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Being a fluorescent carbon material, graphene quantum dots (GQDs) have 
seeked attention due to their properties and potential applications in biological, 
optoelectronic, and energy-related fields. Furthermore, GQDs are nontoxic and 
possess biologically inert properties. Due to these characteristics, they are apt 
for various commercial and domestic applications, which include catalysis, 
imaging, medical applications, energy-based research, and environmental 
applications. 

However, their high cost and low yield remain open challenges for practical 
applications. Many carbon-based resources has been used to synthesise GQDs, 
such as graphite flakes, carbon nanotubes, graphene, carbon fibrecoal and 
others. The main focus of this review is on the methods of synthesis of GQDs. 
The synthesis strategies of GQDs, including top–down and bottom–up strategies 
mainly containing, the hydrothermal or solvothermal method, the ultrasonic-
assisted or microwave assisted process and electrochemical oxidation from 
small molecules or polymers, are discussed. 
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1. INTRODUCTION 

Over the past two decades, nanostructured semiconductors, or quantum dots (QDs), 
have garnered significant attention due to their size-dependent optoelectronic properties. 
Since graphene's discovery in 2004, metal-free carbon-based QDs, such as carbon QDs 
(CQDs), graphene quantum dots (GQDs), and graphitic-carbon nitride QDs (g-CNQDs), 
have emerged as promising alternatives to traditional metallic QDs. These carbon-based 
QDs not only retain the excellent stability and tunable fluorescence of metallic QDs but 
also offer additional benefits such as easy synthesis, superior biocompatibility, and low 
toxicity. 

GQDs, a recently discovered type of carbon-based nanomaterial, are derived from two-
dimensional graphene, which restricts electronic transport in all three spatial dimensions. 
With diameters of less than 20 nanometers, GQDs are small enough to confine excitons, 
exhibiting a non-zero band gap that becomes luminescent when stimulated. Compared 
to carbon nanodots, GQDs have superior chemical and physical properties, including a 
higher length-to-diameter ratio, larger surface area, and stronger surface bonding due to 
their graphene layer structure. Additionally, GQDs possess the attractive property of 
photoluminescence (PL), attributed to quantum confinement. 
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When ideal graphene is transformed into GQDs, the band gap becomes adjustable. The 
structure of GQDs depends on the synthesis and doping methods used to modify the 
band gap. It was studied that theoretical analysis on the impact of zigzag edges on the 
PL properties of GQDs of different sizes, ranging from approximately 0.46 to 2.31 nm, 
covering wavelengths from ultraviolet (UV) to infrared. They found that the band gap 
distance is inversely proportional to the size of the GQD, meaning smaller GQDs have 
larger band gaps. By manipulating the size and surface chemical groups of GQDs, it is 
possible to regulate their band gap energy within a range of 0 to 6 electron volts. 

GQDs exhibit two key characteristics: edge effects and quantum confinement. These 
mechanisms enable GQDs to possess unique electrical, optical, and structural properties 
not found in other nanomaterials. GQDs with functionalized edges containing groups like 
epoxy, carboxyl, hydroxyl, and carbonyl can interact with biological molecules such as 
enzymes, proteins, or antibodies. They have been successfully conjugated with 
antibodies and DNA molecules through amide coupling, making them valuable for 
creating high-sensitivity nanomaterials and diagnostic tools. The crystal lattice structure 
of GQDs, resembling a honeycomb with sp2-hybridized carbon atoms, allows for 
electron delocalization in the π-orbitals, influencing their PL behavior and edge shapes 
(zigzag or armchair). 

Furthermore, GQDs are known for their low toxicity, good solubility, stable fluorescence, 
chemical inertness, and surface grafting capabilities. These quantum properties make 
GQDs suitable for various applications, including biological imaging, light-emitting 
diodes, photoelectrocatalysis, drug carrier sensors, and pollutant absorption. One of the 
most appealing aspects of GQDs is their abundance as carbon materials, which can be 
functionalized at their edges, making them more advantageous than mineral QDs. GQDs 
have also demonstrated antimicrobial properties, with the first modification of GQD 
properties through nitrogen doping studied by previous researchers. 

Graphene, discovered by Novoselov et al. in 2004 [1], is a new type of nanomaterial with 
good mechanical, electrical, thermal and optical properties [2-5], with zero-dimensional 
fullerenes [6] and the one-dimensional carbon nanotubes [7]. With time, QDs obtained 
from different materials have increased focus in many research fields, such as solar 
cells, optoelectronic transistor components, and fluorescent biological labels because of 
their unique size-tunable optical and electronic properties [8] 

Graphene quantum dots (GQDs), a latest zero-dimensional (0D) member of the carbon 
family, consist of single to few layers of graphene sheets with lateral dimensions of 
<10nm [9] and excellent chemical [10], physical [11],and biological properties [12,13]. 
Generally, GQDs have the interesting properties derived from two-dimensional (2D) 
graphene and also show remarkable physicochemical properties of the QDs, including 
edge effects, non-zero band gap, and quantum confinement effects, by which they have 
great potential in energy, electronic, and optical industry[14]. Studies prove that GQDs 
have good biocompatibility [15] and low biotoxicity [16]. 

Strictly, GQDs have a single atomic layer and only contain carbon. The GQDs prepared 
contain oxygen and hydrogen, and generally have multiple atomic layers, with sizes 
being less than 10 nm [17]. The functionalized GQDs have been used as a reagent and 
an effective acidic nano-catalyst for obtaining the xanthene derivatives [18]. Currently, a 
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lot of research is done on the surface chemical modification of the GQDs to regulate the 
properties for the applications [19] and shown a significant impact of GQDs in medicine. 
The studies have shown synthesis of novel GQDs methods from simple “one-pot” 
solutions and the utilization of more molecules such as glucose and citric acid, as 
opposed to graphene and graphite [20]. Thus, GQDs/GOQDs have a great use in optical 
and electrochemical sensing [21], photovoltaics, photocatalysis, bioimaging [22], 
biosensing [23] light-emitting diodes, and so on. 

2. SYNTHESIS OF GRAPHEENE QUANTUM DOTS 

The methods for GQDs synthesis can be divided into top-down and bottom-up processes 
as shown in Figure 1 [24].  

 

Fig.1: Two main approaches were adopted to prepare GQDs: the top-down and bottom-
up method. 

2.1. Top Down Synthesis 

In this method, destructive approach is employed. The larger molecules broken down, 
into smaller units and these molecules are converted into suitable NPs. Examples of this 
method are grinding/milling, CVD, physical vapor deposition (PVD) and other 
decomposition techniques [25]. There are many methods for GQDs synthesis based on 
top-down processes, including chemical oxidation method [26], hydrothermal method 
[27], ultrasonic assisted method [28] electrochemical oxidation method [29] chemical 
vapor deposition (CVD) method [30] pulsed laser ablation (PLA) technique [31], or a 
combination of the above processes [32]. 
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2.2. Bottom Up Synthesis 

The bottom-up approach involves the synthesis of the GQDs from small molecular 
precursors, and benzene derivatives are condensed to form bigger molecules, having 
well-defined size, shape, and desirable properties [33] In the bottom-up methods, 
solution-based chemical methods allow the synthesis of GQDs starting from several 
types of organic precursors; such as malic acid, urea and other organic precursors [34]. 
A number of precursors, including organic salts, ethanolamine, acetylacetone, amino 
acids, co-factors (ascorbic acid), humic acid, coffee grounds, carbohydrates (sucrose or 
glucose), citric acid, etc., have been used for the bottom–up preparation of GQDs [35]. 

 

Fig. 2: The schematic representation of the top-down and bottom-up approaches for the 
fabrication of metal oxide nanostructures. 

2.3. Microwave Assisted Method 

Microwave (MW)-assisted synthesis is easy and quick technique as an alternative 
energy input source and has been widely used because of its control for internal and 
volumetric heating of materials [36]. The, graphene were oxidized in absorption of MW 
irradiation by one component of the reaction has enclosed this method of synthesis 
within the concept of green chemistry; added advantages are the synergy with green 
solvents and solvent-free conditions [37]. 

2.4. Hydrothermal Synthesis 

The hydrothermal or solvo-thermal method is a simple and quick method for the 
preparation of GQDs. It cut carbon materials into GQDs under the conditions of high 
temperature and high pressure in the process. Before the reactions the carbon materials 
need to be treated through strong oxidation [38]. The principle is to break the bonds 
between carbon materials to form GQDs with high temperature under high pressure [39]. 
The, large graphene sheets were oxidized concentrated H2SO4 and HNO3 to form 
GODs, introducing oxygen-containing functional groups in the edge and basal plane of 
the graphene sheets. The defect-rich GO was then dispersed in an aqueous NaOH 
solution and treated in an autoclave reactor at 200 °C. The solution was dialyzed through 
a 0.22 µm membrane to separate the GQDs from the remaining bulk graphene 
precursor, and the resulting GQDs had a 9.6 nm average diameter and displayed strong 
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blue fluorescence [40]. Recently, Wang et al. prepared sulfurdoped GQDs (S-GQDs) by 
one pot hydrothermal exfoliation reaction in contrast to the GQDs [41]. 

2.5. Ultrasonic Assisted Method 

Ultrasonic techniques for the synthesis of GQDs involve the use of intense ultrasound 
under drastically high temperature and pressure conditions in order to avoid a long 
reaction time for designing nanocarbon particles [42]. Gao et.al prepared three kinds of 
GQDs of pristine graphene quantum dots (PGQDs), expanded graphene quantum dots 
(EGQDs) and graphene oxide quantum dots (GOQDs) using natural graphite, expanded 
graphite, and oxide graphite as the raw materials in a supercritical CO2/H2O system 
assisted by ultrasound [43]. 

2.6. Electrochemical Oxidation Method 

In electrochemical exfoliation, layered bulk materials, such as graphite rods, are treated 
with the aid of an applied electric field. In the electrochemical oxidation method process, 
carbon–carbon bonds of graphite, graphene, or carbon nanotubes are oxidized and 
decomposed into GQDs at a high redox voltage (+1.5 to +3 V) [44]. 

3. CONCLUSION 

In this paper, an overview about the synthesis of GQDs is presented. For further 
development of the GQDs, we need to find the commercially available and effective 
methods to create various GQDs. The recent progress in fabrication strategies including 
top–down and bottom–up has been critically reviewed. Devices and applications can 
benefit from the synthesis of GQDs because of their special optical and electrical 
properties. Many synthesis methods have been provided elaborately which help in  
designing of micro-structures and device structures for practical applications and future 
researches. However, the research on the GQDs is still in its early stage compared to 
graphene. There is still a long way to go for extensive practical applications and 
synthesis, and there is also a wide space of exploration for researchers. 
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