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Abstract

In this work, xMWCNT/chitosan composite films with multi-walled carbon nanotubes (MWCNT) as filler and chitosan
as matrix were prepared via a solution blending method. Varied content of MWCNT of 0, 0.5 wt.%, 1 wt.% and 1.5 wt.%
was investigated. The dielectric properties of the films were investigated in the temperature range of —60°C to 60°C and
frequency range of 10°-10° Hz. The experimental results show that the incorporation of MWCNT can effectively improve
the dielectric properties of the film, with optimal results when the content of MWCNT is close to the percolation threshold.
A giant dielectric constant (GDC) was found in all the samples and was studied by dielectric and impedance measurements.
Maxwell Wagner relaxation was observed in all samples, which is caused by space charges at different interfaces. The GDC
is thought to be related to a Maxwell-Wagner relaxation caused by sample—electrode contact. The addition of MWCNT can

enhance the Maxwell-Wagner relaxation. The largest enhancement was found in the sample with 1 wt.% MWCNT.

Keywords MWCNT/chitosan - dielectric properties - composite - Maxwell-Wagner relaxation

Introduction

Dielectric materials with a giant dielectric constant (GDC)
have important application prospects in information technol-
ogy, power engineering, energy storage devices, and other
fields. An ideal GDC material not only possesses a high
dielectric constant, usually larger than 103, but also has low
dielectric loss, high breakdown strength, and good process-
ing performance.'™

Chitosan is the product of N-deacetylation of chitin. It
contains a large number of -OH and —-NH, groups, and the
—OH and -NH, groups can easily participate in chemical
reactions.*> Thus, it can be combined with other functional
materials to enhance its performance.® Chitosan has good
solubility, biocompatibility, and degradability,” and it also
has a wide range of biological pharmacological activity,
such as antioxidant behavior, immune regulation, and anti-
tumor activity.s’lo As a natural renewable resource, chitosan
has a wide range of potential applications.'!
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In recent years, the exploration and research of carbon
nanotube/biomolecular matrix composites for biological
applications has increased rapidly. By integrating the prop-
erties of bioactive molecules (enzymes, proteins, DNA,
etc.) and carbon nanotubes, it has gradually become a new
research hotspot.'? The multi-walled carbon nanotube
(MWCNT) is famous for its excellent thermal, mechanical,
and electrical properties. MWCNT has unique mechanical
properties and great surface area per unit volume, and it
has been proved to be an ideal filler to enhance the elec-
trical properties of polymers.'*!* In addition, MWCNT
shows high conductivity due to its large surface area.'>'®
By adding only a small amount of conductive MWCNT,
the dielectric constant of the composite can be significantly
improved while maintaining the mechanical flexibility of the
composite.'” MWCNT is a kind of conductive filler. Gener-
ally speaking, the dielectric constant of the polymer compos-
ite increases with the increase in the filler content and can
reach a large value several orders of magnitude greater than
the pristine polymer as the content trends to the percolation
threshold. When the amount of the conductive filler is over
a specific value, the filler particles will join together to form
conductive paths, and the composite is transformed from an
insulator to a conductor. In this case, the amount of the filler
particles is regarded as the seepage threshold. '8
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In recent years, with the progress and rapid growth of
microelectronics technology, GDC materials have become
increasingly important in the fields of electronics, motors,
and electricity. Dielectric materials are widely studied for
modern capacitors and have potential applications in mod-
ern microelectronics and high-density energy storage.'®*°
Functional devices made of these dielectric materials have
been developed towards miniaturization, light weight, high
integration, and stabilization. This gives rise to urgent
requirements for the comprehensive properties of dielectric
materials, such as high dielectric performance, easy process-
ing, low cost, high energy saving, environmental protection
efficiency, and good mechanical performance. Only in this
way can the energy storage efficiency and working efficiency
of the integrated circuit be rapidly improved.?!

In this paper, composite films with different MWCNT
content are prepared using chitosan as matrix and MWCNT
as filler, and the effect of MWCNT content on the dielectric
properties of the composites is investigated.

Experimental
Materials

Chitosan was supplied by Rhawn with a deacetylation
degree >95% and viscosity of 10-200 mPa-s. MWCNT was
supplied by Shenzhen Suiheng Technology Co., Ltd., with a
molecular weight of 12.01.

Sample Preparation and Testing

Two grams of chitosan powder was added to 100 mL 1%
acetic acid solution. A magnetic stirrer was used to con-
tinuously stir the mixture at 40°C for several hours until
the chitosan powder was completely dissolved. The solution
was then poured into a Petri dish and dried at 50°C to form
a chitosan film.

MWCNT in amounts of 0.01 g, 0.02 g, and 0.03 g were
weighed and added to 100 mL 1% acetic acid solutions,
stirred and subjected to ultrasonication until they formed
evenly dispersed mixed solutions. Next, 2.00 g of chitosan
powder was added into the above three groups of mixed
solutions. The mixture was stirred continuously with a mag-
netic stirrer for several hours at 40°C until the chitosan and
MWCNT were fully dissolved. The solution was then poured
into a Petri dish and dried at 50°C to form three different
groups of chitosan-MWCNT hybrid films. The phase purity
of the MWCNT/chitosan films was tested by x-ray diffrac-
tion (XRD, Rigaku SmartLab, Rigaku Beijing Corporation,
Beijing, China). The surface morphology of the MWCNT/
chitosan films was observed by field emission scanning elec-
tron microscopy (FESEM, Regulus8230, Hitachi High-Tech

Corporation, Tokyo, Japan). The Fourier transform infrared
(FTIR) spectra of the MWCNT/chitosan films were recorded
in the range of 4000-600 cm™' using attenuated total reflec-
tion (ATR)-FTIR, (VERTEX 80 + Hyperion 2000, Bruker,
Germany). The dielectric properties were analyzed using a
Wayne Kerr 6500B impedance analyzer (Wayne Kerr Elec-
tronics, Shenzhen, China) with the Partulab DMS-2000
dielectric measurement system (Partulab Technology Co,
Wuhan, China).

Results and Discussion
Material Characterization

Figure 1 shows the XRD patterns of composite films with
different MWCNT content. The diffraction peak at 26° is
the diffraction of the (002) crystal plane of the MWCNT.*
The diffraction peaks around 14° and 17° are characteristic
peaks of chitosan, corresponding to the (020) and (040) crys-
tal planes, respectively. With the increase in the MWCNT
content, the characteristic peak of the MWCNT shifts to a
lower angle. This indicates that the unit cell parameter and
the crystal plane spacing become larger. The pure chitosan
shows a certain degree of crystallinity. As the content of
MWCNT increases, the peak width decreases and the crys-
tallinity tends to increase. This means that the addition of
MWCNT is helpful for the crystallinity. XRD results show
that there is a physical interaction rather than a chemical
reaction between chitosan and MWCNT.

It is obvious that the dispersion of filler in the polymer
matrix is one of the key factors determining the physical
properties of the composite.>* Figure 2 displays the surface
SEM images of the MWCNT/chitosan films. As can be seen
from Fig. 2, the surface of the pure chitosan film is uniform
and dense, which is related to the good film-forming prop-
erty of the chitosan itself. When MWCNT is added, fibrous
materials are observed, and with the increase in MWCNT
content, an increasing number of fibrous materials are vis-
ible in the field of vision and a slight agglomeration phe-
nomenon appears.

Figure 3 shows the FTIR spectra of the MWCNT/chitosan
films. The wide absorption band of pure chitosan appears
near 3168 cm™! due to the joint action of O—H and N-H
stretching vibrations. C—H stretching vibrations occur at
2916 cm™! and 2852 cm™!. The peak near 1740 cm™! cor-
responds to the C=0 stretching vibration of the carboxyl
group. The peak at 1544 cm™! corresponds to the N-H bend-
ing vibration, and the peaks appearing around 1164 cm™!
and 1052 cm™' correspond to the stretching vibration of
C-O-C in chitosan.?*?° FTIR results show that the bind-
ing between chitosan and MWCNT occurs mainly through
physical action rather than chemical reactions.
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Fig.1 XRD patterns of the MWCNT/chitosan films.

Dielectric Properties

Figure 4 shows the variations of the dielectric constant (&',
left) and dielectric loss (tan §, right) with frequency of the
MWCNT/chitosan films measured under different tempera-
tures ranging from —60°C to 60°C. It can be seen from Fig. 4
that the dielectric constant of all the samples decreases with
increasing frequency. This behavior becomes more sig-
nificant as the measurement temperature increases. When
the measurement temperature rises above ~20°C, a rapid
decrease in €’ accompanied by a peak in dielectric loss can
be seen in the low-frequency range. This dielectric phenom-
enon is characterized by a Maxwell-Wagner feature of a
steplike change in dielectric constant accompanied by a peak
in dielectric loss. The Maxwell-Wagner polarization, also
called interfacial polarization, is well known to be caused
by space charge locating at interfaces in an inhomogeneous
medium due to the differences in the dielectric constant and
conductivity.?” The peak moves to higher frequencies with
increasing measurement temperature, indicating that there
is a Maxwell-Wagner relaxation in the samples. It is worth
noting that the appearance of the Maxwell-Wagner relaxa-
tion leads to a rapid increase in the dielectric constant from
dozens to more than 1000, giving rise to GDC behavior for
all the samples. The GDC behavior depends on the MWCNT
content. For example, the dielectric constant at 60°C and
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100 Hz for the sample of pure chitosan is 1267.08, which
increases to 1352.09 for the sample with 0.5 wt.% MWCNT,
achieves a maximum value of 11,647.80 for the sample with
1 wt.% MWCNT, and then decreases to 6478.92 for the sam-
ple with 1.5 wt.% MWCNT. This finding demonstrates that
the addition of MWCNT can effectively enhance the GDC
behavior, and the best GDC behavior is obtained in the sam-
ple with 1 wt.% MWCNT.

According to Koop's theory, the dielectric structure
of the present samples can be seen as an inhomogeneous
medium which consists of two Maxwell-Wagner type lay-
ers.”® Although the MWCNT has good conductivity, it is
well separated by the chitosan matrix with poor conductivity.
The composite film, therefore, can be regarded as a good
insulator when the content of MWCNT is below the percola-
tion threshold. Under an applied alternating electric field, the
electrons in the film will be blocked by the sample—electrode
interface creating space charge therein. With the increase
in the frequency of the alternating electric field, the direc-
tion of electron aggregation will change faster, so the space
charge polarization decreases, resulting in a decrease in the
dielectric constant of the tested material.”’

Figure 5 shows temperature dependence of the die-
lectric constant (left) and dielectric loss (right) of the
MWCNT/chitosan films in the temperature range of
—60°C to 60°C and the frequency range of 10°~10° Hz.
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Fig.2 (a)-(d) SEM surface morphology images of the MWCNT/chitosan films.

All the samples exhibit GDC behavior caused by a kink-
like increase in the dielectric constant above room tem-
perature. Meanwhile, a set of thermally activated relax-
ation can be clearly seen. To obtain more information
regarding the relaxation, Arrhenius plots of the relaxa-
tion were constructed for all the samples, as displayed in
Fig. 6. The Arrhenius law is given by

f=fyexp (E,/kgT,,) (1)

where f; is the pre-exponential, kg is the Boltzmann con-
stant, E, represents the activation energy, and T, is the
peak temperature in dielectric loss. It can be seen from
Fig. 6 that the relaxations of the four samples agree well
with the Arrhenius law. The activation energy was calcu-
lated to be 0.89 eV, 0.86 eV, 0.87 eV, and 0.95 eV for the
samples of pure chitosan, 0.5 wt.% MWCNT/99.5 wt.%
chitosan, 1 wt.% MWCNT/99 wt.% chitosan, and 1.5 wt.%
MWCNT/98.5 wt.% chitosan, respectively.

Complex Impedance Spectra

To further study the dielectric properties of the films,
the impedance spectra of the samples recorded at room
temperature under different DC biases were measured and
the results are displayed in Fig. 7. It can be seen that the
Nyquist plots (Z" versus Z', with Z" and Z' being the
imaginary and real parts of the complex impedance) of
the samples follow a semicircle followed by a low-fre-
quency “tail”. This “tail” could be related to the Warburg
impedance’® caused by friction charging effect. The Max-
well-Wagner nature of the thin film can be confirmed
through further impedance analysis.?! The semicircle
reflects the relaxation process. The room-temperature
Nyquist plots for the samples reveal that the four samples
can be clarified into two types: type 1 for samples with
low MWCNT content (with MWCNT content=0 wt.%
and 0.5 wt.%) and type 2 for those with high MWCNT
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Fig.3 FTIR spectra of the MWCNT/chitosan films.

content (with MWCNT content=1.0 wt.% and 1.5 wt.%).
For type 1 samples, a small DC bias of 1 V can signif-
icantly depress the Nyquist plot. When the DC bias is
higher than 1 V, the Nyquist plot is gradually enhanced by
the bias. On the other hand, for type 2 samples, a remark-
able enhancement in the Nyquist plot is seen for bias less
than 1 V, followed by gentle enhancement for the biases
higher than 1 V. It is well known that the Maxwell-Wag-
ner relaxation is associated with a Schottky barrier that
can be effectively tuned by a DC bias.>* The above result
firmly indicates that the observed relaxation is a Max-
well-Wagner relaxation, which is caused by space charge
at the various interfaces. There are two main interfaces
in the present samples: MWCNT/chitosan interface and
sample—electrode contact. As the relaxation also appears
in the pure chitosan sample without the MWCNT/chitosan
interface, the former case can be excluded. Therefore,
we can safely come to the conclusion that the observed
relaxation is a Maxwell-Wagner relaxation caused by
sample—electrode contact.

@ Springer

AC Conductivity

To further confirm the above conclusion, an AC conductiv-
ity investigation was performed. Figure 8 shows the varia-
tions in AC conductivity with frequency of the MWCNT/
chitosan films. At the same temperature and frequency,
as the MWCNT content increases, the conductivity first
increases and then decreases. This is because, as a con-
ductive dopant, the addition of MWCNT can improve the
conductive property of the composite. However, when the
MWCNT content is too large, the additional charge will be
blocked at the sample—electrode contact due to the Max-
well-Wagner relaxation. The electrostatic field yielded by
the blocked charges (namely space charge) strongly prevents
further charge movement towards the electrode, thereby
reducing the conductive property. It can be seen that all
the samples exhibit good linear behavior with a slope close
to unity in the temperature range below ca. 30°C. This is
a typical feature known as nearly constant loss (NCL).*?
Beyond this temperature, an upwardly inclined sigmoidal
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Fig.5 (a)—(d) Temperature
dependence of the dielectric
constant of the MWCNT/chi-
tosan films. (e)—(h) Temperature
dependence of the dielectric
loss of the MWCNT/chitosan
films.
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Fig.6 The Arrhenius plots of the MWCNT/chitosan films.

curve appears and is superimposed on the linear line. The
sigmoidal curve for AC conductivity is the hallmark for
Maxwell-Wagner relaxation,® which leads to a steplike
increase in AC conductivity at low frequencies. For exam-
ple, when the temperature rises from 30°C to 60°C, step
increases in AC conductivity at 100 Hz of 3.69x 107°,
3.33x107°%, 2.84x 107>, and 1.13Xx 10~ were found for
the samples of pure chitosan, 0.5 wt.% MWCNT/99.5 wt.%
chitosan, 1 wt.% MWCNT/99 wt.% chitosan, and 1.5 wt.%
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MWCNT/98.5 wt.% chitosan, respectively. The largest
enhancement was found in the sample with 1 wt.% MWCNT.
Since the Maxwell-Wagner relaxation is determined by the
difference in conductivity between the sample and electrode,
overdoping of the MWCNT will improve the conductivity
of the sample, which in turn decreases the conductivity dif-
ference and is thereby unfavorable for the Maxwell-Wag-
ner relaxation. This result strongly confirms that the GDC
behavior occurs due to the Maxwell-Wagner relaxation.
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Fig.7 (a)—(d) Nyquist plots of the MWCNT/chitosan films recorded at room temperature under different DC bias voltages.

Conclusion

In conclusion, xMWCNT/chitosan composite films with
x=0 wt.%, 0.05 wt.%, 0.1 wt.%, and 0.1 5 wt.% were pre-
pared via a solution blending method. Dielectric investiga-
tions of the films reveal that all the samples exhibit NCL
dielectric behavior in the temperature range below ~30°C
and GDC behavior with dielectric constants higher than

@ Springer

10? in the temperature range over 30°C. The GDC behav-
ior was firstly enhanced and then weakened by increasing
the MWCNT content. The largest dielectric constant of
11,647.80 was achieved at 60°C and 100 Hz in the sam-
ple with 1 wt.% MWCNT. The GDC behavior is related to
Maxwell-Wagner relaxation caused by sample—electrode
contact.
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Fig.8 (a)—(d) The frequency dependence of AC conductivity of the MWCNT/chitosan films recorded at different temperatures.
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