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Abstract Carbon nanotubes (CNTs) were prepared using
Alcholic Catalyst Chemical Vapor Deposition (ACCVD)
technique in order to investigate the effects of their addition
on the optical, electrical and mechanical properties of Poly
(3-octylthiophene-2,5-diyl) (P3OT) matrix. The absorption
spectra of the prepared CNTs and CNT-P3OT nanocompo-
sites were measured in the spectral range 200 nm–3,000 nm
at room temperature. The optical energy gap was deter-
mined from the obtained UV/Vis absorption spectrum. Op-
tical results reveal that the prepared CNTs are almost single
walled. Besides, the addition of CNTs to P3OT polymer
matrix will decrease the optical energy gap and enhance
the optical absorbance of P3OT matrix. On the other hand,
the addition of CNTs to P3OT matrix will increase the
electrical conductivity of P3OT matrix up to four orders of
magnitude above the percolation threshold (0.44 wt%
CNTs). Additionally, I–V characteristics indicate that the
conduction mechanism is Ohmic at low applied voltage
range while it is due to the trap charge limited at high
applied voltage range. Furthermore, the behavior of dc
conductivity with temperature was also investigated and
the obtained results reveal that the activation energy
decreases with CNTs content. Finally, mechanical results
reveal that the elastic modulus values increase with the
increasing of CNTs content in P3OT matrix.
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Introduction

The synthesis of nanocomposites opens up an attractive
route to obtain novel and optimized compounds that can
meet a broad range of applications. In this situation, the
exceptional properties of nanoparticles have made them a
focus of widespread research in nanocomposite technology
[1–3].

Conjugated polymers such as P3OT have been extensively
studied [1–14] as promising materials for applications in light-
emitting diodes, displays, solar cells or other optoelectronic
devices due to their processability, flexibility and low produc-
tion costs. On the other hand, many important aspects of the
electronic and optical properties of these materials are still not
fully resolved [6–11]. However, conjugated polymers can
become electrically conducting by doping or oxidation process
but are usually insoluble in common solvents. One method to
convert them into soluble is to add lateral groups to the
backbone of the molecules, such as the case of poly3-
octylthiophene (P3OT). The advantage of a soluble conducting
polymer is evident for application purpose. Like many poly-
alkylthiophenes (PATs), P3OTcan be obtained as thin films by
electrochemical polymerization of 3-octylthiophene (3OT)
[13].

Single walled carbon nanotubes (SWCNTs) can be de-
scribed as a single graphene sheet rolled into tube. These tubes
are proposed to be either metallic or semiconducting depend-
ing on their spiral conformation and diameter, making them
ideal reinforcing fillers composite materials [14]. Additionally,
the unique electronic and mechanical properties of carbon
nanotubes (CNTs) have shown a lot of potential for a vast
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range of applications, including quantum wire for scanning
probe microscopy and molecular diodes [12–21].

Recently, research has focused on composites of electron-
ically active conjugated polymers and carbon nanotubes,
which demonstrate a number of advantages. They show po-
tential for electronic device applications promising to greatly
enhance transport properties in these systems. This is thought
to be a key issue for the realization of viable devices such as
organic light emitting diodes and solar cells [12–17]. Despite
of the extensive researches on these composites, still more
researches need due to the following reasons: (a) practical
advantages of CNT-polymer composites is the case in the
preparation of products with shapes and patterns by using
simple processing technology and hence reduces the manu-
facturing costs and (b) their electronic and optical properties
are still not fully resolved [13–17].

Different attempts have been also made to disperse uni-
formly CNTs for the preparation of the polymer composites
such as using functionalized CNTs, in situ polymerization and
sonification in organic solvents. Besides, chemical function-
alization of carbon nanotubes using different strong acids,
generally, will introduce carboxylic groups at CNTs surface
and consequently, this will improve CNTs dispersion in or-
ganic solvents or polymer matrix. At the same time, such a
method will cause a morphological damages to CNTs and will
cause physical damages in addition to the severe degradation
of the originally desirable properties of CNTs. Consequently,
casting technique with the using of ultrasonication method to
disperse CNTs in polymer matrix is non-distructive method
and will not introduce any chemical modifications in the
polymer-CNTs composites [18, 19].

Present work aims to prepare CNTs-semiconducting con-
jugated polymer nanocomposites with significant physical
properties for photovoltaic applications. In this respect, the
absorption spectra of these nanocomposites will be investigat-
ed. Besides, the percolation concentration threshold of CNTs
will be calculated from the dc conductivity measurements.
The conduction mechanisms and the temperature dependence
of the dc conductivity will also be studied. In addition, stress–
strain curves will be studied and some of the mechanical
parameters will be calculated. Finally, correlations between
these studied physical properties will be discussed.

Experimental

Materials and preparation

Polymer

Poly(3-octylthiophene-2,5-diyl) (P3OT) was purchased
from Aldrich (Ref. No. 445711). It has greater than 98.5%
head-to-tail region-specific conformation, molecular weight

34,000, melting point 90 °C, and fluorescence emission at
562 nm in chloroform when the excitation wavelength is
442 nm.

Synthesis of CNTs

Carbon nanotubes (CNTs) were synthesized via the alcohol
catalytic chemical vapor deposition (ACCVD) technique
using a 50 cm long ceramic tube furnace with diameter of
12 cm. Cobalt acetate supported catalyst was first prepared.
A metal acetate solution was prepared by dissolving 42 mg
of cobalt acetate (CH3COOH)2Co-4H2O (99.999%, Sigma-
Aldrich) in 10 ml of ethanol with stirring for 10 min fol-
lowed by sonication for 2 h at room temperature. For a
substrate, we employed p-type Si wafer with (100) surface
polished at one surface (University Wafers, USA) and a
thickness of 0.5 mm. The substrate was cut into a strip of
about 10×25 mm2. The substrate was cleaned by consecu-
tive acetone sonication for 5 min, washed with DI water and
blown with dry nitrogen. The substrate piece was then
submerged vertically into the prepared metallic acetate so-
lution for 5 min. This piece was then drawn up from the
solution at a constant speed of 4 cm/min. The piece was then
placed in a furnace and maintained at 400 °C for 5 min [20].

For the growth of CNTs, Cobalt acetate supported cata-
lyst was placed into alumina combustion boat; whereas a
10° inclined graphite stage was used to support the sub-
strates and the group was then placed at the center of the
tube furnace. The tube was evacuated to 150 mTorr, and
samples were heated to the desired reaction temperature
under 250 sccm of flowing argon. Once the growth temper-
ature was reached (depending on the growth temperature),
samples were held at that temperature for 5 min. The argon
was then shut off and the tube was evacuated before the
introduction of alcohol vapor. The alcohol vapor (ethanol)
was then transferred into the tube furnace to achieve a
pressure of 5–10 Torr. After growth, the alcohol vapor was
evacuated, argon was introduced again and the reaction tube
was cooled to room temperature. CNTs growth time was
kept constant at 50 min unless otherwise stated [21]. ATEM
Image of the synthesized CNTs is shown in Fig. 1.

Preparation of polymer nanocomposites

P3OT was dissolved in chloroform with ultrasonication up
to 30 min. At the same time, the required amount of CNTs
was dispersed in chloroform and sonicated for 30 min to
obtain dispersed nanotubes suspension without any chemi-
cal pre-treatment to avoid any morphological damages to
these nanotubes. Both solutions were mixed together and
further sonicated for 2 h to give a stable solution with no
detectable solid precipitations. The resulting solution was
poured to a completely horizontal betray dish and then dried
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at room temperature. The dried film was then heated up to
50 °C in order to remove remnant solvent. Such a preparation
method, however, leads to a uniform dispersion of CNTs in
P3OT matrix without any morphological dameges and both
components (P3OT and CNTs) are physically bonded to each
other [17, 18]. A series of composite films were prepared at
different weight ratios (0–5 wt%) of CNTs/P3OT.

Transmission electron microscope (TEM)

The prepared CNTs powder was sonicated in methanol and
placed onto holey/lacey carbon coated copper grids for
TEM (Model 1011 JEM at 100 KV KSU, Saudi Arabia)
observations to confirm both their existence and morphology,
as shown in Fig. 1.

Optical properties

The absorption spectra of CNTs and CNT-P3OT composites
in the UV-Visible and NIR regions were measured using a
Shimadzu UV- VIS spectrophotometer Model UV-3600,
Japan in the wavelength range 200–3,000 nm. The scan step
was 0.5 nm. The optical absorbance (A) spectra of samples
were collected at room temperature. The absorption coeffi-
cient α was calculated from the absorbance (A). After cor-
rection for reflection, α was calculated using the relation
[22]:

I ¼ I0expð � axÞ ð1Þ

a uð Þ ¼ 2:303

x
log

I

I0

� �
¼ 2:303

x
A uð Þ ð2Þ

where I0 and I are the incident and transmitted intensity,
respectively, and x is the sample thickness.

DC conductivity measurements

The samples employed for I–V and conductivity measure-
ments were shaped into circular discs of diameter 10 mm
and thickness of 0.1 mm. Each sample was coated with
Aluminum and placed inside an electric oven which operates
up to 160 °C with an automatically controlled temperature.

The dc current measuring equipment comprised a digital
electrometer (model 6517A, Keithley), 50VDC power supply
(512–65 LEYBOLD), coaxial cable, metal shielding, and a
common ground loop (to eliminate electrical noise).

Mechanical properties

The stress–strain tests were carried out on a DMA Q800
machine TA instruments (USA), using the tension film
clamping arrangement. Specimens in the form of films with
dimensions 15 mm length, 4 mm width and 0.1 mm thick
were used.

Results and discussion

UV-visible-NIR absorption spectra

Prepared carbon nantubes

One of the power full analyses used to recognize both the
existence and quality of SWCNTs is UV-visible and NIR
spectra [22–24]. Jeong, M.S. and Byeon, C.C [23] reported
that the absorption spectrum of SWCNT mainly consists of
three absorption peaks. The first peak at around 0.8 eV and
the second is around 1.5 eV. These two peaks correspond to
absorption characteristic of semiconducting SWCNT. The
third peak at around 2 eV corresponds to metallic SWCNT.
Besides, Kim, D.Y. et al. [24], showed that the optical
absorbance increases with increasing average CNT length.
However, in the present work, the absorption spectra of
prepared CNTs (at 800 °C) were measured in the spectrum
range 200–3,000 nm as shown in Fig. 2. Figure 3 shows the
absorbance spectra as a function of photon energy at NIR
region. It is clear from Fig. 3 that there are two peaks (peak I
and peak II) at around 0.78 eV and 1.35 eV which represent
the characteristic peaks of SWCNT [23]. From the obtained
results, we can say that the grown CNTs are almost single
walled type.

Furthermore, Chen, D. et al. [25], reported that semicon-
ducting SWCNTs has a direct band-gap and the value of the
optical energy gap is located in the range from 0.5 eV up to
above than 1 eV. However, in the present work we use Mott,
Davis, and Tauc formula [22, 26] to determine the optical
energy gap. It was found that the transition type is direct
with r00.5 (Fig. 4) and the value of the optical energy gap is

Fig. 1 TEM micrograph of the prepared CNTs
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about 1.16 eV. This result is in a good agreement with those
reported by Chen, D. et al. [25]. This indicates that the
prepared CNTs are almost semiconducting SWCNTs.

CNT-P3OT composites

Koizhaiganova, R.B et al. [1] reported that P3OT polymer
solution and films themselves can show different absorption
spectra when prepared using different solvents. However,
Fig. 5 shows the absorption spectra of CNT-P3OT nano-
composite films for various concentrations of CNTs. The
absorption spectra do not show any significant change from
that of the P3OT polymer up on adding nanotubes up to 1 wt
%. The CNTs characterstic peaks can be clearly observed
when the concentration of CNTs is equal or above 1 wt%
[23]. It is also clear that the appearnce of CNTs characterstic
peaks depends on the optical volume of the P3OT matrix.
Usually, new absorption peaks are expected if there is a
ground-state electronic interaction between the two compo-
nents in a composite matrix. In CNT-P3OT nanocomposites,
the absence of new absorption peaks indicates the absence
of significant electronic interaction in the ground state be-
tween CNTs and P3OT matrix [1, 13]. Additionally, in the
domain wavelength region, addition of CNTs to P3OT ma-
trix will enahnce the absorpance of P3OT matrix specially at
visible and NIR regions.

The optical energy gap for CNTs-P3OT nanocomposites
was also detrmined using Mott, Davis, and Tauc formula
[22, 26], see Figs. 6 and 7. All composites show direct band
gap with r00.5. Furthermore, addition of CNTs to P3OT
matrix will decrease the optical energy gap from 2.74 eV
(for P3OT) up to 2.51 eV (for 5% CNT). This decrease is
also reported elsewhere by other resrcheares [1, 13]. Such a
decrease could be attributed to the fact that increasing CNTs
in the P3OT matrix will increase the formation of localized
states in the forbidden gap [22, 26].

Fig. 3 NIR spectrum of prepared CNTs

Fig. 4 (αhύ)2 versus photon energy (eV) for the prepared CNTsFig. 2 UV-visible absorbance spectrum of prepared CNTs

Fig. 5 Absorbance spectra of CNT-P3OT composites: a versus wave-
length and b versus photon energy
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Electrical characterization

The room temperature conductivity of the CNT-P3OT nano-
composites is shown in Fig. 8 as a function of the weight
fraction of CNTs in P3OT.

Generally, conductivity depends on the polymer matrix
and the filler materials. With regard to the polymer, it is
controlled mostly by the conjugation and the dopants present
in them [1, 13]. If the filler material is CNTs, it is decided by
its purity, alignment, and the concentration. In such compo-
sites, the polymer layer in the internanotube connections
presents highly resistive section in the electrical pathway,
acting as a barrier to efficient carrier transport between the
nanotubes and models fluctuation-induced tunneling for the
conductivity [1]. In other words, when the distance between

nanotubes becomes sufficiently small for electrons to tunnel
through the polymer or for many physical contacts between
nanotubes to be formed, the electrical response of the compo-
sites is then described by percolation theory, Eq. 3, and the
CNTs concentration that marks this insulator-conductor tran-
sition is referred to as the percolation threshold (Pc) [13]:

σ ¼ C P � Pc½ �t ð3Þ
where σ is the composite conductivity, P the weight fraction of
nanotubes in the composites, C is a constant, and t is a critical
exponent.

As shown in Fig. 9, the introduction of nanotubes does
increase the conductivity of the composites by up to four
orders of magnitude. This result suggests that the formation
of network structure between nanotubes in the polymer

Fig. 6 (αhύ)2 versus photon
energy (eV) for CNT-P3OT
composite films

Fig. 7 Optical energy gap versus CNT concentration for CNT-P3OT
composite films. Solid line represents the exponential fitting

Fig. 8 Electrical conductivity variations versus weight fraction of CNTs
in the composites. The solid line is a fit to the power law (Eq. 3)
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matrix and this facilitates the electron transport through
tunneling throughout the polymer or by electron, hopping
along CNTs interconnects [1]. Besides, Fig. 9 shows the
linear relation between log(σ) and log (P-Pc) in accordance
to Eq. 3, where the percolation threshold for CNTs-P3OT
nanocomposites (Pc) turns out to be 0.44 and the value of the
exponent (t) is 2.35. However, the final result indicates that
CNTs are percolated above 0.44% CNTs in P3OT matrix.

The charge transport mechanism based on the power law
model I≈Vm has been widely used for the analysis of the
conduction phenomenon in organic or polymeric materials
[27–34]. The model is divided into three regimes, Ohmic
(m01), trap-free space charge limited (m02), trap charge
limited (m>2) [32]. However, Fig. 10 presents a nonlinear
log(I)-log(V) characteristic curves of the studied composite
samples. It is interesting to note that in all cases the points
fall on two intersecting straight lines of unequal slopes
which indicates the existence of two different conduction
mechanisms. The first one operates at low applied voltages
(slope 1) while the other prominent at the later stage of
voltages (slope 2). In the low applied voltage range, the
maximum slope value is 1.39 (as in the case of pure sample)
while the minimum slope value is 1.07 (as in the case of

0.44 wt% CNTs sample). On the other hand, at higher
applied voltages the slopes become bigger and vary between
2.94 and 4.08 for samples containing 1.5 and 5 wt% CNTs,
respectively. From the obtained slope results and the power
law model, one can conclude that the conduction mecha-
nism at low applied voltage range is almost Ohmic while at
high applied voltage range it is almost due to trap charge
limited. In general, charge conduction consists of the charge
injection from the electrode into the polymeric material and
the charge transport inside the polymeric material itself. The
charge injection mechanism is reasonable when the whole
charge conduction is mostly influenced by the charge injec-
tion, whereas the charge transport mechanism is suitable
when the effect of the injection barrier is negligible com-
pared with the bulk resistance of the material. The former
and the latter are called the injection-limited and the bulk-
limited conduction, respectively [35].

The dependence of dc conductivity on temperature at
different concentrations of CNTs is shown in Fig. 11. The
addition of CNTs increases the dc conductivity at room
temperature as described before in Fig. 8. Samples loaded
with CNTs up to 1.5 Wt% are found to have an activated
behavior. This behavior indicates a competition between
two mechanisms. One of them acts to increase the electrical
conductivity with the temperature by increasing the mobility
of charge carriers inside the composite, while the other
decreases the conductivity with the temperature due to the
thermal expansion of the polymer matrix with respect to the
CNTs, which increases the distance between the carbon
nanotubes [36].

In case of low CNTs contents, the activated behavior can
be divided into two regions: region I (at low temperature
range) and region II (at high temperature range), as shown in
Fig. 11. This activated behavior is found to obey the well
known Arrhenius’ relation

σdc ¼ σodc exp
Ea

kT

� �
ð4Þ

Fig. 9 Plot of log (σ) versus log (P-Pc) for CNT- P3OT composites at
room temperature

Fig. 10 Plot of log (I) versus log (V) for CNT- P3OT nanocomposites
at room temperature

Fig. 11 Temperature dependence of the dc electrical conductivity for
CNT- P3OT nanocomposites
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where σdc is the dc conductivity at temperature T, σodc is the
dc conductivity at a certain reference temperature To, k is the
Boltzmann constant and Ea is the activation energy. The
conduction in the first region is mainly due to tunneling
through the polymer matrix between conducting sites repre-
sented by CNTs as mentioned before. So the activation
energy appears to be very small in this region. On the other
hand, at higher temperatures (region II) the tunneling mech-
anism is converted into hopping one. This conversion, how-
ever, is attributed to the increase in tunneling paths as a
result of thermal expansion and to the increase in the energy
of charge carriers with temperature at the same time. A plot
between ln(σdc) and 1/T was established independently for
all composites at region II (not mentioned here) to determine
the values of activation energy in accordance to Eq. 4. The
obtained activation energy values were calculated from the
known slope values of ln(σdc) versus 1/T and are listed in
Table 1. However, these values represent the maximum
energy values compared with those determined values at
region I. A notable decreasing can be detected in the acti-
vation energy (Ea) with increasing CNTs content due to the
decrease in the barrier height. Furthermore, increasing of
CNTs content over 1.5 wt% will convert the activated be-
havior into descending one over the whole studied temper-
ature range. At room temperature and at this level of CNTs
loadings, CNTs are already attached and the conduction
takes place along them. As the temperature increases,

thermal expansion of both polymer matrix and CNTs takes
place. The great thermal expansion coefficient of polymer
over that of CNTs [37] makes the CNTs to be displaced
apart and seems to be dispersed rather than attached which
appear as a decrease in the electrical conductivity upon
heating.

Mechanical properties

The stress strain curves of P3OT loaded with different con-
centrations of SWCNTs are illustrated in Fig. 12. Initially a
viscoelastic response that is considered to be fully reversible
is found. For small stresses the material behavior is linear
viscoelastic, while with increasing stress the behavior
becomes progressively nonlinear. At the yield point the
deformation becomes irrecoverable since stress-induced
plastic flow sets in leading to a structural evolution which
reduces the material’s resistance to plastic flow, strain
softening.

The origin of the deformation of polymer materials lies in
their ability to adjust their chain conformation on a molecular
level by rotation around single covalent bonds in the main

Table 1 The calculated
values of slope1 (S1),
slope2 (S2), and the
activation energy (Ea)
of CNTs-P3OT
nanocomposites

Wt% of CNTs S1 S2 Ea (eV)

0.00 1.39 4.01 0.93

0.44 1.07 3.20 0.48

0.75 1.26 3.50 0.35

1.50 1.35 2.94 0.31

5.00 1.26 4.08

Fig. 12 Stress–strain curves for CNT- P3OT nanocomposites at room
temperature and a force rate of 0.5 N/min

Fig. 13 The elastic modulus and mechanical strength for CNT- P3OT
nanocomposites at room temperature

Fig. 14 The natural logarithm of the strain at break for CNT- P3OT
nanocomposites at room temperature
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chain. This freedom of rotation is, however, controlled by
intermolecular (chain stiffness) and intermolecular (inter-
chain) interactions. Together these interactions give rise to
an energy barrier that restricts conformational change(s) of
the main chain [38]. As the applied stress exceeds this barrier,
chain cession takes place resulting as a softening of the mate-
rial. Before yielding, the straining process is controlled by the
rotation of the carbon nanotubes bundles, which act as pseu-
dosprings independent of the strain rate. Yielding occurs when
the polymer backbone chains begin to disentangle [39–41].

Separate plots of the change of stress and strain dσ/dε
versus strain ε are performed for all CNTs loadings. It shows
strain-independent regions at very low strain values. These
constant values are taken to be the elastic modulus (Eel) at
different CNTs loadings, which are shown in Fig. 13 togeth-
er with the mechanical strength. Loadings of CNTs up to
2.5 wt% results as an increase in the elastic modulus from
0.89 to 1.31 GPa for unloaded and 5 wt% loaded samples,
respectively. This behavior of the elastic modulus may refers
to a good homogeneous distribution of CNTs which reveals
more interactions between CNTs and polymer chain end-
ings. Besides, at low loadings (less than or equal to 2.5 wt%)
with less aggregation makes polymer chains to be folded
around the length of less number of nanotubes resulting in a
uniform increase in the elastic modulus and the mechanical
strength. On the other hand, at high concentrations of CNTs
(at 5 wt%) polymer chains are folded around the length of
much more nanotubes, due to the aggregation effect, which
decreases the interaction between them and results as a
decrease in the mechanical strength. The elastic modulus
can be described well with an empirical equation of the form

Eel ¼ Eelo þ A 1� B exp �dCð Þ½ � ð5Þ
where Eelo00.86 Gpa is the elastic modulus for unloaded
samples, C is the concentration of carbon nanotubes, A, B
and δ are constants equal 0.5, 0.91, and 0.7 Gpa respectively.

The strain at break is also found to be decreased with CNTs
content. Also, the natural logarithm of the strain at break is
found to be decreased linearly with the increase of CNts loading
as shown in Fig. 14 and according to the linear equation

ð6Þ

where εbo is elongation at break for unloaded samples03.6,

00.36 is a constant and C is the weight content of CNTs.

Conclusions

Very interesting results in the optical, electrical and mechan-
ical properties were obtained when the prepared CNTs were
added to P3OT polymer matrix. Optical results reveal that
the prepared CNTs at 800 °C are mainly SWCNTs. Also, the

addition of these nanotubes to P3OT polymer matrix will
decrease optical energy gap and enhance the optical absor-
bance of the polymer matrix. Furthermore, the addition of
CNTs to P3OT matrix will enhance the electrical conduc-
tivity of P3OT up to four orders of magnitude above the
percolation threshold (0.44 wt% CNT) at room temperature.
I-V characteristics of nanocomposites reveal that the con-
duction mechanism depends on the applied voltage, at low
applied voltage range the mechanism is almost due to Ohmic
while at high applied voltage range it is almost due to trap
charge limited. Additionally, at low temperature range and
CNTs content, the electrical conduction is controlled by the
tunneling mechanism while at high CNTs content, CNTs
become percolated. Hopping mechanism appears at high tem-
perature range and the activation energy decreases with CNTs
content at this range of temperature due to the increase of
charge carrier’s energy. Finally, the values of the elastic
modulus increase with increasing CNTs content.
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