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Abstract

The objective of this study is to produce polyvinyl alcohol (PVA)/carboxymethyl cellulose (CMC)/polypyrrole (PPy)/x wt%
melanin blended polymers as future materials to utilize in the promising applications of electronic and storage energy fields.
The structures and morphologies of the blends were investigated using X-ray diffraction and scanning electron microscopy
techniques. The dielectric constant increased at 100 kHz from 55 to 8.6 x 10* as the host blend doped with 0.25 wt% mela-
nin. The values of the energy density (U) were increased as the amount of melanin doping excess x=0.1 wt% and it has
the maximum value 5.41 J/m> as x=0.25 wt% at 100 Hz. The values of U for all blends increased as the temperature rose.
Blend with x =0.25 wt% has the highest ac conductivity. The conduction mechanisms in different blends were identified
through the application of different theoretical models. The influence of the amount of melanin doping and temperatures on
the real and imaginary parts of the electric impedance and the electric modulus, as well as the Nyquist curves was studied.
Blend with x =0.2 wt% has the highest dc conductivity (3.74 x 10 S m~"). All blends exhibit one or two activation energy
values based on the temperature range and the amount of dopant. In conclusion, the outcomes obtained from the experiment
demonstrated that the blended polymers consisting of PVA/CMC/PPy/x wt% melanin possess exceptional electrical proper-
ties, rendering them potentially valuable in the fields of energy storage and electronics.
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1 Introduction forming abilities, as well as good mechanical characteris-

tics. It also exhibits remarkable resistance to chemicals and
Lighter and more efficient devices are made possible by  is biodegradable [2]. Carboxymethyl cellulose (CMC) is a
polymers, which are essential for developments in the chemically altered natural polymer that has a remarkable
energy, communication, and electronics industries [1]. Pol-  ability to absorb water. CMC is biologically harmless and
yvinyl alcohol (PVA) is a water-soluble polymer that has ~ can be used safely with mucous membranes, bones, and skin.
a semi-crystalline structure. It is non-toxic, biocompatible, =~ CMC can serve as a substrate for wound healing and the

and environmentally friendly. PVA has good film and fiber ~ regeneration of skin [3]. One benefit of CMC is its capacity
to blend with other polymers, such as PVA, which possesses

biocompatibility, lower toxicity, and hydrophilicity [4].

Polypyrrole (PPy) is a highly researched polymer
because it is environmentally stable, relatively easy to syn-
Research Chair of Exploitation of Renewable Energy thesize, and has good electrical conductivity. The PPy is
Applications in Saudi Arabia, Physics & Astronomy widely utilized in various commercial applications, includ-
Department, College of Science, King Saud University, P.O. . batteri it d .
Box 2455, 11451 Riyadh, Saudi Arabia ing batteries, super capacitors, sensors, and corrosion

protection [5]. Melanin is a cost-effective and naturally-

occurring substance that possesses biodegradable and bio-
compatible properties [6].
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A defining feature of a polymer or blended polymer is the
inclusion of fillers that are evenly distributed throughout the
polymer matrix. Polymer composite, or blends of polymers
with fillers, exhibit better features in comparison to conven-
tional polymers, making them suitable for use in different appli-
cations. For instance, increasing of SiO,NPs in high viscosity
carboxymethyl cellulose HVCMC, poly (N-vinyl pyrrolidone)
PVP and polyethylene glycol PEG polymer blend from 0% to
0.045% leads to rise in the values of the attenuation coefficient
[7]. The dielectric constant (imaginary, real) was enlarged
with the raised amount of strontium oxide NPs doped amount
in PVA-PEG blend [8]. Lin et al. prepared a dual-physical
crosslinking (DP) carboxymethyl cellulose (CMC) hydrogel
with high-toughness, healability, and electric conductivity by
integrating abundant ions into the matrix [9]. The dielectric
and energy dissipation features of polyvinyl alcohol (PVA)
and Dextrin have been significantly enhanced by the utilise of
SiO2NPs. Additionally, the sensitivity to relative humidity has
been demonstrated in a variety of NPs ratios, temperatures,
times and RH ranges [10]. The optical and carbon dioxide gas
sensing features of polythiophene were enhanced by dispersion
of manganese dioxide nanoparticles [11].

Mirmahalleh et al. produced cellulose/polypyrrole compos-
ites to be included in polymer electrolytes for use in lithium-ion
batteries [12]. According to Pan et al. polymer composites with
a high dielectric constant, low loss, and high breakdown can
be made using sandwich-structured PPy/MoS,/PPy nanosheets
[13]. An in situ hybrid polymerization process was used to
improve the specific capacitance of a cotton fibre electrode
with PPy and MXene [14]. At higher temperatures, the dielec-
tric properties of the PVDF/PPy blend improved so it can be

Fig. 1 The a the solutions and b
films for PVA/CMC/PPy/x wt%
Melanin blended polymers

used in electromagnetic wave shielding and high temperature
sensing [15]. The PY-C/PVA/LiO nano-composite shows great
potential for use in the production of nano-electronic devices
[16]. Higher levels of melanin doped PVP/CMC blend were
associated with a rise in dielectric constant, dielectric loss, and
AC conductivity, all of which reduced as the melanin content
approached 0.5 wt% [6]. The environmentally friendly PVA/
PPy polymeric material has applications in biosensors, capaci-
tors, Electromagnetic Interference (EMI)/Radio Frequency
Interference (RFI) shielding, and insulation [17]. The hydro-
gel electrodes, called “Mela Gel”, were formed using cellulose
nanofibrils (CNFs), melanin, and PPy. The Mela Gel electrodes
exhibited exceptional conductivity and energy storage capacity,
with an impressive energy density of 5387 mWh/kg. This makes
them particularly suited for specific sensors [18]. For environ-
mentally friendly electronics, Nozella et al. created an organic
mixed ionic electronic conductor (OMIEC) using a blend of
melanin and poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate (PEDOT:PSS) [19]. Agrawal et al. fabricated 3D fibrous
scaffolds using melanin-poly (3-Hydroxybutyrate) for the pur-
pose of neural tissue engineering [20]. Using PPy embedded in
a PVA matrix, Das et al. created an ethanol sensor that works at
room temperature [21]. The dielectric constant, dielectric loss,
and AC conductivity of polyvinyl pyrrolidone/carboxymethyl
cellulose/ melanin were reduced first as the quantity of melanin
reached 0.5 wt% then rose again with further raises in melanin
amounts. The Nyquist plot is affected by the quantity of melanin
doping. Undoped blends are less capacitive than doped blends,
particularly those that have 0.5 wt% melanin [6].

The present study aimed to produce polymer blends employ-
ing the casting technique, comprising of PVA/CMC/PPy/x wt%
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melanin. The impact of the doping concentration of melanin
on the structure and morphology of the produced blends was
investigated. The current study also attempted to examine the
impact of melanin doping, frequency, and temperature on the
dielectric constants, ac conductivity, impedance, electric modu-
lus, and activation energy of the PVA/CMC blended polymer.

2 Methods and Materials
2.1 Materials Preparation

The polymer blends consisting of PVA/CMC/0.1 wt%PPy/x
wt% melanin (x =0, 0.05, 0.1, 0.15, 0.2, 0.25) were created
using the casting method, Fig. 1. In this process, polyvinyl
alcohol (PVA, MW =50,000 g/mol, Acros organics, 98%),
carboxymethyl cellulose (CMC, in the form of sodium car-
boxymethyl cellulose, MW =90,000g/mol, Sigma Aldrich,
99%), polypyrrole (PPy, conductivity 10-50 S/cm, Sigma
Aldrich, 99.5%), and melanin sourced from natural low-
cost Nigella sativa melanin extracted within the pilot plant
labs at King Saud University (KSU) [6] were used. The
process was carried out as follows: (i) x wt% melanin were
dissolved in 15 ml deionized distilled water at room tem-
perature (RT) for 24 h utilizing a magnetic stirrer until clear
solutions were achieved. (ii) 1 g of PVA was dissolved in
65 ml dimethyl sulfoxide (DMSO, VWR chemicals) at
50 °C for 0.5 h via a magnetic stirrer until a clear solu-
tion was established then let cool to RT. (iii) 1 g of CMC
was added to the melanin solutions and let to dissolve at
RT utilizing a magnetic stirrer to develop clear solutions.
(iv) 0.1% PPy was added to the (CMC + melanin) solutions
and allowed to distribute for 0.5 h by a magnetic stirrer.
(v) The above solution (CMC + melanin + PPy) was mixed
with PVA solution at 50 °C for 1 h with a magnet stirrer
then placed in ultrasonic bath at 50 °C for 3 h, then put on
a magnetic stirrer at 50 °C for 24 h until clear solutions
were achieved. (vi) The resultant solutions were poured
into Petri dishes and put in an electric furnace at 70 °C for
5-6 days. (vii) PVA/CMC/PPy/melanin blends were estab-
lished with a thickness of 0.20-0.36 mm (measured by a
digital micro-meter).

WPPy
Weva + Weme + Wepy + Wocianin

x(wt%) = x 100 (D

where Wpyy, Wepe, Wppy and Wy, are the weights of
PVA, CMC, PPy and melanin respectively.

2.2 Materials Characterizations

The structural investigations of all blends and filler samples
were done utilising a PANalytical X-ray diffractometer (X pert
MPD model copper source). Images from a scanning electron
microscope (SEM) were acquired using the JED-2200 Series
from JEOL, Akishima, Tokyo, Japan.

The dielectric constant parameters at different temperatures
were determined by applying a 2 V ac voltage and measuring
the variations in capacitance (C,) and dissipation factor (p)
using a GWINSTEK LCR 8105G device INSTEK AMERICA
Corp., USA) instrument.

The subsequent formulas [1] were used to calculate the
values of the dielectric constant (&', €”), ac conductivity
(0,.), complex electric modulus (M* =M'+1M"), and energy

density (U):

PVA+ CMC+ PPy+ x wt % melanin
L x=0.25 A

Intensity (a.u.)

15 20 25 30 35 40 45 50
26 (°)

Fig.2 XRD data for PVA/CMC/PPy/x wt% Melanin blended poly-
mers
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Fig.3 SEM images for PVA/CMC/PPy/x wt% Melanin blended polymers with a—¢ x=0 and d-f x=0.2
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where €, and A are the permittivity of free space and area
of the disc, respectively. A system that was used to measure
electrical conductivity involved a motor pump for cooling
with liquid nitrogen and a Janis VPF-100 cryostat. Keithley
6517-BA, an electrometer, was used to measure the current.
The values of conductivity were measured by two points
measurement.

3 Results and Discussion
3.1 Structural Analysis

Figure 2 demonstrates the X-ray diffraction (XRD) pat-
terns of polymers blended with PVA/CMC/PPy/x wt%
melanin. All the peaks observed in Fig. 2c can be ascribed
to the PVA/CMC blend, whereas none of the peaks corre-
sponding to the PPy or melanin fillers could be identified
due to its remarkable compatibility with the PVA/CMC
matrix. The main diffraction peak observed at 19.9¢ in the
PVA/CMC blend indicates its semicrystalline character-
istic, as the blend comprises the semi-crystalline polymer
PVA [22]. This peak confirmed the existence of CMC
and PVA polymers [22, 23]. The peaks at 19.9°, 22.6°
and 40.8° belong to the (101), (200) and (111) crystal
planes of PVA [22]. This suggests that there are substan-
tial interactions taking place among the constituents of
the blend. Furthermore, melanin alters the configuration
of the mixture’s crystals and modifies the non-crystalline
regions. Then, this influences the mobility of segments,

which impacts ion transport and, ultimately, electrical
conductivity.

To evaluate the impact of doping on the blend’s mor-
phology, scanning electron microscopy (SEM) images were
used to examine the surface morphologies. Figure 3 pre-
sents the results obtained from examining the undoped and
doped blends containing 0.2 wt% melanin at various mag-
nifications. The undoped blend images exhibit a homogene-
ous and rough surface devoid of any cracks. Significantly,

10 PVA/CMC/ 0.1% PPy/ x wt.% melanin
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Fig.4 Variation of a real and b imaginary parts of the dielectric
constant with frequency for PVA/CMC/PPy/x wt% Melanin blended
polymers

@ Springer



Journal of Inorganic and Organometallic Polymers and Materials

PVA/CMC/ 0.1% PPy/ x wt.% melanin

g, x10?

16+ 0% melanin " 293K 51 0% melanin T
IS e 303K b
3 4 313K 4-!
124 % v 323K T
% @ + 333K o 3 (9)
o v o
2 v < 343K S
x b
L 08y > 353K e

0.8,

(b)

25

g x10?

logf (Hz)
057 x=0.1 () -
g S 0.8 .
< >
= X
& s 06
o«

0.0

3 4

logf (Hz)

logf (Hz)

Fig.5 Variation of a—f real and g-1 imaginary parts of the dielectric constant with frequency for PVA/CMC/PPy/x wt% Melanin blended poly-
mers at different temperatures
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Fig.6 Variation of energy density with frequency for PVA/CMC/
PPy/x wt% Melanin blended polymers at 293 K

the abundance of numerous chunks or aggregates on the
upper surface of the polymer composite films suggests
that melanin has a tendency to accumulate and disperse
within the polymer matrix. Consequently, the blend that
has been doped with melanin exhibits an increased level
of roughness.

3.2 AC Conductivity Analysis

The particular features of materials in terms of their ability
to polarize at specific frequencies are of significant impor-
tance. In systems consisting of multiple components, the
movement of mobile charge carriers across the materials
causes the accumulation of space charges at the interfaces
between these components, resulting in differences in
dielectric constants and conductivity. Interfacial polari-
zation is a phenomenon that greatly affects permittivity
changes with frequency, especially at lower frequencies
because of the complex movements of chain segments
that resemble micro-Brownian motion [24]. Figure 4a
illustrates the frequency dependence of the real part of the
dielectric constant (&) of PVA/CMC/PPy/x wt% melanin
blended polymers at 293 K. The graph demonstrates that
the &' values of all the doped and undoped blends have
a similar frequency dependence. PVA/CMC/PPy/x wt%

@ Springer

melanin blended polymer exhibits a low-frequency dis-
persion characterized by a change in the frequency of &’,
indicating the presence of significant dispersion at low fre-
quencies. Dispersion at low-frequency in PVA/CMC/PPy/x
wt% melanin blended polymers is observed, as indicated by
the frequency variation of ¢’. The low-frequency dielectric
features of these blends are influenced by many factors,
including AC conductivity, bipolar orientation, charge
transporters, and electrode computing. Interfacial, dipo-
lar, and ionic polarization lose their effectiveness at higher
frequencies, leaving only the AC electrical conductivity
parameter to be important. The decrease in €’ as frequency
increases can be attributed to the shorter time available for
the interfacial bipolar to align themselves in response to
the field [25]. As the percentage of melanin rose up to 0.1
wt%, the dielectric properties of the doped blend initially
decreased, but subsequently rose again with further mela-
nin doping. The increase in &’ values can be attributed to
the accumulation of charge carriers and an elevation in
polarization. On the other hand, the reduction in &' values
may be ascribed to the clustering of melanin at the bounda-
ries between particles, leading to the formation of struc-
tural defects. The existence of these imperfections resulted
in the accumulation of electrically charged particles at the
boundaries, causing a decrease in the movement ability
of the particles and the arrangement of electric dipoles
when an external force was applied. Thus, the polarization
decreased [26]. Figure 4b depicts the correlation between
the variation of &' and frequency for all blends. The values
of ¢" demonstrate a comparable pattern to that of ¢'. The
rise in the values of &' at lower frequencies can be caused
by conduction losses [25]. At high frequencies, the drop
in &” can be attributed to the heat generated within the
composite material as a result of the rapid reorientation
of dipoles in response to the rapidly changing direction of
the electric field [27]. According to Fig. 5, the dielectric
constants of all the blends consistently increase as the tem-
perature rises. The rise in dielectric permittivity with tem-
perature can be attributed to the acceleration of charge car-
rier alignment due to thermal energy, as well as the rapid
alignment of dipoles [28]. Similar results were detected in
as-synthesized polythio-phene (PTh) [29]. The inclusion
of PPy and varying concentrations of melanin in doped
blends influences the orientation of the electric dipoles in
the host blends (PVA/CMC), consequently impacting the
values of the dielectric constants. Figure 6 illustrates the
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Fig.8 Frequency dependence of the ac electrical conductivity for
PVA/CMC/PPy/x wt% Melanin blended polymers at 293 K

relationship between frequency and energy density (U) in
PVA/CMC/PPy/x wt% melanin blended polymers at a tem-
perature of 293 K. The plot illustrates that the U values ini-
tially declined with increasing amounts of doped melanin
up to x=0.1 wt%, after which they began to rise again as
the melanin doping quantity rose further. Figure 7 shows
that the values of U for all blends increased as the tem-
perature rose. However, for the doped blend with x=0.2
wt% melanin, the U values varied irregularly as the tem-
perature increased. These outcomes validate the utilization
of a majority of PVA/CMC/PPy/x wt% melanin blended
polymers as suitable materials for energy storage.

One crucial physical characteristic that makes poly-
meric materials useful in electrical applications such as
contact switches and transistors is their AC conductivity
(0,.). Figure 8 depicts the correlation between the vari-
ation in the o, and the frequency for PVA/CMC/PPy/x
wt% melanin blended polymers at 293 K. It is evident that
the o, increased as the frequency increased in all blends.
Improved electronic interaction mechanisms happening
within the materials, which result in greater conductiv-
ity, might be responsible for this behavior. Furthermore,
as the frequency of the applied electric field increases, the
interactions between fillers and the surrounding matrix in

@ Springer

blended polymers may lead to enhanced charge transfer
pathways, which encourages higher electrical conductiv-
ity. The o, initially dropped when PVA/CMC/PPy was
doped with melanin up to a concentration of 0.1 wt%.
However, it gradually rose as the quantity of melanin was
further raised. The modifications seen were dependent on
the degree of melanin dispersion within the host blend
matrix. Consequently, the degree of interaction between the
filler and host blend was modified.This interaction results
in the creation of a remarkably effective pathway for the
conduction of electricity within the polymer matrix. The
increase in conductivity can be related to the modification
in the non-crystalline properties of the blended polymer,
which affects the energy barrier and subsequently improves
the motion of ions. One explanation for the decline in o,
values is the aggregation of melanin. Where the conduc-
tivity drops when ion aggregation reduces the number of
mobile charge carriers [30]. Figure 9 shows the relation-
ship between frequency and the change in In o, at differ-
ent temperatures for polymers blended with various mela-
nin contents. Like many polymers and semiconductors, it
seems that the o, improves with rising temperatures [31].
As temperatures are elevated, the number of transit sites
increases and the movement of charge carriers in the blends
is improved [32]. More charge carriers are able to pass the
potential barrier and contribute to electrical conduction
because this makes moving between transit sites easier
with minimal energy gain.

The electrical conductions in different blends are gov-
erned by Jonscher’s power law [33].

0,.(®) = 0y + B’ 8)

where o,, @ =21f, B(T) and 0 <s(T) <1 are the dc conduc-
tivity, angular frequency, constant and frequency exponent,
respectively.

The conduction mechanism of AC conductivity can
be identified through the application of different theo-
retical models, including quantum mechanical tunnelling
(QMT), correlated barrier hopping (CBH), non-overlap-
ping small polaron tunnelling (SPT), and overlapping
large polaron tunnelling (OLPT) [33]. According to the
QMT model, which is based on phonon-assisted electron
tunnelling, the value of s will either increase slightly with
temperature or stay the same. The CBH model proposes
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Fig. 10 Variation of s parameter with temperature for PVA/CMC/PPy/x wt% Melanin blended polymers

that the charge carriers engage in hopping between two
sites positioned above the Coulomb barrier, which serves
as an obstacle separating them. Furthermore, the model
indicates that the exponent s diminishes with increas-
ing temperature. According to the SPT model, the value
of s will consistently increase as the temperature rises.
On the other hand, the OLPT model suggests that s will
initially decrease with temperature until a certain point,
after which it will start to increase again with further
temperature rise.

@ Springer

Utilizing the subsequent relationship, we can create a rela-
tionship plot between Inc and Inw at various temperatures
(Fig. 9) to find different values of s in our case:

Ino = InB + sin(w) )

As the temperature grew, the s values for undoped and
doped blends containing X up to 0.1 wt% dropped, Fig. 10.
As a result, these blends followed the CBH model. Con-
versely, as the temperature rose, the s values in the other
blends rose once more after first decreasing to a particular
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point. These suggest that the OLPT model is followed by
these blends.

Impedance spectroscopy is a widely used and effective
technique for studying the electrical properties of elec-
trolytes and their interaction with electrically conductive
electrodes. Both the electrode polarization and the kind
of charge carriers (electrons or ions) can be inferred from

an analysis of the impedance spectrum structure. The
impedance of PVA/CMC/PPy/x wt% melanin blended
polymers at 293 K is represented by the real component
(Z') and the imaginary component (Z") as a function of
frequency. These components are illustrated in Figs. 11a
and b, respectively.

The plot illustrates a decrease in the real component
of impedance for all samples as the frequency increases,
indicating an increase in the AC conductivity within the
extended frequency range. The combination of the real part
of the impedance at higher frequencies for all blends indi-
cates that the blended polymers release space charge, which
lowers the barrier potential. The accumulation of space
charge polarization impact in all blends is indicated by the
merging of Z" values at higher frequencies [34]. The Z' and
Z" values of PVA/CMC/PPy/x wt% melanin were grew by
melanin doping up to x=0.1 then declined with increase the
quantity of melanin further.

Figure 12 depicts the changes in Z’ and Z” of the electri-
cal impedance at various frequencies and temperatures for
PVA/CMC/PPy/x wt% melanin blends. As the temperature
and frequency increase, the values of Z’ gradually decrease,
indicating an improvement in the o, values [35]. This
behavior implies that when the material is exposed to high
temperatures and low frequencies, the space charge polari-
zation effect builds up [36, 37]. In contrast, the values of Z'
tend to decrease towards zero as the frequency increases and
are not influenced by temperature. This could be attributed
to the discharge of space charge at higher temperatures [38].
The Z" spectra display a comparable pattern to Z’, except
for blends with an x value of up to 0.15 wt%. Blends with
x=0.15 and 0.2 wt% showed identifiable and wide peak
while blend with x=0.25, it has two peaks with noticeable
asymmetry. As the temperature rises, the Z"” peak maximum
undergoes a shift in relation to the frequency, and the tem-
perature also affects the height of these peaks. According to
these findings, the relaxation time varies amongst the sam-
ples [36].

Figure 13 depicts the Nyquist curves that demonstrate
the correlation between Z’ and Z” of PVA/CMC/PPy/x wt%
melanin blended polymers at a temperature of 293 K. The
Cole—Cole plots of the films demonstrate a depressed semi-
circular arc. The semicircle represents the parallel combi-
nation of bulk capacitance (because of immobile polymer
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nin blended polymers at 293 K

chains) and bulk resistance (triggered by ion movement).
The radius of each arc is affected by the quantity of mela-
nin doping, which increases until x=0.1, then decreases
with further melanin doping. This demonstrated that the
conductivity of the doped blend rose as the quantity of
melanin doping exceeded x=0.1 in the host blend. As the
temperature rose in the doped blends the radius of the semi-
circular arc declined, i.e. the conductivity enhanced except
in the blend with x =0.2, the radius of the semicircular arc
changed with temperature irregularly, Fig. 14. This indi-
cates the presence of an activated conduction mechanism
[39]. Furthermore, a blend with x =0.25 has the inclined
spike and the semicircle. The combination of an inclined
spike and a semicircle represents the distinct conductive
properties of ionic conducting materials [40]. The inclined
spike indicates the formation of double layer capacitance at
the interface between the electrode and electrolyte, which is
caused by the movement of ions at low frequencies [41-43].

@ Springer

The real and imaginary components of the electric mod-
ulus (M' and M"") contribute significantly to the comprehen-
sion of the microscopic mechanisms underlying the mate-
rial’s relaxation and polarization processes. Figures 15a
and b show the frequency dependence of M’ and M” for
PVA/CMC/PPy/x weight percent melanin blended polymers
at 293 K, respectively. At lower frequencies, the mobility
of the charge carriers decreases due to the absence of the
restoring force that governs it. As a result, the values of M’
dropped but they reached zero in the blends with x=0.2
and 0.25 wt%. In the low-frequency region, M’ values are
low, indicating minimal electrode polarization. As the fre-
quency rises, the M’ value grows gradually in all blends.
This effect, which is caused by the bulk impact, is a sign of
the material’s energy storage capability [44]. Depending on
the quantity of melanin, the blends’ M spectra demonstrate
distinct relaxation peaks (one/two). The relaxation dynam-
ics of the mobile ions are responsible for the emergence of
these peaks [45].

The locations of the relaxation peaks were affected
by the concentration of melanin, as shown in Fig. 15b.
The observed shift may indicate a modification in the
strength of the polymer chains, and hence modified the
mobility of chain segments in the blends. The peak’s
amplitude decreases in the filled films compared to the
pure blend, suggesting that melanin is involved in the
relaxation process. Moreover, the asymmetry of the curve
and the wide peaks in the M" can be explained by the dis-
tribution of relaxation time and deviation from the ideal
Debye behavior [46]. Analogous feature was observed in
chemically synthesized conducting polyindole [47]. Fig-
ure 16 illustrates the temperature-dependent frequency
variations of M’ and M” for each blend. As the tem-
perature rises, the peaks progressively shift towards the
higher frequency range. The displacement of peaks in
response to increasing temperatures could potentially be
attributed to the thermal generation of additional charge
carriers.
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3.3 DC Conductivity Investigations

The temperature-direct current conductivity (o) rela-
tionship for PVA/CMC/PPy/x wt% melanin blended pol-
ymers is shown in Fig. 17. As the temperature rises, the
04, shows increasing values until it reaches its peak and
then begins to decline. Depending on the temperature, the
doped samples show either higher or lower dc conductivi-
ties than the undoped blend. Blend with x=0.2 has the
highest dc conductivity. The degree of polymerization in
doped blends affects the number of charge carriers that
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spread out, which could explain the variance in o, values
of different blends [48]. The relationship between ¢, and
temperature in our blends resembles the characteristics
of semiconductor materials. As shown by the following
Arrhenius relation [49], the relationship between T and
the change in o, can be expressed:

—Eq

o =o,ef" (10)

This formula can be rewrite as:

l l Eq

ne = lno, — m (11)
where o, is a pre-exponential factor depending on the mate-
rial, E, is activation energy, T the absolute temperature and
kg is Boltzmann’s constant. The activation energy (E,) val-
ues for each sample are determined by computing the slope
of the Ino,, versus 1000/T plots, as shown in Fig. 18. The
undoped blend range exhibits two activation energy (E,)
values, specifically 0.06 eV and 0.53 eV, based on the tem-
perature range. The E, values of the host blend vary accord-
ing to the level of melanin doping. The degree of melanin
dispersion in the PVA/CMC/PPy matrix has an impact on
the formation of conducting paths, which subsequently influ-
ences the conductivity and E, values [50].

4 Conclusions

All blends have a semi-crystalline nature. The doped
blends with melanin exhibit an increase in the level of
roughness. As the percentage of melanin rose up to 0.1
wt%, the dielectric properties of the doped blend ini-
tially decreased, but subsequently rose again with fur-
ther melanin doping. The dielectric constants of all the
blends consistently increase as the temperature rises.
The majority of PVA/CMC/PPy/x wt% melanin blended
polymers can be considered suitable materials for energy
storage. The o, initially dropped when PVA/CMC/PPy
was doped with melanin up to a concentration of 0.1
wt% but it gradually rose as the quantity of melanin was
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further raised. The AC conductivity was enhanced as the
temperature increased. Undoped and doped blends with
melanin x up to 0.1 wt% follow the CBH model while the
other doped blends follow the OLPT model. The electric
impedance values of PVA/CMC/PPy/x wt% melanin were
grown by increasing the doping up to x=0.1 wt% then

Fig. 16 Frequency dependence

declined with increasing the quantity of dopant further.
Blends with x=0.15 and 0.2 wt% showed one relaxa-
tion peak, while doped blends with x =0.25 wt% had
two relaxation peaks. The relaxation time varies among
the blends. The conductivity of the doped blend rose as
the quantity of melanin doping exceeded x =0.1 wt%. As
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