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The morphologies and properties of Polystyrene (PS)/Carbon Nanotube (CNT) conductive electrospun
mat were studied in this paper. Nanocomposite fibers were obtained through electrospinning of PS/Di-
Methyl Formamide (DMF) solution containing different concentrations and types of CNTs. The dispersion
condition of CNTs was correlated to morphologies and properties of nanocomposite fibers. A copolymer
as an interfacial agent (SBS, Styrene-butadiene-styrene type) was used to modify the dispersion of CNTs
in PS solution before electrospinning. The results showed that the presence of the copolymer signifi-
cantly enhances CNT dispersion. The fiber diameters varied between 200 nm and 800 nm depending on
CNT type, polymer concentration and copolymer. The final morphological study of the fibers showed that
CNT addition caused a decrease in beads formation along fiber axis before percolation threshold.
However, addition of CNTs above percolation increased the beads formation, depending on the disper-
sion condition. The presence of SBS modified the dispersion, reduced the fiber diameter and the number
of bead structures. Electrical conductivity measurements on nanocomposite mats of 15-300 pum in
thickness showed an electrical percolation threshold around 4 wt% MWCNT; while the samples con-
taining SBS showed higher values of conductivities below percolation compared to the samples with no
compatibilizer. Enhancement in mechanical properties was observed by the addition of CNTs at

concentrations below percolation.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The electrospraying process was discovered by Formhal and
disclosed in patent literature in 1934. Since then, this process has
found a great deal of interests in spite of its simplicity [1]. Electro-
spinning is the most frequently used method to produce fibers of
nanometric size. This process was known as electrostatic spraying
before 1993, and there were only a few publications employing this
technique [2]. Reneker and Chun revived this technology in the
1990s and they showed the possibility of employing this process for
different kinds of polymer solutions in 1996 [3]. In this process,
a syringe pump moves the solution out of the spinneret at a constant
and controllable rate. Application of a high voltage difference
between the syringe tip and a target screen for collection induces
electric charges that are distributed over the surface of droplet,
which is finally attracted to the other side due to the high electric
field and forms drops, fibers or beaded fibers. Various types of
nanoparticles dispersed in polymer solutions have been embedded
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recently in nanofibers through this process to modify the final
properties of electrospun fibers. Among them, carbon nanotubes
have attracted a great attention. In fact, rapidly after CNT develop-
ment [4], this nanoparticle has been widely used to enhance elec-
trical or mechanical properties of electrospun polymer fibers to
various extents [5-8].

Ra et al. electrospun PAN/MWCNT nanofibers and showed that
there is an electrical anisotropy in final nanofibers along fiber axis
compared to fiber cross section [6]. They showed that nanofibers’
diameter is strongly dependant on CNT concentration. An increase
in the amount of CNT enhances the conductivity of the polymer
solution and produces a larger electrical current during electro-
spinning. The addition of charge accumulation overcomes cohesive
force and intensifies repulsive forces and fibers of smaller diameter
are formed [6]. CNT composite nanofibers were produced using
PVDF as the matrix by Seoul et al. [7]. They found that there were
different values of percolation threshold which were 0.003 wt%
CNT for CNT/PVDF/DMF solution, 0.015 wt% for spin coated film of
the same material and 0.04 wt% for electrospun nanofiber mat.
PMMA was employed as the matrix for CNT composite nanofiber
manufacturing, in 2004, by Sung et al. [8]. They embedded different
concentrations of CNTs from 1 to 5 wt% by the use of in-situ bulk
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polymerization. However, they detected a reduction in electrical
conductivity by this method in comparison with a solution
dispersion process. They showed that existence of pore structures
and wrapping of PMMA polymer chains around the CNTs are the
main causes of electrical conductivity reduction compared to
solution mixing method [8]. Enhancement of CNT dispersion and
its effect on electrospun fiber morphologies and properties is one of
the main aims in this work. We intend to use compatibilization
methods rather than chemical modification to improve CNT
dispersion and maximize electrical properties. There are several
papers related to the use of CNTs as fillers along with dispersion
modification techniques employed in electrospinning process [9-
11]. New types of block copolymers have recently been introduced
for CNT dispersion modification, especially above electrical perco-
lation. The structures, properties and the method of functionalities
of these specific copolymers have been proved both theoretically
and experimentally [12-14].

Other studies investigated the structure and properties of PS
electrospun nanofibers from different points of view. The earliest
among them studied the effect of solvent on final fiber morphol-
ogies and fiber surface has been studied. In particular, there is
a large number of papers about controlling bead morphology along
fiber axis and final fiber morphologies [15-22]. Lin et al. studied the
effect of cationic and non-ionic surfactants [23] on bead
morphology and fiber surface. In 2005, Shenoy and his colleagues
investigated the effect of chain entanglements on various polymer
solutions for electrospinning, including polystyrene solutions [24].
They proved the considerable effect of molecular weight and
polymer concentration on electrospun fiber formation. They
showed that, depending on polymer concentration and chain
entanglements, there are different regions in which changes in
morphology from beaded to smooth fiber occur [24]. In 2006, the
change in bead and fiber morphology and also the fiber diameter
during electrospinning of polystyrene was studied by Eda et al.
[25,26]. They showed that a change in molecular weight or
concentration affects final morphology even though [n]c would be
kept constant. In another work, they observed that solidification
and instability of electrospun fibers could occur at different
distances from the capillary, depending on the rheological condi-
tion of solution [27]. In one of the most recent works on PS nano-
fibers production, Wang et al. [28] could obtain scaling laws
between the fiber final structure and process variables.

There are only few studies focusing on PS/CNT electrospun
nanofibers. Sen et al. studied the effect of SWCNT addition to PS as
well as to polyurethane (PU). They obtained oriented CNT inside PS
nanofiber and some other polymeric materials [29], as evidenced
from TEM images. In 2006, Ji and his colleagues used carboxyl-
functionalized MWCNT inside PS and showed that the particles
arranged quite well along the fiber axis [30]. Pan et al. produced
polyelectrolyte hollow nanofibers out of PS/MWCNT solution
mixture [31]. In this work, PS/MWCNT electrospun nanofibers were
used as templates for self-assembly of polyelectrolytes [31]. In one
of the most recent works in the field of electrospinning and CNT
nanocomposite fiber manufacturing, Sundaray and his coworkers
studied the properties of a single nanofiber of PS/MWCNT [32].
They investigated the morphology and electrical conductivity of
a single nanofiber containing low amount of MWCNT. They
obtained a low percolation threshold (0.05% w/w) for only a single
electrospun fiber. In their work, they could improve conductivity to
10~ Sjcm after percolation [32].

The review of previous work on electrospun CNT filled poly-
meric fibers shows that several aspects of the materials/process
used in their preparation required further study. The final proper-
ties of electrospun mat composed of nanocomposite nanofibers
including different types of CNTs are one point of interest. In

addition, dispersion modification employing coupling agent and
studying its effect on final electrical and mechanical properties is
also of considerable interest. Different techniques such as rheo-
metry and viscometry could be employed to perform the effect of
adding CNT and studying the effect of dispersion on final
morphology and properties. Electrospun polymer/CNT nanofibers
and their properties as final conductive non-woven mat were not
studied in details so far. Moreover, the properties of PS/CNT at
different CNT concentrations are yet to be characterized. The final
properties of electrospun PS/CNT as a conductive mat especially at
more concentrated levels of CNTs were not shown in any previous
works.

In the present study, polystyrene solutions containing different
types and concentrations of carbon nanotubes (single-wall, double-
wall and multi-wall) are electrospun to produce nanocomposite
fibers. The effect of CNT addition on final morphologies of fibers is
studied both quantitatively and qualitatively. We mainly focus on
final nanofibers and mats characteristics at a wide range of MWCNT
concentration and especially at high concentrations of different
types of CNTs. Electrical conductivity of electrospun mats
composed of PS/CNT nanofibers is evaluated here for the first time.
Dispersion of CNT in initial electrospinning solution is studied in
detail using rheological and optical techniques. The use of an SBS
type copolymer to improve the dispersion of MWCNT in PS solution
is, to the best of our knowledge, reported for the first time in this
work. In addition, electrical properties and mechanical character-
istics of resulting electrospun mats at different CNT contents and
types are obtained.

2. Experimental
2.1. Polymer solution preparation

The polymer used in this work was an extrusion grade poly-
styrene (168M, BASF Co.), dissolved at 20% w/w concentration in di-
methyl formamide (DMF) (good solvent for PS as well as CNT
dispersion); the solvent was purchased from Aldrich Co. Carbon
nanotubes employed in this work were produced by a chemical
vapor deposition process (CVD) and purchased from Helix Co., USA.
Single-wall carbon nanotubes (SWCNT) and double-wall carbon
nanotubes (DWCNT) with purities of 90% and multi-wall carbon
nanotubes (MWCNT) with purity of 95% were used in this investi-
gation as nanoparticles to improve the conductivity. The nominal
diameter range of SWCNT, DWCNT and MWCNT was respectively of
1.3 nm, 4 nm and 10-100 nm. All three types of CNT had length in
range of 0.5-40 um (Fig. 1).

CNTs at different concentrations were dispersed mechanically in
the polymer solution by a 4-h sonication treatment at room
temperature followed by continuous mechanical mixing before
electrospinning. No surface modification technique was employed
in this work in order to prevent the detrimental effect that these
treatments can have on the conductivity of the CNT. TEM results
after 4 h sonication in pure methanol at different positions along
CNT bundles show no obvious change in CNT length (Fig. 1). Styrene-
Butadiene-Styrene (SBS-Kraton; G-1647), copolymer was used to
improve the dispersion of CNTs in the solutions and electrospun
fibers and to study the effect of copolymer addition. Following the
proposed method for CNT dispersion modification [14], the
copolymer was used in equal amounts of CNT for enhancing their
dispersion at different concentrations.

2.2. Electrospinning process

The electrospinning set-up employed in this work consisted of
a high voltage power supply (Gamma Inc.), a syringe pump to
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Fig. 1. Transmission electron Microscopy (TEM) images of CNTs utilized in this work after sonication. a) Multi-wall Carbon Nanotube; b) Double-wall Carbon Nanotube; c) Single-

wall Carbon Nanotube; TEM (JEOL, JEM-2100 F).

deliver the solution at specific flow rates (PHD 4400, Harvard
Apparatus), a syringe connected to a stainless steel needle (22
gauge, Popper & Sons Inc.), and finally a stainless steel collecting
drum (15 cm diameter). Fiber mats were collected in both static and
rotating drums, based on the requirements of specific samples for
different experiments. An average electrical potential difference of
25 kV was employed for all types of materials. The voltage was
imposed on the needle, positioned at a 15 cm distance from the
collector and a volumetric flow rate of 0.8 mL/h was imposed. All
experiments were conducted at ambient pressure, temperature and
average relative humidity of 20%. A summary of different carbon
nanotube concentrations and types studied here and the resulting
fiber diameter and morphology are given in Table 1.

2.3. Initial material characterization

The effect of CNT on viscosity of the solutions was studied as it
represents one of the key properties that may affect the elec-
trospinning process. We used Cannon-Fenske-Routine (CFR)
viscometers to characterize the change in viscosity with CNT
addition. In addition we used a Bohlin CVO 120 stress-controlled
rheometer to evaluate the rheological properties of initial poly-
mer solution.

Optical microscopy observations of initial solutions containing
CNTs at the same dispersion condition were used in parallel with
viscometry to evaluate the dispersion condition of solutions con-
taining carbon nanotubes at different concentrations.

The conductivity of the solutions at different carbon nanotube
concentrations was measured using an accumet AP85 conductivity

Table 1

Summary of nanocomposite nanofibers obtained and the resulting fibers characteristics.

meter by Fisher Scientific. All the measurements were performed
after mixing and before electrospinning.

2.4. Morphological characteristics and final properties

Raman spectroscopy technique was used for CNT detection in
final non-woven mat. Raman spectra were recorded on a Renishaw
spectrometer equipped with an inVia Raman microscope. The
samples were tested using a NIR laser (785 nm) with a grating of
1200 g/mm in the regular mode and the microscope magnification
used was 20x.

A Hitachi S-4700 scanning electron microscopy (SEM) was used
on platinum coated samples to characterize the final morphologies
of fibers at different processing conditions. An optical microscope,
Dialux 20 (Leitz, WETZLAR), was employed to check and analyze the
dispersion condition and position of CNTs inside fibers. This
method was used to detect CNT positions along with dispersion
conditions and morphological characteristics.

The electrical conductivity of final electrospun mats was
measured to assess the effect of CNT on nanofibers. For this
purpose, a two-probe technique was employed, using a combined
set-up of KEITHLEY 6620 as a current source and Agilent 34401 A
(6%2 Digit Multimeter) as voltage source.

The mechanical properties of selected samples produced at
different processing conditions were obtained from a microtester
5548 (Instron Inc.) All the experiments were conducted on strips of
5 mm in width and 15 mm in length cut from electrospun samples.
The samples included different ranges of thicknesses from 50 to
300 um. A load cell of 5 N and stretch speed of 10 mm/min were the

Polystyrene CNT type CNT concentration (%) Resulting morphology Range of nanofiber
concentration (% w/v) diameter (nm)
20 - 0 High concentration of beads on fibers 400-1500
20 MWCNT 05;1;2;3;4;5;,7 1%: Smooth fibers 300-1100
Other concentrations: Bead/Fiber morphology; beads depend
on CNT concentrations
Less beads compared to pure PS electrospun fibers
20 MWCNT modified 1;2;3;4;5 1% & 2%: Smooth fibers 200-700
with Copolymer Other concentrations: Bead/Fiber morphology; beads depend
on CNT/Copolymer concentrations
Less beads compared to the fibers obtained form pure
MWCNT/PS nanofibers
20 SWCNT 1;5 Bead/Fiber morphology; More beads formation at higher 100-1400
concentration (5%)
20 DWCNT 1;5 Bead/Fiber morphology; More beads formation at higher 150-1200

concentration (5%)
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Table 2
Relative viscosity of solutions (1/Nsowvent) at different CNT types and concentrations.

CNT Type CNT concentration (%)

0 0.5 1 2 3 4 5
MWCNT 160.5 £ 1.0 92+2.7 95.25 + 1.7 96.8 +2.6 121.8 £ 4.6 129+ 4.7 130+ 14
MWCNT/copolymer 160.5 + 1.0 93.2+1 98 + 1.4 1145+2.4 145.8 +1.7 2745+ 1.7 451.3 +41.6
SWCNT 160.5+1.0 - 112.2+43 - - - -
DWCNT 160.5 + 1.0 - 118.5+0.6 - - - -

best testing conditions for mechanical characterization of the
electrospun samples.

3. Results and discussions
3.1. Initial material characterization

Various characteristic parameters of the initial solution will
determine the final fiber structure and diameter. Among them,
surface tension, solution conductivity and viscosity are the most
important determining factors. In this work, we mainly focused on
the effect of dispersion of CNTs and the suspension viscosity and
conductivity on the electrospinning process.

The measurement of viscosity was conducted at different CNT
concentrations for samples containing different types of CNTs, with
and without copolymer. The results obtained show that the
viscosity decreases considerably with addition of CNTs (Table 2).
The reduction of viscosity is observed in all samples containing
CNTs. This could be because of polymer chains break-up during
sonication. The reduction in molecular weight causes the viscosity
of samples containing CNTs decrease compared to pure PS solution.
Addition of MWCNTs, even at 5% concentrations, shows the
decreasing viscosity of MWCNT/PS solutions compared to pure PS
solution. A comparison of the results at 0.5, 1 and 2% MWCNT shows
that addition of MWCNT does not change viscosity with MWCNT
concentrations but MWCNTs affect considerably the viscosity of the
polystyrene solution above 3%. Below 3% MWCNTSs, solutions with
MWTCNTs are stable for long period of time, no large agglomerates
are found (Table 2). Above 3% MWCNT, viscosity of initial solution
considerably increases and MWCNTs suspension in solutions are
mostly unstable. The results prove that there is a network forma-
tion and structure build-up between 2% and 3% for this system. We
also studied samples containing a SBS copolymer and MWCNT and
a similar result was obtained. In prepared solutions, addition of
MWCNT decreases the viscosity of solution (Table 2). However,
viscosity increases at 3% MWCNT/Copolymer concentration which
shows the region of percolation in this system. The viscosity
measured for sample with 2% and 3% MWCNT and copolymer is
higher than for samples containing 2% and 3% pure CNT, which
could be an evidence of SBS existence along with the dispersed
MWCNTs. Copolymer chain interactions with CNTs cause an
increase in suspensions viscosity; but they still remain less viscous
than original PS solutions. Addition of high molecular weight SBS
causes gradual increasing of viscosity. This effect is even more
obvious at high concentrations of MWCNT and copolymer (Table 2).
Therefore, using viscosity as evidence can only be inconsistent with
similar systems, since adding copolymer changes the properties of
system and viscosity accordingly. The effect of CNT addition on
viscosity at 1% concentration of SWCNT, DWCNT and MWCNT is
also assessed.

MWCNT is much easier to disperse, and therefore, sample
containing 1% MWCNT shows the lowest viscosity in spite of
larger size of MWCNTs. Therefore, samples with 1% SWCNT and
DWCNT show higher viscosities compared to 1% MWCNT and 1%

MWCNT/copolymer samples. SWCNT and DWCNT are smaller in
size; however, their poor dispersion increases the viscosity of
their solutions compared to MWCNT [33,34]. Viscosity in solu-
tions with MWCNT/copolymer is not different from that with only
MWCNT and is lower than that for those containing SWCNT and
DWCNT. This could be due to the finer particle size (agglomerates)
in solutions with both MWCNT and copolymer and better
dispersion quality (Table 2). The results obtained show that
viscometry could be an indirect mean of evaluating the quality of
particles dispersion in the solution. The lower the viscosity, the
more the compatibility is between particles and solution and
better is the quality of the dispersion. Moreover, it could be used
as a criterion for obtaining the system network formation
concentration. Below 3% MWCNT, no network structure is formed
to cause an increase in the viscosity of the solutions. Even though,
despite of high shear rate flow fields in viscosimetry, no network
structure could be observed coming from CNT particles, there
is still considerable difference in viscosities before and after
percolation.

The viscosity of the system was studied at different concentra-
tions of MWCNTs below percolation at low range of shear rate
(Fig. 2). We used this technique to evaluate the reliability of the
results obtained from viscometry technique.

The tests were done at room temperature and constant stress of
20 Pa. The system shows totally Newtonian behavior; however, the
reduction of viscosity by molecules break-up is not distinguishable
at low frequencies. It shows that in high shear flow field, the
difference in viscosities of pure sample with the ones containing
CNT is more obvious (Table 2 & Fig. 2). This could be because of the
sliding effect of CNTs in addition to molecular weight reduction in
the samples containing CNT. The results in Fig. 2 could show that
the samples containing 2% MWCNT have no network formation
inside as obtained previously by viscometry technique (Table 2).

1 —e— Pure PS
1 O PS - 0.5% MWCNT
| -+ Ps- 1% mMwCNT

—t— PS - 2% MWCNT

’u? |

© |

e

2 |

7]

o

o

2

s 4

0.1 I

0.001 0.01 0.1 1
frequency (s™)

Fig. 2. Viscosity vs. frequency at different MWCNT concentrations below rheological
percolation threshold (CVO 120, Room temperature, at 20 Pa constant stress).
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Fig. 3. Optical microscopy on dispersion condition of initial solution below rheological percolation (1% MWCNT) and above percolation (4% MWCNT) with and without copolymer.

a) 1% MWCNT; b) 1% MWCNT & copolymer; c) 4% MWCNT; d) 4% MWCNT & copolymer.

Optical microcopy was also used to evaluate the dispersion
condition of CNTs in the initial polymer solution. This technique
had the advantage of no limitations in terms of CNT concentration
compared to viscosimetry and was very useful in this work. Fig. 3
shows the change of particle sizes both below rheological perco-
lation (1% MWCNT) and above percolation (4% MWCNT).

As shown, upon addition of more and more MWCNT, it becomes
more difficult to disperse the nanoparticles and large agglomerates
are formed. The effect of copolymer addition on the dispersion
quality is shown in Fig. 3. At 1% concentration (Fig. 3a and b),
addition of copolymer causes a reduction in agglomerated particles
size and fewer particles can be observed by optical microscopy.
Above percolation and at 4% (Fig. 3c and d), the copolymer presence
reduced particles size and allowed formation of an interconnected
network structure, and thus MWCNTSs are better dispersed with
much less agglomerates (Fig. 3c and d).

The dispersion state of different PS/CNT solutions has been
studied by optical microscopy at 5% concentration of different CNTs
(Fig. 4).

The optical images confirm the results from viscometry. SWCNT
and DWCNT show the largest sizes of CNT agglomerates and
therefore, they induce a higher viscosity below percolation (Fig. 4a
and b). In contrast, MWCNT showed smaller and less agglomerates
(Fig. 4c). Copolymer addition in the latter case even induced
particle size reduction compared to MWCNT suspensions without
copolymer (Fig. 4d).

The results obtained from viscosimetry prove that at 1%
concentrations of different carbon nanotubes (Table 2), the solu-
tions are all below the concentration for network formation. Even
though, there is a slight difference of suspension viscosity amongst
different carbon nanotube types, it is not significant enough to be
an evidence for structure build-up. The increase in the viscosity in
the case of SWCNT and DWCNT is because of poor dispersion
condition of carbon nanotubes. Moreover, the results from optical
microscopy at 5% (Fig. 4) along with viscometry (Table 2) could be

a proof that the system is above the concentration for network
formation at 5% of different carbon nanotubes types. In this study,
we mainly compare the results from 1% of different carbon nano-
tube types which is below network formation as described above
(Table 2). In addition, 5% concentration of carbon nanotubes is
chosen as a concentration above network formation.

The results obtained from electrical conductivity measurements
of solutions containing various concentrations of MWCNT are given
in Table 3. As expected, addition of MWCNT causes an increase of
the initial solution conductivity.

Comparing the results obtained from different types of carbon
nanotubes shows that SWCNT containing solutions are more
conductive; 54 uS/cm at 1% SWCNT concentration compared to
20 uS/cm at 1% MWCNT concentration. Moreover, addition of
copolymer causes a decrease in the amount of conductivity; 79 pS/
cm at 5% MWCNT/copolymer concentration compared to 88 uS/cm at
5% MWCNT concentration. The reduction in conductivity by adding
copolymer might be due to partial coating of the carbon nanotubes
by the copolymer coupling agent. The results show that addition of
carbon nanotube enhances the conductivity of the system, which
could be an important determining factor on final morphology.

3.2. Raman spectroscopy

Raman spectra of non-woven mats obtained from different types
of carbon nanotubes/PS nanofibers are shown in Fig. 5. Among the
characteristic peaks of multi-wall carbon nanotubes detected by
Raman spectroscopy, three peaks could be distinguished. Two string
peaks are located at 1580 cm™~! (G), and 1350 cm ™! (D) and a weak
peak is also detected at around 2700 cm~! (G/) [35,36].

The intensity and ratio of these peaks (D/G ratio) vary
depending on carbon nanotube type and surface structure. The
peaks related to SWCNT and DWCNT show more similar structure
as expected; however SWCNT and DWCNT are fundamentally
different from MWCNT characteristic peaks (D/G ratio).
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a

100 ym

Fig. 4. Optical microscopy on dispersion condition of initial solution. a) 5% SWCNT; b) 5% DWCNT; c) 5% MWCNT; d) 5% MWCNT & Copolymer.

3.3. Morphology of electrospun fibers and mats

In this work, two methods were chosen to characterize the final
morphologies of fibers. First, the fiber morphologies were analyzed
qualitatively through SEM, followed by some quantitative image
analysis. Second, optical microscopy was used to detect CNT
localizations inside the fibers. Moreover, this technique was also
used to evaluate the effect of copolymer addition on final disper-
sion condition of CNTs inside the fibers.

The final morphologies of the fibers are dependant on several
characteristics of the initial solution such as viscosity, surface
tension and conductivity in addition to some process and envi-
ronmental conditions (temperature and humidity). The latter were
not changed for this study and only the effect of material para-
meters was assessed, by changing the types and concentrations of
CNTs.

Fig. 6 shows the effect of MWCNT addition at different concen-
trations on final fibers morphologies. As it is depicted in the results,
electrospun PS fibers without MWCNTs are mixtures of beads and
fibers at 20% PS concentration (Fig. 6a). Addition of MWCNTs to the
PS solution causes a gradual decrease in the relative number of bead
structures among the fibers. This effect is explained by our previous
observation that the addition of MWCNTSs increases the solution
conductivity and decreases the solution viscosity under high shear
rates flow conditions; which are also found in the electrospinning
process while solution is moving through syringe before exit. The
value of shear rate for the viscometer we have used is in the range of
1-80 s~ L In the electrospinning set-up we can estimate an average
shear rate of about 4 s, resulting from a 0.8 mL/h volumetric flow
rate through a PS22 gauge.. The best condition for smooth, beadless

Table 3

PS/CNT solutions conductivity (uS/cm) at different MWCNT concentrations.
Concentration (%) 0 1 3 5
MWCNT 1.2 20.3 34.5 88.2

fiber production is below a 2% concentration of MWCNT (at 1%,
beads are even less) (Fig. 6¢c and d). At 3% and 4% MWCNT and after
rheological percolation (Above 3% MWCNT), the amount of bead
structures in samples containing different concentrations of
MWCNTs is almost the same (Fig. 6e and f). However, at two higher
concentrations, 5% and 7% of MWCNT, there is again an increase in
the amount of bead structures along fiber axis (Fig. 6g and h). The
fibers at higher concentrations had smaller diameters and more
beads in their structures compared to lower concentrations of
MWCNTs. Followed by the decrease in fiber diameter, the sizes of
beads along fiber axis are decreased correspondingly. Therefore, at
higher concentrations smaller beads are shaped along fiber axis. The
small beads are more obvious in the next optical microscopy test
results by dark aggregate formation which will be discussed in more
detailed.

(1) Pure PS
| (E— (2} PS-MWCNT
(3) PS-Copolymer-MWCNT
 [ET—— (4) PS-DWCNT
e (3) PS-SWCNT:!_G '
il R NG
2 (G
% ~-»—--—......-.,._......_.-.—-—’I')\-—--"’ :\-.— G'-\. (4)
2
=l o A® )
| — oD AE G @
4o : j]. s A " (1)
500 1000 1500 2000 2500 3000

Raman Shift (cm™)

Fig. 5. Raman spectra of final non-woven mat containing different types of carbon
nanotubes.
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Fig. 6. SEM photos of PS (20%)/MWCNT at different CNT concentrations. a) Pure PS; b) 0.5% MWCNT; c) 1% MWCNT; d) 2% MWCNT; e) 3% MWCNT; f) 4% MWCNT; g) 5% MWCNT;

h) 7% MWCNT.

The quantitative analysis shows that the fiber diameter reduces
as CNT content increases in initial solution up to 4-5% (Fig. 7). At 4—
5% and 7% MWCNT concentration, the value of fiber diameter is
optimized and has the least value. The histograms of fiber diameter
distribution show that, for all concentrations, a wide distribution of
fiber diameters is obtained.

In the case of MWCNT addition combined with copolymer
almost the same morphological trend as discussed above is
observed (Fig. 8). The smoothest fibers are obtained at 1% and 2%
concentrations of MWCNT/copolymer; while bead structures

content increases by addition of CNTs to 5% MWCNT/copolymer. A
comparison of the morphologies of systems with copolymer and
without copolymer shows that addition of copolymer causes
a decrease in the amount of bead structures compared to the
system with pure MWCNT, for all concentrations.

Histograms of MWCNT/copolymer electrospun fiber show
similar trends as samples with pure MWCNT (Fig. 9). The addition
of MWCNT causes fiber diameter reduction and 4% MWCNT/
Copolymer concentration is the optimum value. Fiber diameters
decrease considerably by the addition of 1% MWCNT/copolymer.
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Fig. 7. Histograms of fiber diameter distribution. a) Pure PS (Average fiber diameter (Rayg): 766 + 288 nm); b) 1% MWCNT (Rayg: 676 4 186 nm); ¢) 3% MWCNT (Rayg: 665 117 nm);

d) 5% MWOCNT (Ryg: 482 & 83 nm); ) 7% MWCNT (Rayg: 518 & 69 nm).
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Fig. 8. SEM photos of PS (20%)/Copolymer/MWCNT at different CNT concentrations. a) Pure PS; b) 1% MWCNT, 1% Copolymer; c) 2% MWCNT, 2% Copolymer; d) 3% MWCNT, 3%

Copolymer; e) 4% MWCNT, 4% Copolymer; f) 5% MWCNT, 5% Copolymer.

Fibers obtained were more uniformed in fiber diameter in this case
and the range of fiber diameter does not change considerably by
adding carbon nanotube concentration (Fig. 9).

The average diameter of fibers at other concentrations is even
lower in samples with copolymer compared to pure MWCNT
samples (Figs. 7 and 9). This is an additional proof that homogenous
dispersion and electrical conduction through fibers result in
a larger fiber diameter reduction. At 5% MWCNT/copolymer, the
finest fibers are obtained with quite narrow fiber diameter distri-
bution compared to other concentrations.

Optical microscopy was used in parallel with SEM to detect CNT
localization inside the fibers. The samples for optical microscopy
were electrospun at the processing conditions mentioned above;
with the difference that a rotating drum with the speed of 120 rpm
was used as collector instead of static drum to produce a thinner
electrospun mat in stable electrospinning condition. Fig. 10 shows
the optical images of electrospun fibers containing different
concentrations of MWCNT in suspensions with and without
copolymer. The results obtained from this method show that in most
cases, beads in MWCNT-containing sections are filled with MWCNT
agglomerates (Fig. 10). It is also possible to detect some MWCNT
aggregates inside fibers; however, the large ones are located inside

the beads along the fibers. At 5%, the number of bead structures
increase and they are filled with MWCNTSs. Even though, the fiber
diameter and beads sizes decrease, most of those small beads all
contain MWCNTs (Fig. 10c).

The same results were obtained from optical microscopy of the
samples with both MWCNT and copolymer (Fig. 10d-f). At 1%, it
was difficult to detect MWCNTSs by optical microscopy. In samples
containing copolymer, it shows that the sizes of MWCNT agglom-
erates have considerably reduced (Fig. 10d). At 3% and 5%, the fiber
diameter decreased significantly; however, the bead structures are
still MWCNT aggregate locations. The compatibilizing effect of
copolymer has decreased the size of the beads and MWCNT
aggregates along fiber axis (Fig. 10e and f).

Comparing the results of SEM and optical microscopy shows
that there are two main parameters controlling the morphology of
fibers for this system during electrospinning: solution conductivity
and CNT dispersion condition. Increasing conductivity removes the
bead structures, therefore at 1% and 2% (below carbon nanotube
network formation), there are less bead structures compared to 0%
and 0.5% MWCNT. Above percolation, the morphology of fibers is
controlled not only by the conductivity but also by the CNT
dispersion condition. At these higher concentration levels, there is
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Fig. 9. Histograms of fiber diameter distribution. a) 1% MWCNT, 1% Copolymer (Ryg: 486+ 108 nm); b) 3% MWCNT, 3% Copolymer (Rayg: 324 +84 nm); c) 5% MWCNT, 5%

Copolymer (Rayg: 298 + 105 nm).
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Fig. 10. Optical microscopy photos of PS/MWCNT electrospun fibers obtained at the same condition, a) 1% MWCNT; b) 3% MWCNT; ¢) 5% MWCNT; d) 1% MWCNT, 1% Copolymer;

e) 3% MWCNT, 3% Copolymer; f) 5% MWCNT, 5% Copolymer.

no change in solution conductivity and dispersion of CNTs becomes
more difficult. The dispersion condition is the controlling param-
eter of final fiber morphology and of bead formations. Hence, at 5%
and 7% MWCNTs, the bead structure greatly increases along fiber
axis which could be the result of CNTs poor dispersion. Even
though, the solutions at 5% and 7% MWCNTs are in a suitable
solution conductivity range to give smooth fibers (The conductivity
of solution containing 5% or 7% MWCNT is more than 1% MWCNT
concentration which gives quite smooth fibers), the aggregates of
CNTs cause bead structures development. The same results were
obtained for the samples containing copolymer, and only CNT

aggregates and beads dimensions were smaller. Therefore, CNTs are
better distributed with finer particles along fiber axis.

The fibers’ morphology at 1% of single-wall, double-wall (below
percolation threshold) as well as at 5% (above percolation threshold)
are shown on Fig. 11. The systems containing SWCNT and DWCNT
are mixtures of beads and fibers together. At 1% DWCNT or SWCNT
(Fig. 11a and b), the amount of beads increased compared to 1%
MWCNT but they still have fewer beads compared to pure PS fibers.

Quantitative analysis of SWCNT and DWCNT nanocomposite
fibers shows that they both have average fiber diameters larger
than those obtained for pure PS electrospun system below

Fig. 11. SEM photos of 20% PS electrospun fiber containing a) 1% DWCNT; b) 1% SWCNT; c) 5% DWCNT; d) 5% SWCNT.
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percolation (Fig. 12a and b). The expectations were to observe
smaller diameters because of higher conductivity of SWCNT and
DWCNT, but the result is opposite. This may be due to the poor
dispersion condition of SWCNT and DWCNT proved by both
viscometry and optical microscopy as discussed above. The fibers
show a wide diameter distribution and they are mostly located at
high range of diameters. Fig. 11 also shows the morphologies of
fibers at 5% of different CNTs. Fine fibers were obtained at this
concentration, with few beads for DWCNT and many beads for
SWCNT (Fig. 11c and d). Fibers have low diameters and they obey
a normal distribution especially with SWCNT system (Fig. 12d).
High conductivity of initial solution decreases the average fiber
diameter; however, the fibers are mixed with many beads along
axis which is the result of poor dispersion of CNTs (Fig. 12d).

Fig. 13 compares the average fiber diameter of different systems
with CNTs at two concentrations. The behavior of the different
systems is totally different below percolation (1% CNT) and above
percolation (5% CNT). This again emphasizes the effect of the
conductivity of the solution and dispersion of CNT as the parame-
ters controlling the fiber diameter as well as morphology of elec-
trospun fibers.

Fig. 14 briefly reviews the morphological observations obtained
here at different concentrations of CNTs. As it was discussed so far,
dispersion condition could be introduced as a controlling factor of
final fiber morphology. In the case of good dispersion and very low
concentrations of CNTs, finer fibers besides removing bead struc-
ture are expected because of increasing conductivity [6,24].
Therefore, increasing CNT concentrations decreases both bead
structures and fiber diameter in all concentrations resulting from
high conductivity; however, two different areas are distinguished
in the case of poor dispersion based on CNT concentration and
percolation threshold (Fig. 14).

The results show that both fiber diameter and smoothness could
be controlled by CNT dispersion condition depending on CNT
concentration. As it is depicted, at low CNTs concentrations, fibers

with larger diameter are the effect of poor dispersion; while the
same factor translate by larger fraction of beaded fibers at high
concentrations. At low CNT concentrations, an increase in fiber
diameter is observed, which is unexpected in solutions with higher
conductivity compared to pure PS system due to CNT addition. It is
opposite to previous observations with MWCNT dispersions since
the increase in conductivity results in fiber diameter reduction [6].
Moreover, the beads disappear from the fibers at low CNT concen-
trations while the results show the samples have lower viscosities in
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Fig. 13. Comparison of average fiber diameter at different types of CNTs below
percolation (1%) and after percolation (5%).
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this range. This result is opposite to previous observations for the
effect of viscosity on smooth fibers formation; since the increase in
viscosity was accounted as a parameter for smoother fiber formation
[24]. Beads removal could be due to the increase of conductivity
compared to pure electrospun nanofibers in spite of the lower
viscosities of initial solution. Higher conductivity of solution is
expected by adding more CNT to the system; however, an increase in
fiber diameter is observed here even in highly conductive solutions
especially when there is poor dispersion of CNTs (SWCNT and
DWCNT). Therefore, dispersion condition is one of the controlling
factors for fiber diameter besides fiber smoothness. Above percola-
tion, the increase in conductivity and viscosity results in significant
fiber diameter reduction compared to lower CNT concentrations. At
higher CNT concentrations (above electrical percolation), dispersion
affects final fiber morphology from another aspect. There are unex-
pected bead structures along fiber axis which contain CNT aggre-
gated (Fig. 10). Poor dispersion above percolation and
inhomogeneous electrical conduction along the fiber causes CNT
agglomeration and bead formation. The poorer the dispersion, the
more the beads are present along the fibers, while the opposite is
expected at high values of viscosity and conductivity.

In summary, reduction in molecular weight and viscosity after
sonication is not consistent with bead removal from fiber axis [25];
therefore other parameters except of viscosity are controlling the
bead morphology and fiber diameter. Here, we believe that CNT
dispersion condition and conductivity of initial solution are the
main determining factors. As the results of conductivity show,
addition of CNT increases the conductivity and the solutions con-
taining SWCNT are more conductive that the solutions with coated
MWCNT. Therefore, followed by increasing the initial conductivity
we expect two main changes in final morphology: reduction in fiber
diameter [6] and bead removal from fiber axis [22] compared to
pure electrospun nanofibers. While there is an increase in fiber
diameter for the samples below network formation concentration
opposite to expectation (SWCNT and DWCNT) and there is increase
in bead morphology by increasing the CNT concentration above
network formation concentration. Increasing the fiber diameter at
1% CNT concentration in SWCNT and DWCNT which are poorly
dispersed proves that dispersion condition is more important than
solution conductivity in this case; while this effect is shown as bead
formation at high CNT concentration. Comparing the sizes of beads

obtained from optical microscopy and SEM in addition to optical
microscopy results prove that all the beads are the locations of CNT
aggregated and making modification on the dispersion in example
by adding copolymer decreases the bead structures to a great
extend.

Increasing the conductivity causes larger electric current during
electrospinning and will induce large charge accumulations on
fiber diameter, and as result, will intensify the electrical force and
splashing and finer fibers are formed [37]. In this system, the
solvent (DMF) is non-conductive compared to PS/CNT complex and
the polymer (PS/CNT) is the charge carrier in these kinds of
systems; since the polymer (PS/CNT) is more conductive and the
conductivity of solution is dependent on CNT. Therefore, when the
CNT is well dispersed, and before network formation, the charge
accumulates uniformly on fiber surface and the reduction of fiber
diameter along with smooth fiber formation is observed (1%
MWCNT and 1% and 2% MWCNT/Copolymer). However, when CNT
is not well dispersed, there is localized charge accumulation along
fiber axis because of inhomogeneity of polymer solution conduc-
tivity. In this case the charge density is not dispersed uniformly
along fiber and therefore electric field is not homogenous along
fiber. The inhomogeneity of charges and electric field causes bead
formation along fiber axis. It means that in some parts, the fiber
diameter reduces and in the other parts there are bead structures
and increase in fiber diameter (SWCNT and DWCNT solutions in all
concentrations and MWCNT solutions above network formation
concentration). In 1% SWCNT and 1% DWCNT solutions the quality
of dispersion is not satisfactory; therefore beads are formed even at
low concentration. However, because of lower conductivity
compared to 5% CNT, the charge density and electric field are not
strong enough for fiber diameter reduction. As a result, the pres-
ence of aggregated CNT causes an increase in the fiber diameter
because there is not a strong electric field; moreover, the inho-
mogeneity of charge density induces the bead formation.

3.4. Electrical conductivity results of fiber mats

Electrical conductivity of final electrospun mat was measured as
a function of CNT type and concentration. The samples included
a wide range of thicknesses from 15 to 300 um and they were all
positioned between two highly conductive layers besides electrodes
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before starting experiments. The conductivities of all samples were
measured in a specific two-probe test fixture. Therefore, all the
experiments were run in similar conditions, constant force and with
reliably enough repeatability within 80% of the average conductivity.

Based on electrical percolation theory, the system becomes
conductive when a critical concentration is reached which is called
percolation threshold. Above electrical percolation, the system is
quite conductive. Formation of CNT network causes the electron
transport by tunneling or electron hopping which occurs along CNT
interconnects [38]. The system studied was the 20% PS and was
below percolation for CNTs content up to 2%. No network structure or
CNT agglomerate is formed up to 2% MWCNT, which was shown
before by viscometry and optical microscopy of initial solution. In
MWCNT concentrations above 2%, an internal network structure is
formed and the system is getting close to percolation. Below 3% our
instrument and set-up was not showing any results which could
depict considerable electrical conductivity in the system. At 3%
MWCNT and above, sensible modification in conductivity of PS
electrospun mat was observed from electrical conductivity
measurements. However, 3% MWCNT is not enough to form
complete network and to achieve the electrical percolation threshold
and the samples are still in the transition region to percolation
(1.90 x 1072 S/cm). Therefore, the conductivity of non-woven mat at
1% and 2% MWCNT concentration is almost zero (Between 10~ and
102 (PS/3%MWCNT)). At 3.5% concentration of MWCNT, samples are
at electrical percolation threshold (1.02 x 10~ S/cm) and a consid-
erable increase in electrical conductivity is observed after this
concentration (Fig. 15). At 5% and 7% CNTs, the conductivity
increased; however, the value of conductivity was almost constant
after 5% MWCNT (Fig. 15). This confirms the results obtained from
viscometry which indicate the start of network formation above 2%
MWOCNT. At 3% the sample is at the beginning of the construction of
a complete network, and at 3.5% CNT concentration, the network is
complete resulting in a totally conductive mat. Based on percolation
theory [39]:

0 =Aw—w) (1)

where ¢ is the volume conductivity, A and t are constants, and w, is
the critical concentration in which the conductivity is ignorable
compared to higher concentration; the critical concentration for
network formation. Considering 3% as w, we could obtain
A=8.5x107" and t = 0.795 for this system. We have measured the
conductivity through the thickness of non-woven mat. It means
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Fig. 15. Conductivity of samples containing copolymer comparing to samples without
copolymer.

that at 3.5% MWCNT, there are networks for electron transfer
between the layers of non-woven mat based on percolation theory.
Therefore, the random structures of fibers, which are making
different layers of non-woven mat, have enough CNT to make
network between layers. As a result, it is possible to predict that the
value of conductivity would be more and the percolation threshold
would be less even if the conductivity is measured along fiber axis.

For the samples containing both MWCNT and copolymer,
a similar concentration effect on the electrical conductivity was
found. The electrical percolation threshold (5x 107> S/cm) was
observed for 4% CNT concentration. The results obtained show that
the electrical conductivity of mats containing compatibilizer is
slightly higher than samples containing MWCNT without compati-
bilizer, below and around percolation threshold (Fig. 15). The higher
values of conductivity originate probably from the good dispersion
condition of MWCNTSs in the samples, which reduces agglomeration
and helps distribution of MWCNTs along fiber axis. Improving
dispersion helps in conductivity modification below percolation.
However, after percolation (5%), a decrease in conductivity of sample
containing copolymer is observed compared to only MWCNTs con-
taining samples (Fig. 15). Moreover, the conductivity reached
a constant value more rapidly in samples with copolymer. This might
be the result of a reasonable dispersion of CNTs around percolation.

Good dispersion is expected to increase conductivity of mats
compared to samples without copolymer. However, coating and
compatibilization above percolation may have a reverse effect on
conductivity. At 5% w/w concentration, the network of CNTs is
organized in the sample with both copolymer and pure MWCNT.
Addition of copolymer partially coats the MWCNTs and therefore in
spite of forming networks; it could reduce the electrical conduction
as has been previously observed [8].

The conductivities of samples with 5% SWCNT and 5% DWCNT
were also measured. At this content, SWCNT shows the highest
conductivity as expected (3.7 x 1074Sjcm). The samples with
MWCNT/Copolymer (5.3 x 107> S/cm) and DWCNT (5.0 x 10> S/
cm) show the lowest amount of electrical conductivity. It should be
noted that, however, it is quite difficult to disperse the samples
with SWCNT and DWCNT, and the fibers obtained show the pres-
ence of CNT aggregates in the fibers in addition to the beads
structure. However, the unique structure of SWCNT overcomes the
poor dispersion of CNTs and the best conductivity is obtained.

3.5. Mechanical characterization of fiber mats

Electrospun PS/MWCNT fiber mats were studied in both cases of
with and without compatibilizing copolymer. For the samples
without copolymer, addition of MWCNT causes an increase in both
modulus and tensile strength before percolation threshold (Fig. 16).
A gradual increase is observed up to 2% CNT; then a jump in
modulus and tensile strength is observed at 3% MWCNT. Above 3%
MWCNT, modulus and tensile strength decrease and they are even
less than pure PS at 5% MWCNT. At 4% MWCNT, the internal
network of CNT is formed and it is thought to be the main reason
for weakening of nanocomposite mats. Since the formation of
network is accompanied with weakening of CNT/matrix at high
concentrations of CNTs. Increasing MWCNT content and network
formation decreases the strength of final PS mat and a reduction in
mechanical properties is obtained. The materials obtained above
percolation are quite brittle and weak (Fig. 16). Almost the same
behavior was observed for maximum tensile strain (emax) in the
samples containing MWCNT (Fig. 16). The increase of modulus at all
concentrations of MWCNT below percolation causes a change into
brittle behavior and accordingly, causes a decrease in gmax
compared to pure PS. The value of €q.x in all concentrations is less
than pure PS non-woven mat.
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Fig. 16. Tensile modulus, maximum tensile stress and maximum tensile strain as a function of MWCNT concentrations with and without copolymer.

A comparison of the values of modulus and tensile strength with
those of the samples containing only MWCNT shows a significant
copolymer effect. The modulus and tensile strength are about twice
for the samples containing copolymer (Fig. 16). Only at 3% MWCNT the
value of tensile strength in both samples with and without copolymer
is almost the same. Moreover, above percolation, improved
mechanical properties for samples containing MWCNT and copoly-
mer are still observed compared to pure PS. Therefore, not only quite
conductive systems are obtained above electrical percolation, but also
improved mechanical properties are achieved. The behavior of
maximum tensile strain (gmax) for the samples with MWCNT and
copolymer is totally different from pure MWCNT nanocomposite
fibers. emax increases as a function of MWCNT concentration and it
does not decrease even after percolation at 5% MWCNT/Copolymer
concentration (Fig. 16). It is to be reminded here that any increase in
MWCNT is accompanied with the same increase in copolymer
concentration for compatibilised nanocomposites. Therefore, copol-
ymer addition brings tough behavior to the electrospun mats even
with addition of MWCNT and decreasing modulus after percolation.

The localization of the compatibilizer at the interface of CNT and
polymer matrix improves the mechanical strength [40]. The results
obtained from the mechanical tests and increasing in €max prove
that the added copolymers are improving the interactions at the
interface. The improved interface due to copolymer addition results
in better mechanical strength of final nanocomposite electrospun

Table 4
Mechanical properties of different CNT types.
CNT type Modulus (MPa) Maximum tensile = Maximum
stress (MPa) elongation (&max)
5% MWCNT 7.0+ 1.8 0.18 +0.07 10.8 +2
5% MWCNT/copolymer  16.3 £0.1 0.61 +0.04 194 +5
5% SWCNT 104 +£2.0 0.22 £0.05 8.6+5
5% DWCNT 234+8.6 0.78 £0.16 123 +1

mats. From another point of view, addition of copolymer might
cause developing a kind of PS/SBS blend as the matrix. The
formation of the blend by adding copolymer concentration causes
tough behavior of the system and increase in €max.

The effect of different types of CNTs on final mechanical properties
was also studied (Table 4). As shown, in contrast with electrical
conductivity results, DIWCNT shows the best mechanical properties’
results. The highest values of modulus, tensile strength and g2 Were
obtained for the samples with DWCNT. This might originate from the
small size of DWCNT compared to MWCNT and more interface and
connection with matrix. Compared to SWCNT, DWCNT is easier to
disperse and therefore, the mechanical test results improve by adding
DWCNT. In the case of SWCNT, in spite of the small sizes of nanotubes,
poor dispersion causes the mechanical properties to deteriorate.
Similar results have been obtained previously in literature on the
effect of DWCNT in mechanical properties modification and obtaining
better results compared to MWCNT and SWCNT [34].

Samples containing both MWCNT and copolymer show best
improvement in both mechanical and electrical properties (above
percolation). Therefore, the compatibilised MWCNT samples could
give the best results from different aspects of view and this is of
great interests.

4. Conclusions

PS nanocomposite nanofibers combined with different types of
CNTs were electrospun in this work for the first time. The final
structures and morphologies of electrospun nanocomposite nano-
fibers were studied along with electrical and mechanical properties
of resulting mats. A copolymer was used to improve the dispersion
condition of CNT and the resulting suspension was analyzed by
means of optical microscopy and viscometry. Comparison of the
final morphologies of samples with different dispersion conditions
showed that CNT dispersion is an important controlling parameter
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for final fibers diameter and morphology. Below percolation, poorly
dispersed samples showed an unexpected increase in fiber dia-
meter while above percolation threshold, beads formation resulted
from poor nanoparticles dispersion. Reasonable electrical conduc-
tivity was obtained at the percolation threshold of 4% MWCNT.
Electrical conductivity results proved the positive effect of
copolymer addition below percolation threshold. However, above
percolation, the samples with copolymer showed a lower conduc-
tivity which might be because of CNTs coating with copolymer.
Moreover, morphologies and final properties of electrospun fibers
with different types of CNTs (SWCNT, DWCNT, MWCNT, and com-
patibilised MWCNT) at different concentrations and percolation
region were compared in this work. The results show the important
effect of dispersion on final fiber morphologies and properties. The
best conductivity obtained in SWCNT/PS mixture in spite of poor
dispersion. While adding copolymer causes better conductivity
results below percolation in MWCNT/PS mixture. The effect of
copolymer on improved compatibility was proved through
comparison of the mechanical properties test results between PS/
MW(CNT and PS/Copolymer/MWCNT systems.
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