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Abstract: The role of energy storage devices in the modern-day world is
phenomenal. Though lithium-ion batteries have ruled the market for several
decades, few constraints have surfaced over the safety offered by them. Thus,
an alternative choice of storage devices served the purpose of overcoming the
setbacks of lithium batteries. The concept of polymer electrolyte is one of the
greatest inventions in the field of energy storage. The invention of solid-state
batteries revolutionized the battery technology over the past century. From the
choice of using synthetic polymers for the preparation and fabrication of these
devices, research studies have evolved to discover another class of novel
materials known as ‘biopolymers’, which exhibit similar results as in the case of
synthetic polymers, in terms of energy efficiency. Among the several reviews
reported on the usage of several biopolymers in the application of energy
storage devices, Tamarind Seed Polysaccharide (also known by the name
Tamarindus indica) is one such novel biopolymer which is currently being used in
the preparation of electrolyte materials for storage devices. This paper seeks to
explore the similarities of biopolymers, in particular Tamarind seed polysaccharide
(TSP), and discuss how its properties are similar to those exhibited by synthetic
polymers, thereby concluding that bio-materials may be preferred over synthetic
materials. The preference of novel biopolymers such as TSP for application in
sodium batteries is discussed towards the end of this paper. The present
research study seeks to establish the feasibility of application of biopolymers
such as TSP in sodium-based batteries.

Keywords: Synthetic polymers, solid-state batteries, TSP, sodium batteries,
biopolymers

|. Introduction

Since the industrial revolution, the use of energy, particularly electrical energy,
has become the need of the hour. Over several decades, research studies were
performed in order to make energy more accessible to all sectors of humanity.
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Apart from the need for energy devices with enhanced efficiency, researchers also came up with novel ideas
in order to store the produced energy and make it portable [I]. The exhausting resources of fossil fuels was
never a constraint for modern man as he found suitable alternatives to replace fossil fuel resources. Among
the various storage devices that were discovered and fabricated to suit the needs of modern man, batteries
found their place on the top [2]. The thought that “modern day battery is a miracle” is never exaggerating, as
the wide usage of batteries is seen across the spectrum, be it industry, academics, pharmacy, transport sector,
etc. [3].

The evolution of batteries in the 19th century crossed various stages such as nickel cadmium battery, lead acid
battery, nickel metal hydride battery etc. and finally landed at the well-known “Lithium-ion” batteries.

2. Genesis and developments in Lithium — ion batteries

Scientific studies over the past few decades lead to the conclusion that the element Lithium or Li (period 2,
group | of the modern periodic table) exhibits several essential characteristics befitting a battery element [4].
Being a light metal with low density and lower value of standard reduction potential makes lithium a suitable
material to prepare high-voltage batteries with higher densities. In the book “The Nobel Prizes 2019”, Grandin
[5] gives a detailed description of the latest stages in the evolution of the lithium-ion batteries (LIBs). He states
that “the discoveries of John B. Goodenough, M. Stanley Whittingham, and Akira Yoshino have arguably had a
tremendous impact on our world” (these 3 people were awarded the Nobel Prize in Chemistry 2019, for
development of lithium-ion batteries).

He also states that “Yoshino could develop an efficient, working lithium-ion battery based on the ion transfer cell
configuration. The identified carbonaceous material was thus used as an anode and Goodenough’s LixCoO2 material
(typically containing small amounts of tin) was used as a cathode. Separator layers composed of polyethylene or
polybropylene were used, and the electrolyte was composed of LiCIO4 in propylene carbonate. In order to test the new
configuration’s safety, Yoshino devised a testing unit by which a weight could be remotely dropped on the batteries”.
Further studies on LIBs also suggested the varieties of materials for electrodes and electrolytes, which enhanced
the efficiency for energy storage.

However, since lithium is a reactive metal, utmost care needs to be taken to protect this metal from air and
water [6]. Therefore, the careful usage of lithium was of highest importance. For example, the incident of a
Boeing airline catching fire due to the explosion of a lithium battery created a necessity to enhance the safety
of LIBs [7].

Also, in the work reported by Kumar et al. [8], it was stated that due to the high costs of extraction and
limited availability of the lithium reserves, the application of LIBs in large-scale energy storage systems had few
constraints that need to be addressed. Especially due to the unequal spread of the lithium resources and
scarcity of the deposits, the future application of LIBs seems to be challenged in terms of increased costs and
concerns related to environment.

3. Recent studies on solid polymer-based batteries

In order to overcome completely the safety issues of LIBs, it was necessary to replace the conventional liquid
electrolytes with other suitable materials, which could be used as electrolytes, while retaining the efficiency of
the output parameters [9].
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Figure |. History of development in Polymer electrolytes (obtained from Zhang et al. [10])

In the early 70’s, the concept of polymer electrolytes (PEs) created a revolution in the battery technology by
improving the aspects such as safety, durability, and flexibility. Numerous research studies have been done
since then in order to increase the conductivity of these PEs, through selected and suitable dopant salts and
plasticizer additives. The evolution and development of polymer electrolytes is shown in figure .

Few main advantages of polymer electrolytes (PEs) [I 1] were (i) low flammability (ii) ease of processing (iii)
tolerant to mechanical deformation and (iv) better electrolyte-electrode contact. In the year 2020, Hager et
al. [12] reported in their work that a special type of batteries (known as polymer-based batteries) were
developed using organic materials as active components in the electrodes instead of using metals and metallic
compounds as redox-active materials. The stated advantages of these batteries are shown in figure 2.

Advantages of polymer
based batteries

LLTE Ry L Flexible form factor By

Figure 2. Advantages of polymer-based batteries

The genesis of the polymer batteries was the discovery of conducting polymers in 1970s, that led to an ever-
growing demand for conducting polymers [12]. These polymer-based batteries displayed a variety of significant
properties such as flexible fabrication of batteries and most importantly higher power densities. These were
also found to be safe compared to LIBs [I13]. However, these exhibited certain drawbacks, one being sloping
of cell voltage. Eventually, the drawbacks of these were addressed through the addition of conducting additives
such as carbon tubes or carbon nano fillers in order to enhance their conductivity.
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Nearly 20 years after introducing the concept of PEs, researchers started to investigate and reported the
preferred usage of “bio-based materials” as conventional host polymer materials, in place of synthetic polymers
[14]. In their work, Rayung et al. [15] stated that “Even though most of the polymer electrolyte theories developed
to date are based on synthetic materials, they hold true for bio-based polymers as well”.

Though synthetic polymers were preferred in replacing liquid electrolytes, the main issues to be addressed
while using these are pollution and other environmental hazards, global warming, scarcity of resources, etc.
These were addressed with the replacement of biopolymers as a nearly perfect renewable substitute to their
counterparts.

4. Tamarind gum Biopolymer as a choice of biopolymer electrolyte

Based on the mechanism of extraction, synthesis, and origin of their source, bio-based polymers are polymers
are classified into three main categories as shown in figure 3 [15].

BIOPOLYMERS

Derived from Derived from
Biomass microorganisms

Bacterial
Cellulose

Figure 3. Classification of biopolymers

Protiens Polysaccharides

Of the several stated biopolymers that were used as polymer electrolyte materials, Tamarind gum, also known
as Tamarind seed polysaccharide (TSP) is one biopolymer that has potential usage in various sectors such as
food, paper industry, textile industry, jute industry, and other industries. [|6—18]. The schematic structure of
the Tamarind seed polysaccharide is shown in figure 4.
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Figure 4. Schematic representation of TSP (obtained from Chawananorasest et al. [19])
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Though several stated uses of TSP were previously listed, the application of TSP based biopolymer electrolytes
was initially reported in the work of Premalatha et al. [20]. The current article lists out the results from a
series of research studies done using TSP as host biopolymer and a suitable sodium salt as the dopant material,
for its application in storage devices.

* In 2022, Maithilee et al. [21] reported maximum ionic conductivity value of 1.7 x 103 S cm™' for
sodium-ion conducting biopolymers prepared using TSP as the host polymer and sodium perchlorate
as the dopant salt. In the same year, Premalatha et al. [22] reported maximum ionic conductivity
value of 1.23 x 103 S cm™ for proton conducting biopolymers prepared using TSP as the host
polymer and ammonium formate as the dopant salt.

* In 2023, Saha et al. [23] reported maximum ionic conductivity value of 1.94 x 10™* S cm™' for
biopolymers prepared using TSP as the host polymer and sodium acetate as the dopant salt.

4.1. Role of Plasticizers in improving efficiency of PEs.

In 2001, Chandrasekaran et al. [24] have reported work on PEs based on PEO and NaClO3 with PEG as the
plasticizer material, Na and MnO, as the anode and cathode materials respectively. The results proved that
addition of a suitable material (known as plasticizer) activated relaxations occurring in the polymer chain
segments, that enabled ion hopping within the polymer. At room temperature, maximum conductivity of 9.47
x [07*S cm™ was obtained.

In theory, through the addition of carbon nanotubes or fillers for a polymer will result in the formation of a
network with high aspect ratio, which pave way to new pathways that are conducting, thereby enabling the
overall conductivity through the reduction of interfacial resistance [25-27].

Based on similar results, research studies made through incorporation of ethylene carbonate plasticizer into
the biopolymer salt complex proved an improved conductivity of the TSP biopolymer membranes. The details
are given below.

* In 2023, Maithilee et al. [28] reported maximum ionic conductivity value of 1.49 x 1073 S cm™ for
sodium-ion conducting biopolymers prepared using TSP as the host polymer and sodium nitrite as
dopant salt.

The summary of TSP based biopolymer electrolytes prepared using sodium as the dopant salt is tabulated
below.

Table I. Review on sodium salt doped TSP based biopolymer electrolytes for storage devices

. - . Reported Conductivity
Sl.No | Sedium Dopant Highest conducting | o ¢\ 1) exhibited by the | Date of Publishing
salt used composition . NI
highest conducting film
Sodium perchlorate | | op 1 08 ¢ NaCIO 1.70% 1073 Jan-22
(NaClO,) g ©8 4 :
Sodium nitrite
(NaNO,) + | g TSP + 0.7 wt.% . i
2 Ethylene Carbonate NaNO, + 0.5 wt.% EC 4910 Jun-23
(EC) plasticizer
Sodium acetate (TSP: CH,COONa) = 1
\3 (CH,COONa) 80:20 wt.% Iyl ST
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From the above examples, it was seen that when sodium salts were doped to TSP, conductivities of the order
of 10#S cm™ and 10 S cm™ were obtained. Thrisha et al. [29] stated that the size and ion mobility play a very
crucial role in the ionic conductivity of PEs. Salt doped PEs with ions of smaller sizes (like Na* ions) exhibited
greater conductivity. In the same work, it was stated that the interaction between the dopant salt and the host
polymer can give rise to several amorphous regions, thereby reducing the crystallinity and increasing the
conductivity. It was reported in their study that certain salts had the property of forming stable complexes
while maintaining constant conductivity over time and others have not shown such property. Along with the
choice of the dopant salts, the addition of suitable plasticizers and ionic liquids will further enhance the
conductivity achieved [30].

In the preparation of polymer electrolytes, Rayung et al. [15] state that “for the construction of polymer electrolytes,
several factors should be taken into consideration, including the choice of polymer host, the salts/acid dopants. The
polymer host should possess certain characteristics such as good chemical, electrochemical, and photochemical stability,
as well as good thermal and mechanical properties. Further, host polymers with a high concentration of polar groups
(containing electron donors: O, NH, CN, F) are preferred. It is important to develop host polymers which have few
crystalline phases and a relatively low glass transition temperature.”

5. Sodium as a substitute for Li batteries

The properties such as chemical, electrochemical and photochemical properties of synthetic polymers is well
established in the research studies of several scientists [31-35]. However, for biopolymers such as TSP, recent
research studies reported that they also exhibited good properties, as stated above. Sampathkumar et al. [36]
have reported in their work that the property of electrochemical stability exhibited by TSP, to withstand
fluctuations in the voltage and exhibit structural steadiness during the charge-discharge cycle, is one of the key
factors in deciding the usage of TSP biopolymer electrolytes in batteries and supercapacitors. In terms of
chemical stability, Monisha et al. [37] found that due to the nature of the origin and due to the power of
resistance to decay in variety of environments exhibited by TSP, the electrochemical stability exhibited by TSP
is in good comparison to synthetic polymers. Since TSP is not susceptible to chemical reactions, it is better
suited for those applications where mild exposure of the material to reactive compounds such as acids or
bases is expected. With respect to the property of photochemical stability, Malvia et al. [38] have reported
that a substance is prone to photodegradation, when it contains a group of molecules called ‘chromophores’.
This is also reported in the work of Dluga et al. [39]. From the work of Malvia et al,, it is an indicative factor
that TSP might show good photochemical stability. Thus, for optimum performance of a solid-state battery,
the choice of biopolymers (like TSP) over synthetic polymers may be proposed and accepted.

The available choice of Sodium-ion batteries in comparison to Lithium-ion batteries are stated henceforth. An
interesting fact from the 1870 novel “Twenty Thousand Leagues Under the Sea” by Jules Verne describes the
submarine Nautilus powered by an advanced battery assembly unit. In the course of the novel, Captain Nemo
mentions [40] that “...the cells with sodium must be regarded as most energetic, and that their electromotive force
is double that of the zinc cells.” Though this was just mentioned on a casual note in the novel, the very first
prototype of a sodium metal based solid-state battery was reported by Kumar et al. [8] which was fabricated
and assembled by M. Armand, using the sodium metal as negative electrode, 3-alumina as the solid electrolyte,
and chromium oxide/ graphite intercalation compound (CrO, @graphite) at the positive electrode in the year
1972. The use of preferring sodium as a substitute for lithium can be well understood through a careful
observation of figure 5.
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Figure 5. Differences between Li-ion and Na-ion batteries
(Source: https://www.iberdrola.com/documents/20125/3225538/baterias-iones-sodio-infografia-EN.pdf)

Compared to the extensively-used lithium-ion (Li-ion) batteries, Na-ion batteries have a lower energy density
and cycle life, but they perform better in a wide operational temperature range and are safer. Na-ion cells have
a similar working principle to Li-ion cells and are expected to be at least 20% cheaper than LFP due to their
lithium-free nature [41,42]. However, separator and electrolyte costs could be significant and result in Na-ion
being more costly. Figure 6 shows the comparison between Li-ion and Na-ion batteries.

A sodium battery is basically a battery that deploys Na+ ions as the charge carriers. The working principle of
this battery is similar to that of LIB except the fact that lithium ions are replaced by sodium ions [43].

Comparison between sodium-ion and lithium-ion cells
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Figure 6. Comparison between Li-ion and Na-ion batteries

(Source: Wood Mackenzie https://www.woodmac.com/news/opinion/will-sodium-ion-battery-cells-be-a-game-changer-
for-electric-vehicle-and-energy-storage-markets)
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Current studies are addressing the minor drawbacks of sodium ion batteries, one such being lower energy
density [44,45]. However, the choice of sodium comes from the fact that elements belonging to the same
group exhibit similar chemical properties. The added advantages of these over lithium batteries paved way to
the commercialization of sodium batteries.

6. Conclusion

In the recent work of Kumar et al. [8], the best suited polymers for Na-ion batteries are depicted in Figure 7.
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Figure 7. Polymer Electrolytes for Sodium batteries (obtained from Kumar et al. [8])
Copyright 2019, American Chemical Society

Although there are certain limitations of biopolymers, such as relatively weaker mechanical strengths [46] and
challenges in processing [47], there are potential advantages these offer, such as biocompatibility, sustainability,
biodegradable nature and ecological nature. Therefore, these are preferred in comparison to synthetic polymers
[48-50]. Thus, for the fabrication of a solid-state battery, the preference of using TSP biopolymer as a substitute
to the conventional synthetic polymers is preferred [51,52]. Apart from this, the preference of sodium metal
in place of lithium metal, from a perspective that in the coming times, biopolymer-based sodium batteries will
rule the future of modern-day solid-state battery technology. Though extensive ongoing research is focused
on in the applications of Na-ion batteries in place of lithium batteries, the choice of preferring sodium ion
batteries is mainly due to their cost-effectiveness, recyclability, and better performance even at lower
temperatures as compared to lithium batteries [53]. Resolving the issues like the energy density of sodium
batteries and enhancement of the conductivity of biopolymer electrolytes will definitely be considered as
suitable solutions for large scale production of these batteries with minimum cost [54]..
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