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ABSTRACT

This study explores the structural and electrical properties of sodium carboxymethyl cellulose
(NaCMC)-pectin (PC)-glycerol-NH4Br electrolyte films and investigates their potential applications in
proton batteries. Plasticized solid polymer electrolyte (SPESs) films were fabricated using the solution
casting method. The interaction between the salt and polymer blends was verified using Fourier-
transform infrared (FTIR) analysis. Incorporation of various salt concentrations (up to 25 wt%) was
found to enhance the amorphous phase of the polymer blend, as evidenced by X-ray diffraction (XRD)
results. Additionally, the decrease in the glass transition temperature, as confirmed by DSC analysis,
indicates that the inclusion of both plasticizer and salt contributed to this effect. An electrolyte with
25% wt. of NH4Br has the highest room temperature conductivity of 4.68 X 10* S cm™. This electrolyte
was employed to fabricate the proton battery for energy storage application.

Keywords: Solid biopolymer electrolyte, NaCMC-PC, Glycerol. Proton battery, ionic conductivity

1. Introduction

Owing to the rapid evolution of modern technologies such as portable electronic devices, electric
vehicles, and large-scale power sources, it is becoming increasingly essential to develop low-cost and
eco-friendly energy storage devices (ESDs). In recent years, researchers have utilized conducting
membranes in several applications, including supercapacitors, sensors, solar cells, fuel cells, and
batteries [1]. Generally, most ESDs consist of an anode, cathode, and solid ionconducting electrolyte.
From an obvious starting point of view, the electrolyte plays a pivotal role in determining ESD
performance. Therefore, the desired properties for an electrolyte to be used in ESDs include high ionic



conductivity (> 10* S cm™), high ionic transference number (close to 1), good interfacial contact with
the electrodes, high thermal stability, and a wide electrochemical stability window (3-4 V) [2]. The most
popular electrolytes in the marketplace are liquid electrolytes [3]. Nevertheless, inherent issues
related to liquid electrolytes, including leakage, thermal runaway, explosion, short circuits, and a low
operating window, hinder their optimal performance [4]. As a result, researchers have adopted several
strategies to enhance the performance of electrolytes by developing solid electrolytes with
outstanding properties, such as a wider onset potential range, good ionic conductivity, and stability
[5].

Since it was first reported in 1973 [6] that polyethylene oxide (PEQ) can be utilized as an electrolyte,
researchers have extensively investigated solid-state polymer electrolytes because of their excellent
ionic conductivity, light weight, transparency, film-forming ability, and outstanding mechanical and
thermal stability [7]. However, synthetic polymer electrolytes are nonbiodegradable and can be
noxious and adversely affect the environment. Thus, researchers are continuously exploring
biopolymers owing to their biodegradability, nontoxicity, low cost, biocompatibility, and sustainability
[8]. These properties give biopolymers substantial advantages as appropriate alternatives to synthetic
polymers and make them suitable candidates for solid-state electrochemical devices. Several studies
have reported that polysaccharides are abundant in nature [9-11]. Moreover, they are considered the
primary source of biopolymers such as starch, pectin, gum, cellulose, agar, and carrageenan. However,
obtaining a high conductivity remains a significant challenge for researchers. Several methods have
been adopted to overcome this issue, including cross-linking, copolymerization, plasticizing, and
polymer blending [12]. Among the techniques already mentioned, polymer blending is considered the
most effective technique for improving the electrical properties of polymer electrolytes. It involves a
combination of two different types of polymers to provide more complexation sites and enhance the
amorphous section of the polymer matrix, thereby improving the segmental motion of the polymer
chains as well as facilitating ion mobility and increasing ionic conductivity [13].

Pectin (PC) is a biodegradable polymer found primarily in citrus and apple products [14]. It has recently
attracted considerable attention because of the presence of a large number of hydroxyl groups (—OH)
in its chemical structure [15]. Therefore, blending PC with sodium car-boxymethyl cellulose (NaCMC),
which shares two main functional groups, carboxylate anion (COO —) and hydroxyl —OH in its
polymeric backbone, could dramatically help to boost the number of coordination sites, which allows
the dissociation of ionic dopants into the polymer matrix and increases the ionic conductivity [16].
Because ionic dopants play a significant role in the structure and ionic conductivity of polymer
electrolytes, several studies have been carried out on different types of ionic dopant electrolytes,
including lithium, sodium, magnesium, and ammonium [17-19]. Ammonium salts are considered one
of the most promising salts that can be incorporated into biopolymer electrolytes because of their low
lattice energy and small cation radius, and more importantly, their good proton donor ability [20].
Therefore, protonconducting biopolymer electrolytes based on ammonium salts have shown good
ionic conductivities [21]. Incorporating glycerol as a plasticizer into the polymer blend significantly
enhanced ionic conductivity. This is because glycerol is compatible with a wide range of biopolymers
and contains multiple OH groups that act as alternative pathways for ions. In addition, glycerol has a
relatively small molecular size, which can disrupt the cohesive forces between polymer chains. This
increases the amorphous phase of the polymer electrolytes, which promotes ion dissociation, thereby
optimizing the density of the charge carriers [22].

According to previous studies, NH4Br salt has been successfully incorporated into an MC/pectin
polymer system blend to synthesize a solid polymer electrolyte. Adam et al. (2022) reported ionic
conductivity of 5.9 x 10° Scm™ for MC/PC-(EC) blend with 25% (KsPO.) [23], Dennis et al. (2022)



reported an electrolyte system which is composed of MC/PC/NH4Cl/ZnO with highest conductivity up
to 3.13 X 10-4 S cm™ [20]. However, no work has been conducted to improve the ionic conductivity of
plasticized NaCMC/PC/NH4Br polymer electrolyte systems.

The present study uses solution casting technique to enhance the ionic conductivity of a glycerol-
plasticized NaCMC /PC blend with different concentrations of NH4Br salt. The resulting biopolymer
blend electrolytes were characterized by FTIR, XRD, DSC, TGA, and SEM. In addition, AC impedance
analysis was conducted to determine their electrical parameters, and Wagner’s DC polarization
method was utilized to evaluate the ionic transference number of the electrolytes. Finally, the primary
proton battery was fabricated using the electrolyte with the highest conductivity.

2. Experimental
2.1. Materials

Sodium carboxymethyl cellulose (NaCMC, M,, ~ 250,000 g mol?), pectin citrus powder (PC, M,,
~30,000 g mol?), glycerol (M,, = 92 g mol™), and ammonium bromide (NH.Br, M,, = 97.94 g mol?)
were procured from Sigma-Aldrich, Germany.

The electrodes used in this study for the proton battery were fabricated using the following materials.
Zinc metal powder (Zn, M,, = 65.4 g mol?), zinc Sulphate (ZnS04.7H,0, M,, = 161.47 g mol?), lead
dioxide (PbO,, M,, = 239.2 g mol?), vanadium pentoxide (V,0s, M,, = 181.9 g mol?), polyvinylidene
fluoride (PVdF, M,, ~ 534,000 g mol?) and graphite powder, all were procured from Sigma-Aldrich,
Germany.

Table 1 Composition of prepared plasticized SPE's films.

Sample Label NaCMC/PCig) glyeercl(g) NH.Br (wt)
co 3 1 0

C5 28 1 5

clo 2.6 1 10

Cl5 2.4 1 15

C20 22 1 20

C25 2 1 25

2.2. Preparation of solid polymer electrolytes

In this study, plasticized NaCMC — PC solid polymer electrolyte films (SPEs) with different
concentrations (wt%) of NH4Br salt were prepared using solution casting. NaCMC and PC (3 g) were
dissolved in 100 mL distilled water at a weight ratio of 20:80. Subsequently, 1 g glycerol was added to
the polymer solution and stirred until a homogeneous solution was obtained. Different NH4Br
concentrations (wt%) of salt were added to the mixture and stirred for 24 h at room temperature, as
described previously [22]. The compositions of the samples are listed in Table 1. The resulting mixtures
were poured into separate Petri dishes and allowed to dry at ambient temperature. Finally, the free
standing films were peeled off from a glass petri dish and placed inside a desiccator for further
characterization.



2.3. Characterization of plasticized NaCMC /PC-NH4Br biopolymer electrolytes

2.3.1. Fourier transform infrared (FTIR) spectroscopy

An FT — IR spectrometer (Nicolet iS5) was utilized to investigate the complexation between the
plasticized polymer blend and salt. The analysis was conducted at a resolution of 4 cm™ and
wavenumber range of 4000 cm™ — 400 cm™.

2.3.2. X-ray diffraction (XRD)

X-ray diffraction was employed to study the changes in the crystallinity of the plasticized electrolytes
with angular differences between 3° and 90°. The experiments were conducted using a Mini Flex 600
Desk X-ray diffractometer with Cu-Ke radiation (1 = 1.54 A) as the X-ray source.

2.3.3. Electrical impedance spectroscopy (EIS)

To investigate the electrical properties of the prepared plasticized SPEs, EIS was conducted using
Potentiostat/Galvanostat PG STAT 128 N equipment at room temperature. Each solid polymer
electrolyte film was cut into a circular shape with a diameter of 1.6 cm and then placed between two
ion-blocking stainless-steel electrodes, after which an ac signal with an amplitude of 10 mV was applied
over a frequency range from 10 to 5 x 105 Hz. Eq. (1) was used to calculate the dc conductivity (c) of
plasticized biopolymer electrolyte.

(1)

where t represents the thickness of the electrolyte film, Ry, is the bulk resistance, and A is the contact
area between the polymer electrolyte film and the electrodes. The collected impedance data were
transformed into a dielectric format to analyze the dynamic behaviour of the ion/ electrolyte. The real
(Z) and imaginary (Z) part of the complex impedance were used to determine the real (é) and imaginary
(é) parts of the complex permittivity, respectively.

i'l = ;.., 2
wCy(Z? +Z 2)

PN ) ®

where w represents the angular frequency derived from 2rf, and C, stands for the vacuum
capacitance. Additionally, the real (M’) and imaginary (M’) parts of the complex modulus were
calculated as follows:
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Fig. 1. FTIR spectra of pure PC, pure NaCMC and plasticized NaCMC /PC-NHa4Br biopolymer electrolytes.

2.3.4. Scanning electron microscope

The surface morphology was analyzed using a Phenom Pro desktop scanning electron microscope
(SEM) with an accelerating voltage of 5 kV. To minimize the charging effect and potential thermal
damage, the prepared samples were coated with a thin layer of Pt using a Quorum Q300 TT sputter
coater, and SEM characterization was performed at magnification of 1000x.

2.3.5. Thermogravimetric analysis

The thermal stability of the plasticized biopolymer electrolyte samples was evaluated using a
thermogravimetric analyzer (TA Q500). The measurements were conducted under a nitrogen gas



atmosphere at a flow rate of 100 mL min™. Samples weighing approximately 5-8 mg were heated from
room temperature to 1000 °C at a rate of 10 °C min™.

2.3.6. Differential scanning calorimetry

The glass transition temperature (T,) of the plasticized biopolymer electrolytes were examined using
differential scanning calorimetry (DSC).

Table 2 Summary of Functional Groups and Their Corresponding Wavenumbers in NaCMC/PC-NH4Br SPE.

Samples Functional group and their wavenumber (em b
C-0-C O-H -Coo COOCH;3 C-H 0O-H
Stretching bending Symmetric streaching Stretching Stretching Stretching

co 1041 1237 1404 1603 2924 3331

G5 1040 1232 1404 1598 2938 3331

Ccl10 1038 1228 1427 1593 2938 3340

C15 1045 1232 1435 1729 2942 3349

c20 1045 1232 1444 1729 2947 3353

Gas 1044 1232 1449 1730 2945 3361

2.3.7. Transference number measurement

Transference  Number Measurement (TNM) was carried out using the KEITHLEY 6517B
Electrometer/High Resistance Meter. A symmetric cell configuration consisting of stainless steel
blocking electrodes and an electrolyte layer in between was used. A direct current (DC) voltage of 100

mV was applied to the cell, and the resulting current was continuously monitored over time to
determine the transference number.

2.3.8. Linear sweep voltammetry

The electrochemical stability of the SPE was evaluated via linear sweep voltammetry (LSV) using an
Autolab PGSTAT-128 N potentiostat. The electrolyte was installed in a Swagelok cell between two
stainless-steel electrodes at an applied scan rate of 5 mV s,

3. Results and discussion
3.1. Fourier transform infrared (FTIR) spectroscopy

The complexation between the salt and the polar groups present within the polymer matrix was
determined by analyzing the changes in the FTIR spectra (wavenumbers/intensity). These spectral
changes provided clear insights into the interactions occurring within the polymer blends and their
interactions with NH4Br. Fig. 1 shows the FTIR spectra of the pure PC and NaCMC. It can be seen
from Fig. 1 that PC shows characteristic bands at 3370 cm™,2927 cm™,1746 cm™®,1616 cm™,1428 cm’
11240 cm™? and 1026 cm, which correspond to OH, CH, COOCHs, —CO0O-asymmetric, COO —
symmetric, OH bending and glycosidic bond, ring C — O — C respectively [24],0n the other hand,



NaCMC exhibits absorption bands at 3350 cm™,2900 cm™,1597 cm™,1419 cm™?,1325 cm™ and 1058
cm™ which correspond to OH, CH, COO —,CH,, OH bending, and (C — O — C), respectively [25].

The interactions between MC and the PC polymers were successfully confirmed via the formation of
repeating hydrogen bonds between the hydrogen atom of the hydroxyl group (OH) present in the
CMC backbone and the oxygen atom existing in the glycoside linkage (C — O — C) band of the PC
spectra. [20,23].

Fig. 1 reveals the presence of six absorption bands for the plasticized -(SPEs), which exhibited changes
in position as the salt concentration varied. These bands include C — O — C stretching, 0— H bending,
—C00 —symmetric stretching, -COOCH; stretching, C— H stretching, and O—H stretching, which
correspond to wavenumbers 1041,1237,1404, 1603, 2924, and 3331 cm™, respectively [26,27].

The absorption bands and their corresponding wavenumbers shifted upon addition of different
concentrations of wt% of NH4Br salt are shown in Table 2. The FTIR spectrum of the C0 sample
showed an O— H band at 3331 cm™. This band is mainly correlated to the formation of hydrogen
bonds between the 0— H of glycerol and the O— H functional groups of the NaCMC /PC blend, as
shown in Fig. 2. After the addition of NH4Br, the intensity of the OH peak decreased and shifted
towards higher wavelengths.

It can be seen from the FTIR spectra of samples C5 and C25 that the -OH peak occurs at 3331 and
3361 cm?™, respectively. The shift of the —OH peak towards higher wavelengths suggests the
complexation between the oxygen atom of the NaCMC/PC blend and NHS cations via ion
coordination bonds [22].

The peak observed at 2929 cm™ in the spectrum of the pristine plasticized NaCMC /PC polymer blend
corresponds to the C— H stretching vibration. The reduction in the intensity of this C— H peak with
the addition of NH4Br provides vital evidence of complexation between the polymer matrix and the
NH4Br salt [20]. The vibrational peak at 1746 cm™ is assigned to the C = O stretching vibrations of
the polymer blend. Because the major coordination bonds between NH; cations and polar groups of
polymers are considered to occur at the C— O peak, we observed that the peak intensity is suppressed
for the biopolymer electrolytes CO, C5, and C10. However, after the addition of salt to biopolymer
electrolytes C15, C20, and C25, the intensity of this band broadened and shifted towards higher
wavelengths at 1724, 1725, and 1730 cm?, respectively, suggesting an interaction between the C = 0
within the polymer blend and NH4Br salt [28]. The vibrational peak observed at 1400 cm™ corresponds
to the carbonyl group of the carboxylate ion, COO —, in the biopolymer electrolyte. It can be seen from
the IR spectrum that as the salt concentration increased, the band intensity broadened and shifted
towards a higher wavelength. This shift was due to the interaction between the carbonyl group of
carboxylate ion and NH; cations of NH4Br salt [28].
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Fig. 3. XRD patterns of pure PC,NaCMC and the plasticized biopolymer blend NaCMC /PC with different concentrations
of NH4Br (wt%).

Table 3 Sample designation and the crystallinity index (x) of plasticized-(SPE's).

Sample Area under all Area under all Crystallinity
designation crystalline peaks A_ amorphous peaks A, index y (%)
co 20.777.91 35,273.67 37.06
C5 15.445.09 33.346.45 35.61
Cl0 15.035.51 35.706.1 33.55
Cl15 14.494.73 33,185.31 30.40
C20 6582.15 42 989.53 13.27
C25 4545.57 33,377.93 11.98

3.2. X-ray diffraction analysis

XRD was utilized to investigate the amorphous/crystalline structure change of the prepared
plasticized SPESs. Fig. 3 shows the XRD patterns of the pure PC, pure NaCMC, and doped plasticized
NaCMC /PC SPEs. It can be observed from Fig. 3 (A) that pure NaCMC displays a distinct and broad
peak located at a 20 angle of 23°, corresponding to the (200) crystalline plane [29,30], while pure PC
shows a broad halo peak with few characteristic peaks observed at 20 angles of 18°,20°,22°,24°
suggesting its crystalline structure [31]. According to JCPDS file no. (85-099), NH4Br exhibits sharp
and intense peaks at 20=30°,38°,44°,49°, and 55°, indicating its crystalline structure [32]. As shown in
Fig. 3 (B), all crystalline peaks of NH4Br disappeared entirely from the XRD pattern of the solid polymer
electrolyte, indicating complete dissolution of the salt in the polymer blend matrix. The XRD spectra
of the plasticized SPEs exhibited an amorphous peak centered at 20 =24° after the addition of NH4Br,
and the peak became broader and less intense. Hodge et al. [33] explained the change in peak
amorphousness, where the approach depicted the correlation between crystallinity and peak
intensity. The reduction in intensity and broadening of the peaks observed at 20 angles ranging from
3° to 90° indicates that the plasticized SPEs exhibited increased amorphousness following the
introduction of salt.
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The XRD spectrum is shown in Fig. 3(B). was deconvoluted to separate the amorphous and crystalline
regions under a broad halo in the XRD diffractogram using free Fityk software. Previous studies
demonstrated that cellulose has an amorphous structure and exhibits diffraction peaks located at 20
= 14.64°, 16.05°, and 22.05°, corresponding to the (1 —10), (110), and (200) crystalline planes of
NaCMC, respectively [34]. While pectin is crystalline and has a characteristic peak at 20 = 9.11°,
12.68°, 18.47°,24°, 28.25°, and 40.01° [31,35,36] In contrast, the X-ray diffractograms of the
biopolymer blend showed a broad peak at 20 = 24°, which could be attributed to the amorphous
nature of the plasticized SPEs. Hence, the deconvoluted peaks of both polymers were compared to
those reported in the literature. Prior to the deconvolution process, a two-point baseline correction
method was implemented.

The degree of crystallinity from deconvoluted XRD patterns of plasticized SPEs was evaluated using
Ea. (7)

Ac /

where A, and A, represent the amorphous and crystalline peak areas, respectively. The degree of
crystallinity (x) is listed in Table 3.



Fig. 4 illustrates the deconvoluted XRD pattern of the plasticized SPEs system. According to this
pattern, a reduction in the intensity of the crystalline peaks associated with the (200) plane is observed.
It can be observed from Table 2 that the addition of (5 wt%) NH4Br salt caused a reduction in
crystallinity from 37.06% to 35.61%. Further increasing the amount of NH4Br to (25 wt.) % has
significantly decreased the degree of crystallinity of plasticized SPEs to 11.98%. These results
confirmed the interaction between the characteristic groups of the polymer matrix and NH4Br salt [16].

2400
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Fig. 5. Nyquist plots for the prepared plasticized biopolymer blend electrolytes doped with different concentrations of
NH4Br (wt%).

Table 4 Bulk resistance (R}), bulk conductivity ¢ (S cm1), DC conductivity (04.) and relaxation time (t) for plasticized
NaCMC /PC-NH4Br system.

Sample By, ((2) c(Sem ) 545 em ™) 1(s) i HE)
co 717 407 x 100° 740 x 10 ° 1.35 = 10 ° 74,074

c5 244 9.01 = 1077 8.50 = 1073 4.33 = 10°° 230,946
cl0 150 1.99 = 10 * 1.94: 10°° 3.67 = 10°° 272,479
c15 113.5 251« 107 244x10% 312x10°% 320512
C20 72.2 3.60 « 1077 3.45 = 1074 2.02 = 10°° 495,049
c25 60.7 468 x 107  4s62x10* 1.81 = 10°°% 552,436
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Fig. 6. (A) Nyquist plot with experimental (black circles) data and their fit (red solid line) for plasticized biopolymer blend
electrolyte with different concentrations of NH4Br (wt%), (B) Electrical equivalent circuit used for the fit. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.3. Electrical impedance spectroscopy

Fig. 5 shows a Nyquist plot representing two major regions: a depressed semicircle in the high-
frequency region and an inclined straight line in the low-frequency region. The low-frequency inclined
straight line corresponds to electrode polarization due to the accumulation of free charge carriers at
the interface between the electrode and electrolyte surface. At the same time, the depressed
semicircle on the high-frequency side represents ion/electron conduction in the bulk electrolyte [37].
The depressed semicircle shifted to the high-frequency region, indicating decreased bulk electrolyte
resistance. It can be seen from the plot that the semicircular arc at high frequencies vanishes for the
C10, C15, C20, and C25 samples, suggesting an increase in ionic conductivity (see Table 4), which can
be attributed to the increased ionic mobility and higher concentration of ions within the BPEs.
Moreover, this can be linked to the increasing amorphous phase of the plasticized SPEs, as confirmed
by the analysis of the XRD spectra [38].

In the Nyquist plots of CO and C5, the R}, value was determined by identifying the point of intersection
between the low-frequency side semicircular arc and the high-frequency side- slanted spike. In the
Nyquist plot of C10-C25, the Rb value was obtained at the intersection of the spike and the real
impedance axis. EIS spectrum analysis software was employed to determine the electrical equivalent
circuit (EEC). The solid red line corresponds to the EEC model, which fits the experimental data well
Fig. 6 (A).



The EEC for the C5 sample shown in Fig. 6 (B) consists of a parallel combination of a constant phase
element (CPE1) and resistance (R} ), connected in series with another constant phase element (CPE2).
These constant phase elements essentially function as leaky capacitors. The resistance component R,
within the EEC signifies resistance to the flow of ions or electrons in the sample when subjected to an
alternating current field. The Nyquist plot for the C10-C25 samples was analyzed using a circuit model,
which included a resistor connected in series with a constant phase element (CPE). This model was
chosen because the Nyquist plot displays a distinct tilted spike shape [16].
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Fig. 7. SEM images of C0-C25 samples along with EDAX spectra of CO and C15 samples.




3.4. Scanning electron microscopy (SEM)

Fig. 7 shows the SEM micrograph of the samples at a magnification of 1 kX. All samples show a
morphology consisting of micro pores with uneven lamellar and rough surfaces without any phase
separation. The presence of micro pores in all the samples might be due to the rapid evaporation of
the solvent due to the interconnection networks of polymers generated by plasticizers[39]. The
absence of phase separation indicates the affinity of NaCMC — PC as a blend component [40]. The
increase in salt concentration resulted in a significant change in the porous structure. The pores
merged to form a more distributed, wavy, amorphous lump between the samples (C15-C25). The
appearance of pores, along with the existence of a wavy surface with the entrapment of the plasticizer,
may be due to the formation of new pathways for ions that can facilitate an increase in ionic
conductivity [41]. These changes in morphology are due to the interaction of the dissociated ions with
the polymer host, as indicated by FTIR studies [42]. The EDAX spectrum of CO shows the presence of
all the important elements, such as C, O, and Na. In contrast, the C15 sample showed the presence of
all these elements along with Br, indicating that the doping process of NH.Br into the plasticized
polymer system was successful.
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Fig. 8. AC conductivity spectra of the plasticized biopolymer electrolyte incorporated with NH4Br salt.
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3.5. AC conductivity studies

Fig. 8 illustrates the correlation between adc and loga. The adc values were determined via Eq. (8) [38].
Z t
Ty = | ———| = |[— 8
4 [z‘ + z;] (.A} ©)

The plot can be divided into two distinct sections. In the first section, the dispersion region corresponds
to lower frequencies. In this region, the conductivity decreased owing to the accumulation of ions at
the electrode interface, resulting in a slower response. Simultaneously, the second section of the graph
depicts higher frequencies and appears as a horizontal line, suggesting that conductivity is only
minimally affected by the increase in frequency. By extrapolating the plateau region onto the adc axis,



the behaviour of the DC conductivity is shown in Table 4. The DC conductivity estimated in Fig. 8 aligns
with the findings in Fig. 5, thereby confirming the conductivity values of the plasticized NaCMC /PC-
NH4Br polymer electrolyte [43].

3.6. Dielectric study

Dielectric studies play a crucial role in gaining insight into the conductivity and relaxation mechanisms
of solid polymer electrolytes (SPESs). These studies employed complex permittivity as a fundamental
tool for expressing and understanding this phenomenon. The complex permittivity £* can be expressed
as ¢* =¢' — je”, where ¢ represents the real part associated with the polymer’s ion dissociation
capacity, whereas €'represents the imaginary part related to the energy needed for dipole alignment
and ion movement [44]. The variations in these three parameters as a function of frequency are shown
in Fig. 9 (A).

At lower frequencies, both e and e displayed high values, which is primarily attributed to the electrode
polarization. This phenomenon occurs as ions accumulate at the interface between the electrode and
electrolyte, resulting in a substantial increase in the dielectric constant value After that, the dielectric
constant exhibits a non-linear decrease as frequency increases until it reaches a constant value. This
nonlinear decrement is correlated with the difficulty that ions find following the field at higher
frequencies [44]. Fig. 9 (B) illustrates a y relaxation peak observed in the mid-frequency range, which
is known as secondary relaxation and occurs below the glass transition temperature (7). Secondary
relaxations are generally categorized as 3, ¥y and ¢ relaxations. § relaxation involves the movement of
the monomer unit of NaCMC through a glycosidic bond, while the y relaxation is associated with the
motion of side chains in the NaCMC unit. The o relaxation corresponds to ion migration or hopping at
high temperatures [45].

As shown in Fig. 9 (B), the relative intensity of the y peak increased and shifted towards higher
frequencies. This phenomenon is accompanied by an increase in conductivity, which can be associated
with the y-relaxation peak of NaCMC with the side chain motion of Na — CMC via OCH,COONa [46].
Fig. 9 (C) depicts the variation in the tangent loss,tand, as a function of the frequency. This peak
corresponds to conductivity relaxation, which differs from the y relaxation. At lower frequencies, an
increase in tand with frequency occurs because of the higher dominance of the active component
(ohmic) compared to the reactive component (capacitive). On the other hand, at higher frequencies
tand decreases with frequency because the ohmic portion is independent of frequency, and the
reactive component grows proportionally with the frequency [47]. The relaxation time is calculated
using Eq. (9)

e T = 1 (9)

As the salt concentration increased, the maximum peak of tanS shifted towards higher frequencies.
This shift signifies a reduction in the relaxation time (see Table 3), which is commonly associated with
the polymer chain flexibility that facilitates the movement of ions via the coordinating sites, assisted
by the segmental motion of the polymer chain [48].

Fig. 9 (D) illustrates the relationship between relaxation time and DC conductivity. Upon addition of
salt, the DC conductivity increased and reached a maximum at (25 wt%). Simultaneously, the
relaxation time decreased and reached a minimum value at the same salt concentration. This indicates



that the incorporation of more salt enlarges the amorphous phase, leading to an increased orientation
of the polymer chains and ultimately resulting in a reduction in the relaxation time [48].

3.7. Modulus spectrum analysis

The dielectric modulus tool has been extensively used to investigate the conductivity relaxation
processes in solid polymer electrolytes. At lower frequencies, as is evident from Fig. 10, both the real
and imaginary components of the dielectric modulus exhibit a long tail converging towards zero,
supporting the capacitive nature of the SPE. This behaviour is due to the minimal impact of electrode
polarization within this frequency range. Moreover, the graph shows both an increase in M values and
a shift of the peak towards higher frequencies up to the C25 sample. The same trend can be seenin M
plot. This phenomenon can be associated with the occurrence of ion-hopping and relaxation
mechanisms facilitated by structural flexibility [49].

3.8. lon transport properties

The Nyquist plot was used to fit and determine parameters such as the charge carrier density (n),
mobility (1), and diffusion coefficient (D). The plot of C5 displays both a semicircle and a tilted spike.
Based on the equivalent circuit model proposed by Arof et al. (2014) [50], the graph in Fig. 6 can be
effectively represented by a parallel combination of a constant phase element (CPE2) and a resistor
(Rp), which are connected in series with another constant phase element (CPE1). For such an
equivalent model, the real part (Z,.) and imaginary part (Z;) of impedance are defined by Egs. (10) and
(11) respectively.

Table 5 Variation in ion transport parameters with salt concentra

Sample kK I(F) D (cm® p (em® V! ncm (5 em )
S 571 52

C5 2,04 x 1.05 x 407 < 108 1.37 x 9,01 =
10 1077 102" 10

C10 2,94 x 2,27 8.79 = 1078 1.41 x 1.99 x
10° 107 10°° 10t

c15 2,53 x 2,39 x 9,25 = 10 ° 1.69 x 2.5]
10 1077 1027 10

20 2,90 x 3.37 13.1 = 10 © 1.72 x 3.60
10~ 1077 1020 1o

Ca5 3.09 x 3.95 x 15.4 = 10°° 1.90 4.68
10°*° 107 10™ 10 *
R+ R \w™ cos (@] c'f,r.'r(ﬂj—fj
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where w is the angular frequency, R is the bulk resistance, kl_1 is the bulk capacitance arising from the
polar group in bulk k51 is the double layer capacitance due to accumulation of the ions, the parameter
p; corresponds to the ratio of the angle formed between the diameter of the semicircle and the vertical
axis, to the right angle formed by the real and imaginary impedance axes. The symbol p, represents
the skew parameter, which regulates the extent to which the main spike deviates from the real axis.
The values of p; and p, lie between 0 and 1.
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Fig. 11. The variation in the transport parameters as a function of NH4Br(wt%) for plasticized-(SPE’s).

In the case of the second type of Nyquist plot, the equivalent model can be depicted as a resistor
connected in series with a constant phase element (CPE1). For this type of equivalent model, the Z,.

and Z; can be described using Eq. (12) and (13) respectively:

Z, =R+

COS [i”—{’)

k= Vaw

sin ("7”)

i

k=P

(12)

(13)

Here R is the bulk resistance while k~* and p represent the same values mentioned above in Egs. (10)
and (11) The calculation of charge transport parameters, such as the diffusion coefficient (D), mobility
(1) and number density (n) of charge carriers, involved the utilization of the following Egs. (14) to (16).
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In the given context, €; represents the dielectric constant observed at high frequencies, k; denotes
Boltzmann constant (1.38x 102 Jk~1), T signifies the absolute temperature and the value of 7, is

chosen at the frequency when Z; —0.

Table 5 presents the values of n, u, and D for the plasticized biopolymer electrolytes NaCMC /PC-
NH4Br.The addition of glycerol as a plasticizer into the polymer blend system plays a significant role
due to the presence of large numbers of OH groups in its chemical structure, which serve as an
additional coordinating site for ions. As shown in Table 5, the NH4Br salt concentration, wt% increases,
the number of charge carrier’s follow the same trend. This observed increment in number density of
charge carriers is primarily linked to the dissociation of NH4Br salt into free NH; and Br~ ions.
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Fig. 12. TGA thermograms of the prepared plasticized biopolymer blend electrolytes.



Table 6 Thermal parameters of prepared plasticized NaCMC /PC-NH4Br electrolytes.

Sample Maximum Maximum Thermal
designarion decomposition decomposition decomposition
temperature Ty (" C) weight loss (%) activation energy Ea

(kJ /mol)

co 205 83.10 5l.0e

Ca 203 79.92 52.62

Cl10 215 79.50 55.30

Cl5 216 7064 56.07

G20 215 77.49 54.54

c25 244 76.40 72.19

This phenomenon leads to the ion-dipole interaction between NH+cations and oxygen atoms present
in the —OH, COO —, and COOCHs; groups of the polymer blend as confirmed by FTIR studies [51].
Furthermore, it is evident that the bulk conductivity adc follows the same trend of charge carrier
concentration, suggesting that the concentration of charge carriers significantly impacts the increase
in ionic conductivity rather than mobility and diffusion coefficient [45]. The variation of transport
parameters n, u, and D with different concentration of NH4Br for plasticized biopolymer electrolytes
are presented in Fig. 11.

3.9. Thermogravimetric analysis

The thermal stability of the polymer electrolyte was evaluated using thermogravimetric analysis (TGA),
as illustrated in Fig. 12. Two primary steps characterize the degradation process. In the first step, a
minor weight loss of (approximately 5%) is observed within the temperature range of 27-130 °C
associated with the dehydration process, which involves the removal of trapped liquid and moisture
from the polymer electrolyte matrix [52,53].The second step, occurring between 130 °C and 300 °C,
includes a significant decomposition (approximately 76%), which can be attributed to the cleavage of
the saccharide rings, which leads to the depolymerization of pectin chains present in the SPE system
[54,55]. The weight loss observed during this stage is considerably higher than that observed during
the dehydration process. It can be seen from Table 6 that upon increasing the salt concentration (up
to 25 wt%), the decomposition temperature appears to shift towards higher values, which refers to
the strong complexation between the salt cation (NH]) and polar groups of the plasticized
NaCMC/PC blend. This variation clearly indicates an enhancement in the thermal stability
temperature. [56,57].

3.10. Calculation of activation energy of thermal decomposition

The activation energy (E,) associated with the major thermal degradation of polymer electrolytes is
determined by employing the integral Eq. (17) established by Coats and Redfern [58], which is
presented as follows:

log(l — a) R 2RT E, . .
op| ——— | =lpp— |1 = - form £ 1 17
¢ { T” ] °E { E, | 2303RT o a7

a



where E represents the activation, energy defined as the minimum energy required to initiate a phase
change in polymer molecules, n is the order of the reaction, T is the temperature in Kelvin, R is the
universal gas constant, a is the a fractional parameter at a particular temperature given by Eq. (18)

W; — Wy

H=—- (18)
Wi — Wy

where wiis the initial weight of the sample, wy is the weight at a particular temperature T and wy is
the final temperature. For n = 1 the Eq. (17) takes a new form and becomes

f log(1 — o) ! R | 2RT E, 19
| —— f— [ — —
o8 I fF. E, |  2.303RT

, 1000 _ log(1-a)
A linear graph for —— Vs log — Iog[ = ]

is shown in Fig. 13. The activation energy E, is

determined by calculating the slope of the graph and applying the relation E = 2303R X slope. The
calculated activation energies (kJ/mol) are presented in Table 6. The table shows that the addition of
salts results in an increase in the activation energy. This suggests that NH4Br has an impact on the
thermal degradation of the plasticized polymer electrolyte, thereby contributing to an improvement
in its thermal stability [59,60].

"."E" 1.90%10*" 1.6x10%
< 1.80x10% Ja 1410°
S 1.70%10? & 1.2x10°%
B 5 5
£ 1.60x10% o e
o
5 1.50%10% £8.0x10°
1] =]
-6
E 1.40%10%° = 80410
% 4,0x10%
© 1.30x102 I— v . . . v . . . .
5 10 15 20 25 5 10 15 20 25
Weight percentage of salt Weight percentage of salt
-':;‘ 4.0x107 ;5.0:1 o
1"IE Ex10°7 E
§ 3840 S soxio®
;:: 3.0x107 z
- - = |
% 2.5%107 % 10
S 2.0x107 E20x10°
[ =
=] ]
= -7
E 1.5%10 .E 1.0x10%
a 1.0x107 = |
0.0
5 10 15 20 25 0 5 10 15 20 25
Weight percentage of salt Weight percentage of salt

Fig. 13. Plot of Iog[— log(le_a)] Vs @ for the plasticized biopolymer electrolytes.



c_z_s____ evk‘—,g_320c B
— o
— . N )y P
€20 yss.16°C b SR
‘%\‘% fd-ﬁ
g C15 60.81°C
£
s [c10 {60.31°C
-9 \
s = 162.25 °C e
4]
T |co 165.77 °C

50 100 150
Temperature (°C)

Fig. 14. DSC plots for the prepared plasticized biopolymer electrolytes.

3.11. Differential scanning calorimetry

Fig. 14 shows the DSC thermogram of samples with different wt% concentrations of NH4Br salt. Each
curve demonstrates a single-step transition of an endothermic process, supporting the miscibility of
the polymer blend. According to the results published by Dennis et al. [23], the T;; of the polymer blend
comprising PC and MC was around 99 °C, whereas in the present work, it is observed to be around 66
°C. The decrease in Tg can be attributed to the formation of hydrogen bonds between NaCMC/PC
and glycerol. [26,61]. After the addition of different concentrations of NH4Br salt into the polymer
blend, Ty, for all the samples decreased. This trend can be attributed to the plasticizing effect of NH4Br
on the polymer structure [62]. The presence of salt plays a crucial role in weakening the dipole-dipole
interactions between the NaCMC/PC blend chains, which increases the flexibility of the polymer
chains and facilitates the hopping of ions within the polymer backbone, thus increasing the ionic
conductivity of the plasticized biopolymer electrolytes. [28,63,64].

3.12. Transference number measurements (TNM)

To achieve optimal performance in energy-storage devices, the primary charge carriers must be ions.
Moreover, their contribution to the overall electrical conductivity tends to one. The Wagner
polarization method was employed to determine the transference numbers for ions (t;,,) and
electrons (t,;ec). This technique fundamentally depends on the measurement of the current (I) vs.
time (t) [65]. The current was measured by applying a constant (DC) voltage of 100 mV to the cell.
During DC biasing, the free ions migrate towards electrodes with opposite charges, resulting in the
gradual polarization of the cell until it reaches a fully polarized state. Subsequently, an electronic



current flow across the circuit. This suggests that both ions and electrons are responsible for the initial
current. However, only electrons contribute to the final current as ions are entirely blocked at the
electrodes once the cell is fully polarized [66].(Fig. 15) illustrates the I — t plot for the plasticized SPE
samples.

The determination of ionic and electronic transference numbers involves the utilization of Egs. (20)

and (21), respectively.

Tion = ]- -2 (2{”

Lelee = ]-— Fiom {2 1 :I

where [; and Ir represent the initial and final current of the SPE samples, respectively. Table 7
presents the TN M values for the plasticized SPEs, where the total ionic transfer number ranges from
0.89 t0 0.96, indicating that ions predominantly contributed to charge transport rather than electrons.
Utilizing Egs. (22) and (23, the ionic (0jonic) and electronic(Tejectronic) cOnductivity can be determined.
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Fig. 15. lon transport number for plasticized biopolymer electrolytes.



Table 7. Transference numbers values.

1

Sample designation Biom Eotec Tignic 5 CML O ectromic & CIN
C5 0.93 0.06 8.37 « 107} 5.40 » 10 °
c10 0,95 0.05 1.9 =« 107 9,95 x 10°°
C15 0.96 0.04 2,40 « 107% 1.00 = 1077
G20 0,95 0.04 3.42 x 107} 1.44 = 10"
c2s 0.90 0.1 4,21 = 1074 4,68 = 1073
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Fig. 16. LSV curve of sample C25.
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The results illustrated in Table 7 provide clear evidence that the ionic conductivity is higher than the
electronic conductivity, indicating that the prepared plasticized SPEs have promising potential for
energy-storage applications.



3.13. Linear sweep voltammetry (LSV)

The electrochemical stability of the plasticized SPE with the highest NH4Br content (25 wt%) salt was
evaluated using a potential window 0-4 V and a current rate of 5 mV s using LSV (See Fig. 16). At
potential lower than 2.4 V the current is near 0; however, increasing the potential above that limit, we
observed an exponential increase in the current due to the oxidation process at the inert electrode
surface. Thus, the maximum voltage limit was determined at a potential of approximately 2.4 V. Below
this limit, electrochemical reactions do not occur, and consequently, the SPE can be used in energy
devices such as supercapacitors and batteries. Our results show a superior potential window compared
with other studies which involved ammonium salt-based electrolytes, such as NH4Cl with a voltage
window up to 1.4 V [67], and NH4NOs [68] with electrochemical stability up to 1.7 V.

3.14. Fabrication of the primary battery

The primary battery was constructed using the highest-conducting sample, C25, as the medium for
charge transport. The anode was created by blending Zn, ZnS0,4.7H,0, and graphite powder at a weight
ratio of 3:1:1 using a laboratory mortar until a fine powder was formed. Similarly, the cathode was
prepared by combining PbO,, V,0s, and graphite powder at a weight ratio of 8:2:1:0.5. The resulting
fine powder from both the anode and cathode was compressed using a pellet-pressing machine under
high pressure to form pellets with a diameter (20 mm).

The variation in OCV as a function of time is shown in Fig. 17 (A). The initial OCV measurement was
1.32, which gradually decreased to 1.1 V and remained stable for 34 h. This initial decrease is attributed
to activation polarization [69]. Fig. 17 (B) shows the cell’s discharge under a constant current of 0.2
mA. The initial decrease in the voltage was due to the polarization and internal IR drop. Subsequently,
the voltage continuously dropped, and a voltage plateau was not observed, indicating that the current
electrodes might not be suitable for the optimum sample under study. Similar observations were
reported by Pradeep et al. [70]. Perhaps, a more suitable electrode needs to be chosen, which is
beyond the scope of this research.
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Fig. 17. (A) Open circuit voltage (OCV) of the primary battery, (B) battery discharge under 0.2 mA.



Table 8 Cell parameters.

Parameters Measured Value with units
Cell diameter (mm) 20

Cell area (em*®) 3.14

Cell thickness (mm) 2

Cell weight (g) 0.0765

oOcv (V) 1.2

Table 9 Comparison of the OCV of the cell with the previous study.

Anode carthode QCV (V] Reference

Zn + Zn504 PbO2+ V205 0.4 [71]

Zn + Zn504 PbO2+ V205 1.4 [28

Zn + ZnS04 PbO2+ V205 1.2 Current work

The cell parameters of the current cell are listed in Table 8, and a comparison of the OCV with the
previous study is presented in Table 9. This indicates the possible application of the optimized sample
in electrochemical applications.

4. Conclusion

The solution casting method was used to prepare a novel polymer blend comprising plasticized
NaCMC /PC and NH4Br salts. The structural changes were investigated using X-ray diffraction (XRD)
and Fourier transform infrared (FTIR) analyses. X-ray diffraction analysis revealed a decreased
crystallinity index, which promoted faster ion migration. Furthermore, FTIR studies confirmed the
interaction between the salt and plasticized polymer blend, evident through changes in the intensity
and shift of the (OH) band at 3348 cm™ towards lower wavelengths. The C25 sample exhibited a high
ionic conductivity of 4.68 X 10“S cm™, which is attributed to salt dissociation. DSC analysis indicated
a decreased glass transition temperature (T), signifying an increased polymer chain flexibility. This
finding is consistent with the results obtained from the XRD and impedance analyses, establishing a
correlation among these parameters. The incorporation of NH4Br improved both the overall thermal
stability, which remained up to 150 °C (within a safe limit), and the dielectric properties, including the
dielectric constant and tangent loss. The transport properties, such as ion mobility (i), number density
(n), and diffusion coefficient (D), were obtained by fitting the Nyquist plots, and were found to be in
good agreement with other experimental results. The fabricated battery exhibited an open-circuit
voltage (OCV) of 1.2 V. The battery performance can be further enhanced by selecting a suitable
electrode.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. org/10.1016/j.s5i.2023.116379.
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