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Abstract: Polymer electrolytes are attractive materials towards achieving safe, flexible and high-performance

energy storage devices (ESDs) such as lithium ion batteries ( LIBs). Conventional polymer electrolytes are

confronted with big challenges to achieve high ionic conductivity, good mechanical properties, excellent

biocompatibility and environmental friendliness. In this context, natural polymeric materials have appealing

merits of multi-functionality, ease of accessibility, good mechanical strength, etc. making them promising

candidates to substitute conventional polymer electrolytes. Recently, the rational design and fabrication of

advanced natural bio-based polymer electrolytes have made important progresses. In this review, we

summarize recent developments in terms of polymer electrolytes using natural polymers for several application

purposes. This review also involves the merits and demerits of the different natural polymers that have been

investigated thus far. The insights on state-of-the-art for natural polymer electrolytes and possible solutions for

further improvement of them are discussed as well in this review.
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1 Introduction

1.1 Electrolytes of Lithium Ion Batteries (LIBs)

Sustainable energy supply is critical for global
economy. Rapid development of portable electronics,
electric vehicles and stationary storage systems calls
for urgent demands for next-generation energy storage
devices (ESDs) as well as new energy economy.
Lithium ion batteries ( LIBs) and electrochemical
capacitors are among the most of important ESDs due
to their high performances in energy/power densities

and life span''™’

. These ESDs are typically composed
of two electrodes including a cathode and an anode,
an electrolyte that allows the transportation of the
ions, a separator that separates two electrodes to
highly
conductive current collectors allowing current flow out

prevent  short-circuit,  and electrically
of the cells. According to the cell configuration shown
in Fig.1 (LIB as an example), one can see that the
working mechanism of LIB relies on electrochemical
reactions ions

enabling transportation of lithium

between the two electrodes. Herein, it can also be seen
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that the electrolyte is the only medium that connects all
the components and plays a vital role in controlling the
dynamics of the lithium ions inside of the battery.
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Fig.1 Illustration of typical configuration of LIBs

Electrolyte is a critical component with basic
functionality as conducting ions, but not electrons for
ESDs. A desired electrolyte should possess such
properties as high ionic conductivity to satisfy the ion
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transportation  process, good contact/interfacial

property to effectively construct stable ion/electron
transport thermal and

pathways, and good

electrochemical stabilities to survive in the

environment during service. Currently, the most
successfully commercialized electrolytes are organic
( OLEs ) based on carbonate
liquids, e.g. polycarbonate (PC), ethylene carbonate
(EC), dimethoxyethane ( DME), etc.'"*' owing to

their high ionic conductivity and superior contact/

liquid electrolytes

interfacial property. However, the safety issues (e.g.

thermal runaway, electrolyte leakage, explosion,
etc.) caused by their flammable property have been

intensively concerned, which hinder their broader
5-6]

applications>™"". Therefore, studies on electrolytes for
safe and high performance LIBs are obligatory and
urgently needed. At the same time, the demands for
development of next-generation ESDs, especially
wearable or flexible electronic devices, have been
significantly raised'”™®". Currently, liquid electrolytes
are still the most popular electrolyte materials for
fabrication of ESDs, although they have limitations
because of their extremely poor mechanical properties.
In this case, advanced solid or gel electrolytes are very
much desired as they are safer and enable design of
fully flexible and safe LIBs and more importantly,
they can maintain structural integrity when undergoing
various deformations. Therefore, the desire for safe
and flexible batteries and diversity of ESDs make solid
or gel electrolytes promising candidates for substituting
liquid electrolytes.

Over the past decades, towards achieving safe

and flexible LIBs, best electrolyte candidates include
[10-11]

polymers , ceramics'*" | hybrids'"" and
gels!'' Among various types of electrolyte
materials,  polymer electrolytes have  drawn

considerable attention owing to their obvious ease of
application to LIBs particularly as compared with
ceramic electrolytes. Based on polymers, gel
electrolytes are defined as one type of polymer
electrolytes, which are the combinations of solid
polymer electrolyte and liquid component such as
liquid electrolytes. The comprehensive attributes and
basic advantages/disadvantages of the two types of
polymer electrolytes including solid and gel polymer
electrolytes are summarized as below.
1.2 Solid Polymer Electrolytes

Solid polymer electrolytes ( SPEs) refer to the

solid polymers that are able to transport ions, such as
.2

lithium ions, sodium ions, and protons. SPEs are
believed to be the most promising candidates to replace
liquid electrolytes for applications of wearable
electronics and microelectronics because of their
remarkable advantages such as excellent mechanical
properties, high safety and good flexibility'"®™*'. In
addition, it is also found that SPEs are of great
potential to suppress the growth of lithium dendrites
202U Similar to the
for SPEs, the

polymer hosts act as “solid solvents” that dissolve the

due to their high modulus
composition of liquid electrolytes,

lithium salts. The lithium salts can be dissociated by
the polymer hosts due to the coupling interaction
between the electrolyte ions and the polymer hosts,
and thus, the ions are movable in the free volume of
the polymer hosts. The most critical property for
electrolytes is their ionic conductivity. It is generally
accepted that the ionic conductivity of SPEs is
confined in the amorphous phase of the polymer hosts
above the glass transition temperature. Due to the
long-chain effect and slow segment movement, the
ionic conductivity of SPEs (< 107 S/cm at room
temperature ) is far lower than that of the liquid
which
applications of SPEs.

electrolytes, severely hinder the practical

In the past years, focus has been mainly
concentrated on many kinds of polar polymers such as
poly (ethylene oxide) (PEO)!*™?!  poly ( propylene

)[25—27i )[14,28—29: and S0

oxide , polyacrylonitrile ( PAN
on. The most classical SPE system is PEO-based
electrolytes. PEO is a typical semi-crystalline polymer
and shows very good solubility for various lithium
salts. The typical ionic conductivity of PEO-based
SPEs is in the range of 10° - 107" S/cm at room
temperature. PEO can form complexes with lithium
salts primarily due to the coupling interactions between
PEO

the strong coupling

ions atoms of the

5,30-31]

lithium and oxygen

chains! On one hand,
interaction facilitates the dissociation of lithium salts.
However, on the other hand, it impedes the ion
transport simultaneously. The coupling effect between
PEO and lithium ions can be well reflected by several
aspects. For instance, the ionic conductivity can be
increased by decreasing the molecular weight of PEO
or by increasing flexibility of PEO chains via adding
plasticizers' ¥

The most challenging and critical issue for SPEs is
to improve their ionic conductivity to approach the level

of liquid electrolytes. Diverse strategies have been
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investigated such as introducing nanoparticles (e. g.

AL O, i, "% | adding plasticizers'*™*
24,39]

)
blending with polymers' and so forth. The primary
purpose of the reported strategies is to increase the
percentage of amorphous phase in the polymer hosts.
Among these approaches, addition of nanoparticles is
found to be very attractive because of several aspects.
Firstly, the ion transport can be facilitated due to the
conductive interfaces formed between the polymer
matrix and nanoparticles, as well as formation of
Lewis acid-base interaction between the electrolyte
140411 Secondly,  the

nanoparticles can act as reinforcement additives to

ions and the nanoparticles
enhance the mechanical properties that are deteriorated
by the reduced crystallinity of the polymer hosts. The
effects of ceramic fillers'**' | zeolites'® and
hybrids'*) on SPEs have been well investigated. It is
also established that addition of nanofillers may
improve the compatibility between electrolyte and
lithium electrode as well as thermal/electrochemical
stabilities of the electrolytes. Moreover, the nanofillers
can be designed with various dimensions and
functionalities to involve in the ion conduction. For
example, some fillers having high aspect ratio with

such as a fiber-like structure!®’

can easily construct
continuous conductive networks. Also, some fillers
can be chemically modified to introduce atoms (e.g.
Boron'*’) that can actively interact with ions in order
to increase ionic conductivity as well as lithium
transference number that is defined as the fraction of
current contributed by lithium ions.

Copolymers with conductive blocks are another
type of promising candidates for high-performance
SPEs' "' In specific, the conductive block (e.g.
EO block ) is responsible for the ion transportation,
and at the same time, the other blocks, such as
polyethylene ( PE) or polystyrene ( PS), enable to
form 3D frameworks to provide strong mechanical
strength. Their properties can be precisely patterned by
adjusting simultaneously their block fractions and
polymer architectures. It is usually found that the ionic
conductivity and  mechanical  properties  are
significantly dependent on the specific microstructures
of the blocks. For instance, Devaux et al."”"’ reported
a PEO-PS block polymer electrolyte, and found that,
compared with the linear PEO, comb PEO showed
slightly better ionic conductivity owing to absence of
PEO crystallization, but the linear PEO presented the

best compromise between high conductivity and good

mechanical properties. Although copolymers enable a
fine design of ion conduction pathways, the
mechanism of the ion conduction in the conductive
blocks is generally the same as that of conventional
SPEs. Therefore, the ionic conductivity of copolymer-
based SPEs is usually at the same level as it is for
common SPEs.

1.3 Gel Polymer Electrolytes

All solid lithium batteries with SPEs have never
reached the stage of large-scale commercialization due
to the unsatisfactory ionic conductivity and poor
interfacial property of SPEs. Concerned by these
critical issues, people paid increasingly attention to gel
polymer electrolytes ( GPEs), in which advantages of
both liquid electrolytes (e.g. high ionic conductivity,
good interfacial property ) and SPEs (e. g. good
mechanical properties, high safety ) can be taken.
Although the introduction of a liquid component
inevitably deteriorates the mechanical properties, the
combination of the attributes from different states of
components is still an attractive approach to achieving
moderate to high performances all around. Therefore,
GPEs are still taken as high-performance electrolytes
for fabrication of advanced LIBs with enhanced
flexibility and safety.

Many polar polymers have been studied as the
hosts for fabrication of GPEs, such as PEO"***?' | poly
(vinylidene fluoride) ( PVDF) '™/ = poly ( methyl
methacrylate) ( PMMA )" and so on. These
polymers usually have good affinity with the liquid
electrolytes. It is also noted that in addition to OLEs,
new electrolytes such as ionic liquid electrolytes
(ILEs) have also been of great interest for fabrication
of GPEs recently. Studies on GPEs are mainly focusing
on optimization of their structures and compositions to
enhance ionic conductivity, mechanical performance,
interfacial property, etc. For GPEs, to achieve high
ionic conductivity and good mechanical properties is the
induces

primary challenge. The liquid component

swelling of the polymer host, and therefore the
properties of GPEs

sacrificed to some degree. The key to alleviate this

mechanical are unavoidably
issue is to design structures that can adsorb large
amount of liquid and at the same time retain good
structural integrity.

Various strategies have been employed to keep a
good Dbalance between ionic conductivity and
Shin et al."'"

introduced functionalized SiO, nanoparticles as both

. 3.

mechanical strength. For instance,
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cross-linking sites and reinforcement additive to
fabricate high-performance composite GPEs with high
ionic conductivity and good mechanical properties.
The cross-linked polymer matrix, e.g. PAN in their
study, provided strong structural integrity to absorb a
while the

promotes the

large amount of liquid electrolytes

introduction of SiO, nanoparticles
mechanical strength and creates good contacts at the
interfaces for smooth ion transportation. This work
represents a significantly effective approach via cross-
linking and addition of nanofillers to greatly improving

the ionic conductivity and mechanical properties.
2 Naturally Bio-Based Polymer Electrolytes

Although tremendous efforts have been made for
development of synthetic polymer-based electrolytes,
effective progress appears stagnant. The primary issue
is that the ionic conductivity is limited to the ranges of
10*-10"* S/cm, which is fairly unsatisfactory for
practical applications. Researchers have been pursuing
breakthroughs and switched to some feasible natural
materials. Particularly in recent years, motivated by
sustainable development, people conducted more and
more studies with a focus on exploiting environmental
friendly materials to substitute synthetic polymer-based
electrolytes. Naturally derived polymeric materials
have received considerable attention because of their
intrinsic advantages such as eco-benignity, low-cost
and ease of accessibility. More importantly, they
possess versatile functional groups in their more
complicated structures so that they have notable
advantages in multi-functionalities developed from
nature. At the same time, it is well known that the
development of new electrolytes to replace the
traditional synthetic polymer electrolytes is desired
from natural resources. Therefore, in this context, the
significance of sustainable economy and diversity of
polymer resources imply that natural polymers should
be very promising substitutes for synthetic polymers.

As 1illustrated in Fig. 2, one of the important
development trends of next-generation LIBs is towards

’

“green” and flexible designs. It is believed that,
electrolytes are the most possible component to be
replaced with eco-friendly materials. In this case,
naturally bio-based solid or gel electrolytes are
expected to enable fabrication of safer and “greener”

or flexible LIBs. Meanwhile, the employment of solid

or gel electrolytes can avoid the use of separator,
which would not only significantly reduce production

costs but also can potentially enhance the

electrochemical properties for the batteries. Therefore,
in this review, state-of-the-art studies of employing
various natural materials to fabricate polymer
electrolytes for LIBs are summarized.

For application in LIBs, natural biopolymers such
56-59] 60-63]

as  cellulose' ,  starch! ,  protein'® )
chitosan'” ' | etc. were found to be the most
potential polymer electrolyte candidates. These

biopolymers possess good mechanical properties (e.g.
high modulus) due to their high molecular weight and
special molecular structures, in which tremendous
interactions exist within and among their molecular
chains. More importantly, such natural biopolymers
usually contain abundant functional groups (e. g.
amine and carboxyl groups of protein) that might have
great potential of being reactive to lithium salts or
show good affinity with liquid electrolytes. In
addition, most natural biopolymers contain active
moieties that can be physically or chemically modified
to enable the resulting electrolytes to exhibit good
properties. Based on their unique functionalities,
reported studies on applying natural polymers for
making polymer electrolytes are summarized as follow
(see Fig.2). Firstly, natural polymers can act as
polymer hosts for fabrication of polymer electrolytes.
In regard of those natural biopolymers that can well
dissolve lithium salts, SPEs can be directly fabricated
via applying them as hosts. In addition, some of the
natural polymers show good affinity with liquid
electrolytes, which make them good candidates for
GPEs. Secondly, the natural polymers can be applied
as reinforcement additives to enhance the mechanical
strength for conventional polymer electrolytes. With
this aim, the natural polymers are dispersed in the
polymer matrix as fillers or blended with the polymers
to fabricate composite polymer electrolytes. Thirdly,
the natural polymers can be used as mechanical
support frames for fabricating high-performance
polymer electrolytes. In this case, such polymers are
usually employed as porous substrates where
conventional polymer electrolytes are grown onto. In
the following sections, several natural polymer
materials that have been widely investigated for LIB
electrolyte applications are introduced and significant

findings are emphasized.
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Fig.2 Illustration of the “green” next-generation flexible battery with specific applications of natural materials

2.1 Cellulose

Cellulose is an abundant biomaterial on earth
with outstanding properties such as biodegradability,
chemical stability, thermal stability, good mechanical

71741 " Cellulose can be chemically

strength and so on
modified via substituting the hydroxyl groups in the
backbones to generate various derivatives. Over the
past years, many cellulose derivatives have been
studied for polymer electrolyte applications, e. g.
carboxymethyl cellulose ( CMC )77
cellulose ( HEC )™ etc. Besides their excellent

mechanical properties, benefits also come from their

, hydroxyethyl

loose fiber-like structures. Generally, cellulose usually
possesses porous structures that are conducive to
adsorb liquid electrolytes. Therefore, cellulose has

¢[73.79-80]

been used as reinforcement agen or supportive

substrate' "**'! for enhancing the mechanical strength

and flexibility of polymer electrolytes. For instance,
Colo et al.'™ reported a hybrid SPE with good
mechanical integrity by blending PEO with CMC. At
the same time, more studies have focused on
employing cellulose ( e. g. cellulose paper ) as
substrates for fabricating highly flexible polymer
electrolytes, as cellulose exhibits good affinity and
permeability for liquid electrolytes. For example,
Zhang et al.'®"' explored that the cellulose nonwoven
membrane was applied as the backbone to prepare
poly ( propylene carbonate ) ( PPC)-based SPEs for
fabricating all-solid-state LIBs. The PPC-based SPEs
showed outstanding electrochemical performances
such as high ionic conductivity of 3x10™* S/cm and
wide operation window of 4.6 V as well as good
mechanical properties. Their results facilitated the

fabrication of all-solid-state LIBs working properly at
. 5.
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1 modified surface

room temperature. Nair et al.'
property of cellulose by UV-grafting of poly( ethylene
glycol ) methyl ether methacrylate to enhance the
compatibility of cellulose hand-sheets with the
They obtained hybrid GPEs

displaying excellent mechanical properties such as

polymer matrix.

flexibility = and good overall electrochemical
performance ( see Fig.3, The figures are adapted from
Ref. [ 73 ] ( Reprinted with permission from
Elsevier) ).

The cellulose-enhanced GPEs
uptake and good stability for liquid electrolyte as
demonstrated in Fig.3(a), as well as great flexibility

(see Fig.3 (b)) with absorption of liquid electrolyte.

showed large

ju.mm““

The lithium half-cells also worked very well
demonstrating  typical LiFePO,
profiles by employing the GPEs (Fig.3 (c¢)) and
exhibiting excellent rate performance with very slight

charge-discharge

capacity decay as shown in Fig.3(d). In addition to
improving mechanical properties, Liu et al."™’ found
that the addition of cellulose acetate butyrate ( CAB)
to PVDF enhanced the compatibility between the
electrolyte and electrode and thus delivered a highest
ionic conductivity of 2. 48 x 10 S/cm at room
temperature. Moreover, they also found that CAB
played a critical role in affecting the porous structure of
the composite polymer electrolyte host, and therefore
further impacted the uptake of the liquid electrolyte.

(a) Appearance of the GPE membrane
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(b) Charge-discharge profiles of half-cells assembled by sandwiching

the GPE between LiFePO, cathode and Li metal anode
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(c) Rate capability of half-cells assembled by sandwiching
the GPE between LiFePO, cathode and Li metal anode

Fig.3 Properties of high-performance cellulose-enhanced GPEs

The functionality of cellulose for electrolyte
application is not limited as reinforcement additive.In
fact, the simple and facile processing to generate
cellulose membranes as well as large uptake of liquid
electrolytes also make cellulose a promising polymer

6 -

host for electrolytes. Zhu et al.">

employed highly
porous carboxymethyl cellulose, CMC, membrane as
the polymer matrix for producing a GPE with high
uptake of the liquid electrolyte to deliver a highest

ionic conductivity of 4. 8 x 10 S/cm at room
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temperature and greater transference number of 0.46
than that of liquid electrolyte ( 0. 2 — 0. 3).
Interestingly, they found that CMC was a poly
anionic cellulose that could impede the passing
through of the anions of the lithium salts, and more
pores could provide greater resistance for the
movement of anions. They also reported a facile
method to finely control the porous structure by
simply adjusting the ratio of the solvent and non-
solvent mixture. As a matter of fact that for GPEs,
the uptake of liquid electrolyte is significant as it
determines many properties of the GPEs such as ionic
conductivity, mechanical properties, stability and so
forth. It is therefore accepted that porous structure is
usually desired for greater uptake amount and lower
ion transport resistance. However, Li et al."*
reported a dense cellulose-based membrane with non-

(EC)

(EC)

porous structure as the host for GPE. They
demonstrated a simple fabrication method to obtain
the solid membrane by dissolving hydroxyethyl
cellulose, HEC, in water and casting/drying the
solution at room temperature. Such HEC-based GPE
showed an ionic conductivity of 1.8x10™* S/cm at room
temperature and high transference number of 0.48. They
found that the uptake amount for the liquid electrolyte of
the non-porous HEC membrane was up to 78.3 wt% (a
little lower than that of the Celgard separator of
90.9 wt%) due to a strong interaction between the
hydroxyl groups of HEC and carbonate-based electrolyte
(see Scheme 1, the figure is adapted from Ref. [ 82 ]
with permission from Elsevier. ). Such interaction did not
only produce uptake of the liquid electrolyte, but also
gave rise to a better stability of the interface film

between lithium metal and the GPE.

(DMC)
(0]
Solvent molecules of
/ organic electrolyte
(6] (0]
OH
H H o HEC host
(0] R=CH.CH.
0O-R-OH
(0]

Solven molecules of
organic electgrolyte

/00T

Scheme 1 Schematic illustration of the interactions between carbonate-based organic electrolytes and hydroxyl

groups in HEC

2.2 Chitosan
Chitosan has attracted extensive attention on

account of its specific properties including

biocompatibility,, bioactivity and also because of its
industrial

great potential in biomedical and

applications' %

. Chitosan also constitutes a polymer
host in a polymer electrolyte for conducting protons,
on which most research has been focusing on. As

chitosan is also with the ability to dissolve lithium

salts, it can be an alternative electrolyte material for
Chitosan-based SPEs,
however, show a relatively low ionic conductivity

conducting lithium ions.
resulting from the high crystallinity of it. However,
because of its free amine and carboxyl groups,
appropriate modifications can be made to generate a
variety of  chitosan  derivatives. = Therefore,
modifications of native chitosan or blending it with

other polymers are the primary approach to decreasing

.7 .
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crystallinity and improving the ionic conductivity of
chitosan electrolytes. For example, it was revealed
that chemically modified chitosan, for instance,
carboxymethyl chitosan, reported by Mobarak et
al."*" | showed a two order of magnitude greater ionic
conductivity of 3.6 X 107 S/cm at room temperature
by increasing the oxygen content than that of native
chitosan. Idiris et al.'®’ found that the chitosan-PEO
blend SPE exhibits an ambient ionic conductivity of
ca.107*S/cm and good mechanical properties, but the
ionic conductivity is still far from satisfactory. Further

1.1 who

improvement was reported by Fuentes et a
fabricated chitosan/poly
(‘aminopropyltriethoxysilane ) /poly ( ethylene oxide )
( CHI/pAPS/PEO )

conductivity of ca.10™> S/cm at room temperature.

composites of
to deliver an optimal ionic

Despite tremendous efforts have been made to
enhance the ionic conductivity of chitosan, in order to
further
applications, most

achieve improvement towards practical

research has focused on
plasticizing chitosan by liquid electrolytes to form
chitosan-based GPEs. For this purpose, carbonate
based liquid electrolytes such as EC and PC'*’ were
frequently used to plasticize chitosan. The plasticized
chitosan was usually prepared by dissolving chitosan
and EC/PC
plasticizing it after obtaining chitosan solid film.
Osman et al.'®”) studied through FTIR and the results
indicated that EC did not interact with chitosan but

reduced 7, for increasing segment motion; instead,

in acetic acid solvent instead of

EC strongly interacted with lithium salt due to
solvation effect. At the same time, the ionic
conductivity of chitosan was improved to 4x107°S/cm
by using EC as a plasticizer. A deep understanding on
chitosan-based polymer electrolytes was achieved by

Navaratnam et al.'®

via studying the transport
mechanism of chitosan. They introduced two types of
lithium salts with different anion sizes, lithium acetate
(LiCH,;COO) and lithium triflate (LiCF,SO,). They
found that the room temperature ionic conductivity of
the LiCF,;SO, electrolyte was one order of magnitude
higher than that of LiCH,COO electrolyte. This ionic
conductivity enhancement was considered from the
different dissociation capability and anion size of the
two lithium salts. This study implied that larger anion
size (e.g. triflate anion) gave rise to lower lattice
energy and slow diffusion rate, which hindered the
movement of lithium ions resulting in low ionic
conductivity.

.8 -

2.3 Starch

Starch has been increasingly studied for various
applications such as drug delivery, food packaging and
medicine owing to its widely availability, low cost, and

43,63,89-91]

biodegradability' . Starch is a semi-crystalline

polymer composed of a mixture of linear amylase and
branched amylopectin polysaccharidechain'®'. Similar to
the structure of PEO, starch also obtains -C-O-C-
stable helix
composed of repeating glucose monomers, which

allows the reversible transportation of lithium jons"**’.

functional groups and a structure

Starch has excellent solubility for various lithium salts
(e.g. 40% for LiCIO,"**') and at the same time, as a
host,
mechanical

polymer starch also demonstrates good

properties.  Therefore, the ionic
conductivity of starch-based electrolytes can be
significantly improved by

increasing loading of

lithium salts. For example, Teoh et al.'**

reported a
SPE based on corn starch, which showed a high ionic
conductivity of 1.28%10™* S/cm with a high lithium
salt loading of 40 wt% at room temperature.
Researchers have also been developing various
strategies to enhance the ionic conductivity. Most
studies have been focusing on plasticizing starch by
glycerol to enhance the ionic conductivity. Glycerol is
a widely used plasticizer due to its good compatibility
reported a GPE based
on amylopectin-rich starch, which was plasticized by
30— 35 wt% glycerol, showing a highest ionic
conductivity of 1.1x10™* S/cm at 30 C. In addition to
glycerol, ionic liquid is another attractive candidate to

with starch. Marcondes et al."”"

plasticize starch. Liew et al.'” found that the ionic
conductivity of their corn starch-based electrolyte
loaded with 80 wt% of ionic liquid ( BmImTf) was
increased by three orders of magnitude to 3.2x10™* S/cm.
They also found that N-O bonding was formed
between imidazolium cations of the ionic liquid and
which
to give rise

starch polymer backbone, increased the

amorphous region to high ionic
conductivity. Compared with glycerol, which is
unstable and may react with lithium metal, ionic
liquids, as good liquid electrolyte candidates,
demonstrate overwhelming advantages including good
electrochemical stability. Therefore, despite of its
high cost, ionic liquids are a proper plasticizer for
delivering desired ionic conductivity for fabricating
starch based GPEs.

Plasticizing starch to promote chain motion is

effective route to improving the ionic conductivity;
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however, the mechanical properties deteriorate

simultaneously. Therefore, it still
challenge to maintain a balance between

is a critical
ionic
conductivity and mechanical properties. In fact,
similar to the situation of conventional polymer
electrolytes, employing ceramic nanofillers into the
polymer hosts to fabricate composite electrolytes is
believed to be one of the effective methods to improve
the ionic conductivity while maintain good mechanical
properties. Teoh et al.'® investigated the effect of
SiO, on the corn-starch-based SPEs. They found that
by applying a small loading of SiO, (4 wt%), the
crystallinity of starch was significantly decreased and the
ionic conductivity was increased to 1.24x10™* S/cm. The
complexations of starch, lithium salt and SiO, could
promote a new ion migration pathway and thus
enhanced the lithium ion transport in the starch
electrolyte.

In addition to above strategies, cross-linking the
starch host is another effective solution to improve

mechanical performance. Recently, an exceptional

OH
...,ﬁg\
HO=TING-

Corn starch

(a) Corn starch and schematic of crosslinking starch with KH560
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corn starch SPE with a high ionic conductivity of
3.39 x 10" S/cm at room temperature and high
lithium ion transference number of 0.80 was reported
by Lin et al."”*'. In their study, they cross-linked the
starch by KH560 ( see Fig.4 (a)) to improve the
flexibility of the starch electrolyte film as shown in
Fig.4 (b). Moreover, the starch SPE demonstrated
good electrochemical properties and all-solid-state Li-
The Li-S
batteries containing the starch SPE delivered a high

S batteries were fabricated based on it.

initial discharge capacity of 1 442 mAh/g at a small
current rate of 0.1 C (see Fig.4 (c)) at room
temperature. At the same time, the SPE also showed
excellent cycle stability at a high current rate of 0.5 C
for 1 000 cycles with an average discharge capacity of
around 562 mAh/g with approximately 100% efficiency
for each cycle (see Fig. 4 (d)). This study has
demonstrated a great potential of starch for advanced
flexible electrolyte for battery applications. In Fig.4 the
figures are adapted from Ref. [ 93], reprinted with
permission from Royal Society of Chemistry.
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o

OCH,

N

Starch hosted
electrolyte film

(b) Physical appearance and
bending property of starch
electrolyte film
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(d) Cycle performance of the Li—S cells tested at 0.5 C
at room temperature

Fig.4 Properties and battery performance of corn starch based electrolyte
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2.4 Protein

Proteins are natural polymers composed of a
series of amino acids covalently linked through
peptide bonds. Compared with synthetic polymers,
proteins in general are compositionally and structurally
much more complex. Basically, proteins contain such
four levels of structures as primary, secondary,

[97-98] ’ and

tertiary and quaternary  structures
compactly enclose various functional groups, e. g.
polar, nonpolar, charged groups, etc. The complex
structures and compositions of proteins actually
determine their multi-functionalities. It is well known
that proteins possess good solubility for lithium salts
and high modulus; thus, they can be utilized as
polymer hosts for polymer electrolytes. Thus far,
gelatin is the most widely studied protein for
electrolyte applications.

Gelatin is able to be dissolved in water-based
solvents and can easily form films via simple casting.
Therefore, there are a number of studies reported on
gelatin hosted polymer electrolytes. However, due to
the fact that the ionic conductivity of liquid-free
gelatin-based electrolytes is extremely low, most of the
research has concentrated on preparation of gelatin-
based GPEs. For instance, al.!*

investigated gelatin-based GPE by using glycerol as the

Ramadan et

plasticizer and cross-linked the gelatin by formaldehyde
to enhance the mechanical properties of the resulting
electrolyte. A highest ionic conductivity of ca.
107*S/cm at room temperature was achieved from the
gelatin-based GPE. It was also found that the ionic
conductivity was further enhanced by addition of an
ionic liquid. The work presented by Leones et al.'”’
demonstrated an ionic liquid doped gelatin electrolyte
with a highest ionic conductivity of 1.18 x 10™* S/cm
at 30 C. However, the electrochemical stability
window versus Li/Li* is only 2.0 V, which was
possibly led by the decomposition of glycerol. The
researchers believed that the presence of glycerol
significantly limited the practical applications for
gelatin based electrolytes.

In addition to gelatin, Fu et al.'®’ recently found
that soy protein was potentially a high-performance
lithium ion conductor. The ionic conductivity reached
ca. 107
optimized by controlling the procedures for sample

S/cm from their soy protein electrolyte

preparation. In their studies, it was also found that
soy protein had very strong interactions with the
lithium salts due to the charged functional groups of

.10 -

the protein. The structures of the protein were found
to be very sensitive to the lithium salt loading levels
and the formation temperature as shown in Fig.5(a).
Therefore, the researchers optimized the protein-based
electrolyte materials by adjusting the salt loading and
formation temperature (see Fig.5(b) ), and then they
found the ionic conductivity was increased by several
orders of magnitude. At the same time, as indicated
in Fig. 5 (¢ ), such lithium salt loaded protein
electrolyte displayed good mechanical properties. In
specific, its modulus was almost two orders of
magnitude higher than that of PEO electrolyte. More
importantly, they reported an extremely high
transference number of 0. 93 for the soy protein
electrolyte ( Fig.5 (c)), which indicated that the
protein strongly attracted the anions and immobilize
them. The possible ion transport behavior “decoupled
ion transportation” is illustrated in Fig.5(d).

It indicated that this mechanism completely
differed from that of the conventional ion transport
mechanism for polymer electrolytes. In Fig.5, The
figures are adapted from Ref. [ 65 ], reprinted with
permission from American Chemical Society. The
researchers believed that the lithium ions were able to
transport via anion clusters formed by interaction
between the anions and protein’ s positive charge
groups, and the attraction from the negative oxygen
atoms in the backbones of the protein. Therefore, the
ionic conductivity was improved without deteriorating
the mechanical properties, which resolved one of the
main issues for polymer electrolytes. This study
provides a new avenue to investigation and
development of biopolymer-based electrolytes via
taking advantages of their unique structures and
functionalities from nature.

In the reported studies on electrolytes, proteins
have been applied beyond as polymer hosts. Due to
their abundant functional groups that are able to
interact with polar polymers, proteins can also be
used as multi-functional additives for enhancing the
conventional

mechanical properties of

661

polymer
electrolytes. Ji et al.'®’ reported an ultra-elastic blend
of PEO and soy protein with a fully amorphous
structure. They found that there might be strong
interactions among the three components including soy
protein, PEO and lithium salt, to eventually result in
the fully amorphous structure of PEO as well as great
flexibility. In addition, the blend of PEO/soy-protein

electrolyte film exhibited excellent elasticity and an
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average ultimate tensile strength of 0. 98 MPa as same time, the PEO/soy-protein showed significantly
illustrated in Figs.6 (a) —(b). The nanoindentation reduced bulk resistance (Fig.6(d) ) and a highest ionic
results (Fig.6(c)) also indicated that the PEO/soy- conductivity of 2.63 X 10° S/cm at room temperature

protein film was more elastic than PEO film. At the (Fig.6(e)).
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(a) Digital images of the tensile tests
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Fig.6 Mechanical and electrochemical properties of
soy protein reinforced electrolytes

In Fig.6, The figures are adapted from Ref.
[66 ], reprinted with permission from American
Chemical Society. The highly stretchable and elastic
PEO/soy-protein electrolyte film was of great
potential for fabrication of fully flexible LIBs.
Proteins can also reinforce other properties of the
polymer electrolytes besides mechanical properties.

"% investigated protein

For instance, Wang et al.
reinforced adhesive composite electrolytes with high
ionic conductivity ~ 10~ S/cm at room temperature.
The researchers believed that flexible adhesive
electrolytes were one of the effective solutions to
achieving good contact between the electrolyte and
electrodes, especially when the battery was
experiencing deformations such as volume change of
the electrodes generated by charging/discharging.
They investigated two types of proteins, gelatin and
soy protein, and found that they both were effective
multi-functional fillers for enhancing not only the
mechanical properties but also adhesive property of
the PEO-based composite electrolytes. The protein-
reinforced electrolytes possessed good adhesive
property to the electrode and current collector surfaces
due to protein’s rich functional groups providing
various interactions to the substrates. In specific, the
gelatin reinforced electrolytes exhibited greater storage
modulus and adhesive strength compared with soy
protein reinforced ones. The studies indicated that the
compatibility between the fillers and polymer matrix
as well as particle size of the fillers were critical
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factors for the mechanical properties and adhesive
property of the electrolytes.

3 Conclusions and Outlook

This review summarizes the primary and
representative progress in the development of natural
polymer-based electrolytes for application of LIBs.
All-solid-state or flexible LIBs have been pursued for
many years and offer many significant advantages
over commercial LIBs with liquid electrolytes,
including enhanced safety, higher energy density and
wider operation temperature. Polymer electrolytes are
the most promising candidates to replace liquid
electrolytes in order to achieve lightweight all-solid-
state LIBs; however, polymer electrolytes suffer from
unsatisfactory ionic conductivity (10°*-107* S/cm at
room temperature ). At present, the development of
polymer electrolytes seems to meet a bottleneck in
spite of tremendous efforts having been made. For
polymer electrolytes, due to their coupled ion
transport mechanism, the ionic conductivity is
seriously limited and a trade-off effect exists between
ionic conductivity and mechanical properties. Recent
studies implied that some of the limitations of
conventional polymer electrolytes can be overcome by
natural polymers. As compared with simple synthetic
polymers, natural polymers are more complex in their
composition, structure as well as functionality. An in-
depth understanding and utilization of their unique
attributes can promote the efforts of developing
advanced polymer electrolytes.

Motivated by specific properties of the natural
polymers, people can design new materials with
different

purposes. For instance, for those natural polymers

advanced performance for application

such as starch and protein, which can greatly
dissociate lithium salts, they are good candidates as
polymer hosts for SPEs with high ionic conductivity.
For crystalline or semi-crystalline biopolymers
including chitosan and starch, in order to achieve high
ionic conductivity, basically one of the most useful
routes is to reduce crystallinity via chemical
modifications, addition of nanoparticles, cross-linking
or addition of liquid electrolytes to result in GPEs.
Some natural polymers (e.g. cellulose derivatives)
with good affinity with liquid electrolytes can be used
as scaffold to adsorb a large amount of liquid

electrolytes for advanced flexible GPEs. In addition,

natural polymers are also effective fillers for
enhancing conventional polymer electrolytes. Thus
far, it has been found that addition of cellulose and
protein can significantly reinforce the mechanical
performance of the electrolytes; in specific, protein as
a multifunctional filler has been found to significantly
enhance the adhesive property.

Based on the significant progress having been
achieved thus far, the following research directions
for further development of advanced high-performance
natural polymer electrolytes are recommended. First,
because a complete replacement of conventional
synthetic polymer electrolytes by natural polymers
remains a big challenge, a combination of synthetic
polymers and natural polymers would be an attractive
solution to achieve good comprehensive properties.
Exploration on various natural polymers with good
compatibility with developed synthetic polymer
electrolytes, good mechanical properties or even
unique affinity with electrolyte ions should help
identify a class of effective enhancement additive.
Second, to obtain thorough natural polymer
electrolytes with high ionic conductivity for practical
applications, the best strategy lies in using liquid
electrolytes to plasticize the natural polymer hosts. In
this case, there is a strong need for exploration of
natural polymers that can be well compatible with
Third,

understanding of the ion transport mechanism in the

liquid electrolytes. in-depth studies and
natural polymers are critically demanded for further
improvement in the electrolyte performance. It is
believed that the ion transport mechanism of natural
biopolymers should be more complicated than that in
simple synthetic polymer electrolytes. Via learning the
mechanisms, the can be

electrolyte properties

improved by designing desired architecture or
composition conducive for ion transportation process.
In brief, nature is a rich “warehouse” of inspirations
and provides us a wise route to explore and fabricate

more efficient electrolytes for advanced LIBs.
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