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Abstract : Carbon dots (CDs), discovered in 2004, have gained significant attention in the field of carbon nanomaterials.
Researchers have explored various synthesis methods, focusing on simplicity, cost-effectiveness, and scalability. The
photoluminescence mechanisms of CDs have been extensively studied, revealing key factors such as molecular state, surface
state, and carbon core state. Due to their excellent optical properties, biocompatibility, catalytic activity, and small size, CDs have
been widely applied in fields like catalysis, biomedicine, optoelectronics, and sensing. This overview highlights the de velopment
of CD synthesis strategies, discusses potential and challenges, and aims to inspire researchers to address technical hurdles and
fully harness the potential of CDs.

IndexTerms — Carbon dots, Hydrothermal, Microwave, Fluorescence

. INTRODUCTION

Traditional quantum dots (QDs) that contain heavy metals like cadmium and lead exhibit excellent optical properties and have
vast potential for various applications. However, their toxicity and environmental hazards significantly limit their use, particularly
in biological applications [1-3]. Therefore, developing eco-friendly QDs is crucial. Fortunately, carbon dots (CDs), a novel class
of zero-dimensional fluorescent carbon nanomaterials, were discovered by Xu et al. in 2004 during the purification of single-
walled carbon nanotubes [4]. Unlike semiconductor QDs, CDs possess lower toxicity, higher biocompatibility, and superior
photostability, making them a promising and safer alternative. CDs are carbon nanoparticles with diameters below 10 nm that
exhibit fluorescent properties [5-6]. A single CD structure typically consists of a carbon core and heteroatoms like nitrogen,
sulfur, and oxygen, as well as functional groups such as -OH, —COOH, and —NH; [7]. Due to their complex structure and
numerous variants, CDs with diverse morphologies have been referred to by different names. Yang's group categorized CDs into
three types based on their carbon core and surface chemical states: carbon nanodots (CNDs), graphene quantum dots (GQDs), and
polymer dots (PDs) [6]. Anisotropic graphene quantum dots (GQDs) exhibit quantum confinement and consist of single or
multiple graphene layers with crystalline structures and lateral dimensions. In contrast, carbon nanodots (CNDs) have a spherical
morphology with heights roughly equal to their lateral dimensions. CNDs can be further categorized into amorphous carbon
nanoparticles (CNPs) and cross-linked CNDs with polymer dots (PDs), which are formed through the polymerization of small
molecule or polymer precursors and do not exhibit quantum confinement effects. The diversity of carbon dots (CDs) largely stems
from differences in carbon sources and synthetic techniques.

Various carbon nanomaterials, such as carbon nanotubes (CNTSs), carbon nano-onions (CNOs), nanodiamonds, graphene,
fullerenes, and their derivatives, have several advantages. These include (1) favorable optical properties, where CDs exhibit
controllable photoluminescence (PL) emission, high resistance to photobleaching, and photoluminescence quantum vyields
(PLQYS) near 100% [8], unlike pure CNOs, nanodiamonds, CNTSs, graphene, and fullerenes, which rarely show visible PL due to
their zero optical bandgap. (2) Simple and cost-effective synthesis: although various preparation methods have been developed for
these carbon nanomaterials, they often have drawbacks such as high costs, poor yields, and complex processes. In contrast, CDs
can be synthesized using a wide range of precursors, including glucose, graphene oxide (GO), citric acid, CNTs, and even
household garbage [9-19], through various techniques like hydrothermal synthesis, chemical oxidation, microwave treatment, and
pyrolysis. This makes obtaining CDs at a low cost relatively easier. (3) Excellent stability and solubility: unlike other carbon
nanomaterials, which have poor solubility and stability due to limited surface groups and chemical inertness, CDs exhibit good
long-term solubility and stability in aqueous solvents due to their abundant surface groups. Moreover, the polarity of CDs can be
easily modified by choosing suitable precursors, allowing them to be dispersed in a variety of solvents. CDs also show promising
catalytic activity due to their unique electronic structures and energies. As a result, CDs are attracting increasing attention, with
many efforts being made to achieve simple, economical, and large-scale preparation. Recently, Chen's team developed a magnetic
hyperthermia method to rapidly and easily produce multicolor luminescent CDs on a large scale [23]. Although the synthesis of
CDs has advanced significantly, the specific mechanism of their PL is still under discussion, with current perspectives focus ing
on the carbon core state, surface state, molecule state, and their synergistic effect. The benefits of CDs include favorable optical
properties, attractive catalytic performance, chemical inertness, small size, ecological friendliness, and ease of synthesis [20-31].
Several notable reviews have recently been published on the photoluminescence (PL) mechanisms, synthetic methods, and
potential applications of carbon dots (CDs). For example, Tan's group [32] and Lu's group [17] have provided updates on the
development of CDs in light-emitting diodes (LEDs) and nanomedicine up to 2020. In another review, Lu's group discussed the
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PL mechanisms of CDs, including crosslink-enhanced emission, internal factor-dominated emission, and external factor-
dominated emission. Additionally, Yang's group [33] and Ding's group [34] have outlined advancements in chiral CDs and solid-
state CDs, respectively, up to 2020. However, the field of CDs is rapidly evolving, and there is a lack of a comprehensive study
that systematically presents synthesis procedures, PL mechanisms, and potential applications of CDs. It is well-known that the
synthesis methods, PL mechanisms, and potential applications of CDs are interconnected and support each other. For instance, the
ability to prepare multicolor emitting CDs at controlled temperatures promotes their application in bioimaging and optoelectronic
devices. Furthermore, the creation of CDs with well-defined structures using suitable precursors and reaction conditions facilitates
the understanding of their PL mechanism. Meanwhile, the discovery of the PL mechanism will guide the synthesis of CDs with
controlled PL, which is crucial for biomedicine applications that require CDs with stable PL, good photoluminescence quantum
yields (PLQYS5), and low toxicity.

A deeper understanding of the origin of PL in CDs will also facilitate the development of applications that rely on PL changes,
such as sensing and bioimaging. Therefore, a comprehensive examination is necessary to carefully explain the synthetic
processes, the source of fluorescence, and the prospective uses of CDs. This study aims to thoroughly document the development
of common preparation procedures, the most widely recognized theories for PL mechanisms, and potential CD applications. The
various methods used to create CDs, including electrochemical, pyrolysis reaction, chemical oxidation, microwave treatment,
laser ablation, hydrothermal synthesis, and other methods, are described in detail.

2.0 Synthesis Methods
The synthesis methods for carbon dots (CDs) can be categorized into two main approaches: bottom-up and top-down routes,
which are concisely illustrated in Figure 1.

Carbon Source Method Cytotoxicity/  Detection | Reference
Dots(CDs) Limit Range
CDs Gelatin Hydrothermal 1-75 pmol L1 98
Mthod
CDs carbohydrate Hydrothermal O0to1 x 103 99
Method
CDs DEA Microwave 5.0x 107210 8.0 100
Method
CDs catechol Hydrothermal 1x102to25 101
Method
CDs citric acid Hydrothermal 8.0 x 102 to 50 102
Method
CDs citric acid and | Hydrothermal 23 mM 164
urea method
CDs Free Gum | Hydrothermal 50ug/mL 165
Tragacanth method
and Chitosan
N-CDs Citric acid and | Microwave- 0.089 168
ethylenediami | assisted pmol/L
ne solvothermal
method
Citric acid and | Hydrothermal 0.076 nM 169
N-CDs ethanediamine | method

2.1 Chemical Oxidation Method

The chemical oxidation method involves oxidizing reactants to produce carbon dots (CDs) using strong acidic solutions like
concentrated HNO3 and H,SO. or oxidants like H,O, and FeCls. This approach typically introduces numerous oxygen-containing
functional groups, making CDs more water-soluble and suitable for bioimaging applications. Xu et al. first reported the synthesis
of CDs using arc-discharge soot and strong HNO3; in 2004, resulting in CDs with low photoluminescence quantum yields
(PLQYs) of up to 1.6% [4]. Although the PLQY was low, this pioneering work opened up a new area of research in carbon
nanomaterials. Later, Mao, Ray, and colleagues used candle soot as a carbon source to synthesize CDs with a PLQY of 3% and
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good water-solubility [39, 40]. Sun's group developed a two-step approach to create CDs with high PLQYs of up to 60% using
PEG1500N as a functionalizing agent [41]. This method involved refluxing carbon soot with HNO3 to create precursor carbon
nanoparticles, followed by reaction with PEG1500N to produce PEG-passivated CDs.

Other researchers have also used chemical oxidation to synthesize CDs with high PLQYs by combining surface passivation and
chemical oxidation [42, 43]. However, this method often requires strong acids, which can be environmentally hazardous. To
address this issue, some researchers have used H,O- as an oxidant to synthesize CDs with reduced environmental risks [49-51].
Additionally, using small molecules as precursors has been shown to alleviate some of the limitations of chemical oxidation, such
as low yields and PLQYSs [52, 53].

The chemical oxidation approach is one of the earliest methods for synthesizing CDs and allows for the rapid creation of
multicolor-emitting CDs from various carbon sources. However, the procedure often requires time-consuming post-treatments
and surface passivation to achieve high PLQYs. Furthermore, the use of acid oxidizing agents poses environmental concerns and
falls short of the desire for green preparation. While using non-acid oxidizing agents and small precursor molecules can reduce
environmental risks and produce CDs with good PLQYSs, it remains challenging to produce CDs with specific groups and
intended emissions. As a result, chemical oxidation has limitations in its broad applicability.

2.2 Laser Ablation Process

The laser-ablation method typically involves using a high-energy laser beam to attack a carbon target, resulting in the exfoliation
of carbon nanoparticles that are then functionalized to create carbon dots (CDs). Notably, this method can directly produce CDs
without further passivation by carefully selecting the carbon target or medium. Sun's group was the first to report the use of a
Nd:YAG laser with a wavelength of 1064 nm and a carbon target composed of cement and graphite powder to produce CDs with
aPLQY of 10% in 2006 [54]. This work demonstrated the feasibility of CDs for bioimaging but had limitations, such as the need
for high temperatures and low pressures, as well as organic species for passivation.

Du's team later improved the experimental settings to create CDs through a single-step laser-ablation process, streamlining the
operations and eliminating the need for challenging preparation phases [55]. They dispersed graphite powders in PEG200N and
exposed them to a Nd:YAG laser for 2 hours, resulting in CDs with a size of 3.2 nmand a PLQY of 5%. The formation of CDs
was attributed to the creation of a high-pressure and high-temperature environment in the PEG200N solvent, leading to the
condensation of carbon plasma and subsequent surface oxidation and reaction with PEG200N.

Despite these advances, the issues of low yields, low PLQYSs, and non-tunable morphology and PL of CDs persisted. Yang's team
later demonstrated the ability to control the size and PL of CDs by adjusting the laser pulse width, creating CDs with average
diameters of 3, 8, and 13 nm [56]. Li and colleagues also showed that the input of laser fluence could adjust the sizes and PL
emissions of CDs, using toluene as a carbon precursor and eliminating the need for passivators like PEG [57]. They revealed the
formation process of CDs through real-time detection of PL changes, showing that large pieces of graphene were formed as an
intermediate before being laser-ablated to produce CDs.

Kang's group further demonstrated that the surface flaws of graphene quantum dots (GQDs) could be functionalized with shorter
laser wavelengths, and that multiple GQD surface states could be created by adjusting the laser wavelength [58]. This discovery
provided a new idea for modifying the shape and PL of CDs.

2.3 Electroche mical Method

Good conductivity carbon materials are typically used as working electrodes and carbon sources in electrochemical synthesis.
When a certain voltage is applied, an oxidation reaction occurs at the anode, leading to the separation of carbon dots (CDs) from
carbon precursors. Additionally, the electrolyte can serve as a carbon source, enabling bottom-up electrochemical synthesis of
CDs [59]. Sham and colleagues first used the electrochemical method in 2007 to directly produce blue-light-emitting CDs with a
PLQY of 6.4% [60]. They used a three-electrode system with multi-walled carbon nanotubes (MWCNTS) as the carbon source
and acetonitrile solution containing tetrabutylammonium perchlorate (TBAP) as the electrolyte.

The production of CDs was attributed to the intercalation of TBA cations into the gap of MWCNTS, followed by their exfoliation
into the electrolyte solution [60]. Although this research introduced a novel strategy for the direct synthesis of water-soluble CDs,
the yields, PLQYSs, and fluorescence tunability of CDs needed to be improved. Later, CDs with an average diameter of 2.0 nm
were prepared using a graphite rod as the working electrode and phosphate buffer solution as the electrolyte [61].
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In another instance, a two-electrode system was used to fabricate CDs, reducing the cost of production by using petroleum coke
as the carbon source [62]. lonic liquids (ILs) were also employed as the electrolyte to complete the electrochemical synthesis of
CDs, and graphene sheet and screen-printed carbon electrodes were used as electrodes [63]. The production of hydroxyl and
oxygen radicals by anodic oxidation of water was thought to be responsible for the hydroxylation or oxidation of graphite and
subsequent release of CDs from the anode.

The produced CDs had high crystallinity, superior water solubility, and limited size distribution, making them suitable for cell
imaging and photovoltaics [63]. However, the issues of poor yields, low PLQYs, and monotonous CD fluorescence persisted. Li
et al. later demonstrated that changing the electrolytes could affect the morphology and fluorescence performance of graphene
quantum dots (GQDs) [64]. Pang and colleagues showed a controlled electrochemical approach for the size-selective synthesis of
monodisperse luminous CDs [65], although it was unable to significantly alter the PL emissions of CDs.

Kang's team demonstrated the ability to adjust the current intensity in an alkali-assisted electrochemical system to produce CDs
with size-dependent PL that changed from blue to brown as diameters increased from 1.2 to 3.8 nm [66]. They also created CDs
with various PL emissions and sizes by varying the parallel spacing of graphite rods [67]. However, the yields of CDs were low in
both cases.

Liu and colleagues presented a simple bottom-up production approach of CDs by electrochemical carbonization of ILs-containing
nitriles as both electrolyte and carbon sources [59]. The creation mechanism of CDs was hypothesised based on structural
properties, and the produced CDs had exceptional water solubility and a PLQY of more than 10%, making them suitable for cell
imaging and ion detection.

The electrochemical method can produce water-soluble CDs with uniform size and high crystallinity, making them suitable for
catalysis and photovoltaics [66, 67]. However, this technology has clear drawbacks, such as poor yields, low PLQYs of CDs, and
a time-consuming process, making it challenging to produce CDs on a wide scale for a low cost.

2.4 Hydrothermal Route

The hydrothermal/solvothermal method involves adding reactants containing small molecules or bulk materials to water or other
solvents, which are then sealed in a container and subjected to high temperatures and pressures to undergo polymerization,
carbonization, or cutting to form carbon dots (CDs). Wu's group first reported a hydrothermal method for producing graphene
quantum dots (GQDs) with a PLQY of 5% by slicing oxidized graphene sheets [68]. Although this method was simple, it had
limitations, such as low PLQYSs, non-uniform GQD sizes, and the need for pretreatment of source materials.

Hiroyuki et al. later used the solvothermal method to synthesize amino-functionalized GQDs with a PLQY of up to 29% and a
narrow size distribution, demonstrating the ability to tailor PL colors of GQDs by adjusting the reaction temperature [69].
However, this study used expensive oxidized graphene sheets as the carbon source. To address this issue, researchers have used
sustainable and renewable leaves as carbon sources to create CDs, significantly reducing costs [22, 70]. For example, poplar
leaves were used to create CDs with a PLQY of 10.64% and a high throughput of 1.4975 kg, providing an environmentally
friendly method for mass-producing CDs [70].

The hydrothermal/solvothermal method has been used to create CDs with various properties, such as high photostability and
minimal cytotoxicity, making them suitable for electrocatalytic water splitting, sensing, and bioimaging [70]. Additionally, waste
expanded polystyrene has been transformed into high-value CDs using a one-step solvothermal process [71]. However, the top-
down hydrothermal/solvothermal approach often requires difficult post-processing to eliminate unreacted byproducts, increasing
preparation time and expense.

Dai's team developed a productive hydrothermal approach to synthesize GQDs using starch as a precursor, eliminating the need
for time-consuming post-treatment [72]. Small molecules as precursors have been shown to be more adaptable in altering the
optical and structural characteristics of CDs during hydrothermal/solvothermal processes than bulk materials [74]. Yang's team
demonstrated that tailoring CDs with heteroatoms could effectively alter their physicochemical properties, especially enhance
PLQYs, by hydrothermally preparing blue-emitting CDs with a PLQY of ca. 80% using citric acid and ethylenediamine (EDA) as
the respective carbon and nitrogen sources [76].

Various nitrogen sources have been used to create N-doped CDs, including anilines and their derivatives [28, 77-82], urea [83],

EDA [84, 85], and even organic pollutants [73]. The creation mechanism of N-doped CDs generated from reactive red 2 involved
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the breakdown of the precursor into tiny carbon particles, followed by polymerization, expansion, and oxidation to produce N-
doped CDs [73]. The hydrothermal method has been shown to be widely applicable, with CDs being used in bioimaging, WLEDs,
and other applications [81].

2.5 Pyrolysis Method

The pyrolysis method typically involves carbonizing carbon sources at high temperatures, followed by post-treatment and
purification processes such as filtration, centrifugation, dialysis, and chromatographic separation to collect carbon dots (CDs).
However, the separating process can be stopped by encapsulating CDs with a suitable template to restrain their development and
shape during pyrolysis [97]. The pyrolysis method can be divided into liquid-phase and solid-phase pyrolysis depending on the
state of the carbon source.

Liu's group developed a pyrolysis technique to create oil-soluble CDs with a high PLQY of 53% by carbonizing citric acid
anhydrous in a hot mixture of octadecene and 1-hexadecylamine [98]. This study demonstrated that the optical properties of CDs
can be changed by altering the pyrolysis parameters, such as agents, solvents, or pyrolysis duration. Wu's group later developed a
one-step solid-phase pyrolysis method to create blue luminous CDs with a PLQY of 31.6%-40.6% by calcining the disodium salt
of ethylenediaminetetraacetic acid at 400°C for two hours without any solvent or agent [99].

The CDs produced by pyrolysis have simple manipulation and desirable PLQYS, but their application potential in catalysis is
limited by their non-uniform size and propensity to aggregate [101]. To address this issue, researchers have used templating
methods to control the shape and size of CDs during pyrolysis [101-103]. Additionally, N-doped CDs with high PLQYs have
been created by sensibly choosing surface passivation agents or precursors [104-107]. For example, N-doped GQDs with a high
PLQY of 59.2% were generated by one-step pyrolysis using tris(hydroxymethyl)aminomethane as a surface passivation agent and
a dopant, as well as citric acid as a carbon source [108].

The pyrolysis method has several advantages, including easy operation, inexpensive carbon sources, and large-scale preparation.
However, the approach is labor-intensive, consumes a lot of energy, and is unable to avoid the tiresome post-treatment and
purification required to produce high-quality CDs of a consistent size. The preparation of long-wavelength CDs by pyrolysis is
particularly challenging, severely restricting the use of CDs in optoelectronics and biomedicine.

2.6 Microwave method

The microwave treatment method allows for the quick production of carbon dots (CDs) in just a few minutes. During the
treatment, reactants with polar molecules absorb microwave energy and transform it internally, resulting in rapid heating of the
reactants. This method differs from the hydrothermal/solvothermal method, where the internal energy is produced from within the
materials. Yang's group first reported the use of microwave treatment to prepare CDs in 2009 by mixing PEG200N and glucose
[Yang's group reference].

The microwave method has been used to create CDs with various properties, including high PLQYs and multicolor emission.
Doping with nitrogen has been shown to significantly raise PLQYs and alter PL hues. For example, N-doped CDs with a high
PLQY of 15% were created by microwave irradiating citric acid and urea [119]. The PLQY of N-doped CDs could be increased
to 40.2% when EDA was used instead of urea as the nitrogen source [119]. Additionally, magneto-fluorescent CDs doped with
iron and nitrogen were synthesized by microwave treatment of citric acid and EDA in the presence of FeCl, [121].

The microwave method has also been used to create multicolor PL CDs. Liu et al. created CDs using microwave irradiation and
poly(ethyleneimine) solution with glutaraldehyde (GA) added to it, resulting in multicolor luminous CDs with an adjustable
wavelength ranging from 464 to 556 nm [122]. The microwave approach has also been shown to contribute to preventing direct
pep contacts or excessive resonance energy transfer in order to produce self-quenching-resistant solid-state PL CDs [119, 123-
125].

Large-sized raw materials can also be used to create CDs using the microwave method. For example, GO as the carbon source
was used to create greenish-yellow luminous GQDs with a PLQY of 11.7% using the microwave technique in an acid
environment [126]. However, this study needed a 3-hour reaction time and employed strong acids as the solvent, restricting its
widespread use. Wang's group later used microwave technology to manufacture B-doped GQDs with a PLQY of 21.1% while

avoiding the need of strong acids and cutting the reaction time to 30 min [127].
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The microwave method has several advantages, including quick and uniform heating, reduced reaction time, and increased
product yields. This method is more practical, cost-effective, and time-saving than previous approaches, showing great promise
for widespread industrialization. However, microwave-derived CDs often have wilder size distributions and lower PLQYs
compared to hydrothermal/solvothermal CDs, which can affect their performance in fields like biomedicine and optoelectronics.
2.7 Other Chemical Processes

In addition to the methods mentioned above, extensive research has been conducted to examine additional chemical techniques
for the quick and effective manufacture of carbon dots (CDs). Chen's group used a plasma-induced technique to significantly
reduce reaction time by employing inexpensive, natural chicken eggs as the precursor [129]. Yan et al. developed a solvent-free
gaseous detonation technique to transform benzoic acid into powdered blue-emitting graphene quantum dots (GQDs) within
milliseconds [130].

The ultrasonic method is unique in that it benefits from low-tech requirements, cheap equipment, and easy manipulation. A
simple ultrasonic approach to create CDs was given by Lee [131], Meral [132], Liu [133], Yan [134], Leblanc [7, 135], et al.
They used a variety of carbon sources, including citric acid, blueberries, graphene, and even food waste. Orange-emission N-
doped CDs were made by ultrasound method [135] employing deionized water as the solvent, citric acid and o-phenylenediamine
(oPD) as carbon and nitrogen sources.

Other straightforward methods for making CDs have been created, including the photo-Fenton reaction and the sono-Fenton
reaction [136, 137]. Liu's team showed how to produce graphite-based GQDs with a size of 8 nm using a magnetron sputtering
technique [138]. Additionally, a number of environmentally friendly and sustainable synthesis methods, such as the Schiff base
reaction [21], self-exothermic synthesis [20, 24], co-polymerization reaction [138], base catalysis, and reduction methods [16],
have attracted a lot of interest due to their advantages, including energy conservation, ease of use, and lack of specialized
equipment.

Chen's group introduced a new rapid magnetic hyperthermia strategy to produce multi-fluorescence CDs using carbamide and
citrate with three different cations as precursors [23]. This method fully exploited the magneto caloric effect to quickly and easily
synthesize CDs with a yield of 60% and a production rate up to 85 g per hour.

In conclusion, a lot of work has been put into thoroughly researching the creation of CDs, and a lot of progress has been
accomplished. Numerous methods, including chemical oxidation, laser-ablation, electrochemistry, hydrothermal/solvothermal
synthesis, pyrolysis reaction, and microwave treatment, have been used to create CDs. The hydrothermal/solvothermal approach
is regarded as the best preparation technique for efficiently fabricating CDs. Other chemical techniques, such as gaseous
detonation [130], magnetic hyperthermia [23], self-exothermic reaction [24], and the aldol condensation method [27], have also
been developed and paved the way for industrial preparation.

The vast majority of carbon-containing substances have manifested as precursors [5, 6, 9-18], laying the groundwork for
inexpensive CD preparation. However, there are still unavoidable drawbacks, including ill-defined optical qualities and CD sizes,
undesirable purity, and intermittent manufacture, that must be overcome to improve the application potential of CDs. Therefore, it
is imperative to improve the current processes and continue to research new avenues for the quick, effective, environmentally
friendly, scaled-up, and manageable production of CDs. Improved knowledge of the photoluminescence (PL) genesis of CDs is
anticipated to fundamentally direct and improve their synthesis methods.
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