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Abstract: This study reports the solid polymer electrolyte films of hydroxypropyl methylcellulose
(HPMC) doped with different sodium bromide (NaBr) salt concentrations. The test samples were
prepared using the solution cast method, and their structural characterization was done using XRD,
SEM, and FTIR. Sharp crystalline peaks of pure NaBr salt disappeared completely in all the
HPMC:NaBr polymer electrolyte systems revealing the reduced crystallinity, which greatly influences
the dielectric and conductivity of the polymer electrolytes. Fourier transform infrared spectral (FTIR)
reports subjected to vibrational changes that appeared due to the result of dopant salt in the host
polymer. The samples were analyzed using a pc-based impedance analyzer (Wayne Kerr 6510B) in the
frequency scale of 50 Hz to 1 MHz. As the frequency increases, the constant dielectric declines, and the
AC electrical conductivity rises. The AC conductivity curves in the high-frequency area follow the
Jonscher Power Law. The electrolyte's non-Debye behavior was supported by its relaxation time and
dielectric property. According to the reported polymer electrolyte systems, the distribution of relaxation
time is influenced by the presence of conducting ions in an amorphous formation. All assessed outcomes
of these polymer electrolytes are assuring their use for electrochemical cell drives.
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1. Introduction

Supercapacitors (SCs), fuel cells, batteries, and other energy conversion and storage
technologies primarily employ solid polymer electrolytes (SPEs) [1-4]. SPEs are composed of
dissolved salts in high molecular mass polymer matrices. Compared to other liquid ionic
solutions, the ionic-conducting phase of SPEs has a better transport property. Additionally,
they are flexible, light in weight, relatively high in ionic conductivity, solvent-free, and capable
of forming films. Likewise, they are risk-free and also leakage free. In 1973, poly(ethylene
oxide) (PEO) that had been combined with alkali metal salts was the first ion-conducting
polymer to be reported [5]. J Koliyoor etal. studied Magnesium ion-doped methyl cellulose
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electrolyte system and found the highest ionic conductivity of 1.02 x 107*S/cm at room
temperature for 25 wt% Mg [6]. Bashir A.A. et al. reported the highest conductivity of 5.30 x
10 S/cm for Poly (vinyl alcohol) (PVA) and cellulose acetate (CA) in 80:20 with 20 wt%
potassium carbonate [7]. N. M. Khan et al. reported AL-NH4CI BE's highest ionic conductivity
of 3.18X10® S/cm for an NH4CI content of 8 wt%. However, when plasticized with 4 wt% of
EC, an increased optimum value of 1.46X10° S/cm was obtained [8]. Maheshwari et al
reported a maximum conductivity of 1.66X1073 S/cm at room temperature for the composition
700 MmQpextran:300 mMgPVA:450 mgNH4NO3 [9]. The ion transport property depends on various
factors, including a degree of ion aggregation, salt concentration, degree of salt dissociation,
polymer chain mobility, etc. Even though the SPEs have good conductivity, the analysis of
dielectric studies gives additional information for understanding ion transport actions and
getting data on molecular/ionic interface in polymer electrolytes [10]

In contrast to other cellulose derivatives (carboxymethylcellulose, hydroxyethyl
cellulose (HEC), and methylcellulose (MC)), HPMC is more thermally stable, making it the
preferred host polymer. It is widely utilized in the textile, biomedical, and pharmaceutical
industries because it is biodegradable and non-toxic [11-13]. According to earlier research,
HPMC can dissolve various metal salts and produce thin films with exceptional stability
[12,13]. Compared to other inorganic salts, the benefit of using sodium metal particles is their
abundance and accessibility at a low cost [14-18]. The inorganic compound sodium bromide
(NaBr) is a white crystalline solid with a high melting point. It is a widely used source of
bromide ions in pharmaceutical preparations [19]. As a result, the sodium-ion battery has
gained popularity as the next-generation secondary battery because it is much less expensive
than a lithium-ion battery. Several research findings have found that Na* ions bring better or
comparable ionic conductivity to Li* ions in the same primary host source [20-21]. This
presented a chance to develop a battery using Na* ions instead of lithium. NaBr does have
narrow lattice energy of 747 kJ/mol, that's a little less than NaCl (786 kJ/mol) because Br (182
pm) is larger than Cl (167 pm) [22]. The lattice energy of salts and the crystalline percentage
of sodium salts used in PEs can significantly impact the synthesized electrolyte's conductivity.
As a result, this study looks into the effect of NaBr salt on the dielectric and electrical
conductivity properties of HPMC-based solid polymer electrolytes.

2. Materials and Methods

The electrolyte film samples are prepared by the standard casting method. The samples
in pure form are purchased from Sigma-Aldrich. Here water is used as a base solvent, and
different percentages of samples are prepared. Initially, the pure film is prepared by adding 3
grams of HPMC in 100 ml double distilled water, and it is let to stir for 24 hours. The prepared
solution is poured into the glass slab (14x14 cm), and it is dried for 7-10 days. Finally, the film
samples are peeled from the glass slab and kept in the desiccators to avoid moisture.

Similarly, different percentages of salt are added to the pure solution. Experiments like
XRD, FTIR, and SEM assessed the synthesized pure HPMC and doped HPMC polymer
electrolyte films. These samples' dielectric and AC conductivity were measured using a PC-
based impedance analyzer at frequencies from 50 Hz to 1 MHz (Wayne Kerr 6510B).
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3. Results and [scussion
3.1. Structuraktudy.

Our previous paper described the structural evaluation of the prepared polymer
electrolyte films. According to Figure 1, the Virgin HPMC film showed a pronounced peak
that occurred at 22.17°, revealing the semi-crystalline character of HPMC, and this broad peak
disappeared in the NaBr salted HPMC films. The crystallinity decreased with salt content in
doped films, indicating a decrease in intermolecular interaction (crystalline phase) [23].
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Figure 1. XRD Spectrum of pure and NaBr doped samples [23].

3.2. FTIR studies.

In our earlier paper, we reported on the evaluation of the IR spectra of the prepared
composite film samples.
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Figure 2. FTIR Spectrum of pure and NaBr doped samples [23].
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The effect of the dopant on the vibration modes was observed in the IR spectra as a
decrease in intensities, a widening of the bands, and repositioning of the bands to shorter
wavenumbers. All of these variations in the FTIR spectra are dependable signs of polymers-
ion complexes. The OH groups are vital for ensuring the crystalline packing of the polymer
[24]. The large shift and variation in the OH group's intensity in complex films causes a break
of the crystalline phase and simultaneously increases amorphous content [23].

3.3. SEM studies.

EMT= 500K/ SgnalA=lnlens Mag= 4000KX WD= 38rm

Figure 3. SEM Spectrum of pure and NaBr doped samples [20].

The SEM results of the ready composite film sample were reported in our earlier paper.
Pure HPMC film can show plane morphology [12]. The complex film samples display varying
degrees of roughness, which shows the dopant has segmented in the host polymer matrix and
broken up its crystalline phase [23].

3.4. Conductivity and dielectric studies.
3.4.1. Room temperature study of complex impedance spectroscopy analysis.

The following equation 1 [25] gives the complex impedance (z*) based on impedance
modulus (Z' and Z").

G=6 (1)

where Z' represents the real part of the impedance modulus and Z" represents the imaginary part, as
given by equations 2 and 3

P - ()

P - (3)
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where Co is the vacuum capacitance, and f is the frequency. The N' and N" are real and
imaginary parts of dielectric permittivity, respectively.
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Figure 4. (a) Plot of Complex impedance Nyquist. (b) electrical equivalent circuit for pure and doped
electrolyte samples at room temperature.

Figure 4 (a) shows the complex impedance plots of Z* (known as Nyquist plot) at room
temperature for pure and doped samples. The complex impedance Figure 4a shows an inclined
spike which shows the interaction of two blocking electrodes, which triggers the formation of
double-layer capacitance of HPMC:NaBr film [26-28]. Figure 4 (b) displays the experimental
data fitted plots that were developed using an equivalent circuit consisting of a resistance Y
(grain resistance 'Y ) in series with a fixed phase impedance (& ) and resistance 'Y (grain
boundary resistance Y ) in parallel. The analogous composition is of the form

Y Y & . Table 1 displays the values of all fitted parameters. From the plots, it is

clear that the 'Y value declines with increasing NaBr salt. All samples display a high-frequency
semi-circle arc that is connected to the bulk conduction process [26,27].

The assessment of Argand sketches with a complete semi-circular arc on the real
impedance (Z') axis discloses that relaxation time varies for charge carriers [28]. From Table
1, the Ry value declines with the rise of NaBr concentration and achieves the lowest value
(1.607X107 Q) for HPMC/NaBr 0.7 wt % sample. Hence, 0.7 wt % NaBr content composite
polymer electrolyte has a significant ionic conductivity. The density and mobility of charge
carriers both contribute to the variation in the ionic conductivity of electrolyte samples [29].

3.4.2. Dielectric analysis.

A detailed study of the dielectric constant is required to design and advance electrical
and electronic components. It exposes more knowledge about the polymer's physical and
chemical state. When contrasted to ceramic materials, it is possible to create polymers with
good dielectric constants and small dielectric losses [30]. Figure 5 depicts the room temperature
dielectric constant (real part €') and Log (f) plots for pure and doped electrolyte systems for
frequencies stretching from 100 Hz to 1 MHz.

https://biointerfaceresearch.com/ 50f 11


https://doi.org/10.33263/BRIAC136.529

https://doi.org/10.33263/BRIAC136.529

18
1 —a— Pure HPMC
—o— 0.1 wt% NaBr
o —a— 0.3 wt% NaBr
2 —w— 0.7 wt% NaBr

Dielectric Constant (g')

log f

Figure 5. Variation of Dielectric constant (&") with frequency.

The relationship used to calculate the dielectric constant is given by equation 4

# A 4)
N

where 'C' stands for equivalent capacitance, 'd" for sample thickness, ¥ ' for free-space
permittivity, and "A" for sample area.

Figure 5 plots clearly show that the dielectric constant falls as frequency rises. NaBr
salt has a noticeable impact on the dielectric constant at room temperature, resulting in an
increase in total charge carriers, dielectric constant, and ionic conductivity. The outcome
displays that the host polymer electrolyte complexed with 0.7 wt % NaBr salt reports a high
dielectric constant and shows the maximum ionic conductivity. The increase in the dielectric
constant at short frequencies is caused by the space charge polarization at the electrode-
electrolyte junction. This charge growth displays relaxation behavior resembling dipolar
relaxation [31]. Due to the presence of space charge polarisation at the electrode-electrolyte
junction, there is a high dielectric constant at low frequencies. This shows that the applied
electric field periodically reverses that no longer be followed by the dipoles [32,33]. As a result,
as the frequency rises, the charge carriers' contribution to polarisation also declines, which
results in a continuous decline in the ¢'- values.

N

3.4.3. AC electrical conductivity.

The scaling of dielectric properties with frequency under conditions of alternating
current (AC) is given by Power law equation 5.

o 1 " o] 5)
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Here, A’ is the only dispersive AC conductivity factor that appears in the power law
form of angular frequency (o), and s is the power element (0 <s < 1), denotes how well mobile
ions interface with the lattices surrounding those. A is a constant that determines the strength
of polarizability. Exponent factor s 6(®) is the total conductivity, and oqc is the DC conductivity
of the sample. Table 1 shows the room temperature assessment of parameters attained from
JPL fit (Equation 7) with the experiment records of electrolyte samples. Figure 6 displays that
the AC conductivity at room temperature rises with frequency and reaches a maximum for the
highest doped electrolyte of 0.7 wt % HPMC-NaBr. The frequency-dependent electrical
conductivity of polymer-electrolyte obeys Jonscher Power Law (JPL) [34-36]. The JPL fitting
and the experimental values match each other well. The plateau region in the low frequency
relates to , . The conductivity in the large-frequency province obeys Aw®. Jonscher claims
that the cause of the frequency dependency of conductivity is the cause of mobile charge
carriers payable to the relaxation existences of the ionic atmosphere. In the host polymer
matrix, ions jump from one vacant site to an adjacent vacant site, contributing to DC
conductivity at lower frequencies. This effective ion hopping occurs at a shorter frequency than
the hopping frequency. The figure shows higher frequencies exhibit more dispersive
conductivity due to the ions' backward and forward hopping motion [37].
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Figure 6. Variation of AC conductivity versus frequency.

Table 1. Variation of Grain resistance, capacitance, relaxation time, ac conductivity, and dc conductivity with
salt concentration at room temperature.

Parameters Pure HPMC 0.1 wt% NaBr 0.3 wt% NaBr 0.7 wt% NaBr
=|| (kQ) 6.4325X10° 5.314X108 1.255X108 1.607X107
C((F) 8.348X1012 1.632X101 1.927X1011 2.645X101!
T (s 1.591X103 1.427X103 1.279X103 3.45X10*
c (S/ 1.87005X10¢ 5.60342X10-6 7.8932X106 1.23638X10°
S 1.01374 0.86887 0.69948 0.51776
o (dc) 1.5019X10-10 1.629X10° 1.1154X108 1.094X107
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3.4.4. Complex electrical modulus analysis at room temperature.
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Figure 7. (a) Normalized plot of M"/M" max versus log (f/fmax); (D) Variation of relaxation time with dopant
concentration.

Theoretically, the complex electrical modulus is derived from the complex permittivity
0 * using equation 6 [38].
0°=0 Q@

(6)

The real M' and imaginary M" parts of the dielectric modulus can be calculated from €' and €" using
equation 7 and 8 as follows:

v o ™

. ®)

The relaxation time can be calculated from the peak position of M" using equation 9:

P
T 0
where fmax is the frequency corresponding to the maximum peak position of the plot.

©)

From Figure 7 (a), all samples' curve peaks overlap, suggesting the relaxation shows
the same mechanism. The peak shifts slightly towards a higher frequency as the dopant salt
concentration increases, indicating a decrease in relaxation time and resulting in maximum
ionic conductivity. The spread of relaxation and non-Debye-type behavior in these electrolyte
film samples is confirmed by the asymmetric broadening of the peak [39]. Figure 7 (b) shows
the room temperature variation of relaxation time. The relaxation time decreases with the
dopant. The lowest relaxation time was observed in the highest wt% film sample.

4. Conclusions

The chemical and physical parameters of polymer electrolytes are dependent on the
degree of crystallinity. XRD and FTIR characterizations confirmed the complexation of salt in
the host polymer. The structural results showed a significant decrease in crystallinity in the
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host polymer with salt concentration because additional salt prevents polymer chains from
crystallizing. SEM images of composite films show more degree of roughness compared to the
host polymer. The intensity variation and shift in the band were observed through functional
studies, which signifies the host polymer's interaction with NaBr. It has been found that
increases in AC electrical conductivity depend on frequency. The AC conductivity plots in the
high-frequency region show Jonscher's power law. The dielectric property and relaxation time
confirmed the non-Debye behavior of the electrolyte system. The distribution of relaxation
times is related to the presence of conducting ions in an amorphous structure of the reported
polymer electrolyte systems. The estimated outcomes strongly support the use of these polymer
electrolytes in electrochemical cell electronic applications.
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