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Abstract
A biopolymer electrolyte consisting of iota-carrageenan (I-Carrageenan) and LiCl is prepared using solution casting method.
XRD analysis confirms the enhancement in amorphous nature of the prepared polymer electrolytes due to the incorporation of
LiCl. Fourier transform infrared (FTIR) spectroscopy is used to analyze the complexation of electrolytes. Electrochemical
impedance spectroscopy is utilized to find the ac electrical conductivity of the electrolytes. The combination of 1.0 g I-
Carrageenan and 0.3 g LiCl displays highest ionic conductivity value of 5.33 × 10−3 S cm−1 at room temperature.
Transference number measurements indicate that the conductivity process is predominantly by Li+ ions. Lithium ion conducting
battery is constructed with the highest conducting polymer electrolyte, and its discharge performance is analyzed.
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Introduction

Portable electronic devices stimulate the development of
energy storage devices in compact size. Solid electrolytes
based on polymers are one of the best alternatives over
liquid electrolytes in energy storage devices [1]. Solid
polymer electrolytes (SPEs) as a leak proof electrolyte in
the form of a film attract the attention of Scientists and
Industrialists due to their large surface area [2, 3].
Moreover, SPEs have good adhesive property, flexibility,
adequate conductivity for practical purposes, good me-
chanical stability and thermal stability [4, 5]. Literature
survey shows that most of the works have been carried

out with synthetic polymers. Now in researches, biopoly-
mer electrolytes are preferred over synthetic polymers due
to its cost-effectiveness and environmental friendliness [6].
There have been very few studies conducted on biopoly-
mer electrolytes. Recent studies show that they provide
better electrolyte/electrode contact due to their adhesive
nature and their natural abundance appreciates the interest
towards them [7]. A few examples of biopolymers are
chitosan, cellulose acetate, tamarind seed polysaccharide,
starch, agar-agar and Carrageenans. Only a few works
have been carried out with Carrageenan as solid polymer
electrolyte.

Carrageenans are a family of linear sulphated poly-
saccharides that are extracted from red edible seaweeds
[8]. Carrageenans are made up of repeating galactose
units and 3,6-anhydrogalactose [9, 10]. I-Carrageenan
(two sulphates per disaccharide) is one of the main
commercial classes of Carrageenans, which is soluble
in water [11]. Most of the Carrageenans are used for
medicines, and this concludes that they will not produce
any harm to the mankind. Carrageenans are also used as
a thickening agent in foods. They are certified as edible
by BThe Food and Drug Administration^ in the USA to
be used as gelling agent in foods. The chemical struc-
ture of iota-Carrageenan is shown in Scheme 1.

Mobarak et al. reported the highest ionic conductivity
for the carboxymethyl iota carrageenan as 5.51 ×
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10−3 S cm−1 with lithium salt addition [12]. Shuhaimi et
al. have prepared a polymer-salt complex chitosan, κ-
Carrageenan and ammonium nitrate, and they have re-
ported the conductivity value of 2.39 × 10−4 S cm−1

[13]. Karthikeyan et al. have studied iota-Carrageenan
doped with NH4Br and reported the conductivity value
of 1.08 × 10−3 S cm−1 [14]. Jumaah et al. have reported
4.87 × 10−6 S cm−1 by incorporating carboxymethyl with
iota Carrageenan [15]. Shamsudin et al. have reported
the conductivity value of 5.76 × 10−3 S cm−1 with
carboxymethyl κ-Carrageenan doped with imidazolium
[16]. A conductivity value of 3.25 × 10−4 S cm−1 has
been reported by Ng et al. for κ-carrageenan and cellu-
lose derivatives for solar cell applications [17]. Moniha
et al. have produced the highest conductivity of 1.46 ×
10−3 S cm−1 for iota-Carrageenan with NH4NO3 [18].
The highest conductivity of 4.83 × 10−4 S cm−1 has been
reported for tamarind seed polysaccharide with lithium salt by
Premalatha et al. [19]. Perumal et al. have achieved the highest
conductivity of 2.08 × 10−3 S cm−1 for pectin biopolymer with
lithium chloride [20]. Most of the works that have been tried
with I-Carrageenan to obtain high conductivity are done by
blending polymers.

This work aims to prepare SPE by using I-Carrageenan
as a host polymer. The reason can be stated as it is a
polymer with rich hydroxyl groups and oxygen atom
which are essential for interaction [18]. With a suitable
modification, I-Carrageenan could be used as a successful
electrolyte in electrochemical devices. To enhance the po-
tential of I-Carrageenan as an electrolyte, lithium chloride
is chosen and incorporated with it. From the literature
survey, it is observed that chlorine ions are weakly asso-
ciated with lithium ions compared to other anions and the
dissociation of LiCl is more in a solvent [21]. Also, it is
observed that limited studies have been done with lithium
salt in biopolymers. Hence, it is intended to prepare a
solid biopolymer electrolyte with I-Carrageenan as a host
polymer with different concentrations of LiCl. The pur-
pose of this study is to synthesize I-Carrageenan with
LiCl as a promising solid polymer electrolyte for electro-
chemical devices.

Experimental technique

Materials used

Biopolymer I-Carrageenan (Tokyo Chemical Industry, Japan)
and lithium chloride (SRL Private Ltd, Mumbai) were used as
the source materials for the preparation of biopolymer
electrolyte.

Synthesis of biopolymer electrolyte

The biopolymer membranes of I-Carrageenan with various
compositions of LiCl were prepared by solution casting tech-
nique, and distilled water was used as the solvent. One gram
of I-Carrageenan was added in 60 ml of hot water around
60 °C and stirred with a magnetic stirrer for half an hour.
Different concentrations of LiCl (0.2 g, 0.3 g, 0.4 g) were
dissolved in 10 ml of water separately. After the complete
dissolution of polymer, salt solution was added with it and
stirred with a magnetic stirrer to get a homogenous solution.
Then, it was cast into petri dish and allowed to evaporate the
solvent at 60 °C in hot air oven.

Characterization

X-ray diffraction (XRD) analysis

The prepared samples were examined by Philips XPERT-PRO
diffractometer at 2θ angles with Cu-Kα (λ = 1.5418 Å) radi-
ation in the range 10° to 90° to investigate the nature of the
prepared samples.

Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of the samples were recorded by SHIMADZU
IR Affinity 1 spectrometer in the mid IR range 4000–
400 cm−1 at a resolution of 1 cm−1 at ambient temperature,
and the IR data were recorded in the transmittance mode.

Differential scanning calorimetry (DSC)

DSC measurements were carried out by TA instrument
(Model No. DSC Q20 V24.10 Build 122) for the prepared
samples at a heating rate of 10 °C min−1 under nitrogen atmo-
sphere over the temperature range from 5 to 150 °C to deter-
mine the glass transition temperature of the samples.

Electrochemical impedance spectroscopy (EIS)

AC impedance analysis was done by HIOKI 3532–50 LCR
Hi-Tester in the frequency range between 42 Hz and 1 MHz
for the measurement of electrical properties. The sample was

Scheme 1 Chemical structure of iota-Carrageenan

2148 Ionics (2019) 25:2147–2157



sandwiched between a pair of stainless steel electrodes, and
impedance data were recorded.

Transference number measurement

The transference number corresponding to lithium ions (t+)
was calculated by Wagner dc polarization technique. The pre-
pared polymer electrolytes were subjected to polarization by
supplying the dc voltage of 1.5 V. The initial and final currents
were noted as a function of time. From the current values,
cationic and anionic transport numbers were estimated.

Lithium ion conducting battery

With the highest conducting polymer membrane as electro-
lyte, a lithium ion conducting battery was fabricated and its
discharge characteristics were studied.

Results and discussions

XRD

X-ray diffraction analysis is an informative tool to distinguish
the crystalline and amorphous nature of the biopolymer elec-
trolyte. Figure 1 shows the XRD patterns of pure I-
Carrageenan and 1.0 g I-Carrageenan with different composi-
tions of LiCl. It is evident that pure I-Carrageenan exhibits
amorphous nature with its broad peak at 2θ = 22.17°. In addi-
tion, the sharp peaks are observed at 2θ = 31.90° and 45.74°,
and the earlier studies show that these sharp peaks are due to
impurities [14].

With the addition of 0.2 g LiCl with 1.0 g I-Carrageenan,
the peak observed at 22.17° for pure membrane gets broad-
ened with reduction in intensity. Further, with the addition of
0.3 g LiCl with 1.0 g I-Carrageenan, the relative intensity of
the peak decreases when compared to 0.2 g LiCl. For 0.4 g
LiCl with 1.0 g I-Carrageenan, it is observed that peak inten-
sity again increases suggesting an increase in crystallinity. The
relation between the intensity of the peak and the degree of
crystallinity is reported by Hodge et al. [22]. Among all the
membranes, 0.3 g LiCl with 1.0 g I-Carrageenan exhibits
more amorphous nature with extended broadness and reduced
intensity.

This increase in amorphous nature is due to the incorpora-
tion of salt with the polymer matrix, which in turn disturb the
ordered arrangement of polymer network [12, 15].
Mobilization of ions is facilitated by polymer segmental mo-
tion in amorphous phase [23]. Hence, the sample with more
amorphous phase is expected to yield high conductivity value
due to the diffusion of ions. Generally, amorphous nature in-
creases with the increasing concentration of salt. But, the rel-
ative increase in peak intensity on addition of 0.4 g LiCl with

1.0 g I-Carrageenan suggests the inability of the polymer to
accommodate excess salt [24]. This result suggests the forma-
tion of aggregates of ions which decrease the amorphous na-
ture of the polymer membrane. No XRD peaks corresponding
to LiCl are found in all the prepared polymer membranes
which show the complete dissolution of LiCl.

FTIR

FTIR is used to study the interaction between the polymer and
the salt (LiCl) by observing the change in vibrational frequen-
cies of polymer complexes with pure polymer membrane.
Figure 2 shows the FTIR spectra of pure I-Carrageenan and
1.0 g I-Carrageenan with various compositions of LiCl poly-
mer membranes.

In all the prepared polymer membranes, the vibrational
peak at 928 cm−1 corresponds to C–O–C of 3,6-
anhydrogalactose. This proves the existence of galactose of
I-Carrageenan. The peaks at 803 and 848 cm−1 are attributed
to –O–SO3 stretching vibration at D-galactose-2-sulphate and
D-galactose-4-sulphate. It is observed that peak at 803 cm−1 of
pure I-Carrageenan gets shifted to 805 cm−1 in all the compo-
sitions of LiCl with 1.0 g I-Carrageenan. The vibrational peak
corresponding to O=S=O symmetric vibration at 1219 cm−1

Fig. 1 XRD patterns of (a) pure I-Carrageenan, (b) 1.0 g I-
Carrageenan:0.2 g LiCl, (c) 1.0 g I-Carrageenan:0.3 g LiCl and (d)
1.0 g I-Carrageenan:0.4 g LiCl

Ionics (2019) 25:2147–2157 2149



of pure I-Carrageenan has been shifted to 1220, 1223, and
1223 cm−1 in the 1.0 g I-Carrageenan:0.2 g LiCl, 1.0 g I-
Carrageenan:0.3 g LiCl and 1.0 g I-Carrageenan:0.4 g LiCl
polymer membranes, respectively.

In all the complexes, C–O stretching at 1068 and
1155 cm−1 of pure I-Carrageenan has been shifted to 1069
and 1159 cm−1, respectively. The peak assigned to CH2 sym-
metric stretching at 1026 cm−1 of pure I-Carrageenan has been
shifted to 1028 cm−1 in 1.0 g I-Carrageenan:0.3 g LiCl. The
peak due to O–H stretching vibration at 3380 cm−1 of pure I-
Carrageenan has been shifted to 3362, 3361 and 3356 cm−1 in
the 1.0 g I-Carrageenan:0.2 g LiCl, 1.0 g I-Carrageenan:0.3 g
LiCl and 1.0 g I-Carrageenan:0.4 g LiCl polymer membranes,
respectively. Also, the intensity of these peaks corresponding
to O–H stretching increases in all the complexes due to the
addition of LiCl. This gives a strong indication of interactions
between the oxygen atoms in the hydroxyl groups of the I-
Carrageenan and the lithium salt [12]. Also, it is observed that
there is reduction in intensity in all the prepared complex
membranes from the bands 1500 cm−1 to 1000 cm−1. The
change in intensity and shift in vibrational frequencies con-
firm the interaction between the host polymer and lithium salt.
Table 1 provides the FTIR assignments of pure 1.0 g I-
Carrageenan and all the prepared complexes.

DSC

Differential scanning calorimetry is a thermo-analytical
technique which is used to study phase transitions. DSC

measurements are carried out for the pure I-Carrageenan
and complex samples at a heating rate of 10 °C/min.
The glass transition temperature (Tg) of pure I-
Carrageenan and different concentrations of LiCl with
1.0 g I-Carrageenan are observed, and the corresponding
thermograms are depicted in Fig. 3. The value of Tg for
pure I-Carrageenan is observed as 51.27 °C from DSC
analysis. With the addition of 0.2 g, 0.3 g and 0.4 g
LiCl with 1.0 g I-Carrageenan polymer, the observed Tg
values are 62.97 °C, 57.12 °C and 72.65 °C,
respectively.

Normally it is preferred to have a low Tg value for
flexibility in polymer backbone [31]. But, with the in-
corporation of LiCl, Tg increases in the present work.
The reason for the increase in Tg value may be ex-
plained as follows. This behaviour may be interpreted
due to the intermolecular and intra-molecular coordina-
tion between Li+ cations and ester oxygen atoms in the
I-Carrageenan polymer [32, 33]. As a consequence,
polymer segments may not able to rotate freely. Thus,
there is reduction in segmental motion, and this may
lead hardening in polymer chains. To conclude, the co-
ordination between Li+ and oxygen atom binding decreases
the flexibility of the polymer backbone. However, for the
highest conducting polymer membrane of 1.0 g I-
Carrageenan with 0.3 g LiCl, a slight low Tg is observed than
0.2 and 0.4 g LiCl composition. This may be due to the var-
iation in degree of dipole interaction between the polymer
chain segments. There may be reduction in dipole interaction

Fig. 2 FTIR spectra of (a) pure I-
Carrageenan, (b) 1.0 g I-
Carrageenan:0.2 g LiCl, (c) 1.0 g
I-Carrageenan:0.3 g LiCl and (d)
1.0 g I-Carrageenan:0.4 g LiCl
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for the polymer (0.3 g LiCl) than other two compositions
which may facilitate the ease of chain segment rotation
along the chain backbone. Hence, low Tg may occur.
Even though Tg value of 0.3 g LiCl is lower than all
other polymer compositions, the result is not so appre-
ciable since its value is higher than pure sample.
Moniha et al. have reported the similar behaviour of
Tg value with increasing salt concentration [18].

Calculation of crystallinity from DSC

The degree of crystallinity of the polymer electrolyte
films is calculated from the enthalpy of fusion from
the DSC curves, using the following equation [34]:

%of crystallinity ¼ ΔHm

ΔHp
m
� 100%

ΔHm is the enthalpy of the prepared polymer membrane
and ΔHp

m is the enthalpy of pure I-Carrageenan.
From the DSC curves, the enthalpy values are noted.

The degree of crystallinity for the compositions 0.2 g
LiCl, 0.3 g LiCl and 0.4 g LICl with 1.0 g I-
Carrageenan are 34%, 15% and 36%. It is observed that
% of crystallinity is low for the sample 1.0 g I-
Carrageenan with 0.3 g LiCl which is in accordance
with XRD result.

AC impedance analysis

Figure 4 shows the complex impedance plot for pure I-
Carrageenan and 1.0 g I-Carrageenan with different concen-
trations of LiCl at ambient temperature. Inset graph shows the
complex impedance plot of prepared complexes. Usually,
cole-cole plot consists of depressed semicircle in the high
frequency region followed by a spike in the low frequency
region. Impedance data are usually analyzed by fitting an
equivalent electric circuit model with simple electric circuit
elements. A semicircle in the high frequency region is as-
cribed to bulk properties of the electrolyte with a parallel com-
bination of resistor and a capacitor. The ion migration through
the polymer matrix is represented by a bulk resistor, and im-
mobile polymer chain is represented by a bulk capacitor. A
spike in the low frequency region gives information of an
electrical double layer which exists between a polymer elec-
trolyte and electrode.

Table 1 FTIR assignments of all prepared polymer electrolytes

Pure I-
Carrageenan
(cm−1)

1.0 g I-
Carrageenan:0.2 g
LiCl (cm−1)

1.0 g I-
Carrageenan:0.3 g
LiCl (cm−1)

1.0 g I-
Carrageenan:0.4 g
LiCl (cm−1)

Assignments Ref

803 805 805 805 –O–SO3 stretching at

D-galactose-2-sulphate

[15]

848 848 848 848 –O–SO3 stretching at

D-galactose-4-sulphate

[15]

928 928 928 928 C–O–C of 3,6 anhydrogalactose [25, 26]
1026 1026 1028 1026 CH2 symmetric stretching [27]
1068 1069 1069 1069 C–O stretching [28]
1155 1159 1159 1159 C–O stretching [15]
1219 1220 1223 1223 O=S=O (ester sulphate group) [29]
1635 1635 1635 1635 H–O–H deformation band [14]
3380 3362 3361 3356 O–H stretching [6, 30]

Fig. 3 DSC thermograms of (a) pure I-Carrageenan, (b) 1.0 g I-
Carrageenan:0.2 g LiCl, (c) 1.0 g I-Carrageenan:0.3 g LiCl and (d)
1.0 g I-Carrageenan:0.4 g LiCl
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In this work, semicircle in the high frequency region is not
found, and spike is only observed. It suggests that ionic con-
ductivity is mainly due to mobile ions.

With the AC impedance experimental data, the value of
bulk resistance is obtained from EQ software developed by
Boukmap and EIS parameters are listed in Table 2 [35, 36].
Ionic conductivity of all the prepared polymer electrolytes is
calculated by the following equation:

σ ¼ l
ARb

S cm−1

where l and A are the thickness and area of the polymer
electrolyte sample. Rb is the bulk resistance of the polymer
electrolyte [34, 37].

The measured conductivity value of pure I-Carrageenan is
1.46 × 10−5 S cm−1 which is in accordance with the result
produced by Karthikeyan et al. [14]. Ionic conductivity is
found to be increasing with increasing concentration of salt.
With the addition of 0.2 g LiCl with 1.0 g I-Carrageenan,
conductivity is increased to 1.32 × 10−3 S cm−1 which is two
orders of magnitude greater than pure polymer. With 0.3 g
LiCl composition, conductivity value of 5.33 × 10−3 S cm−1

is achieved. No enormous difference is found in conductivity
value when compared to 0.2 g LiCl, but still, conductivity
value is found to be increased with 0.3 g LiCl with I-
Carrageenan. Further addition of salt decreases the conductiv-
ity value to 3.57 × 10−3 S cm−1. This is due to the formation of
aggregation of ions or ion pairs. Generally, conductivity in-
creases with amorphous nature and mobilization of charge
carriers [38]. The amorphous nature enhances the ionic con-
ductivity by creating free space and more voids for the move-
ment of ions. Thus, addition of salt enhances the amorphous
nature of the polymer and facilitates the mobilization of ions
in the polymer matrix. This in turn increases the ionic conduc-
tivity value. But, when the salt concentration increases beyond
a particular limit, the formation of ion pairs may occur. These
ion pairs may hinder the mobilization of ions. Hence, ionic
conductivity decreases. This is the reason for the decrease in
conductivity value for 0.4 g LiCl with 1.0 g I-Carrageenan
sample. Among all the prepared polymer electrolytes, 0.3 g
LiCl with 1.0 g I-Carrageenan displays the highest conductiv-
ity of 5.33 × 10−3 S cm−1 at room temperature due to high
amorphous nature of the polymer electrolyte. The conductiv-
ity values of all the prepared complexes are listed in Table 3.

Temperature dependence of conductivity

The prepared samples are subjected to temperature over the
range of 303 K to 343 K to study the temperature dependence
of ionic conductivity. Figure 5 shows the variation of loga-
rithm of electrical conductivity with inverse of temperatures
over the range 303–343 K. It has been observed that
logarithm of ionic conductivity increases linearly with
temperature. Higher temperature expands polymer

Fig. 4 Cole-Cole plot of (a) pure
I-Carrageenan, (b) 1.0 g I-
Carrageenan:0.2 g LiCl, (c) 1.0 g
I-Carrageenan:0.3 g LiCl and (d)
1.0 g I-Carrageenan:0.4 g LiCl

Table 2 EIS parameters for all the polymer membranes

Polymer composition R (Ω) CPE (F) n

Pure I-Carrageenan 104.6 7.90 × 10−10 0.8535

1.0 g I-Carrageenan:0.2 g LiCl 1.89 7.21 × 10−6 0.7282

1.0 g I-Carrageenan:0.3 g LiCl 1.71 1.03 × 10−5 0.7101

1.0 g I-Carrageenan:0.4 g LiCl 1.82 3.36 × 10−5 0.7500
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matrix and produces more free volume. This facilitates
the polymer segmental mobility and charge carriers mo-
bility [24, 39].

A graph is plotted between log σ and 1000/T. The
linear dependence of ionic conductivity with temperature
obeys Arrhenius’ rule. Activation energy is found by the
following equation [40]:

σ ¼ σ0exp
−Eα

kT

� �

where σ0 is the pre-exponential factor, Ea is the ac-
tivation energy, k is the Boltzmann constant and T is the
temperature (K).

Table 3 lists the calculated ionic conductivity and activa-
tion energy values for 1.0 g I-Carrageenan:LiCl polymer elec-
trolytes for various compositions at different temperatures.
Moniha et al. reported that the activation energy value for
pure I-Carraeenan is 0.28 eV [18]. The activation energy
values of the prepared complexes vary from 0.19 to
0.23 eV. The highest conducting polymer membrane 1.0 g
I-Carrageenan:0.3 g LiCl possesses low activation energy,
and its value is 0.19 eV. This low value of Ea facilitates fast
Li+ ion movement in the polymer matrix, which effectively
increases ionic conductivity.

Conductance spectra analysis

Figure 6 illustrates the relation between logarithmic angular
frequency and conductivity. In the plot, two regions are ob-
served within the measured frequency range. The regions are
low-frequency dispersion region and plateau region. At low
frequencies, space charge polarization occurs at the electrode
electrolyte interface [41]. It is assumed that ac conductivity of
the complex samples is independent of frequency in the pla-
teau region. Extrapolation of this plateau region to the y-axis
gives dc conductivity (σdc) [7].

Plateau region is observed over the frequency range
500,000 Hz to 1,000,000 Hz where the conductivity is indepen-
dent of frequency. If a line is extrapolated to zero frequency (Y
axis) in this frequency range, the line meets Yaxis at log σdc = −
2.27 for the highest conducting sample (1.0 g I-
Carrageenan:0.3 g LiCl). The corresponding angular frequency
value along x axis is 1 MHz and σdc is 5.36 × 10

−3 S cm−1. The
bulk conductivity value measured for the same sample is 5.33 ×
10−3 S cm−1.

Table 3 Ionic conductivity values at different temperatures and activation energy for all the prepared complexes

Polymer composition Conductivity σ (S cm−1) Activation energy (eV)

303 K 313 K 323 K 333 K 343 K

1.0 g I-Carrageenan:0.2 g LiCl 1.32 × 10−3 1.78 × 10−3 2.50 × 10−3 3.11 × 10−3 3.72 × 10−3 0.23

1.0 g I-Carrageenan:0.3 g LiCl 5.33 × 10−3 9.91 × 10−3 1.00 × 10−2 1.23 × 10−2 1.32 × 10−2 0.19

1.0 g I-Carrageenan:0.4 g LiCl 3.57 × 10−3 5.02 × 10−3 7.17 × 10−3 7.41 × 10−3 1.02 × 10−2 0.22

Fig. 5 Variation of ionic conductivity with reciprocal of temperature for
(a) 1.0 g I-Carrageenan:0.2 g LiCl, (b) 1.0 g I-Carrageenan:0.3 g LiCl and
(c) 1.0 g I-Carrageenan:0.4 g LiCl

Fig. 6 Conductance spectra of (a) 1.0 g I-Carrageenan:0.2 g LiCl, (b)
1.0 g I-Carrageenan:0.3 g LiCl and (c) 1.0 g I-Carrageenan:0.4 g LiCl
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Dielectric spectra analysis

Dielectric property of complex polymer electrolytes yields
information on ionic transport phenomena. By using the im-
pedance data, the real and imaginary parts of the complex
permittivity are calculated.

ε* ¼ ε
0
−ε″

where ε′ is the real part of the complex permittivity and is
known as dielectric constant, and ε″ is the imaginary part of
the complex permittivity and is known as dielectric loss.

Figure 7a, b represents the frequency dependence of ε′ (ω)
and ε″ (ω) at room temperature. Dielectric permittivity (ε′ and ε″)
is high at low frequencies for all the complex polymer electro-
lytes due to space charge effect at the electrode electrolyte inter-
face. As the frequency increases, dielectric permittivity (ε′ and
ε″) is found to decrease. This is because the periodic reversal of
the field occurs and it would not be possible for the charge
carriers to orient in the field direction and hence less diffusion
of charge carriers towards the field direction. A significant high
dielectric permittivity is obtained for the highest conductivity
polymer electrolyte 1.0 g I-Carrageenan:0.3 g LiCl.

The increase in ε′ and ε″ values at low frequency denotes the
high charge carrier density in the low frequency region [20]. The
very high ε′ and ε″ values are observed for 0.3 g LiCl based
sample than 0.2 and 0.4 g LiCl-based samples in the low fre-
quency region. This result is appreciable. But, difference in con-
ductivity values for these samples is not high. The very high ε′
and ε″ values for the sample (1.0 g I-Carrageenan:0.3 g LiCl) in
the low frequency region can be explained as follows: Polymer
flexibility plays a vital role in determining the magnitude of
dielectric permittivity in low frequency [42]. In the present work,
the highest conducting sample (1.0 g I-Carrageenan:0.3 g LiCl)
is comparatively flexible than the other two compositions as per
the DSC result. This may lead a high value of ε′ and ε″.

Transference number measurement

Transference number is the important parameter to identify the
contribution of ions to total electric current in the polymer
electrolyte. The most important and simple technique to eval-
uate ionic transference number is the Wagner’s polarization
method [43]. The highest conducting polymer sample is
sandwiched between two blocking electrodes. Then, a dc volt-
age of 1.5 V is applied across the electrodes.

DC current is monitored as a function of time. When the
circuit is closed, the instantaneous or initial current gives total
conductivity of ions and electrons. The final stabilized current
is the electron conductivity. The graph between polarization
current and time is depicted in Fig. 8. The transference num-
bers (t+) and (t−)(t−) are calculated by the following equations
[43, 44].

Fig. 7 a, b Real and imaginary parts of dielectric permittivity with
angular frequency for (a) 1.0 g I-Carrageenan:0.2 g LiCl, (b) 1.0 g I-
Carrageenan:0.3 g LiCl and (c) 1.0 g I-Carrageenan:0.4 g LiCl

Fig. 8 Current vs. time plot of 1.0 g I-Carrageenan:0.3 g LiCl
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tþ ¼ I i−I f
I i

t− ¼ I f
I i

where Ii is the initial current and If is the final current.
t+ and t− are the transference numbers of ions and electrons.
The diffusion coefficients of Li+ (D+) and Cl

− (D−) are found
by the following equations using the measured values of cat-
ionic transference number (t+) and conductivity values [45, 46].

D ¼ Dþ þ D− ¼ KTσ

ne2
; Dþ ¼ tþD; D− ¼ Dt−

where n is the number of charge carriers related to the salt
composition, k is the Boltzmann’s constant and T is the abso-
lute temperature.

The ionic mobility of cations (μ+) and anions (μ−) of all the
samples are calculated using the following equations [39]:

μ ¼ μþ þ μ− ¼ σ
ne

; μþ ¼ μtþ; μ− ¼ μt−

By using the above formulae, diffusion coefficient of cations
(D+) and anions (D−) for the highest conducting polymer mem-
brane (1.0 g I-Carrageenan: 0.3 g LiCl) are found to be 9.47 ×
10−8 cm2/s and 3.94 × 10−9 cm2/s. The mobility of cations (μ+)
and anions (μ−) of the sample 1.0 g I-Carrageenan:0.3 g LiCl is
3.62 × 10−6 cm2 Vs−1 and 1.51 × 10−7 cm2 Vs−1. It is observed
that D+ is greater than D− and μ+ is greater than μ−. Also, the
value of diffusion coefficient and mobility of the sample (1.0 g
I-Carrageenan:0.3 g LiCl) are higher than the remaining com-
positions. The high value of ionic conductivity of this mem-
brane is due to high mobility and diffusivity.

Table 4 lists transference number, diffusion coefficients and
mobility values of cations and anions. Transference number for
the prepared polymer membrane varies from 0.94 to 0.96. The
highest conducting polymer membrane (0.3 g LiCl with 1.0 g I-
Carrageenan) exhibits highest cationic transference number of
0.96 which is close to unity, and it is in accordance with con-
ductivity result. This result suggests that conductivity is mainly
due to Li+ cations and negligible contribution by anions. (A
very low t− value may be due to the following reason: The ionic
radius of Cl− ion is 0.181 nm. Due to its higher radius, the
mobility of Cl− ion will be very small. The mobility of Li+

ion is high because of its smaller radius 0.076 nm. So, the
transference number of Cl− is very low).

Fabrication of Li-ion conducting battery

Li-ion conducting battery is fabricated using the highest
conducting polymer membrane as the electrolyte. Anode for
the battery is fabricated in the form of a pellet by taking zinc
powder, ZnSO4·7H2O and graphite powder in a suitable ratio
of 3:1:1. Similarly, cathode pellet is prepared bymixing PbO2,
V2O5, graphite and the prepared highest polymer electrolyte
membrane (1.0 g I-Carrageenan:0.3 g LiCl) in a suitable ratio
of 8:2:1:0.5 [19]. Then, the battery is fabricated by keeping the
highest polymer electrolyte membrane (1.0 g I-
Carrageenan:0.3 g LiCl) as an electrolyte in-between the an-
ode and cathode pellets.

The anode and cathode reactions are given below [39].
The anode reaction is given as follows:

n Znþ ZnSO4⋅7H2O⇄Znnþ1 SO4ð Þ⋅ 7−2nð ÞH2O:2n OHð Þ þ 2nHþ þ 2ne−

The cathode reaction is given as follows:

PbO2 þ 4Hþ þ 2e−⇄Pb2þ þ 2H2O
V2O5 þ 6Hþ þ 2e−⇄2VO2þ þ 3H2O

Table 4 Transference number, diffusion coefficients and mobility of cations and anions

Polymer composition (mol%) n (cm−3) Transference number Diffusion coefficients (cm2 s−1) Mobility (cm2 Vs−1)

t+ t− D+ D− μ+ μ−

1.0 g I-Carrageenan:0.2 g LiCl 5.88 × 1021 0.94 0.06 3.47 × 10−08 2.21 × 10−09 1.33 × 10−06 8.48 × 10−08

1.0 g I-Carrageenan:0.3 g LiCl 8.82 × 1021 0.96 0.04 9.47 × 10−08 3.94 × 10−09 3.62 × 10−06 1.51 × 10−07

1.0 g I-Carrageenan:0.4 g LiCl 1.18 × 1022 0.95 0.05 4.61 × 10−08 2.42 × 10–09 1.77 × 10−06 9.30 × 10−08

Fig. 9 Discharge characteristic curve of lithium ion conducting battery
with 1.0 g I-Carrageenan:0.3 g LiCl electrolyte system
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H+ ions produced at the anode site repel Li+ ions in the
polymer. Li+ ions from the polymer site reach the cathode site
by the process of hopping mechanism [47]. Similar electro-
chemical testing was reported by using the same anode and
cathode material for Li+ ion conduction [19, 20, 39, 47–49].

Testing results

Figure 9 shows the voltage versus time performance of a bat-
tery. During discharge, the sharp decrease in cell voltage is
observed due to polarization [50]. After that, the open circuit
voltage (OCV) remains stable at 1.77 V for 95 h. Also, a short
circuit current of 670 μA is observed. When a load resistance
of 100 KΩ is connected across the cell, the voltage drops to
1.6 V from 1.77 Vand remains stable for 72 h. Kingslin et al.
have fabricated a battery and produced OCV of 1.7 V with
PVA-PAN doped with LiBr [48]. Monisha et al. have reported
a OCVof 1.8 V with cellulose acetate lithium nitrate combi-
nation [39]. Premalatha et al. have reported a OCVof 1.63 V
with LiBr: tamarind seed polysaccharide [19]. Perumal et al.
reported OCV of 1.93 V by incorporating lithium chloride
with pectin [20]. Sampath Kumar et al. have studied tamarind
seed polysaccharide with LiCl and fabricated a lithium ion
conducting battery with a OCVof 1.57 V [47]. The measured
cell parameters are listed in Table 5.

Conclusion

The new solid biopolymer electrolytes based on I-
Carrageenan with LiCl have been prepared by solution casting
technique. XRD studies confirm the amorphous nature of the
prepared SPEs. Polymer–salt complexation has been studied
by FTIR. The highest conductivity of 5.33 × 10−3 S cm−1 has
been obtained for the sample (1.0 g I-Carrageenan:0.3 g LiCl)
at ambient temperature. EIS study reveals that conductivity
increases with temperature. Dielectric permittivity has been
studied from the real and imaginary parts of the impedance

data. Transference number measurements conclude that con-
ductivity is dominated by cations. The Li-ion conducting bat-
tery has been constructed with the highest conducting polymer
electrolyte, and parameters were evaluated. All these results
conclude that I-Carrageenan and LiCl combination is a suit-
able combination to use as a promising electrolyte in solid-
state devices.
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