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Abstract
In the present work, biopolymer electrolytes based on agar–agar (AA) and lithium chloride (LiCl) have been prepared using 
solution casting technique for the fabrication of better performing solid-state Li-ion conducting battery. X-ray diffraction 
(XRD) analysis has been carried out to analyse the crystalline/amorphous nature of the prepared membranes, and the mem-
brane with the composition of 20 mol% of AA:80 mol% of LiCl shows high amorphous nature. Fourier transform infrared 
spectroscopy (FTIR) has been done to investigate the complex formation between the polymer and salt. The glass transition 
temperature (Tg) of all the prepared electrolytes has been examined using differential scanning calorimetry (DSC), and a 
low Tg value of 37 ℃ is observed for the membrane 20 mol% of AA:80 mol% of LiCl among all prepared electrolytes. AC 
impedance spectroscopy is carried out to calculate the ionic conductivity of prepared electrolytes, and the membrane with 
the concentration of 20 mol% of AA:80 mol% of LiCl exhibits a high ionic conductivity of 3.12 ± 0.11 × 10−2 S/cm. Surface 
analysis of prepared electrolytes has been carried out using scanning electron microscopy (SEM), and the thermal stabil-
ity of prepared biopolymer membranes has been examined using thermogravimetric analysis (TGA). Cyclic voltammetry 
(CV) study is done for the highest Li-ion conducting membrane, and a good cyclic stability is observed. Subsequently, the 
electrolyte with high ionic conductivity (20 mol% of AA:80 mol% of LiCl) has been utilized in the fabrication of solid-state 
primary and secondary Li-ion conducting batteries.
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Introduction

In the current age, necessity of energy storage devices has 
prompted the researchers to develop an unprecedented 
work towards better performing electrolytes which act as 
an essential part in electrochemical energy storage devices 
such as solid-state battery and so on [1]. Though liquid elec-
trolytes are utilized in numerous works, solid electrolytes 
with considerable advantages act as a superior alternative 

for aqueous/gel electrolytes [2]. Solid-state electrolytes are 
compact, safe, and ease to handle and result with fine con-
tact between electrodes and electrolyte [3].

Among various solid-state electrolytes, polymer-based 
solid electrolytes play a vital role in the field of solid-state 
ionics due to its better film-forming nature [4]. Polymers are 
categorized based on its nature as synthetic and natural poly-
mers. Enormous works have been carried out using synthetic 
polymers such as polyvinyl alcohol (PVA) [4], PVA-PAN 
[5], PEO [6], PVAc-PMMA [7] and many more as an elec-
trolyte. But considering the consequence of few synthetic/
petroleum-based polymers on environmental impact, the 
less-toxic, biodegradable, cost-effective and ample natured 
natural biopolymers are taken into account to behave as a 
host polymer in the present work. Few works executed with 
biopolymers such as gellan gum [8], sodium alginate [9], 
pectin [10], K/I-carrageenan [11, 12] and so on resulted with 
eminent efficiency and notable ionic conductivity.

Based on this perspective, agar–agar (AA) has been cho-
sen as host material in the current study for the preparation 
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of electrolyte. Agar–agar, extracted from red seaweed (Rho-
dophyceae), is formed by the mixture of two polysaccharides 
named agarose and agaropectin (refer to Fig. 1a) [13]. It has 
the existence of 3,6-anhydro-l-galactose as repeating units. 
Though both polysaccharides share galactose as backbone, 
agaropectin is heavily modified with acidic side groups such 
as sulphate and pyruvate and agarose is the low-sulphate, 
neutral gelling fraction of agar [14]. AA has marked its foot-
steps in medicinal field because of the presence of prebiotic 
fibres and minerals [15] along with incredible medicinal 
properties such as enhancing weight loss, preventing anae-
mia, strengthening bones, reducing cholesterol, regulating 
intestinal transit, treating cancer [16] and so on. Though 
AA has superior medicinal properties, it has been chosen as 
a host polymer for the preparation of electrolyte due to the 
presence of a substantial amount of polar groups to which 
a cation of any salt could be attached for better ionic con-
duction. In order to enhance the ionic conductivity, one of 
the simplest and best ways of adjoining ionic salts has been 
done. In this work, lithium chloride (LiCl), which has a 
small-sized cation (Li+) in contrast to other alkali salts [16] 
and also showing remarkable solubility in polar solvents, has 
been selected to act as an additive in the polymer matrix to 
accomplish a better performing electrolyte for the fabrica-
tion of battery.

Few works carried out by researchers using biopolymers 
as host materials are pectin/LiCl with the ionic conductivity 
of 2.08 × 10−3 S/cm [17], I-carrageenan with LiCl showing 
the ionic conductivity of 5.33 × 10−3 S/cm [12] and gellan 
gum with LiCl resulting with better ionic conductivity of 
4.08 × 10−3 S/cm [18], respectively. Though tremendous 
works are done using various biopolymers as host material 
in polymer matrix, as per literature review, no attempt has 
been done to prepare biopolymer electrolytes (BPEs) with 
AA as a chief polymer and LiCl as an additive.

In the current study, the development of AA-based BPEs 
incorporated with various concentrations of LiCl has been 
carried out using solution casting technique. The struc-
tural, vibrational, thermal, electrical and electrochemical 

properties of prepared BPEs are characterized using various 
techniques such as X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), Fourier transform infrared spec-
troscopy (FTIR), differential scanning calorimetry (DSC), 
thermogravimetric analysis (TGA), AC impedance analysis, 
transference number measurement (TNM) and cyclic vol-
tammetry (CV). At last, fabrication of Li-ion conducting pri-
mary and secondary (rechargeable) batteries has been done.

Experimental method

Solid BPEs with various compositions of AA and LiCl have 
been prepared using solution casting method (refer to Fig. 2). 
The total estimated weight is fixed as 1 g. Various weight 
percentages of AA and LiCl have been calculated to be 
40 mol% of AA:60 mol% of LiCl, 30 mol% of AA:70 mol% 
of LiCl, 20 mol% of AA:80 mol% of LiCl and 10 mol% of 
AA:90 mol% of LiCl, respectively. The calculated mol% of 
AA is added pinch by pinch in hot water maintained at the 
temperature of about 85 ℃ and allowed to stir well for 2 h. 
Then, the obtained clear solution has been incorporated with 
different weight percentages (60 mol%, 70 mol%, 80 mol% 
and 90 mol%) of LiCl and the solution is stirred well for 2 h 
again. Finally, the obtained homogeneous solution is poured 
in a polypropylene Petri dish placed at the hot plate fixed 
with the temperature of 45 ℃. After 24 h, flexible and trans-
parent films have been obtained with the thickness ranging 
from 0.15 to 0.25 mm.

Characterization techniques

Structural analysis

The crystalline/amorphous nature of the electrolytes pre-
pared is analysed using X-ray diffraction method with a 
Philips X’Pert Diffractometer using the source of Cu/Kα 
radiation in the wavelength of 1.54 Å with the scan rate of 
5–80° at ambient temperature [8].

Fig. 1   a Chemical structure of 
agar–agar. b Possible interaction 
of LiCl with the biopolymer 
(agar–agar)
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Vibrational analysis

Fourier transform infrared spectroscopy has been carried 
out using Shimadzu IRAffinity-1 in the frequency range of 
500–4000 cm−1 with a resolution of 1 cm−1 to confirm the 
complex formation between the polymer and the salt [18].

Thermal analysis

Differential scanning calorimetry is done with DSC Q20 
V4 under the nitrogen atmosphere at the heating rate of 
10 ℃/min to observe the glass transition temperature of 
the prepared membranes [18].

AC impedance analysis

The ionic conductivity of the prepared BPEs has been 
measured using a Hioki HiTester LCR meter with the fre-
quency range of 42 Hz–5 MHz at the room temperature 
[8]. The bulk conductivity is examined from Nyquist plots 
using Boukamp software.

Surface morphology analysis

Surface analysis of prepared biopolymer membranes has 
been analysed using a JEOL JSM-6390 Scanning Electron 
Microscope [39].

Thermogravimetric analysis

Thermal stability of the prepared biopolymer electrolytes 
has been examined using DSC-TGA standard (SDT Q600 
V20.9 Build 20) under nitrogen atmosphere at a flow rate 
of 200 ml/min. The samples are heated from 30 to 700 ℃ at 
the heating range of 10 ℃/min and a weight of the sample 
around ~ 2.5 mg [39].

Analysis of ion transportation

Wagner’s polarization method

Using Wagner’s polarization method, the nature of charge 
carriers in the highest ion conducting membrane has been 
identified. The prepared BPE is placed between the stainless 
steel electrodes, and a small amount of DC voltage (1 V) is 
applied to the electrodes. Then, the variation of DC current 
is observed with respect to time [7].

Evan’s polarization method

The transference number of cations in the prepared high 
ion conducting electrolyte has been measured using Evan’s 
polarization method along with impedance spectroscopy 
to analyse the polarization effect. The electrolyte with 
high ionic conductivity is sandwiched between two silver 
electrodes with the configuration of silver electrode (X) || 
20 mol% of AA:80 mol% of LiCl (highest ion conducting 
membrane) || silver electrode (X) [19].

Fig. 2   Scheme of preparation 
of BPEs based on agar–agar 
with LiCl
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Electrochemical analysis

Cyclic voltammetry

The electrochemical stability of the optimized highest ion 
conducting electrolyte (20 mol% of AA:80 mol% of LiCl) 
has been examined using CHI600C Series Electrochemical 
Analyser under the potential range fixed with − 1 to + 1 V at 
the scan rate of 0.1 V/s [18].

Application of prepared electrolyte

Fabrication of Li‑ion conducting primary battery

Preparation of anode

To prepare anode, zinc dust powder (Zn), zinc sulphate hep-
tahydrate (ZnSO4·7H2O) and graphite (C) have been taken 
in the appropriate ratio of 8:2:1 and ground well for several 
hours. Then, the obtained mixture is made into thin pellets 
using a hydraulic press machine [11].

Preparation of cathode

Cathode is prepared with the composition of lead oxide 
(PbO2), vanadium pentoxide (V2O5) and graphite (C) taken 
in the suitable ratio of 3:1:1 and ground well for several 
hours. The resulting mixture is placed in a hydraulic press 
machine to make thin pellets [12].

Fabrication of primary battery

The optimized highest Li-ion conducting electrolyte 
(20 mol% of AA:80 mol% of LiCl) is placed between the 
electrodes (anode and cathode) made into pellets with 
the configuration of Zn + ZnSO4·7H2O + C (as anode) || 
highest Li+ ion conducting membrane (as electrolyte) || 
PbO2 + V2O5 + C + BPE (as cathode) under the room tem-
perature. The resulting open-circuit voltage (OCV) has been 
noted, and the performance of the cell has been examined.

Fabrication of rechargeable Li‑ion conducting cell

Preparation of anode

Anode is prepared with the suitable amount of graphite 
powder (3 g) which is made into slurry using a binder solu-
tion (N-methyl-2-pyrollidone (NMP) solution + PVA) as a 
solvent. The prepared slurry has been coated over copper 
foil using doctor blade method and allowed to dry under the 
temperature of 70 °C in the vacuum oven for few hours. The 
coated and dried Cu foil is calendered to obtain the uniform 

contact area. Finally, the anode foil is cut into 12 mm diam-
eter with the mass of 0.116 g.

Preparation of cathode

To prepare cathode, lithium iron phosphate (LiFePO4) (3 g) 
and graphite (1 g) with the suitable ratio of 3:1 are made into 
slurry with a binder solution (NMP solution + PVA) as a sol-
vent. The obtained slurry is coated over the aluminium foil 
using doctor blade method and placed in the vacuum oven 
under the temperature of 70 °C for few hours. Subsequently, 
the dried foil has been calendered to have the uniform con-
tact area. Then, the Al foil cathode with the mass of 0.104 g 
is cut into 12 mm diameter.

Fabrication of rechargeable Li‑ion conducting cell

The cell has been fabricated with the prepared anode and 
cathode along with the highest Li-ion conducting membrane 
(20 mol% of AA:80 mol% of LiCl) and arranged with the 
configuration of graphite (C) || highest Li-ion conducting 
membrane || LiFePO4 + C. The setup is well tightened in 
order to ensure the uniform and solid contact between the 
electrode and electrolyte.

Performance study of the cell

The fabricated cell is placed inside the battery holder, and the 
initial voltage has been noted. Impedance measurement is also 
taken before charging. Then, the cell is allowed to charge for 
3 h with the DC voltage of 3 V and the initial output voltage 
is recorded. Then, the charged cell undergoes self-discharge 
for 2 h. This process of charging and discharging is repeated 
for 5 cycles. After the completion of 5 cycles, impedance 
measurement is taken for the cell. Again, the process contin-
ues for 5 more cycles. After the 10th cycle (i.e. from the 11th 
cycle), the cell is charged and discharged through a load of 
100 KΩ. Simultaneously, while discharging, the current is 
also drawn from the cell and noted. The same work has been 
done by Venkata Jyotsna et al. [20] for the triblock polymer 
poly(vinylidene chloride-co-acrylonitrile-co-methyl meth-
acrylate) with LiClO4 and by Arockia Mary et al. [21] for the 
biopolymer kappa-carrageenan with LiCl.

Results and discussion

Structural analysis (X‑ray diffraction method)

X-ray diffraction method has been carried out to analyse 
the crystalline/amorphous nature of the prepared BPEs. 
Figure 3a depicts the XRD pattern of pure agar and agar 
incorporated with various compositions of LiCl (40 mol% 
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of AA:60 mol% of LiCl, 30 mol% of AA:70 mol% of 
LiCl, 20 mol% of AA:80 mol% of LiCl and 10 mol% of 
AA:90 mol% of LiCl). From the semi-crystalline peak 

of pure agar represented in Fig.  3a(i), the peak posi-
tions are observed at 13° and 20°, which is in accordance 
with Boopathi et al. [22]. With the addition of LiCl, the 
broadness of peak increases and intensity decreases with 
the increase in salt concentration. From Fig. 3a(ii–v), it 
is assured that the membrane with the composition of 
20 mol% of AA:80 mol% of LiCl shows high amorphous 
nature with less intensity and increased broadness of peak 
in contrast to other prepared membranes. It is to be noted 
that the peaks 13° and 20° have been suppressed com-
pletely in the membrane 20 mol% of AA:80 mol% of LiCl, 
and it shows a modest increase in the electrolyte with the 
concentration of 10 mol% of AA:90 mol% of LiCl which is 
due to the aggregates of ion in the polymer matrix leading 
to the increase in crystalline nature.

The obtained results for intensity and broadness of 
the diffraction peaks are correlated with Hodge et al.’s 
[23] criterion. It is noted that the peak due to LiCl is 
not observed in salt-added membranes which indicates 
the complete dissociation of the salt. The crystalline 

percentage of the prepared BPEs has been determined 
using the following formula with deconvoluted XRD 
patterns:

The calculated crystalline percentage of prepared BPEs 
is tabulated in Table 1. Figure 3b depicts the deconvo-
luted XRD pattern of pure agar and agar incorporated with 
various concentrations of LiCl (40 mol% of AA:60 mol% 
of LiCl, 30 mol% of AA:70 mol% of LiCl, 20 mol% of 
AA:80 mol% of LiCl and 10 mol% of AA:90 mol% of 
LiCl). From Table 1, it is observed that pure agar results 
with the crystalline percentage of 63%C and the electrolyte 
with the concentration of 20 mol% of AA:80 mol% of LiCl 

(1)Percentage of crystallinity (%C) =
Area under crystalline region

Total area of the peak
× 100%

Table 1   Crystallinity percentage of prepared BPEs

Composition Crystallinity 
percentage (%C)

Pure agar (AA) (1 g) 63
40 mol% of AA:60 mol% of LiCl 56
30 mol% of AA:70 mol% of LiCl 36
20 mol% of AA:80 mol% of LiCl 15
10 mol% of AA:90 mol% of LiCl 25

Fig. 3   a XRD and b deconvoluted XRD patterns of (i) pure agar (AA) (1 g), (ii) 40 mol% of AA:60 mol% of LiCl, (iii) 30 mol% of AA:70 mol% 
of LiCl, (iv) 20 mol% of AA:80 mol% of LiCl and (v) 10 mol% of AA:90 mol% of LiCl
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is inferred with a less crystalline percentage of 15%C in 
contrast to other salt-added membranes. And on further 
addition of salt (10 mol% of AA:90 mol% of LiCl), the 
crystallinity percentage increases which assures the forma-
tion of clusters in polymer matrix.

Vibrational analysis (Fourier transform infrared 
spectroscopy)

Fourier transform infrared spectroscopy has been carried out 
to assure the complex formation between the host polymer 
and the salt. Figure 4 represents the FTIR spectrum of all 
prepared biopolymer electrolytes (40 mol% of AA:60 mol% 
of LiCl, 30 mol% of AA:70 mol% of LiCl, 20 mol% of 
AA:80 mol% of LiCl and 10 mol% of AA:90 mol% of LiCl). 
The vibrational peaks with the spectral band assignments of 
all prepared biopolymer electrolytes are ascribed in Table 2.

From Table 2, it is to be noted that the vibrational peak 
positions of pure agar at 886 cm−1, 930 cm−1, 1036 cm−1, 
1151 cm−1, 1370 cm−1, 1639 cm−1 and 2923 cm−1 peaks do not 
undergo much changes in frequency with the addition of salt. 
But, the peak position at 3365 cm−1 attributed to OH stretching 

gets a frequency decrease with an increase in salt concentration. 
This decreased change in frequency in OH stretching is due to 
the interaction between the oxygen of OH− group and Li+ of 
incorporated lithium salt (LiCl) which confirms the complex 
formation between the polymer and the salt.

The intensity of peaks at 886 cm−1 and 930 cm−1 gets 
decreased as the concentration of salt increases up to 
80 mol% of LiCl. This again indicates the complex forma-
tion between the polymer and salt. The intensity of broad 
peak at 1639 cm−1 increases with the addition of salt, and 
the broadness decreases and becomes sharp with an increase 
in the concentration of salt. The intensity of the peak at 
2923 cm−1 decreases with an increase in the concentration of 
salt and is completely absent for the concentration 80 mol% 
of LiCl. On further increase in salt concentration, the peak 
appears again with small intensity. This also confirms the 
complex formation between the host polymer and the salt.

The broad characteristic peak at 3365 cm−1 in pure agar 
which attributes to OH stretching [22] has been shifted to 
3353 cm−1, 3350 cm−1, 3343 cm−1 and 3345 cm−1 for the 
membrane with the composition of 40 mol% of AA:60 mol% 
of LiCl, 30  mol% of AA:70  mol% of LiCl, 20  mol% of 
AA:80 mol% of LiCl and 10 mol% of AA:90 mol% of LiCl, 
respectively. This decreased change in frequency in OH stretch-
ing is due to the interaction between the oxygen of OH− group 
and Li+ of incorporated lithium salt (LiCl) which assures the 
better complex formation between the polymer and the salt.

Thus, the slight shift in peaks, the variation in frequency 
and intensity and the absence of vibrational peaks ensure the 
complex formation between the host biopolymer (agar–agar) 
and the salt (LiCl) added. Figure 1b represents the possible 
interaction of LiCl with the host biopolymer (agar–agar).

The change in frequency could be understood by calculat-
ing the force constant (k).

The force constant (k) has been calculated using Hooke’s 
relation [18]

where � =
m

1
×m

2

m
1
+m

2

 gives the reduced mass. The force constant 
is calculated for O–H stretching and is tabulated in Table 3. 
From Table 3, we can observe that as the concentration of 
salt increases, the force constant decreases which leads to an 
increase in bond length. As the bond length increases, there 
is a decrease in vibrational frequency which assures the bet-
ter complex formation between the polymer and salt.

Thermal analysis (Differential scanning calorimetry)

DSC has been done to determine the glass transition tem-
perature (Tg) of prepared BPEs. Figure 5 ascribes the DSC 
thermograms of prepared membranes. Table 4 depicts the Tg 

(2)� =
1

2�c

√

k

�
N∕cm

Fig. 4   FTIR spectrum of (i) pure agar (AA) (1  g), (ii) 40  mol% of 
AA:60 mol% of LiCl, (iii) 30 mol% of AA:70 mol% of LiCl, (iv) 20 mol% 
of AA:80 mol% of LiCl and (v) 10 mol% of AA:90 mol% of LiCl
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value of all prepared BPEs with various salt compositions. 
From Table 4, it is observed that as the concentration of salt 
increases, the Tg value decreases which may enhance the 
flexibility of the electrolyte and may pave a way for better 
ion conduction [31]. The DSC pattern of pure agar repre-
sented in Fig. 5(i) shows a Tg value of 53 ℃. In contrast to 
other prepared membranes, the electrolyte with the composi-
tion of 20 mol% of AA:80 mol% of LiCl exhibits a low Tg 
value of 37 ℃ which may be due to the plasticizing effect 
of the salt and the weak transient cross linkage between the 
polymer and salt. On further addition of salt, the membrane 
10 mol% of AA:90 mol% of LiCl results with an increased 
value of Tg as 41 ℃, indicating that the transient cross link-
age becomes a little bit strong between the polymer and salt 
[19]. Related observations are reported by Arockia Mary 
et al. [11] for the biopolymer K-carrageenan with LiNO3 
and by Perumal et al. [17] for the polymer pectin with LiCl.

AC impedance analysis

AC impedance analysis has been performed to measure the 
ionic conductivity of all prepared BPEs using Cole–Cole 
plots over a wide range of frequencies at ambient tem-
perature. Figure 6 ascribes the Cole–Cole plots of (i) pure 
agar, (ii) 40 mol% of AA:60 mol% of LiCl, (iii) 30 mol% of 
AA:70 mol% of LiCl, (iv) 20 mol% of AA:80 mol% of LiCl 
and (v) 10 mol% of AA:90 mol% of LiCl, respectively. The 

Cole–Cole plots are usually obtained with a high-frequency 
semicircle and an inclined spike at a low-frequency region. 
Figure 6(i) representing the plot of pure agar is inferred 
with a semicircle (due to immobile polymer chains) indi-
cating the capacitance nature of an electrolyte. The plots of 
40 mol% of AA:60 mol% of LiCl, 30 mol% of AA:70 mol% 
of LiCl, 20 mol% of AA:80 mol% of LiCl and 10 mol% of 
AA:90 mol% of LiCl mentioned in Fig. 6(ii–v) are observed 
with an inclined spike representing the resistive nature of an 
electrolyte (due to the migration of ions) along with constant 
phase element which may be due to the formation of double-
layer capacitance at the electrode–electrolyte interface [28]. 
The bulk resistance has been calculated using impedance 
plots with EQ Boukamp software [29]. Ionic conductivity 
has been calculated using the formula

where l is the thickness, A is the area and Rb is the bulk 
resistance of the analysed BPEs. Electrochemical impedance 
spectroscopy (EIS) parameters and ionic conductivity of all 
prepared electrolytes are tabulated in Tables 5 and 6.

The impedance of constant phase element is represented 
by the following equation [18]:

where Q0 and n are frequency-independent parameters and 
the n value ranges from 0 to 1. It represents a pure capaci-
tor if n = 1 and if n = 0, and it indicates a pure resistor. The 
bulk resistance value of pure agar is 217,435 Ω, and the 
salt-added membranes with the composition of 40 mol% 
of AA:60  mol% of LiCl, 30  mol% of AA:70  mol% of 
LiCl, 20 mol% of AA:80 mol% of LiCl and 10 mol% of 
AA:90 mol% of LiCl give a Rb value of 8.526 Ω, 2.477 Ω, 
0.306 Ω and 1.265 Ω, respectively. The constant phase ele-
ment (CPE) value of pure agar is 4.45 × 10−8 μF, whereas 
with the addition of LiCl, the CPE value varies as 3.57 × 10−4 

(3)� =
l

ARb

(4)ZCPE =
1

Qo(jw)
n

Table 2   Vibrational peak with the spectral band assignments of all prepared biopolymer electrolytes

Pure agar 
(AA) (1 g)

40 mol% of 
AA:60 mol% of 
LiCl

30 mol% of 
AA:70 mol% of 
LiCl

20 mol% of 
AA:80 mol% of 
LiCl

10 mol% of 
AA:90 mol% of 
LiCl

Assignment Reference

886 884 887 888 889 Skeletal mode of β-d-galactose units [24]
930 932 931 932 931 C–O–C stretching of 3,6-anhydrogalactose [24, 25]
1036 1035 1039 1040 1068 C–O or C–C stretching of pyranose ring [18, 26]
1151 1150 1152 1152 1153 Ester-sulphate link vibration [24, 27]
1370 1369 1371 1372 1371 CH2 in plane bending [22]
1639 1640 1638 1638 1636 Amide-I vibration [24]
2923 2926 2952 – 2925 CH2 stretching [18, 24]
3365 3353 3350 3343 3345 OH stretching [22]

Table 3   Force constant for O–H stretching

Polymer composition O–H stretching

Wave number 
(cm−1)

Force constant 
(N/cm)

Pure agar (AA) (1 g) 3365 627.92
40 mol% of AA:60 mol% of LiCl 3353 623.44
30 mol% of AA:70 mol% of LiCl 3350 622.34
20 mol% of AA:80 mol% of LiCl 3343 619.44
10 mol% of AA:90 mol% of LiCl 3345 620.58
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μF (40 mol% of AA:60 mol% of LiCl), 2.97 × 10−4 μF 
(30 mol% of AA:70 mol% of LiCl), 1.62 × 10−4 μF (20 mol% 
of AA:80 mol% of LiCl) and 1.77 × 10−4 μF (10 mol% of 
AA:90 mol% of LiCl), respectively. Then, pure agar (AA) 
results with the n value of 0.7180 and the electrolytes 
with the composition of 40 mol% of AA:60 mol% of LiCl, 
30 mol% of AA:70 mol% of LiCl, 20 mol% of AA:80 mol% 

of LiCl and 10 mol% of AA:90 mol% of LiCl exhibit the n 
value of 0.6821, 0.6292, 0.4579 and 0.5843, respectively.

From Table 6, it is observed that the ionic conductivity 
of pure agar (AA) is 9.80 ± 0.12 × 10−8 S/cm. Then, with 
the addition of various concentrations of LiCl, the ionic 
conductivity has been enhanced further. Among all salt-
added membranes, the electrolyte with the composition 
of 20 mol% of AA:80 mol% of LiCl exhibits a high ionic 
conductivity of 3.12 ± 0.11 × 10−2 S/cm. On further addi-
tion of salt (10 mol% of AA:90 mol% of LiCl), the value 
of ionic conductivity is decreased to 7.57 ± 0.18 × 10−3 S/
cm which may be because of the aggregation/agglomera-
tion of ions in the polymer network. Few works based on 
BPEs with lithium-based ionic salts as an additive for bet-
ter ionic conductivity are as follows: iota-carrageenan with 
LiCl showing an ionic conductivity of 5.33 × 10−3 S cm−1 
at room temperature by Chitra et al. [12], pectin/LiClO4 
resulting with 5.15 × 10−5 S cm−1 ionic conduction at room 

Fig. 5   DSC thermograms of 
(i) pure agar (AA) (1 g), (ii) 
40 mol% of AA:60 mol% 
of LiCl, (iii) 30 mol% of 
AA:70 mol% of LiCl, (iv) 
20 mol% of AA:80 mol% 
of LiCl and (v) 10 mol% of 
AA:90 mol% of LiCl

Table 4   Glass transition temperature (Tg) of all prepared membranes

Composition Glass transition 
temperature (Tg) (℃)

Pure agar (AA) (1 g) 53
40 mol% of AA:60 mol% of LiCl 52
30 mol% of AA:70 mol% of LiCl 50
20 mol% of AA:80 mol% of LiCl 37
10 mol% of AA:90 mol% of LiCl 41
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temperature [30] and tamarind seed polysaccharide with 
LiCF3SO3 done by Kumar et al. [31] which has been opti-
mized with a high ionic conductivity of 8.37 × 10−4 S cm−1 
at ambient temperature.

Conductance spectra

Figure 7 shows the conductance spectra of all prepared 
biopolymer electrolytes ((i) pure agar (AA), (ii) 40 mol% 
of AA:60 mol% of LiCl, (iii) 30 mol% of AA:70 mol% 
of LiCl, (iv) 20 mol% of AA:80 mol% of LiCl and (v) 
10 mol% of AA:90 mol% of LiCl). Generally, conduct-
ance spectra consist of three different regions, namely 
the low-frequency dispersion region which indicates the 
space-charge polarization at the blocking electrodes, the 
mid-frequency region which depicts the DC ionic con-
ductivity of the prepared BPEs which may be due to the 
migration of ions to the neighbouring sites and the high-
frequency region which represents the bulk relaxation 
process [18]. In the present work, the pattern consists 

of low-, mid- and high-frequency regions for pure agar 
whereas the salt-added membranes comprise of low- and 
mid-frequency regions. The DC ionic conductivity is cal-
culated by extrapolating the mid-frequency-independent 
plateau region to zero frequency (log σ-axis). The loga-
rithmic conductivity value obtained for the highest ion 
conducting membrane with the composition of 20 mol% 
of AA:80 mol% of LiCl is − 1.8209. The ionic conductiv-
ity resulted from conductance spectra (1.46 × 10−2 S/cm) 
is in resemblance with ionic conductivity obtained using 
Cole–Cole plots (3.12 × 10−2 S/cm).

Surface morphology analysis (SEM)

The surface morphology of prepared biopolymer electro-
lytes is analysed using SEM. Figure 8 represents the SEM 
image of (a) pure agar membrane (1 g), (b) 20 mol% of 
AA:80 mol% of LiCl (highest ion conducting membrane) 
and (c) 10 mol% of AA:90 mol% of LiCl, respectively.

From Fig. 8a, it is observed that the pure agar (AA) 
membrane results with a non-porous surface without any 
phase seperation and the presence of small cube-shaped 
grains indicates the semi-crystalline nature of the polymer 

Fig. 6   Cole–Cole plots of a (i) pure agar (AA) (1 g) and b (ii) 40 mol% of AA:60 mol% of LiCl, (iii) 30 mol% of AA:70 mol% of LiCl, (iv) 
20 mol% of AA:80 mol% of LiCl and (v) 10 mol% of AA:90 mol% of LiCl

Table 5   Electrochemical impedance spectroscopy (EIS) parameters 
of all prepared BPEs

Composition Bulk 
resistance 
(Rb) (Ω)

CPE (μF) n (no unit)

Pure agar (AA) (1 g) 217,435 4.45 × 10−8 0.7180
40 mol% of AA:60 mol% of LiCl 8.526 3.57 × 10−4 0.6821
30 mol% of AA:70 mol% of LiCl 2.477 2.97 × 10−4 0.6292
20 mol% of AA:80 mol% of LiCl 0.306 1.62 × 10−4 0.4579
10 mol% of AA:90 mol% of LiCl 1.265 1.77 × 10−4 0.5843

Table 6   Ionic conductivity calculated for all prepared electrolytes

Composition Ionic conductivity (S/cm)

Pure agar (AA) (1 g) 9.80 ± 0.12 × 10−8

40 mol% of AA:60 mol% of LiCl 4.60 ± 0.17 × 10−4

30 mol% of AA:70 mol% of LiCl 1.99 ± 0.14 × 10−3

20 mol% of AA:80 mol% of LiCl 3.12 ± 0.11 × 10−2

10 mol% of AA:90 mol% of LiCl 7.57 ± 0.18 × 10−3
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[32]. Thereafter, various concentrations of LiCl have been 
added to pure AA, whereas the presence of the LiCl on 
the membrane surface is clearly visible which is evenly 
distributed across the films (refer to Fig. 8b) [33].

Then, in Fig. 8b, it is clearly examined that the mem-
brane with the composition of 20 mol% of AA:80 mol% 
of LiCl exhibits a smooth homogeneous surface with the 
absence of small cube-shaped grains observed in AA. 
This indicates the high amorphous nature and possibility 
of better polymer-salt complex resulting with high ionic 
conductivity [34].

Further on increasing the salt concentration, the SEM 
image of the membrane 10 mol% of AA:90 mol% of LiCl 
shows aggregates of ions (cluster formation). This assures 
the increase in crystallinity nature (refer to Table 1) and 
the decrease in ionic conductivity (refer to Table 6) of the 
membrane [35].

Thermogravimetric analysis

Thermal stability of prepared biopolymer electrolytes has 
been examined using TGA. Figure 9 ascribes the thermo-
gravimetric analysis of (a) pure agar (AA) and (b) 20 mol% 
of AA:80 mol% of LiCl (highest ion conducting membrane).

By analysing Fig. 9, it is examined that the first stage of 
degradation occurs at 40 to 240 ℃ for pure agar (Fig. 9a) 

and at 30 to 180 ℃ for 20 mol% of AA:80 mol% of LiCl 
membrane (Fig. 9b) with the weight loss of 19.4% (AA) 
and 37.3% (20 mol% of AA:80 mol% of LiCl), respectively. 
This first stage of weight loss and degradation is due to the 
elimination of moisture content in the membrane [36].

Then, the second stage of degradation occurs for AA 
(Fig. 9a) at 240 to 700 ℃ with the weight loss of 58.6% 
which may be because of the destruction of backbone poly-
saccharides such as agarose and agaropectin [37]. Similarly, 
the second stage of degradation at 180 to 690 ℃ with the 
weight loss of 30.5% for 20 mol% of AA:80 mol% of LiCl 
is due to the polymer-salt matrix destruction [38, 39].

The polymer membrane suffers an endothermic reaction 
of oxidation and hydrolysis, subsequently the exothermic 
reaction of polysaccharide pyrolysis during the degradation 
process [40]. The remaining residue of AA is 15.5%, and 
that of 20 mol% of AA:80 mol% of LiCl is 25.8%.

Analysis of ion transportation (transference number 
measurement)

Wagner’s polarization technique

Wagner’s polarization method is performed to measure the 
transference number of ions (tion) and electrons (telec) in the 
highest ion conducting membrane. The membrane with the 

Fig. 7   Conductance spectra of 
prepared BPEs
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composition of 20 mol% of AA:80 mol% of LiCl (highest 
ion conducting membrane) is placed between two stainless 
steel electrodes, and the DC bias voltage of 1 V has been 
applied to the setup in order to analyse the resulting polari-
zation current as a function of time [7]. Figure 10 ascribes 
the plot of DC polarization current with respect to time. At 
first, the initial current is noted and, as a function of time, 
the current decreases and reaches the constant depleted state 
which is taken as the final current. Using initial current (Ii) 
and final current (If), the transference number of charge car-
riers is calculated using the formula [8]

The transference number of ions (tion) is 0.98, and that 
of an electron (telec) is 0.02. From this, it is assured that the 

(5)tion =
Ii − If

Ii

(6)telec =
If

Ii

majority of charge conduction is due to ions with negligible 
electronic conduction.

Evan’s polarization method

Evan’s polarization technique is done to measure the cationic 
transference number of the optimized highest ion conducting 
electrolyte (20 mol% of AA:80 mol% of LiCl). In the present 
study, the highest ion conducting electrolyte is placed between 
two silver electrodes with the configuration of Y (silver elec-
trode) || X (high ion conducting electrolyte) || Y (silver elec-
trode) and a small amount of DC voltage (V) is applied to 
the cell [41]. Then, the resulting initial (I0) and final (Is) cur-
rents are noted and the plot representing the change in current 
with respect to time is shown in Fig. 11. Also, AC impedance 
analysis has been carried out with the arranged setup in order 
to calculate the resistances before (R0) and after (Rs) polari-
zation. Figure 12a, b depicts the impedance plots before and 
after polarization of the cell. The value of cationic transference 
number is calculated using the following equation [18]:

Fig. 8   SEM image of (a) pure agar membrane (AA) (1 g), (b) 20 mol% of AA:80 mol% of LiCl and (c) 10 mol% of AA:90 mol% of LiCl
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(7)tLi+ =
Is(V − I

0
R
0
)

I
0
(V − IsRs)

The value of cationic transference number obtained 
for the membrane with the composition of 20 mol% of 
AA:80 mol% of LiCl is 0.67. From this, it is guaranteed 

Fig. 9   Thermograms of (a) 
pure agar (AA) (1 g) and (b) 
20 mol% of AA:80 mol% of 
LiCl

Fig. 10   Variation in current 
with respect to time (Wagner’s 
polarization method)
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that the lithium-ion (Li+) conduction is dominant in the 
electrolyte, resulting in high ionic conductivity. Chitra et al. 
[42]. have reported lithium-ion conduction of 0.55 for 1.0 g 
I-carrageenan/0.5 wt% of LiClO4, and Arockia Mary et al. 
[11]. have shown 0.58 of lithium-ion transference number 
for 1 g K-carrageenan with 0.65 wt% of LiNO3.

Cyclic voltammetry analysis

CV analysis has been carried out to examine the cycling 
stability of prepared electrolyte [18]. In the current work, 
the cycling performance of the highest ion conducting elec-
trolyte with the composition of 20 mol% of AA:80 mol% 

Fig. 11   Variation in current 
as a function of time (Evan’s 
polarization method)

Fig. 12   Impedance plot of the highest ion conducting membrane (20 mol% of AA:80 mol% of LiCl). a Before polarization. b After polarization
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of LiCl is analysed with the two-electrode system under 
the scan rate of 0.1 Vs−1 and the potential range fixed 
between − 1 and + 1 V. Figure 13 shows the reciprocated 
CV pattern of the membrane (20 mol% of AA:80 mol% of 
LiCl) with high ionic conductivity. The obtained result with 
superior cycling stability of 75 cycles without much fluc-
tuation in its sweep area indicates the better reversibility of 
an electrolyte. Subsequently, the process of redox reaction 

takes place, whereas the oxidation occurs in anode and the 
reduction happens in cathode.

Primary Li‑ion conducting battery

In the present work, the highest ion conducting membrane 
with the composition of 20 mol% of AA:80 mol% of LiCl 
has been utilized as an electrolyte in the fabrication of pri-
mary Li-ion conducting battery. The electrodes are made 
into thin pellets, whereas the anode is prepared with the 
composition of Zn metal powder (Zn) (8 g), ZnSO4·7H2O 

Fig. 13   CV pattern of the high-
est ion conducting membrane 
(20 mol% of AA:80 mol% of 
LiCl)

Fig. 14   Representation of constructed solid-state battery

Table 7   Important cell parameters of the optimized highest ion con-
ducting membrane

Cell parameters Values obtained for 20 mol% 
of AA:80 mol% of LiCl

Open-circuit voltage (V) 1.93
Current drawn (μA) 19
Weight of the cathode (g) 0.707
Weight of the anode (g) 0.852
Weight of the electrolyte (g) 0.111
Weight of the cell (g) 1.670
Thickness of the anode (mm) 1.523
Thickness of the cathode (mm) 1.672
Area of the cell (cm2) 1.85
Discharge time (h) 72
Current density (μA/cm2) 10.27
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(2 g) and graphite powder (C) (1 g) followed by the cath-
ode preparation with the composition of PbO2 (3 g), V2O5 
(1 g), graphite powder (1 g) and a piece of the highest ion 
conducting membrane (0.25 g), respectively. Subsequently, 
the cell is fabricated by sandwiching the highest ion con-
ducting electrolyte between the anode and the cathode as 

Zn + ZnSO4·7H2O + C || 20 mol% of AA:80 mol% of LiCl || 
PbO2 + V2O5 + C + BPE and the arrangement is also shown 
in Fig. 14 [8].

The anode and cathode reaction is mentioned in the fol-
lowing [12, 43]:

Anode reaction is

nZn + ZnSO4 ⋅ 7H2O ↔ Zn(n + 1)SO4 ⋅ (7 − 2n)H2O ⋅ 2n(OH) + 2nH+ + 2ne−

Fig. 15   a Open-circuit voltage (OCV) of fabricated cell and b plot describing the discharge characteristics of the cell (voltage (V) vs time (in h))

Fig. 16   Cole–Cole plot for a the 0th cycle and b the 5th, 10th and 15th cycles
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Cathode reaction is

Now, on the basis of hopping mechanism, the H+ ions 
in the anode site repel the Li+ ions in the electrolyte to the 
cathode site which results with an open-circuit voltage of 
1.93 V. Figure 15a shows the OCV of fabricated cell. Then, 
a load 100 KΩ is applied to the constructed cell which shows 
a voltage drop of 1.88 V with 19 μA current drawn and 
the setup has been retained for 72 h. Figure 15b depicts the 
discharge characteristics of the cell as a function of time. 
Similar works based on fabrication of Li-ion conducting bat-
tery have been carried out by Chitra et al. [12] in “Synthesis 
and characterization of iota-carrageenan solid biopolymer 

PbO
2
+ 4H+ + 2e− ↔ Pb2+ + 2H

2
O

V2O5 + 6H+ + 2e− ↔ 2VO2 + + 3H2O

electrolytes for electrochemical applications”, Arockia Mary 
et al. [11] in “Lithium ion conducting biopolymer membrane 
based on K-carrageenan with LiNO3” and Aafrin Hazaana 
et al. [18] in “Development and characterization of biopoly-
mer electrolyte based on gellan gum (GG) with lithium chlo-
ride (LiCl) for the application of electrochemical devices”. 
The examined cell parameters are listed in Table 7.

Rechargeable Li‑ion conducting battery

In the current work, the optimized highest Li-ion con-
ducting membrane with the composition of 20 mol% of 
AA:80 mol% of LiCl has been used as an electrolyte and 
the cell has been fabricated with the configuration of 
graphite (3 g) || 20 mol% of AA:80 mol% of LiCl (elec-
trolyte) || LiFePO4 (3 g) + graphite (1 g), respectively. 
The rechargeable nature of the membrane of the fabri-
cated cell is analysed by charging and discharging the 
cell. The resistance nature of the cell for the 0th, 5th, 10th 
and 15th charge–discharge cycle has been measured from 
AC impedance analysis using the Cole–Cole plot, and 
the plots are depicted in Fig. 16a and b. The resistance 
measured before charging (0th cycle) is 25 Ω. After the 5th 
charge–discharge cycle, the resistance has been increased 
to 151 Ω, and subsequently, after the 10th cycle, the resist-
ance measured is 484 Ω. After the 11th cycle, various loads 
have been applied and the resistance measured at the end 
of the 15th cycle is 649 Ω. The resistance observed for 
different cycles is listed in Table 8. Due to the lithium-
ion deposition in the anode, the interfacial resistance is 
increased after various cycles.

The initial voltage measured for the constructed cell 
before charging (0th cycle) is 0.20 V (Fig. 17). Then, the 
cell has been charged for 3 h with the constant DC supply 
voltage of 3 V and then allowed to self-discharge for 3 h. 
The output characteristics of the cell after each cycle have 
been noted and the plot representing the voltage obtained 
for each cycle is given in Fig. 18. After continuous charge 
and discharge, the maximum voltage of 2.62 V has been 
obtained at the 10th cycle. The increased voltage is due 
to the more number of Li-ion that gets into the pores of 

Table 8   The resistance value 
measured for different cycles

Number of 
cycle

Resistance (Ω)

0 25
5 151
10 484
15 649

Fig. 17   Initial voltage of the fabricated cell

Table 9   Charge-discharge characteristics of the constructed cell (with 
load) and current drawn for each cycle

Number 
of cycle

Load (Ω) Current (mA) Voltage (V)

Charge (V) Discharge (V)

11 100 k 0.026 2.56 0.30
12 47 k 0.059 2.56 0.31
13 10 k 0.253 2.55 0.31
14 4.7 k 0.451 2.55 0.29
15 150 15.512 2.51 0.28
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anode. If you increase the cycle more and more, the battery 
voltage could be increased further because more Li-ion 
could enter into the pores of anode (graphite). This process 
reveals that the membrane could be used as an electrolyte 
for rechargeable battery. From the 11th cycle to the 15th 
cycle, various loads of 100 kΩ, 47 kΩ, 10 kΩ, 4.7 kΩ and 
150 Ω have been applied to the cell and the resulting volt-
age and current value have been observed (Fig. 18) and 
are depicted in Table 9. Therefore, the charge–discharge 
characteristics of the fabricated cell ensure the recharge-
able nature of the prepared biopolymer electrolyte.

Conclusion

The biopolymer electrolytes based on agar–agar and LiCl 
have been prepared using solution casting method and are 
characterized using various characterization techniques. 
XRD is done to examine the crystalline/amorphous nature 
of prepared BPEs, and the membrane with the composition 
of 20 mol% of AA:80 mol% of LiCl shows high amorphous 
nature in contrast to other salt-added membranes. FTIR 
has been carried out to confirm the complex formation 
between the host biopolymer and salt. DSC is performed 
to examine the glass transition temperature of prepared 
BPEs, and the membrane 20 mol% of AA:80 mol% of 
LiCl gives a less Tg value of 37 ℃ which ensures the weak 
transient cross linkage between the OH− of the polymer 

and the cation (Li+) of the salt. The ionic conductivity of 
the prepared electrolytes is calculated using AC imped-
ance analysis, and the membrane with the composition of 
20 mol% of AA:80 mol% of LiCl resulted with a high ionic 
conductivity of 3.12 ± 0.11 × 10−2 S/cm. The highest ionic 
conductivity of the membrane may be due to high amor-
phous nature (confirmed by XRD) and low glass transition 
temperature (confirmed by DSC). SEM images are taken 
to analyse the surface morphology of prepared BPEs. TGA 
has been carried out to observe the thermal stability of 
prepared BPEs. The transference number measurement 
is performed to validate the conduction is mainly due to 
ions and the highest ion conducting membrane is calcu-
lated with the transference number of 0.98. CV has been 
carried out to evaluate the cyclic stability of the highest 
ion conducting membrane (20 mol% of AA:80 mol% of 
LiCl), and it also resulted with better cycling performance 
of 75 cycles without much fluctuation in its sweep area 
which confirms the reversibility of an electrolyte. Using 
the optimized highest ion conducting membrane (20 mol% 
of AA:80 mol% of LiCl), the Li-ion conducting primary 
battery has been fabricated and resulted with an OCV of 
1.93 V. And, the rechargeable nature of the highest Li-ion 
conducting membrane (20 mol% of AA:80 mol% of LiCl) 
has been analysed by the charge–discharge characteristics 
of the fabricated cell. This study confirms that the mem-
brane 20 mol% of AA:80 mol% of LiCl could be used for 
rechargeable battery.

Fig. 18   Charge–discharge characteristics of the constructed cell
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