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Abstract
Lithium conducting materials play a major role in developing electrochemical devices. Green materials have gained much
attention in order to face an energy crisis and global warming. Many researchers took effort to develop biopolymer
electrolyte-based electrochemical devices instead of the synthetic polymer due to its high cost and not being environmentally
green. K-carrageenan membranes with different concentrations of lithium bromide (LiBr) have been prepared by a solution
casting technique and characterized by XRD, FTIR, DSC, and AC impedance technique. One gram of K-carrageenan with
0.5 wt% of LiBr has the highest conductivity as 3.43 × 10−3 Scm−1 at room temperature, and it has high amorphous nature as per
the powder XRD results. FTIR confirms the complex formation between LiBr and K-carrageenan. The shift in glass transition
temperature (Tg) of the membrane is observed from the DSC. The highest-conducting polymer electrolyte has a glass transition
temperature of 44.55 °C. The DC polarization technique proves that the conductivity is due to ions. Lithium ion–conducting
battery has been constructed using the highest-conducting biopolymer electrolyte membrane, and its output voltage is measured.
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Introduction

Solid polymer electrolytes have gained much attention for
preparing proton or lithium-based battery construction as they
have many advantages over liquid electrolytes such as light
weight, flexibility, compactness, leak proof, and good film-
forming property [1, 2]. The biopolymer is of great interest

due to its low cost, environment and eco-friendliness, good
dimensional membrane, high ionic conductivity, and good
mechanical stability [3]. Many researchers show their interest
to do research using biopolymers such as starch [4], cellulose
[5], chitosan [6], pectin [7, 8], agar [9, 10], and K-carrageenan
due to its abundant availability, renewability, and biocompat-
ibility. Sampath et al. [11] reported a lithium ion conductivity
of 6.7 × 10−3 Scm−1 for 0.4 wt% of lithium chloride with 1 g
of tamarind seed polysaccharide (TSP). Kingslin et al. [12]
reported a lithium ion conductivity value of 4.0 ×
10−5 Scm−1 for the PVA/PAN blend polymer with 50 wt%
of lithium triflate. Kingslin et al. [13] also reported a conduc-
tivity of 3.0 × 10−4 Scm−1 for the same PVA/PAN blend poly-
mer with 30 wt% of lithium bromide. A lithium ion conduc-
tivity of 2.08 × 10−3 Scm−1 for the composition 50 wt% pec-
tin/50 wt% LiCl was reported by Perumal et al. [7]. Perumal
et al. [14] also reported a proton conductivity of 6.83 ×
10−4 Scm−1 for the biopolymer K-carrageenan with 0.5 wt%
of NH4SCN. Zainuddin et al. [15] reported a proton conduc-
tivity value of 3.89 × 10−4 Scm−1 for K-carrageenan with
20 wt% of NH4Br. Karthikeyan et al. [16] reported a proton
conductivity of 1.08 × 10−3 Scm−1 for the biopolymer iota-
carrageenan (I-C) with 20 wt% of NH4Br. Moniha [17] also
found that biopolymer iota-carrageenan (I-C) with 0.4 wt% of
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NH4NO3 has a proton conductivity of 1.46 × 10−3 Scm−1.
Suhaimani [18] reported a protonic conductivity of 2.39 ×
10−4 Scm−1 for the K-carrageenan with NH4NO3.

Kappa (K), iota (I), and lambda (λ) are the three commer-
cially available carrageenan. K-carrageenan dissolves in hot
water (80 °C). It is also soluble in dimethyl sulfoxide (DMSO)
but insoluble in ethanol, acetone, and organic solvents [19].
K-carrageenan belongs to the hydrophilic polysaccharide fam-
ily, and it is derived from the species of marine red algae. It is
used as a thickener, stabilizer, gelling agent, or emulsifier in
the food industry [20]. Its application is extended to the phar-
maceutical and cosmetic industries [21]. A study on the K-
carrageenan biopolymer incorporated with other salts except
ammonium salt is rare in literature. “Construction of Lithium
ion conducting battery using K-Carrageenan with LiBr has not
been done before.” Hence, now an attempt has been made to
construct it. Lithium ion conducting biopolymer membranes
of 1 g of K-carrageenan with different concentrations from 0
to 0.6 wt% of LiBr have been prepared by the solution casting
technique and are characterized by XRD, FTIR, DSC, and AC
impedance technique.

Experimental technique

Preparation of polymer electrolyte

K-carrageenan of molecular weight 788.65 g/mol was pur-
chased from Tokyo Chemical Industry, Japan. Lithium bro-
mide (LiBr) of molecular weight 86.85 g/mol was purchased
from Merck, Mumbai, India. The raw materials K-
carrageenan and lithium bromide are used to prepare biopoly-
mer electrolytes without further purification, and double-
distilled water is used as a solvent. A homogeneous solution
of K-carrageenan with LiBr has been obtained by continuous
stirring of 1 g of K-carrageenan with different concentrations
of LiBr (0 wt%, 0.1 wt%, 0.2 wt%, 0.3 wt%, 0.4 wt%,
0.5 wt%, and 0.6 wt%) at temperature of 80 °C. The prepared
homogeneous solution is transferred to a polypropylene Petri
dish and kept in a hot air oven at 60 °C. A transparent free-
standing film is obtained after 2 days. The thickness of the
developed polymer membranes is in the range of 0.013–
0.026 cm.

Characterization techniques

Structural study

XRD is an efficient, non-destructive technique used to analyze
the crystalline/amorphous nature of the biopolymer mem-
brane, using the Rigaku Ultima IV diffractometer (Japan),
with Cu-Kα radiation of 1.54060 Å wavelength in a wide

2θ range (angles between 10° and 80°). XRD analysis for
the prepared membrane has been undertaken at room temper-
ature (303 K).

Vibrational study

The FTIR measurement has been made with a Shimadzu
IRAffinity-1 spectrometer instrument in the wave number
range of 400–4000 cm−1 with a resolution of 1 cm−1 at room
temperature of 303 K.

Thermal study

The thermal stability of the polymer electrolytes has been
studied through DSC analysis using DSC Q20, USA, with a
heating rate of 5 °C/min up to 300 °C under nitrogen
atmosphere.

Thermogravimetric analysis

Thermo or thermal gravimetric analysis (TGA) is a method of
thermal analysis in which the mass of samples is measured
over time as the temperature changes. The SDT-Q600 thermo-
gravimetric analyzer (USA) was used for thermal analysis.

Impedance study

The Hioki 3532 LCR meter was used to study the ionic con-
ductivity of the polymer electrolytes in the frequency range
42 Hz to 1MHz with stainless steel as electrode for measuring
conductivity.

Transference number measurement

Transference number measurement by Wagner’s polarization
method confirms the nature of the particular charge species.
By applying a fixed dc potential of 1.5 Vacross the cell SS/(K-
carrageenan + LiBr)/SS, the current is measured in Wagner’s
polarization method to calculate the transference number.

Linear sweep voltammetry study

Bio-Logic Science Instruments VSP-300 multichannel
potentiostat/galvanostat (France) was used to study the linear
sweep voltammetry (LSV) responses of K-carrageenan with
LiBr. A scan rate of 1 mV/s in the potential range of 0–5 V is
used.
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Fig. 1 a XRD pattern of pure K-carrageenan and LiBr-doped K-carrageenan. b Deconvoluted XRD spectrum of pure K-carrageenan and LiBr doped
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Lithium ion conducting battery construction

Preparation of anode

For preparing the anode, zinc (metal) powder, ZnSO4·7H2O,
and graphite powder were mixed together in the desired pro-
portions (3:1:1) and grinded well. Using a hydraulic press, a
thin pellet is formed using the above mixture.

Preparation of cathode

For cathode preparation, PbO2, V2O5, and graphite powder
taken in the ratio of 8:2:1 were mixed together and grinded
well along with a few drops of biopolymer electrolyte. Then,
the mixture was pressed to form a thin pellet using a hydraulic
press.

The biopolymer electrolyte sample having the highest con-
ductivity is sandwiched between anode and cathode in order
to prepare lithium ion–conducting battery.

Results and discussion

XRD analysis

X-ray diffraction (XRD) is an efficient tool used in studying
the amorphous/crystalline of the polymer membrane [13].
Figure 1 a shows the XRD patterns of pure K-carrageenan

and K-carrageenan doped with lithium bromide at different
molar ratios. In the XRD pattern of a sample, if there is a sharp
line, it indicates that it is more crystalline in nature. If we get a
broad peak in the XRD pattern, it indicates that the sample is
amorphous in nature. Two broad peaks at 20° and 31° have
been observed for pure K-carrageenan. From Fig. 1a, it is
observed that as the concentration of LiBr is increased, the
intensity of the peak at 20° and 31° decreases and the broad-
ness of the peaks increases. The decrease in intensity and
increase in the broadness of peaks reveal the increase in amor-
phous nature of the polymer membranes with lithium bromide
[14]. This result is in accordance with Hodge et al.’s criteria
[22]. From Fig. 1a, it is observed further that K-carrageenan
with 0.5 wt% of LiBr has high amorphous nature [23]. Due to
the complete dissolution of the salt in the polymer matrix,
there are no peaks corresponding to salt up to the polymer
complex with 0.5 wt% of LiBr. The XRD pattern of 1 g K-
carrageenan with 0.6 wt% of LiBr shows some sharp peaks at
27.86°, 47.56°, 55.61°, and 68.87° which are due to undisso-
ciated lithium bromide (JCPDS: 74-1973) present in the mem-
brane. The increase in amorphous nature reduces the energy
barrier and causes the segmental motion of the polymer elec-
trolyte [24].

Figure 1 b reveals the deconvoluted XRD patterns, and
Table 1 shows the percentage of crystallinity for pure K-car-
rageenan, pure K-carrageenan with 0.3 wt% of LiBr, pure K-
carrageenan with 0.4 wt% of LiBr, pure K-carrageenan with
0.5 wt% of LiBr, and pure K-carrageenan with 0.6 wt% of
LiBr samples. The deconvoluted XRD pattern helps to acquire
the area under the crystalline and the amorphous peak from
which the percentage of crystallinity can be calculated by
dividing the area under the crystalline peak by the total area
of all the peaks [25]. It is observed that K-carrageenan with
0.5 wt% of LiBr has the lowest crystallinity percentage of 9.3
which reveals that it has high amorphous nature. As the con-
centration of LiBr increases by up to 0.5 wt%, it is observed
from Table 1 that the percentage of the crystallinity decreases
from 16.56 to 9.3%. Further increasing the salt concentration,
the crystallinity percentage again increases to 9.4%. It is to be
noted that there are no big differences in the degree of crys-
tallinity values for the last three ratios (0.4, 0.5, and 0.6). It is
well known that if the amorphous nature is maximum, the
conductivity is also expected to be maximum [11]. Figure 2
represents the molecular structure of kappa-Carrageenan.

FTIR analysis

An effective tool to study the complex formation between bio-
polymer K-carrageenan and lithium bromide (LiBr) salt is the
Fourier transform infrared (FTIR) spectroscopy technique.
Figure 3 shows the FTIR spectrum of K-carrageenan with
different concentrations of LiBr. FTIR peak positions along
with their assignments are shown in Table 2.Fig. 2 Molecular structure of kappa-carrageenan

Table 1 Percentage of crystallinity of pure K-carrageenan and LiBr
doped at different concentrations

Polymer electrolyte/LiBr in mol wt% Percentage of crystallinity

Pure K-carrageenan 16.56

K-carrageenan + 0.3 wt% LiBr 11.86

K-carrageenan + 0.4 wt% LiBr 9.6

K-carrageenan + 0.5 wt% LiBr 9.3

K-carrageenan + 0.6 wt% LiBr 9.4
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A broadband has been observed in the region between
3382 and 3385 cm−1. This is due to the stretching vibration
that was formed by the hydroxyl group of polysaccharide and
water [14]. Pure K-carrageenan has a vibration peak at
3382.82 cm−1 which depicts its contribution to the –OH
stretching vibration [14]. Shifting of the peak occurs due to
doping LiBr with pure K-carrageenan. The peak observed at
1637.49 cm−1 is assigned to the H–O–H deformation band,
and it gets shifted to 1636.72 cm−1, 1639.76 cm−1,
1636.12 cm−1, and 1636.05 cm−1 for 1 g K-carrageenan with

0.3–0.6 wt% of LiBr, respectively [17]. The peak for pure K-
carrageenan at 1374.56 cm−1 is due to CH2 in-plane bending
[26], and the peak gets shifted to 1370.81 cm−1,
1371.32 cm−1,1370.93 cm−1, and 1372.88 cm−1 for 0.3, 0.4,
0.5, and 0.6 wt% of LiBr with pure K-carrageenan, respec-
tively. The peak formed around 1223–1227 cm−1 for pure K-
carrageenan and 0.3 wt%, 0.4 wt%, 0.5 wt%, and 0.6 wt% of
LiBr with pure K-carrageenan is because of the sulfate
stretching of S–O [14]. The characteristic peak observed at
1125.02 cm−1 is assigned to the C–O stretching for pure K-

Table 2 The assignments of the peak position of pure K-carrageenan and 0.3–0.6 wt% of LiBr doped

Wave number (cm−1)

Composition of K-carrageenan with LiBr Assignment Peak

1 g pure K-
carrageenan

1 g K-carrageenan +
0.3 wt% of LiBr

1 g K-carrageenan +
0.4 wt% of LiBr

1 g K-carrageenan +
0.5 wt% of LiBr

1 g K-carrageenan +
0.6 wt% of LiBr

3382.82 3382.06 3393.17 3384.07 3384.25 OH stretching vibration

1637.49 1636.72 1639.76 1636.12 1636.05 H–O–H deformation band

1374.56 1370.81 1371.32 1370.93 1372.88 CH2 in-plane bending

1223.73 1224.34 1225.29 1224.78 1226.55 Sulfate stretching of S–O

1125.02 1126.18 1126.15 1126.13 1126.78 C–O stretching

1064.48 1065.45 1065.47 1066.13 1066.09 3,6-Anhydro galactose

1035.77 1038.64 1039.85 1040.18 1041.22 Combination of symmetric and
asymmetric stretching mode of
C–O–C

921.26 921.84 921.95 923.33 923.26 C–O–C of 3,6-anhydro galactose

842.57 845.13 845.24 845.94 845.83 C–H rocking

698.81 700.83 700.75 700.48 701.61 Sulfate on C-4 galactose

Fig. 3 FTIR spectrum of a pure
K-carrageenan, b 0.3 wt% of
LiBr-doped K-carrageenan, c
0.4 wt% of LiBr-doped K-carra-
geenan, d 0.5 wt% of LiBr-doped
K-carrageenan, and e 0.6 wt% of
LiBr-doped K-carrageenan
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carrageenan, and this peak has been shifted to 1126.78 cm−1

for all K-carrageenan with different concentrations of LiBr
[17]. The characteristic peak at 1064.48 cm−1 reveals its as-
signment to 3,6-anhydro galactose for pure K-carrageenan,
and it shifts to 1065.45 cm−1,1065.47 cm−1, 1066.13 cm−1,
and 1066.09 cm−1 for 0.3, 0.4, 0.5, and 0.6 wt% of LiBr with
pure K-carrageenan, respectively. The peak formed at
1035 cm−1 for pure K-carrageenan reveals that it is assigned
to the combination of the symmetric and asymmetric
stretching mode of C–O–C, and there is a shifting of peak at
1038.64 cm−1, 1039.85 cm−1, 1040.18 cm−1, and 1041 cm−1

for 0.3 wt%, 0.4 wt%, 0.5 wt%, and 0.6 wt% of LiBr salt with
pure K-carrageenan, respectively. The peak formed around
921 to 923 cm−1 is assigned to the C–O–C of 3,6-anhydro

galactose for both pure and LiBr-doped K-carrageenan [14].
The peak observed around 845 cm−1 for pure K-carrageenan
and K-carrageenan with lithium bromide is assigned to C–H
rocking [27]. The characteristic peak at 698.81 cm−1 is
assigned to sulfate on C-4 galactose [17]. The shifting of the
peak position and changes in the intensity of peaks confirm
the complex formation between polymer and salt.

DSC analysis

Differential scanning calorimetry (DSC) is an efficient tool to
detect the glass transition temperature (Tg) of the biopolymer
electrolyte. DSC curves for 1 g of pure K-carrageenan and 1 g
of pure K-carrageenan with LiBr salt of 0.3 wt%, 0.4 wt%,
0.5 wt%, and 0.6 wt% are depicted in Fig. 4. In the DSC curve,
normally a slight step-like transition will be observed. In the
figure, it is not possible to show the step-like transition. The
center of the step-like transition is taken as a Tg value. Glass
transition temperature (Tg) values and melting point tempera-
ture values obtained from the DSC curves for biopolymer
electrolyte K-carrageenan with LiBr salt are listed in Table 3.

The glass transition temperature (Tg) for pure K-
carrageenan is 41.59 °C, and that for 0.3 wt% and
0.4 wt% of LiBr with K-carrageenan is 35.23 °C and
33.36 °C, respectively. The above results agree with the
statement that the glass transition temperature (Tg) de-
creases with the increase in concentration of the dopant
to the polymer, due to the plasticizing effect of the salt.
44.55 °C and 45.59 °C are the glass transition temperatures
for pure K-carrageenan with 0.5 wt% and 0.6 wt%, respec-
tively, and this value is higher than that of pure K-carra-
geenan. The increase in glass transition temperature (Tg)
with an increase in concentration of 0.5 wt% and 0.6 wt%
of LiBr is due to the formation of the transient cross-
linkage between polymer chains and Li ions [28].
Normally, Tg decreases by adding salt to the host polymer,
but in our present study, the observed Tg values are found
to decrease with an increase in the concentration of salt up
to 0.4 wt%. Afterwards, an increase in salt concentration
leads to an increase in Tg value up to 0.6 wt%. The value of
Tg 44.55 °C of the highest-conducting polymer membrane
is higher than that of pure K-carrageenan (41.59 °C) but

Fig. 4 DSC thermograms of a pure K-carrageenan, b 0.3 wt% of LiBr-
doped K-carrageenan, c 0.4 wt% of LiBr-doped K-carrageenan, d
0.5 wt% of LiBr-doped K-carrageenan, and e 0.6 wt% of LiBr-doped
K-carrageenan

Table 3 Glass transition
temperatures of pure K-
carrageenan and LiBr doped at
different concentrations

K-carrageenan/LiBr in mol wt% Glass transition temperature Melting point temperature
Tg (°C) Tm (°C)

Pure K-carrageenan 41.59 85.77

K-carrageenan + 0.3 wt% LiBr 35.23 75.36

K-carrageenan + 0.4 wt% LiBr 33.36 68.4

K-carrageenan + 0.5 wt% LiBr 44.55 79.29

K-carrageenan + 0.6 wt% LiBr 45.59 79.49
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less than that of polymer membrane 1 g K-carrageenan
with 0.6 wt% of LiBr. The increase in Tg value may be
due to the formation of the transient cross-linkage between
K-carrageenan polymer chain segments via the coordinated
interaction between oxygen and lithium cations owing to
the addition of the high concentration of lithium salt [11].
This effect could also be understood as a result of a reduc-
tion in segmental motion caused by an increase in intermo-
lecular coordinations between Li+ cations and the oxygen
atoms in the polymer chain. These cross-linkage bonds
block the rotation of polymer segments, leading to the
hardening of polymer chains and hence intensifying the
energy barrier to the segmental movement. Finally, this
Li+ and O atom binding decreases the pliability of the
polymer backbone [29].

Thermo gravimetric analysis

Thermo or thermal gravimetric analysis (TGA) provides in-
formation about physical phenomena, such as phase transi-
tions, absorption, and desorption, as well as chemical phe-
nomena including chemisorptions, thermal decomposition,
and solid-gas reactions (e.g., oxidation or reduction).

Figure 5 a shows the TGA of pure K-carrageenan. The
figure shows that the weight loss of pure K-carrageenan hap-
pened in three different stages. The first stage in the range of
30–191 °C, peaking at 80 °C (17% weight loss), is associated
with the loss of water (17%). The second stage occurred in the
range of 192–293 °C with maximum decomposition at
223 °C, and it has a weight loss of 25%. The main mass loss
is observed in the range of 294–434 °C with a maximum

Fig. 5 a Thermogravimetric
curve for pure K-carrageenan. b
Thermogravimetric curve for
0.5 wt% of LiBr doped K-
carrageenan

Ionics (2019) 25:5839–5855 5845



decomposition rate at 350 °C.Weight loss at this stage is 31%.
Similarly, three stages of loss have been observed for K-
carrageenan by Mahdavinia et al. [30]. A TGA of 0.5 wt%
of LiBr-doped K-carrageenan is shown in Fig. 5b. It also
exhibits three stages of degradation of mass. The first stage
is in the range of 28–178 °C, with maximum decomposition at
68 °C (31% weight loss). The second stage occurred in the
range of 179–195 °Cwith maximum decomposition at 187 °C
with a weight loss of 25%. The third stage of decomposition is
in the range of 196–446 °C with maximum decomposition
rate at 334 °C, and it has a weight loss of 14%.

In the first stage, weight loss for pure K-carrageenan
with 0.5 wt% of LiBr is more than that of pure K-carra-
geenan. The first stage is associated with the loss of
water. Weight loss for pure K-carrageenan and pure K-
carrageenan with lithium bromide is the same in the

second stage. In the third stage, weight loss of pure K-
carrageenan with 0.5 wt% of LiBr is better than that of
pure K-carrageenan. So pure K-carrageenan and K-
carrageenan with lithium bromide have approximately
the same thermal stability.

Impedance analysis

The impedance spectroscopic technique is an efficient tool
used for characterizing the electrical properties of the ma-
terial. Figure 6 a shows the Cole-Cole plot for the pure K-
carrageenan, and Fig. 6b reveals the Cole-Cole plot for
the composition of K-carrageenan with different concen-
trations of LiBr at room temperature (303 K). In general,
there will be an appearance of the semicircle at a higher-
frequency region and spikes at a lower-frequency region.

Fig. 6 a The Cole-Cole plot of
pure K-carrageenan at room tem-
perature (303 K). b The Cole-
Cole plot of a 0.1 wt% of LiBr-
doped K-carrageenan, b 0.2 wt%
of LiBr-doped K-carrageenan, c
0.3 wt% of LiBr-doped K-carra-
geenan, d 0.4 wt% of LiBr-doped
K-carrageenan, e 0.5 wt% of
LiBr-doped K-carrageenan, and f
0.6 wt% of LiBr-doped K-carra-
geenan at room temperature
(303 K)
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The bulk resistance value can be obtained from the low-
frequency intercept of the semicircle on the real Z′-axis or
the intercept of the spike on the real Z′-axis. If there is
only a spike, the interception of the spike at the X-axis of
the Cole-Cole plot gives the bulk resistance value. Due to
the effect of the electrolyte and roughness of the
electrode-electrolyte interface, the low frequency spike is
obtained. The Cole-Cole plot for the K-carrageenan with
X wt% of LiBr (X = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) does not
have a semicircle which indicates that ionic conductivity
is due to mobile ions. The equivalent circuit for the above
Cole–Cole plot could be represented by a resistor and
constant phase element in series [16]. Ionic conductivity
can be calculated using the formula

σ ¼ l=ARb ð1Þ
where

l thickness of the polymer electrolyte
A contact area
Rb bulk resistance

Boukamp’s EQ software program is used to find the bulk
resistance (Rb) of the prepared polymer electrolytes [31].
Conductivity is found to increase for pure K-carrageenan with
0.1 to 0.5 wt% of LiBr. Conductivity decreases for pure K-
carrageenan with 0.6 wt% of LiBr.

Fig. 7 Variation of conductivity
against concentration at room
temperature

Fig. 8 Arrhenius plot for a pure
K-carrageenan, b 1.0 g K-
carrageenan/0.1 wt% LiBr, c 1.0 g
K-carrageenan/0.2 wt% LiBr, d
1.0 g K-carrageenan/0.3 wt%
LiBr, e 1.0 g K-carrageenan/
0.4 wt% LiBr, f 1.0 g K-
carrageenan/0.5 wt% LiBr, g
1.0 g K-carrageenan/0.6 wt%
LiBr
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Concentration-dependent conductivity

Variation of conductivity with respect to concentration at
room temperature of 303 K is shown in Fig. 7. Ionic conduc-
tivity for the pure K-carrageenan is 6.76 × 10−6 Scm−1.
Conductivity increases with the addition of LiBr salt with K-
carrageenan, and it reaches its highest value of 3.436 ×
10−3 Scm−1 for 1 g K-carrageenan with 0.5 wt% of LiBr.
The increase in ionic conductivity with an increase in concen-
tration is due to the mobility of charge carriers and an increase
in the charge carrier concentration [32]. Further addition of
salt to 0.6 wt% of LiBr leads to the decrease in ionic conduc-
tivity of 7.798 × 10−4 Scm−1 due to the formation of ion ag-
gregates [33].

Temperature-dependent conductivity

Temperature dependence of lithium conductivity for K-
carrageenan doped with various concentrations of LiBr is
found at a different temperature ranging from 303 to 343 K.
From Fig. 8, a conclusion has been made that the conductivity
increases linearly with temperature and K-carrageenan doped
with 0.5 wt% of LiBr has the highest conductivity among all.
An increase in conductivity with the increase in temperature
indicates that the free volume around the polymer chain
causes the mobility of ions and polymer segments [34].
Table 4 shows the ionic conductivity values for all the samples
at different temperatures.

The conductivity (σ) values obey the following Arrhenius
equation:

σ ¼ σ0 exp −Ea=KTð Þ ð2Þ
where

σ ionic conductivity
σ0 pre exponential factor
Ea activation energy
K Boltzmann constant
T absolute temperature

Figure 8 shows the Arrhenius plot for pure K-carrageenan
and K-carrageenan with 0.1 to 0.6 wt% of LiBr. Activation
energy and regression values calculated from the figure and
are shown in Table 5.

Variations of conductivity with temperature for the mem-
brane were measured twice, the Arrhenius plot was plotted
twice, and activation energy is calculated twice. Activation
energy is found to decrease with the increase in salt concen-
tration up to 0.5 wt% of LiBr with K-carrageenan which is
nothing but the highest conductivity concentration. The de-
crease in activation energy with the increase in concentration
is due to the amorphous nature of the polymer electrolyte thatTa
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facilitates the motion of lithium ions in the polymer network
[34].With the further addition of salt, activation energy begins
to increase which may be due to an aggregation of ions [35].
As temperature increases, bond rotations in the polymer chain
produce a segmental motion due to its faster internal modes.
This, in turn, favors inter- and intra-chain ion movements, and
as a result, conductivity of the polymer electrolyte becomes
high [36].

Conductance spectra analysis

Usually, conductance spectra have three regions in which the
low-frequency region represents the space charge polarization
at blocking electrodes, the mid-frequency plateau region indi-
cates the DC conductivity, and the high-frequency dispersion
region is because of the bulk relaxation process which is
formed due to the columbic interaction of the charge carrier
and disorder within the structure [37].

Variation of logarithmic ac conductivity with logarithmic
angular frequency at room temperature (303 K) is shown in
Fig. 9. In this work, low-frequency and mid-frequency plateau

regions are only obtained. The dc ionic conductivity values
have been obtained by extrapolating the angular frequency–
independent region to zero frequency [38]. The conductivity
values obtained from the conductance spectra agree with the
value obtained from the Cole–Cole plot.

Transference number analysis

The contribution of different ions to total electric current in the
polymer electrolyte can be found by the ion transference num-
ber. The cationic (t+) and anionic (t−) transport number mea-
surement has been undertaken by the Wagner polarization
technique [39]. In this technique, the polymer membrane is
sandwiched between two stainless steel electrodes, and the
1.5-V dc potential at ambient temperature is applied.
Figure 10 shows the variation of current with respect to time

Fig 9 Conductance spectra of a
pure K-carrageenan, b 1.0 g K-
carrageenan/0.1 wt% LiBr, c 1.0 g
K-carrageenan/0.2 wt% LiBr, d
1.0 g K-carrageenan/0.3 wt%
LiBr, e 1.0 g K-carrageenan/
0.4 wt% LiBr, f 1.0 g K-
carrageenan/0.5 wt% LiBr, g
1.0 g K-carrageenan/0.6 wt%
LiBr at room temperature (303 K)

Fig. 10 Variation of DC current as a function of time for 0.5 wt% of LiBr-
doped K-carrageenan

Table 5 Activation energy and regression values of pure K-carrageenan
and LiBr doped at different concentrations

Polymer electrolyte/LiBr in mol wt% Ea (eV) Regression value

1 g K-carrageenan 0.28 0.53

1 g K-carrageenan + 0.1 wt% 0.27 0.72

1 g K-carrageenan + 0.2 wt% 0.25 0.95

1 g K-carrageenan + 0.3 wt% 0.24 0.86

1 g K-carrageenan + 0.4 wt% 0.23 0.85

1 g K-carrageenan + 0.5 wt% 0.08 0.68

1 g K-carrageenan + 0.6 wt% 0.19 0.92
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for the highest-conducting polymer membrane 1 g K-
carrageenan with 0.5 wt% of LiBr. There is a decrease in
initial current with respect to time, and decrease in the current
is due to the polarization effect. Constant final current is ob-
tained in a fully depleted situation. The transference number is
calculated by the following equation:

tþ ¼ I i−I fð Þ=I i ð3Þ

t– ¼ 1−tþ ð4Þ
where

t+ transport number of cation
t− transport number of anion

Ii the initial current
If the final residual current

The diffusion coefficient can be calculated from the values
of conductivity and ionic transference number using the fol-
lowing equation.

D ¼ Dþ þ D− ¼ kTσ=ne2 ð5Þ
Dþ ¼ D tþ ð6Þ
D– ¼ D t– ð7Þ

where

D sum of the diffusion coefficient of cation and anion

Fig. 11 Transport parameters for doped with different concentrations of LiBr

Table 6 Transport parameters

wt% of LiBr with pure
K-carrageenan

t+ t− n (×
10+21)
cm−3

D (× 10−9)
cm2 S−1

D+ (× 10−9)
cm2 S −1

D− (× 10−11)
cm2 S−1

μ (× 10−8) cm2

V−1 S−1
μ+ (× 10−8)
cm2 V−1 S−1

μ− (× 10−9)
cm2 V−1 S−1

0.1 0.9286 0.0714 2.39963 1.5193 1.41082 10.8478 5.81871 5.40326 4.15456

0.2 0.9615 0.0385 4.79926 1.75518 1.6876 6.75743 6.7221 6.4633 2.58801

0.3 0.9888 0.0112 7.19889 2.36668 2.34017 2.65068 9.06407 8.96255 1.01518

0.4 0.9879 0.0121 9.59852 2.59772 2.56629 3.14324 9.94894 9.82856 1.20382

0.5 0.9965 0.0035 11.9981 13.6038 13.5562 4.76132 52.1008 51.9184 1.82353

0.6 0.995 0.005 14.3978 8.17235 8.13149 4.08617 31.2991 31.1426 1.56495
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D+ diffusion coefficient of cation
D− the diffusion coefficient of anion
k Boltzmann constant
T absolute temperature
σ conductivity of the polymer electrolyte
e charge of the electron
n number of molecules cm−3

n N ρ ×molar ratio of salt/molecular weight of the salt
N Avogadro number
ρ density of the salt

Ionic mobility was calculated for all the concentration of
the samples by the following equations.

μ ¼ μþ þ μ– ¼ σ=ne ð8Þ
μþ ¼ μ tþ ð9Þ

μ− ¼ μ−μþ ð10Þ

where

μ+ ionic mobility of cation
μ− ionic mobility of anion

Figure 11 shows the transport parameters of with LiBr.
Transference numbers for ions and electrons are 0.9965 and
0.0035, respectively, for the composition of 1 g K-carrageenan
with 0.5 wt% of LiBr. The value for the ion is closer to unity,
and this suggests that charge transport is mainly due to ions
rather than electrons. The diffusion coefficient of the cation
(D+) and anion (D−) are 1.35562 × 10−8 and 4.76132 × 10−11,
respectively. The cationic value of diffusion is greater than the
anionic value of diffusion by three orders. The value of cat-
ionic mobility μ+ is 5.1918 × 10−8 greater than that of anionic

Fig. 12 a Linear sweep
voltammetry recorded for pure K-
carrageenan. b Linear sweep
voltammetry recorded for K-
carrageenan with 0.5 wt% of LiBr
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mobility μ− which is 1.82353 × 10−9 by one order. In both
cases, cation possesses a higher value. Measured transference
number values are shown in Table 6.

Linear sweep voltammetry studies

For battery application, good electrochemical stability is also
required along with high ionic conductivity. The electrochem-
ical stability of K-carrageenan with 0.5 wt% of the LiBr poly-
mer electrolyte was examined by linear sweep voltammetry
(LSV) of the cell with a two-electrode system. Figure 12 a and
b show the LSV curves for pure K-carrageenan and K-
carrageenan with 0.5 wt% of LiBr polymer electrolyte at room
temperature. The anodic decomposition limit of the polymer

electrolyte is considered as the voltage at which the current
flows through the cells [28]. As seen from the plot of current
Vs voltage, electrolytes show an electrochemical stability win-
dow of 2.4 V and 3.5 V for pure K-carrageenan and with
0.5 wt% of LiBr polymer electrolyte, respectively.
Karthikeyan et al. [16] reported the electrochemical stability
value of Ι-carrageenan/NH4Br membrane as 2.1 V. Moniha
et al. [17] obtained the electrochemical stability window up
to 2.47 V for 1 g Ι-carrageenan/0.4 wt% NH4NO3.

Fabrication of lithium ion conducting battery

The highest-conducting polymer membrane (1 g of K-
carrageenan with 0.5 wt% of LiBr) is sandwiched between

Fig. 13 a Open-circuit voltage
against time with 0.5 wt% LiBr. b
The discharge characteristics of
the cell with 0.5% LiBr
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anode and cathode in order to fabricate lithium ion conducting
battery.

The theoretical value of oxidation potential of Zn and re-
duction potential of PbO2 is − 0.7618 V and 1.455 V, respec-
tively, and the overall reaction provides the cell with E0 =
2.2168 V. In this work, an open-circuit voltage (OCV) of
1.64 V is obtained and it is 26% lower than the cell potential
which is due to the reduction of ZnSO4·7H2O at the anode
[40].

The anode reaction is

n Znþ ZnSO4 � 7H2O

⇄Znnþ1 SO4ð Þ � 7−2nð Þ H2O : 2n OHð Þ þ 2nHþ þ 2ne−

The cathode reaction is

PbO2 þ 4Hþ þ 2e−⇄Pb2þ þ 2H2O

V2O5 þ 6Hþ þ 2e−⇄2VO2þ þ 3H2O

The proton produced from the anode side repels Li+ ions in
the polymer membrane. This process continues, and the Li+

ions by hopping mechanism reach the cathode side [11]. A
similar electrochemical test was conducted and reported by
Chithra et al., Sampath et al., Premalatha et al., Perumal
et al., Monisha et al., and Kingslin et al. [11, 12, 14, 28, 41,
42], using Zn·ZnSO4 (anode) and PBO2·V2O5 (cathode) for
Li+ ion conduction. Chithra et al. reported a voltage of 1.77 V
for iota-carrageenan with lithium chloride. Sampath et al. ob-
tained a voltage of 1.57 V for the tamarind seed polysaccha-
ride biopolymer with lithium chloride. An open-circuit volt-
age of 1.6 V is obtained for Premalatha et al. for tamarind seed
polysaccharide complexed with lithium bromide. Perumal
et al. doped pectin with lithium chloride and obtained an
open-circuit voltage as 1.93 V. Monisha et al. reported a volt-
age of 1.3 V by complex formation of cellulose acetate (CA)
with the ammonium thiocyanate (NH4SCN) salt. Kingslin
et al. obtained an open-circuit voltage of 1.69 V for PVA–
PAN doped with lithium triflate.

The obtained voltage of 1.64 V is stable up to 48 h, and
the battery is allowed to discharge through a constant load
of 100 KΩ. During discharging, 0.89 mA current is ob-
served and the cell potential begins to drop from 1.64 to
1.57 V. The initial drop in voltage during discharge is due
to the polarization [43], and a dropped voltage of 1.57 V
remains constant during discharge for the first 48 h of
assembly of the battery. Open-circuit voltage (OCV) was
plotted against time and is shown in Fig. 13a. The dis-
charge characteristics of the cell at room temperature are
shown in Fig. 13b, and the region in which flat discharge
potential occurs is called the plateau region. Figure 14 a
shows the battery configuration, and Fig. 14b depicts the

Fig. 14 a Battery configuration. b Open-circuit voltage of K-carrageenan-based Li ion battery

Table 7 Cell parameters of lithium ion conducting battery

Specifications of cell parameters Values of cell parameters

Cell area (cm2) 1.1

Cell weight (g) 1.46

Effective cell diameter (cm) 1

Cell thickness (cm) 0.31

Open-circuit voltage (V) 1.64

Cutoff potential (V) 1.57

Current drawn (mA) 0.89

Discharge time for plateau region (h) 40
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open-circuit voltage. Important cell parameters are shown
in Table 7.

Conclusion

Lithium ion conducting polymer electrolyte was prepared
using the biopolymer K-carrageenan doped with lithium bro-
mide at different molar concentrations of 0 wt%, 0.1 wt%,
0.2 wt%, 0.3 wt%, 0.4 wt%, 0.5 wt%, and 0.6 wt% by the
solution casting method. The prepared polymer electrolyte has
been characterized by XRD, FTIR, DSC, AC impedance, and
electrochemical studies. XRD confirms the amorphous nature
due to the addition of LiBr salt at a concentration of 0.5 wt%
to 1 g of K-carrageenan. FTIR analysis reveals the complex
formation between biopolymer and salt. The glass transition
temperature is found to decrease up to 0.4 wt% concentration,
and from the highest-conducting sample of 0.5 wt% of LiBr
onwards, it increases and it is proved by DSC analysis. AC
impedance analysis confirms that K-carrageenan doped with
0.5 wt% of LiBr has the highest conductivity of 3.43 ×
10−3 Scm−1 at room temperature. Arrhenius theory was
obeyed by the temperature-dependent ionic conductivity of
the biopolymer membrane, and the activation energy obtained
from the Arrhenius plot is found to be low for the highest-
conducting electrolyte. Transference number analysis con-
firms that the charge transport in the biopolymer membrane
is mainly due to the ions. The highest-conducting biopolymer
electrolyte is employed to construct the lithium ion battery,
and its parameters were reported.
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