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Abstract: Carbon quantum dots (CQDs) have emerged as a highly promising class of carbon-based nanomaterials due to their
exceptional optical properties, tunable surface chemistry, and excellent biocompatibility. Since their discovery in 2004, CODs have
gained considerable attention as sustainable alternatives to traditional semiconductor quantum dots, which often contain toxic
heavy metals. Their nanoscale size (<10 nm) induces quantum confinement effects that lead to strong and tunable
Dphotoluminescence, excitation-dependent emission, upconversion fluorescence, and remarkable photostability. Additionally, the
presence of abundant surface functional groups enhances solubility, chemical reactivity, and facilitates easy functionalization for
targeted applications. Recent advances in CQD synthesis—including hydrothermal, microwave-assisted, green biomass-based
routes, and emerging techniques such as microreactor-assisted fabrication and heteroatom doping—have enabled better control
over particle size, crystallinity, and quantum yield. Characterization tools such as TEM, XRD, FTIR, Raman spectroscopy, UV-Vis,
PL spectroscopy, and XPS play a crucial role in understanding CQD structure, surface states, and optical behavior. CODs have
demonstrated broad applicability across bioimaging, biosensing, drug delivery, photocatalysis, environmental remediation, energy
storage, and optoelectronic devices. Their low cytotoxicity allows safe use in biological systems, while their electron-transfer
capabilities make them highly effective in sensing and catalysis. Despite these advantages, challenges remain regarding synthesis
reproducibility, large-scale production, and incomplete understanding of photoluminescence mechanisms. Overall, CQDs
represent an important class of next-generation nanomaterials with significant potential for multidisciplinary applications.
Continued advancements in synthesis, surface engineering, and mechanistic understanding are expected to further enhance
theirperformance and enable widespread technological adoption.

L. INTRODUCTION exhibit strong and tunable photoluminescence, excitation-
dependent emission, upconversion fluorescence, and long-term
photostability, making them suitable for sensitive optical
applications (Zhu et al., 2015). Alongside quantum confinement,
the presence of abundant oxygen-, nitrogen-, or sulfur-containing
functional groups on the CQD surface contributes significantly to
their solubility, fluorescence, and chemical reactivity (Sun et al.,

2006).

Carbon quantum dots (CQDs) have emerged as one of the most
promising classes of carbon-based nanomaterials in recent years,
primarily due to their exceptional optical properties, tunable
surface chemistry, and biocompatibility. Since their accidental
discovery in 2004 during the purification of carbon nanotubes by
Xu et al. (2004), CQDs have gained substantial scientific
attention as a sustainable alternative to traditional semiconductor
quantum dots, which often contain toxic heavy metals such as
cadmium or lead (Li et al., 2016). The unique photoluminescent
behavior of CQDs, along with their excellent stability and low
cytotoxicity, has positioned them as a versatile material in both

One of the major advantages of carbon quantum dots is their
remarkable biocompatibility and minimal toxicity, especially
when compared to conventional semiconductor quantum dots
(Sharma et al., 2020). This safety profile arises from their carbon-
based nature and the absence of hazardous heavy metals, enabling
their use in biological systems without the risk of severe cytotoxic
effects. In addition, the ability to tailor their surface through
doping or functionalization further enhances their suitability for

fundamental research and emerging technological applications.

Structurally, CQDs are quasi-spherical nanoscale carbon particles
typically below 10 nm in diameter (Baker & Baker, 2010). Their
extremely small size induces distinct quantum confinement

effects, which play a crucial role in modulating their optical and
electronic properties. These quantum phenomena allow CQDs to
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biomedical applications such as cellular imaging, biosensing,
drug delivery, and photodynamic therapy (Wang et al., 2021).
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CQDs also stand out as renewable, eco-friendly, and cost-
effective nanomaterials. They can be synthesized from a wide
variety of carbon-rich natural precursors including fruit peels,
plant extracts, biomass waste, and organic molecules using green,
low temperature processes such as hydrothermal carbonization,
microwave-assisted reaction, or pyrolysis (Liu et al., 2019).
Compared to traditional quantum dots that require complex and
hazardous synthesis involving metal salts and toxic reagents,
CQD synthesis is relatively simple, scalable, and environmentally
benign. This sustainability factor has contributed greatly to the
rapid expansion of CQD research across interdisciplinary fields.

The potential of carbon quantum dots extends to numerous
technologically significant applications. the field of
biotechnology, CQDs serve as efficient fluorescent probes for
real-time cell imaging and biomolecule detection due to their

In

strong luminescence, high photostability, and low interference
with biological processes (Yang et al., 2022). In photocatalysis,
CQDs act as photosensitizers or electron mediators, improving
solar-driven catalytic reactions such as pollutant degradation and
hydrogen generation (Zhang et al., 2018). Their electron-transfer
properties make them valuable in chemical sensing, facilitating
the detection of metal ions, toxins, pharmaceuticals, and various
environmental pollutants with high sensitivity.

In the domain of energy storage and conversion, CQDs have been
incorporated into lithium-ion batteries, supercapacitors, and fuel
cells to enhance electrode performance, conductivity, and charge-
transfer ability (Chen et al., 2020).

Similarly, CQDs have demonstrated considerable potential in
light-emitting devices (LEDs) and solar cells, where their tunable
emission and high stability contribute to improved efficiency and
color purity (Kumar et al., 2021). Their ability to generate
multicolor emission has also opened pathways for use in display
technologies and anti-counterfeiting applications.

The rapidly increasing number of publications on CQDs reflects
their expanding relevance and transformative potential across
scientific and industrial sectors. Despite their benefits, challenges
remain such as the lack of standardized synthesis methods,
incomplete  understanding of their = photoluminescence
mechanisms, and limitations in large-scale production.

Nonetheless, ongoing advancements in synthetic strategies,
surface engineering, and hybrid material development continue to
enhance the functional versatility of CQDs.

Overall, carbon quantum dots represent an exciting category of
nanomaterials that combine sustainability, optical excellence, and
multifunctionality.

Their emergence has not only broadened the landscape of carbon-
based nanoscience but has also opened new opportunities for
innovation in bioimaging, catalysis, sensing, optoelectronics, and
energy technologies. As research progresses, the continuous
refinement of synthesis techniques and deeper exploration of
CQD properties are expected to further accelerate their adoption
in real-world applications.
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Fig 1 Classification of carbon dots (Li, G., et al. (2023))

Carbon dots can be broadly categorized into four major types
based on their structural characteristics(fig 1):

® Graphene Quantum Dots (GQDs):
fragments of graphene composed of one or a few graphene
layers. They exhibit well-defined graphene lattice structures
and contain chemical groups either at the edges or within
interlayer defects.

® Carbon Quantum Dots (CQDs): CQDs are typically
spherical in shape, displaying distinct crystalline lattice
structures. Various chemical groups are present on their
surface, contributing to their tunable properties.

® Carbon Nanodots (CNDs): CNDs show a high degree of
carbonization and contain surface chemical groups. However,

These are tiny

unlike CQDs, they generally lack clear crystal lattice
structures and tend to exhibit polymer-like characteristics.

® Carbonized Polymer Dots (CPDs): CPDs consist of a
hybrid structure with a carbonized core surrounded by
polymer chains or abundant functional groups. This
combination of polymer and carbon components gives them
unique functional properties.

II. Structural Features and Properties of Carbon Quantum
Dots

2.1 Size and Morphology:

The size and morphology of carbon quantum dots (CQDs) play a
crucial role in determining their optical, electronic, and chemical
properties (Baker & Baker, 2010; Zhu et al., 2015). Typically,
CQDs are quasi-spherical nanoparticles with diameters below 10
nm, a size range that induces strong quantum confinement effects
responsible for their characteristic photoluminescence (Li et al.,
2016; Sun et al., 2006). Smaller CQDs generally exhibit blue-
shifted emission, while slightly larger ones may display green or
yellow fluorescence due to variations in bandgap energy (Zhu et
al., 2015). This tunability makes size control a key aspect in CQD
synthesis (Baker & Baker, 2010).

Morphologically, CQDs often display either amorphous or
partially crystalline structures (Sun et al., 2006). High-resolution
transmission electron microscopy (HRTEM) reveals lattice
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fringes in some CQDs, indicating the presence of graphitic
crystalline typically associated with enhanced
photoluminescence and improved electrical conductivity (Zhu et
al., 2015; Li et al., 2016). In contrast, amorphous CQDs contain
disordered carbon domains, which can increase the density of
surface defects and functional groups (Baker & Baker, 2010).

regions,

Surface morphology is also influenced by the synthesis method
and precursor used. Bottom-up techniques, such as hydrothermal
carbonization, often produce well-dispersed spherical CQDs,
whereas top-down methods may yield irregular shapes depending
on the carbon source (Liu et al., 2019; Chen et al., 2020). Overall,
the nanoscale size and variable morphology of CQDs provide
unique structural flexibility, enabling their use in bioimaging,
sensing, catalysis, and optoelectronic applications (Kumar et al.,
2021).

2.2 Surface Chemistry and Functional Groups

The surface chemistry of carbon quantum dots (CQDs) is defined
by abundant functional groups such as hydroxyl, carboxyl,
carbonyl, and amino moieties (Sun et al., 2006; Wang et al.,
2021). These groups originate from precursor materials and
synthesis conditions, giving CQDs excellent water dispersibility,
chemical reactivity, and tunable optical properties (Sharma et al.,
2020). Surface states significantly influence photoluminescence
by introducing emissive trap sites (Zhu et al., 2015). Functional
groups also enable easy surface passivation and heteroatom
doping, enhancing quantum yield and stability (Li et al., 2016).
Moreover, they facilitate bioconjugation with biomolecules,
polymers, and metals, broadening CQD applications in sensing,
catalysis, bioimaging, and drug delivery (Yang et al., 2022; Liu et
al., 2019).

2.3 Optical Properties

e Photoluminescence mechanisms: Carbon quantum dots
(CQDs) exhibit remarkable optical properties that arise
primarily from their unique electronic structure and
surface chemistry (Zhu et al., 2015; Li et al.,, 2016).
Their most characteristic feature is photoluminescence
(PL), which is influenced by quantum confinement,
surface defects, and molecular fluorophores (Sun et al.,
2006). The PL mechanism is generally attributed to a
combination of intrinsic band-gap emission from
graphitic cores and extrinsic emission from surface states
(Baker & Baker, 2010). Variations in size, heteroatom
doping, and functional groups create different emissive
traps, resulting in the widely observed excitation-
dependent fluorescence behavior (Wang et al., 2021).

e Up-conversion PL: Another significant optical feature
of CQDs is up-conversion photoluminescence, where
they emit shorter-wavelength light upon excitation with
longer-wavelength (near-infrared) radiation (Zhu et al.,
2015; Kumar et al., 2021). This property enhances their
utility in deep-tissue imaging, photocatalysis, and anti-
counterfeiting applications, as it enables high penetration
depth and reduced background interference (Yang et al.,
2022).
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¢  Quantum yield improvements: Quantum yield (QY), a
measure of luminescence efficiency, is a critical
parameter for CQD performance (Li et al., 2016; Sharma
et al., 2020). Recent advancements have dramatically
increased QY through techniques such as surface
passivation, heteroatom doping (N, S, P),
incorporation of aromatic precursors that enhance -
conjugation (Wang et al., 2021). Passivating agents like
polyethylene glycol (PEG) or amines effectively reduce

and

non-radiative  recombination, improving emission
intensity (Sun et al., 2006). These enhanced optical
characteristics make CQDs highly suitable for

bioimaging, sensing, LEDs, and optoelectronic devices
(Zhang et al., 2018; Yang et al., 2022).

2.4 Chemical, Thermal, and Biological Stability

Carbon quantum dots (CQDs) are widely recognized for their
strong chemical, thermal, and biological stability, which
significantly enhances their applicability across diverse fields
(Sharma et al., 2020; Chen et al., 2020). Chemically, CQDs
possess abundant surface functional groups such as hydroxyl,
carboxyl, and amino groups that provide excellent aqueous
solubility and resistance to chemical degradation (Sun et al., 2006;
Wang et al., 2021). Their graphitic or partially graphitized cores
offer structural robustness, allowing them to withstand harsh pH
conditions and oxidative environments without losing functional
integrity (Baker & Baker, 2010).

Thermally, CQDs demonstrate exceptional heat stability due to
their carbon-based framework, which resists decomposition at
elevated temperatures far better than traditional semiconductor
quantum dots (Zhu et al.,, 2015; Kumar et al., 2021). Their
luminescent properties also remain stable under thermal stress,
enabling use in high-temperature applications such as LEDs,
photocatalysis, and thermal sensors (Li et al., 2016).

Biologically, CQDs exhibit high biocompatibility and low
cytotoxicity, which stem from their metal-free composition and
the presence of benign surface groups (Sharma et al., 2020; Yang
et al., 2022). Unlike heavy-metal quantum dots, CQDs do not
release toxic ions, making them safe for cellular imaging, drug
delivery, and biosensing (Wang et al., 2021). Their stability in
physiological environments minimal fluorescence
quenching and consistent performance in biological media (Liu et

al., 2019).

ensurcs

Overall, the robust chemical, thermal, and biological stability of
CQDs contributes to their reliability and long-term performance
in biomedical, environmental, and optoelectronic applications
(Baker & Baker, 2010; Zhang et al., 2018).

II1. Recent Advances in Synthesis Methods

Recent advances in carbon quantum dot (CQD) synthesis have
focused on improving luminescence, size control, and scalability
(Liu et al., 2019; Kumar et al., 2021). Bottom-up methods such as
hydrothermal, microwave-assisted, and green biomass-based
synthesis have gained prominence due to their simplicity, low
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cost, and eco-friendly nature (Li et al., 2016; Chen et al., 2020).
Heteroatom doping (N, S, P, B) and surface passivation are
widely used to enhance quantum vyield and tailor optical
properties (Wang et al., 2021; Sharma et al., 2020). Emerging
techniques—including microreactor-assisted synthesis, template-
guided  growth, ultrafast reactions, and
electrospinning—offer better uniformity and higher productivity
(Zhang et al., 2018; Yang et al., 2022). These advancements
enable precise structural control, making CQDs more efficient for
bioimaging, sensing, catalysis, and energy applications (Liu et al.,
2019; Kumar et al., 2021).

microwave

Fig 2: Preparation method of carbon quantum dots (Kong, J et al.
(2024)).

3.1 Top-Down Approaches
e Laser ablation
e Arc discharge
e  Electrochemical oxidation
e  Ultrasonication
e  Chemical oxidation
3.2 Bottom-Up Approaches
e  Hydrothermal/solvothermal carbonization
e  Microwave-assisted synthesis
e  Pyrolysis

e  Green synthesis using biomass (fruit peels, leaves, waste
materials)

e Molecular precursors (citric acid, urea, amino acids)
3.3 Emerging Techniques
e Template-assisted synthesis

e  Microreactor-based fabrication
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Electrospinning-derived CQDs

e Doping with heteroatoms (N, S, P, B) to enhance
luminescence

e  Surface passivation for higher quantum yield
IV. Characterization Techniques

Characterization techniques play a critical role in understanding
the structural, chemical, and optical properties of carbon quantum
dots (CQDs), ensuring their suitability for specific applications
(Baker & Baker, 2010; Sun et al., 20006).

Transmission Electron Microscopy (TEM) and High-Resolution
TEM (HRTEM) are essential for determining particle size,
morphology, and lattice fringes, providing direct visualization of
CQD dimensions and crystallinity (Zhu et al., 2015). X-ray
Diffraction (XRD) is used to assess the crystalline or amorphous
nature of the carbon core by identifying characteristic diffraction
patterns (Li et al., 2016). Surface chemistry is evaluated using
Fourier Transform Infrared Spectroscopy (FTIR) and Raman
spectroscopy, which reveal functional groups, bonding structures,
and graphitic or disordered carbon features (Sharma et al., 2020).
Optical properties are studied through UV—Visible absorption and
photoluminescence (PL) spectroscopy, offering insights into
electronic transitions, band structure, and emission behaviors
crucial for sensing and imaging applications (Wang et al., 2021).
X-ray Photoelectron Spectroscopy (XPS) provides detailed
information on elemental composition, oxidation states, and
surface heteroatoms, enabling correlation between chemical
structure and performance (Chen et al., 2020). Additionally,
Atomic Force Microscopy (AFM) is employed to measure surface
topography, height distribution, and particle uniformity on
substrates (Liu et al., 2019).

Together, these techniques offer comprehensive characterization
of CQDs, aiding in optimizing their synthesis, tuning their
properties, and advancing their applications in biotechnology,
energy, and optoelectronics (Yang et al., 2022; Kumar et al.,
2021).

V. Applications of Carbon Quantum Dots
5.1 Bioimaging and Biosensing

Carbon quantum dots (CQDs) are widely used in bioimaging and
biosensing due to their strong photoluminescence, excellent
biocompatibility, and tunable surface functionalities (Wang et al.,
2021). In bioimaging, they act as fluorescent probes for clear
visualization of cells and tissues, offering high brightness and
stability. In biosensing, CQDs enable sensitive detection of metal
ions such as Fe*', Hg?*, and Pb*, as well as important
biomolecules like glucose and dopamine (Sharma et al., 2020).
Their fluorescence response to specific analytes allows rapid,
selective, and highly sensitive sensing, making CQDs valuable for
medical diagnostics, environmental monitoring, and biological
analysis (Yang et al., 2022).
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Fig 3: Applications of carbon quantum dots. (Kong, J et al. (2024)
5.2 Drug Delivery and Therapeutics

Carbon quantum dots (CQDs) hold significant potential in drug
delivery and therapeutics due to their small size, biocompatibility,
and ease of functionalization (Li et al., 2016). Their surface can
be modified to load and transport drugs efficiently, enabling
targeted delivery to specific tissues or cells. CQDs also offer
controlled and stimuli-responsive release, improving therapeutic
efficacy while reducing side effects. Additionally, their inherent
photoluminescence allows real-time tracking of drug distribution
the body. Some CQDs exhibit photothermal or
photodynamic properties, making them useful in cancer therapy
through light-activated treatment (Wang et al., 2021). Overall,
CQDs provide a promising platform for advanced and precise
therapeutic applications (Sharma et al., 2020).

within

5.3 Environmental Applications

Carbon quantum dots play an important role in environmental
applications, including pollutant detection, wastewater treatment,
and heavy metal sensing due to their strong fluorescence and
surface activity (Zhang et al., 2018). They also act as efficient
photocatalysts for the degradation of organic dyes, enabling rapid
and eco-friendly removal of contaminants from water systems
(Chen et al., 2020).

5.4 Energy and Optoelectronic Applications

Carbon quantum dots (CQDs) have promising applications in
energy and optoelectronic devices due to their excellent
photoluminescence, tunable bandgap, and strong electron transfer
abilities (Kumar et al., 2021). In solar cells, CQDs function as
light-harvesting materials, enhancing absorption and improving
overall conversion efficiency. They are also used in light-emitting
diodes (LEDs), where their stable and color-tunable emission
enables vibrant, low-cost displays. In energy storage systems such
as supercapacitors and batteries, CQDs improve charge transport
and electrode stability (Chen et al., 2020). Additionally, their
ability to generate charge carriers under illumination makes them
suitable for photodetectors and other optoelectronic components,
contributing to efficient, lightweight, eco-friendly
technologies (Liu et al., 2019).

and

5.5 Chemical Sensing and Analytical Applications
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Carbon quantum dots (CQDs) are highly effective in chemical
sensing and analytical applications due to their strong,
environment-sensitive photoluminescence and versatile surface
functional groups (Sharma et al., 2020). They can selectively
detect gases, organic molecules, and various ions through
fluorescence quenching or enhancement. CQDs are also used in
analytical assays for monitoring pH, solvents, and reactive species.
Their rapid response, high sensitivity, and low detection limits
make them valuable for environmental analysis, food quality
monitoring, and industrial chemical detection (Yang et al., 2022).

VI. Challenges and Limitations

Despite their promising properties, carbon quantum dots (CQDs)
face several challenges and limitations that hinder their large-
scale adoption in advanced applications (Liu et al., 2019; Li et al.,
2016). One major challenge is the lack of synthesis
standardization; different methods produce CQDs with varying
sizes, surface chemistries, and optical behaviors, making
reproducibility difficult. Achieving consistent quantum yield,
stability, and emission properties remains complex, especially
when scaling up production. Many synthesis routes, particularly
top-down methods, yield low quantities or require expensive
equipment, limiting commercial feasibility. Another limitation is
the incomplete understanding of the photoluminescence
mechanism, which complicates the rational design of CQDs with
tailored optical features (Zhu et al., 2015). Surface defects,
heteroatom doping, and functional groups often influence
emission in unpredictable ways. Additionally, some chemical
synthesis methods involve harsh reagents or toxic solvents,
raising environmental and safety concerns. Ensuring long-term
biocompatibility and biosafety is also challenging; although
CQDs are generally considered low-toxicity, their interactions
with biological systems are not yet fully understood (Wang et al.,
2021). Furthermore, integrating CQDs into devices such as solar
cells, LEDs, and sensors requires precise control over their
interface with other materials, which is still technically
demanding. Overall, addressing these challenges is essential for
unlocking the full potential of CQDs in industrial, biomedical,
and environmental technologies (Kumar et al., 2021).

VII. Future Perspectives

e Development of greener, scalable, and cost-effective
synthesis methods.

e Improved control over size, surface chemistry, and
quantum yield for consistent performance.

e  Deeper understanding of photoluminescence
mechanisms to enable rational CQD design.

e Integration of CQDs into high-performance solar cells,
LEDs, biosensors, and flexible electronics.

e Exploration of CQD-based theranostics enabling
simultaneous imaging and therapy.

e Enhanced biocompatibility and long-term safety
evaluation for clinical applications.

e Expansion into environmental remediation, smart
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materials, and energy-efficient technologies.

VIII.Conclusion

Carbon quantum dots (CQDs) have emerged as versatile
nanomaterials with remarkable optical, chemical, and biological
properties, enabling applications across bioimaging, sensing,
energy, and environmental fields. Despite challenges such as
synthesis variability, and limited mechanistic
understanding, ongoing research continues to advance their
design and functionality. With improvements in scalable green

low yield,

synthesis, precise surface and enhanced
biocompatibility, CQDs hold significant potential to revolutionize
next-generation technologies in medicine, optoelectronics, and

environmental sustainability.
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