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Coagulation technique was applied for preparation of multiwall carbon nanotube- (MWNT-)containing polystyrene (PSt)
composite materials with different MWNT loading (0.5–10 wt.%). Scanning and transmission electron microscopies were used
for investigation of the morphology and structure of produced composites. It was shown that synthesis of MWNT/PSt composites
using coagulation technique allows one to obtain high dispersion degree of MWNT in the polymer matrix. According to
microscopy data, composite powder consists of the polystyrene matrix forming spherical particles with diameter ca. 100–
200 nm, and the surface of MWNT is strongly wetted by the polymer forming thin layer with 5–10 nm thickness. Electrical
conductivity of MWNT/PSt composites was investigated using a four-probe technique. Observed electrical percolation threshold
of composite materials is near to 10 wt.%, mainly due to the insulating polymer layer deposited on the surface of nanotubes.
Electromagnetic response of prepared materials was investigated in broadband region (0.01–4 and 26–36 GHz). It was found that
MWNT/PSt composites are almost radiotransparent for low frequency region and possess high absorbance of EM radiation at
higher frequencies.

1. Introduction

Carbon nanotubes attract high attention as perspective
material due to their high mechanical strength, Young’s
modulus, thermal and electrical conductivity, and chemical
stability. One of the most interesting ways of application
of multiwall carbon nanotubes (MWNT) is their usage
for synthesis of MWNT-reinforced composite materials.
Introduction of carbon nanotubes in polymer matrix leads to
significant increase of material’s properties, such as mechan-
ical strength, electrical conductivity, fracture toughness, and
electromagnetic shielding properties [1–3]. In recent decade
many works were done in the field of the development
of preparation techniques and investigation of properties
of MWNT-reinforced plastic composites, based on such

matrices as epoxy resin [4], polymethylmethacrylate [5],
polyurethanes [6], polystyrene [7], and polypropylene and
polyethylene [7, 8] Nowadays several preparation methods
were successfully used for synthesis of CNT-containing com-
posites, melt mixing [9], solvent cast technique [10], in situ
polymerization [11, 12], coagulation precipitation [13], and
so forth. Among these methods coagulation precipitation
technique described by Du et al. [14] is one of the most
promising because of its experimental simplicity, potential
scalability, and ability for usage for synthesis of various
thermoplastic-based polymer composites. In this method the
filler material and polymer matrix precursor are dissolved in
appropriate medium, treated (with ultrasound, mechanical
stirring, or any other necessary technique) for disaggregation
and distribution of filler, and produced mixture is poured in
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appropriate solvent, providing dissolution of the suspension
medium with further precipitation of the matrix material
with incorporated filler. Using this technique, it is possible
to achieve high degree of distribution of filler (e.g., carbon
nanotubes) in the matrix due to relatively high amount of
the solvent with low viscosity as compared with pure matrix.
Successful application of the coagulation precipitation tech-
nique depends strongly on the right choice of the solvent
medium and disaggregation method.

In the present work coagulation precipitation technique
was applied for preparation of MWNT-containing poly-
styrene composites with various CNT content, and investiga-
tion of their morphological, structural, electrophysical, and
electromagnetic properties was performed.

2. Experimental and Methodology

Multiwall carbon nanotubes (MWNT) with average diame-
ter 20–22 nm were produced on site by CVD decomposition
of ethylene over bimetallic FeCo catalysts at 680◦C. Synthe-
sized MWNTs were purified by reflux with HCl (1 : 1), rinsed
with distilled water, and dried in air at 60◦C overnight.

Polystyrene (PSt) with molecular weight ca. 75 000–
100 000 was dissolved in dimethylformamide (DMF) to form
concentration 0.05 g/mL.

Coagulation technique described elsewhere [15] for
preparation of MWNT/PMMA composites was applied for
synthesis of MWNT/PSt composites as follows. Necessary
amount of purified MWNTs was placed in the water-
cooled glass reaction vessel, 80 mL of PSt/DMF solution
and 40 mL of pure DMF were added to MWNT, and the
mixture was sonicated (22 KHz, 800 W) during 1 hour. After
sonication MWNT/PSt/DMF suspension became uniformly
black and was poured into ca. 1000 mL of distilled water (55–
60◦C). Immediately after mixing with water precipitation of
MWNT/PSt composite takes place leading to formation of
spongy deposit with color changing from light gray to black
depending on MWNT loading. MWNT/PSt composites with
MWNT con tent 0.5, 1.0, 2.0, 4.0, and 10.0 wt.% were
prepared using described technique.

Produced deposit was filtered, rinsed with water (500 mL
for 3 times) and dried in air at 60◦C overnight, milled
in rotary mill, and dried once more at 60◦C in vacuum
(10−2 torr) for 4 hours until the constant weight. Composite
powder was hot pressed at 115–120◦C between polished steel
plates with pressure up to 200 kg/cm2 to form films with
dimensions ca. 60 mm Ø × 0.3 mm.

Scanning and transmission electron microscopy inves-
tigations were performed using JSM6460LV and JEM-2010
microscopes, correspondingly. For SEM analysis polymer
films were broken and glued to the copper plate using silver
glue with fresh break upwards. In order to avoid charging
effects composites were gold coated with layer thickness
60–80 Å. TEM analysis was performed for powder samples
deposited on the copper grid from ethanol suspension using
horn ultrasonicator.

Electrical conductivity of composite films was measured
using four-probe technique in temperature range 4.2–300 K

with silver wire (0.1 mm in diameter) contacts attached to
the sample using silver glue. The low conductivity threshold
of the experimental setup was 10−11 S/cm.

Electromagnetic response properties (reflection, absorb-
ance, and transmission coefficients on power) were mea-
sured in 0.01–4 and 26–36 GHz frequency ranges. For
low-frequency range coaxial cell with 16 mm O.D. and
6.95 mm I.D. connected to the transmittance and reflectance
measurement unit R2-4M (Mikran, Russia) was used. High
frequency measurement was performed using open horn
measurement cell, connected with HP Agilent PNA E8363B
vector network analyzer.

3. Results and Discussion

Structure of carbon nanotubes was investigated by means of
transmission electron microscopy. The typical TEM image
of MWNTs used for synthesis of composites is shown on
Figure 1.

The average diameter of MWNTs was determined statis-
tically after analysis of 400–450 individual nanotubes on 10–
15 TEM images and Gatan software package and made the
value of 22–24 nm. No additional purification was used for
removal of possible excessive amorphous carbon—according
to our previous studies [16] the amount of amorphous
species on the surface of MWNTs does not exceed 0.5 at.%.
The residual metal particles are situated mainly inside of
carbon nanotubes, the quantity of the metal was estimated by
X-ray fluorescent analysis and was found to be ca. 0.5 wt.%.

Investigation of the internal structure of composite films
was performed using scanning electron microscopy in order
to obtain data on the dispersion state of MWNTs in
the polystyrene matrix. Optical microscopy was used. On
Figure 2 SEM images of fresh breaks of the composite films
with MWNT concentration 0.5, 1.0, 2.0, 4.0, and 10 wt.%,
and reference pure polystyrene film are shown. Carbon
nanotubes are well distributed in the polymer matrix for
all concentrations, noting that the increase of CNT content
does not lead to formation of visible agglomerates in the
bulk volume of the polymer. MWNTs are covered with the
polymer layer, which remains intact after breakage of the
composite film (see Figure 2(d) e.g.) indicating good wetting
of the CNT surface with the polystyrene.

Transmission electron microscopy images of initial
MWNT/PSt composite powders are presented on Figure 3.
Polystyrene forms spherical particles with approximate
diameter 50–200 nm either separated or linked with each
other (Figure 3(a)), which may be freestanding or situated
on the surface of nanotubes (Figures 3(b) and 3(c)). The
surface of MWNTs is covered with the layer of amorphous
polystyrene with thickness up to 10–20 nm or forming drop-
like particles on the surface of nanotubes (see Figures 3(b),
3(c), and 3(d)). The average value of the contact angle
between polystyrene particles and carbon nanotubes lays in
range 18–28 degrees, indicating good wetting of the CNT
surface with the polymer.

Wetting of the nanotube surface with polymer may
be of crucial importance to obtain good disaggregation of
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Figure 1: Initial multiwall carbon nanotubes, (a) TEM image of MWNTs, (b) statistical distribution of MWNTs.

MWNTs and subsequent high dispersion state of nanotubes
in polystyrene matrix due to change of the interaction
behavior from “CNT-polystyrene” in the case of low wetting
to “polystyrene-polystyrene” in the case of the high wetting.
Nevertheless, the presence of the insulating polymer layer on
the surface of conductive nanotube can significantly change
the electrical conductivity of resulting composite.

Thus according to the microscopy data it is reason-
able to conclude that coagulation precipitation of the
polystyrene/MWNT mixture from DMF solution allows one
to produce composite material with highly disaggregated
nanotubes. As it was early mentioned by Du et al. [14]
for SWNT/PMMA composites precipitation of the dissolved
polymer leads to wrapping of the disaggregated nanotubes
with polymer chains, thus preventing further agglomeration
of CNTs and in our case leading to insulating of the
nanotubes by relatively dense polymer layer with thick-
ness comparable with MWNT diameter. Agglomeration of
MWNTs during deposition and further film processing does
not occur mainly due to the polymer layer formed on the
surface of the nanotubes, preventing strong van der Waals
interactions between individual CNTs, which are produced
from agglomerates during ultrasonication in DMF which is
known as a well-dispersing agent for carbon nanostructures
[17] because of its high polarity and free electron pair of
the nitrogen atom which interacts with distributed π-system
of CNT allowing good wetting of the surface and further
disaggregation of tangled agglomerates.

Thus in our case highly dispersed nanotubes are covered
with the polymer layer immediately after disaggregation and
this may be of crucial importance to further formation of the
distributed network of CNTs in the bulk polymer matrix.

Electrical resistivity measurements of MWNT/PSt com-
posite films were performed using four-probe technique,
applied earlier for investigation of electrophysical properties
of MWNTs and MWNT-containing polymer composites
[18]. It is well known that introduction of continuous carbon

nanotubes in the dielectric polymer matrix allows to increase
conductivity of the resulting composite for several orders
of magnitude. Conductive composite materials can be char-
acterized by the percolation threshold which for multiwall
carbon nanotubes lays in range from ca. 0.005 wt.% [19] to
3-4 wt.% [20] depending on the electrophysical properties
of initial nanotubes and peculiarities of the composites’
preparation (alignment and dispersion of nanotubes etc.).

Earlier we have observed percolation threshold ca.
0.5 wt.% for the same type of nanotubes incorporated in
the polymethylmethacrylate (PMMA) matrix and prepared
using the same coagulation technique [21]. Composite
materials investigated in this work show better distribution
of MWNTs in the polymer matrix, but at the same time
surprisingly low electrical conductivity for these materials
was found. Significant conductivity (4.4 × 10−4 S/cm) was
observed only for composite sample with 10.0 wt.% load-
ing of CNTs; all other samples show electrical resistivity
higher than 109 Ohm/cm which was the sensitivity threshold
for the setup used for measurements. For comparison
MWNT/PMMA composites with the same type of nanotubes
showed higher electrical conductivity

This phenomenon can be described taking into con-
sideration the above-mentioned wetting of the nanotubes’
surface and formation of polystyrene layer on it. It is well
known that electrical percolation proceeds in systems formed
with conductive inclusions in the insulating matrix, but in
the case of MWNT/PSt composites the clearly observed 3-
dimensional network in the bulk volume of the polymer
is constructed of nonconductive objects due to the strong
wetting occurring between carbon nanotube surface and
polystyrene and subsequent covering of the surface of each
nanotube with polystyrene layer. In this case electrical
conductivity may occur only for relatively dense systems with
high CNT content in which numerous potential electric con-
tacts are presented. Despite high disaggregation degree and
homogeneous distribution of MWNTs for composites with
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Figure 2: SEM micrographs of the MWNT/PSt composite films (gold-coated fresh breaks) with CNT loading 0.5 (a), 1.0 (b), 2.0 (c), 4.0
(d), and 10.0 (e) wt.%. On Figure (f) pure PSt film is shown for comparison.

low concentrations of nanotubes, formation of geometrical
CNT network is not enough to form electrically conductive
system.

Nevertheless, this phenomenon may be used for the
design of CNT-based composites with tailorable properties,
for example nonconductive coatings with enhanced mechan-
ical, tribological, and thermal properties or for synthesis of
EM-shielding coating with low reflection ability due to low
electrical conductivity.

Electromagnetic response of produced composites was
investigated in frequency range 0.01–4 and 26–36 GHz. In
the low frequency region reflection and transmission coeffi-
cients for composite materials were measured directly in the
coaxial cell, and it was found that nonconductive composites
are almost radiotransparent in frequency range 0.01–4 GHz.
In the microwave frequency region 26–36 GHz transmission
(T) and reflection (R) coefficients were measured using open
horn measurement sell. Absorption coefficient (A) of the
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Figure 3: TEM images of MWNT/PSt composite powders with different MWNT loading. Carbon nanotubes covered with polystyrene. (a)
2 wt.% of MWNTs in PSt, 2–10 wt.% of MWNTs in PSt, 3, 4–0.5 wt.% of MWNTs in PSt. The polymer is presented in form of spherical
particles (a) and the layer on the surface of CNT (b, c, d).

EM radiation in the sample can be calculated as A(%) =
100− R− T.

Data on the dependences electromagnetic response of
MWNT/PSt composites with various MWNT loading at
fixed frequencies are shown in Figure 4. Increase of the EM
radiation frequency leads to the simultaneous growth of the
absorbance coefficient and, what is the most surprising, to
the sharp diminishing of the reflectance of EMI even for
composites with high MWNT loading.

EM properties of all composite materials are changing
with increase of the MWNT content in the material. Only
slight changes can be seen for the composite with 0.5 wt.%
MWNT loading—it is almost radiotransparent in all fre-
quency range. Increase of the MWNT content leads to
drastic increase of the EM absorbance and reflectance with

subsequent drop of the EM transmittance coefficient. It is
noteworthy that absorbance coefficient A for the samples
with high MWNT loading increases more sharply as com-
pared with the reflectance coefficient R especially for higher
frequencies.

Analyzing data on the EM response of the compos-
ites versus MWNT loading and frequency, one can see
percolation-like behavior. At the same time no significant
electrical conductivity was observed for all samples excluding
10 wt.% sample. Such behavior can be explained taking into
consideration structural data for MWNT/PSt composites:
(a) high wetting of MWNT surface with polystyrene allows
one to obtain high degree of MWNT distribution in the
polymer body with formation of the percolative 3-dimen-
sional nanotube network; (b) the surface of each individual
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Figure 4: Electromagnetic response of MWNT/PSt composites at fixed frequency versus MWNT loading. (a) EM response at 29 GHz, (b)
EM response at 34 GHz.

nanotube is covered with the polystyrene thus the above-
mentioned nanotube network is consisted of insulating
objects; (c) the surface conductivity cannot be measured at
low MWNT loadings due to insulation between nanotubes
on the surface and in the volume of the polymer composite;
(d) microwave probing of such material leads to high EM
absorbance and relatively low reflectance from the bulk
volume of the material.

The last point should be considered separately. The
characteristic wavelength for the microwave radiation is
∼0.7 cm, which is much higher than the size of the individual
nanotube and MWNT agglomerate and the thickness of the
composite sample.Thus it is possible to suggest that incident
EM wave interacts with the whole composite sample, and
this interaction is facilitated due to the absence of surface
conductivity and possible skin effects.

Earlier we have observed the effect of high EM shielding
for MWNT/PMMA composite materials with the same
MWNT loadings in the microwave region [22]. In the case of
PMMA-based composites the surface wetting of nanotubes
was low, and the surface conductivity of all samples was
higher as compared with PSt-based composites with electri-
cal percolation threshold at ca. 0.5 wt.% of MWNTs.

Thus for conductive MWNT/PMMA samples observed
earlier high shielding efficiency was achieved mainly due
to the reflectance of EM radiation from the surface of the
composite film.

In the case of low-conductive MWNT/PSt composite
materials high electromagnetic response may be attributed
with various mechanisms of dissipation of EM radiation—
such as mechanical resonances of disaggregated carbon
nanotubes in polymer media, metamaterial-like absorbance
due to formation of inductance-capacitor (LC) circuits in the
carbon nanotube network.

The detailed clarification of the nature of strong EM
absorbance by low-conductive MWNT-composites needs
further detailed investigations.

4. Conclusions

Polystyrene-based composite materials containing multi-
wall carbon nanotubes were synthesized via coagulation
technique. According to electron microscopy study carbon
nanotubes are well distributed in the polystyrene matrix
forming 3-dimensional uniform network.

High wetting of the nanotube surface with polymer
results in formation of the polystyrene layer with thickness
5–15 nm just after the coagulation, the polymer on MWNTs.
Finally that prevents electrical contacts between nanotubes in
the composite. The insulation of each nanotube is the main
reason of low electrical conductivity for low loadings of CNTs
in composite neither shortening or dispersion state of CNT.

Significant electrical conductivity was observed only for
materials with 10 wt.% of MWNT content with correspond-
ing conductivity value 4.4 × 10−4 S/cm. We have found
that EM response of MWNT/PSt composite materials with
high CNT loading has high contribution of absorbance
in GHz frequency range in contrast to highly conductive
MWNT/PMMA composites investigated earlier where the
main contribution into the EM response is reflectance.

Electromagnetic response of the CNT/PSt composite
does not depend only on the electrical conductivity of
the composites—the interaction of EM radiation with
nanotubes occurs at low loadings—namely, 1-2 wt.%, thus
allowing to conclude that formation of the insulated network
of CNT interacting with EM radiation proceeds even at
low CNT loadings (which is in agreement with SEM data
concerning formation of uniform CNT distribution in
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polystyrene matrix). Detailed mechanism of such high EM
absorbance is not clear and needs further investigations.

MWNT-containing composites with polystyrene matrix
can be used for synthesis of tailorable materials with variable
electrical and electromagnetic properties.
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