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Abstract

Fluorescent carbon quantum dots
have gained much attention owing to
their low-cost, biocompatibility,
photostability, and low toxicity. The
functionalization and surface passivation
leads to the tuning of optical properties of
carbon quantum dots (CQDs). Due to
their desirable properties, they can be
used in a plethora of applications. Top-
down and Bottom-up are the two
common broad approaches for the
synthesis of CQDs. The synthesis method
using green precursors can be attained
using various methods like
solvothermal/hydrothermal, microwave-
assisted polymerization, and pyrolysis.
The current chapter comprehensively
discussed the applications of CQDs in the
detection of metal ions.

Keywords: carbon quantum dots;
synthesis; metal ions; sensing; Cu®**; Fe**.
Fluorescence: The emission of light by a
substance that has absorbed light or other
electromagnetic radiation. It occurs via
emitting a longer wavelength than the
absorbed wavelength.
Photoluminescence: The process where
a molecule absorbs a photon in the
visible range, exciting one of its electrons
ta o higher electronic state, then radiating
a photon as the electron returns to a lower
energy level.
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I. INTRODUCTION

Concerns about global energy and the environment [1,2] have prompted the
development of novel materials and techniques to reduce cost and environmental impacts [3].
To address the issue of sustainable nanomaterials production without the use of hazardous
chemicals, it is vital to use environmentally benign and renewable raw materials.
Luminescent carbon dots (graphene quantum dots and carbon quantum dots) have piqued the
interest of researchers due to their potential uses in chemo- and biosensing [4], bio-labelling,
cellular imaging, and nanomedical applications [5].

Carbon quantum dots (CQDs) are 0-dimensional carbon nanoparticles that are
typically less than 10 nm in size. They are firstly discovered in the year 2004. The chemical
composition of CQDs with numerous surface functionalization like oxygen and amino groups
is strongly supported by their extraordinary properties. These functionalities have a
considerable effect on photoluminescence activity and have increased the energy gap and
surface energy level. They exhibit good photostability, highly tuneable photoluminescence,
less toxicity, low cost, electrochemiluminescence, water solubility, and biocompatibility [6].
The suitability of light emission through carbon dots near the infrared range is particularly
notable as light in this region has greater tissue penetration capability, and biological systems
are transparent to these wavelengths. CQDs can be synthesized using two broad approaches:
top-down and bottom-up [7] as shown in Figure 1. The “top-down” approach refers to the
breakdown of large carbon macromolecules into smaller one with the help of hydrothermal
treatment, microwave methods, electrochemical oxidation, solvothermal method, and
ultrasonication. The “bottom-up” approach refers to carbonization or pyrolysis of small
organic molecules [8]. The precursors utilized for CQDs synthesis such as carbon nanotubes,
graphite, aromatic hydrocarbons are higher in cost and non-renewable. While the green
synthesis using biomass materials is a cheaper, safer, and easier route. Utilizing waste and
renewable material for the synthesis of CQDs is one step towards sustainable development
[9]. The synthesis method using green precursors can be attained using various methods like
solvothermal/hydrothermal, microwave-assisted polymerization, and pyrolysis. The
Solvothermal method is a well-known process for fabricating CQDs followed by organic
solvent extraction in which high carbon-yielding compounds are heated in high boiling point
organic solvents before extraction and concentration. While, the hydrothermal carbonization
is used for the preparation of self-passivated fluorescent CQDs in one-step. In this method
organic precursor solution is sealed and reacted in the hydrothermal reactor at high
temperature. Various green precursors including plants are used for the single step synthesis
of CQDs. This method is non-toxic, cheap, and environment friendly method for the
synthesis of CQDs. Microwave-assisted approach is a quick and economical way to
synthesise CQDs as compared to other methods. In this method, carbon-based precursors can
interact with microwave effectively because of effectual and localised heating. Pyrolysis or
carbonization of carbon precursors comes under thermal decomposition method. This is more
preferred approach for the fabrication as it includes simple operations, more precursor
tolerance, less reaction time, solvent-free approach, inexpensive, and large-scale production.
Also, optical properties can be altered using this method by changing reaction time,
temperature, pH [10].
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Figure 1: Schematic representation of the synthesis approach of CQDs.
Il. FLUORESCENCE PROPERTIES

Significant optical absorption was observed in the ultraviolet range, which was then
extended to the visible region. The region between 230-270 nm showed absorption due to
n—n* transition of C=C bonds, whereas the peak shoulder in 300-390 nm range is due to the
n-n* transition of C=0 bonds [11]. The absorption peak variation can be modified between
270 nm to 390 nm based on the preparation methods of CQDs. Quantum-confinement effect
[12] (QCE), surface-state emission [13], and molecular fluorescence are the different
viewpoints for the origins of photoluminescence of CQDs.

Quantum-confinement effect is when the quantum dots are smaller than their exciton
Bohr radius. It is a spatial confinement of electron-hole pairs also known as excitons in one
or more dimension within a material. It contains discrete electronic energy levels. The
optoelectronic features can be determined by shape and their size which can be altered. For
instance, when CQDs were excited by photon of energy hv (v denotes the frequency of
incident photon) which are comparatively larger in size, then they emit energy in wavelength
of red or orange. While, the small size CQDs emits shorter wavelengths in green or blue
range. Figure 2 depicts the variation in bandgap of CQDs as size changes. Surface state
comprises the surface functional group and degree of surface oxidation. In the former one
groups like C=0 and C=N are associated with the fluorescence of CQDs. Sun and co-workers
[14] inferred that the emission can be varied by varying the functional groups on the surface
of CQDs. Degree of surface oxidation is also related to the CQDs fluorescence as the oxygen
groups on the surface leads to red-shift of CQDs. More the degree of surface oxidation, more
the number of surface defects which can trap excitons and ultimately their recombination
causes red-shift [15]. Molecular fluorescence also contributes to the emission of CQDs.
Baker’s et al. [16] demonstrated that the fluorescence impurities created as by-products of
CQDs synthesis mostly responsible for PL emission by eliminating the molecular
fluorophores. CQDs are photoluminescent irrespective of the synthesis method, but it
depends on the different factors such as excitation, pH and solvent.

Copyright © 2022 Authors Page | 3



Futuristic Trends in Chemical, Material Sciences & Nano Technology

e-ISBN: 978-93-5747-522-8

IIP Proceedings, Volume 2, Book 13, Part 1, Chapter 1

FLUORESCENT CARBON QUANTUM DOTS FOR METAL ION SENSING

Decreasing size
Increasing band gap

cB

Energy
l Band gap

VB

Bulk [

semiconductor Quantum dots (6 nm) (2 nm) ]

Figure 2: The energy band gap in quantum dots changes as size varied.

I11. SENSING APPLICATIONS

CQDs are the promising candidates for the development of sensors with lot of merits.
They have plethora of applications amid various fields as shown in Figure 3. In the upcoming
section, the sensing of metal ions using CQDs are comprehensively discussed. As mentioned
previously, CQDs showed the exceptional photoluminescence because of the specific
functional groups, so that it shows the binding with the target analytes through the different
interactions such as electrostatic, electron transfer, 7-m conjugation. These ultimately leads to
the PL quenching or restoration of CQDs. These fluorescence sensors also have a high
selectivity, which means they can detect certain ions in a mixture of chemical species [17].

Photocatalysis

Drug
delivery

Figure 3: Various Sensing applications of CQDs.
1. Metal ion sensing: CQDs have been studied as fluorescent probes for the detection of

metal ions. For the different metal ions like Cu®*, Fe**, Ag*, Zn?*, Cd**, and Co?", sensors
have been developed.
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Xu et al. [18] prepared Carbon quantum dots with green luminescence by using
bran and tartaric acid as a precursor. The synthesised CQDs were utilized as a fluorescent
probe for Cu®* detection with a detection limit of 0.0507 M. Liu et al. [19] synthesized
CQDs from hydrothermal method using bamboo leaves. The as-prepared CQDs exhibited
high quantum vyield (7.1%). The developed sensing system is a sensitive and reliable
method for the detection of Cu** having detection limit of 115 nM within a range of
0.333-66.6 uM. Dong and co-workers [20] prepared polyamine-functionalized carbon
quantum dots for the detection of Cu®*. They inferred that the strong quenching occurs
because of the inner filter effect with a dynamic range of 10-1100 nM and a detection
limit of 6 nM. They also tested it for a river water sample by the developed sensing
system. Han et al. [21] fabricated carbon quantum dots using a hydrothermal method with
o-phenlenediamine (OPD) and citric acid. The as-prepared CQDs acts a ratiometric
fluorescent probe for the detection of Cu?*. The quenching of CQDs upon addition of
Cu?* is attributed to the Forster resonance energy transfer (FRET) which occurs between
the CQDs and 2,3-diaminophenazine of OPD. The developed sensing system exhibited
high sensitivity towards Cu?* with a detection limit of 0.076 pmolL™. They further used
this system for the sensing of GSH having a detection limit of 0.30 umolL™.

Das et al. [22] prepared green emissive carbon quantum dots using a facile one-
pot solvothermal method using pear juice. The as-prepared CQDs were used for the
detection of Fe®" and ascorbic acid using turn off-on strategy. The detection limit is 2.28
uM having a correlation coefficient of 0.989. Nan and co-workers [23] developed a fast
spectrofluorimetric method for the detection of Fe (111) ions using carbon quantum dots
modified with ZnO/CdS nanoparticles. The photoluminescence quenching with a
detection limit of 1.72*10” M is attributed to strong interaction between the Fe (111) and
CQDs/ZnO/CdS NPs. The quenching mechanism inferred was static quenching. They
have also calculated different the value of entropy, enthalpy, and free energy from which
they suggested that the quenching process was spontaneous and endothermic in nature.
Wu and co-workers [24] fabricated nitrogen doped carbon quantum dots using
microcrystalline cellulose as carbon source and ethylenediamine as nitrogen dopant via a
hydrothermal method. The doping was confirmed using characterization techniques like
FT-IR, XPS, TEM, and XRD. They were further used as a fluorescent probe for the
detection of Fe**. The CQDs exhibited higher quantum yield in acidic solution with a
detection limit of 0.21 nM. The dynamic quenching mechanism was inferred using
fluorescence decay time analysis.

Jiang et al. [25] synthesized N-doped hemi-cellulose-based carbon quantum dots
(N-H-CQDs) using a green and straight forward solvothermal method. They have used it
as off-on sensor for the ultrasensitive detection of Ag* and L-Cysteine. The prepared
sensor showed a high quantum yield of 23.45%. The detection of Ag” is attributed to the
complex formation between CQDs and Ag with a detection limit of 21 nM. The
fluorescence restoration was achieved using cysteine with a LOD of 242 nM. The
validation of the proposed method was done with real river water. Wang et al. [26]
prepared a colorimetric nanosensor based on stable aggregation of gold nanoparticles
with carbon quantum dots for the detection of Ag” in glutathione presence. Their sensing
strategy is based on the blue-red-blue or aggregation-dispersion-aggregation mode. The
linear range for the detection is 100-4000 nM having a detection limit of 50 nM. The
prepared sensor was also tested for the real sample detection in lake and tap water.
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Dastidar et al. [27] synthesized carbon quantum dots using hydrothermal method
from onion extracts. The prepared CQDs were used for the detection of Zn** in blood
plasma. The fluorescence intensity was significantly increased in presence of Zn? in Tris
buffer and blood plasma upon excitation at 325 nm. They exhibited quantum vyield of
6.214% with a limit of quantification and detection limit of 21.3 uM and 6.4 uM,
respectively. They have also calculated the affinity constant of CQDs and Zn®* which was
600 M™. Kaur et al. [28] prepared carbon quantum dots functionalized with Calix[4]arene
using hydrothermal method for the detection of Zn*" ions. The prepared carbon dots
showed blue luminescence having quantum yield of 56%. The enhancement in the
fluorescence intensity of carbon quantum dots were observed upon addition of Zn®* ions
which is due to the photo-induced electron transfer (PET). The detection limit was
observed to be 7.34 nM. The real sample testing was also performed to validate the
results.

Wang and co-workers [29] developed a fluorescent probe for the detection of Cd**
using gold nanoclusters having red fluorescence as internal reference and with nitrogen
and sulphur co-doped carbon quantum dots having blue fluorescence act as analysis
signal molecule. Initially quenching was observed in between gold nanoclusters and
quantum dots due to FRET effect. Then the Cd®* interacts with gold nanoclusters and
quantum dots forming stable complex and ultimately enhancement of fluorescence. They
calculated the detection limit of Cd* in the linear range of 0-2.1 uM and a detection limit
of 62 nM in tap water.

Various other researchers have also detected other metal ions like Hg*[30],
Cr®*[31], Co*" [32] using fluorescent carbon quantum dots. Therefore, the carbon
quantum dots are the promising candidate for the facile, low-cost, rapid, and efficient
detection of metal ions.

IVV.CONCLUSIONS

CQDs, zero-dimension materials and presented a new outlook with numerous
properties and applications in the various fields. CQDs displayed tuneable properties like
size, heteroatom doping, chemical functionalization, edge states that resulted into the rise of
exceptional applications. With the other nanomaterials, CQDs can also acquire composite
nature due to the extensive and easy functionalization. It plays a significant role in designing
of sensors and biosensor. The current chapter expansively discussed their applications for
metal ions detection.
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