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Abstract: In this review work, we have highlighted the synthesis techniques, characteristics, and
applications of carbon quantum dots (CQDs / CDs). This CQD is a noble class of nanomaterials
containing carbon with zero dimension. CQDs have a particle size between 1 and 10 nm. Because of
the characteristics of CQDs, i.e., intense fluorescence, tiny size, superconductivity, and rapid electron
transfer, their composites have high electric conductivity and catalytic activity. Furthermore, the
abundant surface functionalities on CQDs may enable the formation of multi-component electrically
active catalysts. This multicomponent catalyst's interaction may facilitate charge transfer, an essential
electrochemical process. The different properties of CQDs are largely dependent on the synthesis
methods used. A variety of synthesis methods, including hydrothermal techniques, microwave
synthesis, arc discharge, and pyrolysis, were used to synthesize CQD. Its intriguing qualities make it a
mystic luminary in nanoscience. The importance of CQDs stems from their diverse applications, driven
by their unique optical, electronic, biocompatibility, and physicochemical properties. Other benefits of
CQDs include their non-toxicity, high efficiency, environmental friendliness, high chemical stability,
exceptional water solubility, and low production cost, which have drawn the attention of researchers to
CQDs for commercial applications.
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1. Introduction

With around 8 billion people on the planet, various industries produce enormous
amounts of waste, and to fulfill the sustainability concept, scientists are working on valuable
resources [1-4]. To extract single-walled carbon nanotubes from a mixture of weakly
fluorescent carbon nanomaterials, a method called gel electrophoresis was developed.
Nanoscale carbon particles are produced by laser ablation of a carbon target [4]. The Lycurgus
cup, discovered in the ancient Roman period, is composed of solid lime, gold, and silver
nanoparticles, created by a Roman glassmaker. Fundamentally, carbon-based intensifiers
called carbon quantum dots (CQDs) are additionally referred to as nanoparticles, with sizes
approximately 10 nm. Because of their distinctive qualities—such as their tiny size,
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biocompatibility, high temperature stability, chemically inert structure, ease of
functionalization, and non-toxicity- CQDs are typically used in a wide variety of fields [5-7].
Since CQDs are synthesized through numerous chemical treatments, they have a strong ability
to bind both organic and inorganic molecules. Chemiluminescence and electrochemical
luminescence are caused by the remarkable electrical property [8, 9]. CQDs are generally
defined as spherical nanoparticles that are monodisperse and consist of a carbonaceous core
with a few useful groups attached to its surface. It has demonstrated efficacy in a variety of
sophisticated biological applications, including as a filler for composite manufacturing, an
environmental remediation sensor, and a catalyst.

Carbon dots refer to a rather diverse group of nanoparticles with varying chemical and
optical characteristics. The fluorescence emergence mechanism is detachable, and in certain
cases, particularly with citric acid, the fluorescence is caused by molecular and molecular-like
states [10-12]. In addition to standard or down-converted photo luminescent, which enables
sophisticated photodynamic therapy with excellent performance, near-infrared (NIR)
photoluminescence (PL) is a possible feature of C-Dots. Their applications are further
expanded by the spectral region under NIR light excitation [11, 12]. Due to the remarkable
photo stability and fluorescence characteristics of CQDs, they have potential applications in
various fields, including biomedicine, catalysis, and optoelectronics, and have a green synthesis
process. In this work, the materials and methods, characterization processes, various optical
properties, and emerging biomedical and optoelectronic applications of CQDs were discussed.

2. Materials and Methods

Various enormous scope, effectively versatile, and sensibly valued production
techniques have been developed after the disclosure of CQDs. Two broad categories were used
for the synthesis of CQDs, i.e., top-down and bottom-up methods (Figure 1).

SYNTHESIS

TOP-DOWN BOTTOM-UP

Figure 1. Synthesis methods for CQDs.

The synthesis of CQDs is simple, whereas certain difficulties are involved [10-12].
CQDs doped with metals like Au or Mg or heteroatoms like N and P, boost electrical
conductivity and solubility [12, 13]. Both methods (Figure 2) have been used for the synthesis
of CQDs, but the bottom-up approach is more commonly used because it is more economical
and environmentally friendly [13, 14].
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Figure 2. Various types of synthesis routes under the top-down and bottom-up methods.
2.1. Top-down route.

Top-down and bottom-up synthesis form an intricate structure (Figure 3). Using a
variety of techniques, the precursor's bulk structure is broken down into materials with
nanostructures. Carbon's intricate structures, such as graphite, nanodiamond, carbon soot, and
carbon nanotube, are transformed into quantum dots. Large carbonaceous materials can be
reduced to nanostructures by means of photoablation, arc discharge, and acidic oxidation [14,
15].

Tap-down processing Small Molecules

Citric acid
Amino acids
Carbohydrates

Bulk Materials
Graphite
Graphene
Carbon Nanotube
Fullerene

Bottom-up processing

Figure 3. Schematic diagram of top-down and bottom-up processes.
2.1.1. Photo ablation.

Photoablation is one technique that uses light energy to ablate a carbon target [16-23].
The carbon target was initially developed by Sun et al. [16] with the assistance of warming a
graphite and cement blend. The target carbon was further removed using a focused light beam
at 900°C and 75 kPa in an argon gas flow containing water vapour to produce carbon
nanoparticles. They were able to create bright C-dots with this approach. The prepared
nanoscale carbon particles were detected as an accumulation of varying sizes and showed no
observable photoluminescence (PL). The material was lastly treated with polyethylene glycol
or polypropionylethyleneimine-coethyleneimine, following a 12-hour reflux in a dripped nitric
acid solution. The resulting C-dots were extremely photoluminescent, passivated, and were
around 5 nm in size. Direct laser ablation was used to produce carbon nanoparticles from
carbon targets by dissolving the targets in deionized water; the resulting particles were non-
fluorescent. The zero-dimensional carbon was disintegrated in a nitric acid solution and
refluxed for 12 hours to activate its surface. After that, the carbon nanoparticles were refluxed
for an additional 28 hours in a PEG200 solution. After adding mecaptosuccinic acid, the carbon
nanoparticles were refluxed for a further thirty-one hours. Finally, colourless to light brown
fluorescent C-dots with an average diameter of 267 nm were formed from the solution. The
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complex life-span degradation of the C-dots with functionality was unaffected by the length of
the PEG chain or the presence of additional modifiers. It is possible to detect iodide using C-
dots because iodide can quench their fluorescence. Other metal ions such as Hg(ll), Cu(ll),
Cd(1n, Ni(ln), zn(ll), and Ca(ll) did not show any noticeable impact on the C-dots’
fluorescence. Uncover graphite chips found by Hu et al [20] by utilizing a pulsed laser for
radiation. Usually 2 um in size, added to the PEG1500N solution, and ultrasound was utilized
for four hours throughout the laser exposure process, resulting in a consistent black suspension.
C-dots were isolated from the bright Supernatant via sedimentation at 5000 rpm. The pulse
timing of the millisecond-pulsed laser, the C-dots, ributions, and topographical features can be
checked and then assessed despite many advantages, such as their intuitiveness and the ability
to create a diverse range of nanoscale objects, larger carbon nanoparticles are easily removed
during centrifugation, resulting in low yields and low carbon utilization efficiency. There is a
significant variation in the diameters of the carbon nanoparticles, produced by laser irradiation.

2.1.2. Arc discharge.

According to Arora and Sharma [24], this process entails rearranging carbon molecules
as they break down, utilizing gaseous plasma, created in a fixed reactor, using mass carbon
sources. The reactor may reach 3727°C under the electric current, producing extremely
energetic plasma. In the positive terminal, carbon vapour condenses to produce CQDs. It may
display different colour fluorescence at 365 nm. The carboxyl group (-COOH) was applied to
the surface using HNO3z on CQDs. The CQDs produced by this method often have excellent
water solubility, are 18 nm in size, and can be of unequal sizes. A comparatively poor yield of
carbon atoms is formed during the arc-discharge procedure. Moreover, it may be difficult to
filter and eliminate some of the complex components found in nanoparticles produced by arc
discharge. Chao-Mujica et al. [26] utilized a new strategy to make CQDs in water. The
generated CQDs showed a 16% quantum yield and two consistent bands, A and B, of range
2.75 x 10—7 m and 2.85 x 10—7 m, respectively. As the excitation wavelengths range from
320-340 nm and 400-410 nm, these CQDs were used as a fluorophore in in vitro experiments
on L929 murine fibroblasts in cell culture. CQDs may be used for bio-imaging applications.
Limited particle size and low QY scalability were observed in this type of CQD [24-27]. It had
not demonstrated a strong PL feature.

2.1.3. Electrochemical oxidation {26-361.

To cause the anode to react with oxygen and serve as the carbon source from the carbon
nanoparticles, this strategy usually entails applying a specific voltage or current to the carbon
working cathode, which has conductive properties [26-30]. After centrifugation, carbon dots
are obtained. Li et al. [29] employed pure water as the only electrolyte to create CQDs by
electrochemically oxidizing graphite rods. Polymers are passivated and carbonized further to
produce CQDs. During the solution's electrolysis, the cathode and anode produced NaCl, H,
and Clz, and these elements are important for the synthesis of CQDs. Ran et al. [30] work on
CQDs incorporates one more process, utilizing a one-pot electrochemical methodology. They
used a three-electrode setup to create CQDs by utilizing alcohol. As the working and counter
electrodes, two sheets of platinum (Pt) were used. Here, calomel electrodes served as the
reference electrode that was attached to a lugging capillary. Rubber plugs were allowed to
adjust the distance of the electrode. Alcohol is electrochemically carbonized into minuscule
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particles that offer a quick method for making quality CQDs. This technology has the following
benefits: it is inexpensive, simple to use, allows the manufacture of CQDs with tunable
emission wavelengths under various synthesis conditions, and offers ample opportunity to
prepare both long-wavelength and multicolor short-wavelength emissions.

2.2. Bottom-up route.

Bottom-up synthesis (Figure 3) is a method used to create CQDs from chemical
precursors. With this method, CQDs are produced chemically by reacting small molecules. The
hydrothermal process, microwave synthesis, and pyrolysis are various routes of the bottom-up
methodology [22, 26, 30, 31]. The hydrothermal method involves dissolving the precursor
molecules in water and storing them in a stainless steel autoclave coated with Teflon. Then the
autoclave is placed inside the hydrothermal chamber for a few hours at a high temperature and
pressure. Proteins, polymers, glucose, amino acids, citric acids, carbohydrates, and certain
waste products and naturally occurring substances are utilized in synthesis and are examples
of precursor molecules. The hydrothermal process is a one-step, nontoxic, affordable, and
environmentally friendly procedure. It has attracted a lot of attention in current research [32-
38]. A range of beneficial properties, including high homogeneity, water solubility,
monodispersity, photo stability, salt tolerance, controlled particle size, and improved QY
without surface passivation, is achieved through hydrothermal treatment of CQDs. It yields
CQDs via solvothermal synthesis, a process similar to hydrothermal synthesis [39-41].

2.2.1. Microwave synthesis.

Synthesis using microwave routes in carbonizing small organic molecules is achieved
by heating them with a microwave [42-51]. Zhu et al. [41] employed a microwave technique
to vary the microwave processing time to produce amorphous products with varying sizes and
luminosities. Liu et al. [42] created luminous CDs by microwave heating glycerol as the carbon
source and 4,7,10-trioxo-1,13-tridecylenediamine as a surface passivation specialist. The PL
quantum yield was 12%, and the particle size was 5-7 nm. Despite the low yield of CDs, it was
found that by adding N atoms to them, their fluorescence properties were increased [42, 43].
Liu et al. [42] increased the PL quantum yield to 15-20% by using branching PEI (~ 25 kDa)
as the role of corrosion inhibitor and to create amino-rich CDs. Since the carbon precursors can
be heated more quickly and easily than with earlier techniques, i.e., the synthesis process is
more streamlined. Hence, CDs may be readily and rapidly obtained, and their production can
be increased. These noble, environmentally friendly, and efficient techniques can be used to
synthesize nanomaterials. Due to the irregular particle size distribution, separation and
purification are quite difficult.

2.2.2. Pyrolysis.

In certain applications and mechanistic investigations, to achieve homogeneous
features through CQD diameter control is imperative. To obtain stable CQDs, fragments were
purified by filtration, dialysis, centrifugation, column chromatography, and gel electrophoresis
[52-55]. It is possible to create discrete CQDs with standardized, adjustable sizes via
meticulously controlled pyrolysis of a naturally occurring precursor in nanoreactors. Three
processes were employed: (i) using thin power, the natural precursor was incorporated into
permeable nanoreactors; (ii) the natural precursor was pyrolyzed within the nanoreactors to
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supply carbonaceous matter; and (iii) the synthetic CQDs were then supplied. Absorbent silica
nanoreactors are the most commonly used due to their ease of removal, thermal stability, and
a variety of easily tunable textures. Zhu et al. [41] produced hydrophilic CQDs that may be
utilized as nanoreactors by impregnating mesoporous silicon nanospheres with a precursor of
citric acid.

2.2.3. Hydrothermal.

Hydrothermal (HT) processes for preparing CQDs and their derivatives have attracted
significant interest due to their advantages of cleanliness, cost-effectiveness, and efficiency
[56-59]. HT processes provide an efficient method for preparing CQDs and their derivatives
via hydrolysis, polymerization, and carbonization reactions. HT processes provide a green
route to produce carbon-based nanomaterials from various precursors, including chemical
compounds, biomass, and other carbon sources. HT-CQDs are fabricated in subcritical liquid
water, involving a carbonization process to convert carbon precursors into CQDs at a moderate
temperature (180-250°C) and self-built pressures (2-6 MPa) [28,29], as illustrated in CQD
synthesis by HT consists of four steps: hydrolysis, polymerization, carbonization, and
passivation (Figure 4).

__~Hydrolysis Polymerization Carbonization Passivation
Carbon Precursors | > CQDs
Figure 4. Various steps of the hydrothermal (HT) processes to prepare CQDs.

Initially, large organic molecules are hydrolyzed into smaller molecular fragments in
an aqueous environment, where high temperature and pressure break down chemical bonds.
These fragments then undergo dehydration, losing water molecules and becoming more
reactive, followed by polymerization, during which they combine to form the complex, large
polymeric structure. The resulting polymers are subjected to carbonization, which transforms
them into condensed carbon clusters composed of sp2-hybridized carbon atoms. As the reaction
advances, these clusters nucleate and coalesce into the discrete, nanoscopic crystalline
structures known as CQDs. CQDs have been obtained by hydrothermal synthesis with average
sizes ranging from 4 to 15 nm.

3. Characterizations of CQDs

Carbon quantum dots can be characterised using a range of methods, including
transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), field emission scanning electron microscope (FESEM), nuclear magnetic
resonance (NMR), and UV spectroscopy [60-70].

3.1. Transmission electron microscopy (TEM) {69-72}.

Because of its high resolution of 0.1-0.2 nm, transmission electron microscopy
(TEM/HRTEM) is widely used across the fields of science, pharmaceuticals, materials science,
and other research domains [69-72]. It is also used to investigate the morphology of
nanoparticles to learn more about their size, shape, and dispersion. The analysis of carbon dots
(C-dots) is commonly done using TEM. Moreover, the precise configuration of carbon dots
can be determined using high-resolution transmission electron microscopy. There are two
forms of lattice fringe: interlayer spacing and in-plane lattice spacing, which are crystalline in

nature and may be differentiated from each other. While interlayer spacing is usually
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concentrated at about 0.34 nm, and in-plane lattice spacing is often sought at 0.24 nm. When
graphite was acid-oxidised by Zhang et al. [69], the resulting carbon dots exhibited a lattice
spacing of less than 0.3 nm. That suggests a sizable portion of the dots were, in fact, unique
graphenes. At the point when Shinde et al. [70] orchestrated C-dots from MWCNT, various
kinds of grid edges were found in the HRTEM by using an electrochemical method.

3.2. X-Ray diffraction method (XRD).

It is a method for characterising carbon dots and learning important details about their
phase purity, crystal structure, and particle size. It is also necessary to ascertain the crystalline
phases of CQD [73-77]. Hexa-perihexabenzocoronene was the precursor employed by Liu et
al. [74] to make the carbon dots. Ablation, adsorption, deoxidation, and chemical etching were
used to make carbon dots. Their width was about 60 nm, and their thickness was about 2-3 nm.
The resulting carbon dots showed a quantum yield of fluorescence of 3.8%. Mao et al. [75]
produced glowing C-dots by pyrolyzing poly(acrylic acid) in one stage using glycerol. The
optical and structural properties of the carbon dots were examined. The white fluorescent
carbon dots graphite structure is further supported by the broad peak around 26 =24°. The
matching X-ray diffraction pattern showed two superimposed reflections when carbon dots
were synthesised by Bourlinos et al. [72] by calcining ammonium citrate at 300°C, indicating
the presence of an extraordinarily long alkyl carbon chain.

3.3. Fourier transform infrared spectroscopy (FTIR).

The surface-associated groups of carbon dots have also been identified through the use
of Fourier transform infrared spectroscopy (FTIR). Hydrogen, carbon, and oxygen are the three
primary ingredients of carbon dots [78-80]. The surface of carbon dots contains many
carboxylic acid, hydroxyl, and ether/epoxy groups because they are made by partially oxidising
carbon precursors. FTIR is a helpful technique for analysing these oxygen-containing
compounds. It is possible to characterise modified C-dots and assess whether they are
sufficiently passivated using infrared spectroscopy. Peng et al. [77] produced 1-4 nm carbon
dots from chemically oxidising micron-sized carbon strands. Dimethyl sulfoxide and dimethyl
formamide were used to show particle decomposition in a polar solvent and in water. The
existence of a carboxyl group was suggested by the typical absorption peaks at 1724 cm™ and
3307 cm. The presence of a double bond was suggested by the absorption peak at 1579 cm™,
and the presence of an ether linkage was suggested by the absorption peak at 1097cm™.

3.4. Field emission scanning electron microscope (FESEM) 84,82}

The different structures and properties of the prepared CQDs were studied with the help
of FESEM [81, 82]. Nitrogen-doped carbon quantum dots (NCQDs) were synthesized from the
tropical plant Litsea glutinosa using an environmentally friendly, time-efficient hydrothermal
method. NCQDs exhibited strong and stable green fluorescence. Ugi reaction was utilized to
modify the surface of CQDs, an environmentally friendly hydrogen-bonding nanocatalyst. The
CQDs were produced via a hydrothermal method using citric acid and urea, and then coated
onto magnetic Fe3Os nanoparticles. Comprehensive characterization using FTIR, FESEM-
EDX, XRD, XPS, zeta potential, Raman, and HRTEM confirmed the optical, structural, and
morphological properties of the CQDs.
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3.5. Nuclear magnetic resonance (NMR) |79-81-83].

The structure of carbon dots is commonly studied using the nuclear magnetic resonance
(NMR) technique [81-83]. *3C-NMR is used to determine the mechanism between carbon
atoms and hybrid forms of C-atoms in the crystalline network. Tian et al. [78] had utilised
natural gas sediment consuming as a source of carbon, followed by nitric acid refluxing to
create carbon dots. Carbon dot structural features are ascertained using NMR. Though aliphatic
(sp3) carbons show reverberation in the scope of 8-80 ppm, aromatic (sp2) carbons show
reverberation in the scope of 90-180 ppm. Under the non-aromatic carbon group, there was no
single top, as the 13C NMR range showed 120 ppm. Between 120 and 150 ppm, a spectrum of
peaks developed, the bulk of which were caused by aromatic carbons. The carbon dots were
made of sp2 carbons.

3.6. UV spectroscopy.

Strong ultraviolet (UV) absorption is a characteristic of carbon dots produced by a range
of processes [82-85]. However, the positions of the UV absorption peaks differ significantly
depending on the technique used to prepare the C-dots. The near infrared (NIR) (800 — 2400
nm), visible (400-700 nm), and UV (200-400 nm) zones of transmission were represented by
the sizes of C-dots, which are 3.8, 1.5-3, and 1.2 nm, respectively. Li et al. [79] sonicated a
suspension for two hours at room temperature after mixing 4 g of active carbon with 70mL of
hydrogen peroxide. Fluorescent water-soluble C-dots with a diameter of 5-10 nm were
obtained after filtering. An aromatic pi structure was absorbed, as seen by the distinctive UV-
visible density peak at 2.5 x 10—7 m to 3 x 10—7 m by Wang et al. [85]. After adding 0.5 g of
anhydrous citrus extract, a solution of N-(B-aminoethyl)-y-aminopropyl methyl
dimethoxysilane (AEAPMS) was vigorously swirled for a minute at 240°C. Amorphous carbon
was mixed with natural carbon nanoparticles, which had a diameter of about 0.9 nm. They also
displayed a high brightness (quantum yield: 47%) upon cooling and purification. At 360 nm,
the produced C-dots showed a notable peak of UV-visible absorption.

Citrus acid carbonation was utilized to create photo-luminescent C-dots at 200°C, and
consequently, carbon dots were produced. Nanosheets with a thickness of 0.5-2.0 nm and a
width of about 15 nm exhibited UV absorption, with a maximum at 362 nm. The maximal
emission of wavelength was maintained when triggered at various excitation wavelengths. In
order to manufacture C-dots, Tang et al. [84] performed pyrolysis of a glucose solution with
the aid of a microwave. The resulting C-dots had a diameter of 1.65 nm and a fluorescence
quantum yield of 7-10%. The aqueous solution of these C-dots revealed two separate peaks of
UV absorption at 228 and 282 nm. In contrast, the peak of one of the UV absorption bands
became more intense as the microwave heating time was extended.

4. Results and Discussion: Optical Properties of CQDs

CQDs are quasi-spherical carbon-based nanomaterials with small size, low toxicity,
high quantum yield, good biocompatibility, eco-friendliness, high chemical stability, the ability
to accelerate charge separation, improved electron mobility, increased photocatalytic activity,
strong absorption, high water solubility, and unique optical properties (Figure 5).
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Figure 5. Various optical properties of CQDs.

They exhibit their primary optical absorption in the UV region (wavelengths between
250 and 320 nm), with a tail extending into the visible spectrum [85-98]. The positions of the
UV absorption peaks on CDs made using various techniques differ significantly. The altered
CDs will exhibit a rise in absorption wavelength. There might not be any discernible absorption
peak at all. These absorption bands vary in position depending on the synthesis method and the
raw precursors. The optical characteristics of CQDs can be changed by doping with
spiropyrans, thiols, and other covering materials, i.e., a protective layer that acts as an insulator
during the surface passivation process [99-111]. Thionyl chloride, oligomers of polyethylene
glycol (PEG), etc., were formed on the surface of CQDs. These protective coatings are essential
for stabilising CQDs and keeping impurities away from adhering to them. There may be metal
doping, non-metal doping, and co-doping. Doped CQDs can alter their physicochemical
properties and exhibit enhanced optical properties, improved charge-transfer efficiency, greater
electron mobility, and increased photocatalytic activity [61, 62]. CQDs turn out to be highly
optically dynamic and exhibit significant fluorescence, approaching an IR spectrum, when
surface-passivating compounds are applied. Surface enhancement provides an alternative
approach to boosting the quantum yields (QYs) of CQDs by 55-60%. The CQD absorbance
was surface-enhanced using 4,7,10-trioxa-1,13-tridecanediamine (TTDDA) to reach longer
wavelengths (350-550 nm). Zhu et al. [112] synthesised F-doped CQDs with enhanced QYs,
electron transport, and photocatalytic activity through the use of a hydrothermal method.

4.1. Photoluminescence (PL).

CDs have good tunable PL behaviors [113-116]. The wavelengths of excitation (Aex)
determine the appearance and intensity of photoluminescent peaks (Aem). As a result, getting
several PL spectra from a single one is simple. The PL maximum for CDs typically appears in
the blue and green parts of the spectrum. To control the PL behaviour of CDs, surface
engineering, synthetic techniques, and early precursors can be applied. PL generated from CDs
almost never changes over long periods of exposure to radiation, unlike organic dyes, which
are photo-bleached. Sun et al. [114] reported a CD with a typical molecule size of around 1.54
nm. When stimulated at wavelengths of order 0.036 nm, 0.046 nm, and 0.054 nm, the
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synthesized CDs show top maxima focused at roughly 0.046 nm, 0.054 nm, and 0.062 nm in
their PL ranges. Wang et al. [115] revealed the production of N-CDs with exceptionally intense
PL maxima from m-amino benzoic acid, with a peak observed at 415 nm. Additionally, they
discussed the application of amine-passivated CDs as biosensors for pH and Fe3+ detection.
Sun et al. [114] provided details about CDs that were passivated using PEG1500N, an
oligomeric ethylene glycol. When the PL of these passivated CDs is quenched in the presence
of N, N-diethyl aniline (DEA), Ag+, 2,4-dinitrotoluene, and 4-nitrotoluene, photo-induced
electron transfer (PET) processes were seen in these CDs.

Even though a lot of research has been done on the physicochemical properties of
CQDs, it is still unclear where the observed optoelectronic behavior came from.
Photoluminescence characteristic of CQDs is not caused by a single condition but rather by a
combination of factors connected to their particular properties. The process for creating CQDs
by pyrolyzing precursors of ethanolamine (EA) and citric acid (CA) was verified at various
temperatures. By dehydrating EA-CA, pyrolysis at 180°C produces a CQD precursor with a
strong PL with high QY. A carbonaceous core forms at temperatures greater than 230°C. At
this stage, the PL is influenced by both the carbonaceous core and the molecular fluorophores.
CQDs with PL, exclusively derived from carbonaceous cores, were generated at temperatures
of 300 and 400°C. The conditions under which CQDs are synthesized have a substantial impact
on their PL behaviour.

4.2. Fluorescence.

Nano-scale materials, such as CQDs, have attracted significant attention over the last
10 years [117-133]. Even though the precise source of the particles' fluorescence emission is
still unknown. Hence, more study is required to get a clear picture of the mechanism behind
the emission of CQDs. Two widely accepted theories have been put forth to explain the
particles' fluorescence mechanism: the conjugated p-domain bandgap emission and surface
defect states. Again, two common mechanisms have been reported to provide a comprehensive
explanation of CQD fluorescence. First, the fluorescence arises from a band-gap shift in the -
conjugated domains (sp2-hybridized); this is comparable to how aromatic compounds exploit
specific energy band gaps to promote emissions and absorptions. The second explanation of
fluorescence is related to surface defects, surface passivation/functionalization, surface flaws,
and the carbon center state. The main sources of surface defects in CQDs are heteroatoms such
as B, N, P, and S, as well as an unequal distribution of sp?- and sp3-hybridized carbon atoms.
This surface imperfection forms environments resembling aromatic molecules when it
integrates into the solid host. These compounds have the capacity to attract UV light and emit
various hues. CQDs show two types of emission: excitation-dependent emission and
excitation-independent emission. Because of their surface's various emission sites and particle
size dispersion, the majority of CQDs show adjustable emissions. The highly organised
graphitic structure of CQDs is responsible for their excitation and independent of emission.
Continuous fluorescence and a wide, uninterrupted excitation spectrum are displayed by CQDs.
Dual-emissive nitrogen-doped carbon dots (N-CDs) with yellow fluorescence were prepared
by a one-step solvothermal method with o-phenylenediamine (OPD) and quercetin (QR) as
precursors [133].
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4.3. Upconversion PL.

Up-conversion fluorescence could result from the absorption of two photons [132-134].
Few CQDs are visible, with conversion photoluminescence (PL), even when excited at longer
wavelengths. The peak maxima in discharge spectra appear at lower frequencies during
upconversion of PL by irradiation at Aex> 500 nm. CDs display evidence of upconversion and
were used for He-La cell imaging. When the emission wavelength is shorter than the excitation
wavelength, then up-conversion fluorescence happens. Here, the background auto fluorescence
was reduced by longer excitation wavelengths and distinct labeling with a variety of emission
wavelengths, i.e., up-conversion fluorescence. CDs treated with ultrasonic radiation exhibit
wavelength-shifted fluorescence. After activation at 650—1,000 nm, CDs based on glucose and
ammonium hydroxide exhibited up-conversion emission in the 300-600 nm range.

4.4. Longer wavelength.

When CDs were subjected to UV light, they emitted blue fluorescence, and biological
analysis uses blue-emitting CDs, which are readily detectable because blue fluorescence is
emitted by biological tissues and cells [115, 131-134]. Longer-wavelength CDs were prepared
using a variety of techniques, including surface modification, size control, and pH regulation.
The presence of heteroatoms such as nitrogen and oxygen led to a red shift in the discharge
frequency, despite the blue-to-green/yellow fluorescence. The development of a large
conjugated n system has simplified the production of red fluorescent CDs. CDs with longer
emission wavelengths exhibited a fluorescence mechanism. Yuan et al. [117] developed
extremely luminous CDs from blue to red by extending the conjugated = system. This would
protect tissues from potential harm and lessen the spectral interference from fluorescent signals.
Using p-phenylenediamine, 1,3-dihydroxynaphthalene, and the three-fold symmetric
phloroglucinol as a precursor, the red-fluorescent CDs with high QY can be made.

4.5. Phosphorescence.

CDs have possibilities for displays and illumination [134-137]. Its polyvinyl alcohol
(PVA) matrix showed phosphorescence, and its fluorescence was also noticed. The long
duration of about 380 ms of phosphorescence was ascribed to C=0 bonds on its surface. On
the basis of a CD—PVA composite film, they have acquired a pure organic RTP material. With
an average lifetime of 380 ms, the phosphorescence peak was observed at 500 nm upon
excitation at 325 nm. PVA matrix prevents oxygen and intramolecular motions from efficiently
quenching the triplet states of the aromatic carbonyl groups in the CDs, which were the source
of the phosphorescence. The water-soluble, room-temperature phosphorescent (RTP) material
IS pure organic, biocompatible, and readily applied, particularly in the food and pharmaceutical
industries. Its potential applications are time-resolved imaging, chemical, and biological
sensing.

4.6. Electroluminescence.

Electroluminescence (EL) is a well-known property of semiconductor nanomaterials;
therefore, it is not surprising that EL research with potential applications in electrochemical
domains has been sparked by CQDs [138-140]. CQD-based light-emitting diodes (LEDs) have
tunable driving currents that allow the emission colour to be altered. Under varying working

voltages, color-switchable EL from the same CQDs was observed, spanning from blue to white.
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Two ideas were proposed by the researchers to understand the luminescence process of CQDs:
one centred on the edge effect caused by various surface irregularities, and the other on band-
gap emitters in a conjoined p domain. The quantum-imprisonment effect of p-conjugated
electrons within the sp2 atomic domain determines the PL properties of CQD fluorescence.
This impact is modifiable by the conjugated p domain’s scale, edge orientation, and shape.
Fluorescence emission is caused by surface defects, such as hybridized carbon with sp2 and
sp3 bonds, as well as additional surface irregularities in CQDs. The peak location and
fluorescence emission are linked to this surface defect.

4.7. Chemiluminescence {436-1401.

CQDs’ Chemiluminescence (CL) exists together with oxidants like cerium (IV) and
potassium permanganate (KMnQOs). According to electron paramagnetic resonance (EPR),
oxidants such as cerium (IV) and KMnO4 can introduce holes into CQDs. This process
accelerates electron-hole annihilation and increases the number of holes in CQDs, resulting in
CL emission with the release of energy [136-140]. Moreover, CQD fixations in a specific reach
affect the CL intensity. Raising the temperature also found a positive effect on the CL. The CL
properties can be made by changing their surface properties. During the production of CQDs
(NaOH or KOH), a noble CL phenomenon was seen in a highly alkaline solution. The CQDs
demonstrated a high electron donor capacity towards dissolved oxygen in a NaOH solution,
resulting in the formation of the superoxide anion radical (O?). These results directly
confirmed the highest electron-donating potential of CQDs. The recombination rate of the
injected high-energy carrier(e—) via chemical reduction and temperature-related stimulation
creates +ve charge carriers and has been ascribed to this performance in a non-acidic
environment. It creates new opportunities for its application in reductive substance analysis.
The combined properties of CQDs as an acceptor and donor of electrons provide great promise
for optometry and catalysis.

4.8. Photo-induced electron transfer.

CQDs in solution are either electron donors or acceptors, suggesting that photo-induced
CQDs are powerful electron donors and acceptors [141-146]. Even though the photo-induced
electron-transfer characteristic of CQDs has received considerable attention. The charge
dissociation in CQDs caused by photolysis has not yet been directly demonstrated. Certain
indirect analytical proof was obtained by redox reactions. Photo-Induced Electron Transfer
(PIET) characteristic was observed in photoluminescence decay tests of CQDs, employing the
known electron donors N, N-diethylaniline and the acceptor 2, 4-dinitrotoluene. The important
PIET characteristic of CQDs creates new opportunities for redox processes like light energy
conversion and related applications. Further developed photo-induced electron and hole
separation proficiency is the result of CQDs' effective capture of photo-generated electrons
from semiconductors in compound photocatalysts. Furthermore, the redox-active character of
photoexcited CQDs was demonstrated by reducing metal ions in aqueous solution. When a
noble metal (silver, gold, or platinum) salt is added to the CQD water solution, it deposits the
noble metal (silver, gold, or platinum) on the CQDs' exterior. Once again, radiative
recombination is disrupted when the noble metal, being electron-affinitive, absorbs electrons
from the connected CQDs, causing the fluorescence emissions.
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5. Applications

There are various applications of CQDs in biomedical and optoelectronic areas.

5.1. Biomedical applications of CQDs.

The various biomedical applications of CQDs are given below (Figure 6). They
demonstrate negligible cytotoxicity towards living cells and outstanding photo stability.

=) Bacterial treatment
=mmmssm) Biosensing and bioimaging
mmsssm) Therapy

mm====) Nanomedicine

Biomedical applications of CQDs

m=====) Targeted DrugDelivery

Figure 6. VVarious biomedical applications of CQDs.
5.1.1. Bacterial treatment.

Due to the severe health implications of bacterial infections, prompt diagnosis is
necessary for effective clinical treatment. Furthermore, the search for potent bactericidal agents
is required to reduce drug resistance and bacterial infections. Therefore, in the search for drug
delivery methods for antibacterial applications, quaternary ammonium compounds (QACs) on
nanoparticles (NPs) are of major interest [141-144]. It has been shown that nanoparticles offer
a lot of promising treatment for bacterial infections. For instance, nanoparticles coupled with a
drug via covalent or non-covalent interactions showed increased antibacterial activity.
Additionally, this conjugation decreased the minimum inhibitory concentration (MIC)
compared to the unconjugated (free) medication. However, these nanoparticles cannot provide
both inhibition and detection simultaneously because they lack fluorescent properties. CQDs,
on the other hand, mostly exhibit the blue or green region of their distinctive, excitation-
dependent fluorescence emission feature. Additionally, certain functional CQDs with a
multicolor fluorescence emission feature have been synthesised. CQDs are generally utilised
with a fluorescence microscope to identify and count the number of bacterial cells in sewage
water.

5.1.2. Biosensing and bioimaging.

Due to their biocompatibility, low toxicity, and luminescent properties in organic
frameworks, CQDs can be used for bioimaging and biosensing applications [144-148].
Fluorescence microscopy imaging of CQD-treated human cell lines, the liver, and the kidneys
of CQD-fed mice revealed outstanding fluorescence emission with extremely little cytotoxicity
of CQDs. These were synthesized from the decomposition of citric acid monohydrate and
diethylene glycol bis (3-aminopropyl). The bacterial DNA-derived DNA-CQD was taken up
by the human kidney cell lines HEK 293. Furthermore, they were ingested by gram-negative
and gram-positive bacteria. They were plainly observable by confocal microscopy. When
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compared to a normal brain, CQD-Asp, which was produced by straightforward thermolysis of
glucose and l-aspartic acid, was able to target gliomas and cross the blood-brain barrier
precisely. As a result, CQD-Asp could serve as a fluorescent imaging agent for non-invasive
brain glioma diagnosis, as it shows stronger selectivity for glioma cells than for normal brain
cells. Another significant use of CQDs that makes use of their photoluminescence is
biosensing. Conjugated quantum dots with organic dyes proved to be an efficient tool for H2S
analysis. Within the sight of H2S, the blue discharge of CQD-natural color was changed to
green. Under a fluorescent magnifying lens, CQD-natural colors could distinguish
physiological levels of H2S in the human cell lines HeLa and L929, with a shift from blue to
green.

5.1.3. Therapy.

Diagnostics is a significant area in which CQDs are used in biomedicine [142-151].
Disease detection has been accomplished with the use of semiconductor quantum dots. CQDs
are safer than traditional semiconductor quantum dots. CI-CQDs are used to identify the desmin
protein; patients with colorectal cancer had elevated serum levels of desmin. With great
specificity and sensitivity, the CQD-based nanoscale probe may be employed to detect desmin
in patient serum samples. CQDs are also able to differentiate between normal and cancerous
cells. Glycerol and N-(3-(trimethoxysilyl)propyl) ethylenediamine were treated solvothermally
to create silicon and N-doped CQD. Due to the reductive climate of threatening cells decreasing
Fe3* particles and causing a restoration of CQD luminescence, CQDs containing Fe3* ions
(CQDs/Fe*") help to find cancerous cells with the help of the ON and OFF process. FA-CQDs
are allowed for the specific detection of cancer cells. The potential of CQD was demonstrated
for the progression of point-of-care (POC) devices and inexpensive, efficient, and sensitive
diagnostic nanoprobes. In addition, CQDs have been employed to develop microfluidic paper-
based analytical instruments for identifying natural samples. POC diagnostic tools can help the
inaccessible rural population in developing nations receive healthcare at a low cost of tests.

5.1.4. Nanomedicine.

Due to their low animal toxicity, CQDs—small fluorescent nanoparticles—offer a
superior alternative to other fluorescent nanomaterials. As a result, they have significant
applications in nanomedicine [145-148]. CQDs were given intravenously to mice as part of an
experiment. After four weeks, an evaluation was conducted, and it was determined that there
was no discernible impact on the organs' internal functions. Highly biocompatible CQDs do
not alter thrombin activity in plasma samples. Moreover, these prevent blood from clotting. In
photodynamic therapy, which is used to treat superficial tumours, CQDs have an appealing
applicability. CQDs significantly inhibit MCF-7 and MDAMB-231 cancer cells. Furthermore,
CQDs show photosensitizers. They are good candidates for photosensitization since they can
create reactive oxygen species. CQDs localise selectively into tumours. The surface coating
and the delivery route have an impact on the circulation and absorption of CQDs. When CQDs
are injected, the body excretes them quickly and efficiently by intravenous, intramuscular, and
subcutaneous injection. It has been used as photodynamic therapy to treat deep-seated tumors.
Within the phototherapeutic window, excitation at 800 nm penetrates human tissue 4 times as
deeply as stimulation at 630 nm, which has been used in clinical photodynamic therapy. It has
additional applications in radiotherapy; PEG-CQDs can be coated with a silver shell to act as
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radiosensitizers in Dul45 cells (C-Ag-PEG CQDs). Due to nanoscale carriers, they are
effective at tracking and delivering medications to genes. CQDs have a great deal of potential
for gene delivery.

5.1.5. Targeted drug delivery.

Because of their biocompatibility, CQD are among the best C-based materials that can
be utilized for different applications. CQDs have negligible cytotoxicity, which makes them
promising options for focused, safe, and efficient distribution. Theranostic agents, or those with
both therapeutic and diagnostic properties [145-151]. CQDs are appealing candidates when an
anticancer medication (oxidised oxaliplatin) was formed. On the surface of CDs bearing amine
groups, CD-Oxa was created. The therapeutic qualities of Oxa and the visual qualities of carbon
dots are profitably combined in CD-Oxa. CQDs have superior biocompatibility, bioimaging
capabilities, and anticancer effects. The in situ study shows that drug appropriation can be
monitored by tracking CDOxa's fluorescence signal, which helps tailor the medication's dose
and injection timing. An assembly was created by conjugating PEI-pDNA to CQDs and
coupling the resulting conjugate to gold nanoparticles to transport DNA into cells. The
experimental investigation demonstrated the possibility of cell delivery via CQDs. Gold
nanorods functionalized with CQDs may enable the multimodal delivery of the anti-cancer
drug doxorubicin. Haloperidol, an anti-psychotic, grafted CQD with cysteamine hydrochloride,
can be utilised for regulated release for a maximum of 40 hours under physiological and
Hixson-Crowell standard conditions. Together with bioimaging, ciprofloxacin, an expansive-
spectrum antibiotic, and CQD conjugated under physiological conditions, resulted in a
successful noble nanoscale carrier for targeted drug delivery.

5.2. Optoelectronic applications.

The emerging atomic-scale CQDs hold extraordinary promise for successful
optoelectronic applications (Figure 7) due to their high surface area, unique optoelectronic
properties such as strong, stable fluorescence, tunable band gaps, ultrafast electron extraction,
and long hot-electron lifetimes [152-159].

s | ight-emissive diodes
Electroluminescent LEDs
Photocatalysis

Solar cells

Photodetectors

Optoelectronic applications of CQDs

[111]

Random lasing

Figure 7. Various optoelectronic applications of CQDs.
5.2.1. Light-emissive diodes.

Light-emissive diodes (LEDs) are the upcoming generation of lighting sources for
everyday use [160-164]. CQDs have all the earmarks of being an encouraging substitute for
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costly phosphors derived from rare earth elements and hazardous metal-based semiconductors.
CQDs are used in LED lighting as a noble type of fluorescent CQD system due to their
inexpensive cost, no environmental impact, and adjustable steady fluorescence output. White
LEDs (WLEDs) have emerged as a key energy-saving technology for our society's
development because of their anticipated long-term stability, low power utilization, quick
response time, and minimized size. CDs' large PL bandwidth makes them good candidates for
WLED fabrication. According to the excitation mode, CD applications in LEDs can generally
be split into two categories: optical and direct electrical. The former creates LEDs with a variety
of transformations by using CDs as phosphors, whilst the latter creates LEDs using CDs'
electroluminescence (EL).

5.2.2. Electroluminescent LEDs.

In recent years, Electroluminescent LEDs have grown rapidly due to CQDs’ adjustable
bandgap, superior solution-processability, low toxicity, and large-scale manufacturing [158-
168]. Optoelectronic device efficiency is often poor due to excitation-dependent fluorescence
quenching in CDs induced by surface defect states. As a result, bandgap emission CQD
preparation is crucial. MCBFCQDs change from blue to red. These LEDs have an Lmax of
2050 cd m—2 and ongoing effectiveness of 1.1 cd A%, which is similar to that of semiconductor
QD-based LEDs. To produce electroluminescence via radiative recombination, the MCBF-
CQDs are immediately filled with electrons and holes, forming a functioning emission layer.
With a narrow bandwidth of 30 nm, strong performance, a Lmax of 1882 to 4762 c¢d m2, and
a current efficiency of 1.22 to 5.11 cd A, the multicoloured LEDs based on NBE-T-CQDs
exhibit high colour purity.

5.2.3. Photocatalysis.

The use of photocatalysis in natural synthesis has grown dramatically due to its
environmental benefits [154-159, 160]. The ability of CQD solutions to suit extended
wavelength light and energy conversion provides an excellent avenue for their application as
photocatalysts in the natural synthesis process. CQDs in the size range of 1-4 nm are a powerful
NIR light-driven photoactive material that can oxidise -OH into C6H5CHO with high
conversion efficiency (92%) and specificity (100%). The photocatalytic activity of CQDs can
be suitably modulated by doping and surface group fitting. CQDs with a size range of 5-10
nm, when mixed with graphite, exhibit light-induced protonation upon exposure to visible light.
CQD nanocomposites promote the electrons’ displacement from TiO». Due to the electrons'
freedom to go along the CQDs’ guiding paths, which allow for charge partitioning, correction,
and blocking recombination, large holes were created at the TiO- surface. TiO2 was empowered
to deliver electron-opening frame pairs and significantly enhance photocatalytic activity with
CQD-TiOz. TiO2 has been used to produce H2 through water splitting. A significant drawback
to its photocatalytic proficiency is that it does not use enough visible light for lighting. The
bulk TiO2 bandgap lies in the UV region (3.0-3.2 eV), and TiO- absorbs less than 5% of solar
radiation. Thus, one potential method to improve the performance of TiO2 photocatalysts is by
bandgap engineering via a potential modification of TiO>-based media. With methyl blue
(MB), it was shown that CQD-TiO2 nanophase composites can completely degrade MB (50
mg/mL) in 25 minutes, with pure TiO> as a photocatalyst, degrading just 0.5% of the MB.

5.2.4. Solar cells.
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The large range of light absorption of CQDs extends their use in solar cells (SCs). CQDs
have been employed in a variety of SC, including silicon-based SCs, organic SCs, and dye-
sensitized SCs [156-167]. In a conventional perovskite SC, a sub-monolayer of CQDs between
the mesoporous titanium dioxide and perovskite layers was added. As a result, CQDs serve as
a superfast scaffold to empower the halide perovskite's electron infusion into titanium dioxide.
The accompanying SCs’ photocurrent and power conversion efficiency (PCE) were
significantly increased from 8.81% to 10.15%. These findings were obtained from transient
absorption measurements, photocurrent—voltage curve analysis, and photocurrent quantum
efficiency monitoring. CQDs were taken as a supplement to stabilise MAPDI3. Perovskite grain
boundaries were passivated in order to further develop PCE from 17.59% to 18.81% and boost
perovskite SC stability. Better optoelectronic characteristics and a reduced trap-state density
could be induced by strong and stable contacts between the uncoordinated Pb in MAPDbI3 and
the -COOH, -OH, and -NH> gathering on the superficial level. Additionally, the interaction
between MAPDI3 and CQDs created a shield to keep the perovskite out of the water to increase
the stability of SCs. It is anticipated that CQDs will be a promising replacement for the
hazardous elements (inorganic halide perovskites) that are generally used in solar cells.

5.2.5. Photodetectors.

Photo-generator transporters can be gathered and utilized in light detectors as a reverse
process of electroluminescence [167-172]. The fundamental properties of photodetectors are
the response band and responsivity of CQDs, which may usually be used for deep-UV
photoluminescence and photodetection. An N-doped CQD-based broadband photodetector
with interdigital gold electrodes was produced. It’s interesting to note that under various light
conditions, the CQD-based photosensors show photocurrent. This peculiarity can be made
sense of by the free motion of photogenerated charge carrier pairs, which is impeded by the
surface passivation of CQDs. When exposed to light, the bound excitons may catch transporters
and make photoinduced charge traps. The negative photoresponse results from carriers being
trapped when they pass through the CQDs. By implanting CQDs in a p-type sheet of graphene,
photo detectors with high responsivity (0.2-0.5 A W), high detectivity (41011 cm Hz1/2 W
1y, and an expansive range of reaction extend from visible to IR, were found. The device's
photocurrent can be greatly increased at various voltages because of the charge carriers'
tunnelling through the energy levels in CQDs. Gold (Au) and Silver (Ag) were mixed to create
asymmetric electrodes for deep UV CQD-based photodetectors. Au functions as the anode and
Ag as the cathode, resulting in easy separation of electrons and holes. Under forward bias,
photogenerated transporters can drift uninhibitedly in the direction of the electrodes, and
transporter recombination can be hindered.

5.2.6. Random lasing.

Random lasing is a low-limit irregular beam with single-colored and high intensity
[166, 172-177]. There are many potential applications, including energy savings, biomedical
therapy, military weaponry, and materials processing [175-178]. Furthermore, using brilliant
multicolor fluorescent bandgap emission from CQDs, there is arbitrary lasing in blue, green,
red, and white colours with a limit from 2.1 to 5.8 mJ/cm?. Nonetheless, the substantial full-
width at half maximum (FWHM) and the substantial Stokes shifts of the bandgap emission of
CQDs unavoidably hinder the maintenance of population inversion and the conversion of
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excitation energy into heat via the lifting strategy, thereby severely restricting further
advancement. In order to leverage the potential of NBE-T-CQDs for highly efficient random
lasers, very brilliant and spectral radiation of transmission capacity (FWHM of 29-30 nm) is
required. Comparing blue, green, and red irregular light sources in contrast with cutting-edge
perovskites and semiconductors, QD-based irregular lasing exhibits unexpectedly narrow
FWHM of 0.9, 0.37, and 0.82 nm and low siphon limit of 0.087, 0.052, and 0.82 mJ cm?. This
occurred because NBE-T-CQDs have a very small FWHM, which makes it easier for the
population to grow rapidly at low siphon energy thickness and for optical intensification to
occur at low pump energy density.

6. Summary

In this work, numerous C-dot synthesis methods, characterization processes, optical
properties, and various applications in biomedical and optoelectronic areas of CQDs are
discussed. Even though a number of techniques have been used to synthesise CQDs, the exact
sizes and well-defined structures remain scarce to explore. For specific applications and
property studies, it is imperative to synthesize CQDs in an easy, environmentally friendly
method with a predetermined size and structure. For both basic and practical applications, C-
dots with synchronous visible, NIR, and up-conversion luminescence are highly desirable.
These zero-dimensional carbon-based materials possess special optical properties, photo-
stability, biocompatibility, water solubility, and low toxicity, making them suitable for a variety
of applications. To prevent background and autofluorescence, CQD-driven biosensing and
bioimaging need to be enhanced to become more discriminating and sensitive. Furthermore,
CQDs have the potential to transform the domain of biomedicine, including nanomedicine,
completely. Compared with perovskite and semiconductor quantum dots, CQDs offer
advantages for biomedical and solar cell applications due to their non-toxic chemical
composition and photochemical stability. In the biological pH range, the partly crystalline CQD
exhibited robust, stable photoluminescence with both excitation-dependent and excitation-
independent upconversion characteristics. The key challenges for CQD-based photocatalysts
stem from limited understanding of mechanisms, inadequate control over doping and surface
functionalization, and the lack of meticulous synthesis methods. In the future, integrating
artificial intelligence and machine learning tools with advanced characterization techniques
might enable scalable synthesis techniques and accurate property tuning.
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