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ABSTRACT 

After exfoliation of graphite and discovered graphene in 2004 by Novoselov and Geim, the 

attention of graphene by the global scientific community enhanced progressively as a multi- 

functional wonder material in the world due to its unique extraordinary properties. 

Numerous methods apart from the discovered method have been investigated to synthesize 

the graphene in mass scale for variety of applications.  Consequently, we believe that an 

adequate knowledge is necessary to choose a proper method of synthesis for a particular 

application. The main objective of the present review is to summarize the feasible methods 

followed in synthesis of graphene, discussing their properties, applications, advantages, and 

disadvantages for future prospects. 
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1. INTRODUCTION 

 

Graphene is fundamentally a single layer of graphite which is arranged in a two-

dimensional hexagonal lattice [1]. It has been identified as a multifunctional wonder 

material due to its extraordinary physical and chemical properties[2].  Each atom in a 

graphene sheet is connected to its three adjacent atoms by a σ-bond and one out-of-plane 

π-bond [3]. In this bonding, the bond angle between adjacent carbon atoms identified as 

1200 and the length of the σ[c-c] bond is about 0.142 nanometers [4-5]. 

 
 
 
 
 
 
 
 
 

 
Figure 1: Arrangement of carbon atoms in graphite 

 

This arrangement of sp2 hybridization of carbon atoms gives graphene its unique properties 

[6]. Graphene sheets are arranged to form graphite with an inter planar spacing of 0.335 

nm [7]. One graphitic layer is commonly prefixed by single-layer graphene or monolayer 

graphene. Two and three graphitic layers are called as bilayer and tri-layer graphene, 

respectively. Up to 10 graphitic layer is known as few-layer grapheme [8]. Each graphene 

layer in graphite is bound by a weak van der Waals force [9]. Excellent thermal 

conductivity of ~5000 W m-1 K-1[10], high specific surface area of about 2630  m2/, highest 

intrinsic electron mobility (200,000 cm2), high optical transmittance (97.7 %), high 

Young’s modulus (1.0 TPa), high mechanical strength are the merit attention properties of 

graphene[11-16]. As well as several superior properties can be produced by graphene 

composited with other elements [17].  A wide range of potential applications for graphene 

including batteries, transistors, supercapacitors, sensors, DNA sequencing, water filters, 

antennas, touchscreens, LCD displays, solar cells, etc. have been investigated [18-25]. 

 

Specific properties of graphene are required for particular applications, for example, high- 

performance batteries and supercapacitors require a large specific area, high electrical 

conductivity, good chemical stability, and large quantities of graphene amount [26-27]. 

High electron mobility is required for producing sensing devices and transistors [28].  High 

electrical conductivity and optical transmission are required to make transparent 

electrodes, photonic devices, liquid crystal displays (LCD), touch screens, etc. [29]. 
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Defects in the material help enhance the electrochemical properties [30]. Significant 

improvement in electrochemical applications has not been shown from few-layer graphene 

compared with multilayer stacked grapheme [31]. Specific properties of graphene are 

favored and selected should for each application. Therefore the quantity, quality, and form 

of graphene could vary according to the application type. 

 
 

 
 

Figure 2: Schematic illustration of bottom-up and top-down graphene synthesis approaches 
Source [32]. 

 

A number of different methods have been reported to synthesize graphene in recent years. 

Micromechanical exfoliation, chemical synthesis, electrochemical exfoliation, pyrolysis, 

chemical vapor deposition, are the commonly used technics for graphene synthesis. 

Graphene synthesis can be classified basically into two different mechanisms, called top-

down and bottom-up approach [33]. Exfoliation of stacked layers of graphite into 

single graphene sheets is called the top-down approach [34]. Van der Waals forces need 

to be overcome for the top-down approach [35]. Graphene produced through molecular 

growth from small molecular carbon precursors is known as the bottom-up approach [36].  

Here we review extensively used graphene synthesis methods for better use of appropriate 

technology in diverse applications. 

 
2. TOP-DOWN APPROACH 
 

2.1.  Mechanical exfoliation 
 

The mechanical or micro-mechanical discharge system has become a milestone in 

Graphene history.  It was developed by Novoselov and Geim in 2004 using a simple adhesive 

tape [37].  As a result, the method is also called as “scotch tape method”. They have 

successfully exfoliated graphite all the way down to few-layer and even single-layer 

graphene. A piece of tape has been used to remove the graphene sheets from the graphite 

stack. Which should be removed after exfoliation of graphite by dissolving in a solvent. 

This method can be used to make high-quality, defect-free graphene without specialized 

equipment. The scotch tape method is still the key synthesis technique to obtain high- 
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quality graphene for research purposes [38]. Low yields and high production costs make 

this method unusable for large-scale production [39]. 

 

2.2.  Sonication method 
 

One of the most scalable graphene production routes is to exfoliate graphite using 

ultrasonication. Firstly, Hernandez et al. have reported a high yield production of graphene 

from graphite through sonication assisted liquid-phase exfoliation in 2008[40]. They have 

obtained a monolayer graphene dispersion by dispersing graphite in specified organic 

solvents, followed by sonication and centrifugation. Here the surface energy of graphene 

has been estimated to be 46.7 mN/m[41]. Therefore, the specific solvents with a surface 

tension of ∼40 mN/m, such as N-methylpyrrolidone (NMP), N,N-

dimethylformamide(DMF), γ- butyrolactone (GBLmN/m), and orthodichlorobenzene (o-

DCB) are identified as the best solvents for the exfoliation of graphite because they 

minimize the interfacial tension between solvent and the graphene layers[42-44]. After this 

work, many researchers have paid attention in achieving high quality graphene by 

optimizing the sonication time, ambient conditions, increasing the initial graphite 

concentration, adding surfactants and polymer, solvent exchange method, mixing solvents, 

etc.[45-48]. Sonication assisted liquid-phase exfoliation of graphite can be employed to 

produce graphene-based composites or films to use numerous applications, including thin-

film transistors, light-emitting diodes (LED), photovoltaic cells [49-52]. The graphene 

prepared through sonication has much more defects and disordering resulting major short 

comes in sonication-assisted production processes of graphene [49]. Cost-effectiveness, 

scalability, and easy production process are the advantages of this method [53]. 

 
2.3  Ball milling 
 

Ball milling is a common technique in the powder production process and it can be used to 

exfoliate thick graphite flakes into graphene by the milling impact. Initially, ball milling 

was used to reduce the size of graphite [54]. In most ball-milling apparatuses, there are two 

possible exfoliation and fragmentation effects [55]. Both wet ball milling and dry ball 

milling have been followed to synthesize grapheme [56].  The former process to get 

graphene involves dispersing graphite in suitable solvents which have a matched surface 

tension to overcome the Vander Waals force of adjacent graphene flakes [57]. The dry ball 

milling process uses a mixture of graphite and chemically inert water-soluble inorganic 

salts [58]. In 2010, Knieke et al. have introduced a novel milling technique to produce 
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graphene by using planetary ball milling and obtained few-layer graphene sheets having 

a thickness of around 

0.8–1.8 nm [59]. In 2017, C Teng et al. reported an ultrahigh conductive graphene paper by 

using ball milling exfoliated graphene [60].  The main advantage of ball milling production 

is the possibility of large-scale production, while a drawback is fragmentation and defects, 

long processing time, high energy consumption, etc. This method is suitable for the 

production of functionalized graphene for functional coating, energy storage, and 

electrochemical sensors [61-63]. 

 

2.4  Electrochemical exfoliation 
 

Electrochemical exfoliation is a promising method for producing large-scale graphene from 

graphite. An applied voltage drives the ionic species in an electrolyte to intercalate into the 

graphite electrode and increase the inter-planer distance [64]. Graphite exfoliation can 

be divided into two-electrode and three-electrode exfoliation [65]. The most common 

exfoliation is two-electrode exfoliation, which involves the intercalation, oxidation and 

exfoliation steps of graphite [66]. The mechanism for the formation of electrochemically 

processed graphite oxide was first reported by F. Beck et al. in 1995[67]. They have found 

the oxidation of graphite by using potential oscillations galvanostatic techniques in 

aqueous sulphuric acids. In 2011, You et al.have successfully demonstrated the preparation 

of GO by using a two- electrode exfoliation method with KCl as the electrolyte and 

expanded graphite and platinum wire as the anode and cathode, respectively at a voltage of 

4 V [68]. In 2018, S Pei et al. have reported a scalable, safe, ultrafast, and green method to 

synthesize clean GO sheets by water electrolytic oxidation of graphite [69]. They have 

found that, the pre intercalation of graphite efficiently inhibit the anodic electrocatalytic 

oxygen evolution reaction of water at high voltage enabling rapid synthesis. 

 

Figure 3: Three steps electro chemical graphene synthesis. Source: [34]. 
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Single to few-layer graphene can be obtained from electrochemical exploitation [70]. 

High electrical conductivity of the functionalized graphene, environmental friendliness, 

high efficiency and relatively low cost are the advantages of the electrochemical 

synthesis method [65]. Electrochemically exfoliated graphene has been used in several 

applications such as supercapacitors, batteries, sensors, catalysts, hybrid membranes, 

anticorrosion coatings, and fire hazard suppression materials [71-74]. 

 

2.5  Chemical exfoliation 

 

Chemical exfoliation of graphite has been carried out by B.C. Brodie in 1859 [1]. 

Hummer and Offeman have introduced the method to produce graphite oxide in 1958 [75]. 

In the chemical exfoliation methods, graphite is oxidized to graphite oxide first and then 

reduced to produce graphene. The Hummers method is the often used method for 

preparing graphene and its derivatives. They have used graphite powder, sodium nitrate, 

sulfuric acid, and potassium permanganate in the oxidation process. In order to get rid of 

the drawbacks of this method, in 2010 a new protocol called Tour’s method was introduced 

where the oxidation reaction is carried out without sodium nitrate and increased amount of 

potassium permanganate along with phosphoric acid. They have reported a GO product 

with higher degree of oxidation by reacting graphite with six equivalents of KMnO4  in a 

9:1 mixture of H2SO4/H3PO4  where phosphoric acid is believed to offer more intact 

graphitic basal planes delivering much higher yield than Hummers method [76]. 

 

 
 
 

Figure 4: Schematic illustration of chemical exfoliation processing steps
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Chemical exfoliation methods generally produce multi-layers or a few layers of graphene in 

flake types having a lateral length in the range of several hundred nanometers to several 

micrometers [77]. The method is suitable for mass production of graphene flakes with low 

purity for various applications including fillers, coating, conductive ink paste, batteries, etc. In 

addition, a low- temperature thermal method has been followed to synthesize graphene from 

GO which has been previously synthesized from graphite using the Hummer method [78].  

They have revealed that few-layer of graphene can be produced in a short time. 

 

In addition, a controlled hydrothermal method using ethylene glycol has been successfully used 

to synthesize graphene and composite from GO for fast charge-discharge application. They 

have found that, the method delivers high rate capability, good stability, and long cycle life as 

anode in Li-ion batteries [79]. Sharma N. et al. have investigated a method to prepare GO by 

exfoliation of graphite using modified Hummer’s method and then reduced using hydrazine 

hydrate to produce rGO. The product is highly sensitive and more corrugated. They expect that 

the investigation would be useful to develop GO/rGO-based gas sensors [80]. Jayaweera et al. 

in 2014 have been successfully demonstrated a high-performing sensor consisting of 

SnO2/Graphene nanocomposite by using a novel one-step in-situ sonochemical method [81]. 

They used reducing properties of SnCl2 for reducing Graphite oxide (GO) to graphene. 

Recently, Jayaweera et al.  have reported a novel symmetric supercapacitor electrode material 

using rGO-SnO2-polyaniline nanocomposite [82]. They synthesized high current density, 

outstanding charge-discharge characteristic composite material using graphite oxide, 

SnCl2.2H2O, and pure Aniline as precursors in a scalable and straightforward one-pot process. 

[82-84]. GO has also been reduced to rGO using coffea arabica leave for bio-medical 

application for the first time which is referred as a green synthesis method [86]. But chemical 

exfoliation is not suitable for applications where high purity is mandatory such as in electronics. 

High scalability and low cost are the advantages of chemical exfoliation method. 

Disadvantages of this method are low purity, hazardous chemical use, product 

agglomeration etc. [87-89]. 

 

3  BOTTOM – UP APPROACH 
 

3.1  Chemical Vapor Deposition (CVD) 
 

CVD is the most effective bottom-up approach for the direct synthesis of high-quality, large 

scale single-layer graphene for use in a variety of applications. Many research studies have 

been focused on the development of a more efficient CVD system. As a result, recently 
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different types of CVD methods are available such as plasma-enhanced CVD, thermal 

CVD, hot/cold wall CVD and many others [90-92]. CVD is a thin film deposition 

technology of material onto substrates from vapor species through chemical reactions [93]. 

It is a two steps process, the molecules are heated at first to change into a gaseous state and 

secondly, it is deposited on the surface of a substrate [94]. There are many processing 

factors affecting on the quality of products such as pressure, temperature, depositing time, 

precursor nature, gas flow state and wall/substrate temperature, etc. [95]. Figure 5: shows 

the schematic diagram of thermal CVD growth of graphene. 

 

 
 

Figure 5: Schematic diagram of thermal CVD growth of graphene. Source [96]. 
 

For the first time, thermal CVD on metals was reported by A.E Karuinet al. in 1966. They 

have  demonstrated  highly  crystalline  graphite  films  on  Ni  substrates[97].  Deposition  

of single-layer graphene on Pt substrate using the hydrocarbon decomposition at 530 °C 

was successfully demonstrated by Land at el. in 1992[98]. Ni, Cu, Pd, Ru, Ir and Pt have 

been studied as a substrate for depositing single-layer graphene through CVD technology 

[99-100]. However, Ni and Cu are the most commonly used substrate for CVD deposition 

technology. Methane (CH4), ethylene (CH2=CH2), and acetylene (C2H2) have been used as 

typical gaseous carbon precursors. Among them most widely used carbon precursor is 

methane (CH4) gas [96]. Hydrogen, Argon, and Nitrogen have also been used as processing 

gases. Recently, Bointonet et al. have produced high-quality monolayer graphene by using 

resistive heating cold-wall CVD. They have found 100 times faster technology for 99% 

lower cost than standard conventional CVD [101]. High quality and large-scale production 

processes are the advantages of graphene synthesis using CVD. The disadvantages of CVD 

technology are toxic gas generation during the process, complex and expensive process 

https://www.sciencedirect.com/topics/materials-science/thermal-chemical-vapor-deposition
https://www.sciencedirect.com/topics/materials-science/thermal-chemical-vapor-deposition
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[102]. The CVD has been used for several high purity requisite applications such as touch 

screens, smart windows, flexible LCDs and solar cells etc[103-106]. 

 

3.2  Epitaxial growth of graphene 
 

Epitaxial growth of graphene thin films on specific substrates is found to be a reliable 

method for graphene synthesis. The mechanism is based on the thermal decomposition 

of SiC in a high vacuum. Figure 6: shows the mechanism of epitaxial growth of graphene. 

Depending on the substrate material, the epitaxial growth process can be classified into 

two types, it is homo-epitaxial and heteroepitaxial [107]. The homoepitaxial process is the 

substrate material same as the deposited material. If these two materials become different, 

the process is called hetero-epitaxial. In 1893 Acheson et al. introduced the concept for 

producing silicon carbide by heating different carbonaceous sources [108]. Later A. 

Charrier et al. have successfully demonstrated that the thermal decomposition of an 

electronic-grade wafer of 6H-SiC after annealing at increasing temperature leads to the 

layer-by-layer growth of non-distractive heteroepitaxial single-crystalline graphite [109]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Mechanism of epitaxial growth of graphene.  Source [110] 

High-quality graphene can be produced by epitaxial growth and it is highly demanding in 

electronic related applications. Kim. et al. have successfully demonstrated ferroelectric 

nonvolatile memory devices that use graphene electrodes as the epitaxial growth substrate 

for crystalline polymer[111]. Hoang, et al. have reported a high-quality MoS2/graphene 

hetero structure that was epitaxially grown on a transparent platform. They have found 

exhibiting inverse photo response with highly uniform photoresponsivity in the 

photodetector pixels fabricated across a full wafer [112]. The high production cost, low 
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yield, and inhomogeneity are the major limitations, therefore not suitable for large-scale 

manufacturing. 

4.  CONCLUSION 
 

The  present  review enclosed an  introduction  of  graphene  and  feasible  methods  followed 

holistically in graphene synthesis for different applications discussing their properties, 

advantages and limitations.  Top-down methods such as mechanical exfoliation is suitable 

to synthesis mainly high quality defects free graphene for research purposes. Low yield 

and high production costs are the limitations in large-scale production.  The graphene 

prepared through sonication or ball milling has much more defects and disordering and 

therefore can be employed to produce graphene-based composites for energy storage 

devices, gas sensors etc.  Cost effectiveness, scalability, and easy production process are 

the advantages of these methods. Single to few-layer graphene can be obtained from 

electrochemical exfoliation which is more suitable for high electrical conductivity required 

applications such as in batteries. Environmental friendliness, high efficiency and 

relatively low cost are the advantages of the electrochemical method.  The chemical 

exfoliation using Hummer method provides graphene oxide with more impurities and more 

suitable for low purity required applications such as in construction industry, sport 

equipment and vehicles etc. High scalability and low cost are the advantages. 

Disadvantages includes low purity and hazardous chemical usage.  The chemical vapour 

deposition (CVD) is a common bottom up method to synthesize graphene.  It provides 

relatively defect-free graphene suitable for high purity requirements such as electronics. 

High quality and large-scale production processes are the advantages.  The disadvantages 

are toxic gas generation during the process, complexity and expensiveness.  Epitaxial 

growth of graphene thin films are more suitable for transparent conductive thin film 

requirements such as electrodes.  The high production cost, low yield, and inhomogeneity 

are the major limitations. 
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