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Abstract

Carbonaceous nanomaterials are one of the finest nanomaterials discovered to date. The
most recent inclusion to the family of carbonaceous materials is carbon dots (CDs). CDs
are the quantum dots that are derived from carbon-based precursor materials. They are
identified as quasi OD carbon materials with a size ranging from 1-10 nm. Their unique
optical properties make the CDs one of the most desirable nanomaterials in the current
scientific world. Apart from the unique optical properties, some other essential
characteristics of CDs are their non-toxicity and high water solubility due to the presence
of the functional groups such as -OH and -COOH. All these properties of CDs have
made them desirable in different areas of applications such as sensing, optoelectronics,
catalysis, energy storage systems, bioimaging, biomedicines, etc. In this context, the
current thesis explores several natural resources employing different synthesis techniques
to produce CDs. Thereafter, these CDs have been used in the applications of
photoluminescence-based (PL-based) sensing, bioimaging, UV-photodetection, and
energy storage systems. We targeted heavy metals (Cr®* and Fe3*) and explosive materials
(picric acid; PA) to test the sensing abilities of the CDs, where potato and cigarette-
tobacco have been used as the precursor materials, respectively. Both the synthesized
CDs showed quite a good limit of detection (LOD) towards the sensing of heavy metals
and explosive materials. These LOD values for the sensing of Cr®* and Fe3* are 0.012 uM
and 0.000549 uM, respectively, whereas the LOD for the sensing of PA is 140 nM.
Simple heating reaction and microwave assisted heating techniques were used to
synthesize the CDs from potato and cigarette-tobacco, respectively. The synthesis
techniques and the precursor material played an important role in the PL properties of the

CDs as the quantum yield (QY) values of the CDs synthesized from potato (6.08%), and
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cigarette-tobacco (9.98%) were different. The CDs synthesized from potato were used for
the bioimaging application also due to their non-toxic nature. This non-toxic nature of the
CDs was confirmed via the cytotoxicity test. We have used the CDs (from cigarette-
tobacco) in UV-photodetection applications (optoelectronics) as well. We have
fabricated two devices for this application. One is a photoconductor, and the other is a
Schottky diode. In the photoconductor, we attached the CDs with multi-walled carbon
nanotube (MWCNT) and deposited the material in between two aluminium electrodes. In
contrast, we attached the CDs on ZnO nanorods grown on a graphite-coated paper
substrate for fabricating the Schottky diode. The photoconductor showed a rise and decay
time of 0.38 and 0.42 s, respectively. In the case of the Schottky diode, the response and
recovery times were ~2 and ~3.2 s, respectively. This device (Schottky diode) was able
to be operated in self-powered condition as well. The responsivity and the specific
detectivity of this fabricated UV detector were 9.57 mA/W and 4.27 x 108 Jones,
respectively, at 330 nm wavelength, which is quite comparable with literature-reported
values considering a self-powered photodetector. For the application in energy storage
systems, we attached CDs with single-walled carbon nanotube (SWCNT)/ZnO composite
to fabricate an optically responsive hybrid electrode material for a supercapacitor. It was
observed that the areal capacitance of the supercapacitor got enhanced by ~41.38% at 50
mV/s scan rate. We also explored the working mechanism of the supercapacitor, and it
was noted that the contribution towards the overall capacitance from pseudocapacitance
and electric double layer capacitance (EDLC) were 30.65 and 69.35%, respectively. The
occurrence of intercalation pseudocapacitance was also proven with justified shreds of

evidence.
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Abstract

Carbon dots (CDs) have gained a significant amount of attention over the past decade and
a half. Optical characteristic such as the photoluminescence (PL) property of the CDs has
made them unique from other carbonaceous nanomaterials. Different precursor materials
and synthesis techniques help to tune the optical properties of the CDs. This chapter has
focused on a detailed discussion of the different synthesis approaches and the precursor
materials of CDs. A detailed discussion of the applications of CDs in the fields of sensing,
optoelectronics, energy storage systems, catalysis, and bioscience has also been provided.
In context with the extensive discussion, this chapter identifies the knowledge gaps and,
based on the knowledge gaps, it finally introduces the problems and objectives of this

thesis.
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1.1. Overview

The smaller, the better. This has been the mantra for the researchers who are working on
nanotechnology. The term nanotechnology is a combination of two words; the first one
is the Greek word nano (means dwarf) which refers to a billionth, followed by the word
technology [1]. Therefore, as the term suggests, nanotechnology deals with particles of a
size below 100 nm. Nanotechnology does not limit itself to a particular discipline; instead,
this is a field of science that combines several disciplines such as, Physics, Chemistry,
Health care, and Engineering, etc. Owing to this, nanotechnology possesses a high
potential that can lead to some of the most significant breakthroughs in real life. As this
technology basically works on materials with dimensions in the range of nanometers,
therefore these materials have been termed as nanomaterials by scientists. There have
been numerous nanomaterials to date with which people have worked since the inception
of nanotechnology. One such category of materials is carbonaceous nanomaterials. Some
examples of these sorts of materials are single and multi-walled carbon nanotubes
(SWCNT, MWCNT), graphene, and graphene oxides (GO), reduced graphene oxides
(rGO), etc. [2, 3]. These nanomaterials are being used in almost every field of nanoscience
and engineering. Some of their most practical applications can be cited in the areas of
sensing, catalysis, capacitor, supercapacitor, field-effect transistors (FET), transparent
conducting films (TCF), etc. [4-6] Because of the good electrical and mechanical
properties, CNTs had an extraordinary demand amongst the scientists in the earlier days.
Such characteristics of the CNTs influenced Xu et al. [7] to work with these
nanomaterials. Hence this group started their experiments on the electrophoretic

purification of SWCNTSs. In doing so, they found out that the by-product in this process
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was showing fluorescence characteristics. The fluorescent band was then run
electrophoretically into the anodic buffer followed by the dialysis (using a membrane of
cut-off 12,500) method. N2 was then blown to remove extra water from the fluorescent
band before vacuum drying. This final fluorescent by-product was later termed as carbon

dots (CDs) by the research fraternity.

CDs can be defined as the quantum dots which have the source of carbonaceous materials.
They are quasi 0D carbon materials with a size ranging from 1-10 nm [8, 9]. They have
an intrinsic property of PL, which is missing in the other carbonaceous nanomaterials.
These nanoparticles show tunable PL emissions [9], i.e., they emit light in diverse colours,
exactly like the other inorganic heavy-metal-based quantum dots. However, they
completely outperform the inorganic quantum dots in terms of toxicity, as the inorganic
quantum dots are highly toxic in nature. In contrast, CDs possess very low to no toxicity
at all [10]. Apart from the PL property and the low toxicity, one more noteworthy
characteristic of the CDs is high water solubility [9, 10]. The presence of functional
groups on the surfaces, such as —COOH and/or —OH is responsible for the high water
solubility of the CDs [10]. These properties of CDs make them attractive in several
applications, where water solubility and toxicity act as challenges for other luminescent

inorganic quantum dots.

1.2. Types of Carbon dots

CDs typically comprise of a core with mostly sp? hybridization, covered with several
functional groups [11, 12]. CDs have been categorized into three different groups: carbon
quantum dots (CQDs), graphene quantum dots (GQDs), and carbonized polymer dots

(CPDs) (Figure 1). This classification is solely based on the formation mechanism,
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properties, and structure [8, 12]. At least one of the dimensions in all these three
categories is < 10 nm in size. CQDs are characteristically spherical, with graphite-like
structures being connected between multiple layers. The PL mechanism in CQDs is due
to the quantum confinement and the intrinsic luminescence of the nanomaterials. The
method of formation of CQDs follows the “bottom-up” technique. On the contrary, GQDs
follow the “top-down” method for synthesizing. For example, GQDs are being
synthesized by cutting the larger carbon materials like CNTs, carbon fibers, graphite,
carbon rods, etc. [8, 13, 14] In GQDs, a few graphene structures are connected by the

functional groups on the boundaries. A distinct characteristic of GQDs

XX \". \‘

Gra;)hen“c quantum dots
(GQDs)
Carbon dots 8
(CDs) iy

P

Carbén polymer dots

(CPDs)

Figure 1.1. Types of CDs: CQDs, GQDs, and CPDs [12].

is that the horizontal dimension of the GQDs is larger than the longitudinal one. The
observed average lattice gap is 0.24 nm. In the case of CPDs, there is a carbon core

entangled with polymers (cross-linked)/ numerous functional groups [8, 12]. Owing to
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this, CPDs exhibit excellent water stability. Moreover, the presence of abundant
functional groups on the surfaces provides a more extensive scope of doping with some
heteroatoms like oxygen, nitrogen, etc. The external doping can help them to attain higher

PL.

1.3. Synthesis techniques of Carbon dots

After the first discovery of the CDs in 2004, a great revolution in the research fraternity
was witnessed as scientists from all around the globe were keen to identify and know
more about this tiny nanomaterial. Therefore, rigorous research on CDs started afterward,
which involved in synthesizing the same in many different ways. The synthesis
techniques have been generalized into two categories; the “bottom-up” and “top-down”

approaches.

1.3.1. “Bottom-up” approach

As the name suggests, the bottom-up approach involves synthesizing CDs from bottom
to up, i.e., smaller groups of molecules get together to form a larger cluster. Some
“bottom-up” approaches for CD synthesis are the hydrothermal treatment of citric acid or
carbohydrates, pyrolysis, microwave, ultrasonic, solution chemistry, carbonization
method, etc. [12, 15, 16] For instance, Zhu et al. [17] synthesized high QY CDs from
citric acid and ethylenediamine (EDA) using the hydrothermal technique. Their highest
reported QY of the synthesized product is 80%. They further used the CDs to detect Fe3*.
Wang et al. [18] also used the hydrothermal technique to synthesize high QY CDs (40%).
They further used their synthesized CDs as fluorescence-based picric acid (PA) sensing
probes. Their reported detection limit for PA is 0.041 pumol/L in a linear range of 0.5-30

pmol/L. Yuan et al. [19], on the other hand, used the solvothermal technique to synthesize
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CDs from citric acid and diaminonaphthalene. They used EtOH/H>SO4 as the solvent,
and the QY of their synthesized CDs was 75%. Zhuo et al. [20] used the pyrolysis method
to synthesize extremely high QY CDs with excitation independent fluorescence. The use
of glutathione with citric acid helped to obtain such a high QY. The lower toxicity of the
synthesized CDs was then used for cell imaging purposes. Xu et al. [21] used microwave
assisted synthesis technique to synthesize N, S-CDs using glycerol solvent and cysteine
as the source of C, N, and S. They used the CDs as turn-on probes for fluorescence-based
detection of Hg?*. Li et al. [22], on the other hand, explored the ultrasonic technique using
acid/alkali assisted glucose solution for the synthesis of fluorescent carbon nanoparticles.
Their observation reports that the hydroxyl group-rich surface of the carbon nanoparticles
helps to get higher hydrophilicity. However, there remains a difficulty in this technique,

which is the aggregation during carbonization.

1.3.2. “Top-down” approach

The “top-down” approach involves the procedure of breaking larger particles into smaller
ones. Several methods can be incorporated under this category, such as arc discharge,
hydrothermal and solvothermal, laser ablation, acidic oxidation, stripping,
electrochemical process, etc. [23]. Amongst these, the most popular ones are the
hydrothermal method and the solvothermal method. The production of high QY CDs has
been observed by the researchers using hydrothermal method [10]. However, to get better
control on the size of the CDs, the electrochemical technique is preferred [23]. For
example, Kalita et al. [24] explored the electrochemical method for the synthesis of
GQDs. They used LiClO4 in propylene carbonate as the electrolyte. The synthesized
GQDs were used as sensing probes for the sensing of moisture in the soil. On the other

hand, deYro et al. [25] synthesized CDs from biowaste with hydrothermal technique. The
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synthesized CDs were then used in bioimaging applications. However, the first evidence
of CDs was obtained using a top-down approach, which was reported by Xu et al. [7]

They used the arc discharge technique in their work.

The research regarding the synthesis techniques of CDs is currently not limited to the
above-mentioned individual processes. There are examples where the combination of
both methods has been used to obtain CDs. Calcination of organic molecules can result
in producing fine carbon powder. This is a typical bottom-up technique. CDs are then

formed by shearing the carbon powder, which is a typical top-down method [23].

1.4. Sources for precursor materials

One of the reasons that CDs have gained more advantages is the low price and easy
availability of the raw materials/precursor materials. With the “top-down” technique,
several carbonaceous raw materials have been used to synthesize CDs, and it has been
reported that the raw materials used in this technique are less costly [23]. For example,
GO [26], citric acid [17], pyrene [27], etc., are some of the reported materials which were
used to synthesize CDs by the “top-down” technique. Having said so, the “bottom-up”
approach has also been rigorously utilized to prepare CDs with more precision. Some raw

materials used in this technique are salicylic acid [28], glucose [29], etc.

Moreover, there are several reports in which green materials or organic materials have
also been used to synthesize CDs. For example, Picard et al. [30] synthesized fluorescent
CDs from Miscanthus grass to detect Fe** ions. They used different dopants with the raw
material to synthesize P-doped, N-doped, and dual-doped CDs. The detection limit of

their synthesized CDs is 20 nM. Wang et al. [31] derived N, S, P-doped CDs from
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biomass waste. They also used the synthesized CDs to detect Fe** ions, and their reported
limit of detection (LOD) value is 0.1 uM. In another report, Qiang et al. [32] showed the
synthesis of CDs from potato-starch by acid-assisted ultrasonication method and used the
CDs to detect Zn?*. This synthesis probe showed an excellent detection limit of 1 nM.
Not only this, there are numerous articles reporting the synthesis of CDs from many other
precursor materials, such as eggshell, milk, banana peel, and banana stem, bamboo leaf,
cow manure, paper [33-40] etc. Not only this, the researchers have not restricted
themselves to the above-mentioned materials. They even used human hair to get CDs
successfully and applied it for the detection of chloroform in water [41]. All these
reported sources for CDs synthesis open a wide window for the researchers to explore

further to obtain even higher QY CDs and use them in a wide range of applications.

1.5. Applications of Carbon dots

Since the discovery of CDs, there has been an enormous demand for CDs due to their
distinct characteristics. Consequently, CDs have been used in a wide range of applications
as well, from sensing to catalysis, from optoelectronics to biomedicines, etc. Therefore,
for a robust understanding, the applications of CDs are categorized separately based on

their applied areas. This classification is schematically shown in figure 1.2.

1.5.1. Sensors

The only property of CDs that differs from other carbon nanoparticles, i.e., the
fluorescence property, makes CDs a potent candidate for fluorescence-based sensing
applications. Based on the sensing mechanism, this section has also been divided into
four subsections as photoluminescence-based (PL-based) sensors, chemiluminescence-

based (CL-based) sensors, electrochemiluminescence-based (ECL-based) sensors,
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photoelectrochemiluminescence-based (PECL-based) sensors. This subdivision of the

sensor is also presented in figure 1.2.

Figure 1.2. Different categories and sub-categories of the applications of CDs.

1.5.1.1. Photoluminescence-based (PL-based) Sensors

CDs have been used as a PL-based sensing probe for the detection of heavy metals,
explosive nitro compounds, pesticides, and toxic compounds, etc. [42] To date; most
research has been conducted on fluorescence-based heavy metal sensing applications.
The metals reported in these works are Crb* [9, 43-45], Hg?* [46-51], Fe** [9, 30, 31, 52-
55], Pd?* [56-58], Co?* [59-62], Zn** [63-67], Cu®* [68-74], Au®** [75, 76], Cd** [77-79],
Bi%* [80-82], AI** [83-85], K* [86], Sn** [87], Mn?* [67, 88], Be?* [85], Ag* [89-94], Ni**

[85], and Pd?* [56, 58], etc. In the case of explosive materials also, CDs especially, the N
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or N/P doped CDs, have shown a potential side as sensors [42]. Some of the hazardous
explosive materials are nitroethane (NE), nitrophenol (NP), nitromethane (NM),
nitrotoluene (NT), nitroaniline (NA), 2,4,6-trinitrotoluene (TNT), picric acid (PA),
etc.[10, 42, 95-99] Owing to the high solubility, these nitro group containing chemicals
easily contaminate the groundwater and soil and thus create several health threats. Hence,
detecting the presence of these materials in water and soil is also of great importance,
which has been issued and resolved quite convincingly by the researchers using CDs. In
most cases, the selectivity towards a particular metal ion/chemical relied on the precursor
materials or the synthesis techniques. Having said so, it is worthwhile to mention some
of the common sensing mechanisms such as d orbital transition of electrons, fluorescence
resonance energy transfer (FRET), dual electron transfer (DET), electron interaction (El),
charge transfer complex (CTC), inner filter effect (IFE), photo-induced electron transfer
(PET), etc. For example, Khan et al. [100] used N, S-CQDs for the detection of PA. The
LOD of the sensor is 0.24 uM. It was observed in this report that the fluorescence of the
CQDs got quenched when exposed to PA. The mechanism of this fluorescence quenching
was reported to be FRET. Whereas, Li et al. [95] showed that the PA sensing mechanism
was based on the charge transfer method and their reported LOD for PA sensing is 10
nM. Cheng et al.[101] also reported the sensing of PA by CDs; however, in their case,
the sensing mechanism was based on IFE. Similarly, for metal detection, the quenching
of fluorescence of the CDs due to the transfer of excited electrons to the vacant d orbitals
of the metal ion is a popular concept. Zhang et al. [102] represented this concept in their
work, in which they synthesized CDs to detect Fe®* ions. Apart from heavy metals and
explosive materials, CDs have been used as sensing probes to detect pesticides and other

toxic materials as well. Several toxic chemicals such as carbamate pesticides,
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organophosphorus, etc. have been used rigorously as pesticides, which have an adverse
impact on human health. Therefore, the identification of such chemicals in water and soil
Is also one of the important aspects. One such chemical that is used as a pesticide is methyl
parathion (organophosphate). Lan et al. [103] detected this chemical by using N-CDs as
sensing probe. They reported that the sensing mechanism for the same was based on IFE.
Their reported LOD was as low as 1.87 ppb. Apart from pristine CDs, CD composites
with metal nanoparticles also act as good sensing probes to detect pesticides. One such
example is that, the composite made by attaching CDs with Au nanoparticles proved to
be a colorimetric sensor for the identification of phoxim as reported by Zheng et al. [104]
In another work, Yang et al. [105] targeted carbendazim as the analyte and they proposed
the sensing mechanism to be based on FRET. Along with the pesticides, some chemical
compounds detected with the help of CDs are acetic acid, acetone, NO, etc. [42] Overall,
the PL property of the CDs has been widely utilized to use them as PL-based sensing

probes.

1.5.1.2. Chemiluminescence-based (CL-based) Sensors

The fundamental mechanism for chemiluminescence involves the emission of light as a
consequence of the reaction between two or more reactants. This particular mechanism
has been adopted to prepare CL-based sensors using CDs. The advantages of CL-based
sensors involve high precision, simple instrumentation, zero interference from the
scattering light in the background [85]. Wang et al. [106] determined the presence of L-
cysteine with the help of a CL-based sensor using CDs and lucigenin. They synthesized
the CDs from starch hydrothermally. It was observed that there was no blue emission
(CL) initially in the CDs and lucigenin mixture. However, upon the addition of L-cysteine

in the system, it started showing a strong blue emission. They exploited this phenomenon
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to detect L-cysteine. The reported LOD is 8.8 uM. Hallaj et al. [107] demonstrated the
CL property of a mixture, including KMnO4 and S, N-doped CDs in the presence of
indomethacin and thus used this as a CL-based sensor for indomethacin. The CDs were
synthesized by hydrothermal treatment of a mixture of citric acid and L-cysteine. The
reported LOD in their work is 65 pg/L. Glucose can also be detected using the CL
property of the CDs as presented by Duan et al. [108] They synthesized CD from citric
acid and doped it with Cu by using Cu(NO3)2:3H20. The LOD of this sensor was as low
as 0.32 uM. Apart from the above-mentioned chemicals, some other materials that were
detected using a CL-based sensor are gallic acid [109], bromate [110], tannic acid and

thiourea [111], adenosine [112], ranitidine [113], Mn(l1) [114], metronidazole [115], etc.

1.5.1.3. Electrochemiluminescence-based (ECL-based) Sensors

The ECL process involves a chemical reaction of species in an electrolytic system
(especially on the electrodes) that gets high energy during the reaction to eventually get
excited and emit light [116]. Unlike PL and CL, in the case of ECL, the luminescence is
controlled and tuned using appropriate applied potential [116, 117]. The CDs show ECL
without using any surface passivation. Oxidized CDs are generally utilized as
luminophores for ECL. In most cases, a PBS solution of pH 7 is used to get ECL signal
by CDs. As the ECL signal using CDs is observed in both the potential area (positive and
negative), both the radicals of CDs (anionic; R™, cationic; R™) should actively operate
for the occurrence of ECL in the non-attendance of co-reactants. The charge transfer
phenomenon occurs due to the collision between the radicals, and consequently, the CDs
attain their excited state [118]. It has been reported that the emission maxima get red-
shifted in the case of ECL compared to the PL maxima. The separation of energy for ECL

is relatively less compared to the energy of band gap (for PL), which can be deemed
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responsible for the red-shift of ECL maxima compared to the PL maxima [119]. One
example of such an ECL-based sensor application of significant impact is the use of it as
a tumor marker. For example, Xu et al. [120] reported the synthesis and application of an
ECL-based immunosensor to detect cancer samples, and their reported LOD is 0.00026
fg/ml. They used CDs and perylenetetracarboxilic acid as the luminophores, whereas
graphene as nanocarriers. The co-reactants used in ECL sensors such as S,03~ SO%™.
S,0%~ help to produce SO~ radicals whereas SO~ helps to produce SO3 radicals. In the
latter case, the SO3~ radicals further react with dissolved oxygen and form SO;~. On the
other hand, the CDs get reduced (electrochemically) in the cathodes to form CDs*~. This
CDs*~ then react with the SO~ radicals to get into the excited state. Then, during the
returning back to the ground state of the CDs, they emit light [116, 121]. In some other
cases of ECL-based sensing systems, CDs have been used as ECL enhancers of some
semiconductor quantum dots. For example, Zhang et al. [122] reported the amplification
of ECL of CdS quantum dots by incorporating CDs with them, which further was used as

a biosensor of oxidase substrate.

1.5.1.4. Photoelectrochemiluminescence-based (PECL-based) Sensors

The PECL-based sensors work based on a combined mechanism of the PL and ECL. The
transfer of electrons in this sort of sensor occurs at electrodes in the presence of light [85].
For example, Gao et al. developed one PECL-based sensor by combining N-CQDs with
TiO». They used this sensor to detect chlorpyrifos, in which the response showed 42%

better result than the sensor used without CQDs [85].
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1.5.2. Optoelectronics

Some of the unique yet important optoelectronics properties are tuneable bandgaps,
robust, stable fluorescence, high mobility and ultrafast transfer of electrons, long lifetime
of hot-electrons, etc. Due to the presence of high surface areas, CDs have shown great
potential in optoelectronic applications such as light-emitting diodes (LEDs), solar cells,

and photodetectors.

1.5.2.1. Light-emitting diodes (LEDS)

LEDs are now one of the booming research topics due to their energy-saving technology.
Some rare earth materials or some other inorganic quantum dots have been used by
researchers to prepare LEDs. However, the popularity of CDs, because of their low-cost
production and low toxicity, has been observed as a potential replacement of inorganic
quantum dots for the fabrication of LEDs. The LEDs, fabricated by using CDs, can be

divided into two categories: PL-based LEDs, and EL based LEDs.

1.5.2.1.1. Photoluminescence-based (PL-based) LEDs

In PL-based LEDs, there consists of a combination of fluorescent CDs along with a UV
or blue chip. Here, the CDs act as phosphors that get excited in the presence of intense
UV light. However, one primary drawback of this system is that the aggregation induced
qguenching (AlQ) causes the feeble fluorescence of the CDs. There are several techniques
that can help to overcome this issue. For example, embedding the CDs in solid matrices
like starch, borax, resin, cellulose nanofiber, etc., can help ignore the AIQ effect by
retaining the fluorescence of the CDs. Sun et al. embedded the CDs with a starch matrix
to synthesize a CDs-based phosphor. The hydroxyl groups of starch got attached with the

carboxyl and amide groups on the surface of the CDs to form this matrix. The authors
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then showed the potential applications of this matrix in LEDs, temperature sensors, and
patterning [123]. Wang et al. [124] used boric acid as the matrix for embedding CDs in
LEDs. The synthesized CDs matrix showed a QY of 80.1% and high thermal stability,
which helped them to use it in LEDs applications with CIE coordinates at (0.33, 0.32).
However, the first reported LED application by CDs shows that the synthesized CDs were
emitting deep UV lights. The authors could convert blue light into white light by coating
a blue LED with CDs [125]. This discovery expanded the opportunities for researchers to
use CDs in the fields of optoelectronics (LEDs). Thereafter many works have been done
by researchers to fabricate white LEDs using green, yellow, blue light-emissive CDs-
based phosphors [123, 126-129]. However, most of the reported CDs-phosphors-based
white LEDs have been facing criticism due to their poor stability, segregation of phases,
aging of colors, and complicacy in the fabrication of devices. The dependency on the
multi-components which emit different colors in the white light spectrum can be
attributed to the above-mentioned criticism. Therefore, a single-component system that

emits light in the range of 400-700 nm is highly desirable by scientists [130-132].

1.5.2.1.2. Electroluminescence-based (EL-based) LEDs

Apart from phosphor-based LEDs, CDs have been used for EL-based LEDs as well.
Generally, CDs are sandwiched between a multi-layered device structure as emissive
films. The first-ever EL-based LED using CDs (GQDs) has been articulated by Gupta et
al. They fabricated an organic LED (OLED) using CDs where the power was generated
electrically. The emissive layer was fabricated by a mixture of GQDs (functionalized with
methylene blue; MB-GQD), which was doped in poly (2-methoxy-5-(2-ethylehexoloxy)-
1,4-phenylenevenylene) (MEH-PPV) with several concentrations of GQDs. The result

showed that the turn-on voltage got reduced from 6 V to 4 VV when 1% of the MB-GQD
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was mixed with MEH-PPV [133]. However, further addition of GQDs to the mixture
showed an adverse effect due to the aggregation of the CDs. Additionally, the extent of
work on EL-based LEDs using CDs got exp