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Supercapacitors (SCs) have been extensively used in advanced energy applications due to their superior
energy storage capacity and rapid charge—discharge rate. The significant constituents of a SC include
two electrodes, an electrolyte and a separator. The integrated performance of all these constituents
is necessary to enhance the energy storage ability of the device. For advanced electrochemical energy
systems, the search for separator materials with higher ionic conductivity, mechanical strength, thermal
stability, longer life and low cost of manufacturing is necessary. Appropriate design and fabrication of a
separator improves the thermal stability, specific capacity, efficiency and life of a SC. In this review, a
study on various materials that are used in the fabrication of separator membranes namely polymer,
polymer—ceramic, and bio-based materials and the influence of these materials on the overall
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performance of the SC is presented. New trends in developing devices by integrating smart separator
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1. Introduction

In the last decade, the field of portable electronic systems has
witnessed tremendous growth with the development and
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materials with SCs are also highlighted.

application of numerous types of sensors and other flexible
electronic devices.” This has stimulated the need for the
development of portable energy storage devices such as bat-
teries, fuel cells and supercapacitors (SCs). Batteries have the
ability to store significant amounts of energy and are able to
provide the same for many applications. However, a major
drawback in the use of batteries is their less power density
and relatively lower shelf and cycle life. SCs, on the other hand,
are energy storage devices that have properties such as specific

Dylan Lasrado is a graduate
student at the School of Mechani-
cal Engineering at VIT University,
Vellore, TN, India. Recently he
has worked on a project based
on crystalline nanocellulose rein-
forced polyaniline composites,
under the guidance of Dr
Sandeep Ahankari. He published
one international journal paper
in 2020. He has also published
a book chapter titled ‘‘Global

Dylan Lasrado trends in  supercapacitors”,
published by Springer Nature,
Switzerland.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://orcid.org/0000-0002-4168-1231
http://crossmark.crossref.org/dialog/?doi=10.1039/d1ma00599e&domain=pdf&date_stamp=2022-01-18
http://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00599e
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA003003

Open Access Article. Published on 29 December 2021. Downloaded on 7/22/2025 5:09:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

power density (0.1-100 kW kg™ ') and specific energy density
(0.11-10 W h kg™ ') which lie in between those of electro-
chemical batteries (0.01-1 kW kg™ '; 10-100 W h kg™ ") and
capacitors (100-10* kW kg™'; <0.1 W h kg ").>* SCs exhibit
promising properties such as a fast charge-discharge rate
within seconds, a high specific power density (10 kW kg™")
and a long cycle life (>10> cycles).>” In recent times, SCs have
found tremendous applications in various fields such as con-
sumer electronics, renewable energy, military applications, etc.
The automotive industry is one of the major fields in which SCs
are extensively being used, mainly in cars, buses and trains
where they are primarily used for starting the engine, cold
starting at low temperatures and vehicle acceleration. The
possibility of using SCs in hybrid as well as electric vehicles is
currently being explored. SCs are also being used in applica-
tions that we encounter in our day to day lives, such as lifts,
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cranes, elevators, smart phones, laptops and security systems.*’
An important parameter that researchers are concentrating on is
the volumetric energy density of SCs. It is desired that SCs have
less volume so that they can be used in consumer electronics.™

SCs are chiefly classified into two types namely pseudo-
capacitors and electrical double layer capacitors (EDLCs).'""?
In EDLCs, the absorption and de-absorption of charges take
place at the electrode/electrolyte interface within seconds
leading to fast charge-discharge rates and excellent cycling
stability. The surface area of the electrodes as well as their
pore size, distribution and structure has a significant impact on
the capacitance of EDLCs. Activated carbon materials, carbon
nanofibers and mesoporous carbons are commonly used as
electrode materials in EDLCs because of their high surface area
and their abundant supply.’*™*® In contrast, reversible faradaic
redox reactions between the electrodes and the electrolyte are
responsible for storing energy in pseudo-capacitors. The com-
monly used electrode materials for pseudo-capacitors include
metal oxides such as MnO,, NiO, TiO,, polypyrrole, polyaniline
and other conducting polymers.'®® Pseudo-capacitors exhibit
higher specific capacitance and poor cycling stability as com-
pared to EDLCs.

Current research chiefly focuses on the manufacturing
and characterization of flexible electrode materials such as
CNTs," graphene,”® etc. and their composites with conducting
polymers,®" metal oxides,** etc. However, the electrochemical
performance of a SC also depends on the material and type of
electrolyte and separator used. Solid electrolytes are preferred
in flexible SCs as they act as an electrolyte as well as a separator
to prevent a short circuit and chemical leakage; furthermore,
if an SC is present in the form of a film, it also minimizes the
distance of ion transport.”>** Quasi-solid gelled polymer electro-
lytes demonstrate higher ionic conductivity (10”100 mS cm ™)
than solid electrolytes (10~°~10"% mS cm™*).>>?¢

A separator, a vital component that enables free ionic flow
and isolates electronic flow, greatly influences the safety and
electrochemical performance of SCs. Unfortunately, very few
researchers have focussed their attention towards optimising
the characteristics of separator membranes i.e. their chemical
composition and morphology.?”*® Separators have been devel-
oped from a variety of sources such as polyolefins, aqua gel and
rubber. These separators must (i) be thin and provide electrical
insulation so as to avoid a short-circuit between the
electrodes,” (ii) be good dielectric materials and exhibit elec-
trochemical stability in the electrolytes used, and (iii) also
favour high ionic mobility between the electrolyte and electrode
surface. However, separators tend to show low ionic conduc-
tivity or dry out and collapse over a period of time.**° Macro
porous separators made from poly(vinylidene fluoride) (PVDF)
and poly(vinylidene fluoride-co-hexafluoropropene) (PVDF-
HFP) show good affinity with the organic liquid electrolyte,
which offers high ionic conductivity and more electrolyte
retention due to their porous structure.”® But the mechanical
strength of such macro porous membranes is inferior to that of
dense membranes.** The use of microporous separators fabri-
cated from polyolefins is confined due to their sluggish ion
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Fig. 1 Progressive evolution in separator (a) materials, and (b) manufacturing processes.

transfer kinetics and poor thermal stability. Currently, the most
commonly used dense separator membranes are Nafion and
sulfonated poly(ether ether ketone) (SPEEK) membranes.
Separators from these membranes are fabricated by immersing
them in sulfuric acid solutions. Nafion is mainly composed of a
hydrophobic Teflon backbone and hydrophilic sulfonic acid
groups.’* > However a major drawback with these membranes
is that they are expensive and the raw materials required for
their fabrication are limited with high carbon footprint.**?”
Fig. 1 illustrates the progress made in the choice of materials
used to fabricate separators and the manufacturing processes
that are used.

The choice of the separator depends on the application
involved. Separators employed in structural members should
carry mechanical load. Wearable electronics need flexible
separators. For applications like oil drilling, separators should
withstand high temperatures with least compromise on their
performance. Sometimes they should be able to harvest as well
as store energy. This review focuses on the different materials
being recently used as separators, various fabrication processes
involved and their combined effect on the performance of SCs.

1474 | Mater. Adv, 2022, 3,1472-1496

2. Materials for separator membranes

2.1. Polymer based membranes

Polymer based materials are promising candidates for use as
separators as they possess high chemical and mechanical
resistance apart from being cheap, abundant and easily
processible. Polypropylene (Celgard) separators are the most
commonly used commercial separators in SCs. Several other
polymers such as polyethylene (PE), PVDF, PVDF-HFP,
poly(vinyl chloride) (PVC), poly(ethylene glycol) (PEG) and
poly(ethylene oxide) (PEO) have also been used to fabricate
separators for SCs.>*™*® Polymer based separators can be fabri-
cated using a variety of methods. Electrospinning is commonly
used to fabricate both single component membranes (e.g
PVDF) and composite separator membranes (PVDF combined
with nano sized ceramic particles or blend with other poly-
mers). The porosity and pore size of the separator membranes
can be closely controlled using this process.*"*> Electro-spun
fibre membranes can be applied over electrodes as separators
as they are highly porous with large specific surface area
and have a wide electrochemical performance window com-
pared to commercial separators.**> Compared with separators

© 2022 The Author(s). Published by the Royal Society of Chemistry
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manufactured by solution casting or the phase inversion
method, electro-spun membranes offer more electrolyte uptake
due to high porosity, reduced interfacial resistance and faster
ionic diffusion.** The electrospinning process was used to
fabricate two separator membranes namely TUX5 (25% PVDF
solution dissolved in N,N-dimethylacetamide (DMA)) and
TUX10 (22.5% PVDF solution dissolved in N,N-dimethyl-
formamide (DMF)-acetone mixture).*> The influence of the
temperature and separator material characteristics such as
porosity and composition on the performance of SCs was
studied. A meso-macro porous melted structure was observed
in the SEM micrographs of the TUX5 separator (thickness
~10 pm) which was mainly attributed to the high PVDF
concentration and rapid polymer solution feed rate.*®*’
On the other hand, a uniform structure of fibres was observed
in the SEM images of TUX10 separator membranes (thickness
~20 pm). The porosity in TUX10 (~91%) was also found to be
much higher than that in TUX5 membranes (~40%). This
resulted in higher frequency series resistance in TUX5 as
compared to that in TUX10 separator membranes. The relaxa-
tion time constant was influenced by the temperature and
separator properties. The specific power of SCs employing
TUX10 separators was 5 times lower at —30 °C as compared
to the maximum specific power which was observed at 24 °C as
it also depends on the temperature and separator material
parameters like porosity. Aarthi et al. fabricated separator
membranes by varying the concentration of PVDF (5% to
25%) in 50:50 wt% of DMA and tetrahydrofuran using the
electrospinning process.*® In a similar way, it was observed that
the average diameter of the fibres was enhanced with the
increasing concentration of PVDF. However, membranes with
20% concentration of PVDF were found to be optimum as it
exhibited promising properties such as high thermal stability
up to 450 °C, maximum electrolyte uptake of 200 + 2%, a
porosity of 86.8 &+ 2% and a crystallinity of 42.7%. The high
porosity and high electrolyte uptake in separator membranes
with 20% PVDF were attributed to the lower fibre diameter
(400 £+ 8 nm) as compared to the other membranes.

He et al. employed electrospinning followed by the phase
separation method to manufacture porous PAN nanofiber
separators from polyactylonitrile/polyvinylidene fluoride (PAN/PVP)
blends where PVP, a separated phase, was used as a pore forming
agent (Fig. 2a).*>® Increasing concentrations of PVP (up to PAN:
PVP-10:5 wt%) in the blend increased the pore size (and hence
an increased specific area and meso/macropore capacity) of the
electrospun PAN nanofibers after the removal of PVP (Table 3).
Due to this, the electrolyte uptake of such porous nanofibers was
much higher as the electrolyte was not only adsorbed on the
surface but also impregnated into the meso/macropores of the
separator (Fig. 2h). Faster ion diffusion corresponds to lesser
electrical double layer forming time.

The phase inversion process is widely used in the fabrication
of porous SC membranes as it is cheaper and more efficient as
compared to electrospinning. Karabelli et al. used the phase
inversion method to fabricate microporous separator membranes
from PVDF and PVDF-HFP using acetone as a solvent.*> The PVDF

© 2022 The Author(s). Published by the Royal Society of Chemistry
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separators displayed good mechanical properties and had
a high porosity of 80%. The authors also reported that the
PVDF separators exhibited a higher value of ionic conductivity
(18 mS ecm™ ') as compared to Celgard™ (commercial poly-
olefin separators with 4 mS em™ ') and cellulose separators
(10 mS em ™) when filled with a molar solution of tetraethyl-
ammonium tetrafluoroborate (TEABF4) in acetonitrile. Xie et al.
fabricated symmetric SCs using two different carbon mate-
rials namely activated carbon (AC) (specific surface area of
1187 m> g~ ') and nitrogen enriched activated carbon (N-AC)
(specific surface area of 1744 m” g~ ') as electrodes and a PVDF
membrane as a separator.’’ The PVDF membrane was fabri-
cated through the phase inversion process and modified using
poly (vinyl alcohol) (PVA) and glutaraldehyde (GA). The
decreased contact angle for the modified PVDF membrane
(from 73.5 to 61.0°) indicated the reduced surface free energy
and increased hydrophilicity (Fig. 2b and c). These modifica-
tions did not change the thickness of the membrane signifi-
cantly (~20 pm). The membrane possessed an asymmetrical
structure comprising mainly of honeycomb like nano sized
pores in the skin layer and finger like large pores in the sub
layer, providing a sufficient electrolyte reservoir and channels
for ion diffusion. (Fig. 2d-g) The decrease in porosity of the
membranes (72.4% to 64.4%) post modification was attributed
to the vacant pores being occupied by cross-linked PVA and GA
molecules. SCs fabricated using the unmodified PVDF separa-
tors showed less specific capacitance because of being poorly
hydrophilic and was unable to store sufficient amount of
electrolyte, thus hindering the movement of free electrolyte
ions. The specific capacitance of AC/PVDF SCs was reported to
fall dramatically from 69 F g ' to 4 F g as the current density
increased from 0.1 A ¢! to 10 A g ! while in the case of
AC/modified PVDF SCs, the specific capacitance decreased
from 43 F g~ ' to 22 F g~ " as the current density increased from
10Ag 'to 50 Ag " (Fig. 2i). The better retention of capacitance
in AC/modified PVDF SCs was due to low internal resistance as
compared to AC/PVDF SCs.

Apart from the phase inversion process and electrospinning,
other novel methods have also been used to fabricate polymer
based separators. Hashim et al. demonstrated a cost-effective
method of fabricating SCs.** The authors prepared a separator
from a mixture of hybrid polymer electrolyte PVA (70%) and
phosphoric acid (30%) which was immersed in a mixture of
lauroyl chitosan and poly(methyl methacrylate) (PMMA). PVA
and lauroyl chitosan were chosen as they possess good mechan-
ical properties and the latter also has the ability to retain high
levels of ionic liquids.”*>* The separator was sprinkled with
0.15 g of commercially prepared multi-walled CNTs on either
side following which it was assembled into an innovative SC
tester. The authors also observed a very high ionic conductivity
of 64.2 and 1.84 mS cm ' when electrochemical impedance
spectroscopy (EIS) was carried out in an interval of 7 days.
Coaxial wet spinning is one such process which was used to
fabricate PVDF nanofiber separators whose thickness was con-
trolled by regulating the PVDF content (5 wt% to 30 wt%).>*
10 wt% of PVDF was found to be the ideal concentration in

Mater. Adv,, 2022, 3,1472-1496 | 1475
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Fig. 2 (a) Hierarchical porous structure of separators fabricated from PVDF fibres. Reproduced with permission.*® (b) Contact angle test for PVDF.
(c) Contact angle test for modified PVDF. (d and e) SEM images of PVDF. (f and g) SEM images of modified PVDF. (h) Plot of the electrolyte uptake vs. time

of various separators. Reproduced with permission.*® (

the separator. Though the separator displayed a highly
wrinkled network architecture, it favoured a large contact
between the electrode/electrolyte and rapid diffusion of electro-
lyte ions with a minimum risk of a short circuit. The separator
also exhibited exceptional flexibility as no change was observed
on bending the separator at angles up to 180°. Even after 100
such bending cycles (0° to 180°), only a 3% drop in the specific
capacitance was reported. The SC (graphene/PVDF nanofiber/
graphene) fabricated using this separator has potential to be
used in flexible and foldable devices as it can undergo twisting,
coiling, knotting, etc. It displayed promising electrochemical
properties (Table 3).

The use of polymer based membranes in SCs is highly
restricted due to their limited electrolyte wettability owing to
their inherent hydrophobicity, low ionic conductivity and low
porosity.®® In order to address this limitation, radio frequency
(RF) air plasma treatment was used by Vargun et al. to improve
the wettability of a porous polylactic acid (PLA) based biode-
gradable separator, commercially available Celgard 2400 and
NKK-MPF30AC-100 separators.’® The water contact angles were
decreased in all the three separators post plasma treatment.

1476 | Mater. Adv., 2022, 3,1472-1496

i) Specific capacitance vs. current density. Reproduced with permission.>!

The plasma treatment led to the formation of super hydrophilic
surfaces (water contact angle = 0°) in PLA and NKK-MPF30AC-
100 separators. The separators also showed improved water
uptake values as well as higher ionic conductivities in 1 M
H,SO, and 1 M Na,SO, electrolytes post plasma treatment
(Table 3). The higher ionic conductivities were attributed to
the improved hydrophilicity of the separator membranes. The
improved wettability of Celgard 2400 and the PLA separators
were attributed to two major factors namely the formation of an
oxidized nano layer and the introduction of functional groups
on the separator surface. The mechanical property analysis of
the membranes revealed that the RF-PLA membranes exhibited
good tensile properties despite their highly porous nature
(Table 1). Surface modifications of polyamide and polypropy-
lene non-woven fabrics based separators using low energy
plasma also resulted in an improved wettability of the separa-
tors which was attributed to the surface oxidation of
polymers.®* The improved wettability led to a reduction in the
total wetting time of the separator as well as influenced an
increase in the conductivity of the electrolyte present inside the
separator.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Mechanical properties of SC separators
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Separator material Young’s modulus (MPa) Tensile strength (MPa) Elongation at break (%) Ref.
SPAES/PEO-10 wt% — 39.1 15.4

SPAES/PEO-50 wt% — 19.0 41.5 55
SPAES/PEO-60 wt% — 7.0 4.7

RF-PLA 327.1 £ 64.2 152+ 9 10.9 + 2.4

RF-Celgard 2400 481.6 + 56.6 20.5 £ 2.1 6.7 £ 1.6 56
RF-NKK-MPF30AC-100 62.7 £ 15.4 3.3+0.8 44.2 £ 6.5

Porous cellulose (ACR-7) 5430 71.71 — 57
Porous cellulose (8 wt%) 2010 29.22 — 58
Mesoporous cellulose membrane 8930 171.5 — 59

2.1.1. Gel polymer electrolyte separators. The use of liquid
electrolytes in SCs is accompanied by its own set of challenges
such as preventing leakages, avoiding the use of corrosive
liquids, maintaining high safety standards, avoiding bulky
shapes of SCs due to the liquid electrolytes, etc. The demand
for flexible, thin and lightweight energy storage devices to be
used in portable electronic devices is also on the rise. It is
essential that all components used in such devices should be
able to withstand mechanical deformation and in certain cases
they must exhibit visual light transmission. Gel polymer elec-
trolytes which play the dual role of separators and electrolytes
have shown promise to meet these requirements as they are
flexible, possess high ionic conductivity (10" to 100 mS em™")*?
and can be shaped into thin films. PVA has shown great
potential as a matrix material for gel polymer electrolytes and
has been extensively used as an electrolyte and a separator in
flexible transparent SCs (FTSCs).>"**"®® The performance of the
gel polymer electrolyte is further enhanced by the addition of
redox additives. The use of the redox additives is to facilitate
redox reactions at the electrode—-electrolyte interface which
affects the capacitance of the SC. Such PVA based gel polymer
electrolytes were fabricated by Feng et al using 1-anthra-
quinone sulfonic acid sodium (AQSS)®* and bromamine acid
sodium (BAAS)®® as redox additives and were used as separators
as well as electrolytes. SCs having gel polymer films with redox
additives displayed a higher energy density and specific capa-
citance compared with the films without it (Table 3). The ideal
amount of the redox additive was 0.1 g as the maximum value
of specific capacitance was achieved at this value. Higher
concentrations of the redox additives led to their crystallization
in the gel polymer which hindered the transportation of free
ions. The gel polymer films also exhibited good stretchability as
the PVA-H,SO,-BAAS as well as PVA-H,S0,-AQSS films was
able to stretch as well as compress above 300%. Stable capaci-
tive performance at various stretching rates (0 to 100%) was
observed for both the films. A flexible gel polymer PVA-KOH-
K3[Fe(CN)s] exhibiting excellent mechanical properties and
capable of being used as an electrolyte separator was fabricated
by Ma et al.®” This gel polymer could be stretched to 250% and
bent into a shape of a circular arc to 180° without fracturing.
Apart from excellent mechanical properties, the SC also exhib-
ited excellent electrochemical properties (Table 3).

The electrolyte separator gel polymer films used in FTSCs
are prone to getting compressed when the SCs are subjected to

© 2022 The Author(s). Published by the Royal Society of Chemistry

compression and bending. The change in the thickness of these
films results in a change in the electrode spacing leading to
unstable capacitance performance. In order to control the
electrode spacing, spacers in the form of monodispersed poly-
styrene (PS) microspheres were mixed with PVA-LiCl gel which
performed the role of an electrolyte separator.®® The diameter
of the PS microspheres (20, 40 and 80 um) determined the
spacing between the indium tin oxide-polyethylene terephtha-
late (ITO-PET) glass electrodes. The rectangular like shape of
the CV curves of the ITO-PET/PVA-LiCl-PS/ITO-PET SC at a scan
rate of 100 mV s~ suggested an ideal behaviour of the SC
(Fig. 3a). The SCs with 20, 40 and 80 pm PS microspheres
exhibited a specific capacitance of 27.3, 28.2 and 23.5 uF cm ™2,
respectively. A comparison of the properties of FTSCs with and
without PS microspheres showed that both FTSCs exhibited
similar current densities and capacitance performance under
normal operating conditions However, under bending conditions,
the FTSC with PS microspheres showed a nearly unchanged CV
curve when bent from 0 to 180° while the FTSC without PS
microspheres exhibited CV curves which changed from rectangu-
lar to a shuttle like shape as displayed in Fig. 3b and c. The
change in the shape of the CV curve was attributed to extra sheet
resistance and internal resistance caused due to uneven electrode
spacing.® The SC demonstrated the best performance with a
specific capacitance of 147.1 uF cm™ > when electrode spacing was
controlled using 40 um microspheres.

The challenge with the flexible SCs developed for wearable
electronics is to offer consistent electrochemical performance
during stretching, twisting and bending. Li et al. developed
vertically aligned PVA-H,SO, (APH) hydrogel films (employed
as an electrolyte separator); manufactured by freeze-thawing
and directional-freezing methods as shown in Fig. 4a.”° In situ
growth of poly(aniline) (PANI) electrodes on both sides of this
film was achieved to form an integrated SC (APH-PANI). It
exhibited 4.65 times higher specific capacitance (25.85 mF cm >
at 0.05 mA cm™?) compared to the SC with a random network
(PH-PANI). This SC demonstrated a consistent and stable electro-
chemical performance during various deformations (Fig. 4b
and c). The APH-PANI film also displayed self-healing ability by
reorganizing its dynamic physical hydrogen bonds (Fig. 4a and
d-f).”"”* In a similar way, Hsu et al developed hydrogels
(separator/electrolyte) based on inexpensive natural polymers
of gelatin and cellulose nano-crystals (CNCs).”> Mussel inspired
tannic acid (TA) was used to treat this hydrogel and endow it
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with self-healable properties.”* This separator exhibited auton-
omous self-healing within 6 h at room temperature and did not
require any external stimuli for the same. A flexible, nontoxic,
biodegradable, and biocompatible SC was manufactured by
coating PANI and RGO on either sides of this hydrogel.
It displayed 84, 69 and 82% retention of specific capacitance,
energy density, and power density respectively compared to
its original values after five cuts and healing cycles. Such self-
healable SCs have potential uses in wearable energy storage
devices, sensors, e-skins, etc.

To impart mechanical strength and low temperature toler-
ance to flexible energy storage devices, Yu et al. developed an
all-in-one SC with a novel, hydrogen-bonding reinforced, dual-
crosslinked hydrogel (separator/electrolyte) made of poly(vinyl
alcohol), acrylic acid, and H,SO, (PVA-AA-S) as shown in
Fig. 4g and h.’* This hydrogel did not only tolerate high
compressive stress (0.53 MPa) and demonstrated high stretch-
ability (up to 500%) but also displayed high ionic conductivity
(75 mS em ™) (Fig. 3i). Strong and abundant hydrogen bonding
formed between PVA, PAA chains and water molecules was
responsible for this superior performance.”” The SC so formed
was resilient to various thermo-mechanical stimuli and also
exhibited very high capacitance retention for repeated pro-
cesses as shown in Fig. 4j. This SC was also able to retain
80% of capacitance even after working at —35 °C for 23 days
and hence made themselves capable of serving at high alti-
tudes, thanks to the excellent low temperature resistance of this
hydrogel. Hydrogen bonding also stimulates the self-healing
properties, permitting the self-assembly of all-in-one SCs.”® It
was surprisingly found that the hydrogel when cut into two
halves self-healed and reformed within one hour, displaying
the excellent self-healing properties of this hydrogel. Li et al
obtained a cellulose based, flexible hydrogel employing poly-
dopamine (PDA) as a crosslinking agent between polyacryla-
mide (PMA) and cellulose.”” At a ratio of 0.4 (DA/PM), the
double cross-linking (IT-IT stacking in PDA and hydrogen
bonds formed in the gel network) ensured superior mechanical
(high flexibility) and self-healing properties. After Fe** functio-
nalization, this hydrogel was converted to an aerogel separator.
The EDLC using a KOH saturated aerogel membrane displayed
127% higher capacitance (172 F g~ ') than the commercial

1478 | Mater. Adv,, 2022, 3,1472-1496

polypropylene (PP) separator membrane (75.8 F g~ ') at 1 Ag .
1t also displayed high capacitance retention (84.7%) with longer
life (10 000 cycles), especially due to the high electrolyte retention
(549%). The integrated micro-SC fabricated employing this hydro-
gel displayed remarkable areal and volumetric capacitances of
275.8 mF cm™ > and 394.1 F cm > at 10 mV s~ ' respectively.

2.1.2. Polymers with carbon nano-tubes. Recently, attempts
were made to modify the electrically insulating/unbiased mem-
branes in the active (diode like) layers.”®”® The effect of depositing
electronically structured p-type and n-type single walled CNTs
on either sides of the separator membranes was studied by
Chowdhuri et al.*® (Fig. 5a and b) On pressing the layers together,
a diode like behaviour was observed. The separators exhibited
both capacitance and resistance to ion flow and were permeable
to the ionic current. The authors noted that a single p-type layer
(CNTs coated with polyvinylpyrrolidone) exhibited an additional
capacitance of 15 F g~ while a single n-type layer (CNTs coated
with polyethylene imine) exhibited an additional capacitance of
7.5 F g~'. Since the layers were connected in parallel, the net
additional capacitance was 22.5 F g~ *. Apart from these, a further
increase in the capacitance was observed because of the junction
formed due to the p-type and n-type ions. These effects resulted in
an overall increase of 15% in the capacitance of the SC when
porous carbon electrodes were used (400 F g~ ').5%%" They also
demonstrated that these ionic-liquid filler SCs displayed a
decrease in the equivalent series resistance compared with the
cells having commonly used separators.®>

2.2. Polymer-ceramic based membranes

Dielectric materials comprising polymers and ceramics are
commonly used as separators to achieve high power and energy
densities. Polymers exhibit excellent mechanical and chemical
stability but have a low dielectric constant. On the other hand,
ceramics have a high dielectric constant, high ionic conductiv-
ity and high thermal stability but lack mechanical strength.®>%°
Alvarez et al. combined the desired properties of both ceramics
and polymers by fabricating polymer/ceramic composite (PCC)
separators comprising of PVDF, polypropylene (PPy) and a
mixture of earth based metal titanates such as SrTiOz;, CaTiO3,
and BaTiO; using the phase inversion process.®” The porosity of
the separator was improved by the addition of lithium chloride.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic diagram showing the fabrication of an APH-PANI SC. (b) CV curves of the APH-PANI SC showing its capacitance retention ability

under different conditions. (c) Capacitance retention vs. number of cycles. (d) The process of self-healing in the APH-PANI SC. (e) Voltage vs. time curves

with different self-healing times. Reproduced with permission.”®
Reproduced with permission.”

(f) Recovery percentage vs. electrochemical performance of a self-healing SC.
(9) Schematic showing the preparation of the PVA-AA-S hydrogel. (h) CV curves of 3 different hydrogels. (i) lonic

conductivity of 3 different hydrogels. (j) Capacitance retention of the SC under heating, bending and bending — releasing cycles. Reproduced with

permission.”*

The PCC separators also offered a lower ohmic resistance (~45 Q)
and had an improved dielectric constant (4.52) as compared to
commercially available separators (CelgardEz 2090 grade- ohmic
resistance 47 Q, dielectric constant 2.2). The PCC separators were
heat treated to allow thermodynamic arrangements of the various
components of the separator. The Young’s modulus of the PCC
separator improved by 71.1% on average post heat treatment. The
improvement in the dielectric constant of PCC separators as
compared to that of commercial separators was attributed to the

© 2022 The Author(s). Published by the Royal Society of Chemistry

addition of the ceramic into the separator. The specific capacitance
of the separator was found to reduce at elevated temperatures.
This was attributed to an increase in the density as the pores tend
to close at higher temperatures enabling the presence of a higher
mass in the same volume.

The control of pore’s size and its distribution in the separa-
tor membrane is very important as it has an influence on the
internal resistance and ionic conductivity of SCs. Ceramic
particles can be used to increase the porosity of separators
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having a polymer matrix. PVA-ceramic composite separators
were fabricated by adding ceramic particles of Al,O;, SiO, and
TiO, to an aqueous solution of PVA.*? This addition of ceramic
particles creates amorphous regions in the crystalline polymer
matrix, thus creating a more porous morphology leading to an
increase in the ionic conductivity (maximum by 100% in the
PVA-TiO, separator). The increase in porosity did not appreci-
ably affect the structural integrity of the separator making them
safe for use in flexible energy storage devices. A 68.6% increase
in the specific capacitance of PVA-TiO, composite separators
(32 F g~ ') was observed when compared with bare PVA separa-
tors (19 F g~ ') at a scan rate of 100 mV s~ ' (Fig. 5c). But the %
capacitance retention for PVA-TiO, was nearly the same as that
of the bare PVA separator (~70%) after 5000 cycles as shown in
(Fig. 5d). It is desired that SCs possess a low internal resistance
during the charge/discharge process in order to minimise the
energy loss in the form of heat. When a BaTiO;/(PEDOT:PSS)
composite was used as a separator in a graphene SC with PVA
as the electrolyte, a low internal resistance of 42 Q was
reported.®® The lower internal resistance was attributed to the
pore size of the separator membrane which was smaller as
compared to that of the PVA film.** The graphene SC exhibited
a high specific capacitance of 195 F g~ .

The pore size in separators can be controlled using different
manufacturing processes. However, a majority of the manufac-
turing processes that control the pores like electrospinning and
solvent exchange are expensive and time consuming. Liu et al.
employed a low-cost casting (stir-pour-dry) technique to
develop a highly porous network of Al,0; nanowires (NW)/
polyvinyl butyral (PVB) composite membrane.®* At Al,O; NW
concentrations between 30 and 40 wt% (denoted as) PN30 and
PN40 in Fig. 5e, this amazing non-woven membrane exhibited

1480 | Mater. Adv., 2022, 3,1472-1496

high porosity (42-75%), high flexibility, high strength (>30 MPa),
high temperature withstanding ability (up to 200 °C), high electro-
lyte uptake (>200 wt%), little to no swelling behaviour even at
200 °C, and higher ionic conductivity of up to 13.5 mS cm™'; a
performance way better than those of the commercial Celgard
separators. Mercury porosimetry measurements revealed higher
porosity (42 and 75%) and broad pore size distributions (5 to
1000 nm) for PN30 and PN40 compared to their commercial
counterpart (pore size <20% for its distribution) (Fig. 5e).

2.3. Ceramic membranes

The use of separators fabricated from cellulose, polymers, etc.
in SCs employed in high temperature applications such as oil
drilling, under hood automotive components, etc. is not feasi-
ble as they undergo unreliable shrinkage and deformation at
elevated temperatures. For such high temperature application-
specific SCs, a combination of solid organic electrolytes/ionic
liquids®>®" as electrolytes along with natural clay/ternary sul-
phide glass/combinations of ceramic materials is used.’>** SCs
were fabricated for such high temperature applications having
ceramic based separators, carbon electrodes and a 2 M KOH-
glycerine solution (boiling point of 290.9 °C) as an electrolyte.”*
The ceramic separators mainly comprised of nickel oxide (NiO)
and zirconium dioxide (ZrO,). NiO was added to the separator
membrane as it has a negative temperature coefficient of
resistance and thus offers lower resistance at elevated tempera-
tures. This actually enhanced the capacitance at higher tem-
peratures (Table 3). Graphite powder was added as a pore
forming agent with its content being varied from 10 to 30%.
The addition of graphite also led to an increase in the operating
temperature and the pore size in the separator resulting in
rapid ion diffusion and enhanced capacitance. The specific

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Morphological comparison of commercial separator, VANS, and traditional monofunctional structural composite interfaces via optical (top) and
SEM (bottom) images of interior (4 plies) of the composites. Reproduced with permission.®®

capacitance increased with an increase in the graphite
concentration. However, at graphite concentrations of 40%,
the separator membrane exhibited poor mechanical behaviour.
SCs with separator membranes having 30% graphite composi-
tion exhibited good electrochemical properties at a temperature
of 140 °C (Table 3).

Apart from high temperature applications, ceramic based
separators have also been employed in SCs used for wearable
electronic devices. SCs to be used in such devices are charac-
terized by their compactness, flexibility and high energy storage
ability. Scalable printing technology has been used to fabricate
planar asymmetric SCs for such applications.”> Monolithic
films were layered one over the other and integrated on a single
substrate. The stacked layers were made of MnO,/poly 3,4-
ehtylene dioxythiophene: polystyrene sulfonate (MnO,/PED-
OT:PSS) as the positive electrode, ionically conducting boron
nitride as a separator (~ 2.2 pm), and the graphene nano-sheet
as a negative electrode; all were integrated on a single substrate
without additives, binders or metal based current collectors.
This flexible SC delivered a volumetric energy density of 8.6
mW h ecm? (much higher than any conventional asymmetric
SC with two substrates reported); demonstrated ~99% of the
initial capacitance even after bending it by 180° and a capaci-
tance retention of 92% after 5000 cycles.

Structural energy storage applications demand that the SC
behaves as a structural member and has the ability to carry
loads. The separators used in such SCs must contribute to the
load carrying capacity without inducing structural defects. This
has led to a demand for mechanically robust separators.®®®”
To reduce the weight of the system,’® Acauan et al. proposed
the concept of development of multifunctional energy storage
devices that can carry load like composites. They fabricated
structural separators by covering vertically aligned carbon nano

© 2022 The Author(s). Published by the Royal Society of Chemistry

tubes (VACNTs) with Al,O; using the atomic layer deposition
technique and sintering followed by the removal of CNTs
(Fig. 6).°° The main function of the CNTs was to control the
porosity and align the alumina nanotubes (ANTs). These ANT
arrays along with ionic polymer electrolytes formed vertically
aligned nano fibre separators (VANS). These VANS were placed
between the stackings of uni-directional carbon fibres (electrodes
of the SC) to fabricate the multifunctional composite laminate/SC.
The presence of ANTs in the polymer electrolyte reduces its
crystallinity, thus resulting in high ionic conductivity of VANS.
The major advantage of VANS over other separators is its resis-
tance to delamination (de-bonding of adjacent plies due to the
weak interface) which is a very common mode of failure in
laminated composites. The authors found the strength of the
VANS to be similar to that of the structural separator and improved
by 47% as compared to that of a commercial separator. The
authors reported that the VANS based laminate exhibited nearly
similar mechanical performance to that of the structural separator,
whereas it displayed a 47% increase in tensile strength, 131%
increase in effective stiffness, 51% increase in inter laminar shear
strength compared to commercial separators. However, a 6%
decrease was reported in the inter-laminar shear strength of VANS
as compared to that of the structural separator. This decrease was
attributed to the presence of interlaminar voids present in VANS.

2.4. Bio based separator membranes

2.4.1. Tree leaves as separators. Tree leaves are abundant,
easily available, inexpensive and bio-degradable which has led
researchers to try and determine whether they can be used as
separators for SCs. In one such work, Yao et al selected
biodegradable biomass of Bradyrhizhobium japonicum (BJ) for
an electrode material as it possessed a 3D structure and is
enriched with N content, carbonized it with ZnCl, activation
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(ZnCl,/B] mass ratio = 1.5) (BJPC-1.5) to manufacture it in a
single step (Fig. 7a)."°® A soya-bean leaf (SL) that contains more
hydroxyl groups on its surface and a hierarchically ordered
macroporous network was preferred as a separator.'®>°> The
electrochemical performance of such a SC containing this
biomass based electrode (BJPC-1.5) and an SL separator was
found to be better than the commercialized cellulose and PP

View Article Online
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separators (Table 3). Galvanostatic charge/discharge (GCD)
curves demonstrated that the initial ohmic drop of the SC
employing the SL separator (0.13 V) was less than that of the
cellulose (0.19 V) and PP separators (0.28 V) due to its high
wettability (52, 41 and 4%, respectively) as shown in Fig. 7b and c.

However, the low porosity of tree leaves serves as a major
limitation for its use as separators. Chemical modification
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Fig. 7 (a) Preparation of BJPCs, (b) the electrolyte uptake of the separators, (c) GCD curves obtained on using BJPC — 1.5 as the electrode and the three

different materials as separators. Reproduced with permission.° |

d) An illustration of the various components of eggs used for the fabrication of all solid

SCs. Reproduced with permission.*° (e) The electrolyte absorption capacity of different membranes. Reproduced with permission.!®” (f) The electrolyte

uptake of the three separators. (g) The ionic conductivity of the three sepa

rators. (h) Specific capacitance of the separators at different current densities.

(i) Specific capacitance vs. number of cycles. Reproduced with permission.>® (j) Schematic diagram of an ASC fabricated using nanofibers. (k) Comparison
of electrochemical performance of ASCs with other SCs fabricated in previous studies namely (i) ref. 122, (i) ref. 123, (iii) ref. 124,(iv) ref. 125, (v) ref. 126,

(vi) ref. 127, (vii) ref. 128, and (viii) ref. 129. Reproduced with permission.
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using alkaline solutions is one of the methods by which the
porosity of tree leaves can be improved. This method was used
by Jin et al. in their experiments where they carried out the
NaOH activation process on the surface of four different kinds
of tree leaves namely cinnamomum camphora (CC), magnolia
grandiflora (MG), platanus orientalis (PO) and osmanthus
fragrans (OF)."** These leaves had different chemical composi-
tions and hence different pore morphologies were observed.
A 3-D porous network structure comprising nano-sized and
macropores was observed in CC leaves while irregular porous
network structures were observed in MG and PO leaves. Lignin
and hemicellulose present in the CC leaf were partially removed
by the NaOH solution leading to an increased number of pores
resulting in higher capacitance performance (Table 3). The
activation time with NaOH significantly impacted the porous
structure of the CC leaf. Higher the activation time, greater the
size of the pores formed and lower the capacitance performance
as the ion concentration in the separator was reduced.'® CC
leaves demonstrated to be a good candidate for separators in SCs.

Poli et al. fabricated easy-to-dispose SCs employing green
raw materials; a step towards sustainable manufacturing and
easy recycling.'®® Electrospinning was performed at room
temperature to produce a biodegradable pullulan separator.
Carbon electrodes were prepared from pepper seed-waste and
1-ethyl-3-methyl-imidazoliumbis(trifluoro-methyl-sulfonyl)imide
was used as an electrolyte. Such a SC delivered up to 27.8 W h kg™
energy density and 5 kW kg~ power density at 3.2 V. Combining a
hydrophilic separator with a hydrophobic ionic liquid electrolyte
eases the task of separation of the components after the end-
of-life.

2.4.2. Egg shell based membranes. Avian egg shell mem-
branes (ESMs) have been used to fabricate separator mem-
branes as they are non-toxic, of low cost, abundantly available,
biodegradable and have highly porous structures. They are
stable in both alcoholic and aqueous media.'® The outer shell
membrane of the ESM is commonly used for the fabrication of
separators as it can be easily isolated from the egg shells.
Separators have been fabricated from the egg shells of ducks
(DESM), chicken (CESM) and goose (GESM) which were then
employed in coin type SCs."®” The size and structure of fibres
present in these egg shell based separators as well as the
thickness of the separator have a profound effect on the
performance of the SC. The CESM had a better capacitive and
resistive performance as compared to the other membranes
because of their smaller thickness (Table 2). Thinner ESMs also
exhibited a higher value of specific capacitance. A study of the
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electrolyte adsorption showed that the DESM had the highest
adsorption capacity of electrolyte (~133%) while the GESM had
the lowest adsorption capacity of electrolyte (~102%) (Fig. 7e).
The size and shape of pores in ESMs can be influenced by the
addition of titania (TiO,). In order to study this effect, the
DESM based separators were coated with varying concentra-
tions of TiO, nanoparticles using the dip coating method."*®
TiO, particles formed a coating on the duck eggshell fibres in
DESM immersed in 1 wt% of TiO, leading to the formation of a
significant number of pores. In DESMs immersed in 5 wt%
TiO,, the size of the pores reduced while the number of pores
increased. At concentrations of TiO, above 10 wt%, the pores
were found to get covered completely, reducing the specific
capacitance from 2.3 to 0.035 F g~ ' as shown in Table 2.

ESM based separators exhibit excellent thermal stability,
mechanical strength (tensile strength = 6.59 MPa) and electro-
chemical performance. ESMs of 0.8 mm thickness can sustain a
maximum stress of 6.6 + 0.5 MPa and a strain of 7 + 0.3%
which is slightly lower when compared to commercially used
polypropylene (PP) separators.’® They can also retain their
properties at temperatures below 100 °C and degrade at tem-
peratures above 220 °C thus indicating their excellent thermal
stability. A comparison of the degree of water uptake and
swelling revealed that it was higher in ESMs (10 and 8%,
respectively) as compared with that in PP based commercial
membranes (3%). SCs fabricated using ESM based separators
display improvement due to low resistance, lesser relaxation
time (¢t ~ 4.76 s), and splendid cyclic stability (more than 90%
retention after 10 000 cycles).

Apart from fabricating separators from egg shells, attempts
have also been made to fabricate SCs entirely from materials
derived from eggs. All solid-state, flexible SCs were successfully
fabricated as shown in Fig. 7d."*® The electrodes were devel-
oped using 1.25 nm thick 2D graphene like egg derived carbon
sheets as they exhibited exceptional power and energy densities
owing to their high surface area of 1527 m® ¢~ * and naturally
doped functional groups. Egg white/yolk reacting with KOH was
used as a gel like solid electrolyte while ESMs were used as
separator membranes. The ESMs had an interwoven, macro-
porous network of fibres whose diameter ranged between 0.5
and 1 pm. The SC thus developed showed excellent flexibility as
its specific capacitance remains unchanged on being subjected
to bending and twisting. When two such SCs were connected in
series, they were able to light up an LED for hundreds of
seconds thus highlighting their potential for employment in
practical applications. In another such attempt, bio-waste ESMs

Table 2 Comparison of specific capacitance obtained on using egg shell membranes as separators in SCs

Egg shell membrane Thickness (mm)  Average fibre diameter (nm)  Current (mA)  Voltage (V)  Specific capacitance (F g~')  Ref.
DESM + 1 wt% TiO, — — 0.02 0.002 0.7 108
DESM + 5 wt% TiO, — — 0.007 0.002 2.3 108
DESM + 10 wt% TiO, — — —0.0021 —0.004 0.035 108
DESM 0.10 1.314 — 0.5 156.14 107
CESM 0.03 1.177 — 0.5 159.22 107
GESM 0.14 937 — 0.5 153.06 107
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were used for the development of electrodes and separators to
be employed in asymmetric SCs.''! Biomaterials when carbo-
nized, oxygen and nitrogen can firmly be doped in the carbon
structure. Such bio-derived carbon does not only offer an
optimum pore size (size bigger than the microporous structure)
for ion absorption/transport but also the additional pseudo-
capacitance due to the presence of O and N."'*'"* The combi-
nation of air-activated ESM carbon as the cathode, MnO,
nanoparticle-chemically activated ESM carbon as the anode,
and a natural ESM bio-separator displayed good electrochemical
performance (Table 3) and showed a path for making renewable
energy devices by utilizing biowaste materials.

2.4.3. Cellulose based membranes. Cellulose is an abun-
dant polysaccharide found in nature in the form of wood,
cotton, bamboo, etc. Their low cost, high flexibility, excellent
thermal, mechanical and chemical stability, surface hydroxyl
groups and good wettability make them ideal materials to be
used as separators as well as electrodes for SCs.'** Recent
research has focussed on the fabrication of flexible and trans-
parent cellulose membrane as a separator using the phase
inversion process as it is one of the most efficient techniques
to fabricate meso/porous membranes.’® The mesoporous
membrane formed in one such work exhibited better ionic
conductivity and electrolyte uptake as compared to commer-
cially available separators such as NKK-MPF30AC and NKK-TF4030
(Fig. 7f-i). When used as a separator in a SC, the specific
capacitance, energy density and power density were also found
to be superior as compared to those of SCs having commercially
used separators. Porous cellulose separator films were fabricated
using this process and the concentration of cellulose in the films
was varied from 3 wt% to 9 wt%.”” The porosity and the
electrolyte uptake of the separator film first increased and then
decreased as the concentration of the cellulose increased in the
solution. The tendency of cellulose to form agglomerates at high
concentrations was responsible for the decrease in the values of
these parameters. On the other hand, the Young’s modulus and
the ultimate tensile strength were found to increase with an
increase in the cellulose concentration which was attributed to
the intermolecular hydrogen bonding between hydroxyl groups
present in the cellulose. The film with a cellulose concentration
of 7 wt% (ACR-7) was found to be an ideal separator as it had a
uniform mesoporous structure and a small pore size and also
exhibited promising electrochemical and mechanical properties
(Tables 1 and 3). Teng et al. also had very similar findings. They
also observed that the contact angle of the separator films
decreased with the increasing cellulose concentration.>® Apart
from the phase inversion process, inkjet printing technology/
layer by layer method and non-contact methods were also
employed to prepare cellulose separators for SCs.'*>'*°

The use of nanocellulose (NC) in energy storage applications
has gained increasing importance in recent years. NC has a
high mechanical strength (~2-3 GPa) and Young’s modulus
(~110-140 GPa);''”"''® and a potential to fabricate separators
as tightly controlled porous structures can be developed.''
Separators fabricated using pure NC get peeled off from the
glass substrate upon drying due their poor adhesion with the
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glass. One can observe the bubble formation when chitosan is
used as a separator over a glass substrate which offers an
increased possibility of a short-circuit. In contrast, separators
comprising 50% NC and 50% chitosan exhibited both good
adhesion and no bubble formation. Chitosan plays a key role in
such separators as a binder and an adhesion promoter for NC,
thus eliminating the peeling off issue observed in separators
fabricated from pure NC. The ionic conductivity of this separa-
tor film (0.9 S m ™) too is similar to that of pure NC separators
(1 S m™ ") and hence is advantageous from the manufacturing
point of view.

NC was used in the fabrication of all nanofiber asymmetric
SCs as shown in Fig. 7j."*° Hierarchical porous carbon (HPC)
and HPC/NiCo,0, derived from forest based NC were used as
electrodes and were found to contain 3D fibrilar network with
an ultrahigh surface area of 2046 m”> g~ '. The mesoporous NC
membrane used as a separator facilitated faster ion as well as
electron transfer, even with a thicker design of an ASC. The
electrochemical functioning of the all nanofiber ASCs outper-
formed other NC based ASCs reported so far (Fig. 7k). The SC
also reported promising electrochemical properties (Table 3).

Bacterial cellulose (BC), a type of NC, has also shown
tremendous potential in the fabrication of separators."”® This
was observed by Lv et al, who fabricated a flexible, ASC
(thickness ~15 pm) having an integrated electrode-separa-
tor.”> The in situ deposition of layers of PANI-BC//BC//
KPBC(KOH activated pyrolysis PANI/BC)-CNT formed the cell.
As the 3D interconnected network of BC was used as a matrix of
integral electrode-separator, the solution resistance was only
2.48 Q at 1 mol PVA/H,SO, electrolyte. Promising electro-
chemical properties such as a maximum volumetric capaci-
tance of 28.3 F cm > with 100% capacitance retention even
after 2500 cycles at a current density of 0.1 A g~ were exhibited
by this ASC.

2.4.4. Paper based membranes. Paper separators have
been used on an industrial scale along with organic solvents as
electrolytes.”*® They can also be used to fabricate films and
aerogels possessing large surface area, high porosity and high
mechanical strength."*"'*> Symmetric SCs comprising a cellu-
lose paper-based separator with thickness 50 pm and two
cellulose paper/RGO electrodes were manufactured by Koga
et al."*® The stand out features of this green SC were that it
was light in weight, cheap, portable and completely based on
recycled cellulose obtained from newspapers and could have
the potential to be employed in wearable energy storage
devices. To study the influence of separator thickness on the
cell resistance, filter paper sheets were used as separators in
SCs."* The size of the separator in the SC was varied by altering
the number of sheets used, each of which was 0.15 mm thick
and had a pore size of 15 um. The cell resistance was found to
increase linearly by 1.5 to 1.6 Q@ mm ™" as the separator thick-
ness was increased. This was attributed to resistance offered by
the pores in the sheets. Commercial paper substrates coated
using SWCNT inks were also used to prepare fully integrated
printed SCs.™® The surface of the paper was initially treated
with PVDF in order to produce a thin layer without large holes

© 2022 The Author(s). Published by the Royal Society of Chemistry
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enabling only the transport of the electrolyte through the paper.
This was followed by a coating of SWCNT ink on either side of
the paper. The SWCNT coating performed the dual role of the
electrodes and current collector while the paper behaved as
both the substrate and the separator. The authors reported a
specific capacitance of 33 F g~ " and a very small loss in specific
capacitance after 2500 charge-discharge cycles. A major draw-
back that has hindered the use of paper separators in SCs is its
accelerated ageing in water solvents as well as its degradation
when used with H,S0,."2%*%”

2.5. Graphene oxide films

Graphene oxide (GO) films have a morphology distinct from
that of macro-porous materials which are commonly used to
fabricate separators. Dry GO films are not electrically conducting
and instead need a water or a water-based electrolyte to become
electrically conducting. The level of oxidation in individual GO
films also has a major influence on its electrical conductivity."*®
Highly oxidized GO films are the most suitable to be used as
separators and were successfully employed by Shulga et al. in SCs
having a layered PANi/GO/PANi structure. The SC developed
reported a capacity of 150 F ¢~ and was capable of retaining its
capacity by 90% after 1500 cycles. On replacing the wetting
medium around the membrane from H,O to D,O (deuterium
oxide), a 1.46 fold increase in the current flowing through the GO
membrane was observed, indicating the effect of proton type on the
conductivity of the GO separator."**'*® GO membranes were also
successfully used as separators (~15 pm thick) along with GO
reduced by microwave exfoliation (MEGO) as electrodes in the
fabrication of metal free SCs."*"

Graphene oxide papers (GOP) developed by separating
thicker GO films from substrates are found to have unique
membrane properties such as excellent mechanical strength,
etc. The properties of GOP as a separator were further explored
by using them in SCs with MEGO as electrodes.'**> The porous
structure of the separator was studied using the standard contact
porosimetry (SCP) method with octane and water as the testing
media. The separator swelled up significantly to about three times
its original width in the presence of water but did not swell up in
the presence of octane. The swelling up of the dry membrane
when immersed in water resulted in the increase in porosity of the
membrane from 1.47 cm® g~ ' to 2.64 cm® g '. An increase in
the volume of micro pores (r < 1 nm), middle sized pores (1 nm <
r < 1000 nm) and the specific surface area (648 cm® g~ ' to
2170 em® g~ ') and a decrease in the volume of macropores
(r > 1000 nm) were also observed. The value of porosity in the
GOP was found to be 87.8 vol%. The SCs developed had excellent
electrochemical properties such as a capacity of 200 F g~ ' and an
energy density of 80 W h kg~ '. GOP when impregnated with
water or water solutions of acids had similar properties such as
high porosity, surface area and protonic conductivity to that of
commercially used Nafion membranes.

2.6. Metal organic frameworks

Metal organic frameworks (MOFs) have attracted the atten-
tion of researchers due to their possible application in next
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generation energy storage technologies. They mainly comprise
metal nodes and organic linkers and exhibit unusual yet
exceptional properties such as high porosity and surface area,
good thermostability and uniform cavities. These properties
along with conductivity can be tuned according to the applica-
tion the MOF is used in. Hence, a majority of researchers
employed MOFs in making electrodes for batteries and
supercapacitors.*** The properties such as pore size and topo-
logy can be varied based on the selection of appropriate linkers
and nodes. Some studies have been reported in the recent past
wherein MOF separators were used in batteries are but hardly
in supercapacitors."***° In one such work of separator mem-
branes in SCs, two thermally stable MOFs namely CoL(1,4-bdc)-
2DMF as MOF1 and CdL(4,4’-bpc)-3DMF as MOF2 were
fabricated."”” The MOF1 displayed the formation of large
channels with a non-interpenetrated network while MOF 2
exhibited a highly interpenetrating network structure with a
small pore size. Both MOFs when employed as separators in
SCs and charged/discharged at high current density, displayed
much smaller specific capacitance in comparison with the
blank SCs. This was due to large impedance drawn by these
materials for not being electro-conductive. But at a small
current density (~0.2 A g~"), separator MOF1 showed nearly
three times larger specific capacitance (66.7 F g~ ') than the
blank SC (23.2 F g ') due to promotion of ionic diffusion
(probably due to the faradaic redox current produced by cobalt
oxide in the separator) and the charge transfer process (due to
more porous morphology). Even though a clear mechanism is
not understood, it displayed that the right choice of an MOF
with suitable functional and structural tunability changes the
electrochemical performance of the SC positively.

3. Separators for micro-supercapacitors

Planar (2D) micro-supercapacitors (MSCs) can be fabricated
either with a sandwich or an inter-digitated structure. In a
sandwich structure MSC, a separator is placed between the
two electrodes with the electrolyte before assembling and
packaging.’® Separators must be chemically resistant to
corrosion induced by electrolytes and electrode degradation
by-products. The commonly used separator materials are
cellulose-based or polyolefin-based polymers such as polypro-
pylene (PP), polyethylene (PE), Teflon, PVDF, and PVC.">>"?
However, sandwiched MSCs have limitations due to the possi-
bility of a short circuit or position dislocation of electrode
films. Additionally, the thick separator layer invariably
increases ion transport resistance, resulting in rapid specific
capacitance degradation and low power density.">*">> On the
other hand, interdigitated planar MSCs comprise interdigital
electrode fingers separated by nano/micrometer size inter-
spaces eliminating the need for a separator. It allows high
active loading on each electrode and exposes more area at the
electrolyte interface. The absence of a separator allows fast ion
diffusion in the electrode and electrolyte surfaces, enhancing
the specific capacitance of the MSC.**®

Mater. Adv,, 2022, 3,1472-1496 | 1487
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Cellulose-based membranes as separators have been exten-
sively investigated for MSCs. Furthermore, membranes having
self-healing properties may extend the life of the electrolyte
separator.” Li et al'®® developed a flexible double-cross-
linked cellulose-based hydrogel membrane as an alternative
for conventional polymer separators. They used poly-dopamine
(PDA) as a cross-linker between rigid cellulose and flexible poly-
acrylamide (PAM) networks. The effect of cellulose and DA on
the characteristics of hydrogels was investigated by producing
hydrogels (C,-DM-x) with various cellulose contents () and DA/
AM ratios (x). The mechanical and self-healing properties of the
C4-DM-40 (4% cellulose-40 wt% of DA/AM) hydrogel were found
to be superior compared to those of other hydrogels. The MSC
electrode fabricated by directly depositing activated carbon
materials on the C,-DM-40 hydrogel membrane presented an
areal capacitance of 275.8 mF cm ™2 and a volumetric capaci-
tance of 394.1 F cm ™ at a scan rate of 10 mV s~ .

For stretchable MSCs, solely the gel electrolyte as a separator
fails to prevent the device from dislocating and short circuits
when subjected to an external force due to the poor interaction
between the internal molecules.'*® The manufacturing of com-
mercial polyolefin separators is easy but have poor ionic con-
ductivity because of their small volume porosity and pore size.
As a result, an effective strategy is needed to meet the stretch-
ability of the device, with a simplified fabrication process
considering large-scale applications. Laser direct writing
(LDW) with arbitrary pattern cutting can precisely edit the
electrodes and separator, allowing the negative Poisson’s ratio
(NPR) structure to be transferred into the MSC."®* Yan et al.®'
used electrospinning and LDW methods to develop asymmetric
MSCs with NPR structures and polyacrylonitrile (PAN) nano-
fiber separators. The separator was then coated with the gel
electrolyte and assembled with two composite electrodes
composed of carbon nanofibers and nanoarrays (CNF@Fe,O3
nanorods and CNF@MnO, nanosheets).

The conductivity of GO depends on the environment and
it ranges between 5 x 10°®* S cm™" and 4 x 107 S em™},'®
indicating that GO is almost electrically insulating. When a
significant amount of water is entrapped in the layered GO
structure, it transforms into a strong anisotropic ionic con-
ductor as well as an electrical insulator, allowing it to be used as
an electrolyte and electrode separator.'®® Gao et al.'®* utilized
direct laser reduction for patterning of hydrated GO films to
develop a new type of all-carbon MSC. The electrodes were
made from the laser-patterned part of the GO film (rGO). When
high-intensity light was absorbed by GO, it was transformed
to graphene, and the hydrated GO between the electrodes
functioned as a MSC separator.

4. Smart separators

The biggest challenge with the energy storage devices used for
electronic applications is the continuous supply of energy for
longer time-period, leading to its frequent recharging. To fulfil
the requirements of electronic devices for next generation,
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portable and lightweight self-powered systems such as self-
charging SCs are developed which are capable of converting
mechanical energy into electrochemical energy through piezo-
electric activity. One such flexible piezoelectric self-charging SC
(PSCS) stuck to a human finger was fabricated using a piezo-
electric material P(VDF-TrFE) film and PVA/H,SO, as a gel
electrolyte (Fig. 8a and b)."*® The film performed the dual role
of a separator and a potential nano-generator in the SC.
It formed a network like structure with nanofibers of diameter
200 nm and lengths ranging in several tens of micrometres.
An initial voltage of —0.15 V was observed when the human
finger was flat which further increased to 0.05 V and 0.45 V
when the human finger was bent at 30° and 90° respectively.
The piezo electric field of the P(VDF-TrFE) film was responsible
for driving the H" and SO, ions towards the positive and
negative electrodes when deformation was applied. The increase
in the potential window was proportional to the stress applied on
the PSCS device. On relaxing the finger from 30° and 90°, the
discharge time was found to be 4 and 18 seconds, respectively,
thus confirming the self-charging ability of the PSCS device. Apart
from promising electrochemical properties (Table 3), a stable
discharge current of 6.4 pA further reinforces its potential to be
used in future wearable micro electronic devices. A similar self-
charging ASC was developed having a bio-piezoelectric separator
(BPES)."®® A porous fish bladder was used as the BPES which was
soaked in a PVA-KOH gel electrolyte. The SC could be charged
either by imparting mechanical deformations such as finger
pressing, heel pressing, etc. or by electrical charging. In a period
of 80 seconds, the SC could be charged up to 281.3 mV just by
human finger imparting at a frequency of 1.65 Hz. The specific
capacitance of the SC was found to be 165 F g~ ' at a current
density of 1 A g~ " which slightly decreased with an increase in the
current density as seen in Fig. 8f. Fig. 8c and d represent the CV
curves of the SC under different conditions including varied
applied pressures, sole shoe pressing and elbow bending at
different angles. The SC was able to retain 82.2%, 80.8% and
77% of its initial specific capacitance under heel pressing, finger
imparting and twisted mode at 20 A g~'. A plot of specific
capacitance vs. current density of the SC under various bending
and twisting modes can be seen in Fig. 8e. It was also reported
that eight such SCs connected in series can power portable
electronic devices too. Apart from self-charging SCs, Kirigami
paper based flexible SCs were designed for powering wearable
electronic devices due to their high stretch-ability (~210%) and
mechanical durability (~ 2000 loading/unloading cycles).'*®

New trends have also led to the development of one-step
‘energy harvesting and storage’ devices by integrating smart
materials (separators) with batteries/SCs to reduce unnecessary
energy loss."®”'®® A hybrid piezo-SC, integrating an energy
harvesting film with an SC, was fabricated without any rectifi-
cation device by Song et al.'®® Herein, the flexible PVDF film,
which acted as a separator as well as an energy harvester, was
used to convert mechanical vibrations into a built-in electric
field. This electric field served as a driving force for the
migration of the ions through the PVA electrolyte towards the
interface of functionalized carbon cloth electrodes (Fig. 8¢ and h).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Charge discharge curve of the PSCS (b) Short circuit current curve at different bending angles of the PSCS. Reproduced with permission.**° CV
profile of the device (c) under various conditions, (d) under shoe sole pressing and elbow bending. Plots of (e) specific capacitance vs. current density and

(f) specific capacitance retention vs. number of bending times. Reproduced with permission.
(h) Electrochemical and piezoelectric potential at equilibrium. Reproduced with permission.

trilayered-PNIPAM under 25 and 70 °C. Reproduced with permission. '8

Such a flexible SC demonstrated a high specific capacitance of
357.6 F m ™ > even during bending and stretching along with stable
electrochemical performance with a power density and an energy
density of 400 mW m™2 and 49.7 mW h m™?, respectively.

Fibre shaped stretchable SCs have gained attention lately as
they can achieve high levels of strain and three-dimensional
flexibility. This enables them to be integrated into microelec-
tronics or even to be woven into cloth. However, there are
certain limitations to the length and number of fibre electrodes
that can be incorporated in a SC.»”>*”* Another major challenge

© 2022 The Author(s). Published by the Royal Society of Chemistry

165 (g) Hybrid piezo-SC's working mechanism.

169 (i) Cyclic voltammetry (0.5 V s™) and (j) Nyquist plot of

is maintaining high stretchability of the SC while simulta-
neously avoiding contact between the inner and outer
electrodes.'”” Nie et al. developed cord shaped stretchable
SCs with layer by layer braiding.'*® The inner and outer
electrodes are comprised of 6 modified PLA yarns each while
the separator is comprised of 12 spandex monofilament yarns.
Spandex monofilament yarns of 3 different diameters (0.5 mm,
0.3 mm and 0.1 mm) were used as separators in different
samples in order study their influence on the mechanical and
electrochemical properties of SCs. These spandex monofilament
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yarns were braided onto the surface of the inner electrodes
(modified PLA yarns) while the outer electrodes (modified PLA
yarns) were braided onto the surface of the monofilament span-
dex yarns. The braiding was carried out in such a way as to avoid
contact between the inner and the outer electrodes. Smaller was
the diameter of the spandex monofilament yarns, better was the
energy storage performance observed, attributed to the increase in
its porosity. An analysis of the area enclosed in the CV curves
showed that the optimal length of the SC was 20 mm and the
diameter of the spandex monofilament used for the braiding of
separator was 0.1 mm.

Traditionally used SCs are able to withstand temperatures
up to 100 °C. The commercially used separators in these SCs,
fabricated using polymers and cellulose papers, undergo
shrinkage and deformation at temperatures above 80 °C, mak-
ing them unreliable to be used for high temperature
applications."””®'”* An increase of 10 °C can accelerate the
ageing of the SC by a factor ranging anywhere between 1.7
and 2.5."”> Development of SCs that can be used for high
temperature applications (>120 °C) such as oil drilling, mili-
tary and for devices used in outer space is gearing up.'”®'””
A major cause of accumulation of heat within SCs is due to
thermal runaway mainly due to overcharging, overheating,
electrolyte decomposition, mechanical shocks, etc. This results
in severe consequences such as reduction in cycle life and
performance, hazardous fires, etc.'’®'”° An effective way to
reduce the thermal runaway is by breaking the thermal loop
caused by undesired electrochemical reactions at high tem-
peratures. With an aim to control the capacitive behaviour at
elevated temperatures and break the electrochemical reaction,
researchers developed temperature responsive polymers which
can manipulate ion migration and adsorption by changing
its conformation or physical properties like viscosity with
temperature.'®* %> They have the ability to sense temperature
and are reversible once they return to room temperature.'®?
Jiang et al. developed temperature responsive separators by
casting poly(N-isopropylacrylamide) (PNIPAM) into thin films
of varying thicknesses (20, 40 and 60 pm) which were then
sandwiched between polypropylene to form a SC.'** PNIPAM
possesses a lower critical solution temperature (LCST) of 32 °C,
below which they are hydrophilic, and shift towards the hydro-
phobic state at higher temperatures. Due to this property, ions
can easily migrate between the electrodes at room temperature
but would face higher resistance during migration at tempera-
tures above the LCST due to steric hindrance of solvated ions.
Fig. 8j displays that the charge transfer resistance increased
suddenly above room temperature as PNIPAM precipitated at
high temperatures, causing blockage of pores in PP films,
resulting in reduced ion migration. This led to a reduction in
both the capacitance of the SCs and the redox reactions taking
place at high temperatures. A 40% reduction in the capacitance
of the SC with a 60 um thickness separator from 375 mF g~ ' at
25 °C to 221 mF g ' at 70 °C was observed (Fig. 8i). Thicker
PNIPAM layers offered greater hindrance during ion migration
leading to a greater capacitance reduction. This was attributed
to the more tortuous path ions would have to take as well as the
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hindrance they would encounter in thicker polymer films.
A greater capacitance reduction was also reported at higher
scan rates (—20% at 0.1 V s~ ' to —45% at 1 V s '). This
technique can be used to control the degree of reduction
of capacitance at elevated temperatures and return back to
normal functioning at room temperature according to the
application.

5. Influence of the separator material,
wettability and electrolyte
concentration on the performance

of SCs

The properties as well as concentration of the electrolyte have a
major influence on the energy density and capacitance value of
SCs.'® It has been observed that at higher electrolyte concen-
trations, SCs exhibit a higher specific capacitance and higher
energy densities."®>™'®” However, many conventional separators
(cellulose-based) are not capable of resisting highly concen-
trated electrolytes, such as H,SO,. Corrosion resistant materials
such as fibreglass, polypropylene and glass wool have been
used as a separator material in the past (Table 3)."%*°" The
performance of glass wool separators under various concentra-
tions of the H,SO, electrolyte was compared with that of
conventional cellulose based separators by Yaacob et al.">° CV
analysis showed that the SC employing a glass wool separator
even at low concentrations (1 mol dm™?) of the H,SO, electro-
lyte displayed higher specific capacitance (90.3 F g~ ') compared
to the SC containing a cellulose based separator (68.8 F g~ ') at
the same scan rate. This was attributed to the higher porosity of
glass wool due to which higher amounts of liquid electrolyte
can be held.*” A 40% increase in the specific capacitance
(120 F g ) of the SC with glass wool separators was observed
on increasing the concentration of the H,SO, electrolyte (from
1 to 18 mol dm™3), indicating its dominance as a separator to
achieve superior performance.

The influence of the wettability of the separator and the
material with which it is fabricated on the SC performance was
highlighted by Liivand et al."®> SCs were fabricated using four
different separators (two commercial ones made from cellulose
and polypropylene (Celgard 2400) and two self-made separators
fabricated by electrospinning PVDF with varying surface
morphologies) in three different electrolytes. At low tempera-
tures and high scan rates, a poorly wetted separator limited the
capacitive behaviour. In contrast, when the separator material
was completely wet, the maximum capacitance was weakly
dependent on the material of the separator membrane. Numerous
other factors such as phase angle, specific power and charac-
teristic relaxation time constant were found to depend on the
characteristics of the separator material (chemical composition
and surface morphology) through the impedance data.

Electrolytes also play a critical role in determining the
operational voltage of SCs and have an influence on their
energy density. Neutral aqueous electrolytes such as Na, Li",

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and K" solutions are the preferred one for use in SCs over acidic
and alkaline solutions because of their higher operating vol-
tages. A di-sulfonated poly(arylene ether sulfone) (SPAES)/PEO
composite separator membrane was employed along with a
neutral aqueous lithium sulphate (Li,SO,) electrolyte with
varying mass fractions of PEO (10 wt% to 60 wt%).>®> The SC
having a SPAES/PEO-50 wt% separator membrane exhibited a
high energy density of 19.04 W h kg " at a current density of
0.1 A g " which was attributed to the wide operating voltage
range of Li,SO, (2.2 V) (Table 3). The electrolyte uptake of the
SPAES/PEO composite membrane (161% in the SPAES/PEO-60
wt% separator membrane) increased while the mechanical
properties such as tensile strength and ‘elongation at break’
decreased with the increasing concentration of PEO in the
composite membrane (Table 1).

As SCs are widely being used as energy storage devices, it is
essential that they have low self-discharge rates. Self-discharge
in EDLCs can be attributed to a variety of reasons. Some of
them are as follows: (a) redox reactions taking place in the
electrodes and electrolytes due to overcharging and (b) charge
redistribution in SCs taking place over a period of time which
returns it to a steady state."**'** Many authors have attempted
to solve the charge-discharge problem.'**'*® Peng et al. devel-
oped environment friendly separators from nanofiber mem-
branes prepared using coaxial spinning of polyacrylonitrile
(PAN) which was coated by varying concentrations of sodium
dodecyl benzene sulfonate (SDBS) (0 to 15 wt%) in order to
study the effect of the microstructure of the nanofibers on the
self-discharge behaviour of the separator.”® (Fig. 9d) During the
study of the surface morphology of the nanofibers, the authors
observed that the nanofibers prepared without SDBS were
rougher as compared to those prepared with SDBS (5%, 10%,
15%). The SDBS also played a key role in reducing the surface

© 2022 The Author(s). Published by the Royal Society of Chemistry

tension of the fibre. The authors also observed that the SCs
with 0%, 5%, 10% and 15% SDBS were able to retain a
capacitance of 60.7%, 69.0%, 75.7%, and 66.0% respectively.
The authors speculated that the self-discharge in SCs with the
PAN@SDBS membrane was supressed as follows. In fully
charged SCs having separator membranes with 0% SDBS, the
ions from the electrolyte accumulate on the surface of the
electrodes. Ion migration takes place from the surface of
the electrode to the electrolyte under open circuit conditions
leading to a drop in the voltage. However, in SCs with the
separator membrane having 10% SDBS, the Na* on the separa-
tor enters into the KOH electrolyte solution. Due to this, the
separator membrane is negatively charged and repels the
anions in the diffusion layer on the positive electrode as seen
in Fig. 9a. The zeta potential test also revealed the fact that the
membrane with 10% SDBS was indeed negatively charged in
the alkaline solution, supporting the theory as displayed in
Fig. 9b. Similar suppression of cations on the positive electrode
was observed which was attributed to the lack of charge
compensation of the anion.>” This leads to a suppression in
the migration of ions, thus supressing the self-discharge
(Fig. 9¢). Such membranes fabricated by the coaxial electro-
spinning method were costing approximately $40 m~>, much
less than Nafion cation exchange membranes ($800 m 2)**”
and NKK-MPF30AC ($54 m~*) membranes.

6. Conclusions

Separators in SCs enable free ionic flow and isolate electronic
flow. The design and fabrication decide the structure and
properties of separators which in turn play a vital role in
determining the performance of a SC including energy and
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power densities by regulating the cell kinetics, cycle life and
safety. The material that exhibits high specific surface area,
excellent mechanical properties and high thermal stability,
serves as an electrolyte reservoir, remains electrochemically
inert in a higher potential range, shows good cycling stability
with high capacity retention, and allows easy and cheaper
fabrication can be considered as an ideal separator material,
whereas the process that can not only create nano-pores with
controlled pore structures in a simple and efficient way on a
large scale but also separate the electrodes and facilitate ion
transport can be the ideal fabrication process. Retaining the
desired mechanical properties with controlled pore structure is
the key.

The characteristics (its chemical composition and morphology)
of separator membranes influence the equivalent series resistance
(depends on porosity and thickness), wettability (phase angle) and
power density (relaxation time constant) of the SCs. High porosity
(high specific surface area) is demanded in the design of separa-
tors to ensure plentiful electrolyte retention and continuous, rapid
movement of ions back and forth between the electrodes.

To achieve longer service life and enhance the safety and
thermal stability of SCs, thermal runaway can be reduced by
employing temperature responsive polymers/separators which
can manipulate ion migration and adsorption by changing
their conformation or physical property like viscosity with
temperature. Depending on the application involved, separa-
tors are expected to carry the load as they are integrated with
the structural members, withstand low/high temperature with-
out compromising with its required characteristics, and func-
tion as a multitasking component e.g. sometimes as diodes
along with separating electrodes. Research analysis shows that
a search for new nano based separators, smart separators and
novel processing techniques is needed to enhance the perfor-
mance of SCs under odd conditions as well. Apart from the
improved power performance, a step towards the use of
cheaper, non-toxic, biodegradable/low carbon footprint/green
materials and achieving sustainable manufacturing of separa-
tors/SCs and their recycling is needed.
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