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Abstract Electrospinning has emerged as a versatile and promising technique to
synthesize nanofibres. With increasing demand of nanotechnology, electrospinning
has gained more attention due to its versatile application in various fields. Scientists
have incorporated various nanomaterials as nanofillers in the polymeric matrix to
enhance the properties of nanofibres according to their specific applications. Among
these nanofillers, graphene has gained extensive interest for researchers, as a multi-
functional molecule associating different unique properties like high mechanical
strength, electrical conductivity, flexibility, conductivity and optical transparency.
These desirable properties make graphene a superior material than CNTs and other
conducting nanoparticles. The graphene-based polymeric nanofibres have opened
new opportunities for diverse applications of nanofibres in different walks of life.
This chapter aims to describe an overview of progress of graphene-based electrospun
nanofibres and their applications in various fields including biomedical, chemical,
defence and environmental applications. The historical overview and fundamentals
of electrospinning, graphene and its properties as nanofiller aswell as the applications
of graphene-based electrospun nanofibres in different fields are discussed. The limi-
tations and future developments of electrospinning and graphene-based electrospun
nanofibres that can be made are also presented.
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1 Introduction

Technological progress over the previous decades has been focused on different
competing methods to synthesize nano-sized materials. The development of
nanotechnology shows its excellence in selected fields, while electrospinning (E-
spin) has been come out as a popular nanotechnology for the easy fabrication of
nanofibres from wide range of materials. E-spin technique that proved to be an effi-
cient method to produce electrostatic fibre with diameter around 2 nm to several
micrometres using electrical force from the polymer solution of synthetic as well as
natural polymers, has been attracted tremendous attention in research and commercial
field over the past few decades due to the low cost production, chemical versatility,
tunable physical properties like fibre length, porosity as well as electronic, optical,
biomedical and mechanical property [1–3]. This process is widely used because of
its unique capability and versatility of producing fibre and fabrics within nanorange
consistently with controlled pore size which is difficult to obtain in standard mechan-
ical fibre-spinning techniques [4–6]. From the starting of this century, researchers
have been paying much attention on re-examination of E-spin technique [7]. Due to
having high surface area than regular fibres, the fibres generated from E-spin have
been successfully applied in wide range of fields including biomedical, tissue engi-
neering, pharmaceutical, optical, defence, protective clothing, environmental engi-
neering, electronics, healthcare and biotechnology [8–11]. Overall, E-spin is a simple
and robust technique to produce fibre from wide variety of polymers, which offers a
lot of advantages like tuneable pore size, high surface-to-volume ratio, malleability
to generate a variety of shapes and sizes and the capability to generate controlled
composition, property and functionality of nanofibres. Because of these properties,
electrospun fibres have drawn major attention in the field of applied physics, chem-
istry, regenerative medicine, sensing, biological scaffolds, photonics, flexible elec-
tronics and electrode materials in energy storage application [12]. Over 60 years,
E-spin technique has been applied in textile industry for the production of nonwoven
fabrics. From the past few years, there has been increasing attention in the application
of this technique for themanufacturing of nanolevel fibres from a range of natural and
synthetic polymers used in tissue engineering [13] including cellulose [14], collagen
[15], polyurethanes [16], cellulose/collagen [17], silk fibroin [18], and polylactic
acid [19]. Although having various superiorities, the scale up of the output of the
nanofibres suffers some serious problems which limit its bulk application. Several
researches have been carried out on amplifying the production rate of electrospun
fibres where a two-layer spinning system is used in which the lower layer with ferro-
magnetic suspension and the upper layer with polymer solution, and multiple nozzle
or spinnerets systems are arranged in a circle/line/matrix and a bottom up gas jet
spinning or bubble E-spin [6, 20, 21]. To increase the production of electrospun
fibres using single jet is not very viable for large scale applications. Although porous
hollow tube is used in various cases to obtain multiple jets and the production rates
can be amplified by increasing the number of holes and tube length [22, 23]. Another
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major problem in tissue engineering with electrospun scaffolds and mats is the insuf-
ficient cellular migration and non-uniform cellular distribution in the scaffold under
passive seeding conditions with enhancing depth.

However, using conventional E-spin technique, nanofibres can be synthesized
in a simple and inexpensive way, but over the time, there are build-ups of meshes
with very high fibre density. It is also reported that, when the diameter of fibres is
smaller, the chance of fibre to fibre contact per unit length of fibre increases and the
average pore radius in the mesh decreases [24]. Due to these circumstances, there
occurs a huge size mismatch between the smaller pores in the fabrics and the larger
size of the cells. This limits the ability of the cells to populate and emigrate inside
the scaffolds. This problem limits the application of electrospun fibres, especially
in the field of 3D organs or tissues. Among several attempts which addresses this
limitation, Ekaputra et al. suggested three methods for the advancement of cellular
infiltration and their viability [25]. Among the three methods, the first one was co-
E-spin, in which a medical grade poly ( 1-caprolactone)/collagen (mPCL/col) was
used as a main fibre combined with water soluble polymer gelatine and polyethylene
oxide to enhance the pore volume by selective elimination of solid materials from
the mesh. The approach of blending water soluble polymer didn’t show enough
improvement compared with conventional electrospun fibres used in cell infiltration.
In the second approach, micron-sized mPCL/col was used to improve the fibre–fibre
distance as well as pore volume. In the third approach, mPCL/col was co-deposited
with heprasil (glycosaminoglycan hydrogel) which create enzymatically degradable
pockets within the dense fibres through which cell can migrate. Mechanical booster
of fibres through the introduction of nanofillers which enhances the property of fibres
in particular field of applications. Incorporation of the nanomaterials into the matrix
enhances to optical, mechanical, electrical and thermal properties of electrospun
fibres. For the production of conducting nanofibre, the nanofillers can be classified
into zero dimensional (0D), one dimensional (1D), two-dimensional (2D) and three
dimensional (3D), which were introduced in this decade. Among various nanofillers,
2D layered graphene and graphene oxide has been attracted huge attention as they
enhance the fibre properties due to their mechanical strength, thermal and electrical
conductivities [26].

Around this decade, the discovery of graphene drastically changed the research
direction of material science by its unique and splendid characteristics. All over
the world, researchers are competing to discover different synthesis pathways and
explore the applications of graphene-based materials in various fields. An interme-
diate material called graphene oxide (GO) associated with better hydrophilicity and
chemical versatility with easier modification due to the presence of oxygen func-
tionalities compare than that of graphene [27]. Over the years, a broad range of
applications of graphene has been published such as tissue engineering, electronics,
optics, energy storage and sensing [27, 28]. However, graphene has an unavoid-
able tendency to agglomerate due to the Van der waals force and π − π stacking
which results the loss of high surface area and excellent electric property. To prevent
the agglomeration of graphene sheets, development of preferable scheme to synthe-
size fully dispersed graphene-based nanocomposites remains a significant challenge
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[29]. GO-basedmaterials have been introduced in nanofibre composites using E-spin
technique. Incorporation of graphene in nanofibres enhances thermal and electrical
conductivity, catalytic activity, mechanical strength and optical property.

In this chapter, we focus on comprehensive overview on recent advancement of
E-spin designs and process and graphene-based electrospun nanofibres. It includes
the enhancement of properties due to the incorporation of graphene into the fibre
matrix and their various applications in selected fields. In this aspect, we summa-
rize the basic principle and instrumentation of E-spin technique as well as appli-
cation of graphene-based nanofibre composites in several fields including biomed-
ical, chemical, defence and environment. The limitations and the future aspect of
graphene-based nanocomposites fabricated by E-spin are also included.

2 Historical Overview of Electrospinning

E-spin was first distinguished by Rayleigh in 1897 [30]. The detailed study on elec-
trospraying was reported by Zeleny in 1914 by establishing a mathematical model to
explore the effect of electrical forces in liquids by analysing the behaviour of liquid
droplets at the end point of iron capillaries [31]. In 1934, Formhals fruitfully fabri-
cated electrospun fibres with an improved E-spin device and patented his work [32].
The groundwork of E-spin was set by Taylor in 1969 through his work on electrically
controlled jets [33]. The phrase “E-spin”, acquired from electrostatic spinning was
used in around 1994, which is comparatively recent, but its beginning was uncovered
back to above 60 years ago. A series of patents was issued by Formhals, explaining
the experimental setup for the synthesis of polymer filaments applying an electro-
static force [34]. The first patent (US Patent Number: 2116942) on E-spin technique
was published for the synthesis of textile yarns using a voltage of 57 kV for the E-spin
of cellulose acetate and acetone and monomethyl ether of ethylene glycol was used
as solvents. The patent holder of this process was Antonin Formhals in 1934 and
further he issued other patents on E-spin (US Patents 2,160,962 and 2,187,306) in
1939 and 1940 [35]. The spinning process invented by Formhals includes a moving
thread collection device to collect the fibres in a stretched condition which is similar
to the spinning drum in conventional E-spin [36]. In the past 50 years, about 60
patents have been filed on electrospinning solutions and melts and a simple equip-
ment is invented which can generate highly electrified streams with uniform droplets
of around 0.1mm in diameter [37]. In 1955, Drozin studied the dispersion of different
liquids in aerosols under high electrical field. After that, Simons invented a equip-
ment in 1966 for the fabrication of ultra thin and extremely lightweight nonwoven
fibres with different patterns under using electrical spinning and patented the work
[38]. The “Taylor cone” model which theoretically modelled the conical geometry of
liquid droplet, was established by Sir Geoffrey Ingram Taylor in 1966 [39]. In 1971,
an apparatus was made by Baumgarten which fabricate electrospin acrylic fibre with
diameters of 0.05 to 1.1µm[40].After that very small number of research articles and
patents has been reported on E-spin technology in the 1980 and 1990s. The E-spin
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field has obtained significant attention and fast-growing development since Reneker
et al. produced a number of fibres (diameter < 5µm) by charging the polymer solution
with high voltage [41]. As E-spin can easily generate fibres and fibrous structures
with diameters in nano-range, it gained more attention may be due to the contin-
uously increasing interest in nanotechnology [34]. All over the world, above 200
universities and research organizations are involved in studying different aspects
of E-spin process and its applications. Also, some companies including Freuden-
berg and Donaldson Company have been utilizing E-spin process in the air filtration
products for last two decades [42]. After 2010, major research progress on E-spin is
focusing on the application of electrospun fibres on different fields using nanoparticle
incorporated fibres, functionalized polymers, metal oxide composited nanofibres. A
comprehensive overview of the advancement in E-spin technology is summarized in
Table 1.

Table 1 Summary of historical development of E-spin technology

Year Developments References

1902 E-spin technique patented by Cooley and Morton [43, 44]

1914 John Zeleny discovered jet ejection from the tip of the metal
capillary

[31]

1934 Formhals patented the design of E-spin instrument [32]

1936 Norton patented the air-blast fibre formation from melt in
place of solution

[45]

1938–1940 Another three patents by Formhals on E-spin [46–48]

1950–1959 Factory production of E-spin nanofibres used as filters for
gas mask application

[49]

1960 Jet formation study of E-spin fibres for filtration material [50]

1964 Taylor cone generation [51]

1971 Baumgarten developed the apparatus to spin acrylic
microfibres

[40]

1995 Diameter of fibres reduced with increasing distance from
collector to needle tip and Taylor cone

[52]

1996–2001 Discovery related to the working parameters of E-spin like
instrumental, solution and ambient parameters

[41, 53, 54]

2001–2005 From different countries, various E-spin instruments were
developed by various researchers. Variety of synthesis and
characterization techniques of E-spin nanofibres

[21, 37, 55, 56]

2006–2014 During this time, most of the researches have been focused
on the application of E-spun nanofibres on energy, sensing,
tissue engineering, catalyst and drug delivery

[55, 57–65]
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3 Fundamentals of Electrospinning

The fundamental ofE-spin is basedon “electrostatic interactions”. In detail, the high
voltage power supply is connected to the peristaltic pump which pushes the solution
from the needle. A counter electrode called collector collected single droplet ejected
from the tip of the needle. It is obvious that the electrostatic interaction results
in the fibre formation. Beside the polymeric nanofibres and composites, ceramic
nanofibres can also be fabricated by changing the parameters including solution
property, operational conditions and ambient property. The nanofibres fabricated
by this technique can be associated with various chemical compositions, tuneable
diameter and different morphology [55].

3.1 Working Principle

E-spin is a unique techniquewhich uses electrostatic force of interaction to synthesize
nanofibres from polymers and polymer solution or melts. The fibres are associated
with smaller diameter and larger surface area than other conventional spinning tech-
niques [66]. Different varieties of nanofibres including carbon materials, inorganic
materials, polymers and their hybrid composites can be synthesized by this technique
[67–69]. However, the basic theory of other spinning techniques like electrostatic
precipitators and pesticide sprayers are similar to that of E-spin process which is
based on electrostatic repulsive forces.

Generally, in E-spin process, an electrostatic voltage (around 5–30 kV) is engaged
to charge the solution to start the emersion of liquid jet from the tip of the needle using
a spinneret, such as coaxial, single andmulti-spinneret [70, 71]. The polymer solution
has its own surface tension into the syringe, and at the tip of the needle, it can be
charged outside by applying high voltage power supply. The electrically conducting
spinneret and oppositely charged collector are separated at an optimum distance
(~10–25 cm) before the ejection of polymer solution. The liquid jet elongated through
spiral loops, as the diameter of the loops increases, the jet becomes lengthier and
thinner. With the evaporation of the solvent, solidification of the polymer precursor
occurred and gets collected on the target [71–73]. The polymer molecules remain
highly oriented in the fibres due to the stretching of jets, which have been established
by polarized Raman and polarized FT-IR spectroscopy [74, 75].

However, these nanofibres are classified into two categories namely aligned and
random nanofibres. Both of them have excellent properties like tuneable surface
morphology, high surface-to-volume ratio and high porosity with interconnected
pores [49, 76, 77]. The E-spin technique in which simple plate collectors are used,
generally synthesizes nonwoven or random nanofibres and a disk or cylinder with
faster rotating speed are involvedproduces alignednanofibres. E-spin nanofibres have
different morphologies including hollow, porous, sea-island, core–shell and dense
structures according to various applied parameters like applied voltage, distance
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Fig. 1 Schematic representation of electrospinning process

between the collector and spinneret, feed rate and solution concentration [78].
Figure 1 illustrates the schematic representation of E-spin setup.

3.2 Instrumental Setup

The instrumentation of E-spin includes threemain parts, first and the dominating part
is high voltage power supply, second is the assembly of needle and syringe (known
as spinneret in needleless type) and the last is collector. Now a days, various types
of E-spin instruments are accessible in the market. They are different only in the
design of spinneret and collector. Among them some include an electrode material
as spinneret while most of the instruments are needleless spinneret.

However, two main categories of instruments are in practice such as horizontal
and vertical. In case of horizontal type, the implied force is the charged force gained
by applied potential and the attractive force of oppositely charged collector which
draws the fibre. On the other hand, in vertical type, the fibres are pulled by two forces
including collector charge and gravitational force which results thinner fibres with
minimum diameter.

Another classification of E-spin instrument depends on number of nozzles like
single nozzle E-spin and multi-nozzle E-spin. In single nozzle E-spin, only the solu-
tions which are easily soluble could be used for fibre synthesis. Multi-nozzle is
advantageous over the single nozzle due to the huge production of fibres. E-spin
instruments can also be classified based on the number of axial units such as coaxial,
mono-axial and multi-axial E-spin instrument. Coaxial E-spin employs two syringes



8 S. De et al.

and one needle, where both the syringes consist of different precursor solutionswhich
are probably immiscible. In mono-axial E-spin, it is not possible to use two different
immiscible solutions for fibre fabrication. Coaxial E-spin has achieved more atten-
tion because of its ability to synthesize modified nanofibres including uni-axially
aligned, core-sheath and hollow nanofibres [55].

Multi-jet E-spin was reported by Waclaw Tomaszewski and Marek Szadkowski
for the production of nanofibres. Three types of spinning pipes for the E-spin head
were utilized including series, concentric and eplliptic (shown in Fig. 2) and it was
proved that concentric and epileptic types enhanced the fibre fabrication process by
using 10 or more number of spinning pipes [55].

Collector is another major part of E-spin instrument. There are different types
of collectors such as plate collector, cocoon, drum collector, parallel plate and disc
collector. A suitable collector is chosen according to the field of application of the
synthesized nanofibres. Generally, drum collectors aremainly utilized to obtain well-
aligned and nano-ranged fibres in laboratory scale experiments. Aluminium foil kept
in the surrounding of the drum collector behaves as a conducting material which
collects fibres [55].

According to the needle type of E-spin instrument, the instrumental parameters
like solution volume, needle tip, modified syringe and gauge diameter could be
selected. On the other hand, for large scale production of nanofibres, needleless
E-spin is more beneficial in industries.

Fig. 2 Three types of spinning pipes for the E-spin head: elliptic, concentric and series. Redrawn
from Ref. [55]
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3.3 Controlling Parameters

Different parameters which influence the E-spin for fibre fabrication include instru-
mental parameters, solution parameters and ambient parameters. Category-wise
factors influencing E-spin are summarized in Table 2.

3.3.1 Instrumental Parameters

Generally, lesser flow rate of the solution helps the polarization of the precursor
solution. Flow rate is the flow of the solution under applied pressure. Increasing the
flow rate of 1 ml/min results in the formation of beaded fibres. The morphology and
diameter of fibres change with shape and diameter of the gauge respectively. Change
in the gauge size affects the diameter of micro-scale fibres while change in gauge
shape (elliptic and sphere) effects the morphology of fibres.

Change in applied potential effects the diameter of E-spin fibres. It has estab-
lished by various research groups that with varying applied potential the diameter
of fibre changes [79–81]. Influence of applied potential on the diameter of nanofi-
bres is limited comparing with other instrumental parameters of E-spin. The distance
between the tip of the needle and the collector allows enough opportunity for the
evaporation of solvent. If the distance is lesser, thicker or beaded fibres can be formed
while larger distance results in discontinuous fibres. So, by keeping other parame-
ters constant, change in the distance from needle tip to the collector have a major
influence on fibre morphology [82].

The variety of collector used including plate, rotating rods orwheels, pin, crossbar,
disk, drum and liquid bath influences the orientation or alignment of fibres. Prop-
erly oriented nanofibres can be synthesized by utilizing a disk collector. A home-
made collector was designed by Younan Xia et al. by applying a novel gap strategy
for oriented fibres of polyvinyl pyrrolidone (PVP)/tetramethyl ammonium chloride
involving two silicon strips (kept in certain distance) as collector [83]. In this method,

Table 2 List of influencing parameters in E-spin process

Instrumental parameters Solution parameters Ambient parameters

Flow rate (slower flow rate results
smooth fibres)

Types of polymer (conducting and
non-conducting, natural and
synthetic)

Collector temperature

Gauge diameter Molecular weight of polymer Humidity

Applied potential (~5–30 kV) Precursor solution and solvent –

Distance between collector and tip
of the needle

– –

Variety of collector (plate, rotating
rods or wheels, pin, crossbar, disk,
drum, etc.)

Surface tension, conductivity and
viscosity

–



10 S. De et al.

Fig. 3 a Dark-field optical micrograph of PVP NFs collected on top of a gap formed between two
silicon stripes. b, c SEM images of same sample, showing NFs deposited (B) across the gap and
(C) on top of the silicon stripe. d SEM image of NFs region close to the edge of the gap. Reprinted
with permission from Ref. [83]

two types of forces are experienced by the nanofibres one from the charges on the
surface of the silicon collector by the charged electrospun nanofibres and other from
the splitting applied potential. They studied that the thicker nanofibres could be fabri-
cated by reducing the gap between the silicon strips and increasing the collection time
as shown in Fig. 3. It is interesting to observe that some of the nanofibres (marked by
arrows in Fig. 3d) alter their direction perpendicularly to the edges before reaching
to silicon collector. This variation in orientation further confirms the influence of two
different forces on the nanofibres.

3.3.2 Solution Parameters

Depending on the application of nanofibres, suitable polymers are selected for E-
spin. Nanotube enclosed nanofibres made up with conducting polymers obtain huge
attention in the field of sensor, electrodematerials and bio-activematerials because of
their capability trigger electrical charges remain inside the molecules. Kumber et al.
fabricated nanofibres of chitosan, a crystalline, natural biopolymer [65]. They used
derivative of 2-nitrobenzyl chitosan prepared by mixing 2-nitrobenzaldehyde with



Recent Progress in Electrospinning Technologies … 11

different concentration and chitosan for the fabrication of chitosan nanofibres. As
synthesized imino-chitosan derivatives are very promising candidate for the shielding
against yeast, bacteria and fungi.

The molecular weight of a selected polymer is an important factor which affects
the properties of nanofibres. Same polymer having different molecular weight can
synthesize nanofibres with different diameter [84, 85]. To obtain smooth and contin-
uous nanofibres, the selected polymer should have optimized molecular weight.
Sahoo and Panda had synthesized and characterized barium titanate nanofibre using
E-spin technology [84, 85]. For a concentration dependant study, they used PVP
(8–12% weight) with barium titanate composite. In Fig. 4, we can observe that with
increasing the concentration of solution from 8 to 12%, the fibre diameter increased
by 50 nm because of the viscosity change of the polymer solution.

Fig. 4 SEM images and their corresponding diameter distributions of PVP–BaTiO3 nanofibres
with a 8%, b 10% and c 12% PVP. Reprinted with permission from Ref. [84]
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For the synthesis of composite nanofibres, precursor solution is mixed with the
polymer solution and delivered to E-spin for synthesis. The precursor can be nanopar-
ticles or metal salt solution. They are blended with required solvent or polymer solu-
tion to obtain suitable viscosity for E-spin. During the travelling from the tip of the
needle to the collector, the solvent evaporated which results in the fabrication of
nanofibres. Due to this reason, specific solvent required to be selected for a certain
precursor.

Themain correlated solution properties that directly affect the E-spin ability of the
solution are surface tension, conductivity and viscosity.One of the delicate features of
fibre preparation technology which can be controlled by changing the concentration
of the polymer solution is the viscosity of the spinning solution [86]. Fibres with
micro- and nanoscale diameters can be obtained only with solutions of optimum
viscosity. On the other hand, very high or very low viscosity solutions result beaded
fibres.

Surface tension is the force employed in the plane of surface per unit length [87].
In the E-spin process, the applied potential should by high enough to overcome the
surface tension of the solution to fabricate fibres. Solvents also affect the surface
tension to some extent. Yang et al. studied that different solvent employ different
surface tension. They established that reducing surface tension of the solution by
keeping the concentration constant can convert the beaded fibres into smooth fibres
[88].

In fibre preparation process conductivity of the solution also plays a key role.Wang
et al. reported that, natural polymers exhibit larger surface tension (because of their
polyelectrolytic nature) in presence of electric field, than the synthetic polymers.
So, the fibres prepared from natural polymers are of poor quality compared with
that synthesized from synthetic polymers. Conductivity of a spinning solution can
be enhanced by mixing salts like KBr, NaCl, and KCl. Generally, with increasing
conductivity, the diameter of the fibres decreases that means thinner fibres can be
produced [89].

3.3.3 Ambient Parameters

Influence of collector temperature on the fibre properties is an important param-
eter in E-spin. Kim et al. established the impact of collector temperature on the
porosity of E-spin fibres [90]. They studied that the porous nature of nonwoven
nanofibres synthesized frompoly-L-lactic acid (PLLA) inmethylene chloride solvent
was prominently affected by the temperature of the collector. The pores were devel-
oped in the nanofibres by the evaporation of the solvent molecules remain on the
surface of the nanofibres, while the temperature reached to the boiling point of the
solvent used (shown in Fig. 5a). With further increase in temperature, there was
an increase in pore size and higher number of pores on the nanofibres due to the
enhanced evaporation of the solvent molecules (Fig. 5b, c). When the temperature
reached to 60 °C, there was a slight decrease in pore size due to the evaporation
of solvent molecules present within the viscose polymer by the increment of the
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Fig. 5 SEM images of E-spun PLLA fibres as a function of collector temperature; a room temper-
ature (21 °C), b 40 °C, c 50 °C, d 60 °C and e 70 °C. Reprinted with permission from Ref.
[90]

volatility of the solvent (shown in Fig. 5d). When the temperature of the collector
increases to the glass transition temperature (Tg) of the polymer, the porous structure
of the fibres disorganized extremely due to the inadequate solidification of PLLA
and high mobility (Fig. 5e).

In fibre fabrication technique humidity and temperature involve as intercon-
nected ambient parameters. Enhancement in temperature will cause decrease in
humidity and helps to evaporate the solvent quicker. Higher humidity results in
thicker fibres with larger diameter. In another report, Casper et al. studied that with
increasing humidity porous nanofibres can be produced. The optimum humidity for
the production of polystyrene nanofibres was less than 25% [91]. Therefore, to obtain
appropriate porous nanofibres, optimum humidity is required to maintain.

4 What is Graphene?

World’s first 2D, lightweight, paper-like material is known as “graphene” [92].
Various multidirectional properties including conductivity, high surface area,
mechanical strength, hydrophobicity, specific capacitance, photocatalytic and
antibacterial activity makes graphene far more potential candidate than other nano-
materials [93]. Graphene is one atom thick, hexagonal layer of sp2 hybridized carbon
atoms. The carbon atoms are densely packed and looks like a honeycomb lattice.

A stable single-layered graphene was first prepared by mechanical stripping in
2004. For this discovery, Geim and Novoselov won Noble prize in physics in 2010
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[94, 95]. Single-layered graphene is lattice iss purely conjugated with alternative
single and double bond and the π electron clouds remain delocalized over the sp2

hybridized carbon atoms. Graphene is the thinnest nanomaterial in the world with a
stable single layer having thickness only 0.334 nm [94]. However, it is very difficult to
prepare monolayered, pure graphene, some techniques are reported in the literature
for the synthesis of single or few layered graphene like chemical vapour deposi-
tion (CVD), liquid phase stripping, chemical exfoliation, mechanical exfoliation and
oxidation–reduction process [94, 96].

The synthesis of graphene can roughly be divided into three categories. Graphite
was first oxidized by strong acids and oxidizing agents to fabricate GO by Hammer’s
method. Reduced graphene oxide (rGO) was synthesized by reducing GO by thermal
or some other reduction process, where some oxygen functionalities still exist. The
residual oxygen functionalities inhibit the re-stacking of rGO sheets and sustain the
porosity and high surface area, which is very crucial for energy applications [97, 98].

Although being very thin and lightweight, graphene is the strongest material in
the world ever discovered. The intrinsic strength of graphene is 42 Nm−1 and it is
200 times stronger than steel [99]. It is so robust that it can overshadow the hardness
of diamond. A single sheet of graphene is transparent but it is able to absorb light
[100]. It is elastic and pliable with Young’s modulus of around 1 TPa [99]. But it
is impermeable to all the liquids and gases except water [101]. Graphene is also
associated with excellent thermal conductivity in the range of ~ (4.84± 0.44)× 103

to (5.30 ± 0.48) × 103 Wm−1 K−1[102]. These values refer that; graphene is far
more superior to carbon nanotubes in thermal conductivity. Another crucial property
of graphene is excellent electrical conductivity with high intrinsic mobility of 2 ×
105 cm2v−1 s−1[103, 104].

There are several practical applications of graphene as a versatile material in
science, technology and environmental aspect including electronics, photonics,
energy storage and generation, sensing, biomedical, optoelectronics and flexible
electronics [99]. Different properties and application of graphene in various field
are shown schematically in Fig. 6.

4.1 Graphene as Nanofiller in Electrospinning

The incorporation of GO into the electrospun nanofibres was started around
this decade. Graphene is a favourable candidate to perform as nanofiller in E-
spin to achieve desired nanofibres due to its versatile properties like mechanical,
sensing, biomedical and electrical. Graphene has been proved to be a potential
nanofiller candidate due to its multifunctional properties, which strongly reorga-
nize the lightweight nanocomposites. Various types of natural and synthetic poly-
mers were electrospun utilizing graphene nanofiller which exceptionally enhance the
E-spin technique and had exhibited extraordinary enhancement in the characteris-
tics of nanofibres like hydrophilicity, mechanical strength, conductivity, mechanical
strength and thermal stability [105, 106]. The packing of graphene in an E-spin
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Fig. 6 Properties and applications of graphene

process is an important step which decides that chemical affinity, flexibility, stability
and functionality. This involves two steps, first is GO sheets can introduce into the
polymer solution by solution blending, in-situ polymerization or melt mixing and the
second is synthesized nanofibres were reduced by annealing under high temperature
or by chemical method which is mentioned as rGO nanofibres. Actually GO is a
bed electrical conductor and an insulator. But when it is treated with strong reducing
agent or annealed at high temperate, most of the conjugated structure of graphene
has been re-established by the elimination of oxygen functionalities. However, there
are several methods reported where reduced graphene has been directly used with
polymer solution for E-spin [107, 108]. But, this process faces the drawback of
inhomogeneous dispersion which may leads to difficulties and challenges for unin-
terrupted E-spin process. An overview of graphene used as nanofiller reported in the
literature from 2010 to 2016 is shown in Fig. 7 [109].

4.2 Graphene-Based Electrospun Nanofibres

There are extensive advancements in graphene-based electrospun conductive nanofi-
bres, especially in the area of electronics. Comparing with conventional metallic
wires graphene-based conducting nanofibres are famous material because of
their amazing properties including high electrical property, mechanical strength,
lightweight and environmental stability. For the fabrication of graphene-based
conductive, flexible nanofibres, the precursor solution was prepared using poly-
mers including polyvinyl alcohol (PVA), polyacrylonitrile (PAN), polyvinyl chlo-
ride (PVC), poly(vinyl acetate) (PVAc), poly(lactic-co-glycolic acid) (PLGA) and
poly(methyl methacrylate) (PMMA) which are summarized in Table 3 with the
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Fig. 7 Number of articles published by year using graphene as a nanofiller data analysis carried
out using the Scopus search system with the term “graphene electrospinning” from 2010 to 2016.
Reused with permission from Ref. [109]

specific reduction method. It is well established that while graphene is combined
with fibres, it enhances their mechanical and electrical properties.

Matsumoto reported a methodical interaction of PANwith graphene [115]. By the
opening of multiwalled carbon nanotubes (MWCNTs) using oxidation process, they
prepared graphene oxide nanoribbons (GONRs) and then electrospun with GONRs
in PAN/dimethylformamide (DMF) solution. Due to the thermal reduction, the elec-
trical conductivity of graphene was hugely enhanced with highest obtained conduc-
tivity of 165.10 S cm−1. The reduction strategy and sheet to sheet interdependence
into the fibres effectively enhance the conductivity of fibres. The main challenges to
achieve graphene-based nanofibres are the enhancement in dispersion, proper loading
of GO and alignment within the polymer matrix. Along with the thermal reduction,
many attemptswere carried out on chemical reduction of graphene-based electrospun
nanofibres. A chemical reduction of graphen-base nanofibres was reported by Wang
et al., where they recovered the valuable conductive network of graphene [111]. A
composite framework ofGO sheetswith polyvinyl alcohol (PVA) and PANwas fabri-
cated using hydrazine hydride (N2H4) as reducing agent. The SEM images of GO
and graphene composited PVA and PAN electrospun nanofibres are shown in Fig. 8.
Applying this chemical reduction method, the problem of dispersion of graphene
can be eliminated as well as enhanced conductivities can be obtained. For example,
graphene-PAN composite offered conductivity of 75 S cm−1 and graphene-PVA
offered 25 S cm−1.

The major operating parameter to influence the characteristics of graphene-based
nanofibres is the interaction between graphene and polymer matrix. This can be
tuned by using selective chemical treatment on the surface of the nanofiller [111].
It is observed that the conductivity of nanofibres significantly enhance with high
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Table 3 Summary of graphene-based nanofibre composites and their reduction methods

Electrospun nanofibre composites Reduction method References

PAN and GONRs Annealed at 1000 °C for 1 h [110]

GO, PAN and PVP N2H4 for 6 h [111]

PANi/G-PBASE and PMMA Hydrazine monohydrate at 60 °C for
24 h

[112]

S-RGO/ACF Heated at 800 °C for 1 h [113]

PI-GNR/CNT HI.H2O at 98 °C for 10 h [114]

PVC/PLGA nanofibres HI solution (55%) at 100 °C for 1 h [115]

RuO2/ACNF and G Heated at 800 °C for 1 h [116]

GCNF @MoS2 Heated at 800 °C for 2 h [117]

RGO/PAN Heated at 800 °C for 1 h [107]

PAN/Fe2O3/G Carbonized at 650 °C for 1 h [118]

PAN/PMMA, SbCl3 and GO Heated at 700 °C for 2 h [119]

CNF, Si and graphene-covered Ni
particles

Carbonized at 650 °C for 1 h [120]

PANi and PAN with G and GO
nanosheets

Ammonia solution at 180 °C for 1 h [121]

GO polyamide 66 0.1 wt % N2H4 and annealing at 350 °C [122]

GNSs and AgNPs NaBH4 at 100 °C for 24 h [123]

PANi with HCSA and PEO filled
G-PBASE

N2H4 heated at 80 °C for 24 h [124]

*PAN-Polyacrylonitrile; GONRs-Graphene oxide nanoribbons; GO-Graphene oxide; PVP-
Polyvinyl pyrrolidone; PANi-Polyaniline; G-PBASE-Graphene with 1-pyrene-butanoic acid
succinimidyl ester; PMMA-Poly(methyl methacrylate); S-RGO-Ultrasonic spray reduced graphene
oxide; ACF-Anisotropic conductive film; PI-GNR-Polyamide-graphene nanoribbons; CNT-Carbon
nanotube; PVC-Polyvinyl chloride; PLGA-Poly(lactic-co-glycolic acid); ACNF-Activated carbon
nanofibre; G-Graphene; GCNF-Graphene-wrapped electrospun carbon nanofibres; RGO-Reduced
graphene oxide; CNF-Carbon nanofibre; GNSs-Graphene nanosheets; AgNPs-Silver nanoparticles;
HCSA-Camphor-10-sulphonic acid; PEO-Poly(ethylene oxide)

temperature reduction comparing with chemical method of reduction. The reason
may be the reduction of huge number of oxygen containing functional groups from
the GO surface, which remain attached into the interior of the aromatic zone of GO
and recovering the sp2 configuration of graphene which satisfactorily enhance the
conductivity of nanofibres by the thermal reduction methods.

For further improvement of conductivity, metal ions can be composited with
graphene-based electrospun nanofibres. This can be synthesized by mixing different
metals including Si, Ag, Ni, Sn and Ru with the precursor solutions. In most of the
cases, graphene-based electrospun nanofibres are used as back-bone materials for
the introduction of electroactive materials like conducting polymers, metal oxides
including MnO2, RuO2, Fe2O3 and Co3O4 obtain ultrahigh conductivity [125–127].
Moayeri and Ajji reported that coaxial E-spin is an alternative and beneficial method
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Fig. 8 SEM images of a PAN electrospun nanofibres, bGO-PAN electrospun nanofibre composite,
c graphene-PAN nanofibre composite, d PVP electrospun nanofibres, e GO-PVP electrospun
nanofibre composite, and f graphene-PVP nanofibre composite adapted from Ref. [111]

of preparing graphene composited conductive polymer polyaniline (PANi)with novel
core–shell structure, compared with unidirectional E-spin [112]. They used reduced
graphene with 1-pyrene-butanoic acid succinimidyl ester (PBASE) to synthesize
nanofibres named as PANi/G-PBASE and the conductivity of nanofibres had boosted
up to 30 S cm−1.
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Synthesis of GO is also a very crucial factor which influences the conductivity of
nanofibres. This inspires the scientists to investigate new methods to functionalize
nanofibres with GO to enhance the conductivity of electrospun nanofibres. For the
industrial production of nanofibres where large scale production is required and
there is a need to use huge amount of GO. In this case, researchers use a mist
of GO applying an ultrasonic atomizer to incorporate graphene into the nanofibres
because of relatively easy synthesis process for fabrication of large scale product with
desired quality. Wang et al. followed an impressing strategy where they synthesize
nanofibres simultaneously using E-spin and ultrasonication to dope GO using an
ultrasonic atomizer by spraying (shown in Fig. 9) and the achieved conductivity was
up to 0.42 S cm−1[113].

On the other hand, oriented graphene sheets and anisotropic materials inside the
nanofibres have an important role on the conductivity like contrastive conductivity
of hierarchical graphitic GO in various directions. Due to this property, network-
like structures are constructed from cross-linked graphene in perpendicular as well
as parallel directions because of the unidirectional emission of electrons. This
phenomena was addressed by Liu et al. who fabricated carbon nanotubes (CNTs)
and polyamide-graphene nanoribbons (PI-GNR) to study the anisotropic behaviour
of GO [114]. They demonstrated electrical conductivities in two different directions;
in perpendicular direction 7.2 × 10–8 S cm−1 and in parallel direction 8.3 × 10–2 S
cm−1.

Fig. 9 a Schematic of the electrospinning technique coupled with ultrasonic spraying; b top-view
SEM image of the as-made S-RGO/ACF; c, d SEM images of the individual S-RGO/ACF fibre;
e pristine ACF surface in the absence of graphene. Reprinted with permission from Ref. [113]



20 S. De et al.

4.3 Application in Various Fields

Graphene-based electrospun nanofibres are morphologically modified by required
treatments according to the selective application. The aspect of E-spin using
graphene-based nanofibres is able to contribute in various fields of applications
including chemical, biomedical, defence and environmental applications.

4.3.1 Biomedical Application

Tissue engineering is very essential for improvement and repairing of injured tissues
in human body. The wide application of E-spin technique in tissue engineering is
no longer new. GO/polymer composites also attract much attention in this field
due to having properties like noncytotoxicity and biocompatibility. In this field,
scaffolds play a crucial role as they allow support for cell fitting and also permit
cell growing into the tissue until it is capable to support itself. Different types of
GO/polymer composites have been fabricated as scaffolds for tissue engineering
including PAN/rGO [128], PVA/GO [129], poly (lactic acid) (PLA)/polyurethane
(PU)/GO [105] and PVA/chitosan (CS)/GO [130]. Schematic of the synthesis proce-
dure of PVA/chitosan (CS)/GO is shown in Fig. 10. Due to the presence of GO, poly-
meric scaffolds have excellent mechanical, electrical and thermal properties. Cell

Fig. 10 Schematic representation of the synthesis procedure of PVA/CS nanofibres with self-
assembled GO. Reproduced with permission from Ref. [130]
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adhesion and proliferation on these GO/polymer scaffolds were studied morpho-
logically and quantitatively. Cells including adipose-derived stem cells, osteoblastic
cells and skeletal myoblasts cells were cultured on the samples. They reported that
a little amount of GO did not limit the viability and proliferation of cells which
described the sufficient cell affinity of GO. Cells are expected to spread on the
scaffolds and some of them improve the cell growth by attaining the same cell prolif-
eration rate to that of tissue culture plates. In recent years, scaffolds for skin tissues
and musculoskeletal have attracted the attention of researchers with aims to support
the patients with injuries. Tissues or organs without recovering ability are a vast
area of tissue engineering which needs to be more explored. One of its branches is
vascular tissue engineering which aims to synthesize functional vascular grafts used
in vivo to replace blood vessels and support them to regenerate. Currently available
commercial synthetic grafts used by surgeons are extended polytetrafluoroethylene
(ePTFE) and woven poly (ethylene terephthalate) (Dacron). Although the motto was
to replace blood vessels with large diameter, they were not suitable for grafts with
small diameter because of the intimal hyperplasia and thrombosis risks. Jing et al.
synthesized thermoplastic polyurethane (TPU)/GO scaffold utilizing grounded rota-
tion mandrel as E-spin collector which resulted tubular scaffolds with small diameter
[131]. With increasing the amount of GO, hydrophilicity of scaffolds and tensile
strength increased.

Another efficient function of scaffolds which required to be enlarged is the capa-
bility of controlled drug release onto selective tissues and organs. For efficient trans-
portation of drugs in a targeted drug delivery system, scaffolds can reduce systemic
toxicity and improve efficiency of the drugs. E-spin nanofibres are very efficient
materials having higher drug encapsulation capability and higher stability, because
of their high porosity and high surface area. For anticancer drug delivery, an elec-
trospun scaffold was studied utilizing polyethylene oxide (PEO)/CS/GO nanocom-
posite [132]. In this carrier system, GO played the role of nanocarrier by monitoring
the controlled release of doxorubicin (DOX), an anthracycline antibiotic applied in
chemotherapy for intravenous administration. GO surface makes a strong bond with
DOX by π −π stacking interactions, which allow the controlled release of drug. GO
also contains functional groups like carboxylic and epoxy groups which can interact
with the amine groups of CS. They allowed high drug loading of 98% because of
the π − π stacking interactions among GO and DOX with the pores in nanofibrous
scaffolds. A faster drug release at pH 5.3, because of the instability of hydrogen
bonding between GO and DOX.

On the other hand, synthesis of scaffolds is also succeeded to provide a imitated
environment to the original body system. In 2015, Luo et al. synthesized GO doped
poly (lactic-co-glycolic acid) (PLGA) nanofibre scaffold added with human marrow
mesenchymal stem cells (MSCs) for oestrogenic differentiation [133]. The diameter
and the porous structure of the synthesized fibres are similar to the morphological
structure with the original extracellular matrices (ECM) and enhance cell prolifera-
tion and attachment. GO takes part in two different roles, first is improving protein
inducer adsorption ability and hydrophilic capability of nanofibres and second is
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enhancing the adhesion, proliferation and differentiation of human MSCs towards
osteoblasts.

4.3.2 Chemical Application

Graphene-based nanofibres attain a huge interest in biosensing application due to
its novel properties like excellent electrocatalytic activity, mechanical strength, high
surface area and easy to functionalize. In 2015, Ding et al. fabricated a sensor for
Cu (II) detector made up with rGO/polyvinyl butyral (PVB) nanofibres [134]. Elec-
trospun nanofibres of GO/PVB on glassy carbon electrode (GCE) were reduced
electrochemically to fabricate rGO/PVB. One of the heavy metals Cu (II) coming
from machinery, mining and metal smelting, contaminate water sources. Though
Cu (II) is an essential element in human body, larger intake of Cu (II) may cause
Menke’s syndrome and Wilson’s disease [134]. The prepared sensor made up with
rGO/PVB nanofibres exhibited good analytical activity with a lower detection limit
of 4.1 nM (S/N= 3), linear range of 0.06–22µM, selectivity and reproducibility RSD
= 0.49% and large sensitivity of 103.51 µA. µM−1 cm−2. Zhang et al. reported a
nanofibrousmembrane of graphene quantum dots (GQD) by E-spin of the solution of
GQD mixed with PVA [135]. For the first time the fabricated a PVA/GQD nanofibre
membrane utilized as dual-purpose electrochemical and fluorescent biosensors for
highly sensitive detection of glucose and hydrogen peroxide (H2O2). They reported
that the prepared biosensors showed high performance with lower detection limit of
10.0 and 1.0µMand linear detection ranges of 0.25–24 and 0.05–35mM for glucose
and H2O2 biosensors respectively.

Energy storage is one of the most essential fields which meet the need of in our
modern society. The constantly increasing demand of rechargeable and sustainable
energy sources to power up variety of energy storage systems. Thangappan et al.
reported a electrospun hybrid material using GO, PVP and vanadium acetylaceto-
nate [136]. The synthesized core–shell graphene oxide/vanadium pentoxide (GVO)
nanofibrous mats used as electrode material in three-electrode cell and results an
excellent specific capacitance of 453.824 F g−1 (shown in Fig. 11). Another core–
shell nanofibrous structure was synthesized which contains ZnO/carrier polymer
(core) and rGO/PAN (shell) [137]. The presence of ZnO enhances the theoretical
capacity at 978 mA h g−1. But it is also associated with large volume expansion
around 228%which results destruction ofmechanical integrity. Taking the same solu-
tion, they encapsulated ZnOnanoparticles inside the glassy carbon-reduced graphene
oxide (C-rGO) hollow core. The void spaces allow a buffer zone which adjust the
volume change due to lithiation/delithiation of ZnO and stop friction of nanoparti-
cles by fragmentation and detachment. The free standing electrode exhibited capac-
itance of 815 mA h g−1 at 50 mA g−1 current density and the capacity retention
was around 80% after 100 cycles. Another study showed that the combination of
MnO2 with graphene become very relevant as electrode material for supercapac-
itor application [138]. However, they offered poor intrinsic conductivity of 10–5 −
10–6 S cm−1. They designed electrospun nanofibre of MnO2 and hierarchical porous
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Fig. 11 a SEM images of (a) pure G/VO nanofibres, (b) annealed nanofibres at 350 °C and (c)
550 °C, (d) SEM of pure GO and b CV curves of (a, b) graphene and V2O5 nanofibres in different
electrolytes (KOH and H2SO4) and CV curves for (c, d) pure V2O5 nanofibres and GO. Reused
with permission from Ref. [136]

carbon nanofibre (CNF)/graphene which showed specific capacitance of 210 F g−1

at 1 mA cm−2 current density. Mixing of graphene with conducting polymer like
polypyrrole (PPy) deposited on the surface of a CNF composite through an easy
electrodeposition process can be a suitable material for pseudocapacitors. Gan et al.
reported this type of core–shell structure which was synthesized in two steps [138].
At first CNF was synthesized by E-spin using PAN/dimethyl formamide (DMF)
solution and then coating of nanofibres on graphene/PPy through electrodeposition.
The electrode material showed specific capacitance of 386 F g−1. Electrochemical
performances of hybrid graphene-based E-spun nanofibres are enlisted in Table 4.

Shapememory nanofibre combinedwith GOwas synthesized with shapememory
PU (SMPU) by Tan et al. [154]. They showed that comparing with SMPU nanofi-
brous mat, SMPU/GO exhibited superior shape memory effect and lesser thermal
shrinkage. The nanofibre composite exhibited thermal shrinkage as low as 4.7 ±
0.3% when GO loading reached to 4 wt %, while the recovery and average fixation
ratio were 96.5 and 92.1% respectively. They reported GO as a efficient candidate
with enhanced property as nanofiller for shape memory nanofibres.

A corrosion protection coating using composite of nylon-6, 6 with functionalised
GO was reported by Campos et al. [155]. The electrospun nylon-6, 6 with 2% GO
loading exhibited coating capacitance of 10–7 F cm−2, while the same for coating
prepared by depositionwas 10–4 F cm−2. These values suggest that the charge storage
capacity of deposited coating is better than E-spin coating. However,main drawbacks
of PU for its application are lowmechanical property and low hydrophilicity. In such
cases,GO-based polymer nanocomposites as nanofillers showeffective improvement
in this field. E-spin synthesis of in-situ PU/GO was coated on the surface of metallic
stents by Pant et al. [106]. They showed that introduction of little amount of GO
sheets into PU nanofibres could increase the stability of coating on the surface of the
metallic stent. So, the optimum incorporation of GO sheets into PU can enhance the
hydrophilicity without any toxic biological effect.
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Table 4 Electrochemical properties of graphene-based E-spun hybrid nanofibres

Graphene-based hybrid
nanofibres

Electrolyte Scan rate
(mVs−1)

Specific
capacitance (F
g−1)

References

GO and PAN KOH 25 146.62 [139]

Graphene-Polypyrrole Na2SO4 2 386.00 [140]

PAN/PVP in DMF 6 M KOH 10 265.00 [141]

GO/V2O5/PVP H2SO4 and
KOH

10 453.82 [136]

NG-CNF NaCl solution 1 337.85 [142]

CNF/graphene/MnO2 6 M KOH 50 225.00 [138]

M-rGO/PA66 H2SO4 10 280.00 [143]

G/CNF-PAN KOH 100 263.70 [144]

PVA/GO-PEDOT 1 M aq KCl 5 224.27 [145]

GO-PANi-PVDF H2SO4 10 170.63 [146]

GO/PAN fibre paper KOH 5 241.00 [147]

Graphene/RuO2/ACNF
composite

6 M KOH 25 180.00 [115]

MnO2/HPCNF/G KOH 10 210.00 [148]

rGO-thorn like TiO2
nanofibre

1 M Na2SO4 5 178.00 [149]

GO-CNTs embedded in
PAN

0.5 M Na2SO4 100 120.00 [150]

Graphene-TEOS-PAN KOH 25 144.79 [151]

GNW-CNT-PAN H2SO4 10 176.00 [152]

Graphene/PAN/PMMA KOH 25 128.00 [153]

GO—Graphene oxide; PAN—Polyacrylonitrile; PVP—Polyvinyl pyrrolidone; DMF—Dimethyl
formamide; NG—Nitrogen doped reduced graphene oxide; CNF—Carbon nanofibre, rGO—
Reduced graphene oxide; PA66—Polyamide 66; G—Graphene; PVA—Polyvinyl alcohol;
PEDOT—Poly(3,4-ethylenedioxythiophene); PAN—Polyaniline; PVDF—Polyvinylidene
difluoride; ACNF—Activated carbon nanofibre; HPCNF—Hierarchical porous carbon nanofibre;
CNTs—Carbon nanotubes; TEOS—Tetraethyl orthosilicate; GNW—Graphene-like carbon
nanowall; PMMA—Polymethyl methacrylate.

Graphene base electropun nanofibres have been emerged as efficient candidate
for photocatalysis. Zinc oxide decorated graphene nanofibres (G-ZnO) were first
time synthesied by E-spin An et al. [156]. The fabricated composite mat showed
excellent photocatalytic activity with 0.5wt% graphene loading through degradation
of methylene blue in presence of UV light. The best result was obtained with 0.5 wt
% G-ZnO annealed at 400 °C and 80% degradation of methylene blue was obtained
after 4 h of UV irradiation. Zhang et al. reported the photocatalyst using 1D TiO2/GO
electrospun nanocomposite and PVP polymer solution [157]. Continuous E-spin of
TiO2 nanofibres segregated by 5wt%dispersedGO solutionwhile PVPwas removed
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by annealing at 500 °C. From photoluminescent study, lower excitation intensity for
TiO2/GO than only TiO2 showed that recombination of photoinduced holes and
electrons in TiO2 could be efficiently limited in TiO2/GO. Under visible light, the
nanofibre composite exhibited better photocatalytic activity and greater mobility
of charge carriers than bare TiO2. With increasing GO concentration in nanofibres
composite enhanced the photocatalytic activity of TiO2/GO.

4.3.3 Defence Application

Protective clothing is a family of textile structure which guards the wearer from
nuclear, chemical, physical and pathogenic hazards. Some of the most foremost
types of protective clothing are fire fighters’ protective clothing (used to protect
against flame and heat), cold circumstances clothing, Ballistic protective clothing
(used to protect against projectiles), sports clothing like scuba diving, swimming and
NBC protection suits (used to protect against chemical, nuclear, biological warfare
agents) [158]. Fan et al. synthesized aramid nanofibres by dissolving bulk aramid
fibres in dimethylsulfoxide (DMSO) and potassium hydroxide (KOH) [159]. Aramid
nanofibres-functionalized graphene sheets (ANFGS) was successfully fabricated as
an efficient nanofiller for polymer reinforcement. The Young’s modulus and the
tensile strength of ANFGS/PMMA composite film reached 3.42 GPa and 63.2 MPa
which were increased by 70.6% and 84.5% respectively, with 0.7 wt % loading of
PMMA. It was also reported that, with increasing ANFGS loading, thermal stability
of ANFGS/PMMA nanofibre composite increases. Due to the ability of ultraviolet
light absorption of aramid nanfibres, ANFGS/PMMA composite have a degree of
ultraviolet light shielding.

Nanofibre-based pH sensor was fabricated by E-spin method using PU/poly-
2-acrylamido-2-methylpropanesulphonic acid (PAMPS)/(GO) with indicator dye
[160]. Response time of sensing reduced drastically with increasing the loading
concentration of GO and PAMPS. The hybrid nanofibrous PU/PAMPS/GO
membrane are able to response instantly with the pH change of the solution.

4.3.4 Environmental Application

Desalination of water through air gap membrane using graphene-loaded nanofibre
membrane was reported by Woo et al. [161]. To obtain superhydrophobic
membrane, the concentration of GO loading into polyvinylidene fluoride-co-
hexafluoropropylene electrospunmembranewas optimized.With 5wt%GOloading,
the nanocomposite membrane results a stable and high air gap membrane distillation
flux of 22.9 L m−2 h−1 and impressive salt rejection of 100% for 60 h of function
with NaCl solution (3.5 wt %) as feed.

Wang et al. fabricated a nanofiltration membrane for water purification by the
incorporation of graphene oxide sheets onto the surface of PAN electrospun nanofi-
bres through vacuum suction method [162]. The designed membrane showed water
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flux of 8.2 L m2h−1 bar−1 and had a contact angle of 61°. Due to the presence of
both hydrophobic gates and hydrophilic nanochannels of GO, the diffusion of water
through the composite membrane enhances. The membrane exhibited high rejection
towards salts like NaCl and Na2SO4, and organic dye Congo red.

5 Future Scope

E-spin has emerged as an efficient technology enabling the scientists to know more
about the characteristics of the nanofibre materials. Future advances in E-spin are
mainly monitored by applications, which need special nanofibre morphology, chem-
istry and their scale up to industrial production. Different new innovations for E-spin
are being developed to improve the applicability of these fibres. Some of these inno-
vations include core shelled E-spin, mixing andmultiple E-spin, blow assisted E-spin
and coaxial E-spin. In coaxial, coaxial spinneret is used to synthesize nanofibres from
two polymers and as a result shell of one polymer and core of another polymer is
generated. This process achieves more attention because it generates combined poly-
mers in radial and axial directions with novel characteristics. However, graphene-
based electrospun nanofibres are one of the most dominant types of nanocompos-
ites for their unique properties. Though variety of applications are already reported
including biomedical, photocatalytic and sensing field, more attention is needed in
catalysts in organic reactions and renewable energy storage devices, fine chemicals
and pharmaceuticals. It is expected that graphene-based electrospun nanofibres could
be used as catalyst in organic synthesis reactions and that would make the multistep
synthesis process of pharmaceuticals easier.

The requirements for developing high-performance electrospun nanofibre
composites are proper dispersion of GO and appropriate reduction of GO-based
nanofibres. An appropriate dispersion of GO in the polymer matrix is a very compli-
cated process. The dispersion of GO with a specific loading through mechanical
mixing or sonication required to explore new solvent system with better contact.
Another challenge is the reduction of GO-based nanofibres which is definitely a
vital step to obtain a better quality nanofibre. Different methods have been reported
and they have some advantages and disadvantages. Optimized result can be obtained
through annealing treatment but proper reduction cannot achieve by chemicalmethod
which needs to be more explored by further efforts.

6 Conclusion

E-spin is a very simple, cost-effective and versatile technique that results in nonwoven
nanofibres with high surface area, large pore volume and tuneable porosity. Solution
and the influencing parameters like applied voltage, molecular weight, concentra-
tion of polymer and distance between tip to collector significantly affect the fibre



Recent Progress in Electrospinning Technologies … 27

characteristics and by optimizing these parameters, desired fibres can be fabri-
cated. Graphene as a most promising material among all the allotropes of carbon
has emerged as a efficient nanofiller for E-spin due to having excellent multidirec-
tional properties like mechanical strength, electrical conductivity, high surface area
and thermal stability. In this chapter, we describe a typical overview of advance-
ment of E-spin technology for graphene-based materials and their application in
different fields including biomedical, chemical, environmental and defence appli-
cations. Although having several advantages of E-spin, there are some limitations
like lack of appropriate cellular infiltration in the fibres and small pore size. In
general, considering the advantages of E-spin technology to fabricated graphene-
based nanofibrous composite can be attributed as a new technique for next generation
applications in laboratories and industries.
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