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Abstract
Nylon 6/with (0, 0.1, 0.2, 0.4, 0.6 and 0.8) wt. % MWCNTs films conductive polymers were prepared by electrospinning
technique. Prepared films morphology test by SEM and the average fibers diameters measure statically was 140 nm for (nylon/
0.4 wt. % MWCNTs film). The nanofibers films show enhancing the electrical conductivity by increase MWCNTs concentration,
from (2.9  109 S/cm) for pure nylon film to (1.042  106 S/cm) for 0.8 wt. % MWCNT. The activation energy decreased with
increasing the MWCNTs concentration, the activation energy was (0.068, 0.057, 0.0536, 0.0523, and 0.045 and 0.077) eV for (pure
nylon, nylon/0.1, 0.2, 0.4, 0.6, 0.8% wt. % MWCNTs) films. The calculated result of 0.077 eV is even higher than the activation
energy of the pure film which is 0.068 eV, this is may be due to changing the state of MWCNTs dispersion in the host polymer
(nylon 6) as concentration of MWCNTs increased.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of University of Kerbala. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
During the past few decades, a great deal of attention has been received to conductive polymers due to
the importance of these materials in many important
and versatile applications [1]. Conductive polymers
can gathering between the electrical properties of
metals and organic polymers properties such as the
light weight, flexibility and resistance to corrosion in
addition to low cost. The properties of conductive
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polymers can be tailored to get specific applications
which considered to be very important criteria [2].
Some of the important applications of conductive
polymers are light weight and rechargeable batteries,
chemical and thermal sensors, super capacitors, light
emitting diodes, organic solar cells [3] and many other
applications like dental resin composite reinforcement
[4]. There are many methods used to produce
conductive polymers like chemical, electrochemical,
Hydrogels, composites and electrospinning processes
[5]. This article will focus on the effect of MWCNTs
on the electrical properties of nylon 6 nanofilms produced by electrospinning technique and studied the
electrical conductivity and activation energy of
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different wt. % MWCNTs films at temperature ranging
between 20 and 100 C .
Conductive polymers formation by adding
MWCNTs to host polymer attracted considerable
importance resulting from structural characteristics as
high aspect ratio, surface area, and electrical, thermal,
and mechanical properties [6]. MWCNTs have very
large surface area and possess large van der walls
forces, so that it has large challenges to be effectively
fabricate MWCNTs polymer composite with high
properties are homogeneous dispersion of MWCNTs in
polymer matrix and strong interfacial adhesion between MWCNTs and matrix [7]. The conductive
MWCNTs have been used as conductive fillers in a
polymeric matrix to enhance conductivity). MWCNTS
will form a conduction pathway that allows the electrons to move through the composite structure of the
fibers. The MWCNTs consist of concentric tubes
which have one end capped, as a result, only the outer
layer will contribute in electron transfer that gives the
nanocomposites their electrical properties [8,9].
The uniform dispersion is essential for allowing the
formation of an interconnecting filler network of
MWCNTs. Small concentration of MWCNTs would
be needed to obtain relatively high electrical conductions, which is useful in many of industrial applications
[10].
Electrospinning is a versatile process used to produce a wide range of polymers in the form of nano- and
micrometer-scale fibers. It is one of the simplest
techniques used for obtaining polymer nano fibers
characterizing by large surface area to volume ratio
[11].
The principle of electrospinning operation is using a
high-voltage electrostatic field to draw a jet from a
polymer solution. When this jet travels toward the
collector electrode, the solvent evaporates and a
polymer fiber will be formed. Electrospinning is used
to produce the conductive polymers by combining
additives with a spinnable polymer [12]. The nanofiber
is the ultra-fine solid fibers notable for owing a very
small diameter which is lower than 100 nm Nanofibers
have large surface area per unit mass as well as small
pore size.
There are many solution parameters affecting the
electrospinning process such as polymeric molecular
weight, viscosity, conductivity and surface tension of the
polymeric solution [13]. The effects of the solution parameters may be difficult to isolate because varying one
parameter will generally affect other solution parameters, for example changing the conductivity of the solution is result from increasing addition of the MWCNT

solution to the polymeric solution resulting in reducing
the viscosity and also decrease the surface tension [14].
Solution parameters are molecular weight, viscosity,
electrical conductivity, and surface tension affects
directly the fiber dimensions and morphology.
Increasing the polymeric molecular weight cause
increasing the density of chain entanglements (in solution) at the same polymeric concentration. Consequently, the minimum concentration to produce
polymeric nanofibers was lower for the highest molecular weight nylon-6 [15]. Viscosity is one of the most
important solution parameters. Nano fibers can be obtained without beds when the polymer solution develops
a minimum polymeric chain network in other words
minimum entanglement concentration. In fact, both
solution viscosity and concentration are closely related
to each other [16]. Increasing the solution conductivity
or charge density can be used to produce more uniform
fibers with fewer beads and smaller fiber diameter.
Increasing the of polymeric solution conductivity cause
more electric charges carried by the electrospinning jet,
this will result in higher elongation forces imposing to
the jet under the electrical field. The overall tension will
be depended on the self-repulsion of the excess charges
on the jet [17,18]. Surface tension is the function of
solvent compositions in the solution. It is an effective
factor in electrospinning. It is found that different solvents cause different surface tensions. If the concentration of solution fixed, reducing the surface tension of the
solution, leading to formation of smooth fibers [9]. It is
important to mention that the surface tension control the
formation of beads and the beaded fibers. Surface tension role is trying to make the surface area per unit mass
smaller by changing the jets into spherical shapes [19].
2. Experimental part
Preparations of solutions: Nylon 6 was purchased
from SIGMA-ALDRICH CHEMINE Gmbh, USA, the
molecular weight for repeat unit is equal to 113.16 gm/
mol. Nylon 6 solution was prepared at concentration
25% in formic acid solution at temperature (30e40)
C , added to MWCNTs dispersion solution in formic
acid, MWCNT was purchased from NANOSHEL LLC,
USA, the diameter of tubes: 20e30 nm. The mixed
solutions stirred for sufficient time to increase homogeneity, then different solution compositions was prepared with different concentrations of MWCNTs.
Nylon 6 (0.1, 0.2, 0.4, 0.6, 0.8, 1) wt. % MWCNTs
were prepared.
Electrospinning process: after cooling to room
temperature, the solution was electrospun by using
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electrospun device of type (NaBond Technologies
Co.). The solution was applied through a (10 ml syringe needle with internal diameter of 0.6 mm) using a
syringe pump of type (NaBond Technologies Co) at a
flow rate 3 ml/h. The electric field was generated using
a high voltage supply of about 25 kV. The positive end
was connected to the syringe needle and the collector
plate was grounded. The needle-collector distance was
15 cm and the process performs at room temperature.
Films obtain from pure solution as well as solutions of
(0.1,0.2, 0.4, 0.6, 0.8) wt. % MWCNTs except the
solution of nylon/1% MWCNTs cannot be electrospun
due to low viscosity and high electrical conductivity
associated with high percentage of MWCNTs.
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mask foil. Fig. 1 represents the foil template and the
silver paste electrodes used in this research.
3.4. Electrical conductivity
The electrical resistance of the electrospun films has
been measured as a function of temperature in the
range (20e100) C. After making the two silver paste
electrodes, connecting these electrodes with a sensitive
digital electrometer type KEITHLY 616 and electrical
oven type memmert.
4. Results and discussion
4.1. SEM and EDX results

3. Characterization of electrospun films
3.1. Scanning electron microscopy (SEM) and EDX
(energy dispersive X-ray spectroscopy)
Scanning electron microscope test is used to characterize the morphology of the electrospun fibers. This
test is performed by (INSPECT S50). A small pieces
(1  1) cm of the Electrospun films have been cut from
the produced electrospun films and prepared for SEM
testing. Firstly, the films have to be coated by gold
using Fine Coating Ion Sputtering Device (QuorumQ150R ES). Coating provides for (2) minutes to obtain
100 A thickness.
Energy Dispersive X-Ray Spectroscopy was performed in the same test within SEM test to get information about the chemical content inside the
nanofibers.
3.2. The thickness test
Due to the big role of electrospun films thickness in
the electrical conductivity measurements as well as in
the activation energy estimation, it would be a necessary test for films. The thickness of electrospun films
was tested by (COATING THICKNESS METER CM
8829S) in Solar Energy Research Center. The electrospun films were put on the devise substrate, and by
standing the device probe vertically, touching the films
slightly, the thickness will appear on the screen of the
device in units (nm and mm).

The SEM image for the pure nylon electrospun film
represents in Fig. 2-A. The average fiber diameter of
the pure Nylon film is 180 nm as shown in Fig. 2b. The
EDX spectrum analysis of the pure electrospun film as
shown in Fig. 2c. The EDX spectra were collected
with SEM zoomed into the nanofiber only. The EDX
spectra for pure nylon 6 electrospun film suggest the
chemical composition which consist of C(Carbon),
N(Nitrogen), Pt and Au (the platinum and Gold) peaks
appear due to coating process required for electrical
conductivity of the tested specimen for SEM test. The
SEM image for nylon 6/0.4wt. % MWCNT film represents in Fig. 3a and the swelling appearing inside the
fibers indicates the presence of MWCNT inside the
fiber. The average fiber diameter for the nylon 6/0.4wt.
% MWCNT film is 140 nm as shown in Fig. 3b.
Fig. 3c represents the EDX spectrum analysis of the
nylon 6/0.4wt.% MWCNT film which suggest the
chemical composition consist of C(Carbon), N(Nitrogen),O (Oxygen) and Au(Gold) as a result of sample
coating process by Au for SEM and EDX. The
diameter of nanofibers was 180 nm for the pure nylon
while 140 nm for nylon 6/0.4% MWCNT at the same
mentioned conditions of electrospinning process.
Decreasing the diameter of nanofibers related to the

3.3. Preparation of the films for electrical conductivity measurement
The electrodes used in DC measurement were made
by making two squares of silver paste with the aid of

Fig. 1. The foil template and the silver paste electrodes.
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Fig. 2. (a) SEM image for pure nylon 6 (b) fiber diameter distribution (c) EDX.

increasing the conductivity of polymeric solution
leading to more charge density and more elongation
forces imposed to the jet under the electrical field, so
smaller diameter and more uniform smooth nanofiber
are produced. From EDX spectrum Fig. 3c, is clear
increasing the intensity of carbon peaks inside the
nanofiber as compared with carbon peaks in the pure
sample electrospun.
4.2. Results of thickness measuring test
It has been noted that with constant conditions of
electrospinning process, the thickness of electrospun
films decreases with increasing the wt. % of additives. The reason is the electrical conductivity of
nylon/additive solution will be increased with
increasing the wt. % of the additives. When the
electrospinning high voltage is applied to the higher
electrical conductive solutions (these solution have
higher additives content and higher solvent liquid in
the polymeric solutions), increasing the solvent content mean reducing the surface tension. This may
reduce the quantity and size of the collected fibers on
the collectors, thus the thickness of resulted films will
decrease and the films will be thinner (see Fig. 4).

4.3. Results of electrical conductivity measurements
Nylon 6 is one of the known insulating materials;
the electrical conductivity of bulk pure nylon 6 is
1014 S/cm. It is known that the conductivity of known
semiconductors as silicon and germanium increased
with increasing temperature, this is because of the
increasing of charge carriers in the conduction band
[19]. The mechanism of heating the polymer film
above the room temperature is thermally induced; the
resistance versus temperature behavior may be understood by the activation energy values of the nanocomposites fibers according to Arrhenius equation:
s ¼ s0 expðEa=KB TÞ

ð1Þ

where, Ea ¼ activation energy in eV,T ¼ the absolute

K,
kB
¼
Boltzmann
temperature
in
constant ¼ 1.38  1023 J/K and dividing by the
electron charge, kB ¼ 8.62  105 eV.
s o ¼ the minimum electrical conductivity at 0 K
[17e19].
The resistance of the films can be calculated from
the equation:
r ¼ R$W$t=L

ð2Þ
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Fig. 3. (a) SEM image for nylon 6/0.4% MWCNT (b) fiber diameter distribution (c) EDX.
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Fig. 4. The effect of addition MWCNT on the thickness of nylon/MWCNT electrospun films.

The results of this test show decreasing the electric
resistance (increase in the electrical conductivity) with
increasing the temperature from 20 to 100 C in a
behavior similar to that of semiconductors. While the
pure nylon 6 electrospun film has electrical conductivity equal to 2.9  109 S/cm (due to electrical
conductivity results). In general, using the electrospinning process to prepare pure nylon 6 films increase
the electrical conductivity five orders than bulk pure
nylon 6 this means that the process and dimension of
the prepared samples are important in increasing the
electrical conductivity. The electrical conductivity of
(0.1, 0.2, 0.4, 0.6, 0.8) wt. % are (1.05  107,

1.28  107, 3.049  107, 4.484  107,
1.042  106) S/cm respectively. The electrical conductivity increasing due to increasing the density and
mobility of charge carriers as the MWCNT wt. %
increased. The maximum electrical conductivity
resulted with 0.8 wt. % of MWCNT which represented
the maximum addition. Fig. 5 Represents increasing
the electrical conductivity with MWCNT wt. %.
The electrical conductivity (s d.c) and the activation
energy were measured for nylon 6/MWCNTs films
with different compositions of MWCNT at different
temperatures (293e373) K. Fig. 6 represented ln s d.c
vs 1000/T for different compositions of nylon 6/
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Fig. 5. The activation energy affected by adding different percentages of MWCNT.

increasing the density and mobility of charge carriers.
The activation energy decreases with increasing the
MWCNT in nylon 6 films while the electrical conductivity increased with increasing doping rate.
For nylon 6/0.8 wt.% MWCNT the activation energy increased more than the activation energy for pure
nylon 6 film while the electrical conductivity for this
film is the maximum as compared with other films.
Since a good dispersion is very important to establish
the conductive pathway in the nanocomposite fibers,
increasing the MWCNTs concentration lead to lack of
the dispersion, causing dispersion and interfacial interactions, this result is confirm with E.- C. Chen and
T.-M. Wu, who clear that the activation energy of
nylon 6 extensively decreased by adding 0.8 wt. %
MWCNT into nylon 6, suggesting that the addition of
small amount of MWCNT probably induces the heterogeneous nucleation. Nevertheless, the addition of
more MWCNT into nylon 6 matrix reduced the
transportation ability of polymer chains during crystallization process and thus increased the activation
energy [20].
5. Conclusions

Fig. 6. The electrical conductivity (s
nylon 6 films with temperature.

d.c)

of different additives of

MWCNT films. From resulted values , the electrical
conductivity and activation energy for different compositions of nylon 6/MWCNT films were calculated
and listed in Table 1. As shown from the results, the
electrical conductivity (s d.c) increases from
(2.7 x 109) S/cm for pure nylon 6 film to
(1.05  107) S/cm for nylon 6/0.1 wt.% MWCNT and
(1.042  106) S/cm for nylon 6/0.8 wt.% MWCNT.
This means the electrical conductivity (s d.c) increases
by two orders with nylon 6/0.1wt.% MWCNT while
increasing by three orders with nylon 6/0.8 wt.% of
MWCNT. The electrical conductivity increasing due to

In the present study, the effects of MWCNTs on the
on the electrical conductivity and activation energy of
electrospun nylon 6 films were investigated. The
diameter of nanofibers decreases with MWCNTs
addition from 180 nm for pure nylon6 film to 140 nm
for nylon 6/0.4 wt. % MWCNTs. MWCNTs addition
leads to uniform fibers formation and fewer diameters.
The resistance of the electrospun films decreases (the
electrical conductivity increases) with increasing the
temperature and so the nylon 6 electrospun films
exhibit semiconductor behavior. The electrical conductivity increases five orders between the bulk nylon
6 and the electrospun films.
The addition of MWCNTs most likely increased the
charge carrier concentration and mobility leading to
increase the electrical conductivity while the activation
energy decreased with increasing wt. % of the

Table 1
Activation energy and the electrical conductivity of different compositions of electrospun films.
The composition of electrospun films
Pure Nylon film
Nylon 6/0.1wt.% MWCNT
Nylon 6/0.2wt.% MWCNT
Nylon 6/0.4wt.% MWCNT
Nylon 6/0.6wt. % MWCNT
Nylon 6/0.8wt.% MWCNT

The activation energy (eV)
0.068
0.057
0.0536
0.0523
0.0454
0.077

s

d.conductivity

2.7
1.050
1.280
3.049
4.484
1.042
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1007
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1006

(S/cm) of films at 25  C
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MWCNTs in the polymeric matrix. The electrical
conductivity of electrospun nylon 6 films increased two
orders with nylon 6/0.1wt. % MWCNT while
increasing by three orders with nylon 6/0.8 wt. % of
MWCNT. The activation energy decreased with
MWCNTs wt. % increased but increased more than the
activation energy of the pure nylon 6 when the
MWCNTs wt. % increased to 0.8%.
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