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Abstract: Graphene quantum dots (GQDs) have garnered significant attention in recent years due to their 

unique properties and promising applications in various fields such as electronics, optoelectronics, bioimaging, 

and sensing. The synthesis of GQDs is a critical step in harnessing their potential, and numerous methods have 

been developed to produce GQDs with specific properties. This review provides an overview of the different 

techniques employed for synthesizing GQDs, including top-down and bottom-up approaches. Furthermore, it 

discusses the advantages, limitations, and potential applications of each method, offering insights into the 

future direction of GQD synthesis research. 

Keywords: graphene quantum dots; synthesis techniques; top-down approach; bottom-up approach; 

applications 

 

1. Introduction: 

Graphene quantum dots (GQDs) are zero-dimensional graphene-based nanomaterials with 

unique electronic, optical, and chemical properties[1, 2]. Their small size (typically less than 10 nm in 

diameter) endows them with quantum confinement effects, making them highly attractive for a wide 

range of applications including bioimaging, sensing, energy storage, and catalysis[3]. The controlled 

synthesis of GQDs with tunable properties is essential for realizing their full potential in these 

applications. 

In recent years, significant progress has been made in developing various synthesis techniques 

for GQDs. These techniques can be broadly classified into two categories: top-down and bottom-up 

approaches[4]. Top-down approaches involve the exfoliation or fragmentation of larger graphene 

structures into smaller quantum dots, while bottom-up approaches involve the assembly or growth 

of GQDs from molecular precursors[5, 6]. Each approach offers distinct advantages and limitations, 

and the choice of method depends on the desired properties and intended applications of the 

GQDs[7]. 
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Figure 1. Graphical abstract of various method of synthesis of grapheme quantum dots. 

2. Different Methods of Synthesising of Graphene Quantum Dots: 

Graphene quantum dots (GQDs) can be synthesized using various methods, each offering 

unique advantages and limitations. These methods can be broadly classified into two categories: top-

down and bottom-up approaches[8].  

2.1. Top-Down Synthesis Techniques: 

Top-down approaches for synthesizing GQDs typically involve the exfoliation or fragmentation 

of graphene-based materials such as graphene oxide (GO) or graphite into smaller nanoscale 

structures[8, 9]. One of the most commonly used methods is the chemical oxidation and subsequent 

exfoliation of graphite to produce graphene oxide, followed by the reduction of GO to GQDs[10]. 

Other top-down techniques include laser ablation, electrochemical exfoliation, and microwave-

assisted exfoliation. These methods offer several advantages such as scalability, simplicity, and 

control over the size and surface chemistry of the resulting GQDs[5]. However, they often suffer from 

low quantum yield, limited size control, and the presence of structural defects[9]. 
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2.1.1. Chemical Oxidation and Exfoliation of Graphene Quantum Dots: 

Chemical oxidation and subsequent exfoliation represent one of the most widely employed 

methods for synthesizing graphene quantum dots (GQDs)[11]. This technique involves the oxidation 

of graphite to graphene oxide (GO), followed by the exfoliation of GO sheets into GQDs, which are 

then reduced to obtain GQDs with desired properties[11]. 

2.1.1.1. Chemical Oxidation of Graphite: 

The process typically begins with the chemical oxidation of graphite to produce graphene oxide 

(GO). Hummers' method and modified Hummers' method are two common approaches used for this 

purpose[12]. In Hummers' method, a mixture of concentrated sulfuric acid, potassium 

permanganate, and graphite flakes is stirred at a controlled temperature[13]. This leads to the 

oxidation of graphite and the formation of GO, which is characterized by the presence of oxygen-

containing functional groups such as hydroxyl, carboxyl, and epoxy groups on its basal plane and 

edges[14]. 

The chemical oxidation method, also known as the oxidation cutting method, is widely 

employed in the synthesis of graphene quantum dots (GQDs), wherein carbon bonds present in 

graphene, graphene oxide (GO), or carbon nanotubes are typically broken down using strong 

oxidants like H2SO4, HNO3, or others[15]. 

 

Figure 2. illustrate the synthesis images of Chemical Oxidation of Graphite. 
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2.1.1.2. Exfoliation of Graphene Oxide: 

The obtained GO sheets undergo exfoliation into GQDs through various methods, such as 

ultrasonication of GO suspensions, inducing the exfoliation of GO sheets into smaller fragments due 

to the cavitation effect, or chemical or thermal reduction of GO, inducing the fragmentation of GO 

sheets into GQDs, with the reduction process removing oxygen-containing functional groups from 

GO, leading to the formation of GQDs with sp²-hybridized carbon structures[16]. 

Advantages of chemical oxidation and exfoliation methods include scalability, with adaptability 

for large-scale production of GQDs, control over size and surface chemistry through adjustment of 

reaction parameters, and versatility allowing application to various carbon precursors[17]. 

Limitations include relatively low quantum yields, potential introduction of structural defects 

and functional groups during oxidation, and environmental and safety concerns due to the use of 

strong oxidizing agents and harsh reaction conditions[18]. 

Applications of GQDs synthesized via chemical oxidation and exfoliation encompass 

bioimaging, with their biocompatibility, low cytotoxicity, and bright fluorescence, sensing for 

detection of ions, biomolecules, and environmental pollutants, and photocatalysis for reactions like 

water splitting, pollutant degradation, and organic synthesis, leveraging their ability to generate 

reactive oxygen species under light irradiation[19, 20]. 

Chemical oxidation and exfoliation represent a versatile and widely used method for 

synthesizing GQDs with tunable properties, making them valuable materials for various applications 

in energy, biomedicine, and environmental remediation[21]. 

 

Figure 3. synthesis method of Exfoliation of Graphene Oxide. 
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2.1.2. Laser Ablation for Synthesizing Graphene Quantum Dots: 

Laser ablation is a powerful technique used for the synthesis of graphene quantum dots (GQDs), 

offering precise control over the size, structure, and properties of the resulting nanomaterials[22]. In 

this method, a high-energy laser beam is focused onto a target material, typically graphite, in a liquid 

medium, leading to the ablation or fragmentation of the target material and the formation of 

GQDs[23].  

Laser ablation involves the irradiation of a solid target material, such as graphite, with a high-

energy laser beam in a liquid medium, such as water or organic solvents[24]. The intense laser energy 

causes the target material to undergo rapid heating and vaporization, leading to the formation of a 

plasma plume consisting of atoms, ions, and nanoparticles[25]. As the plasma plume expands and 

cools, nucleation and growth processes occur, resulting in the formation of GQDs dispersed in the 

liquid medium[26]. 

Laser ablation provides precise control over the size, shape, and structure of synthesized GQDs 

through parameters such as laser power, pulse duration, and repetition rate, yielding GQDs with 

high quantum yield and narrow size distribution, minimal defects, and versatility across target 

materials and liquid media[27]; however, its complexity, safety concerns, and limited scalability for 

large-scale production pose challenges, while applications range from optoelectronic devices like 

LEDs to biomedical imaging and sensing platforms for various analytes[28]. 

 

Figure 4. synthesis protocol of Laser Ablation for Synthesizing Graphene Quantum Dots. 
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2.1.3. Electrochemical Exfoliation for Synthesizing Graphene Quantum Dots: 

Electrochemical exfoliation is a versatile and scalable technique used for the synthesis of 

graphene quantum dots (GQDs) from graphite or graphite oxide precursors[11]. This method offers 

several advantages, including simplicity, scalability, and control over the size and properties of the 

resulting GQDs. In this process, graphite-based materials are subjected to an electrochemical reaction 

in an electrolyte solution, leading to the exfoliation and formation of GQDs[29].  

Electrochemical exfoliation involves the application of an electric potential to a graphite-based 

electrode immersed in an electrolyte solution[30]. During the electrochemical reaction, intercalated 

ions between the graphene layers are removed, leading to the exfoliation of graphite flakes into 

GQDs[31]. The exfoliated GQDs are then dispersed in the electrolyte solution, where they can be 

collected and further processed[11]. 

Electrochemical exfoliation offers scalability for large-scale production of GQDs, alongside 

control over size, morphology, and surface chemistry through parameter adjustments, while being 

environmentally friendly and cost-effective due to its use of aqueous electrolyte solutions and simple 

equipment[32]; however, limitations include variable quality and potential contamination from 

impurities, as well as electrode degradation from prolonged reactions[33]. Applications range from 

energy storage in supercapacitors and batteries to sensing platforms for various analytes and 

catalysis for chemical reactions like ORR, HER, and photocatalytic water splitting[33]. 

Electrochemical exfoliation stands as a promising method for synthesizing graphene quantum 

dots with tailored properties for a wide range of applications, including energy storage, sensing, and 

catalysis[11]. Ongoing research efforts are focused on optimizing this method and exploring new 

avenues for the application of GQDs in emerging fields[5]. 
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Figure 5. Electrochemical Exfoliation for Synthesizing Graphene Quantum Dots synthesis method. 

2.1.4. Microwave-Assisted Exfoliation for Synthesizing Graphene Quantum Dots: 

Microwave-assisted exfoliation is a rapid and efficient technique used for the synthesis of 

graphene quantum dots (GQDs) from graphite or graphite oxide precursors[34, 35]. This method 

harnesses microwave irradiation to induce the exfoliation of graphite-based materials, resulting in 

the formation of GQDs with controlled properties[36].  

Microwave-assisted exfoliation utilizes microwave irradiation to induce the exfoliation of 

graphite or graphite oxide precursors in the presence of a suitable solvent[37]. The microwave energy 

rapidly heats the precursor material, leading to the expansion and delamination of graphene layers 

and the formation of GQDs[38]. The solvent plays a crucial role in facilitating the exfoliation process 

and stabilizing the resulting GQDs in dispersion[39]. 

Microwave-assisted exfoliation facilitates rapid synthesis of GQDs with high yields and 

reproducibility, alongside control over size, morphology, and properties through adjustable 

parameters[40], while employing eco-friendly solvents to minimize environmental impact; however, 

scalability may be limited due to reactor throughput and precise parameter control requirements, 

with risks of overheating and dependency on specialized equipment[41]. Applications span 

biomedical imaging for fluorescence and bioimaging, sensing platforms for various analytes, and 

energy conversion/storage in supercapacitors, batteries, and solar cells, leveraging GQDs' optical, 

electronic, and electrochemical properties[42]. 
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Microwave-assisted exfoliation represents a promising method for synthesizing graphene 

quantum dots with tailored properties for various applications in biomedicine, sensing, energy 

conversion, and beyond[43]. Further research is needed to optimize this method and explore its full 

potential in emerging fields[44]. 

 

Figure 6. Microwave-Assisted Exfoliation for Synthesizing Graphene Quantum Dots. 

2.2. Bottom-Up Synthesis Techniques: 

Bottom-up approaches involve the synthesis of GQDs from molecular precursors through 

various chemical or physical processes[45]. These methods offer precise control over the size, shape, 

and surface properties of the GQDs, leading to enhanced optical and electronic properties[46]. 

Common bottom-up techniques include hydrothermal/solvothermal synthesis, pyrolysis, chemical 

vapor deposition (CVD), and electrochemical synthesis[47]. Hydrothermal/solvothermal synthesis, 

in particular, has emerged as a promising method for producing GQDs with high quantum yield, 

narrow size distribution, and excellent photoluminescent properties[5]. However, bottom-up 

approaches often require complex synthetic routes, expensive precursors, and specialized 

equipment, limiting their scalability and practicality for large-scale production[48]. 

2.2.1. Hydrothermal/Solvothermal Synthesis for Synthesizing Graphene Quantum Dots: 

Hydrothermal/solvothermal synthesis is a widely utilized method for the production of 

graphene quantum dots (GQDs) from carbon precursors under high-temperature and high-pressure 

conditions in aqueous or organic solvents[5]. This technique offers precise control over the size, 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2024                   doi:10.20944/preprints202405.0817.v1

https://doi.org/10.20944/preprints202405.0817.v1


 9 

 

morphology, and surface properties of the resulting GQDs, making it suitable for various 

applications[49].  

Hydrothermal/solvothermal synthesis involves the reaction of carbon precursors, such as 

organic molecules or carbon-based materials, in a high-temperature and high-pressure environment, 

typically in the presence of water (hydrothermal) or organic solvents (solvothermal)[49]. The carbon 

precursors undergo nucleation, polymerization, and carbonization processes, leading to the 

formation of GQDs. The controlled synthesis conditions allow for the precise control over the size, 

structure, and properties of the synthesized GQDs[5]. 

The hydrothermal method offers a straightforward and expeditious approach to fabricate 

graphene quantum dots (GQDs)[50, 51]. By employing various macromolecular or small molecular 

substances as starting materials, GQDs are ultimately obtained through high-temperature and high-

pressure conditions[52]. The fundamental principle involves breaking the bonds between carbon 

materials to form GQDs via high-temperature processing under elevated pressure[53]. 

Hydrothermal/solvothermal synthesis offers a versatile and efficient method for synthesizing 

graphene quantum dots with tailored properties for various applications in biomedicine, sensing, 

energy conversion, and beyond[54]. Further research is needed to optimize this method and explore 

its full potential in emerging fields. 

 

Figure 7. Hydrothermal/Solvothermal Synthesis for Synthesizing Graphene Quantum Dots.  
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2.2.2. Pyrolysis for Synthesizing Graphene Quantum Dots: 

Pyrolysis is a versatile and efficient technique used for the synthesis of graphene quantum dots 

(GQDs) from carbon-rich precursors through the thermal decomposition and carbonization 

processes[55]. This method offers control over the size, structure, and properties of the resulting 

GQDs, making it suitable for various applications. 

Pyrolysis involves the thermal decomposition of carbon-rich precursors, such as small organic 

molecules, polymers, or carbon nanoparticles, at high temperatures in an inert atmosphere[43, 56]. 

During pyrolysis, the carbon precursors undergo decomposition and carbonization processes, 

leading to the formation of carbonaceous materials, including GQDs[57]. The controlled synthesis 

conditions allow for the precise control over the size, morphology, and surface properties of the 

synthesized GQDs[43]. 

The carbonization pyrolysis method, also known as small-molecule carbonization, has emerged 

as a straightforward approach owing to ongoing research on GQDs[58, 59]. The fundamental 

mechanism involves heating the small-molecule precursor carbon source material above its melting 

point using specialized instruments. Upon reaching a certain temperature, the material undergoes 

condensation to yield small-molecule graphene quantum dot material[60]. 

 

Figure 8. Pyrolysis for Synthesizing Graphene Quantum Dots. 

2.2.3. Chemical Vapor Deposition (CVD) for Synthesizing Graphene Quantum Dots: 

Chemical Vapor Deposition (CVD) is a versatile and widely employed technique for the 

synthesis of graphene quantum dots (GQDs) with precise control over their size, structure, and 
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properties[43, 61]. In this method, carbon-containing precursor gases are thermally decomposed on 

a catalytic substrate at high temperatures, resulting in the nucleation and growth of GQDs.  

CVD involves the deposition of carbon atoms from gas-phase precursor molecules onto a 

substrate surface under controlled conditions[62, 63]. In the case of GQD synthesis, carbon-containing 

precursor gases, such as methane (CH4) or ethylene (C2H4), are introduced into a reaction chamber 

containing a catalytic substrate, typically a transition metal catalyst like copper (Cu) or nickel (Ni)[64]. 

Upon heating to high temperatures (typically above 800°C), the precursor molecules decompose, and 

carbon atoms reassemble and nucleate on the substrate surface to form GQDs[65]. 

Chemical Vapor Deposition (CVD) provides precise control over GQDs' size, morphology, and 

structure, yielding high crystallinity and scalability for industrial-scale production, while being 

versatile across substrate materials and catalysts[66]; however, challenges include equipment 

complexity, potential catalyst contamination, and substrate compatibility issues, necessitating 

specialized equipment and optimization for specific applications[66]. Applications range from 

optoelectronic devices like LEDs to sensing platforms for analytes detection and catalysis for various 

chemical reactions, leveraging GQDs' optical, electronic, and catalytic properties[67]. 

Chemical Vapor Deposition (CVD) emerges as a powerful method for synthesizing graphene 

quantum dots with precise control over their properties, enabling various applications in 

optoelectronics, sensing, catalysis, and beyond[68]. Further research efforts are focused on 

optimizing CVD parameters and exploring new applications of GQDs in emerging fields. 

 

Figure 9. Chemical Vapor Deposition (CVD) for Synthesizing Graphene Quantum Dots. 
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2.2.4. Electrochemical Synthesis of Graphene Quantum Dots: 

Electrochemical synthesis is a versatile and efficient method for the production of graphene 

quantum dots (GQDs), offering precise control over their size, morphology, and properties[69]. This 

technique involves the electrochemical reduction of graphite-based precursors in suitable electrolyte 

solutions, leading to the formation of GQDs.  

Electrochemical synthesis of GQDs involves the reduction of graphene oxide (GO) or other 

graphite-based precursors at the electrode/electrolyte interface under an applied electric 

potential[70]. Typically, a conductive substrate, such as indium tin oxide (ITO) or glassy carbon 

electrode, is employed as the working electrode, while a reference electrode (e.g., Ag/AgCl) and a 

counter electrode (e.g., platinum) complete the electrochemical cell[71]. The reduction process results 

in the formation of GQDs with controlled size and surface chemistry[72]. 

The electrochemical oxidation method involves the oxidation and decomposition of carbon-

carbon bonds present in graphite, graphene, or carbon nanotubes, leading to the formation of 

graphene quantum dots (GQDs) at a high redox voltage range of +1.5 to +3 V[32]. 

 

Figure 10. Electrochemical Synthesis of Graphene Quantum Dots. 

3. Applications of GQDs: 

The unique properties of GQDs make them highly versatile materials with diverse 

applications[73]. In electronics, GQDs have been employed in field-effect transistors, light-emitting 

diodes, and solar cells due to their high carrier mobility, excellent conductivity, and tunable 

bandgap[67]. In biomedicine, GQDs have shown great potential as contrast agents for bioimaging, 

drug delivery vehicles, and theranostic agents for cancer therapy[74]. Moreover, GQDs have been 

used in environmental sensing, photocatalysis, and energy storage applications due to their high 

surface area, chemical stability, and photocatalytic activity[3]. 
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Figure 11. various applications of GQD. 

4. Conclusion and Future Perspectives: 

In summary, the synthesis of GQDs is a rapidly evolving field with numerous techniques 

available for producing GQDs with tailored properties. Both top-down and bottom-up approaches 

offer unique advantages and limitations, and the choice of method depends on the specific 

requirements of the desired applications. Further research is needed to address the existing 

challenges in GQD synthesis such as scalability, reproducibility, and cost-effectiveness. Future efforts 

should focus on developing novel synthesis techniques, optimizing existing methods, and exploring 

new applications of GQDs in emerging fields such as quantum computing, flexible electronics, and 

wearable devices. 
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