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Abstract: The polymer electrolyte system of methylcellulose (MC) doped with various sodium
bromide (NaBr) salt concentrations is prepared in this study using the solution cast technique. FTIR
and XRD were used to identify the structural changes in solid films. Sharp crystalline peaks appeared
at the XRD pattern at 40 and 50 wt.% of NaBr salt. The electrical impedance spectroscopy (EIS) study
illustrates that the loading of NaBr increases the electrolyte conductivity at room temperature. The
DC conductivity of 6.71 × 10−6 S/cm is obtained for the highest conducting electrolyte. The EIS
data are fitted with the electrical equivalent circuit (EEC) to determine the impedance parameters
of each film. The EEC modeling helps determine the circuit elements, which is decisive from the
engineering perspective. The DC conductivity tendency is further established by dielectric analysis.
The EIS spectra analysis shows a decrease in bulk resistance, demonstrating free ion carriers and
conductivity boost. The dielectric property and relaxation time confirmed the non-Debye behavior
of the electrolyte system. An incomplete semicircle further confirms this behavior model in the
Argand plot. The distribution of relaxation times is related to the presence of conducting ions in an
amorphous structure. Dielectric properties are improved with the addition of NaBr salt. A high value
of a dielectric constant is seen at the low frequency region.

Keywords: methylcellulose polymer electrolyte; XRD and FTIR; impedance study; EEC modeling;
dielectric study; electric modulus analysis; relaxation processes

1. Introduction

The focus on polymers has been further increased with technology and science.
However, more limitations have arisen with the enlargement of the latest class of poly-
mers, such as the supply of raw material, synthesis technology, and production cost [1].
Polymer electrolytes (PEs) are macromolecular systems with which ions and protons can
transport charge. The majority of typical applications of PEs are in energy conversion
devices and storage devices such as supercapacitors (SCs), fuel cells, and batteries [2–6].
These materials were first mentioned by Fenton et al. in 1973 [2]. PEs consist of dis-
solved salts in polymer matrices with high molecular mass [7–9]. These materials are
better than the traditional liquid electrolytes. For example, an ionic-conducting phase
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has a transport property compared with other liquid ionic solutions, in addition to being
lightweight, having relatively high ionic conductivity, solvent-free, flexibility, and thin
film forming capability. In addition, PEs are safe and free from the problem of electrolyte
leakage [7,9,10]. The first ion-conducting polymer was poly(ethylene oxide) (PEO) that
incorporated with alkali metal salts in 1973 [11]. A DC conductivity of 5.817 × 10−7 S/cm
was obtained with 30 wt.% ammonium tetrafluoroborate (NH4BF4) in the chitosan:PEO
(CS:PEO) polymer blend [12]. Adding 30 wt.% NH4BF4 into a CS:potato starch (PS) pro-
vided the conductivity 3.07 × 10−8 S/cm [13]. Salehan et al. [14] reported that the loading
of 2 wt.% aluminium oxide (Al2O3) into a corn starch (CS):lithium iodide (LiI) provided
a conductivity of (6.73 ± 0.78) × 10–4 S/cm. Shetty et al. [15] documented that the load-
ing of 20 wt.% sodium bromide (NaBr) into carboxymethyl cellulose (CMC) provided a
conductivity of ~5.15 × 10–4 S/cm.

From the necessary viewpoint, ionic conduction in solid polymer electrolytes (SPEs) is
not well understood. This is because the property of ion transport relies on many factors,
including salt concentration, degree of salt dissociation, degree of ion aggregation, the
dielectric constant of host polymer, and polymer chains mobility [8,10,16–19].

The polymer electrolyte dielectric analysis delivers additional information even though
these materials possess an elevated conductivity value. Thus, the phenomena of dielectric
relaxation study are an influential tool for comprehending ion transport behavior and
gaining information of molecular/ionic interaction in polymer electrolytes [20].

Dielectric measurements, for example dielectric loss and constant, provide valuable in-
sight into polymers’ physical and chemical properties. These properties can be dramatically
prejudiced by incorporating other polymers or a filler to the polymer [21,22]. More studies
were performed on Li salt interacted PE, but fewer efforts were made on PE-based sodium
interacted films. Using sodium in PE has more advantages over its lithium counterpart.
Sodium is more abundant and cheaper than lithium [23]. Hence, the sodium-ion battery
has drawn more attention as the next generation secondary battery as it is 40% cheaper
than a lithium-ion battery. Fuentes et al. [24] documented that lithium salt PEs are the most
suitable and, therefore, the most commonly used in the new battery generation design.
However, their study found that Na+ ions produce a higher ionic conductivity or at least a
similar conductivity to Li+ ions in the same primary material. This provided an outstanding
opportunity to use Na+ ions rather than lithium in constructing a new battery generation,
improving conductivity, and ensuring widespread supply. NaBr has a small lattice energy
of 747 kJ/mol, which is marginally lower than NaCl (786 kJ/mol) as the size of Cl− (167 pm)
is smaller than the size of Br− (182 pm) [12,25]. The salts lattice energy, such as sodium
salts used in PEs, can considerably impact the conductivity of the synthesized electrolyte.
Two factors determine the salts lattice energy. The first is the charge of the ions and the
second is their size. The charge ion raises the lattice energy of the salt, whereas the ion size
decreases the salt lattice energy.

Railanmaa et al. [26] presented gelatin gel electrolyte properties in the printed super-
capacitor, and they studied the mechanical and electrical behaviors of the devices. The
authors focused on gel performance. The gel electrolyte performance was similar to an
aqueous liquid electrolyte (LE) with a similar salt as the ionic conductor with respect to
the main features: equivalent series resistance, capacitance, and leakage current. With a
2 M NaCl gel electrolyte, the performance of electrical equivalent to that of a 1 M LE was
obtained, and the devices endured bending down to a 10 mm radius [26].

In this research, the effect of NaBr salt on the dielectric property of MC-based elec-
trolytes was studied. The structural behaviors of the films were examined. The relaxation
process was analyzed in more detail with respect to electric modulus and Tanδ spectra.
From the viewpoint of engineering, materials with a small value of Tanδ are more vital for
electronics and devices application.
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2. Experimental Details
2.1. Raw Materials and Sample Preparation

Both MC (4000 cp) and NaBr(102.894 g/mol) were supplied by Sigma-Aldrich and
used in this research. The solid polymer preparations were carried out in aqueous solution
using distilled water. It comprised dissolution of 1 g of MC powder in 100 mL of 1% acetic
acid by stirring using a magnetic stirrer for around 24 h at room temperature. The stirring
continued until homogeneous clear and viscose solutions were obtained. In the preparation
of MC/NaBr SPE system, different quantities of NaBr (10, 20, 30, 40, and 50 wt.%) were
loaded into a series of solutions of solid polymers with continuous stirring. This series of
solutions was cast into Petri dishes to dry at room temperature for films to form. The films
were transferred into a desiccator with silica gel desiccants to keep dry. Table 1 summarizes
the main components of the prepared samples.

Table 1. The elements of SPE films.

Designation NaBr (wt.%) MC (g) NaBr (g)

MCNAB1 10 1.00 0.1111
MCNAB 2 20 1.00 0.2500
MCNAB 3 30 1.00 0.4286
MCNAB 4 40 1.00 0.6666
MCNAB 5 50 1.00 1.0000

2.2. Electrochemical Impedance Spectroscopy (EIS) Technique

At ambient temperature, the EIS of the prepared films was acquired using an HIOKI
3531 Z LCR Hi-tester within a frequency ranged between 50 and 5000 kHz. The LCR
meter was hyphenated to a computer where the imaginary and real parts of the EIS were
displayed. The films were sandwiched between 2 identical circular stainless steel electrodes
in the form of discs with a 2 cm diameter and sandwiched under spring pressure to ensure
the desired contact.

3. Results and Discussion
3.1. FTIR and XRD Analysis

Figure 1a,b shows the FTIR spectra of each film. Hydrogen bond creation in MC
electrolyte is explained by IR spectroscopy as hydrogen bonding changes the stretching
vibration frequency [27,28]. The hydroxyl band in pure MC and MCNAB electrolyte films is
related to the wavenumber ranged from 3435 to 3447 cm−1, while the ether band emerged
at 1047 and 1113 cm−1 [29], and the absorption bands shifted and intensity decreased
in the electrolyte films. The absorption bands at 1419, 1609, 2927, and 3418 cm−1 in the
MCNAB electrolyte films are related to the symmetrical stretching vibration of COO-,
asymmetrical stretching vibration of COO-, aliphatic C-H, and O-H, respectively [30];
however, the intensity of the peaks decreased and shifted from MCNAB1 to MCNAB5.
The peaks related to C-H stretching vibration at 2901 cm−1, O-H stretching vibration
at 3447 cm−1, C-O stretching vibration from asymmetric oxygen bridge between 1057
and 1113 cm−1, C-O carbonyl stretching vibration from the glucose of the cellulose at
1635 cm−1, and O-CH3 stretching vibration at 938 cm−1 are seen in pure MC [27]. In the
case of MCNAB electrolyte films, these peaks shift and intensity decreases, while addition
of 50 wt.% NaBr causes it to decrease noticeably as revealed in Figure 1b. Small absorption
peaks between 1247 and 1448 cm−1 are connected to C-H bending vibration of MC. Small
bands between 478 and 648 cm−1 are related to C-H vibration [31]. These bands shifted in
their position and decreased in intensity in the case of the MCNAB electrolyte films. The
free or unbounded hydroxyl group are related to 3649 to 3511 cm−1. The hydrogen-bound
hydroxyl group existence caused a shift of absorption to lower frequency while the intensity
was increased and the band widened, and an asymmetrical peak emerged. The hydroxyl
absorption measures the interaction of hydrogen bonding and the hydrogen bond strength
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in the polymer. The MC spectrum region that is relevant is between 3799 and 3001 cm−1,
and the spectrum was inferred in terms of hydroxyl stretching at 3459 cm−1 [28]. The
950–1250 cm−1 region is more informative from the perspective of the issues solved herein.
The 947–1249 cm−1 range includes a complex robust absorption band of MC which is owing
to C-O bond stretching vibration in the spectra of cellulose and its ether [32].
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Figure 1. FTIR spectra at a wave number between 400 cm−1 to 4000 cm−1 (a) for (i) MCNAB1,
(ii) MCNAB2, (iii) MCNAB3, and (iv) MCNAB4, and (b) for MCNAB5 electrolyte films.

Figure 2a,b shows the XRD pattern of MC and NaBr salt, and MC-doped samples
are shown in Figure 3. It was mentioned that the wide crystalline hump that appeared at
around 2θ between 19◦ and 21◦ relates to the intermolecular hydrogen bonding and shows
a short distance order of the film chains in MC [33,34]. It is seen that for 20 and 30 wt.% of
NaBr, the intensity decreased, the broadening increased, and some new crystalline peaks
emerged. This broadening is due to the distraction of the crystalline nature of the polymer
by loading NaBr [34]. The XRD analysis revealed an increase in the amorphous structure
in the MC:NaBr films, whereas the MCNAB4 and MCNAB54 samples’ spectra revealed
several high-intensity peaks related to the undissolved salts in these samples and their
leakage through the film surface. As displayed in Figures 2b and 3, the XRD peaks of
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the undissolved salt appeared in the electrolyte films. The XRD results are in agreement
with EIS results in the next section as the conductivity decreased for the MCNAB4 and
MCNAB54 samples.
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3.2. Study of Impedance Plots

Indispensable marks which differentiate PEs from ionic conductors obtained by dis-
solving salts in small molar mass solvents begin from the cation motion mechanism. The
electrical impedance responses, including the Z′ vs. Z”, for the MC:NaBr electrolyte films
are displayed in Figure 4a–e. The EEC as a modeling is regularly used in the impedance
spectroscopy analysis, because it is straightforward and explains a broad picture [35]. The
experimental impedance responses can be explained with respect to the EEC that comprises
bulk resistance (Rb) and the constant phase elements of CPE1 and CPE2 for the charge
carriers within the sample as exhibited in insets of Figure 4.

The elevated frequency section is the location of Rb and CPE1 responses, and at the
low frequency area, CPE2 appears. The CPE2 response results from the double layer
capacitance between the electrodes and polymer electrolyte at the low frequency region.
It is well known that in a definite system, the CPE term is further often used in equivalent
circuits in place of the perfect capacitor. This nomination is owed because, in SPE, there
is pseudocapacitor behavior dissimilar from that of a pure or idyllic capacitor in an ideal
semicircular model [36].
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Figure 3. XRD pattern of MC:NaBr solid electrolyte films.

Figure 4a–e exhibits the impedance responses and corresponding ECs for all blend
samples. In Figure 4a, a complex impedance response is shown that consists of a depressing
semicircle at the region of high frequency. The equivalent circuit is expressed as a parallel
arrangement of Rb and CPE in Figure 4a. Based on experimental results, the equivalent
circuit is expressed as a parallel combination of Rb and bulk capacitance (CPE) in series
with another CPE originating from the tilted point area as presented in Figure 4b–e. The
mathematical basis of impedance of ZCPE is shown below [37–39]:

ZCPE =
cos(πn/2)

Ymωn − j
sin(πn/2)

Ymωn (1)

where Ym is the CPE capacitance, angular frequency is referred byω, and n is the measure
of extent of the deviation of the plot from the imaginary axis. Herein, the Zr and Zi of
complex impedance (Z*) in the corresponding circuit (inset of Figure 4a) is shown below:

Zr =
R1 + R2

1Y1ωn1 cos(πn1/2)
1 + 2R1Y1ωn1 cos(πn1/2) + R2

1Y2
1 ω2n1

(2)

Zi =
R2

1Y1ωn1 sin(πn1/2)
1 + 2R1Y1ωn1 cos(πn1/2) + R2

1Y2
1 ω2n1

(3)

Herein, the Zr and Zi of Z* in the EC (inset of Figure 4b–e) is shown below:

Zr =
R1 + R2

1Y1ωn1 cos(πn1/2)
1 + 2R1Y1ωn1 cos(πn1/2) + R2

1Y2
1 ω2n1

+
cos(πn2/2)

Y2ωn2
(4)

Zi =
R2

1Y1ωn1 sin(πn1/2)
1 + 2R1Y1ωn1 cos(πn1/2) + R2

1Y2
1 ω2n1

+
sin(πn2/2)

Y2ωn2
(5)
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Table 2 presents all the parameters extracted from the fitting of the impedance plots
using ECs. The Rb in the equivalent circuit represents the bulk resistance, as presented
in the inset of Figure 4. The Rb value can be extracted from the figure by intersecting the
semicircle with the Zr axis of the spectrum, as presented in Table 2. Given the Rb and the
film thickness, one can measure the DC conductivity using Equation (6) [13,40],

σdc =

(
1

Rb

)
×

(
t
A

)
(6)

where t stands for the film thickness and the area of the electrodes is represented by A. The
DC conductivity and Rb values of the films are presented in Table 2.

Table 2. The parameters of the circuit elements of the films at room temperature.

Sample n1 (Rad) n2 (Rad) Y1 (F) Y2 (F) Rb (Ohm) Conductivity (S/cm)

MCNAB 1 0.84 1.59 × 10−9 8.00 × 105 1.93 × 10−8

MCNAB 2 0.90 0.50 1.25 × 10−9 2.56 × 10−7 8.00 × 104 1.93 × 10−7

MCNAB 3 0.83 0.54 3.33 × 10−9 1.43 × 10−6 2.30 × 103 6.71 × 10−6

MCNAB 4 0.83 0.67 4.00 × 10−10 4.00 × 10−7 9.50 × 104 1.62 × 10−7

MCNAB 5 0.85 0.73 3.33 × 10−10 1.37 × 10−7 2.48 × 105 6.22 × 10−8

Li et al. [41] prepared an organic-inorganic reticular PE. Isocyanate connects PEO
molecular chains and fumed silica. The PEO-TDI-SiO2SPEs developed can considerably
have increased conductivity of 0.12 mS cm−1 at room temperature. This is due to the fact
that the TDI-SiO2 nanoparticles prevent crystallization of the polymer that offers more
Li-ion transport pathways.

3.3. Dielectric and Electric Modulus Analysis

The most effective method for determining the increase in the free ions density in the
PEs, which results in increased conductivity, is to determine the dielectric property [42].
The ion transport process relies powerfully on a few factors; the salt dissociation degree and
its concentration, the dielectric constant (εr) of polymer, the extent of ion agglomeration,
and polymer chains mobility. To better understand conductivity processes, it is necessary to
consider the dielectric properties of ionically conducting polymer electrolytes [20]. A unique
aspect of PEs is that ion journey occurs lacking long-range displacement of the solvent.
Despite serious research, the method of ionic conductivity in polymer electrolytes is still not
extensively discussed. Ion transport in PEs is an intricate process counting ion movement,
local movement of the polymer segment, and intra- and inter polymer transport among ion
coordination sites. One extra vital note is that the εr and εi parts increase with decreasing
frequency. The εr and εi are revealed in Figures 5 and 6. The relatively high values of εr
and εi at the stumpy frequency region are due to the contribution of electrode polarization
at the interfacial region to the impedance of the samples [43,44]. On the one hand, a high
involvement of charge accretion at the electrodes–electrolytes interfaces occurs at the low
frequency. On the other hand, the periodic setbacks of the electric field (EF) happen rapidly
where there is no overload of diffusion of ion in the field direction at the high frequencies.
Therefore, the polarization from charge build-up diminishes, resulting in a lesson in both
the εr and εi as shown in Figures 5 and 6 [43].
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In the study of dielectric relaxation, one can understand the performance of PEs.
Therefore, it is helpful to use a broad frequency range during dielectric relaxation measure-
ments to deal with dipole relaxation in polymeric materials [37]. From the Zr and Zi parts
of Z*, and the ones of complex electric modulus (M*) and complex permittivity (ε*) can be
calculated, using the following relationships [17,18,37,45–47],

εr =
Zi

ωCo
(
Z2

r + Z2
i
) (7)

εi =
Zr

ωCo
(
Z2

r + Z2
i
) (8)

Mr = ZiCoω (9)

Mi = ZrCoω (10)
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where the real part and imaginary part of M* are symbolized as Mr and Mi and the dielectric
constant and dielectric loss are symbolized as εr and εi, correspondingly. Here, Co refers
to the vacuum capacitance under study, which is obtained from εo A/t (where A and t are
the area and thickness of each film, respectively), andω is the angular frequency which is
equal to 2πf, where f is the frequency in Hz.

It is seen in Figure 7 with the loading of 30 wt.% NaBr into the MC polymer, the
dielectric constant has the highest value due to more free ions and this modification is also
seen in the inset of Figure 5. The dielectric constant is decreased at 40 wt.% and 50 wt.%
NaBr due to ion association as shown in Figure 7. The εr and εi values are determined using
Equations (7) and (8).
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Furthermore, the dielectric loss tangent (tanδ) was obtained for each electrolyte to
comprehend the electrolytes relaxation mechanisms. The tanδ is a ratio between energy
dispersed and energy stored in an EF called the dissipation factor [48]. The tanδ is obtained
using Equation (11) [48].

tanδ =
εi
εr

(11)

The relaxation mechanisms of PEs are specifically investigated using loss tangent peaks.
The polymer electrolytes dipoles are explained on the basis of dielectric relaxation [37,49].
Figure 8 indicates the loss tanδ dielectric relaxation versus frequency for all films. In Figure 8,
the peak of the tangent delta is shifted to the high frequency side of the loss tangent peak,
indicating that the relaxation process does not occur in the electrolyte. It is a well-known
fact that the permanent dipole or induced dipoles are responsible for conductivity and
dielectric relaxation peak to appear in the graph [37,49]. The peaks in Figure 8 illustrate the
ion dynamics translation associated with the conductivity relaxation of ions. The tan δ in-
creased when the frequency is increased as a result of the active element (ohmic) dominant
in comparison with the capacitive reactive element. Following that, the tanδ achieves a
maximum and then decreases at a high frequency due to the active element independence
and the reactive element’s dominance [50]. The electrolyte relaxation process presented by
the tan δ plot indicates the non-Debye behavior of the sample [51].

Moreover, the tanδ value located at the maximum frequency is denoted as the tan δ
maximum (tanδmax) value that is used to determine the relaxation peak angular frequency
(ωpeak). Thus, the electrolytes’ relaxation time (τ) is calculated by the reciprocal of ωpeak
(1/ωpeak). The measured τ values against NaBr concentrations are shown in Figure 9.
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The relaxation time was observed to decrease as the conductivity increased as given
in Table 2 and Figure 9. It is seen in Figure 9 that the relaxation time is increased at
40 wt.% and 50 wt.% NaBr, and the conductivity is decreased due to ion association,
as seen in Table 2. This is because the ions are mostly connected to the polymer chains
during the polymer segments motion, which facilitates hopping between the conduction
sites [52]. The smaller relaxation time for the sample confirms the quicker ion movements
through the samples [53]. Vahini et al. [54] mentioned that small relaxation time led to high
ionic conductivity.

Rapid ion migration occurs in MC polymer electrolytes. However, the ion aggregations
can obstruct the PE’s ionic migration at the 40 wt.% and 50 wt.% NaBr, thus the relaxation
time increases, and the conductivity and dielectric constant are decreased due to ion
association. The XRD displayed the increase in the amorphous phase in the MC:NaBr
films, while some peaks with high intensity appeared in the XRD pattern of MCNAB4 and
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MCNAB55 samples associated with the undissolved salts in these samples. The XRD and
EIS results agree as the conductivity decreased for the MCNAB4 and MCNAB5 films.

3.4. Electric Modulus Study

The establishment of a relationship between ionic conductivity and relaxation time
during analysis is represented by M* [55]. Interestingly, the relaxation phenomena ex-
amination by the electric modulus is superior to conductivity relaxationand permittivity
treatments. This is due to suppressing the high value of εr and εi at the low frequency.
Additionally, the difficulties in dielectric spectrum analysis can be fixed by neglecting the
injection of absorbed impurityand space charge [56]. Figures 10 and 11 show that the Mr
and Mi values approach zero due to the large capacitance of the double-layer charges at the
low-frequency region [16,57]. When the dielectric constant and Mr spectra are compared,
it is clear that the Mr are completely different. The high value is recorded for dielectric
constant at low frequency, as exhibited in Figure 5.

In contrast, a minimum value is recorded for electric modules (Mr and Mi) at the high
frequency, as seen in Figures 10 and 11. This is because the complex electric modules are
the reciprocal of the complex dielectric constant. Figure 11 clearly reveals the imaginary
part of M* where the peak of the conductivity relaxation is observed. It is perceived that
increasing NaBr cause shifting the relaxation peak to low frequency side, indicating an
increase in relaxation time (τo = 1/ωmax). This means decreasing of segmental mobility
in the amorphous phase of the samples with increasing relaxation time. In Figure 11,
the responses (peaks) are caused by short-range polymer segmental movement (dipolar
mobility) and translational long-range ion movement (translational mobility). In other
words, the charges are restricted to potential wells and moving within a short distance at
the high frequency range [58,59]. In the low frequency region, the peaks result from the
dipole molecules reorienting at sufficient time with the polarization and alternating EF.
Overall, all these occurrences produce a double capacitance layer between the electrode
and electrolyte interface. Thus, increasing dielectric constant values and relatively very
low Mi values are recorded. On the other hand, the stimulus caused by the ions can only
perform local (re-orientation) motion results in responses in the form of peaks at the high
frequency side [60,61]. There is presence and absence of peaks in Mi spectra and in εi,
respectively (see Figures 6 and 11). Absence or occurrence of peaks in frequency against
imaginary EIS plot is related to the effect of space charge and non-localized conductivity.
M” plots are beneficial in comprehending the behavior of the system when the relaxation
processes are speculated to happen owing to ion movement and the electrode impacts are
suppressed [47,62]. One more interesting observation is the asymmetric peak maxima in
the Mi plot that will not be predicted by ideal Debye behavior [63]. In comparison, the εi is
larger than the εr values at the low frequencies as a result of the existence of free charge
motion within the materials [64]. It has also been established that dielectric relaxation
is primarily interpreted from the dipole reorientation processes of the polymer chains
by a peak appearing in εi spectra. However, the ionic motion cooperatively leads to the
relaxation peak not appearing in the εi diagram [65].

Additionally, the Mi against Mr plot, which is called Argand plot for all the films,
is shown in Figure 12. The Argand plot indicates an incomplete semicircle and it is
extrapolated to suit all the film curves. This distorted semicircle is usually an indicator
for the wide relaxation times in the systems and shows the non-Debye behavior [66]. The
conductivity of each electrolyte is determined to be directly affected with the arc radius in
the Argand plot in which the smallest arc contributes to a larger value of conductivity [67].
This relation is also associated with the electrolyte resistivity. This is related to Equation (10),
as the maximum conducting electrolyte (MCNAB 3) curve is nearer to the origin [18].



Materials 2022, 15, 170 13 of 17

Materials 2022, 15, x FOR PEER REVIEW 14 of 18 
 

 

the materials [64]. It has also been established that dielectric relaxation is primarily inter-

preted from the dipole reorientation processes of the polymer chains by a peak appearing 

in εi spectra. However, the ionic motion cooperatively leads to the relaxation peak not 

appearing in the εi diagram [65]. 

 

Figure 10. Mr against frequency at room temperature for each sample. 

 

Figure 11. Mi against frequency at room temperature for each sample. 

Additionally, the Mi against Mr plot, which is called Argand plot for all the films, is 

shown in Figure 12. The Argand plot indicates an incomplete semicircle and it is extrapo-

lated to suit all the film curves. This distorted semicircle is usually an indicator for the 

wide relaxation times in the systems and shows the non-Debye behavior [66]. The con-

ductivity of each electrolyte is determined to be directly affected with the arc radius in the 

Argand plot in which the smallest arc contributes to a larger value of conductivity [67]. 

This relation is also associated with the electrolyte resistivity. This is related to Equation 

(10), as the maximum conducting electrolyte (MCNAB 3) curve is nearer to the origin [18]. 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

1.3 2 2.7 3.4 4.1 4.8 5.5 6.2 6.9
Log(f)

M
r

MCNAB1

MCNAB2

MCNAB3

MCNAB4

MCNAB5

 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

1.3 2 2.7 3.4 4.1 4.8 5.5 6.2 6.9

Log(f)

M
i

MCNAB1

MCNAB2

MCNAB3

MCNAB4

MCNAB5

Figure 10. Mr against frequency at room temperature for each sample.

Materials 2022, 15, x FOR PEER REVIEW 14 of 18 
 

 

the materials [64]. It has also been established that dielectric relaxation is primarily inter-

preted from the dipole reorientation processes of the polymer chains by a peak appearing 

in εi spectra. However, the ionic motion cooperatively leads to the relaxation peak not 

appearing in the εi diagram [65]. 

 

Figure 10. Mr against frequency at room temperature for each sample. 

 

Figure 11. Mi against frequency at room temperature for each sample. 

Additionally, the Mi against Mr plot, which is called Argand plot for all the films, is 

shown in Figure 12. The Argand plot indicates an incomplete semicircle and it is extrapo-

lated to suit all the film curves. This distorted semicircle is usually an indicator for the 

wide relaxation times in the systems and shows the non-Debye behavior [66]. The con-

ductivity of each electrolyte is determined to be directly affected with the arc radius in the 

Argand plot in which the smallest arc contributes to a larger value of conductivity [67]. 

This relation is also associated with the electrolyte resistivity. This is related to Equation 

(10), as the maximum conducting electrolyte (MCNAB 3) curve is nearer to the origin [18]. 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

1.3 2 2.7 3.4 4.1 4.8 5.5 6.2 6.9
Log(f)

M
r

MCNAB1

MCNAB2

MCNAB3

MCNAB4

MCNAB5

 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

1.3 2 2.7 3.4 4.1 4.8 5.5 6.2 6.9

Log(f)

M
i

MCNAB1

MCNAB2

MCNAB3

MCNAB4

MCNAB5

Figure 11. Mi against frequency at room temperature for each sample.
Materials 2022, 15, x FOR PEER REVIEW 15 of 18 
 

 

 

Figure 12. Argand plot at room temperature for each electrolyte. 

4. Conclusions 

In this work, polymer electrolytes of MC doped with NaBr were synthesized using 

the solution cast technique. FTIR and XRD approaches were used to categorize the struc-

tural changes in solid films. At 40 and 50 wt.% of NaBr, there were sharp crystalline peaks 

due to protruded salt distinguished at the XRD pattern. The EIS indicated a decrease in 

bulk resistance up to MCNAB3 sample (30 wt.% NaBr), which shows an increase of carri-

ers. Beyond this concentration, bulk resistance starts increasing. Using EIS, the loading of 

NaBr increased the conductivity of the electrolytes. The MCNAB 3 sample obtained a con-

ductivity of 6.71 × 10−6 S/cm. To acquire extra understanding of the electrical property of 

the electrolyte films, the EIS data were fitted by the electrical equivalent circuit (EEC). This 

behavior model was further confirmed by the incomplete semicircle arc presence in the 

Argand plot. The conductivity of each film is related to its dielectric property. At low fre-

quency, the large dielectric constant value was seen due to electrode polarization. From 

electric modulus and loss tangent, the extensive nature of the peaks emerged in the tanδ 

and electric modulus imaginary parts, showing the distribution of relaxation times. The 

relaxation time distribution confirms the non-Debye behavior of the electrolytes. 

Author Contributions: Conceptualization, S.B.A.; Data curation, B.K.F.; Formal analysis, M.A.B.; 

A.A.H.; Funding acquisition, O.A.A.A. and D.I.S.; Investigation, S.B.A. and M.A.B.; Methodology, 

O.A.A.A. and D.I.S.; Project administration, S.B.A., A.M.A., A.A.A., and M.A.B.; Supervision, S.B.A.; 

Validation, B.K.F., A.A.H., S.B.A., M.A.B., A.M.A., A.A.A., O.A.A.A. and D.I.S.; Writing—original 

draft, S.B.A., B.K.F., A.A.H.; Writing—review and editing, B.K.F., A.A.H., S.B.A., M.A.B., A.M.A., 

A.A.A., O.A.A.A. and D.I.S. All authors have read and agreed to the published version of the man-

uscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Mr

M
i

MCNAB1

MCNAB2

MCNAB3

MCNAB4

MCNAB5

Figure 12. Argand plot at room temperature for each electrolyte.



Materials 2022, 15, 170 14 of 17

4. Conclusions

In this work, polymer electrolytes of MC doped with NaBr were synthesized using the
solution cast technique. FTIR and XRD approaches were used to categorize the structural
changes in solid films. At 40 and 50 wt.% of NaBr, there were sharp crystalline peaks due to
protruded salt distinguished at the XRD pattern. The EIS indicated a decrease in bulk
resistance up to MCNAB3 sample (30 wt.% NaBr), which shows an increase of carriers.
Beyond this concentration, bulk resistance starts increasing. Using EIS, the loading of
NaBr increased the conductivity of the electrolytes. The MCNAB 3 sample obtained a
conductivity of 6.71 × 10−6 S/cm. To acquire extra understanding of the electrical property
of the electrolyte films, the EIS data were fitted by the electrical equivalent circuit (EEC).
This behavior model was further confirmed by the incomplete semicircle arc presence in
the Argand plot. The conductivity of each film is related to its dielectric property. At low
frequency, the large dielectric constant value was seen due to electrode polarization. From
electric modulus and loss tangent, the extensive nature of the peaks emerged in the tanδ
and electric modulus imaginary parts, showing the distribution of relaxation times. The
relaxation time distribution confirms the non-Debye behavior of the electrolytes.
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