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Abstract: The natural, abundantly available, non-toxic, bio-compatible and bio-degradable
biopolymers and polysaccharides had become more viable in the synthesis of polymer
electrolytes lately. They became a prime interest forthe development of storage energy
devices like Batteries, Fuel cells, sensors and supercapacitors due to their eco-friendliness
and cost effectiveness over the other synthetic available solid polymer electrolytes. Tamarind
seed polysaccharide a biopolymer extracted from tamarind seed has applications in food
industry, cosmetics, pharmaceutical industry and dyeing industries due to its stabilising,
thickening and gelling nature and is also an emulsifying agent. The biopolymer electrolytes
were prepared by Tamarind Seed Polysaccharide (TSP) as a polymer matrixwith a range
ofweight proportions of Sodium Citrate (Na3CsHs0O-). Solvent casting technique was used to
prepare the biopolymer membranes with distilled water as solvent. The obtained biopolymer
electrolytes were investigated with Impedance Spectroscopy and Transference Number
Measurements (TNM). The magnitude of ionic conductivity is found to be increased with
increase in salt ratio and temperature. The dielectric parameters like complex dielectricand
tangent loss were analysed from AC impedance spectroscopy with frequency range from 42
Hz to 1IMHz. The AC impedance data analysis revealed that the biopolymer membrane of 1g
TSP:0.3g NasCsHsO; has the highest ionic conductivity with 2.4x10™Scm™ at room
temperature. The decrease in Activation Energy (E,) with the increase in salt ratio confirmed
the Arrhenius relation of the polymer membranes. From the transport number calculations,
the transference number close to unity revealed that the conductivity is because of the ions as
the predominant charge carriers.

Keywords:Biopolymer, solution casting technique, ionicconductivity, dielectric constant.

1. Introduction

The dire need of the hour is the production of energy storage appliances like fuel cells,
batteries, super capacitors and handy electrochemical machines to overcome the existing
energy crisis. The polymer electrolyte becomes the indispensable central part of the
electrochemical devices. Polymer electrolyte had emerged as a promising alternative to
overcome the issues like leakages, corrosion and short circuiting of liquid electrolytes with
improved ionic conductivity at ambient temperatures, superior mechanical stability, long life
cycle and developing better interfacial contacts with electrodes. Though wide range of
research was carried out on synthetic polymer electrolytes but due to their adverse effects on
environment, non-degradability, cost and toxicity paved way to a search of alternative bio-
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degradable electrolyte for electrochemical devices. Biopolymer electrolytes (BPE) have
fascinated the scientist and research group because of their promising characteristics like
cost-effective, abundance in nature, biodegradability, eco-friendly and biocompatibility [1].
The major types of bio-polymers include polyesters, proteins and polysaccharides. The
Polysaccharides consists of several units ofmonosaccharideschained with glycosidic bonds
and aremajorly categorised as homo-polysaccharides that are made up of only single kind
ofmono-saccharide and hetero-polysaccharides are made up of various monomeric
elements[2].Seeds and roots from plant, cell wall of plant and bacteria, seaweed extractsetc.
are the sources of polysaccharides. The polysaccharides like starch, cellulose, chitosan,
carboxyl methyl cellulose pectin, agarose and carrageenenbased polymer electrolytes were
already prepared and studied[3-10].

Tamarind Seed Polysaccharide (TSP) is a flavourless, neutral, natural and hydrophilic
polysaccharide. It is white and light yellow in colour powder that flows freely and is soluble
at about 80°C in hot water. Tamarind Seed Polysaccharide (TSP) is an excellent biopolymer
among natural polymers with distinct characteristics like gelatinization and has capacity of
food gums and easy film forming. TSP is used as stabiliser and emulsifier in food industries.
It acts as a thickening agent excellently in textile industry because of its gelling capacity. It is
also used in the manufacturing of bio-adhesive tablets. It is an anionic polysaccharide with lot
of polar groups and its chemical structure is shown in figure 1. Very few authors have studied
and reported TSP as the host polymer for the preparation of polymer electrolyte in the battery
applications [11, 12].

The present study aims at developing a novel type ion-conducting bio-polymer films with
TSP as a polymer matrixwith various compositions of Sodium Citrate (Na3CsHs0;) as a
dopant. Not much consideration was given to the sodium salts based polymer electrolytes as
per the best of information available. There are many advantages with the usage of sodium
salts in the preparation of bio-polymer electrolytes in comparison to the lithium based bio-
polymer electrolytes. Due to the sodium based polymer electrolytes softness, it is rather
easy to preserve contact with the components of battery[13]. From the review of
Vignarooban et al., [14], it is understood that there is momentum in the study and progress
of sodium-ion batteries because of their abundance at a lesser cost in comparison with
lithium (Li). Because of similarity in chemical composition of Na and Li, the electrolytes
that are used for Li batteries are valid for Na-based batteries[15]. Furthermore, the
rechargeable batteries based on Na are eco-friendly, non-toxic, and economic [16]. The
Sodium Citrate doped TSP biopolymer electrolytes characteristics were studied by,
Impedance Spectroscopy and Transport Number Measurements (TNM).

2. Material and method

2.1 Preparation of Biopolymer Membranes

In the present study tamarind seed polysaccharide (TSP) bought from Tokyo Chemical
Industry, Japan and Sodium Citrate bought from Merck, Mumbai, India without further
purification were utilised. The bio-polymer films were made with method of solution casting
by dissolving 1g TSP in distilled water and vigorously stirring at 80°Cwith the help of
magnetic stirrer. To this 1g TSP stirred solution, the various concentrations of Sodium Citrate
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(Na3CgHs0y) [0.1, 0.2, 0.3, and 0.4 g] were added. A homogeneous viscous solution obtained
after continuous stirring is poured on to the petri dishes and kept for evaporation of the
solvent at 60°C in hot air oven. After 24 hrs free standing thin films of 0.11 to 0.15 mm
thickness were formed. The obtained films were subjected to furthercharacterization.

2.2 Characterisation

The biopolymer membranes obtained were subjected to characterisation techniques for
further study. The spectra recorded in the range of wavenumber 4000 — 400 cm™ with Perkin-
Elmer Alpha-E spectrophotometer the FTIRspectroscopy to investigate the functional group
of the membranes and the polymer and salt interaction. The ac conductivity and dielectric
characteristics of the membranes were analysed with HIOKI 3532-50 LCR HITESTERIn the
42 Hz to 1MHz frequency range and 303K to 373K temperature ranges. The bio-polymer
membranes transference number with respect to ions (t.) and electrons (t.) were calculated
with Wagner's polarization method.

3. Results and discussion

3.1. AC-impedance analysis

The material electrical characteristics are studied with AC-impedance spectroscopy. Usually,
the cole-cole plots contains semi-circle at high frequency because of the parallel combination
of bulk resistance Ry and capacitance Cy and an inclined spike at low frequency is due to the
electrode/electrolyte interface. The resistor stands for the free movement of ions in the
polymer matrix and the capacitor denotes the ions immobility due to the polarisation[17,18].
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Figure 3: Cole-Cole plot for high conducting film (1gTSP:0.3g NazsCsHs0Oy) in the
temperature range 303K-373K
The bulk resistance value Ry, is taken from cole-cole plots depicted in figure 2 and the bio-
polymer electrolyte film thickness was measured with screw gauge. The biopolymer

electrolyte ionic conductivity(c) was measured with the below formula.

_ t
7T R,A

Where t denotes the thickness of the film, R, denotes the bulk resistance and the A is the area
of the electrode.

Table 1:Values of ac and dc Conductivity of 1g TSP and various compositions of 1g TSP
with Naz;CegHs04

Sl.no | Composition Conductivity (65 S/cm) | Conductivity (64c S/cm)
1 Pure TSP 3.17x10° 3.13 x10°

2 1 g TSP: 0.1g NazCgHsO 1.3x10™ 1.25x10™

3 1 g TSP: 0.2g NazCsHsO; 1.5x10™ 1.4x10™

4 1 g TSP: 0.3g NazCgHsO; 2.4x10™ 2.3x10™

5 1 g TSP: 0.4g Na3CsHs0; 1.7x10™ 1.6x10™

The conductivity of the pure TSP is found to be 3.17x10® Scm™ and similar value is stated by
premalatha et al.[11]. 1g TSP biopolymer electrolyte and TSP with different compositions of
NazCsHsOy salt cole-cole plots are shown in figure 2. Two regions are clearly observed from
the cole-cole plot of 1g TSP, there is a semicircle at higher frequencies and a spike at lower
frequencies. Figure 3 illustrates the cole-cole plot of high conducting film of 1g TSP with
0.3g Na3CgHs0O- proportion, where as the temperature increases the inclined spikes tend to
towards the y-axis.

The figure 4 a clearly points that ac conductivity increasesas the proportion of the NazCgHs0-
increases upto 0.3g and later decreases for the composition of 0.4 gNa3CeHsO7. The figure 4
b depicts as the temperature increases for the high conducting film of 1g TSP with 0.3g
Na3zCgsHs0O7 composition bio-polymer electrolyte the conductivity increases.
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Figure 4: a) ac Conductivity plot for 1g TSP with various proportions of NazCsHsO-
salt, b) conductivity plot for high conducting film (1gTSP:0.3g Na3CsHsO-) in the
temperature range 303K-373K

Table 2: Conductivity values of the 1g TSP with various compositions of NazCsHsO-in
the temperature range 303K-373K

sin | Compositio Conductivity 64 S/cm

' b 303K 313K 323K 333K 343K 353 363 373
0 n
K K K

1 1gTSP:0.1g | 1.35x1 | 1.48x1 |1.65x1 |1.78x1 |1.93x1 | 2.20 | 2.47 |2.97
NasC¢HsO; | 0™ 0* 0* 0* 0* x10™* | x10™* | x10™
2 éZg gTSP: 1.52x1 |1.75 1.90 2.18 2.50 291 | 3.18 | 3.89
. -4 -4 -4 -4 -4 -4 -4 -4
NasCsHsO- 0 x10 x10 x10 x10 x10™ | x10™ | x10
3 é 3 9TSP 1530|260 |200 |320 356 | 380|390 |4.20
. -4 -4 -4 -4 -4 -4 -4 -4
NasCsHsO- x10 x10 x10 x10 x10 x10™ | x10™ | x10
4 349 gTSP: 1.72 1.97 2.17 2.43 2.76 3.18 | 3.76 | 4.14
. -4 -4 -4 -4 -4 -4 -4 -4
NasCsHsO- x10 x10 x10 x10 x10 x10™ | x10™ | x10

3.2 Analysis of Dielectric Spectra
The dielectric constant €' measures the charge piled in an electrolyte film and the dielectric
loss &" gives energy loss when ions move under the rapid reverse polarity of electric
field[19].The permittivity (¢*) or dielectric constant is specified by
e* =¢'(0)-ie"(®)
where €' &e" are the real and imaginary part of dielectric permittivity that signify the energy
storageand loss in each phase of the applied electric field[20].Figure 5a, b denotes the
dielectric constant (¢') and dielectric loss (¢”) variation with frequency for 1g TSP and 1g
TSP with various compositions of NazCgHsO7 bio-polymer electrolyte at room temperature. It
is clear from figure 5a that the dielectric constant (g”) value is high at low frequenciesand is
constant at high frequencies. The high dielectric constant (¢”) value is because of the space
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charge created by heaping of ions, the charge carriers at the electrodes [21]. The value
decrease of dielectric constant (¢’) at high frequencies is attributed to the incidenceof electric
filed periodic reversal. From figure 5b, it is evident that the dielectric loss (¢”) is high at low
frequencies because of the free charge carriers” movement within the material [22].
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Figure 5a-b) The dielectric constant(e’) and dielectric loss (g”) as the function of
frequency for 1g TSP with various compositions of NazCgHsOy7 salt, c-d) The dielectric
constant(e’) and loss(e”) of high conducting film(1gTSP:0.3g NazCsgHs07) at
temperature range 303K — 373K.

The frequency dependent dielectric constant (¢) and dielectric loss (g”) for the high
conducting film with proportion of (1gTSP:0.3g NasCsHs05) in temperature range shows the
dielectric constant and loss increases as the temperature increases. The dielectric constant
increase identifies with the charge increase within the bio-polymer electrolyte that leads to
fractional enhancement of conductivity.

Figure 6 a-b) depicts the frequency dependent tangent loss (tand) at different compositions of
1g TSP with NazCsHs07 saltand tangent loss of the high conducting film at temperature range
of 303K to 373K. It is evident from the below figures that the tangent loss decreases with
increase in frequency. This attenuation of tangent loss with increase in frequency can be
related to the interactions of phonon dipoles that tend to decrease the energy transfer to the
dielectric medium characterising the amorphous behaviour of the polymers. The decrease in
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the tangent loss as the frequency increases indicates that the tangent loss depends on
electronic polarisation only [23].

1gTSP TSP -Na CHO, T
1g-.1g a b

554 _—
303K| 1g TSP-.3gNa,CH,0,

313K
323K

5.04
454

Adpron
@
N
o

L "

-
-
-~
. 1g-3g 20 “ v 333K
] 1g-4g _yee <« 343K
€ as4 o L] 2 % » 353K h
k] -~ b 8 18  of + 363K
g 30 % o L8 3 \ - a7ai
§ 25 .:E: . 3
E 204 b E., 1.0
g &
K [

154 %

% "
99 0.5
0.5+
0.0 4

0.5

T T T T T T T T T T
15 20 25 30 35 40 45 5.0 55 6.0

logf(Hz)
logf(Hz)

Figure 6: a)Tangent loss (tand) variation with frequency for 1g TSP with various
compositions of NazCsHsOy salt, b) tangent loss (tand)variation with frequency of high
conducting film (1gTSP:0.3g NazCsHs0O7) in the temperature range 303K -373K

3.3 lonic Conductivity-Temperature

The biopolymer electrolyte conductivity increases as temperature increases as shown in table
2 because of the mobility and the volume increase as stated by Armand et al. [24]. The
decrease in Ry value as temperature rises is because of the development of space around the
volume of the atom and as well it overcomes the hydrostatic pressure forced by the adjacent
atoms due to the vibrational energy of the polymer segment[25,26].
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Figure 7:The temperature dependent ionic conductivity plot for 1g TSP with various
proportions of NazCgHsO- salt bio-polymer electrolytes.
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The 1000/T versus log o plot for 1g TSP bio-polymer with various compositions of
NasCsHsOy is depicted in figure 7. It is evident from the 1000/T versus log o that temperature
dependent biopolymer electrolyte obeys the below mentioned Arrhenius rule

o = opexp (—E/KT)
Where o denotes the ionic conductivity, godenotes the pre-exponential factor, E;denotes the

activation energy of the bio-polymer electrolyte, k denotes the Boltzmann constant, and T
denotes the absolute temperature.
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Figure 8: Variation of conductivity and activation energy with various compositions of
1g TSP with NazCgHs0y salt

From figure 8 it is apparent the activation energy decreases as the conductivity increases as
the composition increases. The increase tend in conductivity is upto 1g TSP with 0.3g
NaszCsHsO7 and decreases for the next higher concentration. The increase in conductivity is
related to the ions mobility and decrease in conductivity beyond high conducting film
concentration is due to the ion aggregation tending to the formation of ion clusters [27].

Table 3: The activation energy E, and Regression result values for 1g TSP with various
compositions of NazCgHsO5 salt at room temperature

Sl.no | Composition Activation Energy E, | Regression Values
1 1 g TSP: 0.1g Na3CgHsO7 0.23 0.95
2 1 g TSP: 0.2g NazCeHs04 0.28 0.97
3 1 g TSP: 0.3g NazCgHsO7 0.18 0.98
4 1 g TSP: 0.4g NazCeHs04 0.27 0.97

3.4 Transference Number Measurement(TNM)
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The Transference Number Measurement is a dimensionless quantity that calculates the
majority of charge carriers i.eions or electrons in the biopolymer electrolytethat are the reason
for conductivity. It isrequired that the transport number (TN) to be approximately equal to
unity (~ 1)which confirms the ionic conductivity of the biopolymer electrolyte. TheTNM is
carriedout with the well knownWagner’s dc polarization method.
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Figure 9: Variation of polarisation current with time for 1g TSP with various
compositions of NasCgHsO7 biopolymer electrolyte

The dc potential 1.5 V is applied across the biopolymer electrolyte placed between
thestainless steel electrodes at room temperature. Figure9explains the plot of Polarization
current as a function oftime for thelg TSP with various compositions of Sodium Citrate salt.
The value of transferencenumber is measured with the below relation

t_=(1-ty)
where, iiis the sum current from ions and electrons andieis the final current due to electrons.
It is clearly understood that the initial sum current because of ions and electronsreduces with
time because of the ionic species exhaustion in the biopolymer electrolyte and approaches a
steady state [28]. The values of transference number are in the range of 0.94-0.97 for allthe
compositions of bio-polymer electrolyte films. Thetransference number of ions (t;) and
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transferencenumber of electrons (t.) for the high conducting film is 0.97 and 0.03. This
confirms the charge transportation of the biopolymer films are majorly because of the ions
and the charge due to the electron contribution is insignificant.

3.5 Transport parameters
The anionic and cationic diffusion coefficients of the TSPpolymer matrix with different
compositions of Sodium Citrate are measured with the below given equations [25] and their

measured results are tabulated in Table 4.

n= Np( salt molar ratio/salt molecular weight)

D,.+D_= KTo
T n(e)?
D
t+ — __+
D, +D_
D.=t: D
D— :D_D+

Where N denotes the Avogadro number (6.023 x 10% particles per mol), p is salt density, K is
the Boltzman constant, T is the absolute temperature, t.ionic transference number, D., D_are
the diffusion coefficients.

The cationic and anionic mobilities of all the preparedpolymer membranes have been
calculated using the followingequations

W =p+tp- = o/ne

t= pa/pae e

t=1-t,

where t- denotes electronic transference number, ¢ is the charge of electron, p., p-are
mobilities, n is the charge carriers number with respect to the salt concentration.

It is observed from the table 4 that the p.mobility is two orders greater than thep- mobility
that confirms the biopolymer electrolyte ionic nature.

Table 4: Values of transference number, mobility, diffusion coefficient of the 1g TSP with
various compositions of NazCgHsO; at room temperature

Composition ts t n B+ n- D D.
(cm®) (cm?/VS) (cm?VS) | (cm?/S) (cm?/S)
1g TSP 0.94 | 0.06 | 2.94x10% | 6.298x10™ | 4.02x10* | 1.65x10™ | 1.1x10™
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1gTSP:0.1g 0.96 |0.04|3.96x10% | 1.968x10° | 8.3x10° 5.147x10° | 2.15x107

NazCeHs07

1 g TSP: 0.2g]0.95 | 0.05 | 7.93x10% | 1.121 x10° [5.9x10® 2.935x10° | 1.54x10°

NazCeHs07

1 g TSP: 0.3g]0.97 |0.03|1.1x10% |1.319x10° |4.1x10° 3.453x10° | 1.07x10°

NazCgHs07

1 g TSP: 0.4g]0.95 |0.05|1.59x10* | 6.35x10" |3.3x10° 1.653x10° | 8.7x10™"

NazCeHs07

10.

11.

12.

13.

Conclusion

TSP based biopolymer electrolyte with various compositions of sodium citrate (NazCgHsO7)
were prepared with solution casting method. AC impedance studies indicated the maximum
ionic conductivity is 2.4x10™s/cm for the film of composition 1g TSP with 0.3g NazCgHsO».
The activation energy for the high conducting film is 0.18 ev calculated from Arrhenius plot.
The charge carriers predominantly are ions and is confirmed with transference number value
0.97 obtained for the high conducting film.The results of mobility and diffusion coefficient
confirm the abundant, biodegradable and non-toxic TSP-Na3;CgHsO; biopolymer electrolyte
is very much suitable for electrochemical usage.
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