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Electrospinning is a unique and versatile technique to produce nanofibres; the facility to incorporate fillers has expanded its range
of applications. This review gives a brief description of the process and the different polymers employed for obtaining nanofibres.
Owing to the ability of fibrillation of polyamides, these polymers have resulted in a wide variety of interesting results obtained
when using this technique; therefore these features are summarised. Additionally, because of the feasibility of incorporating
carbon nanotubes and graphene in these nanofibres and the growing interest on these nanomaterials, this review focuses in
the most common methods employed for their incorporation in electrospun polyamides. Several equipment setups used for the
electrospinning of the nanofibres are explained.Theoutstanding electrical, optical, crystallinity, andmechanical properties obtained
by a number of research groups are discussed. The potential applications of the resulting nanocomposites have also been explored.

1. Introduction

Electrospinning is a unique technique that can effectively
produce fibres with diameters ranging from micrometers to
several nanometres using a wide variety of materials [1–4].
This approach has been known since its patent was issued in
1924 by Formhals; however it was not until the last couple of
decades that there was a revival on the interest of applying
such technique in order to produce nanofibres. In this regard,
Reneker and Chun promoted the interest of electrospinning
and they have also provided a detailed review about the
mechanism of electrospinning process including a diversity
of polymers that were electrospun in their laboratory [1].
Teo and Ramakrishna have also offered a review on this
process about different materials that have been electrospun,
such as polymers, composites, ceramics, and metals [3].
Electrospinning of polymers has been very attractive because
of the interesting characteristics when the diameters of the
fibres are in the nanoscale [1–7].

Luo et al. reviewed the different insights found between
the academia and the industry about the nanofibre research,

providing also a comprehensive comparison of the conven-
tional techniques for obtaining fibres [7]. Nanofibres are
exceptional when compared to any other fibres due to the
very large surface area to volume ratio (which can be as large
as 103 times compared to a microfibre) which leads superior
mechanical performance (e.g., stiffness and tensile strength),
high porosity, high gas permeability, and small interfibrous
pore size [5–16]. Some authors have reviewed a variety of
electrospun nanofibres and highlighted their potential for
their use in filtration membranes, [5, 6], solar cells [6, 8],
electronic devices [8], and biomedical applications [9, 17, 18].

A number of polymers such as polyacrylonitrile [10],
polyvinyl acetate [11], polyvinylidene fluoride/polypyrrole
[12], poly-𝜀-caprolactone [13], polystyrene [14], polyethylene
[15], and natural-synthetic hybrids like chitosan/starch/
polyethylene terephthalate [16] have been used to obtain elec-
trospun fibres. Huang and coworkers have made an extensive
review of the processing parameters, features, modelling,
and simulations related to a variety of polymers that have
been electrospun into nanofibres [2]. Polyamides are suitable
for electrospinning processing due to their polyelectrolytic
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behaviour in acid solution [19]. They are among the most
used polymers for the successful electrospinning due to
their mechanical properties, such as high tensile and impact
strength, durability, and chemical and abrasion resistance
[5, 19]. The outstanding properties of the nanofibres have
attracted a lot of attention from many research groups due
to the high production rate and the facility to incorporate
reinforcingmaterials expanding the range of applications that
can be obtained through this process.

Nanomaterials can impart remarkable structural and
physical properties to the matrix as reinforcement agents
[20–22]. Among the fillers used to reinforce nanofibres are
metal nanoparticles [23–25], nanoclays [26–28], and carbon
nanomaterials [29–38]. CNTs have been studied in the last
two decades and since the raising of graphene a lot of research
has been focused on these two carbon allotropes in polymer
nanocomposites [21, 29, 30]. CNTs are known to possess high
aspect ratio, elastic modulus values of ∼1 TPa, and tensile
strength of 60–150GPa [21, 29]. They have been observed
to have thermal conductivity as high as 6000W/cmK and
electrical conductivity of 5000 S/cm [29].The tensile strength
of graphene is similar or slightly higher than CNTs (130GPa);
although CNTs show comparable mechanical properties to
graphene, this 2D carbon filler has superior properties than
those of the 1D carbon filler in certain aspects, such as
thermal and electrical conductivity [30]. Because of their high
strength and high aspect ratio carbon based nanocomposite
fibres with extraordinary superior mechanical properties
have been obtained [20, 31, 32]. Electrical [33, 34] and
physical [35, 36] properties have also been enhanced by
the incorporation of these nanomaterials. Yeo and Friend
have reviewed several aspects of CNT based electrospun
nanofibres [20]. However, there are no reviews on graphene
based nanocomposites obtained from electrospinning.

This review focuses on CNT and graphene based
polyamide nanofibres because of the above mentioned char-
acteristics that carbon nanofillers can provide and the wide
use of this polymer in electrospinning. In addition, it is
important to highlight the different properties that can be
obtained in the nanofibres taking into account different
aspects for the processing of these carbon based nanocom-
posites. In this regard, we have summarised the different
methods and setups used for the nanocomposite preparation
and the effects provided in themorphological, optical, electri-
cal, crystallisation, and mechanical properties of nanocom-
posite electrospun fibres. The prospective applications of
these nanofibres are also presented.

2. Nanocomposite Preparation

Electrospun fibres are obtained from a polymer solution;
when nanofillers are incorporated, they have to be dispersed
in the liquid medium by vigorous stirring and/or sonication
followed by themixing of the dispersion with a polymer solu-
tion [29]. Pristine nanometric carbon is extremely difficult
to disperse and align in a polymer matrix because it usually
forms strong bundles due to van der Waals forces between
adjacent carbon nanomaterials [37, 38]. Furthermore, CNTs

and graphene have an atomically smooth nonreactive surface;
the lack of interfacial bonding inhibits load transfer from
the matrix to nanomaterial across the nanomaterial/polymer
interface [64]. Therefore, the main challenges for obtaining
carbon based nanocompositeswith remarkable properties are
the improvement of the dispersion, alignment, and interfacial
adhesion of nanometric carbon within the matrix. Many
works have been directed to overcome these shortcomings in
carbon based nanocomposites [25, 37, 38, 64–69].

Electrospinning is an ideal route for aligning carbon
nanomaterials [2, 65]; the different approaches and results
obtained by several groups will be discussed in the next
section. Functionalisation provides efficient stress transfer
from the polymer matrix to the nanometric carbon by
preventing aggregation of them, providing a better dispersion
of the nanomaterials in the polymer matrix [37, 66, 67].
It also increases the polymer-nanomaterial physical contact
and can form chemical bonds between the nanomaterial
and the polymer matrix [66]. The functional groups at the
surface of nanometric carbon make the strongest type of
interfacial bonding with the polar polymer matrices [64].
Selected functional groups can broaden the properties of
the carbon nanomaterials through the formation of donor-
acceptor complexes with the graphitic structure, affording
the tunability of electrical conductivity and optical properties
[68].Moreover, the additional organicmoieties on the surface
of carbon nanomaterial can improve the solubility of them to
suit different solvents [68, 69].

Polyamides consist of methylene segments (CH
2
)
𝑛
sep-

arated by amide units (NH-CO). The presence of the polar
groups makes functionalisation of carbon nanofillers a rel-
evant approach for the preparation of electrospun fibres.
Table 1 shows the different carbon nanomaterials used in
polyamide electrospun fibres. According to the works sum-
marised, the most commonly employed carbon nanofillers
are those characterised by having oxygenated groups in
their structure. Pristine carbon nanotubes typically contain
carbonaceous impurities and metal catalyst particles [21, 29].
Purification of CNTs is typically achieved by oxidation using
strong acids [21, 29, 66]. This process originates functional
groups such as carbonyl, hydroxyl, and carboxyl on the
graphitic surface [21, 69]. An extensively used strategy for
obtaining graphene is the modification of graphite through
oxidative routes for its subsequent exfoliation to produce
GO [38]. The carboxylic acid groups at the sheet edges and
epoxy and hydroxyl groups on the basal plane of GO sheets
allow them to disperse in polar solvents [64]. Amino func-
tionalised CNTs and graphene have also been incorporated
into electrospun nanocomposites [31, 32, 44, 45, 70]. Jeong
et al. showed that amino functionalised CNTs have better
stability during the same period of time when compared to
acid treated nanotubes; see Figure 1 [34, 45]. Our research
group studied the influence of the dimensionality of both 1D
and 2D carbon fillers on the dispersion of PA66; the capability
of the CNTs to bend and the higher amount of NH

2
on their

surface when compared to graphene sheets allowed the 1D
nanotubes to interact with each other resulting in aggregation
of them when incorporated into the polymer matrix [31].
Avila-Vega et al. incorporated nitroxide groups to GO using
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Table 1: Polyamide electrospun nanofibres reinforced with 1D and 2D carbon.

Nanofiller Functionalising agents Polymer matrix Solvent Reference
P-MWCNTs — PA66 FA [32]
O-MWCNTs H

2
SO
4
/HNO

3
PA66 FA [32]

A-MWCNTs EDAC/DMA PA66 FA [31]
O-MWCNTs Not specified PA66 FA/DCM [35, 39]
O-SWCNTs H

2
SO
4
/HNO

3
PA6 FA [40]

P-MWCNTs — PA6 FA [41]
P-CNTs — PA6 HFIP [42]

MWCNTs-OH KMnO
4
in the presence of a phase transfer
catalyst/dispersed in DMF PA66 FA [43]

O-MWCNTs HNO
3
/HCl dispersed in DMF PA11 FA/DCM [44]

A-MWCNTs SOCl
2
/EDA PA66 FA [34, 45]

O-MWCNTs H
2
SO
4
/HNO

3
PA6 HFIP [46]

O-MWCNTs HNO
3
/HCl dispersed in Triton X-100 PA610 HFIP [47]

O-MWCNTs HNO
3
/HCl dispersed in DMF or Triton X-100 and

sodium dodecyl sulfate PA66 FA [48]

P-MWCNTs Dispersed in Triton X-100 PA6 HFIP [49]
A-MWCNTs SOCl

2
/EDA PA6 FA [50]

P-MWCNTs — PA6 FA [50]
O-MWCNTs H

2
SO
4
/HNO

3
PA6 FA [51]

Ac-MWCNTs Friedel-Crafts acylation PA6 FA [52]
P-MWCNTs — PA6 FA [52]
O-MWCNTs Commercially obtained PA6 HFIP [53]
O-MWCNTs Commercially obtained PA6 Cresol/FA [54]
RGO Hydrazine PA66 FA [55]
NGO Oxoammonium salts PA6 HFIP [41, 56]
RGO Hydrazine PA66 FA/DCM [33, 57]
RGO Hydrazine PA66 FA [57]
GnPs Commercially obtained PA6 HFIP [58]
GO Hummers method PA66 FA [32]
AGe EDAC/DMA PA66 FA [31]
RGO Hexamethylentetramine PA66 FA [32]
TiO
2
-RGO Hydrothermal method PA6 FA/AA [59]

RGO Hydrothermal method PA6 FA/AA [60]
GO Hummers and Offeman’s method PA6 FA [61]
RGO Hydroiodic acid PA6 FA [62]
BSA-GO Electrostatic self-assembly PA6 FA [63]

a new method for functionalising and exfoliating GO sheets
in one step [41]. Table 1 also shows that other authors have
employed techniques taking advantage of Van der Waals, 𝜋-
𝜋, CH-𝜋, and other interactions; the adsorbed surfactants,
biomolecules, or polymers provide repulsive and attractive
forces creating stable dispersions [47–49, 63].

A large number of investigations have employed a
nanofiller dispersion followed by mixing with the polyamide
solution [31–36, 39, 41, 42, 45, 50, 51, 55, 56, 58–60, 71–73].
Table 1 also shows that PA6 and PA66 are the most studied
polymers and the solvents used for the electrospinning of
the nanofibres are also included. Kim et al. reported that
the ultrasonication of O-MWCNTs in DMF provides a

dispersion of individual nanotubes which is stable and can
be stored at room temperature for several months without
precipitation [48]. According to Lala and coworkers, HFIP is
the best solvent for dispersing P-MWCNTs effectively when
compared to different solvents [49]. FA has also been used for
dispersingCNTs and graphene in polyamides [31, 32, 55].This
organic solvent offers fine dispersion stability of the carbon
nanomaterials and good solubility of polyamides [34, 45]. A
combination of this solvent with others such as DCMandAA
has also been used [33, 35, 39].

Another approach employed for obtaining these
nanocomposites is by dip-coating the nanofibres previously
obtained by electrospinning in a carbon nanomaterial



4 Journal of Nanomaterials

Initial time

Acid treated Amine treated

(a)

After 44hr

Acid treated Amine treated

(b)

Figure 1: Images of the MWCNTs dispersed in a formic acid solution (sonication ∼30min). (a) Initial status and (b) after 44 h. Reprinted
from [45], Copyright 2006, with permission from Elsevier.

dispersion [33, 40, 43, 48, 49, 57, 74, 75]. In this method, the
nanometric carbon is adsorbed onto the surface of nanofibre
mats as shown in Figure 2. Kim et al. studied the effect
of two surfactants on the adsorption of O-MWCNTs; the
nonionic surfactant resulted in a higher degree of adsorption
of the nanotubes on the PA66 nanofibres [48]. This method
is useful for obtaining transparent films [40]. Havel et al.
adapted a similar method to deposit O-MWCNTs onto
nanofibre mats allowing the formation of a thin conductive
2D network [44].

PVP was used to act as a modifier for improving the
adsorption of GO sheets onto the nanofibres via strong 𝜋-
𝜋 interactions; the additional sites on the PVP-GO surface
provided hydrogen bonding with neighbouring PA66 nanofi-
bres; this route was also used for the reduction of GO by
a combination of hydrazine vapour treatment and thermal
annealing (350∘C) [33]. Pant et al. employed hydrothermal
treatment for the reduction of GO in PA6 nanofibres [60].
In addition, another work of these authors showed that these
RGO/P6 fibres facilitated the deposition of TiO

2
nanopar-

ticles either on the nanonets or on the graphene sheets
present on the main nanofibres [59]. Other authors have
adsorbed GO onto the nanofibres followed by the reduction
of the graphene sheets [33, 55, 57, 61]. Figure 3 shows a
method for fabricating yarns from PA6 electrospun fibres
functionalised with BSAmolecules (yellow dots, Figure 3(a)).
TheGOwaswrapped via electrostatic self-assembly with BSA
(Figure 3(b)), which served as an adhesive for improving the
adsorption of GO sheets onto the textile, followed by a low-
temperature chemical reduction of GO (Figure 3(c)) [62, 63].
Cruz-Silva et al. developed a new technique for obtaining
electrospun PA fibres on top of freestanding GO film [76].
Wang et al. penetrated RGOnanosheets of different sizes onto
PA66 nanofibres for constructing smooth conductive paths
within polymer nanofibre fabrics [77].

An in situ polymerisation technique has also been used
to prepare MWCNT/PA6 nanocomposites with subsequent
electrospinning [52], showing better dispersion of the nan-
otubes when functionalised with amino groups. Kang and
Jin also used a similar approach in order to incorporate O-
MWCNTs into PA610 [47].

The type of method used for the incorporation of the
carbon nanofiller in a matrix will have a repercussion in the
application to which they will be destined. A good dispersion
of the carbon filler inside the polymer is required for those
applications where strength is needed [4, 17, 18, 78–82].Thin,
transparent, conducting films are critical for their use as
electrodes in modern electronic devices [8, 22, 40, 57, 77].
For chemical sensors the interactions of the analyte with the
carbon nanomaterials have suggested a better performance
when they are surface adsorbed using a surfactant [49, 74, 75].

3. Morphology of the Electrospun Fibres

Electrospinning provides electrostatic stretching forces
(whipping elongation) for overcoming any entanglement of
nanomaterials [70]. A uniform distribution of carbon
nanomaterials is critical for preventing nanofiller protrusion,
notches, and beads across the fibre body [56, 70]. Polymer
solution properties, such as molecular weight, solution vis-
cosity, surface tension, solution conductivity, and dielectric
constant, are critical factors that affect the electrospun fibre
morphology [68, 83, 84]. Process parameters, such as applied
voltage, polymer flow rate, and capillary-collector distance,
also have diverse effects on the morphological appearance
and average fibre diameter [14, 17, 35, 71, 84].

Different electrospinning setups have been made to con-
trol the alignment of the polyamide electrospun fibres [2, 17,
71]; among the different approaches developed are rotating
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Figure 2: High-resolution SEM images of the nonwoven fibrous PA6 membranes (a) before and (b) after dip-coating in a dispersion of
O-MWCNTs in water (0.05wt.%) containing Triton X-100 surfactant (0.3 wt.%). (c) Images of nonwoven fibrous PA6 and the O-MWCNT-
adsorbed nonwoven fibrous PA6 and (d) scheme of the simple processing technique used for producing the O-MWCNT-adsorbed nonwoven
fibrous PA6 membranes. Reprinted from [48], Copyright 2005, with permission from John Wiley and Sons.
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Figure 3: Schematic illustration of the three steps used to prepare RGO nanoyarns. Reprinted from [63], Copyright 2005, with permission
from John Wiley and Sons.

drums [14, 34, 45], parallel plates [39], rotating discs [70],
electrically rotating viscoelastic jets [10], grounded collector
plates [31, 32, 55], and self-blending coelectrospinning [58,
85]. Applying other stretching forces can also enhance the
alignment of the nanofillers along the fibre axis [70] and this
is also a promising way to improve the molecular orientation
degree in the fibre [70]. Parallel plates enabled the collection
of aligned PA66 fibre arrays [39]. Aligned fibre bundles can
also be obtained by a phase-inversionmethod. In thismethod
the fibres are collected on a water bath; once they are floating
on water they are transferred to a rotating drum and aligned
in bundles of ∼20𝜇m in diameter [6, 51]. Liu et al. obtained
individual fibres of PA6/MWCNTs with diameters ranging
from 200 to 300 nm using this technique [51]. This method

has been used to fabricate microfiltration and ultrafiltration
membranes [59, 70]. Moreover the manipulation of geomet-
rical stretching of the electrospun nanofibres can favour the
alignment of nanomaterials in the polymermatrix [70].High-
speed rotating collectors have also been used to collect and
to align CNTs in the polymer matrix. A study showed that
the mechanical properties are affected by the alignment of
PA6 fibres and the enhanced orientation of MWCNTs by the
take-up speed [46]. The alignment of fibres is important for
engineering the nanostructure and it also provides the ability
to twist the aligned fibre bundles for fabricating nanoyarns
[63, 71]. Yarns of twisted electrospun MWCNT/PA6 com-
posite nanofibres, ranging from 5 to 10 𝜇m in diameter, have
been produced by a two-disk mechanism where a first disk
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Figure 4: SEM images of as-spun (a) PA6 nanofibres, (b) 0.5% GnP/PA6 nanofibres, and (c) 1.0% GnP/PA-6 nanofibres. (d) Plot on the
correlations of fibre diameters (black hollow diamond) and electrical conductivity (blue solid circle) versus PA6 solutions containing varied
amount of GnP nanosheets. Reprinted from [58], Copyright 2013, with permission from Elsevier.

with controlled rotation imparts twist to a fibre bundle and
then this is continuously wound on by a second disk with a
constant linear speed [70].

The electrospinning setups have an influence on the
morphology of the fibres; however, the content of the nano-
materials also affects the diameter of the nanofibres. These
nanofillers produce changes in the physical properties of
the solutions such as viscosity and electrical conductivity.
Increasing the content of the carbon nanofiller provides a
higher viscosity which in turn will produce thicker fibres. On
the other hand, the electrical conductivity will also be higher
and will favour the stretching of thinner fibres [32]. Due to
these opposite behaviours some studies have shown variable
fibre diameters as the loading of the nanofiller is increased
[32, 46, 50, 51]. Li et al. obtained PA6 nanofibres with decreas-
ing diameter as the loading of GnPs was increased. Figure 4
shows that GnPs gave rise to the electrical conductivity and
produced finer nanofibres [58]. There are other works that
have shown the reduced diameter of the nanofibres as the
nanofiller loading increased [42, 55]. Addition of LA to PA6
for obtaining electrospun fibres produced nanofibres with
flat and ribbon-shaped morphologies with wrinkled surfaces
when compared to the cylindrical pure PA6 nanofibres.

Furthermore, incorporation of CNTs decreased the fibre
diameter, attributed to the increased electrical conductivity
of the electrospun solutions [42]. Avila-Vega et al. found
that the stability of the solutions also lead to effects on the
homogeneity of the diameters of NGO/PA6 nanofibres [41].
The diameter of the nanofibres has been found to be related
to the mechanical and thermal properties [35, 39].

Additionally, in the last decade a variant of the com-
monly known electrospun nanofibres has been developed;
this approach known as electrospinning/netting refers to
the formation of nanofibres with diameters below 50 nm
which connect with each other forming a spider-web-like
morphology among the main nanofibres of larger diameter.
Wang et al. have made a review on the recent advances when
achieving this type of morphology, summarising several
properties found in these type of bimodal diameter nanofi-
bres [84]. Interestingly, PA6was the first polymer to show this
type of morphology; therefore there is valuable information
about the parameters to obtain this interconnecting nets
in electrospun polyamides; however, research regarding this
type of morphology in nanofibres reinforced with carbon
nanomaterials is limited. Pant et al. have reported that the
incorporation of GO into PA6 allowed the formation of a
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Figure 5: TEM images of 1 wt.% O-MWCNT/PA66 nanofibres showing (a) O-MWCNT oriented along the small diameter nanofibre, (b)
O-MWCNT oriented in the large diameter nanofibre, and (c) bimodal diameter nanofibres.
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Figure 6: SEM images of (a) P-CNT/PA66 nanofibres, (b) A-CNT/PA66, (c) RGO/PA66, and (d) AG/PA66.

large/scale uniform bimodal fibres with distributed thick (∼
200 nm) and thin (∼13 nm) fibre diameter in spider-wave-
like nanonets [36, 60]. The formation of spider-wave-like
nanonets was attributed to the fast solvent degradation
of PA6 caused by well dispersed GO sheets through the
electrospinning solution [36]. Figure 5 displays TEM images
obtained in our research group; the spider-net like structures
were also found in PA66 electrospun fibres reinforced with
oxidised MWCNTs. Furthermore, Figure 6 shows this type
of morphology in PA66 nanofibres containing diverse 1D

and 2D carbon nanomaterials also synthesised in our group,
indicating that addition of carbon nanofillers has a favouring
effect for the formation of netting among the main PA66
nanofibres. This can be related to the increased conductivity
achieved in the solution by the incorporation of nanofillers.
Electrospinning conditions can be found in [31, 32].

Pant and coworkers have explained that the increased
conductivity of different pure PA6 solutions increased the
ionization of polymer and therefore the fibres were char-
acterised by these subnanofibres [86]. Furthermore, several
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Figure 7: (a) TEM bright field image. The inset shows the SAED acquired in the circumscribed region by the red dotted circle. (b) STEM Z-
contrast image showing two fibres containingNGO layers. Arrows indicate the horizontal and vertical fibres. Highermagnification Z-contrast
images from (c) vertical fibre and (d) horizontal fibre. Reprinted from [56], Copyright 2010, with permission from Elsevier.

authors have found that the electrospinning process usually
favours the alignment of CNTs in the nanofibres [31, 32,
53, 70]. This behaviour is due to the converging nanoscale
jet reducing the number of available orientations in the
flow field [53]. NGO was aligned within the PA6 nanofibres
meanwhile agglomerates of the nanofiller could hardly be
aligned; therefore the NGO sheets protruded from the fibres;
Figure 7 shows the NGO/PA6 nanofibres [56].

Zomer Volpato et al. found that the surface of PA6
electrospun fibres was rough with defects attributed to the
fibre stretching and the presence of O-MWCNTs in the
nanocomposite fibres resulted in greater surface roughness
compared to the control nanofibres [53]. Yun et al. fabricated
a RGO/PA6 fabric from randomly oriented nanocomposite
fibres with diameters of 150–200 nm; numerous wrinkles
were observed by high-resolution SEM, indicating the uni-
form wrapping of the RGO nanosheets onto PA nanofibres
[63]. GnPs/PA6 nanofibres have also been used as reinforce-
ment fillers in simultaneous electrospinning of PMMA [58].
The PMMA fibres were melted in situ to become the matrix,
whereas the GnPs/PA6 nanofibres with higher melting point
maintained their original morphology within the PMMA

matrix; this method was used for achieving a good dispersion
by using the graphene based nanofibres as dispersing carriers
in the polymer matrix.

4. Electrical and Optical Properties

Nanometric carbon based films have attracted a lot of
interest because of the outstanding electrical and mechanical
properties of CNTs and graphene [40, 57, 61]. Using minimal
amounts of CNTs or graphene in a polymer makes the
resulting nanocomposites electrically conductive. Conduc-
tivity of carbon based nanocomposites increases markedly
once the nanofiller content becomes high enough to per-
colate, that is, to form a connected network that acts as
a conductive pathway through the nonconductive polymer
matrix [33, 34, 43, 49, 69]. In addition, percolation thresh-
old increases significantly when processing methods cause
nanofillers to align [69] and also polyamides can offer high
transparency depending upon electrospinning parameters
[33]. Consequently, electrospinning of polyamides reinforced
with carbon nanomaterials offers the possibility to guide the
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to the O-SWCNT dispersion concentration. Reprinted from [40],
Copyright 2013, with permission from Elsevier.

nanofillers adsorbed on the nanofibres in order to obtain thin
transparent conducting films [33, 40].

Bak et al. incorporated a transparent epoxy resin into a
membrane made from O-SWCNT adsorbed on polyamide
nanofibres [40]. Figure 8 shows that a content of 0.02wt.%
was sufficient for the formation of a percolated network
of O-SWCNTs with electrical pathways, resulting in sheet
resistance of 950 kΩ/sq for the nanofibres and the same
behaviour was found in the epoxy resin-impregnated films
which achieved higher sheet resistance than the mem-
brane. This film transmitted 77.4% of the light at 550 nm.
Another approach for enhancing the electrical conductivity
of MWCNT/PA fibres was developed by Blasdel et al., where
PPy was used for interconnecting MWCNT in the fibres; the
resulting material acted as a reliable resistance temperature
detector in the range of 25∘C to 45∘C [75].

Adsorption of O-MWCNTs on PA11 fibres showed the
highest coating of CNTs and thinnest electrospun films
resulted in the best combination of electrical and optical
properties; the results achieved were a sheet resistance of
440 kΩ/sq and 95% transmittance was achieved after melting
the polymer nanofibres [44].These properties were also stud-
ied in RGO/PA66 films as a function of electrospinning time.
The surface electrical resistivity gradually decreased with
increasing density of PA66 nanofibres and the transmittance
decreased as the electrospinning time increased [33]. After
annealing a film obtained from 120 s of electrospinning time
and immersed in 0.05wt.% PVP-GO solution exhibited a
surface resistance of 8.6 kΩ/sq and 88% light transmittance
[33]. Higher loadings of nanofillers have also been used [45,
51]. Liu et al. found that the conductivity of PA6 improved
significantly as the loading ofMWCNTswas increased up to a
3wt.% [51]. Jeong et al. conducted I–Vmeasurements of PA66
nanofibres containing different amounts of MWCNTs; they
found that the current increased from 0.59mA to 1.77mA

when the nanofiller loading was increased from 10wt.% to
20wt.% [45]. Nirmala et al. found further increases when
adding Ag nanoparticles to MWCNTs/PA6 fibres [87].

Addition of GO or RGO into PA6 nanofibres boosted
the electron conduction path. Furthermore the spider-wave
structure which was a feature of these nanocomposites
allowed the bridging between the PA6 nanofibres and the
graphene sheets increasing the amounts of charge carriers
and reducing the hopping distance of conduction elec-
trons which favoured the percolation phenomenon [60].
The GO/PA6 nanofibres favoured the electrical conductivity
resulting in a three times larger increment on this property
than that of the pure PA6 nanofibres; additionally, GO
reduction treatment produced an excellent enhancement in
this property achieving values 300 times higher than the pure
polymer mats [60]. In another work, chemical reduction of
GO resulted in an increase of six orders of magnitude in
the electrical conductivity when compared to the GO/PA6
nanofibres; this was attributed to the restoration of the
conjugated network on the RGO sheets [63]. Wang et al.
effectively penetrated RGO into PA66 fibres facilitating the
construction of electron pathways within the fabric and
promoting electrical conductivity [77].

5. Crystallinity Properties

Semicrystalline polymers are sensitive to shear and deforma-
tion producing changes in the polymorphism and crystallite
orientation [88]. Polyamides are semicrystalline polymers;
their molecular structure, morphology, and crystallinity are
determined by hydrogen bonded sheets formed between
near-neighbour amide groups; and these sheets are stacked
together by Van der Waals forces between methylene chains
[5, 89]. Stephens et al. found that electrospinning process
modifies the chain conformation of polyamide backbone due
to the high stress induced on the jet as the fibres are being
formed [90]. Electrospun fibres consist of densely packed
aligned lamellae and fibrillar structures. Surrounding the
crystalline regions the amorphous phase consists of extended
tie molecules [91].The addition of a second phase is expected
to favour crystallisation, reduce crystal size, and therefore
impart better mechanical properties to the fibres [26, 31, 32,
35]. However, there is disagreement among diverse studies on
carbon nanocomposites as to whether their presence alters
the mechanism of crystal growth or the overall degree of
crystallinity [69].

Several studies of electrospunCNT/polyamide nanocom-
posites showed the influence that nanotubes have on crys-
tallisation of the polymer [31, 32, 35, 39, 46, 52, 92]. Jose et
al. found that the structure of PA6 transforms from the single
𝛾 phase for pure polymer to a mixture of 𝛾 and 𝛼 phases as
the nanotube loading increased. This study also showed that
the structure of the nanocomposite and the take-up speed
of the obtained fibres were independent when comparing
similar loadings of O-MWCNTs [46]. Saeed et al. found that
electrospinning of P-MWCNTs and Ac-MWCNTs did not
affect the crystal structure of PA6 upon functionalisation
of nanotubes. On the other hand, this study showed that
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the shear force during electrospinning might favour the 𝛾
phase [52]. This phase is often associated with the formation
of extended chain crystals and is typically obtained from
a process involving elongational flow [88]. The addition of
a small amount of O-MWCNTs induced crystallisation in
PA66 fibres; however no significant difference in enthalpy
values was seen when the loading of O-MWCNTs was higher
than 1 wt.% [35, 39]. The presence of nanotubes in the fibres
leads to smaller but larger number of crystals, explaining
the increase of crystallinity in the reinforced fibres [35]. The
crystallisation of PA66 electrospun fibres using A-MWCNTs
and AGe as filler has also been investigated in our group.
CNTs provided decrease in the crystallinity andhigher crystal
size when compared to graphene based nanofibres [32]. Lee
et al. found that P-MWCNTs influenced the crystallinity
degree of PA6 nanofibres [50]. In addition, the two crystalline
peaks of PA6 downshifted from the theoretical value; this
behaviour was attributed to the close-packing during the
electrospinning. Cai and coworkers showed that the addition
of LA produced a detriment on the crystallisation of PA6
nanofibres. However, the incorporation of P-CNTs could
effectively promote the heterogeneous nucleation in the
polymer [42]. Jeon et al. also showed the nucleating behaviour
of MWCNTs on electrospun fibres, where pristine MWC-
NTs started nucleation at higher crystallisation temperatures
when compared to O-MWCNTs [92].

The study on the crystallinity properties of graphene
based nanofibres obtained from polyamides is limited.
Albañil-Sanchez et al. found that increasing the concen-
tration of RGO intensified and narrowed the crystalline
reflections of PA66, suggesting the nucleating behaviour
of these nanomaterial [55]. Similar results were found in
our research group, by adding GO and AGe [31, 32]. Our
results showed that an increase in the nanofiller content
produced smaller crystal sizes in the nanocomposite fibres.
In another experiment, addition of GnPs into PA6 modified
the crystalline phase from 𝛼 to 𝛾, when compared to the
pure polymer; this was attributed to high-speed electrospin-
ning process along with the nucleating behaviour of the
nanofiller [58]. Figure 9 shows that the crystal structure of
PA transforms from 𝛾 (Figure 9(a)) to 𝛼 upon hydrothermal
treatment of GO (Figure 9(b)). The diffractogram also shows
the presence of the different peaks of the anatase (A) and
rutile (R) forms of TiO

2
and also both crystalline phases of

PA6 [59].

6. Mechanical Properties

The alignment of carbon nanofillers by electrospinning
enhances the axial mechanical and physical properties of
the fibres [65]. Several researchers have reported systematic
investigations of the effects of electrospinning parameters on
fibre diameter, morphology, and the effect on the mechanical
properties [33, 36, 39, 46]. A study using different collector
speeds showed the influence on mechanical properties at
different loadings of O-MWCNTs in PA6 fibres; the high
drawing speed provided a fibre rearrangement at testing
direction and therefore better load transfer. Combining high
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Figure 9: XRD patterns of (a) GO/PA6, (b) RGO/PA6, and (c)
TiO
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-RGO/PA6 mats. Reprinted from [59], Copyright 2007, with

permission from Elsevier.

take-up speeds and 1 wt.% of O-MWCNTs increased the
modulus 797% when compared to pure PA6 fibres, as seen
in Figure 10 [46]. Baji et al. studied the influence of diameter
on the mechanical properties. The tensile modulus and
strength versus O-MWCNT content for each fibre diameter
are presented in Figures 11(a) and 11(b), respectively. They
concluded that the reinforcement effect of O-MWCNTs is
controlled by the fibre diameter. In the fibres with smaller
diameter, the size of the surface regions is comparable to the
overall fibre diameter, while in the fibres with larger diameter,
the surface regions are much smaller compared to the overall
fibre diameter. Therefore, fibres of smaller diameter display
improved strength and stiffness values [35]. O-MWCNT/PA6
nanofibres showed decreased stiffness when compared to the
pure polymer nanofibres; this was attributed to the different
architecture of the tested mats [53]. Bazbouz and Stylious
found that the tensile test for nonwoven nanofibre mats was
not suitable for reflecting the exact mechanical properties of
nanofibres. They provided a more accurate characterisation
by conducting the tensile tests on single nanofibres or even
aligned nanofibre bundles [72].

Functionalisation is also important for the improve-
ment of mechanical properties. Specific tensile strengths of
A-MWCNT/PA6 fibres were enhanced from 207 kgfcm/g
for PA6 nanofibres to 389 kgfcm/g when using 1 wt.% A-
MWCNTs. Functionalisation favoured a better dispersion
of the nanotubes in the matrix when compared to P-
MWCNT/PA6 nanofibres which resulted in 359 kgfcm/g
for the same nanotube content [52]. Breaking strain of A-
MWCNT/PA6nanofibres was improved due to the interfacial
bonding between both phases when compared to the P-
MWCNT/PA6 nanofibres [50]. Tensile properties of these A-
MWCNT/PA6 electrospun fibres, including initial modulus,
tensile strength, and breaking strain, were improved after
applying a thermal posttreatment [50]. Addition of 1 wt.% O-
MWCNTs to PA66 nanofibres increased the tensile modulus
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and strength by ∼70% and ∼25%, respectively. Dramatic
changes on the storage moduli of the electrospun fibres were
also observed; at room temperature, the storage modulus of
the 7.5 wt.% O-MWCNTs filled fibres was ∼250% higher than
the pure PA66 fibres [39]. Storage modulus of PA66 electro-
spun fibreswas enhanced by 118% forA-MWCNTs nanofibres
and 69% for AGe based nanofibres at 0.1 wt.% content of
the nanofiller. However when the A-MWCNT loading was
increased this property decreased and the opposite behaviour
was found for AGe based nanofibres, as seen in Figure 12 [31].
These results were attributed to the tendency of A-MWCNTs
to aggregate at higher loadings due to the interaction of the
functional groups at the graphitic surface.

RGO and GO are shown to be better reinforcement
agents when compared to P-MWCNTs and O-MWCNTs in
electrospun PA66 nanofibres [32]. This was attributed to the
2D nature of graphene which provides a larger surface area
compared to the 1D nanotubes, thus favouring the mechan-
ical properties of the nanofibres. GnPs and GO moderately
enhanced the mechanical response at low content of these
nanofillers; on the other hand, NGO provided increases of
95%, 73%, and 82% in the tensile strength, Young’s modulus,
and tensile strain, respectively, compared to PA6 nanofibres.
The simultaneous increases in these properties were unusual
because the usual effect is that one of these properties
increases at the expense of another [41]. The strength and
stiffness of PA6 nanofibres and nanoyarns were enhanced
by the wrapping of RGO onto these structures, showing
improvements on the tensile strength of 74% and 41% for the
nanofibre and nanoyarn nanocomposites, respectively [63].

7. Applications

The unique characteristics of electrospun fibres make them
candidates for a wide variety of applications. They have been

studied in order to develop lightweight, ultra-strong struc-
tures for miniaturised and load-bearing applications [35].
Moreover tailoring the nonconducting polymeric matrices
with conductive fillers like CNTs and graphene could be used
to obtain nanocomposites for sensor applications [54, 75].
Cai et al. developed CNT/LA/PA6 nanofibres for obtaining
phase change materials to store and retrieve solar energy
[42].The features obtained in GO/PA6 nanofibres of bimodal
fibre diameter promise to have great potential in air/water
filter applications [36]. The large surface area and porous
nature of carbon based nanofibres offer a very large gas
absorptive capacity, making possible greater analyte perme-
ability for sensors [43, 49]. Furthermore these composites
could have many advantages such as fast response, long-
term stability, high sensitivity, and good reproducibility [43].
Choi et al. also fabricated O-MWCNT/PA66 electrospun
fibres for sensing low molecular weight alcohol vapours such
as methanol, ethanol, 1-propanol, and 1-butanol [43]. O-
MWCNT/PA6 nanofibres served as the nanosized backbone
for pyrrole electropolymerisation; the obtained nanocom-
posite was tested for biosensor applications [54]. A similar
approach was used by Uzun et al. to electrochemically
synthesise a conducting polymer after a graphite electrode
was coated with MWCNT/PA6 in order to obtain biosensors
for testing glucose containing beverages [93].

Miao et al. have examined a variety of polymers and
nanomaterials for their use in electronic devices [8]. These
nanofibres have also attracted a lot of attention for fabricating
transparent nanocomposites due to the possibility of obtain-
ing fibre diameters smaller than thewavelength of visible light
[94]. Furthermore, the incorporation of 1D and 2D carbon
structures studied in this review makes the creation of thin,
transparent, and electrically conductive materials possible
that are required for numerous applications such as liquid
crystal displays, light emitting diodes, transistors, actuators,
sensors, organic solar cells, and smart textiles [8, 33, 44,
45, 76]. Havel et al. developed thin films of O-MWCNT
adsorbed onto PA11 nanofibres in order to obtain a viable
candidate to replace ITO, providing sufficient conductivity
for most applications, but without the price tag and physical
limitations of the current ITO coatings [44]. According to the
characteristics found in O-SWCNT/PA6 nanofibres devel-
oped by Bak coworkers, these could be applied as transparent
electrodes in photoelectronics, such as flexible displays and
touch screens, as well as in biological applications, such as
actuators [40]. PA66 electrospun fibres were also used as a
template to build graphene networks to obtain conductive
films while minimising transmittance losses [33]. Ma et
al. obtained a patent for producing graphene adsorbed on
nanofibres to produce a flexible transparent electrode [57].

Liu and coworkers have provided a review about several
electrospun fibres which have found wide applications in
biomedical fields [9].Monty et al. patented a flexible electrode
for detecting changes in temperature, humidity, and sodium
ion concentration in sweat; this fabric can be made from
CNT or graphene adsorbed onto PA electrospun fibres
and further functionalised with PPy [74, 75]. CNTs and
graphene have been used to reinforce the weak points of
existing scaffold materials [13, 18, 62]. Zomer Volpato et al.
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obtained encouraging results for the use of O-MWCNT/PA6
nanofibres in biomedical applications [53]. In addition, the
adjustable morphology and mechanical properties of the
electrospun nanofibres are very important in order to mimic
specific target tissues that need to be replaced or regenerated
[53, 78].

Nonwoven nanofibres can be useful for limited appli-
cations such as filtration, tissue scaffolds, implant coating
films, and wound dressings [36, 71, 80, 86]. On the other
hand, continuous single nanofibres or uniaxial fibre bundles
provide a wider variety of applications and could improve the
performance of the nanofibres [49, 71]. Teo and Ramakrishna
have reviewed these nanofibres and classified different levels
of organisation in order to construct nanocomposites using
electrospun fibres [4]. Another potential application of these
nanofibres could be in the reinforcement of other polymers
using these nanostructured carbon based electrospun fibres
[58, 79, 94].

In summary, polyamide nanofibres reinforced with car-
bon nanomaterials qualify for a number of applications such
transparent electrodes [40, 57], electronic devices [61, 87],
solar cells [4, 50, 73], drug delivery systems [17, 38], biosen-
sors [54, 62, 93], wearable electronic devices [63, 76, 77], or
nanofibrous membranes for filtration [5, 59, 80, 82, 86].
The promising applications of these nanocomposite fibres
have resulted in the publication of patents by several
research groups [57, 61]. It is clear that the study of carbon
based/polyamide electrospun will increase the research of
these nanocomposites in future.

8. Conclusion

This review showed the different investigations of polyamide
electrospun nanocomposites using CNTs or graphene as
fillers. The selection of an appropriate solvent for the dis-
persion of carbon nanomaterials is an important factor for
solving one of the main issues of carbon based nanocom-
posites, the dispersion. The other main challenge which is
the alignment of nanomaterials is a feature provided by
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electrospinning technique. The diverse studies of polyamide
electrospun fibres reinforced with these two novel carbon
nanomaterials have showed interesting characteristics for the
development of a variety of applications in diverse fields
of science and technology. However the potential of this
technique in polyamides has not been exploited sufficiently
when concerning to the reinforcing of the fibres with CNTs
and graphene.More efforts need to bemade in understanding
the behaviour of these different structures of carbon in
polyamide matrices in order to achieve the best dispersion
and alignment for obtaining nanocomposites with excep-
tional properties.
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