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The rising trend of green energy has made it necessary to utilise efficient green materials in electrochemical
energy storage devices (EESDs) under a green economy. The need for sustainable energy storage
technologies due to the rising demand for energy, improved technology, and the huge challenge of E-
waste requires the development of eco-friendly advanced materials and recycling processes in
electrochemical energy storage within a circular economy framework. This paper focuses on cellulose,
shellac, polylactic acid (PLA), chitin, and chitosan due to their exceptional sustainability, biodegradability,
and functional properties and explore how these polymers can improve the circular economy for
batteries and supercapacitors by following the aspects of their background, processing and preparation
methods, properties, chemical structures, applications, and recent development. As such, this review
promotes the increased utilisation of biodegradable biopolymers within the circular economy of EESDs,
particularly for future technologies such as flexible, wearable, stretchable, and transparent devices. This
review raises awareness of these materials’ capability to improve sustainability and recyclability, thus
promoting increased use and integration of these materials into EESDs leading to green technologies

rsc.li/rscsus and low environmental impact.

Sustainability spotlight

The recycling of electronic waste (E-waste) is increasingly recognised as a global issue due to its large volume, hazardous nature, and the risk of losing valuable
metals. The recycling process involves various physicochemical reactions, and a better understanding of these reactions can improve recycling efficiency. The

circular economy provides a solution to the E-waste challenge by emphasising the principles of reducing, reusing, and recycling. In electronics, biopolymers
have been used to create eco-friendly components that address the growing issue of E-waste. This paper examines the use of biopolymers in electrochemical

energy storage devices.

1. Introduction

To achieve economic growth, governments and nations
continually expand their industrial activities. This expansion
includes increasing manufacturing output, investing in infra-
structure development, and improving technological advance-
ments. These industrial activities are essential for boosting
productivity, creating jobs, and fostering innovation, all of
which contribute to the overall economic prosperity of nations.
However, this growth often comes with environmental chal-
lenges that must be addressed through sustainable practices
and embracing green energy solutions. Adopting renewable
green materials reduces the carbon footprint (CF) of production
processes, supports local economies, and promotes biodiver-
sity, ultimately contributing to a more sustainable and envi-
ronmentally friendly future. The ubiquity of electrochemical
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energy storage devices (EESDs), such as batteries and super-
capacitors (SC), in everyday life underlines their crucial role in
a sustainable and environmentally friendly future. These
devices enable efficient storage and utilisation of renewable
energy while reducing reliance on fossil fuels.” Hence,
economic growth and environmental well-being is an economic
model which reduces the impact of production and consump-
tion on the environment. It also creates a positive relationship
between economic development and ecological balance, exem-
plifying the principles of a green economy.’

The recycling of electronic waste (E-waste) is increasingly
recognised as a global issue due to its large volume, hazardous
nature, and the risk of losing valuable metals.* The recycling
process involves various physicochemical reactions, and
a better understanding of these reactions can improve recycling
efficiency.” The circular economy provides a solution to the E-
waste challenge by emphasising the principles of reducing,
reusing, and recycling. This approach focuses on extending
product lifecycles through repair, refurbishment, and recycling,
thereby minimising waste and recovering valuable materials.®”
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The textile-based electronic devices including sensors and
energy storage are also found significant interest in the devel-
opment of sustainable devices.*” Another approach to
reducing E-waste is the development of electronic devices using
bio-compatible polymers.*s>*

Recently, there has been great interest in biopolymer mate-
rials for packaging,*>* agriculture, medical,”*° and
textile®**® due to their potential to reduce environmental
pollution, improve sustainability, and offer biodegradable
alternatives to conventional plastics. Advances in biopolymer
technology have enabled the development of materials with
enhanced properties, such as biodegradability,**® increased
strength,®** flexibility,*** and thermal stability.®*** In elec-
tronics, biopolymers have been used to create eco-friendly
components that address the growing issue of E-waste. Biode-
gradable casings for electronic devices,*”" such as smart-
phones and laptops, help reduce the accumulation of non-
degradable waste in landfills. Additionally, biodegradable
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circuit boards, and insulating materials are being
developed to replace traditional petroleum-based plastics,
contributing to a more sustainable electronics industry. EESDs
are not far behind with increased use of biopolymers, especially
in batteries and SCs.****” These biopolymer-based compo-
nents offer enhanced sustainability and potentially improved
performance, supporting the transition to more environmen-
tally friendly energy storage solutions. As research progresses,
biopolymers are expected to play a significant role in the
development of next-generation energy storage technologies,
contributing to reduced environmental impact and enhanced
performance.

Not all biopolymers are biodegradable; this paper examines
the circular economy of EESDs with a focus on E-waste and
recycling processes. Compared to previous reviews on textile-
based EESD,'**® natural fibres and natural derived polymers
based energy storages,*>* cellulose-based energy systems,’>**
this review specifically explores biodegradable biopolymers,
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such as cellulose, shellac, polylactic acid (PLA), chitin, and
chitosan. It covers their background, processing and prepara-
tion methods, properties, chemical structures, applications,
and recent advancements in the field. By providing a compre-
hensive overview of these biopolymers, the paper aims to
highlight their potential in enhancing the sustainability and
recyclability of EESDs. It explores applications such as separa-
tors, electrode materials, electrolytes, and binders for inte-
grating these materials into EESDs, thereby advancing the
development of green technologies with a lower environmental
impact. This approach supports the broader adoption of
biodegradable biopolymers, advancing innovation in sustain-
able design and promoting a circular economy that minimises
waste and optimises material utilisation as represented in
Fig. 1.

2. Circular economy for EESDs

With the rapidly changing climate, dwindling fossil fuel
resources, and a projected global population of 9.19 billion by
2040,% combined with increasing technological advancements
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in areas like the Internet of Things (IoT), artificial intelligence
(AI), quantum computing, robotics, neurotechnology, and
green transportation, are all driving the need for innovative
materials. These include metamaterials, superconductors,
smart materials, and advanced polymers that can meet rising
energy demands in electronics and other applications while
maintaining efficiency, sustainability, and environmentally
friendly products for the growing global population to
consume.

E-waste refers to equipment that operates using electro-
magnetic fields and electrical currents, which is no longer
wanted, non-functional, or has reached the end of its life.** It
covers a driver's array of electronic devices, from large industrial
equipment to millimetre-sized printed circuit boards (PCBs),
and it is the fastest-growing class of waste worldwide.** E-waste
has a wide range covering over 100 elements from the periodic
table, including polymers, ceramics, precious metals (gold,
silver, platinum, iridium, ruthenium, rhodium, copper, and
osmium), critical raw materials (indium, bismuth, palladium,
cobalt, and germanium) and noncritical metals (e.g., iron and
aluminium).®**® Improper disposal of these toxic elements can
result in them seeping into the soil, surfaces, and groundwater,
or being released into the air. This can harm public health and
the environment.”® Also, E-waste applications encompass
various parts of electronic equipment, such as energy storage
devices, electric wires, PCBs, and polymer packages.*

To alleviate pressure on the energy storage raw materials
supply chain and minimise the environmental footprint, urgent
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Fig. 1 Biodegradable biopolymers for sustainable design of energy storage.

steps have been implemented across society. Transitioning to
a closed-loop model for manufacturing EESDs, such as batteries
and SCs, emerges as the ultimate solution for recycling EESDs.®”
Recently, there has been a significant push toward recycling
EESDs, such as tantalum capacitors,®®® batteries,’”*****> and
SC'371% due to their use of toxic materials. As a result of this,
many new companies and start-ups recycling EESDs have
opened in the last 15 years, and some of them are listed in
Table 1.

There are three main processes used to recycle EESDs,
especially Li-ion batteries (LIBs), namely direct, pyrometallur-
gical, and hydrometallurgy recycling processes. Initially, the
LIBs must be classified and pre-treated through discharging,

disassembled, and the
recycling/reuse processes.

(a) Direct methods involve the disassembly of LIBs and
removing of the battery's cathode material, primary consisting
of lithium cobalt (LCO) and lithium iron phosphate (LFP)
materials for reuse or reconditioning. Meanwhile, work on
automating and widening the scope of disassembly is still
limited.

(b) Pyrometallurgy involves the shredding or crushing of

EESDs and using smelting under a vacuum or inert atmosphere

separated before proceeding to
106

to make a metal alloy consisting of materials used in the EESDs.
However, this method is most efficient when applied to valuable
metals like cobalt.

Table 1 Some of the recently started companies and start-ups for recycling EESDs

Company name Headquarters Established
Li-cycle Corporation Toronto, Canada 2016
American Battery Technology Nevada, USA 2011
Company

Lithion Recycling Inc. Montreal, Canada 2018
Redwood Materials, Inc. Nevada, USA 2017
The Battery Recycling Company UK 2022
Technology Material UK 2020
Green Li-ion Pte Ltd Singapore 2020
Battery Pollution Australia 2022
Circunomics Germany 2019
Botree Cycle China 2019

40 | RSC Sustainability, 2025, 3, 37-63
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(c) Hydrometallurgical pre-treatment involves removing the
materials from the current collectors and using an aqueous-
based solution such as HCIl, H,SO, or organic acids like citric
acid to extract and separate. Once metals are extracted in
solution, they can be separated by either causing them to
precipitate as salts or extracting them using organic solvents.

Globally, in 2019 only 17.4% of E-waste was collected and
recycled, while the other 82.6% discarded in an environmen-
tally harmful way such as incineration and landfills."”” This
emphasises the pressing necessity to prioritise the adoption of
environmentally friendly and biodegradable biopolymers
whenever feasible. Efforts in this direction can contribute
significantly to mitigating the adverse environmental impacts
associated with improper E-waste disposal.

Currently, most electrochemical cells are manufactured in
the continent of Asia.'”” To strengthen Europe's competitive-
ness in this field, the European Commission has launched an
international strategy known as the European Battery Alliance
(EBA) and Strategic Energy Technology Plan (SET-Plan). The
main aim of EBA is to make Europe self-sufficient in
manufacturing and recycling electrochemical cells and the key
action of (SET-Plan) is to promote research and development
activities for electrochemical cells. Additionally, within a new
European regulatory framework, there is a mandatory require-
ment for the minimum content of certain materials (such as
lithium, and cobalt) inside a cell to ensure environmental
sustainability.'®® Also, to help consumers make informed deci-
sions about battery purchases, key data will be provided on
a label via a QR code. This QR code will grant access to a digital
passport containing detailed information about each battery,
aiding consumers and professionals along the value chain in
their efforts to realise the circular economy for EESDs.'*

The increased use of polymers in EESDs and other products
has quadrupled plastic production, leading to a significant rise
in greenhouse gas emissions, expressed as carbon dioxide
equivalents (CO,e), generated throughout its lifecycle, and is
projected to account for 15% of the global carbon budget by
2050."° The CF of cellulose varies depending on its source, such
as wood or agricultural waste, and its processing methods.
Natural cellulose polymers generally have a much lower foot-
print compared to synthetic polymers. However, mechanical,
and chemical pulping methods are energy-intensive, and
advanced processes for nanocellulose, further increase energy
consumption. Nanocellulose typically has a global warming
potential (GWP) ranging from 18.6 to 1160 kg CO,e per kg at the
laboratory scale and 5.6 to 16.8 kg CO,e per kg at the industrial
scale. These values reflect the significant differences in energy
consumption and efficiency between experimental setups and
large-scale production processes.'™ Another study showed the
CF of manufacturing of chitosan-CNF composite films is
approximately 3.91 kg CO,e per kg of the film, which is slightly
lower than that of fossil-based low-density polyethylene (LDPE)
and bio-based poly(lactic acid) (PLA) films.**?

Chitin and chitosan, which are derived from crustacean shell
waste, are low-emission materials. However, the chemical
treatments involved in their extraction, such as alkaline or
acidic processes, contribute to their CF. Harvesting crustacean

© 2025 The Author(s). Published by the Royal Society of Chemistry
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shells from seafood processing incurs negligible additional
carbon costs, but the demineralisation and deproteinisation
processes require energy and chemicals. A study showed two
scenarios for chitosan production: in scenario (1), the supply
chain involves processing snow crab in Canada, shipping dry
shells to China for chitin production, and sending the chitin to
the Netherlands for chitosan processing, resulting in a green-
house gas (GHG) footprint of 134.9 kg CO,e per kg. In scenario
(2), shrimp caught in the Arabian Sea and processed nearby has
a much lower footprint of 20.6 kg CO,e per kg. The sensitivity
analysis revealed that chitosan yield significantly impacts GHG
emissions, with a 15% yield in Norway (using Norway electricity
production patterns) leading to 72.5 kg CO,e per kg, while a 5%
yield increases the footprint to 217.6 kg CO,e per kg. In
contrast, the Portugal alternative (using Portugal electricity
production patterns), with a 15% yield, has a GHG footprint of
207.8 kg CO,e per kg, which rises to 623.3 kg CO,e per kg with
a 5% yield. These results highlight that lower chitosan yields
require more resources, thus increasing GHG emissions. The
best alternative, using conventional eco-solvents with 40 wt%
NaOH, considering the electricity source and chitosan yield,
was found to have the lowest GHG footprint among the alter-
natives, emphasising the importance of production processes
in reducing environmental impacts."** Another study on the
cradle-to-gate impacts of chitin nanofibril extraction from fungi
compared its environmental effects to conventional chitin
nanocrystal hydrolytic isolation processes from shrimp shells,
chitin powder, crab shells, and the sulfuric acid-induced
hydrolysis of microcrystalline cellulose to cellulose nano-
crystals. The analysis, which scaled laboratory quantities to
processes treating 1 kg of biowaste, revealed that the global
GWP of 18.5 kg CO,e per kg of chitin nanofibrils was signifi-
cantly lower than the GWP values of 906.8 kg CO,e per kg for
chitin nanocrystals from shrimp shells, 105.2 kg CO,e per kg for
chitin powder, 543.5 kg CO,e per kg for crab shells, and 177.9 kg
CO,e per kg for cellulose nanocrystals.***

PLA is considered a sustainable alternative to petroleum-
based plastics; however, its production comes with moderate
CF due to the energy-intensive processes of fermentation and
polymerisation. Additional emissions result from the cultiva-
tion of feedstocks like corn or sugarcane, which require fertil-
isers, and irrigation, and may lead to land-use changes, further
contributing to its environmental impact. The CF and 100 years
Global Warming Potential (GWP100) associated with the life
cycle of polylactic acid (PLA) trays for fresh food packaging were
assessed, with a comparison to polystyrene (PS)-based trays.
Two transportation scenarios were considered for the supply of
PLA granules to the tray production facility: a transoceanic
freight vessel and an intercontinental freight aircraft. The study
revealed that the GWP100 is mainly driven by the production of
PLA granulate and its transportation to the manufacturing site.
Depending on the transportation method, the CF associated
with the PLA trays can increase to the point where they are no
longer more GHG emission efficient compared to PS trays. The
GWP100 for the system analysed was 4.826 kg CO,e per kg of
packed trays, with the production of PLA granulate accounting
for 61.26% of the impact. The study showed that the GWP100 of

RSC Sustainability, 2025, 3, 37-63 | 41
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EPLA trays (4.826 kg CO,e) is only slightly lower than that of EPS
trays (5.11 kg CO,e), indicating a small difference of 5.5%
between the two types of trays.'** Shellac, on the other hand, has
a relatively low CF compared to synthetic resins because it is
a natural product derived from the secretion of lac insects. The
primary emissions associated with shellac result from harvest-
ing and processing lac, which often involve manual and low-
energy methods commonly used in countries like India and
Thailand. Transportation of raw lac and processed shellac also
contributes to emissions. There is limited information available
on the GWP of shellac, which could make it an interesting area
for future research.

3. Biodegradable EESDs biopolymers

Materials play a crucial role in the circular economy of EESDs.
The use of biodegradable materials can help maintain cell
durability, preventing misuse and ensuring sustainability
within the circular economy framework. By incorporating
biodegradable materials, energy storage devices can be
designed to minimise environmental impact, facilitate easier
recycling, and reduce the reliance on non-renewable resources.
This approach not only supports the responsible management
of end-of-life devices but also promotes the development of
more sustainable and eco-friendly energy storage solutions.
While biodegradable metals are a topic of research primarily in
medical applications (e.g., magnesium-based alloys for biode-

View Article Online
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Recent research has increasingly focused on materials such as
biodegradable biopolymers in EESDs (batteries and SC). While
there are various biodegradable biopolymers used in EESDs,
this paper will focus on cellulose, shellac, PLA, chitin, and
chitosan due to their exceptional sustainability, biodegrad-
ability, and functional properties. Fig. 2(a) and (b) display the
results from Google Scholar and ScienceDirect between 2020
and 2024, showing the total number of search results in their
databases related to specific input keywords (e.g., in Google
Scholar, the input keywords “cellulose” AND “battery” were
used to determine the number of results for cellulose in Fig. 2(a)
and so on). The data clearly indicate that cellulose and chitosan
are the most widely used biodegradable biopolymers, while
shellac is underused for both battery and SC. Fig. 2(c) and (d)
demonstrate the increased use of these biodegradable
biopolymers in both batteries and SC between 2019 and 2023.

3.1. Cellulose

Cellulose is the most abundant organic compound on earth,
boasting a global production of approximately 1.5 (ref. 12)
tonnes, and it has been in use for over 150 years.'”” Apart from
its enduring scientific appeal, the utilisation of cellulose as
a renewable, biodegradable biopolymer raw material across
various applications emerges as a proposed solution to address
industrial challenges associated with environmental concerns
and recycling issues.'™® The versatile structure of cellulose by

gradable implants),'*® they are not yet viable for use in EESDs. modification, including chemical, physical and hybrid
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methods, has enabled its use in wide variety of applications,
such as biodegradable plastics, fillers, binders, coating, paper,
textile, food industry, medical applications, cosmetics, building
materials, optical films, and even in advanced functional
materials."™ There are various processes used to extract cellu-
lose, including alkaline, bisulphate, sodium hypochlorite, and
sulphate, in combination with thermal and mechanical treat-
ments, which produces various fibre strengths from the cellu-
lose pulp.**® Furthermore, advanced micro and nano structure
of cellulose can be achieved through physical and hydrolytic
treatments. Cellulose's versatility and abundance makes it
a highly desirable and sustainable material, contributing
significantly to the fields of biomaterials, biochemistry, and
green chemistry.

Cellulose is present in various sources, including plants,
animals, algae, fungi, and minerals."**** However, plant fibre
remains the primary source of cellulose. It serves as
a strengthening element in the cell wall, providing optimal
support and strength to plants, comprising of around 40% of
the carbon content in plants.'*® While cellulose can exist in its
pure form in plants, it is commonly associated with hemi-
celluloses, lignin's, and relatively minor quantities of extrac-
tives, such as resins, oils, alcohols and fatty acids.**® The
cellulose content in various plant-based feedstocks depends on
the specific type and part of the plant, such as stem, straw, seed,
or leaves etc. For example, the lint of cotton bolls that are used
in making cotton cloth, is mostly pure cellulose up to 98%,
while cotton linters used in manufacturing paper are the short
cellulose fibres (1/8 inch long) left on the cotton seed make up
to 77% of cellulose.””*** Table 2 shows some plant-based
cellulose sources and their cellulose, hemicellulose, and
lignin contents.'**¢

Cellulose is a polysaccharide of p-anhydroglucopyranose
(C¢H1005), meaning a carbohydrate (sugar) formed by long
chains of repeating units linked together by glycosidic bonds. It
is composed of a linear chain containing several hundred to
several thousand glucose units linked together by a beta bond
between the first and fourth carbon atoms of the glucose
molecules. This bond is also known as a § (1 — 4) linked p-
glucose units. Fig. 3(a) represents the structure of cellulose
chain illustrating the anhydroglucose unit in the chair confor-
mation, including atom numbering, the glycosidic link, and

Table 2 Cellulose, hemicellulose, lignin contents from different sources
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both the reducing properties and non-reducing ends of cellu-
lose. Cellobiose unit refer to two glucose molecules linked by
a B (1 — 4)glycosidic bond."” The linear structure of cellulose,
reinforced by strong hydrogen bonding between chains,
imparts high mechanical strength, while the abundant hydroxyl
groups (-OH) on its chains allow for chemical modifications
that enhance conductivity through functionalisation with
conductive polymers or metal nanoparticles, improve ion
transport by interacting with electrolyte ions, and, when pro-
cessed into a porous form, increase the surface area available
for electrochemical reactions, all of which significantly boost its
performance in energy storage devices such as SCs and
batteries.

Cellulose molecules can have a wide range of chain lengths.
The n in the anhydroglucose unit refers to the degree of poly-
merisation, it is the number of individual glucose units linked
together in a cellulose chain. It is a measure of the polymer
chain length and shows how many monomeric units are present
in the polymer.*” Three hydroxyl groups (OH) located at the C2,
C3, and C6 positions in equatorial positions in the B-p-anhy-
droglucopyranose units in cellulose.”® The hydroxyl groups on
the cellulose backbone, acting as reactive sites, feature
a primary alcohol at C6, which is less hampered and more
reactive compared to the secondary alcohols at C2 and C3. Semi-
crystalline material such as cellulose is made from series of
strong intramolecular hydrogen bonding reactions and inter-
molecular hydrogen bonding interactions amid the B-p-anhy-
droglucopyranose units and hydroxyl groups grants cellulose
chain with high strength and hydrophilic properties.**>

The raw material, wood, after the removal of bark, undergoes
chipping. Then, the wood chips are screened to achieve uniform
sizes, washed, and temporarily stored until they are introduced
into the pulping mill."*® Pulps are fibre-based material from
plants dry matter, also known as lignocellulosic biomass, which
is mainly composed of cellulose, hemicellulose, and lignin.***
The amount of non-cellulose components highly depends on
the extraction method, these pulping methods includes chem-
ical pulping, semi-chemical pulping, mechanical pulping, and
chemi-mechanical pulping.® Mechanical pulps retain
a substantial percentage (85-95%) of the original wood
components in the final product, providing evident economic
benefits. However, the process unavoidably inflicts damage to

Sources Cellulose (%) Hemicellulose (%) Lingnin (%) Ref.
Hemp 76 11 7 121
Cotton linters 77 5 0.7 122
Cotton fibres 98 0.5 0.4 123
Jute 68 15 11 124
Banana fibre 70 20 8

Wheat straw 43 34 22 125
Soy hulls 56 13 18

Corn stover 33 21 19 126
Norway spruce (softwood) 49 20 29

Hemp 63 10 6

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Chemical structure of cellulose,*?” (b) sulfonation strategy modification of the cellulose separator, reproduced with permission from

John Wiley & Sons, ref. 128, copyright 2024 (c) PDADMAC modified CNF separator maintained 100% capacitance retention over 1000 cycles,
reproduced with permission from Elsevier, ref. 129, copyright 2024 and (d) PPY-H@FIBER modification showed specific capacity of 86.1 mAh g
at 0.5C, reprinted with permission from, American Chemical Society, ref. 130 Copyright 2024.

the cellulose fibres, with high lignin content, leading to a lower
strength and discolouration over time.*** Chemical pulping
eliminates as much lignin and extractives as possible,
preserving high cellulose fibre content as possible. This process
typically yields a lower output (40% and 55% of the original
wood components), making it more costly compared to
mechanical methods.”®"* In the global pulp production
processes for paper 79% is by chemical pulping, 15% are
mechanical and semi-chemical pulping and others are
remaining 6%. The data indicates that the chemical method
holds the major share at 79%."® Table 3 compares the two
primary pulping processes, namely mechanical and chemical
pulping processes."*’

Nanocellulose is derived from cellulose, within the nano-
metre scale, specifically with one of its dimensions ranging

Table 3 Comparison of pulping processes

Mechanical pulp Chemical pulp

Energy consumption 1000 kW per ton of pulp Self-sufficient
Percentage yield 95% 45%
Fibre length Short Long
Paper strength Low High
Production cost Low High

44 | RSC Sustainability, 2025, 3, 37-63

3 nm to 100 nm. Cellulose nanofibers (CNF) were initially
termed micro-fibrillated cellulose and were first reported in
1983 by Gaulin laboratory homogeniser. Typically, CNF has
a diameter between 10 to 40 nm and lengths up to several
micrometres, generally extracted from weaker acids like oxalic
acid, acetic acid, or low concentrations of sulfuric, nitric, and
hydrochloric acids."*® The degree of polymerisation can be as
high as 15000 depending on the source of cellulose, for
example, wood cellulose polymerisation is approximately 10
000, while cotton cellulose has a high degree of polymerisation
of 15000."*® Cellulose nanocrystals (CNC) have a needle-like
structure with a diameter between 3 to 5 nm and length of
100 to 300 nm. They are generally extracted by strong acids such
as hydrochloric acid, nitric acid, sulphuric acid, oxalic acid and
hydrobromic acid etc. at high concentration.**® The utilisation
of strong acids in the CNC extraction process led to the degra-
dation of a significant portion of the amorphous region within
the fibre chain resulting in higher crystallinity when compared
to CNF."*® Bacterial cellulose (BC) has an advantage of being free
of foreign substances such as lignin and hemicellulose etc. The
cellulose extracted from bacteria are in the form of ribbon
shaped and has a length of <100 nm and width of 2 to 4 nm. The
degree of polymerisation is approximately 4000 to 8000 with up
to 80% crystallinity.”®® In general, nanocellulose can be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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categorised into two main types: plant and bacterial based, both
of which are environmentally friendly and naturally occurring.
Over the past decade, numerous research groups worldwide
have reported the extraction and utilisation of CNF, CNC, and
BC with diverse dimensions and characteristics. The choice of
nanocellulose is closely linked to its intended application. The
specific type of nanocellulose plays a crucial role in determining
its suitable applications. For example, CNF are adept at forming
high-quality films, making them suitable as matrices for
nanocomposites.®® On the other hand, cellulose nanocrystals,
with their superior crystallinity, find utility as binders in
applications like EESDs. Recent advancements have introduced
new types of nanocellulose, including cellulose hollow struc-
tures derived from cellulose acetate, possess a hollow structure
that enhances conductivity in EESDs, hairy cellulose nano
crystalloids, and regenerated cellulose."****!

In EESDs, cellulose in the form of carboxymethyl cellulose
(CMC) is commonly used as an electrode binder and
electrolyte."*™*” More recently, research has focused on using
cellulose nanofibers (CNF) as a main material for separators to
replace oil-based polyethylene (PE). In a study on the processing
and characterisation of water hyacinth cellulose nanofibers
(WHCNF) separators through freeze-thawing, it was shown that
a high WHCNF content (95 wt%) enhanced the separator's
porosity, electrolyte uptake, and wettability. This makes
WHCNF a promising and sustainable option for separator
materials."*® The bilayer separator is produced through a two-
step fabrication process that includes freeze-thawing and
nonsolvent-induced phase separation. The resulting bilayer
separator demonstrates superior properties, with a porosity of
46%, a wettability of 46.5°, and an electrolyte uptake of 194%,
outperforming the Celgard 2320 trilayer separator, which has
a porosity of 39%, a wettability of 55.58°, and an electrolyte
uptake of 110%.*

A sulfonation strategy modifies the cellulose separator as
shown in Fig. 3(b) (ref. 147) with -SO;~ groups, which inhibit
S0,>” migration via electrostatic repulsion, increasing the Zn>*
transference number from 0.44 to 0.60. These groups also
facilitate Zn>* desolvation and limit planar diffusion at the
electrode surface, while the homogeneous nanochannels
ensure uniform electric field distribution, promoting dendrite-
free Zn deposition and reducing interfacial side reactions.
Resulting in a sulfonated cellulose separator with a thin profile
of 50 um, exceptional wet mechanical strength of 18.7 MPa, and
high ionic conductivity of 52.1 mS cm™'. Additionally, the
separator effectively promotes dendrite-free Zn deposition and
suppresses interfacial side reactions. Consequently, Zn//Zn cells
using this separator demonstrate remarkable cycling durability,
with extended lifespans of 2500 and 1200 hours at 1 and
4 mA h ecm™?, respectively.®® A polyacrylonitrile and cellulose
composite film is designed using electrospinning, featuring
a double-layer fibre configuration, with the outer layer primarily
composed of cellulose and the inner layer of polyacrylonitrile.
This design enhances the cycling and rate performance of Li-S
batteries. The battery's cycle life can be maintained over 200
cycles with a high sulphur loading of 9.1 mg, with the initial

area capacity decreasing from 5.67 mA h cm ? to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.0 mA h cm ™ 2.**° The surface of cellulose nanofibers (CNFs) is
modified with a cationic polyelectrolyte, specifically poly-
diallyldimethylammonium chloride (PDAMAC), to produce
a nearly-neutral surface charge CNF membrane derived from
rice straw. TEMPO-oxidized CNFs from rice straw were coated
with varying amounts of PDADMAC, forming a thin layer on the
fibrils. The carboxylate groups from the oxidation created
a highly negative zeta potential, which was neutralised by the
positively charged PDADMAC, resulting in nearly zero surface
charge. PDADMAC also improved porosity, boosting ionic
conductivity and electrolyte uptake. The resulting SC, utilising
the modified CNF separator, demonstrates an improved specific
capacitance of 185.3 F g~ ' and a 1.2-fold increase in energy
density. Additionally, it maintains 100% capacitance retention
over 10 000 cycles as shown in Fig. 3(c)."*® Fabricated a paper
separator by simple approach by customising the thickness
(approximately 40 pm), air permeability (0.1-200 cm® s~ 1), and
mechanical properties of separators by incorporating up to
50 wt% microfibrillated cellulose (MFC) into paper sheets. MFC
enhances the formation of dense networks but exhibits poor
dimensional stability and low strength under wet conditions, by
crosslinking with 1,2,3,4-butanetetracarboxylic acid increased
wet strength by up to 6700%, ensuring dimensional stability.
The electrochemical performance, evaluated through imped-
ance spectroscopy and galvanostatic cycling of 7500 cycles,
demonstrated comparable results to commercially available
glass and polypropylene separators.'** An in situ polymerisation
approach was adopted to modify the cellulose separator with
polypyrrole using high-temperature-synthesized PPY-H@FIBER
and low-temperature-synthesized PPY-L@FIBER samples. PPY-
H@FIBER modification enhanced ion conductivity while
reducing electron conductivity, improving electrolyte affinity
and sodium ion transport. The resulting functional separator
exhibits a high sodium ion transfer number (0.62), high ion
conductance (2.77 mS ecm ™), specific capacity of 86.1 mAh g™*
at 0.5C as shown in Fig. 3(d) and uniform sodium ion flux for
sodium-based batteries."*® To ensure uniform Li+ transport and
inhibit lithium dendrite growth, a polydopamine-modified
cellulose membrane was developed by oxidative self-
polymerising dopamine and bonding it to the surface and
interface of the cellulose membrane through hydrogen bonds.
The results showed that the membrane exhibited no shrinkage
at 160 °C, had a tensile strength of 31.1 MPa, uniform pores
with a porosity of 54.95%, homogeneous Li + flux, an electrolyte
uptake rate of 469.77%, electrolyte retention of 409.04%,
a contact angle of 18.35°, ionic conductivity of 1.54 x
10 S em™?, and impedance (849 Q). The lithium metal battery
utilising the separator demonstrated strong cycling perfor-
mance, maintaining a high capacity retention rate of 90.48%
after 100 cycles.*>

3.2. Shellac

Shellac is a hard, brittle, resinous solid that exhibits no odour
when cold but develops a distinct smell when warm."** As
a natural resin with attractive properties such as amphiphilicity,
pH responsiveness, biocompatibility, and biodegradability.*** It
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is secreted by tree insects (Laccifer Lacca) especially in Burma,
India, Thailand, and southern China and composed of cyclic
terpene acids linked by ester bonds and aleuritic acid, providing
hydrophilic and hydrophobic segments.*** Shellac is a refined
form of lac resin, derived from insects on trees like palash, ber,
kusum, and semialata.”® Its non-toxic, eco-friendly nature
makes it valuable in 3D printing, medical, food industry,
pharmaceutical, tissue engineering and the preparation of pH-
responsive hydrogel applications.’*® The major components of
raw lac are resin, dye, and wax. Its colour spectrum is broad,
ranging from pale yellow to deep red.'*® This colour variation is
due to several factors, including the type of tree the lac insects
feed on, the region where it is harvested, and the method of
processing. Lighter shades of shellac wax are often chosen for
lighter woods, while darker shades are used to enhance the
richness of darker woods or to create an antique appearance.
The colour can also be adjusted through various bleaching
processes to meet specific requirements for different
applications.

Shellac is an amphiphilic biomacromolecule characterised
by a distinctive molecular structure composed of aleuritic acid
and various cyclic terpene acids (Fig. 4(a)).** Depending on the
differences between the R and R’ alkyl groups, the cyclic terpene
acid moiety in shellac can be aleuritic acid, shellolic acid, jalaric
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acid, laccijalaric acid, laksholic acid, laccishellolic acid, or lac-
cilaksholic acid.*** The aleuritic acid and cyclic terpene acids
are linked by ester bonds and act as the hydrophobic and
hydrophilic components of the shellac, respectively.’* The
quantity and formation of lactide and ester linkages between
aleuritic acid and jalaric acid result in either a high molecular
weight fraction, producing a hard resin, or a low molecular
weight fraction, producing a soft resin."®® These acids were
extracted using the lac resin by many chemical processes such
as oxidation, hydrolysis, and esterification. The geometry of
both acids along with their other possible combinations for the
formation of diester and trimesters. The aleuritic acid has three
—-OH groups and one -COOH group and jalaric acid has one -
COOH, one -CHO and one primary -OH and one secondary —
OH groups.™ Shellac's structure-property relationship in elec-
trochemical energy storage devices is based on its unique
molecular structure. Shellac is composed of natural resin with
long polymer chains and functional groups, such as hydroxyl
and carboxyl groups, that can be chemically modified to
enhance its electrochemical properties. These groups provide
potential sites for ion transport and interaction with conductive
materials. Additionally, shellac's rigidity and film-forming
ability contribute to its mechanical stability, making it suit-
able for use as a binder or coating in electrodes. However, its
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reproduced with permission from Elsevier, ref. 157, copyright 2024 and (d) rGO SC developed on the dewaxed shellac paper substrate exhibited

areal capacitance ranging from 68.8 mF cm ™2 to 0.3 mF cm ™2, ref. 158.
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natural insulating properties limit its conductivity, requiring
modifications for better performance in energy storage devices.

The three main methods used to process shellac are by heat
process,'® solvent extraction,'* and country process.'®* Heat
process is when seedlac is melted using steam heat and pressed
through a filter with hydraulic force. The filtered lac is then
stretched into long sheets using a sheeting roller and frag-
mented into small flakes called machine-made shellac. In the
solvent extraction process, seedlac is dissolved in a solvent
(usually alcohol), allowing the insoluble residue to settle before
filtration. The solvent is then distilled off, and the molten
shellac is stretched with a sheeting roller. The solvent can be
reused after rectification. Using hot alcohol produces ordinary
wax-containing shellac, while cold alcohol produces dewaxed
shellac since lac waxes are insoluble in cold alcohol. If decol-
ourisation is needed, the alcoholic extract is treated with
a decolourising agent before distillation. The country process is
a traditional, manual method. Seedlac is placed into a long
cloth bag (about 10 m long and 5-7.5 cm in diameter) and
heated portion-wise in an oven with a charcoal fire. One end of
the bag is kept near the oven, while the other is twisted
manually. The heat and twisting pressure cause the lac resin
and wax to melt and squeeze out of the bag. The molten lac is
scraped off the bag's surface with a spatula and mixed with
water to mitigate thermal effects. Once enough resin is
collected, it is transferred to a hot water container to keep it
molten. This material is then spread into a sheet and manually
stretched to ensure uniform thickness and gloss. After cooling,
the sheet is broken into small flakes to use.

Shellac exhibits distinct solubility characteristics, being
insoluble in water, glycerin, hydrocarbon solvents, and esters,
but soluble in alcohol and organic acids."** Its alkali solubility
allows it to self-assemble into nanoparticles through a pH-shift
method.*** Studies have shown that shellac is insoluble in weak
hydrogen-bonded solvents but soluble in moderate to strong
hydrogen-bonded solvents.** The partial solubility of shellac in
ether has been utilised to separate it into hard/pure (insoluble)
and soft (soluble) resin fractions. Shellac is also soluble in acetic
acid, ethyl and methyl alcohols, caustic soda, sodium
carbonate, and borax solutions, with partial solubility in ethyl
acetate, ether, chloroform, carbon disulfide, and acetone.'*
However, it remains insoluble in petroleum ether, benzene, and
toluene. After extensive research, alcohol, organic acids, and
ketones have been identified as the best solvents for shellac.**®

Shellac is denser than water and has softening and melting
temperatures ranging from 65 to 70 °C and 75 to 80 °C,
respectively. When shellac is heated above its melting point for
prolonged periods, it may gradually lose its fluidity and develop
hard, horn-like, insoluble products, particularly after passing
through the rubbery phase. This occurs because shellac
contains free hydroxyl and carboxyl groups, which make it
highly reactive and prone to interesterification at temperatures
exceeding 70 °C.*»* Additionally, shellac has a thermal
conductivity of 0.0024 to 0.0025 W cm ™" °C™" at 30 °C, a surface
resistivity ranging from 0.4 to 175 x 10'® Q cm, and an ultimate
tensile strength of approximately 10 to 14 MPa at 20 °C.**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Recently, shellac has been used to fabricate EESDs,
including batteries and SCs. Shellac dissolved in ethanol has
been used as a binder to prepare both cathode and anode inks.
The cathode ink consists of graphite flakes and polyethylene
glycol, while the anode ink consists of zinc powder and poly-
ethylene glycol. These inks are used for paper-based, water-
activated metal-air electrochemical cells. Fig. 4(b) shows
a schematic of the water-activated battery, which is manufac-
tured without an electrolyte, keeping the anode and cathode
separated. Water added to the system absorbs through the
paper, dissolving NaCl and activating the electrochemical cell.
Multiple cells can be printed on the same substrate and con-
nected in series for higher voltages.’*® Shellac was used as
a carbon source for graphene synthesis to fabricate graphene/
nickel foam SC electrodes. The cleaned stainless steel 316 and
Ni foam were dip-coated with shellac, air-dried, and the process
repeated three times to ensure full graphene coverage. Direct
graphene synthesis on carbon fibre fabric was difficult due to its
hydrophobicity, so a thin (~60 nm) catalytic Ni layer was
applied using a thermal evaporator. The coated substrates were
then heated at 830 °C in a vacuum chamber for 15 minutes to
form graphene. The resulting graphene coated Ni foam SC,
using 6 M KOH as the electrolyte, exhibited a high areal
capacitance of 1.7 F cm >
fabricated by dip-coating shellac and dewaxed shellac onto
a paper and cloth substrate, with rGO produced using laser
irradiation. Laser irradiations were optimised on treated paper
and cloth samples to produce high-quality rGO material. The
fire retardant (FR) solution, consisting of 12.75 g Na,B,0, and
5.67 g H3BO; in 190 mL of DI water, was prepared. The FR
solution was dip-coated onto both substrates and dried at 55 °C
for 15 minutes to ensure complete drying. Biopolymer solutions
of dewaxed shellac (DS) and shellac (S) were prepared by varying
the biopolymer-to-IPA solvent ratio from 1/1 to 1/5 (w/v). The
rGO SC developed on the dewaxed shellac paper substrate
exhibited better areal capacitance ranging from 68.8 mF cm >
to 0.3 mF cm ™2 as can be seen in Fig. 4(d). In contrast, the rGO
SC developed on the shellac paper substrate showed a higher
areal capacitance, ranging from 91 mF cm ™2 to 0.7 mF cm ™ 2.%%®

as shown in Fig. 4(c)."* SC were

Shellac dissolved in ethanol was used as a binder to fabricate
cathode and anode inks. The cathode ink consisted of graphite,
carbon black, and polyethylene glycol, while the anode ink
contained zinc powder and polyethylene glycol. For the current
collector, a mixture of carbon black, graphite powder, and
polyethylene glycol was applied to cellulose paper to create the
battery.**® A fully 3D-printed disposable paper SC was fabricated
using current collector ink consisting of graphite, carbon black,
and shellac dissolved in ethanol and pentanol. The results
showed conductivities of 260.8 + 20.1 S m™*, 219.8 + 21.3 S
m~ ', and 228.1 + 22.6 S m~ ' when measured parallel, perpen-
dicular, and at 45° to the printed lines, respectively.***

3.3. Polylactic acid (PLA)

PLA is one of the most ubiquitous and commercially significant
biopolymer globally, with production volumes increasing from
0.2 million tons in 2015 to 0.3 million tons in 2019 and reported
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to reach 2 million tons by 2035.' It is produced from lactic
acid, which is obtained through the fermentation of starch
found in sugarcane and corn. PLA's production reflects its
growing importance and adoption in various industries due to
its biodegradable nature and the sustainable production
process. PLA is mostly used in packaging, agriculture, medical
devices, and other applications that benefit from its environ-
mental advantages. Also, it has demonstrated significant
potential to replace conventional petrochemical-based poly-
mers in industrial applications and to serve as a leading
biopolymer in agriculture, biomedical devices, textiles, and 3D
printing.**® The biomedical applications of PLA date back to the
1970s, when it was initially used as sutures. In the 1980s,
companies like Cargill, DuPont, and Coors Brewing began to
recognise its potential, leading to increased research and
development. Subsequently, PLA production was scaled up to
meet the growing demands. This expansion was driven by PLA's
biodegradability and its suitability for medical applications
such as sutures, drug delivery systems, and tissue engineering,
solidifying its status as a key material in the biomedical field.'*
Most of the manufactured PLA is used in packaging. Due to its
biodegradability, PLA offers several end-of-life (EoL) options,
including mechanical recycling, chemical recycling, landfilling,
and industrial composting. Notably, composability under
aerobic conditions within 6-12 weeks. PLA's versatility in
packaging stems from its ability to decompose into non-toxic
by-products, making it an environmentally friendly alternative
to traditional plastics. Its EoL options enhance its appeal,
promoting sustainable waste management and reducing the
environmental impact of packaging materials.*”

PLA is a linear aliphatic thermoplastic polyester produced
from renewable resources and is readily biodegradable. It serves
as an environmentally friendly alternative to conventional
polymers such as polyethylene (PE), polypropylene (PP), poly-
ethylene terephthalate (PET), and polystyrene (PS).**® PLA is the
most extensively researched and utilised biodegradable and
renewable aliphatic polyester. It is produced through the ring-
opening polymerisation of lactide, with lactic acid monomers
derived from the fermentation of sugar feedstocks. The
fermentation process, primarily using p-glucose from corn and
other biomass substrates, has significantly reduced the cost of
lactic acid production compared to traditional petrochemical-
derived methods.'*® These polymers can be produced using
several techniques, including azeotropic dehydrative conden-
sation, direct condensation polymerisation, and polymerisation
through lactide formation. Azeotropic dehydrative condensa-
tion involves removing water to drive the reaction, while direct
condensation polymerisation combines monomers directly.
Polymerisation through lactide formation involves creating
a lactide intermediate, which then undergoes ring-opening
polymerisation. Each method offers distinct advantages and is
selected based on the desired properties and applications of the
final PLA product.'*>*”°

Due to the asymmetric carbon atom in its molecule, lactic
acid (LA) exists in two forms: 1.-LA and p-LA (Fig. 5(a)),'*® which
are mirror images of each other. These forms have identical
physical and chemical properties in their pure states, with
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differences in how they rotate plane-polarised light: 1-LA rotates
light in one direction, while p-LA rotates it in the opposite
direction. This chirality also affects interactions with other
chiral substances, such as enzymes. PLA can be re-polymerised
through chemical conversion when recycled back to lactic acid,
despite having a lower maximum continuous use temperature
compared to polymers like PETE."* PLA possesses good
mechanical properties, such as rigidity and tensile strength,
due to its linear chain structure, making it useful as a structural
component in batteries and SCs, though its brittleness limits
flexibility; while PLA is naturally an electrical insulator due to its
non-conductive polymer backbone, it can be functionalised
with conductive materials like carbon nanotubes or polymers to
enhance conductivity, and its biodegradable nature offers an
eco-friendly option for energy storage devices, though stabili-
sation is needed to prevent degradation during operation;
additionally, the hydroxyl and carboxyl groups in PLA allow for
chemical modifications to improve ionic conductivity and
compatibility with electrolytes and other active materials.

The properties of PLA depend on its component isomers,
annealing time, processing temperature, and molecular weight
(My,). The stereochemistry and thermal history directly influ-
ence PLA crystallinity, significantly impacting its overall prop-
erties. Crystallinity refers to the amount of crystalline region in
the polymer compared to its amorphous content. This charac-
teristic affects many properties, including hardness, modulus,
tensile strength, stiffness, crease resistance, and melting
points. Therefore, when selecting a polymer for a specific
application, its crystallinity is a crucial consideration. The
physical characteristics of PLA, such as density, heat capacity,
and mechanical and rheological properties, are influenced by
its glass transition temperature (7). For amorphous PLA, T is
crucial since polymer chain mobility changes significantly at
and above this temperature. In semicrystalline PLA, both T, and
melting temperature (Ty,) are important for predicting behav-
iour. The melting enthalpy for enantiopure PLA with 100%
crystallinity (AH,,) is typically 93 J g, though values up to 148 J
¢ " have been reported. Ty, and crystallinity degree depend on
molar mass, thermal history, and polymer purity. The density of
amorphous and crystalline poly (i-lactic acid) (PLLA) is reported
as 1.248 g cm  and 1.290 g cm ™ ®, respectively. Solid PLA has
densities of 1.36 g cm ™ for 1-lactide, 1.33 g cm ™ for meso-lac-
tide, 1.36 ¢ ecm > for crystalline PLA, and 1.25 g cm > for
amorphous PLA. In food packaging, the ability of PLA (poly-
lactic acid) to block gases, water vapor, and aroma molecules is
very important. Additionally, PLA's transparency is key for
dyeing textiles and packaging. Hutchinson and colleagues
studied the optical properties of PLA with different amounts of
stereoisomers using a technique called ellipsometry. They also
created an equation to calculate the refractive index of PLA with
different stereoisomer proportions (L-content) across wave-
lengths from 300 to 1300 nm using Cauchy coefficients. PLA
products generally dissolve in solvents like dioxane, acetoni-
trile, chloroform, methylene chloride, 1,1,2-trichloroethane,
and dichloroacetic acid. PLA partially dissolves in ethyl
benzene, toluene, acetone, and tetrahydrofuran when cold but
dissolves more easily in these solvents when heated to boiling

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Enantiomeric forms of lactic acid,*®® (b) illustrates the preparation process of the PLA-GN-MCC/PANI electrode, reproduced with

permission from Elsevier, ref. 171, copyright 2023 (c) the PLA-based SC showed an areal capacitance of 303.5 mF cm™~2 at a current density of 0.2

mA cm ™2

achieved a high areal capacitance of 10 mF cm™2 at a current density of 0.15 mA cm

Society, ref. 173, copyright 2021.

temperatures. Lactic acid-based polymers do not dissolve in
water, alcohols, or in hydrocarbons. PLA primarily breaks down
through hydrolysis, a process that happens over several months
when exposed to moisture. This degradation occurs in two
stages. First, the ester groups in the PLA chains break apart
randomly, lowering the molecular weight (M,,). In the second
stage, the molecular weight continues to decrease until the
lactic acid and low M,, oligomers are naturally metabolised by
microorganisms into carbon dioxide and water.'*® Some of the
advantages and disadvantages of PLA are shown in Table 4.

In recent years, PLA has been widely used in enhancing the
electrochemical capabilities of EESDs by advancing electrode
materials. PLA/halloysite nano-clay has been utilised as an
electrode material for SC."”> PLA combined with poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) has been used to
fabricate gel polymer electrolytes.””® Additionally, PLA has
served as a substrate in the electrospinning of PLA/graphene
(GN)-microcrystalline cellulose (MCC)/polyaniline (PANI)
nanofibers to create flexible SC electrodes. Fig. 5(b) illustrates
the preparation process of the PLA-GN-MCC/PANI electrode.
The PLA-GN-MCC material was produced through electro-
spinning a solution mixture of PLA, GN, and MCC. The incor-
poration of MCC helps to reduce the stacking of GN sheets. The
PLA-GN-MCC/PANI electrode, featuring a coated structure, was

© 2025 The Author(s). Published by the Royal Society of Chemistry

, reproduced with permission from Elsevier, ref. 172, copyright 2023 and (d) a PLA-based free-standing, binder-free film electrode

-2 reprinted with permission from American Chemical

created by polymerizing aniline onto the PLA-GN-MCC
substrate, the resulting SC fabricated with PLA-GN-MCC/PANI
electrode and 1 M H,SO, electrolyte showed the specific
capacitance of 16.54 F g~ ' (221.64 mF cm™?) at a current density
of 0.05 A g~'.17* PLA-1 wt% poly(4-styrene sulfonate) (PSS)
membranes have shown high performance, PLA was prepared
by dissolving 4 g of PLA in chloroform and stirring for 3 hours.
Separately, a solution of PSS was created by dissolving PSS in
chloroform with two drops of concentrated HCI. The desired
amount of PSS was then added to the PLA solution, forming
a homogeneous mixture. This solution was cast onto a clean
glass frame and allowed to dry completely at room temperature
before the membrane was peeled off. The SC showed an areal
capacitance of 303.5 mF cm ” at a current density of 0.2 mA
cm 2 as shown in Fig. 5(c), and an energy density of 15.8 uW h
ecm 2 at a power density of 243.9 uW cm ™ 2'7> Flexible and
conductive poly(lactic acid)/graphite composite films with
a high mass percentage (~64%) of conductive graphitic mate-
rial have also been developed. PLA was dissolved in DCM with
stirring at a mass-to-volume ratio of 1 : 10. mPEG-750 was added
under continuous stirring at a concentration of 40% by mass
relative to PLA, followed by the addition of graphite powder at
a mass ratio of 7 : 3 (graphite to PLA). It resulted in a suspension
suitable for film casting. The films were left to dry for 5-10
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Advantages

Disadvantages

PLA is made from renewable sources like corn, wheat, and rice. It is
biodegradable, recyclable, and compostable, and its production absorbs
Co,

The primary product of PLA degradation, lactic acid, is non-toxic and
metabolised by organisms

PLA has superior thermal processability compared to other biopolymers,
enabling methods such as injection moulding, film extrusion, fibre
spinning

Compared to petroleum-based polymers, PLA production consumes 25—
55% less energy

minutes before being peeled off the glass. The SC GCD results
(Fig. 5(d)) showed a free-standing, binder-free film electrode
achieved a high areal capacitance of 10 mF cm™> at a current
density of 0.15 mA cm~>.'”* Polyaniline (PANI) and graphene/
polyaniline (Gr/PANI) composites have been prepared by in
situ chemical polymerisation. As a biodegradable polymer, PLA
has been used as an adhesive for electrode materials in SC,
replacing traditional polyvinylidene fluoride (PVDF) adhe-
sives.'”” PLA thin films, including poly(vinyl alcohol) (PVA), zinc
oxide (ZnO), and tungsten oxide (WO3), have been prepared to
create simple, low-cost, and biocompatible photo-induced K-
ion-based power cells.”® Additive manufactured SC have been
derived from recycled PLA feedstock. Waste PLA recovered from
coffee pods was melt-compounded with a plasticiser (poly-
ethylene glycol) and a conductive filler (carbon black) to fabri-
cate high-voltage, low-cost aqueous SC electrodes.'” Also, PLA
was infused with a mixture of ethyl methyl carbonate, propylene
carbonate, and LiClO, to achieve an ionic conductivity of 0.085
mS c¢cm™', comparable to polymer and hybrid electrolytes.
Various electrically conductive materials (Super P, graphene,
MWCNT) and active materials (lithium manganese oxide,
lithium titanate) were blended into PLA to study the relation-
ships among filler loading, charge storage capacity, electrical
conductivity, and printability for fully 3D-printed LIBs."°

3.4. Chitin

Chitin, the second most abundant biopolymer after cellulose, is
a natural polysaccharide found in various organisms, including
sponges, mollusks, nematodes, arthropods, and fungi.'** It
forms a significant part of their body mass, ranging from 3 to
40%."'®> Chitosan, N-acetyl glucosamine (GlcNAc), and chitooli-
gosaccharides (COS) are the leading derivatives of chitin.'®
Chitin has a crystalline morphology and an interface that
interacts more strongly with proteins. It is extracted through
mechanical, chemical, chemo-mechanical, and eco-friendly
biological methods.”® The intrinsic antibacterial, nontoxic,
and biodegradable properties and facility of processibility of
chitin make it a potential alternative for developing energy and
environmental applications. Its nontoxicity and good biocom-
patibility make it a promising candidate for various industries,
including agriculture, food, textiles, and bioengineering. This

well-established biopolymer found extensively in the
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PLA is very brittle, with a break elongation of less than 10%. This limits
its use in modern applications such as stretchable EESDs

PLA degrades naturally through hydrolysis, with its rate influenced by
factors like crystallinity and molecular weight. Slow degradation results
in long device lifetimes but poses issues with disposal

PLA's water contact angle of approximately 80° indicates its hydrophobic
nature. This property results in low cell affinity and can trigger
inflammatory responses when in direct contact with biological fluids
The chemical inertness of PLA complicates both surface
functionalisation and bulk modification process

extracellular matrix of lower plant fungi, crustaceans like
shrimp and crabs, insects, and fungi's cell walls. Numerous
studies reported the presence of chitin in crustacean shells,
melolontha melolontha, orthoptera species, insect cuticles,
wings of cockroaches, grasshopper species, medicinal fungus,
larvae and adult of Colorado potato beetle aquatic invertebrates,
bat guano, resting eggs of Daphnia longispina, spider species,
Daphnia magna resting eggs, and lastly, in green algae and fungi
cell walls.*™" Chitin can also be found in waste flows such as
silkworm larvae, seafood by-products, or processed food waste
from insect biomass. Its structure and properties vary with its
source.'®?

The extraction of chitin involves two main steps: deminer-
alisation and deproteinization. Chitin extraction can be per-
formed using chemical or biological methods.'® Chemical
extraction includes initially, HCl removing mineral constituents
like calcium carbonate and calcium phosphate. Stirring with
3% sodium hypochlorite for 10 minutes is efficient for demin-
eralisation. Other acids such as HNO; and H,SO, are also used
for deproteinization. After strong acids are used, deminerali-
sation is performed using NaOH. To prevent deacetylation and
property degradation, deproteinization is preferably carried out
at ambient temperature in a stirred reactor, reducing process
duration. Finally, acetone or an organic solvent mixture is used
for decolourisation." The biological methods, such as using
lactic acid-producing bacteria for demineralisation and specific
bacteria like Pseudomonas aeruginosa and Bacillus subtilis for
deproteinization by fermentation. Chemical extraction offers
benefits such as shorter processing time, a high degree of
deacetylation, industrial viability, and complete removal of
organic salts. However, it is not environmentally friendly. In
contrast, biological methods are environmentally safe and
produce high-quality products but takes prolonged processing
time.*®*

Chitin is a long polysaccharide composed of two monomer
units, namely N-acetyl-2-amino-2-deoxy-p-glucose (N-acetyl-p-
glucosamine) and (2-amino-2-deoxy-p-glucose) p-glucosamine
units which are linked by 1-4-B-glycosidic bonds as shown in
Fig. 6(a). A typical monomer has two hydroxyl groups: primary
hydroxyl at C-6, secondary hydroxyl at C-3, and amino groups or
N-acetyl group (at C-2) positions.*®® The N-acetyl group can form
linear inter and intramolecular hydrogen bonds, resulting in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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higher crystallinity, molecular weight increase, and water
insolubility. The biopolymer is generally considered as chitin
only if N-acetyl-2-amino2-deoxy-p-glucose (N-acetyl-p-glucos-
amine) content is less than 50. The structure of chitin is studied
mainly from its three different source groups: aquatic inverte-
brates, insects, and fungi.'®** According to the studies, chitin is
exhibited primarily on three polymorphs: a-chitin, B-chitin, and
v-chitin. Each polymorph, from the main isomorph a-chitin
present in the exoskeletons of crustaceans and mollusks to the
unique B-chitin found in squid pens and the rare y-chitin
existing in the cocoon fibres of Ptinus beetles, is a testament to
the diversity of nature. The main difference between these
polymorphs is the stacking arrangement of the polymeric chitin
chains. a-Chitin and B-chitin contain polymeric chitin chains
stacked in anti-parallel and parallel configurations.'® At the
same time, y-chitin consists of both anti-parallel and parallel
arrangements of chitin chains. This difference in stacking
arrangement creates different degrees of H-bonding interac-
tions from the amide functional groups between the polymeric
chains and thus exhibits different properties for the three
polymorphs.*® Chitin is similar to cellulose, but the main
difference is that acetamido residues have replaced the C2
hydroxyl groups. Because of their structural features, these
biomaterials exhibit unique physical, chemical, mechanical,
and optical properties, contributing to low density, high
porosity, renewability, and, most importantly, environmental
friendliness. Chitin exhibits high tensile strength and rigidity
due to its crystalline structure and hydrogen bonding, making it
suitable for providing structural integrity in EESDs, while its
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environmentally friendly option, although modifications may
be needed for enhanced durability; additionally, its amine and
hydroxyl functional groups enable chemical modifications to
improve conductivity and ionic transport properties, and its
hydrophilic nature facilitates interactions with electrolyte ions,
further enhancing its electrochemical performance in batteries
and SC.

Due to its unique structure, high porosity, lightweight
nature, and effective interaction with various polymers, it is
highly suitable for developing electrode and electrolyte mate-
rials in batteries and SC. Electrically conducting elements will
combine with chitin to develop electrode materials using
blending, vacuum filtration, in situ polymerisation, electrode-
position, etc. Due to the higher surface area of carbon-derived
biomass, it can enhance the double-layer capacitance. More-
over, studies show that the presence of heteroatoms such as
nitrogen, sulphur, oxygen, boron, and phosphorous etc. in
biomass-derived carbon can increase the wettability of carbon
and pseudo capacitance. Therefore, the presence of hetero-
atoms in carbon-derived chitin can improve the electrical
conductivity and the overall specific capacitance of the energy
storage device. The mechanical stability and enhanced elec-
trical conductivity make it suitable for flexible energy storage
devices. Nano chitin is the basic building block of chitin. It
assembles semicrystalline chitin nanofibrils that show highly
oriented nanocrystals embedded in a fluid matrix. Single
nanofibrils are packed into highly positioned microfibrils or
fibril bundles held together by van der Waals forces and
hydrogen bonding (H-bonding).**> Chemically, it is narrowed by

biocompatibility and biodegradability render it an a covering of proteins and is gathered into elongated fibrils
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(a) Chemical structure of chitin,'®® (b) a solid-state chitin-based current collector, electrode material, and gel electrolyte SC fabrication,

reproduced with permission from John Wiley & Sons, ref. 186, copyright 2023 (c) direct pyrolysis of chitin used as electrode material for sodium-
ion battery showed impressive lifespan of over 8000 cycles, with a coulombic efficiency nearing 100%, reproduced with permission from

Elsevier, ref. 187, copyright 2018.
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embedded in a mineral protein matrix in the exoskeleton of
arthropods. Among other natural nanopolysaccharides, it has
characteristics of rodlike structure, nanometre lateral dimen-
sion, crystallinity, and nitrogen content.'® There are two types
of nano chitin nanofibers and chitin nanocrystal. As like chitin,
its properties depend upon its source, extraction, and modifi-
cation methods.

Processed nano chitin were also used in the development of
battery elements. Recent development of electrode materials
using chitin, electrolytes were also reported for both SC and
batteries by combining chitin with polymer monomer using
processes like grafting, inorganic fillers, and blending.*
Hydrophilic functional groups in chitin, such as -OH, -COOH, -
NH,, and CONH,, provide them with excellent wetting capa-
bilities toward polar solvents, making them suitable for elec-
trolyte development.”® The modified chitin acquires higher
conductivity by reducing the crystallinity of chitin in its form. A
chitin-based current collector, electrode material, and gel elec-
trolyte for a solid-state MXene/chitin-based SC were reported
(Fig. 6(b)). Gel electrolyte achieved an ionic conductivity of 8.5 +
0.4 mS cm ' using chitin and ionic liquids, the SC can achieve
a maximum energy density of 3.55 W h kg™ at a power density
of 81.1 W kg~ *.* Like SC, chitin-based batteries are a growing
technology in energy storage. A sodium ion battery electrode
was fabricated using N-doped amorphous carbon nanofibers
were synthesised through a simple direct pyrolysis of pure
chitin. First, a chitin sample was preheated from room
temperature to 300 °C in an argon atmosphere for 1.5 hours at
a heating rate of 1 °C min " to stabilize the nanostructure. Next,
the prepared precursor was carbonized at the designated
temperature for 2 hours in a tube furnace under argon flow at
a heating rate of 5 °C min~". The carbonization temperatures
were set at 500, 600, 700, 800, and 900 °C, resulting in

Table 5 Chitin-based materials for batteries
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carbonized chitin. The electrode materials demonstrated a high
reversible specific capacity of 320.6 mA h g™, an energy density
of 192 W h kg™, excellent rate capability, and an impressive
lifespan of over 8000 cycles, with a coulombic efficiency nearing
100% as shown in Fig. 6(c)."”® The major developments in
chitin-based energy storage devices were the development of
chitin-derived carbon, chitin-based electrolytes, chitin-based
binders, and nano chitin. Some of the recent chitin-based
materials development for batteries and SCs are shown in
Tables 5,'%7191719 and 6,'%%'9¢2% respectively.

3.5. Chitosan

Chitosan is a modified polycationic biopolymer formed by the
partial deacetylation of chitin. It is a nitrogenous, rigid, white,
and inelastic polysaccharide. Chitin, a polymer of N-acetyl-p-
glucosamine, is deacetylated to create $-1,4-p-glucosamine, also
known as chitosan, which lacks the acetyl functional group.”* It
has been found that chitosan is safe, biodegradable, and
biocompatible. Despite being insoluble in water, chitosan is
soluble in acidic solvents such as diluted hydrochloric, formic,
and acetic acids.”” Chitosan exhibits stronger chemical and
biological reactivity than chitin because it contains free primary
amino groups that spread across its molecular chain. Therefore,
the industrial applications of chitosan as antimicrobials,
biomedical materials, food additives, separators, sewage
disposal, agricultural materials are receiving attention glob-
ally.*® Chitosan is particularly well-known in the packaging
industry because of its strong film forming characteristics.
Chitosan is utilised in the development of antithrombogenic
materials for gene carriers, controlled release, drug encapsula-
tion, enzyme, and cell immobilisation, and more. The biode-
gradability, antimicrobial activity, hydrophilicity, and presence

Battery element produced from

Type of battery chitin Electrochemical performance Ref.
Sodium-ion batteries (SIBs) Anode material: nitrogen-doped 115 mA h g~! when constructed by 187
amorphous carbon nanofibers combining a Prussian blue cathode
while retaining 90% of the capacity
after 200 cycles
Sodium sulphur batteries Cathode material: nitrogen self- Reversible capacities of 191
doped hierarchical meso- and 1207 mA h g " at 0.1C and
microporous carbon (NSPC) is 891 mAhg 'at2C
synthesized from chitin and used to
confine sulfur (SCNSPC)
Li/Na-ion batteries Separator: chitinnanofiber Discharge capacity of 157 mAh g~ * 192
membrane (CNM) loaded with
sodium dihydrogen citrate
separator
Lithium-ion battery Separator: fluorinated polymer- Better capacity retention of 90.2% 193
coated cyanoethyl-chitin nanofiber after 100 cycles at 1C
composite separators
Zinc-ion batteries Electrolyte: gel polymer electrolyte Provides 41 mA h g~ after 600 194
from chitin nanofibrils cycles at 100 mA g~ "
Aqueous battery Electrolyte: carboxymethyl chitin Ionic conductivity in the order of 195

(CMChit) as a solid polymer
electrolyte (SPE)
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10~* S cm ! and electrochemical
stability was up to 2.93 V
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Table 6 Chitin-based materials for supercapacitor
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Power density

Electrode material Electrolyte Specific capacitance (energy density) Cycling stability Ref.
Chitin-based porous carbon PVA/KOH 69.6 Fg ' (025A¢g ") —(9.67Whkg )  90.2% (10 000) 196
Chitin-based porous carbon 6 M KOH 221Fg ' (0.5A¢gY) 0.19 kW kg* 96% under 5000 197
(15.41 Wh kg™ long cycles
MXene carbon black chitin Chitin/ionic 113-115F g ' 81.1 Wkg " 85% under 10 000 186
liquid (3.55Whkg™ long cycles
hydrogel
Zeolitic imidazole assisted N-doped 6 M KOH 1825Fg '@0.2Ag " 50Wkg ' 90% after 5000 cycles 198
hierarchical porous carbon from chitin (4.46 Wh kg™
nanofibers
N,O co-doped activated carbon from 1MH,50,and 204Fg '@05Ag " 9.9 W kg™* 100% after 25 000 cycles 199
chitin 6 M KOH; PVA (453 Whkg™)
(PVA)/H,S0,
N-doped nanofibrous chitin EMIM TFSI 113@1mvs ' 300 W kg ™! 96% after 10 000 cycles 200

microspheres

of polar groups that can create secondary interactions with
other polymers are all advantages of chitosan-based products.
Processing chitosan into a fibre, film, sponge, bead, gel, or
solution is simple. The formation of electrostatic compounds
and/or multilayer structures is also made possible by its cationic
charge. The availability of free -NH, groups within chitosan
chains enables certain changes to be made under mild settings.
Chitosan can also be combined with natural or synthetic poly-
mers.”** Additionally, chitosan can be applied for water treat-
ment, and solar cell applications due to its unique properties
like ease of charge transfer and large electrons density.*** Chi-
tosan has become a viable alternative for the creation of elec-
trode and electrolyte materials in EESDs.

Chitosan is produced from chitin extracted from crustacean
shells, insect exoskeletons, and the cell walls of numerous
fungi. Shrimp and crabs are the most often mentioned sources
of raw materials used to prepare chitosan. While other species
including lobster, crayfish, and oyster have also been used. Even
though chitosan is found in a broad variety of species and that
its concentration varies among them, crustacean by-products
with at least 20% chitin, such lobster cephalothorax, are
viable sources for the commercial synthesis of chitosan. The
utilisation of 40-50% by weight of the total mass of crustaceans
for human consumption ends up as waste, and the majority of
this waste is discarded into the sea and causes major pollution
in coastal areas, which explains the economic and environ-
mental benefits of using crustacean sources for chitosan prep-
aration.”*® However, chitosan is becoming more widely available
as a by-product of silk cocoon farming, protein extraction from
insects for food/animal feed, and fungal fermentation. The
annual production of chitosan from crustaceans is estimated to
be between 1012 and 1014 tonnes, and the global market for
chitin and its derivatives was valued at US$2900 million in 2017.
This growth was achieved at a Compounded Annual Growth
Rate (CAGR) of 14.8%. By 2024, it was predicted to reach US$63
billion.**®* Many companies are at the forefront of the industry,
producing a wide range of products for food, drug, medical,
textile, and waste treatment using chitosan sourced from

© 2025 The Author(s). Published by the Royal Society of Chemistry

(58.7Wh kg™

shrimp shells, which accounts for nearly 80% of the market.
These companies include Chinova Bioworks, Heppe Medical
Chitosan GmbH, Golden-Shell Biochemical, and G. T. C. Bio-
corporation.*”’

Chitosan is a polymer composed of both p- and N-acetyl p-
glucosamine units as shown in Fig. 7(a). Chitosan is a copol-
ymer made up of p-glucosamine and N-acetylglucosamine
linked by B-1,4-glycosidic linkages. Three functional groups are
present in chitosan: a primary and secondary hydroxyl group at
locations C2, C3, and C6, as well as an amino group. It is the
presence of amino groups that differentiate chitosan from
chitin. It is feasible to undertake chemical modification on
chitosan to improve its chemical and physical characteristics
since it has a significant number of hydroxyl (-OH) and amino
(-NH,) groups with chemical activity. Once the amino groups in
chitosan are protonated, they generate a polycation that may
then form ionic complexes with a wide range of natural or
synthetic anionic species, including DNA, lipids, proteins, and
some negatively charged synthetic polymers like poly(acrylic
acid). In fact, chitosan is the only positively charged poly-
saccharide that occurs naturally.*> The development of H-
bonds networks in the solid state is the basis for under-
standing of their fibre and film-forming properties. The char-
acteristics of chitosan are clearly determined not only by its
chemical structure, but also by its molecular conformation and
packing arrangement. Chitosan has a molecular structure
comparable to cellulose and chitin.>*® Chitosan is ideally suited
for application in flexible and lightweight energy storage
devices due to its unique structure, high porosity, lightweight
nature, and efficient interaction with different polymers. Chi-
tosan has shown great promise in the field of SC as an electrode
and electrolyte material for a variety of applications.” Chitosan
demonstrates good mechanical strength and flexibility from its
partially crystalline structure and hydrogen bonding, enabling
it to maintain structural integrity in energy storage applications;
its biocompatibility and biodegradability make it an environ-
mentally friendly choice, although it may need modifications to
ensure stability during operation. Furthermore, the amino and
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(a) Chemical structure of Chitosan,?°® (b) the average coulombic efficiency of S/chitin heated at 440 °C was about 92%, significantly higher

than that of S/MWCNT, reproduced with permission from Elsevier, ref. 209, copyright 2020 (c) MnO,—-chitin (low Mw) achieved the highest
specific capacitance of 424 F gf1 at a current density of L mA cm™2, reproduced with permission from Elsevier, ref. 210, copyright 2014 and (d) the
fabricated Li-ion batteries demonstrated a specific capacity of 988 mA h g~ during the initial cycle and a 265 mA h g~* even after 130 cycles at

1C, reproduced with permission from Elsevier, ref. 211, copyright 2024.

hydroxyl groups present in chitosan allow for chemical func-
tionalisation, which can enhance its electrical conductivity and
ionic transport properties, while its hydrophilic nature
promotes interactions with electrolyte ions, thereby improving
overall electrochemical performance in devices like batteries
and SC.

Chitosan preparation is divided into two basic categories:
chemical and biological processes. Chemical processes are
widely employed for commercial chitosan preparation since
they are cost-effective and suitable for large scale
manufacturing.”® When selecting an appropriate method for
chitosan production, it is crucial to prioritise those that produce
chitosan with higher bioactivities, as indicated by lower degrees
of acetylation (DA) and MW. The chemical preparation of chi-
tosan typically involves three main stages: demineralisation,
deproteinisation, and deacetylation. During demineralisation,
calcium carbonate (CaCOj;) is removed from the shell using
hydrochloric acid. Deproteinization is the process of removing
proteins and other organic components from the shell by
treating it with a hot alkaline solution, such as sodium
hydroxide (NaOH), at temperatures ranging from 65 to 100 °C
for 0.5 to 12 hours. Finally, chitin is deacetylated into chitosan
using heated alkaline solution, such as NaOH, at

54 | RSC Sustainability, 2025, 3, 37-63

a concentration of 40% to 50% (ref. 205) + enzymatic and
fermentation procedures are classified as biological ways for
producing chitosan from crustacean by-products. Enzymatic
procedures use the same demineralisation mechanism as
chemical approaches. However, this approach uses enzymes to
carry out the deproteinization and deacetylation processes at
lower temperatures, typically between 25 and 59 °C, in place of
an alkaline and high reaction temperature. Despite the milder
reaction conditions, enzymatic techniques have significant
limits as compared to chemical methods, mainly due to greater
operational costs, especially on an industrial scale. Deprotei-
nization and deacetylation enzymes are considerably more
expensive than chemical bases. Furthermore, different enzymes
are required for each stage in a single manufacturing process.
Enzymatic techniques are also less effective since they cannot
entirely remove the final 10% of proteins during deproteiniza-
tion and obtain a lower degree of deacetylation compared to
chemical methods. To address the high cost of enzymes,
fermentation methods have been developed as an alternative.
Microbes can rapidly multiply and secrete enzymes in reactors
under optimised conditions, thereby reducing enzyme costs.
However, to overcome reaction inefficiency, a cycle of chemical
reactions is needed to refine the product after enzymatic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reactions. This highlights the advantages of chemical methods
for chitosan preparation over biological methods. Chemical
processes are simpler, quicker, and produce chitosan with
stronger bioactivities due to lower MW and higher degrees of
deacetylation. In contrast, biological methods, despite milder
reaction conditions, require hazardous microbes, specialised
equipment, complex post-fermentation purification, and an
additional chemical processing cycle to achieve optimal chito-
san quality. However, chemical methods have their drawbacks,
such as the use of toxic or corrosive chemicals like HCI and
NaOH, which can produce significant pollutants if not properly
managed. Considering these actors, unconventional chemical
methods using KOH instead of NaOH, enhanced by microwave
or ultrasound, may offer more advantages than biological
methods.>*”

Chitosan nanoparticles (CSNP) exhibit the combined char-
acteristics of chitosan with the distinctive features of nano-
particles, such as surface and interface effects, small size, and
quantum size effects. Several approaches have been discovered
for the synthesis of CSNP since Ohya and colleagues®?® first
disclosed them in 1994 for the administration of anticancer
drugs intravenously. Ionotropic gelation, microemulsion,
emulsification solvent diffusion, polyelectrolyte complex, and
reverse micellar approach are the five main methods of prepa-
rations of CSNP. The most popular among them are ionotropic
gelation and polyelectrolyte complexes, which are simple and
do not need significant shear pressures or organic solvents. The
electrospinning method, which can produce fibres from
micrometres to nanometres in size, is an efficient way to make
chitosan nanofibers, which are solid particles with diameters
ranging from 1 to 1000 nm. Solvents such as trifluoroacetic acid
and acetic acid are particularly useful in this procedure. Chi-
tosan nanoparticles are natural materials with excellent anti-
microbial, biological and physicochemical properties making
them environmentally friendly and safe for human use. Chito-
san nanoparticles can be used in a variety of ways due to their
unique features.”** With a strong permeability and retention
impact, chitosan-based nanoparticles can stop the development
of tumour cells by causing apoptosis. Chitosan has been widely
employed in dentistry, haemodialysis, gene delivery, and drug
delivery as a nano-sized carrier to target tumour tissue while
slightly affecting areas of normal tissue. Chitosan is suggested
as a superior antibacterial nanomaterial for wound dressings.**®
The CSNP can be used to create customised electrodes for
energy storage, SC, and biosensor applications by increasing the
electrochemical characteristics.”**

Recent works has explored the use of nano chitosan and
nickel oxide nanoparticles to fabricate novel nanohybrid
membranes for various applications including SCs and energy
storage.>** Chitosan was converted into nitrogen-rich biochars
via pyrolysis at mild conditions ranging from 284 °C to 540 °C,
promoting energy-efficient and low CF synthesis. Chitosan
samples were heated at 10 °C min~" to 284 °C, 440 °C (C440), or
540 °C, then held for 1 hour. The resulting biochars were ball-
milled with 60 wt% sulphur (S) for 30 minutes. Nitrogen-
doped biochars (C284, C440, C540) were tested as sulphur
hosts in Li-S batteries, with S/C440 showing an average
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discharge capacity improvement of 100 mA h g5~ ' compared to
S/MWCNT. The average coulombic efficiency of S/C440 was
about 92%, significantly higher than that of S/MWCNT as
shown in Fig. 7(b).>* Using a solution casting method, chitosan
combined with LiCO,CH; and glycerol to fabricate polymer
electrolytes showed high specific capacitance, energy density,
and power density of 132.8 F g~ ', 18.4 W h kg™, and 2591 W
kg™ ', respectively.>*® MnO,-chitosan hybrid nanocomposite
films synthesised by one-step cathodic electrodeposition on
a nickel foam substrate. Two chitosan (CH) raw materials, with
molecular weights of 300 000 (high) and 25 000 (low) kDa and
a degree of deacetylation (DA) over 85%, were used to deposit
MnO,-CH thin films. The films were cathodically deposited at
—0.1 Vvs. Ag/AgCl (KCl saturated) on nickel foam from a 0.02 M
KMnO, solution, with or without 0.2 g L™ " chitosan in 1% acetic
acid. The film mass was controlled by adjusting the total charge
during deposition, confirmed by a six-digit microbalance,
MnO,-CH (low Mw) (Fig. 7(c)) achieved the highest specific
capacitance of 424 F g~ " at a current density of 1 mA cm™>.2'° A
novel chitosan-induced self-assembly strategy was used to
construct MXene into flexible Ti;C,T,@chitosan films with a 3D
ordered porous structure, delivering a capacitance of 245.2 F
g ' at 2 V s~! with a high mass loading of 4 mg cm ™2 of chi-
tosan.””” An environmentally friendly plasticised electrolyte
made from chitosan, potato starch, NH,SCN, and glycerol
showed a specific capacitance of 16.1 F g~ '.2'® Additionally,
a blend of chitosan, methylcellulose, and various concentra-
tions of glycerol was selected as a host for the ammonium
thiocyanate (NH,SCN) dopant salt, resulting in a SC with
a specific capacitance of 98.08 F g~ ' at 10 mV s~ '.>* Chitosan
was also used as an aqueous medium for leaching and sorption
experiments on E-waste PCB flakes, resulting in the formation
of self-N-doped porous carbon with copper oxide nanoparticles.
The resultant material, consisting of copper and copper oxide
nanoparticles supported by carbon, was mixed with carbon
black and PVDF to create an electrode material. The fabricated
Li-ion batteries demonstrated a specific capacity of
988 mA h g~ during the initial cycle and a 265 mA h g~ " even
after 130 cycles at 1C as seen in Fig. 7(d).>**

4. Challenges and outlook

To better illustrate the performance, the electrochemical
mechanisms of the biodegradable biopolymers have been
summarized in Table 7 with key highlights of their performance
in various studies. Biodegradable biopolymers such as cellu-
lose, shellac, PLA, chitin, and chitosan are a rapidly evolving
research field with great potential, but they also present notable
challenges and it include.

(a) Cellulose separation and purification of individual
biopolymer components often prove difficult and can incur
substantial costs, employ hazardous chemicals (alkaline, and
bisulphate), or high-energy mechanical means (1000 kW per ton
of pulp). Also, CNF derived from cellulose use toxic chemicals
such as oxalic acid, acetic acid, or sulfuric, nitric, and hydro-
chloric acids.
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Table 7 Electrochemical performances of biodegradable polymer based devices
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Device & component Materials Methods Electrochemical performance Ref.
Cellulose
Paper SC & bilayer Water hyacinth CNF/PEG/ Freeze-thawing/NIPS Ionic conductivity - 0.52 mS cm ™" 149
separator PVA
Aqueous zinc-ion batteries Cotton cellulose fibre/ Freeze dried/pressing Life cycle- 2500 and 1200 hours at 128
& sulfonated cellulose sulphur trioxide pyridine 1and 4 mA h em™?
separator complex
Li-S battery & Woven PAN/cellulose fibre Electrospinning Specific capacity of 4.0 mA h cm 2 150
separator after 200 cycles
Symmetrical SC & separator Rice straw-derived TEMPO-oxidised/ CNF membrane resulted in a 1.2- 129
cellulose nanofibril/ sonication 1.4 times increase in energy and
PDMAC power densities
Sodium metal battery & Cellulose/polyprrole Ultrasonicate/ Sodium ion transfer (0.62), 130
separator polymerisation conductance (2.77 mS ecm ™)
Shellac
Zinc-air battery & binder Shellac binder Planetary mixer Power density of 150 uW cm > at 156
a current of 0.5 mA
SC & electrode material Shellac as graphene source Dip coated/heating Capacitance of 1.7 F em > 157
grown on the substrates
SC & electrode material Shellac as rGO source on Laser irradiations rGO/Shellac/FR/paper exhibited 158
paper substrate for SC capacitance 31.25 mF cm >
Paper battery & binder Shellac binder Mixing/brushing Power density 359.75 u4W cm > 163
and 3.35 V maximum output
Paper SC & current Graphite flakes and Direct-ink-writing 3D Capacitance of 25.6 F g~ * 164
collector ink carbon-black in shellac printed
PLA
Micro SC & electrode PLA/halloysite nano-clay Stirring/sonication 197.7 mF g ' specific capacitance 175
material at0.45 mAg "
Quasi-solid-state SC & gel PLA/PVDF-HEP Doctor blade Retaining 83% capacitance at 8 176
polymer electrolyte mA cm > and 70% after 10 000
cycles under deformation
SC & electrode material PLA-graphene-cellulose/ Electrospinning Capacitance of 16.54 F g~ " at 171
polyaniline 0.05 Ag!
Micro SC & electrode PLA/poly(4-styrene Casting Areal capacitance of 490.3 mF 172
material sulfonate) cm Zata 0.3 mAcm 2
Flexible solid-state SC & PLA/graphite/poly(ethylene Film casting Areal capacitance of 10 mF cm > 173
electrode material glycol) monomethyl ether at 0.15 mA cm >
Chitosan
SC & nanohybrid Nano chitosan/nickel oxide Nano chitosan-freeze- — 204
membrane nanoplarticles dried/NiO-thermal
decomposition
Lithium-sulfur battery & Chitosan powder derived Low-temperature Discharge capacity of 209
cathode material N-doped biochars pyrolysis 874 mA h g, dropping to
828 mA h g~ " in the 2nd cycle
EDLC SC & polymer Chitosan/lithium acetate/ Magnetic stirrer Specific capacitance of 132.8 Fg ! 216
electrolyte Glycerol and power density (2591 W kg™ )
Electrochemical capacitor Chitosan/MnO, One-step Specific capacitance of 424 F g~* 210
& nanocomposite film nanoparticles electrodeposition at 1 mA cm™?
Symmetrical SC & 3-D film Chitosan/2D MXene Freeze-dried Power density of 143.2 uW h cm 217

nanosheet (Ti3C,T,) film

(b) Shellac, used as a binder for electrode materials in the
fabrication of batteries designed as single-use EESDs, may lack
the durability or recharging capability needed for multiple
cycling.

(c) Although PLA's production reflects its growing impor-
tance and adoption in various industries due to its biodegrad-
ability and sustainable production process, its slow degradation
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results in long lifetimes but creates problems when it's time to
dispose.

(d) Like cellulose, chitin, and chitosan chemical methods of
separation have drawbacks, including the use of toxic or
corrosive chemicals like HCL and NaOH, which can generate
significant environmental pollution.
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(e) Synthesis of carbon-based electrode materials from chitin
and chitosan have shown excellent performance within the
literature; however, this work is mostly experimental, and more
work is required for it to be applicable for commercial purposes.

(f) Future trends which are relevant include flexible, wear-
able, stretchable, and transparent EESDs where biodegradable
biopolymers can be incorporated to achieve a closed-loop
economy for EESDs. However, a critical issue is the challenge
of achieving performances comparable to those of traditional
EESDs.

(g) Future development of cellulose, shellac, PLA, chitin, and
chitosan binders should consider the ease of disassembly of
EESD components through thermal or green solvents for
sustainability. These binders support a circular manufacturing
approach and enhance the environmental responsibility of the
supply chain.

Fig. 8 provides an overview of the outlook for biodegradable
biopolymers. The extraction process focuses on achieving effi-
ciency in extraction, encompassing purification, separation,
yield, scalability, optimisation, and quality control. These
factors are vital to ensuring consistent biopolymer performance
in energy storage applications, where high purity and stability
are essential for device reliability. Additionally, the sustain-
ability aspects of the extraction process impact environmental
considerations, such as waste disposal, toxin management,
energy demands, and material degradation. Since biodegrad-
able biopolymers are valued for their eco-friendly properties,
minimising environmental costs, reducing toxins, and
managing waste are essential for making this technology viable
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and aligned with green chemistry principles. Balancing effi-
ciency with sustainability is crucial to optimising biopolymer
extraction, making them a responsible and suitable choice for
renewable EESD solutions.

Enhancing the structure of biodegradable biopolymers for
EESDs emphasises the importance of reinforcing these mate-
rials with additional biodegradable components to improve
their mechanical and electrochemical properties. Advanced
functionalisation techniques, such as crosslinking and refined
mixing methods, are crucial for developing a more robust
matrix within these materials, resulting in improved stability
and performance for energy storage. A major focus is the
development of smart biodegradable biopolymer composites,
designed to incorporate responsive behaviours or enhanced
conductivity. These structural modifications will enhance
mechanical strength, biodegradability, and electrochemical
efficiency, making biopolymers more suitable for sustainable
EESD applications. The design framework emphasises cost-
effectiveness as a key factor in selecting biodegradable
biopolymers, with targeted modifications to enhance perfor-
mance and reliability in EESDs. Additionally, integrating
machine learning techniques, such as convolutional neural
networks (CNN) and long short-term memory (LSTM) models,
aids in optimising polymer design. By generating and analysing
datasets through these methods, researchers and industries can
accelerate the discovery and fine-tuning of material properties,
making the design process both more efficient and predictive.

Conventional characterisation techniques, including X-ray
diffraction (XRD), scanning electron microscopy (SEM), and X-
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Fig. 8 Research opportunities for biodegradable biopolymers include advancements in extraction processes, structural modifications, Al-driven
design, advanced characterisation techniques, and application development. These opportunities aim to enhance environmental sustainability

while optimising performance.
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ray photoelectron spectroscopy (XPS), are typically conducted ex
situ and require disassembly of EESDs, which complicates the
mechanistic study and ongoing research of biodegradable
biopolymer based rechargeable EESDs, often obscuring critical
design principles. Recent focus has shifted toward in situ and
operando techniques to help avoid negative effects and uncer-
tainties from sample post-treatment, providing more accurate
information about electrochemical processes. Advanced tech-
niques, such as time-of-flight secondary ion mass spectroscopy
(TOF-SIMS), are particularly effective for characterising inter-
facial composition due to their high mass sensitivity and
ultrahigh spatial resolution. Deeper insights into atomic and
ionic structures can be achieved with aberration-corrected high-
angle annular dark-field scanning TEM (HAADF-STEM),
neutron diffraction, and X-ray absorption near edge structure
(XANES) analysis.

Future applications of EESDs, including bendable, flexible,
and stretchable devices like wearables, IoT devices, and medical
technologies, will benefit greatly from a balance between envi-
ronmental sustainability and high EESD performance. A Cradle-
to-Cradle life cycle assessment (LCA) for EEDs is an approach
focused on designing products with sustainability, reuse, and
circularity in mind. Unlike traditional linear LCA models, which
often end with disposal, Cradle-to-Cradle LCA promotes
a regenerative life cycle where materials are either fully biode-
gradable or indefinitely recyclable, minimising waste and
environmental impact. Cradle-to-Cradle LCA evaluates the
sourcing of raw materials, such as biodegradable biopolymers,
the energy efficiency of the manufacturing processes, and the
longevity and durability of the devices. It further assesses the
potential for the device's components to be disassembled,
recovered, or repurposed at the end of life, effectively closing
the loop. Furthermore, innovating recycling strategies that align
with green chemistry principles is essential for the future
development of EESDs. Efficient and sustainable recycling
practices can significantly reduce waste and environmental
pollution associated with EESD disposal. Current EESD recy-
cling approaches as mentioned previously, such as pyrometal-
lurgy, hydrometallurgy, and direct regeneration techniques,
primarily target the recovery of valuable elements or materials
from the cathode. Moving forward, researchers should priori-
tise environmentally friendly recycling processes that facilitate
the recovery and reuse of all EESD components. These
combined efforts will contribute to a more sustainable future
for EESDs.

5. Conclusions

In the context of batteries and SC, biodegradable biopolymers
are vital for the circular economy of EESDs. These materials
function as binders, electrode materials, electrolyte materials,
polymer solid electrolytes, hydrogels, and separators, amongst
others. These eco-friendly materials have low resource
consumption in device production and disposal but also
possess all the required properties for energy storage. To
increase the sustainability and recyclability of batteries and SC,
biodegradable biopolymers can be incorporated into the
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conception and fabrication of these devices. It also encourages
the production of less environmentally hazardous technologies
and lowers the CF of the energy storage sector. This paper
focuses on cellulose, shellac, PLA, chitin, and chitosan due to
their exceptional sustainability, biodegradability, and func-
tional properties with emphasis on their background,
processing/preparation techniques, properties, chemical char-
acteristics, usage, and some of the latest research undertaken.

With only 17.4% of E-waste collected and recycled, while the
rest deposed as incineration and landfill.’®” This underlines the
urgent need to prioritise the use of environmentally friendly
and biodegradable biopolymers to achieve a circular economy.
Moreover, cellulose and chitosan are the most used biode-
gradable biopolymers in both battery and SC as shown by the
results in Fig. 2. In contrast, shellac is significantly underused,
despite its potential as a biodegradable material. This suggests
an opportunity for further exploration and development of
shellac in energy storage devices, where its unique properties
could be used to enhance the sustainability and performance of
EESDs. Critical aspects such as efficient extraction, purification,
and sustainable recycling methods, aligned with green chem-
istry principles, are emphasised to ensure environmental
responsibility. Key challenges include the high costs and
hazardous chemicals involved in purification, durability issues,
and limited commercial application. To enhance biodegradable
biopolymer performance in EESDs, advanced structural modi-
fications, including reinforcement, crosslinking, and smart
biopolymer composites, improve mechanical strength, biode-
gradability, and electrochemical stability. Machine learning
tools, like CNN and LSTM, accelerate design optimisation by
generating datasets to refine material properties. In situ/oper-
ando characterisation techniques, such as TOF-SIM, offer
precise insights into electrochemical processes, overcoming the
limitations of ex situ methods. Future applications, like wear-
able and flexible devices, will benefit from a Cradle-to-Cradle
LCA framework for closed-loop sustainability, supported by
evolving recycling methods to recover and reuse all EESD
components, fostering a circular economy for sustainable
energy storage solutions.
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