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Abstract

Carbon nanodots are zero-dimensional tiny particles of carbon with outstanding
characteristics and potential applications. Carbon nanodots are fluorescent materi-
als and possess unique characteristics such as biocompatibility, photostability, low
toxicity, sustainable, and eco-friendly. Fluorescent carbon nanodots are emerg-
ing nanomaterials that show promising potential in bioimaging, optical sensing,
information encryption and storage, photocatalysis, lasers, drug delivery, energy
conversion, and photovoltaic applications. Carbon nanodots can be synthesized
at very low cost through various sustainable approaches that employ inexpensive
renewable resources as starting materials. Carbon nanodots are fascinating carbon-
based materials that have received mass attention from past few years for their
substantial applications in diverse fields. Carbon nanodots have a huge impact on
both health and environmental applications because of their potential to serve as
nontoxic replacements to traditional heavy metal-based quantum dots. Herein we
highlight the intriguing characteristics and potential applications of fluorescent
carbon nanodots in various fields and their perspective in future.

Keywords: carbon nanodots, biocompatible: nanomaterials, health, sustainable

1. Introduction

Carbon nanodots are the emerging class of carbon-based nanomaterials with
small size and fascinating properties. Carbon nanodots are surface functionalized
carbonaceous nanomaterials with tunable fluorescence and remarkable features
[1]. Carbon nanodots are nowadays considered as the rising star in the nanocarbon
family due to their sustainable, compatible, cost-effective, and benign nature [2].
Carbon was considered as black material unable to emit light up to the discovery
of fluorescent carbon nanodots. The strong tunable luminescence combined with
other fascinating properties has attracted considerable attention toward the fluo-
rescent carbon nanodots [3]. Carbon nanodots also called graphene quantum dots
share similar properties with graphene oxide with difference in size and shape,
as the former is quasispherical in shape with nano-diameters [4]. The promising
features of fluorescent carbon nanodots are remarkably assessed in various fields,
namely, bioimaging, photocatalysis, optoelectronics, photovoltaics, drug delivery,
and sensors [5].
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Carbon nanodots were first discovered as a by-product in the purification of
single-walled carbon nanotubes [6]. Since then, there have been a considerable
increase in the interest of researchers to fabricate carbon-based fluorescent quan-
tum dots, which can substitute the toxic and unstable metallic-based quantum
dots (CdS, CdSe, CdTe, PbS, etc.). The fluorescent carbon nanodots possess many
advantages over classical quantum dots in terms of biocompatibility, stability,
solubility, inertness, cytotoxicity, drug delivery, and synthesis [7, 8]. In addition to
that, carbon nanodots do not show photobleaching or blinking effects. In spite of
that, they exhibit enhanced quantum yields and strong absorption in the UV-visible
region. Although fluorescent quantum dots are prepared from different precursors
and synthetic methodologies, the actual mechanism of fluorescence is still in debate
[9]. Researchers have reported four possible mechanisms of fluorescence: quantum
confinement effect or © domains; the surface state, determined by hybridization of
carbon skeleton; the molecular state, determined by surface functionalities; and the
crosslink-enhanced emission (CEE) effect [10]. Therefore, the strong blue-green
and excitation dependent fluorescence depends on the synthetic method, experi-
mental protocol, and the surface passivation of the carbon nanodot.

From past few years, extensive research is going on fluorescent carbon nanodots
because of their intriguing properties and structural functionalities. On the surface
of the carbon nanodot, several carboxyl, carbonyl, ammine, and amide moieties are
present, which impart excellent solubility and biocompatibility [11]. The surfaces
of the carbon nanodots can be modified and passivated with several organic,
inorganic, polymer, or biological moieties, which in turn enhance their lumines-
cent, sensing, and other properties. The carbon nanodot doped with a suitable
heteroatom shows improved efficiency and enhanced radiative emission due to the
shifting of Fermi level [12]. Based on specific surface morphology, carbon nanodots
can be hydrophilic or hydrophobic. The hydrophilic nature of carbon nanodots
makes them a promising material in diverse fields, thereby attracting the attention
of researchers [13].

Among many fascinating applications in diverse fields, photoluminescence
is the most researched and at the same time most debated application of these
carbon nanodots. Fluorescent carbon nanodots exhibit strong and tunable fluo-
rescence over a wide range of electromagnetic spectrum [14, 15]. Carbon nanodot
fluorescence is sensitive to environmental conditions, solvents, temperature,
pH, and external agents [16, 17]. Fluorescence is retarded by the agglomeration
of particles and enhanced by the dispersion of particles [18]. The tunability of
fluorescence provides multicolored blue-green emission, which spans entire vis-
ible region and is characterized by increased quantum yield [19]. The fluorescence
shown by carbon nanodots can be efficiently quenched by oxidizing or reducing
agents in solutions, indicating the electron acceptor or donor capability of carbon
nanodots [20]. The redox property of these carbon nanodots can be exploited
in light energy conversions, optoelectronics, photovoltaic devices, and in many
related applications [21].

Fluorescent carbon dots have been synthesized by different conventional
methodologies such as laser ablation, hot injection, hydrothermal, electrochemical,
and acidic oxidation methods [22-26]. It is well known fact that carbon nanodots
synthesized by different synthetic protocols using different precursors or modifica-
tions possess different physiochemical properties, which indicate their complex
behavior. However, most methods face some limitation from environmental
perspectives in using carbon precursors, synthetic procedure, and purification
techniques [27, 28]. At present, extensive research is focused on using natural
products to prepare fluorescent carbon dots. Preparation of fluorescent carbon dots
by using renewable natural resources is cost-effective and can help in sustainable
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development of environment [29, 30]. The eco-friendly synthetic route combined
with cost-effective approach can make the synthesized nanodots promising candi-
dates for environmental remediation.

Carbon nanodots with a wide range of possible structures and architectures have
been reported. The architecture of both the carbon core and surface functionalities
plays a very important role in controlling the activity of the carbon nanodots [31]. The
morphology of the carbon dots is nearly quasispherical, but the structure can be gra-
phitic, turbostratic, amorphous, or crystalline. The hybridization of carbon atom may
be sp2 (turbostratic or graphitic carbon) or sp3 (diamond-like carbon) [32]. In this
chapter, the eco-friendly green synthetic approach along with fascinating character-
istics and remarkable applications of fluorescent carbon dots is discussed. The surface
functionalization and passivation to confer desirable properties to carbon nanodots
have been highlighted. The future perspectives and the possible challenges, which can
improve the physiochemical properties of carbon dots, have also been discussed.

2. Synthesis of fluorescent carbon nanodots
2.1 Conventional synthesis

Generally, the synthetic procedure of carbon nanodots is quite a tedious process,
which involves several steps, surface passivation, and post-synthetic modifications
[33, 34]. Also, the physiochemical properties and potential applications of carbon
dots solely depend on the synthetic procedures [35]. Two conventional approaches
have been employed to synthesize carbon nanodots, top-down approach, and
bottom-up approach [36].

Top-down approach involves the cleavage of larger carbon cluster into smaller
carbon fragments resulting in the formation of carbon nanodots with diameter less
than 10 nm. The large molecules are fragmented by laser ablation, arc discharge, acid
oxidation, or exfoliation methods (electrochemical, ultrasonic, solvothermal, and
hydrothermal exfoliation methods) [2]. Contrarily bottom-up approach is based on
several chemical reactions, which results in the conversion of small carbon precur-
sors into nanoscale carbon dots. In bottom-down approach, the carbon nanodots are
synthesized through partial dehydration and dehydrogenation by using microwave,
solvothermal, pyrolysis, or thermal decomposition method [37, 38].

During preparation of carbon nanodots, several problems that need to be
focused on control of size, proper functionalization of surface, and carbonaceous
aggregation should be avoided [39, 40]. Size uniformity is important for uniform
properties and mechanistic pathways, whereas surface functionalization is critical
for solubility and surface applications. The size or surface properties can be opti-
mized by post-treatment method, such as dialysis, gel-electrophoresis, ultracen-
trifugation, and filtration. Carbonaceous aggregation can be avoided by adopting
electrochemical methods or confined pyrolysis methods [41] (Table1).

2.2 Green synthesis

The conventional synthesis of carbon nanodots is uneconomical and unjustified
because of high cost, tedious experimental protocols, post-preparation modifica-
tions, and time-consuming methodologies [45]. Therefore, it is imperative to design
facile, eco-friendly, and sustainable methods to synthesize carbon nanodots. Green
approach is one of the sustainable methods, which is very easy, cost-effective,
eco-friendly, and nonlaborious [46]. From past few years, carbon nanodots were
extensively synthesized using natural precursors through greener approach [47].
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Synthetic method Characteristics Demerits Literature
Laser ablation » Top-down process Low quantum [42]

e Fastand effective yield, POSt?

treatment is
* Carbon NDs with strong required
fluorescence emissions

* Tunable surface states

Chemical oxidation * Top-down process Require drastic [15]

conditions, poor
control over size,

¢ Most accessible

* Various sources tedious protocol
Microwave irradiation * Eco-friendly Modification not [41]
¢ Cost-effective and scalable needed but poor

control over size

Solvothermal/hydrothermal ¢ Nontoxic Poor control over [43]
treatment « Cost-effective and particle size
eco-friendly

Electrochemical carbonization e Size control Small molecule [44]

e Stable method Precursors, poor

quantum yield
* One-step method
Table 1.

Characteristics of different synthetic methods used for preparation of carbon NDs.

Natural precursors include apple juice, orange juice, shrimps, sweet potatoes, garlic,
aloe vera, and honey, which have been utilized as carbon precursors in the prepara-
tion of carbon nanodots [48]. In addition to this, plant wastes such as pomelo peel,
willow bark, watermelon bark, and waste carbon paper have also been used as
carbon precursors for synthesizing carbon nanodots. Biomaterials such as carbohy-
drates (starch, glucose, and sucrose) have also been utilized for the preparation of
carbon nanodots [37]. The replacement of toxic and costly precursors by greener
and natural precursors was considered to be the promising method for the synthesis
of eco-friendly and potential florescent carbon dots.

2.3 Post-synthetic modifications

The synthesized carbon nanodots can be modified further to obtain nanodots
with desirable properties. Generally, two strategies have been applied for post-
synthetic modifications: suitable heteroatom doping and surface functionalization
or modification.

Heteroatoms such as nitrogen, selenium, and sulfur can be incorporated into
the nanodots by using suitable heteroatom-containing precursors [49, 50]. Carbon
nanodots have also been co-doped with more than one type of heteroatoms through
hydrothermal treatment [51]. Although heteroatom doping is facile method of
structure modification, the actual mechanism is still unclear and results in irratio-
nal structural design.

Carbon nanodots can be selectively modified with the process of surface
modification, which is easily controllable. The surface of carbon nanodots can be
functionalized with several reactive intermediates through specific or nonspecific
interactions [52]. The functionalization of carbon nanodots results in the tailoring
of several properties, which in turn proves beneficial for several potential applica-
tions. Carbon nanodots have been passivated with oligomeric polymers to improve
fluorescence emissions [53].
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3. Morphology and composition

The morphology and structure of the carbon nanodots are exclusively dependent
on reaction conditions of synthetic procedures [54]. These nanodots belong to the
carbon nano family, existing in several possible substructures. Generally, carbon
nanodots are considered to be quasispherical or spherical particles of carbon, which
are less than 10 nm in size. The inner core of the carbon nanodots is crystalline or
amorphous, but the surface layer covering the core contains several to many functional
groups ranging from small amino groups to large fatty acid chains [32]. The crystalline
structure of inner core was confirmed by several techniques such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction
(XRD), and amorphous nature, which were deduced by HRTEM technique [55]. The
inner core is characterized by sp (turbostratic or graphitic carbon) or sp’ (diamond-
like carbon). It has been reported that the inner core can acquire different possible
structures at different conditions, particularly at high level of nitrogen doping [56].

The chemical composition of carbon nanodots also varies from one synthetic
method to another. The composition of purified carbon nanodots has been reported
as 36% carbon, 5.9% hydrogen, 9.4% nitrogen, and 44.7% oxygen. The oxygen
content was significantly higher than the carbon nanodot synthesized from raw
candle soot (91.7% C, 4.4% O, 1.8% H, and 1.8%N) [57] (Figure1).

Figure 1.
Morphology and structuve of carbon nanodot, taken from Ref. [58].

4, Characteristics of fluorescent carbon nanodots

Fluorescent carbon nanodots are tiny particles with fascinating characteristics
and commendable properties. These nanodots are considered as versatile carbon
members, which show a plethora of applications. In comparison with other semicon-
ductor quantum dots, carbon nanodots show excellent properties, such as [58, 59]

* extraordinary optical, electrochemical, and electronic properties

tunable fluorescence emission

* less toxicity

excellent biocompatibility

chemical robustness
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peculiar physiochemical properties

solubility in water

multiphoton excitation property

eco-friendly nature

Carbon nanodots show maximum absorption in UV region with a tail extending
to visible region. The optical absorption of carbon nanodots can be shifted to longer
wavelength by surface passivation and doping with suitable dopants [60]. It has
been observed that the nanodots exhibit size-dependent optical properties rang-
ing from 200 to 500 cm™, when size is increased from 10 to 21 nm. Moreover, the
reactive groups on surface also play a role in increasing the absorption properties of
carbon nanodots [60, 61].

Fluorescent carbon nanodots exhibit remarkable wavelength-dependent photo-
luminescence properties that are totally different from Au nanodots, Ag nanodots,
and other metallic nanodots. The fluorescence properties can be tuned through
defect states without comprising with core structure. Functionalization of surface
removes nonradiative redox recombination centers and increases the quantum yield
[62]. Carbon nanodots show multiphoton excitation process, which results in emis-
sion of shorter wavelength light than the excitation wavelength. This up-conversion
process is a sequential absorption process of one or more photons in the range of
320-425 nm. The photoluminescence from carbon nanodots is possible only when
there is quantum confinement of surface energy traps, which becomes emissive
upon stabilization through surface passivation [53].

The hydrophilicity of carbon nanodot is because of oxygen-containing
functional groups over the surface, which imparts good solubility in water.
Hydrophilicity modifies so many properties of carbon nanodots and makes them
efficient fluorescent probes for several organic applications [63]. Recently, it has
been reported the hydrophilic carbon nanodots can be converted into hydropho-
bic nanodots by covalent attachment of nonpolar solvents. Hydrophobic carbon
nanodots have been used as efficient catalysts in organic synthesis [64].

Carbon nanodots possess remarkable redox properties, which make them
efficient photocatalysts for degradation of organic pollutants, oxygen evolution,
and CO, reduction [65]. The photocatalytic properties are enhanced by heteroatom
doping, tuning of bandgap, and interfacial interactions. Carbon nanodots act as a
photosensitizer for capturing solar light, thereby facilitating electron-hole separa-
tion [66]. Carbon nanodots have shown promising potential in water splitting due to
the synergistic effects of several attributes. Zhang et al. introduced the metal-based
semiconductor in photocatalysis as carbon dots decorated graphitic carbon nitride
photocatalyst for the purification of water by phonol degradation. Muthulingam
et al. described about highly efficient degradation of dyes by carbon quantum
dots/N-doped zinc oxide photocatalyst and its compatibility on three different com-
mercial dyes under daylight. Sharma et al. introduced about microwave-assisted fab-
rication of La/Cu/Zr/carbon dots trimetallic nanocomposites with their adsorption
against photocatalytic efficiency for remediation of persistent organic pollutants.

4.1 Energy band structure
The energy band structure of carbon nanodots has been proposed on the basis of

several computational and theoretical studies. The scheme of energy band struc-
ture of inner carbon core and the surface states has been depicted in Figure 2. It is
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Carbon core Surface state

Figure 2.
Scheme depicting energy band structure of carbon nanodots, taken from Ref. [67].

evident from the figure that carbon nanodots exhibit five emission bands, which
have been attributed to electron transitions at intrinsic carbon (305 nm), graphitic
nitrogen (355 nm), pyridine nitrogen (410 nm), amino nitrogen (455 nm), and
carboxyl carbons (500 nm) [67].

5. Applications

Fluorescent carbon nanodots have emerged as versatile carbon nanostructures
with a wide range of potential applications. Based on their intriguing and fascinat-
ing properties such as biocompatibility, water solubility, and high stability, they
are utilized as favorable materials in diverse fields. Carbon nanodots are promising
materials and find substantial applications in bioimaging, photocatalysis, sensors
(biosensors and chemical sensors), drug delivery, energy conversions, supercapaci-
tors, LEDs, and many related processes [32, 68, 69]. In addition to this, carbon
nanodots have shown great achievements in the field of food science in terms of
food safety, nutrient management, and food toxicity [70-81]. The surface function-
alizations with suitable reactive moieties have rendered carbon nanodots efficient
in several biomedical applications such as in vivo and in vitro fluorescent probes
and biomarkers. The applicability of carbon nanodots in biological and chemical
sensing shows excellent results with respect to sensitivity, selectivity, stability,
reproducibility, and response time.

5.1 Sensing

Carbon nanodots have been utilized as novel, efficient, and environment friendly
fluorescent probes for the detection of trace quantities of chemical and biological
analytes. Due to their fascinating and useful properties, carbon nanodots have
been employed as biosensors for monitoring of glucose, DNA, phosphate, potas-
sium, nitrite, and cellular copper with high selectivity and sensitivity [77, 82, 83].
The photoluminescence properties of carbon nanodots were investigated for the
detection of various solvents (VOCs) [84]. It was reported that cyclic voltammetry
technique was employed for selective and sensitive detection of glucose by using
nitrogen-doped carbon nanodots with a LOD of 1-12 mM [85]. Boron-doped carbon
nanodots were effectively utilized as chemosensors for trace detection of hydrogen
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Figure 3.
Detection of nucleic acids by fluorescent carbon nanodots, taken from Ref. [90].

peroxide and glucose with very low detection limit [86]. Moreover, metal-doped car-
bon nanodots were effectively used as fluorescent sensors for sensing of dopamine,
amoxicillin, catechol, pyridine, formaldehyde, pyrene, and so on [87, 88]. Metal-
doped carbon nanodots have shown a considerable role in pH and temperature sens-
ing in aqueous systems. Metal ions like Fe’* are very important for the metabolism of
living beings, and any fluctuation in its routine can be disastrous for human beings.
Carbon nanodots can help in the detection of fluctuation of Fe’* and thereby help in
maintaining stable iron metabolism in the body [89].

Carbon nanodots can be used as a fluorescent nanosensor for nucleic acid
detection with single-base mismatch [90-93]. The sensing is based on the adsorp-
tion of fluorescent labeled single-stranded DNA over carbon nanodots followed
by fluorescence quenching and subsequent hybridization with its target to form
double-stranded DNA (Figure 3).

5.2 Photocatalysis

Due to efficient redox properties, carbon nanodots have been efficiently
employed as photocatalysts for harnessing solar energy in organic pollutant
degradation. Carbon nanodots upon irradiation generate electron hole pairs, which
can be subsequently utilized for multiple applications in pollutant degradation,
CO, reduction, and photo catalytic water splitting [94, 95]. Carbon nanodots
have been considered as excellent photocatalysts with a strong absorption in the
wide range of electromagnetic spectrum. However, due to poor electron transfer
inside the carbon nanodots, the application has been impeded. In order to increase
the efficiency of carbon nanodots and to make them better photocatalysts, their
electronic structure is modified by adopting several strategies namely, metal ion
doping, heterostructure formation, composite formation, and so on [8, 95]. Doped
carbon nanodots show efficient electronic properties with a strong visible light
absorption and show low recombination of charge carriers [96]. Nitrogen-doped
carbon nanodots in comparison with bare carbon nanodots show efficient visible
light photo catalytic degradation of methyl orange. It has been also reported that
carbon nanodots in the size range of 1-4 nm showed good photocatalytic oxidation
of benzyl alcohol to benzaldehyde in the presence of H,0O, [97]. The conversion
efficiency under NIR light was observed to be 92-100%, confirming better redox
properties of carbon nanodots. The proposed mechanism for the conversion has
been demonstrated in Figure 4.
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Figure 4.
Carbon nanodot supported oxidation of benzyl alcohol to benzaldehyde in the presence of NIR light, taken
from Ref. [97].

5.3 Optronics

White light emitting diode can help in saving a lot of energy, but conventional
diodes with rare earth metals suffer a drawback in terms of cost, stability, and
toxicity. Because of low cost, eco-friendliness, high-quantum yield and low toxicity,
carbon nanodots are replacing the traditional white light emitting diodes. Carbon
nanodots are the promising materials to replace phosphors in white light emitting
diodes with toxic elements such as cadmium and lead [98]. Carbon nanodots serve
as a potential candidate in dye-sensitized solar cells, supercapacitors, and organic
solar cells [99, 100]. Carbon nanodots doped with nitrogen or coupled with polymer
matrix show a considerable attention in LEDs because of flexibility, thermal stabil-
ity, and robustness.

6. Conclusion

In summary, fluorescent carbon nanodots are the members of carbon family
with fascinating and remarkable properties. Although several protocols have been
discussed about their synthesis, the size control and precise morphologies have not
been attained yet. It is noteworthy to mention that the green synthesis of carbon
nanodots has proved facile and effective in controlling the size and properties.
Fluorescent carbon nanodots are unique tiny materials with extraordinary char-
acteristics and commendable properties. The properties of carbon are explored
in several fields. Carbon nanodots have shown explicit potential in biomedical,
photovoltaic, optoelectronic, and electrochemical fields. In addition, the excellent
redox properties and light harnessing potentiality have rendered them potential
candidates for photo catalytic applications. Furthermore, the newly discovered
chroptical properties of carbon nanodots will certainly find promising applications
in both biomedical and electronic fields. Despite of the peculiar and remarkable
applications in diverse fields, several properties of the carbon nanodots are still
unclear. In future, extensive studies are needed to elucidate the possible mysteries
and novel applications of carbon nanodots.
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