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Abstract 

 
This work deals with preparation of CNT based 

silicone composites with a view to control the value of 
percolation threshold. To this end, the effect of organic 
solvent N-methyl-2-pyrrolidone (NMP) on dispersion of 
CNT in silicone (resulting in electrically conductive 
composites) was studied. 

Nanocomposites preparation comprised several steps: 
(1) dispersing CNTs in aqueous solution of NMP; (2) 
mixing them into a low viscosity silicone matrix using 
sonication; (3) curing of homogeneously distributed CNT-
based composition by curing agent. As a result, three types 
of composites differing in preparation method and with 
different CNT content (0–7 vol.%) were prepared. DC and 
AC conductivities as well as dielectric properties of 
nanocomposites were studied. The results obtained show 
that modification of CNT caused the increase of 
percolation threshold from 2 (for unmodified CNT) to 
4 vol.%. Such a shift can be explained by the insulation/
separation of individual CNTs. The separation of CNTs 
decreases the probability of percolation cluster formation, 
but increases the area of CNT-polymer matrix interface 
leading to the decrease of charge transport. 

 
 

Introduction 
 
Conducting polymer composites typically consist of 

a polymer matrix into which conducting fillers are 
incorporated. These multifunctional materials have many 
potential applications that include electromagnetic 
interference shielding1–3, electrostatic dissipation4 and heat 
dissipation5. Carbon nanofillers such as carbon black and 

carbon nanotubes are electrically conductive and useful for 
improving polymer properties6. In recent years, many 
researchers have shown that carbon nanotubes have unique 
nanostructure and extraordinary physical and mechanical 
properties. They are widely used as nanofillers to improve 
electrical, thermal and optical properties of polymer 
composites. However, the effective utilization of the 
properties of nanotube composites depends on the quality 
of their dispersion and the level of interfacial boxing of 
nanocomposites7. Uniform dispersion and distribution of 
carbon nanotubes throughout the matrix is difficult to 
obtain due to their tendency to form agglomerates during 
synthesis because of strong van der Waals attraction 
among individual tubes. This together with their large 
aspect ratios leads to CNT clumping. In the polymer 
composites these agglomerates decrease the surface area 
and disturb the formative network structure which is 
essential for improving electrical properties. Therefore, the 
main task of processing is to dissolve such agglomerates to 
obtain uniform dispersion. This is required to realize the 
full potential of the nanotubes as reinforcing materials. 
The conductive filler is added to the matrix to provide 
a three-dimensional network of filler particles in the 
system which in turn enhances the electrical conductivity 
of the composite. This transition can be described by the 
well-known percolation theory8. The presence of 
conductive particles in an insulating material alters the 
electrical conductivity of such composite system. At low 
conductive filler content, the electrical conductivity 
remains at the level of the unfilled insulating matrix. As 
the conductive content increases, an abrupt and significant 
increase of conductivity by several orders of magnitude is 
observed at a critical value of the filler content, which is 
called the percolation threshold (φc). Percolation theory is 
frequently applied to describe the insulator-to-conductor 
transitions in composite made of conductive filler and an 
insulating matrix. It has been shown both experimentally 
and theoretically that φc strongly depends on the aspect 
ratio (length to diameter ratio) of the filler particles. 
Common methods for the preparation of CNT filled 
polymer composites include in situ polymerization, shear 
mixing, melt blending, coagulation precipitation 
technique, sonication, oxidation, chemical 
functionalization of the tube surface and use of 
surfactants9. Sandler et al.10 reported φc of an epoxy matrix 
containing untreated CNTs around 0.5 wt.% which yields 
a conductivity of 10–2 S cm–1. Moisala et al.11 also 
prepared conductive epoxy composite with CNT with 
a percolation threshold of φc ~ 0.0025 wt.% using high 
shear mixing procedure proposed by Sandler et al.12. The 
epoxy with functionalized CNTs showed a lower 
percolation threshold: φc ~ 0.1–0.2 wt.%. The percolation 
thresholds were found to occur at 0.25 and 0.5 wt.% of 

A SOLVENT DISPERSION METHOD FOR THE PREPARATION OF SILICONE 
COMPOSITES FILLED WITH CARBON NANOTUBES 



Chem. Listy 108, s78–s85 (2014)                                                 Pokročilé teoretické a experimentální studie polymerních systémů  

s79 

CNT in polycarbonate prepared through melt blending and 
in polymethylmetacrylate prepared by coagulation, 
respectively. In this work, CNTs are generally dispersed in 
a solvent and then mixed with polymer solution by shear 
mixing and sonication. This method is considered as 
effective to prepare composites with CNT distributed 
homogeneously. However, it has to be pointed out that this 
method relies on the efficient dispersion of nanotubes in 
the solvent used. The choice of a solvent is generally made 
based on the solubility of the polymer as well. However, 
pristine carbon nanotubes cannot be homogeneously 
dispersed in most solvents. CNT are poorly soluble in 
nearly all classical solvents, with the exception of amide 
solvents such as N,N-dimethylformamide (DMF) or NMP. 
In several studies it has been demonstrated that it is 
possible to disperse considerable amounts of pristine CNT 
in bulk NMP (i.e. without adding any dispersing agents). 
McKernan and Blau found out that a single layer of NMP 
raises a big barrier between carbon nanotube interactions 
in CNT-NMP dispersion, preventing their aggregation into 
bundles13. The most promising organic solvent appears to 
be NMP with a reported dispersion limit of 0.01–0.02 g L–1. 
CNTs usually have weak affinities for most polymers. 

Silicone elastomer has been used as a matrix for 
nanocomposites because of its solubility in a range of 
solvents including water. The advantages of silicones 
include good thermal stability, excellent resistance to 
oxygen, ozone and sunlight, flexibility, anti-adhesive 
properties, low chemical reactivity and low toxicity. 
Silicone elastomer has found many applications (e.g. in 
marine vessels and coating of metals). Incorporating CNTs 
into silicone elastomer (Sylgard 184) stems from the 
exceptional properties of these nanofillers and the related 
hope to engineers at the nanometric level with enhanced 
yield strength, electrical and thermal conductivity. Use of 
CNTs as reinforcement in PDMS nanocomposites can 
widen their use in potential applications in electronic 
packaging materials. 

The present work describes an effective way of 
dispersing carbon nanotubes in Sylgard 184 (S184) by 
using of NMP as an organic solvent and subjecting the 
same to sonification. The experimental results are 
compared to those of CBs in the same PDMS. The effect 
of CNT distribution on the electrical conductivity (DC, 
AC) and dielectric properties of composites (S184/CNT, 
S184/CNT-NMP, and S184/CB) are discussed. 

 
 

Experimental 
 
Materials and sample preparation 

 
Liquid silicone elastomer (S184) consisting of Part A 

(base) and Part B (curing agent) was provided by Dow 
Corning (Midland, USA). Commercially available 
multiwall CNTs (MWNT-2040, purity ≥ 95 %, diameter of 
20–40 nm, length 5–15 m, specific area of 40–300 m2 g–1, 
and density of 1.8 g cm–1) were purchased from Conyuan 

Biochemical Technology (Taipei, Taiwan). Carbon black 
used in the study was high structure Vulcan (CABOT XC-
72R Cabot, USA). NMP with purity ≥ 99 % was used to 
modify CNTs (Sigma Aldrich, Saint Luis, MO, USA). 
Acetone and distilled water were used without further 
purification. Materials and samples were preconditioned in 
Climate chamber Discovery 250.  

 
Modification of carbon nanotubes  
by N-methyl-2-pyrrolidon  

 
The CNTs (1 g) were dispersed in neat NMP (40 ml) 

by ultrasonic treatment. The ultrasonic treatment has been 
carried out at 40 % amplitude and 0.4 cycles for 1 hr. 
After sonication, the visual inspection confirmed the 
absence of aggregates in all dispersions. The dispersion 
was immediately vacuum-filtered through binder-free 
glass fiber filters with 125 m porosity. After filtration, 
the CNT-NMP was dried in drying oven (Binder, ED, 
USA) at 200 °C from 2 hrs to 1 day. As can be seen from 
Fig. 1 and Fig. 2 modified CNTs are dispersed better than 
raw CNTs.  

Fig. 2. SEM image of CNTs after modification by NMP 

Fig. 1. SEM image of raw CNTs before surface modification  
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Preparation of S184/CNT composite by Mechanical 
mixing 

 
The first set of composites consisted of several 

samples with CNTs concentration varying from 0 to 
3.4 vol.%. Calculated amounts of CNTs and S184 were 
placed into a beaker and stirred using mechanical mixer 
(IKA Labortechnik, Staufen, Germany) at 100 rpm for 1hr. 
Then a curing agent was added and subsequently stirred at 
100 rpm for 5 min. After that, the mixture was filled into the 
mold  and placed into the vacuum desiccators where air bubbles 
were removed. Finally, the mold was closed and placed into 
drying oven where material cured at 70 °C for 12 hrs. 

 
Preparation of S184/CNT-NMP composite by 
Sonication 

 
Several composites of different filler concentrations 

(0, 1, 2.2, 2.8, 4 and 4.5 vol.%) were prepared. The certain 
amount of CNT-NMP, 15 ml of acetone and S 184 were 
placed into 50 ml beaker and sonicated by an UZ Sonopuld 
HD 2070. The sonication frequency, power and time were 
24 kHz, 400 W and 5 minutes, respectively. Then the 
beaker with the mixture was placed into the dish with hot 
oil (60 °C) and mixed using magnetic stirrer until 
evaporation of whole acetone. Prepared mixture was 
subsequently filled into the mold and placed into the 
vacuum desiccators for the removal of air bubbles. Finally, 
the mold was closed and placed into drying oven where 
material cured at 70 °C for 12 hrs. 

 
Preparation of S 184/CB composite by Mechanical 
mixing 

 
As comparative systems, S 184 filled with different 

concentration of carbon black (1, 3, 5, 7, 8, 9 and 
12 vol.%) were used. Calculated amount of carbon black 
and S 184 were placed into a beaker and stirred (IKA 
Labortechnik, Staufen, Germany) at 100 rpm for 1 hr. The 
curing agent was further added to the mixture and the latter 
was additionally stirred at 100 rpm for 5 min. The obtained 
mixture was then poured into the mold, evacuated and 
cured under the same conditions as in previous cases.  

 
Characterization of Electrical properties 

 
To study the electrical properties of the obtained 

composites in DC and AC electric fields the samples of 
cylindrical shape were used. The current-voltage (I-V) 
characteristics were measured using programmable 
electrometer Keithley 6517A (USA). DC conductivity 
(σDC) of the samples was determined from the measured 
I-V characteristics employing the following equation: 

where I [A] is electrical current, U [V] is voltage, A [cm2] 
is area of electrodes, d [cm] is thickness of the sample. 

Measured data were fitted by the percolation theory, 
according to which is expressed as  

where σDC [S cm–1] electrical conductivity of composite is, 
σ m is electrical conductivity of matrix, φc is critical filler 
volume fraction, φf  is filler volume fraction, q is 
experimentally determined exponent. 

Dielectric properties of the composites were 
investigated by the impedance method. In the low 
frequency range from 10 Hz to 100 kHz an LCR bridge 
(Hioki 35-22, LCR Hi Tester, Japan) was employed, 
whereas at higher frequencies ranging from 1 MHz to 
3 GHz the measurements were carried out by using 
Impedance Material Analyzer (Agilent E4991A, USA). 
The AC conductivity (σAC) and the real and imaginary 
parts of permittivity (ε', ε'') in low frequency region (from 
10 Hz to 100 kHz) were calculated based on the values of 
impedance (Z), capacity (C), conductivity (G) and loss 
factor (tanδ) measured on LCR bridge as follows: 

where d, A and ε0 are thickness of the sample, area of 
electrodes and permittivity of vacuum, respectively. In the 
high frequency range (from 1 MHz to 3 GHz) the 
calculation of ε' and ε'' was done automatically by the 
Impedance Material Analyzer itself for the entire 
measured frequency band. To calculate the frequency 
dependence of σAC for the mentioned frequency range the 
following equation was used:  

where f is frequency. 
 
 

Results and discussion 
 
Current -Voltage characteristics 

 
The current-voltage (I-V) dependencies of the 

composites with different amount of CNT, CNT-NMP and 
CB are shown in Figs. 3–5.  

A semiconducting character of the composites in 
transition area causes non-linearity of the current-voltage 
(I-V) characteristics.  

The non-linearity of I-V curves is quite pronounced 
for the composites with the low content of CNTs (~ 1–1.5 
vol.%, Fig. 3) as well as for the composites containing 
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1–3.4 vol.% of CNT-NMP (Fig. 4) and 1–8 vol.% of CB 
(Fig. 5). This can be explained by an activation 
conductance mechanism, where the presence of a certain 
number of conducting paths determines the increase of 
conductivity with increase of voltage: more electrons are 
activated and hop over the non-conducting silicone 
elastomer barriers between the conducting fillers islands/
clusters. With increasing content of filler (~ 2–3.4 vol.% of 
CNT (Fig. 3), 4–4.5 vol.% of CNT-NMP (Fig. 4) and 9–
12 vol.% of CB (Fig. 5) the I–V characteristics become 
linear. Thus, the ohmic charge transfer is given by direct 
contacts and the current increases with the voltage linearly. 

 
DC electrical conductivity  

 
We presume that once the volume fraction of CNT 

reaches a critical value, i.e. the percolation threshold, the 
new conductive structure starts to form. This indicates 
a phase transition from insulator to conductor state. The 
electrical conductivity of silicone polymer composites 
depends on the concentration of conductive filler. Fig. 6 
shows the dependence of DC specific conductivity against 
conductive filler content measured at laboratory 
temperature 25 C for S184/CNT, S184/CNT-NMP and 
S184/CB composites. As regarding the pure silicone 
elastomer matrix, it is an electrical insulator with very low 
value of conductivity (σDC=5·10−12 S cm−1). 

In the Fig. 6 we can see comparison of electrical 
properties of silicone elastomer with the non-dispersive 
(CNT) and dispersive (CNT-NMP) carbon nanotubes. 
Further, we studied conductive systems with particle filler 
(CB) in silicone elastomer.  

The electrical measurements carried out on samples 
(S184/CNT) revealed that conductivity starts to rise at the 
filler content of about 1 vol.%. The values of electrical 
conductivity of the S184/CNT increased by more than 
nine orders of magnitude, i.e. from 10–12 to 10–3 S cm–1 in 
the range of filler content of 1 to 3.4 vol.%. The electrical 
conductivity of S184/CNT showed slightly linear increase 
and reached 10–1 S cm–1 corresponding to conductive 
material when the CNTs content was 2.8 vol.%. The value 
of percolation threshold was reached at low content of 
conductive filler (φc ~ 1 vol.%), which is caused by poor 
dispersion and big bundles (agglomeration) where charge 
carriers are transported through conductive bundles of 
CNTs. A different behavior is noted for the carbon 
nanotubes modified by N-methyl-2-pyrrolidon, which 
caused insulation and separation of CNTs and exerted 
influence on the shift of percolation threshold to higher 
value (φc ~ 4 vol.%). This value of percolation threshold 
for CNT-NMP composite indicates good homogeneity and 
dispersion of CNTs in the silicone elastomer. The 
separation of CNTs decreases the probability of 
percolation cluster formation but increases the area of the 

Fig. 3. I-V characteristic for the S184/CNT Fig. 4. I-V characteristic for the S184/CNT-NMP 
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CNT-polymer matrix interface. As can be seen, the good 
dispersion of CNTs shifts φc to the higher value.  

The percolation threshold of polymer composites with 
CB amounts to 9 vol.%. Such a high value of percolation 
threshold is caused by low aspect ratio of filler. Generally 
it is known that with an increase in the aspect ratio of filler 
the percolation threshold shifts to higher values.  

AC electrical conductivity 
 
In Fig. 7 AC conductivityis presented as a function of 

applied frequency for all nanocomposites containing 
different conductive fillers (CNT, CNT-NMP, CB). AC 
conductivity for all systems has been calculated from the 
dielectric loss factor via eq. (6). For the composites AC 
conductivity is both frequency and CNT content 
dependent and increases by almost 8 orders of magnitude 
with increase in both frequency and volume content of 
fillers. AC spectra of specimens with filler concentrations 
below the percolation threshold display curve similarity 
and values proximity.  

For system S184/CNT an abrupt increase of 
conductivity is observed (up to 6 orders of magnitude) in 
the specimens having CNT content in a range of 1.5 to 
2 vol.%. This pronounced alternation is a first-hand 
indication that the percolation threshold has been already 
reached. AC conductivity spectra for the composites with 
2.4 and 8 vol.% of filler (CNT, CNT-NMP and CB) 
content exhibit a wider plateau of the so called apparent 
DC conductivity.  

Fig. 7 shows the frequency dependence of σAC for the 
composites containing different conductive fillers (CNT, 
CNT-NMP, CB) measured at room temperature. It can be 
seen that σAC increases linearly with the frequency, 
showing a typical behavior for non-conductive or semi 
conductive materials. Again, the increase of conductivity 
at low frequencies with the incorporation of nanotubes is 
observed with a percolation threshold between 2.8 and 
4 vol.% of CNT-NMP at 100 Hz (considered to be the DC 
conductivity) at room temperature. The conducting state of 
the composites becomes very pronounced above the 
percolation threshold. Composites containing 4–4.5 vol.% 
of CNT-NMP are definitely above the percolation 
threshold as the power law regime is particularly shifted to 
higher frequencies and thus the material behaves as an 
ohmic conductor with conductivity almost independent of 
frequency. 

AC electrical conductivity of silicone elastomer with 
varying content of carbon nanotubes is shown in Fig. 7a).  

The bulk electrical conductivity of silicone elastomer 
filled with 1and 1.5 vol.% of CNTs increases with 
increase in frequency as expected for an insulating 
material with values of 10–12 S cm–1 and 10–11 S cm–1 at 
101 and 102 Hz, respectively.  A drastic increase in 
conductivity is observed for silicone elastomer at 2 vol.% 
of CNT (10–6 S cm–1) where the electrical conductivity is 
independent over a wide range of frequency indicating the 
formation of percolating path of CNT. Silicone elastomers 
with 2, 2.8 and 3.4 vol.% of CNT exhibit a frequency 
independent plateau up to a critical frequency above which 
the conductivity dispersion is observed. 

 
Dielectric properties 

 
Additional frequency dependent measurements of the 

electrical properties are very useful for the investigation of 

Fig. 5. I-V characteristic for the S184/CB 

Fig. 6. The dependence of electrical conductivity σDC on the 
conductive filler content in the composite 
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the conduction mechanisms of polymer composites. 
Electrical properties can be determined at various 
frequencies.  

The frequency dependencies of the real part of the 
permittivity of conducting composites are shown in Fig. 8 
characterizing the polarization of systems in an alternating 
field. 

With the increase in content of CNTs from 1 to 3.4 
vol. % ε' increased. The highest value of ε' for the 
composite filled with 2.8 vol.% of CNT reached ~ 116. 

Real part of permittivity for S184/CNT-NMP composite is 
about 10 at approximately the same content of the filler 
(Fig. 8b). With increasing content of conductive filler this 
behavior changes. At low frequencies permittivity 
significantly increases with the increase in filler content 
but at a certain frequency a relaxation processes take place 
resulting in a drop of the permittivity with increasing 
frequency. 

The difference in ε' between the 184/CNT and S184/
CNT-NMP composites increases rapidly, as the filler 

Fig. 7. The frequency dependence of electrical conductivity 
σAC for the: a) S184/CNT; b) S184/CNT-NMP; c) S184/CB 

Fig. 8. The frequency dependence of real part of permittivity 
for the: a) S184/CNT; b) S184/CNT-NMP; c) S184/CB  



Chem. Listy 108, s78–s85 (2014)                                                 Pokročilé teoretické a experimentální studie polymerních systémů  

s84 

concentration increases. At 2.8 vol.% of filler ε' for S184/
CNT and S184/CNT-NMP is 116 and 10 respectively. 
However, at 3.4 vol.% of filler ε' of S184/CNT is about 
270, whereas in S184 filled with 4 vol.% of CNT-NMP ε'= 
20. The systems of S184/CNT with poorly dispersed CNTs 
(with large bundles of CNTs) and those with well modified 
CNTs by NMP exhibit significant differences in the ε' 
caused by the difference in number of charge carriers. The 
lower values of ε' of materials (S184/CNT-NMP) were due 
to the organic solvent (NMP), which caused the insulation 
and separation of individual CNTs. 

It is reasonable that higher ε' can be obtained when 
the composites are filled with higher content of conductive 
filler due to the higher interfacial polarization at the 
conductive filler/ silicone elastomer interface. 

The interfacial polarization can be more easily 
induced at lower frequency. Furthermore, the displacement 
current significantly lags behind the build-up potential as 
the frequency increased. Thus, it is reasonable that ε' 
decreased with increasing frequency and exhibited 
a visible frequency-dependent dielectric response. 

Fig. 8c shows dependencies of ε' on frequency for the 
composites with CB. The ε' is ~ 10 for silicone elastomer 
filled with 5 vol.% of CB. It means that for composites 
filled with 5 vol.% of carbon black which is just a little 
higher than that for volume content of CNTs, the value of 
ε' is the same. It is caused by the shape of filler in 
particular form. Aspect ratio can significantly influence 
behavior of polymer composites in AC electric field. The 
particular filler (CB) has L/D ≈ 1, on other hand, fibrous 
filler (CNT) has L/D ≈ 102–103, which can significantly 
influence the concentration of charge carriers at the end of 
fibrous filler and change values of ε'. 

 
 

Conclusion 
 
Conductive nanocomposites were obtained by 

incorporation of CNTs in silicone matrix. Nanocomposites 
with different concentrations of CNTs were characterized 
by means of electrical measurement of their DC and AC 
conductivities. It was established that the modification of 
CNT by NMP attended by ultrasonic agitation with liquid 
silicone lead to the homogenous dispersion of CNTs in 
silicone elastomer which doubles the value of percolation 
threshold  of composites up to 4 vol.% of CNTs.  This can 
be explained by individualization of CNTs thanks to 
technology developed. Additionally, the effect of aspect 
ratio of filler on percolation threshold in composites was 
studied. The results obtained proved the expectation that 
high aspect ratio of CNTs leads to lower value of 
percolation threshold compared to percolation threshold of 
composites filled with carbon black. 
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