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Nanocomposite films of polyvinyl alcohol (PVA) containing constant ratio of both single and multi-wall
carbon nanotubes had been obtained by dispersion techniques and were investigated by different tech-
niques. The infrared spectrum confirmed that SWNTs and MWNTs have been covalently related OH and
CAC bonds within PVA. The X-ray diffraction indicated lower crystallinity after the addition of carbon
nanotubes (CNTs) due to interaction between CNTs and PVA. Transmission electron microscope (TEM)
illustrated that SWNTs and MWNTs have been dispersed into PVA polymeric matrix and it wrapped with
PVA. The properties of PVA were enhanced by the presence of CNTs. TEM images show uniform distribu-
tion of CNTs within PVA and a few broken revealing that CNTs broke aside as opposed to being pulled out
from fracture surface which suggests an interfacial bonding between CNTs and PVA. Maximum value of
AC conductivity was recorded at higher frequencies. The behavior of both dielectric constant (e0) and
dielectric loss (e00) were decreased when frequency increased related to dipole direction within PVA films
to orient toward the applied field. At higher frequencies, the decreasing trend seems nearly stable as com-
pared with lower frequencies related to difficulty of dipole rotation.
� 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Polymer nanocomposites are new materials including two or
more phases and one of them is in nano-size [1]. These nanocom-
posites have recently drawn considerable interest due to the ease
with which polymer properties can be modified to achieve charac-
teristics that cannot be performed through a single polymer sys-
tem. The most difficult task at preparation of nanocomposites is
the development of materials with a complete set of desired prop-
erties. Nanocomposites can be categorized by their matrix charac-
teristics including nanomaterials, ceramic or polymeric [2–4].

Polymeric nanomaterials have special interest due to combina-
tion with appropriate nanofillers like carbon nanotubes (CNTs) that
give complexes which are useful for the development of advanced
high energy devices, batteries, fuel cells and display devices with
ease of fabrication into thin films of desirable sizes. The incorpora-
tion of carbon nanotubes into the matrix of polymeric material can
markedly influence the properties of polymers. This depends on
nature of the type of CNTs and the methods of preparation when
it interacts with the chains of polymeric matrix [5–7].

Carbon nanotubes (CNTs) have generated intensive research
activities because of their properties that may be exploited for a
wide variety of applications [8,9]. The unique properties of CNTs
such as electrical conductivity, thermal properties, high strength
and aspect ratio have motivated considerable research in incorpo-
rating CNTs within polymer to obtain nanocomposites [10–12].
The addition of a small content of CNTs strongly improves the
properties of the polymer matrix. So CNT/polymer composites
combine the good preparation of the polymers with the excellent
properties of the CNTs [13].

Some studies showed a significant improvement of polymer/
CNT nanocomposites properties [14,15]. In the present work we
prepared polyvinyl alcohol (PVA) doped with low content of both
single and multi-walled carbon nanotube by casting technique
with the achievement of dramatic enhancement in spectroscopic
properties and AC conductivity at room temperature.
Experimental work

Materials

Polyvinyl alcohol (PVA), with the molecular weight of 146000,
was obtained from Sigma–Aldrich. Purified single-wall carbon nan-
otubes (SWCNTs) and multi-wall carbon nanotubes (MWCNTs)
were supplied from Nanothinx (Greece). CNTs have an internal
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diameter of nearly 0.8–1.4, length P5 lm and purity 85%. All
chemicals were used as received and without purifications.
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Preparation

First, 2 g of PVA were placed in a beaker and solubilized in
20 mL of distilled water with stirring at 70 �C continuously for
more than 6 h. The obtained solution was then cooled to room
temperature for about 3 h. After that, 20 mg of both raw
SWCNTs–COOH and MWCNTs–COOH were added to 5 ml distilled
water. They were immersed on a beaker for 20 min to give suspen-
sion using ultrasonic probe (Eltrosonic type-07). The PVA/SWCNTs
and PVA/MWCNTs nanocomposites were prepared by the follow-
ing procedure. Solutions of SWCNTs–COOH and MWCNTs–COOH
suspension were added dropwise to PVA solution with stirring
continually. Finally, CNTs/PVA nanocomposites were cast in Petri
dishes and left in an oven at 60 �C to dry for about 72 h.
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Fig. 1a. IR spectra of PVA, SWCNTs/PVA and MWCNTs/PVA nanocomposites in the
range from 4000 to 2500 cm�1.
Measurements

An FT-IR spectrophotometer (Nicolet iS10, USA) was used to
obtain IR spectra. The spectra of IR were collected in wavenumber
from 4000 to 400 cm�1. The X-ray diffraction of these samples was
recorded on a SIEMENS D5000 diffractometer with CuKa radiation
at k = 0.15406 nm, Bragg angle (2h) in the range of 10–55�. Trans-
mission Electron Microscope (TEM), (JEOL-JEM-1011, Japan) was
used to study size, shape and distribution of nanoparticles inside
polymer matrices. The AC electrical properties were studied by uti-
lizing programmable automatic (Model Hioki 3531Z Hitester) ana-
lyzing to measure loss tangent (tand), capacitance C and
impedance Z with the frequencies from 100 Hz to 5 MHz.
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Fig. 1b. The FT-IR spectra of PVA, SWCNTs/PVA and MWCNTs/PVA nanocomposites
in the range from 2000 to 500 cm�1.
Results and discussion

Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra of pure PVA, SWCNTs/PVA, and MWCNTs/PVA
nanocomposites are shown in Figs. 1a, 1b in the range of (4000–
500 cm�1). For pure PVA, the characteristic absorption bands are
at 3527 cm�1 (OH stretching), 3090 cm�1 (CH2 asymmetric stretch-
ing), 2878 cm�1 (CH2 symmetric stretching), small new bands
appeared at 3468 cm�1 and 2928 cm�1, 1737 cm�1 (C@O),
1655 cm�1 (C@C), 1373 cm�1 (CH2 wagging), 1330 cm�1 (CH bend-
ing), 1240 cm�1 (CH wagging), 1141 cm�1 (CAC and CAOAC
stretching), 1058 cm�1 (C@O stretching), 1031 cm�1 (CAO stretch-
ing), 916 cm�1 (CH2 Rocking), and 850 cm�1 (CAC stretching) (see
Table 1) [16,17].
Table 1
The assignment of IR bands of pure PVA films at room temperature.

Wavenumber (cm�1) Assignment

3527 OH stretching
3090 CH2 asymmetric stretching
2980 CH2 symmetric stretching
1736 C@O
1655 C@C
1373 CH2 wagging
1330 (CHAOH) bending
1241 CH wagging
1141 CAC and CAOAC stretching
1096 C@O stretching
1031 CAO stretching
916 CH2 Rocking
850 CAC stretching
For the spectrum of PVA doped CNTs, as seen in Fig. 1a, the fol-
lowing are observed: In the range of 4000–2500 cm�1, small new
bands appeared at 3468 cm�1 and 2928 cm�1 attributed to COOH
coming during functionalization of CNTs and the band at
3527 cm�1 was shifted to 3500 cm�1 (with an increase in the its
intensity); the band at 3090 cm�1 was shifted to 3134 cm�1; the
band at 2953 cm�1 was shifted to 2944 cm�1; the band at
2883 cm�1 was shifted to 2904 cm�1 and small new bands
appeared at 3468 cm�1 and 2928 cm�1 respectively. Therefore,
the spectrum evidences the presence of carboxyl groups. The shift
of lower frequency may be due to open of p-bonds of CNTs and
interactions between CNTs and PVA polymeric matrixes.

In the range of 2000–500 cm�1, as seen in Fig. 1b, a new band
appeared at 1422 cm�1. A new small broad band at 1655 cm�1 is
attributed to CAC band between CNTs and PVA. The appearance
of this band might be the signature for interaction of p-bonds at
the surface of CNTs with the open double band on PVA. The inten-
sity of the band at 1144 cm�1 was decreased. The band at
1058 cm�1 was shifted to 1074 cm�1 with increasing of the inten-
sity. The intensity of the band at 850 cm�1 was decreased. The
decrease in the intensity for these bands may be due to the
strength of stretching vibration of CAC and/or CAOAC bonds com-
posing six carbon rings at the surface of CNTs. It can be seen that
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the change of MWCNTs/PVA spectrum is nearly similar to those
changes in SWCNTs/PVA spectrum.

X-ray diffraction analysis

Fig. 2 represents the X-ray diffraction of pure PVA, SWCNTs/PVA
and MWCNTs/PVA nanocomposites. A peak at 2h = 19.71� ascribed
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Fig. 2. X-ray diffraction scans of PVA, SWCNTs/PVA and MWCNTs/PVA
nanocomposites.

Fig. 3. TEM images of PVA, SWCNTs/PVA
to pure PVA [18,19] has been observed, this peak corresponds to
(110) reflection. An increase in broadness and decrease in peak
intensity have been observed within the samples that contain
CNTs. This reveals the amorphous nature of the new material
which means an increase in the degree of crystallinity.

Change of peak intensity has been found in the samples doped
CNTs indicating a complete dissociation of CNTs in the polymer
matrix. In general, the crystalline nature of PVA was detected from
strong interaction between PVA through intermolecular hydrogen
bonding. An interaction between PVA with carboxylic group
(COOH) in CNTs led to the decrease in intermolecular interaction
of PVA chains, which results in the decrease in the degree of
PVA-crystalline. New peak corresponding to different crystal
planes which indicates the reflections that correspond to CNTs at
2h � 26.48� was observed. This peak is corresponding to the
(002) reflection of hexagonal crystal structure of graphite.

TEM morphology

Fig. 3 indicates the TEM images results of pure PVA, SWCNTs/
PVA, and MWCNTs/PVA with different magnifications. It is
observed that CNTs were implanted uniformly within the PVA
matrices and have intimate contact with these polymeric matrices.
Broken of some CNTs ends had been observed, revealing that CNTs
broke aside in place of being pulled out from the fracture surface,
which suggests the existence of strong interfacial bonding among
CNTs and PVA. Also, PVA form a masking layer on CNTs/PVA
images, showing that some defects like ragged or worm eaten at
and MWCNTs/PVA nanocomposites.
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Fig. 5. The dielectric constant (e0) depends on frequency (Logf) of PVA with
SWCNTs and MWCNTs.
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tube walls and partitions with buckles and irreversible bends,
which are the effect of chemical processing. The presence of these
defects increases the interaction sites along the tubes with PVA.
Moreover, SWCNTs and MWCNTs were arranged in different diam-
eters ranging 8–16 nm and length up to 10 l and wrapped with
PVA. This is very useful in technical application. There are a few
black regions due to the amorphous nature of carbon.

Electrical conductivity

Fig. 4 represents the AC conductivity of PVA without and with
CNTs in frequencies ranging 100 Hz–5 MHz at room temperature.
The AC conductivity was estimated from the equation [20],

r ¼ L
RA

ð1Þ

where L is thickness, R is resistance of the sample and A is cross sec-
tion area of electrode.

Generally, the behavior of AC conductivity of pure polymer
shows that the frequency dependence is due to the insulating nat-
ure of polymer material but it is significantly changed after addi-
tion of CNTs which exhibits frequency independence as well as
the value was improved several orders of magnitude. The highest
value of AC conductivity was recorded at maximum frequency
(5 MHz) and when adding MWCNTs than SWCNTs. It can be attrib-
uted that effective conductive network is formed when CNTs load-
ing in polymer according to the percolation theory according to
impurity contributions arising from CNTs, where molecules of
CNTs begin to bridge gap separated between localized states and
potential barrier thereby facilitating charge carrier transfer. Then,
doped samples are a good candidate to obtain semiconducting
organic nanocomposites.

The electrical parameters (dielectric constant, e0 and dielectric
loss, e00) were calculated using Phase Sensitive LCR meter. The
dielectric constant (e0) was estimated from the relation [21,22]:

e0 ¼ C:d
eo:A

¼ e00

tan d
ð2Þ

where C is capacitance, d is thickness of the films and eo is the per-
mittivity of free space (eo = 8.85 � 10�12 F/m).

The dielectric constant (e0) depends on the frequency (Logf) for
the prepared samples is seen in Fig. 5. It can be seen that the
dielectric constant was decreased when the frequency increased
for all samples due to the direction of dipoles within polymeric
films to orient in the direction of applied field. But at higher fre-
quencies, the decreasing trend of dielectric constant seems not
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Fig. 4. The AC conductivity of PVA with SWCNTs and MWCNTs.
sharp (nearly stable) as compared with lower frequencies. This
trend may be attributed to dipole orientation, making it difficult
to rotate the dipoles at high frequencies. Furthermore, at low fre-
quencies, the values of permittivity are high due to the interfacial
effect of nanocomposite films and electrode effect [23].

Fig. 6 depicts the dielectric loss (e00) depends on the frequency
(Logf) for the prepared samples. The dielectric loss was increased
after the addition of CNTs, which indicates the higher charge carry-
ing capacity of loaded films compared to pure PVA film. The max-
imum values of dielectric loss were recorded at low frequencies
due to the mobile charges within the polymer backbone. The max-
imum value of the dielectric loss at higher content of CNTs may be
understood in terms of electrical conductivity. In general, the
mobile charges (polarons and/or bipolrons) that belong to conduct-
ing polymer and free charge increase at addition of the CNTs cause
influence and the lower values of e00 at high frequencies [24].

The relation between loss tangent (tand) depends on frequency
(Logf) of the samples is shown in Fig. 7. From the figure, the loss
tangent for all films decreases with increasing frequency. The
higher value of tand was observed at low frequency in all films.
After the addition of CNTs, it is expected because the conductivity
increases with increase in CNTs [25]. If hopping frequency is
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Fig. 6. The dielectric loss (e00) depend on frequency (Logf) of PVA with SWCNTs and
MWCNTs.
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almost equal to the frequency of external applied field, then max-
imum values of loss tangent were determined. The decrease in
tand with increasing frequency is due to the fact that the hopping
frequency of charge carriers cannot follow the changes of this
applied field on the far side an exact limitation of the frequency
[26,27].

Conclusions

Films of PVA doped single and multi-walled carbon nanotubes
were studied. The decrease in some IR bands is due to the strength
of vibration bonds composing six carbon rings at the surface of
CNTs. An increase in broadness in X-ray spectra with decrease in
peak intensity reveals the amorphous nature of the samples. New
peaks were found after doped CNTs indicating a complete dissoci-
ation of CNTs in PVAmatrix. New peak corresponds to crystal plane
reflections of hexagonal structure. TEM images show that CNTs
were implanted uniformly within PVA. More ends of CNTs broken
revealing that CNTs broke apart than being pulled out from frac-
ture surface indicate strong interfacial bonding between CNTs
and PVA. The highest value of AC conductivity was recorded at
5 MHz attributed effective conductive network formed when CNTs
loading according to percolation theory. Molecules of CNTs worked
bridge gap separated between two localized states and potential
barrier. The dielectric constant was decreased when the frequency
increases due to dipole direction within polymeric films to orient
toward the applied field. At higher frequencies, the decreasing
trend of dielectric constant seems not sharp (nearly stable) as com-
pared with lower frequency attributed to dipole orientation mak-
ing it difficult to rotate dipoles at high frequencies. Maximum
values of e00 were observed at lower frequencies due to mobile
charges within PVA backbone. The highest value of AC conductivity
and AC parameters were recorded for the samples doped MWCNTs
than PVA/SWCNTs.
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