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Abstract: Owing to the remarkable chemical and physical properties, graphene has been widely 
investigated by researchers over the last 15 years. This review summarizes major synthetic methods 
such as mechanical exfoliation, liquid phase exfoliation, unzipping of carbon nanotube, oxidation-
reduction, arc discharge, chemical vapor deposition, and epitaxial growth of graphene in silicon 
carbide. Recent advances in the application of graphene in graphene-based lithium ion batteries, 
supercapacitors, electrochemical sensors, transparent electrodes and environmental based remedies 
are discussed. 
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1. Introduction 

Graphene has been extensively studied by scientifc and engineering communities for 
more than 15 years since its frst fabrication reported in 2004 [1]. Graphene is a single layer 
of two-dimensional carbon atoms in a hexagonal lattice structure and has been widely used 
in many applications such as electronics [2], energy storing batteries [3], super capacitors [4], 
fuel cells [5] and solar cells [6,7] owing to its unique high surface area, thermal [8] and 
electrical conductivity [9] and mechanical strength [10]. Graphene is one of the allotropes of 
carbon and it is made of hexagons. Other allotropes include fullerenes (0D), nanotubes (1D) 
and graphite (3D) (see Figure 1). Graphene based nanomaterials include reduced graphene 
oxide, graphene quantum dots and graphene oxides. Graphene ideally consists of sp2 

carbon atoms but other family members comprise of sp2 and sp3 due to the introduction of 
the functional groups such as hydroxyl, carboxyl, carbonyl and epoxy groups [11]. 

Graphene consists of two-dimensional layer of carbon atoms with sp2 hybridization 
arising from mixing of s, px and py orbitals. The remaining pz orbital of each carbon atom 
forms π bonds with three neighboring carbon atoms, known as valence band and a band of 
empty π* orbitals known as conduction band [12]. Carbon has four valence electrons, and 
three of them form sigma bonds that are back bone of hexagonal structure. The remaining 
electron forms one third of π bond with the nearest neighbor carbon atom. These out 
of plane interactions are extremely weak leading to out of plane electrical and thermal 
conductivities which are ~103 times lower than that of in plane analogues [13]. A single 
layer of graphene consists of hexagonal layer of carbon atoms. Bi-layer has 2 and few 
layer graphene has 3 to 10 layers of two-dimensional sheets. Graphene with more than 
10 layers is known as thick graphene and has less scientifc interest. In Bi- layer and few 
layer graphene, carbon atoms are stacked in different possible ways, hexagonal or AA 
stacking, Bernal or AB stacking and rhombohedral way or ABD stacking [14]. In a twisted 
bilayer graphene, layers are twisted at a small angle [15]. 

C 2021, 7, 76. https://doi.org/10.3390/c7040076 https://www.mdpi.com/journal/carbon 

https://www.mdpi.com/journal/carbon
https://www.mdpi.com
https://orcid.org/0000-0002-5067-157X
https://orcid.org/0000-0002-4826-5329
https://doi.org/10.3390/c7040076
https://doi.org/10.3390/c7040076
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/c7040076
https://www.mdpi.com/journal/carbon
https://www.mdpi.com/article/10.3390/c7040076?type=check_update&version=1
mailto:n.kuganathan@imperial.ac.uk


C 2021, 7, 76 2 of 18 

C 2021, 7, x FOR PEER REVIEW 2 of 19 
 

is known as thick graphene and has less scientific interest. In Bi- layer and few layer gra-
phene, carbon atoms are stacked in different possible ways, hexagonal or AA stacking, 
Bernal or AB stacking and rhombohedral way or ABD stacking [14]. In a twisted bilayer 
graphene, layers are twisted at a small angle [15]. 

Graphene attracted great attention due to its excellent electronic properties. Gra-
phene is a semiconductor with a small band gap [16]. The electron mobility of graphene 
at room temperature was found to be as high as 15000 cm2V−1s−1 with small temperature 
dependency and zero effective mass for the charge carriers [17]. In most of the materials, 
the electron movement is hindered by phonon scattering. However, in the case of gra-
phene, the movement of electrons is hindered only by defect scattering. As a result, the 
theoretical limit of resistivity of graphene is estimated to be 10−6 Ω cm which is the lowest 
resistivity measured at room temperature [18]. Absence of interatomic plane coupling 
provides high thermal conductivity. Graphene with defects exhibits lower thermal con-
ductivity. Average thermal conductivity of high-quality exfoliated graphene is 3000 – 4000 
W/m K and the thermal conductivity of graphene prepared via CVD method is 2500 W/m 
K [19]. Due to its excellent thermal property, graphene is being used as a temperature 
sensor, a thermoelectric sensor and a thermal biosensor in energy management systems 
[20,21]. The graphene has been synthesized using chemical vapor deposition of hydrocar-
bon on transition metal surfaces [22–25], thermal decomposition of silicon carbide wafer 
under ultrahigh vacuum [26,27], and chemical and thermal reduction of graphene oxide 
[28,29]. Among the methods listed above, reduction of graphene oxide is the most eco-
nomical method [30]. Thus, for electrochemical analysis, graphene has been prepared us-
ing this method. In chemical vapor deposition method, there may be impurities of transi-
tion metals (Ni or Cu) but the reduction method provides graphene with high purity. Fur-
thermore, this method provides an effective way of studying electrocatalytic effects. 

 
Figure 1. (a) Zero-dimensional Fullerene, (b) one-dimensional carbon nanotube (c) two-dimensional 
graphene and (d) three-dimensional graphite. 

Graphene oxide is a single layer of graphite oxide and is generally produced by the 
chemical treatment of graphite through oxidation [31]. Graphene oxide comprises various 
functional groups containing oxygen (see Figure 2). These functional groups are mostly 
hydroxyl and epoxide groups in the basal planes and consist of trace amount of carbonyl, 
carboxyl, phenol, lactone and quinone groups at the edges of the sheet [32]. The wide 
range of these functional groups at the edges and the basal planes of graphene oxide make 

Figure 1. (a) Zero-dimensional Fullerene, (b) one-dimensional carbon nanotube (c) two-dimensional 
graphene and (d) three-dimensional graphite. 

Graphene attracted great attention due to its excellent electronic properties. Graphene 
is a semiconductor with a small band gap [16]. The electron mobility of graphene at 
room temperature was found to be as high as 15,000 cm2V−1s−1 with small temperature 
dependency and zero effective mass for the charge carriers [17]. In most of the materials, 
the electron movement is hindered by phonon scattering. However, in the case of graphene, 
the movement of electrons is hindered only by defect scattering. As a result, the theoretical 
limit of resistivity of graphene is estimated to be 10−6 Ω cm which is the lowest resistivity 
measured at room temperature [18]. Absence of interatomic plane coupling provides 
high thermal conductivity. Graphene with defects exhibits lower thermal conductivity. 
Average thermal conductivity of high-quality exfoliated graphene is 3000–4000 W/m K 
and the thermal conductivity of graphene prepared via CVD method is 2500 W/m K [19]. 
Due to its excellent thermal property, graphene is being used as a temperature sensor, 
a thermoelectric sensor and a thermal biosensor in energy management systems [20,21]. 
The graphene has been synthesized using chemical vapor deposition of hydrocarbon on 
transition metal surfaces [22–25], thermal decomposition of silicon carbide wafer under 
ultrahigh vacuum [26,27], and chemical and thermal reduction of graphene oxide [28,29]. 
Among the methods listed above, reduction of graphene oxide is the most economical 
method [30]. Thus, for electrochemical analysis, graphene has been prepared using this 
method. In chemical vapor deposition method, there may be impurities of transition metals 
(Ni or Cu) but the reduction method provides graphene with high purity. Furthermore, 
this method provides an effective way of studying electrocatalytic effects. 

Graphene oxide is a single layer of graphite oxide and is generally produced by the 
chemical treatment of graphite through oxidation [31]. Graphene oxide comprises various 
functional groups containing oxygen (see Figure 2). These functional groups are mostly 
hydroxyl and epoxide groups in the basal planes and consist of trace amount of carbonyl, 
carboxyl, phenol, lactone and quinone groups at the edges of the sheet [32]. The wide range 
of these functional groups at the edges and the basal planes of graphene oxide make it 
functionalized and exfoliated to yield well dispersed solutions of separate graphene oxide 
sheets in polar and non-polar solutions and therefore it has a wide range of applications in 
nanocomposites [33], photocatalysis [34], battery [35], capacitors [36] and sensors [37]. 
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sional graphene using scotch tape method in 2004 [38]. There are bottom-up and top- 
down approaches available for the synthesis of graphene (see Figure 3). For example, me-
chanical cleavage is the process where graphite is broken down into graphene (top-down) 
and on the other hand, in chemical vapor deposition method, graphene is developed in 
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Figure 3. Schematic diagram showing synthesis methods [40]. 

2.1. Mechanical Exfoilation  
As previously mentioned, the graphene sheets are held together by weak van der 

Waals forces (see Figure 4). If these forces are broken, high purity graphene can be ob-
tained. In mechanical exfoliation method, mechanical energy is used to destroy these 
weak bonds and separate the individual sheets. Exfoliation is generally a peeling process 
repeatedly carried out in graphite to obtain layers of graphene. This method was first de-
veloped by Geim and Novoselov using highly oriented pyrolytic graphite (HOPG) as a 
precursor [17]. In this process HOPG sheet of thickness 1 mm is used to dry etching by 
oxygen plasma to create many 5 μm deep mesas (an isolated flat-topped surface). Then 
these were used to photoresist and baked to stick on the mesas. Thereafter, scotch tape 
was used to peel off the graphene layers from graphite. These thin flakes were then re-
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Figure 2. Structures of (a) graphene oxide and (b) reduced graphene oxide [light purple-carbon, red-oxygen and 
green-hydrogen]. 

2. Synthesis 

Geim and Novoselov carried out groundbreaking experiments on the two-dimensional 
graphene using scotch tape method in 2004 [38]. There are bottom-up and top- down 
approaches available for the synthesis of graphene (see Figure 3). For example, mechanical 
cleavage is the process where graphite is broken down into graphene (top-down) and on 
the other hand, in chemical vapor deposition method, graphene is developed in silicon 
carbide (bottom-up) [39]. 
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Figure 3. Schematic diagram showing synthesis methods [40]. 

2.1. Mechanical Exfoilation 

As previously mentioned, the graphene sheets are held together by weak van der 
Waals forces (see Figure 4). If these forces are broken, high purity graphene can be obtained. 
In mechanical exfoliation method, mechanical energy is used to destroy these weak bonds 
and separate the individual sheets. Exfoliation is generally a peeling process repeatedly 
carried out in graphite to obtain layers of graphene. This method was frst developed by 
Geim and Novoselov using highly oriented pyrolytic graphite (HOPG) as a precursor [17]. 
In this process HOPG sheet of thickness 1 mm is used to dry etching by oxygen plasma to 
create many 5 µm deep mesas (an isolated fat-topped surface). Then these were used to 
photoresist and baked to stick on the mesas. Thereafter, scotch tape was used to peel off 
the graphene layers from graphite. These thin fakes were then released to the acetone and 
transferred on to a Si substrate. Thus, pure graphene fakes are produced on a Si substrate. 
The disadvantage of this method is that large industrial production cannot be scaled. 
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2.2. Liquid Phase Exfoliation 

Liquid phase exfoliation (LPE) is one of the most commonly used method for the 
synthesis of graphene and was frst reported in 2008 [41]. In this top-down method, 
a stable dispersion of single layer or few-layer of graphene can be obtained through 
exfoliation of graphite. LPE includes main steps such as dispersion of graphite in a 
suitable solvent, exfoliation and the purifcation of the fnal products [42]. This method 
of exfoliation involves separation of graphene layers by overcoming the van der Waals 
forces. Therefore, the selection of solvent plays a major role. The properties such as surface 
energy, Hildebrand solubility, Hansen solubility parameters and surface tension have been 
considered for the selection of the solvent [43,44]. Researchers found that solutions with 
surface tension (for liquid) within 40–50 mJ/m2 or the surface energies (for solid) within 
70–80 mJ/m2 are found to be good for the graphene production [44]. Aside for the solvent, 
the sonifcation is also an important factor to be considered during this synthesis method. 
Even though LPE method is an effective method for the graphene production several 
studies point out that sonifcation could affect the edges and basal planes [45]. This can be 
rectifed by optimizing the sonifcation time, temperature and the sonication intensity [44]. 
One of the major disadvantages of this method is the yield which is not suffcient for 
industrial applications at macroscopic scale. Other disadvantages include solvents being 
expensive, toxic and the reduction of the size of the nanosheets. Future studies should be 
carried to improve the effciency and the economic feasibility of this method. 

2.3. Unzipping of Carbon Nanotube 

This process involves cutting of the cylindrical carbon nanotubes (CNT) in axial or 
longitudinal direction into a fat graphene sheet with single, bi or few layers graphene. 
Single walled carbon nanotubes (SWCNT) or multiwalled carbon nanotubes (MWCNT) 
can be used as a starting material. There are several methods which have been widely 
investigated to unzip CNT such as plasma etching [46], chemical unzipping [47], intercala-
tion and exfoliation [48] and metal catalyzed cutting [49]. Longitudinal unzipping of CNT 
leads to the formation of nanoribbons. 

In chemical unzipping, CNTs were cut longitudinally by the treatment of H2SO4 
followed by oxidation using KMnO4. Then oxidized graphene will be reduced chemically 
using NH4OH and hydrazine monohydrate (N2H4·H2O) solution [47]. This method is 
considered as a low signifcant method because during oxidation the precursor is damaged 
and graphene becomes electronically inferior due to the presence oxygen defect sites [47,50]. 
Yield of graphene was improved when intercalation of MWCNT was carried out in oxalic 
acid (chemical medium) prior to the chemical unzipping. The improvement in the yield 
was due to the appropriate size of oxalic acid (0.34 nm) which intercalates comfortably 
between the interlayers of the MWCNT [51]. In plasma etching, polymer flm such as 
poly-methyl methacrylate is being used. In this method, CNT is embedded into the flm 
and then this mixture of flm and CNT are separated out in KOH solution. Thereafter 
CNT is exposed in argon-based plasma. Here the longitudinal C-C bond of CNT is broken 
down to produce graphene with smooth edges [46]. Intercalation and exfoliation is another 
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method of unzipping CNT. Here lithium and ammonia are allowed to react with CNT. 
In this treatment, a strong stress is exerted between the layers of CNT resulting in the 
separation of the graphene layers [48]. Researchers considered other metal nanoparticles 
such as nickel, cobalt and copper and found that C-C and H-H bonds in MWCNT were 
dissociated by these nanoparticles [52]. The above-mentioned methods use chemicals 
which are hazardous and expensive. Unzipping of MWCNT can be achieved by using 
electric feld from tungsten electrode [53]. This method provides defect free and high pure 
graphene nanoribbons. Therefore, electric feld method is more preferable due to feasibility, 
environmentally friendliness and accuracy. 

2.4. Arc Discharge Method 

In Arc discharge method, anode and cathode are submerged in a gas or liquid medium 
of a reaction chamber. During the passage of electricity, the medium is dissociated to 
produce a high temperature plasma (3727–5725 ◦C) and this will be suffcient to sublime 
the precursor [54]. This method is considered to be expensive due to the usage of vacuum. 
Therefore, the use of air instead of H2/He medium is preferred to reduce the cost of 
production of graphene [55]. Li et al. demonstrated a method in which petroleum asphalt 
is used as a precursor in a water arc discharge system [55]. The use of asphalt which 
is a carbon rich source and water medium makes this method a cost effective. These 
improvements in arc discharge method could produce graphene at an affordable price. 

2.5. Chemical Vapor Deposition (CVD) 

CVD is one of the most promising method for the synthesis of graphene cost effectively 
and can produce large area of graphene. In this CVD approach, hydrocarbon gaseous 
species are injected into the reactor and travel through a hot zone where these molecules 
degrade to form carbon radicals and deposit on the metal surface as single / few layer 
graphene (see Figure 5). During this process metal surface acts as a catalyst and also 
infuences the deposition mechanism of graphene which plays a key role in the preparation 
of pure graphene [56]. Researchers have used metals such as Ru, Ir, Pt, Co, Pd and Re. 
The nickel (Ni) and copper (Cu) are low cost, have better control of layers of graphene 
and are easier to transfer graphene. Thus, they are widely used as substrates in CVD [56]. 
Using cold-wall and hot-wall reaction chambers, the CVD growth of graphene has been 
carried out [57]. In this technique, the growth of graphene is fast, high quality and takes 
low power consumption. Furthermore, there is an enhancement in charge carrier mobility. 
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2.5.1. Chemical Vapor Deposition of Graphene on Nickel 

In this synthetic method, Ni flms are frst annealed at 900 to 1000 ◦C under Ar/H2 
environment for 20 min to increase the grain size of Ni. Thereafter flm is exposed to 
CH4/H2 mixture. Here the methane is degraded to form carbon atoms and dissolves into 
the flm resulting a solid solution. As the last step, these samples are cooled in argon gas. 
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Ni is highly soluble in carbon at elevated temperature and it reduces with the decreasing 
temperature [56]. The formation of thickness was dependent on the rate of cooling [58]. 

2.5.2. Chemical Vapor Synthesis of Graphene on Copper 

In this method, Cu foil of thickness 25 µm was heated at 1000 ◦C in hydrogen at-
mosphere followed by the introduction of H2/CH4 mixture to initiate the formation of 
graphene. Then the temperature was reduced to room temperature [56]. One of the demer-
its of this method is that Cu has the very low solubility of carbon even at high concentration 
of hydrocarbon or longer growth time [56]. 

2.6. Epitaxial Growth of Graphene in Silicon Carbide (SiC) 

Epitaxial growth can be made under vacuum or at atmospheric conditions. Different 
types of SiC such as single crystal SiC wafers, polycrystalline SiC and SiC thin flms are 
used in this method. SiC is heated to 1200–1600 ◦C in ultra-high vacuum which sublimates 
silicon (melting point of Si = 1100 ◦C) leaving carbon atoms in the reaction vessel. Later 
these carbon atoms aggregate to form graphene [59]. This method produced 1 to 3 layers of 
graphene and the number of layers dependent on the decomposition temperature [14]. This 
synthetic technique is capable of producing wafer scale layers of graphene and therefore 
its potential interest is high in the semiconductor industry [14]. As a development of this 
method, graphene was synthesized from Ni coated SiC substrate at a lower temperature of 
750 ◦C [60]. This method consists of technical problems such as high cost of SiC substrates 
(single-crystal SiC) and high temperature. These issues should be properly addressed to 
extend the practical and economic feasibility. 

2.7. Oxidation-Reduction 

This is one of the widely used methods for the synthesis of graphene from graphite. 
There are four major routes available for the conversion of graphite to form graphene oxide 
such as Brodie [61], Staudenmaier [62], Hofmann [63] and Hummers [31] method. All 
these methods are almost similar to each other except the use of different chemicals and 
improved steps over the years. All these methods require temperature below 100 ◦C to 
maintain low production cost. One of the demerits of these methods is the release of toxic 
gases such as nitrogen dioxide (NO2) and dinitrogen tetroxide (N2O4) [64,65]. Nowadays 
the Hummers method is being widely used as this method is fast and safe (see Figure 6). 
Recent modifed version of hummers’ method has eliminated the use of sodium nitrate 
(NaNO3) which reduces the production cost [66]. The oxidation of graphene increases 
the inter layer spacing of graphite layers from 0.335 to 0.625 nm. This is because of the 
incorporation of intercalation compounds [67]. This confrms the reduction of van der 
Waals forces between the inter layers. Therefore, exfoliation by sonication using a suitable 
solvent can produce single or bilayer or few layer graphene oxide (GO) [67]. Graphene does 
not contain any functional groups and it is therefore insoluble in water and organic solvents. 
On the other hand, GO is hydrophilic due to the presence of functional groups containing 
oxygen that can be dispersed in different solutions such as water, tetrahydrofuran (THF) 
and ethylene glycol [68]. Reduction methods are used for the restoration of honeycomb 
lattice from disrupted sp2 bonding of GO. Mainly chemical, thermal and electrochemical 
processes are used for the reduction of GO eliminating the oxygen functional groups such 
as carbonyl, carboxylic and hydroxyl. 
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In a chemical reduction of GO, hydrazine (N2H4) is commonly used. However, it is 
a toxic chemical and relatively expensive for the production. Therefore, several reducing 
agents such as borohydride, aluminum hydride, plant extract, amino acids and microorgan-
ism have been widely used [69]. Due to the safety, environmental concerns and synthesis 
time, thermal reduction [70] and hydrothermal reduction [71] have been investigated by 
the scientists. Thermal reduction method has demerits such as high temperature, high 
cost and release of greenhouse gas CO2 meanwhile hydrothermal reduction requires low 
temperature there by lower energy consumption [72]. Electrochemical reduction has gained 
considerable interest owing to its rapid reduction, environmentally benign (fewer toxic 
reductants) and cost effectiveness [40]. 

3. Applications 
3.1. Lithium Ion Batteries 

Rapid decrease of fossil fuels and the environmental pollution necessitated the inven-
tion of new energy sources. Lithium ion battery was frst introduced in 1999. In 2019, John 
B. Goodenough, M. Stanley Whittingham and Akira Yoshino were awarded noble prize in 
chemistry for the invention of Lithium ion batteries (LIBs). Owing to the long cycle and 
high energy density, LIBs are considered as important energy storage devices. Graphene 
has been widely investigated for the anode material for LIBs because of its high fexibility, 
stability and high surface to volume ratio. The speed of Li ion movement determines the 
power capability of battery [73]. Application of the graphene with transition metal oxides 
improves the discharge rate and electrochemical stability. 

Graphitic carbon has been used as an anode material for LIBs. It possess high crys-
tallinity. Layer arrangement leads to the formation of LiC6 which is the highest intercalation 
state of the battery [74]. Zhao et al. reported anodic material prepared by electrochemical 
exfoliation and it exhibited a capacity of 356 mA h g−1 at 1 A g−1 with 100% capacity re-
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tention after more than 6500 cycles [75]. Ji et al. [76] reported a novel 3D graphene powder 
synthesized via thermal CVD. Incorporation of this powder in graphite electrode consisted 
a capacity of 542.8 mA h after 400 cycles and 427.2 mA h after 1000 cycles [76]. Density 
functional theory calculations reported by Oladipo et al. revealed that the graphene loaded 
with polypyrroles exhibited a small band gap of 0.39 eV and strong absorbing power [77]. 

Nanoparticles were allowed to intercalate with graphene to improve the performance 
of the batteries. Graphene intercalated with Co3O4 nanoparticles was analyzed as an 
anode material for high performance LIBs. Here the nanoparticles were intercalated 
between sheets to maintain the separation of sheets [73]. This intercalation improved 
cyclic performance and resulted in high reversible capacity. This combination was found 
to have specifc capacity of 1100 mA h g−1 with current density of 74 mA h g−1. After 
130 cycles the discharge capacity was observed at 1000 mA h g−1 [78]. In another study, 
SnO2-graphene intercalation was investigated and charge capacity of 860 mA h g−1 with 
current density of 50 mA g−1 was observed. This attainment was due to the nanocrystalline 
property of SnO2-graphene. Reversible capacity was found at 810 mA h g−1 and 70 % of 
the reversible capacity was remained after 30 cycles at 570 mA h g−1 [79]. Rutile TiO2-
graphene composite have the specifc capacity of 87 mA h g−1 and anatase TiO2-graphene 
have the high current density of 96 mA h g−1 [80]. Silicon-boron nitride nanocomposite 
displayed a reversible capacitance of 785 mA g−1 at 450 mA g−1 at the end of 800 cycles. 
The incorporation provides a large Li-ion storage and shorter Li-Li separation [81]. 

Addition of heteroatoms such as B and N into the graphene frameworks improved 
the surface wettability due to the presence of more hydrophilic sites and improved re-
actions between electrolyte and electrode [82]. N-doped graphene was studied for the 
reversible discharge capacity and it was found that nitrogen atoms improved the Li ion 
intercalation [83]. In a recent study, N-doped graphene nanosheets were synthesized in 
ammonia (NH3) environment by heat treatment of graphene oxide. Reversible capacity 
of around 250 mA h g−1 at 2.1 mA g−1 current density and capacity of 900 mA h g−1 at 
4.2 mA g−1 were obtained [84]. Yang et al. reported the fabrication of N-doped porous 
graphene hybrid nanosheets with induced growth of zeolitic imidazolate framework on 
graphene [85]. This framework on graphene increases the specifc area and the electron 
transfer within graphene network [85]. Hetero atomic defect increased the distance be-
tween sheets and electrolyte wettability enhanced the thermal stability and the electrical 
conductivity of doped graphene [86]. Graphene has been studied as mostly as anode 
material instead of cathode material because of its low electrical conductivity, slower elec-
tron and Li ion transport and low specifc capacity and the agglomeration of the particles 
while applied as the cathode material [87]. Among the studies reported above, graphene 
intercalated with Co3O4 nanoparticles has high specifc capacity and current density. Here 
the nanoparticles intercalate between graphene sheets and fexibility of graphene increased 
it performance. There is a strong interaction between graphene and Co3O4 preventing 
volume expansion/contraction and aggregation of nanoparticles during the battery per-
formance. Yusuf et al. [73] reported that this composite effectively shows high surface 
area, good conductivity, and mechanical fexibility. Thus, this Co3O4—graphene composite 
exhibits a better performance. 

3.2. Supercapacitors 

Supercapacitors are energy storage devices with good cyclability, high power and fast 
charge-discharge process [72]. Surface area of the materials used for the fabrication of super-
capacitors determines the performance. Several materials have been widely investigated to 
improve the performance. Among those, graphene and graphene-based composites have 
received attention owing to their high surface area, distinctive mechanical and electrical 
properties. Agglomeration of graphene has been mentioned as a major drawback in the 
performance of supercapacitors. This can be overcome by the incorporation of metal oxide 
nanoparticles with graphene [72]. 
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Metal oxides such as RuO2, NiO2, MnO2, ZnO and SnO2 have been investigated 
to enhance the performance of supercapacitors. Deposition of RuO2 on the surface of 
graphene prevents agglomeration and improves electron transfer. High conductivity of 
RuO2 nanoparticles and separated graphene sheets provide combined advantage and 
improved performance with the energy density of 20.1 Whkg−1 and an excellent electro-
chemical stability of 97.9% after 1000 cycles [88]. Ni(OH)2-graphene hydrogel was found to 
have specifc capacitance of ~1212 F g−1 at the discharge rate of 2 A g−1 [89]. Supercapaci-
tor fabricated with graphene-carbon nanotube (CNT) hybrid attained the highest energy 
density among the all carbon-based supercapacitors and was found to work at 4V and 
possess energy density of 460 Whkg−1 [90]. This is due to the large surface area and the co-
valent interaction between graphene and carbon nanotubes. Porous Nickel-graphene-CNT 
exhibits high diffusion conductivity which is due to the aligned interfacial contact and 
volume of the 3D nanomaterial [91]. Three-dimensional fower shaped Li4Ti5O12-graphene 
nanostructure exhibits a high specifc capacitance of 706.52 F g−1 with discharge rate 
of 1 A g−1 and pine needles-based carbon nanostructure possess specifc capacitance of 
314.50 F g−1 at the discharge rate of 1 A g−1. Supercapacitor with Li4Ti5O12-graphene 
nanostructure as a positive electrode and pine needles-based carbon nanostructure as a 
negative electrode provides an energy density of 35.06 Whkg−1 with power density of 
800.08 W kg−1 and exhibit cyclic stability of 90.18% after 2000 cycles, respectively [92]. 
Graphene-MoS2 composite prepared by Wang et al. [93] exhibits higher specifc capacitance 
when compared with that of graphene. This combination gives the interconnection and 
interpenetration between nanomaterials which reduced restacking and aggregation. This 
composite exhibits a capacitance of 58.5 mF/cm−2 and showed quick current response to 
voltage reversal [93]. 

Chen et al. [94] have reported novel network structure of nitrogen doped porous 
graphene and this network possessed good conductivity and quick electron transfer. 
This network has high gravimetric capacitance and volumetric capacitance compared 
to that of graphene. This supercapacitor exhibits energy density up to 27.6 Wh Kg−1 at 
600 W kg−1 [94]. Graphene based aerogels have been an excellent candidate as electrode 
materials because of their ultralow density, mechanical stability and fexibility [95,96]. 
Doping the aerogels with N and S increased the performance of the supercapacitor. Zhang 
et al. [97] reported the synthesis of N, S co-doped graphene aerogels using 2,5-Dimercapto-
1,3,4-thiazole as a precursor. This exhibited a capacitance of 321 F g−1 at a current of 
1 A g−1 which is approximately twice the value of pure graphene aerogel. Here the S and 
N atoms improved the performance of supercapacitor through synergistic effect [97]. It 
is generally expected that high specifc surface area provides high specifc capacitance 
of carbon-based electrodes. Graphene nanofakes reported by Arkhipova et al. [98] had 
specifc surface area range of 1720 to 660 m2 g−1 depending on the synthesis time. The 
highest capacitance of 112 Fg−1 was observed for the graphene nanofakes synthesized in 
the shortest synthesis time [98]. In supercapacitors, the application of nanoparticles with 
graphene improves the performance by preventing the agglomeration. Nitrogen doped 
graphene possess high performance than the graphene made of nanoparticles. This is due 
to the improvement in the electron transfer via nitrogen doping. 

3.3. Electrochemical Sensors 

Electrochemical sensing is one of the most important application of graphene. The 
adsorption of molecules on the surface of graphene infuences its electrical conductivity [10]. 
Carrier concentration of the graphene is dependent on the type of dopant (donor or 
acceptor) adsorbed on the surface. There are many properties of graphene which increase 
its effciency of detecting molecules. Since graphene is a 2D material, whole surface can be 
exposed to the analyte [99]. Graphene has high conductivity and low noise of distortion. 
Thus a small change in the concentration can alter electrical conductivity [98]. It consists of 
very low crystal defects [17,100] which ensure the low noise of distortion due to the thermal 
switching [101]. Schedin et al. [99] frst reported the sensing of graphene in 2007. In this 
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report sensing of gas molecules such as NO2, NH3, H2O and CO is discussed. Re-usage 
of graphene sensors after the vacuum annealing at temperature of 150 ◦C or under UV 
radiation is possible for a short time [99]. 

Fowler et al. [102] reported the sensing of NO2, NH3 and dinitro toluene (DNT, used 
in explosives) by graphene [102]. Sensing of NO2 was occurred by the withdrawal of 
electron from the graphene (hole induced conduction) and in NH3, electron was donated 
to the graphene from the gas molecules (electron induced conduction). This explains that 
the sensing occurs due to the transfer of charge (donation or acceptance) at the surface of 
graphene [102]. Sundaram et al. [103] have reported the sensing of H2 on the modifed 
graphene by the deposition of Pd nanoparticles (Nps) and Pd showed high affnity towards 
H2. Here the resistance of the bare and Pd-modifed graphene sheets has almost the 
same resistance maximum in the gate dependence curve. During the adsorption of H2, 
resistance maximum is strongly shifted to the negative gate voltages. This shift is due to the 
dissolution and partial dissociation of hydrogen at Pd nanoparticles. The particle’s work 
function decreases as the electrons are transferred from Pd to the graphene sheet. [82]. 
Gupta et al. [104] reported the ascorbic acid sensor by graphene nanosheets functionalized 
with polyaniline nanostructures and metal nanoparticles (Au Nps, Ag Nps). Here the 
nanoparticles are sandwiched between layers of graphene to ensure the good electron 
transfer. This can be further improved by changing the morphology, size, and the density 
of particles. Graphene sensor was found to have ultrasensitive up to lower concentration 
of 1 × 10−12 M and sensor with Au nanoparticles had a low signal-to-noise ratio. [104]. 

Shan et al. [105] have reported the sensing of glucose using graphene functionalized with 
glucose enzyme oxidase (GOD). Biosensor was comprised of graphene-polyethyleneimine-
functionalized nanocomposite for the detection of glucose. Flavin adenine dinucleotide 
(FAD) is deeply embedded in a protective protein shell, which makes the direct electron 
communication difficult with electrodes. As the graphene has the high specific area and 
extraordinary electron transport, direct electron transfer between GOD and electrode substrate 
is promoted. Sensor was based on the electron transfer from GOD demonstrating the potential 
application of graphene in glucose detection. A linear response was recorded between 2 mM 
to 14 mM in their study [105]. Kang et al. [106] have constructed a glucose sensor employing 
chitosan. They have sonicated suspension containing graphene and chitosan for 1 h and a 
stable dark suspension was formed as a result. This results in the formation of C-OH and 
-COOH functional groups which let the graphene more hydrophilic. Chitosan disperses the 
graphene and immobilizes the enzyme molecules and this sensor showed a sensitivity of 
37.93 µA mM−1 cm−2 for the concentration ranging between 0.08 mM and 12 mM possessing 
a long-term stability [106]. As the diabetic glucose concentration is above 7.0 mM and this 
sensor can be used for the determination of human blood sugar level. The linear range of 
this sensor is wider than that reported by Liu et al. [107], 0 to 7.8 mM (GOD on MWCNTs-
chitosan matrix), Liu and Ju, et al. [108] 0.08 to 0.28 mM (GOD on colloidal gold modified 
carbon paste electrode) and Huang et al. [109] 0.5 to 11.1 mM (GOD at a Cds nanoparticles 
modified electrode). Wu et al. [110] reported sensor GOD-graphene-PtNps-chitosan which has 
a detection of 0.6 µM glucose. Performance of this sensor was increased through intercalation 
of nanoparticles with graphene in order to increase the larger surface area and electrical 
conductivity. Here the interfering signals from the ascorbic acid and uric acid are negligible 
compared with the response to glucose [110,111]. 

Graphene based DNA electrochemical sensors provide a high sensitivity, high selec-
tivity and low cost for the detection of DNA sequences and genes which are mutated and 
provide a simple and promising diagnosis of patients [112,113]. Sensor is based on the 
change in conductivity as the DNA molecules are physiosorbed on the graphene surface 
resulting in the change in the conductivity [114,115]. Zhou et al. [116] have reported DNA 
electrochemical sensor based on graphene obtained from chemical reduction of graphene 
oxide. The sensor detects four different current signals of nucleotide bases in DNA (gua-
nine, adenine, cytosine and thymine) [11]. These devices can be separated into two namely, 
back-gated and liquid-gated [117]. Compared with that of the back-gated sensors, liquid-
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gated sensors are used widely for the detection of the DNA due to the sensitivity of 0.01 nM 
and ability to detect single mismatches [118]. This sensor has two electrode sources and a 
drain which connected by graphene sheet. A drop of buffer with DNA sample is loaded 
on the graphene surface then the gate voltage is measured so that DNA templates can be 
identifed [119]. 

Electrochemical sensors based on graphene have been developed for the detection of 
the heavy metal ions. Li et al. [119,120] have identifed a sensor based on Nafon-graphene 
composite flm for the detection of Pb2+ and Cd2+. The detection limits of 0.02 µL−1 were 
observed for both heavy metal ions. The linear range is 0.5 µL−1 to 50 µL−1 and 1.5 µL−1 

to 30 µL−1 for Pb2+ and Cd2+, respectively. The sensitivity was found to be higher than 
Nafon -bismuth electrode [121] and Nafon-CNT coated bismuth flm electrode [122]. The 
enhanced performance is due to the unique properties of graphene such as capacity to 
adsorb metal ions [119,120]. 

3.4. Transparent Electrodes 

Indium titanium oxide (ITO) and fuorine doped tin oxide (FTO) are commonly used as 
transparent coating for liquid crystal displays, solar cells and touch panels [123]. Due to the 
brittle nature and expensiveness of indium, graphene is being studied for the application in 
the transparent electrodes. The unique chemical, physical and mechanical stability makes 
graphene perfect material as a transparent electrode for solar cell and displays. Large 
surface area, inertness towards water and oxygen, high hole transparent mobility make 
graphene as an ideal material for photovoltaics [14]. 

Kim et al. [124] reported the growth of graphene flms on a 300 nm thick nickel 
layer and the transmittance was reported to be 80%. Graphene layer is grown on the 
nickel surface by CVD and then the Nickel can be etched away using FeCl3 leaving the 
graphene flm alone. The reduction in the thickness of the nickel layer and growth time 
increases the transmittance to 93%. It was mentioned that further reduction of graphene 
layer thickness by ultraviolet etching increased the sheet resistance. In order to reduce 
the contact resistance, indium electrodes were deposited on the corner of the square. The 
minimum sheet resistance is around 280 Ω per square, which is around 30 times smaller 
than the lowest sheet resistance measured on assembled flms [124]. Wang et al. [125] 
prepared a transparent graphene electrode for dye sensitized solar cells (DSSC) from 
exfoliated graphene oxide followed by thermal reduction. It was found that it has 70% 
of transparency over 1000 to 3000 nm and a good conductivity of 550 S/cm. It possesses 
short circuit photocurrent density of 1.01 mA cm−2, open circuit of 0.7 V and overall 
power conversion effciency of 0.26%. Low conversion effciency was due to the low 
quality of graphene flm [125]. Hong et al. [126] mentioned that composites of graphene 
with poly (3.4-ethylenedioxythiophene) had the transmittance of more than 80% and the 
energy conversion effciency of 4.5%. The thickness of the synthesized flm was around 
60 nm. When the graphene weight percentage in the composite increased from 0 to 1 %, 
it was observed that the energy conversion was increased from 2.3 % to 4.5 %. This 
weight percentage was optimum and further increase of the weight percentage of graphene 
resulted in the reduction of the energy conversion effciency [126]. Cu was chosen as a 
transparent electrode due to its low cost and high electrical conductivity. Thickness of the 
metal plays a crucial role in the performance because higher thickness gives improved 
resistance but reduces the transmittance. Kang et al. [127] reported the performance of Cu 
with different thickness (1, 3, 5, and 7 nm) incorporated with graphene. When the thickness 
of Cu is higher than 5 nm, the intensity of light entering the electrode is reduced. Cu with 
thickness of 3 nm exhibits a maximum current density of 12.64 mA/cm2 [127]. Huang 
et al [128] reported a sandwich structure made of graphene and silver nanowire where 
silver nanowire is inserted between two layers of graphene. The stretchable properties of 
single layer graphene (SLG), double layer graphene (DLG) and sandwiched type structure 
was analyzed and it was observed that the resistance of the SLG was unmeasurable after 
10 cycles, DLG have similar results after 40 cycles but the sand witched type gradually 
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increased to 4 after 20 cycles. Thereafter conductivity structure stabilized up to 100 cycles. 
This sandwiched type structure exhibits an excellent stretching ability. Under tensile strain 
cracks and holes were formed in SLG (15.14 %) and DLG (10.28 %) but sandwiched type 
electrode only experienced fewer cracks and holes (6.4%). This result indicates that the Ag 
wire suppress the crack formation. This structure effectively reduces the oxidation of the 
silver wire and withhold the initial resistance of the electrode. Furthermore, it possessed 
low sheet resistance, high light transmittance (greater than 90 %) and long-term stability 
when compared to that of SLG and DLG [128]. 

3.5. Environmental Applications 

With the start of industrial revolution in the mid-18th century, many advanced in-
dustries were developed with the use of steam, coal and fossil fuels. During this period, 
environmental pollution started to increase rapidly. Many mining industries released 
metal ions to the environment. Advancement of motor vehicles and the use of fossil fuels 
increased the greenhouse gases and other hazardous gases to the environment. Graphene 
and its derivatives play a crucial role in removing these pollutants from the environment. 

3.5.1. Adsorption of Metal Ions 

Metal ion pollutants enter into water bodies due to mining and industrial wastes. Gen-
erally, activated carbon has been used for the adsorption of metal ion pollutants, however, 
its production cost and regeneration restrict its applications. Owing to the high surface 
area, tunable surface chemistry, scalable production and non-corrosive property provide a 
path for the graphene-based materials for the application in metal ion adsorption [129,130]. 
Nanoparticles such as iron or iron oxide have been incorporated with the graphene (mag-
netic graphene nanocomposite) for the adsorption. Here the iron oxide is used to remove 
the chromium (VI). The graphene and magnetic graphene nanocomposite were compared 
for the Cr (VI) removal ability. The pure graphene exhibited lower removal effciency of 
only 44.6 % (even high concentration of 3 g L−1) while the magnetic graphene nanocompos-
ite showed a higher removal of effciency of 52.6 % (at lower concentration 0.25 g L−1). The 
removal effciency is further improved to 100 % when the 10% nanoparticle loaded with 
magnetic graphene nanocomposite. This composite completely removes Cr (VI) within 
5 min (using 3 g L−1). pH plays an important role for the adsorption of Cr (VI) and ad-
sorption effciency was higher at lower pH range (pH 1–3). [131,132]. Here the graphene is 
used as a physical support for iron oxide nanoparticle which improves the surface area 
and increases the number of binding sites for the metal ions [132]. Magnetically active iron 
oxide can be effciently removed from solution using its magnetic properties [133]. 

3.5.2. Adsorption of Gases 

Gosh et al. [134] have studied the adsorption of CO2 and H2 on the graphene surface 
and found that maximum adsorption of 37.93 % takes place by a single layer of graphene. 
Highest adsorption of H2 was adsorbed around 3.1 weight % and the CO2 adsorption 
was around 21–34 weight % [134]. Density functional theory study on the CO2 adsorp-
tion on defective graphene sheets indicates that CO2 is adsorbed exothermally on the 
vacancy defects in the graphene sheets. The energy of physisorption of CO2 on the mono-
vacancy site is around 210 m eV and the chemisorption energy is around 1.72 eV. Further 
studies revealed that the defective graphene showed four times higher adsorption than 
defect free graphene and CO2 molecules could form C-O bond with the carbon atoms of 
graphene [135]. Liu et al. [136] have studied the infuence of the oxygen functional group 
on the adsorption using CO2-CH4, CO2-N2, CO2-H2O mixtures. The results indicated that 
the CO2 which have the oxygen functional group is preferentially adsorbed over CH4 and 
N2. CO2 is preferentially adsorbed on the functionalized graphene surface with an induced 
polarity due to the strong quadrupolar moment of CO2 compared to the species of N2 and 
CH4 where the quadrupole is week. In the CO2-H2O mixture, H2O is adsorbed relatively 
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higher. This study revealed that the surface of the graphene can be tuned for the selective 
adsorption of gaseous molecules [136]. 

3.5.3. Graphene Based Photocatalyst 

Owing to the low cost and oxidizing ability, TiO2 is generally used as a semicon-
ductor forming graphene based photocatalyst for the degradation of the organic and 
biological contaminants. Reduced graphene oxides with 10% of Titanium nanotubes (TNT) 
showed the photocatalytic degradation of three times higher than the free TNT. TNTs 
were preferred due to their larger surface area when compared with that of the spherical 
nanoparticles [137]. As the organic dyes are aromatic, their adsorption on the graphene 
surface is enhanced by the π-π stacking interaction between sp2 orbitals of the both sys-
tems [138]. Due to the combination of the graphene and photocatalyst, the band gap of 
the photocatalyst is reduced thus increasing the effciency of the degradation [138,139]. 
Graphene improves the electron-hole recombination through the sp2 hybridized network. 
Here the graphene acts as an electron acceptor and gives a conductive platform to transport 
electrons which involves in the oxidation and reduction reaction during degradation [138]. 

4. Conclusions 

Graphene is a two-dimensional carbon network with a considerable research interest. 
Owing to its unique chemical and physical properties graphene has been investigated and 
used in many applications such as electronics, energy storing batteries, supercapacitors, 
solar cells and photocatalysts. Several synthetic methods have been applied to produce 
graphene such as mechanical exfoliation, liquid phase exfoliation, unzipping of carbon 
nanotubes, chemical vapor deposition and oxidation and reduction. Among these methods, 
chemical vapor deposition is the most promising method as this method is cost effective and 
can produce a large amount of graphene. N-doped graphene nanosheets and nanoparticles 
incorporated graphene have been investigated to improve the performance of the lithium 
ion batteries. The incorporation of nitrogen with graphene increases specifc area and 
electron transfer within the network of graphene. Metal oxide nanoparticles such as RuO2, 
NiO2, MnO2, Co3O4, ZnO and SnO2 and CNT-graphene have been incorporated with 
graphene to boost the performance of the super capacitors. Among these Co3O4 nanoparti-
cles exhibit the best performance. Both graphene and Co3O4 have strong interaction and 
this helps to prevents volume expansion/contraction and the aggregation of nanoparti-
cles. Several electrochemical sensors such as gas sensors, biomolecular sensors and heavy 
metal ion sensors have been under research and in application as well. Sensors have been 
developed by the incorporation of metal nanoparticle and used to track NO2, NH3, DNT, 
CO, glucose level, DNA sequences, and metal ions (Pb2+, Cd2+). Biosensors have been 
developed with chitosan protein. Chitosan protein provides functional groups to make the 
sensors hydrophilic. Nanoparticles play an important role in these sensors by increasing 
the performance. Theses biosensors have been utilized for the detection of blood glucose 
level. Graphene has been studied for the transparent electrode in DSSC and several studies 
have been undergoing to improve the light conversion effciencies. Graphene has been 
developed on Ni (1.01 mA cm−2) and Cu to use as transparent electrodes. Performance 
of the transparent electrode was depended on the thickness of the metal and the weight 
percentage of the graphene. As Cu is a low cost and high electrical conductivity material, 
has an excellent performance of 12.64 mA/cm2, when compared with the Ni. Unique chem-
ical property of the graphene paved the way for the environmental applications such as 
adsorption of heavy metals, organic contaminants, gases and applications, where graphene 
functions as photocatalyst for the degradation of the organic pollutants. Compared to 
the adsorption of the gases CO2, H2O, CH4, and N2, CO2 was preferentially adsorbed by 
functionalized graphene. As levels of CO2 is drastically increasing this might be a solution 
to reduce the levels of CO2 and to tackle the climate change. Graphene remains as a unique 
material with exceptional properties that could lead to promising applications. 
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