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Abstract: In the ever-advancing field of nanotechnology and nanoscience, luminescent
carbon dots, or carbon quantum dots, have emerged as one of the most up-and-coming
carbon-based nanomaterials in recent years due to their diverse physicochemical properties,
which include low toxicity, ease of synthesis, superior photostability, excellent water solubil-
ity, high specific surface areas with ease of surface functionalization, and unique electronic
and optical properties. They exhibit two-photon absorption and unique tunable fluores-
cence emission across a wide range of wavelengths, which can be precisely controlled by
surface modifications and particle size. These characteristics have led to their widespread
usage in a variety of applications, including optical/fluorescent sensing, electrochemical
sensing, and energy-related fields, such as light-emitting diodes, photovoltaic supercapaci-
tors, bioimaging, drug delivery, and antimicrobial research. Recently, focus has shifted to
the green synthesis of carbon dots, with significant success achieved in this area, opening a
plethora of opportunities in both basic and applied sciences. This review is a comprehen-
sive study of milestones achieved in the area of green carbon dots. This review starts with
the historical background of luminescent materials and how carbon dots/carbon quantum
dots have been emerging as the stars among all luminescent nanomaterials. The challenges
of conventional synthesis methods for nanoparticles are also discussed, with a detailed
review of the various green synthesis processes reported to date. This section provides
insights into widely accepted formation mechanisms and their influence on the shapes
and sizes of CDs. In the next section, various physical properties of CDs are discussed,
highlighting characteristics such as high quantum yield, photoluminescence stability, and
chemical inertness, which make them exceptional nanomaterials. Last but not least, various
CD-related challenges and future prospects are highlighted. Overall, this review provides
details of recent developments in the area of green CDs.
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1. Introduction

Over the last few years, the term luminescence (sometimes called “cold light”) has
considerably impacted the field of research and device application. The term “phosphor”,
derived from the Greek meaning “light bearer”, was coined in the 17th century by an Italian
alchemist, Vincentinus Casciarolo of Bologna. He found a stone, probably barite (BaSOj),
and fired it with the intention of turning it into a metal. Although he did not obtain any
metal, he discovered a material that glowed in the dark after exposure to sunlight. Later,
in 1866, Theodore Sidot designed zinc sulfide (ZnS), a prototype of phosphorus that is
currently used in cathode ray tubes [1]. The term “luminescence” was first used in 1888
by a German physicist, Eilhardt Weidmann. ‘Lumen’ is a Latin word which means ‘light’.
Luminescence is the phenomenon of the emission of light that is produced when an electron
from an excited state of a chemical species returns to its ground state [2]. The materials
exhibiting this phenomenon are known as “luminescent materials” or “phosphors”. Wiede-
mann and Schmidt (1895) were probably the first to report the thermoluminescence (TL)
of at least two of the modern materials (fluorite and CaF;:Mn) that are widely used [3].
Luminescence is an intrinsic property of substances in any of their aggregate states, be
they gases, liquids, solids (crystalline or amorphous), polymers, glasses, and organic or
inorganic substances.

In 1933, the Polish physicist Aleksander Jablonski proposed an energy-level diagram
to describe the luminescence phenomenon. He depicted the possible radiative and non-
radiative transitions in organic compounds, providing a theoretical framework that remains
foundational to luminescence studies. However, the real boost to the research came from
the pioneering work of Farrington Daniel and his colleagues at the University of Wisconsin
(USA) during the 1940s and 1950s. They demonstrated luminescence in a wide range
of organic and inorganic substances, including alkali and alkaline earth halides, quartz
(5i0,), oxides, phosphates, borates, and sulfates [4]. The properties of materials change
drastically when the bulk material is reduced to dimensions in the range of 1-100 nm, at
which point they are referred to as nanoparticles (NPs). NPs are usually classified into
various categories based on their properties, shapes, or sizes, including fullerenes, metal
NPs, ceramic NPs, and polymeric NPs. NPs exhibit unique optical properties, which are
highly size-dependent and result in different colors due to their absorption in the visible
region. Additionally, their chemical and physical properties, such as reactivity, toughness,
and conductivity, are influenced by their distinct size, shape, and structure. Nanoparticles
made from semiconductor materials are called quantum dots (QDs). In QDs, the quantum
confinement effect plays a significant role, causing the absorbance and emission of light to
strongly depend on particle size and shape. This effect allows the emission wavelengths
of QDs to be tuned across the spectrum, from ultraviolet to visible to near-infrared, by
simply altering their size and composition. These characteristics make QDs highly suitable
as luminescent materials. However, most QDs with desirable luminescence properties are
composed of heavy metals, raising environmental and health concerns. In recent years, the
eco-friendly synthesis of fluorescent carbon dots (CDs) has gained significant attention as
an alternative to heavy metal-based QDs. CDs are known for their low toxicity, resistance
to photobleaching, and remarkable optical properties, making them a safer and more
sustainable luminescent material. Fluorescence carbon quantum dots (CDs) are a new class
of carbon-based nanomaterials that are <10 nm in size and have sp? and sp® hybridization.
These CDs were discovered accidentally while working in the laboratory. In 1991, lijima
synthesized single-walled carbon nanotubes (SWCNTs) using the arc discharge method
in which an arc is generated between two graphite rods (one is of cathode and another
of anode), which are kept at a certain distance of a few nanometers. It was observed that,
between two electrodes, the anode is sublimated, whereas carbon is deposited on the
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cathode electrode [5,6]. Later, Xu et al. (2004) named this carbon at the cathode electrode
as a CD [7]. In 2006, Sun et al. synthesized stable photoluminescent carbon nanoparticles
of different sizes, demonstrated the photophysical properties that depend on the nature
of the surface of carbon dots, and named them carbon quantum dots (CDs) [8]. Owing to
their high stability, good biocompatibility, low toxicity, environmental friendliness, cost-
effectiveness, and easy functionalization, they found a wide range of applications, which
proved to be fruitful for researchers in every field, including physics, chemistry, biology,
nanotechnology, etc. CDs can exhibit 7-electronic conjugation in the presence of -OH,
—-COOH, -OR, C=0, etc., groups on their surface. Sometimes, the surfaces of CDs are doped
with nitrogen, sulfur, and other dopants, such as the NH,, -NO,, -CN, -SH, and -SOH
groups, for modified optical properties [9-11].

CDs have been gaining importance in nanochemistry because of their distinct physical
attributes, particularly their strong luminescence. CDs have intensely adjustable fluo-
rescence properties that resemble inorganic luminous semiconductor nanoparticles [12].
Therefore, CDs with this characteristic property assist scientists in identifying cutting-edge
uses and products associated with CDs in a variety of fields, particularly biomedical ones
like drug delivery, disease detection, bioimaging, biosensing, photocatalysis, electrochem-
ical luminescence, therapeutic genes, photosensitizers, and optronics [13]. The plentiful
element carbon, which is non-hazardous, as well as one of a number of the building blocks
of life itself, is used to make CDs. The development of CDs has so far been approached in
some ways. Nonetheless, experts from all around the world are interested in green CDs that
are synthesized from natural green materials. Green CDs are carbon dots made from sus-
tainable resources, including vegetables, fruits, agro-waste, and renewable green sources,
like biomass. Due to their affordability, ease of acquisition, high stability, straightforward
technique, safety, and abundance of carbon sources, natural green resources are a great
source for the synthesis of CDs. Furthermore, in contrast to CDs made from chemical pre-
cursors, green CDs exhibit environmental friendliness. As CDs can turn low-value biowaste
into lucrative goods, the environmentally friendly production of CDs has emerged as the
most popular sustainable green strategy. These unique advantages also make green CD
uses possible in physical, chemical, and biological domains, such as solar cells, biological
imaging, and photonic device manufacture [14]. Furthermore, compared with organic
dyes and conventional semiconductor quantum dots, green-synthesized CDs have many
advantageous properties, such as small size, high water dissolution, highly adjustable
photoluminescence (PL), biocompatibility, simplicity of alterations, nontoxic multi-photon
excitation (up-conversion), economical scale-up production, distinct fluorescence behavior,
electrochemiluminescence, and versatility when combined with other nanoparticles [12].
Green CDs can be rapidly coupled with biomolecules owing to these advantageous charac-
teristics. Compared with carbon, which is often a dark substance with weak fluorescence
and little water dissolution, they are less hazardous and chemically inert. As a result,
CDs are now preferred for use as an efficient medication delivery and biological imaging
carrier [15]. The exceptional electrical features of CDs, such as their ability to absorb or
donate electrons, are primarily responsible for their electrochemical luminescence (ECL)
and chemical luminescence qualities, which allow for uses in the fields of catalytic activity,
optronic, and sensors [16,17]. This review focuses on three major areas of carbon dots
(CDs): the green techniques used for their fabrication, their unique electronic and optical
properties, and the recent advances in their environmental and biomedical applications. It
highlights the significant contributions that CDs can make in these fields. Furthermore, this
review provides a comprehensive outline of ongoing research on CDs, aiming to explore
their potential for future development and innovation.
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2. Challenges of Conventional Synthesis Methods for Nanoparticles

With advancements in nanoscience and nanotechnology, various categories of NPs
with specific applications—ranging from technology and medicine to environmental
remediation—have been developed. In essence, NPs have become an integral part of
modern life. However, the synthesis of NPs presents significant environmental challenges
due to issues such as instability in hostile environments, toxicity, limited recyclability,
reusability, and regeneration. These limitations hinder their widespread application in
environmental remediation, medical therapeutics, and other fields [18].

The release of toxic chemical species during the chemical synthesis of NPs, as well as
the introduction of these species into the environment, has contributed to the degradation of
soil, water, air quality, and ultimately human health [19]. These chemical species are often
unsustainable and not easily degradable, further exacerbating environmental concerns.
Consequently, there is a pressing need to develop sustainable approaches that minimize
the production of toxic waste. In this context, the green synthesis of NPs has garnered
significant attention in nanotechnology research. Utilizing natural resources, this novel
approach offers a more sustainable alternative by producing fewer harmful by-products
compared with conventional NP synthesis methods.

Additionally, biomass-derived nanomaterials and nanocomposites exhibit a wide
range of applications, including energy conversion, photocatalysis, sensing, water purifi-
cation, and storage. Agricultural waste biomass, particularly from seeds, vegetable peels,
shells, leaves, and similar sources, serves as a plentiful and sustainable resource for the
production of carbonaceous nanomaterials. Depending on the size and structure of the gen-
erated nanomaterials, these bioderived carbon-based nanomaterials often display diverse
optical and photoluminescent properties. It has been discovered that these biomass-derived
nanoparticles are highly water-soluble, biocompatible, less toxic, and thermally stable. Due
to their remarkable optical and emission characteristics, photostability, chemical inertness,
and excellent biocompatibility, carbon nanomaterials have been extensively utilized across
various sectors. These include applications in biomedicine, environmental remediation, and
energy-related technologies, making them highly versatile and valuable materials [20,21].

3. Green Synthesis Method of Carbon Dots

Global demand for a safer environment and sustainable economy has impacted sev-
eral industries, including the nanotechnology and materials science research fields. The
“green” synthesis of NPs has become a hot topic of research to produce NPs that are reli-
able, sustainable, and eco-friendly. However, the question arises: what is green synthesis?
This technology, which is environmentally friendly, cost-effective, easy to handle, and
uses green precursors like plants and their extracts, microorganisms, algae, enzymes, and
biomolecules for the synthesis of different nanoparticles, is referred to as “green synthesis”.
The goal of green NP synthesis is to reduce chemical waste while also promoting envi-
ronmental sustainability. The main principles of green chemistry are to achieve: (a) atom
economy, (b) energy efficiency, (c) safer chemicals, (d) prevention, (e) renewable feedstocks,
(f) design for degradation, (g) less hazardous chemical synthesis, (h) reduce derivatives,
(i) pollution prevention, (j) safer solvents and auxiliaries, (k) catalysis, and (I) accident
prevention [19]. Green technology has had a great impact during the last decade due to its
inherent advantages, such as the use of non-toxic reagents, enhanced stability, biocompati-
bility, sustainability, expediency, and low energy requirements. Typically, the green mode
of nanoparticle synthesis is preferred over the physical and chemical routes of nanoparticle
synthesis. Biological agents, such as bacteria, fungi, yeasts, and plants, may be employed
as bio-nano factories for eco-friendly, one-step rapid synthesis of nanoparticles. These
methods are being extensively studied because of their wide application in all areas of
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science. Furthermore, in green synthesis methods, nanoparticles are not only synthesized,
but also stabilized by various proteins, carbohydrates, and other organic molecules [22,23].

The synthesis of any NPs can be divided into two categories: top-down and bottom-
up. In the top-down approach, heavy materials are broken into nanosized structures or
particles according to their intended composition and suitable properties. The top-down
approach involves arc discharge, laser ablation/passivation, electrochemical synthesis, and
chemical oxidation. The bottom-up approach is a technique in which a material is built up
atom-by-atom, molecule-by-molecule, or cluster-by-cluster [24]. The bottom-up approach
includes combustion, thermal, hydrothermal pyrolysis, and microwave irradiation. In this
review, we focus on the green synthesis methods of CDs, mainly bottom-up approaches,
because these techniques are the most commonly used to synthesize green CDs.

Bio-waste-derived CDs have attracted a lot of interest due to their special features and
wide range of uses. Their exceptional photostability and minimal cytotoxicity make them
useful as sustained fluorescent probes in biomedical imaging. Furthermore, by effectively
delivering therapeutic chemicals, they provide ecologically friendly drug delivery systems.
CDs made from bio-waste make it possible to create inexpensive, environmentally friendly
sensor devices for biological molecule identification, heavy metal detection, and environ-
mental monitoring. Their adaptability includes water purification, offering a sustainable
solution to address water contamination through adsorption and pollutant-degrading
capabilities. CDs made from biowaste also exhibit potential as sustainable alternatives for
batteries and supercapacitors in energy storage systems [25].

3.1. Hydrothermal Assisted Synthesis of CDs

Over the years, the hydrothermal method has become one of the most commonly used
methods for the synthesis of advanced nanomaterials, as well as composites exhibiting
tailored properties [26]. In the green hydrothermal method, CDs are prepared using extracts
of various carbon-based green precursors that are derived from various parts of plants,
such as leaves, roots, stems, fruits, seeds, vegetables, and waste materials. In this method,
the synthesis of CDs depends on the solubility of carbon-based precursors in hot water
under high pressure. The main steps involved in the hydrothermal synthesis of CDs are
the dehydration, carbonization, and surface deactivation of various green carbon-based
precursors under high pressure and high temperatures. Hydrothermal synthesis is thought
to be more intriguing and useful because of its excellent quantum yield, inexpensiveness,
nontoxic nature, and environmental friendliness [27,28].

The synthesis of CDs by the green hydrothermal method has been reported by many
researchers. Several parameters are optimized by these researchers, such as the source
of carbon, reaction temperature, hydrothermal treatment temperature, pH of the reaction
solution, centrifugation, and dialysis before hydrothermal treatment. It has been observed
that different green precursors require different temperatures, times, and reaction conditions
in hydrothermal treatment (Table 1). Also, to increase the quantum yield and tune the various
intrinsic properties like surface reactivity, optical and electronic properties, etc., CDs are
doped with nitrogen, sulfur, or other heteroatoms [29]. In a typical hydrothermal synthesis
of CDs, Sachdev et al. chose coriander leaves as a carbon source [30]. A certain amount of it
was taken and dissolved in a certain amount of solvent. Without establishing its reaction pH,
temperature, and stirring, they transferred this solution to an 80 mL internal Teflon vessel,
which was further enclosed in the SS body, and subjected it to hydrothermal treatment at
240 °C for 4 h. After that, the autoclave was cooled, and particles were washed and filtered.
Figure 1 shows schematically the variation in various steps for the synthesis of CDs. In
general, hydrothermal processes involve many steps. The first stage is the selection of a
carbon source. Generally, the raw materials used for the synthesis of biomass-derived CDs
include the micro-molecules derived from biomass, such as citric acid, glucose, sucrose,
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ascorbic acid, etc.; biomass or plant waste components; and natural biomass, such as peanut
shells, rice husks, onion peels, etc. After the carbon source is finalized, different molar
concentrations of it can be used.

Table 1. Hydrothermal synthesis of CDs.

Precursor Molar Mass Crystallite Size/ . S
Type Precursors Used /Molar Ratio Particle Size (nm) Optimum Parameters Applications Ref.
HT-180 °C for 5h
pH-2.3,5,7,and 9
Prunus mume MR-0.6 PS-9 Cen-10,000 rpm for Cellular imaging [31]
20 min, and
Dr-24h
. Chionanthus MR-0.5 PS5 HT-180 °C for 6 h .Meta.I ion sensing and [32]
Fruits retusus imaging of fungal cells
HT-180 °C for 5h Cellular imaging and
Unripe peach MR-0.5 PS-8 and Cen-10,000 rpm for oxygen reduction [33]
15 min reaction
o Sensing and
Cherry tomatoes - PS-7 HT-180 °C for 6 h environmental [34]
and pH-2-11 .
monitoring
HT-100, 130, 160, and
. 180 °C for 12, 18, 24, and
Acerola juice MM-1 g/mL 36 b, respectively, and Sensors [35]
Cen-8500 rpm for 15 min
Lemon juice 40 mL PS-50 HT-120-280 °C for 12~ OPtoelectronics and [36]
bioimaging
HT-125, 150 and 170 °C
for12h
Carica papaya MR-50 mL PS3 pH-6 Cellular imaging [37]
juice Cen-15,000 rpm for g
Juices 20 min, and
Dr-12h
3. Officinarum HT-120 °C for 18 min
’ ice MR-2.33 PS-2.5-3.0 Cen-5000 rpm for 20 min Imaging probes [38]
) and 13,000 rpm for 15 min
. HT-150 °C for 12 h - .
Malu(s doin)eshca 1g/mL CS-45 C-5000 rpm for 20 min B101mag1n%lof fungal [39]
apple D-24 h ce
HT-120 °C for 2.5 h and
. 7 h,and 180 °C for 7 h . . ,
Bitter oranges - PS-1-2 pH-7, and Cen-1000 rpm Imaging of live cells [40]
for 15 min
. HT-120 °C, and Sensing of Fe3* ion
Onion waste - PS-15 pH-4-8 and cellular imaging (1]
HT100°Cand 140°Cfor _ Photocatalysis,
Walnut shells MM-0.02 g/mL PS-3.4 12h, and photoelectric devices, [42]
phototherapy, and
pH-7 bioi .
ioimaging
Sugarcane HT-280 °C for 12 h Drug delivery,
8 0.5g/mL PS-1.2-3.8 Cen-6000 rpm for 10 min bioimaging, and [43]
molasses -
L-72h biosensors
Plant/fruit
waste HT-200 °C for 12 h .
Lemon peel waste MM-0.05 g/mL PS1-3 pH-7 ie(:;lzlcr;%a?nis [44]
Cen-10,000 rpm for 30 min P y
HT-200 °C for 24 h . - .
Banana peel -- PS 4-6 Stored at 4 °C. Vivo bioimaging [45]
180 °C for5h Detection of Fe3* ,
Pomelo peel 0.01 g/mL Cen-10,000 for 10 min and L-cysteine [40]
Applications as sensor,
. 150 °C for 2 h !
Pineapple peel 1mg/mL PS2-3nm 10,000 rpm for 15 min molecular, and [47]

memory device
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Table 1. Cont.
Precursor Molar Mass Crystallite Size/ . o
Type Precursors Used /Molar Ratio Particle Size (nm) Optimum Parameters Applications Ref.
HT-200 °C for 3 h
Willow bark 0.066 g/mL PS0.5 Cen-14,000 rpm for 10 min Glucose biosensor [48]
Dr-10 min
. 3+ .
Coriander leaves ~ MM-0.125 g/mL PS23 HT-240 °C for 4 h Sensing of Fe”" fon 23]
and cellular imaging
5 Detection of trace
Betel leaves - CS3-7 HT-180 °C for 24 h Fe3* ions in [49]
Cen-10,000 rpm
water samples
Multicolour emitting
200 °C at different q carbon C:Ots o
Betel leaves - CS4.5 reaction times of 12 h, ingirﬁ?;r;ui?nsr;; [50]
24h,36h, and 48 h fibroblast, and human
thyroid cancer cells
Detection of
HT-150 °C for4 h formaldehyde using
Purslane leaves 0.05 g/mL CSé6.1 Cen-12,000 rpm quartz crystal [51]
microbalance
To detect cesium in
HT-190 °C for 8 h environmental samples
Maple leaves - €52-10 pH7-9 and catalytic oxidation (521
Leaf of glycerol
Dual fluorescence
Catharanthus responsive behavior in
roseus (white 0.01 g/mL CS5 200 °C for4 h multi-ion detection, [53]
flowering plant) and biological
application
Tamarindus 210°Cfor5h Detection of mercury
indica (T. indica) 0.4 g/mL CS34 Cen-10,000 rpm (II) and glutathione [54]
Tulsi leaves Sensing probe for
(Ocimum 0.33 mg/mL CS4-7 180 °C for4 h label-free, sensitive [55]
sanctum) detection of Pb?* ions.
Fresh leaves of Selective detection of
Tulsi 0.07 g/mL CS5 200 °C for4 h Cr(VI) in aqueous [56]
ws media
Development of an
efficient hierarchical
Leaves of 180 °C for 8 h electron transfer
Centella asiatica 125 g/mL 5218 Cen-3000 rpm for 15 min cascade system for (571
photovoltaic
applications.
An antibacterial agent
Henna leaf 180 °C for 12 h .
powder 0.0125 g/mL CS5 Cen-12,000 rpm for 20 min and probg for sensing [58]
of an anti-cancer drug
Hibiscus 160 °C for 8 h Bio-imaging agent and
sabdariffa leaf 0.033 g/mL G535 Cen-8000 rpm for 15 min. Cr (VI) sensor 159
Winter melon MM-0.4 PS4.5-5.2 HT-180 °C for2 h Cell imaging [60]
Vegetables o0 © Free radical
8 Garlic MM-0.033 g/mL PS11 HT 20(1){_5_2“ 3h scavenging and [61]
P cellular imaging
Insect Bee pollens MM-0.025 g/mL PS1-2 HT-180 °C for 24 h Cellular imaging and )

catalysis
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Table 1. Cont.
Precursor Molar Mass Crystallite Size/ . c
Type Precursors Used /Molar Ratio Particle Size (nm) Optimum Parameters Applications Ref.
Switchable
fluorescence probe
HT-200 °C for 8 h for sensitive
Date kernels 0.2 g/mL PS2.5 Cen-16,000 rpm for 20 min assay of zoledronic [63]
Dr-24h acid drug in human
serum and
Seeds cellular imaging
Photo-triggered
theragnostic,
fluorescent sensor for
Yigna radiata 0.05-0.01 mL/uL CS 10 nm HT-180 °C for 24 h extracellular and [64]
intracellular iron (III),
and multicolor live cell
imaging probe
Pseudo-stem of HT-180 °C for2 h Nano-sensor and
Stems banana plant MM-0.75 5022 Cen-5000 rpm for 15 min bioimaging agents (651
HT-180 °C for 18 h Sensi T3 i
Agricultural Sweet potato 0.285 g/mL PS 3.39 C-8000 rpm for 20 min ensing of Few 1ons [66]
and cell imaging
Dr-48 h
CT-room temperature for
. 10 min . .
Raw material =~ Mangosteen pulp 0.5g/mL PS5 Cen-9000 rpm for 10 min Cellular imaging [67]
and Dr-24 h
Daucus carota HT-170 °C for 12 h
subsp. Sativus 0.3 g/mL PS2.30 Cen-5000 rpm, Drug delivery [68]
(carrot) and Dr-48 h
Roots : :
Morinea oleifera Sulcotrione detection
r%)o ts - CS3.6 Cen-10,000 rpm for 10 min and anti-pathogen [69]
activities
HT-180°C for4 h Quantification of CoA
Water chestnut pH-5.8 in pig liver and
and onion 0-1g/mL P53.5 Cen-12,000 rpm for 20 min imaging of CoA in (70l
Dr-48 h living T24 cells
HT-200 °C for 3 h,
Cen-12,000 rpm for Cu?+ sensing and
Finger nail 0.66 g/mL CS51.96-4.15 10 min, and photodegradation of [71]
vacuum dried at 60 °C for 2,4-dichlorophenol
48h
Other Biomass water HT-180 °C for 12h Detection of ferric iron
s 0.1g/mL CS1.2-4.2 and Cen-8000 rpm for ¢ Jrme o [72]
yacinth . and cellular imaging
20 min
Ultraviolet absorbent
HT-200 °C for 8 h .
Acorn cups waste 0.01 g/mL CS4-7 and Cen-10,000 for 15 min for polyvmyl [73]
alcohol film
Orange peel,
ginkgo Biloba HT-200 °C for 8 h
leaves, 0.01 g/mL CS2.6 and Cen-10,000 rpm for Detection of iron ions [74]
Paulownia leaves, 10 min

Magnolia flower

MM-—molar mass, MR—molar ratio, CS—crystallite size, PS—particle size, HT—hydrothermal temperature,

Cen—centrifugation. CT—calcination temperature. Dr—dried temperature.



Crystals 2025, 15, 320

9 of 35

mume

Garlic

. " T temperature
ﬁ r-l r-l -I -
) 4 egetables
e Yoes & Leaves -> I
MM - Lot : pomi \ )
Winter melon Wi riander leaves Tt

Unripe peach Cherry tomatoes Chlonanthus retusus

-SYNTHESIS U f— -

. R

-

Setting up of

concentration
of extracts

@ Setting up of
pH

Apple

75 > 2N
W] et o
2 T - [

Walnut shells Sugarcane molasses
F-1 —

Settmg up of

e

CQDs dispersed in
aqueous layers

Figure 1. Various stages of hydrothermal synthesis of CDs using various carbon sources.

Other parameters of the reaction, i.e., the pH of the reaction (stage 2, Figure 1), can
be optimized within the range of 2 to 11. Adjusting these pH values has been shown to
influence the morphology of the resulting CDs. In the third stage (Figure 1), the transfer of
the extract to the autoclave and optimization of the hydrothermal treatment temperature
have been widely explored by researchers. The filling of the inner Teflon cylindrical vessel
with the extract, also referred to as the autoclave filling factor, has been reported to range
from 50% to 80%, with hydrothermal treatment temperatures in the range of 120-280 °C
and reaction times of 2 to 36 h. At the end of the process, the autoclave is allowed to cool
naturally to room temperature. The change in the solution’s color indicates the successful
formation of CDs. The as-synthesized CDs are purified using centrifugation at speeds
of 1000-16,000 rpm for 10-20 min, effectively removing larger or agglomerated particles
(residues). Further purification can be achieved by dialyzing the obtained solution with
distilled water using a dialysis membrane, with durations ranging from 10 min to 48 h.
With these modifications and optimization steps, researchers have successfully synthesized
various CDs (Figure 1). In one study, Huang et al. synthesized CDs using sugarcane
molasses as a carbon source via a simple and environmentally friendly hydrothermal
method. The UV-vis absorption spectra, fluorescence spectra, XRD patterns, and HRTEM
images are presented in Figure 2. In the UV-vis absorption spectrum, two distinct absorption
peaks at 260 nm and 320 nm were observed, along with an emission peak at 390 nm. The
HRTEM results confirmed the formation of spherical C-dots with an average diameter of
1.9 nm. The XRD analysis revealed that the CDs possessed a low-carbon lattice structure.
The XPS results confirmed that carbon was the major component, along with oxygen and
trace amounts of potassium, calcium, and silicon. Furthermore, these CDs were utilized to
sense Fe®* ions by detecting changes in fluorescence intensity in the presence of Fe?* ions.
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Figure 2. (a) UV-vis absorption spectra and fluorescence spectra, (b) XRD and (c¢) HRTEM images,
and (d) statistical size distribution of C-dots obtained from HRTEM images [43]. (Reproduced with
permission, Copyright © 2013, RSC).

3.2. Microwave-Assisted Synthesis of CDs

Microwave-assisted green synthesis of CDs is an inexpensive and one-step method
that has been widely described by many researchers. In this approach, green precursors
derived from various plant parts, such as fruit, juice, seeds, roots, and stems, are utilized to
eliminate the need for high-acidity reaction precursors, elevated temperatures, and pro-
longed reaction times (Figure 3). The primary stages involved in microwave-assisted green
synthesis include the selection of green carbon sources, preparation of plant extracts, mi-
crowave treatment, and subsequent purification steps, such as centrifugation, dialysis, and
sonication. This method is highly energy-efficient and operates under high-temperature
and high-pressure conditions [75]. Microwave-assisted fabrication is quick, easy, economi-
cal, and environmentally friendly. Moreover, it provides high yields, minimal impurities,
precise size control, enhanced safety, greater reproducibility, and superior experimental
parameter control. These benefits are attributed to the uniform and selective distribution
of microwave radiation throughout the sample during the manufacturing of CDs [76]. A
significant advantage of microwave heating is its contactless heat transfer mechanism,
which enables reactions to occur rapidly and uniformly [77].
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Figure 3. Various stages of microwave synthesis of CDs using various carbon sources.

Many researchers have used microwave-assisted green synthesis of CDs by optimizing

various synthesis parameters, such as the type of green precursor, reaction temperature and

pH, microwave irradiation temperature and time, and centrifugation conditions (Table 2). In

2021, Hu et al. reported a simple and effective method for the synthesis of CDs using orange

peel as the carbon source. Fully cleaned orange peels were naturally dried and ground

into a fine powder [78]. The orange peel was mixed in 10 mL of ethylene glycol. Without

establishing the pH of the solution, the mixture was heated in a household microwave

oven for 1 min. The resulting brown solution was purified by centrifugation at 15,000 rpm,

yielding CDs with sizes ranging from 3 to 5 nm. Similar work, with greater detail, has

been reported by other researchers using various green precursors, such as mushrooms,

tapioca flour, tissue paper, silk fibroin, fresh ripe pomegranate, and watermelon peels.

Different molar ratios of these precursors were used. Following this, several researchers

adjusted the pH of the reaction solution within the range of 1 to 10, finding this step

to be critical for controlling the morphology of the CDs. In subsequent steps, different

microwave treatment temperatures and time intervals were optimized to synthesize CDs

with enhanced properties. Once the CDs were synthesized, purification was performed

to remove impurities. In 2019, Basoglu et al. reported the synthesis of CDs using roasted

chickpeas, where they employed centrifugation to remove aggregated particles, further
refining the quality of the CDs [79]. Similarly, in 2020, Suhail et al. synthesized CDs
using carrageenan as a carbon precursor. Before centrifugation, the synthesized CDs

were subjected to sonication for 15 min to improve the uniformity and dispersion of

the particles [80]. Various researchers have subsequently purified CDs through dialysis

treatment, lasting 8 to 24 h, using a dialysis membrane. In 2020, Dager et al. synthesized

CDs using fenugreek seeds as a carbon-based green precursor via a single-step microwave

plasma-enhanced decomposition (MPED) process [81]. They introduced hydrogen into

the MPED chamber at a constant flow rate of 30 standard cubic centimeters per minute

(sccm) for five minutes while maintaining the chamber pressure at thirty Pascals. It was
observed that the synthesis of CDs via MPED was 97.2% faster than the conventional
thermal decomposition process. These process modifications resulted in CDs with varying

morphologies and sizes.
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Table 2. Microwave synthesis of CDs.
Molar
Precursor Type Precursors Used Mass/Molar Particle Size (nm) Optimum Parameters Applications Ref.
Ratio
MT 500 W
MPED 30 sccm for 5 min . .
Fenugreek seeds MRO2g 4.25 P 30 Pa, and Bio-targeting [81]
Cen-15,000 rpm for 10 min
Seeds MT 350 W for 2 min
Roasted Cen-3000 rpm for Detection of
chickpeas MM 0.04 g/mL and9 15 min, and Fe®* ions (791
Cen-12,000 rpm 15 min
'Humar'l MM 0.1 g/mL 20 MT 400 W for 2 min and An.al.ytlcal. and 182]
fingernails pH-5 bioimaging
MT 900 W for 1 min and Detection of E. coli
Waste materials Orange peel MMO0.1 g/mL 3-5 Cen-15,000 rpm in milk [78]
. Spiked artificial
. MT 800 W for 4 min and .
Tissue paper MM 0.01 g/mL 4.2 Cen 400 rpm saliva samples [83]
MT 200 °C for 20 min and Bioimaging,
Silk fibroin MM 0.005 g/mL 54-6.1 Cen-3500 rpm for 30 min biosensing, and [84]
Insect 2 times drug delivery
MT 15-20 min and . .
Honey - 2-7 Dr24 h Biomedical [85]
o . Sensitive and
Flour MR 0.08 g 14 MT 180 °C for 20 min an'd selective detection [86]
Cen-14,000 rpm for 10 min .
Ao of mercury (II) ions
Ti.
& MM MT 175°C for1.45h Water pollution
Tapioca flour 3-3.99 And Cen-3000 rpm for detection and [87]
0.00625 g/mL . . . .
20 min medical bioimaging
MT-1450 W for 6 min, Determination of
1Oruon.ar}d MR 2.05 6.15 Cen-6OQO rpm for r1b.oﬂa\./m in multi- [88]
emon juice 30 min, and vitamin/mineral
Juices Dr-24 h supplement
Date molasses MM 0.25 g/mL 6.57 pH-7 and Free radical [89]
IT-3 min scavenging system
Mushrooms MT 400, 800 and 1600 W Hvdrogen
(Agaricus MM 0.1 g/mL 20 for 5 min and e\zlol tigon [90]
bisporus) Cen-4500 rpm for 30 min u
Food MT room temperature
15 s/cycle, Plant-related
Carrageenan MM 0.1 g/mL 3-6 $-30 min, and diseases [80]
Cen-5000 rpm 15 min
Fresh ripe .
MT 70 °C for 40 min and . .
pomegranate and MM 0.025 g/mL 1-5 C-10,000 rpm for 10 min Biomedical [91]
watermelon peel
Fruit - -
Quince fruit MT 220 °C, 850 W for Cell imagine and
(Cydonia MM 0.004 g/mL 485 1 min 30 s and AD* doromB 192
oblonga) 1P-700 W
. Synchronous cancer
. MT 700 W for 3-5 min . .
Biomolecule Ribonuclease MM 0.215 g/mL 25-45 Dr-2 days imaging and [93]
: therapy
residue
Bloomed algae MM 0.004 g/mL 8 Dr-48 h In vivo imaging [94]
MT 200 W (200 °C) for Cell imaging and
Biomass Xylan MM 0.05 g/mL 444 10 min and ging [95]
photocatalysts
pH-5
Heavy metal ion
Roots Lotus roots N/A 9.41 pH 1-10 detection and [96]

cellular imaging
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Table 2. Cont.
Molar
Precursor Type Precursors Used Mass/Molar Particle Size (nm) Optimum Parameters Applications Ref.
Ratio
MT 400-800 W for 1, 3, 5,
Ginkgo biloba 1:2;4 8 ? 2, /OI:I?E’ 15-20 7,and 10 min, and Photocatalyst [97]
8 Cen-4500 rpm for 20 min
Plant -
Calotropis MT 900 W Fluorescent probe
gigantea (crown MR 0.1 g/ml 5.7 nm 15 min and for bioi P [98]
flower) leaves orbrormaging

Cen-15,000 rpm.

MM—molar mass, MR—molar ratio, MT—microwave treatment, Dr—drying temperature, Cen—centrifugation.

Qin et al. [86] prepared CDs using flour as carbon source with the help of a microwave-
assisted rapid green synthesis method. CDs were successfully synthesized with diameters
in the range of 1-4 nm. CDs exhibited high sensitivity and selectivity toward Hg?* with a
detection limit as low as 0.5 nm and a linear range of 0.0005-0.01 M [86]. The absorbance
and emission spectra of the prepared CDs, HRTEM images, XPS spectra, and changes in the
relative PL intensity (F/F0) of CDs with Hg?* ions under the same conditions are shown in

Figure 4.
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Figure 4. (a) Absorbance and emission spectra of prepared CDs (b) HRTEM image, (c) XPS spec-
tra, and (d) changes in the relative PL intensity (F/F0) of CDs with Hg?* ions under the same
conditions [86]. (Reproduced with permission, Copyright © 2013, Elsevier).

3.3. Pyrolysis Treatment Assisted Synthesis of CDs

The term pyrolysis comes from two Greek words: ‘pyro’, meaning fire, and ‘lysis’,

which means disintegration into integral parts. This process was discovered by Jayme
Navarro, founder of Poly-Green Technology and Resources, when he was converting plastic
waste into fuel. Pyrolysis is an endothermic process in which a raw material is exposed
to high temperatures, and in the absence of oxygen, goes through chemical and physical
separation into different molecules [99]. Pyrolysis treatment is a robust and low-cost
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approach to synthesizing CDs using green carbon-based precursors. The following are
some of the main advantages of pyrolysis: It is a straightforward, low-cost technique that
can handle a large range of feedstocks. It lowers greenhouse gas emissions and garbage
that ends up in landfills. Finally, it lowers the possibility of water contamination [100].

In general, the carbon source is gradually transformed into CDs through processes
such as heating, dehydration, degradation, and carbonization under high temperatures,
either in a vacuum or inert atmospheres. This is followed by purification steps involv-
ing ultrasonication, centrifugation, and dialysis. However, this process often requires
high-concentration acids or alkalis to break down carbon precursors into nanoparticles.
Additionally, by altering the conditions of pyrolysis, such as the temperature, duration,
and pH of the reaction system, the properties of the resulting CDs can be regulated [101].

An advantageous feature of this process is that it typically does not involve other
reagents, such as oxygen (O,; combustion process) or water (H,O; hydrolysis process), and
it can withstand high pressures.

The synthesis of CDs using pyrolysis treatment has been reported by many researchers
employing green carbon-based precursors. In 2014, Teng et al. described the pyrolysis-
assisted synthesis of CDs using a green extract of konjac flour. In this process, konjac flour
was pyrolyzed at 470 °C for 90 min under air [102]. The resulting carbonized black solid
was ground into a fine powder and mixed with 20 mL of ethanol. After continuous stirring
overnight, the CDs were extracted. These CDs were then dispersed in water and filtered
through a filter membrane to remove residual inorganic salts. The obtained CDs were
found to have an average size of 3.37 nm.

Similarly, various researchers have synthesized CDs using different carbon-based
precursors and optimized curing temperatures and times (Table 3). Further modifications
involved optimizing the pH of the reaction and applying sonication to achieve a homo-
geneous dark brown solution after pyrolysis treatment, followed by purification through
centrifugation. In some cases, ultra-purification was performed by dialyzing the solution
using a dialysis membrane to remove agglomerated particles. Using pyrolysis treatment
(Figure 5), researchers can control the size of the CDs by varying synthesis parameters.
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Figure 5. Schematic representation of the synthesis of CDs with the help of pyrolysis synthesis technique.

In one report, Tripathi et al. synthesized water-soluble carbon dots (wsCDs) from
kidney beans as a green precursor via a facile pyrolysis technique. These wsCDs exhibited
good stability, high fluorescence, and tunable photoluminescence. Moreover, the wsCDs
demonstrated excellent photostability, even in high-ionic-strength environments. These
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wsCDs were further utilized as a fluorescent probe for the multicolor imaging of HeLa cells.
Under a fluorescence microscope, the HeLa cells showed bright green and red fluorescence
when observed under bandpass filters of 488 nm and 561 nm, respectively (Figure 6),
indicating the good cell permeability of the wsCDs in HeLa cells [103].

026 nm . °f

10 um 10 um

Figure 6. (a) High-resolution TEM image of wsCDs; (b) HRTEM image of wsCDs showing interlayer
spacing, and (c,d) fluorescence microscopy images of HeLa cells under 488 nm (green) and 561 nm
(red) band pass filters, respectively [103]. (Reproduced with permission, Copyright © 2017, Willey
& Sons).

Table 3. Pyrolysis-assisted synthesis of CDs.

Molar Crystal
Precursor Type  Precursors Used Mass/Molar Size/Particle Size Optimum Parameters Applications Ref.
Ratio (nm)
PT120 °C for 12 h, Sensing and li
Waste polyolefins MM 0.033 g/mL PS 70 S-700 W for 2 h and ensing and ve [104]
cell imaging
Dr-72h
Tea and PT 200 °C for4 h, Biomarkers, ion
eanut shells MR 0.6 PS7-9 S-15 min, and detection, and [105]
P Dr-24h photocatalysis
PT 200 °C for 15 min,
Peanut shells MM ?ﬁgOZS PS4.26 Dr-24 h, and Sensing [106]
8 P-65°C for 22 h
CT 350 °Cfor2h,
Tea leaf residue MMO0.2 g/mL PS2 Cen-4000 rpm, and Bioimaging [107]
pH-7
PT 300 °C to 500 °C for
Biomass residue MM 0.2 g/mL 5 °C/min, and Efficient surfactants [108]

Cen-19,000 rpm

PT-250 °C for 5 h,
Durian peel waste MMO0.1 g/mL S-30 min, and Supercapacitor [109]
C-10,000 rpm for 15 min
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Table 3. Cont.
Molar Crystal
Precursor Type  Precursors Used Mass/Molar Size/Particle Size Optimum Parameters Applications Ref.
Ratio (nm)
Gram peel _ 5.5 for C1 PT 200 °C and 450 °C for Ultrafast response [110]
P 20 nm for C2 8h humidity sensor
Detection of ferrous
Mango peels MM 0.03 g/mL PS3 CT 300 °C for 2 h succinate, [111]
biological imaging
. . o Photobleaching, solar
Allium sativum MM 0.1 g/mL PS2 PT315°C for. 3h conversion, and [112]
(garlic) and S-15 min L . .
in vitro cell imaging
Vegetables PT 300, 350, and 400 °C
Zingiberis for0.5,1,and 1.5 h, .
thizome - CS0.2 Dr-72 h, and Drug delivery [113]
Cen-11,000 rpm for 30 min
Konjac flour MM 0.05 g/mL PS 3.37 PT470°Cfor1.5h Bioimaging [102]
Biomass Finger millet ragi PT80°Cfor5h Detection of
(Eleusine MM 0.01 g/mL PSe6 T-300 °C for 5 °C /min Cu2* jons [114]
Coracana)
Kidney beans B PS 20-30 PT 450 °Cfor2h Blo.loglc.al cell [103]
and pH-7 imaging
Seed PT500 °C for 3 h . .
Fennel seeds - PS0.22 S-5 min, and LE]C:)e’l}E?a_jinmS;n?A and [115]
Cen-15,000 rpm for 10 min gmng
PT 250, 300, 350 and
400 °C for 2 h at Coding, bioimaging,
Plant leaf MM 001 g/mL PS3.7 5°C/min and and drug delivery [116]
Cen-12,000 rpm for 10 min
Leaf
PT 200 °C for 30 min Sensitive, selective,
Prosopis juliflora _ PS5.8 followed by grinding to label-free, and [117]
leaves ’ powder and heating at reproducible off-on
200 °C for about 1 h. sensing assay
PT 300 °C for 2 h, lti-color i .
Cen-4000 rpm for Multi-color imaging,
Plant Cotton MM 0.1 g/mL PS 4.9 ; patterning, [118]
10 min, and nd sensin
Dr-2 days and sensmg
PT 300 °C for 1 h,
. S-10 min, . .
Fruit Malu(idoin)esma - PS 3 Cen-8000 rpm for Biosensing and [119]
ppi€ 5 min, and cell imaging
Dr-24 h
Food Chicken egg - PS2.15 PT 230 °C for 19 min Printing ink [120]
o Photocatalysis,
Raw material Raw whey 20mL PS4 PT180-225 C for10to biosensing, and [121]
40 min :
drug delivery

MM-—molar mass, MR—molar ratio, PT—pyrolysis treatment, Dr—drying temperature, Cen—centrifugation.

3.4. Carbonization-Assisted Synthesis of CDs

The process of converting complex organic materials, such as carbon-rich plants and
residues of dead animals, into carbon through destructive distillation is known as car-
bonization. This is a complex process in which multiple reactions, including dehydration,
condensation, hydrogen transfer, and isomerization, occur simultaneously. It is an effi-
cient, time-saving, and environmentally friendly method commonly used for the synthesis
of CDs.

The main phases of this process include washing, drying, carbonization at controlled
temperatures, adjusting the pH of the reaction, sonication, centrifugation, and dialysis. Var-
ious carbon-based green precursors have been utilized for the synthesis of CDs, including
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lychee seeds, alkali lignin, rice biryani, peanut peel, melon peel, water hyacinth, mango,
and lychee peel (Table 4).

The synthesis of CDs using carbonization treatment (Figure 7) has been reported by
various researchers employing carbon-based green precursors. In 2015, Xue et al. utilized
lychee seeds as a green carbon source for CD synthesis. The lychee seeds were placed in a
ceramic crucible and carbonized at 300 °C. The resulting dark product was cooled to room
temperature and ground into a fine powder. Subsequently, the powder was mixed with
pure water, and a black solution was obtained after ultrasonic treatment. This solution was
then purified using a filtration membrane to remove larger and aggregated particles. The
obtained CDs were 1.12 nm in size and exhibited a spherical morphology [122].
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Figure 7. Schematic representation of the synthesis of CDs with the help of the Carbonization
synthesis technique.

Similar studies have been conducted by various researchers using different optimiza-
tion parameters and carbon-based green precursors for CD synthesis. In 2018, Jiang et al.
used alkali lignin as a precursor for CD synthesis. Following carbonization, the result-
ing yellow solution was evaporated using a rotary evaporator at 55 °C. In 2019, Deka
et al. synthesized CDs from water hyacinth. The washed precursor was first dried in a
microwave oven for 48 h and then carbonized in a furnace, gradually heating from room
temperature to 160 °C. The carbonized material was subjected to sonication for 30 min and
then centrifuged to remove impurities.

To achieve ultra-purification, dialysis was performed for 24-72 h by many researchers
using various carbon-based precursors. These optimized protocols and purification steps
significantly enhanced the quality and characteristics of CDs.

Kavitha et al. synthesized mesoporous CDs from date palm fronds using a simple,
green, one-step carbonization process. These CDs exhibited excellent excitation wavelength-
independent photoluminescence (PL), along with high photo- and storage-stability, superior
biocompatibility, and remarkable thermal and electrical conductivity.

Moreover, the CDs demonstrated light-activated biocidal functions, as evidenced by
their enhanced photocatalytic activity toward methyl orange (MO) degradation under
sunlight. The HRTEM images of the as-synthesized CDs and UV-visible spectra of the MO
solution in the presence of CDs at different UV irradiation times are shown in Figure 8 [123].
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Figure 8. (a) HRTEM of synthesized CDs and (b) UV-visible spectra of the MO solution in the
presence of CDs at different UV-irradiation times [123]. (Reproduced with permission, Copyright ©
2018, Nature Portfolio).

Table 4. Carbonization-assisted synthesis of CDs.

Precursor

Type Precursors M Mass/M Ratio  CS, PS Size (nm) Optimum Parameters Applications Reference
o Microbiology, surgery,
Seed Lychee seed MM 0.01 g/mL PS1.12 cT 3000 c fgr}lh at and in the [122]
10 °C min . .
diagnostic field
Alkali lignin 118¢g PS8 cT i(r)& ISEf_‘;g%OCmm Biomedicine [124]
CT 250 °C for 24 h,
Ice-biryani lg PS 41 ST-1200 rpm for 36 h, and Bioimaging [125]
pH 1-10
Waste material
CT 250 °C for 2 h at . .
Peanut shell MM-0.1 g/mL PS1.62 10°C min—!, and pH 3-12 Cell imaging [126]
CT220°C for2h,
Cen-18,000 rpm for . .
Lorhange - PS5.72 20 min, and Cell imaging [127]
Dr-48 h
Fresh oranges PS 6.5 and .4.5 nm CT 180 °C for 2 h, Iron anq tartrazine
and lemons - for citrus sinensis . sensing and [128]
. . Cen-8000 rpm for 5 min . .
peels and citrus limon cell imaging
MT-48 h
. CT 160 °C at 10 °C min !,
Leaf Water hyacinth - PS5.22 $-30 min, and Sensors [129]
pH7
CT 300 °C for couple of
Date palm - PS 50 nm hours at a heating rate of - [123]
10 °C/min
) S-5 min
Fruits Mango MM-0.1 g/mL CT 100 °C for 60 min, and Bioimaging [130]
72 h
CT 140 °C for 12 h, Colorimetric
Litchi peel MM-0.0033 g/mL PS3.1 24 h, and determination of [131]

Cen-16,000 rpm for 15 min ascorbic acid

MM—molar mass, CT—carbonization treatment, Dr—drying temperature, Cen—centrifugation.

3.5. Laser Ablation-Assisted Synthesis of CDs

Laser ablation is a novel and promising synthesis method that has been used to create
CDs because of its quick operating time and ease of use. Sun et al. initially showed
how to synthesize GQDs from graphite using laser ablation [8]. Li et al. used quick
laser passivation of carbon particles to create GQDs with visible, stable, and adjustable
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PL performance. They also showed that passivation by laser irradiation significantly
affected the origin of PL [132]. Among the many benefits of laser ablation are its versatility
in creating different types of nanostructures and its ease of use. However, this method
requires a significant amount of carbon materials to satisfy the carbon mark [133]. There
are many different sizes of carbon nanostructures created by laser radiation, and large
particles may be effortlessly separated by centrifugation, resulting in the efficient use of
carbon materials and carbon nanoparticles [10]. Calabro et al. generated graphene quantum
dots by chemically oxidizing carbon nano-onions and synthesizing quantum carbon. The
laser ablation approach appeared to have a blue-shifted emission in comparison with the
chemical oxidation approach that they mentioned in the particle size and surface functional
group effects, which the researchers found after comparing the photoluminescence spectra
of the two quantum dots. The scientists came to the conclusion that liquid-form laser
ablation develops quantum dots in a single step that is safer, quicker, and requires fewer
starting chemicals and residues than chemical oxidation [134].

3.6. Ultrasonic Assisted Synthesis of CDs

A lot of literature has linked the fabrication of carbon dots to using ultrasonic tech-
nology as it was discovered to be an effective way to generate different kinds of carbon
dots. This method breaks down carbon particles into extremely small nanoparticles by
subjecting carbon precursors, acid, alkali, and other oxidants to strong ultrasonic vibrations.
The molecules continuously cavitate. The simple synthesis of CDs with a small size is
made possible by the application of high-intensity ultrasonic waves, which circumvent
the difficult post-treatment procedure [135]. Li et al. synthesized a fluorescent carbon
dot and demonstrated its water-solubility in an extremely thorough study. In the same
year, they employed activated carbon and an ultrasonic treatment method with one-step
H,0O; assistance. The TEM results revealed an observed size range of 5-10 nm and a
surface rich in hydroxyl groups on the produced carbon dots [136]. The sonochemical
production of carbon quantum dots (CQDs) and a full description of their electrical appli-
cations were published by Kumar et al. Employing the sonochemical approach, Pan et al.
synthesized fluorescent CDs and used them for nutritional monitoring [137]. Fluorescent
CDs functionalized with thiol-terminated polyethylene glycol were synthesized using the
ultrasonication process, as stated by Huang et al. In this instance, the dispersibility of the
CDs in the water phase was enhanced as a result of the integration of a hydrophobic PEG
group. Additionally, it made the produced CDS more biocompatible [138]. It is beneficial
to scale up the manner by using a straightforward and eco-friendly technique instead of
using powerful acids. Employing H,O, as an oxidant and anthracite and bituminous coal
as a precursor, Saikia et al. constructed CQD using a one-pot ultrasonication process [139].
Because of the many oxygen-containing surface functions, the produced CQDs, which
ranged in diameter from 2 to 12 nm, had hydrophilic particles. This process offers a green
synthesis method for the mass production of CDs using plentiful precursor coal.

4. Structure and Properties of Carbon Dots
4.1. Structure of Carbon Dots

CDs are regarded as 0-D nanomaterials with sizes smaller than 10 nm. Their chemical
structure is typically governed by the synthesis route employed. In general, CDs possess
an amorphous carbonaceous core. However, recent studies indicate that selective starting
materials and specific reaction conditions can result in partial graphitic crystallinity within
the CD structures [140-142]. These crystalline CDs exhibit broad D- and G-bands in Raman
spectrometry, with a lower D/G ratio signifying the vibration of sp? carbon atoms. Raman
spectra of CDs typically show two first-order bands: the D-band and the G-band. The
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D-band represents the vibration of carbon atoms in disordered graphite or glassy carbon,
while the G-band indicates the vibration of sp?-hybridized carbon atoms.

The ratio of the intensities of the D-band to the G-band (D/G ratio) serves as an
indicator of the degree of purity or graphitization of CDs. A high D/G ratio indicates an
amorphous structure, whereas a lower D/G ratio reflects a higher degree of graphitization.
The crystalline nature of CDs can be broadly classified into two categories: (i) a graphitic
crystalline core and (ii) a high degree of non-graphitic crystallinity.

4.2. Luminescence Properties

The distinctive and remarkable fluorescence properties of CDs have garnered signifi-
cant interest. However, the mechanism underlying carbon dot fluorescence remains a topic
of debate among scientists. Currently, there are three primary hypotheses that explain the
luminescence mechanism of CDs [143]. The first hypothesis attributes the fluorescence of
CDs to the quantum size effect, which is linked to the size-dependent behavior of their
carbon nuclei. Fluorescence arises due to changes in quantum confinement as the particle
size decreases. The second hypothesis focuses on the surface defect states, suggesting that
the presence of various functional groups on the surface of CDs creates defect states that
influence their optical properties. The third hypothesis proposes that the fluorescence is
induced by the extended m-bond conjugated structure within the CDs, which facilitates
efficient light absorption and emission.

4.3. Optical Properties
4.3.1. UV-Absorption Properties

CDs exhibit strong and broad absorption bands in the ultraviolet (UV) region within
the wavelength range of 220280 nm. These peaks are generally attributed to the -7t
transitions arising from the aromatic C=C framework. Additionally, peaks observed in
the wavelength range of 280-350 nm are associated with n-7t transitions of C-O and C=0
bonds. Occasionally, an extended absorption tail into the visible and near-infrared (NIR)
regions is observed, which can be attributed to the transitions of functional groups on the
surfaces of CDs, resulting in smaller electronic bandgaps. Furthermore, the position of these
absorption peaks is influenced by the degree of surface oxidation of the CDs [144-146].

4.3.2. Emission Property

In recent times, CDs have been emerging as a new class of “nano lights” due to their
fascinating optical properties, wavelength-tunable emission, and excellent photostability.
As a result, studying the photoluminescence (PL) properties of CDs and their diverse
applications has become a prominent area of interest. CDs exhibit highly attractive PL
properties, and it has been observed that CDs synthesized through different methods
and materials display diverse compositions and chemical structures, resulting in varied
emission properties. Typically, the PL of CDs is attributed to the quantum size effect,
surface states, and molecular states. However, the exact PL mechanism of CDs remains
unclear and requires further detailed investigation. The most widely accepted models for
explaining the PL of CDs are core emission, originating from the conjugated m-domains of
the carbon core, or the quantum confinement effect. It is well known that the energy gap of
CDs is influenced by particle size and shape, which ultimately impacts their PL properties.
Another critical factor for analyzing the PL mechanism of CDs is the surface state. Due to
the diversity and uncertainty of molecular structures, accurately defining surface states
is challenging. The surface of CDs is populated with various oxygen-related groups (e.g.,
-COOH, -OH, and C-O-C), hanging bonds, and hybrid carbon atoms (sp2 or sp3), which
act as trap states and significantly influence their optical properties. In addition to surface
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states, the molecular state, where emissions originate from free or bonded fluorescent
molecules, also plays a crucial role in determining the emission properties of CDs.

It is interesting to note that CDs exhibit excitation-dependent emissions in terms of
both wavelength and intensity, which violates the Kasha—Vavilov rule. Jiang et al. re-
ported that, upon excitation, carbon dots typically display two trends in their fluorescence
spectra depending on the excitation wavelength range: an excitation-independent compo-
nent in the range of 275-400 nm and an excitation-dependent component in the range of
425-550 nm [147]. These findings clearly indicate the presence of two distinct photolumines-
cence (PL) mechanisms in CDs [148]. The observed PL emission spectra of CDs are usually
broad and symmetrical on the wavelength scale. Moreover, factors such as excitation wave-
length, metal ions, solvent, pH, size, heteroatom doping, and other surface modifications
significantly influence the emission spectrum of CDs. In addition to their characteristic PL
emission, some CDs exhibit up-converted photoluminescence (UCPL). UCPL refers to a
process in which low-energy photons are converted into high-energy photons, resulting
in the emission of shorter wavelengths compared with the excitation wavelength through
consecutive interactions within the medium. This unique up-converted PL property makes
CDs promising candidates for applications in sensing, catalysis, and bioimaging fields.

4.3.3. Toxicity

CDs have a lot of promise for use in a variety of bio-applications because of their
distinctive optical characteristics, high surface area, and surface functionality. As potential
industrial and biological uses for CDs have been investigated, CD biosafety concerns have
progressively come to light. To assess the toxicity of CDs, there are two primary approaches.
The first is in vitro assessment, which often uses specific assays like MTT, CCK-8, WST-1,
etc., to evaluate for cell viability [149]. Both the control and experimental populations are
cells that have been grown with or without CDs. Then, by contrasting these two groups,
the toxicity of CDs may be evaluated. These investigations often include an additional
blank group connected to the external environment to exclude the influence of the culture
dish and the chosen assays. The second kind is called in vivo evaluation, and it involves
injecting a CD solution directly into mice and zebrafish through their veins or tails [150].
The toxicity and distribution of carboxylate CDs in mice were initially investigated by Lee
et al. Blood biochemical, hematological, and inflammatory analyses for the liver, kidney,
spleen, heart, or lung were carried out a certain amount of time after treatment. The
findings indicated that neither organisms nor bodily tissues were negatively impacted by
CDs. Fluorescence imaging may be used to investigate how CDs circulate throughout the
body, first entering the bloodstream, then moving on to the kidneys and spleen, and finally
exiting the body through the kidney filter [151].

4.3.4. Biocatalyst

Apart from its exceptional optical qualities and little toxicity, catalysis has also grown
in popularity among chemists. Nowadays, CDs are a well-established instrument that
are frequently used to design and develop new catalytic processes, such as bio-catalysis,
artificial photosynthesis, organic transformations, etc. [152]. Amongst them, the enzyme-
assisted biocatalytic transformation has drawn increasing interest and is a crucial regulating
mechanism in human life activities and medical intervention. Disease prevention, detection,
and treatment can be aided by tracking the biocatalytic transition between various enzymes
and chemicals. CDs are believed to offer sensitive driving of enzyme-assisted biocatalytic
processes by monitoring the expression levels of pertinent metabolites due to their special
characteristics [153]. Meng et al. combined CDs with Au nanoclusters, taking advantage
of the easy-to-modify characteristics of CDs. This enhanced the horseradish peroxidase
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activity of Au nanoclusters while preserving the superoxide dismutase (SOD)-like activity
of CDs [154].

5. Applications

5.1. Catalysis
5.1.1. Photocatalysis

CDs have been recorded as agile materials in photocatalytic applications due to their
absorption and electron transfer properties and ease of coupling with other materials [155].
The advantageous feature of CDs is their ability to be used alone in a pure form to deterio-
rate environmental pollutants [156]. Typically, the operation of CD-based photocatalysis
goes through three stages, which are as follows: (a.) production of electron/proton pairs
by absorption of light, (b.) formation of reactive species for the separation and transfer of
electron/proton pairs, and (c.) the production of reactive species, giving rise to suitable
photocatalytic reactions [157].

In 2016, Tyagi et al. [44] synthesized CDs with sizes of 1-3 nm through hydrothermal
treatment, which can be used for the photocatalytic degradation of MB under UV light
irradiation. In their study, they compared TiO,-wsCDs composite with TiO, nanofibers and
stated that, due to better charge separation at the interface, the photocatalytic activity of the
TiO,-wsCDs composite was ~2.5 times higher than that of TiO; nanofibers. Furthermore,
the load ability of both was tested in an air environment from room temperature to 600 °C
and it was found that TiO, nanofibers lost ~2% weight when submerged in water while
TiO-wsCDs lost ~5.7% of their total weight overall. From their study, they found an
effective loading of 3.7% of TiO,-wsCDs composite on TiO, nanofibers. They also recorded
the emission peak upon excitation with 370 nm light for both samples. From this, they
concluded that the photocatalytic degradation of MB with the TiO,-wsCDs composite
enhanced the photocatalytic activity by increasing the catalytic location at the interface of
the TiO2-wsCMDs composite.

In 2019, Sargin et al. [90] synthesized CDs with a size smaller than 20 nm through
microwave treatment. These as-synthesized CDs with sensitized TiO, were used as a
photocatalytic hydrogen experiment, with a total volume of 135 mL in Pyrex flasks. They
could be radiated using a 300 W Xe lamp with a wavelength of >420 nm that was filtered
under constant stirring. They further tested the pH of the reaction between 7 and 10 and
also found an optimum pH value of 9 for hydrogen evolution. Comparing the hydrogen
performance in the presence of a Pt co-catalyst, the hydrogen amount was recorded to be
1458 umol g’l and in the absence of a Pt co-catalyst, it was 472 umol g’l, from which
they observed that the use of Pt co-catalyst resulted in an increase in the rate of hydrogen
evolution. TiO, /CD/Pt composite screening was also reusable for photocatalytic hydrogen
development. In 2020, Genc et al. [97] reported an unambiguous synthesis of CDs with
sizes of 15-20 nm using microwave irradiation of Ginkgo biloba. They performed the
photocatalytic hydrogen evolution reactions (HERs) in triethanolamine (TEOA) under
visible light. They used TiO, as a proton reduction photocatalyst, Pt as a co-catalyst, and
CDs as absorbers. For the best photocatalytic activity, they optimized the ratio to 4 mL
CDs/0.4 gm TiO, and pH to 9. It was observed that the amount of hydrogen decreased
under a basic pH due to the protonation of the catalyst and also under an acidic pH due
to the protonation of TEOA. They then studied the HER quality of the CDs/TiO, and
CDs/TiO, /Pt composites from 1 to 8 h and observed that the photocatalytic hydrogen
production increased linearly under visible light irradiation. Furthermore, they also tested
the reusability of the CDs/TiO, composite up to the fourth cycle and found that it can be
reused without any reducing agent. The hydrogen production mechanism is related to
the conduction band levels of TiO,, CODs, and Pt. In this process, CDs first absorb visible



Crystals 2025, 15, 320

23 of 35

light and transfer the photoexcited electron to the lowest molecule atomic orbital (LUMO)
level. These photoexcited electrons can be easily transferred from the LUMO level to the
conduction level due to the presence of more negative conduction band levels of TiO;.
Water is reduced to photoexcited electrons to evolve the hydrogen gas on the conduction
band level of TiO, without the addition of any co-catalyst to it. Upon adding the co-catalyst
(Pt), the photoexcited electrons are transferred from the TiO; surface to the Pt surface and
hydrogen gas evolves on the Pt surface. The regeneration of the systems is achieved by the
TEOA (known as the whole scavenger).

5.1.2. Other Catalysis

In 2015, a specific green and environmentally friendly synthesis approach for CDs was
reported by Zhang et al. [62] using bee pollen as a precursor, with hydrothermal treatment
and a size of 1-2 nm. These as-synthesized CDs had a high quantum yield, due to which
they were used as homogeneous catalysts toward the reduction of noble metal ions in
aqueous solution. They also recognized the role of the catalysis of CDs in controlling
the set of sunshine-irradiated AgNO3;/HAuCly solutions in the sole presence of CDs or
sodium citrate, which led to a reduction in the emission intensity of CDs. This catalytic
effect is based on the discovery of a turn-on fluorescent sensor for cyanide ions that is still
under investigation.

5.2. Sensors

Sensors are revolutionary devices widely used to detect and respond to electrical or
chemical signals. The term sensor was introduced by an American physicist and engineer,
Eric R. Fossum, to sense physical parameters (temperature, blood pressure, humidity, speed,
etc.) and convert them into electrical signals [58]. CDs have immense sensor applications
due to their very small size, high surface-to-volume ratio, and high reactivity.

5.2.1. Metal Ion Sensors

Due to high sensitivity and selectivity, metal ions such as Ag*, BaZ*, Ca%*, Cd2*, Co?*,
Fe?*, Hg2+, Mg2+, Mn?%*, Ni%*, Pb2*, and Zn?* are used for sensor applications [10]. Various
metal ion sensors using CDs are described in this section.

(i) Iron (Fe?*) ion sensors: In 2019, Carvalho et al. [35] synthesized CDs with different
sizes using hydrothermal treatment of acerola fruit, which were used for the detection
of Fe3* ions. The phenomenon of fluorescence quenching was used for the detection of
Fe3* ions. To indicate that sensing was sensitive to Fe3* ions, there was a decrease in the
fluorescence intensity with an increase in the concentration of Fe3* ions. In 2016, Bandi
et al. [41] synthesized CDs with a size of 15 nm using hydrothermal treatment of onion
waste, which were also used for the detection of Fe3* ions. With the drastic decrease in the
fluorescence intensity of CDs due to Fe3* ions, they are used as highly selective fluorescent
probes for Fe3* ions. Furthermore, there was a steady decrease in fluorescence intensity
with increasing concentrations of Fe>* ions, which suggests that they were sensitive to Fe>*
ions. These CDs also had a good response to Fe>* ions in the pH range of 4-8.

In 2017, Atchudan et al. synthesized CDs with a size of 5 nm using hydrothermal
treatment of Chionanthus retusus fruit extract as a carbon source [32]. It is incredible to
note that, among all the metal ions, Fe>* ions have quenching fluorescence intensity at
concentrations between 0 and 500 pM. They also have outstanding selectivity, which is not
the case for other metal ions. If the plot is not a straight line at a lower concentration and the
lifetime of the free probe and its complex are the same, then it is static quenching, and if the
plot is curved at a high concentration and the complexes are different, then energy transfer
occurs through collision and/or close interactions of 7-7t overlap in the excited state via
resonance energy transfer, which is known as dynamic quenching. Due to this property,
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they are widely used for the selective quenching of Fe3* ions from industrial waste. These
Fe3* ions have high sensitivity and high selectivity, which makes the synthesized CDs ideal
fluorescent probes for the highly selective detection of Fe3* ions. They also demonstrated
the effect of Fe>* on the UV-vis spectra of synthesized CDs, which were different before
and after the addition of Fe3*. In the presence of Fe3*, the absorption peaks disappeared at
269 and 301 nm, which could influence the surface state of CDs. This result reveals that the
present sensor has outstanding selectivity toward the Fe** sensing. In 2017, Huang et al.
used sugarcane molasses for the synthesis of CDs with sizes of 1.2-3.8 nm [43]. In their
study, the phenolic hydroxyl groups present on the surface of CDs were interacted with
Fe®* ions, which resulted in a decrease in the fluorescence intensity of CDs. It was observed
that, at 700 uM of Fe®* ions, the fluorescence intensity was almost quenched. There was a
good linear relationship observed in the range of 0-100 uM. They also calculated the lowest
detection limit (LOD), which was 1.46 uM based on the standard deviation (o) of the blank
signal (n = 3).

Similarly, in 2015, Sachdev et al. reported the green synthesis of CDs with a size of
2.387 nm using hydrothermal treatment of coriander leaves for the detection of highly
selective and sensitive Fe>* ions [30]. They observed the sensitivity of CDs toward Fe®* ions
with different concentrations in the range of 0-60 uM, which showed that, with increasing
Fe3* concentration, there was a steady decrease in the fluorescence intensity. They also
described the quenching of fluorescence of CDs in the presence of Fe?* ions, providing a
platform for their quantitative sensing by monitoring the fluorescence emission intensity
of CDs.

(ii) Copper (Cu?*) ion sensors: Although copper ions play an important role in
oxidative metabolism, their high levels have high toxicity in some organisms [158]. The
most advantageous feature of copper is that they are highly important for the functioning
of the brain due to the high consumption of oxygen in the body relative to its size [159].
In 2019, Murugan et al. reported the facile, rapid, and frugal synthesis of CDs using
pyrolysis of Finger millet ragi (Eleusine coracana) which is 6 nm in size [114]. In their
study, they illustrated the fact that all metal ions describe remarkable properties of selective
fluorescence intensities in Cu?* ions by electron or energy transfer. Also, as-synthesized
fluorescent CDs can be used as a selective indicator sensor for Cu?* ions. The sensitivity of
CDs to different concentrations of Cu?* ions from 0 to 100 uM is also evaluated. In addition,
they also detect Cu?* ions in real water samples by fluorescence spectroscopy.

(iii) Arsenic (As®*) ion sensors: Arsenic is a toxic and ubiquitous element found in
the environment that is mobilized through a combination of natural processes, such as
changes in weather, biological activities, and reactions arising due to volcanic eruptions. In
2018, Ramezani et al. synthesized the CDs using microwave treatment of quince fruit as
a carbon source with a size of 4.85 nm. The CDs were used for sensing As**, along with
permanganate ions, due to the potential reactions of As3* [92]. These synthesized CDs were
also used for the determination of As®* ions using calibration methods, such as extrinsic
and tap water.

5.2.2. Biosensors

Biosensors are biological devices widely used to monitor biological or biochemical
processes. They were first introduced in 1964 as a glucose oxidase biosensor [160]. In 2016,
Yang et al. reported the facile synthesis of CDs with an average size of 4.44 nm using
microwave treatment of xylan as a carbon source [95]. The as-synthesized CDs exhibited
fluorescence quenching upon interaction with tetracycline (TC) without requiring any
further chemical modification. When 50 uM TC was injected into the CD solution, the
fluorescence intensity decreased sharply, indicating that the fluorescence of CDs was highly
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sensitive to TC. Yang et al. also analyzed the quenching efficiency (Fy/F) as a function
of pH. Here, Fy and F represent the PL intensities of CDs in the absence and presence
of TC, respectively. The quenching efficiency remained constant across a pH range of
3-11, suggesting that the fluorescence quenching was influenced by the different hydrion
concentrations of CDs, rather than by TC itself. Compared with other biological molecules,
tetracycline-based antibiotics such, as tetracycline, chlortetracycline, and oxytetracycline,
had a stronger impact on the fluorescence properties of CDs. These findings demonstrate
that the as-synthesized CDs, without further chemical modifications, can serve as effective
fluorescence probes for detecting TC under optimal conditions. A further practical applica-
tion was performed under mild conditions, with an incubation temperature of 30 °C in a
water bath and an incubation time of 30 min. The results revealed that the PL intensities
steadily decreased until reaching equilibrium at 30 min. Under optimum conditions, as the
TC concentration increased from 0 to 200 uM, the maximum PL intensity of CDs decreased
gradually. A linear relationship was observed between the quenching efficiency (Fy/F) and
TC concentration in the range of 0.05-20 uM. Additionally, the limit of detection (LOD)
was calculated as 30/S, where o represents the slope of the regression equation and S
is the standard deviation of the blank solution. For TC, the LOD was determined to be
approximately 6.49 nM.

Furthermore, CDs stored for three months were retested using ultrasound treatment
under the same conditions as the initial detection experiment. The relative standard
deviation (RSD) for five repeated determinations of 5 uM TC was 2.78%. Various advanced
techniques, including high-performance liquid chromatography (HPLC), enzyme-linked
immunosorbent assay (ELISA), capillary electrophoresis (CE), and liquid chromatography—
tandem mass spectrometry (LC-MS), have also been employed for TC detection. The results
underscore that CDs are promising fluorescence probes for the detection of TC, combining
sensitivity, stability, and ease of use.

5.3. Bioimaging

Analyzing the composition and physiological processes of cells and organisms is
made possible by bioimaging. As a result, it is a very dependable instrument in the
medical field for diagnosing human illnesses. CD-based optical bioimaging is becoming
more and more popular among several bioimaging techniques [161,162]. The method
makes use of optical contrast, or the difference in optical characteristics within the imaged
spot and the backdrop [163]. In addition to providing rapid screening, diagnosis, and
image-guided therapy of critical illnesses like cancer, this technology enables imaging
at the cellular and even single-molecule levels. The distinctive optical characteristics
of CDs or the functional agents integrated onto their surface or core provide imaging
capabilities [164]. The low diffusion of light in cell walls at relatively short wavelengths
causes significant background interference in imaging using conventional UV-absorbing
and blue/green-emitting CDs. For bioimaging, it is crucial to create CDs with red /near-
infrared emission characteristics in order to guarantee sufficient light penetration depth
and reduce photodamage to cells [165]. For instance, Gedda et al. studied bioimaging
applications by conjugating with folic acid [17]. Employing conventional EDC and Sulpho-
NHS coupling chemicals, an amide linkage is made possible by the carboxylic acid group
on the surface of CDs being linked with an amino group of folic acid. Water-soluble
folic acid specifically targets folate receptors, which are mostly present in the cells of
different types of tumors and malignancies. Using fluorescence spectroscopy, zeta potential
estimation, and UV-visible absorption, effective FA conjugation with CDs (FACDs) was
assessed. Natural compounds with unique light-absorbing qualities can be employed as
endogenous contrast agents for PA imaging in organisms [166]. Additionally, by injecting a
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CD-silica complex into the subcutaneous region of the mice’s dorsal area, good afterglow
imaging was obtained [167]. Although autofluorescence interference is eliminated by
afterglow imaging, the advancement of this imaging technique is severely constrained by
the difficulty of making liquid-phase phosphorescent CDs [168,169].

5.4. Drug Delivery

Drugs are incorporated into nanoparticle carriers by encasing, adsorption, or binding
in nanomaterial-based drug delivery, enabling reliable and secure injection throughout
the body [170]. Numerous antibacterial or anticancer medications have been effectively
administered thus far. CDs are useful carriers for the specific administration of anti-
cancer medications for cancer therapy because they are simple to modify [171,172]. As the
majority of CD-drug complexes have cleavable chemical bonds, medicines can be released
specifically to respond to various triggers or in the acidic environment of tumor locations.
CDs can assist cancer cells and other sick cells in escaping their medication tolerance, along
with improving delivery and regulating emission at the target spot [173]. The guided
diffusion of DOX in the tumor microenvironment via biocompatible CDs has garnered a
lot of attention in recent years. In order to promote more tumor accumulation and boost
drug-loading capability, the majority of these ground-breaking studies have concentrated
on improving the EPR (enhanced penetration and retention) impact. Composites of CDs
and DOX have been created by building CDs with a hydrophilic shell and a hydrophobic
carbon core. These composites exhibit improved anti-tumor efficacy and considerable
tumor targeting, with fewer side effects [174,175]. Consistently releasing the therapeutic
agent during the treatment time and preventing the medication from being degraded
throughout the release phase are equally essential [176].

A thorough understanding of controlled release processes is necessary to better de-
velop and build CD-based drug delivery systems with desired features. Currently, there
are three broad categories into which controlled release systems may be placed. Reservoir-
controlled release systems limit the release of trapped therapeutic agents through a mem-
brane that controls the rate at which the therapeutic agent diffuses out of the reservoir;
(1) therapeutic molecules diffuse through a tortuous network of interconnected pores
formed during the phase separation of the drug/excipient and the polymer; and (2) the
mesh size of the swelling polymer network controls the rate of drug release from hydrogel-
based release systems.

5.5. Hybridization of CDs with Other Functional Materials like Liquid Crystals

Liquid crystals (LCs) are considered smart functional materials that possess prop-
erties between those of liquid and crystalline materials. They possess unique physical
and optical properties, which have been exploited in the display device sector and other
electro-optoelectronic devices over the last few decades [177,178]. Over time, various
physical properties of liquid crystals have been tuned by dispersing a minute quantity
of nanomaterials in a liquid crystal matrix. With the discovery of eco-friendly and green
CDs, focus has shifted from heavy metal-based quantum dots to green CDs because of
the outstanding physical and optical properties of CDs. Results have shown that these
green CDs are capable of replacing heavy metal-based QDs to improve the properties of
LCs. Hasan Eskalen reported the dispersion of water-soluble fluorescent CDs derived from
mandarin juice in nematic liquid crystal mixture E7. By dispersing CDs in LC, the threshold
voltage and splay constant increase, with a minor decrease in the transition temperature of
LC [179].

Similarly, Rastogi et al. studied the electro-optical properties of oil palm leaf-based
CDs dispersed in nematic liquid crystal E 48 at different concentrations termed as MIX 1,
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MIX 2, and MIX 3. The electro-optical results showed that the total response time for MIX
2 and MIX 3 increased as compared with pure nematic. Additionally, these composites
exhibited a memory effect, making them applicable in phase shifters, security systems,
memory devices, etc. [180]. In another report, Rastogi et al. (2020) investigated the dielectric
properties, morphology, and zeta potential of E48 nanocomposites formed by dispersing oil
palm leaf-based carbonaceous quantum dots (OPL QDs) into E48 [181]. The obtained results
collectively lead to the conclusion that electrical capacitors with low power consumption,
extended life cycles, and quick charging and discharging rates perform better overall.

6. Outlook and Summary

CDs, a novel class of carbon-based nanomaterials, can be prepared through numerous
synthesis methods. CDs derived from green sources have attracted significant attention
from scientists worldwide due to their tunable fluorescence behavior, biocompatibility,
and eco-friendliness compared with CDs synthesized from chemical precursors. There-
fore, in this review, we focused on green synthesis routes employed to prepare CDs from
sustainable sources. A study of the overall methods used for the green synthesis of CDs
revealed that hydrothermal (or solvothermal), microwave, and dry heating methods are the
most preferred techniques. Following synthesis, CDs are purified through a combination
of filtration, centrifugation, and occasionally dialysis. The subsequent sections explored
their structural and optical properties in detail. Furthermore, recent advancements in the
applications of CDs in catalysis, sensors, and as dopants in liquid crystal matrices to tune
the properties of liquid crystals (LCs) are systematically highlighted. Despite their out-
standing properties, several challenges remain to further diversify the applications of CDs.
The field of green CD synthesis is advancing rapidly, but challenges persist in ensuring
uniformity in their properties (e.g., fluorescence quantum yield) relative to conventional
synthesis approaches. Although numerous methods for CD synthesis have been reported,
from the perspective of real-world applications, there is a pressing need for controllable
and sustainable synthetic strategies that can produce high-quality CDs at a large scale.
This requires a deeper understanding of the structure—performance relationship. CDs are
widely recognized for their fascinating luminescence properties, particularly their photo-
luminescence (PL) in the blue and green fluorescence range. These properties have been
extensively studied; however, the exact mechanism of PL in CDs remains under debate.
Moreover, as discussed earlier, CDs synthesized via different methods and green sources
exhibit inconsistent optical properties, with significant variations in their PL characteris-
tics. Extensive studies on the PL mechanism of CDs suggest that quantum confinement
effects, surface states, and molecular states are primarily responsible for their fluorescence.
Nevertheless, there is a critical need for more theoretical and experimental research to
elucidate the precise PL mechanism. This would not only advance our understanding
of CDs’ fluorescence properties, but also pave the way for exploring their other optical
characteristics more effectively.

The potential applications of CDs in optoelectronics, bioimaging, sensing, energy
storage, and catalysis have garnered significant attention in recent years. Nonetheless,
several challenges and potential directions for carbon dots remain. One of the primary chal-
lenges lies in the synthesis methods. Developing effective and scalable carbon dot synthesis
techniques is essential for their broader application. Despite the use of technologies such
as pyrolysis, microwave-assisted synthesis, and hydrothermal/solvothermal processes,
achieving precise control over the size, shape, and surface chemistry of carbon dots remain
a critical need. The synthesis conditions and surface functionalization of CDs play a pivotal
role in determining their varied properties. Standardizing synthesis procedures and charac-
terization techniques, such as elemental analysis, transmission electron microscopy, and
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spectroscopy (UV-Vis and fluorescence), is essential to ensuring repeatability and reliability.
Moreover, the exact mechanism of photoluminescence in CDs is not yet fully understood.
Surface states, functional groups on the surface, and quantum confinement effects are
known to contribute to their emission characteristics, but further investigation is required
to elucidate the underlying mechanisms and enhance photoluminescence for specific appli-
cations. CDs also face stability challenges when exposed to external factors such as heat,
light, and moisture. To enable extended operation and real-world applications, improving
their stability and photostability is crucial. Additionally, although CDs show promise for
biomedical applications such as drug delivery and bioimaging, a comprehensive evaluation
of their potential toxicity and biocompatibility is necessary to ensure their safe use in bio-
logical systems. Scaling up production and integrating carbon dots into electronic devices
are essential steps in realizing their full potential. This endeavor requires addressing issues
related to cost-effective large-scale synthesis, device manufacturing, and compatibility with
existing technologies. CDs hold immense potential for advanced applications in solar cells,
sensors, and catalysts. Ongoing research and development will facilitate the exploration
of novel applications and optimization of CDs for specific purposes. In energy-related
applications, CDs offer clear advantages by combining the electrical properties of carbon
materials with the unique optical properties of semiconductor quantum dots. CDs can
simultaneously function as light absorbers and sensitizers in solar energy capture, making
them a promising candidate for photovoltaic and photocatalytic systems.
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