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In this work, multi wall carbon nanotube (MWCNT) reinforced bio-derived gelatin-based polymer
nanocomposites were synthesized following an easy and affordable solution-casting method. The
effects of different concentrations of MWCNTs on the structural, surface morphological, and dielectric
properties of the nanocomposites were studied. A four-fold increase in the dielectric constant is
observed due to the incorporation of just 0.02 wt% of MWCNT nancfiller into the polymer matrix. The
modified Cole—Cole model was used to analyze the effect of nanofiller concentrations on the different
dielectric parameters of the nanocomposite. The incorporation of MWCNTs was found to increase the
dielectric strength and reduce the relaxation time of the nanocomposite. The AC conductivity of the
nanocomposites was found to be improved due to the incorporation of the MWCNT nanofiller. A
quantitative study based on the simulation of the complex impedance spectra demonstrates that the
addition of MWCNTSs into the nanocomposite decreases the grain barrier resistance from 5935 kQ to 261
kQ and increases the capacitive component from 0 to 23.25 uF. The improved dielectric performance of
the nanocomposites can be attributed to the space charge polarization effect and is illustrated with
a charge transport mechanism model. This biopolymer-based nanocomposite material with a large
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1. Introduction

Nanoparticle reinforced polymer composites with preferred
characteristics are gaining significant attention among
researchers for their potential application in a wide range of
industrial sectors such as packaging, artificial biomedical
implants, electrical devices, electronics, etc."™* Among them,
functional polymer materials with high dielectric constant, low
dielectric loss and flexibility are highly desirable in producing
next-generation smart devices, such as decoupling capacitors,
electric vehicles, solar photovoltaic generation plants, sensors
and actuators, electromagnetic interference (EMI) shielding,
switched-mode power supplies, etc.>” As a result, in fabricating
efficient electrostatic capacitors for advanced electronic and
electrical-power applications, polymer-based nanocomposites
are replacing the conventional ceramic-based dielectric mate-
rials due to their easy processing, low cost, excellent flexibility,
and high energy density together with superior mechanical
properties.>** So far most of the polymers used in different
device applications originated from the synthetic route and are
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non-bio-friendly as a result use of these polymers is a major
concern for the nature and environment."* The best possible
alternative to this is to use bio-derived polymers instead of
synthetic polymers. Bio-polymers are abundant in nature, cost-
effective, easy to process, and obviously bio-compatible.">** A
variety of biopolymers including starch, cellulose, PLA, gelatin,
etc. have been used as the matrix for the polymer nano-
composite.”*° In particular, gelatin, a natural biopolymer ob-
tained from the hydrolysis of fibrous insoluble collagen present
in bones and skin is regarded as one of the most promising
candidates for biodegradable and transient electronic applica-
tions because of its renewable nature, availability, low price,
easy processability and degradability.'””'®* Among varieties of
nanofillers, carbon nanotube (CNT), rolled up cylindrical sheet
of graphene, are considered as one of the most popular nano-
filler for polymer matrix.” The excellent conductivity and
extraordinary surface-to-volume ratio of the CNT offer synthesis
of robust polymer nanocomposite together with improved
dielectric performance.**** So far, several attempts have been
made to synthesize polymer-based dielectric material with large
dielectric constant and smaller dielectric loss tangents by
introducing CNT nanofillers into the polymer matrix. For
instance, Fan et al. reported a sandwich-structured composite
polydimethylsiloxane/carbon nanotube (PDMS/CNT) film
synthesizes by the spin-coating method.” The composites
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showed a dielectric permittivity of 40 and a loss tangent of 0.01
at 100 Hz. Liao et al. worked with polyimide, MWCNT, and
graphene oxide (GO).”® The composites with a homogeneous
distribution of CNT and GO/PI show dielectric permittivity and
dielectric loss of 124.9 and 1.97 at 100 Hz, respectively. Xiao
et al. reported a greater relative permittivity of 5200 together
with a tangent loss of 1.2 for CNT-based nanocomposite of
polyvinylidene fluoride (PVDF)/boron nitride (BN).>* In another
work, polyethylene-MWCNT with cyanate ester nanocomposite
was synthesized by Wang et al. where a smaller dielectric loss
tangent of 0.008 was obtained but the dielectric constant was
only 168.>

In spite of the above-mentioned properties, the use of multi-
walled carbon nanotube (MWCNT) based polymer nano-
composites as electrode materials in an electrostatic capacitor
has garnered little attention, and the dielectric performance of
this type of material has received only little consideration. The
objective of this research is to investigate and improve the
dielectric characteristics of biodegradable gelatin polymer by
introducing MWCNT nanofiller into the polymer matrix. Several
research groups have recently published articles on the
synthesis and characterization of gel/MWCNT nano-
composite.’*® In their works mostly the structure, surface
morphology, and the thermal and mechanical performance of
the gel/MWCNT nanocomposite were primarily investigated.
However, to the best of our knowledge, no study on detailed
analysis of the dielectric performance of the gel/ MWCNT
nanocomposites has yet been published. No reported study
has yet provided quantitative analysis or simulation using any
model or circuit fitting of the dielectric parameters of biode-
gradable nanocomposite material. This study provides
a detailed analysis of the complex dielectric constant and
complex dielectric impedance with appropriate modeling and
simulation methods for bio-originated polymer and their
nanocomposites. Gel/MWCNT nanocomposites were created
using the solution casting approach in this study, a prominent
solution-processed technology for the production of polymer
nanocomposites. The solution casting technique possesses
a number of advantages including low-temperature processing,
simple, low-cost, and straightforward preparation of mate-
rials.>” The gel/ MWCNT composites displayed both stable high
dielectric permittivity and a low loss tangent at normal atmo-
spheric conditions. With an appropriate mechanism, the
relaxation behavior and conduction mechanism of nano-
composites were also studied. The complete study of this
biomaterial with excellent dielectric properties may find its use
in flexible biofriendly next-generation electronic devices.

2. Materials and methods
2.1 Materials

Sigma-Aldrich delivered gelatin powder (type B from bovine
skin, 200 Bloom) and glycerol (98% pure). Tokyo Chemical
Industry Co., Ltd. supplied the multi-wall carbon nanotube. The
MWCNT has an average diameter of 30 nm and a length of 10 m,
respectively. All the materials were used as bought without any
further modification.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.2 Preparation of gel/ MWCNT nanocomposite film

All the aqueous solutions were prepared with DI water. An
appropriate amount of gelatin was mixed with DI water and was
heated up to 50 °C with continuous magnetic stirring until they
dissolved properly. For the synthesis of nano-composite high-
quality MWCNTs were dispersed in DI water with a minute
amount of gelatin solution using a probe sonicator until
a homogenously dispersed solution was attained. MWCNT of
different proportions (0 wt%, 0.005 wt%, 0.01 wt%, 0.02 wt%,
and 0.05 wt%) were mixed with the previously obtained gelatin
solution. Then glycerol was added to this solution as a plasti-
cizer and was stirred at 70 °C for about 40 min until the solution
was thickened. The solution was then poured onto a glass Petri
dish and kept at room temperature for several hours. The films
were gently peeled out of the Petri dish later, and they were
ready to be studied for various properties (Fig. 1).

2.3 Characterization techniques

Fourier transform infrared spectroscopy (FTIR) analysis was
used to investigate the presence of various groups in the cross-
linked nanocomposites. The chemical analysis was performed
using a (Shimadzu IRSpirit) spectrophotometer in the spectral
range of 500-4000 cm ™.

A field emission scanning electron microscope (FESEM)
model no. JEOL JSM-7600F was used to examine the surface
morphology of the ge/MWCNT nanocomposite. The compos-
ites were coated with a thin gold/palladium coating before
imaging.

A portable network analyzer was used to test the dielectric
characteristics of the samples (FieldFox N9923A, Agilent Tech-
nologies Inc.). The measurement was conducted following the
‘Parallel Plate Capacitor’ method. The parallel plate capacitor
method involves sandwiching a thin sheet of material between
two electrodes of the vector network analyzer (VNA) to form
a capacitor. The prepared self-substrate film material is con-
nected to the analyzer by touching the parallel plates to the
upper and the lower flat surfaces of the sample in such a way
that no air gap is formed between the two contact surfaces. The
characterization was carried out at room temperature from
40 Hz to 10 MHz frequency range. The capacitance (C) of the
film was used to determine dielectric permittivity, ¢ = %;

0
where d = thinness of the film, A = working area of the film, ¢, =
permittivity of vacuum. Dielectric loss tangent, tan 6 was ob-
tained directly from the analyzer. The formula used to deter-
mine the imaginary part of the permittivity is, ¢’ = ¢ tan 6. The
formula has been used to determine AC conductivity is, gac =
wepe' tan 6.3

3. Results and discussions
3.1 Structural properties

Chemical compositions and molecular interaction of the
prepared gel/MWCNT nanocomposites were studied using
Fourier Transform Infrared (FTIR) spectroscopy technique and
are shown in Fig. 2. Here observed main functional groups of
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(a) The synthesis procedure of gel/MWCNT nanocomposites by solution casting method. (b) Color transformation of the gel/MWCNT

nanocomposites from pale yellow to dark ash with the gradual increase of the filler content.

gelatin were located at 1036, 1110, 1549, 1636, 2883, and
2935 cm ' Also, a large absorption peak ranging from
3100 cm™ ' t0 3500 cm ™~ was observed due to the ~-OH stretching
vibration originating from the functional hydroxyl groups pre-
sented in gelatin, glycerol, and bound water from the solution.*
The two significant peaks at 2883 cm ™' and 2935 cm ™" are
similar to the peptide bonds of amide-A and amide-B respec-
tively. Amide-A originates from NH-stretching and hydrogen
bonding, whereas amide-B corresponds to NH," and CH-
bonding.** The peak for amide I corresponding to the C=0
stretching and NH bending vibrations is found at 1636 cm ™.
The peak for amide II which rises from CN stretching and CO
bending vibrations is found at 1549 cm . An additional amide I
peak corresponding to the CH, fluctuation is observed at
1110 cm™'.* The observed increment of the peak’s intensity
with the MWCNT concentrations indicates enhanced interac-
tion between the polymer and the nanofiller. The active
hydroxyl bonds of the gelatin chain might have created possible
interactive sights for the MWCNTSs to attach.®

14688 | RSC Adv, 2022, 12, 14686-14697

3.2 Surface morphology

The surface morphology of the gel/ MWCNT nanocomposite was
investigated using a Field Emission Scanning Electron Micro-
scope (FESEM). Fig. 3 shows FESEM images of the nano-
composites with different nanofiller concentrations. The
ruptured surface of the pure gel sample seemed to be smooth,
and no trace of MWCNT was seen. The presence of MWCNT was
observed for the gel/MWCNT nanocomposites. A good disper-
sion of MWCNT was confirmed by the SEM images up to
0.02 wt% MWCNT nanocomposites. An increment in the
density and a slight overlapping of the MWCNT fillers in the gel
matrix were found in the highest MWCNT concentration
sample. From Fig. 3(e) it was observed that the nanotubes form
a cluster in the 0.05 wt% MWCNT containing the sample and
this can be attributed to the agglomeration of nanotubes due to
the van der Waals force.*® A similar morphological pattern was
discovered for gel-based carbon nanotube composite films
where CNTs form a bundle at higher concentrations.*® Also,
MWCNTs were wrapped with gelatin by the different functional

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of gel/MWCNT nanocomposites for various
amounts of MWCNT filler content.

groups of its polymer chain during the sonication process
which helps them to disperse evenly throughout the polymer
matrix.'>*” Additionally, the roughness of the film surface
increases with the concentration of MWCNTs. The increase in
roughness means a larger surface area is created.

3.3 Dielectric constant

The variation of the real permittivity (¢/) of the nanocomposite
as a function of the weight percentages of MWCNT nanofiller in
gel matrix at room temperature is shown in Fig. 4. When the
frequency is lower (up to 100 Hz) all nanocomposites show
frequency-independent behavior as the space charge effect of
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Fig. 4 Frequency dependance of the dielectric constant of the gel/
MWCNT nanocomposites.

interfacial polarization is responsible for the high dielectric
permittivity in heterogeneous materials at low frequencies.?®
This phenomenon occurs in systems made up of two or more
constituents with varying electrical properties. The disparity in
conductivities and permittivity of the constituents causes space-
charge to gather at the interfaces of the elements. MWCNTSs
have a higher dielectric constant than the polymer matrix.
Besides, MWCNT with its sp® hybridized structures provides
electrical conductivities. Under an applied electric field, elec-
trons easily travel via the unsaturated pi bond due to its delo-
calization.* But the insulating nature of the gel matrix forms
a boundary around the MWCNTs. As a consequence, the
MWCNTs in the polymer matrix turn into nanocapacitors.*® As

Fig.3 FESEM images of the gel/MWCNT nanocomposites with (a) 0 wt%, (b) 0.005 wt%, (c) 0.01 wt%, (d) 0.02 wt% and (e) 0.05 wt% of MWCNT
concentrations at x5000 magnification (a—e). (f) Shows the FESEM images for the gel/0.02 wt% MWCNT nanocomposite at x50 000

magnification.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a surfactant, the hydroxyl, carboxyl, and amino groups of gelatin
cover the surface wall of MWCNT and provide homogeneous
dispersion by reducing the possibilities of CNT aggregation.** At
low frequency (100 Hz) the dielectric constant of the pure gel
sample (¢ = 0.5) was found to be increased by five orders in
magnitude due to the incorporation of just 0.02 wt% of MWCNT
nanofiller (¢ = 12 000). At low frequencies, different types of
polarizations such as dipolar, atomic and electronic polariza-
tions may occur, but as the frequency rises, the dipoles become
unable to keep up with the fast-changing field.** As a result, the
contribution of interfacial polarizations fades out first, followed
by dipolar, atomic, and electronic polarizations, and the value
of ¢ falls.****

3.4 Dielectric loss factor

Fig. 5 exhibits how the imaginary permittivity of the dielectric
loss factor (¢”) of the nanocomposite varies with frequency as
the concentration of the MWCNT nanofiller changes. The
dielectric loss factor is related to the amount of energy neces-
sary to align the dipoles in the field's direction. The values of ¢”
are found to be increased with the increase of nanofiller
concentration and decrease as the applied frequencies increase.
The observed imaginary permittivity (¢”) may arise from
different mechanism such as ionic conduction, interfacial,
dipole, atomic, and electronic polarization mechanisms.*® Due
to the difference in relaxation times between the CNT and gel,
charge carriers from the external electrode relocate and aggre-
gate at the interface when an electrical field is applied to the
composite film. The large surface-to-volume aspect ratio of
MWCNTs provides increased surface area for interfacial polar-
ization to occur.” Besides, defects play a significant role; there
are several lattices and/or topological defects and interfaces that
can cause changes in positive and negative space charge allo-
cations, resulting in leakage current which enhances dielectric
loss. The leakage current usually happens near percolation.
MWCNTs reach the percolation threshold at relatively small
concentrations, hence the inclusion of MWCNTSs may result in

4
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Fig. 5 Frequency dependance of the dielectric loss factor of the gel/
MWCNT nanocomposites.
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a dielectric loss factor.*> The value of the dielectric loss was
found to reduce rapidly as the frequency increases. This is due
to the rapid movement of free charges through the
nanocomposites.*®

3.5 Fitting with Cole-Cole formula

When an AC electric field is applied, a material can undergo
a variety of reorientation processes. Several theoretical models
have been used to analyze the dielectric characteristics of
different materials from the permittivity curve, based on the
dispersions of relaxation time. For a single reorientation or
monodispersed process, the Debye relaxation model is used to
fully understand the material's dielectric properties.””™*® The
real and imaginary parts of the complex dielectric constant are
related in the Debye model as, ¢*(w) = ¢’ — i¢”. Considering the
frequency of the field, this relation can be written as,

& — € . .
e*(w) = ew + ;Jr—_;‘”'s" where ¢, is named as the dynamic
iwt

permittivity which is recorded at the highest frequency limit of
the material when it is unable to respond to the field, ¢, is called
static permittivity, which is the limiting low-frequency permit-
tivity. Here, w is the angular frequency, i = v/—1 and 7 is the
time characteristic of the relaxation phenomena.>

For materials with polydisperse relaxation processes, Cole
and Cole refined the Debye formula called the Cole-Cole
formula®” and express the complex dielectric constant as

& — €w
1+ (iwr)"™’
and 7 is the average relaxation time. With the help of this
equation, the values of ¢, ¢, and « have been determined by
simulating the experimental dielectric permittivity. The angular
frequency at which the dielectric loss reaches its highest
magnitude yielded the average relaxation time, > using the

e*(w) = € + where « is the dispersion coefficient

1
relation 1 = —. Here the angular frequency, w = 27tf, fbeing the
w

frequency.”” The simulated data are presented in Fig. 6 and the

4
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Fig. 6 Dielectric constant of the gel/MWCNT nanocomposites
simulated with Cole—Cole formula.
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Table 1 Parameters obtained from the simulated dielectric constant curves of the gel/MWCNT nanocomposites with the modified Cole—Cole

formula

MWCNT concentration Static permittivity,

Dynamic permittivity,

Dielectric strength, Relaxation time,

(Wt%) & £ao Ae = (&5 — €a) 7o (1s) o
0 0.78 —415.15 415.93 — 1.11
0.005 2.10 —2482.86 2484.96 7.3 1.37
0.01 2.71 —2741.71 2744.42 2.5 1.38
0.02 1.93 —5522.45 5524.38 0.93 1.36
0.05 2.21 —5323.28 5325.49 31.8 1.34
different parameters obtained from the simulated curve are 12
listed in Table 1. From the obtained fitting parameters, it can be =—Gel

. . . e Gel/ 0.005% MWCNT
concluded that the dielectric strength (Ae = &5 — €., )*” increases 1 —— Gell 0.01% MWCNT
due to the addition of MWCNT into the gel matrix suggesting === Gel/ 0.02% MWCNT
a rise in the effective moment of the orienting unit due to the 94 ——Get 0.05% MwNT
incorporation of nanofiller. For pure gel no relaxation peak was |
observed, the calculated relaxation time for sample gel/
0.005 wt%, gel/0.01 wt%, gel/0.02 wt%, and gel/0.05 wt% o 6
MWCNT are 7.3 ps, 2.5 pus, 0.93 us, and 31.8 us respectively. The -
lowering of the relaxation period suggests that the polarization 8 1
direction aligns with the AC field due to the incorporation of 3
MWCNT.?® Furthermore, a smaller relaxation time indicates 7
that the dielectric loss peaks at a higher frequency, evaluating .
the relaxation time is critical in the development of a material
with stable dielectric characteristics. The observed large value of 0-
relaxation time for the nanocomposite with a higher concen- e B A Bt B B A B
tration (0.05 wt%) of MWCNT can be attributed to the 10> 10° 10* 10° 10° 10’
agglomeration of nanotubes which limits the interface regions

Frequency(Hz)

by decrement of the interfacial area between polymer chains
and nanoparticles. The thermal behavior of the nano-
composites also supports the dielectric performance (see ESIT).

3.6 Dielectric loss tangent

Fig. 7 shows the tangent loss (tan ¢) vs. frequency graph for
varying concentrations of MWCNT in the gel matrix at room
temperature. The tangent loss plots for all the nanocomposites
show a single nearly Debye type relaxation peak.*” Initially, there
is a rise in tangent loss as frequency increases reaching
a maximum followed by a drop in the high-frequency range. In
the low-frequency region the dominance of the ohmic resistive
component, i.e., the friction of dipoles as they tend to align with
the field may increase loss tangent. When the frequency of the
electric field and that of the molecular rotation of the nano-
composite match then a peak is detected. At resonance, most of
the field energy is dissipated, mostly in the form of heat.** In the
high-frequency regime, the dipoles are completely dormant in
the field causing a reduction in the tangent loss. The compo-
nents become frequency-independent at this point, whereas the
capacitive part increases following the frequency. The relaxa-
tion peak moves more toward the high-frequency side in Fig. 7,
indicating quicker energy transfer patterns between one regu-
lating site to the other due to a reduction in relaxation time.>*>*

To achieve excellent dielectric properties, a very well
dispersion of CNTs throughout the polymer matrix is a must.
Since MWCNTs tend to agglomerate at higher concentrations

© 2022 The Author(s). Published by the Royal Society of Chemistry

Fig. 7 Variation of dielectric loss tangent of the gel/MWCNT nano-
composites as a function of applied frequency.

causing a higher value of dielectric loss tangent. The MWCNTSs
establish a conductive channel in the composites, making them
conductive rather than capacitive. A leakage current developed
as the composites became more conductive, causing some of
the electrical energy to be changed into other energy (mainly
thermal). When the MWCNT loading grew and a conductive
pathway was constructed in the whole nanocomposite, the
dielectric loss (tan 6) of the composite rose owing to energy
dissipation, resulting in a significant leakage current origi-
nating from the intimate connection between the MWCNTs.

The conduction loss (which dominates at extremely low
frequencies) and the polarization loss of space charges are the
two basic types of dielectric loss.*»* In general, the former
contributes more to dielectric loss than the latter® and as
a result, the dielectric loss falls rapidly as frequency rises.

3.7 AC conductivity (ac)

Fig. 8 shows the AC conductivity versus frequency curve for
different concentrations of MWCNT nanofiller at room
temperature. Depending on the frequency, the plot is divided
into three separate zones. The low-frequency zone has a sharp
rise in conductivity due to the lessening of electrode

RSC Adv, 2022, 12, 14686-14697 | 14691
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Fig. 8 Variation of AC conductivity of the gel/MWCNT nano-
composites as a function of applied frequency.

polarization, followed by a frequency-independent plateau
region at an intermediate frequency (corresponding to maximal
relaxation time) and a high-frequency dispersive region due to
quick field reversal. All the samples show a comparatively lower
conductivity at low frequencies, which might be owing to the
dominating electrode polarization effect.®> The long-range
conduction of the charge carriers is responsible for the almost
plateau area in the middle frequency window, and the
maximum relaxation peak slows down the rise in AC conduc-
tivity. The short-range ion movement (hopping) associated with
AC conductivity causes the high-frequency dispersion area.>*

Interfacial polarization occurs between the electrode and the
nanocomposite surface, as well as between the grains and other
heterogeneous portions of the nanocomposite, at a lower
frequency range. As the filler content increases, the bulk resis-
tance of the composite reduces and the conduction process is
controlled by interfiller tunneling. MWCNT is fairly well
dispersed randomly in the gelatin matrix composite. Moreover,
the MWCNT may connect in part, and form a partly continuous
random cluster. As a result, charges pass freely from one domain
to another, resulting in higher conductivity. Among all nano-
composites, gel/0.02 wt% MWCNT nanocomposite showed high
conductivity of 8 x 10°* S m™" at 10 kHz when compared to
others. Whereas the pure gelatin exhibits a very low conductivity
of about 0.5 x 107> Sm™ " at the same frequency. AC conductivity
is extremely low at very low frequencies and is due to the space-
charge, interfacial, and dipolar polarization. The hopping of
charge carriers in localized states, as well as the stimulation of
charge carriers to the states in the conduction band, are the
mechanism responsible for the increased frequency-dependent
conductivity at higher frequencies.***”

At higher concentrations, MWCNTs agglomerate due to van
der Waals forces. The agglomeration hinders the creation of
conducting paths throughout the polymer matrix resulting in
the decrement of the AC conductivity of the gel/0.05% MWCNT
nanocomposite.
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3.8 Cole-Cole plot

The Cole-Cole plot is obtained by plotting the imaginary
impedance (Z") as a function of the real impedance (Z') and is
shown in Fig. 9. Z' and Z" are related to the complex impedance
of the composites by the relation Z = Z' + iZ".*® Fig. 9 clearly
shows that there is a curved arc at a higher frequency area fol-
lowed by an inclined line at the lower frequency section due to
a non-Debye type relaxation.”® In general, an equivalent RC
parallel circuit is used to study the resistance (R) and capaci-
tance (C) of a crystalline sample. On the complex plane, this RC
element produces one semicircular arc that intersects the X-
axis. The equivalent circuit for a bulk crystal with interfacial
layers may be thought of as several parallel RC components
linked successively. As the filler content increases, the intercept
of the semicircular arcs on the real axis at the origin of the
complex plane decreases, indicating a decrease in the sample's
resistivity.

Appropriate equivalent circuits were designed to fit the
impedance spectra of the nanocomposites by utilizing the
simulation for a quantitative investigation of the Cole-Cole
plots of the ge]l/MWCNT nanocomposites. The corresponding
circuit depicted in Fig. 10 best fits the simulated impedance
spectra. The equivalent circuit for the nanocomposites is made
up of two parallel circuits connected in series, each with resis-
tance, R, and a capacitive constant phase element (CPE), Q. To

. . . 1
obtain the best fitting, CPE is measured as: Zgpr = Zo +—;

)
where Zcpg is the constant phase angle impedance; Z, is
a constant; w is the angular frequency; j is the imaginary
component, and 7 is the exponential factor. CPE is comparable
to a perfect capacitor, an inductance, or a pure resistance when
n =1, —1, or 0, respectively.®® Table 2 represents the estimated
values of the different parameters of the equivalent circuits for
the gel/ MWCNT nanocomposite.

Two different equivalent circuits were used for the simula-
tion of the pure gel sample (i) and the gel/ MWCNT sample (ii).

4x10* .
e Gel/ 0.005% MWCNT
e Gel/ 0.01% MWCNT
4 Gell 0.02% MWCNT
3x10™ 1 = Gell 0.05% MWCNT
S 2x10*]
N
1x10* - - -
0_ _______ Lo- 52.?;:;1“ 1.0x10*
0 1x10*  2x10* 3x10*  4x10*
Z(Q)

Fig. 9 Cole-Cole plots of gel/MWCNT nanocomposites at room
temperature for different amounts of filler incorporation (the high
frequency region is shown in the image inset).
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Fig. 10 The simulated complex impedance spectra of the pure gel (a) and the different gel/MWCNT nanocomposites (b—e). The equivalent
circuits for the best fitted curves are shown in (f); where the pure gel sample best fits for the circuit (i) and all the nanocomposite samples fit for

the circuit (ii).

The circuit for the pure gel sample contains two parallel RC
components connected in series. Whereas the gel/MWCNT
sample contains a series connection of a third RC component.
The first RC parallel circuit originates from the electrode's
contribution, mainly depending on the element of the elec-
trode. R, is the electrode resistance and Q, is the electrode
capacitive element. The second parallel part of the circuit
contains the grain boundary resistance R, and the grain

© 2022 The Author(s). Published by the Royal Society of Chemistry

boundary capacitive element Q,. They refer to the region sepa-
rating two conductive regions. The grain boundary resistance
displays a huge reduction of about three orders of magnitude
from 6 MQ for the gel sample to 261 kQ for the gel/0.02 wt%
MWCNT sample. The third parallel circuit of the equivalent
circuit for the gel/MWCNT nanocomposites refers to the grain
i.e., the conductive parts formed between the incorporated
MWCNTSs in the gel matrix. From Fig. 10(a) it is observed that
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Table 2 Different parameters of the equivalent circuit components of the fitting Cole—Cole curves of the gel/MWCNT nanocomposites

MWCNT concentration Electrode res., Electrode cap., Grain boundary Grain boundary Grain res., Grain cap.,
(Wt%) R, (kQ) Q; (nF) res., R, (kQ) cap., Q, (nF) R; (kQ) Qs (uF)

0 65 0.002 5935 0.012 — —

0.005 9.45 0.18 972 8.42 12.43 0.23

0.01 7.43 46.13 316 232 9.52 0.70

0.02 5.14 231.5 261 540 0.032 23.25

0.05 6.03 1.08 294 0.142 7.38 0.21

there is no such region or grain formed in the pure gel sample.
Later with the addition of MWCNT into the gel matrix grains
were formed. With the increase of MWCNT contents, the grain
resistance R; decreases from 12.43 kQ to 0.032 kQ, and the value
of the capacitive component of the grain Q; increases. The
variation of the grain and grain boundary elements show
a similar trend which confirms a less reactive and more
capacitive behavior of the nanocomposites. However, the gel/
0.05% MWCNT nanocomposite does not follow this trend. That
is maybe due to the agglomeration of CNTs in higher
concentrations.

A similar trend was found in the thermal analysis of these
nanocomposites (provided in the ESI sectiont).

3.9 Charge transport mechanism

Fig. 11 demonstrated a model that can be used to comprehend
the charge transport mechanism using the data obtained from
the equivalent circuit assessment of the complex impedance
spectra. Fig. 11(a) shows the gel matrix which does not produce
a substantial charge deposit area. When MWCNTs are intro-
duced into the gel matrix, as shown in Fig. 11(b), the MWCNT
offers a greater surface area for charge collection, increasing the
material's capacitance (the space charge effect). Since MWCNTSs

(a)

Gel Matrix

(e)

Space Charge Layer

MWCNT

are dispersed into the nanocomposite, it is possible to attain
a greater surface area, i.e., a higher capacitance value, with even
a small number of MWCNTs. The increased number of
MWCNTSs, as shown in Fig. 11(c), contributes to a greater
increase in surface area, resulting in a larger capacitance value
for the materials up to 0.02 wt% of MWCNT. This also aids in
comprehending the nanocomposite material's enormous
dielectric constant. The dielectric constant increases dramati-
cally as the capacitive area increases. Furthermore, the addition
of MWCNTs to the gel matrix improves electron transport
throughout the matrix. Electrons moved from one MWCNT to
another by various mechanisms including tunneling, hopping,
leaping, and so on. When the amount of MWCNTSs is increased
few of them might come closer and form a conductive network
across the polymer matrix.

For higher nanofiller concentration (0.05 wt% MWCNT),
MWCNTs get agglomerated due to the van der Waals interaction
among them. This cluster of MWCNTs which is shown in
Fig. 11(d) tends to make the materials more conductive rather
than capacitive and the capacitance of this nanocomposite got
declined. It is also the reason for the large dielectric loss of the
material as the probability of the leakage current increases.

Fig. 11(e) shows the charge development between the
MWCNT nanofiller and the gel interface. The non-hybridized

00000000 CS
S 000000

Space Charge Layer

Fig. 11 Schematic representations of the mechanism of CNTs creating a capacitive layer in the nanocomposites. (a) Gel matrix, (b) incorporation
of CNTs in gel matrix at low content, (c) and (d) more CNTs creating conductive paths in gel matrix, (e) the formation of nanocapacitive layer

between the contact area of CNT and gel matrix.
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electrons of the carbon of MWCNT participate in the electron
conduction when a voltage is applied to the nanocomposite
material, but the insulating gel matrix prevents this. As a result,
electrons are collected at the contact surface. The gel matrix, on
the other hand, is less conductive, and the positive charge
carriers from the trapped water molecules congregate near the
negatively charged MWCNT wall. As a result, a nano capacitive
layer is formed in this area. As the number of MWCNTSs rises, so
does the number of capacitive areas, which results in an
increase in capacitance. However, when the MWCNT concen-
tration is large enough, electrons may be carried across CNTs;
the conductive region, ie. grains, while bypassing the gel
matrix; and the high resistive region, i.e. grain borders.

4. Conclusion

Biodegradable gel/MWCNT nanocomposites with different
concentrations of MWCNT were successfully prepared by
a facile solution casting method and their structural, surface
morphological and dielectric properties were observed. A
significantly large dielectric constant together with small
dielectric loss is observed due to the interfacial polarization
between the polymer and the filler. A significant improvement
in the performance parameter of the dielectric behavior of the
nanocomposites was obtained using the Cole-Cole model. The
simulated data obtained from the analysis of the complex
impedance spectra reveal a decrease in the grain barrier resis-
tance together with an increase in the capacitive element from
0 to 23.25 pF due to the formation of nanocapacitive regions due
to the well dispersion of MWCNTs into the polymer matrix.
Furthermore, a model has been proposed to elucidate the
improved dielectric performance of the MWCNT reinforced
nanocomposites by explaining the charge transport mecha-
nism. This biofriendly nanocomposite with excellent dielectric
properties might find its way to use in fabrication of next-
generation, smart and flexible energy storage devices.
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