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polymers are noticeably decreased as a result of the glycerol plasticizer, according to X-ray diffraction
test. The sample inserted with 40 wt% glycerol has the maximum ionic conductivity, according to elec-
trical impedance spectroscopy (EIS). Electrical equivalence circuits (EEC) are used to explore the elec-

trolytes circuit components. For the highest conducting electrolyte, the number density (1), mobility
(w), and diffusion coefficient (D) of ions are found to be 2 x 102!, 1.79 x 107°, and 4.59 x 1078,
respectively. A high dispersion of the real component of dielectric permittivity at a lower frequency
are used to infer the space charge influence induced by stainless-still (SS) electrodes. The tangent loss
spectra show that the bouncing chance per unit time decreases as the glycerol concentration rises.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Energy storage devices, such as those that power our mobile gadgets
and computers, are almost ubiquitous in high-energy-consumption
areas. In sophisticated chemical energy storage equipment, such as
supercapacitors, solar cells, protonic, and fuel cells, polymer electrolyte
(PE) is widely used (Hadi et al., 2021). Due to its processability, dimen-
sional stability, electrochemical stability, flexibility, long life, and
safety, solid polymer electrolyte (SPE) is predicted to replace the tradi-
tional organic sol-gel electrolyte in the future (Hema et al., 2009). As
supramacromolecular systems with a higher degree of hydrogen bond-
ing and complicated positions, PEs have superior electrical conductivity
(Schrote and Frey, 2013). SPEs, gel polymer electrolytes (GPEs), and
composite polymer electrolytes (CPEs) are the three main types of PEs.

Due to the low conductivity of composite polymer electrolytes and
limited conductivity of SPEs, GPEs with increased conductivity were
created. Plasticized-polymer electrolytes or gelionic SPEs are known
as two types of GPEs (Sharma and Kulshrestha, 2015). SPEs offer
far greater long-term stability than liquid or gel electrolytes. Further-
more, a lot of PEs are bendy and effortless to work with (Schrote
and Frey, 2013; Sharma and Kulshrestha, 2015; Rzayev et al., 2016).

Researchers have attempted a variety of methods to improve con-
ductivity in PEs because it is an important feature. Increasing the ionic
conductivity of PEs through blending is a possible option (Buraidah and
Arof, 2011). Therefore, many researchers have been interested in poly-
mer blends. This is owing to the fact that polymer mixtures can be used
to create new materials. The characteristics of the blend are distinct
from and superior to those of the single polymer (Kadir et al., 2011).

PEs have been developed using a diversity of polymers including as
PVA, PMMA, PVP, PAN, PEO, and PVDF (Radha et al., 2013). As a
well-known water-soluble polymer with high transparency and excel-
lent mechanical qualities, poly(vinyl alcohol) (PVA) has been used in
a variety of personal, industrial, and electronic applications
(Karbowiak et al., 2006). Because of its ease of manufacture and
biodegradability, PVA is a polyhydroxy polymer that is widely
employed in useful applications. PVA also has the ability to form films,
is hydrophilic, and has a high density of reactive chemical functional-
ities, making it ideal for cross-linking via chemical, irradiation, or ther-
mal treatments (Park et al., 2001; Qiao et al., 2010). The O-H bonds in
PVA facilitate in the development of polymer complexes. PVA also
possesses a number of positive characteristics, including high mechan-
ical strength, great ionic conductivity, non-toxicity, biocompatibility,
biodegradability, and ease of preparation (Nofal et al., 2021; Aziz
et al., 2020; Aziz et al., 2015).

To host proton conduction, methyl cellulose (MC), an amorphous
polymer with a high glass transition temperature (T,) (184-200 °C),
was utilized. The oxygen atoms of MC have lone pair electrons, which
can be used to form complexes with the salt’s cation. A polymer’s abil-
ity to host ionic conduction is determined by the existence of lone pair
electrons (Shuhaimi et al., 2010).

Since the early 1800s, plasticizers have been commonly utilized to
modify polymers. These are organic molecules with a low molecular
weight that are relatively non-volatile that increase polymer

workability and durability by reducing polymer-polymer contact, low-
ering the rigidity of the three-dimensional configuration of polymers,
and therefore increasing deformation ability without rupture (Tyagi
and Bhattacharya, 2019; Mekonnen et al., 2013). Manoj Kumar and
Sekhon investigated the impacts of various plasticizers on the charac-
teristics of PEO-based electrolytes, including dimethyl carbonate
(DMQ), ethylene carbonate (EC), dimethylformamide (DMF), propy-
lene carbonate (PC), dimethylacetamide (DMAc), and diethyl carbon-
ate (DEC) (Radha et al., 2013). Nevertheless, no comprehensive
research on PVA:MC doped with Nal and plasticized using glycerol
plasticizer has been reported.

Film-forming compounds like polysaccharides are generally mixed
with a plasticizer molecule to increase their mechanical and structural
qualities in most of these applications. Plasticizers’ effects on the
mechanical properties of edible films have been well established in sci-
entific literature (Karbowiak et al., 2000).

Electrolytes based on sodium complexed films have been attempted
a few times. Aside from the scientific aspect, sodium has other advan-
tages over its lithium counterparts, including the availability of sodium
in large quantities at a lower cost. Because sodium does not form an
alloy with aluminum, it may be possible to generate solid electrolytes
with appropriate conductivity by using this metal as a current collector
rather than the more expensive and heavier nickel. Moreover, the
materials’ softness makes contact with other components in the battery
easier to create and sustain (Bhargav et al., 2007). As a result, based on
PVA mix electrolyte, we present the production and characterization
of sodium-conducting PEs. The structural, vibrational, and electrical
properties of the produced PEs were investigated.

2. Experimental details

2.1. Materials and electrolyte preparation

The host polymeric raw materials were polyvinyl alcohol
(PVA) and methylcellulose (MC) powders, the ionic source
was sodium iodide (Nal) salt, and the plasticizer was glycerol.
Sigma-Aldrich provided all of the chemical components
(Kuala Lumpur, Malaysia). The primary solution set was
made by dissolving 0.6 g of PVA (at 80 °C) and 0.4 g of MC
at ambient temperature in distilled (40 mL) water in closed
caps separately using a solution cast process. For 24 h, using
a magnetic stirrer the solutions were constantly stirred till a
homogeneous aqueous solution was achieved. The PVA solu-
tion was then cooled to room temperature before being com-
bined with MC. The procedure is completed by stirring the
PVA:MC mixing till flawless solutions is obtained.

The solution was then given a constant weight percent of
50 wt% of Nal salt. Lastly, plasticized ion-conducting PEs
was made with glycerol. Different amounts of glycerol plasti-
cizer (10, 20, 30, and 40 wt%) were added to the PVA:MC:
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Nal solution independently, and then stirred continuously for
24 h in closed caps until clear solution was achieved. An image
of the prepared sample is shown in Fig. 1. The solutions were
placed in numerous Petri dishes (8 cm in diameter) and
allowed to rest at room temperature to generate a dry film free
of solvent. The flexible films were then made with a thickness
of roughly 0.026-0.03 cm. PVA:MC-Nal systems plasticized
with different levels of glycerol were coded as PNVIO, PNVII,
PNVI2, PNVI3, and PNVI4, which linked to 0, 10, 20, 30, and
40 percent of glycerol, respectively. The films compositions are
revealed in Table 1.

2.2. Structural and impedance analyses

Using a Siemens D5000 X-ray diffractometer (1.5406 10\), X-

ray diffraction (XRD) was taken to investigate the structure
of the materials. Fourier transform infrared spectroscopy
(Spotlight 400 Perkin-Elmer spectrometer) was used with a
1 em™! resolution in the range 750 to 4000 cm™'. Electrical
impedance spectroscopy (HIOKI 3532-50 LCR Hi-TESTER)
was used to investigate the samples’ electrical properties in
the frequency range of 50 Hz to 5 MHz. The samples were
sandwiched between two stainless steel electrodes for electrical
evaluation.

The conductivity of the sample was calculated using the Eq.
(1) (Asnawi et al., 2021), based on the results of electrical impe-
dance spectroscopy experiments and the dimensions of the
samples:

1 t
O'dc:EXZ (1)

where R, is the sample’s bulk resistance, ¢ is the film’s thick-
ness, and A is the film’s surface area. Two stainless steel (SS)
discs were employed in the EIS measurement cell. As indicated
in Fig. 2, the cell was then put in a Teflon holder.
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Image of the PVNI4 sample.

3. Result and discussion

3.1. FTIR analysis

The high absorption between 3000 and 3800 cm ™' is thought
to be due to hydroxyl stretching vibration. C—H rocking in
PVA has been allocated to the peak at the 850 cm™' (Fig. 3).
In doped PE solutions, this peak is displaced. The bands at
1094 cm ™! and 1320 cm™! relate to the pure PVA’s —C—O—
stretching and C—H deformation, respectively (Rajendran
et al., 2004). In the complexed systems of polymer/salt materi-
als, this peak is disappeared (Fig. 3). In the electrolyte system,
CH, bending exhibited at 1432 cm™! in pure PVA is moved to
higher wave number (Awadhia and Agrawal, 2007). In the SPE
system, a powerful and broad absorption peak positioned at
3376 cm™ ! is shifted, which would be attributed to the OH
stretching with powerful hydrogen bonding of inter and intra
form of PVA (Aziz et al., 2021a).

In the doped system, the C=O stretching of PVA at
1736 cm ™" is observed to be displaced to smaller wave number.
This evidently demonstrates that the interaction between PVA
and Nal is caused not just by the O—H groups of pure PVA,
but also by the C—O groups (Yua et al., 2003). The interaction
between the salt and C—H bond of the backbone of the poly-
mer is revealed by the disappearance of the peaks. Further-
more, the lack of a week peak at 1701 cm™! (identified as
C—O stretching mode) indicates that the carbonyl functional
group plays a role in proton transport in polymer complexes
(Liew et al., 2015).

Changes in the vibrational spectra are also noticeable, the
O—H stretching of PVA at 3315 cm™! significantly decreased,
along with the distinctive vibrational spectra modifications. At
1105 cm™", it was accompanied by an increase in the (C—O)
ester mode. Aldehydes are also linked to two major peaks in
(C—H) extending at 2934 and 2862 cm™'. These and other
FT-IR spectrum shifts illustrated in Fig. 3 reveal that there
is strong cross-linking and acetal yields at the OH sites of
PVA with aldehyde groups (—CHO) (Qiao et al., 2005).

3.2. XRD analysis

The results of XRD examination for various glycerol concen-
trations are shown in Fig. 4. A large XRD peak at 19.5° cor-
relates to the amorphous form of pure PVA, according to
previous observations (Malathi et al., 2010). The strength of
the peak of PVA diminishes with the loading of salt concentra-
tion, and the wide nature of the peak is found to be increased
in the current investigation (Hodge et al., 1996). The amor-
phous nature of the PEs is confirmed by this result. The amor-
phous appearance of the films is revealed by the broadening of
the peak. Hodge et al. mentioned a relation between the degree
of crystallinity and height of the peak, can be used to interpret
these findings (Hodge et al., 1996; Hema et al., 2008). There
are no further peaks in the plasticized system, indicating that
the salt has completely dissociated in the polymer matrix.
The amorphous nature of the PVA:MC:Nal:glycerol PEs
was discovered as a result of the rupture of the PVA:MC
crystallinity.

For some systems, this amorphous nature causes to
increase ionic diffusion with high ionic conductivity
(Bhargav et al., 2009; Ahad et al., 2012). As a result of the
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Table 1 Composition of glycerolized the PVA:MC:Nal electrolytes.

Designation PVA:MC (wt.%) PVA:MC (g) Nal (wt.%) Nal (g) Glycerol (wt.%) Glycerol (g)
PNVIO (0.6:0.4) 0.6:0.4 50 1 0 0
PNVI1 (0.6:0.4) 0.6:0.4 50 1 10 0.222
PNVI2 (0.6:0.4) 0.6:0.4 50 1 20 0.5
PNVI3 (0.6:0.4) 0.6:0.4 50 1 30 0.857
PNVI4 (0.6:0.4) 0.6:0.4 50 1 40 1.333
SS the wide hallows, and its structure is nearly amorphous (Aziz

Teflon case
l Electrolyte

Fig. 2 Diagram of the cell used for EIS measurement.

XRD investigation, the complex development in the polymer
matrix is revealed. In the current study, the XRD pattern
revealed two hallows and smaller crystalline peaks (Fig. 4).
PVA:MC is not as crystalline as pure PVA, as evidenced by

et al., 2010; Yusuf et al., 2016). According to earlier research,
the amorphous structure of PEs is linked to wide diffraction
peaks (Malathi et al., 2010; Nofal et al., 2021; Aziz, 2016). It
is crucial to deconvolute the XRD pattern for each film to dis-
cover the areas of the crystalline and amorphous peaks in
order to calculate the crystallinity degree (Aziz, 2016). Eq.
(2) was used to calculate the degree of crystallinity (Xc), which
is reported in Table 2 (Wan et al., 2003);

A,
XL‘ — c

e x 100%

(2)

Where A7 and A denote the total area of crystalline and
amorphous peaks and the area of crystalline peaks, respec-
tively. When glycerol was added to this study, the strength
of the peaks decreased, and the broad nature of the peaks
improved, as seen in Fig. 4 (¢, d). In addition, the degree of
crystallintiy is decreased when the glycerol is added to the elec-
trolyte system as seen in Table 2. These findings support the
hypothesis that the PE has an amorphous structure that gets
better conductivity by increasing ionic diffusivity. Addition-

Transmittance (a.u)%

CO-C-OH band

3250 2750

2250

1750 1250 750

Wavenumber (cm™)

Fig. 3  FTIR spectra for all plasticized electrolyte films. The strength of the peaks decreased as the glycerol concentration increased.
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Fig. 4 X-ray pattern for (a) PNVII, (b) PNVI2, (c) PNVI3, and (d) PNVI4.

ally, the Nal salt undergoes full dissociation in the polymer
electrolyte, with no peak associated with pure Nal.

3.3. Impedance study

The impedance spectra for the plasticized samples are shown in
Fig. 5. Clearly, the conductivity improved as the glycerol con-

tent increases, reaching a maximum of 2.53 x 10~ for a 40 wt
% of glycerol. As shown in Table 3, the highest conductivity
can be linked to the maximum amorphousness reported for
this composition. Due to the minimal amount of free charge
carriers in the electrolytes at low glycerol concentration, con-
ductivity is low. The number density of charge carriers
increases when the concentration of glycerol increases, which
improves conductivity. It’s possible that the low conductivity
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Table 2 The Xc¢ due to the deconvolution of XRD peaks.

Electrolyte composition Degree of crystallinity

PVNI1 8.378
PVNI2 6.40
PVNI3 3.93
PVNI4 1.25

at low glycerol levels is due to the presence of neutral ion
aggregates that do not participate to ionic conduction (Qiao
et al., 2010; Hadi et al., 2020; Noor et al., 2014).

The inclusion of plasticizers improves ionic conductivity by
increasing segmental mobility (Noor et al., 2014; Girish
Kumar and Munichandraiah, 2000). The membrane conduc-
tivity at ambient temperature was shown to be dependent on
the glycerol concentration. Because of the hydrophilic nature
of glycerol (Qiao et al., 2010), excess Nal may be able to stay
fixed in the polymer matrix interspaces, resulting in increased
conductivity.

The polymer chain, on the other hand, obtains quicker
internal modes as the amorphous area grows, in which bond
rotations cause segmental motion. As a result, hopping intra-
chain and inter-chain movements are favored, and the poly-
mer’s conductivity rises (Bhargav et al., 2007). The experimen-

1800
R, (a)
E:g:::g CPE2
1200 A
S
N .
600 - 0 Experimrntal
— Fitting
0 4 T T
0 600 1200 1800
Z, (Y
1500
R, (©)
ggggg; CPE2
1000 A
g
~
500 A
0 - T T
0 500 1000 1500
Z,(Q)
Fig. 5

tal impedance data are simulated with electrical equivalent
circuit (EEC) to verify our view, as shown in Fig. 5. The fitting
parameters are also shown in Table 3. It is important to note
that the semicircle has totally vanished for 40 wt% of glycerol
in the high frequency region, as illustrated in Fig. 5(d).

It can be concluded the polymer host body only responds to
the resistive component of the measured impedance spectrum
(Samsudin and Isa, 2012). The electrical behavior of the system
is represented in this example by the electrolyte film resistor in
series with the capacitor of the double-layer capacitance.

As a result, the energy barrier is lowered, and ion move-
ment is enhanced (Sahli and Bin Ali, 2012). The electrolyte
conductivity is dependent on both the mobility and number
of ions (Samsudin et al., 2011). Table 4 shows that as glycerol
content increased, both diffusion and mobility increased. DC
will improve by either increasing carrier density or increasing
mobility. The system mechanism under study can be easily
dealt with by fitting and analyzing experimental spectrum by
the EEC method (Aziz et al., 2021b; Pradhan et al., 2011).
Fig. 5 (a-d) shows the experimental impedance graphs for the
electrolyte films. The electrical characteristics of solid-based
electrolyte polymers may be calculated and understood using
this approach.

In the high frequency region, two elements, R, and CPEI,
are obtained; put it differently, both are replied in the high fre-
quencies, whilst CPE2 is linked to the low frequency spike
region. The impedance of Zcpg can be calculated as (Aziz

1800

1200 -

Z, @)

600 -

1200 1800

400

(d)
300 -

R, CPE 2

100 A

200 300 400
Z,(2)

0 100

Impedance plot for (a) PNVIL, (b) PNVI2, (c) PNVI3, and (d) PNVI4.
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Table 3 The EEC fitting parameters for PVNI systems at
room temperature.

Sample CPE1 CPE2 64 (S/cm)
PVNII 1.11 x 1078 6.13 x 10°° 1.07 x 107*
PVNI2 333 x 1078 5.56 x 107° 7.98 x 177
PVNI3 5.00 x 1078 5.81 x 107° 1.11 x 107
PVNI4 1.00 x 1073 253 x 1074

Table 4 The electrical quantities for PVA:MC:Nal:glycerol
systems at room temperature.

Sample D (cm®*s™ ) n (em? V1) n (cm™>)

PVNII 2.90 x 107° 1.13 x 1077 1.34 x 10%°
PVNI2 2.07 x 107° 8.08 x 10°% 1.09 x 10*
PVNI3 2.15%x 107° 8.37 x 1078 1.05 x 102
PVNI4 459 x 1078 1.79 x 107¢ 2.00 x 10*!

et al., 2019a; Shukur et al., 2014; Aziz et al., 2019b; Teo et al.,
2012; Aziz et al., 2019¢; Aziz and Abdullah, 2018):

o= () -2 g

CPE capacitance is denoted by C, angular frequency is rep-
resented by o, and p in complex impedance graphs is related to
the plot’s displacement from the vertical axis.

It is worth noting that in the context of EEC modeling,
CPE is the most usually used acronym instead of capacitor.
It is possible to express the real (Z,) and imaginary (Z;) com-
plex impedance (Z*) values for the PVNI1, PVNI2 and,
PVNI3 systems in the analogous circuit using the following
mathematical expression (Aziz et al., 2019a; Shukur et al.,
2014; Aziz et al., 2019b; Teo et al., 2012; Aziz et al., 2019c¢):

R,Cio'cos() + R, cos (%2)

2.
= 4
2R, Ciorcos(2) + RyCo¥ +1 Gy )
B R, Cio'sin (%) sin (%£2) 5)
e 2R, Crarcos(L) + R CCo» + 1 Cyo?

Ry, is the bulk resistance in this case. The impedance charts
in the experiments are properly replicated using Eqgs. (5) and
(6), as seen in Fig. 5, and the EECs are shown in Fig. 5. Table 3
shows the blend electrolytes’ corresponding circuit element
properties. The whole conductivity, attributable to massive
ion movement, is the reasonable justification for this outcome,
where the semicircle vanished at the high frequency region for
the PVNI4 system (Rajendran et al., 2008; Aziz et al., 2019d).
The values of Z, and Z; are connected to the EEC in the
PVNI4 system, and can be stated mathematically as (Aziz
et al., 1994):

cos(2)

Z, = Cw; + R, (6)
in (@

Z— sin(2) (7)

Cawr

As the PVNI1, PVNI2, and PVNI3 systems composed of a
tail and a semicircle, the diffusion coefficient (D), mobility (u),
and number density (n) of ions are determined by the given
equations (Brza et al., 2021; Brza et al., 2020):

The D of the ions in PVNI1, PVNI2, and PVNI3 systems is
obtained using the relation,

D — ((Kzs(,s,,A)2> (8)

T2

where ¢, is the dielectric constant, &, is the permittivity in vac-
uum, 7, is the angular frequency reciprocal corresponding to
the minimum in Z;.

The p of the ions is calculated using the relation of Nernst—
Einstein,

§ = (KDT) )

where T is the absolute temperature and k%, is the Boltzmann
constant.
Since opc is shown by

Op. = nejpt (10)

So, the n of ions is determined using Eq. (11):

N o= O'({L‘IQ,T‘L'Z2 (11)
(eKse,6.A)
As the system of PVNI4 composed of only a tail, the D is

determined using Eq. (12) (Brza et al., 2021; Brza et al., 2020):

D= Doexp{—O.0297[lnDo}2 — 1.4348InD. — 14.504} (12)

where
4P

D — (W) (13)
b~ min

Here / is the electrolyte thickness, w,,;, is the angular fre-
quency corresponding to the minimum Z;. Table 4 shows the
ion transport parameters for the polymer electrolyte systems.

Based on Table 4, the value of D is observed to increase
(from 2.90 x 10~ to 4.59 x 107% em® s™') when the glycerol
increased from 10 wt% to 40 wt%. The same trend is observed
by u as shown in Table 4. The increase of u (from 1.13 x 1077
to 1.79 x 107® em? V! s) and D is associated to the engage-
ment of the polymer chains flexibility with the presence of glyc-
erol while the number density of ions decreased (Brza et al.,
2020). Glycerol was used in this work to improve the conduc-
tivity of ions owing to the three hydroxyl groups (OH) pres-
ence. The glycerol dielectric constant of 42.5 is considered to
be large, which causes a decrease in the attraction force among
the anions and cations of the salt, and among the polymer
chains (Brza et al., 2020). The increase of the amorphous nat-
ure of the PE was considered to improve the ions mobility by
creating a large free volume through the electrolyte. This
causes the segmental movement of the polymer chains to
increase due to the increase in the flexibility of the polymer
chains. This can then improve the mobility and conductivity
of the electrolyte systems (Brza et al., 2020; Yusof et al.,
2019). When the glycerol increased, the values of D and pu
increased which lead to the increase of conductivity. These
results are in agreement with the results obtained from the
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FTIR test and the degree of crystallinity that measured from
the XRD deconvolution.

3.4. Dielectric properties

By the following relationships, the real and imaginary parts of
complex permittivity (¢¥) were determined from the real (Z')

6.5

4
Log(f)

Dielectric loss v log (f) for all samples.

and imaginary (Z”) parts of complex impedance (Z*) (Nofal
et al., 2020; Aziz and Abidin, 2015; Aziz and Abidin, 2014);
, Z//

= 14
& C()CO(ZIZ+Z”2) ( )

ZI
)

8//

(15)
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Fig. 8 Tangent loss spectra versus frequency measured at ambient temperature for the PNVI electrolytes.

The frequency dependence of the complex dielectric con-
stant for plasticized systems is seen in Figs. 6 and 7. By com-
paring with the other samples, the system incorporating
40 wt% glycerol has the uppermost dielectric constant. The
high charge carrier concentration and the system amorphous
nature can explain the increase in dielectric constant.

Both dielectric constant (¢) and dielectric loss (g”) drop
with frequency, with the fall being rapid at low frequency
and saturation appearing at high frequency, as shown in the
figurers. In PEs, this is a common pattern (Hema et al.,
2009; Hadi et al., 2020). This can be explained by the fact that

the drop in € and & with frequency can be attributed to
dipoles’ incapability to rotate quickly, resulting in a lag among
the frequency of the applied field and oscillating dipole.

The variance designates that the dielectric constant is high
at low frequencies due to interfacial polarization, and the
dielectric loss (¢”) increases dramatically due to free charge
migration within the material. Values of & have been shown
to be high at low frequencies. The dielectric constant has been
found to be constant at higher frequencies due to the space
charge effect presence, which are supplied by the concentration
of carriers close to the electrodes (Abdullah et al., 2021).

0.008 —————————
| «PNVIL |
. | |
0.007 | PNVI2 |
00064 1 ePNVIZ |
| |
| +PNVH4 !
00054 “-——--oo---- :
’0
< L)
S 0.004 1 b4
2
o
0.003 - 2
P 4
73
0.002
0.001
0 .
15 2 25 3 35 4 45 5 55 6 65
Log (f)

Fig. 9  Electric modulus plot of M’ against log (f) for the PNVI samples.
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This is due to charge carriers’ failure to follow the electric
field periodic reversal. The migration of carriers within the
material is responsible for the significant value of &”. The fluc-
tuation of ¢ was different for polar and nonpolar materials.
Polar polymers have a high €', which varies depending on tem-
perature and plasticizer. The & value rises as the plasticizer
content of polar materials increases, owing to the ease with,
which dipoles can be oriented and the increased carriers mobil-
ity, which be likely to pass easily as the temperature rises
(Bhargav et al., 2009; Ahad et al., 2012).

Moreover, the frequency reliance of the dielectric loss tan-
gent (tan o) for electrolytes can be determined in order to have
a better understanding of the electrolyte relaxation processes.

As formerly affirmed, the Z, and Z; data were extracted
from the EIS data and then employed to resolve the & and
¢’ data. The tan ¢ is calculated using the dielectric parameters.
The tan J, also called the dissipation factor, is a ratio of dis-
persed energy to stored energy in a periodic field. The tan ¢
is calculated using the formula below (Pawlicka et al., 2019).

I

tand = i_’ (16)

Loss tangent peaks are used to study the relaxation pro-
cesses of polymer materials in great detail. Dielectric relaxation
can be used to depict the dipoles in polymer electrolytes (Aziz
and Abdullah, 2018; Marf et al., 2020). At room temperature,
Fig. 8 illustrates the dielectric relaxation of the loss tan & vs.
frequency curve for each film. The loss tangent peak shifts to
a high-frequency area in the figure, indicating the dielectric
relaxation existence.

The conductivity and dielectric relaxation peaks are caused
by induced or persistent dipoles, according to this research.
Induced diploes were also shown to hide the polarization relax-
ation of charge carriers in a material. (Aziz and Abdullah,

2018; Woo et al., 2012). The peaks in Fig. 8 represent transla-
tional ion dynamics, which is linked to mobile ion conductivity
relaxation. For ion transport, this is favorable in electrolyte
segmental motion (Aziz and Abdullah, 2018). The tan o
appears to rise as the frequency increases, which is owing to
the active element’s (ohmic) dominance over the reactive ele-
ment (capacitive).

In light of the events, the lowering of tan ¢ at a higher fre-
quency is most likely due to the active element’s independency
from the frequency, causing the reactive element to grow in
response (Idris et al., 2007). The non-Debye behavior of the
system is suggested by the relaxation process of the elec-
trolytes, which is depicted by the tan é plot (Mustafa et al.,
2020). Furthermore, the tan ¢ value at the highest frequency
is known as the tan 6 maximum, tan o,,,,, value, which is used
to calculate the angular frequency, .. of the relaxation
peak. As a result, each electrolyte’s relaxation time (#,) may
be estimated by inverting the @peq (1/@pear)-

Because electrode polarization is linked to the generation of
charges near the electrodes, the electrical modulus analysis
(Singh et al., 2011) can also be utilized to evaluate the dielectric
characteristics produced by ion relaxation.

Using the following relationships, the real (Z’) and imagi-
nary (Z") parts of complex electric modulus (M*) were com-
puted from the real (Z) and imaginary (Z”) parts of
complex impedance (Z*) (Aziz et al., 2021c; Marzantowicz
et al., 2007; Asnawi et al., 2020);

8/

M = gy = oG (17)
1" &' 4
M = 7(8/2 T 8"2) = CUC()Z (18)
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Fig. 10  Electric modulus plot of M” against log (f) for the PNVI samples.
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Fig. 9 and Fig. 10 show that the electrical modulus stan-
dards in both graphs stay around zero at low frequencies.
The long tail seen at low frequencies shows that electrolytes
have a capacitive characteristic in which substantial electrode
polarization occurs without any dispersion (Pawlicka et al.,
2019; Saminatha Kumaran et al., 2018).

The bulk effect reasons the M’ and M” standards of the
electrolytes to rise as the frequency increases. At high frequen-
cies, the highest conducting electrolyte had the lowest electrical
modulus values. Mustafa et al. and Saminatha Kumaran et al.
have also reported similar observations (Mustafa et al., 2020;
Saminatha Kumaran et al., 2018). Due to the irrelevant effect
of electrode polarization, both M’ and M” fall towards low fre-
quencies. The enormous capacitance associated with the elec-
trode causes the presence of a lengthy tail.

3.5

Logf 45 5 55 6 65

Gge (S. em™') versus log (f) for (a) PNVI1, PNVI2, and PNVI3 samples and (b) PNVI4 sample.

3.5. AC conductivity study

Fig. 11 shows the conductance spectra for plasticized systems
with varying glycerol content. For three of the electrolytes,
the spectra are divided into three regions: a low frequency dis-
persive zone, a plateau region, and a dispersive region at high
frequency. Low frequency dispersion is detected at high glyc-
erol content (40 wt%) because of electrode polarization effects.

The ionic conductivity is high enough at this glycerol con-
centration to cause a development of charges at the electrode’s
surface, lowering the applied electric field effect through the
samples and thus the apparent conductivity (Aziz et al.,
2021d; Ramesh and Arof, 2001). The dc conductivity is repre-
sented by the plateau. The period of the field is very short to
create charges at higher frequencies, hence the ac conductivity
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is assumed to have independent on frequency, which is equiv-
alent to dc conduction.

When the frequency drops, more charge gathers at the elec-
trode’ surface resulting in a reduction in the number density of
ions and, finally, a decline in conductivity at low frequencies.
The mobility of carriers is significant in the high frequency
area, thus conductivity rises with frequency (Ramesh and
Arof, 2001). The dc conductivity increases as the temperature
rises, implying that the free volume surrounding the polymer
chains is responsible for ion and polymer segment mobility
(Miyamoto and Shibayama, 1973).

4. Conclusion

The structure and electrical behavior of glycerol plasticized sodium
ion-conducting SPEs comprising PVA-MC-Nal were characterized.
The change in intensity, position, and shape of the FTIR peaks indi-
cated the interaction and complexation between the electrolyte compo-
nents. The XRD deconvolution revealed a decline of crystallinity upon
increasing plasticizer. With increasing glycerol concentration, the
amorphous nature seemed to increase, and their peak intensity has
consistently dropped at 40 wt% glycerol. For the PNVI4 sample, the
EIS revealed the highest ambient-temperature ionic conductivity of
(2.53 x 107% S/em. Electrical equivalence circuits (EEC) were used
to explore the electrolytes’ circuit components further. When glycerol
concentrations were increased, the transport parameters of (n), (),
and (D) improved. The conductivity patterns were further confirmed
by a study of dielectric characteristics. In low-frequency regions, the
dielectric constant € and loss €” values were both found to be high.
The presence of relaxation was demonstrated by the appearance of
peaks in the loss tangent spectra at a specific frequency. When a large
concentration of glycerol was introduced, the dielectric modulus was
found to be lower.
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