/
oo Resmurch
0... Publishing

Graphene, 2019, 8, 53-74
https://www.scirp.org/journal/graphene
ISSN Online: 2169-3471

ISSN Print: 2169-3439

A Review Paper on Graphene Coated Fibres

Deepak Gadakh, Pratik Dashora, Gaurav Wadhankar

Manufacturing Department, Birla Institute of Technology and Science, Pilani, India

Email: deepakstmg@gmail.com

How to cite this paper: Gadakh, D.,
Dashora, P. and Wadhankar, G. (2019) A
Review Paper on Graphene Coated Fibres.
Graphene, 8, 53-74.

https://doi.org/10.4236/graphene.2019.84004

Received: October 1, 2019
Accepted: October 27, 2019
Published: October 30, 2019

Copyright © 2019 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

Graphene is now known as a super material because of its fascinating physical
properties. Due to a great scope of research, it has now become a center of at-
traction of research scholars in physics, chemistry as well as materials science
to study and explore its potential applications. In this paper, a brief review is
presented on the various graphene synthesis methods and a short introduc-
tion of different types of fibres is discussed. Various studies have been car-
ried out to obtain graphene coating on different fibres and observe the changes
in their physical and chemical properties. This paper also provides the dif-
ferent types of coating methods used to form graphene layer on the fibres
discussed.
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1. Introduction

Graphene, a material of new generation, is a carbon allotrop that was first iso-
lated in 2004 by simple mechanical exfoliation. This is a two-dimensional honey
comb of single-layer crystal lattice, formed by the tightly packed carbon atoms
bonded to sp2. Because of the unique graphene structure, these carbon atoms
form an excellent carrier space for electrons [1]. Graphene has remarkable elec-
trical properties such as strong room temperature electron mobility and room
temperature ballistic and quantum hall effect [2]. Moreover, graphene has excel-
lent optical properties as well. Excellent mechanical properties 7.e. 130 GPa ten-
sile strength and 1TPa Young’s Modulus, have been identified and the mechani-
cal properties effected with the amount of graphene layers and inner graphene
layer defects. Because of the excellent graphene properties, it is believed that it
could be used to significantly improve the coating performance [3]. Coating is

usually used to enhance a substrate’s surface properties, wettability, corrosion
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resistance and adhesion [4].

The coating industry has been driven by economic benefits and growing en-
vironmental concerns to seek new technologies and materials to improve the ef-
ficiency of coatings. There are several factors affecting the efficacy of a coating
against all possible harmful sources: the quality of the coating, the characteristics
of the substratum, the characteristics of the coating/substrate interface, and the
corrosiveness of the environment [5]. With increase of industrial requirement,
a nanocomposites polymer have been investigated highly and applied in coat-
ing. As nanocomposite provide superior properties with relative low cost. The
manufacturing process can also be much less complex than multi-layer coatings
[6].

Over the past few years, incorporation of graphene or graphene oxide (GO)
sheets has been reported on a wide range of polymer matrix. Graphene is identi-
fied as a high water and oil repellent material while Graphene Oxide (GO) is hy-
drophilic [7]. In process of achieving optimum enhancement in mechanical prop-
erties of polymer matrix composites, there are many numbers of key issues should
be fixed, ie, Graphene dispersion and alignment in polymer and graphene sur-
face modification for favorable interaction [8]. It is well known, Graphene
synthesis formed in a wrapped structure and interlaminar van der Waal forces
promotes graphene sheet agglomeration. However, the dispersion and exfolia-
tion of graphene in media, when combined with polymer, is a major obstacle.
Graphene sheet’s poor dispersion and agglomeration created nano defects in
laminated composites that cause only minimal mechanical enhancement prop-
erties [9].

In this paper, an effective method of depositing graphene oxide onto the dif-
ferent fibres is proposed. The Graphene or graphene oxide is introduced onto
fibres which improved there mechanical and electrical properties [10]. Tensile
and compressive testing have to done onto the fabrication, also SEM testing can
be done to see the layers delamination. There have been reports of good frictional
properties and high wear resistance. These results mean that graphene can be-
come a protective coating to against scratch or other physical damage [11] [12].
Graphene has also been shown to be an effective barrier material for corrosion as
it was considered inert under the conditions under which chemical reactions
from other substrates occur. As a result, the improvement of the anti-corrosion
properties of a coating system can be promised [12].

Graphene is thought to be promising in coating applications, but the articles
intended for coating applications are limited. The methods of graphene synthe-

sis and functionalization were briefly described in this review.

2. Synthesis of Graphene

Single layer graphene was first produced in reproducible manner in year 2004.
Graphene was prepared by mechanical peeing off graphite. There are two method

for producing graphene one is bottom-up and other top-down [13]. Bottom-up
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method is growth of graphene with precise control of layers. This method is
more costly and used in high end electronics, printed circuit boards, solar cells.
In top-up method extraction of graphene layer by layer is done from bulk graph-
ite. This method is used in mass production and have low production cost [14].
Graphene produced by above methods have low quantity and high production
compare to graphene oxide production. It has also been widely studied with
CNTs and other graphene compounds, but poor dispersion properties and weak
bonding have resulted in less use of these compounds, with GO having broad
surface area in particular, high dispersion potential in polar solvents. Gra-
phene oxide preparation is simpler than graphene and less costly which is added
advantage [15]. Many chemical groups such as carboxyl (-COOH) carbonyl
(-NH>) hydroxyl group (-OH) are present at end of GO sheet which makes GO

more reactive [16].

2.1.CVD

CVD is the most effective method used for the production of graphene however
it requires some special equipment The CVD process typically involves two
steps: the first step is the one in which the gaseous reactants are activated and
pyrolysis is done so that the carbon atom disassociate [17]. Also this must be
carried on the surface of the substrate since it should not form precipitation of
carbon soot (cluster) during this gaseous phase. In the second step reaction a
solid deposit which is in stable state is formed over a suitable substrate with the
help of chemical reaction. This step requires a large temperature of around
2500°C, in order to overcome this problem a catalyst is used since it will reduce
the temperature to greater extent to around 900°C which is required for reac-
tion. There are two types of reactions in the deposition process: homogeneous
reactions in the gaseous phase and heterogeneous chemical reactions that occur
on a heated surface [18]. So, CVD method basically makes use of a carbon
source that decomposes in the high-temperature reaction zone which subse-
quently results in the formation of graphene membrane by releasing carbon
atoms in the substrate [19].

The CVD method is divided into various forms like thermal CVD and
plasma CVD etc. However the modern methods in CVD can be distinguished
on basis of deposition of operating pressure. The two main types are LPCVD
and UHVCVD. LPCVD is a low pressure CVD method in which the operating
pressure is under sub atmospheric pressure. UHVCVD ie. ultra high vacuum
CVD in which operating pressure is extremely low Ze. about 107¢ pascals [20].
Operating under low pressure helps in prevention of unnecessary reaction and
uniform thickness formation on the substrate. The outcome of graphene synthe-
sis using CVD method depends on several factors, such as temperature, strain,
volume of gas, and length of time. The problems faced in this method is when
catalyst is used it becomes it part of reaction chamber, hence effecting the reac-
tion [20]. Another major problem is creating uniform layer of graphene on the
substrate due to constant changes in diffusion and convection values which had

DOI: 10.4236/graphene.2019.84004

55 Graphene


https://doi.org/10.4236/graphene.2019.84004

D. Gadakh et al.

effect on chemical reaction. The advantage CVD method is that it produces
graphene on a large scale and of high quality. The major disadvantage of this
method is it is costly due to requirement of special equipment [18] [19] [20].

2.2. Epitaxial Growth on Substrates

Epitaxial growth is highly acclaimed and governable method in synthesis of
graphene. The word epitaxy is derived from the combination of two Greek
words “epi” and “taxis”. The first word “epi” means upon and over while “taxis”
means arrangement or an ordered manner [21]. Epitaxy refers to a method of
crystal growth or deposition of material in which new crystalline layers are pro-
duced with a well-defined orientation towards the crystalline substratum. The
formation of the new layers is called the epitaxial film or epitaxial layer [21] [22].
This highly controllable process is desorption of atom from the surface of an-
nealed substrate Ze. SiC in this case. The deposition of graphite on semicon-
ducting substrates (SiC) by epitaxial growth method was known since 1975.
Berger and his coworkers successfully demonstrated that epitaxial graphene
sheet can be synthesized by using Si terminated face of single-crystal 6H-SiC by
thermal desorption of Si. In other words, graphene with single crystal structure
can be produced epitaxially at SiC, by controlling the annealing temperature and
time [23]. Moreover, the number of atomic layers of graphene can also be con-
trolled by this process.

The epitaxial growth of graphene can be divided into two types based on the
type of substrate used they are homo epitaxial growth and hetero epitaxial
growth. The homo epitaxial growth is one in which the film deposited is of same
substance as that of the substrate. While in case of hetero epitaxial growth the
film deposited on the substrate is of different material. The problem associated
with the process is high operating temperature. Another major problem is it
cannot be transferred on the surface of any other substrate. The advantage of
this process is it produces very large of high quality graphene but at very small
scale. The main drawback of the process is that it is expensive [24] [25]. The
process is performed in vacuum condition but advancement in the process can
be done performing growth in Ar environment which helps in improving the

quality of graphene.

2.3. Reduced Graphene Oxide (rGO)

By Hummers Method

Chemical reduction of graphene oxide is a traditional method for preparation
of graphene on a large scale. In this method, first, the oxidation of graphite is
carried out by treating it with KMnO,, NaNO;, and so on. In the second step, the
preparation of GO is done from flake graphite which can be used to make a un-
iformly dispersed suspension in water as GO is hydrophilic in nature [26]. This
suspension can be treated with reducing agents to get reduced graphene oxide.
NaBH, has been used as reducing agent to greater extent. Different reducing

used are hyrdrazine, pyrrole, glucose, alkaline acid etc [26]. The advantage of

DOI: 10.4236/graphene.2019.84004

56 Graphene


https://doi.org/10.4236/graphene.2019.84004

D. Gadakh et al.

this process is un-oxidized sheets are formed. But the main drawback is that it

would result defects in graphene.

2.4. Mechanical Exfoliation

Mechanical exfoliation is one of the simplest method for production of gra-
phene. The first graphene layer was prepared using this method. So this became
most widely used method for preparation of graphene. In this process mechani-
cal force application is used to strip the graphene layers from the graphite crystal
surface. In other words the graphene layers are peeled off from the surface of
graphite using mechanical exfoliation. Various agents used for thus peeling off
or exfoliation technique is scotch tape, printing technique etc [27]. Although this
is very simple method but it has very low efficiency. Efoorts have been put to
improve the method of mechanical exfoliation .One way is when peeled off mul-
tiple layers are present on tape. Then it is exfoliated repetitively to reduce the
number of layer and form a fine layer of graphene [28]. This method is called as
micromechanical exfoliation.

To improve the quality of the graphene produced the process is modified
using solvents and surfactants. Nonetheless, this usage is limited due to diffi-
culties in the deposition of graphene due to the high boiling point of solvent
and also the related costs of solvent are high. The major advantage is high
quality graphene sheets can be prepared from mechanical exfoliation tech-
nique. Also it is by far the cheapest method in synthesis of graphene [29]. The
main drawback of this method is that there is a difficulty in controlling the size
and number of layers. Because of these difficulties this method is not used for

mass production.

2.5. Liquid-Phase Exfoliation

Sonication process is used to obtain graphene from graphite in solvents in liq-
uid-phase exfoliation. Layers of graphene is present in graphite which are held
together by Vander Waals forces [30]. These forces can be overcome if the sol-
vent having surface tension near 40 - 50 mJ/m? range are used for example DMF
(N,N-Dimethylformamide) and ODCB (ortho-dichlorobenzene). Generally, 2 g
graphite powder is added to 300 ml of ODCB. Then sonication is done for 3 h
after this centrifuged for 30 min at 4000 rpm (Figure 1). Finally the liquid lying
above the solid residue is used for characterization by using SEM and TEM. The
operating conditions for this are quite normal as it does not require vacuum

condition and high temperature [31].

2.6. Electro-Chemical Exfoliation

Electro-chemical exfoliation is an alternative to the mechanical exfoliation for
the synthesis of graphene from graphite. It is two step process in which at first,
the van der Waals interlayer forces to maximize the spacing of the interlayer. It
thus forms compounds intercalated with graphene. Instead, through rapid heat-

ing or sonication, this exfoliates graphene with single to few layers [32].
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Figure 1. Sonification.

The graphite served as an anode once the potential of +10 V was set on it.
Thus, the graphite itself played the role of anode while a platinum plate worked
as the cathode, ground potential is set on it. The 1 M solution of water with
Na,SO, is used as electrolyte. After this all platinum electrodes and graphite foil
residues are extracted and the suspension has salt, electrolyte residues, exfoliated
graphene flakes, graphite residues are poured into a beaker and other chemical
manipulations are subjected. Spectacular exfoliation of the foil is observed after
only a few minutes, 7e, loose black flakes split from the foil, forming a dark
suspension while the foil electrode itself vanished gradually [33]. A direct cur-
rent (DC) voltage is applied between the platinum and graphite electrodes, and
the electrolysis procedure lasted 2 h for graphite powder and 30 min for graphite
foil at room temperature. During this process, substances expected to work as a
separator of newly exfoliated graphene flakesare added in one of two forms: a
nano-powder of CaCOs; (5 - 40 nm diameter) or a saturated solution of Na,CO;
[33] [34].

Graphene flakes obtained through electrochemical graphite split are durably
separated by the use of an additional agent, (nano-grains of Na,COs or CaCO:3).
Furfuryl alcohol is added along with H;PO, (polycondensation catalyst) as a po-
tential gluing agent. The resulting graphene-furfuryl alcohol mass is subjected to
heat treatment to polymerize PA to poly (furfuryl alcohol (PFA) (1 h at 100°C),
then carbonized in a N, atmosphere with a heating rate of 10°C-min™" up to
600°C. This temperature is maintained for 1 h. After carbonization, the samples
are treated with a concentrated (34% - 37%) HCI solution for 20 min (12 ml of
acid was used per 1 g of carbon) to remove Na,CO; or CaCO;. Then wash with
distilled water till PH reach 6 - 7. Dried in furnace 100°C for 24 h. Denote dif-
ferent name, the sample obtained from Na,CO; and CaCOs; [35].

3. Types of Fibres
3.1. Carbon Fibre

Carbon fibers or carbon fibers (alternatively CF) are fibers with a diameter of

around 5 - 10 mm and consist primarily of carbon atoms. High tensile strength,
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high rigidity, low weight, low thermal expansion, high chemical resistance and
high temperature tolerance [36]. Carbon fibre is made by, bonding carbon atom
together in crystals that are somewhat aligned in parallel to the long axis of the
fibre. This alignment of crystals gives the fibre high strength-to-volume ratio.
Several thousand carbon fibres are combined to form a tow that can be used
alone or woven into a fabric [37]. Carbon fibres may used combined with other
materials to form a composite. £.g, When impregnated with a plastic resin and
baked it forms carbon-fibre-reinforced polymer which has a very high strength-
to-weight ratio, and is extremely rigid and also somewhat brittle [38]. Many of
these properties, carbon fiber is used along with other professional sports in
aerospace, civil engineering, military, and motor sports.

The carbon fibre’s atomic structure is similar to that of graphite, composed of
carbon atom sheets organized in a regular hexagonal pattern (graphene sheets),
the difference being in the way these is sheets interlock. Graphite is a crystalline
material in which the sheets are stacked parallel to one another in regular fash-
ion [39] [40]. The intermolecular forces between the sheets are relatively weak
Van der Waals forces, giving graphite its brittle and soft characteristics.

Carbon fibre may be turbostratic or graphitic, or can have a hybrid structure
with both turbostratic and graphitic parts present, depending on process of
making fibre. Carbon fibres made from polyacrylonitrile (PAN) are turbo-
stratic, whereas carbon fibres made from mesophase pitch are graphitic after
heat treatment at temperatures over 2200°C [41]. The Sheets of carbon atoms
are haphazardly folded, or crumpled, together in turbostraticfibre.

3.1.1. Types of Carbon Fibre

PAN Type

A type of the fibre, produced by carbonization of PAN precursor (PAN: Poly-
acrylonitrile), having high tensile strength and high elastic modulus, extensively
applied for structural material composites in aerospace and industrial field and
sporting/recreational goods.

Pitch Type

Type of the fibre, produced by carbonization of oil/coal pitch precursor, hav-
ing extensive properties from high elastic modlus to low elastic modlus. Fibres
with high elastic modulus are extensively adopted in high stiffness components
and various uses as utilizing high thermal conductivity and/or electric conduc-

tivity.

3.1.2. Applications of Carbon Fibre
Carbon fibre may be more costly than other fabrics which are one of the limiting
factors for adoption. In a comparison between carbon fibre and steel materials
for automotive materials, carbon fibre cost may be 10 - 12 times more expensive.
However, this cost has gone down over the past decade from estimates of 35
times more expensive than steel in the early 2000 s.

Composites material

Composed of carbon fiber-reinforced graphite, reinforced carbon-carbon
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(RCCQ) is used in high-temperature applications. Carbon fibre can be used as an
asphalt additive to render asphalt concrete which is electrically conductive. This
composite material can be used in the transportation infrastructure, especially
for airport pavement, decreases some winter maintenance problems [42].

Textile

Carbon fibre filament yarns are used in several processing techniques, one of
the use is filament winding, prepregging, pultrusion, braiding, weaving etc.
Carbon fibre yarn is rated based on the linear density or by number of filaments
per yarn count [43].

Microelectrode

Carbon-fibre microelectrodes are used either in fast-scan cyclic voltammetry
or amperometry for detection of biochemical signaling.

Flexible heating

Carbon fibres have the ability of carrying low currents on their own. They can
be used to reliably deliver infrared heating, if woven into larger fabrics.

3.2. Glass Fibre

Glass is the oldest, and most known, fibre. Fibres are being made from glass long
back from the 1930s. Glass fibre is also known as fibreglass. The fibreglass is a
lightweight, solid and durable substance constructed from extremely fine glass
fibres. The strength properties are much smaller than carbon fibre as compared
with carbon fibre. But on the other hand it is less stiff and far less brittle, and in
addition to it the raw materials are much less costly [44]. The bulk strength and

weight properties of glass fibres when compared to metals are also good enough.

3.2.1. Types of Glass Fibre
The glass fibre is classified into following:

A-glass: A-glass is known for its resistance to chemicals and are also called as
alkali glass. If composition is taken into consideration, it is close to window
glass. Process equipments are made from this type of glass in some parts of the
world.

C-glass: Known as chemical glass, C-glass has a very good resistance to chem-
ical impact

E-glass. Along with the characteristics of C-glass, E-glass has a with very good
insulation to electricity

AE-glass: AE-glass provides a good resistance to Alkali.

S glass: Known as structural glass and has good mechanical properties.

3.2.2. Properties of Fibreglass

Mechanical strength: The fresh and thin fibres are the strongest as the thinner
fibres are more ductile.

Electrical characteristics: Fibre glass is a good electrical insulator.

Incombustibility: Being a mineral material, fibre glass is naturally incombusti-
ble. Neither it propagates nor supports a flame. It does not emit smoke or toxic

products when exposed to heat.
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Dimensional stability. Having low coefficient of linear expansion, fibreglass is
not much sensitive to variations in temperature and humidity.

Compatibility with organic matrices: Fibreglass has an ability of combining
with many synthetic resins and certain mineral matrices like cement.

Non-rotting: Fibreglass remains unaffected by rodents and insects.

Thermal conductivity: The thermal conductivity of glass fibre is low which
makes useful in the building industry.

Dielectric permeability. This property of fibreglass makes use in electromag-

netic windows.

3.2.3. Application

Beverage industry: In the industry fibre glass grating makes its use in bottling
lines.

Car washes: Fibre glass grating helps in providing contrast to the colour of car
which was previously forbidden.

Chemical industry: As glass fibers are chemical resistant, they are used in the
industry to have safety features.

Cooling towers: Glass fibres are used for protection against corrosion as well
as as screenings for keeping people and animals away from danger zones.

Docks and marinas. As Fibre glass are resistant to corrosion, they are used

here for protection.

3.3. Optical Fibres

An optical fibre is slightly thicker than human hair and it is manufactured by
drawing glass or plastic. Glass optical fibres are mostly made from silica, but
other materials such as fluorozirconate, fluoroaluminate, and chalcogenide glasses
and also crystalline materials like sapphire, are used for longer-wavelength infra-
red or other specialized applications. These fibres are mainly used for transmit-
ting light to longer distances without undergoing much losses and work on the

principle of total internal reflection [45].

3.3.1. Types of Optical Fibre

Single mode

Single Mode cable is a single stand with a single transmission mode of 8.3 to
10 micron glass fibre.

Multimode

Multi-Mode cable has a slightly larger diameter, with a typical diameter in the
50-to-100 micron range for the light carrying part.

Plastic optical fibre (POF)

POF is a new plastic-based cable that promises a quality comparable to glass

cable on very short runs, but at a lower cost.

3.3.2. Application of Optical Fibres
In telecommunication field

Many telecommunication industries use optical fibres in order to transmit
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telephone communication signals, internet signals, cable television signals, etc as
they are having lower attenuation and interference.

In space application

Fibre optics offer many advantages over conventional satellite communica-
tions wire systems, including low weight, high bandwidth capacity, simple data
bussing architecture, invulnerability of electromagnetic interference (EMI) and
cost-effectiveness.

Mining applications

Mining industries are using optical fibres for better communication and im-
proving monitoring standards in order to improve safety standards.

Military application

Tele-operated weapons systems were designed to provide the soldier with un-
paralleled communication, operator standoff capability, non-line-of-sight tar-
geting, precise kill capability. The government/industry team has worked hard to
develop a reliable fibre optic dispenser design that is part of the data transmis-
sion link between a launch platform and a weapon [46].

Medical application

Many surgical systems rely on optical fibres. Due to unique properties of fused
silica, laser light can be efficiently transported into the body. In addition, optical
fibres give flexibility to reach areas of the human body that are otherwise diffi-

cult to access [47].

3.4. Aramid Fibres

Aramid fibres are a class of synthetic fibres that are heat-resistant and strong.
They are used for ballistic-rated body armor fabric and ballistic composites in
aerospace and military applications, in bicycle tires, marine cordage, marine hull
reinforcement, and as a substitute for asbestos. The fibre chain molecules are
highly oriented along the axis of the fibre. Therefore, more of the chemical bond
leads to fibre durability than many other synthetic fibres [48]. Aramides have a
very high point of melting (>500°C).

Characterstic of Aramid fibre

Aramids have a high degree of orientation with other fibres such as high mo-
lecular weight polyethylene, a characteristic that dominates their properties.
General chracteristics includegood resistance to abrasion, good resistance to or-
ganic solvents, nonconductive, low flammability, good fabric integrity at ele-
vated temperatures, very high melting point (>500°C), sensitive to acids and
salts, sensitive to ultraviolet radiation [49].

Para-aramids

para-aramid fibres, Twaron and Kevlar, provide outstanding strength-to-weight
properties:-high Chord, modulus high tenacity, low creep, difficult to die [50].

3.5. Natural Fibre

Fibres that are produced by plants, animals, and geological processes. They can

be used as a component of composite materials, where the orientation of fibres
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impacts the properties. Natural fibres can also be matted into sheets to make
paper or felt.

The earliest evidence of humans using fibres is the discovery of wool and dyed
flax fibres found in a prehistoric cave in the Republic of Georgia that date back
to 36,000 BP. In high-tech applications natural fibre can be used, such as com-
posite parts for automobiles [51]. Compared to composites reinforced with glass
fibres, composites with natural fibres have advantages such as lower density,
better thermal insulation, and reduced skin irritation. Further, natural fibres can
be broken down by bacteria once they are no longer in use, which is not possible
with glass fibre [52] [53].

Natural fibres can be used as good sweat absorbents and can be found in a
many variety of textures. Cotton fibres made from the cotton plant, for example,
produce fabrics that are light in weight, soft and smooth in texture, and which
can be made in various colors and sizes. Clothes made from natural fibres such

as cotton fibre is preferred over synthetic fibre in hot and humid climates [54].

4. Coating on Fibres
4.1. Carbon Fibre

Electrophoretic method

The adhesion of GO and CF is so weak that GO can easily fall off the surface
of the fibre. To solve this problem, an easy way to prepare graphene oxide/carbon
fibre hybrid fibre from oxidative treatments combined with electrophoretic
deposition is therefore proposed [55]. Treatment with hydrogen peroxide and
concentrated nitric acid combined with electrophoretic deposition process can
effectively prepare a coating of graphene oxide on carbon fibre.

Carbon fibre towing can be used as a deposition electrode for GO EPD and as
a counter electrode, two stainless steel plates can be mounted opposite CF. PH =
10 is used as a GO aqueous dispersion EPD state and the GO concentration used
is 0.25 g/L, the pH 10.0 aqueous solution is achieved by applying a solution of
0.1 M sodium hydroxide [56]. Ultrasonic GO aqueous dispersion is prepared 1 h
before the EPD process. The EPD process is then carried out for 20 min at con-
stant voltages of 20 V, with a distance of 2 cm between the electrodes. The CF
tow is wound on a roll after the EPD process [57].

Dip coating

CFs were immersed directly in a stable GnP suspension and the coating con-
ditions were optimized to achieve a high homogeneous and well-dispersed GnP
density. The non-coated and UV-ozone-treated CFs were unwound with the use
of mirror-finished stainless steel rollers, and passed through the coating solu-
tion. To ensure a homogeneous fibre coating, the tow was spread as much as
possible. The CF tow’s feeding speed was 0.3 m/min [58]. Following immersion,
the fibres were dried in two tower-shaped furnaces by successive heat exposure.
The temperature inside the furnaces was set at 125°C and the total fibre resi-

dence time in the furnaces was approximately 6.5 min. The fibres were then
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woven onto an inoxidable steel mandrel that was moved to an oven set at 60°C
for 3 h to eliminate any residual NMP [59].

Spray coating

Graphene nanoplate solution of 2 mg/ml is prepared in acetone and ultra-
sonicated for 40 min. After this, the homogeneous graphene dispersion of 50 ml
is spray-coated on carbon fibre veil by a portable commercial spray gun. The
spraying pressure can be taken as 0.2 MPa, the flow rate of the graphene disper-
sion solution out of the spraying nozzle can be 1 mL/cm?® The carbon fibre veil
with coated graphene is then dried at room temperature for 24 h [60].

Chemical Vapour Deposition

Graphene oxide (GO) is introduced to the surface of CFs by chemical vapor
deposition (CVD) to improve the mechanical properties without sacrificing fibre
tensile strength. The deposition of thermal chemical vapor produces graphene
oxide on the CF substrate. First, CFs are fixed to the graphite frame and the ten-
sion is adjusted through the tensiometer at both ends of the CFs to 10 N [61].
The GO is ultrasonically dispersed in ethanol solution for 2 h and then com-
bined with epoxy resin. The excess ethanol from a mixture of GO-epoxy is re-
moved by keeping the mixture in the oven at 60°C [62]. Mixture is subsequently
stirred at 50°C for 24 h to obtain a homogeneous mixture. The graphite frame is
then placed in the single-zone atmospheric quartz tube furnace with a 60-cm-
long heating zone and a constant flow of 1000 sccm nitrogen atmosphere is in-
serted into the quartz tube for 10 min to exhaust the air [63]. The temperature of
the reactor then rises to 1000°C at a heating rate of 10°C/min and ethanol is then
pumped through a peristaltic pump into the reactor to produce graphene oxide
on the CF at a flow rate of 20 mL/h. Nitrogen is used as a carrier during the
deposition process with a flow rate of 400 sccm. After the reaction, the furnace

in liquid nitrogen is cooled to room temperature [63].

4.2. Glass Fibre

Electrophoretic deposition

To create a stable suspension of Graphene Oxide (GO) water is used as a sol-
vent. The concentration of GO in water can be taken as 1 mg/ml and the disper-
sion is left for sonication for 1 hour. Glass Fibres (GF) are non-conductive in
nature as a result to perform the coating process two copper electrodes are used
in electrophoretic deposition technique. The GF is kept near the anode [64]. As
GO display negative potential due functionalities attached during oxidation re-
action, when the process begins GO begins to move towards the anode and get
deposited on GF. This process can be carried out at various applied voltages up
to 10 V/cm with a deposition time of 5 min and electrode gap of 2 cm [64] [65].
The obtained sample can be dried at 40°C in vacuum oven for 12 h [65].

Hand lay-up method

In this method GO is dispersed in epoxy resin first. The GO and epoxy resin
mixture is then applied on GF. The layers of coated GF are then joined layer by
layer to form composite. The epoxy resin is mixed with 10% hardener. After
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creating the laminate it is hot press compressed for 20 min at a temperature of
60°C and under a pressure of 10 kg/cm? [66].

Sol-gel and dip-coating method

Graphene oxide is prepared by using modified hummers method. The solu-
tion is diluted with distilled water and 20 ml H,O, is added to stop the reaction
in hummers method. The suspension obtained is centrifuged and washed with
10% HCI and distilled water repeatedly. Uniformly dispersed Graphene Oxide
suspension is prepared. To this suspension hydrazine hydrate which is a reduc-
ing agent is added in a volume fraction of 0.5%, and then heated at 50°C for 1 h
without stirring [67]. Because of the treatment given to the suspension, the
Graphene Oxide partially reduces into reduced Graphene Oxide resulting in the
formation of graphene hydrosol. Glass Fibres are then dipped and coating of
hydrosol is produced [68]. For further reduction of the reduced graphene oxide
and excess of hydrazine hydrate and water, the coated fibres are made to dry in
an oven at 120°C for 30 min. As a result, a firm coating of reduced graphene ox-
ide is produced [68].

Covalently grafting GO sheets on GFs

GO is prepared by making use of modified Hummers method. In this method
of producing coating GFs surface is modified by silane coupling agent with
amino group. Finally, GO was covalently grafted onto GFs by amidation reaction
between the carboxygroups of GO and the amino groups of amino-terminated
GFs [69].

Spin coating of graphene on glass fibre

Graphene in powder form is dissolved in water with a concentration of 15
mg/ml and the resulting solution is coated onto the glass substrates by spin
coating method. The glass substrates are preheated at 200°C. The heated glass
fibre with the graphene solution is allowed to stand for 5 s and then spin at 500 -
1000 rpm for 10 s and 5000 rpm for 30 s [70]. After this, the graphene films are
made to dry at 80°C inside a nitrogen filled glove box. In order to reduce Gra-
phene oxide film on glass substrates into graphene films, hydrazine treatment
along with annealing at 400°C, 800°C and 1000°C under argon flow is done [71].
A change of colour from brown to gray of the film is noticed, indicating the

formation of grapheme.

4.3. Optical Fibre

Drop casting method

Graphene and GO are deposited on tapered optical fibre using drop casting
technique. Graphene and GO are drop casted after making their suspension in
water with concentration of 1 mg/ml. After this, tapered optical fibre are made
to anneal at 70°C for 1 h and left for one day so that thin film on the surface can
be formed [72].

Reduced Graphene Oxide onto D-Shaped Optical Fibres

The GO is dispersed in water and ultra-sonication is done so that GO is prop-

erly dispersed. A concentration of 2.5 mg/ml of the resulting mixture is pre-
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pared. Next, the GO dispersion is made to deposit onto electro-polished alumi-
num substrates by spin-coating method and then it is covered by 300 nm
thick-layer of polymethyl-methacrylate (PMMA) [73] By etching the substrate
with an acid solution and washing it by deionized water, the films are transferred

to the polished surface of D-shaped optical fibre by wet transfer method.

4.4. Aramid Fibre

The Arabic fibre is immersed acetone to get rid of its sizing for 24 hours. It is
then dried under vacuum condition for 6 hours and at 40°C. Then 2 mm long
size of arabicfibre is added in a buffer solution for surface modification [74].
Next the dopamine is added to above mixture and was sonicated for 10 min and
stirring was done constantly for 24 hours at room temperature. Polymerized po-
lydopamine (PDA) was grafted on the on the newly sized arabicfibre surface by
soaking it into doapamine solution. Now this PDA grafted aramid fibre was
washed with deionized water to remove the residual of dopamine and PDA [75].
Then this filtered is dried at 40°C for 24 hours in vacuum condition. The mod-
ified aramid fibre of GO/dopamine can be obtain when PDA grafted aramid is
immersed into GO solution upto 50°C for 12 to 24 hours under a vacuum con-
dition so that it react through amine-catechol. This newly modified aramid fibre

is dried at 50°C for at least 24 h under a vacuum condition [75].

4.5. Natural Fibres

4.5.1. Carauafibre

The carauafibres is first cleaned by brushing and then it is washed and passed
through drying stages. This fibres is then added in GO solution which is 0.56
mg/ml of the weight corresponding to the 0.1% of carauafibre [76]. It is briskly
stirred using a mechanical shaker for around 30 minutes. Thus a carauafibre
soaked with GO is obtained. It is heated in oven for at least 24 hours for about
80°C thus obtaining a GO-carauafibre [76].

4.5.2. Coir Fibre

The coconut husk is dried under sun. This husk is then soaked in hot water and
dried at 40°C so that it loose the interaction between lignocellulosic matrix and
fibre. 1 g of cetyltrimethyl ammonium bromide (CTAB) which is a cationic sur-
factant is added to 100 ml of methanol. Then 2 g of GO powder is added to the
mixture. Ultrasonification of this mixture is done for 3 hours using bath sonica-
tor [77]. Then solution is briskly stirred for proper and continuous mixing after
addition of 200 g of epoxy resin. Further mixture is kept in oven at temperature
of around 50°C for complete removal of methanol and then it is brought down
to its room temperature [77] [78]. Next 10 g of coir fibre was immersed in the
mixture using glass rod for 1 hour and later on it is mixed with hardener in ratio
of 10:1. The hand layup technique is used for spreading the mixture on the sub-
strate. A mould releasing agent used here is polyvinyl alcohol (PVA) which is

thin film of 5% aqueous solution. Then the mould is closed with its core and
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curing is done for a week at 1 atm pressure and room pressure. Then this cured
composite was taken out and the epoxy/coir fibre composite with graphene
oxide is obtained [78].

4.5.3. Hemp Fibre

The Graphene employed in this work were of industrial grade with a purity of 95
wt%. To produce modified composites varying concentration of 0.1% - 0.5% in
the incremental steps of 0.1% by the weight % of the epoxy matrix were used.
Resin and Hardener were selected in the stochiometric ratio of 90:10 to produce
specimen under study. Dispersion of graphene and hemp in epoxy was done us-
ing sonication method [79]. For further dispersion of Graphene and Hemp
3-roll shear mixing process was used and the mixture was mixed mechanically
[79]. Do mechanical mixing untill solution become homogenoues. During me-
chanical mixing gas bubbles gets trapped, and are removed using degasification
process. The mixture is cured at 600°C for 2 hours followed by 1000°C for 4
hours. The blend of resin and hardener was then poured into an aluminum
mould of size 260 mm x 225 mm X 5 mm to produce laminates [79] [80].

For alkaline treatment raw hemp was taken and thoroughly cleaned. The
cleaned hemp was then cut in to 5 to 8 mm length manually. The Concentration
of 5% of NaOH which gives maximum strength was prepared and the hemp fi-
bres were made to soak in it for 2 hours [80]. The then treated hemp was neu-
tralized with acetic acid until pH was 7 which was tested with the help of a uni-
versal indicator. Wash solution 3 times [81]. This would conclude the alkaline
treatment. For permanganate treatment hemp was treated with KMnO, for half
an hour and washed again. The fibres were wrung and dried in the hot air oven
at 333 K for 24 hours [81] [82]. The moulds were prepared and the samples of
3%, 5%, and 7% by weight was prepared of both KMnO, and NaOH treated
Hemp by hand lay-up method. The hemp was taken in a beaker with graphene
and epoxy and sonicated for 50 minutes [81] [82]. It was then poured into the
mould and remained to settle for 24 hours, this would end the permanganate

treatment of the hemp [82].

4..6. Cotton Fibre

2mg/mL GO solution with dispersed GO sheets in aqueous solution was pre-
pared. Subsequently, the degreasing cotton usually applied in laboratory is cut
into small pieces and immersed in the GO solution for 12 h. The cotton pieces
immersed in GO solution are then annealed in furnace at 250°C for 5h, under

nitrogen protection. Therefore we get Grephene coated cotton fibre [83].

5. Conclusions

Graphene shows various outstanding features from many published results of
the characterisation. Graphene-based materials can be used in a broad range of
possible applications, including flexible, transparent electrodes, sensors and elec-

tronics. The nanocomposites based on graphene also show very low electrical
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conductivity percolation thresholds with improved mechanical, thermal and bar-
rier properties. Nevertheless, the journey towards mature graphene use still faces
several challenges. Flawless graphene is the perfect material for all types of ap-
plications, but the manufacturing techniques are not yet mature.

When pure, graphene-based materials and composites derived on a substra-
tum were coated, potential electrical properties, barrier features, mechanical
features and thermal characteristics were established. Certain characteristics
such as catalytic activity, sensory tolerance and barrier efficiency were also estab-
lished. Most of the papers published concentrate on electrical properties when
graphene is used in coatings. Much more must be done to fully understand the
possible applications of graphene-based coatings. The effect on quality should
also be studied by the influence of graphene-coated surface morphology. No mat-
ter how the graphene is synthesized, the ease for subsequent coating processing

needs to be considered.
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