-80 138 Work
11. M-CD@BC TET and 0-200 140 and Hydrogel Present
DOX 156 Work

Furthermore, the interfering ability in detecting TET and DOX in the
presence of other antibiotics was also assessed. The presence of
interfering antibiotics did not have a substantial effect on the quenched
FL signals, as demonstrated in Figure 4.9. Overall, the M-CDs
exhibited excellent sensitivity and specificity towards TET and DOX
compared to other antibiotics and were employed as a fluorescent

probe for detecting TET and DOX in solution.
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Figure 4.9. Competitive selectivity in the sensing response of M-CDs

in the presence of various antibiotic compounds (¢ = 1.0 x 1072 M).
4.3.4. Mechanism of FL Sensing

The quenching mechanism can be elucidated through various
mechanisms, such as the inner filter effect (IFE), static or dynamic
quenching, and so on. Figures 4.10a-b indicate the FL decay analysis
of M-CDs with and without TET and DOX, where no remarkable
change in average lifetime was observed, indicating the absence of
dynamic quenching. To further confirm the quenching mechanism, the
absorption spectra of TET and DOX, which extensively overlapped
with the excitation spectra of M-CDs (Figure 4.10¢), indicate that TET
and DOX can induce suppression in FL of M-CDs attributed to IFE.
Additionally, a shift in the UV-vis peak of M-CDs from 340 nm to 370
nm was observed when TET and DOX were added to M-CDs
separately, and absorption intensity increased with TET and DOX
concentration indicated in Figure 4.10d-e, respectively. The fact
further confirms the IFE mechanism /5, 25/. Figure 4.10f is a
schematic representation of M-CDs FL quenching in the presence of
TET and DOX. From the above observations, we can summarize that
M-CDs prefer static quenching and IFE as a mode of sensing

mechanism.
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Figure 4.10. Lifetime decay curve with and without the presence of
antibiotics: (a) TET, and (b) DOX. (c) UV-vis absorption spectra of
TET and DOX showing spectral overlap with with FL excitation of M-
CDs. UV-vis spectra of M-CD for different concentrations of d) TET
and e¢) DOX. (f) Illustration of fluorometric detection of TET and DOX

based on M-CDs.
4.3.5. TET and DOX Detection in Real Samples

Further, to imply the applicability of sensor M-CDs in the real world,
the sensing of spiked samples was performed. The obtained results
were summarized in Tables 4.2-4.3, which indicate that the M-CD has
little or no effect on sensor response towards antibiotics other than
TET and DOX when spiked in real water samples and milk. However,
in the presence of M-CDs, the recovery of antibiotics TET and DOX is
in the range of 98-104 % with a standard deviation of less than three.
Excellent results with very low LOD, high precision, and the
requirement of minimal pretreatment of the actual sample broaden the
application of M-CDs for reliable and facile detection of TET and
DOX.

Table 4.2. TET detection in real samples.
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Sample Spiked (uM) Detected (uM) Recovery (%) SD (n=3)

Milk 0 ND7
20 199 98.3 22
40 399 104.8 1.0
60 599 99.9 0.7

Tap water 0 ND“
20 20.0 104.7 1.2
40 398 99.7 0.5
60 599 982 0.4

Sea water 0 ND«
20 199 100.5 0.8
40 399 100.9 0.2
60 599 999 0.1

Ground water 0 ND«
20 19.7 100.7 0.01
40 40.0 104.5 0.6
60 59.83 103.8 03

Table 4.3. DOX detection in real samples.

Sample Spiked (WM) Detected (nM) Recovery (%) SD (n=3)

Milk 0
20 19.9 99.5 1.8
40 399 100.0 1.1
60 59.8 99.7 0.4

Tap water 0
20 20.0 99.5 0.7
40 398 104.2 0.2
60 59.7 99.5 0.3

Sea water 0
20 19.9 99.1 0.4
40 40.0 99.1 0.1
60 59.7 100.7 0.1

Ground Water 0
20 19.9 104.9 0.1
40 39.7 100.0 0.4
60 60.0 99.7 0.2

4.3.6. Detection of TET and DOX with M-CD@BC Hydrogel

To enhance the reusability of M-CDs, we designed a hydrogel sensor
by embedding M-CDs into BC, which not only builds a robust
framework but also enables the detection of TET and DOX antibiotics.
Because of the multiple advantages of these M-CDs, such as their
luminescent properties when incorporated into a hydrogel substrate and
static quenching process with TET and DOX, efforts were made to

utilize these M-CDs as a luminescent hydrogel in the on-site field. The
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porous, hydrophilic nature and high surface areca make BC an
appropriate substrate for composite formation /35/. The composite
hydrogel with high porosity, hydrophilicity, and excellent FL properties

is further utilized in the remediation of pollutants.

To illustrate the sensitivity and selectivity of M-CD@BC, we perform
the changes in FL intensity of M-CD@BC hydrogel (3x3x0.5 ¢cm?) as
immersed in various antibiotics solutions including TET, DOX, NOR,
AMP, VAN, CIP, ERY, and STR. As shown in Figure 4.11a, the M-
CD@BC also exhibited excellent selectivity to both TET and DOX as
compared to other antibiotics. Figure 4.11b indicates the visual
representation of quenching in the FL of M-CD@BC upon the addition
of TET and DOX among various antibiotics. We next studied the FL
quenching properties of M-CD@BC as treated with different
concentrations of TET and DOX. Encouraged by the remarkable FL
characteristics of M-CD@BC, we utilized it as a solid-phase platform
for the first time to examine the concentrations of TET and DOX
sequentially. Figure 4.11¢ demonstrates a significant decrease in the
FL of M-CD@BC upon the addition of TET. In addition, when the
TET concentration reached 200 mM, the FL reduced greatly. Figure
4.11d shows a linear relationship between relative FL intensity (Fo/F)
vs increased concentration of TET. The coefficient of determination
(R?=0.99) demonstrated a good linear relationship of (Fo/F) vs TET in
a working dynamic range of 0-200 mM, with a LOD was determined
to be 103 nM (formula in Equation 4.2). Therefore, the results
suggested that the M-CD@BC hydrogel was a highly effective and
sensitive probe for detecting TET. In addition, as M-CD@BC also
exhibited a response to DOX, the detection of DOX was also
conducted. Figure 4.11e demonstrates that the FL intensity of M-
CD@BC consistently decreased as the concentration of DOX
increased. A relative intensity ratio of (Fo/F) vs DOX concentration
shows linearity (Figure 4.11f) with a coefficient of determination (R?=

0.98).
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Figure 4.11. (a) Graph showing the relative FL intensity in the
presence of different antibiotics, (b) fluorescent images of M-CD@BC
after incubation with different antibiotics under UV irradiation
(Aex=365 nm). FL response of M-CD@BC in the presence of (c) TET
(0-200 mM), and corresponding Stern-Volmer plot depicting the linear
relationship of (d) TET. (e) FL response of M-CD@BC in the presence
of DOX (0-200 mM), and corresponding Stern-Volmer plot depicting
the linear relationship of (f) DOX.

A working dynamic range of 0-200 mM with LOD of 156 nM, which
outperforms any other FL sensing platform for TET and DOX sensing
that has been reported (Table 4.1). Based on the above work, M-
CD@BC can be utilized as a fluorescent probe for detecting TET and
DOX. In addition, the fluorescent hydrogel-based system offers an
excellent approach to be utilized as a selective probe because of its
affordability, simplicity, stability, and on-site detection ability. The
recyclability study of as-prepared M-CD@BC has also been

performed.

Additionally, the ability to interfere with detecting TET and DOX in
the presence of other antibiotics was also assessed. The presence of
other interfering antibiotics did not have a substantial effect on the
quenched FL signals, as demonstrated in Figure 4.12a. Figure 4.12b-c
indicates the reusability of M-CD@BC for at least 5 cycles. After
every cycle, the M-CDs@BC were washed several times with dilute

acid and DI water for further reuse.
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Figure 4.12. (a) Interfering studies for sensing response of M-CD@BC
in the presence of various antibiotics (¢ = 1.0 x 1072 M). Recyclability

study for M-CD@BC (b) TET, and (¢) DOX (200 mM).
4.3.7. Photocatalytic Degradation of TET and DOX

Beyond the scope of an on-site reusable FL sensor, the potential of this
sorbent for complete remediation of TET and DOX is being act as a
photocatalytic degradation platform, which is anticipated to be further
explored. In general, CDs are viable photocatalysts for the
photocatalytic remediation of various pollutants due to their excellent
optoelectronic properties, reactive oxygen species (ROS) generation

capacity, and biocompatibility [44].

Thus, the photocatalytic activity of M-CDs as a catalyst was evaluated
using TET and DOX (20 mg L', 50 mL) as model pollutants under
sunlight. Initially, the concentration optimization of M-CDs was
carried out to gain insight into the effect of PC amount in degradation
studies in Figure 4.13a which indicates maximum degradation
efficiency of 79 % was obtained for TET (20 mg/L) and <70 % was
obtained for DOX (20 mg/L) with M-CDs (10 uL, 11.2 mg/mL) under
sunlight and was calculated from Equation 4.4. A catalyst
concentration above a limit in the analyte solution lowers degradation
efficiency. This is due to multiple reasons, and some of them are as
follows: 1) due to lesser light penetration into the solution because of
high CD concentration, ii) high catalyst concentration may lead to
agglomeration and cause shielding of active sites. Furthermore, all the
studies were performed with M-CDs catalyst with a concentration of
11.2 mg/mL. Other control sets of experiments were carried out in

parallel with antibiotic solution (such as antibiotics without catalyst)

159



and in the dark, and exposed to sunlight. In the absence of a catalyst,
no appreciable degradation was observed for TET and DOX under the
irradiation of sunlight for 120 min. However, in the presence of M-
CDs under dark conditions, a degradation efficiency of ~10 % for both
TET and DOX was observed, and a comparative % degradation for all

conditions was given in Figure 4.13b.
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Figure 4.13. (a) Photocatalytic degradation studies of TET and DOX
under various concentrations of M-CDs. (b) Degradation percentage of
TET and DOX under sunlight without M-CDs, in the dark, and under
sunlight with catalyst M-CDs.

Correspondingly, Figures 4.14a-b are comparative C/Co graphs of
optimization studies with TET and DOX that clearly show that M-CDs
possess better photocatalytic ability under sunlight irradiation for both
antibiotics. An obvious increase in reaction rate while irradiated with
sunlight can be seen for TET (1.3x 102 min"!) and DOX (1.1x10"2 min-
1) compared to the rates under dark (TET 6.1x10* min! and DOX
6.7x10*min") (Figure 4.14¢-d) and calculated through Equation 4.5.
The pseudo-first-order kinetic model followed the Langmuir-

Hinshelwood approach in this photodegradation study.
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The superior performance of M-CDs over various photocatalysts

reported for TET and DOX is listed in Table 4.4, which indicates the

excellence of M-CDs compared to various reported catalysts.

Table 4.4. Comparison of the photocatalytic degradation of antibiotics

TET and DOX by various photocatalysts.

Sr. No. Catalysts Pollutant  Antibiotics Time
Conc. (ppm)  (Mins)
al. N-CQDS/’BiPCl,1 TC 20 150
2. GQDs/mpg C;N, TC 20 120
Bl BiVO,/N TC 10 90
CQDs/Ag,PO,
4, GQDs/g-CNNR TC 15 120
5. CQDs/ PbBIO,Cl TC 20 120
6. LaFe0,/SnS, TC 20 120
7. CuBi,0,/BiOBr TC 20 150
8 Vis/CDs-ZIS/PS TC 20 120
9 M-CDs TET and 20 120
DOX
10. M-CD@BC TET and 20 120
DOX

In addition, electrochemical studies were performed to get deeper
insight into the formation of charge carriers in the M-CD photocatalyst
and the mechanism of degradation. The transient photocurrent

response of M-CDs and the bare electrode was obtained for several on-
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off cycles under visible light exposure and depicted in Figure 4.15a.
The response of M CDs to the visible light on-off cycle is significantly
stronger compared to the bare sample. This is due to the excellent
separation of photogenerated electrons and holes in M-CDs, which
reduces the recombination of photogenerated carriers. The enhanced
photogeneration of charge carriers could result in increased
photocatalytic activity of M-CDs. The EIS was conducted to further
evaluate the charge transfer and recombination mechanism. Figure
4.15b demonstrates that the arc radius on the EIS Nyquist plot of M-
CDs appears smaller than that of the bare sample when examined
under visible light illumination. This suggests that there is an efficient
separation of photogenerated electron-hole pairs and a more rapid
charge transfer. This would enhance the photocatalytic activity.

Further, to gain insights into the mechanism of photocatalytic
degradation, a further ROS generation test was carried out. The
photocatalytic activity of M-CDs was investigated in the presence of
scavengers such as t-BuOH (‘OH scavenger), EDTA-Na, (h*
scavenger), and BZQ (O~ scavenger). Figure 4.15¢-d displays
comparative results of the effects of different scavengers on the %
degradation of both antibiotics. The addition of t-BuOH, EDTA-Na,,
and BZQ in TET showed a change in degradation efficiency of 79.4 %,
44.5 %, and 21.1 %, respectively. But in the case of DOX, the
degradation % in the presence of t-BuOH, EDTA-Na, and BZQ were
found to be 70.3 %, 42.6 %, and 20.4 %, respectively. Notably, no
appreciable changes were observed in the degradation of both TET and
DOX in the presence of t-BuOH. However, upon addition of EDTA-
Nay, approximately 45 % decrease in the degradation efficiency for
both TET and DOX (44.5 and 42.6 %, respectively) was observed,
highlighting the role of photogenerated holes. A similar decrease of
approximately 71 % was observed in the degradation of TET and DOX
(21.1 and 20.4 %, respectively) in the presence of BZQ, highlighting
the role of superoxide radical in the photocatalytic degradation of TET
and DOX. Therefore, the order of contribution of ROS in the
photocatalytic reaction of both antibiotics by M-CDs is O2'>h™ "OH.
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The BZQ and EDTA-Na; affect the degradation efficiency greatly. This
observation suggests that O,'~ and h* play a major role in TET and
DOX degradation. Figure 4.15e is a schematic that illustrates the
plausible mechanism for the degradation of antibiotics through
photocatalysis using M-CDs under sunlight irradiation. At first, the
presence of M-CDs in TET and DOX solution facilitates the generation
of excited state electrons (¢”) and holes (h*) under the irradiation of
sunlight. The h* ions effectively oxidized TET and DOX, converting
them into CO; and H>O. In addition, e activate dissolved oxygen (O-)
resulting in the formation of superoxide ions (O:""). This process

enables the breakdown of TET and DOX into smaller hydrocarbon

molecules.
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Figure 4.15. (a) Transient photocurrent density versus time plotted,
and (b) EIS Nyquist plots of M-CDs under visible light in 0.5 M
NaxSOs electrolyte. Effect of scavengers on degradation of (c) TET
and (d) DOX. (e) Schematic illustration of charge transfer in M-CDs
for TET and DOX degradation.

4.3.8. Photodegradation with M-CD@BC

The immobilization of CDs on support would facilitate the handling of
the catalytic system and avoid leaching issues, thereby permitting
multiple working cycles. Thus, moving one step further toward large-
scale adoption of technology, the embedding of CDs in a polymeric
matrix was considered /59, 60]. In this respect, previous studies

showed that CD-loaded composites enhanced the mechanical
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properties of hydrogels as well as altered the optical properties of CDs
[33, 61]. These CDs integrated polymer matrices have been employed
for sensing and degradation of pollutants /9, 62, 63].

More importantly, the use of M-CD@BC serves as a dual role. Firstly,
it helps to detect the antibiotics present widely in the water system, and
secondly, it helps to degrade them effectively. The efficacy of M-
CD@BC in photocatalysis was investigated by a set of preliminary
experiments to identify the maximum removal of TET and DOX. For
this, M-CD@BC was stirred separately with TET and DOX in the dark
for 120 min before being irradiated. In the absence of light, the extent
of adsorption of TET and DOX onto M-CD@BC is invariably low
despite continuous stirring (Figure 4.16a-b). This, in turn, reflects the

fact that surface adsorption is unlikely to play a pivotal role in

photocatalysis.

(a) (b)
1.00 - \ == TET+M-CD@BC 1.00 - =)= DOX+M-CD@BC

\ \
-0.96 - \ o

o (@] N

0.92 - N \
\ ~N -
0.88 Nowy | 0.90- ~
0 30 60 90 120 0 20 40 60 80 100120
Time (Min) Time (Min)

Figure 4.16. Removal of (a) TET, and (b) by M-CD@BC without

sunlight illumination (experimental conditions: Co =20 mg/L).

Furthermore, the TET and DOX containing solutions were irradiated in
the presence of M-CD@BC hydrogel under sunlight, and the
degradation of antibiotics was evaluated using UV-vis spectra. The
photocatalytic activity of M-CD@BC indicates a decrease in
absorbance intensity after photodegradation for 120 min, and %
degradation was found to be 74.2 % for TET and 64.0 % for DOX.
Figure 4.17a shows a C/C, graph of kinetic experiments for TET with
M-CDs@BC, indicating a better photocatalytic efficiency under

sunlight with a reaction rate of 1.2x10-2 min"! (Figure 4.17b). Figure
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4.17¢ is the C/C, graph for DOX, and Figure 4.17d indicates its
photodegradation rate, which is 8.7x10-3 min™'. This photodegradation
study employed the pseudo-first-order kinetic model, which is based
on the Langmuir-Hinshelwood approach. Notably, the porous
polymeric network of M-CD@BC with a large surface area, along with
more pore volume, the lowest band gap, and multiple active sites, can
lead to good photocatalytic activity. The superior photocatalytic
performance of M-CD@BC may be attributed to the strong interaction
between M-CD and BC. Particularly, the M-CDs on BC absorb the
light to generate the electron-hole pairs to degrade TET and DOX,
which could result in increased photocatalytic activity of M-CDs on
BC. Furthermore, M-CDs embedded porous network allows effective
diffusion of pollutants near the optically active M-CDs, which leads to
excellent degradation efficiency. The reusability of the M-CD@BC
matrix was further evaluated by performing five cycles of
photodegradation of TET and DOX (Figure 4.17e-f, respectively).
After the fifth cycle, the photocatalytic activity was almost retained
with minimal effect on repeated degradation, which excludes
significant leaching probability of active M-CD components from the
BC matrix. The retention of photocatalytic activity suggests that the
M-CDs are strongly anchored onto the BC matrix. A BC is known for
its high mechanical strength and high surface area, which may create a
stable environment for the carbon dots, preventing their leaching. The
strong interactions between the CDs and BC could contribute to this
stability. This demonstrates the efficacy of our M-CD@BC hydrogel

composite for repeated photodegradation of antibiotic pollutants.
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4.3.9. Plausible Degradation Pathway for TET and DOX

Furthermore, the mass/charge (m/z) of degraded intermediates and
possible degradation pathways of TET were analyzed using LC-MS
analysis. The degradation intermediates of TET (Scheme 4.2) and LC-
MS analysis are shown in Figure 4.18a-b. The TET degradation
process proceeds by a contribution of reactive species such as O >
h™ 'OH, and degradation follows in three main pathways, such as
deamination, ring opening, and dihydroxylation (Scheme 4.2) /64].
For the first pathway, TET (m/z = 445) is degraded into P2 (m/z = 427)
by dihydroxylation of TET and then undergoes removal of two N-
methyl groups to yield P3 (m/z = 413) and P4 (m/z = 399),
respectively. After deamination reaction, P5 (m/z = 386) and P6 (m/z =
258) were formed. For the second pathway, the formation of P7 (m/z =
431) and P8 (m/z = 417) was attributed to the elimination of the N-
methyl substitute on TET (m/z = 445). Then, P8 was disintegrated into
P9 (m/z = 399) via the detachment of water molecules. Then, P10 (m/z
= 315) was formed by deamination, deamidation, and ring-opening
reaction. Again, P10 was degraded into P11 (m/z = 271) and P12 (m/z
= 258) through oxidation reaction. In the third pathway, the unstable
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C=C double bond P13 (m/z = 461) is formed via a hydroxylation

reaction. Next, P14 (m/z = 372) is formed because of the deamination

and removal of N-methyl groups, and the detachment of the amino

group and ring-splitting reaction from P14 leads to the formation of
P15 (m/z = 320) which is then converted into P11 (m/z =271) and P17
(m/z = 253). After 120 min of degradation, the molecular peak of TET

at m/z 445 was decreased, and eventually, TET could be gradually

decomposed by time into CO,, H,O, and other molecules during

photodegradation /65-67].
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Figure 4.18. Mass spectra of (a) initial TET solution at 0 min, (b)

degradation of TET in 120 min, and intermediate detected.
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degradation of TET and their intermediates.

DOX, on the other hand, undergoes a slightly different intermediate
formation. According to the mass spectra shown in Figure 4.19a-b, the
possible degradation pathway of DOX is also proposed (Scheme 4.3).
The water molecule was lost from the DOX (m/z = 445) to obtain P1
(m/z = 427). P1 was converted into P2 (m/z = 384) through loss of
amino groups. The P2 continued to lose amino and aldehyde groups,
the benzene ring was attacked and opened, then a hydroxyl substitution
reaction occurred, and P3 (m/z = 315) was formed. Further, one
aldehyde and hydroxyl group has been removed, and P4 (m/z = 272) is
generated. The degradation of DOX was completed by a detachment of
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hydroxyl and methyl substituents, and the opening of a benzene ring
[68]. The results show that DOX was oxidized into small molecular

products and decomposed into CO, and H,O.
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Figure 4.19. Mass spectra of (a) initial DOX solution at 0 min, (b)
degradation of DOX in 120 min, and intermediate detected.
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4.4. Conclusions

We have synthesized the melamine-derived carbon dots (M-CDs) and
their composite hydrogel (M-CD@BC) for both photocatalytic
degradation and simultaneous detection of pharmaceutical
contaminants. The M-CDs not only serve as an effective and efficient
sensor for the detection of TET and DOX with good sensitivity and
selectivity, but also remove them from contaminated water. Notably,

M-CDs exhibited the LOD of 133 nM and 138 nM for TET and DOX.
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Additionally, optically active M-CDs were utilized for the
photodegradation of TET and DOX. The mechanistic study indicates
the generation of superoxide radicals along with photoinduced holes
for the degradation of both pharmaceuticals. The M-CD@BC also
shows excellent sensing ability towards TET and DOX. The
photocatalytic degradations of TET and DOX in the presence of M-
CD@BC slightly decrease due to the binding of the active surface of
M-CDs with BC. Moreover, M-CD@BC is found to be recyclable for
multiple catalytic cycles. Our present work paves the way for the
generation of multifunctional CDs and embedded hydrogels for a wide

range of applications.

Note: This is copyrighted material with permission from the Royal

Society of Chemistry.
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5.1. Introduction

Freshwater scarcity has been one of the greatest global problems
due to water pollution, over-exploitation of water resources, and
natural calamities in some underdeveloped and developing
countries /1, 2]. Currently, the water purification, desalination,
and remediation systems are not economically viable since they
involve inefficient energy utilization and sophisticated
infrastructure /3, 4/. Many efforts have been made to develop
more economical, environmentally friendly, and convenient
technologies for solar clean water production /5, 6/. One such
technique involves the utilization of solar energy. Solar energy is
the most abundant green alternative to fossil fuels one can exploit
for freshwater production /7, 8/. Currently, solar desalination
through interfacial evaporation is the most energy-efficient
strategy for the production of fresh water /9.

In this respect, water technology has been reinforced by a variety
of interfacial solar evaporator designs, which have attracted
attention in recent years. A solar evaporator absorbs the solar
energy through a photothermally active material, generates heat at
the water-air interface, and converts water into steam to obtain
clean water [/0-12]. Highly efficient, wide-range absorption and
excellent light-to-heat converting material are prerequisites for
solar steam generation /73, /4]. Previously, many photothermal
materials have been exploited for photothermal conversion, such
as carbonaceous material //5]/, graphene [16, 17], CNT [18, 19],
plasmonic structures [20], polymers [21], semiconductors /22,
23], Metal-organic frameworks /24/, etc. Most such material has
limited applicability due to its high fabrication cost, tedious
synthesis, non-environmentally friendly nature, as well as
insufficient scalability.

Interestingly, carbon-based quantum dots CDs are one of the
emerging classes of nanomaterials with excellent broadband

absorption in the near-infrared (NIR) range with interesting
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optical properties, and distinct applicability /25, 26]. Most
importantly, carbon dots (CDs) are environmentally friendly and
can be easily synthesized from simple or complex organic
materials. Recently, plant-derived organic compounds have been
utilized as a green source [27] to attribute improved
photophysical properties and biocompatibility to CDs /28/. Being
the second-largest naturally occurring organic material on earth,
lignin has also been explored as a green precursor for
synthesizing CDs. Unlike cellulose, lignin has three-dimensional
and cross-linked phenolic networks, possessing high carbon
content by virtue of a large proportion of sp2-hybridized benzene
rings. These features, together with abundant phenolic-OH
groups, promote the formation of CDs /29/. Furthermore, lignin
can be derived from renewable sources, which primarily exist as a
waste by-product from the paper-pulp industry /30].

Moreover, the photophysical properties of CDs have also been
explored for the degradation of organic pollutants by utilizing the
entire solar spectrum through electron-hole recombination and
enhancing photocatalytic degradation /3//. Furthermore, tunable
photophysical properties of CDs can also be constructively
exploited for solar thermal evaporation. The high solar light
absorption, stability, and scalability of CDs are beneficial for
such applications. CDs have a graphite-like sp? carbon cluster
/32], which enables it to show lattice vibration when irradiated
with solar light and convert it into thermal energy. During the
electron transition of CDs after absorbing the energy, they
undergo the energy level transition as well as nonradiative
transitions, such transitions allow the CDs to release some energy
in the form of heat. This thermal energy can further be utilized for
photothermal water evaporation /33].

However, the only hurdle in the case of CDs is their tiny size
(>10 nm), rendering the slow leaching in water media. Therefore,
achieving better recyclability demands appending this material

onto a polymeric porous matrix. Previously, CDs have been
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incorporated into porous matrices to form composite materials
that can be used for drug delivery /34/, light-emitting devices
[35], sensing [36], energy applications [37], photodynamic
therapy /38]/, etc. As for steam generation applications, polymeric
hydrogels enable the integration of nanostructured CDs into
macroscopic materials [/39-4/]. The assembled composite
hydrogels of novel properties are utilized in practical applications
such as wastewater treatment [42], catalysis [43], etc. In this
regard, bacterial cellulose (BC), having a highly porous
nanofibrous network structure, was explored due to its strong
mechanical properties, flexibility, biocompatibility, and thermal
stability. BC, on the other hand, is a green alternative to artificial
polymers [44] that are currently being explored for such
applications. The porosity and hydrophilicity of BC, which
promote water transport and the lower thermal conductivity,
cause less heat loss to bulk water during solar evaporation.®]
Several groups have explored the potential of BC as a solar
evaporating platform hybridized with photothermally active
material for the solar evaporation process [45-47].

In recent times, researchers have integrated multiple methods and
exploited different properties of the photothermal evaporator
material. For instance, Song et. al. developed a polyamide thin
film membrane for forward osmosis and polypyrrole modified
nano-sponge for photothermal evaporation. This coupling system
comprehensively utilizes the advantages of both techniques,
which 1improves the separation efficiency for wastewater
treatment /[48/. Similarly, various carbon-based photothermal
materials and devices were employed for interfacial photothermal
evaporation [1, 49-52].

In the present study, we have developed a facile cross-linking
methodology for the fabrication of carbon dots-based
multifunctional photothermal evaporators suitable for solar steam
generation, desalination, as well as water decontamination by

incorporating it into the bacterial cellulose. Lignin-derived CDs
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(N-LCDs) showing excellent broad-spectrum absorption have
been utilized to form c-BC@N-LCD, by a simple one-pot
hydrothermal method. Here, the reusability issue with CDs has
also been overcome by cross-linking them with bacterial
cellulose. The c-BC@N-LCD shows phenomenal light absorption
in the NIR range. This solar evaporator has shown an evaporation
rate of 2.2 kg m? h'! under 1 sun illumination with good
reusability and robustness even after multiple purification cycles.
Additionally, we demonstrate high-performance solar purification
from various sources and desalination, as well as water
remediation through the removal of heavy metal ions,
pharmaceuticals, and dyes. To the best of our knowledge, this
material has been the very first report on the fabrication of a
potent all-in-one photothermal membrane out of sustainable
precursors like lignin and BC. Thus, the multifunctional c-
BC@N-LCD can have a wide range of applications, ranging from
a large-scale industrial platform to a portable water-purifying
appliance.

5.2. Experimental Section
5.2.1. Materials and Reagents

Lignin was purchased from TCI, sodium chloride (NaCl),
ethylenediamine (EDA), and methylene blue (MB), methyl
orange (MO), congo red (CR), and rhodamine B (RhB) were
procured from Sigma-Aldrich. Kombucha and tea powder were
purchased from the local market. Cobalt(Il) sulphate
monohydrate (CoSO4-H;0), Iron(Il) chloride (FeCl,), Silver
nitrate (AgNO3), and Cadmium chloride (CdCl,) were purchased
from Loba. Dextrose, epichlorohydrin (ECH), sodium hydroxide
(NaOH), tetracycline (TET), and doxycycline (DOX) are
obtained from SRL. All the chemicals were of analytical grade
and used without further purification. Deionized water (DI) was

used throughout the experiment.
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5.2.2. Synthesis of N-LCDs

N-doped lignin-derived CDs (N-LCDs) were synthesized from
0.6 g lignin powder, which was dissolved in 25 mL of DI water,
and 5 mL of EDA as a doping agent. Treat the above reaction
mixture at 180 °C for 12 h hydrothermally. The obtained solution
in the reaction mixture was centrifuged at 10000 rpm for 30 min
to remove the settled debris and then dialyzed against the DI
water for 24 h. The purified CD solution thus obtained was used

for further studies.
5.2.3. Preparation of Bacterial Cellulose (BC)

The kombucha strains were acquired online, and tea powder was
purchased from a regional market. Black tea powder was mixed
with 1000 mL of water and boiled for 5 min. After obtaining the
tea solution, it was cooled and the tea leaves via filtration. Then
add 60 g of dextrose to form the culture media for Kombucha. A
piece of kombucha (10 cm diameter) was added to the above
freshly prepared growth medium and kept for culturing for 7 days
in static conditions, maintaining the 30 °C. After the completion
of BC growth, a brown-colored BC pellicle was harvested from
the air-liquid interface. The impure BC pellicle was washed first
with water and then allowed to be thoroughly washed with 2 %
NaOH to eliminate the attached bacterial cells and other
impurities. Following washing, the BC membranes were stored in

water at 4 °C prior to use.

5.2.4. In-situ Synthesis of BC@N-LCDs (Without Cross-
Linking)

The 2.4 g of lignin powder was dissolved in 70 mL of DI water,
and 20 mL of EDA was further added to this solution. After
ensuring complete dissolution of both reagents, the above-
obtained BC pellicle (~5.1 cm diameter, ~0.8 cm thickness) was

added and treated hydrothermally at 180 °C for 12 h. After the

187



reaction, BC@N-LCD was washed out with distilled water under

continuous stirring for 24 h.
5.2.5. Cross-Linking of BC@N-LCDs with ECH

To overcome the problem of leaching, the BC@N-LCD was
cross-linked with ECH. For the same, take 2.4 g lignin dissolved
in 70 mL of DI, and add BC (5.1 cm diameter, 0.8 cm thickness)
followed by stirring at 1000 RPM for 30 mins while heating
gently. This is to ensure complete imbibition of the lignin
solution. To this mixture, add 6 mL of 12 wt % NaOH and 1.2
mL of ECH. Then transfer the obtained solution into a Teflon-
lined stainless steel hydrothermally and add 20 mL of EDA into it
as a doping agent and treat them hydrothermally for 12 h at 180
°C. The obtained black-colored c-BC@N-LCD hydrogel was
washed with distilled water several times under continuous

stirring.
5.2.6. Characterization Techniques

The morphological analysis of c-BC@N-LCD was carried out
using a scanning electron microscope (SEM), Carl Zeiss,
Germany, with an accelerating voltage of 10 kV. Aerogel samples
(obtained after lyophilization of hydrogels) for SEM were
prepared by cutting using a sharp razor and sticking them on
carbon tape. Samples were gold-sputtered prior to the imaging to
avoid charging. Long BC fibers and the distribution of aggregate
N-LCD in the BC matrix were visualized on an FEI Tecnai 30
G2S-TWIN transmission electron microscope (TEM) operated at
an accelerating voltage of 300 kV. TEM sample preparations
were done on a carbon-coated copper grid by drop-casting two to
three drops of the well-dispersed dilute sample solution. The
crystallinity of BC was determined from the wide-angle X-ray
scattering (WAXS) measurements carried out on a Xeuss

SAXS/WAXS system using a Genisxmicro source from Xenocs
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operated at 50 kV and 0.6 mA. The powder X-ray diffraction
(XRD) pattern of the N-LCD sample was taken on a PANalytical
Empyrean instrument equipped with reference radiation of Cu Ka
(A= 1.54 A) at an operating voltage of 45 kV. X-ray photoelectron
spectroscopy (XPS) was done to know about the chemical
functionality and composition of NLCDs, BC, BC@N-LCD, and
c-BC@N-LCD using PHI 5000 VersaProbe II (ULVAC-PHI Inc.,
USA), equipped with a micro-focused (100 pm, 15 kV)
monochromatic Al-Ka X-Ray source (hv = 1486.6 eV). XPS
spectra were processed using PHI's Multipak software. The
binding energy was referenced to the Cls peak at 284.8 eV. The
Attenuated Total Reflectance Fourier Transform Infrared (ATR-
FTIR) spectra were recorded with a Bruker Alpha II system over
the wavenumber range of 4000-400 cm’'. Absorption, total
reflectance, and diffuse reflectance spectra (DRS) of N-LCD and
BC@N-LCD, and c-BC@N-LCD were recorded in the 200-2500
nm range, using a UV-VIS-NIR spectrometer (UV-2600). The
measurements were corrected by the baseline/blank correction.
The NIR solar reflectance (R*) was measured using the solar
spectral irradiance in the range of 700-2000 nm. The solar
absorptions “A” of samples in the 700-2000 nm region were

measured using equation 5.1.

(1-T).5.dA
4= La-Dsaa e (5.1)

Where T is the reflectance of the sample, S is the solar spectral
irradiance (Wm nm'), and A is the wavelength. The wettability
of samples was checked using a contact angle goniometer
(KYOWA, DMe-201) by sessile-dropping water (2.0 uL) droplets
on the porous BC@N-LCD. The specific surface areas of the
aerogels were measured by the Brunauer-Emmett-Teller (BET)
method using Autosorb-1C (AX1C-MP-LP) at 298 K. The pore
size distribution was obtained by the Barrett-Joyner-Halenda

(BJH) method. Differential Scanning Calorimeter (DSC)
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measurements for finding the latent heat of vaporization were
acquired on a PerkinElmer DSC 8000 instrument using an
aluminum hermetic sample pan at a scan rate of 5 °C/min. The
concentration of metal ions in the purified water sample was
determined by Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) analysis performed in a Thermo Scientific iCAP RQ

spectrometer.
5.2.7. Estimation of Photothermal Energy Conversion

The evaporation experiments were performed at room
temperature under a xenon lamp (250 W) solar simulator coupled
with a Newport monochromator (Newport Instruments). For
water evaporation studies, c-BC@N-LCD and the control BC
with ~0.8 cm thickness and ~5.1 cm diameter were used. c-
BC@N-LCD were kept on a pure BC pellicle and allowed to
append on normal tap water in a petri dish. The size of the petri
dish was selected to fit the fabricated c-BC@N-LCD inside it.
The approximate power density at the evaporating surface was
kept at 1 kW m2. The mass loss corresponding to the evaporated
water was calculated using an electronic weighing balance (iScale
1-400c, India). The temperature profiles before and after
illumination were captured on an IR thermal imaging camera
(FLIR TG 267). The photothermal energy conversion from solar
light into heat for vapor generation was calculated from the
amount of evaporated water with and without c-BC@N-LCD and
control BC. Equation 5.2 was used to calculate the power

necessary for the evaporation of water (Q.).

m X h
Q, = % x 100 (5.2)

Where m is the mass of evaporated water per unit area, t is the

time, and Arv is the enthalpy of vaporization of water for a
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particular evaporating system. Ay of water when evaporating by
a hydrogel system was obtained directly from a DSC thermogram
of the corresponding hydrogel sample at a heating rate of 5 °C
min! under a nitrogen flow. The ALy of free water was also
calculated for comparison from the thermogram of pure water. If
Qs is the power of incident solar radiation monitored in a solar
power meter (Newport Instruments, 91159A), the solar
evaporation efficiency (1) is obtained as the ratio of Q. and Qs

(equation 5.3)

n= Qe/Qs

The final equation for 1 in percentage is given in equation 5.4.

_thLV
1= It

Where Qs = I, which is the incident solar power density.
5.2.8. Real-Time Solar Evaporation Experiments

The practicality of the solar evaporator was tested by performing
evaporation experiments outdoors in real time with a lab-made
setup on a sunny day with no clouds. To find out the solar
intensity rate was continuously monitored every 10 min on a
power meter, and the average value was considered for
calculations. The rate of evaporation was examined by taking the
water from different sources, such as lake water, RO water, tap
water, pond water, and river water. In order to check the per-day
performance of the prepared evaporator, generated steam was
condensed and collected at the end of the day, while the solar

power intensity, temperature, and humidity were noted each hour.

5.2.9. Evaporation Rate at Different Water Sources,
Desalination and Removal of Pollutants by c-BC@N-LCDs
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The rate of evaporation was examined by taking the water from
different sources, such as lake water, RO water, tap water, pond
water, and river water. The solar evaporation, as mentioned
above, was performed. For seawater desalination, the 3.5 % NaCl
was used as a feed solution and irradiated the c-BC@N-LCD with
1 kW m™ sun illumination. The loss in weight is measured by a
weighing balance (iScale 1-400c, India) and used to calculate the
evaporation rate and evaporation efficiency. To evaluate the
removal of heavy metal ions from water, a certain amount of wet
c-BC@N-LCD was added to 50 mL of aqueous solutions
containing 2 ppm of CoSO4 H>0O, FeCl,, AgNO3, and CdCl,,
respectively. Each sample of simulated water was treated with c-
BC@N-LCD, and the final water samples were collected,
followed by measurement of metal ion concentrations through
ICP-MS. Similarly, c¢-BC@N-LCD hydrogels were placed
separately in aqueous solutions containing dyes like MO, MB,
RB, and CR, etc. (2 ppm each), and pharmaceutical drugs such as
TET and DOX (both 10 ppm). Efficacy in water purification in
these cases was checked after irradiating the c-BC@N-LCD-
containing evaporating system with sunlight in real time
(illumination intensity of ~1 kW/m?). The decrement in the
concentration of dyes and pharmaceutical drugs before and after

treatment was monitored with a UV -visible spectrophotometer.

5.3. Results and Discussion

5.3.1. Preparation and Characterizations of N-LCDs

N-LCDs were prepared by one-pot hydrothermal synthesis using
lignin as a precursor for carbon and EDA as an N dopant

(Scheme 5.1).

180°C,12h
Hydrothermal

)

+ HzN\,r\NH2

Ethylene diamine
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Scheme 5.1. Illustration of the synthesis of N-LCDs

Notably, a deep black-brown color dispersion was obtained after
the hydrothermal synthesis of N-LCDs with an intense green
color fluorescence (FL) (Figure 5.1a). The morphology of N-
LCDs was studied using TEM. Figure S.1bi-ii shows the
presence of a homogenous distribution of spherical-shaped CDs
throughout the solution. Notably, the HR-TEM image of N-LCDs
shows a well-defined lattice fringe with a d-spacing of 0.24 nm
that corresponds to the (112) plane of the graphitic structure
(Figure 5.1b iii). Figure S.1c¢ reveals that the histogram of the
size distribution of CDs falls in the 2.4-4.2 nm range. A broad
absorption spectrum of N-LCDs in Figure 5.1d with peaks
positioned at 290 nm belongs to the m-m* transition occurring
from core states of carbon, and peaks at 350 nm and 415 nm are
obtained from n-m* transition from surface states /53/. The N-
LCDs in solution yielded the FL at 390 nm emissions with an
excitation wavelength of 410 nm due to the up-conversion FL
phenomenon as indicated in Figure 5.1e. The yield of N-LCDs
was found to be 619 mg/mL. This result demonstrates the
potential of as-prepared N-LCDs for sensing and photocatalytic
applications. A broad diffraction peak in Figure 5.1f is observed
at 23.0°, corresponding to the (002) plane of graphite /54/. The
suitability of N-LCDs was checked by acquiring diffused
reflectance spectra (DRS) of dried N-LCD samples at the NIR
range (700-2500 nm). As anticipated in Figure 5.1g, N-LCDs
show very little reflectance loss, i.e., 10.53 %, making it an
attractive photothermal substance for designing a robust

interfacial solar evaporation platform.
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Figure 5.1. Characterizations of N-LCD: (a) digital photographs of N-
LCD dispersion captured under bright light (right) and UV light (left),
(b) TEM images of N-LCD captured at different magnification levels,
(c) histogram representing size distribution, (d) UV-visible absorption
spectrum, (e) FL spectra taken under varied excitation wavelengths. (f)

XRD pattern. (g) DRS spectrum of N-LCD in the NIR range.

The functionalities of N-LCD were examined by FTIR spectrum
(Figure 5.2a). A broad peak from 3350-2851 cm™! is assigned to the
combinations of stretching vibrations of O-H/N-H and C-H bonds.
Other prominent peaks at 1664, 1558, 1398, and 1327 cm' are
assigned to C=0 stretching, N-H bending, and C-N stretching, and
aromatic ring vibrations, respectively. The peak at 1185 cm™! is from
C-O functionality. Further, the functionalities and chemical
composition of N-LCDs were inspected by XPS. The XPS survey
spectrum of N-LCDs (Figure 5.2b) confirms doping with N elements
and chemical composition. The deconvoluted high-resolution (HR)
spectra for Cls, Ols, and Nls are provided in Figure 5.2c-e. In high-
resolution Cls XPS spectra (Figure 5.2¢), the peaks at 284.7, 286.0,

and 287.7 eV are attributed to C-C/C=C, C-N/C-O, and C=0,
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respectively. In the HR Ols XPS spectra (Figure 5.2d), the peaks at
531.5 and 532.8 eV are assigned to C=0 and C-O-C/C-OH,
respectively. Figure 5.2e indicates the high-resolution spectra of Nls,
the peaks at 399.5 and 400.8 eV are for pyridinic-N and pyrrolic-N.
The surface functionalization of CDs plays an integral part in their
dispersibility in aqueous and organic solvents, as the surface groups of
CDs make them either hydrophilic or hydrophobic. Notably, functional
groups such as hydroxyl, carboxyl, amines, amide, thiols, etc, give
CDs hydrophilicity, making them highly dispersible in water. The as-
synthesized N-LCDs possess OH/NH, C-H, C=0, and C-O groups on

their surface, which makes them dispersible in water /55].
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Figure 5.2. Chemical functional characterization of N-LCDs: (a)
FTIR, (b) XPS survey scan. Details of XPS deconvoluted spectra of N-

LCDs (¢) Cls, (d) Ols, and (e) Nls.

5.3.2. Preparation Strategies of NIR-Active Composite

Membrane

Despite promising broadband absorption of N-LCDs, its
photothermal activity can be exploited for the solar evaporation
application only if it is stabilized against leaching to the feed
water media. This is because the size of photothermally active N -
LCDs is in the 2.4 - 4.2 nm range. Here, we chose BC as a

convenient porous and biocompatible substrate to accommodate
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N-LCDs without losing its photothermal activity. BC also serves
as a superior thermal insulating platform, which would facilitate
effective thermal management in the anticipated solar evaporating

membrane during the interfacial evaporation process [44].

By culturing the Kombucha strain, BC was produced at the liquid-air
interface as a thick pellicle. Figure 5.3a shows a digital image of a BC
pellicle that was procured after multiple steps of purification. Figure
5.3b represents the robust network structure of a lyophilized BC
pellicle as observed in the SEM (a lower magnification image is given
in the inset). The thicknesses of fibrils are analyzed and a histogram is
drawn (Figure 5.3c), showing that the width of BC fibrils falls in the
20-100 nm range. Furthermore, the ATR-FTIR spectrum of BC is
shown in Figure 5.3d, featuring all the characteristic peaks of
cellulose. The peak at 3352 cm™! arises due to the hydroxyl groups (-
OH) stretching vibration of BC. The 2895 c¢cm™ is attributed to C-H
stretching vibrations. The peak observed at 1035-1059 ¢cm! belongs to
C-O-C and C-O-H stretching vibrations of the pyranose ring /56/. The
XPS survey spectrum of BC exhibited two peaks at 284.0 and 530.4
eV, indicative of the presence of C and O, respectively (Figure 5.3e).
The HR Cls peak of cellulose (Figure 5.3f) shows three resolved
peaks at 284.7 eV, 286.6 €V, and 288.0 eV, assigned to C-C/C-H sp?
type carbon, C-O-, and O-C-O, respectively. The HR Ols peak (Figure
5.3g) confirms the existence of C-O-C (531.2 eV) and C-OH (532.6
eV) functionalities in BC /57].
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Figure 5.3. Characterizations of BC: (a) digital photograph, (b) SEM
image showing nanofibrous porous network structure, (c¢) histogram
drawn for width of cellulose fibers, (d) ATR-FTIR spectrum, (e) XPS
survey scan. HR deconvoluted peak for (f) Cls and (g) Ols.

As a first trial, N-LCDs were incorporated into the BC matrix by
the in situ hydrothermal method. The BC@N-LCD obtained was
black and showed good NIR activity. However, we observed a
decline in solar evaporation efficiency upon repeated cycles.
Therefore, we rationally designed a cross-linking strategy to
covalently attach N-LCDs onto BC fibers. The incorporation of
photothermally active N-LCDs in the BC matrix was carried out
by preparing a homogenous solution of lignin and cross-linker
ECH, afterward treating them hydrothermally. Scheme 5.2a
illustrates the fabrication of a photothermally active evaporation
membrane by direct incorporation of N-LCDs onto BC, while
Scheme 5.2b illustrates a synthesis of c-BC@N-LCD by cross-
linking N-LCDs onto BC.

197



180°C,12h
hydrothermal

N BC Pellicle
NN, e

Ethylene diamine

(b)

HsCOQ/
NaOH
HaN
\ TN, 180°C, 12 h

OCHs
hydrothermal
X=0,NH

Ethylene diamine
==» Bacterial
cellulose

[}
Ho.
HO,
gjo e O . _ BC Pellicle
° + 0 ——
o) > fibre

MO Lignin Epichlorohydrin Crosslinked BC@N-LCD « N-LCD

Scheme 5.2. Schematic illustration of: a) synthesis of BC@N-LCD by
direct incorporation of N-LCD onto BC, b) synthesis scheme of c-
BC@N-LCD by in situ cross-linking of N-LCD and BC.

Further, keep both solar evaporation membranes in water for 24 h
under sunlight (Figure 5.4). In the former case, (Figure 5.4a)
feed water evidently showed brown coloration to feed water due
to the slow leaching of N-LCDs from BC@N-LCD, showing the
ineffectuality of appending N-LCDs to the BC matrix, whereas
after cross-linking with ECH, c-BC@N-LCD (Figure 5.4b)
impart no visible coloration to feed water, showing the effective

covalent anchoring of N-LCDs onto BC fibrils.

Figure 5.4. Demonstration of leaching of N-L@CD from the hydrogel
composites (a) before (BC@N-LCD), (b) after cross-linking with ECH
(c-BC@N-LCD).

5.3.3. Characterizations of c-BC@N-LCD Hydrogel Composite
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The physical appearance of the as-synthesized c-BC@N-LCD
hydrogel membrane is shown in Figure 5.5a. The
micromorphological characteristics of the c¢-BC@N-LCD
composite were examined using TEM (Figure 5.5b) and SEM
(Figure 5.5¢), confirming that the N-LCDs are well bound to BC
nanofibrils (see red arrows marked in Figure 5.5b). A comparison
of FTIR curves obtained for ¢c-BC@N-LCD with those of non-
crosslinked composite and N-LCDs is presented in Figure 5.5d.
A group of strong vibrations emerged at 1005, 1028, and 1150
cm’!, which are not much evident in the non-crosslinked BC@N-
LCD composite, and are attributed to C-O-C bonds formed via
cross-linking with ECH. Peaks at 1640 and 1430 cm™' were
attributed to C=0 (carbonyl) stretching and C=C stretching (from
aromatic rings) from the lignin moiety. Stretching vibrational
peaks corresponding to C-H and O-H/N-H bonds are merged and
appear as a considerably broad band between 2700-3600 cm! in
both N-LCDs and non-cross-linked BC@N-LCD. However, it is
worth mentioning that the intensity of O-H/N-H stretch vibrations
(broad peak >3000 cm') is greatly reduced in ¢-BC@N-LCD
because a large proportion of -OH and -NH moieties from N-

LCDs were engaged in cross-linking by ECH.
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Figure 5.5. (a) Digital photograph of the fabricated c-BC@N-LCD
hydrogel. Morphological characterizations of ¢c-BC@N-LCD by: (b)
TEM (red dotted arrows point to the attached N-LCDs on BC fibres),
and (c¢) SEM. Comparison study of c-BC@N-LCD, BC@N-LCD, and
N-LCDs by (d) FTIR.

Furthermore, the XPS survey scan recorded for c-BC@N-LCD, non-
cross-linked BC@N-LCD, and N-LCD is compared in Figure 5.6a.
All three samples contain peaks corresponding to Cls, N1s, and Ols at
the peak intensities of 281.6, 398.4, and 531.6 eV, respectively. A
comparison of HR Cls peaks of the same samples is also provided in

Figure 5.6b.
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Figure 5.6. (a) XPS survey scan, and (b) HR scan of Cls.

Based on the above discussion a plausible cross-linking
mechanism is proposed and illustrated in Fig. le. In the presence
of OH- in the reaction medium, alkoxide (-RO-) groups from BC
and/or -NH; groups from N-LCDs can react with ECH in two
ways: One way, to form oxirane moieties in close vicinity by
eliminating Cl" (Figure 5.7i and iii), whereas a second possibility
to initiate oxirane ring opening as shown in Figure 5.7ii /58]. It is
worth mentioning that cross-linking might be possible with two
N-LCDs and two cellulose nanofibers, as well as between N-

LCDs and BC. A representative cross-linked product is hence
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presented in Figure 5.7iv as a possible chemical structure of c-

BC@N-LCD.
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Figure 5.7. Possible mechanisms of cross-linking by ECH: (i) and (i1)
linking with the oxirane moiety by eliminating Cl- of ECH by RO~
from N-LCDs and BC, respectively, and (iii) opening of the oxirane
ring by —NH; of N-LCDs. (iv) Representative structure of c-BC@N-
LCD formed after cross-linking.

Moreover, BET surface area analysis was performed to reveal the
surface area and nature of porosity of c-BC@N-LCD aerogel
compared to native BC material. BET surface area plots and BJH
pore volume plots of both samples are provided in Figure 5.8a-d.
Though the mesoporosity of the photothermal composite was
maintained upon incorporation of N-LCDs, a reduction in pore volume

from 237 A to 183 A is evident.
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Figure 5.8. Nitrogen adsorption and desorption analysis conducted for
c-BC@N-LCD and control pristine BC aerogels: (a) BET adsorption
isotherms, and (b) corresponding BJH pore volume plots for c-BC@N-
LCD. (c) BET adsorption isotherms, and (d) corresponding BJH pore
volume plots for BC. The digital photographs of the samples analyzed

are given as insets.

Besides, experiment details to prove the hydrophilicity and
sorption capacity of c-BC@N-LCD, the sessile drop contact angle
tests are performed. To illustrate the hydrophilic nature of the
material, wettability studies were carried out as sessile drop water
contact angle experiments on BC (Figure 5.9a) and ¢-BC@N-LCD
(Figure 5.9b). The good hydrophilic nature of BC and ¢-BC@N-LCD
renders quick absorption of water when a small drop of water comes
into contact with the hydrogel composite. This supports easy wicking
of water through the fabricated evaporator. Both the mesoporous and
microporous nature of the photothermal composite with good
hydrophilic nature would therefore be expected to enhance the rate of
evaporation by facilitating faster water transport to the points of

evaporation.

(a)

BC I BC 8 BC L
(b)

c-BC@N-LC c-BC@N-LC' c-BC@N-LCl

Figure 5.9. Wettability studies performed by contact angle
measurements: (a) BC, (b) c-BC@N-LCD.

5.3.4. c-BC@N-LCD as a Photothermal Platform
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The above design thus can greatly facilitate the interfacial heating
since a better light-to-heat conversion for steam generation can be
anticipated by using the 3D interconnected porous network of BC
for hosting wide-spectrum active N-LCDs [59/. Further, to
evaluate the light-harvesting capability of the c-BC@N-LCD
hydrogel, we acquired its DRS spectrum in wet conditions
(Figure 5.10a). The percentage NIR reflectance spectrum derived
from DRS data is presented in Figure 5.10b. NIR absorption of c-
BC@N-LCD is calculated to be 88.1 %. Further, to verify the
effective photothermal conversion by the composite, the
temperature rise of ¢-BC@N-LCD was recorded while
illuminating with 1 kW m™ solar light. A temperature vs time plot
is drawn for the photothermal platform fabricated (Figure 5.10c¢).
A control BC and water are also kept for reference. In
reconciliation with the above findings, the c¢-BC@N-LCD
hydrogel is endowed with a captivating photothermal property
and shows a sharp increase in surface temperature within the first
30 sec and reaches a highest temperature of 53.2 °C within 152
sec upon illumination of 1 kW m2 sunlight. Thermal profiles of
the same composite captured by an infrared (IR) thermal imaging
camera before and after illumination under 1 kW m-2 sunlight for
60 min are presented in Figure 5.10d. The surface temperature of
BC increased only to some extent from 25.4 to 33.3 °C, whereas a
visible surface temperature rise to 53.2 °C was noticed in c-
BC@N-LCD. The effect of c-BC@N-LCD-water interaction on
the overall evaporation performance of c¢-BC@N-LCD is a
decisive factor in determining the total evaporation performance.
The hry of water alone and with c-BC@N-LCD were measured
using a DSC experiment; thermograms are shown in Figure
5.10e. A significant broadness in the evaporation peak of c-
BC@N-LCD hydrogel can be seen in contrast to the sharp peak
for pure water. Knowingly, the liquid-to-gas transition happened

sharply at the boiling temperature in the case of free-state water
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and decreased immediately. However, evaporation started with
less required energy in the hydrogel system and decreased
gradually after reaching a maximum. It is remarkable that the
completion of evaporation still happens at a higher temperature
due to the considerably high energy needed for the evaporation of
bound water. Additionally, the broadness of the evaporation curve
indicates the existence of multiple possible water states due to the
interaction between cellulose polymer and water [44]. On the
other hand, the overall 4y of water from c-BC@N-LCD hydrogel
was calculated to be 1971 kJ kg™!, which is lower than free water
evaporation enthalpy, i.e., 2267 kJ kg'! (i.e., close to the
theoretical value = 2260 kJ kg!).
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Figure 5.10. (a) DRS of N-LCD, BC, and ¢-BC@N-LCD acquired in
the full spectrum range, (b) corresponding % NIR reflectance. (c) The
comparative temperature rise in water (blue), BC (grey), and c-BC@N-
LCD (red) after illuminating the evaporator for approximately 2 min.
(d) IR thermal image of BC and c-BC@N-LCD captured after
illumination of 1 kW m-? simulated solar light for 60 min (top view).
(e) DSC curves show a difference in evaporation of ¢-BC@N-LCD

and pure water.
5.3.5. Solar Evaporation Performance Studies

To demonstrate the substantiated effective localization of heat
generated at c-BC@N-LCD—water interface (composite kept on

the top of the water, which is taken in a cuvette) while irradiating
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with simulated sunlight (1 kW m™?) as shown in photographs of
Figure S5.11a (digital) and Figure 5.11b (thermal). Once the
practicality of ¢c-BC@N-LCD as a photothermal platform for
freshwater production was established, interfacial solar-driven
evaporation experiments were accomplished using a lab-made
setup in schematic Figure S.11c¢c. Next step, the evaporation
performance of c-BC@N-LCD was correlated with two control
experiments, i.e., a pristine BC and the same volume of blank
water. The cumulative water evaporated observed in each case is
plotted in Figure 5.11d. ¢c-BC@N-LCD hydrogel achieved an
elevated ER, 2.2 kg m? h'!, and photothermal evaporation
efficiency of 120.4 % at solar irradiation of 1 kW m~2, verifying
its excellent light-to-vapor conversion efficiency. The efficiency
of above 100 % can come from the underestimation of the
harvested solar energy, which ultimately reflects in the final
efficiency value. Also, several factors can lead to this speculation,
such as 1) additional energy can be gained from the environment,
2) many factors, such as uneven interfacial temperature across the
membranes, and changes in humidity, can also lead to
underestimation of the light energy that falls on the evaporator
surface, etc /60-62]. Figure 5.11e represents the comparative rate
of water evaporated in BC, water, and c-BC@N-LCD. In
addition, the durability and stability of ¢-BC@N-LCD hydrogel
were tested for practical applications. After 10 cycles, ER
remains at 2.2 kg m~ h'! (Figure 5.11f), indicating the longevity
of the c-BC@N-LCD evaporator.
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Figure 5.11. (a) Digital, and (b) IR thermal profile captured for
demonstrating heat localization at the c-BC@N-LCD-water interface
upon exposure to 1 kW m2 solar light. (¢) Schematic representation of
a lab-made setup used for solar evaporation experiments (red arrow
marks signify effective up-side bulk water transportation).
Comparative studies of water mass loss for BC, water, and c-BC@N-
LCD; (d) cumulative mass of water evaporated vs time plot, (e) rate

performance plot, and (f) cyclic performance carried out for 10 cycles.

As indicated in Table 5.1. which tabulates ERs obtained by mass
loss of water for c-BC@N-LCD, BC, and blank water.

Table 5.1. Represents the ER of the composite, BC, and water.

Sr. Material Evaporation Rate
No. (kg m2h1)

1. c-BC@N-LCD 2.2

2. BC 0.65

3. Water 0.58

Moreover, the effect of loading (Figure 5.12a-b) on photothermal
efficiency was checked and studied further. The composition of a
photothermal ¢-BC@N-LCD platform consists of 1) N-LCD,
responsible for the photothermal activity, 2) a cross-linking part
connecting each N-LCD and BC, and 3) BC as a matrix. To calculate
the active component loading, a c-BC@N-LCD composite of 2 cm X2

cm x 0.4 cm (Ixbxh) was taken and compared with the weight of a
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pure BC pellicle of the same dimension (mass from crosslinking units
was neglected). Thus, % loading with 86 %, 80 %, 79 %, and 73 %
were obtained by varying the amount of lignin precursor as 600 mg,
400 mg, 200 mg, and 100 mg, respectively, during the preparation of c-
BC@N-LCD. The loading of 86 % was the maximum active
component loading possible, above which the cross-linking could not
hold N-LCD to the BC matrix. This maximum composition has
therefore been selected for further studies. While checking the
evaporation performance on the composition, an obvious increase in
the rate of evaporation was observed (Figure 5.12a) because of the
greater availability of NIR active components on the exposed c-
BC@N-LCD surface. Furthermore, variation in the intensity of
irradiation has been studied and shown in Figure 5.12b, which
indicates that as we increase the solar power intensity, there is an

increase in the rate of evaporation observed.
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Figure 5.12. (a) Evaporation rate of ¢c-BC@N-LCDs under different
loading. (b) Effect of irradiation intensity on photothermal evaporation

performance.

The evaporation performance of as-fabricated c-BC@N-LCD
with several reported solar evaporators is compared and given in
Table 5.2, indicating an excellent evaporation performance of our

system achieved by following a simple fabrication strategy.

Table 5.2. Indicative of a different solar evaporator for comparing the

composition and evaporation rate.
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Sr. Sample Composition Evaporation  Solar irradiation Reference

No. rate (kg m2h) (1 kKW m~2)
15 3D wooden cone Tannic acid and iron sulfate 1.79 1 63
evaporator hydrate, Poplar veneer
2 Integrated carbon-based GO/SWCNTSs/SA 1.6 1 64
aerogel
3. Biochar-based interfacial Carbonized corn straw 14 1 65
systems
4. Mesoporous interfacial Graphite and wood 1.2 1 66
system
5.  Semiconductor decorated CuFeSe, N/ wood 1.3 5 67
wood membrane
6. Water Delivery Channel  Polyethylene foam and Air-laid 1.46 1 68
in solar evaporator paper
74 Hierarchical structures Suedette sponge, filter paper, 1.8 1 69

and polydopamine

8.  Bifunctional MoS,-based MoS, nanoflowers, Air-laid 1.27 1 70
evaporator paper, Expandable polyethylene
9. Carbon Dot/ Carboxymethyl 1.4 1 58
Hydrogel cellulose/Chitosan/C-Dots
10. Au@Bi,MoOg-carbon  Nanopyramids/Nanoparticle/Car 1.69 1 71
dots solar steamer bon-dots
s c-BC@N-LCDs Lignin derived CDs and 22 1 Present
bacterial cellulose work

5.3.6. Practical All-Around Water Purification by c-BC@N-LCD

Moreover, for converting light energy into steam energy, ideal
solar-driven water purifiers should be able to handle complex
water sources, which often include pollutants like metal salts,
organic compounds, pharmaceuticals, etc. At first, the ER of
water from different water sources, consisting of lake water, pond
water, reverse osmosis water, tap water, river water, etc., with c-
BC@N-LCD were compared under real-time conditions (Figure
5.13a, 21st November 2023, at 28 °C temperature, Humidity = 56
%). The ER using water from various sources as feed water
under 1 kW m~2 sun irradiation in real-time conditions was ~2.1-
2.6 kg m? h'!, which is higher than the rate obtained for ideal
laboratory conditions. This might be due to wind (average 6 m/s)

present in the outside atmosphere.

Furthermore, a conventional solar evaporator used for
desalination accumulates the salt on the evaporator surface,
obstructing the ability of the evaporator to absorb sunlight and
provide a passage for vapors to leave, which limits vapor

generation efficiency. Thus, a reliable solar desalination
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technique requires addressing the problems related to water
fouling or salt accumulation. To quantitatively measure the water
evaporation performance of c-BC@N-LCD in saline water, the
mass change is measured by a weighing balance via irradiating
the c-BC@N-LCDs under 1 kW m~2 solar power density. Figure
5.13b indicates that the rate of evaporation under 1 sun
illumination (1 kW m™) for saline water was measured to be 2.1
kg m2 h'! with evaporation efficiency up to 120 % for five cycles
(Figure 5.13c¢). On the contrary, the evaporation rates of saline
water with BC and with water were found to be 0.60 and 0.46 kg
m? h'l, respectively. ¢c-BC@N-LCD membrane retains its
performance even after five cycles with saline solution, making it

a suitable candidate for desalination.

Next, to prove the resilience of c¢-BC@N-LCD for the
evaporation of polluted water, different simulated water feed was
investigated. A major share of water pollution is caused by an
indiscriminate release of pollutants like dyes, pharmaceuticals,
metal salts, etc., from various industries. These toxic effluents
contain unreacted chemicals and their by-products, which
endanger aquatic as well as terrestrial life. As a concept model,
the removal of various water-polluting metal ions, dyes, and a
few pharmaceutical drugs using ¢c-BC@N-LCD (3x3 cm?) was
tested with corresponding simulated water samples, and results
are presented in Figure 5.13d-f. Efficient removal of metal ions
like Cd**, Fe?*, Ag*, and Co?' from feed water by ¢c-BC@N-LCD
hydrogel within 2 h was observed (Figure 5.13d). Removal of
these metal ions was noticed both in light and dark conditions.
Among the various available techniques, the adsorption process has
evolved as a prominent method for removing pollutants from the water
system. The removal efficiency of metal ions depends on the
phenomenon of adsorption, which is affected by many factors such as
pH, ionic strength, hard-soft acid-base theory, electronegativity, etc.

The removal efficiency also depends upon hydrogel morphology and
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functional groups present on the surface of the c¢-BC@N-LCD
hydrogel. The hydrogel contains polar functional groups such as
hydroxyl, amines, and carbonyl, which can bind ions through van der
Wal forces, electrostatic interaction, etc. and this could be the most
possible reason behind this removal of metal ions from seed water /74,
15] which suggests that the metal ions probably get trapped by the
surface amino and hydroxyl groups of N-LCDs, which are present
even after cross-linking. Similarly, the degradation of dyes like
MO, MB, RB, and CR was analyzed by means of UV-visible
spectroscopy. Among them, MB shows a reduction in
concentration after performing the degradation with c-BC@N-
LCD hydrogel (irradiating under sunlight) shown in Figure
5.13e. Finally, the potential of this photothermal platform for
remediating the pharmaceutical pollutants present in feed water
was also tested with DOX and TET as model drugs. Initially, the
characteristic peaks for DOX and TET were observed at 372 nm
and 360 nm, respectively. After exposure to sunlight for 60 min,
the peak intensity decreased, indicating a decrease in the
concentration of pharmaceuticals in the feed water. A bar diagram
for % degradation before and after treatment with c-BC@N-LCD
is provided in Figure 5.13f, indicating the excellent efficiency of

this photothermal membrane towards environmental remediation.
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Figure 5.13. Remediation of water by ¢-BC@N-LCD photothermal
hydrogel membrane. Bar plots for: (a) evaporation rates calculated for
various water sources, and (b) the rate of evaporation in saline water.
(c) Evaporation efficiency in saline water, (d) heavy metal ion removal
from water bodies, (e) percentage degradation of various dyes from
water bodies, (f) percentage degradation of pharmaceutical drugs
present in water. Samples were irradiated for 60 min with 1 kW m™2

solar light.

Besides, the real-time outdoor experiment for freshwater
collection has also been performed. To further demonstrate the
practicality of c-BC@N-LCD hydrogel under a real-time atmosphere,
an outdoor experiment was conducted in a prototype evaporation
device under natural sunlight on a sunny day from 10:00 to 17:00 on
14% October 2023. The outdoor solar evaporation device, composed of
an evaporation chamber with a ¢c-BC@N-LCD solar evaporator (one
piece with a diameter of 5.1 cm), was kept inside (Figure 5.14a). This
device was laid on the roof of an experimental building exposed to
sunlight. Within 10 min only it starts forming the vapours (Figure
5.14b). During the evaporation, the vapors are formed and condensed
as water droplets (Figure 5.14¢) and collected at the bottom of the
vessel Figure 5.14d. The wvariation of outdoor solar intensity,
temperature, and humidity for each hour is plotted in Figure 5.14e.
The evaporation device shows the highest water production rate of 2.5
kg m? h! at peak h. An improved evaporation rate was observed here
might be due to the lower humidity and the effect of wind, which is not

otherwise present under laboratory experimental conditions.
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Figure 5.14. Demonstration of fresh water production with the aid of
c-BC@N-LCD performed outdoors. Digital photographs were taken
(a) initially (t=0 min) and (b) after steam was produced (t=10 min).
The formation of water droplets conical roof ensures the formation and
condensation of fresh water produced. (c) Formation, condensation
(=30 mins), and (d) collection of water droplets (t=120 mins). ()
Temperature, humidity, and intensity plots are drawn from the values

recorded in real-time.
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5.4. Conclusions

A multifunctional c-BC@N-LCD hydrogel was fabricated from lignin-
derived CDs cross-linked with BC. N-LCDs, being the NIR active
material, helped to harvest solar light and transform into heat. The
highly porous nature of BC, by virtue of its nanofibrous network
structure, has high water uptake and serves as a support matrix for N-
LCDs. The cross-linking between N-LCDs and BC by ECH has an
important role in stabilizing the membrane against the leaching of
photothermal-active N-LCDs. As-fabricated solar water evaporator
was demonstrated for generating clean water vapors and for
decontaminating polluted water. The evaporator acquires a high ER of
2.2 kg m? h'. Additionally, the versatility of the as-developed
evaporator was also checked with different water sources, including
saline water. The rate of evaporation during desalination was found to
be ~2.1 kg m? h-!. Besides, decontamination of water simulated with
different classes of water pollutants (metal ions, dye, pharmaceutical
drugs, etc.) was also successfully demonstrated. As-designed c-
BC@N-LCD, made from affordable, biocompatible, and eco-friendly
building blocks, can therefore fit for purifying broad classes of water

feeds.

Note: This is copyrighted material with permission from the Royal

Society of Chemistry.
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6.1. Introduction

The depletion of freshwater resources is a critical challenge faced by
the world today /1]. Despite the Earth’s surface being predominantly
covered with water, around 97 % of the planet’s water is saline or
brackish, rendering it unsuitable for direct human consumption /2].
Developing innovative water treatment technologies with a smaller
carbon footprint is a crucial method for mitigating water scarcity and
the consequent ecological crisis. Recently, sunlight-driven interfacial
evaporation has evolved to be a sustainable and economically viable
technique for freshwater generation /3, 4/. It enables solar energy to
facilitate the generation of vapor at the air/water interface /5/. A solar-
driven interface evaporation system mainly comprises a solar absorber
that converts solar energy into thermal energy /6-8/. Various materials
with a wider absorption range, as well as excellent light-to-heat

converting ability, are essential for solar steam generation /9, 10].

Traditionally, numerous photothermal materials have been widely
adopted for research. For example, Wang et al. synthesized pyrrole
using the polymerization method to acquire polypyrrole decorated
wood for solar water evaporation which also shows potential for
seawater desalination and purification ////. Similarly, Yang and co-
workers proposed a polydopamine functionalized hybrid material for
solar evaporation and contaminant adsorption for clean water
production, which is fabricated by polymerization of dopamine onto a
commercial sponge //2]. Li and co-workers fabricated solar-steam
generators based on hyper-cross-linked polymers via in situ doping
with carbon black, which are randomly distributed on the polymer
skeleton /[73/. Although these reports show the excellent light
absorption capability, evaporation efficiency, and water purification
ability, structural imperfections, leaching, fabrication complexity, salt
scaling, and long-term stability are still the major concerns /14, 15].
Moreover, carbon dots (CDs) represent a novel category of
nanomaterials with unique optical characteristics and diverse

applicability, which can be utilized as photothermal material. CDs also
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show catalytic properties, which can be utilized for the remediation of
organic pollutants and various metal ions /16, [7]. CDs are
predominantly eco-friendly and synthesized from a wide range of both
complex and simple organic substances [I8, 19]. Recent findings
indicate that efforts have been made to broaden the absorbance and
improve the electron/hole separation efficiency in CDs by
incorporating them with a substantial conjugated structure, resulting in
a CD-based network with covalent organic frameworks /20, 21]. These
CD-based networks are possibly significant for photocatalysis /22/,
photodynamic applications /20/, and the fabrication of light-emitting
devices /23]. However, minimal research has been devoted to these

materials for photothermal water evaporation.

Alongside this, the primary research objective in developing an
efficient solar vapor generator is to optimize thermal management,
which involves minimizing radiation and convection losses to the
atmosphere and reducing conductive losses to the underlying bulk
water, thereby maximizing the use of solar energy /24/. As a result,
various designs were introduced to prevent the loss of energy through
radiation and convection /25, 26]. Typically, numerous photothermal
materials necessitate a lightweight substrate such as polymers to render
them porous, flexible, buoyant, and/or readily moldable /[27-29].
Moreover, lowering the energy required for water evaporation, through
interactions between the water and polymer-rich hydrogels bearing
hydrophilic functional groups, presents a groundbreaking and
transformative strategy to enhance the evaporation rate [30].
Consequently, hydrophilic polymers such as poly(vinyl alcohol) /31],
chitosan /32], etc have been utilized widely. Also, sustainable materials
like cellulose /27], wood, jute [33], loofahs /34], etc., have recently
been extensively explored by various research groups as promising
green alternatives to synthetic polymers for designing solar-driven pure
water evaporators. Recently, nanocellulose fibers with many surface-
OH functionalities for developing high-performance photothermal

systems have been widely explored /35/. In this context, bacterial
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cellulose (BC) is mechanically robust, flexible, and thermally stable
[36, 37], and could be an environmentally friendly alternative to
current polymeric materials. Numerous studies have demonstrated that
BC serves as a potential porous scaffold, capable of hosting various
photo-thermal entities, and also enables rapid water transport and
minimizes heat loss, resulting in significant improvements in total solar
evaporation performance /37, 38/. This material exhibits exceptional
purity and biocompatibility regardless of culture media, providing a

significant benefit for clean water production applications.

So herein, we report a superior photothermal membrane (F-CD-
p@BC) composed of a novel wide light-absorbing CD-based organic
network of porphyrin (F-CD-POR) integrated with BC hydrogel,
offering clean water production, excellent stability, and multifunctional
performance for desalination, organic pollutants, and heavy metal ions
removal. The F-CD-p@BC, which is synthesized through a
straightforward mixing method, is composed of an ultra-porous solar
light-collecting layer that facilitates effective interfacial vapor
formation with minimized energy consumption. The F-CD-p@BC
membrane shows great hydrophilicity and phenomenal NIR region
absorption with an excellent evaporation rate of 2.3 kg m*2 h™! under 1
sun intensity. Due to the robustness of the photothermal membrane, it
possesses reusability even after repeated cycles. Furthermore, F-CD-
p@BC exhibits extremely effective solar water purification from
diverse water sources alongside desalination and water remediation via
the removal of organic pollutants and heavy metal ions. Consequently,
versatile F-CD-p@BC possesses a diverse array of applications,
extending from extensive industrial platforms to small water

purification devices.
6.2. Experimental Section
6.2.1. Materials and Reagents

Furfural aldehyde, pyrrole, sodium hydroxide (NaOH), and cadmium
chloride (CdCly) were received from SRL. Dichloromethane (DCM),
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Dichloromethane (DMF), and 2,3-Dichloro-5,6-dicyano-p-
benzoquinone (DDQ) were procured from Spectrochem. Tetra-
trifluoroacetic acid (TFA) was purchased from Loba Chemie. Ethanol
was procured from an Analytical CSS reagent. Sulfuric acid (H2SO4)
and methanol were obtained from Merck. The cobalt(Il) sulfate
(CoSO4) was received from NR CHEM, and Lead(II) chloride (PbCl»)
was from Acros Organics. The potassium dichromate (K>Cr,O7) was
procured from SD Fine Chemicals Limited. All the reagents were
utilized without further purification unless otherwise mentioned. The
distilled water (DI) used was obtained from a central facility of IIT

Indore, India.
6.2.2. Synthesis of F-CDs

The furfural aldehyde-derived CDs (F-CDs) were synthesized from 5
mL of furfural mixed with 20 mL of ethanol, following the procedure
given in the literature with some modifications /39/. Hydrothermally
heat the reaction mixture at 180 °C for a duration of 8 h. The resulting
solution from the reaction mixture was subjected to centrifugation at
10000 RPM for 15 min, followed by dialysis against deionized water
for 24 h. The dialysis product was obtained and used further.

6.2.3. Preparation of BC

A symbiotic culture of bacteria and yeast grown in Kombucha was
obtained from Peepal Farm, Himachal Pradesh, India. Further, it was
co-cultured in a mixture of nutrient sources to obtain BC pellicle. The
above mixture was cultured in static conditions. The obtained
membranes were rinsed with deionized water and then thoroughly
washed with NaOH to remove the impurities and adhered cells. After
rinsing to remove residuals, the BC membranes were preserved in

water at 4 °C until use.

6.2.4. Fabrication of F-CD-p@BC Photothermal Membrane

Take 120 mL dry DCM in a round-bottom flask, add 24 mL (mg/mL)
F-CDs, and 1 piece of BC (5%5x0.8 cm?). Stir the reaction mixture in
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an inert N, atmosphere for 15 min. While maintaining the condition,
add 4 mL of pyrrole and 9.6 mL of TFA and stir the reaction under a N»
atmosphere for another 3 h. After the completion of this reaction, add
12 g of DDQ slowly. After the reaction is completed, the obtained
composite of BC is washed thoroughly with first DCM, then with
methanol multiple times, and then finally with DI water until there is
no evidence of leaching in water from the composite. Follow the same
procedure for F-CD-POR synthesis, except for adding the BC at an

initial stage.
6.2.5. Characterization Techniques

The morphological analysis of F-CD-p@BC was carried out using a
scanning electron microscope (SEM), Carl Zeiss, Germany, with an
accelerating voltage of 10 kV. SEM samples were prepared by cutting
dry samples using a sharp razor and sticking them on carbon tape.
Samples were gold-sputtered before the imaging to avoid charging.
Long BC fibers and the distribution of aggregate F-CD-POR in the BC
matrix were visualized on an FEI Tecnai 30 G2S-TWIN transmission
electron microscope (TEM) operated at an accelerating voltage of 300
kV. TEM sample preparations were done on a carbon-coated copper
grid by drop-casting two to three drops of the sample solution. The
powder X-ray diffraction (XRD) pattern of the F-CDs sample was
taken on a PANalytical Empyrean instrument equipped with reference
radiation of Cu Ka (A = 1.54 A) at an operating voltage of 45 kV. The
attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectra were recorded with a Bruker Alpha II system over the
wavenumber range of 4000-400 cm'. Absorption, total reflectance,
and diffuse reflectance spectra (DRS) of BC and F-CD-p@BC were
recorded in the range of 200-2500 nm wusing a UV-VIS-NIR
spectrometer (UV-2600). The measurements were corrected by the
baseline/blank correction. The NIR solar reflectance (R*) was
measured using solar spectral irradiance in the range 700-2500 nm.
The solar absorptions “A” of samples in the 700-2500 nm region were

measured using equation 6.1.

231



1-T).5.dA

Where T is the reflectance of the sample, S is the solar spectral
irradiance (Wm? nm’), and A is the wavelength. The UV-vis
spectroscopic studies of F-CDs and dye removal were recorded using a
Shimadzu UV-1900 spectrophotometer. The wettability of samples was
checked using a contact angle goniometer (KYOWA, DMe-201) by
sessile-dropping water (2.0 pL) droplets on the porous BC and F-CD-
p@BC. The specific surface areas of the aerogels were measured by
the Brunauer-Emmett-Teller (BET) method using Autosorb-1C
(AX1C-MP-LP) at 298 K. The pore size distribution was obtained by
the Barrett-Joyner-Halenda (BJH) method. A Differential Scanning
Calorimeter (DSC) was acquired on a PerkinElmer DSC 8000
instrument. An Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) analysis was performed in a Thermo Scientific iCAP RQ
spectrometer for heavy metal ions detection. A Laser Raman Imaging
System measured Raman spectra with a 532 nm excitation source
(Invia Reflex) to obtain the states of water in a hydrogel. Inductively
Coupled Plasma Atomic Emission Spectrometry (ICP-AES) analysis
was performed in ARCOS, a Simultaneous ICP Spectrometer for metal

ions removal from saline water.
6.2.6. Solar Evaporation Experiments

The evaporation experiments were conducted at ambient temperature
using a 250 W xenon lamp solar simulator coupled with a Newport
monochromator (Newport Instruments). For water evaporation studies,
F-CD-p@BC and control BC samples, each with an approximate
thickness of 0.8 cm and a diameter of 5 cm, were utilized. In a petri
dish, F-CD-p@BC was allowed to append on regular DI water for
observation. The size of the petri dish was chosen to accommodate the
fabricated F-CD-p@BC, ensuring no bare water surface was exposed
to irradiation. The pristine BC was placed below it to facilitate the easy

transport of water from the feed water. The evaporating surface was
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maintained at an approximate power density of 1 kW m-2. The iScale i-
400c electronic weighing balance was used to determine the mass loss
associated with the evaporated water. Further, the rate of evaporation

(R) is determined as follows:

Where,

R: Rate of Evaporation

Am: Mass of water evaporated (kg)

A: Surface area of the evaporator (m2)
At: Time intervals (s)

Moreover, the estimation of Photothermal Energy Conversion () was

calculated by the following formula:

m X hLV
n=— (6.3)
Copt X qj

Where,

n: solar-to-vapor energy conversion efficiency (%)

m: Rate of evaporation (kg m?2 h')

hiy: Total enthalpy of vapour-liquid phase change of water (kJ kg™!)
Copt: Optical density

gi: Solar radiation power (1 kW m™)

Further, the temperature profiles were documented before and during
illumination using an infrared thermal imaging camera, specifically the

FLIR TG 267 model.
6.2.7. Dark Evaporation Experiments

The dark evaporation experiments were utilized to measure the

evaporation enthalpy. For each experiment, the evaporator and pure
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water were simultaneously placed in a closed, dark environment for
evaporation, and the temperature was maintained at 25 °C. The
equivalent evaporation enthalpy of the water in the F-CD-p@BC

evaporator was calculated using the following equation:

hvastmwater' _ hequmsample

(6.4)

Swater Ssample

Where, Ssample and Swacer are the evaporated areas of the F-CD-p@BC
and pure water; Mgample and Myater are the mass change (kg) of the water
in the F-CD-p@BC membrane and pure water in a closed constant
temperature and constant-humidity environment over a period of 10 h;
hyap, Ts are the evaporation enthalpy of the pure water, hequ denotes the

equivalent evaporation enthalpy of the water in the F-CD-p@BC.
6.2.8. F-CD-p@BC for Water Purification Experiments

For evaluating the practical applicability of F-CD-p@BC, the solar
water evaporation test was conducted, and the rate of evaporation was
determined for water from various sources under 1 sun irradiation. The
water evaporation test using methylene blue (MB) and methyl orange
(MO) dye-polluted water was assessed, and condensed water was
collected to measure the dye removal efficacy of F-CDp@BC through
UV-vis spectroscopy. Also, to assess the efficacy of heavy metal ion
removal from water, a specific amount of wet F-CD-p@BC was
introduced into 50 mL of aqueous solutions, each containing 2 ppm of
PbCly, CoSO4, KoCr07, and CdCl,, respectively. The swollen F-CD-
p@BC was agitated, and water was collected. Subsequently, the
concentration of metal ions was determined using ICP-MS in the
collected water. Further, the F-CD-p@BC feasibility towards simulated
seawater for outdoor evaporation tests was performed. The tests were
conducted in the homemade solar evaporation device. The metal ions
removal ratio of the evaporator was calculated according to the

following equation.

c,—C,

@ = X100  (6.5)
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Where,
@: Salt removal efficiency
Co: Ion concentration of water before purification

C¢: Ion concentration of water after purification

The potential of F-CD-p@BC was also checked under strong acid (1M
H>SO4) and strong alkali (1M NaOH) conditions. The evaporation test
was performed for both conditions, and pH was checked before and
after evaporation. Furthermore, the sample was subjected to real-time
analysis in an outdoor environment, exposed to direct sunlight on a
clear day, with an ambient temperature of 31 °C and humidity of 43 %.
The intensity of solar power was systematically recorded at 60 min
intervals using a power meter, and the mean value obtained was
utilized for subsequent calculations to find out the evaporation rate
outdoors. Throughout the experiment, evaporated water was collected

under real-time conditions.
6.3. Results and Discussion
6.3.1. Characterization of F-CDs

The furfural-derived CDs have been synthesized through a
hydrothermal method by treating the reaction mixture, maintained at
180 °C for a duration of 8 h. The obtained solution shows a light
brown color under visible light, which gives a cyan color FL under UV

light, as shown in Scheme 6.1.

¢ + <
(®)

Furfural Ethanol

Scheme 6.1. Schematic of F-CDs synthesis through the hydrothermal
method.
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The as-synthesized F-CDs show a broad absorption peak at 272 nm
(Figure 6.1a). Figure 6.1b indicates FL spectra, which show the
excitation-independent behavior with emission wavelength at 386 nm
when excited at 400 nm due to the up-conversion phenomenon. The
morphology of F-CDs is shown in Figure 6.1¢, which depicts evenly
distributed F-CDs throughout the solution with the particle size in the
range of 3.5-8 nm. The XPS survey spectrum in Figure 6.1d provided
a deeper understanding of the elemental composition of CDs. As
anticipated, the CD surface contains several aldehyde functionalities,
as evidenced by the FT-IR spectra in Figure 6.1e. The FTIR spectrum
featured peaks corresponding to O-H stretching, C-H stretching from
furfural, C=0 (aldehyde) functionality on F-CDs, and C=C stretching
within the aromatic CDs structure. The XRD pattern indicates the
amorphous nature of F-CDs with a broad peak at a 20 angle of 21.31°,
which is associated with a disordered graphitic structure (Figure 6.1f).
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Figure 6.1. Characterization of F-CDs: (a) UV-vis absorption
spectrum, (b) FL spectra taken under varied excitation wavelengths, (c)
TEM Image with inset representing size distribution histogram, (d)

XPS survey scan, (e) FTIR, and (f) XRD spectra.
6.3.2. Characterization of F-CD-POR and F-CD-p@BC

The efficiency of absorption and electron/hole separation in CDs was

enhanced by incorporating them with an extensive conjugated
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framework, culminating in a CD-based network with a framework
structure. This enhancement widened their absorbance and boosted
their activity. Further, the polymerization of F-CDs was accomplished
in the presence of pyrrole via the Alder-Longo reaction, and utilized
TFA as a catalyst. Subsequently, the formation of F-CD-POR was
achieved by adding the oxidant DDQ, and the resulting product was
then characterized /40, 41]. Notably, the F-CDs exhibited a reactive
surface with exposed aldehyde groups. Hence, the formation of
porphyrin moieties can be efficiently achieved by reacting the CD’s
aldehydic groups with pyrrole, under the specified conditions as

illustrated in Scheme 6.2 to yield F-CD-POR moieties.

180 °C
12h

Furfural Ethanol

F-CD-POR

Scheme 6.2. A schematic illustration shows the synthesis of F-CD-
POR.

Following the reaction, a reduction in the number of aldehydic
moieties on the surface of the CDs was observed, as evidenced by the
FTIR spectra shown in Figure 6.2a. This shows the involvement of
aldehyde groups attached to CDs in the formation of porphyrin units.
Additionally, the minute O-H peak at 3349 cm™! indicates hydroxyl
groups on F-CDs, which are not fully consumed even after F-CD-POR
formation; the signal of C=0 at 1709 c¢cm™ in FTIR spectra almost
disappeared in the F-CD-POR composite as compared to F-CD derived
from furfuraldehyde. The stretching vibration at 1614 ¢m™ for C=N
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arises due to aromatic conjugation from porphyrin. This finding further
validated that pyrrole successfully reacted with aldehyde on the CD's
surface to form porphyrin moieties. Further confirmation of F-CD-
POR formation is explored via optical spectroscopy. The absorption
spectra of F-CD-POR dispersed in DMF are illustrated in Figure 6.2b.
As compared to F-CDs, the F-CD-POR spans the entire UV-vis
spectrum with minor bands on the spectrum, probably attributed to the
porphyrin pattern. The absorption characteristic observed around 421
nm can be specifically attributed to porphyrin /20, 42]. This conclusion
is derived by comparing it with the absorption characteristics of the
corresponding F-CD that lacks porphyrin. The excitation spectrum
corroborates these results by displaying a band around 435 nm. Here,
the material synthesized from CD and pyrrole exhibits properties that
are partially comparable to those of materials comprising porphyrin
moieties /43]. In Figure 6.2¢c, there is an overlap of the excitation
spectra of FCD-POR with the bands found in their absorption spectra.
Also, the presence of dual bands in the F-CD-POR excitation spectrum
implies that the excited state emission arises from two distinct states;
both these features can be attributed to the porphyrin. The emission
band in Figure 6.2d exhibits dual emission, with a prior peak
originating from CDs and a secondary peak observed at 650 nm, along
with a shoulder at 715 nm is attributable to porphyrin /43, 44],
indicating the formation of F-CD-POR. The F-CD-POR exhibited a
broader and extended visible absorbance compared to F-CDs,

indicating an enhanced potential for use as a photothermal material.
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Figure 6.2. Representing the comparison between F-CD and F-CD-
POR: (a) FTIR Spectra, (b) UV-vis spectra, (c) UV-vis spectra of F-
CD-POR in comparison with fluorescence excitation spectra obtained
by excitation at 500 nm, and (d) fluorescence spectra of F-CD-POR

obtained in different solvents excited at 420 nm.

Further, we rationally designed a post-chemical modification strategy
to attach the F-CD-POR onto BC for the fabrication of a photothermal
membrane. The F-CD derived from furfuraldehyde was cross-linked
with BC by means of pyrrole units, resulting in F-CD-p@BC via the
“Alder-Longo” reaction, as illustrated in Scheme 6.3. F-CD-POR
retains reactive functional aldehydic groups, which could form
covalent bonds with OH groups on BC through acetal or hemiacetal
linkages under acidic conditions. Moreover, F-CD-POR also possesses
free C=0 and -OH groups that can form hydrogen bonds with the
hydroxyl-rich BC surface. The obtained F-CD-p@BC was black and
exhibited good NIR activity. So, after multiple washings, the fabricated
F-CD-p@BC was further characterized.

239



Furfural Ethanol

) oSS, & SIS
(#] 12 h

F-CD

XN \
\ S A, \
& : - \
X : \
n & A \ w+,opa,{/ N

\

\

\ W \

N
H

v'Photothermally Active

v'Hydrophilic
v'Leaching Resistance

Scheme 6.3. Schematic of the Synthesis of F-CD-p@BC Hydrogel by
Incorporation of F-CD-POR onto BC.

The digital image of the as-fabricated F-CD-p@BC hydrogel
membrane is displayed in Figure 6.3a, which indicates a black color
membrane with a diameter of 5x5 c¢m? The micromorphological
characteristics of F-CD-p@BC were examined by TEM and SEM
imaging. The TEM image in Figure 6.3bi indicates the successful
binding of F-CD-POR on BC fibers, and Figure 6.3bii reveals the
evenly dispersed F-CD within the F-CD-p@BC membrane. SEM of
BC in comparison to F-CD-p@BC was examined as shown in Figure
6.3ci-ii, which indicates the attachment and formation of some
agglomerates of F-CD-POR on BC fibers. The FTIR curves obtained
for the F-CD-p@BC hydrogel membrane with that of BC are presented
in Figure 6.3d, which indicates the O-H stretching shifted slightly
from cellulose (3349 — 3347 c¢cm™'), indicating hydrogen bonding or
interaction of BC with F-CD-POR. The C-H stretching peaks at 2917
cm! in BC shifted to 2847 c¢cm!, suggesting modification in F-CD-
POR to form F-CD-p@BC. The peak at 1109 cm™ in F-CD-p@BC is
indicative of C-O-C bond formation due to acetal or hemiacetal
linkages between F-CD-POR and BC, the slight shift in the peak of C-
O from 1054 cm? (BC) to 1058 c¢cm™ (F-CD-p@BC) confirming
modified cellulose. FTIR results confirm that F-CD-p@BC is formed
through both physical and chemical interactions. Furthermore, the XPS
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survey scan recorded for F-CD-p@BC and BC is compared as
illustrated in Figure 6.3e. All the samples exhibit peaks corresponding
to Cls and Ols, with peaks at 281 and 529 eV, respectively. However,
the emergence of the N1s peak in F-CD-p@BC supports the formation
of porphyrin and its embedment into BC.
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Figure 6.3. Characterization of fabricated F-CD-p@BC hydrogel: (a)
Digital photograph, (b) TEM image at: (i) lower magnification, (ii)
higher magnification (indicates the attached F-CD-POR on BC fibers),
and (c) SEM image of (i) BC, (ii) F-CD-p@BC (indicates the
incorporation of F-CD-POR on BC fibers). Comparison of (d) FTIR
and (e) XPS spectra of F-CD-p@BC and BC.

Further deconvoluted spectra of F-CD-p@BC are studied. Figure
6.4ai-ii shows the comparative Cls spectra of BC and F-CD-p@BC,
which indicate the peaks that are assigned to different functional
groups, such as C=C (283.8 eV), C-H (284.8 eV), C-OH (286.4 eV),
and C=0 (288.9 eV) in BC. After composite formation, these peaks are
shifted, or there has been a decrease in intensity. In F-CD-p@BC, a
slight shift in the peak of C=C to 283.2 eV and a reduction in intensity

of the sp? carbon peak at 284.8 eV suggest a reduction in aromaticity

241



due to interaction with BC. Also, the peak of F-CD-p@BC at 288.8 eV
arises from C=0 and C=N groups of F-CD-POR, whose intensity is
decreased, suggesting that some free aldehydes from F-CD-POR have
reacted with the hydroxyl of BC to form an acetal or hemiacetal. The
deconvoluted Ols spectra of BC depict the peak at 532.4 (C-O) and
533.6 eV (oxygen atom in adsorbed water) in Figure 6.4bii. In Figure
6.4bi, F-CD-p@BC indicates a new peak at 531.6 eV, which supports
the formation of C-O-C bonds likely from covalent bonding between
free aldehyde groups on F-CD-POR and hydroxyl groups on BC. The
minute shift in 533.6 eV of BC to 533.3 eV reflects the altered
hydrogen bonding due to the interaction between BC and F-CD-POR.
Also, the presence of nitrogen-specific peaks confirms the successful
integration of F-CD-POR into BC and the formation of F-CD-p@BC
composite. As shown in Figure 6.4c, which indicates the N1s spectra
of F-CD-p@BC with peaks at 398.0 and 399.4 eV, this is indicative of
the formation of C=N bonds in the porphyrin ring and interaction of F-
CD-POR with hydroxyl groups on BC. These observations reinforce

the successful functionalization of BC and the formation of F-CD-

p@BC.

(a) (b)

—_
(3]
-

(i) F-CD-p@BC i) ~ F-CD-p@BC N1s
3
C1s &
=y
3 3
L‘i— C=0/C=N L“, ..E s
2 2 = F
= = s
® ii) r r r r
£ 8 BC 396 398 400 402
j= = Binding Energy (eV)
N
282 284 286 288 290 530 532 534 536
Binding Energy (eV) Binding Energy (eV)

Figure 6.4. Details of XPS deconvoluted spectra of BC and F-CD-
p@BC for (a) Cls, (b) Ols, and (c) Nls.

6.3.3. Light Absorption and Photothermal Performance
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The optical absorption performance of the F-CD-p@BC membrane
compared to that of the control BC was evaluated using a UV-vis-NIR
spectrophotometer. The F-CD-p@BC membrane with a thickness of
0.8 cm exhibits very little optical reflectance (8.29 %) across the entire
solar spectrum range (300-2500 nm) in Figure 6.5a (purple line), and
BC shows the diffused reflectance of 89.45 % in Figure 6.5a (grey
line). This signifies superior solar absorption by the F-CD-p@BC
composite, related to the optical absorption properties of F-CD-POR
and light scattering within the interconnected fibrous network, which
extends the optical transfer path length. Figure 6.5b presents the data
for the percentage of the NIR reflectance spectrum. A high light
absorbance of 91.7 % is achieved by F-CD-p@BC, which makes it a
potential evaporator for solar steam generation, along with excellent
photothermal efficiency, as investigated further. The corresponding
digital photograph of the F-CD-p@BC membrane is shown in Figure
6.5¢ with a dimension of 5 x 5x 0.8 cm® and was utilized further for
photothermal conversion studies. Figure 6.5d demonstrates a slight
increase in the surface temperature of pristine BC, rising from 26.4 to
31.3 °C, and water, from 26.5 to 31.1 °C, when exposed to 1 kW m~
sun intensity. In contrast, the surface temperature of the F-CD-p@BC
hydrogel rapidly increases from 27.1 to 50.2 °C within approximately
2 min (with inset illustrating thermal images of F-CD-p@BC
compared to BC and water after 1 sun irradiation) and eventually
stabilizes at 50.8 °C in 60 min, as shown in digital and thermal images

of Figure 6.5e.
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Figure 6.5. Solar harvesting property of BC and F-CD-p@BC: (a) UV-
vis-NIR diffuse reflection spectra of the aerogels, (b) corresponding %
NIR reflectance, (c) Digital photograph of membrane utilized for
photothermal conversion studies, (d) comparative temperature change
curves of evaporation systems F-CD-p@BC (purple), BC (gray), and
water (blue) vs time under one solar irradiation (inset: respective
thermal images), (e) Infrared thermal images of F-CD-p@BC surface
captured at 0, 10, 20, 30, 40, 50, and 60 min intervals under 1 sun

irradiation.

Moreover, BET surface area analysis was performed to reveal the
surface area and porosity of the F-CD-p@BC aerogel compared to the
native BC material. The specific surface area and pore volume of the
F-CD-p@BC membrane compared to native BC were measured by
BET and BJH, respectively. As shown in Figure 6.6a-b, the surface
area of F-CD-p@BC was greater than compared of pristine BC. The F-
CD-p@BC maintains the mesoporosity in the photothermal composite,
and a pore volume of 18.1 nm is also increased in F-CD-p@BC,

compared to 14.3 nm in native BC, as shown in Figure 6.6c¢.
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Figure 6.6. Adsorption-desorption curves of nitrogen for (a) F-CD-
p@BC, (b) BC, and (c) comparative pore size distribution curve of F-
CD-p@BC and BC.

The porous nature of F-CD-p@BC greatly improves the hydrophilic
nature, as demonstrated by contact angle measurements. Figure 6.7
proves the excellent wettability of BC and F-CD-p@BC. When a
single drop of water comes into contact with BC and F-CD-p@BC, it
is instantly sorbed by both the aerogel surface (within ca. 0.8 and 0.9 s,
respectively), leaving a 0° contact angle. The high hydrophilicity of
platforms is due to a fibrous network of material, and a high porosity
manifests a fast absorption of water, facilitating improved
photothermal water absorption and evaporation. Moreover, the fibrous
network and high wettability of F-CD-p@BC make it easier for water

wicking and subsequent steam escape from its surface.

0.4sl 0.Ssl 0.95'

05! 0.3sl 0.4s| 0.85'

Figure 6.7. Digital photographs of F-CD-p@BC and BC showing

Wettability Studies

water contact angle measurements on each layer.

To analyze the capillary action in F-CD-p@BC, we performed
capillary wicking of methyl orange aqueous solution using a white
tissue placed at the top of F-CD-p@BC. Notably, the white tissue was
stained orange upon keeping it over F-CD-p@BC dipped in methyl
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orange solution, highlighting effective water transportation through F-
CD-p@BC (Figure 6.8ai-ii). In addition, water molecules can exist in
three states within a hydrogel, i.e., free water (FW), bound water
(BW), and intermediate water (IW) /45/. Raman spectra further
indicated the different states of water in the hydrogel. As presented in
Figure 6.8b, a spectrum of F-CD-p@BC was fitted into four peaks
through Gaussian functions. The peaks at 3222 and 3417 cm!
correspond to the asymmetric and symmetric -OH stretch of FW, and
peaks at 3550 and 3630 cm™' were assigned to the -OH stretch of IW
[46]. Moreover, as compared to pure water (Figure 6.8¢), the F-CD-
p@BC spectra show a higher proportion of IW, which also favors
water evaporation. To further assess the influence of IW on the
vaporization enthalpy of water in F-CD-p@BC, the DSC spectra of
bulk water and F-CD-p@BC were analyzed. As illustrated in Figure
6.8d, the evaporation enthalpy of water in F-CD-p@BC, determined
from the peak of the heat flow signal, which was 1807 J g’!, was
significantly lower than that of pure water (2111 J g!), which closely
aligns with the theoretical value /47/. This indicates a decrease in the
energy required for water evaporation and demonstrates the existence
of IW in the F-CD-p@BC membrane, which leads to an improvement

in the evaporation rate of the solar evaporator.
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Figure 6.8. (a) Photographs of tissue paper placed on the top of F-CD-
p@BC surface before and after wicking methyl orange solution, (b)
deconvoluted Raman spectra with FW and IW peaks in F-CD-p@BC,
and (c) pure water. (d) DSC measurement curves for pure water and

water in F-CD-p@BC.
6.3.4. Water Evaporation Performance of F-CD-p@BC

Notably, the evaporation enthalpy estimated under dark conditions
showed similar results, further validating the above conclusion. The
evaporation enthalpy of water in F-CD-p@BC under dark conditions
was calculated by using Equation 6.4 and was found to be 1529 J g!,
significantly less than the evaporation enthalpy of pure water,
indicating that the energy required for the evaporation of water in F-
CD-p@BC was decreased. It is worth noting that the enthalpy values
measured by the DSC method are higher compared to the test results in
the dark evaporation experiments. This may be due to the DSC results
showing the complete dehydration of the samples, and therefore, the
results may deviate from the actual evaporation enthalpies /48/. In
contrast, the dark evaporation experiments showed a very little
dehydration process, and therefore, the measured enthalpies were
slightly lower than those from DSC results /49]. A favorable light
absorption, excellent hydrophilicity, and good photothermal conversion
endow F-CD-p@BC hydrogels with promising photothermal

evaporation performance.

Also, the significantly effective localization of heat produced at the F-
CD-p@BC-water interface (composite positioned at the top of the
water in a cuvette) under irradiation with simulated sunlight (1 kW m-
2) is illustrated in Figure 6.9a (digital) and Figure 6.9b (thermal). A
lab-made setup was used for an interfacial solar-driven evaporation

experiment (Figure 6.9c¢).
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e

Figure 6.9. Illustrate heat localization at the F-CD-p@BC-water
interface after exposure to 1 kW m™ solar radiation, (a) a digital and
(b) an infrared thermal profile. (c) Schematic representation of lab-
made solar evaporation test setup (yellow arrows indicate efficient

bulk water transportation in an upward direction).

Subsequently, the evaporation performance of F-CD-p@BC was
correlated to two control experiments, namely, pristine BC and an
equivalent volume of pure water. The cumulative water evaporation for
each case was measured and depicted in Figure 6.10a, which indicates
an increase in the evaporation rate with respect to time. The hourly
evaporation rate of the F-CD-p@BC membrane accomplished an
elevated evaporation rate of 2.3 kg m= h'! calculated by Equation 6.2,
in comparison to BC and water alone (Figure 6.10b and Table 6.1)

under a 1 kW m™ sun power intensity.

Table 6.1. Represents the ER of Composite, BC, and Water.
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Sr. No. Material Evaporation Rate (kg m h')

1. F-CD-p@BC 2.3
2. BC 0.55
3. Water 0.46

Equation 6.3 was utilized to calculate evaporation efficiency, which
was found to be 97.7 % for F-CD-p@BC. So, the system demonstrated
excellent light-to-vapor conversion efficiency. For practical
applications, we also estimated the durability of F-CD-p@BC and
observed no visible decline in the water evaporation rate after ten
cycles (Figure 6.10c). To assess the findings, recent related works are
summarized and presented in Figure 6.10d, demonstrating that the F-
CD-p@BC evaporator possesses the most excellent photothermal
ability compared to studies reported in terms of the evaporation rate

and surface temperature.
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Figure 6.10. Water mass loss comparison between BC, bare water, and
F-CD-p@BC: (a) the cumulative mass of evaporated water is plotted
against time, (b) evaporation rate performance, (¢) cyclic performance
conducted across 10 cycles, (d) comparison of F-CD-p@BC with other

photothermal materials reported in previous literature.
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Furthermore, the effect of variation in the intensity of the irradiation
light has been studied. The instrument that we are using for performing
photothermal studies, “a xenon lamp (250 W) solar simulator coupled
with a Newport monochromator (Newport Instruments)”, provides a
maximum irradiation intensity of 1 kW m™. Therefore, we have
checked the evaporation rate under 0.5, 0.75, and 1 kW m™ during the
experiment. The obtained evaporation rate with FCD-p@BC and pure
water is measured under the intensity mentioned above and plotted as
shown in Figure 6.11, which indicates that as the intensity of solar
irradiation increases from 0.5 to 1 kW m2, the water evaporation rate
also increases from 1.1 to 2.3 kg m? h'!. The results confer strict

requirements on the water supply capacity of the material.

Pure Water
20 F-CD-p@BC

Rate of Evaporation
(kg m?h)

0.5 0.75 1
Intensity (kW m3)

Figure 6.11. Influence of radiation intensity on the rate of

photothermal evaporation.
6.3.5. Practical All-Around Water Purification

An ideal solar-driven water purification system should proficiently
convert solar energy to steam energy while simultaneously managing
diverse water sources and removing organic pollutants and heavy
metal ions. The evaporation performance of F-CD-p@BC was
investigated by utilizing various water sources under real-time
conditions (11" November 2023, at 29 °C, humidity = 52 %), including
waters sourced from rivers, lakes, ponds, a reverse osmosis system,
and taps. Under 1 sun irradiation, the evaporation rate of F-CD-p@BC

membrane using multiple water sources as feedwater consistently
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ranges between 2.2 and 2.3 kg m~ h'! (Figure 6.12a), highlighting the
applicability of F-CD-p@BC in a practical environment. Moreover, the
removal efficiency of dyes such as MB and MO from dye-polluted
water is evaluated through UV-vis absorption spectra. As shown in
Figure 6.12b-c, over 99 % of the dye is removed after purification,
and the inset images show that the dye solution turns into a colorless
liquid after purification. Further, the wastewater purification capacity
of F-CD-p@BC at 1 kW m? was evaluated for heavy metal ion-
contaminated water. The ICP-MS results indicate that F-CD-p@BC
hydrogel effectively removes metal ions such as Cr?*, Cd**, Pb**, and
Co?" from feedwater within 2 h (Figure 6.12d). The removal
efficiency of these metal ions was calculated by Equation 6.5, and it
was observed under both light and dark conditions, demonstrating the
exceptional performance of the hydrogel in purifying heavy metal ion-
contaminated wastewater [63/. Figure 6.12e demonstrates that the
evaporator F-CD-p@BC could maintain excellent evaporation
performance in a strong acid (1 M H2SO4) and alkali (1 M NaOH)
environment. After purification, the pH values of purified water were

found to be close to those of deionized water.

(a) (b) (c),,
~18]—wnB -~ Mo
‘3 25 : 18 After Purification, : 0.6 - After Purification
C w20 812 'y
1.2 o
_g NE 15 g - % 0.4 --
5 o0 5o 5 Ll
g < 2 = 20.2-
> 0.5 < Ko
o | <
0.0 0.015 T T —— 0.0 T T T
. 400 500 600 700 800 320 400 480 560
Wavelength (nm) Wavelength (nm)

E After Purification
B s D
b= A

(e)
5 BE oo
© 804
E n - After Purification
w 604
© Neutral

Pb* Cd* Cr* Co?

Figure 6.12. Illustrates the purification of water by utilizing the F-CD-
p@BC photothermal membrane: (a) Depicting evaporation rates
obtained for different water sources, (b, ¢) UV-vis spectra of MB and

MO before and after purification, respectively, (d) removal of heavy
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metal ions from aquatic environments, (¢) comparison showing pH of

solution before and after purification.

Additionally, the salt tolerance of the evaporator is vital for long-term
stability in salty water. The salt resistance experiment was executed.
Here, 1 g of NaCl was placed on the surface of F-CD-p@BC. Most of
the salt crystals present on a surface of F-CD-p@BC start dissolving in
1 h and completely dissolve after 4 h in a dark environment, suggesting
a good self-cleaning capability (Figure 6.13a), attributed to the porous
network and hydrophilicity of BC, which helps in rapid water
exchange and advection of salt into feedwater overcoming the ability
of traditional solar evaporators employed for desalination. Also, as
shown in Figure 6.13b, no salt deposition happens on the surface of F-
CD-p@BC under 12 h of continuous solar irradiation in simulated
seawater. Due to excellent salt resistance ability, the water evaporation
performance of F-CD-p@BC, as compared to BC and water in saline
water, is persistent for 5 cycles with an evaporation rate of 2.1 kg m
h' under 1 kW m? solar irradiation (Figure 6.13c), which is
approximately similar to the evaporation rate of F-CD-p@BC in
normal water. The ion concentration of simulated seawater after
purification in condensed freshwater was determined by ICP-AES. It
was found that the concentrations of all four primary ions of Na¥,
Mg?*, Ca*", and K" present in simulated seawater were significantly
reduced and far below the limits of drinking water set by the World
Health Organization (WHO) /64]. Further, we calculated the ion
removal ratio of F-CD-p@BC according to Equation 6.5. The
estimated salt removal ratios of Na*, Mg?*, Ca**, and K" were 99.33,
99.94, 98.31, and 99.84, respectively, as indicated in Figure 6.13d,
which demonstrates that the F-CD-p@BC membrane is potentially
reliable for long-term solar water desalination. In addition, the
atmospheric acidification and heavy industrial pollution lead to the
earth’s water sources being acidic or alkaline beyond the pH
requirement of drinkable water (range of 6.5-8.5), according to the

Environmental Protection Agency /65].
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Figure 6.13. (a) Image showing salt ablation experiment on the surface
of F-CD-p@BC in the dark, (b) Photographs showing no deposition of
salt on the upper surface of F-CD-p@BC during solar desalination
until 12 h, (c) recyclability and evaporation rate for saline water under

1 sun, (d) ions removal of simulated seawater after desalination.
6.3.6. Real-Time Application

Moreover, to validate the practical application of the F-CD-p@BC
hydrogel in real-time conditions, an outdoor experiment was carried
out using a prototype evaporation device. The experiment was carried
out from 11:05 to 16:05 on October 29, 2024, in natural sunlight. The
outdoor solar evaporation device, consisting of an evaporation
chamber containing a single F-CD-p@BC solar evaporator with a
diameter of 5 cm, was placed inside the chamber, as shown in Figure
16.4a. This device was placed on the roof of a sunlit experimental
building. During evaporation, the vapors are generated and
subsequently condensed into water droplets within 60 min, which are
then collected at the bottom of the vessel. The evaporation rate can be
determined by recording the mass of water at various time intervals

with a balance. Throughout the process, data on evaporation rate, solar
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intensity, temperature, and humidity were recorded and presented in
Figure 16.4b. The exceptional evaporation rate of 2.7 kg m h™! for the
evaporation device is observed during peak hours. The observed
enhancement in evaporation rate may be attributed to lower humidity
and the influence of wind, which is otherwise not present under
laboratory experimental conditions, highlighting the excellent
capability of the device for freshwater production.
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Figure 6.14. (a) photographs of a lab-made outdoor evaporation device
containing the evaporator at 0 and 60 min (indicates the generation of
steam), and (b) outdoor freshwater evaporation rate along with
temperature, humidity, and intensity plots drawn from the values

recorded in real-time.
6.4. Conclusions

In summary, we successfully fabricated a highly efficient, portable
solar evaporator (F-CD-p@BC) by incorporating a novel carbon-dot-
based organic network (F-CD-POR) into a BC hydrogel via the Alder-
Longo reaction. The synthesized F-CD-p@BC exhibits broad-spectrum
light absorption and achieves a high evaporation rate of 2.3 kg m= h'!
(1 kW m™). The interconnected porous structure facilitated the water
transport ability of a solar absorber, minimizing heat loss and making
the F-CD-p@BC membrane ideal for solar desalination and
wastewater treatment. The membrane exhibited long-term stability,
maintaining salt-resistance ability with a 2.1 kg m*2 h'! evaporation rate
for seawater and also effectively removing organic pollutants and
heavy metal ions, showcasing its potential for real-world applications.

Additionally, outdoor testing confirmed its robustness, with an
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evaporation rate of 2.7 kg m h!, surpassing many advanced solar
evaporators. The study highlights a scalable and eco-friendly approach
for clean water production, offering a viable solution for water
purification in remote areas. The innovative design of covalently
linked carbon-dot networks opens emerging avenues for next-
generation photothermal materials, with applications beyond

desalination, including photocatalysis and solar energy harvesting.

Note: This is copyrighted material with permission from the American

Chemical Society.
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7.1. Conclusions

The rapid industrialization and urbanization of modern society have
resulted in the increased contamination of water resources by
pollutants, such as heavy metal ions, pharmaceuticals, dyes, and
explosives. To address the dual challenge of water scarcity and
pollution, the development of efficient, sustainable, environmentally
friendly technologies for environmental remediation and water
purification is a pressing global priority. To address these challenges,
carbon dots, a novel class of zero-dimensional carbon-based
nanomaterials, have emerged as highly promising candidates owing to

their unique photophysical and chemical properties.

This thesis focuses on developing carbon dot-based optical sensors and
photothermally active membranes for water remediation. As compared
to semiconductor quantum dots and other organic fluorophores, carbon
dots exhibit outstanding characteristics such as tunable
photoluminescence, excellent aqueous dispersibility, remarkable
biocompatibility, resistance to photobleaching, simple and cost-
effective synthesis, and superior NIR light-harvesting ability. These
unique features make them particularly suitable for applications in
sensing, photocatalytic ~degradation, and solar-driven water
evaporation. This thesis underscores the benefits of using carbon-rich
natural resources as well as chemical precursors for the synthesis of
carbon dots via bottom-up approaches, especially the hydrothermal
method. The use of biomass-derived precursors converts low-value
waste into high-performance nanomaterials. A key highlight of this
research is the functionalization of CDs through strategies like doping
and chemical reduction to tune their optical properties. These
modifications significantly enhance the photoluminescence quantum
yield and broaden the emission range, thereby expanding the scope of

CDs in various environmental applications.

In this regard, green carbon dots were derived from banana peel, which

was further reduced to tune their optical properties. Further, sensing
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attributes of both these carbon dots were explored towards metal ion
sensing. The non-reduced carbon dots show selective sensitivity
towards cobalt, whereas the reduced carbon dots are highly sensitive
towards cobalt and mercury. To ensure recyclability and portability,
the carbon dots were incorporated into polymeric or biopolymeric
matrices, such as bacterial cellulose and polyvinylidene fluoride, which
further enhanced their applicability by improving mechanical stability,
reusability, and operational feasibility. Such carbon dot-based
nanocomposites (CNCs) have demonstrated exceptional performance

in key environmental applications.

So far, very little work has been done towards the fabrication of-film
for picric acid detection. Picric acid is a key member of nitroaromatic
compounds and is considered a significant groundwater contaminant as
it discharges into water bodies. Therefore, effective monitoring and
trace-level detection are of critical importance. Thus, utilizing C.
thevetia-derived carbon dots, picric acid was detected at a trace level.
Further, the reusability of these carbon dots has been increased by
incorporating them in PVDF to form a flexible, portable thin film for
highly selective sensing of picric acid. The fabricated thin film works
well in various real-time conditions and can be utilized for real-sample

analysis as well, highlighting its practicality.

The excessive and widespread use of antibiotic drugs such as
tetracycline and doxycycline for treating bacterial infections has a
detrimental effect on human health and water sources. Therefore, their
removal, i.e., detection and degradation, is vital to ensure human and
environmental safety. The melamine-derived photocatalytically active
carbon dots have been synthesized and further incorporated into three-
dimensional bacterial cellulose to fabricate the portable fluorescence
sensor. The as-synthesized carbon dot and its composite hydrogel are
utilized for sensing as well as degradation of tetracycline and

doxycycline.
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Owing to broad-spectrum light absorption and high photothermal
conversion efficiency, the carbon dots were further utilized for
fabricating photothermally active membranes by embedding them in
porous matrices. Toward this end, a multifunctional hydrogel was
fabricated from lignin-derived carbon dots incorporated into bacterial
cellulose hydrogel via cross-linking. The fabricated hydrogel shows
excellent NIR absorption, which was demonstrated for the generation

of clean water and also for decontaminating polluted water.

In another related work, an efficient solar evaporator was fabricated by
incorporating a novel carbon dot-based organic network into bacterial
cellulose via the Alder-Longo reaction. The synthesized solar
evaporator is ideal for freshwater generation and desalination. The
membrane exhibited long-term stability and works well with the water
from various sources, and also at different environmental conditions
for a sustainable solution. Overall, this study underscores the
versatility and potential of CDs as multifunctional nanomaterials for
addressing global environmental challenges. The findings validate the
strategic importance of CDs in the development of next-generation
materials for water purification, pollutant sensing, and renewable

energy harvesting.

7.2. Scope for Future Work

Despite the progress made, several challenges and avenues for future

research remain.

¢ Deeper insights are required to know about the exact
photoluminescence mechanism of carbon dots; computational
modelling and advancing spectroscopic techniques will be key
in this field.

+»* As carbon dots are derived from various sources and methods,
standardizing the synthesis protocol could greatly improve their

consistency in performance during bulk synthesis.
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Developing a hybrid nanocomposite that combines carbon dots
with other functional materials such as MOF, 2D materials, etc,
to enhance multifunctionality.

Incorporating a carbon dot-based system into smart sensors,
wearable devices, and environmental monitoring platforms for
real-time detection and remediation processes.

Carbon dots show a promising role in solar-driven water
evaporation, so extending work for real-time application and
also expanding their use in electricity generation during water
evaporation is a high-impact area for sustainable energy

research.
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Figure 1.1. Representation of freshwater | Data taken from the
usage worldwide 2024 United
Nations World
Water
Development
Report
Figure 1.3 Schematic illustration Reproduced from
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Schematic Illustration of: (c)
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Schematic Illustration of: (d)
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Schematic showing: (a) CDs

Reproduced from
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Schematic showing: (c)
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Reproduced from
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1, with permission
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Figure 1.12a

Schematic illustration of: (a) C-
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Schematic illustration of: (b)
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Schematic illustration of: (c)
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275




INDIAN INSTITUTE OF TECHNOLOGY INDORE

I hereby certify that the work which is being presented in the thesis entitled Multifunctional
Carbon Dots-Based Nanocomposites for Sustainable Environmental Management and Solar-Driven
Water Evaporation in the partial fulfillment of the requirements for the award of the degree of
DOCTOR OF PHILOSOPHY and submitted in the DEPARTMENT OF CHEMISTRY, Indian
Institute of Technology Indore, is an authentic record of my own work carried out during the time period

from AUGUST 2020 to JUNE 2025 under the supervision of Dr. Shaikh M. Mobin, Professor,
Department of Chemistry, IIT Indore.

The matter presented in this thesis has not been submitted by me for the award of any other

degree of this or any other institute.

N

Signature of the student with date
(NIRMITI MATE)

This is to certify that the above statement made by the candidate is correct to the best of my
knowledge.

W
A\
V\S/

Signature of Thesis Supervisor with date
(PROF. SHAIKH M. MOBIN)

NIRMITI MATE has successfully given his/her Ph.D. Oral Examination held on D€c¢: U 2© 28

‘o
Sh?
e
Signature of Thesis Supervisor with date
(PROF. SHAIKH M. MOBIN)




	35e6b323a4f45581c4f03557ba01b7f791911382824dde239fab9314f3209703.pdf
	638eda06eb5216b0c2e76de7d03f28a47f19b60ebb00f6583da3daf5774a34ba.pdf
	35e6b323a4f45581c4f03557ba01b7f791911382824dde239fab9314f3209703.pdf
	2b75679514eedc84f6940154c2580f86d88762129a83e60d6c2a715fe3e586cc.pdf

