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Abstract: Carbon quantum dots (CQDs), also known as carbon dots (CDs), are novel zero-dimensional
fluorescent carbon-based nanomaterials. CQDs have attracted enormous attention around the world
because of their excellent optical properties as well as water solubility, biocompatibility, low toxicity,
eco-friendliness, and simple synthesis routes. CQDs have numerous applications in bioimaging,
biosensing, chemical sensing, nanomedicine, solar cells, drug delivery, and light-emitting diodes.
In this review paper, the structure of CQDs, their physical and chemical properties, their synthesis
approach, and their application as a catalyst in the synthesis of multisubstituted 4H pyran, in azide-
alkyne cycloadditions, in the degradation of levofloxacin, in the selective oxidation of alcohols
to aldehydes, in the removal of Rhodamine B, as H-bond catalysis in Aldol condensations, in
cyclohexane oxidation, in intrinsic peroxidase-mimetic enzyme activity, in the selective oxidation of
amines and alcohols, and in the ring opening of epoxides are discussed. Finally, we also discuss the
future challenges in this research field. We hope this review paper will open a new channel for the
application of CQDs as a catalyst in organic synthesis.

Keywords: carbon quantum dots; synthetic methods; fluorescence; optical properties; catalyst

1. Introduction

Recently, carbon-based nanomaterials such as graphene [1], fullerenes [2], nanodia-
monds [3], carbon nanotubes (CNTs) [4], and carbon quantum dots (CQDs) have attracted
great attention because of their distinctive structural dimensions, as well as their out-
standing chemical and physical properties [5]. It was found that the preparation and
separation of nanodiamonds are complicated, while other nanomaterials such as graphene,
fullerenes, and CNTs do not display good water solubility and also do not exhibit strong
fluorescence in the visible region. These limitations prevent their applications in differ-
ent areas [6]. Although semiconductor quantum dots (SQDs) exhibit good fluorescence
properties, because of the presence of heavy metals, they are toxic in nature. This pre-
vents their biological applicationin biosensors, bio-imaging, and drug delivery. In contrast,
fluorescent CQDs are nontoxic and, thus, have attracted enormous interest over other
carbon-based nanomaterials [7]. Xu et al. in 2004 accidentally discovered CQDs using gel
electrophoresis during the purification of single-walled carbon nanotubes [8]. However, the
name CQDs was given by Sun et al. in 2006 during the synthesis of carbon nanomaterials
of different sizes [9]. Subsequently, CQDs became rising stars among various carbon-
based nanoparticles and are considered an extremely precious asset of nanotechnology.
CQDs are also known as carbon nano-lights because of their strong luminescence proper-
ties [10]. CQDs have attractive features such as ease of synthesis, good water solubility,
high photostability, high photoresponse, low cytotoxicity, facile surface functionalization,
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good catalysis properties, and tunable excitation–emission [11–17]. Due to these charac-
teristic properties, CQDs are widely utilized in photovoltaic devices, medical diagnosis,
sensing, drug delivery, catalysts, photocatalysis, optronic devices, bio-imaging, laser, sin-
gle electron transistors, solar cells, and LEDs [18–29]. However, very few reports have
been investigated regarding the application of CQDs as a catalyst in photochemical water
splitting [30] the preparation of substituted 4H pyran with indole moieties [31], azide-
alkyne cycloadditions [32], the degradation of levofloxacin [33], the selective oxidation
of alcohols to aldehydes [34], the removal of Rhodamine B [35], the selective oxidation
of amines and imine [36], high-efficiency cyclohexane oxidation [37], H-bond catalysis in
Aldol condensations [38], intrinsic peroxidase-mimetic enzyme activity [39], and the ring
opening of epoxides [40]. In this review paper, we explain the synthetic approach, structure,
optical properties, and applications of CQDs as a catalyst. Finally, we also discuss their
future prospects.

2. Synthesis Approach

Since the discovery of carbon quantum dots (CQDs), several convenient, cost-effective,
size-controlled, and large-scale production approaches have been developed. For the synthesis
of CQDs, two general categories, top-down and bottom-up, approaches are utilized (Figure 1).
Even though CQDs synthesis is facile, there are definite challenges related to their synthesis,
such as an aggregation of nanomaterials, the tuning of surface properties, and controlling the
size and uniformity [41]. To adjust the functional groups present on the surface and achieve
better CQDs performance, post-treatment can be conducted in both approaches. Quantum
yields (QYs) of CQDs can be enhanced after surface passivation, which eliminates the emissive
traps from the surface. CQDs doped with heteroatoms (N and P) or metals such as Au or Mg
improve solubility and electrical conductivity [42]. Even though for the synthesis of CQDs,
both the top-down and bottom-up approaches have been used, the environmentally and
cost-effective bottom-up approach is most commonly used [43].
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2.1. Top-Down Approach

In a top-down approach, the larger carbon resources such as carbon nanotubes,
fullerene, graphite, graphene, carbon soot, activated carbon, etc., are broken down into
smaller constituents with the help of different techniques such as laser ablation and elec-
trochemical and arch discharge [28,44–47]. Carbon structures with sp2 hybridization that
lack efficient energy gaps or band gaps are commonly used as starting materials for top-
down processes. Although the top-down approach is extremely helpful and suitable for
microsystem industries, it has some limitations, such as the fact that pure nanomaterials
cannot be obtained from the large carbon precursor; their purification is costly and also
unable to accurately control the morphology and size distribution of CQDs [48].

2.1.1. Laser Ablation Method

Sun and co-workers in 2006 first reported a laser ablation technique. In this tech-
nique, the CQDs are synthesized by irradiating a target surface with a high-energy laser
pulse [9]. Recently, Li et al. synthesized ultra-small CQDs with uniform sizes by using the
laser ablation method. They utilized fluorescent CQDs for cell imaging applications [49].
Cui and co-workers have also synthesized homogeneous CQDs by an ultrafast, highly
efficient dual-beam pulsed laser ablation method for bio-imaging applications along with
high QYs [50]. Buendia and co-workers also used laser ablation techniques to synthe-
size fluorescent CQDs for cell labeling [51]. The CQDs synthesized by this technique
are usually non-fluorescent in nature, have heterogeneity in size, and have low quantum
yield, which influences different potential applications of CQDs. Therefore, to increase
the fluorescence properties and quantum yield, pre-treatments such as surface passivation
(doping) and oxidation are required.

2.1.2. Electrochemical Method

The electrochemical method was first described by Zhou and coworkers in 2007. They
used tetra-butyl ammonium perchlorate solution as the electrolyte to fabricate the first
blue luminescent CQDs from multiwall carbon nanotubes (CNTs) [52]. In this method,
larger carbon precursors are cut down into smaller parts by electrochemical oxidation in the
presence of a reference electrode. Zhao et al. prepared fluorescent carbon nanomaterial by
electrochemical oxidation with the help of a graphite rod as a working electrode [53]. Subse-
quently, Zheng and colleagues developed water soluble CQDs with tunable luminescence
using graphite as an electrode material and buffering the pH with phosphate [54]. Using
the oxidation method, Deng and coworkers synthesized the CQDs from low-molecular-
weight alcohol. According to them, the most straightforward and convenient way to create
CQDs is to conduct it under ambient pressure and temperature [55]. Hou and colleagues
manufactured bright blue emitting CQDs in 2015 by treating urea and sodium citrate
electrochemically in de-ionized water [56]. The electrochemical method has a few benefits;
for example, it requires no surface passivation, is low cost, and has a simple purification
process [42]. However, the limitation of this method is that for the synthesis of CQDs,
it allows only a few little molecular precursors and has a tedious purification process.
Therefore, it is the least frequently used technique [41].

2.1.3. Arch Discharge Method

Fluorescent carbon quantum dots were first discovered by Xu and coworkers acciden-
tally during the separation and purification of a single-wall carbon nanotube by the arch
discharge method. In this process, nitric acid was used as an oxidizing agent to oxidize arch
ash, which formed the different functional groups on the surface, due to which aqueous sol-
ubility increased. The QYs obtained were 1.66% at a 366 nm excitation wavelength [8]. An
additional experiment demonstrated that the surface of CQDs was attached to hydrophilic
carboxyl groups. In the discharge process, carbon particles of different sizes are produced.
CQDs obtained using this method are highly water soluble, having a wide distribution of
particle sizes. Furthermore, an electronic flash method was used to separate fluorescent
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nanomaterials from neat carbon nanostructures and carbon nanostructures oxidized with
nitric acid [57,58]. Zhang et al. synthesized CQDs with up-conversion fluorescence using
arc-synthesized carbon by-products, and Hamid Delavariet al. synthesized CQDs by arc
discharge in water [59,60]. However, CQDs synthesized by this technique have some
impurities that are difficult to eliminate because of their complex composition [28].

2.2. Bottom-Up Approach

In a bottom-up approach, the smaller carbon resources such as amino acids, polymers,
carbohydrates, and waste materials combine to form CQDs by a variety of techniques such
as hydrothermal/solvothermal, combustion, pyrolysis, and microwave irradiation. In this
method, the size and structure of CQDs depend on a variety of factors such as solvent,
precursor molecular structures, and conditions of the reaction (temperature, pressure,
reaction time, etc.). The conditions of the reaction are necessary, since they influence the
reactants and the extremely casual nucleation and escalation procedure of CQDs. This
approach strengthens the material chemistry because of its ease of operation, lower cost,
and easier implementation for production in a large scale [61].

The precursor used for the synthesis of CQDs may be both chemical and biological, i.e.,
natural. The chemical precursors include glucose, sucrose, citric acid, lactic acid, ascorbic
acid, glycerol, ethylene glycol, etc. [62–68]. The natural sources include Artocarpous
lakoocha seeds, rice husks, Azadirachta indica leaves, pomelo peel, the latex of Ficus
benghalensis, aloe vera, etc. (Figure 2) [69–72].
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2.2.1. Hydrothermal Method

The hydrothermal method was first reported by Zhang et al., for the synthesis of
CQDs from the precursor L-ascorbic acid (carbon source) without any chemical action
or other surface passivation. The average size of the synthesized CQDs was ~2 nm, and
the QY obtained was 6.79%. They utilized four different solvents (water, ethyl acetate,
acetone, and ethanol) for the synthesis of bright blue emission CQDs and observed that the
water soluble CQDs were very stable at room temperature over 6 months. Additionally,
the fluorescence intensity of CQDs was stable in a wide pH range and highly ionic salt
conditions (2 M NaCl) [73]. In the hydrothermal process, the precursor molecules are
dissolved in water, set aside in a Teflon-lined stainless steel autoclave, and placed in the
hydrothermal chamber at high temperature and pressure for a few hours [66].The precursor
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molecules utilized for the synthesis include proteins, polymers, amino acids, polyols, glu-
cose, some wastes, and natural products [13,74]. In recent years, the hydrothermal method
has attracted great attention around the world because of its single step, ease of operation,
nontoxicity, low cost, and ecofriendliness. CQDs prepared from the hydrothermal treatment
have a range of beneficial properties, such as being highly homogeneous, watersoluble,
monodispersed, and photostable, having salt tolerance and a controlled particle size, and
exhibiting an elevated QY with no surface passivation. Similar to the hydrothermal method,
for the synthesis of CQDs, a solvothermal method is also utilized using ammonia, alcohol,
and other organic and inorganic solvents as a substitute for water [63,75–77].

2.2.2. Combustion Method

In 2007, Liu et al. first reported the combustion method to synthesize CQDs. This
method involves oxidative acid treatments which aggregate smaller carbon resources into
CQDs, enhance the aqueous solubility, and control the fluorescence properties. Liu and
coworkers explained that candle ashes were obtained by partial combustion of a candle
with aluminum foil and refluxing it in nitric acid solution. When the candle ashes were
dissolved in a neutral medium followed by centrifugation and a dialysis method, the pure
CQDs were obtained [78]. The CQDs synthesized by the combustion method had low QY
but displayed good fluorescence without doping [70].

2.2.3. Pyrolysis Method

The pyrolysis method is the thermal decomposition of the precursor at an elevated
temperature (typically over 430 ◦C) and under pressure in the absence of oxygen. Addi-
tionally, the carbon precursor cleavages into nanoscale colloidal particles in the presence
of an alkali and strong acid concentration as a catalyst. The advantageous properties of
this method include practicability, repeatability, and simplicity, as well as having a high QY.
However, it is challenging to separate small precursors from raw materials.

In 2009, Liu et al. first described a novel method for the preparation of CQDs through
pyrolysis using resol (as a carbon source) and surfactant-modified silica spheres. The
synthesized CQDs exhibited blue fluorescence and were amorphous, with sizes ranging
from 1.5 to 2.5 nm, and the QY obtained was 14.7%. Moreover, the CQDs were stable
in a broad pH range (pH 5–9) [79]. After that, several investigations were carried out
for the preparation of CQDs using the pyrolysis method. Pan et al., in 2010, synthesized
extremely blue fluorescent CQDs from ethylenediamine-tetraacetic acid (EDTA) salts using
the pyrolysis method. The average size of the synthesized CQDs was 6 nm. The quantum
yield (QY) obtained was 40.6% [80]. With the help of the pyrolysis of citric acid at 180 ◦C,
Martindale and coworkers (in 2015) synthesized fluorescent CQDs with an average size of
6 nm, and at the excitation of 360 nm, the calculated QY was 2.3% [81]. Rong and coworkers
in 2017 also prepared fluorescent N-CQDs by the pyrolysis of citric acid and guanidinium
chloride without organic solvent, acid, alkali, or further modification and passivation,
resulting in N-CQDs with a size of 2.2 nm and a QY of 19.2%. They utilized N-CQDs
intensively in the detection of metal-ion (Fe3+) and in bio-imaging [82]. Lately, several CQDs
were synthesized using the pyrolysis method and utilized in different fields [41,83,84].

2.2.4. Microwave Irradiation Method

Microwave synthesis is a faster and cost-effective method for the synthesis of CQDs
via microwave heating. Compared to other techniques, this is a simple and convenient
method because it requires less time for the synthesis of CQDs, with an improved quantum
yield. Zhu et al. first synthesized fluorescent CQDs under the microwave (500W) by
heating poly (ethylene glycol) (PEG-200) and saccharide for 2–10 min [48]. This method
is rapid, novel, green, and energy efficient in synthesizing CQDs. However, there are
some limitations, such as difficulty in the separation procedure and purification, and that
non-uniform particle sizes of CQDs restrict their prospective applications [85,86]. Recently,
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various investigations were carried out for the preparation of CQDs using microwave
irradiation, utilizing them for different applications [87–91].

2.2.5. Template Method

Bourlinos and coworkers first synthesized fluorescent CQDs using the template
method [92]. The template method involves two steps: (i) The preparation of CQDs
in the appropriate template or silicon sphere by calcinations. (ii) The etching process occurs
to eliminate the supporting materials. Some advantageous properties of the template
method are that it is straightforward, the equipment is easily obtainable, it is suitable
for the surface passivation of CQDs, it prevents the particles from agglomerating, and it
controls the size of CQDs. The disadvantageous property of the template method is the
difficulty in the separation of the CQDs from the template, which may affect the purity,
particle size, fluorescence property, and QY.

3. Structure of CQDs

Tang et al. reported that CQDs have core–shell structures which are either amorphous
(mixed sp2/sp3) or graphitic crystalline (sp2), depending upon the extent of the occurrence
of sp2 carbon in the core [93]. Graphitic crystalline (sp2) cores were reported by several
researchers [94–96]. The size of cores is very small (2–3 nm), with a characteristic lattice
spacing of ~0.2 nm [97]. The cores are categorized depending on the technique utilized
for the synthesis and the precursors used, as well as other synthetic parameters (such as
duration, temperature, pH, etc.) [98]. Generally, the graphitization (sp2) structure is ob-
tained at over 300 ◦C reaction temperatures, while amorphous cores are obtained at lower
temperatures, unless sp2/sp3-hybridized C is present in the precursor [99]. To determine
the core structure of CQDs, various instrumental techniques such as Transmission Electron
Microscopy (TEM) or High Resolution (HR) TEM, Scanning Electron Microscopy (SEM),
Raman spectroscopy, and X-ray diffraction (XRD) are utilized. To measure the size and
morphology of the CQDs, TEM or SEM are carried out [100]. The selected area electron
diffraction (SAED) patterns reveal the amorphous or crystalline nature of CQDs [101].
The XRD pattern also determines the crystal structure of CQDs. The broad peak at 2θ
23◦ indicates the amorphous nature of CQD, while the occurrence of two broad peaks
at 2θ 25◦ and 44◦ specifies a low-graphitic carbon structure analogous to (002) and (100)
diffraction [102]. The general structure and presence of different functional groups on the
surface of CQDs are determined using Fourier transform infrared (FT-IR) spectroscopy,
X-ray photoelectron spectroscopy (XPS), elemental analysis (EA), and nuclear magnetic
resonance (NMR) [103,104]. Using nitrogen sorption analysis, the surface area of the carbon
nanoparticles is calculated [103]. To decide the optical properties and qualitative informa-
tion regarding the presence of C=C and C=O in CQDs, UV-Vis absorption spectroscopy is
carried out [105]. To determine the positive or negative charge on the surface of CQDs and
the extent of the electrostatic interaction between them, zeta potential is conceded [106,107].

Figure 3 is the typical structure of carbon quantum dots (CQDs), which reveals the
presence of different functional groups (such as carbonyl, carboxyl, hydroxyl, amino, etc.) on
the surface of CQDs. The presence of these functional groups was confirmed by instrumental
techniques such as FTIR and XPS [108].
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4. Optical Properties of Carbon Quantum Dots (CQDs)
4.1. Absorbance

CQDs generally exhibit two absorption bands in the visible region around 280 nm and
350 nm, alongside a tail broadly in the UV region. Hu et al. reported that an absorption
band at 280 nm is due to a pi-pi* (π-π*) transition of a C=C bond, and the one at 350 nm is
due to an n-π* transition of the C=O bond [109]. Figure 4 is the typical UV-visible absorption
spectrum of fluorescent CQDs. The absorption properties of CQDs can be influenced by
surface modification or surface passivation [110–113]. Depending on the raw precursor
and synthesis methodology, the positions of these absorption bands are different to some
extent. Doping in CQDs can also alter the absorption wavelength.
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The optical properties of CQDs can be customized by doping/co-doping with het-
eroatoms, functional groups, and surface passivation [114]. In the process of surface passiva-
tion, a slim insulating (protecting) layer of covering materials such as thiols, thionyl chloride,
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spiropyrans, and oligomers (polyethylene glycol (PEG), etc.) is formed on the CQDs surface.
The important functions of such types of protective layers are to shield CQDs from the
adhesion of impurities and to provide stability [115]. CQDs with surface-passivating agents
become extremely optically active, demonstrating considerable fluorescence from the visi-
ble to the near-IR region [116]. The quantum yields (QYs) of CQDs can also be enhanced up
to 55–60% by surface passivation [114]. The absorbance of CQDs improved to longer wave-
lengths (350–550 nm) after surface passivation with 4,7,10-trioxa-1,13-tridecanediamine
(TTDDA) [117]. Particle size is associated with the absorption wavelength. As the size of
the CQDs increases, absorption wavelength also increases [118,119]. The CQDs are viable
for covalent bonding with functionalizing agents [114]. Different functional groups such
as amines, carboxyl, hydroxyl, carbonyl, etc., were introduced on the surface of CQDs by
surface functionalization. The functionalized CQDs revealed good biocompatibility, high
stability, outstanding photoreversibility, and low toxicity compared to undoped CQDs. The
efficient technique to modify the CQDs absorption spectrum is doping/co-doping with
heteroatoms (such as boron (B), nitrogen (N), fluorine (F), phosphorous (P), and sulfur
(S)). The dopant adjusts the bandgap, electronic structure, and, consequently, the optical
properties of CQDs by altering the π-π* energy level (related through the core-sp2 carbon
system) [120]. On increasing N-dopant concentration, a gradual increase in the band gap
of the CQDs from 2.2 to 2.7 eV was observed [121]. In contrast, it was also found that the
doping of N in CQDs results in a reduction in size [122]. The CQDs established innovative
electronic states, resulting in a reduction in the bandgap of CQDs (about ~48–57%) [123].
Zuo et al. synthesized F-doped CQDs using a hydrothermal method which exhibited
higher QYs and enhanced the electron transfer and acted as a superior photocatalyst [124].

4.2. Photoluminescence

The emission of light from a substance upon the absorption of light (photon) is called
photoluminescence (PL). Photoluminescence includes two types, namely fluorescence and
phosphorescence. Fluorescent materials emit absorbed light from the lowest singlet excited
state (S1) to the singlet ground state (S0). This process is very fast and has a nanosecond
lifetime. The transitions that occur among two electronic states in the fluorescence process
are allowed because it has the same spin multiplicity. In contrast, in phosphorescence, the
transition occurs from the lowest triplet excited state (T1) to singlet ground state (S0), i.e., a
forbidden transition occurs according to the spin selection rule.

4.2.1. Fluorescence

The fluorescence properties of CQDs have attracted great attention among researchers
because of their several sensing and analytical applications. Numerous mechanisms have
been reported to gain deep insight into the cause of fluorescence in CQDs [125–130]. Among
them, the following two have been found more prominent. The first is that the fluorescence
mechanism is due to band gaps’ transitions arising from the π-conjugated domains (sp2-
hybridized), which is similar to aromatic molecules employing definite energy band gaps in
favor of absorptions and emissions [131]. The second cause of fluorescence is related to the
surface defects, quantum size effect, carbon core state, surface passivation/functionalization
effect, and different emissive traps on the surface of CQDs [132–134].

The main reason for the surface defects in CQDs is an unsymmetrical allocation of
sp2- and sp3-hybridized carbon atoms, and the existence of heteroatoms such as B, N, P,
and S [126,135]. When this surface defect is independently incorporated into the solid host,
it creates surroundings similar to aromatic molecules. These molecules can attract UV
light and display various color emissions [131,136]. CQDs show two types of emission, i.e.,
excitation-dependent emission (tunable emission) and excitation-independent emission.
The tunable emission is due to the presence of various emission sites on the surface of
CQDs along with particle size distribution; because of this, most CQDs exhibit tunable
emissions [137]. The excitation-independent emission is due to the extremely ordered
graphitic structure of CQDs [118]. CQDs exhibit extensive and unremitting excitation
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spectra which are highly photostable and have steady fluorescence, in contrast to traditional
organic dye [95,138,139].

4.2.2. Phosphorescence

In CQDs, the phosphorescence property is also observed, which was first described by
De et al. via dispersing CQDs to polyvinyl alcohol matrix at RT and exciting them with
ultraviolet light. The maximum emission obtained was 500 nm, with an average lifetime
of 380 ns at a 325 nm excitation [140]. Phosphorescence in CQDs arises when the singlet
and triplet states of an aromatic carbonyl group in CQDs and polyvinyl alcohol matrix are
close in energy to assist spin–orbit coupling, which increases the intersystem crossing (ISC).
By using microwave synthesis, Lu et al. synthesized ultra-long phosphorescent carbon
quantum dots (P-CQDs). When P-CQDs were excited at 354 nm, they displayed yellow-
green phosphorescence (525 nm) for up to 9 s. They concluded that as the pH increases, the
phosphorescence intensity of P-CQDs gradually decreases. The reason is that protonation
dissociates the hydrogen bonds and distresses the phosphorescent sources. By introducing
the tetracyclines (TCs), the phosphorescence of P-CQDs was quenched. They applied
P-CQDs as biological and chemical sensing and time-resolved imaging [141]. Figure 5 is
the typical excitation (black line) and emission (red line) spectrum of fluorescent CQDs.
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5. Application of Carbon Quantum Dots as a Catalyst

The presence of different functional groups such as -OH, -COOH, -NH2, etc., on
carbon quantum dots’ (CQDs) surface provides vigorous coordination sites to bind with
transition metal ions. The CQDs doped with multiple heteroatoms might further improve
the catalytic activity by encouraging electron transfer via interior interactions. The presence
of more active catalytic reaction sites offered by CQDs and favorable charge transfers
during the catalytic process is also responsible for the application of CQDs as a catalyst
(Figure 6) [6,142–144].
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5.1. CQDs as a Catalyst for the Peroxidase-Mimetic Enzyme Activity

Natural enzymes such as peroxidase can catalyze a variety of reactions with high catalytic
activity and excessive surface specificity [145]. Because of this, they are broadly utilized
in different fields such as the pharmaceuticals industry, medicine, agriculture, etc. [146].
However, they possess some limitations such as high cost, short storage life, rigorous
storage conditions, and poor thermal stability [147]. Therefore, to point out these limitations,
carbon-based nanomaterials were found very suitable for intrinsic peroxidase-mimetic
catalytic activity. Yadav et al. have synthesized fluorescent CQDs from leaf extracts of
neem (Azadirachtaindica) by using a one-pot hydrothermal method. The as-prepared Neem-
Carbon Quantum Dots (N-CQDs) exhibited peroxidase-mimetics catalytic activity in an
extensive pH range for the oxidation of peroxidase substrate 3,3′,5,5′- tetramethylbenzidine
(TMB) in the presence of hydrogen peroxide (H2O2). The peroxidase-mimetic catalytic
activity of N-CQDs was confirmed by taking UV−visible absorption spectra of N-CQDs
in the presence and absence of H2O2 with TMB in an acetate buffer. When the mixtures
of TMB and N-CQDs were taken, no absorbance at 652 nm was observed, revealing no
oxidation of TMB. Additionally, when the mixture of TMB and H2O2 reacted, a less intense
peak at 652 nm was obtained, enlightening the partial oxidation of TMB with the existence
of a partial blue color. Interestingly, in the presence of N-CQDs, TMB, and H2O2, the
absorbance at 652 was found at a maximum, with the color changing from colorless to blue,
revealing the complete oxidation of TMB. These results powerfully confirmed that N-CQDs
act as a catalyst for peroxidase-mimetic activity. To determine the intermediate reaction,
the active species trapping experiment with isopropyl alcohol (IPA) and methyl alcohol
(MA) was carried out. The IPA and MA are hydroxyls radical (•OH) scavengers. When
these scavengers were added to the oxidized blue-colored solution of TMB, a decrease in
the absorption at 652 nm was observed, enlightening the incomplete oxidation of TMB
because the IPA and MA consumed the •OH radical. This examination specifies that in the
presence of N-CQDs, the •OH radicals were generated during a peroxidase-like catalytic
reaction, which oxidized TMB via a one-electron transfer to produce a blue-colored solution.
Additionally, the high surface area, small size, and presence of a negative-charge density
on the N-CQDs surface were also responsible for this catalytic activity (Figure 7) [39].
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5.2. CQDs as a Catalyst for Selective Oxidation of Alcohols to Aldehydes

Aldehydes are highly demanded as a crucial intermediate for the production of an
extensive range of materials, such as pesticides, toiletries, dyes, and perfumes, in the
pharmaceuticals and agribusiness industries. The popular method for the synthesis of alde-
hydes is catalytic alcohol oxidation, but establishing an ecofriendly method with high-yield
production and selectivity is still a major challenge for researchers [148–150]. Rezaie et al.
developed a multifunctional tungstate-decorated CQDs base catalyst, A-CQDs/W, by using
a one-pot hydrothermal technique, and utilized it for the oxidation of a variety of alcoholic
substrates into analogous aldehydes with the help of H2O2 as an oxidant and an ultrasound
effect as a green activation method. Before investigating the catalytic activity, the oxidizing
potential of an amphiphilic multifunctional catalyst was examined, and they observed
that A-CQDs/W were capable of oxidizing a wide range of alcoholic substances into cor-
responding aldehydes with 100% selectivity and above 95% yield. This achievement was
because of the synergic effect among ultrasound irradiation and the suitable design of the
catalyst. The proposed mechanism for this oxidation reaction firstly involves the reaction
between H2O2 and A-CQDs/W, resulting in the production of bisperoxo tungstate, which
is immobilized on A-CQDs via hydrophilic groups. This is able to diffuse into the organic
alcoholic phase and trigger the oxidation reaction with the assistance of an ultrasound
wave. Finally, aldehyde was fabricated after inserting the alcoholic ligand on A-CQDs/W,
followed by a ligand exchange reaction [34,151,152].

5.3. CQDs as a Catalyst for Selective Oxidation of Amine to Imine

Imines are valuable for the preparation of biologically active molecules, such as
oxazolidines, chiral amines, amides, nitrones, aminonitriles, and hydroxylamines. Addi-
tionally, β-lactams complexes are also synthesized using imine intermediates [153–155].
Several materials were used as a catalyst for the selective oxidation of amine to imine,
but the carbon-based materials such as CQDs, mesoporous carbon, graphene oxide (GO),
amorphous carbon, graphitic carbon nitride, and carbon nanotubes (CNTs) have been
recognized as potential catalysts compared to conventional metal-based catalysts because
of their relatively low cost and natural abundance [156–158].

Ye et al. prepared oxygen-rich carbon quantum dots (O-CQDs) from fullerenes (C60)
and utilized them as nanocatalysts (metal-free) for the oxidation of amines to imine with
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an excellent 98% yield. The mechanism behind this catalytic oxidation reveals that the
molecular oxygen and amine molecules are trapped and activated by carboxylic functional
groups present on the surface of CQDs, along with the unpaired electrons, resulting in the
conversion of amine. For the oxidative coupling of amine to imine, the catalytic performance
of O-CQDs was further improved by heat treatment. The aerobic oxidation of amines was
probably because of the occurrence of several carboxyl functional groups, which coupled
with spins of π-electrons from the atoms situated at the surface of O-CQDs [36].

5.4. CQDs as a Catalyst in the Synthesis of Multisubstituted 4H Pyran with Indole Moieties

Indole scaffolds have attracted much attention among researchers because of their
applications in the field of pharmacology, such as antihypertensive, antiproliferative, an-
ticholinergic, antifungal, cardiovascular, optimal inhibitory, antibacterial, antiviral, and
anticonvulsant activities [159–161]. Additionally, there are some pharmaceutically sig-
nificant compounds and natural products which have anticancer, hypoglycemic, anti-
inflammatory, antipyretic, and antitumor properties, and contain indole scaffolds in their
structures [162,163]. 4H-pyrans are an important family of oxygen-containing hetero-
cyclic compounds with a wide spectrum of biological properties such as antioxidant,
anticoagulant, diuretic, spasmolytic, anti-anaphylactic, and anticancer activities [164,165].
Rasooll et al. synthesized a novel heterogeneous nano-catalyst from CQDs and phos-
phorus acid moieties by using ultrasonic irritation followed by a hydrothermal method
and named it CQDs–N(CH2PO3H2)2. The instrumental techniques such as transmission
electron microscopy (TEM), energy-dispersive X-ray (EDX) spectroscopy, X-ray diffraction
(XRD), FT-IR spectroscopy, scanning electron microscopy (SEM), fluorescence, and thermo-
gravimetric (TG) analysis were utilized to characterize this catalyst. An efficient catalyst,
CQDs–N (CH2PO3H2)2, was effectively applied for the preparation of 2-amino-6-(2-methyl-
1H-indol-3-yl)-4-phenyl-4H-pyran-3,5-dicarbonitriles, with the help of a variety of aromatic
aldehydes, 3-(1H-indol3-yl)-3-oxopropanenitrile derivatives, and malononitrile. The princi-
pal advantages of this catalytic activity include fresh and mild reaction conditions, little
reaction time, and the recycling of the catalyst.

The anticipated mechanism for this catalytic reaction is that, firstly, the acidic proton
of CQDs–N(CH2PO3H2)2 activates the aldehyde group, followed by the reaction with mal-
ononitrile, and intermediate (I) is formed by the loss of one molecule of H2O. In the next step,
3-(1Hindol-3-yl)-3-oxopropanenitrile reacts with intermediate (I) to provide intermediate (II)
following tautomerization. Finally, after intramolecular cyclization, the desired product is
obtained from intermediate (II) with the loss of another molecule of H2O [31].

5.5. As a Photocatalyst for High-Efficiency Cyclohexane Oxidation

In the 21st century, the highly efficient and highly selective catalytic oxidation of cy-
clohexane under mild conditions is the principle objective of catalysis chemistry. Liu et al.
synthesized fluorescent CQDs and gold (Au) nanoparticle composites (Au/CQDs com-
posites). The CQDs were prepared through the electrochemical ablation method using
graphite. A chemical reduction method was used to synthesize AuNPs by an aqueous
solution of HAuCl4 and trisodium citrate, which resulted in a pink color immediately after
the addition of the NaBH4 solution. When in the solution of CQDs, a HAuCl4 solution was
added, and the solution turned red, revealing the formation of a composite (Au/CQDs
composites). Interestingly, they utilized this composite as a tunable photocatalyst for the
selective oxidation of cyclohexane to cyclohexanone with the help of an oxidant H2O2
(30%). The conversion efficiency was 63.8% and selectivity was over 99.9%. The mechanism
involves enrichment in the absorption of light by surface plasma resonance of Au nanopar-
ticles, the generation of active trapping oxygen species (HO·) through H2O2 decomposition,
and interaction among CQDs and AuNPs under visible light [37].



Catalysts 2023, 13, 422 13 of 22

5.6. As a Catalyst for the Removal of Rhodamine B

Preethi et al. prepared bluefluorescent CQDs from a natural carbon precursor (muskmelon
peel) using a stirrer-assisted method. The synthesized CQDs were utilized as an excellent
photocatalyst and a sonocatalyst for the degradation of Rhodamine B (RhB) dye. The
efficiency of CQDs for the degradation of RhB is 99.11% in sunlight, with a degradation
rate constant of 0.06943 min−1 and 83.04% in ultrasonication. These results advocate
that CQDs are an efficient catalyst for the breakdown of organic dyes in wastewater.
The mechanism reveals the generation of •OH radicals during active species trapping
experiment. •OH was confirmed by taking terephthalic acid (TA) as a scavenger. The
dye molecules adsorbed on the surface of CQDs may be oxidized by these active species,
ensuing in dye degradation [35].

5.7. As a Catalyst in Azide-Alkyne Cycloadditions

Liu and coworkers synthesized yellow light-emitting bio-friendly CQDs from
Na2[Cu(EDTA)] by thermolysis. Cu(I)-doped fluorescent CQDs were utilized for catalyzing
the Huisgen 1,3-dipolar cycloaddition among azides and terminal alkynes, the classical
example of “click chemistry”. The possible mechanism behind this catalytic property using
these CQDs was projected to be the UV-induced split of excitons. First of all, the escape of
electrons from the CQDs occurs, resulting in the formation of holes to compete with Cu(I),
and at last, Cu(I) is released from the CQDs. The high biocompatibility of this nanocatalyst
was confirmed by Hep-2 cells, revealing intracellular detection [32].

5.8. As H-Bond Catalysis in Aldol Condensations

Han and coworkers synthesized CQDs by an electrochemical etching method and
utilized them as efficient heterogeneous nanocatalysts for H-bond catalysis in aldol con-
densations. The catalytic activity was excellent (89% yields), with visible light irradiation.
Highly efficient electron-accepting capabilities, novel photochemical properties, and func-
tional hydroxyl and carboxylic groups on the surface are responsible for such soaring
catalytic activities of CQDs [38]. The catalytic efficiency of CQDs was high in visible light
irradiation, and almost no conversion was observed in the absence of light. The CQD-
catalyzed aldol condensation was greatly influenced by solvents. Han et al. used different
solvents such as ethanol, tetrahydrofuran (THF), acetone, chloroform (CHCl3), and toluene.
However, the highest yield (89%) was calculated when the solvent and reactant were ace-
tone. These investigations exposed that CQDs acted as an outstanding catalyst for Aldol
condensation. The mechanism revealed that the cationic or anionic intermediates were
generated during catalytic reaction. The hydroxyl groups present on the CQDs edge act
as extremely weak acids, which can form H-bonds with oxygenates [166,167]. Aldehydes
and ketones, both reactants, were capable of forming H-bonds. They confirmed that the
hydroxyl groups present on the surface of CQDs favor contact with aldehyde groups. When
the reactions were carried out in the absence of a hydroxyl group, no product was obtained
and free CQDs were unreactive. These results advocate that the capability of CQDs to
intervene in reactions is through interfacial H-bond catalysis. In visible light irradiation,
CQDs act as highly proficient electron acceptors and attract electrons from the O−H···O
region, resulting in the development of a positive charge on hydrogen and oxygen, and the
negative charge increases. This effect results in an increase in the s-character in the oxygen
hybrid orbital, thereby leading to the strengthening of the O−H bond, which efficiently
activates the C=O bond of the aldehyde group and accelerates the aldol condensation. Fur-
thermore, the reaction-intermediate or transition-state species is stabilized by the enhanced
O−H bonds, resulting in the highest yield of 89.4% [168,169].

5.9. As a Catalyst for the Ring Opening of Epoxides

In modern organic synthesis, acid catalytic reactions contribute a characteristic and
imperative role [170]. Some carbon-based nanostructures such as sulfated-graphene/-
tube/-active carbon materials have been utilized as acid catalysts in several catalytic
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applications [171]. However, they possess some limitations, such as the requirement of
sufficient surface functionalization, low efficiency, and complex synthesis steps [172]. As
a result, the development of carbon materials-based acid catalysts with high efficiency
that are light-driven or light-enhanced are still required. Keeping these in mind, Li et al.
described the synthesis of CQDs based on a novel, photoswitchable solid acid catalyst.
The CQDs were synthesized from a graphite rod using an electrochemical method, doped
with hydrogen sulfate groups (S-CQDs). They utilized S-CQDs as light-enhanced acid
catalysts, which catalyze the ring opening of epoxides in the presence of nucleophiles
and solvents (methanol and other primary alcohols). The mechanism revealed that the
additional protons are released from the ionization of the -SO3H group under visible
light irradiation and, as a result, a stronger acid environment is offered for the opening
reaction, and a higher yield as well as selectivity of the product is obtained compared to the
process without light irradiation. The photoexcitation and charge separation in the CQDs
create an electron-withdrawing effect from the acidic groups. The utilization of S-CQDs as
visiblelight-responsive and convenient photocatalysts is a novel application of CQDs in
green chemistry [40].

5.10. As a Catalyst for the Degradation of Levofloxacin

Levofloxacin (LEVO), also known as levaquin, is an important antibiotic medicine.
Several bacterial infections such as pneumonia, acute bacterial sinusitis, urinary tract
infection, H. pypori, and chronic prostatitis are treated by LEVO. It is also used to treat tuber-
culosis, pelvic inflammatory disease, or meningitis, along with other antibiotics [173,174].
However, the degradation of LEVO is typical. Although some techniques have been uti-
lized for the degradation of LEVO, the degradation using CQD had not been discovered.
Meng et al. synthesized CQDs@FeOOH nanoneedles for an efficient electro-catalytic degra-
dation of LEVO. The CQDs were synthesized by a hydrothermal method from orange peels.
With the help of a facile in situ growth method, the α-FeOOH was fabricated by using
Fe2(SO4)3and H2O in 50 mL distilled water. Similarly, a CQDs@FeOOH electro-catalyst
was prepared using the above method, except that 500 mL aqueous solutions of 0.5 g/L
CQDs were used instead of 500 mL distilled water. By using CQDs@FeOOH, about 99.6%
LEVO and 53.7% total organic carbon (TOC) could be competently removed after 60 min
degradation. This high degradation performance for LEVO was due to the soaring mass
transfer capability and the high % OH generation ability of the CQDs@FeOOH. Meng et al.
proposed a possible LEVO degradation mechanism and also investigated the change in
toxicity throughout LEVO degradation. The mechanism revealed the generation of both %
OH and SO4% in LEVO degradation, but a dominant role was played by % OH. Liquid
chromatography-mass spectrometry (LC-MS) results designated that the LEVO could be
entirely decomposed by % OH under the de-piperazinylation, decarboxylation, and ring
opening reaction. This novel work offers a proficient technique to reduce the quantity and
toxicity of antibiotics in water [33].

5.11. CQDs as Electrocatalyst

CQDs are also utilized as electrocatalysts in hydrogen evolution reduction, oxygen
evolution reaction, CO2 reduction reaction and oxygen reduction reaction. The large surface
area, good conductivity and fast charge transfer process of CQDs are responsible for the
electrocatalytic applications [6].

6. Conclusions and Future Perspectives

The present review paper discusses the structures, synthetic methods, optical prop-
erties, and applications of CQDs as a catalyst. The structure of CQDs includes core–shell,
either graphitic (sp2) or amorphous (mixed sp2/sp3). CQDs are usually amorphous, having
different functional groups such as amino, carboxyl, hydroxyl, etc. CQDs are synthesized by
both the bottom-up and the top-down approach. The bottom-up method is better because
it is ecofriendly and economically viable, but it has poor control over the size of CQDs.
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In contrast, the top-down methods are expensive. For the synthesis of CQDs, chemical
as well as biological precursors are used. CQDs possess admirable optical properties and
have superior water solubility, low toxicity, biocompatibility, and ecofriendliness. The
optical properties and QYs are essential parameters for the applications of CQDs in the
field of nanomedicine, biosensing, chemical sensing, bioimaging, solar cells, drug delivery,
and light-emitting diodes. In this review paper, we have focused on the applications of
CQDs as a catalyst in the degradation of levofloxacin, the selective oxidation of amines
and alcohols, azide-alkyne cycloadditions, the synthesis of multisubstituted 4H pyran, the
selective oxidation of alcohols to aldehydes, the removal of Rhodamine B, cyclohexane
oxidation, the ring opening of epoxides, and intrinsic peroxidase-mimetic enzyme activity.
The mechanism suggests that the catalytic activity might be due to the presence of more
active reaction sites, favorable charge transfer, improved structure stability, and enhanced
electronic conductivity.

However, during the last fifteen years, several investigations have been carried out
on CQDs, and numerous challenges require being resolved for the extensive adoption
of CQDs. (1) It is difficult to synthesize CQDs of a desired structure and size because
of the requirement of accurate control over different synthesis parameters. Therefore, to
powerfully control the core structure, a manufacturing process could be developed which
helps increase QYs and the large-scale production of CQDs. (2) In many research papers,
it has not been reported why the fluorescence QY of doped and co-doped CQDs are high
in contrast to the un-doped CQDs. Thus, in the future, it is possible to realize the basic
fluorescence mechanism in doped and co-doped CQDs. (3) Most doped and co-doped
CQDs emit blue fluorescence. Hence, it is challenging for the researcher to synthesize
multicolor emission CQDs and utilize them in different applications in the future. (4) To
broaden the spectrum of CQDs, efforts must be made, particularly in the near-IR region,
so that the applications of CQDs can be widespread, such as in organic bioelectronics.
(5) CQDs possess some limitations such as low reactivity, poor stability, short lifetime, etc.,
which prevents them from promising to be a good catalyst. Therefore, in the future, it will
be possible to overcome these shortcomings.

Compared to other applications of CQDs, very few studies have been reported on the
application of CQDs as a catalyst in organic synthesis. In detail, theoretical and experimental
studies are required to carefully design CQD-based catalysts with attractive catalytic action and
durable operation stability. The applications of CQDs as a catalyst in organic synthesis signify
the flexibility of CQDs in the most unpredicted areas. It is inspiring to see the applications
of CQDs in green chemistry and clean energy production. It looks obvious that the future of
CQDs remains promising.
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