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Abstract: The surge of knowledge among researchers 
pertaining to the excellent properties of graphene has led 
to the utilisation of graphene as a reinforced filler in poly-
mer composites. Different methods of graphene prepara-
tion, either bottom-up or top-down methods, are important 
requirements of starting materials in producing reinforced 
properties in the composites. The starting graphene mate-
rial produced is either further functionalised or directly 
used as a filler in thermoset polymer matrixes. An effec-
tive interaction between graphene and polymer matrixes is 
important and can be achieved by incorporating graphene 
into a thermoset polymer matrix through melt mixing, solu-
tion mixing or in situ polymerisation processes. In addition, 
by taking into consideration the importance of green and 
sustainable composites, the details of previous work on 
graphene reinforced bio-thermoset polymer matrixes is dis-
cussed. The resultant mechanical and thermal properties of 
the composites were associated to the chemical interaction 
between the graphene filler and a thermoset matrix. Explo-
ration for further variations of graphene polymer compos-
ites are discussed by taking the reinforcement properties in 
graphene composite as a starting point.

Keywords: biocomposite; functionalised graphene; 
 graphene filler; graphite; thermoset resin.

1   Introduction
Over the past decade, graphene has been an interest-
ing topic of study among academicians and industry 
researchers (Jang and Zhamu 2008, Lin et al. 2014, Mauro 

et  al. 2014, Rus et  al. 2015, Khan et  al. 2016). The inter-
est of graphene incorporation into polymeric materials 
arises from its exceptional mechanical and thermal prop-
erties such as its high Young’s modulus and good thermal 
conductivity. Graphene is also reported to be the world’s 
thinnest, strongest and firmest material (Paulchamy et al. 
2015, Phiri et  al. 2017). The properties of a composite 
inherit the properties of its building block. Many success-
ful studies have proved that incorporation of graphene as 
a nanofiller in polymeric materials and composites has 
enhanced its mechanical (Rafiee et al. 2009, Naebe et al. 
2014, Xing et al. 2017), thermal (Park et al. 2014, Tang et al. 
2015) and electrical (Lin et al. 2014) properties. Graphene 
is found to have potential in many applications including 
structural applications (Hu et  al. 2014), in semiconduc-
tors and batteries (Zheng and Wong 2003, Chang et  al. 
2014), in supercapacitor electrodes (Ali et  al. 2015) and 
in the thermal management in battery packs (Pop et  al. 
2012, Renteria et  al. 2014). Based on the contribution of 
graphene in reinforcing nanocomposite applications, it is 
important to determine the current derivative of graphene 
due to the advantages of graphene in various applications, 
relying on the structure of graphene and ways in which it 
can be used for the required applications.

Graphene has exceptional characteristics in rein-
forcing polymer nanocomposite properties based on the 
listed examples. Graphene reinforced polymer compos-
ite has contributed to the recognition and deep study on 
graphene chemistry and graphene chemical interaction 
with polymer matrixes. This review generally focusses on 
investigating the properties of graphene by considering 
its remarkable characteristics. Previous studies that dis-
cussed graphene/polymer nanocomposite have focussed 
on the fabrication of graphene and the fabrication of 
graphene nanocomposites (Phiri et  al. 2017). The analy-
sis mainly focusses on various examples of graphene/
polymer nanocomposites, rather than the fundamental 
reasons to reinforce mechanical and thermal properties 
of the polymer composites. Thus, this paper presents an 
overview of the chemical interaction between graphene 
and a polymer matrix to improve the mechanical and 
thermal properties of the resulting composite, as well as 
the general practice in preparing graphene filler and pro-
cessing graphene/polymer nanocomposites. In addition, 
the spur of environmental concern, depleting petroleum 
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resources, and the success of past studies on bio-based 
polymer nanocomposites, graphene/bio-based thermoset 
nanocomposites are highlighted (Haq et al. 2011, Albayrak 
2013, Mustapha et al. 2014).

2   Graphene
Graphene has a unique structure. It is arranged in many 
hexagonal lattices by sp atomic orbital sp2 hybridised 
bonded carbon atoms (Potts et al. 2011, Young et al. 2012, 
Phiri et  al. 2017). The multiple hexagonal lattice joined 
by carbon bonds forms a two-dimensional (2D) single 
layer graphene (Potts et al. 2011, Young et al. 2012, Phiri 
et  al. 2017). This building block is the basic structure of 

graphitic materials, also known as carbon allotropes 
(Potts et al. 2011, Young et al. 2012, Rohini et al. 2015, Phiri 
et al. 2017). The allotropes such as zero-dimension fuller-
ence, one-dimensional (1D) carbon nanotube and three-
dimensional (3D) nanostructure from staggered sheets are 
all formed from structural modification of the graphene 
sheet as shown in Figure 1.

Graphene and graphite are of the same sp2 hybrid-
ised bonded carbon in planar form but are different in 
the arrangement of the lattice. In this review, graphene 
is referred to as a one-layer planar carbon-carbon (C-C) 
bond, while graphite is multiple layers of graphene in a 
staggered form forming a 3D order as shown in Figure 2. 
Graphene is an sp2 hybridised bonded carbon atom 
with one free electron to be used in reactions and to 

A
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D

Figure 1: The structure of graphene with four different allotropes.
(A) 2-D graphene (B) 0-D fullerence (C) 1-D carbon nanotube and (D) 3-D graphite. Reprinted with permission from Macmillan Publishers Ltd: 
[Nature Materials] (Geim and Novoselov 2007), copyright (2007).
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Figure 2: Graphene from single layer to multiple layers to form graphite. 
Representation of (A) graphene sheet and (B) graphite. Reproduced (in part) from (Ciesielski and Samori 2014) with permission from The 
Royal Society of Chemistry.

complete the sp3 hybridised structure to form derivatives 
of graphene.

In 2014, Inagaki and Kang reviewed graphene deriva-
tives including hydrogenated graphene, fluorinated gra-
phene and graphene oxide (GO). Hydrogenated graphene 
or graphane consists of an sp3 C-C bond compared to the 
sp2 C-C bond of graphene. It was synthesised in 2009 firstly 
through a graphene reaction with cold hydrogen plasma 
at low pressure and temperature (Inagaki and Kang 2014). 
Graphene has insulating electronic behaviour and a 
reversible tuneable crystal structure and is a great pros-
pect in nanoscale device application, hydrogen storage, 
carbon dioxide (CO2) filters, sensing platforms for trinitro-
toluene (TNT) in sea water, biomarkers (Peng et al. 2014, 
Sahin et al. 2015) and graphene based electronic circuits 
(Lee et al. 2017). Different from graphane, fluorinated gra-
phene or fluorographene with fluorine functionalities on 
graphene represent different characteristics to graphene. 
Incorporation of the fluorine atom to the carbon lattice 
gives rise to an electronic band opening and optical trans-
parency of fluorinated graphene (Chronopoulos et  al. 
2017). Fluorine binds more strongly to the carbon lattice 
compared to hydrogen. It leads to higher thermally stable 
and chemically inert fluorographene. The properties of 
fluorographene had widened the research of the mate-
rial in as regards lubrication, in batteries, supercapaci-
tors, biosensors, solar cells technologies, electrocatalytic 
applications, oil-water separation, gas separation and 
many more applications (Chronopoulos et al. 2017).

Among all, GO attracts the greatest attention because 
it is cheap, easily accessible (Potts et al. 2011) and a good 
candidate for use in many applications (Dreyer et al. 2009). 
GO is oxidised graphene, with oxygen functional mole-
cules on both sides of graphene sheet surface and edges 

of the graphene sheet (Potts et  al. 2011). The illustration 
is shown in Figure 3. The chemical functionalization of 
graphene with reactive oxygen functional groups widens 
the opportunity to create chemical or covalent interactions 
of graphene with the host structure of the material for 
enhancement in mechanical and thermal properties.

3   Graphene preparation
In recent works, there are two possible methods that have 
been developed to synthesise nanomaterials and to fab-
ricate nanostructures, which is the bottom-up approach 
and the top-down approach. The methods can be applied 
to nanoscale graphene preparation. In previous studies, 

Figure 3: The structure of GO with hydroxyl and epoxy functional 
groups at basal plane and edge of graphene sheet.
Reproduced (adapted) from (Dreyer et al. 2009) with permission 
from The Royal Society of Chemistry.
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graphene has been widely explored and synthesised using 
various common routes including reduction of GO through 
chemical, electrochemical and thermal reduction, chemi-
cal vapour deposition, and chemical exfoliation.

3.1   Bottom-up graphene synthesis 
technique

In bottom-up methods, the preparation of graphene starts 
with a small entity to a larger build-up of the graphene 
nanostructure (Tour 2013). The fabrication of nanocom-
posite through the bottom-up method has been applied 
on a laboratory scale. In the latter section, the bottom-up 
approach to produce graphene through chemical vapour 
deposition and organic chemistry reaction is discussed.

3.1.1   Chemical vapour deposition

Chemical vapour deposition (CVD) is a process where the 
carbon precursor is diffused onto a transition metal sub-
strate at a growth temperature, and upon cooling the metal, 
carbon will be precipitated on the bulk metal (Galpaya 
2015). Due to the needs of the metal substrate to grow gra-
phene, the metal substrate is also referred to as a catalyst in 
later explanations. The intended structure of the graphene 
end product can be determined from the structure of the 
metal catalyst used. For example, the shape of the carbon 
nanotube (CNT) can be produced with CVD with the spheri-
cal shape of the catalyst nanoparticle while the graphene 
sheet grows on a layer of metal sheet (Awadallah et al. 2017).

Contamination is an issue that might arise during 
graphene growth and the issue can be avoided by using 
an inert metal catalyst. Nam et  al. (2017) conducted an 
experiment on the chemical vapour deposition of gra-
phene on platinum and studied the growth of graphene 
and its interaction. The presence of graphene was proven 
as evidenced by G-peaks, 2D and D-peaks in Raman 
spectroscopy. The G-peak for the C-C stretching bond 
was observed at 1580 cm−1, the 2D-peak for the sp2 carbon 
system at 2700 cm−1 and the D-peaks at around 1350 cm−1. 
The inert platinum metal is unaffected by oxidation; 
thus it is ideal to grow a uniform graphene monolayer. 
However, larger growth of graphene requires a larger size 
of platinum film due to the low carbon solubility in plati-
num compared to nickel (Kang et  al. 2009). Therefore, 
platinum is an expensive choice to grow graphene due 
to its price and larger size of platinum required to grow a 
larger graphene. Possible metals to grow graphene include 
cobalt- (Amato 2018), nickel- (Al-Shurman and Naseem 

2014) and iron- (Zheng et al. 2017) based catalyst. In a 
study conducted by Awadallah et  al. (2017), a graphene 
nanoplatelet (GNP) was prepared with the three iron sub-
strate catalysts. Among the three metallic sheets, metallic 
nickel (Ni) grew more graphene layers and enhanced the 
growth activity of the formation of GNP (Awadallah et al. 
2017). Graphene growth activity on the Ni surface is diffi-
cult to control because carbon is soluble in nickel (Avouris 
and Dimitrakopoulos 2012).

The chemical vapour deposition process involved 
expensive and carcinogenic transition metals and high 
temperature processes, which are hazardous to the person 
in charge of the process. Also, film thickness is difficult 
to be controlled by this technique; yet, a limit is applied 
on its application on an industrial scale (Galpaya 2015). 
Therefore, alternative ways to functionalise and exfoliate 
graphite to graphene sheets are being studied further.

3.1.2   Organic chemistry reaction

The bottom-up approach through an organic chemistry 
reaction includes known organic chemistry mechanisms 
between carbon-based species. In this reaction, the active 
site on one species will form an interaction with an active 
site of another species through an organic mechanism and 
joins the two species through the chemical bond formed. 
The growth of the GO nanosheet (GON) can be controlled 
through controlling the processing temperature (Tang 
et  al. 2012a). In 2012a, Tang et  al. used glucose, sugar 
and fructose as reagents to grow GONs using a hydro-
thermal method. When the temperature varied between 
165°C and 185°C, the thickness of the GON increased from 
4.1 nm to 142 nm. A 1500 nm GO nanosheet was produced 
in 660 min at 180°C. Controlling the temperature during 
the preparation of graphene through a combination of 
CVD and an organic chemistry reaction is also important 
to produce high quality graphene (Jiang et al. 2013). Ele-
vated temperature during the CVD process is used to avoid 
the absorption of elements other than the graphene film 
on the metal catalyst surface (Jiang et al. 2013). Byun and 
Coskun (2015) synthesised a 3D nanoporous graphene 
nanoribbon through Diels-Alders’ and cycloaddition 
reactions between the dicyclopentandienone and aryla-
cetylene derivatives. The approach resulted in a graphene 
nanoribbon with high thermal stability up to 400°C in 
air, high affinity for hydrogen gas (H2), CO2, and methane 
gas and small pores that are suitable for gas filter and gas 
storage applications.

Even though the bottom-up approach has not been 
widely applied in graphene formation, it has many 
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advantages compared to the top-down approach. Precise 
graphene nanoribbon framework (GNF) with different 
topologies and widths are reported to be to be needed in 
applying the bottom-up approach in making GNF (Byun 
and Coskun 2015). Besides, the direct interaction between 
carbon precursors make it feasible to control the edge shape 
and widths on GNF (Byun and Coskun 2015). For example, 
a long graphene can be formed through unzipping the CNT 
and the graphene can further oxidised to form a GO nanor-
ibbon (GONR) (Huang et al. 2017). The use of a small mole-
cule and a polymer has not limited the size of the graphene 
produced, as a large graphene film was reported to be 
produced from small molecules and polymers (Jiang et al. 
2013). The difficult part of the bottom-up approach is the 
placement of the device structure (Tour 2013). For example, 
it is impossible to place 1000 layers of nano-sized graphene 
sheets with precise location onto the intended chip (Tour 
2013). Therefore, an alternative approach in graphene 
production was further explored. In addition, making the 
structure following the size region for the attachment on 
the electrode is difficult to obtain (Tour 2013).

3.2   Top-down graphene synthesis technique

In the top-down process, graphite or a derivative of 
graphite undergo an exfoliation process to separate the 
aggregated graphene layers to produce graphene sheets 
(Figure 4) (Jacobberger et al. 2015). Meanwhile, the forma-
tion of graphene from GO is done through the reduction of 
GO. Even though the process is slow, it is suitable for large 
scale production in graphene nanocomposites especially 
in polymer composite applications (Shah et al. 2015).

3.2.1   Reduction of graphene oxide

Graphene production can be utilised from the reduction of 
GO. The discovery of methods to reduce GO is an advanta-
geous situation for industries as it offers mass production 
of graphene at a low cost and high yield without disturb-
ing the properties of the pristine graphene (Toh et  al. 
2014). Later in this section, three of the usual methods 
used to reduce GO are discussed.

3.2.1.1   Chemical reduction
Reduced GO (rGO) and pristine graphene have simi-
larities on the structure and the arrangement of the 
components with both having available sp2 hybrid-
ised carbon with delocalised π electrons (Potts et  al. 
2011). The chemical reduction of GO is the process of 
reducing GO to form pristine graphene. The difference 
between rGO and pristine graphene indicate that rGO 
contains a partly oxygenated functional group which is 
not reduced, while the pristine graphene component is 
solely formed by bonded carbon atoms. Therefore, rGO 
is normally used as a filler in polymer composites due 
to the possible hydrophilic interaction with the polymer 
matrix (Tang et al. 2016a,b).

The conditions and the reducing agent used deter-
mined the degree of reduction and the remaining oxygen 
functional group was studied from Raman spectra. The 
chosen reducing agent must not show reactivity with 
other solvent or chemicals present to ensure the reduc-
tion process is purely from the reducing agent. A strong 
reducing agent such as hydrazine monohydrate does 
not show reactivity with water, therefore it is always an 
option to reduce GO in an aqueous solution (Potts et al. 
2011). Reduction of GO by using hydrazine or chemically 
reduced graphite oxide (CRGO) was highly dispersed and 
exfoliated in an epoxy matrix and resulted in increased 
mechanical, thermal stability and electrical conductivity 
of the composite (Gong et al. 2015). The longer the dura-
tion for the reduction treatment of graphite oxide using 
hydrazine is, the more oxygen functional groups are 
removed from the graphite surface. Besides enhancement 
in mechanical, thermal and electrical properties, graph-
ite oxides that undergo 48 h of reduction treatment show 
photocatalyst ability to mineralise a wide range of dyes in 
water system (Wong et al. 2015).

Hydrazine should be avoided being applied in large 
scale processes due to its toxic and explosive properties 
(Galpaya 2015). Due to this issue, green and non-toxic 
reducing agents have always been chosen (Tang et  al. 
2012b, Zaid et  al. 2015, Boro and Karak 2017, Emiru and 

Figure 4: Process in proposed exfoliation of graphene through top 
down reaction.
Reprinted (adapted) with permission from (Jacobberger et al. 2015). 
Copyright (2015) American Chemical Society.
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Ayele 2017). Emiru and Ayele (2017) specifically studied 
the controlled synthesis, characterization and reduction 
of GO for large-scale production and used ascorbic acid as 
a convenient and non-toxic reducing agent. The rGO was 
confirmed by ultraviolet (UV)-visible spectroscopy when 
the absorption peak of GO at 226 nm was shifted to 262 nm 
after 30  min reaction time indicating the restored elec-
tronic conjugation within the graphene sheet. Ascorbic 
acid was a stronger reducing agent as the absorption peak 
result was comparable with 6  h treatment of hydrazine 
rGO (Wong et al. 2015). The degradation of the electronic 
transition due to the remaining oxygen functional group 
and the remaining sp3 hybrid carbon leading to loss of 
free electrons to carry charges, further limit the intended 
applications (Guo et al. 2009).

3.2.1.2   Electrochemical reduction
Electrochemical reduction is a reduction of GO using a 
standard normal electrochemical cell at room tempera-
ture in the presence of an aqueous buffer solution (Pei and 
Cheng 2012). As the method can be run at room  temperature 
and the choices of buffer solution can be controlled, the 
method is cost efficient, fast, simple and not harmful to 
environment (Toh et al. 2014). As known, the reduction of 
GO will produce graphene with a partially restored pris-
tine graphene and a partially remained oxygen functional 
group on the structure of the graphene sheet. The remain-
ing oxygen functional groups will be easily manipulated to 
new functionalities of rGO (Toh et al. 2014).

The electrochemical reduction of GO can be conducted 
with chemically safe aqueous solutions as the medium in 
the reduction process. In addition, the reduction process 
can be controlled by the choice of electrolyte medium and 
the reduction potential (Kauppila et al. 2013). The use of 
easily available potassium hydroxide as an electrolyte pro-
duced an rGO film with excellent electrochemical perfor-
mance such as high specific capacitance and capacitance 
ability even after 3000 cycles (Zhang et al. 2012). Besides 
basic electrolytes, an organic electrolyte medium such as 
acetonitrile and propylene carbonate, with a combination 
of negative reduction potential and pH 12 produced an 
rGO film with the highest C/O ratio of 4.00, which is not 
observable in the standard chemical and electrochemical 
reduction of GO (Kauppila et al. 2013). Feng et al. (2016) 
introduced a method for the large scale production of 
1D, 2D and 3D graphene material using a prepared silk 
fibroin/electrochemically reduced GO (SF/ERGO) compos-
ite film. The short reduction time was observed with excel-
lent mechanical properties and electrical conductivity of 
the film.

3.2.1.3   Thermal reduction
In the thermal reduction process, the oxygen functional 
groups from the GO surface were removed by supplying 
heat treatment. The reduction process does not need the 
dispersion of GO in a solvent to retain a partially graphite 
structure of rGO (Cui et al. 2016). This lowered the hazard 
of the volatile solvent during GO reduction. Due to the pre-
served graphite structure, thermal reduction could be a 
potential in thermoelectric applications (Pop et al. 2012). 
Temperature is an important factor to determine the degree 
of reduction. Seung (2011) used X-ray diffraction (XRD) to 
study the interlayer distance of GO/graphene film (GP) and 
reported that thermal reduction started at 500°C–1000°C 
with reduced oxide layers (dGO). Thermal reduction of GO 
was conducted by Tegou et  al. (2016) for sensor applica-
tions. The reduction process ranging from 90°C to 300°C 
took advantage of oxygen labile behaviour when it decom-
poses in the presence of heat. As the reaction decomposes 
oxygen, the oxygen concentration in the system will be 
extremely high at an increased temperature (Pei and 
Cheng 2012). Therefore, the reaction is usually carried out 
in a vacuum, an inert or a reducing environment to avoid 
the reformation of GO by etching of oxygen in the system. 
Kumar et al. (2016) maintained the thermal reduction tem-
perature and studied the effect of oxygen clustering on 
the graphene basal plane on the structural and electrical 
properties of rGO structures. The experiments and atom-
istic calculations done by the team showed that degree of 
rGO depends on types of oxygen functional groups on the 
GO surface and oxygen clustering on the GO surface.

3.2.2   Exfoliation of graphite

3.2.2.1  Chemical exfoliation of graphite
In chemical exfoliation, the sp2 bonding network in the 
graphite carbon basal plane was disrupted with an addi-
tional functional group or ion. The additional ion or 
functional group on the graphite plane transform the sp2 
hybridised carbon to sp3 hybridised carbon. Alam et  al. 
(2016) suggested that a large alkali ion is inserted between 
the graphite layers to exfoliate graphite (Alam et al. 2016). 
Another method in chemical exfoliation is the oxidation 
of graphite. In the modified version of Hummer’s method, 
the graphite oxide produced will be exfoliated to gra-
phene oxide. It combines oxidation and exfoliation of the 
graphite sheet through thermal treatment. Paulchamy 
et al. (2015) described the reaction in simple steps. In this 
method, the graphite flake was exfoliated in sulfuric acid 
(H2SO4) and then oxidised with potassium permanganate 
(KMnO4) and sodium nitrate (NaNO3) catalyst at below 
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15°C. Water was added to complete the oxidation process. 
Excess KMnO4 was removed to complete the reaction 
by reaction with hydrogen peroxide (H2O2). Finally, the 
mixture was washed repeatedly with hydrochloric acid 
(HCl) and deionised water before being vacuum dried to 
obtain a gel-like substance.

A concern with modified Hummer’s and Hummer’s 
method is the release of toxic gasses, nitrogen dioxide 
(NO2) and dinitrogen tetroxide (N2O4), during the oxidation 
process (Marcano et al. 2010). As the modification excludes 
NaNO3, KMnO4 increases and maintains H2SO4:hydrogen 
peroxide (H2O2) ratio as 9:1 that successfully reduces the 
release of the toxic gas and surprisingly increases the 
yield of GO (Marcano et al. 2010). The improved Hummer’s 
method was also reported to decrease processing costs and 
produced environmentally friendly GO (Chen et al. 2013). 
The idea to oxidise graphene to GO, with the incorpora-
tion of an oxygen functional group in between the stacking 
graphene, has triggered new ways to chemically exfoliate 
graphite without changing the property of graphene.

Badri et al. (2017) exfoliated raw graphite and alkali 
lignin as an exfoliation agent in an aqueous medium 
for consistent graphene exfoliation. Besides sonication, 
mechanical stirring was applied to help solution exfolia-
tion. The reaction produced high quality graphene with 
the remaining electrical property of graphene. In addi-
tion, a tedious reaction was avoided with the reaction at 
room temperature and ice bath sonication occurring in 
shorter sonication time.

3.2.2.2   Electrochemical exfoliation of graphite
The electrochemical exfoliation method is an approach 
to separate layers of graphene while retaining the proper-
ties of pristine graphene (Toh et al. 2014). The addition of 
an aqueous electrolyte in electrochemical exfoliation will 
result in fast and simple reactions. Also, high quality gra-
phene sheets will be produced compared to rGO (Galpaya 
2015).

Parvez et  al. (2014) prepared graphene through the 
exfoliation of graphite in aqueous solutions of inorganic 
salts. In this study, sulphate 4(SO )−  anions offered effi-
ciency in exfoliate graphite. An optimum condition was 
reported with 5 min reaction and 1.0 m 4SO− led to 80% of 
120 exfoliated graphene (EG) sheets larger than 5.0 μm, 
85% abundance of thin graphene with less than three 
layers and ~72% abundance of bilayer graphene. Shang 
et  al. (2016) conducted another exfoliation process with 
the 4SO− ion. The study produced a comparison of the prop-
erties of graphene flakes manufactured from liquid phase 
exfoliation (LPE) and electrochemical exfoliation (ECE) 

of graphite. The graphite electrode was self-prepared by 
high pressure pressing GNPs and 0.1 M sulfuric acid as the 
electrolyte. From the ECE exfoliation process, one mon-
olayer of graphene flakes was observed under transmis-
sion electron microscopy (TEM) and with a narrower size 
distribution from 0.6 μm to 1.2 μm. Also, the EG produced 
from ECE was proven to have a lower level of defects or 
disorder with the Raman spectroscopy result of ID/IG = 0.46 
compared to higher D band intensity (ID/IG = 0.89) of EG 
from LPE. Liu (2017) successfully synthesised graphene 
through multiple electrochemical exfoliations of graph-
ite with multiple electrolytes as the electrocatalyst for the 
oxygen reduction reaction. In the study, oxalic acid con-
tributed to a faster exfoliation process, better solubility of 
EG in deionised water and easier post-treatment of the EG 
and offered optimum conditions for the graphite exfolia-
tion process.

4   Graphene reinforced polymer 
nanocomposite

Graphene, a nano-sized material, is an advanced filler 
compared to other fillers as it offers greater changes in 
the composites’ properties with very small incorpora-
tion in the composite due to the ultrahigh aspect ratio 
to the matrix (Phiri et  al. 2017). Manipulation of gra-
phene derivatives and processing techniques had led to 
the continuous research in incorporating graphene as 
a reinforcement filler in polymer composites. In many 
studies on graphene, it has been proven that the combi-
nation of graphene and polymer properties had produced 
polymer nanocomposites with outstanding mechanical, 
thermal, electrical (Hu et  al. 2014), electronic (Rozhkov 
et  al. 2016) and optical properties (Loh et  al. 2010). The 
excellent resultant properties of composite-filled gra-
phene had sparked the interest of researchers to explore 
graphene functions in polymer composites to be used in a 
wide range of applications including as structural materi-
als (Potts et  al. 2011), in the automotive (Elmarakbi and 
Azoti 2015), medical (Pal et al. 2017), electronics (Ye and 
Feng 2014), gas filter (Cui et al. 2016, Ren et al. 2017), aero-
space industries (Kuzhir et al. 2013) and others.

The properties of nanocomposites rely on the inter-
action between the filler and the polymer. The proper-
ties of composite materials improves significantly at 
very low loading of graphene inclusions, thus being an 
advanced filler as compared to other fillers (Phiri et  al. 
2017). This is due to the nanoscale graphene filler that 
offers a large surface area to volume ratio in the polymer 
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matrix compared to macro and micro scale fillers (Salava-
gione et al. 2011). A high performance polymer/graphene 
nanocomposite can be obtained by controlling the gra-
phene disparity and its bonding with the polymer matrix. 
Thus, the ratio of graphene to polymer and the selec-
tion of graphene functionalities plays an important role 
(Phiri et al. 2017). However, there is a reason to consider 
which graphene can re-agglomerate after high exfoliation. 
 Re-agglomeration occurs when the EG sheets regain the 
Van der Waals interaction. An effective processing method 
needs to be considered to prevent re-agglomeration of 
graphene (Shen et al. 2010). Therefore, to consider good 
interaction between the filler and the polymer matrix, the 
fabrication method and process to mix graphene filler and 
polymer matrix should also be taken into consideration to 
produce a high performance of composite product and to 
minimise the energy and cost of the production.

5   Nanocomposite processing 
method

To date, there are three main processing methods to ini-
tiate the interaction between graphene and a polymer 
matrix, which are melt mixing, solution mixing and in situ 
polymerisation. The mentioned methods will be briefly 
discussed in the next section.

5.1   Melt mixing

In the melt mixing method, graphene is added to a molten 
polymer matrix without the requirement of a solvent 
(Phiri et  al. 2017). A good interaction between the filler 
and the matrix can be achieved by dispersing the filler 
into the matrix with sheer mixing at high temperature 
(Huang et al. 2012, Phiri et al. 2017). The method is suit-
able for industrial practices as its low cost and quick 
process (Papageorgiou et al. 2015). Some examples of the 
composites produced by this method include graphene/
nanosheet polyester nanocomposites (Qiu et  al. 2016), 
graphene/polyethylene terephthalate nanocomposites 
(Zhang et  al. 2010), polylactide-nanographite platelets/ 
biopolymer composites (Narimissa et al. 2014), and high 
density rGO/polyethylene (HDPE) nanocomposites (Woh 
2015). Due to the high temperature conditions, it is useful 
to apply low resistant material such as a thermoplastic 
(Phiri et al. 2017). However, high temperatures can expose 
graphene to degradation (Papageorgiou et  al. 2015). 
Besides, as the method is solvent free, high graphene 

incorporation will lead to high viscosity of the graphene 
polymer mixture, thus limiting the dispersion of the gra-
phene filler. In addition, high shear force can overcome 
graphene’s poor ability to disperse and assist in its distri-
bution into the matrix but at the cost of graphene sheet 
fragmentation (Papageorgiou et al. 2015). Thus, it is advis-
able to apply the optimum temperature and shear force 
during the mixing process.

5.2   Solution mixing

The solution mixing method is a simple and potential 
approach for large scale graphene nanocomposite pro-
duction (Papageorgiou et al. 2015, Phiri et al. 2017). In this 
method, the polymer and graphene separately disperse in 
the same type of solvent before both the filler and matrix 
are mixed together. Among the normally used organic sol-
vents are tetrahydrofuran (THF), toluene, dimethylforma-
mide (DMF), and chloroform (Kaveh et al. 2014). In 2011, 
Verdejo et al. suggested producing graphene layers using 
a three-step process. First, exfoliation of graphite oxide 
into GO layers. Second, the reduction of GO to remove 
functional oxygen groups and recover the sp2 carbon 
network. Last, rapid heat treatment to enable exfoliation 
and reduction of graphite oxide into rGO layers. In the syn-
thesis of polyvinyl alcohol/graphene nanocomposite by 
the three-step process, GO was firstly dispersed in water, 
then gradually added with polyvinyl acetate (PVA) and 
sonicated. After the graphene filler and polymer matrix 
homogeneously dispersed, GO was then reduced with 
hydrazine and finally PVA/GO was heated to 100°C (Yang 
et al. 2010). To ensure the graphene sheet is fully exfoli-
ated in the solvent, the graphene sheet must have good 
interaction with the solvent. One way to complete this 
requirement is by functionalising the graphene sheet to 
get support in the dispersal ability within the solvent and 
prevent re-agglomeration of the graphene sheet (Huang 
et  al. 2012). During incorporation of the polymer, the 
graphene sheet was surrounded by polymers and forms 
an interaction with polymer and was freely dispersed in 
polymer matrix when the solvent was evaporated (Chat-
terjee and Chu 2016). Normally, ultrasonication is applied 
to maintain the exfoliation of the graphene sheet in the 
solvent and in the polymer matrix as graphene can easily 
re-agglomerate during the dispersion process (Fawaz and 
Mittal 2014, Phiri et  al. 2017). The use of a solvent had 
caused drawbacks in this method as the solvent is costly 
and the disposal of solvent provides is bad for the environ-
ment as it is a non-biodegradable chemical (Papageorgiou 
et al. 2015).
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5.3   In situ polymerization

In situ polymerization is a process that involves the mixing 
of a monomer with filler followed by self-polymerization of 
the monomer. Different to the melt mixing method, in situ 
polymerization can synthesise thermoplastic and thermo-
set nanocomposites (Fawaz and Mittal 2014). This reaction 
allows grafting of polymer on the graphene surface (Fawaz 
and Mittal 2014) and good graphene-polymer dispersion 
through the polymer grafted graphene interaction with a 
similar polymer matrix. Liu et al. (2012) conducted the in 
situ synthesis of a thermosetting polyimide with graphene 
oxide. The increased the hardness of the graphene/polyim-
ide nanocomposite compared to the polyimide produced 
by the full exfoliation of GO in the polymer matrix (Liu 
et al. 2012). The advantages of the process include the pos-
sible strong interaction between the filler and the matrix 
and the excellent homogeneous dispersion of  graphene 
in the polymer matrix (Verdejo et  al. 2011). A good gra-
phene dispersion can be obtained from sonication and 
rapid heating (Kaveh et al. 2014). The strong filler matrix 
interaction is worthy for producing nanocomposites with 
reinforcement in the intended physical and mechanical 
properties (Kaveh et al. 2014). This is due to the behaviour 
of the polymer on the graphene sheet as stress is trans-
ferred to the polymer matrix during impact (Papageorgiou 
et  al. 2015). Functionalization of graphene sheet with a 
poly(p-phenylene benzobisoxazole) (PBO) monomer and 
further grafting with a terephthalic acid (TPA) monomer 
through the in situ process formed a strong interaction with 
the polymer matrix (Wang et al. 2017). However, the in situ 
synthesis is not advisable to produce nanocomposite with 
improved electrical conductivity as it will reduce the avail-
able sp2 hybridised graphene sheet when graphene forms 
a direct interaction with the polymer matrix (Papageorgiou 
et al. 2015).

6   Method of designing a graphene-
filled thermoset polymer

The structure of polymers such as polyesters, polyamide 
and polystyrene render carboalkoxy, amide and benzene 
ring functional groups, respectively. The structure of gra-
phene with its hydrophobic nature is incompatible to 
form an interaction with the polymers (Ljubic et al. 2015). 
Therefore, the polar polymers with active functional 
groups except polymers with aromatic rings are unable to 
interact efficiently with nonpolar graphene (Salavagione 

et al. 2011). Modification of graphene allows compatibil-
ity of graphene with the polymer matrix via non-covalent 
and covalent interactions is important to prevent re-
aggregation during exfoliation of the filler in the polymer 
matrix (Ljubic et al. 2015). In later sections, examples on 
possible grafting of GO through covalent interactions with 
polymers to introduce interaction sites with the polymer 
matrix and examples of graphene/polymer nanocompos-
ites are discussed.

6.1   Grafted graphene oxide

Functionalisation through the introduction of new chemi-
cal groups on graphene or GO surfaces is the best way to 
attain a significant performance of graphene (Liu et  al. 
2012, Georgakilas et al. 2016). The new chemical groups 
initiate interfacial interactions between the polymer 
matrix in composite with graphene-based materials as 
the mechanical integrity of the nanocomposite and their 
mechanical achievements (Hu et al. 2014). There are two 
possible processes to design functionalised GO (fGO), 
first through GO surface absorption or reaction with small 
molecules such as silane coupling agents and second 
through a chemical interaction between the functional 
groups on the GO surface with polymeric moieties (Pour 
and Ghaemy 2016).

During the process of absorption of small molecules 
in GO, small molecules acts as connectors between GO 
and polymer molecules. The interfacial interaction relies 
on coupling agent bonding with functional groups on GO. 
It will weaken the interaction between graphene sheets, 
increase its interlayer spacing, and facilitate the exfolia-
tion and dispersion of grafted graphene by mechanical or 
thermal methods (Potts et al. 2011). The interlayer spacing 
calculated from the d-spacing value of GO was observed 
in the range of 0.75  nm–0.90  nm (Guo et  al. 2009, Bora 
et al. 2013, Park et al. 2014). The importance of the bigger 
d-spacing value is for the dispersion of grafted graphene 
in the polymer matrix. Besides, ample space is also needed 
to further graft the GO sheets with the desired polymer 
molecules. An example of aliphatic coupling agent such 
as ATBN in Figure 5 widens the GO spacing by 14%, which 
is in a lower increment compared to the aromatic coupling 
agent (Pour and Ghaemy 2016). This is expected due to 
the rigidity of the aromatic structure compared to the ali-
phatic chain. However, the similar polarity of the aromatic 
ring in the GO structure and the coupling agent facilitated 
the aggregation of the grafted GO due to strong Van der 
Waals’ interactions between the two molecules (Pour and 
Ghaemy 2016). Therefore, to avoid aggregation, a longer 
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aliphatic chain connected to the graphene aromatic ring 
is suggested.

Another method to functionalise GO is through a 
direct grafting of GO with a polymer. In this method, the 
GO surface with multiple functional groups is covalently 
bonded to the the desired polymer. The selection of the 
polymer is broad and dependent on the desired properties 
of the polymer-grafted nanomaterials (Pour and Ghaemy 
2016). GO can be grafted with poly(vinyl imidazole) chains 
(Figure 6). The multiple steps of synthesis and reduction 
of chemicals used can be avoided compared to previ-
ous methods as absorption of the small molecule on GO 
surface was skipped. However, this method is not eco-
friendly as large volumes of solvent are needed to wash 
the unreacted graphitic structure and reactants after the 
polymerization process and during the dispersion of the 
polymer-grafted GO in the polymer host matrix (Sainsbury 
et al. 2017).

The grafting of GO with a polymer of the same 
functional groups to a polymer matrix leads to signifi-
cant improvement in the mechanical properties of the 
composite. Sainsbury et  al. (2017) studied covalently 
functionalised GO filler with poly (bisphenol A-co-
epichlorohydrin) (PBE) through the interaction with the 
carboxylic acid group and formed an ester. The epoxy 
polymer grafted on GO and epoxy matrix contribute to 
compatibility and interfacial interaction between the two 
components and resulted in a 183% increase in strain to 

failure of the nanocomposite compared to PBE with a GO 
loading less than 1 wt%.

Besides the need of the same type of polymer grafted 
on GO and the polymer matrix, the good interfacial inter-
action between the fillers and the polymer matrix can be 
introduced through the use of a branched polymer grafted 
on GO. Wang et al. (2017) designed a hyperbranched poly-
ether epoxy grafted GO (GO-HE) and dispersed the GO 
fillers in benzoazine. TEM images showed good disper-
sion of 0.05 wt% (GO-HE) and an increase of 139% impact 
strength of the benzoazine composite.

6.2   Covalent interaction in a graphene/
thermoset nanocomposite

The improvement of the mechanical properties of gra-
phene composites relies on the interface interaction 
between graphene and the polymer matrix. One way to get 
a good interaction of graphene and the polymer matrix is 
through the covalent functionalisation of GO. It provides 
a stronger bond and interaction between GO and the 
polymer matrix (Ramezanzadeh et al. 2015). The covalent 
interaction between graphene and the polymer matrix 
arises from the chemical bond between the active func-
tional groups on both graphene and the polymer surface. 
For example, functionalised graphene (FG) with alcohol 
allows the covalent attachment of the FG nanofiller and 

Figure 5: Schematic diagram of formation of graphene terminated with amine-terminated poly(butadiene-acrylonitrile) (ATBN).
Reproduced from (Park et al. 2015) with permission from John Wiley & Sons.
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Figure 6: Schematic diagram of functionalised GO sheet with PVI chain and curing with TETA.
Reproduced from (Pour and Ghaemy 2016) with permission from Elsevier.
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Figure 7: Schematic diagram of formation of process forming functionalised GNP/PU nanocomposite.
Reproduced from (Yadav and Cho 2013) with permission from Elsevier.
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polyurethane polymers matrix and forms a strong inter-
facial interaction between the two components (Figure 7); 
thus improving the interaction between the filler and the 
polymer matrix (Yadav and Cho 2013). In another study, 
PU prepolymer designed on the GO nanosheet forms an 
amide linkage through covalent bonding of carboxylic 
acid on GO and amine on methylenediphenyl diisocyanate 
(MDI) (Figure 8) (Li et al. 2013). The covalent interaction 
between graphene and the polymer matrix is not limited 
to the oxygen functional groups. Zhang et al. (2016) grew 
polyurethane/epoxy resin (PU/EP) on the 3-amino trieth-
oxysilane FG (Figure 9) and observed finely dispersed FG 
in PU/EP with covalent interactions between the filler 
and the matrix in a scanning electron microscopy (SEM) 
image (Figure 10) with the appearance of a smooth silk-
like wrinkle texture, which is the normal characteristic of 
a single layer GO (Zhang et al. 2012). The covalent inter-
action also leads to a polymer composite with enhanced 
modulus, tensile strength and elongation at the break 
(Zhang et al. 2012, Ramezanzadeh et al. 2015). Besides, the 
entanglement between the polymer will lower interfacial 
tension and offer improved adhesion in the matrix (Jyoti 
et al. 2018). From a study conducted by Jyoti et al. (2018), 
graphene functionalised CNT (GCNT) has a higher value of 

entanglement due to the physical interaction between GO 
and CNT and bonding between GCNT and the acrylonitrile 
butadiene styrene (ABN) matrix to form a composite. As 
a result, the ultimate tensile strength (UTS) value of the 
GCNT-ABN composite increased by 22.8% and the Young’s 
modulus increased by 105.6% with 10 wt% of GCNT com-
pared to neat ABN.

Even though FG can perform good dispersion in a 
polymer matrix, the high viscosity of polymers such as 
epoxy and polyurethane limits the ability of graphene to 
start chemical interaction with the polymer. Therefore, 
an aid in processing FG with polymer matrix is needed. 
Multiple processing strategies such as ultrasonic agi-
tation, high pressure processors and three-roll milling 
homogeneously dispersed the FG within the epoxy 
matrix (Chatterjee et al. 2012). TEM images in Figure 11A 
and B show the dispersion that are more homogeneous 
after three-mills calendaring and resulted in the homo-
geneous filler matrix in the nanocomposite as shown in 
Figure 11C. Dispersed graphene in the polymer matrix is 
prone to aggregate if the interfacial interaction between 
graphene and the polymer matrix is weaker than the Van 
Der Waals’ interaction between the graphene sheets. 
A strong covalent bond between the two entities can 

Figure 8: Schematic diagram of functionalised GO with amine and formation of polyurethane (PU)/GO/epoxy nanocomposite.
Reproduced from (Li et al. 2013) with permission from Elsevier.
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prevent aggregation. Cai et  al. (2012) prepared amine 
functionalised graphene and introduced a -NH-CO- cova-
lent interface with the PU matrix. A good dispersion of 
GO in the PU matrix is observed from the SEM image in 
Figure 12B compared to Figure 12A with the average thick-
ness of the GO strip being less than 50 nm. The well-dis-
persed GO in the PU matrix results in 700% increment in 
Young’s modulus and an approximate 50°C increment 
in decomposition temperature with 4% GO loadings. In 
addition, decoration of acrylates on the GO surface for 
interfacial interactions with poly(methyl methacrylate) 
matrix not only enhanced the mechanical properties but 
also produced a composite with outstanding stress trans-
fer between FG and the polymer matrix (Gong et al. 2016).

6.3   Non-covalent interaction in a graphene/
thermoset composite

Non-covalent interaction is an intermolecular interac-
tion between two molecules. In the graphene/thermoset 

composite, non-covalent interaction occurs when both the 
graphene and the polymer have no functional groups that 
can form chemical interactions. Even so, the non-covalent 
interaction is useful to make sure graphene had dispersed 
in polymer matrix. Tang et al. (2013) found that different 
dispersion routes with and without a ball mill procedure 
caused different dispersion levels of graphene, thus had 
a different effect on the mechanical properties of gra-
phene/epoxy composites. Mixing of 0.2% rGO with epoxy 
by sonication and by the planetary ball mill led to 52% of 
fracture toughness compared to 24% fracture toughness 
when rGO/epoxy was mixed by sonication only. The dis-
persion of a higher concentration of graphene through the 
ball milling process was reported to produce composites 
with improved mechanical properties and high electrical 
conductivity (Xu et al. 2016). In a study conducted by Bora 
et al. (2013), a good dispersion and strong interfacial inter-
action of rGO in the PE matrix as seen in Figure 13 was 
achieved when rGO initially was dispersed in THF followed 
by vigorous mechanical stirring of the PE/rGO mixture. 
The simple and straightforward method resulted in a 123% 

Figure 9: Schematic diagram of functionalise reduced GO with 3-aminopropyl triethoxysilane and formation of PU/FG/EP nanocomposite.
Reproduced from (Zhang et al. 2016) with permission from Elsevier.
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increase in the tensile strength and an 87% increase in the 
Young’s modulus with 3% rGO. Le and Huang (2015) had 
reinforced an epoxy/polyester resin with a GNP by using a 

high intensity ultrasonicator for the homogeneous mixing 
of the polymer resin and GNP and removed trapped air 
in the composite using a high vacuum. With an optimum 

A B

C D

E F

Figure 10: SEM images of fractured surface of composites at different PGE loading.
SEM images of the fractured surfaces of the (A) PU/FG/EP: PU/EP, (B) PGE-0.5, (C) PGE-0.8, (D) PGE-1.0, (E) PGE-1.5, (F) and TEM images 
of FG. Reproduced from (Zhang et al. 2016) with permission from Elsevier.

A B C

Figure 11: The figure shows SEM images of graphene dispersion homogeneity through different processing techniques. 
SEM images of dispersion of EGNP in amine (A) after high pressure homogenization (B) after calendaring and (C) 0.5% in the final epoxy 
composite. Reproduced from (Chatterjee et al. 2012) with permission from Elsevier.
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Figure 14: Schematic diagram of three steps surface modified GO.
Reproduced from (Liu et al. 2014) with permission from Elsevier.

A B

100 nm

Figure 13: SEM image of dispersion of GO at different GO loading. 
Part (A) neat PE (B) GO/polyester with 3% GO. Reproduced from (Bora et al. 2013) with permission from Wiley & Sons.

Figure 12: SEM images of GO/PU nanocomposite indicating average thickness of graphene – nanoflakes.
PU matrix represented by the dark area. The bright strips are graphene-nanoflakes with thickness 30–50 nm. Reproduced from (Cai et al. 
2012) with permission from Elsevier.
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loading of 0.2% GNP, the tensile stress of the nanocom-
posite rose by 86.8% compared to the epoxy/PE resin.

Besides processing techniques, functionalised GO 
(fGO) with polymers can assist the dispersion of graphene 
and prevent aggregations. Besides, the improved mechan-
ical properties of the composites is due to the interaction 
between functional groups on the graphene surface with 
the polymer matrix. Liu et al. (2014) prepared nanocom-
posites with grafted GO nanofiller through the three steps 
of GO grafting as shown in Figure 14. The hydrogen bond 
interaction between DED-GO and epoxy acted as a bridge 
to equally disperse stress onto the GO nanosheet and 
linked the epoxy molecules, thus strengthening the com-
posites. As a result, the tensile strength and the storage 
modulus of the epoxy nanocomposite were increased 
by 30% and 62%, respectively, with the incorporation of 
only 0.2  wt% fGO. In addition, elongation at break was 
also increased at the same GO concentration, which was 
not observed in the study conducted by Bora et al. (2013). 
For a rGO system, residual functional groups on the rGO 
surface are the factors for thermal conductivities stabil-
ity of the composite. Sun et al. (2016) reported an epoxy 
resin with rGO processed over a longer period resulted in 
the decrease of the thermal conductivity of the composite. 
This is due to less functional groups on rGO and it sup-
pressed the ability of the filler to make an interaction with 
the epoxy matrix.

7   Graphene derivatives reinforced 
an epoxy polymer

Epoxy resin is one class of thermoset materials found 
during the late 1930s (Svendsen 2014). They are well applied 
in composite applications due to their being chemically 
compatible with most substrates. However, its natural stiff 
property had gained researchers attention to improve its 
mechanical performance. Graphene is one of the nano-
additives that can be added to epoxy resins for improved 
mechanical properties of the composite. For example, 
GNPs and ionic liquid were added to an epoxy to add flexi-
ble behaviour to the epoxy composite (Hameed et al. 2018). 
The π-π stacking interaction between ionic liquids on the 
graphene surface and the epoxy induce high level of dis-
persion of the platelet in the epoxy matrix. As a result, the 
addition of a small concentration of graphene of 0.6 wt% 
increased the tensile strength and Young’s modulus by 
125% and 21%, respectively (Hameed et al. 2018). In addi-
tion to the non-covalent interactions, surfactant treatment 
of thermally reduced GO (TRGO) and graphene in an epoxy 

matrix improved the interface interaction and the mechan-
ical properties of the epoxy composite with a small loading 
of graphene (Wan et al. 2013, Zang et al. 2015).

Functionalisation of graphene allows a stronger inter-
action with the epoxy matrix to facilitate the dispersion 
through a chemical interaction. In a comparison study of 
epoxy/GNP and epoxy/graphene functionalised compos-
ite conducted by Berhanuddin et al. (2017), the function-
alisation resulted in the interface interaction between the 
epoxy and the FG and led to improved mechanical proper-
ties of the composite. Among the molecules to functional-
ise GO, the molecules with epoxy functional groups are a 
good choice to produce composites with higher increment 
in the Young’s modulus and the tensile strength of epoxy/
FG compared to epoxy/graphene composites (Wan et  al. 
2013, 2014) and thermal properties (Wan et  al. 2013). In 
addition to the specific type of polymer used to function-
alise GO, the length of the polymer was also important to 
produce a composite with the desired properties (Guan 
et  al. 2014). Guan et  al. (2014) concluded that GO func-
tionalised with a shorter polymer will produce significant 
improvements in composite strength but small improve-
ment in ductility and toughness of the composite com-
pared to GO functionalised with a longer polymer.

Most commonly, graphene was oxidised to GO to 
introduce oxygen functional groups on the graphene 
surface. The same polarity of oxygen functional groups 
on the graphene surface with epoxy in the epoxy polymer 
matrix allows an interphase interaction between GO 
fillers and the epoxy matrix. Adak et  al. (2018) studied 
the mechanical property of a fibre/GO/epoxy composite 
as GO is a sandwich layer that connect the epoxy and the 
carbon fibre 2D structure. They claimed that the interfa-
cial interaction between the fibre and the matrix increases 
with the addition of GO particles and leads to an increase 
in the tensile strength by 34% at 0.2 wt% GO. The theory 
was supported by Pathak et al. (2016) when 0.3 wt% GO 
was applied to the sandwich composite it resulted in an 
increase in the bending strength and modulus by 66% 
and 70%, respectively. In addition, Pathak et  al. (2016) 
measured the interfacial interaction between the two 
components through interlaminar shear strength (ILSS). 
The strong interfacial interaction was proven by Pathak 
et al. (2016) when the ILSS of the composite increased by 
25% at only 0.3  wt% incorporation of GO. However, the 
increment in ILSS is lower than that observed by Yao et al. 
(2018) with an increase of ILSS of the composite system 
by 58.6%. In the system, multiple possible interactions 
such as epoxy/carbon fibre interaction and epoxy/hard-
ener interaction may contribute to the increase in ILSS. 
Another study done by Alexopoulos et al. (2017) supports 
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the contribution of GO/epoxy interaction in increasing 
the epoxy’s mechanical property. The tensile strength of 
the GO/epoxy composite with 0.25  wt% of bigger parti-
cle diameter (15 μm) of GO showed an increment of 17.1% 
tensile strength compared to an increment of 11.3% tensile 
strength of smaller GO particle diameter (2 μm) with the 
same concentration. This shows the bigger the size of gra-
phene oxide, the more interfacial interaction between GO 
and epoxy matrix occurs, thus leading to an increased 
tensile strength of the epoxy composite. Unfortunately, an 
increase in the amount of GO to 5.0 wt% led to the weaker 
mechanical strength of the composite due to the agglom-
eration of GO.

In addition to GO with oxygen functional groups 
grafted graphene, graphene and GO can be further func-
tionalised to facilitate the dispersion of FG in an epoxy 
matrix and can improve the mechanical properties of the 
epoxy. Ferreira et  al. (2018) fGO with hexamethylenedi-
amine and conducted a hardness test on the composite. 
High concentration of GO with 1 wt% is required for 33% 
increased composite hardness compared to the GO/epoxy 
composite. Huskić et  al. (2018) reported low loading of 
amine fGO in an epoxy with improved mechanical proper-
ties of the material. GO was directly used in solution form 
after the synthesis without normal drying and was func-
tionalised with an amine. At this stage, GO was prevented 
from agglomerating and was separated into individual 
sheets. A small concentration of NPs then dispersed in the 
epoxy matrix and at <1.0 wt% GO, the tensile strength of the 
smaller fGO particle size was not affected but an increase 
of ≈10% tensile strength irrespective of GO concentration 
of the bigger fGO particle was obtained. The result was the 
same as that reported by Alexopoulos et al. (2017), which 
is that the bigger particle size of GO gives a better tensile 
strength of the epoxy/unmodified GO composite. A small 
concentration of fGO was able to improve the mechani-
cal properties of the epoxy composite. Li et  al. (2016) 
reported the impact strength of epoxy nanocomposite that 
contained inorganic sulfonic graphene oxide (SGO). The 
flexural strength and modulus started to increase with 
0.25  wt%–1.0  wt% SGO. The highlight of the study was 
the successful cross-linking between SGO and an epoxy 
matrix at 1.0 wt% SGO that led to 113% increment in the 
impact strength. Epoxy nanocomposite incorporated with 
plasma fGO was reported to increase the fracture energy 
by 51.2% with only 0.2  wt% f GO. The result was 4-fold 
lower than reported by Chhetri et al. (2017) when GO was 
functionalised with peroxy radicals. Chhetri et al. (2017) 
studied the functionalisation of GO with peroxy radicals 
and the mechanical properties of these nanofiller epoxy 
composites. At 0.2  wt% fGO, bond formation between 

the pi electron resulted in 28% increment in the Young’s 
modulus, 19% increment in the tensile strength and 240% 
fracture energy of the nanocomposites. The increase in 
the fracture energy can be explained through the undis-
turbed sp2 structure of graphene when functionalised 
with peroxy radicals lead to a load transfer throughout 
the graphene hexagonal structure and preserved the gra-
phene properties.

8   Graphene reinforced a bio-based 
thermoset polymer

In recent years, intensive research on bio-based polymers 
was observed due to their low carbon footprint and pos-
sible biodegradability (Sisti et  al. 2016). Besides, the 
search to replace petroleum-based polymers with bio-
based polymers is important to diminish greenhouse gas 
emissions and its effect on climate change. A challenge to 
replace petroleum-based polymers with bio-based poly-
mers arise with the deficiency of mechanical and thermal 
properties of bio-based polymers. One way to overcome 
the issue is by high performance graphene filled into 
the bio-based polymeric system. Many techniques were 
applied to incorporate graphene into bio-based polymers 
and the mechanical and thermal performance of the com-
posite are comparable with petroleum-based composite 
systems.

The important factor to improve the properties of 
composites is graphene dispersion and its stability in the 
dispersion form in a period of time. Dispersion of GO in 
organic solvent through the solvent exchange  technique 
conducted by Zhang et al. (2012) was reported to produce 
dispersed GO with single layer of GO (Zhang et al. 2012). 
The study on bio-based polyester (BE) grafted on rGO 
(Figure 15) resulted in drastically increased electrical 
conductivity of the composite by only 0.16 vol%, and the 
thermal conductivity of composites increases consist-
ently with the increasing graphene content (Tang et  al. 
2012b). The thermal conductivity of the composites con-
taining 1.45 vol % graphene increases by 185% (from 
0.19 to 0.542 W m−1 K−1). Homogeneous dispersion of gra-
phene in BE matrix was concluded from SEM image in 
Figure  16. The parallel increasing thermal conductivity 
with increased graphene concentration in the composite 
was also reported by Cao et al. (2013). Without dispersion 
of graphene/epoxy mixture before curing, the thermal 
conductivity and electrical conductivity of the composite 
increased with only 0.5 vol % and 0.121 vol % loading of 
graphene, respectively.
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Neither bio-based thermoplastic nor bio-based ther-
moset graphene composites can have mechanical prop-
erties as good as petroleum-based graphene composites 
(Sisti et  al. 2016). Eksik et  al. (2016) prepared nanocom-
posite that involved loading of the cardolite matrix and 
graphene platelet (GPL) as a nanofiller through solution 
mixing with acetone as the solvent followed by a soni-
cation process. It was reported that Young’s modulus, 
tensile strength and fracture toughness of the bio-epoxy 
resin increased by 258%, 94% and 157%, respectively, on 
the addition of 0.5 wt% GPL. The mechanical properties 
of composite the were further improved with an increased 
interface interaction between the polymer matrix and the 
graphene filler. Baruah and Karak (2016) prepared hyper-
branched bio-based epoxy matrix synthesised from phyto-
chemical tannic acid (Figure 17). Hyper-branched polymer 
is an example of a polymer with multiple points of inter-
action to a graphene filler (Boro and Karak 2017). Dis-
persion of GO in THF before mixing with hyperbranched 
epoxy (HBE) conducted by Baruah and Karak (2016) led 

to an increased tensile adhesion strength of the HBEGO 
nanocomposite by 189%, impact resistance (toughness) 
by 263%, tensile strength by 161% and elongation at break 
by 159% with 0.5 wt% GO.

The proper interaction successfully stopped crack 
propagation and formed a complicated direction for crack 

Figure 15: Schematic of synthesis of BEGO and BEG.
Reprinted (adapted) with permission from (Tang et al. 2012b). Copyright (2012) American Chemical Society.

A B

Figure 16: Cross-section SEM images of the composites with different graphene loading. 
Part (A) 0.16 vol % graphene and (B) 1.06 vol % graphene. Reprinted (adapted) with permission from (Tang et al. 2012b). Copyright (2012) 
American Chemical Society.

Figure 17: Gallic acid with epoxy functional groups.
Reproduced (adapted) from (Cao et al. 2013) with permission of  
The Royal Society of Chemistry.
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propagation. As a result, various enhancements in the 
mechanical and other properties as reported are stated in 
Table 1.

In addition to the various examples discussed, a 
comparison of different methods, variety of graphene 
reinforced/polymer nanocomposites and the resulting 
mechanical and thermal properties are summarised in 
Table 2.

9   Reinforced properties of a 
graphene/polymer nanocomposite

9.1   Mechanical properties

Mechanical properties are the most important aspect to 
look for in structural composites. Since the emergence of 
discoveries of graphene allotropes, many studies on gra-
phene have been directed to form improved mechanical, 
thermal, optical, and electrical properties of nanocompos-
ites. Intrinsic property of reinforcement and good interac-
tion with polymer hosts are the factors for the enhanced 
mechanical properties of polymer nanocomposites (Fang 
et  al. 2010). Therefore, selective reinforcement materials 
are essential to predict improved mechanical properties of 
polymer nanocomposites.

Graphene filler can prevent failure or fracture when 
it is able to resist propagation of an advancing crack 
(Atif et al. 2016). Fracture toughness of an epoxy can be 
improved with very low loading of graphene (Atif et  al. 
2016). Atif et al. (2016) also described that in a nano-sys-
tem with an epoxy as a matrix and graphene as a filler, 
propagation of cracks through an epoxy matrix stopped 
by the graphene sheet causes trouble. However, to main-
tain the graphene position as a filler in the epoxy matrix, 
the crack bridging provided by graphene deepened on its 
dispersion state and interfacial interaction with the epoxy 
matrix (Atif et al. 2016).

In order to maintain a strong interfacial interaction 
between the graphene filler and the polymer matrix, the 
optimum amount of graphene is needed (Saleem et  al. 
2016). Low percentage by weight of graphene filler in a 
polymer matrix offers small points of interfacial interac-
tion, thus resulting incweak interaction between the two 
elements (Ebrahimzadeh et  al. 2016). The weak interac-
tion will increase polymer chain mobility and flexibility, 
thus creating empty spaces between the graphene and the 
polymer matrix, and subsequently effective propagation 
of cracks occur (Ebrahimzadeh et al. 2016).

Polymer chain mobility and flexibility in nanocom-
posites does not only occur at low loading of graphene 
filler, but also at high concentration of graphene filler 
loading (Ebrahimzadeh et  al. 2016). At high graphene 
loading, the nanocomposite system is exposed to re-
agglomeration of graphene filler (Shah et  al. 2015). The 
formation of staggered layers of graphene will reduce the 
interaction between the graphene filler and the polymer 
matrix. A highly concentrated graphene environment 
induces interaction between graphene layers due to 
higher surface energy between graphene than the inter-
action between graphene and the polymer matrix (Zhang 
et al. 2016). The same reason was applied to low loading 
of graphene filler whereby a new weak point in the nano-
composite was created (Ebrahimzadeh et  al. 2016). As a 
result, GO loading with higher than 0.5 wt% had reduced 
tensile strength and storage modulus of the system com-
pared to results obtained at 0.5 wt% or higher GO loading 
(Shah et  al. 2015). In addition, higher graphite weight 
loading was also reported to cause a decrease in elonga-
tion of break for composites due to agglomeration, thus 
weakening the interfacial bonding between the treated 
graphite and the polymer matrix (Rus et al. 2015).

From these examples, graphene agglomeration is 
among the factors for structural failure of the nanocom-
posites. He et al. (2017) studied very low GO derivatives in 
unsaturated polyester resin to toughen the nanocompos-
ite. The reason for the re-agglomeration event of graphene 

Table 1: The property of TAERGO nanocomposites.

Properties TAEa PNC0.25b PNC0.50c PNC1d

Tensile strength (MPa) 11.6 ± 0.3 27 ± 0.5 24 ± 0.3 27 ± 0.7
Elongation at break (%) 55 ± 3 60 ± 7 77 ± 5 105 ± 3
Scratch resistance (kg) 5 ± 0.3 7 ± 0.5 7.5 ± 0.3 8 ± 0.2
Impact resistance (cm) 55 ± 3 70 ± 5 80 ± 5 90 ± 7
Tensile adhesive strength (MPa) 227 ± 0.3 270 ± 0.5 311 ± 0.5 345 ± 0.3

aTAE: hyperbranched epoxy.
bPNC0.25: TAE with 0.25% RGO.
cPNC0.5: TAE with 0.5% RGO.
dPNC1: TAE with 1% RGO.
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is not only the fusion of high concentration of graphene 
to the polymer matrix, but also because of the size of gra-
phene re-agglomerates (He et al. 2017). Highly re-staging 
graphene, which will form larger graphite, can cause dete-
rioration of the composite and facilitate crack propaga-
tion (He et al. 2017). Proper graphene dispersion, which 
means more interfacial contact and interaction between 
graphene filler and the polymer matrix, is important to 
decrease the size of GO sheets and the size of GO agglom-
erates (He et  al. 2017). This can be achieved through 
sonication, a practice that homogenises the dispersion 
more extensively (He et al. 2017). Sonication of fGO with 
isopropenyl-α,α-dimethylbenzylisocyanate (TMI) and 
dodecylamine (DDA) with unsaturated polyester resin 
produced a nanocomposite with a 12–25% increase in the 
toughening effect and fracture energy of 18–55% improve-
ment with only 0.02–0.08 wt% of modified GO compared 
to neat UPE resin.

9.2   Thermal property

Generally, graphene has lower thermal stability than 
graphene nanocomposites (Fang et  al. 2010, Shen et  al. 
2011). Thermal decomposition of a material occurs when 
the material fails to retain its construction. For a nano-
composite material, the system including filler and matrix 
must retain and resist thermal pressure to become stable 
at heated temperature. To maintain the nanocomposite 
structure, graphene filler and the polymer matrix must 
have strong interaction, which will control polymer chain 
mobility (Singh et al. 2011).

Graphene-based nanocomposites have shown better 
improvement in nanocomposite thermal property due 
to their higher surface contact area with the polymer 
matrix compared to multi-walled carbon nanotubes 
(Li  et  al. 2017). Close proximity interaction between 
the thin epoxy layer and GNP ease vibration of crystal 
lattice to be transported across the two materials (Li 
et al. 2017), and with the help of graphitic thermal con-
ductivity offer better thermal conductance in the mate-
rial. The greater the filler content or GNP lateral size, 
the greater will be enhancement in thermal conductiv-
ity (Li et al. 2017). However, optimum concentration of 
GNP loading is crucial to avoid re-agglomeration that 
can lead to  deterioration of the mechanical properties of 
nanocomposites and increase in viscosity of the mate-
rials, which will lead to material processing difficulties 
(Li et al. 2017).

In 2009, Yang et  al. studied the effect of cova-
lent functionalization of a graphene nanosheet on the 

nanocomposite thermal stability. The thermal stability of 
composites is indicated by the glass transition tempera-
ture (Tg), which is the relaxation behaviour of the nano-
composite system (Fang et  al. 2015). The increase in Tg 
thus reflects the strong and close packing of the graphene 
sheet on the polystyrene (PS) chain to close proximities 
through covalent bonding. According to the study, rapid 
mass loss of graphite oxide started at lower temperatures 
(150°C vs. 200°C) due to a larger available defect density 
in the sample. Coated graphene on PS polymers had 
decreased defect density of graphene. Therefore, thermal 
stability was enhanced when the resulting graphene-PS 
sheet maximum mass lost temperature more than 100% 
higher than that of graphite oxide.

10   Future trends and outlook
There is no doubt that adding GO to a polymer matrix offers 
an increase in mechanical properties of the composite. 
The increase in mechanical behaviour is due to homoge-
neous dispersion of intercalated and interaction between 
grafted GO with the polymer matrix. The examples shown 
here are laboratory scale production of nanocomposites 
with a small amount of grafted GO and polymer matrix 
used. The success of homogeneous dispersion of grafted 
GO on a large scale production is unknown. Besides, dis-
persion of grafted GO needs a high volume of solvent. In a 
large scale production, a high volume of grafted GO must 
disperse in a vast volume of solvent at a longer time for 
homogeneous dispersion. The dispersion issue is one of 
challenges to overcome to ensure convenient methods 
with optimum energy consumption and the use of harmful 
solvents during production of graphene nanocomposite 
on the industrial scale.

Graphene had been extensively studied especially in 
composite technology. Graphene possesses remarkable 
thermo-mechanical properties and has been reported 
to be the world’s thinnest, strongest and stiffest mate-
rial (Paulchamy et  al. 2015, Phiri et  al. 2017). Graphene-
reinforced polymer composites are starting to receive 
industrial interest in energy, composites, sensors, and 
in the biomedical, automobile and aerospace industries 
and others. The production of industrial scale graphene 
composites will require close attention on the effective 
methods to homogeneously disperse high volumes of 
graphene filler in high volumes of polymer matrixes for 
guaranteed interfacial interaction between the two ele-
ments. Even though there are some limitations and impor-
tant factors to consider during the production of graphene 
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composites, the resultant high performance mechanical 
property is important for future prospects in composite 
technology. Thus, graphene-reinforced composites have 
already begun to gain acceptance among industry prac-
titioners. For example, in the automotive industry, light-
weight graphene nanocomposites have been designed as 
vehicle structural components to enhance both vehicle 
and occupant safety (Elmarakbi and Azoti 2015). The 
planned project shows that graphene nanocomposites 
with multifunctional properties have a promising future 
demand in both structural and functional composites. 
Therefore, graphene composite applications are wide 
ranging and much research is ongoing to build innovative 
materials for future prospects.

11   Overview and perspectives

The incorporation of graphene into nanocomposites as a 
filler needs a proper selection and preparation of graphene 
derivatives. The derivatives of graphene such as graphene, 
graphite, GO, fGO, and rGO have their own advantages and 
are possible to be added in apolymer composite. Prepara-
tion of those derivatives involved the reduction of GO and 
the exfoliation of the graphite sheet. The selection of the 
method depends on final intended graphene form and the 
designed application of the polymer composite. To date, 
both graphene and GO can be used as starting materials 
whether by modifying them or directly using them as fillers 
in nanocomposites. Graphene is further oxidised and then 
functionalised to be compatible with polymer matrixes. 
The key to a force resistance material is the stress transfer 
between the additive and the parent structure. To create 
a chemical interaction between the filler and the matrix, 
both must have similar active sites such as a hydrophilic 
group to introduce the chemical interaction. To achieve 
this, graphene is covalently bonded with small molecules 
or non-covalently bonded to a polymer matrix for poten-
tial use in polymer composites. When graphene is ready to 
form an interaction with a polymer matrix, nanocompos-
ite-processing methods should be considered. The objec-
tive in nanocomposite processing methods is to exfoliate 
the staggered graphene and prepare a homogeneous dis-
persion of graphene in the polymer matrix. Fully dispersed 
graphene filler offers more points of interaction in filler-
matrix, thus preventing the graphene filler from agglom-
erating or re-stacking among themselves. More points of 
interactions reflect more points of stress and heat trans-
fer, thus reinforced mechanical and thermal properties of 
polymer composite are produced.

12   Conclusion
In summary, extensive properties of graphene have been 
discovered owing to its unique structure and possible 
derivatives. In addition, to take advantage of graphene’s 
outstanding properties, an overview of taking graphene 
as an additive and reinforcing material in manufacturing 
new and advanced materials were presented. The journey 
of manipulating graphene started from graphene or GO 
and ended at various applications such as composites, 
electrical appliances, electronic parts, thermal barriers, 
gas barriers and others. Among the variety of applica-
tions of graphene in industries, inherited mechanical and 
thermal properties of graphene into polymer-composite 
applications are hopefully going to be discovered, as it 
is useful to produce reinforced mechanical and thermal 
properties of polymer composites.

A knowledge of the chemistry behind the improved 
properties of nanocomposites provides valuable insight 
into graphene reactivity and productivity in the forma-
tion of polymer nanocomposites. Much work and research 
remain to be conducted in developing a variety of sources 
of polymer matrixes and to study their compatibility with 
graphene fillers. Besides, there is still more to be accom-
plished via the exploration of graphene chemistry as the 
acceptable method for the minimum cost of production 
of graphene and nanocomposites for industrial scale and 
industrial use, as reflected by the lack of recent studies 
in this area. Besides, recently, nanocomposite produc-
tion has been focussed on synthetic polymers, especially 
thermoset polymers, and this requires the use of depleted 
petroleum resources. An aid to this concern would be 
moving to sustainable natural resources and the trans-
formation from petroleum-based polymers to bio based 
polymer resources. As a result, the production of graphene 
reinforced nanocomposites with excellent mechanical 
performance on an industrial scale, optimum production 
costs and from renewable resources can be achieved.
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