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INTRODUCTION

Quantum dots (QDs) are the zero-dimensional nano-
materials with diameters in the range of 1-10 nm and are the
most deeply researched materials having an incredible appli-
cation values. Owing to their quantine confinement, they exhibit
unique optical, photocatalytic and semiconductor properties
[1]. Carbon quantum dots (CQDs), primarily obtained from the
naturally occurring resources, provide ventures in the desig-
ning and creation of new devices with interesting properties
and functions [2-5]. CQDs stand out as a novel and promising
fluorescent carbon material, because of their special optical
properties, great water solvency, high security, low toxicity
fantastic biocompatibility and low ecological effects [6]. Carbon
dots are highly appealing in a variety of applications due to
their remarkable optical and electrical capabilities as well as
their cost-effective and non-toxic features. For example, bio-
sensors, opto-electronic gadgets, catalysts,bioimaging and
labeling [7]. Further, fine-tuning and specifications of CQDs
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are achieved by doping and numerous state-of-the-art techniques
like electrochemical and ultrasonic methods, hydrothermal,
arc-discharge and laser ablation have been already reported in
this context [8-12]. Apart from cellular imaging and drug
delivery of CQDs, fluorescent properties of elements N, P and
S doped CQDs find wide applications as photocatalysts [13]
and fluore-scent inks in identifying many metallic ions [14,15]
like Hg**, Fe**, Zn**, Cu*, Eu’* and As**. Detection of organic
samples including pesticides and N-containing drugs like
glutathione, methimazole, etc. are also reported [ 16-18]. Sensing
characteristics of such CQDs modified with heteroatoms are
reported to overcome the limitations often encountered with
conventional organic dyes like the requirement of covalent
interactions and geometric constraints (PET, ICT, MLCT,
FRET mechanisms) [19-22]. On the contrary, doped CQDs
operate on the inner filter effect (IFE) mechanism, which just
requires the spectral overlap of the absorption band of the target
metallic ion and the excitation/emission band of fluorophore
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[23,24] and hence provides a simple and easy methodology for
designing a fluorophore [25].

Carbon dots (CDs) and their derivatives, considered to be
highly convenient and ecofriendly, can be obtained from any
material containing carbon. Traditionally, CQDs are obtained
from non-renewable sources such as coal, petroleum coke,
sugars, efc. and more recently, they are prepared from biomass
wastes like agricultural and food residues, livestock [26-30]
municipal solid waste, efc. owing to their rich carbon content
(45-55 wt.%) [31,32]. Fabrication of carbon dots is still in the
early stage of its development, especially on having control
over the size and shape of the material. The most widely followed
methods like top-down (arc discharge, laser ablation, electro-
chemical oxidation, efc.) and bottom-up approaches (micro-
wave, solvothermal, ultrasonic, pyrolysis, efc.) have their own
advantages and disadvantages reported [33]. In such a scenario,
successful and scalable methods of green synthesis of carbon
quantum dots are highly appreciated. The usage of less expen-
sive and toxic-free raw materials, renewable resources, simple
operations and environmentally friendly byproducts are the
main advantages of such green methods. Hence, natural biomass
is highly cherished as a source of raw material for the synthesis
of CQDs [34]. Methods of green synthesis of fluorescent carbon
quantum dots from biomass resources like parts of plants, fruits
and fruit peels, vegetables, beverages, spices, animal and human
derivatives and natural polymers are available in the literature
[35]. Methods like hydrothermal, solvothermal, microwave-
assisted polymerization, pyrolysis, carbonization are mostly
used in fabricating quantum carbon dots [36]. Interestingly,
many doped carbon dots obtained from natural biomass sources
are found to be fluorescent and hence can be widely used for
metal ion sensing and cell imaging studies. For instance, highly
blue-emitting N, S co-doped CDs were prepared from onion
and bean pods by simple hydrothermal treatments [37]. Similar
fluorescent CDs are also reported to be obtained from precur-
sors like ginger [38], papaya [39], lemon juice [40], bee pollens
[41], sweet pepper [42], etc. Several spectroscopic techniques
like UV-Vis, IR, Raman, XPS, TEM, efc. are used to characterize
the carbon dots obtained by different procedures to affirm their
sizes, stabilities and functionalities and the popular ones are
as shown in Fig. 1.

In the following sections, a short review of the methods of syn-
thesis of CQDs and doped CQDs from biomass resources along
with their characterization techniques and applications is discussed.

Synthesis of CQDs: Synthesis of biomass-derived carbon
dots (BCDs) is based on the strategic breaking down of bigger
carbon resource materials (top-down) or assembling of smaller
precursor materials (bottom-up). The former method involves
the sizing down of particles by oxidation and reduction and/or
physical grinding. Generally, the latter method has an improved
yield and is mostly preferred for the reason that it is feasible
to introduce heteroatoms during the synthesis itself and hence
doping is successful [43]. Hitherto, various methodologies for
preparing CDs from biomasses have been developed, however,
the method of interest prefers to obtain BCDs using simple
and modest ones which would be of low cost, helps in controlling
the sizes and provides large-scale possibilities. In the above

context, hydrothermal carbonization is the most common method
as compared to microwave hydrothermal and microwave.

Hydrothermal carbonization (HTC): HTC is a method
of high potential for producing novel carbon materials from a
wide variety of biomass resources, which can be both organic
and inorganic carbon sources. This is usually carried out in a
stainless steel autoclave with a Teflon liner. At high temper-
atures and pressure under inert conditions, in the presence of
water, the biomass breaks down thermochemically. Fruits,
plant leaves, vegetable peels, etc. are successfully subjected
to this method for the BCD synthesis. Lu et al. [44] utilized
pomelo peel to synthesize water-soluble C-dots for the selective
and sensitive determination of Hg** by hydrothermal method.
The yield of BCDs was 6.9%. BCDs from bamboo waste were
synthesized by Liu et al. [45] with a quantum yield of 7.1%
and coated the C-dots with branched polyethyleneimine through
electrostatic adsorption for the selective and sensitive detection
of Cu** in river water. Food, beverage and combustion wastes
were utilized as the resources to obtain multicoloured and highly
luminescent CDs, which are further used in the fabrication of
LEDs [46,47]. A few naturally derived BCDs are detailed in Table-1.

Further, N-doped chitosan based CQDs were recently
fabricated from renewable chitosan and biocompatible amino
acids by this technique [48]. Similarly, the synthesis of hydro-
philic N-doped CQDs from dwarf banana peels was reported
by Atchudhan et al. [49]. Interestingly, multiple colour emissive
CQDs were reported by Gao et al [50], where o-phenylene
diamine and DMF were used as precursors and thiourea was
used as the S dopant to the CDs. A very simple hydrothermal
carbonization technique was reported by Peng et al. [51] for
preparing B-doped CQDs with citric acid and diboronyethane
(DBE), which is found to be highly photostable and non-toxic.

Literature are also available where doping of such hetero-
atoms to the BCDs greatly influences the photoluminescent
properties of such CDs and hence are of great interest. For
example, Saengsrichan et al. [52] reported the extraction of
CDs from the empty fruit bunch (EFB) of the palm, which
was used as the precursor for preparing BCDs by hydrothermal
synthetic procedure and the obtained product was found to
exhibit excellent photoluminescence. Further modification of
the BCDs on the surface was carried out for enhancing the photo-
luminescence characteristics. Many doping agents like urea,
thiosulphate, sulphur, p-phenylenediamine were used to introduce
N and/or S on the surface out of which the co-doping of p-phen-
elyenediamine and sodium thiosulphate i.e., N, S doped BCDs
exhibited maximum enhancement in photoluminescence
behaviours. Likewise, synthesis of N, P co-doped CDs and
their energy transfer studies have been reported by Yang et al.
[53], using a FRET-based green fluorescent N, P-CQDs
potential sensing determination of carbendazim.

Microwave hydrothermal method: Though not very
popular, microwave-assisted synthesis of BCDs has also been
widely reported. Eggshell membranes [54], coconut water [55],
goose feathers [56] and more materials have been used as
precursors in such procedures. A microwave is used to heat
water, which reduces the reaction time. Usually, in a fast single-
step hydrothermal synthesis assisted with a microwave, a
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Fig. 1. Sources, methods of synthesis, properties, characterization techniques and applications of CQDs and doped CQDs

TABLE-1
DETAILS OF SYNTHESIS, QUANTUM YIELD AND APPLICATIONS OF BCDs OBTAINED FROM NATURAL CARBON RESOURCES

Source Method Size (nm) Quantum yield (%) Application Ref.
Onion Hydrothermal 9 28 Bio-imaging [37]
Ginger Hydrothermal 8.2 13.4 Bio-imaging [38]
Papaya Hydrothermal 3.4 19 Detecting Fe** [39]
Lemon juice Hydrothermal 4.6 28 Bio-imaging [40]
Bee Pollens Hydrothermal 1 6-12 Bio-imaging catalyst [41]
Sweet Pepper Hydrothermal 2-7 19.3 Detecting C10™ [42]
Willow bark Hydrothermal 1-4 6 Biosensor photocatalyst [43]
Grass Hydrothermal 3-5 2-6 Solar cells [43]
Pomelo peel Hydrothermal 3 7 Detecting Hg** [44]
Bamboo leaves Hydrothermal 2-6 7.1 Detecting Cu** [45]
Winter melon Hydrothermal 4.5 7.1 Bio-imaging [47]
Egg shell membrane ~ Microwave hydrothermal 5 14 Biosensor [54]
Coconut water Microwave hydrothermal 1-6 54 Detecting Cu** [55]
Goose feathers Microwave hydrothermal 21 17 Detecting Fe** [56]
Serum albumin Microwave 24 14 Detecting Pb** [60]
Rose Microwave 4-6 13.5 Detecting molecules [62]

Eutrophic algae Microwave 8 13 Bioimaging [63]
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digestion chamber is used, where the temperature can be moni-
tored and controlled using the fiber optics. The pressure is
maintained using a transducer connected to a reference vessel
[57]. Water soluble, photoluminescent BCDs have been succe-
ssfully prepared by this method and the influence of tempe-
rature over the particle size of the BCDs has been reported.
For instance, from coconut water, at 140 °C, the particle size
of BCDs was 2 nm whereas at 180 °C it was 4 nm. However,
with goose feathers, particles of sizes as large as 21 nm have
been reported at 180 °C and were found to be rich in potential
functional groups like N, S and O and also displayed a high
quantum yield of 17.1% [56]. Tian et al. [58] compared the
reaction timings and particle sizes of the BCDs with and with-
out microwave assistance of the hydrothermal treatment. An
evident shortening of the duration of synthesis and more unifo-
rmity in the size and shape of CDs, which provided a more
conducive room for biological applications were also reported
[59]. Nevertheless, the microwave hydrothermal method is not
commonly used like the hydrothermal method for synthesizing
BCDs. This may be due to the restricted penetration depth of
microwave irradiation into absorbing materials.

Microwave method: Microwave radiation has been used
more often, but the frequencies used are much lower than that
in hydrothermal radiation for the synthesis of BCDs. More
reports of microwave synthesis of BCDs and doped BCDs are
available in the literature. To name a few are bovine serum
albumin [60], flour [61], rose [62]. Synthesis of photolumine-
scent CQDs from eutrophic algae by simple and less toxic
methodologies that use microwave energy has also been reported
[63]. The main advantage of the microwave synthesis method
includes rapid and uniform heating, energy-saving process,
shorter preparation time, higher yields, small and narrow particle
size distribution and comparatively high purity of the products.
A very precise particle dimension in the range of 2-6 nm was
obtained and the variation of particle sizes, from an individual
source, was limited to a spectrum of 1-3 nm maximum. Reduced
concentration of the reactants and raised temperatures were
found to impact the control in sizes when compared to conven-
tional procedures.

The photoluminescent properties of the precursors were
intact even after the size reduction and found to exhibit subst-
antial quantum yields in the range of 5% to 15%. Recently, CDs
synthesized from palm kernel shell by microwave irradiation
method have been investigated for their physical and optical
applications. The highest quantum yield of 44% was observed
for an irradiation period of 60 s. Hence, these material finds
great application in biological cell imaging and acts as a great
sensor for detecting heavy metal ions [64]. This method is
also very successful in doping heteroatoms to biomass derived
CDs. A very similar facile and economical green synthesis of
N-doped CDs derived from a natural material e.g. kelp [65],
which was found to be fluorescent, pH-sensitive and selective
for Co(II) ions. Brilliant colour transitions of this N-doped
BCD (from colourless to brownish yellow under visible and
bright blue to dark blue under UV light) with a detection limit
of 0.39 umol/L, make it highly appreciable in real-time analysis
of river water samples. Zhi et al. [66] reported the doping of

phosphorous using citric acid or malic acid as carbon precursor.
Such N, P co-doped materials exhibited more photostability than
the N-doped ones. They were also tested for bacterial toxicity
and found to be highly ecofriendly fluorescent materials. Single
step microwave radiation assisted methods used for the synth-
esis of NP-CQD, N-CQD and P-CQD are also reported [67].
Enhanced photocatalytic activity of N, P co-doped CDs over
those of N-CDs and P-CDs were also illustrated.

Characterization techniques: Since the discovery of
carbon dots in 2004 and continuously explored due to their
versatile properties, and extended applications. Especially, the
fluorescent carbon quantum dots seem to be very interesting
owing to their tunable optical properties and particle sizes.
Lately, synthesis and applications of such fluorescent CDs are
in a rapid pace due to the development of effortless doping
strategies, their high quantum yields and applications in diverse
fields. In particular, N-doped CDs display potential analytical
and biological applications and hence are being widely investi-
gated. Effective characterization becomes mandatory for predi-
cting the applications of such molecules. In the following
section, basic characterization techniques used to study the
morphology and properties of carbon quantum dots and their
doped derivatives are discussed.

UV-visible, FTIR and XPS characterizations: Generally,
the luminescence of CDs can be understood by following their
UV-vis spectroscopic absorption and fluorescence behaviours.
They have strong and broad absorption bands in the visible
region due to the presence of C=C, C=N bonds and C=0 bonds.
The possibilities of electronic transitions and hence their
colour-changing properties can be extensively probed by this
technique. A T—7* transition from the ethylene group appears
between 220-270 nm and that for the carboxyl group (n—m*
transition) appears between 280-350 nm. In addition, if peaks
are observed in the range of 350 to 600 nm, it may be attributed
to other functional groups on the surface of the CDs [68]. For
example, a typical UV-vis absorption and emission spectra of
BCDs derived from coriander leaves [69]. As far as the fluore-
scence of BCDs is concerned, the maxima of excitation and
emission were recorded at 380 and 420 nm, respectively [70].
Further investigations of the fluorescence behaviour revealed
that the wavelength maximum and intensity of emission of BCDs
are highly dependent on the excitation wavelength and the
behaviour is directly related to the sizes and shapes of the nano-
particles on the surface.

Not much of a difference was observed between doped and
undoped BCDs as far as optical characterizations concerned.
For instance, in boron-doped CDs, the T—7* and n—7* transi-
tions of the C=C and C=0 bonds present in the conjugate struc-
tures of doped CDs are represented by the two distinct peaks,
at 241 and 353 nm, respectively [71,72]. As inferred from the
IR spectrum of the doped CDs, the molecule displays the
presence of functional groups like OH and NH in the region
0f 3377-3250 cm™, CH at 2916 cm™, C=0 at 1648 cm™', C=C
at 1569 cm™, C—H at 1393 cm™, C-0O at 1013 cm™ and O-H
at 948 cm™ [72,73].

The XPS is a powerful technique used in the characteri-
zation of carbon dots because it not only shows what elements
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are present but also what other elements they are bonded to. A
typical X-ray photoelectron (XPS) spectrum is a plot of the
number of electrons detected at a specific binding energy. Each
element produces a set of characteristic XPS peaks. These
peaks correspond to the electron configuration of the electrons
within the atoms, e.g. 1s, 25, 2p, 3s, etc. The number of detected
electrons in each peak is directly related to the number of
elements within the XPS sampling volume [51]. The detection
limit of the study is usually in parts per thousand, but can also
be carried out on the scale of parts per million (ppm) with
long collection times. Hence, this method proves to be very
handy in the identification of functional groups and elements
of BCDs, which are very tiny in structure and less in mass and
concentrations.

Raman characterization: Typically, the D-band at 1385
cm™ and G-band at 1575 cm™ are used to study low dimen-
sional carbon materials like graphene, nanotubes, carbon dots,
etc. A strong G peak is usually attributed to a highly crystalline
carbon structure (sp®) as with graphene sheets [74] whereas
the D band may be assigned to either a crystalline structure
with defects or impurities [75] or with sp® hybridized carbons
[76,77]. Saengsrichan et al. [52] demonstrated the influence
of N and S doping on the structure of CDs obtained from empty
fruit bunch of palm using the Raman technique. The Ip/Ig ratio
for high concentrations of N and S dopants was in the range
of 0.43 to 0.73. This numerical value was very similar to the
In/Igof graphene quantum dots that exist in 1-3 layers recorded
as 0.9 [78,79]. Such a comparison reveals that the much desired
property of CDs, namely, the crystallinity of BCDs obtained
by doping is on par with that of graphene quantum dots due to
sp* carbons [80], which are appreciable.

TEM & XRD techniques: The microstructure of a variety
of CDs and BCDs is successfully carried out by combining
these two methods. For example, the N doped CDs obtained
from highland barley, Han et al. [81] reported the TEM and
XRD spectra, wherein a uniform spherical morphology was
obtained and the sizes were measured to be in the range of 4.5
to 7 nm on an average of 50 particles. A lattice spacing of 0.39
nm was revealed by the high-resolution transmission electron
microscopy (HRTEM) image indicated the amorphous nature
of the doped CDs. A broad X-ray diffraction peak with a peak
at 20 = 19.96° and an interlayer distance of 0.44 nm obtained
further confirmed the amorphous nature of the N-doped CDs.

Similar amorphous CDs were derived from food caramels
and orange peel wastes. There were no peaks observed in the
XRD pattern and hence were declared as non-crystalline [82].
However, crystalline BCDs were obtained from banana peels
having a particle size of 3 nm, which are spherical in shape and
contain carbon, oxygen and potassium [83]. The interlayer
distancing of carbon containing oxygen groups and carbon
containing hydroxyl groups was found to be 0.43 nm, which
is greater than that of graphite layers. When compared to crys-
talline CDs, amorphous ones are less explored due to the greater
structural specifications and luminescence properties. However,
amorphous CDs have more benefits like solubility in aqueous
solutions, biocompatible nature, ease to synthesize and inexp-
ensive. Recent explorations have established that the properties

of amorphous CDs are no way inferior to their crystalline
counterpart and are almost similar in all attributes including
photoluminescence [84]. Interestingly, a complete under-
standing of the mechanism of photoluminescence from these
two forms of CDs is still under active research.

Applications: Small size, excellent fluorescence intensity
and good photostability, low toxicity and high biocompatibility,
water solubility and superior stability and the scope for surface
modification and functionalization are some exceptional
properties of CQDs derived from biomasses. Obviously, these
biomass derived CQDs attract lots of exploration for being used
in areas like sensing analytes, in vivo imaging, drug delivery,
photocatalysis, energy storage, light-emitting diodes, fluorescent
inks, efc. In line with conventional CDs, many biomass-derived
carbon quantum dots and their doped derivatives fit into all
such optical/electronics, electrical/electronics and chemical/
biological applications along with the advantage of being
environmentally friendly, less toxic and inexpensive. Selected
applications of such BCDs and doped derivatives are reviewed
and discussed as follows:

Optical sensors: Fluorescent carbon quantum dots acquire
a huge interest in recent times as optical sensors due to their
excellent optical properties. As sensors, many of them are found
to exhibit good selectivity and good accuracy in sensing
varieties of analytes like metal ions, pharmaceutical drugs,
food products, real-time soil and water samplings in river beds,
etc. [85].

Sensors for metal ions: Doped/co-doped CDs behave as
quality sensors by exhibiting colour changes with respect to the
presence of many samples viz. metal ions like Fe**, Li**, Cr®,
Hg?**, Cd*, drugs like ascorbic acid, caffeine, dopamine,
hydrogen peroxide and also pesticides [86]. Though mech-
anisms like photoinduced electron transfer (PET), fluorescence
resonance energy transfer (FRET), fluorescence “On/Off”, intra-
molecular charge transfer (ICT), metal-ligand charge transfer
(MLCT), inner filter effect (IFE), ratio metric response are
proposed to operate behind the sensing action of optical sensors
for different probe/analyte combinations, the fluorescence on/
off method and IFE methods are found to be more operating
in case of CQDs for easy detection of targets [87].

The selective and sensitive detection of Fe** in water samples
using N-doped CQDs as fluorescence sensors are reported by
Lv et al. [88]. The presence of various metals like Na, K, Co,
Cd, Li, Pb, Cr and Fe was successfully detected by following
the fluorescence quenching and the detection limit was as low
as 0.079 uUM. A similar, quenching based detection of Fe** in
water samples using BCDs, down to the level of 3.1 nM was
reported by Jana et al. [89]. A very sensitive photolumine-
scence detection of Fe** in presence of multiple ions is also
reported using N/P co-doped CQD, which was obtained from
a cheap, green and edible fruit called Eleocharis dulcis [90].
In addition to detecting Fe™, these naturally derived CQDs
exhibit high photostability and quantum yield and have a poten-
tial application to be used as fluorescent ink, multicolour imaging,
fabrication of sensing devices and anticounter feiting studies.

CQDs derived from cellulose as the precursor have been
reported as being used for the detection of Hg** ions [91].
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Mercurous ions in combination with CQDs undergo fluore-
scence quenching and the mechanism is proposed as excited
state electron transfer, which happens on the surface of CDs
[90,92]. This product can be used for the detection of inorganic
mercury in drugs, fish and other biological products, especially
those with limited and strict mercury regulations [93]. Also,
the detection of Cu(IlI) ions acquires importance in the marine
ecosystems and human body. CDs obtained from bamboo biochar
were found to exhibit a bright blue emission at 450 nm, which
is substantially quenched by Cu(III) ions. The LOD (limit of
detection) in water media is reported as 115 nm. This was also
found to be a selective quenching in the presence of other ions
of many other metals like, Co, Ca, Ni, Mn, Hg, Pb, Ba and Cd
and hence is appreciated as an effective Cu(III) detection tool
[45].

Another metal ion that is found to be quite dangerous to
human health is AI(II). Hence, the detection and monitoring
of Al in water and biological systems is also a relevant task
that is successfully accomplished using BCDs. CDs derived
from waste pears by the hydrothermal method were found to
show an emission maximum at 470 nm and the particle size
was 2 nm [94]. When treated with water with contamination,
AI(III) ions were reported to form a chelating complex with
the BCD and were found to show an irreversible quenching of
the emission intensity. Again, the phenomenon was very sele-
ctive to aluminum in presence of many other metallic cations,
anions and varieties of organic species and the detection were
possible down to the level of 2.5 nM concentration. Similarly,
BCDs derived from purple perilla by hydrothermal followed
by sonication methods showed an astounding LOD for Ag(I)
up to 1.4 nM [38]. Likewise, BCDs obtained by microwave
methods were used in detecting As(IIT) [95] and Fe(III) [96].

Biosensors for drugs: Other than metal ions, biomass-
derived carbon dots were also used to detect many drugs and
pharmaceutical molecules. For instance, tetrazine is a very pop-
ular synthetic food colorants and is widely used. Quantitative
detection of this molecule in the range of 0.25 to 32.5 uM was
reported by Xu et al. [97].

A successful On/Off fluorescence probe for the detection
of curcumin in water was fabricated by Han et al. [98] using
hydrothermal method, prepared an N and S doped CD with a
high quantum yield of 26% which was successfully quenched
when curcumin was introduced into the solution. The range
of detection was reported as 0.15-0.18 pmol/L and LoD was
0.04 umol/L. Additionally, this product was used for the dete-
ction of curcumin in urine samples and hence established as a
successful detection tool for curcumin-based drugs in a wide
variety of samples. BCDs obtained from linseed were used as
a biosensor for detecting butyrylcholinesterase (BChE) [99].
A newer gas detection method based on a fluorescence quen-
ching mechanism was successful down to the detection level
0f 0.035 mU mL"". Also, a FRET-based highly selective/sensi-
tive detection tool for an anti-cancer drug called methotrexate
was formulated by Wang et al. [ 100]. This method has a detection
range of 50 uM and LoD of 0.33 nM and the main advantage
of the method is that it can also be used in human serum. Very
recently, a CQD synthesized from a natural biomass precursor

Rosa roxburghii is reported to be used successfully for the
selective detection of o-nitrophenol in river water and sewerage
samples by Zhang et al.[101]. The significance is that the presence
of nitroaromatics in water samples is of great environmental
concern. However, the BCQD derived is reported to display
high sensitivity and specificity with the detection range as 0.08-
40 umol/L and LoD as 15.2 nmol/L. In addition, the usage of
this material as a nanoprobe for high-resolution imaging analysis
of Hep3B cells and human hepatocellular carcinoma cells.

Detection of pesticides and fungicides: As discussed
earlier, carbendazim is one such toxic broad-spectrum fungi-
cide that is fatal even in very low doses. An operative method
to detect and monitor the levels of carbendazim using an N, P
co-doped carbon dots has been reported [53]. Under the
optimal conditions, a linear range of detection from 0.005 pM
to 0.16 uM was obtained, with a low detection limit of 0.002
UM (368/S) which was highly appreciable [102]. Also, an ionic-
based sensor which is N, S co-doped CD for pesticide ‘carbaryl’
was reported by Li ef al. [103]. In presence of other enzymes
like acetylcholinesterase (AChE) and choline oxidase (ChOx),
carbaryl pesticide molecules could be selectively detected with
an LOD of 5.4 x 10® g/L and for a concentration range of 6.9
x 107 g/L t0 6.3 x 10” g/L.

Electrochemical applications: By virtue of their chemical
stability and inertness, tunable photoluminescence and high
surface area open for modification, CQDs are offering promising
methodologies to be tried out to overcome the existing chall-
enges in energy conversion and environmental impacts. In parti-
cular, CQDs with doped heteroatoms provide desirable active
sites, which enhance the electrochemiluminescence (ECL) prop-
erties. In this section, some doped/undoped QDs with electro-
chemical properties and their applications in sensing studies
and energy storage are discussed.

Electrochemical luminescence: Electrochemilumines-
cence (ECL) is an interesting phenomenon in which the emission
of light occurs due to the energetic electron transfer amongst
the electrogenerated reactive intermediates during a potential
scan [104-106]. Analytically, the system setup is optimized and
shows high sensitivity and very low background signals [107,
108]. The operating mechanism is a co-reactant one and hence
can be carried out both in aqueous and non-aqueous electrolyte
media. Though semiconducting nanomaterials (QDs) like CdTe,
CdSe/ZnS, etc. are already established luminophores with
remarkable ECL properties, they are toxic due to the presence
of heavy metal ions. Hence, carbon-based quantum dots (CQDs)
and graphene quantum dots (GQDs), which are less toxic and
environmentally friendly are on the raise for similar applications.

Recently, solid-state solar cells fabricated using carbon
quantum dots derived from natural materials like chitin, glucose,
chitosan, etc. are widely reported [109]. CQDs obtained from
natural biomass or organic wastes were examined for being
used in solar cells, as they showed both excitation-dependent/
independent emission and also size-dependent fluorescence.
Solar cells, when sensitized with such BCDs, displayed an
improvement in conversion efficiency and the mechanism was
found to be fluorescence quenching as proposed by Zhang et al.
[110]. They proposed a mechanism for the enhancement of
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fluorescent quenching using BCD derived from grass viz. The
quenching of excited state photoelectron can happen by either
an electron acceptor and/or an injection of the photoexcited
electron into the conduction band. The latter principle can also
be applied to enhance the efficiency of solar cells for other
fluorescent quantum dots/nanodot sensitizers. Marinovic et
al. [111] reported the preparation of CDs from various natural
sources and used them as sensitizers for nanostructured solar
cells based on TiO,. After a careful investigation of the optical,
structural and material properties of families of BCDs, they
concluded that the efficiency of the solar cell in energy harv-
esting was very much influenced by the functional groups and
especially, amino and carboxylic acid groups were highly
beneficial in this regard.

Choi et al. [112] have reported the synthesis of a BCD-
Ag hybrid system, where the BCD was carbon quantum dots
prepared from o-cyclodextrin. This natural carbon dot, apart
from acting as a reducing agent also behaved as a platform for
the processing of polymer-based solar cells and polymer LEDs.
The mechanism of operation was surface plasmon resonance,
which ultimately resulted in enhanced absorption, significant
radiative emission and enhanced current and luminescent effici-
encies as polymer LEDs and as polymer solar cells, displaying
a high-power conversion efficiency and almost 99% of internal
quantum efficiency. Among LEDs, white LEDs (WLEDs) are
recently being focused on more because of their characteristic
emission, which covers a broad spectrum. They are also thermally
stable and have a tunable fluorescence emission [113].

Electrochemical sensors: The usage of carbon quantum
dots-based electrodes prepared from biomass is the material
of recent research both for scientists and industrialists owing
to their structural diversities, tuneable physical or chemical
properties and economical, environmental and social consider-
ations. Their porous structure, amicability for taking up hetero-
atoms, special physico-chemical properties and good electro-
conductivity make them able candidates for electrochemical
energy storage. With a large surface area, they possess more
specific sites, which allow the easy passage of electrolytes and
hence accelerate reaction kinetics. A highly selective and sensi-
tive carbon quantum dot derived from chia seeds, a natural
precursor was reported as an electrochemical sensor for hydra-
zine by Sha et al. [114]. Another electroactive molecule of interest
that was studied using N-doped CQD was dopamine. Recognized
as a neuro-transmitter and a chemical messenger in the brain,
levels of this molecule beyond permissible levels (10* to 10° M)
may lead to severe neuro disorders and hence accurate and
precise detection of dopamine becomes important for clinical
purposes [115,116]. Jiang et al. [117] fabricated an N-doped
CQD deposited on GCE (NCQD/GCE), which showed brilliant
electrochemical properties and used this as a sensing tool to
detect dopamine. A collated information of applications of
doped BCDs used in various applications is provided in Table-2
[118]. Sources, methods of synthesis followed and quantum
yield of the doped products are also provided.

Batteries: Batteries incorporating metal ions Li*, Na*, K",
AI** and Zn** are the most recently explored ones [ 134]. Lithium

TABLE-2
APPLICATIONS OF DOPED AND CO-DOPED CARBON QUANTUM DOTS (CQDs)

I\S/I;rtl}tll(l):si(;f Source/precursor ggg:ngt Colour Quant(l(l;ol; Vel Application Ref.
Hydrothermal Grass N Blue 2.5-6.2 Detection of Cu** ions [119]
Hydrothermal Glucose N Blue 0.7 White light emission [120]
Hydrothermal Dried monkey grass N Blue 0.7 Detection of I [121]
Hydrothermal Gingko leaf N Blue 22.8 Label-free detection of the [122]

drug salazosulfapyridine
Hydrothermal Garlic N, S Blue 13 Detection of Fe** ions in lake [123]
and tap waters, in cell
imaging
Hydrothermal Casein N, S Blue 31.8 Detection of Hg** ions, bio [124]
thiols like l-cysteine,
homocysteine and
glutathione
Hydrothermal Feathers, egg white, egg yolk N, S Blue 24.87, 17.48, Detection of Hg**/and Fe** [125]
and manure from pigeon 16.34 and 33.50  ions
Hydrothermal Eleocharisdulcis juice N, P Navy blue 33 Anti-counterfeiting ink, Fe** [126]
ions detection
Acid base Glucose N, P Green 9.59 Detection of curcumin and [127]
neutralization cell imaging
Acid Sucrose S Blue 5.77 Detection of Fe** ions in [128]
carbonization acidic environment
Carbonization Waste frying oil and S 3.66 Cell imaging (HeLa cell line) [129]
sulphuric acid
Hydrothermal Sucrose & phosphoric acid P Blue 21.8 Detection of explosive-TNT
Solvothermal Lactose and phosphoric acid P Yellow 62 Detection of AI** and Zn**
ions
Solvothermal Citric acid F Yellow 31 Intracellular Ag*detection [132]
cell imaging studies.
Microwave Citric acid, Urea, boric acid B Green 15 Non-linear optical [133]

applications
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ions, the lightest metallic element is already established to
have many electrochemical advantages like high energy density
and voltage. It also works on a wide range of temperatures in
the solid state as the small radius of the metal allows easy
diffusion of solids.

Li-ion batteries: Glucose-derived carbon dots were used
to replace the anodes in Li-ion batteries which resulted in a
superior performance even after 500 cycles [135]. But the
capacity was found to gradually decrease with increasing current
density. This was attributed to a large number of Li* trapped
in the initial cycles blocking the further transmission of Li ions
from the electrode to the electrolyte. However, in the subse-
quent cycles, the deintercalation of Li ions was also reported
due to the large interlayer spacing. Li batteries with anodes
made from microporous algae carbon [136] and banana peel
[137] were found to exhibit a high specific charge (445 mAh g™
at 0.5 C) and high gravimetric capacity (1090 mAh g™ at the
current density of 50 mA g™). Nitrogen-doped electrodes obtained
from garlic peel and egg yolk are also available in the literature
[138,139]. With current densities of 1.0,2.0, 4.0 and 8.0A g,
the garlic-derived one has achieved reversible capacities of
320,290,215 and 145 mAh g, respectively. The presence of N
in the carbon matrix of the anodic material is cited as the major
reason for the reported capacities, which introduces mesoporous
carbon structures rather than a disordered carbon structure and
hence more embedded Li ions in the matrix. And the egg yolk-
derived one is highly preferred for its high coulombic efficiency
of 59.6% with a first discharge capacity of 1234 mAh g/,
which is again due to the irreversible lithiation behaviour.
Reduced overpotential and good cycling stability of Li-ion
batteries have also been reported using CQDs derived from
corn cob. In the case of Li-ion batteries, when LiPFgelectrolytes
were used with these naturally derived CQDs as additives, a
nominal enhancement in specific discharge capacity was
observed which indicated the possibility of these electrolyte
additives contributing to the prevention of dendrites at the
anode [140].

Zn ion batteries: Zinc ion batteries (ZIB) find potential
applications in energy storage especially in harsh environments
like aerospace, submarines and particularly with mild aqueous
electrolytes. Interest was to design ZIB, which would withstand
elevated temperatures and sub-zero conditions and hence was
the arrival of Zn-air batteries [141]. Porous carbon obtained
from soya beans, doped with nitrogen and functionalized with
a sulphonic acid group was used as anode in the Zn-air battery.
With a surface area of 844.0 m* ¢!, the specific capacitance was
174.4 F g™ at a current density of 0.25 A g™ and the capacity
retention was reported as 65.6% at 2 A g~'. The reported specific
capacitance was found to be much higher when compared to
the previously reported N-doped carbons but without function-
alization [142].

Catalytic activity: Apart from high capacitance and
coulombic efficiencies, reports on the activity of doped CQDs
to catalyze ORR (oxidation reduction reaction) at the cathode
is also available in the literature. The ORR at cathode is one of
the stringent requirements in polymer electric fuel cells (PEFC)
and metal-air batteries. Though Pt/C electrodes are used for

this purpose, dual-doped CQDs are also emerging in this field.
The effect of super capacitance as recorded by cyclic volta-
mmetry shows an obvious characteristic peak corresponding
to ORR activity (-0.25 V, -2.3 mA cm?) with O, saturation
[143,144], which was absent in the case of N, saturation.
Similar peaks of ORR activity for P, N-CQDs and S, N-CQDs
were reported to be detected at -0.26 V (-2.0 mA cm™?) and
-0.28 V (-1.2 mA cm?), respectively. The reported current
potential and peak activity of B, N -CQDs were found to be
higher than that of P, N-CQDs and S, N-CQDs and also single
doped CQDs. Thus, the dual doping of heteroatoms inducing
a possible synergetic performance enhancement attributed to
the enhancement of ORR activity of such CQDs was reported
[145].

Miscellaneous applications: As discussed already, the
BCDs possess extraordinary properties, which facilitate a
number of biological applications like drug delivery, biological
assays and bioimaging. Excellent biocompatibility, good
stability and rapid cellular uptake tendency make them ideal
candidates to execute drug loading release in biological systems.
BCDs derived from E. coli [146], dried shrimp [147], pasteu-
rized milk [29], etc. being fluorescent vectors are reported for
their thera-peutic drug delivery studies.

Target bioimaging and therapy is another field in which
BCDs have tremendous applications. In such studies, BCDs
are used as highly efficient imaging agents for photolumine-
scent imaging of tumour cells. The latest progress in the devel-
opment of CDs in targeted bioimaging and tumour treatment
isreviewed by Shen et al. [148]. Ziyi et al. [149] have reported
the synthesis of CDs from commercial beer and studied the
cytotoxic properties. As no obvious cell inhibition at nominal
concentrations was observed, they reported the beer-derived
CDs as an effective nanocarrier for anticancer therapy and also
as a safe material for bioimaging and image-guided drug delivery
in cancer treatment. In addition to the above-discussed applica-
tions, CQDs derived from biomass have also other broad range
of applications like light display materials, anticounter-feiting,
confidential materials, fluorescent inks, etc. [150].

Conclusion

In this short review, we described different synthetic
methods, characterization techniques and applications of plain
and doped carbon quantum dots derived from natural biomass
resources. The hydrothermal carbonization method was found
to be ideal for the synthesis of doped and co-doped CQDs.
The doping of heteroatoms to the carbon framework of the
nanomaterial was found to enhance the properties and
functionalities multifold, especially in electrochemical
applications. The main applications of BCDs, such as optical
sensing, electrochemical sensing, detection of pesticides and
fungicides, electrochemiluminescence and electrocatalytic
activities and their role in batteries and solar cells are reviewed.
Even though considerable research has been carried out for
developing new natural bioresources, innovative synthetic
methods, extensive applications, materials, strategic designs
and devices with improved performance and challenges are
yet to be explored.
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