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Access to safe drinking water and a hygienic living environment are the basic necessities that encourage
healthy living. However, the presence of various pollutants (especially toxic heavy metal ions) at high con-
centrations in water renders water unfit for drinking and domestic use. The presence of high concen-
trations of heavy-metal ions (e.g., Pb?*, Hg?*, Cr®*, Cd?*, or Cu?*) greater than their permissible limits
adversely affects human health, and increases the risk of cancer of the kidneys, liver, skin, and central
nervous system. Therefore, their detection in water is crucial. Due to the various benefits of “green”-syn-
thesized carbon-dots (C-dots) over other materials, these materials are potential candidates for sensing
of toxic heavy-metal ions in water sources. C-dots are very small carbon-based nanomaterials that show
chemical stability, magnificent biocompatibility, excitation wavelength-dependent photoluminescence
(PL), water solubility, simple preparation strategies, photoinduced electron transfer, and the opportunity
for functionalization. A new family of C-dots called “carbon quantum dots” (CQDs) are fluorescent zero-
dimensional carbon nanoparticles of size < 10 nm. The green synthesis of C-dots has numerous advan-
tages over conventional chemical routes, such as utilization of inexpensive and non-poisonous materials,
straightforward operations, rapid reactions, and renewable precursors. Natural sources, such as biomass
and biomass wastes, are broadly accepted as green precursors for fabricating C-dots because these
sources are economical, ecological, and readily/extensively accessible. Two main methods are available
for C-dots production: top-down and bottom-up. Herein, this review article discusses the recent
advancements in the green fabrication of C-dots: photostability; surface structure and functionalization;
potential applications for the sensing of hazardous anions and toxic heavy-metal ions; binding of toxic
ions with C-dots; probable mechanistic routes of PL-based sensing of toxic heavy-metal ions. The green
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production of C-dots and their promising applications in the sensing of hazardous ions discussed herein
provides deep insights into the safety of human health and the environment. Nonetheless, this review
article provides a resource for the conversion of low-value biomass and biomass waste into valuable

rsc.li/nanoscale materials (i.e., C-dots) for promising sensing applications.
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Carbon dots (C-dots) refers to structures in which one dimen-
sion is <10 nm." One family of C-dots, carbon quantum dots
(CQDs), was identified in 2004 during refinement of single-
walled carbon nanotube (SWCNTs).> C-dots generally have
O/N-containing functional groups (e.g., amino (-NH,), carboxyl
(-COOH), and hydroxyl (-OH)) on their surface which make
these materials water soluble, probably due to the formation
of H-bonding. Furthermore, these materials can be functiona-
lized with biomolecules, with minimal toxicity, making them
useful carriers for biological imaging and drug administration.
These carbon-based materials exhibit excellent photostability,
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low toxicity, tunable fluorescence, and a high quantum yield
(QY), which empowers them to have promising applications in
biomedicines, optronics, sensors, and catalysis.>* Recently,
many researchers have explored the fabrication, character-
istics, and potential applications of C-dots in different
aspects.” Many synthetic methods have been mentioned for
the fabrication of C-dots. Generally, organic molecules are con-
sidered to be the most dependable synthetic precursors to fab-
ricate C-dots with high QY, however concerns regarding the
toxicity associated with aromatic hydrocarbons has limits their
potent usage in various application. Owing to these limit-
ations, numerous alternative precursors with minimal toxicity
have been used in the production of C-dots. Different types of
natural raw materials can be employed for the fabrication of
C-dots.® Several researchers have used biomass optimally as a
versatile synthetic material to synthesize C-dots. Biomass is an
eco-friendly natural resource of carbon that has various advan-
tages over other carbonaceous precursors for synthesizing
C-dots. Biomass materials include fruits, fruit peel/juice,
materials obtained from animals (e.g., silkworm and chicken
eggs), spices, vegetables, waste kitchen materials (e.g., waste
paper), plant leaves’ and their derivatives.® A significant
feature of biomass-derived C-dots lies with the conversion of
low-value biowaste into valuable and useful materials.®

The intensifying exposure of toxic contaminants and pollu-
tants (especially heavy-metal ions) to the human body has
created severe health issues.” Owing to the need for sensing of
these hazardous metal ions in aqueous medium, several nano-
technology-based materials (including C-dots) have been devel-
oped.'® Herein, the fabrication routes of C-dots using various
types of biomass and their sensing capabilities for metal ions
such as Fe(ur), Hg(u), Pb(u), Cr(vi), Cd(u), Cu(u), and anions like
ClO™, S,05>7, and S”7, are highlighted. If the concentrations of
heavy metal ions such as Pb>*, Hg**, and Cu®" are higher than
permitted limits, these ions can increase the risk of cancer in
the kidneys, liver, skin, and central nervous system (CNS)."*™*3
Hence, it is crucial to identify the presence of these ions in
aqueous solutions. Hg>" is one of the most dangerous and per-
vasive pollutants, posing a serious threat to life and the
environment.'* Hg>" can enter the epidermis, gastrointestinal
tract, and respiratory system to impair mitosis, damage DNA,
and permanently harm the CNS.">'® Cu®' is essential for life
because this ion is a substantial part of the cytochrome ¢
oxidase, which is an important enzyme in the respiratory
system. Constipation may result from even a short encounter
with increased Cu** levels. In contrast, prolonged exposure can
seriously harm the kidneys and liver. In addition, Cr has
drawn the interest of the scientific community because of its
significant contribution to industrial pollution and lethality to
living things.'”” The main origins responsible for liberation of
Cr®" into water resources are electroplating, leather tanneries,
mining, refinement of tainted pigments, and industries that
produce chromate.'®® Iron in the form of Fe*" is one of the
most significant and prevalent trace elements in living beings.
Due to its simple redox chemistry and high binding preference
for oxygen, it is essential for the transport of oxygen in pro-
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cesses such as DNA synthesis, cellular metabolism, enzyme
catalysis, and haemoglobin.?*2¢ Fe** levels over the maximum
allowable limit or its deficiency can disturb cellular homeosta-
sis and cause cancer, diabetes mellitus, heart failure, arthritis,
and a reduction in the intelligence quotient.>’*° In addition,
an abundance of Fe’" in water reduces its quality by giving it
an undesirable odour and colour. Anions, on the other hand,
are also prevalent in water as pollutants and lead to a negative
impact on the environment and human health, making their
detection essential. For instance, a high concentration of S>~
limits the capacity of the body to function correctly and is con-
nected to Alzheimer’s disease and liver damage.?!

“Green” chemistry deals with the application of essential
principles in the fabrication, design, and application of chemi-
cal substances with the aim of: (i) minimizing the use/creation
of hazardous substances; (ii) chemical synthesis with no or
low hazards; (iii) use of safer and non-toxic chemicals, sol-
vents, and (iv) safer procedures. Biowaste, for example, can be
utilized to synthesize C-dots sustainably and cost-effectively for
the sensing of hazardous ions. In addition, carbon nanotubes
(CNTs), nano-diamond, graphite, and active carbon can be uti-
lized as precursors for fabricating C-dots.** “Biomass” is bio-
logical matter from anything alive or that was alive recently.
On the other hand, “waste” is any substance that is intended
to be discarded. Biowaste is a large, complex, abundant, bio-
degradable, heterogeneous, and bioorganic material that may
be collected from various sources, including livestock wastes,
plants, animal waste, industrial by-products, agricultural and
forestry wastes, and human activity waste.?3373°

The present review emphasizes the importance of biomass-
derived C-dots nanoprobes for the sensing of heavy/toxic metal
ions and anions. The various methods of synthesizing biomass-
derived C-dots and their surface structures are discussed. In
addition, the detailed mechanism of sensing of hazardous ions
by these C-dots, along with the interaction of hazardous metal
ions with C-dots are explored. Moreover, this review article has
comprehensively evaluates the utilization of green precursors
for the synthesis of C-dots and highlighted the arising chal-
lenges and research voids from previous research works. In
addition, the probable future outlooks of Cbiomass-derived
C-dots are also presented for readers and researchers to identify
the possibilities application of biomass-derived C-dots.

2. Types of C-dots: basic concepts
and principles

Carbon quantum dots (CQDs), graphene quantum dots (GQDs),
carbonized polymer dots (CPDs), and carbon nanodots (CNDs)
are categories of quantum dots classified on the basis of their
core/surface structures and characteristics.**®* GQDs contain
100 nm-sized, 10 layer-thick graphene sheets inside dots whose
interlayer and quantum confinement result in electron mobility.
Also, GQDs consist of conjugated n-electrons due to sp*hybri-
dized atoms, which make them anisotropic and also facilitate
charge transfer, which occurs due to electrolytes, reactants, nano-
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materials, and is mediated by moieties. These are used as cata-
lysts for chemical conversion due to their quasi-homogenous
nature, along with an intra-molecular Z-scheme for photocataly-
sis.** GQDs prepared from traditional methods result in low
yields. To overcome this problem, new synthetic methods were
explored to convert coal into GQDs by facial fabrication (photo-
Fenton reaction), which yielded 45% of product.*® Also, one can
increase QY by surface modifications. The electrical and optical
properties of GQDs are dependent on size, so modification of
their intrinsic properties depends on the accuracy of size and
shape. CQDs are isotropic due to sp®> and sp® hybrid carbon
atoms. C-dots have the potential to couple the desired spectral
selectivity and sensitivity of optical recording media with the fast
readout times of modern image sensors. The high absorption
cross-sections of C-dots have facilitated their facile surface modifi-
cation due to their inherent functional groups (e.g., carbonyl,
-NH,, and -OH), which opens up new possibilities for C-dot
functionalization.”*> The main difference between GQDs and
CQDs is that GQDs have a lateral dimension greater than the
height and contain a single or few graphene sheets. Even though
C-dots and CQDs have the same size, the emission wavelength of
C-dots is a few-nm wider than that of CQDs. Achieving a high
degree of polymerization or a high level of carbonization is a
crucial step in the development of carbon-based nanomaterials.
The unique bonding interactions between polymer chains and
C-dots, as well as the structure and compositional requirements
of the polymers, determine the efficiency and characteristics of
the final material.*> By controlling the degree of polymerization
and carbonization, the unique functionalities of carbon-based
nanomaterials can be fully revealed. The balance of polymeriz-
ation and carbonization leads to the concept of “carbonized
polymer dots” (CPDs), which provides a comprehensive and
unified perspective on the discovery of new luminescent carbon-
based nanomaterials. CPDs combine the merits of QDs and poly-
mers, thereby making them more environmentally friendly, non-
toxic, and affordable because their raw materials are widely avail-
able. CPDs contain many surface groups, thereby making them
hydrophilic without the need for further modifications, which is
good for their application in living organisms. Due to preserved
polymer chains, CPDs show higher compatibility than QDs and
stability because of carbonization.*?

CNDs do not exhibit quantum confinement because they
are amorphous and quasi-spherical nanoparticles, but show
excited states originating from molecular-like species. The core
of these carbon nanoparticles (NPs) is surrounded by surface
groups (e.g., COOH, alcohols, and amine functionalities),
making them more compatible with aqueous media, and eco-
friendly. The photoluminescence (PL) of CNDs depends on the
electronic bandgap, size, shape, and type of NPs. The size of
NPs has a noticeable effect on the emission characteristics of
CNDs. For example, the emission is a result of bandgap tran-
sitions for small NPs (typically 2 nm) and surface plasmon
resonance for larger particles.** For example, the emission of
CNDs in the red region of the spectrum is attributable to the
thermal decomposition of conjugated polymers, whereas the
emission in the blue region is the result of the thermal
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Fig. 1 Classification and surface structures of C-dots (i.e., carbonized
polymer dots, graphene quantum dots, and carbon nano-dots).
Modified from ref. 38 with permission from Advanced Science under the
license of Creative Commons (CC BBY-NC 4.0).

decomposition of inorganic semiconductors such as quantum
dots. The structure of different types of C-dots with various
surface functional groups is shown in Fig. 1.

3. Properties of C-dots
3.1 Structural properties of C-dots

C-dots are usually spherical, three-dimensional (3-D) clusters
mainly made up of carbon atoms and very small proportions
of other elements. The majority of carbon atoms in the inner
regions of 3-D clusters are sp*-hybridized, with some being
sp’>-hybridized. In general, biomass-derived C-dots exhibit
various surface functional groups and have crystalline and
amorphous regions. Furthermore, most C-dots have low crys-
tallinity despite the presence of crystalline sp> carbon-contain-
ing portions. C-dots frequently exhibit the “quantum size
effect” due to their particle size (<10 nm). Also, C-dots exhibit
a red-shift in their maximum wavelengths for fluorescence
emission as their particle size grows. The primary elements of
C-dots are C, H, O, and N, the ratio of which varies depending
on the synthetic process used to produce C-dots.®*>

3.2 Functionalization of C-dots

The surface features of C-dots (surface functional groups, defects,
particle size, and heteroatom doping) influence their PL prop-
erty.*® The surface characteristics of C-dots can be influenced by
their functionalization, which leads to alterations in their pro-
perties. Functionalization of C-dots refers to the process of modi-
fying the surface of C-dots with various functional groups or
molecules. This functionalization is undertaken to introduce
specific properties, enhance stability, or enable “tailored” inter-
actions with specific targeted applications. It can be done by
surface modifications or doping of heteroatoms, or both.

3.2.1 Doping. Doping of C-dots by heteroatoms such as
nitrogen (N), sulfur (S), and phosphorus (P) enhances emis-
sion by introducing an upward shift in the Fermi level and
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electrons in the conduction band.**** C-dots have unique
optical and electronic characteristics originating from conju-
gation between the p-orbitals of carbon (C) and lone pairs of
doped atoms. P-doped C-dots have greater biolabeling ability
than that of bare C-dots. Doping with P produces more active
sites, which results in significant fluorescence enhancement.*”
C-dots doped with silicon (Si) influence blue emission, which
results in high QY and enhances applications in multifunc-
tional sensors and bioimaging.*® Attempts have been made to
prepare self-doped C-dots, so the selection of raw materials is
the most important step. Biomass-based C-dots mostly contain
C and oxygen (0).>>° C-dots prepared from hair and protein
have N and S. The waste product of poultry farms are feathers,
which are mainly composed of p-keratin. It is a rich source of
C, N, S, and O. For instance, Liu et al. prepared N- and
S-doped C-dots from goose feathers via hydrothermal and
microwave methods for the sensing of Fe**.** C-dots prepared
from soybean powder by low-temperature pre-carbonization
had blue fluorescence.’® Shi et al. prepared N- and S doped
C-dots from fungus fibres using a hydrothermal method. They
were employed for bioimaging cancer cells because fungus
fibres are rich in vitamins, amino acids, and polysaccharides.®
N-doped C-dots prepared from rice residues using a hydro-
thermal method showed blue emission and have been used
for the detection of Fe*".>” In addition to non-metallic hetero-
atoms, the characteristics of C-dots can also be managed by
introducing transition-metal ions. Yao et al. demonstrated the
microwave synthesis of C-dots using a waste crab shell as a pre-
cursor, incorporating metal ions such as Gd**, Eu*", and Mn**
as dopants. The resulting C-dots, with the inclusion of metal
ions, exhibited increased QY, which was influenced by the
presence of these metal ions. These metal ion-doped C-dots
were utilized in bioimaging and drug delivery.>® Heteroatom
doping in CQDs has shown considerable increments in the
fluorescence characteristics of CQDs.

3.2.2 Surface modification. The surface of C-dots can be
modified by introducing specific functional molecules during or
after their synthesis. The surface of C-dots can be functionalized
by a range of materials, such as ions, organic molecules, polymers,
DNA, and proteins, with the aim to change the properties of the
C-dots. Because C-dots are abundant with surface groups, func-
tional ligands can bind to them readily.>* N-, S-, and P-based
functionalization at the edges of CQDs influence blue fluorescence
emission with higher QY compared with that using pure CQDs.”®
C-dots obtained from biomass generally have some polar moieties,
such as carbonyl, -OH, or -NH, groups, due to which their surface
can be modified, and many functional groups are encountered in
them by covalent and non-covalent modifications.>

During covalent modification, functional moieties are
attached directly to the surface of C-dots through covalent
bonds. This can be achieved by introducing reactive functional
moieties, including -NH,, ~-COOH, or thiol (-SH) groups, onto
the surface of C-dots, allowing them to react with suitable
reagents or coupling agents to form covalent linkages. Non-
covalent modification involves the adsorption or attachment of
functional molecules onto the surface of C-dots through non-
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covalent interactions such as H-bonding, electrostatic inter-
actions, or n-=n stacking. Due to these interactions, this modifi-
cation allows for reversible and versatile functionalization
without altering the core structure of C-dots.”” Liu et al. fabri-
cated C-dots from waste bamboo leaves using a hydrothermal
method. These were functionalized further by coating with
branched polyethylenimine (BPEI) via electrostatic adsorption.
This modification allowed the BPEI-CQDs to be designed for
the sensitive and selective fluorescence sensing of Cu>".>®

C-dots can be functionalized by encapsulating or coating
them with polymers. Dan et al. fabricated C-dots from kelp.
Using chitosan as a film-forming material, nano-coating was
done using synthesized C-dots, which yielded promising results
for mango preservation. The inclusion of kelp C-dots in the
coating formulation effectively suppressed the growth of micro-
organisms. The C-dots-chitosan coating helped to delay the oxi-
dation of vitamin C in mangoes. In addition, application of the
nano-coating led to notable reductions in the rate of decay and
water loss of mangoes, while also retarding the conversion of
sugars and acids and minimizing respiration during storage.
These findings emphasize the potential of synergizing C-dots
and chitosan to amplify the preservative capabilities of coatings,
thereby offering valuable prospects for the advancement of
innovative technologies and materials in fruit preservation.>
CQDs, as a novel family of recently found nanocarbons, exhibit
excellent photophysical properties. In particular, the size and
excitation wavelength-dependent PL behaviours enhance the
photocatalytic efficiency of CQD-based composites.®® CQDs-
functionalized bismuth oxyiodide (BiOI) photocatalysts have
been fabricated via hydrothermal treatment. The incorporation
of CQDs enhances the photocatalytic activity of BiOI signifi-
cantly in the decontamination of methylene orange (MO) in the
presence of visible-light irradiation, leading to a substantial
increase in activity.®! Functionalization of C-dots enables their
customization for bioimaging, drug administration, sensing,
energy storage, and catalysis. By tailoring their surface pro-
perties and interactions, functionalized C-dots can be optimized
to meet specific requirements in different fields.

3.3 Optical characteristics of C-dots

3.3.1 UV absorption. C-dots show wide and intense absorp-
tion peaks in the UV-to-visible wavelength region. Their
absorption spectra are notably different for C-dots fabricated
using distinct synthetic methods from various precursors and
dispersion in distinct solvents. Generally, in the zone between
ultraviolet and visible wavelengths, C-dots contain one or more
absorption maxima.®®* It is possible to broadly attribute the
absorption band in the wavelength region of 220-270 nm to
the n-n* electronic transition of C=N and C=C bonds. The
absorption bands in the wavelength region of 280 nm and
350 nm can be attributed to the n-n* electronic transitions of
C-O and C=O bonds. The transition of surface functional
groups of C-dots is typically associated with absorption bands
in the wavelength range 350-600 nm.* Additionally, the posi-
tion of the absorption maxima of C-dots can be affected sig-
nificantly by the extent of surface oxidation.*

This journal is © The Royal Society of Chemistry 2023
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3.3.2 Fluorescence. One of most significant characteristics
of C-dots is fluorescence, which influences their applications
in different fields directly. The exceptional fluorescence
characteristics of C-dots include a broad excitation spectrum,
stable fluorescence, a narrow emission spectrum, up-conver-
sion luminescence, excitation wavelength-dependent fluo-
rescence emission, and excellent photobleaching resistance.
Several effects have been studied to describe the luminescence
of C-dots, including passivated surface defects, quantum con-
finement, oxygen-containing groups or aromatic structures,
emissive traps, and the exciton of carbon, but the specific
mechanism behind C-dots luminescence is not entirely
clear.®*®"®” The important parameters which influence the
fluorescence emission of C-dots (or the variations in the peak
locations and intensities of the fluorescence emission) are the
extent of surface oxidation (Fig. 2),°® the binding interaction
between heteroatoms and carbon atoms, and the type of
solvent used for extracting C-dots.?%%°°

3.3.3 Up-conversion fluorescence. Some C-dots derived
from biowaste materials exhibit specific up-conversion fluo-
rescence. They have an excitation wavelength longer than the
emission wavelength, instead of the more common down-con-
version fluorescence.®*”! To describe up-conversion fluo-
rescence, two types of widely employed mechanisms (anti-
Stokes PL and multiphoton-active process) are generally used.
Wu and his colleagues explained the up-conversion phenom-
ena of C-dots fabricated from walnut shells using a model of
electronic transition.”* According to their model, as the size of
C-dot particles increases, the energy gap between the lowest
unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) decreases. Electronic anti-Stokes
are produced from the energy level n to ¢ by carbine ground-
state multiplicity. Using light of low energy (wavelength >
600 nm), it is possible to excite n-electrons in the LUMO. Up-
conversion luminescence takes place if the electrons come
back to the ground o-state. Sun and colleagues explained up-
conversion for S- and N-doped C-dots derived from hair fibres
using the multiphoton-active process.®® The weak auto-fluo-
rescence interference and intense tissue penetration of red
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Fig. 2 Extent of the surface oxidation-based tunable fluorescent nature
of C-dots. Reprinted (adapted) with permission from Ding et al. (2015).
Copyright 2016 American Chemical Society.
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light from living tissues make C-dots with up-conversion fluo-
rescence particularly advantageous in optical in vivo imaging.
In addition, the up-conversion ability of C-dots provides a
solid basis for utilization of C-dots in two-photon imaging.

3.4 Biocompatibility and cytotoxicity

C-dots exhibit a wide range of potential applications in bioana-
lysis because of their superior optical characteristics. C-dots
having minimal toxicity and excellent biocompatibility also
meet the basic requirements for in vivo imaging of cells and
tissues.”>”*> Mewada and colleagues described the green fabri-
cation of C-dots derived from the peel of Trapa bispinosa.”*
The experimental findings of as-synthesized C-dots clearly
explained their minimal toxicity and excellent biocompatibility
for Madin-Darby canine kidney cells. Kavitha and Kumar
reported the production of mesoporous luminescent C-dots
employing date-palm fronds for the photocatalytic eradication
of methyl orange dye. The as-fabricated C-dots also showed
excellent biocompatibility (>95% vitality) with fibroblasts as
well as having antibacterial activities.”*

3.5 Photocatalytic activity

Many C-dots are highly effective photocatalysts or possess the
capacity to boost the photocatalytic efficiency of various other
catalysts for the photocatalytic decontamination of hazardous
pollutants (especially various toxic dyes present in waste-
water).® The fundamental mechanism of photocatalytic decon-
tamination of various toxic dyes by C-dots (or their compo-
sites) is the generation of electrons and holes upon light
irradiation by an appropriate source. These ion pairs facilitate
the formation of highly reactive OH" and O,’ radicals which,
ultimately, degrade dyes into H,O and CO,."*® Cailotto and
colleagues reported the 100% photocatalytic decontamination
of methylene blue (MB) dye utilizing N-doped C-dots derived
from beer waste within a single day.”*

C-dots fabricated from yerba matte and avocado seed
exhibited complete degradation and 40% degradation of MB
dye in 2 h, respectively.””> Sekar and Yadav demonstrated the
green production of ZnO/C-dots from gum ghatti. The as-fabri-
cated composites showed excellent potential as photocatalysts,
and degraded 94.8% of malachite green (MG) dye in 1 h7®
(Fig. 3). Smrithi and colleagues demonstrated the green hydro-

= MG dye solution

Czno- dots

Fig. 3 Photocatalytic degradation of MG dye by ZnO-supported C-dots
and ecological assessment. Reproduced from Sekar and Yadav (2021)
with permission from Elsevier.”®
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thermal synthesis of N-CQDs from Cucurbita pepo extract. The
as-fabricated N-CQDs showed almost complete photocatalytic
eradication of crystal violet dye in 3 h.””

3.6 Photostability

The photostability of C-dots refers to their ability to maintain
their structural and optical characteristics upon exposure to
light. C-dots are generally known for their good photostability,
which makes them suitable for imaging, sensing, and opto-
electronics applications. However, the photostability of C-dots
can change based on their specific fabrication routes, surface
functionalization, and surrounding environmental conditions.
Zhu et al. produced C-dots from sugarcane bagasse via a
hydrothermal route. The resultant C-dots displayed a wide
absorption spectrum in the UV-visible range and exhibited
fluorescence behaviour which did not depend on the excitation
wavelength. The resulting C-dots exhibited excellent stability
under various environmental conditions and retained their
optical properties even after prolonged exposure to light and
high temperatures.”® The stability of C-dots reported by Issa
and colleagues, which were used as fluorescent probes for
Hg>*, was assessed by evaluating their performance under
challenging conditions, including extreme pH levels, physical
stress, thermal conditions, and prolonged exposure. The PL
emission remained stable within a pH range of 3 to 11. This
indicated the resilience of the probe across a wide pH range,
making it suitable for the sensing of metal ions. However,
beyond pH 11, emission decreased due to the formation of
anions resulting from surface chemical changes. Also, the PL
emission of these N-doped C-dots did not show a significant
loss under high-salt conditions (NaCl at 1 M). The impact of
temperature on the PL intensity was observed: no significant
change in the PL emission was observed up to 45 °C. However,
with an increase in temperature up to 65 °C, the PL intensity
decreased to ~11%. This decline could be associated with the
precipitation of C-dots at higher temperatures.”” Wu et al.
described the fabrication of C-dots from Bombyx mori silk
through a single-step hydrothermal process. These C-dots
demonstrated good stability under different pH conditions
and exhibited negligible fluorescence decay over several weeks
of storage.®’® C-dots derived from pine wood have been shown
to have excellent stability under different pH conditions and to
demonstrate long-term fluorescence retention, making them
suitable for Fe** detection.®! Xue et al. fabricated C-dots from
peanut shells using a pyrolysis method. The PL characteristics
of the synthesized C-dots were evaluated at various pH of solu-
tions. The fluorescence remained relatively unaffected within a
pH range of 3 to 12. The impact of ionic strength on the stabi-
lity of C-dots was also studied by measuring the fluorescence
intensity in a phosphate buffer solution (10 mM, pH = 7.4)
containing NaCl or KCl (0-2.5 M). Remarkably, the fluo-
rescence intensity remained constant under these ionic con-
ditions. Moreover, the C-dots solution exhibited long-term
homogeneity without significant precipitation at room temp-
erature. Also, the fluorescence intensity did not change signifi-
cantly after storage for 90 days. In addition, continuous
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exposure to UV light (365 nm) for 90 min did not noticeably
affect the fluorescence intensity. Collectively, these results
revealed the exceptional stability of synthesized C-dots, their
resilience to variations in pH, ionic strength, and their resis-
tance to photobleaching, thereby demonstrating their suit-
ability for long-term imaging.®* Overall, C-dots exhibit favour-
able photostability, but careful consideration of the synthetic
methods, surface functionalization, and environmental con-
ditions is crucial to ensure their long-term stability and
optimal performance in various applications.

4. Strategies for the synthesis of
C-dots

Considerable attempts have made to design synthetic routes
for the fabrication of C-dots, which can be categorized into the
“top-down” route and the “bottom-up” route.

4.1 Top-down route

The top-down route involves the dissociation of bulky material
to tiny particles (<10 nm) (Fig. 4). This approach includes
methods such as laser ablation,®*®* electrochemical
synthesis,®>® ultrasonic treatment, and high-energy ball-
milling®” for the synthesis of C-dots. However, this approach
has some disadvantages: the need for costly setup and
materials, long reaction time, and harsh reaction conditions.®

4.1.1 Laser ablation. Yu et al synthesized CQDs using
toluene as the carbon source by laser irradiation.®® The size of
CQDs was tailored by a laser furnace. Using femtosecond laser
ablation, Nguyen et al. demonstrated the fabrication of C-dots
from graphite powders. They observed that the PL properties
and size of CQDs were dependent upon the irradiation dur-
ation, spot size, and the laser and, hence, could be controlled
with ease by alterations in these factors.”®

4.1.2 Electrochemical method. Several efforts have been
made to fabricate CQDs by electrochemical methods. Rods of
graphite have been taken as an anode as well as the cathode,
and a mixture of an aqueous solution of sodium hydroxide
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Fig. 4 Production of C-dots via top-down and bottom-up routes
(schematic).
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and C,HsOH used as electrolytes. CQDs were fabricated by an
electrochemical method in which an aqueous solution of
sodium hydroxide was used as an electrolyte and graphite rods
as a counter electrode as well as an anode placed 7.5 cm apart
from each other. At a static potential of 15-60 V, direct current
was allowed to flow between the electrodes. After 2 h of electro-
lysis, a deep-yellow solution was obtained. Upon centrifugation
for ~30 min, the particles were separated. Consequently,
water-soluble CQDs showing strong luminescence with a mean
size of 4.5 nm were obtained. The CQDs obtained possessed
visible light-sensitive activity for the degradation of methyl-
orange dye and also showed peroxide mimetic function. The
synthesized CQDs were combined with titanium dioxide via
simple hydrothermal treatment to yield a novel visible-light
photocatalyst (TiO,/C-dots).”*

4.1.3 Ultrasonic method. An ultrasonic method is a very
simple and convenient top-down method for breaking up a
massive carbon material. In this method, the huge energy of
ultrasonic sound waves is used to break down massive carbon
material. N-doped C-dots were fabricated via an ultrasonic
method from ammonia and ascorbic acid by Wang and co-
workers.*® Dang et al. also synthesized C-dots via an ultrasonic
method from oligomer-polyamide resin as a source of
carbon.”” In a typical synthesis, Park et al. demonstrated the
production of water-soluble CQDs using food waste as a
carbon source via straightforward ultrasonic irradiation.”
Using a 100 kg mixture of C,HsOH and food waste, nearly
120 g of C-dots with a mean size of 2-4 nm were synthesized.
The advantages of the as-fabricated C-dots for in vitro bio-
imaging include good PL characteristics, low cytotoxicity, and
excellent photostability.

4.1.4 High-energy ball-milling. One of the advantages of
high-energy ball-milling is that large-scale nanomaterials can
be synthesized from low-cost and readily available raw
materials. Even more important, this method can result in the
formation of a huge number of functional groups on the
exterior of nanocarbon materials.®* For instance, from a tinc-
ture of potassium hydroxide, SWCNTs can be remodelled in a
straightforward manner to have several ~OH groups.”® An
edge-carboxylated graphene nanosheet was synthesized recently
from dry ice and the ball milling of pristine graphite by Jeon
and colleagues.”® However, until 2012, reports regarding the fab-
rication of CQDs through ball-milling were lacking. In recent
years, two studies have demonstrated the production of C-dots
via ball-milling. Youh et al. described the fabrication of CQDs
from conductive carbon black using a simple and affordable
exfoliation method involving dry ball-milling in the presence of
sodium carbonate. These CQDs showed blue PL and had a
mean size of 3 nm. These CQDs were useful for cell imaging.”®
Jeong et al. used ball-milling to synthesize C-dots from coffee
grounds. These C-dots were strongly selective and sensitive for
detecting Fe*" in aqueous media via fluorescence quenching.””

4.2 Bottom-up route

The bottom-up route involves the transformation of small
carbon structures into C-dots of required size. It consists of
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microwave, hydrothermal, solvothermal, pyrolysis, thermal
decomposition, and carbonization methods to fabricate CQDs.
The methods used for the bottom-up route present interesting
possibilities to control the properties, shape, and well-defined
molecular size of C-dots.*®

4.2.1 Hydrothermal synthesis. Many researchers have used
the hydrothermal method as an inexpensive and eco-friendly
way to fabricate C-dots from green precursors and organic
compounds such as amines, saccharides, organic acids, and
their derivatives. Wang et al. reported a single-step hydro-
thermal route for the synthesis CQDs from papaya powder.”®
First, the papaya flesh (without peel) was dried in a vacuum at
54 °C for 24 h. Then, the flesh was heated for 5 h at 200 °C and
high pressure with water. Consequently, brown water-soluble
CQDs were formed. CQDs can also be fabricated using ethanol
as a solvent. The limit of detection (LOD) for fabricated CQDs
was found to be 0.48 mmol L™ and 0.29 mmol L™, which corre-
sponded to the sensing of ferric ions. Using a hydrothermal
method, Jagannathan and co-workers fabricated white light-
emitting CQDs from corncobs. Even after 3 months of shelf life,
these CQDs had a broad emission range of 380 nm to 650 nm,
high PL intensity, and were stable at various pH values. The
presence of Si and N impurities in biomass aided the develop-
ment of white-light emission with high QY (54%) and longer
lifetime under ambient conditions. The PL intensity of these
CQDs was found to be sensitive for the detection of acetamino-
phen, Zr**, Pb*", Cu**, Fe’", and Cr**.'°° Gu et al. described the
preparation of N-doped CQDs (N-CQDs) taking wolfberry as a
raw material via green and facile hydrothermal method.'"*
These N-CQDs were extremely sensitive to the fluorescent
“on-off-on” switch for the sensing of Fe** and 1-ascorbic acid.
These N-CQDs showed good fluorescence properties with a
QY < 22% and interacted preferentially with Fe®", which
led to fluorescence quenching. These N-CODs were employed
effectively for the detection of Fe*" with a LOD of 3 ymol L™.1%*

Using oyster mushrooms (Pleurotus species), Boobalan et al.
proposed single-step hydrothermal carbonization route for the
production of fluorescent blue/green C-dots.'®> These C-dots
were nearly spherical, had a size range of 5-18 nm, and a
mean particle size of 8 nm. With a LOD of 58.63 puM, these
C-dots were used for colorimetric sensing of harmful heavy-
metal ions (e.g., Pb>"). Moreover, these C-dots showed specific
electrostatic intercalative DNA binding, remarkable activity
against bacterial strains (Pseudomonas aeruginosa, Klebsiella
pneumoniae, and Staphylococcus aureus), and activity against
breast cancer (MDA-MB-231) cells."®® Lu et al. demonstrated
the fabrication of fluorescent and water-soluble CQDs taking
pomelo peels as raw material using a simple hydrothermal
method.'® The initial step of this preparation was to introduce
peels into water and then heat the mixture for 3 h at 200 °C in
an autoclave. The solution was then centrifuged for 10 min at
12 000 rpm before being dried under a vacuum for 48 h to
obtain CQDs. These CQDs possessed a QY of 6.9% and the
mean size of particles was found to be 2-4 nm. These CQDS
were used for the selective sensing of Hg”>* at a very low con-
centration (>0.23 nM).%?
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Zhao et al. fabricated N- and S-doped C-dots from garlic
using a hydrothermal process.'®® The resultant N- and S-doped
C-dots displayed intense blue fluorescence, excellent photo-
stability, and high solubility in water. The QY of the syn-
thesized C-dots was determined to be 17.5%. The distribution
of the size of C-dots was close to 11 nm according to trans-
mission electron microscopy (TEM). The fluorescence of the
synthesized C-dots exhibited persistence after intervention by
metal ions, high ionic strength, or biomolecules. These C-dots
possessed little cytotoxicity and found application as a magni-
ficent fluorescence probe for the multicolour imaging of cells.
In addition, the synthesized N- and S-doped C-dots showed
favourable radical scavenging and superb biocompatibility,
which suggested that doped C-dots could be good candidates
for bioimaging under physiological circumstances."'**

4.2.2 Thermal decomposition. In an experimental work,
CQDs were synthesized from 4-amino antipyrine (4AAP) by
thermal decomposition. 4AAP was subjected to heating for 2 h
at 300 °C followed by the addition of CF;CH(OH)CF; and fil-
tration. Consequently, a solution of CQDs was formed. A clear
and intense brown colloid was obtained upon the addition of
water to this solution. The resulting product had various par-
ticle shapes, a yield of 10%, and a mean size of particles of
5-9 nm."% CQDs were also prepared by utilizing p-fructose as
starting material via an eco-friendly method. In the first step, a
solution of p-glucose in water was prepared and then added to
p-fructose, followed by the addition of NaOH solution.'*® After
that, one portion of this solution was subjected to a simple
chemical process and heated in a water bath at 60 °C. The
remaining portion was subjected to microplasma treatment
for ~15 min, thereby resulting in the formation of a colourless
solution containing CQDs. In a final step, purification was
carried out via dialysis for 24 h. The CQDs synthesized via a
microplasma method had greater emission of bright-blue fluo-
rescence compared with CQDs synthesized via a chemical
method. Moreover, there was a difference in the size of CQD
particles synthesized via the microplasma method (2.4 nm)
and chemical method (3.5 nm).

4.2.3 Carbonization. Among the various methods for the
fabrication of CQDs, carbonization of precursor molecules is a
simple, low-cost, and ultra-rapid one-step method.
Carbonization is a chemical procedure in which solid residues
containing a large amount of carbon are generated from
organic materials via pyrolysis carried out for a long period of
time in an inert atmosphere.®®

4.2.4 Solvothermal method. The solvothermal method has
been employed by some researchers for the fabrication of
CQDs using very small organic molecules as a carbon source.
For instance, N-doped CQDs were fabricated from carbon tetra-
chloride and diamines by Qian and colleagues via a one-pot
solvothermal method.'®” The synthesized CQDs possessed an
emission efficiency or QY greater than that of many other
CQDs. The fabricated CQDs had the property of multifunc-
tional fluorescence, which aided the detection of Ag" and Fe®*.
In addition, the synthesized CQDs could be used in bio-
imaging and as sensitive pH indicators.
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In an experimental study, the fabrication of CQDs was
carried out via a simple method using polyethylene glycol
(PEG)-200.'%° The first step involved the mixing of PEG-200
with concentrated NaOH solution, which resulted in the for-
mation of a homogeneous solution. The next step was to heat
this solution at 160 °C for 24 h, which led to the fabrication of
CQDs. In another experimental work, the fabrication of CQDs
from the same precursors was reported at room temperature.
In this process, PEG-200 was mixed with NaOH solution,
which resulted in a homogeneous mixture that was later sub-
jected to sonication for 1 h. Then, this solution was allowed to
stay undisturbed overnight, which led to the preparation of
yellow-brown CQDs. The as-synthesized CQDs had potential
applications in bioimaging because these CQDS had high
photostability and low toxicity.'*®

4.2.5 Microwave synthesis. Liu et al. described the fabrica-
tion of polyethyleneimine (PEI)-functionalized C-dots (C-dots-
PEI). They used a mixture of glycerol and branched PEI-25k via
a microwave method.'” After microwave heating of the
mixture (700 W), H,0 was introduced to the solution to dilute
it. Then, dialysis was carried out, which led to the fabrication
of an aqueous solution of pale yellow-brown C-dots-PEI. Mitra
et al. reported the fabrication of strongly fluorescent matrix-
embedded CQDs (M-CQDs) by a microwave method from a
solution of PEG-200 and PVA. In the presence of ortho-H;PO,,
the solution was subjected to microwave heating at 750 W for
55-60 s.''° The as-synthesised CQDs were of size 1-3 nm and
distributed evenly across the carbon matrix. The fabricated
material was used as a catalyst for the production of hexagonal
gold nanoparticles (GNPs) through microwave heating, as well
as the production of AgNPs at ambient temperature. The fabri-
cation of carbogenic quantum dots using biodegradable poly-
saccharides (e.g., starch, chitosan, and alginic acid) through
simple microwave-assisted heating was reported for the first
time by Chandra et al., and the synthesized products were
labelled “SCQD”, “CCQD”, and “ACQD”, respectively.''!
Solutions of starch, chitosan, and alginic acid were prepared
independently. PEG was added to each of these solutions, fol-
lowed by heating in a microwave oven at 450 W for 5 min until
the solution became deep-brown, which denoted the fabrica-
tion of CQDs. Interference of PL characteristics by organic sol-
vents (aniline, y-butyrolactone, N-methylpyrollidone, diethyl-
ene glycol, triethanolamine) and bivalent cations (Sn**, Cd*",
Zn**, and Cu®") were studied. The synthesized CQDs were
spherical particles of size 2-10 nm. The size of SCQD particles
was 1-2 nm, whereas that of ACQDs was 2-4 nm. In a different
experimental work, CQDs were prepared via a two-step process
using cashew gum via microwave heating.''® First, cashew
gum was dissolved in water. Then, this aqueous solution was
subjected to filtration followed by heating in a microwave oven
at 800 W for 30-40 min to yield a pale-brown solid.

Fluorescent N-doped C-dots were also fabricated taking the
lotus root as a precursor.'*? In the starting step, chopped lotus
root (0.5 g) was subjected to stirring with 10 mL of ultra-pure
water. Then, the solution was placed in a microwave oven for
heating at 800 W for 6 min. Then, centrifugation, filtration,
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and dialysis of the solution were carried out using H,O
through a dialysis membrane (1000 molecular weight cutoff).
The as-prepared C-dots could be used to sense the mercury
ions at a LOD of 18.7 nM.

5. Mechanism of sensing

The change in the fluorescence characteristics of CQDs is
caused by various mechanistic routes. The interaction of metal
ions with the surface functional moieties of C-dots is respon-
sible for the quenching or enhancement of fluorescence. With
the assistance of the energy-transfer pathway, this interaction
leads to the development of new electron-hole recombination,
which changes the fluorescence characteristic of C-dots. Static
quenching, dynamic quenching, Forster (fluorescence) reso-
nance energy transfer (FRET), the inner-filter effect (IFE),
photoinduced electron transfer (PET), and charge transfer are
some of the mechanisms that affect alterations in their fluo-
rescence properties (Fig. 5)."**

5.1 PET mechanism

If positively charged metal ions (usually heavy-metal ions) are
introduced to negatively charged C-dots solutions, a PET
mechanism from C-dots to heavy-metal ions may occur.'*® In
this situation, the electrons from the excited state of C-dots are
transferred to the LUMOs of the heavy-metal ions, which
quenches the fluorescence intensity of C-dots.**®

5.2 IFE mechanism

The IFE takes place if the absorption spectrum of metal ions
overlaps with the excitation spectrum or emission spectrum of
C-dots. Consequently, attenuation of the excitation beam or
absorption of emitted radiation causes an apparent fluo-
rescence quenching of C-dots. In the presence of metal ions, a

Metal ions

Fig. 5 Role of C-dots in chemical and bio-sensing via fluorescence
quenching. The change in fluorescence intensity of C-dots via different
mechanisms. (A) Fluorescence resonance energy transfer (FRET). (B)
Conduction band electrons of C-dots shift to the low-lying empty
d-orbitals of metal ions. (C) Electron transfer from the conduction
bands of C-dots to the conduction bands of metal ions. (D) Inner-filter
effect. 572
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new substance is not generated in the IFE and the mean fluo-
rescence lifetime of C-dots does not vary significantly. For
instance, Cr(vi) has a wide absorption band and it can overlap
efficiently with the emission or excitation spectra of C-dots if
placed under blue light, so the IFE is employed frequently to
detect Cr(vi)."'7'*®

5.3 Mechanism of energy transfer

The energy-transfer mechanism can be placed into three
categories:'"°

(i) FRET

(if) Dexter energy transfer (DET)

(iii) Surface energy transfer (SET)

The generation of a non-fluorescent ground-state complex
by the interaction of the quencher (i.e., metal ion) with C-dots
can be used to understand the mechanism of static quench-
ing. The mechanism of dynamic quenching involves a col-
lision between the quencher and C-dots because of the energy
transfer or charge transfer, which results in the return of the
excited state to the ground state.”®””®

5.3.1 FRET mechanism. The detection of metal ions is
important in terms of human health and environmental
safety. FRET systems based on C-dots-metal complexes can be
used as effective and sensitive sensors to detect specific metal
ions.'® This is a sensitive method that has been used exten-
sively in many fluorescence applications. The FRET mecha-
nism involves the transfer of non-radiative energy between
C-dots and an energy acceptor, such as a quencher, that is
located within 10 nm to 100 nm.”®”” FRET takes place
between a quencher in the ground state and C-dots in the
excited state."®' Also, the absorption spectrum of the quencher
overlaps with the emission spectrum of C-dots. Therefore, the
following factors may influence the efficiency of this
mechanism:

(a) spectral overlapping between C-dots and the quencher,

(b) spatial distance between the quencher and C-dots,

(c) fluorescence QY.

It has also been found that the fluorescence lifetime
decreases during FRET.

5.3.2 DET mechanism. DET is based on redox reactions
and requires a balance between the redox potential of the
donor and the redox potential of the acceptor."*® The transfer
of electrons in DET is achieved by a redox reaction rather than
photoinduction. C-dots are good acceptors and donors of elec-
trons, allowing them to function as oxidants and reductants,
respectively. As a result, DET can be used for the detection of
metal ions.

5.3.3 SET mechanism. SET is a novel strategy that was
theorised in 1978 by Chance and colleagues and demonstrated
in 2000. SET makes use of an organic molecule dipole and a
metal surface (i.e., metal nanoparticle).'*®***

5.4 Probable mechanism of the turn off-on mode

PL quenching is a complicated process that usually involves
static quenching and dynamic quenching. C-dots display a
turn off-on mode if a particular metal ion is bound with a
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ligand or a surface functional moiety present on C-dots in
aqueous medium. The fluorescence intensity of C-dots is
reduced if a certain metal ion is introduced, which could be
due to the coordination of a specific ligand or surface group of
C-dots with the metal ion to form metal-ligand bonds (turn
off ). However, upon incorporating the same surface group (or
same ligand) to the mixture of C-dots/metal ions, the C-dots
fluorescence can be regained, which could be due to stronger
binding between metal ions and the same added ligand,
implying that metal ions can be desorbed from the surface of
C-dots (turn on) (Fig. 6).

UV absorption spectroscopy and methods to measure fluo-
rescence lifetimes can be used to investigate fluorescence
sensing. For example, a turn off-on mode was noticed when
Fe’" and 1-Cys were added to an aqueous solution of CQDs.
The fluorescence intensity of CQDs decreased when Fe** was
added, which could be due to the binding of the S-containing
moieties of CQDs with Fe®* to establish Fe*-S bonds.
However, upon addition of 1-Cys to the CQDs/Fe** aqueous
solution, the fluorescence of CQDs was restored, which could
be due to a stronger binding affinity between Fe®* and added
1-Cys, implying that Fe*" can be desorbed from the surface of
CQDs. In the presence of Fe*', the characteristic absorption
peak of CQDs red-shifted from 318 nm to 328 nm, showing
that Fe’* formed a complex with CQDs (turn off). However,
when 1-Cys was present, the absorption peaks of CQDs
returned to their previous positions, indicating that Fe** had
been removed from the surface (turn on)."*?

5.5 Binding of metal ions with C-dots

The most frequent and simple approaches for binding metal
ions to C-dots are coordination and chelation, which form the
foundation for developing C-dots-based sensors for metal
ions. The hard, soft, acid, and base (HSAB) principle could be
an important criterion for deciding the appropriate ligands for
a given metal/metal ion. In accordance with the HSAB prin-
ciple, soft metal ions such as Hg(u), Ag(i), Cd(u), and MeHg(1)
prefer to bind with soft ligands, including -SH, -S-S, and -S-
R, to form covalent bonds; transition-metal ions such as Fe(u),
Ni(u), Zn(u), Cu(u), Co(u), and Pb(u) tend to bind with border-
line ligands such as >N=H, -CO, -NH-, -CcH,NH,; hard

"~ Turnon © Turnoff
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Metal ions
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Fig. 6 Turn off-on mechanism of CQDs (schematic).
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metal ions such as Mg(u), Fe(m), Sr(u), Al(r), Mn(u), Cr(ur), U(u)
prefer to bind with hard bases containing the coordinating
groups of -NH,, -OH, -NH,R, -F, -OOCR, -Cl, -PO,*~, -OR, or
-SO;H."** This principle is not absolute, particularly in the
case of transition-metal ions. Several complexes show inter-
actions between hard oxygen/-NH, and soft -SH groups. The
association constant can be influenced by multiple coordi-
nation structural modes (e.g., tetrahedral or linear coordi-
nation), size-controll