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Polymer gels, specifically conducting polymer gels, share the benefits of gels, like large specific surface area,
excellent flexibility, three-dimensional accommodative framework, elasticity, tunable mechanical strength,
and excellent electronic, optoelectronic, and electrochemical properties. Various carbon, metal, and other
nanoparticles can be accommodated abruptly changing not only the physical and mechanical properties of
the polymer gels but also improving their electronic and electrochemical properties enormously making
them suitable for different energy applications. Here, we shall discuss different polymer/conducting
polymer hybrid (dinybrid and trihybrid) gels for energy generation (solar cell, fuel cell) and energy storage
applications such as supercapacitors and batteries. To make the conducting polymer gels,
supramolecular cross-linkers (gelators) such as folic acid, dibenzoyl-L-cystine (DBC), and phytic acid
have been used and hybrid hydrogels are constructed by blending conducting polymers such as
polyaniline, polythiophene, polypyrrole, and PEDOT:PSS, with graphene oxide (GO), Ag NPs, and
molybdenum sulphide quantum dots (MoS, QDs). Nanoparticles are tightly bound with fibrils of the
network due to large surface forces resulting in a synergic improvement in all the electronic and
electrochemical properties. The energy devices such as dye-sensitized solar cells, fuel cells,
supercapacitors, batteries, mostly use hybrid xerogels. Apart from conducting polymers, we will highlight
the use of other synthetic and natural polymer gels used for energy applications. This review thus
embodies the synthetic strategy of producing conducting polymer hybrid gels, presents their properties,
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10th anniversary statement

The Journal of Materials Chemistry A is the most important journal publishing top-class articles in the field of energy and sustainability. Green energy is the most
important requirement in the place of fossil fuels, which are gradually decreasing, to prevent the carbonaceous gas emission from fossil fuel burning causing
damage to the earth's atmosphere. Hence, the challenge of this journal is to record growth in the field of green energy generation and its storage for the fruitful
use of energy in need. Hence, the journal is premier in publications in the areas of photovoltaic cells, fuel cells, and energy storage in batteries and super-
capacitors dealing with various materials including soft matter. During my association as an editorial board member, I have witnessed tremendous growth in
these important fields and have also contributed few important papers. The term sustainability meaning to keep ecological balance is the most important issue
in the world for the survival of living beings and the journal has recorded some important studies in this field, where I have also contributed a study on oil spill
recovery using supramolecular gels. Thus, this journal is very important to the progress of civilization both from green energy and sustainability points of view
and would continue to contribute further.

environment.” Hence the need for sustainable and clean energy
resources e.g. solar, tidal, and wind energy are the alternatives

1 Introduction

In the present century, coping with the overwhelming global
energy crisis is the most important challenge for the develop-
ment of modern civilization, which is stringently dependent on
energy resources." However, the huge consumption of non-
renewable fossil fuels has not only affected the world with
severe energy deficiency but also the corresponding carbon
(greenhouse gas) emissions have deteriorated the
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to decrease the burning of fossil fuels. These renewable ener-
gies are, however, dependent on external environments such as
climate, weather, and geographical position, featuring their
collection and storage as intermediate steps for efficient utili-
zation of these eco-friendly energies. An important property of
energy is that it can neither be created nor destroyed, but it is
inter-convertible. For example, in solar cells, light energy is
converted into electrical energy, and in fuel cells chemical
energy is converted into electrical energy. To use the energy
fruitfully in need it should be stored and it can be stored as
chemical energy via redox reactions.® Such redox reactions can
be extended to new reactant materials with convenient electron
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transfer so that the renewable energy can be transformed into
electrical energy efficiently and statically stored. Thus, electro-
chemical energy storage and conversion technologies capable of
inter-conversion of chemical and electrical energy with high
efficiency have recently drawn significant research interest to
alleviate global warming, declining fossil-fuel reserves, and also
to cope with the increasing demand for power over the past
decade. In this review, we delineate the use of different polymer
gels for energy generation and storage.

Presently, research communities show remarkable research
interest in the growth of flexible and portable electronics in the
fields of flexible displays, electronic papers, micro-robotics, and
implantable medical devices.** Though there is large progress
on flexible and wearable electronic devices, there is limited
growth for flexible energy generation and storage devices. Soft
electronics have the bonafide potential for flexible and
stretchable electronic devices and for the development of soft
electronics it is essential to tune innovative soft materials.®
Polymer gels, especially conducting polymer gels, have the
benefits of gels, such as excellent flexibility, elasticity, large
specific surface area, three-dimensional accommodative
framework, tunable mechanical strength, optoelectronic and
electrochemical properties. So, polymer gels are ideal materials
for developing soft electronics and for these purposes, partic-
ularly conducting polymer gels are most important because they
possess the properties of semiconductors along with the
viscoelastic properties of gels. So, to develop civilization, green
energy is the most important requirement, and for making soft
energy devices, hybrid polymer gels are important materials.
Hence, the importance of the present review is to delineate the
use of hybrid polymer gels as energy materials suitable for
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energy generation (conversion) as well as its efficient storage,
mostly for flexible and soft devices. Recently, an enormous
amount of literature growth is seen in this field and to keep it
concise, the recent and important literature references are cited
with a fruitful discussion.

1.1 Gels and their physical characteristics

Gels are easy to recognize than to define as they are visibly
characterized by the “inversion test” (turning upside down a gel
pot whether it can bear its own weight). The most accepted
definition of gels is given by P. J. Flory “a gel has a continuous
structure that is permanent on the analytical time scale and is
solid-like in its rheological behavior”.” The most important
characteristics of gels are: (i) fibrillar network structure, (ii)
invariant storage modulus with frequency and higher than loss
modulus, and (iii) reversibly compressible.® The ‘solid-like’
rheological behavior arises from the 3-dimensional fibrous
network encapsulating the liquid from where the gel is
produced thereby preventing its flow, causing its semisolid
nature. The gels behave intermediately between liquid and
solid, and are produced from physical or chemical interactions
between the building blocks and sometimes chemical or phys-
ical cross-linking agents are also used between the building
blocks. Gels produced by chemical forces (covalent bonds) are
called chemical (irreversible) gels and gels produced by physical
forces (non-covalent interactions) such as coulombic, hydrogen
bonding, m-stacking, hydrophobic interactions between the
building blocks are called physical (thermo-reversible) gels. The
fibrils in a three-dimensional network mostly have nano-
dimension and only 1-2 wt% of the solid encompasses the
entire space, though the surface forces of the nano-fiber
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encapsulate a large volume of solvent. This imparts elasticity,
tunable mechanical strength, and excellent electronic, opto-
electronic, and electrochemical properties depending on the
building blocks and the concentration producing the gel fiber.
In the polymer gels, the building block may be a natural poly-
mer such as gelatin, chitosan, and agarose or synthetic non-
conducting polymers such as poly(ethylene glycol), poly(acrylic
acid), and poly(vinyl alcohol) or synthetic conducting polymers
such as polyaniline, polypyrol, and polythiophene. These
building blocks influence the gel properties and for energy
applications conducting polymer gels are mostly used because
the conjugated chains are very much sensitive to any external
stress such as light, voltage, and pH to fabricate the device.
Apart from the conducting polymer gels, the ion-conducting
gels are important for the fabrication of energy devices, and
the mobility of ions accounts for the conductivity. Supramo-
lecular gels showing conductivity are also very important in
fabricating energy materials and they include carbon nano-
material gel, metallo gel, and m-conducting gels. It is necessary
to mention here that conducting polymers are difficult to
dissolve and as such to prepare their gels sometimes supra-
molecular crosslinkers are used, e.g., to prepare polyaniline gels
phytic acid, folic acid, etc. are used. These gelators not only act
as cross-linkers but also act as dopants for the conducting
polymer producing 3D network structures, yielding large
surface area, high electrical conductivity, and hierarchical
porosity for rapid mass/charge transport. Through the hierar-
chical pores of the gels, there is interconnectivity between the
pores®'® through which ion transport can occur easily under
electrical bias. In the electrochemical process during the flow of
ions, there may arise interactions of ions with the neighboring
chains and it becomes shared through the inter-connected
fibrillar network structure. In the electrochemical process due
to the flow of mass(ions) volume changes can occur, but the
interconnectivity between the hierarchical pores of the gels can
cause a decrease in the damage to transport paths through the
pores due to the elastic nature of the gel.

1.2 Hybrid gels

It is apparent from the above discussion that conducting property
of the gel fiber is very much necessary to prepare the energy
materials but it is not the only criterion for it. For solar cell
applications, some photosensitizers should be used, for fuel
cells, some catalysts for hydrogen reduction should be present,
for battery applications some conducting ions are required and
for supercapacitors some redox system is necessary. Hence, the
concept of hybrid gels can be used to prepare efficient energy
materials and in the three-dimensional network, it is easier to
accommodate various carbon, metal, and other nanoparticles,
which can abruptly change not only the physical and mechanical
properties of the gels but can also improve their optoelectronic
and electrochemical properties making them suitable for
different energy applications. These hybrid gels retain the prop-
erties of the components and facilitate synergic effects from the
large surface forces between the gel fibers and the nanoparticles
increasing enormously the mechanical and electrical properties

This journal is © The Royal Society of Chemistry 2023
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of gels. The physical and chemical properties of the dopant cross-
linked hybrid gels may be modulated by changing the cross-
linker structure and its amount. Apart from the above hybrid
gels, interpenetrating double network gels provide multifunc-
tional properties as they enjoy the benefits from each component
and also tender new exciting features from the synergic effects
present among the two polymeric networks."

For preparing the soft devices, the molecular tailoring of gel
networks is very much necessary to interact with environments
in an intelligent fashion. Various intelligent gels, which are
sensitive to external stimuli, such as light, pH, temperature, and
mechanical stress demonstrated applications not only in energy
conversion and storage but also in biotechnology. In energy
devices, the transport of both ions and electrons is crucial and
the 3D fibrillar network facilitates the transport of electrons
along the fibers while the diffusion of ions is facilitated through
the hierarchical pores of the network."”” Physical or chemical
interactions are required at surfaces and interfaces for energy
conversion and storage so the surface area of gel material plays
a very important role in these processes.”® In soft high-
performance energy devices, hybrid gel materials play impor-
tant roles where the gel network supports other active materials
as well as the introduction of a second gel network. Finally, the
mechanical, chemical and electrochemical properties of hybrid
gels can be tuned by introducing different functional materials/
cross-linkers, thereby expanding their applications and
improving their performance."

Due to the increasing demand for soft energy devices with
long stability, the applications of hybrid gels in energy conversion
(loosely termed as energy generation in this review e.g:, in solar
cells and fuel cells) and energy storage (battery and super-
capacitors) are shown in Scheme 1. However, it should be
mentioned that in all the generation and storage devices, the
interconversion of energy from one form to the other occurs. The
main difference between the generation and storage devices is
that in the former type, the outcome electrical energy (from light/
chemical energy) should be used immediately whereas in the
storage systems (e.g. battery and supercapacitors) during
charging, the energy is stored as chemical energy while during
discharging electrical energy is produced from chemical energy
for the external work. In the following sections, a brief overview of
different hybrid gels in making energy generation and storage
devices using conducting polymers, graphene oxide (GO), Ag NPs,
molybdenum sulphide quantum dots (MoS, QDs), etc. with
supramolecular cross-linkers such as dibenzoyl-.-cystine (DBC),
folic acid, and phytic acid are presented.

2 Energy generation

In this section, we will delineate the use of gel materials for the
fabrication of solar cells and fuel cells using polymers, espe-
cially conducting polymers.

2.1 Solar cell

A solar cell is a device that converts sunlight into electric energy
using the photovoltaic cell, which is generally made of silicon

J. Mater. Chem. A, 2023, 11, 12593-12642 | 12595
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Scheme 1 |Illustration of hybrid gel network in solar cell, fuel cell, battery and supercapacitor.

(Si), cadmium telluride (CdTe), bulk heterojunction (BHJ),
perovskite and dye-sensitized solar cells (DSSC). The polymer
gels are most relevant for application in DSSCs as the
membranes made from polymer gels have pores giving trans-
parency to sunlight, also facilitating charge conduction in
DSSCs. Although there are some reviews on polymer gels used
in DSSCs,''*** they should be updated as lot of works in this
field are recently reported purporting the purpose of the present
review that highlight mostly recent works.

A schematic presentation of a DSSC is shown in Fig. 1a and
b*® which basically mimics photosynthesis by plants from the
Sun. The device has four vital components: (i) a transparent
photo-electrode with an active layer of mesoporous TiO,, (ii)
a counter electrode of high-catalytic-activity promoting redox
reactions, (iii) a photosensitizer dye adsorbed onto the photo-
electrode, (iv) a redox electrolyte couple [iodide (I7)/triiodide
(I;7)] dispersed in a liquid. The principle includes photo-
excitation of electrons of dye from HOMO to LUMO pursuing
its injection to the conduction band of TiO, photoanode,
keeping the dye in an oxidized state, which returns to its pris-
tine form by the exchange of electrons from the electrolyte. The
I;~ ions produced from the oxidation of I diffuse through the
counter electrode satisfying the regenerative cycle and the
electrical circuit becomes complete by the flow of electrons to
the external circuit."”'®

2.1.1 Hybrid polymer gel replacing TiO, active-layer in the
photoelectrode. Due to the porous nature of the xerogel, an idea

12596 | J Mater. Chem. A, 2023, 11, 12593-12642

was proposed that the xerogels of the conducting polymers are
likely to be transparent to sunlight and could replace the active
layer of TiO, NPs, provided the gels are mechanically strong.
Based on this idea we prepared a hybrid hydrogel taking poly-
aniline (PANI) as a donor and 5,5-(1,3,5,7-tetraoxopyrrolo|3,4-f]
isoindole-2,6-diyl)diisophthalic acid (P) as an acceptor cum
gelator.” P was intimately mixed with PANI in the gel state and
a dye-sensitized solar cell (DSSC) was constructed by coating the
hydrogel as the active layer on the indium-tin-oxide (ITO) anode
yielding a power conversion efficiency (PCE) of only 0.1%."° In
order to improve the PCE, Das et al.** produced xerogels of
hybrid hydrogels comprising a conducting polymer, GO, and
a gelator P, to replace the active layer of TiO, NPs. Using
poly(3,4-ethylenedioxythiophene)  poly(styrene  sulfonate)
(PEDOT:PSS), instead of PANI, the dihybrid xerogel of
PEDOT:PSS/P showed a higher PCE value of 0.27%. With gra-
phene oxide (GO) as a gelator cum acceptor, the DSSC of GO-
PEDOT:PSS dihybrid gel exhibited PCE of 3.25%. They
extended it to a trihybrid conducting hydrogel consisting of GO,
P, and PEDOT:PSS (GPPS) to fabricate a DSSC and observed
a maximum PCE of 4.5%. The J-V characteristic curves of GPPS
hybrids (Fig. 2a) showed the highest short circuit current (Jsc,
10.2 mA cm?), open circuit voltage (Vog, 0.73 V), fill-factor
(0.59) and the highest PCE of 4.5%.

The incident photon to current conversion efficiency (IPCE)
curve of the system showed a wide absorption range (360-700
nm) with a maximum absorbance value of ~57%.>° Here, P and

This journal is © The Royal Society of Chemistry 2023
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Fig.1 (a) A schematic diagram of a DSSC device, (b) working principle of a DSSC showing the sequence of electron transfer. Reproduced from

ref. 16 with permission from the Royal Society of Chemistry.

GO acted as the joint acceptor but adding the PCE of both
individual acceptors with PEDOT:PSS total PCE of the trihybrid
system became 3.52%. Thus, in the trihybrid gel (GPPS3), the
PCE was 1.0% higher and probably PEDOT:PSS in the co-
assembled xerogel showed better organic mixed electronic
and ionic conductivity (OMEIC), properties facilitating easier
transport of charges resulting in improved PCE. Impedance
spectroscopy of the DSSC yielded the Nyquist plot containing
three semicircles and the equivalent resistance-capacitance (R-
C) circuit yielded the highest lifetime values (3.2 ms) of the
photo-injected electrons attributed to the highest PCE value of
the GPPS3 hybrid. The mechanism of photoconduction is pre-
sented in (Fig. 2b) taking the lowest unoccupied molecular
orbital (LUMO) energy of GO (—3.5 eV), PEDOT:PSS (—2.4 eV),
and P (—4.25 eV). The N-719 dye absorbs light promoting its
electrons to the excited state, then enter into the LUMO of
PEDOT:PSS and flows through the LUMO of GO, and finally
flows into the LUMO of P causing charge flow through an
external circuit (Fig. 2b).?* The intimate mixing of P, GO, and
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PEDOT:PSS in the xerogel promotes the charge flow, yielding
a high value of PCE.

2.1.2 Hybrid polymer gel electrolyte (HPGE) for the
dispersion of redox electrolyte couple. In order to impart long-
term stability of DSSCs, substantial efforts were made to
substitute the liquid electrolyte (LE) with a solid-state electrolyte
and polymer electrolytes, formed by dispersing alkali metal
salts into the polymer matrix. However, the device performance
was hampered in the polymer electrolytes for low ionic diffusion
due to the high viscosity of the medium in the polymer matrix.
So, quasi-solid-state (QSS) electrolyte, e.g., the polymer gel
electrolyte (PGE), formed by entrapping liquid electrolyte into
polymer networks, is the best choice in DSSCs as it can afford
the advantages of liquid and solid electrolytes, e.g. superior
ionic diffusion enabling the infiltration of electrolyte into the
active layer of the mesoporous TiO, film and also yields high
stability.

2.1.2.1 Iodide (I )/triiodide (I5~) redox couple. The iodide/
triiodide (I"/I;7) redox couple in DSSC is the mostly used

Fig.2 (a) Plot of J-V characteristics of GPPS1, GPPS2 and GPPS3 under AM 1.5G light illumination of 100 mW cm™2. (b) Energy level diagram of
the components of GPPS gels explaining the photocurrent behavior of the FTO/GPPS gel/graphite DSSC with the N719 dye. Reproduced from

ref. 20 with permission from the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2023
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redox couple from the beginning of DSSC development as it
yields efficient PCE values of DSSCs. Overall, the I"/I;~ couple
has good solubility, appropriate redox potential, does not
absorb much light, and facilitates quick dye regeneration. For
outdoor application of the DSSC, a major challenge is the lack of
long-term stability for temperatures at ~80-85 °C, though
a respectable 10.4% power conversion efficiency (PCE) at 1.5 AM
solar irradiation was achieved for photovoltaic devices with
a panchromatic dye and a liquid electrolyte (LE) having the I"/
I;~ couple.®* At high temperatures, the leakage of liquid
electrolytes occurs from the device, causing the desorption of
the loosely bound dyes resulting in its photo-degradation. The
I /I3~ couple also causes corrosion of the Pt counter electrode
and all the above factors limit the long-term performance of
DSSC at the outdoor high temperature. Hence, substantial
efforts were made by scientists and technologists to compre-
hend devices with high performances and long-term stability
for outdoor use. For this purpose, new counter-electrodes, other
sensitizers, and redox couples were employed* and impor-
tantly, polymeric gel materials entrapping I /I;~ redox couple
were fruitfully used to replace LEs. The polymer gels mitigate
the potential instability of the DSSC from solvent evaporation at
high temperatures. The additional benefits are that the PGEs
have good interfacial filling properties, high ionic conductivity,
and long-term stability, for their ability to absorb and retain
a large amount of the solvent.

Gritzel and his coworkers*® used photo-chemically stable
poly(vinylidenefluoride-co-hexafluoro propylene) (PVDF-HFP),
to immobilize a 3-methoxypropionitrile (MPN)-based liquid
electrolyte yielding a semisolid PGE entrapping the I"/I;~ redox
couple inside the gel network. The DSSC fabricated with
amphiphilic polypyridyl ruthenium dye showed 6.1% PCE
under the exposure to light (one sun). The DSSC exhibited
amazingly high stabilities for thermal stress at 80 °C and also
for prolonged irradiation with light, thus, the durability criteria
match well for outdoor applications. Conducting polymers are
important candidates for developing gel electrolytes in DSSC for
high conductivity, good stabilities, low cost, and good catalytic
activity for I /I3~ reaction. Liu et al** used (PAA-g-PEG/PANI)
(poly(acrylic acid)-g-poly(ethylene glycol)/polyaniline) hybrid
gel as a semisolid electrolyte for DSSC. The hybrid conducting
polymer gel has a porous network structure that can entrap
a large quantity of liquid. PANI improved the conductivity of
PGE, as an interpenetrated conductive network was formed
when a second PANI chain was produced. The outstanding
conductivity of PAA-g-PEG/PANI significantly improved the PCE
of the DSSC to 6.38%. Apart from PANI, for fabrication of PGE
polypyrrole (PPy) was also used by Li et al> using poly(-
hydroxyethyl methacrylate/glycerol) [poly-(HEMA/GR)] gel 3D
network. The PPy-based gel electrolyte showed highly improved
transport kinetics, ionic conductivity, and electro-catalytic
activity for the I"/I;~ redox couple yielding a reasonable PCE
of 6.63%. Apart from the conductive polymer hybrid gels, the
dopant molecules cross-linked HPGE can also be used in DSSCs
showing improved mechanical properties, good catalytic
activity, high conductivity, and good porous structure facili-
tating ion transport.
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The most common polymer electrolyte is poly(ethylene
oxide) (PEO) and Wu et al.?>® applied PEO to solidify the liquid
phase containing Lil, I,, and 4-tert-butylpyridine (4-TBP) into
the organic solvent mixture of propylene carbonate (PC) and
ethylene carbonate (EC) with a 1:1 volume ratio. The mixture
was stirred till solidification, and they made PEO gel electrolytes
by dissolving various amounts of PEO into the mixed LE. They
focused on the open circuit voltage (V,.) of DSSC, which
increases with the increase of PGE. The origin of the increased
Voe Was analyzed from the interfacial charge-transfer processes
from the dark-current characteristics measurement of DSSCs
with different electrolytes. The reaction kinetics of the injected
electrons with triiodide in the electrolyte is evident from the
dark current, indicating suppression of electron recombination
at the TiO,/electrolyte interface. In addition, the stability of the
DSSC using different amounts of PEO gel electrolyte was tested,
and no degradation of cell performance was noticed for DSSC
containing 30% gelator after 1100 h testing. DSSCs with
different electrolytes do not exhibit any change in V,. values
with time. The results indicate that the polymer gel electrolyte
can restrain the leakage of solvent, increasing the durability of
the device. Thus, the hybrid polymer gel electrolyte (HPGE)
plays a dual role in controlling the interfacial charge-transfer
kinetics and improving the long-term stability of the DSSC.

The organic dye used in DSSC also plays an important role in
the performance of DSSC and recently, Ji et al.>” used a D-m-A
structure-organic dye, e.g., thieno[3,2-b] indole-based organic
dyes with porphyrin sensitizer and a high PCE of 11.6% was
achieved using I /I;~ redox LEs, however, using ruthenium-
based N719 dye and I"/I;~ LEs, the highest PCE 11.1% was re-
ported by the Gratzel group.”® Not only the dye but also the use
of different redox couples also influences the cell performance,
e.g., using [Co(bpy);]*"** redox LEs with the same dye Ji et al.
achieved a PCE = 14.2% under 1 sun.” The LEs in these highly
efficient DSSCs comprise volatile organic solvents causing
instability in long-term applications for outdoor conditions. To
overcome this drawback, polymeric gels or quasi-solid-state
(QSS) electrolytes carrying the I /I;~ redox couple were used.
However, poor penetration and low ionic conductivity of these
materials into mesoporous TiO, photoanode, reduce the PCE
values compared to those in the liquid-state DSSCs. A non-ionic
polysaccharide biopolymer extracted from guar beans (guar
gum, GG), was used to prepare a cost-effective PGE for the
fabrication of DSSC by Gunasekaran et al.** A redox PGE was
prepared by mixing guar gum, Lil/I,, 1-methyl-3-
propylimidazolium iodide, 4-tert-butyl pyridine and poly-
ethylene glycol for 24 h. With this PGE they fabricated DSSC by
inserting a Pt counter electrode and TiO, photoanode coated
with metal-free organic MK-2 dye. The device exhibited
a maximum PCE of 4.96% instead of 2.13% obtained with LE
without guar gum.

Tang and coworkers® fabricated a PGE using 1-butyl-3-
methylimidazolium chloride ([BMIM]CI) ionic liquid, poly(-
hydroxyethyl methacrylate/glycerol) [poly(HEMA/GR)] as a poly-
meric gel and 1-methyl-3-propylimidazolium iodide (MPII) as
the iodine source. In an ionic liquid, poly(HEMA/GR) can swell
to form a stable gel, and the imbibed ionic liquid is present in

This journal is © The Royal Society of Chemistry 2023
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the poly(HEMA/GR) framework. The cross-sectional SEM image
of poly(HEMA/GR) (Fig. 3a), shows a three-dimensional micro-
porous fibrillar network capable of entrapping a large amount
of ionic liquid into the network. Thus, poly(HEMA/GR) acted as
an anionic liquid electrolyte supporter producing robust PGE. A
QSS-DSSC  was fabricated from ionic liquid-imbibed
poly(HEMA/GR) gel electrolyte by inserting a PGE slice
between a Pt counter electrode and N719 dye-sensitized TiO,
anode. The photocurrent behavior of the above PGE-based
DSSC is much better than that of acetonitrile-based LE, as
shown in Fig. 3b.

The PCE of QSS-DSSC made with poly(HEMA/GR) embedded
ionic liquid was 7.15% compared to 6.10% from the acetonitrile
electrolyte. The enhanced PCE in PGE was attributed to the
increased ionic conductivity (14.29 mS cm™ ) and good reten-
tion of ionic liquid. As evidenced from the Impedance Spectral
(IS) analysis, the interfacial resistance of the Pt counter
electrode/electrolyte interface (R.) of acetonitrile-based LE and
ionic liquid embedded poly(HEMA/GR) PGE were 6.3 and 3.1 Q
cm? respectively, whereas, the interfacial charge-transfer
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resistance (R.) of the TiO, anode/electrolyte interfaces were
14.3 and 10.6 Q cm?, respectively. The lower R.y and R, values
in ionic liquid-embedded poly(HEMA/GR) compared to
acetonitrile-based liquid electrolyte embedded poly(HEMA/GR),
causes an augmented charge-transfer between the anode/gel
electrolyte and counter electrode/gel electrolyte interfaces.
Better contact and greater ionic conductivity caused slower
diffusion of the I7/I;~ redox species in the ionic liquid-
embedded poly(HEMA/GR) gel -electrolyte. Hence, ionic
conduction is favored in the microporous 3D poly(HEMA/GR)
PGE network increasing the PCE of the DSSC.

There are many reports for the I'/I;~ redox system*° that
the PCE of gel-state DSSCs can be improved by inserting TiO,
nanofillers (NFs), where TiO, NFs could enhance the conduc-
tivity of PGEs due to lower charge-transfer resistance at Pt/
electrolyte interface. The PGE produced from in situ gelation
of poly(acrylonitrile-co-vinyl acetate) (PAN-VA), exhibited a PCE
of 9.03% as high as that obtained from the LE due to good
infiltration of the gel-electrolyte into TiO, film. Also, adding
TiO, NFs into the PGE can increase the PCE up to 9.46% even
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Fig. 3 (a) Cross-sectional SEM image of pure poly(HEMA/GR) matrix (b) photovoltaic performance of the DSSCs. The ionic liquid electrolyte
contains: 0.5 M |5, 0.01 M Lil, 40 vol% MPII, 50 vol% [BMIM]CL, and 10 vol% N-methyl pyrrolidone, (c) Nyquist plots of DSSCs from acetonitrile-
based liquid electrolyte-imbibed and ionic liquid-imbibed poly(HEMA/GR) gel electrolytes and equivalent circuit models for the 17/Is reaction:
Rs, ohmic serial resistance of Pt counter electrode; Ry, charge-transfer resistance between Pt counter electrode and gel electrolyte; R,
charge-transfer resistance between dye-sensitized TiO, anode and gel electrolyte; Zy, diffusion impedance, (d) Normalized power conversion
efficiencies of DSSCs from acetonitrile-based liquid electrolyte-imbibed and ionic liquid-imbibed poly(HEMA/GR) gel electrolytes. (Reprinted

from ref. 30 with permission from Elsevier).
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higher than the value of LE. It also greatly improved the stability
of a cell from the cell of acetonitrile (AN) electrolytes.* This
high efficiency was noticed only for the I /I;~ redox system in
the AN system. Mohon et al® produced
poly(acrylonitrile)(PAcN)/Lil/activated carbon composite PGE to
explore the working mechanism of DSSCs. The PGE consisted of
PAcN as a gelator, propylene carbonate (PC), ethylene carbonate
(EC) solvents, I,, 1-N-butyl-3-hexyl imidazolium iodide ionic
liquid, and 4-tertbutylpyridine as the solvent. PGEs were
synthesized at different concentrations of activated carbon and
the TiO, photoelectrode films were prepared by the hand spray
technique. For comparison purposes, PAcN/SiO, NP (~20 nm)
based gel electrolytes using the same procedure without acti-
vated carbon were also produced. The PAcN/activated carbon
PGE showed the best electrical conductivity of 8.67 X
102 S ecm ! and PAcN/SiO, HPGE exhibited a maximum
conductivity of 1.32 x 10> S cm™'. The composite gel electro-
lyte exhibited some catalytic behavior, which increased its
photovoltaic performance. The PCE of the DSSC with this PGE
showed the highest value of 8.42%, which was 1% lower than
that of the DSSC made from the LE (9.5%). For the DSSCs based
on PAcN/SiO, composite PGEs exhibit a maximum PCE of
7.51%, indicating that the high PCE was due to higher
conductivity and catalytic activity.

In DSSCs, PGEs are a good substitute for LEs as they have
better thermal stability and good ionic conductivity but, the
PCE of PGE-DSSCs are lower than the corresponding LE-DSSCs.
However, the evaporation of iodine, substantially decreases the
long-term durability and stability of the devices. The major
drawback of the I"/I;~ redox couple is that iodine corrodes the
working electrode and in comparison with I"/I;~, the cobalt(i)/
(m) redox couples have advantages of insignificant visible
absorption and non-corrosiveness. As such, in the following
section, we will discuss DSSCs with iodine-free PGEs.

2.1.2.2 DSSCs based on iodine-free polymer gel electrolyte. In
polymer gel electrolytes (PGEs) the structural properties and
molecular weights of polymers play important roles in the
gelator efficiency of quasi-solid state (QSS) DSSCs. To find an
appropriate gelator, Kim and co-workers* synthesized an ABA
triblock copolymer, poly(acrylonitrile-co-N,N-dimethylacryla-
mide)-block-poly(ethyleneglycol)-block-poly(acrylonitrile-co-
N,N-dimethyl acryl amide) (SGT) with various molecular weights
and copolymer compositions. The solubility and thermal
stability depended on the ratio of N,N-dimethyl acrylamide
(DMAA)/acrylonitrile (AcN) in the triblock copolymers. Both the
AcN/DMAA ratios and the molecular weights facilitated the gel
formation by regulating the polymer amount, hence, influ-
encing diffusion and ionic conductivity. PGEs polymers having
molecular weights >100 kg mole " were effective for QSS-DSSCs
as evident by electrochemical properties. The overall PCE in
PGE-based QSS-DSSCs with [Co(bpy);]*"*" redox system was
reduced to 9.72% from 14.2% in LE under 1 sun (AM 1.5G)
illumination. The SGTPGE-based QSS-DSSC when tested with
indoor white LED light of 1000 Ix gave the best PCE of 21.26%,
which was higher than the 19.94% PCE of the LE DSSC. The
long-term stability of the device at 50 °C and 1 sun illumination
indicate much-improved stability of the PGE-based QSS-DSSCs
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(retaining 70% for 800 h) over LE-DSSCs. In terms of device
stability and PCE, these PGE QSS-DSSCs exhibited good
potential over LE-DSSCs for both outdoor and indoor applica-
tions. In another work, Rong et al*' reported an efficient
monolithic QSS-DSSC assembled with a mesoscopic carbon
counter electrode and an iodine-free polymer gel electrolyte
(IFPGE). In IFPGE, the ionic liquid (1,2-dimethyl-3-
propylimidazolium iodide, DMPII) acts as a source of redox
couple and a charge transfer intermediate where a composite of
PVDF-HFP/poly(ethylene oxide) (PEO/PVDF-HFP) act as host
and acetonitrile as the solvent. It is important to note that the
ionic liquid act as the source of redox couple and a PCE of
4.94% was obtained with the IFGE. To improve the perfor-
mance, they also incorporated lithium iodide (LiI) and N-methyl
benzimidazole (NMBI) into the IFGE, resulting in significant
improvement in Js. and V., and achieved an optimal PCE of
6.97%. A good synergistic effect was noticed when Lil and NMBI
were used together in the electrolyte causing an increase in Jy.
for the addition of Lil facilitating higher electron injection
efficiency of the excited dye. The addition of NMBI causes
improvement of V,. and fill factor due to the longer electron
lifetime in the TiO, film at the open-circuit conditions. The
monolithic structure and IFPGE recommend the practical
applications of DSSCs.

Chen et al* fabricated DSSCs with an efficient PGE of
poly(acrylonitrile-co-vinyl acetate) (PAcN-VA) gelator using 3-
methoxypropionitrile (MPN) liquid electrolyte. The dissolution
of the copolymer in MPN was enhanced by VA segments, also
AcN segments enhanced the mechanical strength of a gel. The
conductivity of the gel electrolyte was similar with the liquid
electrolyte, due to the increase of dissociation of 1-propyl-2,3-
dimethylimidazolium iodide (DMPII) and Lil by the AcN
segment of the copolymer. The PCE of DSSC using this gel-
electrolyte was 8.23%, which was nearly equal to that of the
liquid-state cell (8.36%). For cobalt(ii/ur) redox couple, an in situ
gelation of PVDF-HFP in AN solvent showed a PCE of 8.7%,** but
the PCE with cobalt PGE was 3% lower from the respective
liquid cell. In a seminal paper, Venkatesan et al.** reported
a DSSC with PGEs of the cobalt redox system using N719 dye.
PVDF-HFP was utilized as a gelator of acetonitrile (AN) solvent
containing the tris(2,2-bipyridine) cobalt(u/m) redox couple.
Here, TiO, and titanium carbide (TiC) NPs were used as nano-
fillers (NFs), and the effects of the two NFs on the PCE of the gel-
state DSSCs were compared. The conductivity of PGE increased
in the presence of TiC NFs, which lowered the charge transfer
resistance at the interface of the Pt counter-electrode. So,
utilizing TiC NFs in the gel state, DSSC could achieve a PCE of
6.29%, which was close to its liquid counterpart (6.30%), and
a stability test at 50 °C showed that the PCE could retain up to
94% after 1000 h duration. However, introducing TiO, NFs in
the PGE caused a lowering of cell performances due to the
increase in the charge-transfer resistance at the Pt cobalt
electrolyte/PGE interface. These results are quite dissimilar
from the iodide redox system and are attributed to an interac-
tion between cobalt redox ions and TiO,.

Recently, Lim et al.** fabricated DSSCs with poly(ethylene
glycol) based PGEs incorporating surface carbon shell-
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functionalized ZrO, nanoparticles (ZrO,-C). ZrO, is polymer-
ized with poly(ethylene glycol) methyl ether methacrylate
(POEM) by ATRP technique and the ZrO,-g-POEM was used as
a template to obtain ZrO,—-C via carbonization. The PCE of DSSC
was 5.6% with 12 wt% ZrO,-C/PGEs and it was higher than that
of pure PGEs (4.4%). The increased PCE was for the Lewis acid-
base interactions of ZrO,-C and poly (ethylene glycol), resulting
in reduced crystallinity, improved ion conductivity, and lower
electrolyte/counter electrode interfacial resistance, thus
improving the charge transfer rate. These results demonstrate
the role of ZrO,-C in PGEs, effectively improving the perfor-
mance, and highlighting the importance of carbon shell-
functionalized nanomaterials for enhancing the PCE of
DSSCs. Dong et al.*® prepared a structurally interconnected
block copolymer of poly(oxyethylene) (POE)-segmented diamine
and a dianhydride to prepare the POE-PAI amide-imide copol-
ymer, which could absorb the liquid electrolyte-producing PGE
with well-defined nanochannel structure. DSSC fabricated with
this PGE containing 76.8 wt% liquid electrolyte exhibited the
PCE of 9.48% DSSC, with J,. of 19.50 mA cm 2, fill factor of 0.64,
and V,. of 0.76 V. The excellent efficiency of the gel-state DSSC,
higher than that of the DSSC with the LE (8.84%), was due to the
decrease of back electron transfer in the PGE as evident from
dark current and impedance spectra analysis. This result shows
an important advancement in DSSC for higher PCE, along with
the higher longevity of cells avoiding the leakage problem of
common liquid-state DSSC.

To overcome the long-term device stability problem of LE
DSSCs, Subramaniam and his coworkers*® made QSS electro-
lytes using Co;0, additives to augment ionic conductivity. The
sono-chemical process was applied successfully to generate fine
Co30,4 nanoparticles, which were highly dispersible in poly-
acrylonitrile:poly(vinylpyrrolidone-co-vinylacetate) [PAN:P(VP-
co-VAc); PVVA], even after calcination. The sonicated Coz;0,
nanoparticles exhibited high dispersibility in a PVVA matrix
resulting in homogenous QSS PGEs with highly amorphous
phases. A nanocomposite PGE with 3 wt% Cos;0, nanoparticles
(PVVA-3) exhibited the highest ionic conductivity (4.62 X
1072 S em ). A 51% increase in the diffusion coefficient of
triiodide occurred compared to that with the unmodified un-
sonicated electrolyte. The DSSC based on PVVA-3 displayed
a PCE of 6.46% under AM 1.5G, 100 mW cm 2. This effect is
apparent in a selective 51% enhancement of photocurrent
density (Jsc = 16.2 mA cm ™) and a lowered barrier to N719 dye
regeneration than an unmodified solar cell. The device stability
in sonochemical Co;0, PGE-DSSC of PVVA-3 was monitored
over seven days and retained 83% of its original efficiency,
whereas un-sonicated Co;0, NPs retained only 13% of their
initial efficiency. This remarkable stability for sonochemical
Co3;0,4 NPs of PVVA-3 was attributed to the higher surface area
and porous structure of the nanoparticle preventing the PGE
collapse, originating from the evaporation of the solvent from
the device.

To operate DSSCs with low-light illuminations, the optimal
conditions differ from those under sunlight conditions. Since
relatively few electrons are excited, the V. is strongly affected
and for the prominent reduction in excited holes, lower iodide

This journal is © The Royal Society of Chemistry 2023
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ions are needed to reduce the holes decreasing the optimal
concentration of the redox couple to obtain good PCE at room
light illumination. With this objective, Venkatesan et al*
prepared cobalt nanoparticle HPGEs, which acted as an effec-
tive electrolyte for QS-DSSCs under room-light conditions. The
cobalt-based PGE was produced using PVDF-HFP as a gelator
and ZnO NPs as a nanofiller using AN and 3-methoxypropioni-
trile (MPN) liquids. Interestingly the PCEs of the gel state cells
with different ZnO nanofiller concentrations were higher than
those of LE under room light conditions (200 1x). To obtain
a high PCE of QS-DSSCs, optimization of the important
components of DSSC was performed from the PCE values of
liquid-state DSSCs. The liquid cell of the MPN-based cobalt
electrolyte showed greater efficiency (18.91%) than the AN-
based electrolyte (17.82%) at 200 Ix illumination. Further, to
improve the PCE of the QS-DSSCs, metal oxide nanoparticles
were incorporated into the PGEs, and ZnO nanofillers have
a superior performance in increasing the PCE of QS-DSSCs,
even higher than the respective liquid cells. By tunning the
ZnO nanofillers concentration, the PCE of MPN-based QS-DSSC
exhibited a value of 20.11% at 200 Ix illumination (Fig. 4a and b)
with long-term stability of 1044 h at 35 °C. The gel-state cell
without ZnO had high stability under room light conditions
retaining 98% efficiency, and for the cell with 4 wt% ZnO,
a gradual increase of the efficiency with time in the early testing
period occurred, and the 100% PCE obtained after 1044 h is
promising for indoor applications. The MPN-based DSSC con-
taining a 90 nm PEDOT layer showed a very high PCE of 26.93%
under 1000 Ix illumination.*

Usually, inside an assembled DSSC, electrolytes are injected
into a fixed space, causing the electrolyte layer in good touch
with the photo-electrode and counter electrode. For the printing
process, the electrolytes are to be coated on a photo-electrode
before the heating step of sticking the two electrodes and the
contact of the counter electrode with the electrolyte layer is
a matter of apprehension. To overcome this problem, Liu et al.*®
made a new solar cell device i.e., a double-layered electrolyte in
a DSSC. Before the device assembly, electrolytes were separately
coated onto the counter electrode and photo-electrode by doctor
blading, confirming the close contact between electrodes and
the electrolytes. The benefit of this architecture is that the
coexistence of two kinds of electrolytes in a single DSSC is
completely new. Here, the PEO/PVDF blend HPGEs are
successfully fabricated, and ZnO nanoparticles were added as
an electrolyte additive to improve the PCE. The electrolyte made
with 9 wt% polymer blends has rheological characteristics
benign for printing, and the respective DSSC with a double-
layered electrolyte architecture exhibited PCE 7.99% similar to
that of a normal liquid-state cell under 1 sun irradiation.
Moreover, the V. increases when ZnO NPs are introduced as
fillers, whereas the J,. decreases as ZnO affects two electrodes
differently, i.e., at the photoelectrode upward shift of TiO,
conduction band and the counter electrode decrease of inter-
facial charge transfer occurs. The double-layered architecture
(Fig. 5a) overcomes the dilemma. Electrolytes with and without
ZnO are printed on photo-electrode and counter electrode,
respectively. The new DSSC device maintains high V., and the
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Fig. 4 (a) J-V curves of the QS-DSSCs using PVDF-HFP PGEs with and without various concentrations of ZnO nanofillers. (b) Normalized
efficiency, (c) Js., (d) Vo, and (e) FF of the QS-DSSC with and without 4 wt% ZnO nanofillers under continuous light illumination of 200 Ix at 35 °C.
(Reprinted from ref. 47 with permission from American Chemical Society).

Jsc increases, showing an improved PCE of 8.50% (Fig. 5b). At
indoor fluorescent-light conditions, the same QSS DSSC
outperforms its liquid-state counterpart, demonstrating a 15%
higher PCE.

Thus, modern research on DSSCs using the hybrid polymer
gel consists of using the xerogel to replace the TiO, active layer

12602 | J Mater. Chem. A, 2023, 11, 12593-12642

and also to use the polymer gel electrolyte, to achieve long-term
stability. Various works are in progress by introducing different
nanoparticles in the PGEs to improve both the cell performance
and durability of the DSSCs. Developing PGE can improve safety
issues occurring in liquid electrolytes thus facilitating the
fabrication of DSSC in an easier way. To improve PCE in PGEs

This journal is © The Royal Society of Chemistry 2023
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there is a problem and Saidi et al. used, 4-tert-butyl-pyridine
(TBP) as an additive at different concentrations,* in the blend
of poly(1-vinylpyrrolidone-co-vinyl acetate), P(VP-co-VAc) and
PAcN, Nal, iodine and Co;0, NPs in EC/PC PGE. The addition of
TBP is beneficial as it can effectively adsorb on the TiO, pho-
toanode surface, which shifts the quasi-fermi level of TiO, to
a higher potential. It causes the Vo of DSSC to increase and the
PGE sample containing 3 wt% of TBP shows the highest PCE of
8.11% under light illumination of 100 mW c¢cm™>. The low effi-
ciency in PGEs probably causes difficulty in the segmental
motion of the polymer and introducing metal oxide nanofiller
can enhance the PCE for its cross-linking centers, which coor-
dinate with polymer segments. In this context, Farhana et al.*®,
used an HPGE of a terpolymer poly(vinyl butyral-co-vinyl
alcohol-co-vinyl acetate) (P(VB-co-VA-co-VAc)), tetrapropy-
lammonium iodide (TPAI), and copper oxide (CuO) NPs where
NPs becomes connected in the chain altering the amorphous
phase and roughness of the surface disrupting the structural
order of polymer chain, thus enabling easy redox couple
transportation showing highest PCE 7.05%. Very recently Jana
and coworkers published a review article on DSSCs highlighting
some uses of GPE increasing the stability of the devices along
with polymer and semiconductor electrolytes.*

It is necessary to mention the merits and demerits of PGEs
compared to the use of LEs in DSSC. As discussed above, the LEs
exhibit higher PCE values compared to those of PGEs due to the
lower diffusion rate of charges in PGEs for the high viscosity of
the medium, through which charges do not easily come in
contact with the electrodes. To rectify this problem, PGEs are
mixed with metal nanoparticles such as TiO,, Co;0,, and TiC to
make HPGE where the higher surface area of the nanoparticle
improves ionic conductivity, reduces crystallinity and decreases
activation energy of HGPEs, facilitating the charge flow, hence
PCE increases to a reasonable value. The important benefit of
PGEs are longer durability of the cell as the evaporation loss of
the electrolyte medium is very low, making the cell stable.
Further, another important use of PGEs is for making the cell in
printable form. Also, the PGEs provide flexibility to the cell that
is suitable for application in soft devices.

This journal is © The Royal Society of Chemistry 2023

2.2 Fuel cell

2.2.1 Introduction. A fuel cell possesses two electrodes,
e.g., anode and cathode, where electrochemical reactions occur
creating electricity. Apart from the electrodes, an electrolyte
facilitates the flow of charged ions from one electrode to other
electrodes, and also possesses a catalyst, accelerating the reac-
tions at the surface of electrodes. Here, the basic fuel is
hydrogen and also needs oxygen/air. The most important
advantage of fuel cells is the generation of electricity with very
little pollution as the hydrogen and oxygen used in generating
electricity mostly combine to form water as a byproduct. Since
a single fuel cell yields a small amount of dc-current, for prac-
tical application many fuel cells are assembled together to
produce and drive current outside the cell to do work, e.g.,
powering an electric motor or illuminating a light, etc. The main
building block of fuel cells has an electrolyte layer in touch with
a porous cathode and anode on either side.*® In a dual chamber
fuel cell, the fuel enters the anode and an oxidant enters the
cathode and they are separated selectively by an electrolyte,
through which the charge carriers, e.g., H, CO;*>~, 0>7, OH~
conduction can occur in any direction, i.e., anode to cathode or
cathode to anode. The following are the five different types of
fuel cells, and their applications are mentioned in parenthesis:

(i) Proton exchange membrane fuel cells (PEMFCs) (trans-
portation, portable power).

(ii) Alkaline fuel cells (AFCs) (military, space).

(iii) Phosphoric acid fuel cells (PAFCs)
generation).

(iv) Solid oxide fuel cells (SOFCs) (auxiliary power, electric
utility, distributed generation).

(v) Molten carbonate fuel cells (MCFCs) (electric utility,
distributed generation).

(vi) Direct alcohol fuel cell (DAFC) (portable power).

In a typical proton-conducting fuel cell, gaseous hydrogen is
fed into the anode (negative electrode) where the hydrogen
atom is oxidized into a proton and an oxidant (e.g., O,) is fed
into the cathode (positive electrode). Here the protons pass
through the electrolyte and the electrons return to the cathode
producing O, , which unites with the proton to produce water.

(distributed

J. Mater. Chem. A, 2023, 11, 12593-12642 | 12603


https://doi.org/10.1039/d2ta09525d

Published on 22 Februari 2023. Downloaded on 16/10/2025 02:05:55.

Journal of Materials Chemistry A

In an alkali fuel cell, compressed hydrogen and oxygen and
a solution of potassium hydroxide in water are generally used. A
solid oxide fuel cell (SOFC) is an oxygen anion conductor, which
flows from the cathode to the anode where it electrochemically
combines with a fuel, e.g., H, or CO, forming H,O and CO,,
respectively. In PAFCs, phosphoric acid in the SiC matrix is used
as an electrolyte, and hydrogen and oxygen are used as cathode
and anode feed, respectively. In MCFCs, molten LiCO; in LiAlO,
is used as an electrolyte and the feed gases in the cathode and
anode are the same as the other type of fuel cells. In the DAFCs,
methanol or ethanol are used as feed fuels and hybrid Nafion
membranes are used as the fuel cell membrane.

2.2.2 Membranes of fuel cells. In polymer electrolyte
membrane fuel cells (PEMFC, also called the proton exchange
membrane fuel cell), Nafion (sulfonated tetrafluoroethylene
based fluoropolymer-copolymer) membranes used as the elec-
trolyte operating usually in 60-100 °C range is suitable not only
for transport and for portable applications, but also for power
generation in buildings.®® The PEMFCs find use in power
generation to generate peak power escaping the grid rein-
forcement and are tested on a 250 kW scale using hydrogen as
the fuel. The main component of PEMFCs is the polymer elec-
trolyte membrane (PEM), acting as an electrolyte for the trans-
port of protons from anode to cathode, and also providing
a fence to the channel of electrons and fuel. The principle of
operation of PEMFCs is presented in Fig. 6a.>*

Hence, most studies on fuel cells are focused on developing
high-performance PEM with high proton conductivity, high
oxidative stability, low fuel permeability, good mechanical
stability, and low cost of fabrication. Proton conductivity is
essential for high current density, occurring in the electrolyte
membrane of PEMFCs. In hydrated polymeric matrices, proton
transport occurs through two principal mechanisms:
“hopping” and ‘“‘vehicular’. The protons transfer occurs from
H' and H;0", and even NH," species, to other protonic sites in
the membrane. The schemes of the vehicular and hopping
mechanisms are shown in Fig. 6b and c; the former occurs when
the hydrated proton passes through the medium in response to
an electrochemical difference when protons attach to a vehicle
site such as water and diffuse through the medium conveying
the protons.

In 1966, Nafion, membranes with good thermal and chem-
ical stability, was first developed by DuPont and the high
chemical stability, thermal stability, and proton conductivity of
Nafion are due to the strong tetrafluoroethylene backbone, and
high acidity of the sulfonic acid groups at the side chain.”® The
Nafion membrane acts as a standard membrane for PEMFCs for
its chemical and thermal stability and high ionic conductivity
(~0.1 S cm™') at completely hydrated conditions. Despite the
low water uptake, Nafion membranes have effective uniform
water channels showing high electric properties facilitating to
act as proton conductors in PEMFCs for their exceptional elec-
trochemical properties and durability under unkind conditions.
A drawback of these polymers is the high manufacturing cost,
hence hydrocarbon-based polymeric membranes with various
kinds of monomers are used to tune the reaction conditions of
the fuel cell. To enhance the properties and stability of the

12604 | J Mater. Chem. A, 2023, 11, 12593-12642

View Article Online

Review

membranes, rigid aromatic structures are introduced into the
polymer backbone yielding thermal and mechanical stability.
For automotive applications, the U.S. Department of Energy
(DoE) made guidelines with a target conductivity value of
0.1 S em™', at 120 °C and 50% relative humidity (RH) taking
Nafion as the standard.

For commercialization, Nafion membranes have many
disadvantages such as a decrease in ionic conductivity and
humidity at high temperatures, and a high cost of preparation.
As such, modulation of PEMs is the peak area of research for
improving the fuel cell performance and new polymers, such as
sulfonated poly(ether ketone) (SPEEK), poly(ether sulfone)
(PES), and polybenzimidazole (PBI), are the most important in
this regard.** For fabricating fuel cell membranes, inorganic
NPs are usually mixed with the polymer matrix using the
conventional solution blending technique but the sol-gel
method is the most elegant technique for producing hybrid fuel
cell membranes. Here, inorganic nanoparticles are in situ
produced by hydrolysis and condensation of inorganic alkoxide
precursors inside the polymer matrix. Another important
method to prepare hybrid polymer gel membranes is infiltra-
tion, where after the polymer membrane formation, the inor-
ganic particle infiltrates into a hydrogel-like or swollen polymer
matrix. Finally, the organic-inorganic hybrid membranes are
produced from nanoparticle growth, removal of impurities, and
polymer curing.®® In this review, we will discuss the PEM
membranes made from hybrid polymeric gels or hybrid poly-
mer membranes made by sol-gel techniques. There are few
reviews in this regard>***** and to keep updated the rapid
growth in situ sol-gel template strategy facilitating the fabrica-
tion of new organic-inorganic hybrid proton exchange
membranes showing outstanding properties would be dis-
cussed here.

2.2.3 Hybrid polymer gels as fuel cell membrane material.
Joseph et al.>” prepared Nafion-silica membranes using silica
precursors with various functionalized silicate materials by the
sol-gel reaction and implantation of silica compounds with
polymeric membranes. The homogeneous dispersion of SiO,
NPs in the polymer matrix occurred and the mesoporous inor-
ganic network formed in the polymer matrix did not hamper the
proton transport pathways. Rather, the composite Nafion
membranes with functionalized silica have higher proton
conductivity from pure Nafion and normal Nafion/silica
composites, over a large temperature range and relative
humidity. At low humidity conditions, the phosphonate func-
tionalization of SiO, NPs played a dominant role in retaining
water.

To understand the role of oxide particles in improving the
performance of Nafion membrane in fuel cells, Santiago et al.*®®
produced TiO,-Nafion hybrids by non-conventional in situ sol-
gel process where a low-temperature sol-gel synthesis, from
a sol of titanium tetra isopropoxide (TiP), was used to introduce
anatase TiO, NPs into the Nafion matrix. From the gravimetric
analysis, the degree of TiO, incorporation into PEM as a func-
tion of TIP concentration was determined. XRD analysis indi-
cated that the intensity of anatase TiO, diffraction peaks
increases with increasing TIP concentration and the crystallite

This journal is © The Royal Society of Chemistry 2023
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Membrane

Proton Vehicular mechanism

Proton hopping mechanism

Fig. 6 (a) Principle of polymer electrolyte membrane fuel cell. Schematic design of vehicular mechanism and hopping mechanism as proton
conduction in (b) pristine membranes and (c) polymer/nano-particle composite membranes reproduced from ref. 54 with permission from

Elsevier.

sizes are in the range of 4-6 nm. The proton conductivity of
Nafion and Nafion-TiO, are compared in Fig. 7 for different TIP
concentrations and the membranes’ conductivity decreases
with increasing TIP concentration (Fig. 7a), suggesting that
TiO,NPs are localized at the hydrophilic sites, i.e., at the paths
for proton transport. The data in Fig. 7a demonstrated that the
conductivity of Nafion at 23 wt% of TiO, became lower by one

This journal is © The Royal Society of Chemistry 2023

order, indicating that the membrane has the percolating path
for conductance. This was confirmed by Arrhenius plots shown
in Fig. 7b, suggesting that conductivity in the hybrid
membranes follows a thermally activated process of nearly the
same activation energies (E,), which are very close to that of
Nafion (~10 kJ mol ). Testing of fuel cells up to 130 °C indi-
cated that the hybrid membranes showed higher ohmic drop
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with the amount of TiO, content incorporated into Nafion. At
low relative humidity and at high temperatures, the perfor-
mance of fuel cells using hybrid membranes surpasses that of
Nafion. Further, the inorganic phase confers stability to the
polymer, permitting the operation at high temperatures and at
reduced RH.

In another work to improve the performance of PEM fuel
cells at high temperatures, Amjadi et al.** used in situ sol-gel
reaction to dope SiO, into the Nafion membrane, thus mini-
mizing the leaching of doped particles. The membranes were
characterized for thermal stability, water uptake, proton
conductivity, and cell performance. The membranes of the
Nafion/SiO, composite exhibited low hydrogen permeability,
and water uptake of Nafion/SiO , membrane with 7% doping
increased up to 43%, i.e., 30% higher than that of pure Nafion
membrane The proton conductivities of the hybridized
membranes at ambient temperature are lower from that of the
pure membrane but at low humid conditions and at 110 °C, the
modified membranes show higher fuel cell performance from
pure Nafion. The membrane with 5-7% SiO, content exhibits
good water uptake and improved fuel cell efficiency among
other membranes.

Jamaludin, et al.** made an electrochemical study of a direct
borohydride fuel cell (DBFC) based on a PGE of sago, which is
a natural polymer. To apply in fuel cells, PGEs should have high
ionic conductivity and should sustain high electrochemical
activities as an electrolyte with a composition of sago, 6 M KOH,
and 2 M NaBH,, which was prepared and evaluated as a novel
PGE for a DBFC fuel cell because of its high electrical conduc-
tivity (0.27 S cm™"). As the NaBH, solution was directly added,
H, gas would be readily available for the hydrogen oxidation
reaction at the anode without an external supply. At the
cathode, the rate of oxygen consumption was associated with
the current from the number of electrons that reacted per
oxygen molecule and four electrons reacted per oxygen mole-
cule. The fuel cell performance was measured in terms of open
circuit voltage and its current-voltage, properties. The highest
power density observed was 8.818 mW cm > at a discharge
performance of 230 mA h at a voltage of 0.806 V. The open
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circuit voltage of cells was ~0.900 V, which was retained for
23 h.

In order to obtain a strong interaction between the
sulfonated polyimide (SPI) matrix and mesoporous SiO, nano-
fillers of the composite membranes improving properties of the
membranes, Geng et al® prepared membranes of SPI/
mesoporous silica hybrid by sol-gel and self-assembly process
of tetraethoxysilane (TEOS) within the SPI without the phase
separation in surfactant (CTAB) templates. Inorganic domains
have negative effects on proton conducting properties because
high water activity does not occur in these hybrids and the in
situ formed mesoporous silica remained uniformly dispersed in
the entire organic matrix avoiding aggregation. The hybrid
membranes exhibited good water-uptake, and thermal proper-
ties, and also exhibited intense methanol resistance and proton
conductivity. The domains of the hydrophilic mesoporous silica
increase the water storage sites thus increasing the uninter-
rupted proton conductive pathway, facilitating the ability of
proton transport into the mesoporous structure.

Jana and his coworkers®” reported thermoreversible gelation
of polybenzimidazole (PBI) in phosphoric acid (PA). The gels
exhibited highly dense fibrillar network morphology with
a large number of thinner and longer fibrils for higher gel
concentration. There is strong hydrogen bonding interaction
between PA and PBI molecules; also, free PA molecules are
present in the gel network. The PBI gel membrane exhibits very
high mechanical and thermal stabilities. High acid loading and
high thermo-mechanical stability of the membrane are for the
gel network structure, which influences proton conductivity of
the membrane showing high conductivity of 0.1 S cm ™" at 160 ©
C and 0% relative humidity and it is higher than the reported
values for the PBI in the literature. The activation energy of 14—
15 k] mol ™" pointed out rapid proton transfer by hopping in the
gel network. Mader and Benicewicz®® developed a sulfonated
PBI (s-PBI) gel membrane using polyphosphoric acid (PPA) as
the polymerization solvent, polycondensation agent and casting
solvent. Under suitable hydrolysis conditions, gelation took
place, yielding a robust PA-doped polymer gel film showing
brilliant physicochemical properties that do not arise from the
general membrane preparation process. The PPA process

This journal is © The Royal Society of Chemistry 2023
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produced membranes with high acid doping levels, excellent
mechanical properties, high conductivity, and healthy fuel cell
performance. These membranes possess high PA loadings of
30-35 mol PA/PBI, an average tensile stress of 0.804 MPa, and
an average tensile strain of 69.64%. Proton conductivities
measured have values in the range 0.1-0.25 S cm ™" at 180 °C,
and were dependent on the acid doping level. The fuel cell
testing with hydrogen fuel and air or oxygen as oxidants without
external humidification of feed gas exhibited excellent perfor-
mance. The highest performance at the current density of 0.2 A
em™ > and 160 °C is 0.679 V was noted from an s-PBI membrane
for the highest PA doping with oxygen as oxidant, while the
lowest performance noticed was 0.617 V from the membrane
with the lowest acid loading indicating a correlation between
phosphoric acid loading and fuel cell performance. There was
a ~67-77 mV lowering in performance when air is used as an
oxidant instead of oxygen. The cell performance durability test
conducted at 160 °C for ~3000 h indicated great promise
showing a very low degradation rate of 30 uV h™".

Choudhury et al.* synthesized novel environmentally benign
PEMs consisting of ionically cross-linked chitosan (CS) hydro-
gels for direct borohydride fuel cells (DBFCs). Ionic cross-
linking of CS membranes was made with sulfate and
hydrogen phosphate salts of sodium and the CS hydrogel
membrane electrolytes (ICCSHMEs) enhancing the environ-
mental friendliness and cost-effectiveness of fuel cell technol-
ogies. The DBFCs were assembled with an anode catalyst
containing a composite of carbon-supported palladium and
nickel, with a cathode of carbon-supported platinum and
ICCSHMEs as electrolytes-cum-separators. An alkaline solution
of NaBH, was used as a fuel in the DBFCs in flowing mode and
oxygen as an oxidant. The DBFCs employing Na,SO, ICCSHMEs
exhibited a peak power density of ~750 mW cm > at a current
density of ~1.560 A cm > and Na,HPO,-based ICCSHMEs
showed a somewhat higher power density of 810 mW c¢cm ™2 at
1.680 A cm ™ ? current density, at 70 °C operating cell tempera-
tures (Fig. 8a). The durability of the later DBFC exhibited
a stable cell performance with a cell voltage loss of only 100 mV
during an operation period of 100 h (Fig. 8b).

PEM fuel cells operating above 100 °C at low humid condi-
tions are attractive to replace the most expensive platinum
catalysts with oxide-based catalysts and eliminating cumber-
some water management systems. Great efforts were made to
develop novel PEMs for fuel cells operating in low humidity at
high temperatures (above 100 °C), including modified Nafion,
heterocycle-based polymers, and alternative sulfonated poly-
mers. Among them, polybenzimidazole (PBI)-phosphoric acid
(PA) based membranes have good success for their good proton
conductivity at high temperatures but due to their very low
proton conductivity at room temperature, it finds difficulties for
applications in automotive and microelectronic devices. In an
attempt, Song et al.” reported tetrazole-based PEM fuel cells
functioning at low humid conditions at 20 to 120 °C. This
tetrazole-based PEM exhibited little dependence on proton
conductivity with temperature and humidity. At 120 °C, these
membranes exhibit a good proton conductivity value of 0.041
S cm ~' with 1.2% relative humidity and it decreased slightly

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry A

with the lowering of temperature showing greater than 0.03
S cm ~' at 40 °C and 31.7% humidity. These tetrazole-based fuel
cells exhibited good fuel cell performance for a wide tempera-
ture range at low humidity, showing short-circuit current
density (770 mA cm %) and peak power density (120 mW cm ™ ?)
at 20 °C. The system showed a higher power density of 190 mW
em 2 at 120 °C, indicating improved performance with the
increase in temperature. This is sufficient for many microelec-
tronic devices and this novel membrane can spectacularly
simplify fuel cell systems making them suitable for commer-
cialization for zero-emission vehicles and microelectronics.

2.2.4 Hybrid polymer gels for electrocatalysis. Electro-
catalysis is an electricity-driven process that can reduce the
activation energy of chemical reactions occurring on the elec-
trode surface of fuel cells and has played a pivotal role in global
warming issues.” The 3D network structural advantages and
the interesting physicochemical properties of hybrid polymer
hydrogels have attracted major research interests in electro-
catalysis in oxygen reduction reaction (ORR), hydrogen evolu-
tion reaction (HER), and oxygen evolution reaction (OER), etc.”
In the hybrid hydrogel, the high compositional tunability and
uniform distribution of hybrid components, facilitate their
extensive use as active materials for electrocatalysis.” Apart
from noble metals, transition metals (e.g. Fe, Co, Ni) have
received great research attention as alternatives to noble metal
electrocatalysts. Among them, the metal and nitrogen-co-doped
carbon (M-N/C) catalysts have emerged as new-generation
catalysts for ORR. As an example, uniformly distributed
M-N-C active sites anchored on carbon frameworks (Fig. 9),
serve as a substitute strategy for producing large-scale single-
atom catalysts.”*”® Using supramolecular hydrogels, Cu-atoms
attached to interconnected carbon fibers were produced with
high atom utilization (96%) of Cu(1)-N, sites for ORR.

Apart from the metals, metal sulphide, metal oxide, etc.
nanoparticles/quantum dots embedded in polymer gel matrices
can behave as electrode catalysts in fuel cells. For example,
Nandi and coworkers’ synthesized N,N-dibenzoyl-i-cys-
tine(DBC)-polyaniline (PANI) aerogel framework (Fig. 10a) and
dispersed molybdenum disulphide QDs (Mo0S,-QDs) made by
solvent exfoliation strategy as an electrocatalyst material. DBC-
PANI aerogels made from the polymerization of aniline taking
DBC as a cross-linker as well as dopant and at different amounts
of aniline (1.5 ml and 2 ml), named DBC-PANI1 and DBC-PANI2,
were highly conducting. The hybrid xerogels were prepared in
a similar way with the addition of 5 mg of MoS, QDs and the
aniline solution, followed by polymerization of aniline at 5 °C
for 24 h with ammonium persulphate when light yellow
hydrogel transformed to green colored-DBC-MoS,-PANI2 gel
followed by freeze-drying. Storage and loss moduli (G, G")
showed that in all cases, G’ > G” indicating gel nature (Fig. 10b).
The DBC-Mo0S,-PANI2 gel showed a higher G’ value than that of
DBC-PANI2 gel for reinforcing the effect of MoS, QDs causing
better energy storage, indicating better elastic properties.
Compressive  stress-strain  experiments showed higher
mechanical properties of DBC-PANI2 and DBC-MoS,-PANI2
than DBC-Ani2 aerogel (Fig. 10c). The reinforcing effect of MoS,
QDs yielded greater stress for each strain in DBC-MoS,-PANI2
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Fig. 8 (a) Cell polarization and power density plots for DBFC employing ICCSHME prepared by ionic cross-linking of CS with sodium sulfate and
operating at different cell temperatures (b) electrochemical performance durability data for DBFC employing ICCSHME prepared by ionic cross-
linking of CS with sodium hydrogen phosphate and operating at ambient temperature reprinted with permission from ref. 69, Elsevier.

aerogel from that of DBC-PANI2 aerogel it is important to note
that DBC-Ani2 gel, has lower modulus and lower stress values
than those of DBC-PANI2, indicating that the polymerization
improves the modulus and mechanical properties values.
Exfoliated MoS, sheets, and DBC-PANI1, MoS, QDs, DBC-
PANI2, DBC-Mo0S,-PANI2, and DBC-Mo0S,-PANI1, aerogels were
used for hydrogen evolution reaction (HER) in 0.5 M H,SO,
solution at a 0.5 mV s~ ' scan rate (Fig. 11a). As evident from the
figure, the MoS, sheets behaved as a poor HER catalyst for its
low conductivity and lower availability of active edge sites, but,
MoS, QD is an active material for HER as it has greater active
edge sites.”” Fig. 11b exhibits the onset potentials and the
potentials at 10 mA ecm™? current density where DBC-MoS,-
PANI1, MoS, QDs, and DBC-MoS,-PANI2 aerogel exhibited
better catalytic properties with significantly lower overpotential
(262, 223, and 196 mV). The kinetics of the HER process were
studied to obtain Tafel slopes from the Tafel equation n = b X

confined.
Culsiteslin3D hydrogels

logj + a, where b is the Tafel slope, 7 is the overpotential, j is the
current density and a is the intercept. The Tafel slope of MoS,
QDs was 69 £ 1.2 mV per decade (Fig. 11c), which was signifi-
cantly lower than that of the MoS, sheet (152 + 1.6 mV per
decade) at 10 mA cm ™2 Moreover, DBC-MoS,-PANI1 and DBC-
MoS,-PANI2 aerogels having Tafel slope values 64 and 58 mV
per decade, respectively, exhibited good HER catalytic activity,
closer to that of the commercial Pt catalyst (32 mV per decade).
The low Tafel slope values of DBC-MoS,-PANI aerogel catalysts
arose from the synergistic coupling at the interface of MoS, QDs
and PANI fibres of the aerogels, improving the reaction speed
considerably. From a comparison of the sensitivity of HER using
the Tafel slope for different composites, the DBC-MoS,-PANI
aerogel showed very good activity (Fig. 11d).”* As such, the
present DBC-Mo0S,-PANI aerogel is a practically active material
for HER catalysis. The PANI network enhanced the catalytic
activity of MoS, QDs for the conducting nature, facilitating the
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Fig. 9 Hydrogels for electrocatalysis. (a) Hydrogel-derived confined atomic Cu()-N sites and (b) Co/Fe-PPy for electrocatalytic OER and ORR.
(Reproduced with from ref. 74 and 75 with permission from Elsevier and American Chemical Society).
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Fig. 10 (a) Schematic illustration of DBC-MoS,-PANI aerogel preparation and their electrocatalytic properties showing the hydrogen evaluation
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76 with permission from American Chemical Society.

easier flow of electrons necessary for the HER process. It is
important to note that a Tafel slope of 36 mV per decade was
observed for MoS,-CNT indicating that the catalytic power was
very similar to that of the commercial PT electrode (32 mV per
decade).” The higher catalytic activity for MoS,-CNT from the
present work was for higher conductivity of CNT (10" S cm™)”®
than that of the DBC-PANI2 aerogel (0.02 S cm™*).

To understand the long-term operating stability of DBC-
MoS,-PANI2 aerogel, the cyclic stability of the electrocatalyst
was tested using cyclic voltammetry at a scan rate of 50 mV s~ *
over 1000 cycles (Fig. 11e) and here the lowering of current
density was negligible, indicating that the DBC-MoS,-PANI2
aerogel is a steady electrocatalyst for HER for long-term
repeated cycling in acidic electrolyte. The fast charge transfer
from the conducting PANI (ES) nanofibers to active spots of
MoS, QDs was also recognized from the electrochemical
impedance spectroscopy (Fig. 11f). At higher frequency regions,
the Nyquist plot exhibited a smaller radius of curvature
(Fig. 11f, inset) qualitatively suggesting that the DBC-MoS,-
PANI2 aerogel has lower charge transfer resistance (R.) from
those of MoS, sheets and MoS, QDs. The HER catalyst perfor-
mance was evident from the lower R . value of DBC-Mo0S,-PANI2
aerogel, affording markedly faster HER kinetics. The Tafel slope
of 58 mV dec ! of DBC-M0S,-PANI2 aerogel indicated a Volmer-
Heyrovsky reaction path; i.e., the desorption of H, was the rate-
determining step. The better catalytic activity of hetero-
nanostructured DBC-MoS,-PANI, aerogel from that of MoS,
QDs is for the following reasons: (i) the higher surface area of
aerogels facilitated rapid electrolyte diffusion and the porosity
in the network structure is helpful for the adsorption of H' on
MoS, edges where the H atom gets rapidly reduced as the
transfer of electrons to the MoS, surface is easier through the
PANI network. (ii) The MoS, QDs and PANI possess synergistic
coupling in the hybrid aerogels, facilitating the delocalization of
electrons between MoS, QDs and PANI, reducing the hydrogen
adsorption energy in the aerogels,”® resulting in the desorption
of product hydrogen to form molecular hydrogen improving
HER activity.

This journal is © The Royal Society of Chemistry 2023

Wu et al.®*® made a non-noble metal HER electro-catalyst
using ultrafine Mo,C NPs embedded into a 3D N-doped
carbon foam with bacterial cellulose/(NH,)¢M0,0,, hybrid
hydrogels. This HER electro-catalyst exhibited remarkable
activity with a Tafel slope of 30.8 mV dec ', and worked well in
the whole pH range (pH 0-14). The carbon-nanofiber network
skeleton® derived from the bacterial cellulose hydrogel with
nanosized MoS, showed HER electro-catalyst exhibiting a low
onset over-potential value of 120 mV, with a Tafel slope of 44 mV
dec™, and a high exchange current density of 0.09 mA cm™>. In
a recent review, polymeric aerogel nanomaterials including
carbon nanotube and graphene acting as good electrocatalytic
supports are briefly discussed for their durability, and active
electrocatalysis particularly in low-temperature fuel -cell
applications.®

In summary, hybrid polymer gels are much used in making
efficient and stable fuel cell membranes suitable for the
conductance of ions and are also used as the catalyst for the
electrode processes such as HER, OER, and ORR processes. The
sol-gel process was efficiently used to dope SiO,, and TiO, NPs
into the Nafion membranes exhibiting increased fuel cell
performance from pure Nafion by increasing the number of
water storage sites facilitating continuous proton conductive
pathways through the mesoporous structure. Further, the
inorganic NPs confer stability to the polymer membrane,
permitting the operation at high temperatures and reduced RH.
Gel membranes of PBI and sulphonated PBI exhibit better
proton conductivity and cell performance also exhibiting
excellent durability. Using supramolecular hydrogels and
copper atoms attached to, interconnected carbon fibers showed
high atom utilization (96%) of Cu(1)-Nj sites for ORR. The Tafel
slope of DBC-Mo0S,-PANI2 aerogel was very encouraging for HER
and that of 3D N-doped carbon foam using bacterial cellulose/
(NH4)¢Mo0,0,, hybrid hydrogels exhibited remarkable HER
electro-catalyst activity with a Tafel slope of 30.8 mV dec*
promising their application to replace Pt electro-catalyst. Thus,
hybrid polymer gels show good promise for making efficient
fuel cells.
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Fig. 11 (a) Polarization curves of MoS, sheet, MoS, QDs, DBC-PANI1, DBC-PANI2, DBC-MoS,-PANI1, DBC-MoS,-PANI2 aerogel, and high-
quality commercial Pt catalyst. (b) Onset potential and potential at 10 mA cm ™2 of MoS, sheet, MoS, QDs, DBC-MoS,-PANI1, DBC-MoS,-PANI2,
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Comparison of HER performance between DBC-MoS,-PANI2 and other electrocatalysts in the literature. (e) Stability after 1000 times of CV
cycles. (f) Nyquist plots of all components (inset: enlarged Nyquist plots of DBC-MoS,-PANI1 and DBC-MoS,-PANI2). Reproduced from ref. 76

with permission from American Chemical Society.

The merits of hybrid fuel cell membranes formed by the sol-
gel process are that they exhibit good swelling, high acid doping
level, high proton conductivity, higher power density, and
excellent performance with very good durability compared to
those made by the solution casting method. Also, these systems
exhibit good mechanical properties, brilliant physicochemical
properties, and healthy fuel cell performance. In the electro-
catalysis phenomena, the hybrid gels due to their porous
structure provide high catalyst performance, showing good
ORR, also the HER catalyst activity increases when the NPs are
attached to the gel fibres. Due to the presence of a large surface
area catalytic activity is very high and the pores of the network
facilitate the evaluation of oxygen/hydrogen gases. One
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shortcoming may appear in the chemical stability of the
membrane because the porous nature of the gel network is
easily vulnerable to chemical attack from toxic gases; however,
nanoparticles incorporated into it can resist chemical
degradation.

3 Hybrid polymer gels in battery
applications
3.1 Introduction

In modern lifestyles, a steady supply of energy is very much
necessary for our dynamicity, prosperity, and daily comfort. For
this purpose, batteries are of supreme importance, especially
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for mobile applications.*® Batteries are high-energy-storage
devices with a poor-energy-delivery capability (e.g., low power
density and rate capability) and the premier rechargeable solid-
state lithium-ion batteries have much lightweight with high
energy storage capacity compared to conventional rechargeable
batteries.® It has three essential components, e.g., Li" interca-
lation anode, cathode, and the electrolyte, through which Li*
ions move from the cathode to the anode during charging and
in a backward direction when discharging. The development of
the high-performance battery involves optimization of every
battery component, from the electrolyte, electrodes, and binder
systems. The microstructure and nature of electrode materials
are crucial for the energy densities, cycle lifetime, and safety of
batteries.?*® There are different types of solid-state batteries
e.g., Li-ion batteries, sodium-sulfur Dbatteries, vanadium
batteries, sodium-metal halide batteries, etc.** among them Li-
ion batteries (LIB) are very significant as they possess high
energy density (theoretical value of 400 W h kg™ ").*® Certainly,
rechargeable LIBs are an attractive power source for applica-
tions in portable electronic devices and electric vehicles.?*%7%%
Efficient electrode materials involve long cycle life, high energy
density, and excellent rate capability, with high reversible Li"
storage capacity and rapid Li* transport. The use of nano-
materials can avoid the electrode Kkinetic issues of LIBs,
reducing the lithium diffusion time® thus facilitating the
Faradaic reactions of active particles for ion and electron
transport processes. Still, it is a major challenge to develop
electrode materials with rapid charge and discharge rates in
LIBs, and to achieve it, intensive research is going on for new
electrode and electrolyte materials with potential rate capa-
bility. In this part of the review, we delineate the efficacy of
hybrid polymer gels in developing the battery components for
improving the solid-state battery performance with special
attention to LIBs. There is tremendous progress in this hot area
of solid-state batteries using hybrid polymer gels as evident
from the growing number of literature reviews** ¢ and to keep
current updates in this field we include some new and impor-
tant research work in this field.

3.2 Li-ion battery (LIB)

3.2.1 Hybrid polymer gel electrolyte (HPGE) membranes.
Li et al.”” prepared hybrid PVDF/PEO nanofibrous membranes
by electro-spinning of PVDF/PEO solution in DMF at different
weight ratios 2:1,5:1, and 10 : 1 referred to as F/O-2, F/O-5, and
F/O-10, respectively. The membranes of the hybrid gel polymer
electrolytes (HPGEs) were activated by keeping them in a glove
box, dipping into the liquid electrolyte (1 M LiPF¢ in propylene
carbonate (PC)/ethylene carbonate (EC)/dimethyl carbonate
(DMC) (1:1:1, v/v/v)) for 1 h and dried by wiping with filter
paper. Fig. 12a shows the SEM micrograph exhibiting a 3D
fibrillar network of a hybrid nanofibrous polymer membrane.
XRD results indicate the formation of B-polymorph with all-
trans conformation of PVDF but the B-polymorph decreases
with increasing PEO concentration in the hybrid. DSC results
indicated decreased crystallinities of the two polymers due to
the interaction between -CH,CH,O- and —CH,CF,— units of the

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry A

tangled polymer chains of the hybrid destroying the ordered
array of polymer chains. The stress-strain curve of the
membranes exhibits acceptable mechanical properties, making
them suitable for cell membrane applications. The porosity and
electrolyte uptake of the membranes gradually increased with
the PEO content of PVDF/PEO nanofibrous membrane, helpful
to high ionic conductivity. Pure PVDF-based PGE exhibits an
ionic conductivity value of 2.517 x 10> S em™', which
increases with the PEO content for PVDF/PEO membrane-based
HPGE showing the highest for the H-F/O-5 membrane.

Fig. 12b shows the variation of ionic conductivity with
temperature (7) and the linear plots of HPGEs indicate that
conductivity follows the Arrhenius equation: ¢ = o, exp(—E./
RT). In the figure, an increased slope of the curves from 50 to
65 °C for all HPGEs indicates higher conductivity as the PEO
polymer chains tend to melt at ~60 °C, and the presence of
more amorphous regions at higher temperatures in the HPGE
systems contributed to the higher movement of the conductive
ions. The electrochemical stability window of HPGE increased
from 4.5 V of pure PVDF to 4.8 V for the H-F/O-2 and H-F/O-5
blends. The compatibility between nanofibrous membranes
and liquid electrolyte (LE) and lower leakage of LE afforded
better electrochemical stability, suggesting the suitability of
HPGE membrane for high-voltage lithium-ion batteries. The
electrochemical performance of the prepared HPGE
membranes was studied from the charge/discharge tests of Li/
HPGE/LiCoO, cells with the F/O-5 membrane. From Fig. 12c
and d, it is clear that the cell at room temperature showed an
initial discharge capacity of 171.8 mA h g at 0.1C between 2.5
and 4.25 V and it preserved 86% discharge capacity after 60
cycles, indicating good cyclic stability. The PVDF/PEO HPGE
assembled into the polymer lithium-ion battery exhibited good
cyclic stability.

Vélez et al.*® synthesized a homogeneous inorganic-organic
hybrid solid electrolyte based on silica, ethylene oxide network
with LiTFSI by sol-gel polycondensation and polymerization of
the epoxide. The hybrid membranes of ethylene glycol diglycidyl
ether (EGDE) and (3-glycidoxypropyl) trimethoxysilane (GPTMS)
exhibited good thermal stability and mechanical properties
supporting the practical utility of hybrid electrolyte in LIB. With
increasing EGDE content in the hybrid ionic conductivity
increases to 2.6 x 10> S cm ' at room temperature and it also
increases with [Li")/[O] ratio, improving up to 0.10 and the best
combination of mechanical properties and ionic conductivity
was noticed for 50GPTMS-50EGDE [Li']/[O] = 0.10. The charge-
discharge test and good electrochemical stability suggested that
these hybrid materials are auspicious materials as solid elec-
trolytes for LIB. SiO,/polyacrylonitrile (PAcN) nanofiber
membranes were prepared using the sol-gel and electro-
spinning methods and were tested for use in Li-ion
batteries.” These electro-spun SiO,/PAcN hybrid nanofiber
membranes showed lower interfacial resistance, higher ionic
conductivity, and better thermal stability than those of micro-
porous PP membranes. Moreover, by increasing the SiO,
content, the ionic conductivities and electrolyte uptake capac-
ities were enhanced in SiO,/PAcN hybrid membrane separators,
showing outstanding cycling and C-rate performance. The
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Fig. 12 (a) SEM images of nanofibrous membrane (F/O-5) (b) dependence of ionic conductivity on the reciprocal of temperature for different
kinds of HGPEs (c) charge and discharge properties of the Li/HGPE/LICOO,; cell with H-F/O-5 (d) charge/discharge cycle performance the Li/
HGPE/LICOO, cell with H-F/O-5. Reproduced from ref. 97 with permission from Elsevier.

results demonstrated that SiO,/PAcN hybrid nanofiber
membranes are very good separators for high-performance
LIBs. PVDF dissolved in the DMF/acetone mixture and mixed
with TiO,NPs were electro-spun producing 3D PVDF/TiO,
nanofibers network.'” The hybrid polymer -electrolyte
membrane, prepared by soaking 1 M LiPF, in EC:DEC (diethyl
carbonate), by the composite nanofibers, exhibited high
porosity, high electrolyte uptake, and high ionic conductivity
from pure PVDF. The PVDF/TiO, hybrid electrolyte exhibited
higher electrochemical stability as evidenced by linear sweep
voltammetry. The PVDF/TiO, composite nanofiber polymer
electrolyte was found to be very much suitable as the polymer
electrolyte for LIBs.

Hybrid gel electrolytes have attracted great attention for their
high mechanical strength and superior ionic conductivity.
However, the poor interfacial stability between gel electrolytes
and Li metal deters their practical applications. To eliminate
this issue, Wu et al.'** made a double polymer network gel
electrolyte (DPNGE) via photopolymerization of the branched
acrylate on the P(VDF-co-HFP) matrix. This DPNGE exhibited an
increased ionic conductivity value of 9.5 x 10~*S cm ™" at 25 °C
and a wide range of electrochemical stability till 5.0 V. The
systematic analysis indicated the formation of a stable solid
electrolyte interphase layer deposition. The rate performances
of the Li/DPNGE/LiFePO, battery showed that at rates of 0.2, 0.5,
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1,2, 3,and 5C (1C = 170 mA g~ '), the discharge capacities were
160.1, 153.2, 140.0, 120.2, 97.3, and 57.6 mA h g, respectively
(Fig. 13a and b).

It is to be noted that the specific capacity of the battery
returned to the initial values after returning to 0.2C, indicating
that the battery possesses good cyclic stability. The high
capacity values at 3 and 5C rates of the battery indicate that
DPNGE has the potential for fast-charging batteries. The long-
term C under room temperature is shown in Fig. 13c and the
first discharge capacity was very high 153.7 mA h ¢~', whereas
the coulombic efficiency was 98%. The discharge capacity of the
battery after 500 cycles was 142.5 mA h g ' and capacity
retention was 92.7%. After a long cyclic period, the battery
retained a high capacity and coulombic efficiency close to
100%, indicating good compatibility between DPNGE and the
electrodes. Thus, a stable solid electrolyte interphase (SEI) layer
was formed regulating lithium plating improving the cycle
performances.’® In the previous cycles, the capacity of the
battery gradually increased, indicating the gradual formation of
a stable SEI layer. The charge-discharge cycles (Fig. 13d)
exhibits overpotential between the first charge and discharge
platform of 0.21 V, and the voltage difference after 200 and 500
cycles did not change, suggesting that during long-term cycling,
DPNGE showed excellent stability. A certain size of DPNGE,
lithium belt, and LiFePO, when assembled into a pouch battery

This journal is © The Royal Society of Chemistry 2023
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Fig. 13 (a) Rate performance of the Li/DPNGE/LiFePO4 battery (25 °C); (b) charge and discharge curves at different rates; (c) cycling perfor-
mance at 0.5C rate (25 °C); (d) charge and discharge curves for different cycles; (e-g) performance tests of the Li/DPNGE/Li pouch battery at
different states. The flat state (e) of the pouch battery after being folded (f) and being sheared (g). Reproduced from ref. 101 with permission from

the American Chemical Society.

(Fig. 13e) showed that the pouch battery could help construct
the light-emitting diode (LED), indicating that DPNGE can be
used in pouch batteries. Fig. 13f and g show that the battery can
make the LED light work normally at the folded and sheared
state, respectively. Therefore, DPNGE has a great prospect of
application in flexible and wearable solid-state lithium metal
batteries.

Lee et al'® prepared an inorganic-organic hybrid cross-
linker by synthesizing a ladder-like poly(methacryl oxypropyl)
silsesquioxane (LPMASQ) from a base-catalysed system. Fully
condensed LPMASQ revealed good electrochemical (~5.0 V) and
thermal (~380 °C) stabilities. LPMASQ also exhibited good
solubility in organic solvents and at a very low concentration
(2 wt%) it gelled 1 M LiPF, in ethyl carbonate-diethyl carbonate
(EC-DEC, 3/7, v/v) electrolyte through rapid thermal and photo-

This journal is © The Royal Society of Chemistry 2023

curing processes. The gelation occurred in the presence of
polymeric LPMASQ containing greater than one hundred
methacryl units on the rigid double-stranded siloxane back-
bone. This resulted in high ionic conductivity (~6.0 mS cm™"),
brilliant coulombic efficiency, and battery cell efficiency
comparable with those of liquid electrolytes. The easy synthetic
route of LPMASQ and hybrid PGEs with 2 wt% concentration,
showed fast curing kinetics and good Li battery cell perfor-
mance providing an opportunity towards industrial battery
applications. The same group'* investigated hybrid ionogels of
1 M LITFSI in N-butyl-N-methylpyrrolidinium  bis(tri-
fluoromethylsulfonyl) imide (BMPTFSI) crosslinked with poly(-
methacryloxy propyl) silsesquioxane (LPMASQ) as the ionogel
electrolyte at high temperature for use in LIBs. The ionic liquid
becomes gel at a low crosslinker concentration (~2 wt%),
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showing high ionic conductivities analogous to liquid state
ionic liquid. Fabrication of LIBs in these hybrid ionogels
showed brilliant cell efficiency at different C-rates and at various
temperatures analogous to liquid electrolytes. These hybrid
ionogels exhibited exceptional cycling performance measured
for 50 cycles at 90 °C, showing 98% coulombic efficiency. These
hybrid ionogels, showing high ionic conductivity, thermal
stability, non-flammability, excellent C-rate performance, and
cyclability provide an opening for applications as high-
temperature electrolytes.

Recently, Elizalde et al.'® reported a dynamic, self-healable
poly(urea-urethane) gel electrolyte for lithium-ion batteries by
synthesizing dynamic cross-linking points based on polyurea
thermosets from hindered urea bonds (HUBs), creating a self-
healable cross-linked poly(urea-urethane) network by the addi-
tion of polyethylene glycol 2000 (PEG2000) referred to as HUB-
PU network. This material exhibits self-healable properties
and exhibited larger ionic conductivity from the commercial
liquid electrolyte implanted in a porous Celgard® 2500 sepa-
rator. Here, polyurethane gel electrolyte exhibits homogeneous
Li stripping and plating in Li symmetrical cells. The polymer gel
electrolyte exhibits excellent recovery of the electrochemical
properties, after severe mechanical damage of the gel
membrane by cutting more than 100 charge/discharge cycles.
The specific capacity remained constant and comparable to the
initial ones and before the cut, it was 161 mA h g~ * and became
159 mA h g after the cut. Overall, the results contribute to
optimizing and enhancing the execution of covalent adaptable
linkages (HUBs) in the solid-state self-repairing materials for
LIBs.

Li et al.' produced a PEO-based polymer electrolyte for
solid-state LIBs using chitosan-silica (CS) hybrids as
biomaterial-based fillers, which interacted with a polymer
matrix to appreciably improve electrochemical performance.
The CS hybrid nanoparticles were prepared by a sol-gel method
by dissolving chitosan in 0.5% acetic acid to produce 5 wt% CS
solution and 0.5 g tetraethyl orthosilicate (TEOS) was added into
the chitosan solution and stirred forming homogeneous
viscous sols and aged for 2 days, forming the composite gels.
The composite gels were purified by immersing them in
deionized water and were dried by freeze-drying. The PGE
exhibits the highest ion conductivity 1.91 x 10~* S em™" at 30 ©
C at the best mass ratio of CS and PEO 1 : 4 (PCS4). The all-solid-
state LiFePO,|PCS4|Li cells showed high coulombic efficiency
and very stable cyclic stability, retaining capacity greater than
96.2% at 150 cycles. The broad electrochemical window (5.4 V)
and steady interfacial stability promise the above cell for high-
voltage battery applications. Here, the interaction between the
large number of functional groups of CS and PEO enabled the
electrolyte to show excellent electrochemical stability and high
ionic conductivity. Also, the introduction of CS reduced the
crystallinity of PEO, promoting good lithium-ion migration at
the interface of PEO and fillers resulting in excellent cycling
performance.

For uncontrollable lithium dendrite growth, lowering of
coulombic efficiency and severe safety issue has largely
decreased the practical application of LIBs with lithium metal
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as the anode. Zeng et al.**” successfully prepared a novel single-
ion copolymer electrolytes by UV-initiated radical polymeriza-
tion of lithium bis(macid acid) borate (LiBMAB) and poly(-
ethylene glycol) diacrylate(PEGDA) in the presence of PVDF-HFP
producing [P(PEGDA-co-LiBMAB)@PVDF-HFP (PPLB)]. The
homogeneous and transparent PPLB membranes display a low
Ty (—50 °C) and high thermal stability. As a result, the copol-
ymer GPE exhibits a large number of Li-migrations (0.65) with
a broad electrochemical window (5.05 V vs. Li*/Li at 1 mV s )
and high ionic conductivity of 1.03 x 10> S ecm™"'. The
symmetrical Li/PPLB-GPEs/Li battery runs for 700 h without any
short circuit, indicating successful suppression of dendrite
formation, and showing good interfacial compatibility between
metallic lithium and PPLB-GPEs. The battery also exhibited
good cycling performance, with 82% capacity retention, and
showed stable coulombic efficiency (~100%) at 0.5C at room
temperature. The results display the broad use of GPEs as
electrolytes in LiBs. In another work to avoid the dendrite
formation in the Li anode of LIB, Wang et al.'® synthesized GPE
(in situ) with polyethylene glycol dimethacrylate (PEGDMA) and
pentaerythritol tetraacrylate (PETEA). The GPE exhibits high
conductivity (7.6 mS cm™ ') and high stability and interestingly,
the GPE constructs a stable SEI on the Li anode surface showing
long cycle life and 90% capacity retention in LiFePO4|GPE|Li
battery after more than 500 cycles. Robust SEI formed by cross-
linked species in GPE provides a physical barrier to reduce the
lithium dendrite formation. The in situ polymerization of GPE
with a hybrid polymer skeleton would certainly boost the mass
production of solid-state Li metal batteries.

3.2.2 Hybrid polymer gels as electrodes in LIBs. The
modulation of composite electrode architecture in LIBs is
a major concern to improve both ionic and electronic conduc-
tion into the electrode to achieve the best energy delivery.

The conventional binder systems in electrodes contain
nonconductive polymer binder and carbon additives that suffer
from particle aggregation showing decreased electronic and
ionic conductivities. To alleviate the problem Shi et al®
fabricated a 3D nano-structured hybrid inorganic-gel electrode
using copper(n) phthalocyanine tetrasulfonate (CuPcTs) with
cross-linked polypyrrole (C-PPy) and lithium iron phosphate (C-
LFP) particles as a cathode showing high electronic conductivity
and good mechanical strength. In Fig. 14a, a schematic
presentation on the synthesis of C-LFP supported C-PPy is
shown using pyrrole monomers, C-LFP particles, CuPcTs cross-
linkers, and ammonium persulfate initiator, where gelation
occurs within 1 min. The CuPcT-doped PPy showed a greater
conductivity of 7.8 S cm™*. Here the C-LFP particles became
uniformly coated by PPy and embedded in the gel framework,
forming a 3D nanostructured electrode. The characterization
results indicated that the PPy gel framework produced for cross-
linking via CuPcTs and active particles (C-LFP) are inter-
connected by the gel network. The rate characteristics of C-LFP/
C-PPy hybrid gel measured by charging/discharging at the range
0.2C-30C are presented in Fig. 14b and c. The C-LFP/C-PPy
hybrid gel showed greater capacity from the control sample at
each current density showing that at a high charge/discharge
rate of 30C, the hybrid gel can preserve a capacity of

This journal is © The Royal Society of Chemistry 2023
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Fig. 14 (a) Schematic of synthetic and structural features of C-LFP/C-PPy hybrid gel framework (b) rate properties of different electrodes (c)
voltage profiles of C-LFP/C-PPy hybrid gel framework at different charge/discharge rates (d and e) Nyquist curves and the Warburg plots of
different electrodes before and after first cycle (f) cyclic voltammetry profiles of C-LFP/C-PPy, (g) average cathodic and anodic diffusion
coefficients of C-LFP/C-PPy hybrid gel framework were calculated from the linear relationship between peak current and the square root of
scanning rate. Reproduced from ref. 109 with permission from the American Chemical Society.
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~60 mA h g ' while the control C-LFP sample exhibited
a capacity lower than 30 mA h g~ . At a back current density of
0.5C, the gel framework recovered a capacity value of
~150 mA h g demonstrating better rate capability of the C-
LFP/C-PPy hybrid gel network. Impedance spectra were
studied to understand the source of the largely improved rate
capability of the C-LFP/C-PPy hybrid gel (Fig. 14d). Semicircles
in the EIS curves at high-frequency charge transfer resistances
of 35.4 and 44.8 Q were observed for the hybrid gel framework
and the control sample indicating that the electrons flow well
within the conductive network and met the Li ions at the active
sites permitting the charge transfer. The control C-LFP sample
and the C-LFP/C-PPy gel framework showed Warburg coeffi-
cients 237 and 91 Q s™'?, respectively, showing better ionic
conductivity within the hybrid gel framework (Fig. 14e). The CV
curves at various scanning rates of the C-LFP/C-PPy hybrid gel
(Fig. 14f) exhibited that peak current was linear to the square
root of the perusing rates (Fig. 14g). The average anodic and
cathodic diffusion coefficients of the hybrid gel were deter-
mined to be 8.34 x 10™ and 1.42 x 10 ** em? s, respec-
tively, about four times higher than those for the control
sample. Thus, the EIS and CV results showed that the diffusion
of Li-ions in the hybrid PGE is easier in the whole electrode,
facilitating improved rate performance in the hybrid gel. Thus,
the in situ formed smooth polymer coating on the hybrid poly-
mer gel surfaces assisted to retard the inorganic LFP particles
from aggregating, thus promoting easier ion and electron
transport. The mechanical robustness and chemical stability of
the conductive hybrid gel was attributed to the improved cyclic
performance of the battery electrode.

Nanocellulose plays an important role to produce flexible
electrodes for LIBs, demonstrating superior electrical conduc-
tivity, good electrolyte wettability, high specific surface area,
and chemical stability."* There are mainly four categories of
nanocellulose-based materials e.g. nanocellulose/polymer
composites, nanocellulose/nanocarbon composites,
nanocellulose/metal compound composites, nanocellulose/
conducting polymer composites. During the course of the
preparation of the hybrid from the solution or gels by freeze
drying or by electro-spinning methods the three-dimensional
hybrid fibrillar net-work structures, characteristic of gels, were
produced. To achieve superior electrical conductivity for flexible
electrode materials good electrolyte wettability, large specific
surface area, and chemical stability are required."* Nano-
cellulose possesses a high Young's modulus value of 130 GPa
and high thermal stability making it attractive for electrode
fabrication showing good flexibility and mechanical strength.
The common active materials for cathodes are LiCoO,,
LiMn,0,, and LiFePO, in LIBs, but the rate capability and
cycling life of these electrodes decrease for structural degrada-
tion through repetitive charge/discharge process and for slug-
gish kinetics for Li" and electron transport.'>'** So, the flexible
matrices of nanocellulose is good for producing cathode by
making composites with conductive materials to augment the
electronic and ionic conductivity of the electrode and to
improve the stress/strain for keeping electrode integrity. Wang
et al."** produced an MXene@CNF film by mixing MXene with
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cellulose nanofibers (CNF) as Li host via a spin steaming
method. The film showed improved mechanical strength and
flexibility. The LIB assembled with flexible (MXene@CNF-Li
film) anode with a flexible cellulose nanofiber/LiFePO, showed
high specific capacity and excellent stability. Cao et al.** made
a free-standing lithium titanate (LTO)/carbon nanotube (CNT)/
cellulose nanofibre (CNF) network composite film by pressure-
controlled aqueous extrusion method. The CNF/CNT combi-
nation produced a strong conductive fibrous network and its
combination with LTO produced good electronic conductive
paths to the low conductive LTO. The flexible anode of LIBs
exhibited high-rate cycling performance (142 mA h g " at 10C).
Kuang et al."*® reported a flexible conductive nanofiber network
for high-loading thick electrodes, where neutral carbon black
nanoparticles were anchored with negatively charged CNFs.
Lithium iron phosphate (LFP) integrated with a conductive
nanofiber network produced a compact electrode shortening
the ion transmission path. This conductive network has inter-
connected nanopores, which are facilitated to act as a nanoscale
electrolyte reservoir, and also provide ion-transport channels
surrounding the electrode. The flexible Li-LFP battery exhibited
a superior volumetric energy density of 538 W h m ™ due to its
compact electrode structure and fast charge transfer kinetics.
Thus, nanocellulose has great potential in fabricating flexible
LIBs for its network entanglement structures, high mechanical
strength, and high aspect ratio. Actually, the interface structure
and interactions between nanocellulose and active materials
play an important role to obtain an electrode with robust
mechanical strength, good electrochemical performance, and
high flexibility.

Shi et al.'” synthesized a gel electrode by in situ polymeri-
zation of pyrrole dispersed in water containing Fe;0, NPs (=20
nm) as active materials and two different kinds of crosslinkers,
e.g., (i) phytic acid (named as P-PPy/Fe;0,) and (ii) copper(u)
phthalocyanine tetrasulfonate salts (CuPcTs) (C-PPy/Fe;0,) with
ammonium persulfate. The crosslinkers contain multiple
functional groups, which interacted with conducting polymer
chains, making a 3D network. Due to the protonated nature of
the crosslinkers they act as dopants also, affording electrical
conductivity in the polymer framework. The Fe;O, NPs active
materials were coated and connected in the conductive hybrid
gel framework. The rate capability of the control, P-PPy/Fe;O,,
and C-PPy/Fe;0, samples charged and discharged from 0.1C to
2C (1C = 926 mA g ') are presented in Fig. 15a.

The capacity of the hybrid gel electrode was 1260, 1002, and
845 mA h g™, at increasing current rates from 0.1 to 1C, and 2C,
respectively. For each current density, hybrid gel samples
exhibited improved capacity than the control electrode
prepared using a traditional binder system containing acetylene
black, Fe;O, NPs, and PVDF with a weight ratio of 15:75:10.
The hybrid gels could retain capacity above 900 mA h g~ " while
the control could maintain only 500 mA h g~ " at 1C as presented
in Fig. 15b. At high discharge rates, the plateau appeared
around 0.7 V for the hybrid gel electrodes, particularly C-PPy/
Fe;0,4. The enhanced rate capability of C-PPy/Fe;O, could be
attributed to the higher conductivity of the network of PPy by
CuPcTs doping. Thus, the electrical conductivity of the gel
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Fig.15 (a) Rate characteristics of P-PPy/FezO,4, C-PPy/FesO4, and control samples. (b) Charge/discharge profiles of P-PPy/FezO,4, C-PPy/FesO,,
and control samples at 1C rate. (c) Cyclic characteristics and corresponding coulombic efficiency of P-PPy/FesO4, C-PPy/FesO,, and control
samples at a current density of 100 mA g~ reproduced from ref. 117 with permission from Wiley-VCH.

framework can be tuned by changing the doping agents. The
cycling stability of the gel framework-based electrodes
(Fig. 15c), showed that the controlled electrode delivered an
initial discharging specific capacity of 850 mA h g' at
100 mA g~ * current density, but after 50 cycles, a capacity of only
~300 mA h g ! was retained, indicating fast decay. But using
a 3D conductive polymer gel network, the hybrid electrode P-
PPy/Fe;0, showed higher specific capacity and much better
cyclic stability with a stable capacity of =1000 mA h g~'. It is
very important to note that the C-PPy/Fe;0, electrode showed
an initial capacity value of ~2100 mA h g¢~*, much higher than
that for the P-PPy/Fe;O, sample. The reason may be the excel-
lent dispersion of Fe;O4 NPs in the gel framework resulting in
a large interface between the active materials and the electrolyte
forming the solid electrolyte interphase (SEI) layers. The CuPcTs
showed catalytic functionality promoting the decomposition of
electrolytes producing stable SEI layers, and showing higher
coulombic efficiency from the second cycle. Thus, C-PPy/Fe;0,
hybrid gel electrode retains a good capacity value of
1100 mA h g~ within 50 cycles, showing very good stability. In
summary, the distribution of the active particles, the electrode
microstructure, and the conductivity play important roles in
determining the resulting electrochemical performance. As
such, it may be argued that the conductive gel framework can be
applied as a talented electrode material for the next-generation
LIBs.

3.2.3 Hybrid polymer gels as binders in LIBs. Although
different novel electrode materials with good rate capability and
capacity are developed,”*'" the cell efficiency of LIBs decreases
with conventional binder systems."***** The mixture of
conductive phases does not have the required mechanical
binding force for regular distribution, causing poor contact and
hindering effective access to parts of the battery (Fig. 16a).'2%>*
In an ideal electrode, each active particle is required to be
coherently sized, shaped, dispersed, and wired to the collector
and to the liquid or solid electrolyte with low-resistance and
internal continuous pathways (Fig. 16b).">*'2> Hence the devel-

opment of novel binder systems providing flexibility,

This journal is © The Royal Society of Chemistry 2023

mechanical adhesion, and surface compatibility can improve
the dispersity of active particles facilitating both electron and
ion transport, which is very much necessary for high-energy,
high-power LIBs.'” In conventional binders, a large volume
change occurs during the electrochemical processes experi-
encing severe problems in ultrahigh-capacity electrodes. These
electrode materials produce a large amount of stress, causing
electrode fracture, and delamination.'*

To increase the flexibility and stretchability of the binders,
interfacial methods can be used to produce gels since they show
improved elasticity for the presence of interconnected micro-
structure. In this regard, the conductive polymer gels provide
multiple functions when applied as the binder materials for
LIBs:'** (i) the hierarchical pores in the gels facilitate ion and
electrolyte diffusion, (ii) the conducting pathways connect the
active particles continuously facilitative for electron transport,
(iii) gel binders provide a uniform coating on active particles
preventing particle aggregation and (iv) the robust gel network
further provides mechanical strength, chemical stability, and
improved long-term stability. Wu et al.*** used the gel binders
for the first time in SiNP-based electrodes. A polyaniline (PANI)
gel network was prepared by in situ polymerization using phytic
acid as both, the dopant and cross-linker, encapsulating Si NPs,
forming a continuous conductive coating on the Si NPs surface.
The electrostatic and hydrogen bonding interaction between
PANI and the Si NP surface causes good compatibility between
the conductive Si NPs and polymer gels. The PANI gel 3D
network acted as continuous pathways facilitating electronic
conduction and ion diffusion to occur through its hierarchical
pores, resulting in superior rate performance of the electrodes.
It showed outstanding stability as the 3D porous framework and
a conformal coating layer on SiNPs could lodge the large volume
expansion of SiNPs. These types of cross-linked 3D doped
conductive polymer gels are potential multifunctional binders
for battery electrode materials that are experiencing unstable
SEI formation and large volume expansion.

Bao and his coworkers™ incorporated chemical moieties
within the conducting polymers to endorse dynamic
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Fig. 16 Schematic illustration of conventional (a) and future battery electrodes (b) for high-energy lithium-ion batteries. Reproduced from ref.

120 with permission from the American Chemical Society.

noncovalent cross-linking, which experiences energy dissipa-
tion through bond breaking on the applied strain. The polymer
gel showed improved intrinsic stretchability, preserving high
charge transport abilities. Hybrid gels based on PPy and poly(N-
isopropylacrylamide) (PNIPAM) were also produced with
a combination of high thermo-responsive sensitivity, high
electrical conductivity, and good mechanical properties.'*®
These hybrid gels could play an important role in the appro-
priate modification and device design in the environmentally
responsive binder systems, thus producing smart LIBs. The
surface properties and conductivity of the binder could be
optimized by chemical modification on polymer binders for
surface passivation. The structure of PPy, PANI, and PTh
conductive polymers could be modified by inserting side chains
or functional groups on their backbones, thus modulating
electronic structures such as band gap and HOMO/LUMO
levels. Also, the surfactants or functional ligands could be
incorporated into the active particle surfaces to enhance their
chemical and electrical contact with polymer binders.

The unique structural features of the nano-structured hybrid
conducting gels are also compatible with industry
manufacturing for fabricating scalable solution-based elec-
trodes with gel-based binders. Lithography and 3D printing
techniques can be used in the future for developing binders
with more ordered microscopic structures to further tune the
electron/ion transport pathways and also improve the
mechanical properties.

12618 | J Mater. Chem. A, 2023, 11, 12593-12642

3.3 Hybrid polymer gels in Na-ion battery

The use of Na-ion instead of Li-ion solid-state rechargeable
batteries could alleviate the shortage of lithium for the unlim-
ited sources of sodium in nature, its lower price, and the
simplicity of its recovery. In addition, for positive electrodes, the
intercalation of sodium is very similar to that of Li. Moreover,
the growth of a sodium-ion battery with good cell performance
might have the benefit of using electrolytes with lower decom-
position potential for a higher half-reaction potential of sodium
than that of lithium. Thus, the operating voltage is low, making
Na-ion cells cheaper, instead of organic electrolytes as water-
based electrolytes could be used.”

3.3.1 Hybrid gel polymer electrolytes for Na ion batteries.
Different kinds of gel electrolytes comprising with a plasticizer
of high dielectric constant or its solution with various salts
confined with polymer hosts, e.g., poly(vinyl alcohol) (PVA),
(polyethylene oxide) (PEO), etc. have been reported. The resul-
tant polymeric gel electrolyte facilitates the ionic conduction
process, and polymer blending improves the amorphous
content by reducing the crystalline content. Thus, Kumar
et al.*” obtained a hybrid polymer gel electrolyte containing
a polymer blend of PEO and poly(vinyl pyrrolidone) (PVP)
complexed with NaF salt with great ionic diffusivity and ionic
mobility. The properties of hybrid polymer gel electrolytes
(HPGE) could deteriorate with time for the loss of liquid, hence
high viscous solvents with ethylene carbonate (EC) or propylene

This journal is © The Royal Society of Chemistry 2023
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carbonate (PC) or ionic liquids were used. A sodium ion con-
ducting HPGE was made using the solution of sodium triflate
(NaCF;S03) in ionic liquid EMI-triflate immobilized with the
PVDF-HFP host by Kumar and Hashmi**® showing high ionic
conductivity with a wide electrochemical potential window and
excellent thermal stability. The same group also reported
nanocomposites of the polymer gel electrolyte of PMMA and
silica nanoparticles in a mixture of EC and PC.** This filler
improved the sodium ion transport and preserved a porous
structure facilitating the adsorption of the liquid electrolyte,
thus reducing the risk of leakage. The improvement of ionic
conductivity depends on the filler concentration along with the
amorphous phase content in the polymer host matrix. Wu and
his coworkers,"® reported a porous HPGE from P(VDF-HFP)
membrane reinforced by nonwoven polypropylene (PP) and
NaClO, (1 mol L") solution in EC/dimethyl carbonate (DMC)/
ethyl methyl carbonate (EMC) (1:1:1 by wt) mixture. The Na*
conductivity of the HPGE-absorbed NaClO, solution (0.82
mS cm™ ') at room temperature was four times higher than the
commercial separator adsorbed with the same electrolyte (0.16
mS em ). The tensile strength of the P(VDF-HFP)-PP nonwoven
composite significantly improved to nearly that of the
commercial Celgard 2730 separator at both wet and dry states.
The cyclic voltammetry experiments confirmed that the elec-
trochemical reversibility for Na;MnyOg cathode based on the as-
prepared polymer electrolyte showed great promise for the
application of the HPGE for SIBs with high energy density. The
same research group** also prepared a highly porous polymer
membrane of P(VDF-HFP) using a simple phase separation
process for Na* conducting PGE. They dissolved P(VDF-HFP) in
a DMF-water mixture; films were then cast on a glass plate,
immersed in a water bath at 80 °C, producing a white porous
membrane, and finally dried under vacuum at 100 °C. The dried
film pieces were soaked in an organic electrolyte (1 M NaClO, in
EC/DMC) to obtain PGE for SIB. The electrochemical revers-
ibility of the Na/Na" couple between the sodium electrode and
the polymer electrolyte was confirmed by cyclic voltammetric
studies, suggesting that this P(VDF-HFP) based HPGE would be
a suitable electrolyte for application in SIBs.

3.3.2 Hybrid polymer gels as the electrode of SIBs. Anti-
mony is widely studied as an anode material for SIBs for its
appropriate sodium insertion potentials, high sodium storage
capacity, and flat charge-discharge plateau. However, due to the
enormous volume change during cycling, it suffers from poor
cycling stability. Lin et al.***> prepared hollow NiSb spheres
entrapped by the interconnected 3D carbon matrix
(NiSb@3DCM) by cross-linking Ni** and alginate with
a galvanic replacement reaction using Ni-polymer gels as the
source of 3DCM and Ni. The Ni-polymer gels were made from
the biosorption of Ni*" with alginate, which performed the
cross-linking reaction with Ni**-producing gels. Ni NPs
remained tightly confined in 3DCM for specific interactions
between the polymers and Ni**, yielding architecturally cross-
linked gels on freeze-drying and carbonization in Ar/H, atmo-
sphere. The galvanic replacement of Ni with Sb*" produced
hollow NiSb alloy, which remained confined within the 3DCM
producing Ni@3DCM, with high porosity. These cause

This journal is © The Royal Society of Chemistry 2023
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NiSb@3DCM to easily lodge the dynamic volume changes,
preserving robust morphology and exhibiting outstanding
performance, e.g. long-term life cycle and exceptional rate
capability making an innovative SIB anode material. The
storage performance of Na-ion in NiSb@3DCM was monitored
by CV and the charge/discharge cycling test. Fig. 17a shows the
CV curves at a scanning rate of 0.1 mV s~ ', where the first curve
exhibits huge differences with the subsequent curves, due to the
development of solid electrolyte interphase (SEI). From the
second cycle, all the sodiation peaks remained stable at 0.83,
0.56, and 0.38 V.

On the other hand, the anodic peak continuously occurred at
0.76 V, with a small peak at 1.67 V arising from the dein-
tercalation of sodium ions with the Sb layer. The overlapping of
all the peaks indicated good reversibility of the process
confirmed also by the cycling test at 0.1 A g~ (Fig. 17b). The
initial capacity of NiSb@3DCM at 0.1 A g ' current density was
405 mA h g~" and after 100 cycles, the composite exhibited no
noticeable deterioration. Integrated with its robust and porous
structure together with good carbon coating of hollow
NiSb@3DCM, exhibited an excellent rate performance of
248 mAh g 'at5Ag?, and a high-capacity retention rate of
94.3% at 1 A g~ ' after 400 cycles with excellent coulombic effi-
ciency in the half cell of SIBs (Fig. 17c-e). Thus, using the hybrid
polymer gel, the as-prepared hollow NiSb alloy entrapped in
a porous carbon matrix (NiSb@3DCM) acted as a good anode
material suitable for application in energy storage.

Zhang et al."*® used NVP@CNTs to act as the cathode of the
SIB synthesized by the sol-gel method using NH,VO;,
NH,H,PO,, Na,COs3, and oxalic acid (mol ratio 1:3:1.5:8) in
a water-alcohol solution and adding CNTs dispersed in alcohol,
and the sol to gel conversion occurred at 80 °C. The gel was
made xerogel at 110 °C and annealed at 350 °C in an inert
atmosphere to obtain carbon-coated NVP material. Then, by
making a hybrid of NVP@CNTs with PVDF and super phos-
phorus (SP) (NVP@CNTs:PVDF:SP = 8: 1: 1 by wt) in NMP, then
kept on the Al foil and dried at 110 °C to obtain the NVP
cathode. They also prepared an innovative solid-state electrolyte
of the PEG/PMA composite with 5% nano-o-Al,O;. The above
cathode and the new CPE exhibited a good performance
showing an ionic conductivity value of 1.46 x 10™* S cm™ " at
70 °C, a high capacity of 85 mA h g at 0.5C with retention of
94.1% after 350 cycles facilitating the development of all-solid-
state SIBs.

3.3.3 Hybrid polymer gel as the binder of SIBs. Polymer
binder in an electrode plays a vital role in the cell's electro-
chemical performance, cycle life, and irreversible capacity los-
ses. Phosphorus (P) acts as an anode in SIBs but it shows a large
volume change above 300% during the charging and discharg-
ing process, making it hard to keep the electrode structure. To
incorporate the active P-CNT hybrids into electrodes, a polymer
binder having a cross-linked gel network structure was exploi-
ted by Song et al.*** using an aqueous NaCMC polymer and citric
acid (CA) as a cross-linker. The network was made by drying
electrodes composed of the P-CNT hybrid, carbon black,
NaCMC, and CA at 150 °C and chemical bonding occurred
between the -OH group of NaCMC with carboxyl groups of
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Fig.17 (a) CV curves of NiSb@3DCM anode at a scan rate of 0.1 mV " for the first four cycles. (b) Cycling performance of NiSb@3DCM anode at
0.1 A g™ (c) Discharge/charge profiles of NiSb@3DCM anode at different current densities from 0.1to 5 A g~* and (d) the corresponding rate
performance. (e) Cycle stability of NiSb@3DCM at 1.0 A g%, Reproduced from ref. 132 with permission from Elsevier.

CNTs. Electrodes composed of P-CNT hybrid, carbon black, and
the chemically crosslinked (c-NaCMC)-CA binder (70:15:15,
weight ratio) were used as the working electrodes, electrolyte
(1 mol L™ NaClO, in EC:DEC; fluoroethylene carbonate (FEC),
10 vol%) and sodium was used as the counter electrode for the
SIB. This anode exhibited a stable capacity value of 1586.2 mA
hg " after 100 cycles, good initial coulombic efficiency of 84.7%,
and a succeeding cycling efficiency of ~99%. The effect of
multiple chemical bonding among electrode components can
be understood from the schematic diagram (Fig. 18). The P-O-C
bond in the P-CNT hybrid allowed close electrical contact
between phosphorus and CNT, thus tolerating successive
volume changes of the phosphorus upon cycling, facilitating
fast electron transfer and improved cycling stability.

12620 | J Mater. Chem. A, 2023, 11, 12593-12642

3.4 Hybrid polymer gels in other batteries

An ideal membrane in a vanadium redox flow battery (VRFB),
should have good chemical stability, low electrical resistance,
resistance to a highly oxidizing environment, high permeability
to the hydrogen ions, low permeability to polyhalide and
vanadium ions, and good mechanical properties. The hybrid
polymer gels are good to fulfill this purpose and there is a recent
review in this regard.” There are many advantages of these sol-
gel methods, e.g., they are eco-friendly, have good porosity,
excellent chemical stability, and purity, lower processing
temperature, easy to form hybrid polymers, and films can be
deposited in consecutive layers. The use of the sol-gel tech-
nique, the organic part control electrochemical performances,
and the inorganic domains improved the mechanical property

This journal is © The Royal Society of Chemistry 2023
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of the membrane. Zhang et al.*** developed a cross-linked gra-
phene oxide/Nafion 212 (CLGO/Nafion 212) hybrid membrane
where the surface of Nafion 212 was decorated with a large
number of amino groups from 3-aminopropyltriethoxysilane
using an in situ sol-gel chemistry approach, followed by the
deposition of a thin layer of m-xylene diamino-crosslinked GO
by the spin-coating method. From the pure Nafion 212, the
modified CLGO/Nafion 212 hybrid membrane exhibited
improved potential performance in the VRFB system. Ling
et al.’*® have reported the charge-discharge performance of
Nafion-115 and PVDF/SiO,~-SO;H membrane prepared using
the sol-gel technique at a current density of 50 mA cm 2. The
VRFB charge-discharge cycling showed that the hybrid
membrane exhibited higher coulombic efficiency (CE, 90.3%),
voltage efficiency (VE, 83.5%), and energy efficiency (EE, 75.6%)
values compared to those of Nafion 115, which is attributed to
the low permeation of vanadium ions through the membrane.

Huang et al."*” recently reported a dual-cross-linked gel solid
electrolyte (SE), Zn-reinforced SA-PAM SE (Zn-reinforced
sodium alginate-polyacrylamide SE), where Zn** and Na"
coexisted. The tensile and compressive strength of Zn-
reinforced SA-PAM SE were considerably improved to 674.28
kPa and 16.29 MPa, respectively, compared to those of the pure
PAM gel. The hybrid SE exhibited a high dc-conductivity value of
19.74 mS cm . Using the robust electrolyte, they developed
a novel hybrid cell with Na, sFeFe(CN)s—CNT (PB@CNT) as the
Na' intercalation-type cathode and metallic Zn as the anode.
The hybrid cell exhibited very good stability for 10 000 cycles
with a very small loss of capacity 0.0027% per cycle, arising from
the prohibition of free water molecules from making low-

This journal is © The Royal Society of Chemistry 2023

spinning metallic sites (Fe-C) in Na,sFeFe(CN)s by the Zn-
reinforced SA-PAM SE. They noticed that the corrosion and
dendrites at the Zn**/Zn plating anode were greatly impeded by
the presence of a hybrid robust gel electrolyte. In the zinc ion
battery, the water-tempted issues, such as the corrosion reac-
tion and hydrogen evolution, certainly occur on the Zn anode
during cycling, which causes poor electrochemical perfor-
mance. The GPE can reduce the above reactions with water and
a biodegradable gum arabic was used by Wu et al.**® to prepare
the polymer gel electrolyte for aqueous zinc-ion batteries. The
hydrogen-bond between gum arabic and water reduces HER
and corrosion. Also in the PGE, the uniform distribution of zinc
ions mitigates Zn dendrite growth, and the Zn||Zn symmetric
cell with PGE showed a long life of >1300 h, longer than that in
the aqueous electrolyte.

The Li-Mg hybrid battery (LMIBs) exhibited high capacity
and increased safety but their development was constrained for
using toxic and corrosive liquid electrolytes. To eliminate this
roadblock, Herzog-Arbeitman et al.**® produced an HPGE with
the P(VDF-co-HFP) polymer matrix, swelled in 1-ethyl-2-methyl
imidazolium bis(trifluoromethyl sulfonyl) imide (EMITFSI)
ionic liquid (IL) solution having both lithium bis(tri-
fluoromethyl sulfonyl)-imide (LiTFSI) and Mg(TFSI), salts,
producing a flexible conductive film. They fabricated a quasi-
solid-state Li-Mg battery, using a LiFePO, (LFP) cathode, Mg
anode, and HPGE electrolyte. Ion dynamics within HPGE
differed from the bulk IL solutions. The incorporation of the IL
into the polymer matrix favors aggregation at the pore center,
giving a passage for high mobility at the pore edge. The quasi-
solid-state LMIB exhibited a high initial capacity of
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141.5 mA h g~ ! and coulombic efficiencies higher than 90%.
The coulombic efficiency of each cycle was almost constant for
100 cycles, indicating that the electrolyte was stable and
retained high performance during the extended cycling. A novel
PNIPAM hydrogel-based AI**/H" conductive quasi-solid-state
electrolyte was used by Wang et al.**° to produce rechargeable
AP*/H" hybrid-ions battery (HIB) composed of the Al,VOPO,-
-2H,0 cathode and MoOj; anode. The above PNIPAM gel elec-
trolyte showed high ionic conductivity and could inhibit the
dissolution and volume expansion of the electrode materials,
providing an outstanding cycling environment for batteries.
Consequently, the HIB delivered a specific capacity of
125 mA h g ' at 0.1 Ag™ " and exhibited long-term cyclic stability
with almost no capacity decay over 10 000 cycles at 2 Ag™". The
thermo-reversibility of the gel electrolyte, averted the safety
problems of the HIB effectively, such as overheating and
shorting, and interestingly, the electrochemical performance
resumed after cooling down. The exceptional long-term cycling
stability and high intrinsic safety of HIB give a future promise
for low-cost rechargeable aqueous HIBs. Apart from the Li-ion
battery, polymer gel electrolytes are also used in Li-O,
batteries. Chamaani et al.**' used HPGE using a UV-curable
polymer, glass microfillers, tetraglyme solvent, and lithium
salt for Li-O, batteries. HPGEs with 1 wt% microfillers showed
increased ionic conductivity than pure PGEs at various
concentrations of lithium salt. Li-O, batteries with HPGE
exhibited better charge/discharge cycle for 500 mA h g™* cycle
capacity with a 400% increase for HPGE at 0.1 mol kg~ over
pure PGE. This stabilization during the period of cycling helped
increase the cycling life of the batteries. There are some other
examples of Li-O, batteries using hybrid polymer gels that are
provided in a review article."**

Thus, the use of hybrid polymer gel electrolyte not only
increases the mechanical stability but also induced cyclic
stability improving the cell performance. The hybrid polymer
gels are useful for all types of batteries such as Li*, Na', vana-
dium, hybrid ion, Li-O,, and Li salt batteries. Furthermore, they
are useful as electrolytes, electrodes, and binders in all solid-
state rechargeable batteries to improve the cell performance,
cyclic stability, and intrinsic safety of the batteries. The use of
different polymer gels (physical, chemical) is thus highly
increasing to meet the overwhelming demand for green energy
for different sectors from different miniature electronics to
heavy vehicles.

There are many advantages of the sol-gel method of making
HPGE for batteries, e.g., they have good porosity, lower pro-
cessing temperature excellent chemical stability and purity,
layer-by-layer deposition of the films, and are eco-friendly. The
organic part of sol-gel material control electrochemical
performances, and the inorganic part reinforces the mechanical
property of the membrane. This is because the high porosity of
the membrane can easily cause dynamic volume changes as it
afforded great ionic diffusivity and ionic mobility, preserving
robust morphology. This results in outstanding electrochemical
cell performance, e.g., long-term life cycle and exceptional rate
capability. Lithography and 3D printing techniques can be
applied for developing more ordered microscopic structures to
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tune the membrane, electrode, and binder properties. The
polymer gel showed improved intrinsic stretchability, flexibility,
and bending ability preserving high charge transport abilities.
Due to the presence of a three-dimensional network, hybrid
conducting polymer gels exhibited high electrical conductivity
and good mechanical properties and could accommodate large
volume expansion making it an ideal architecture for the ion
movement occurring during the electrochemical process. In the
battery electrode materials, a large amount of stress is
produced, causing electrode fracture and delamination for the
conventional binder systems in electrodes. Nonconductive
polymer binders and carbon additives suffer from particle
aggregation showing decreased electronic and ionic conduc-
tivities. In this respect, conductive polymer gels as binder
materials provide multiple functions, e.g., (i) hierarchical pores
of gels help the electrolyte and ion diffusion, (ii) provide
a uniform coating on active particles preventing particle
delamination (iii) the conducting pathways connect the active
particles continuously making easy electron transport, and (iv)
the robust gel network further provides mechanical strength,
chemical stability and improve long-term stability. The inter-
connected nanopores in the gels act as a nanoscale electrolyte
reservoir, and also give ion-transport channels surrounding the
electrode. An important drawback of the polymer gel electrolyte
is the poor interfacial stability between the gel electrolytes and
Li metal hindering their practical application. The porosity and
electrolyte uptake of the membranes gradually increased the
interfacial stability, yielding high ionic conductivity. The self-
healing polymer gel electrolyte exhibits excellent recovery of
the electrochemical properties, after severe mechanical damage
of the gel membrane by cutting and it can work in the folded
and sheared states. Thus, hybrid gel electrolytes have attracted
great attention in energy storage devices for their high
mechanical strength and superior ionic conductivity.

4 Supercapacitors

The supercapacitor is an alternative mode for electrochemical
energy storage (EES) other than batteries. Here, energy storage
occurs via the ion storage on the electrode surface followed by
instantaneous polarization either through electrostatic inter-
actions (EDLC) or redox electron transfers between the elec-
trode surface and electrolyte ions at their interfaces (pseudo-
capacitance).”® Thus, supercapacitors allow rapid charging-
discharging leading to high power density and long cycle life as
the ion storage is a surface or near-surface phenomenon;
appreciable stress is not induced on the electrode material
during charging or discharging processes.'** Despite offering
manifold greater power density than batteries, the exposed
surface area of the supercapacitors is usually not very high
during applications and they suffer from the problem of lower
energy density. This remains a big challenge in the way of
widespread applications of supercapacitors in the future
replacing batteries (particularly during applications requiring
high power supply) as the latter modules suffer from poor power
density despite having attractive energy density parameters.'*®
Thus, the worldwide energy research community is currently
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devoting its central attention to designing energy storage
devices, which should have battery-like energy density with
supercapacitor-like power density sensing the complementarity
in the deliverables of these two EES modules.**® This has paved
the way for the generation of hybrid supercapacitors having one
battery-like electrode (operating through the diffusion-
controlled redox processes offering bulk charge storage) and
the other supercapacitor-like EDLC-based electrode most
commonly made up of carbon materials.'*” Further develop-
ment in this regard is the double hybridization strategy as has
been pointed out by Dubal et al. where the battery-like electrode
is also a composite of the battery electrode material and highly
conducting electrochemical double-layer capacitor material so
as to match the rate of ion accumulation-deaccumulation in
both electrodes and also to improve the conductivity of the
composite electrode material (Fig. 19).'*”

Nanostructuring of the electrode has remarkably improved
the deliverable electrochemical performances of the super-
capacitor or the battery electrodes.***'** However, further
development in technological as well as material chemistry
parts is required to reflect the development of the intrinsic
material properties at the commercial device scale (usually
requiring much greater mass loading of the electrode mate-
rial).”*® This can be obtained via the prudent design of the
electrode material particularly when flexible energy storage
device generation is in focus. In this regard, solid state super-
capacitors having flexible electrode material and gel electrolyte
or ‘all-in-gel’ model where both the electrodes and electrolytes
are gel materials gaining increased attention.™* Application of
the ‘all-in-gel’ strategy helps to alleviate the contact problem at
the electrode/electrolyte interface along with better adhesion
with the current collectors eliminating the use of typically non-
conductive/less conductive adhesive materials. This strategy is
definitely very much beneficial in respect of improved conduc-
tivity, lightweight, and improved electrochemical properties of
the assembled cell, particularly when conductive gel materials
are used. Furthermore, the use of gel electrode materials can
better withstand the volume change during the charging/
discharging cycles of battery electrode materials (Fig. 20).'*
The following sections give a rather concise account of exciting
research efforts recently made in this direction.

4.1 Hybrid polymer gel electrodes for supercapacitors

Alshareef and coworkers™® reported a solid-state asymmetric

supercapacitor by electrochemically depositing PANI and
PEDOT over Au-coated polyethylene naphthalate (PEN)
substrates acting as negative and positive electrodes, respec-
tively, while using PVA/H,SO, gel electrolyte. The device
exhibited the highest power density of 2.8 W cm ™ at the energy
density value of 9 mW h em™ and the fabricated tandem
asymmetric supercapacitors were found to be suitable for
powering a red-light emitting diode for 1 minute after 10
seconds of charging. An all-solid-state supercapacitor using
electrodes of CNF/RGO/CNT hybrid aerogels and PVA/H,SO, gel
electrolyte was reported by Zheng et al.*** The flexible super-
capacitors were made without a binder, electroactive additives,
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and current collectors. The outstanding electrolyte absorption
behavior of the CNFs and porous structure present in the CNF/
RGO/CNT aerogel electrodes resulted in a high capacitance (252
F ¢ ' at discharge current density of 0.5 A ¢~') with amazing
cyclic stability (>99.5% capacitance retention after 1000 cycles
at a current density of 1 A g™ ). Vlad et al.** reported carbon
redox-polymer-gel hybrid supercapacitors by compositing
pseudocapacitive poly(2,2,6,6-tetramethyl-1-piperinidyloxy-4-yl
methacrylate) (PTMA) with high surface active carbon (~2,000
m® g ') and carbon nanotubes. In this work, the surface-active
carbon-CNT mat was flooded into a PTMA gel to produce
a hybrid composite electrode. The hybrid gel electrode exhibi-
ted nearly ideal properties such as high ionic and electrical
conductivity, fast surface and redox charge storage, and
amazing cyclic stability. The fabricated carbon hybrid redox-
polymer-gel electrodes displayed an extraordinary discharge
rate of 1000C with 50% of capacity delivered in <2 seconds. In
order to maintain good contact with the electrode and gel
electrolyte at their interfaces Wang and coworkers."* prepared
a new “all-in-gel” supercapacitor using two IL-based Bucky gel
electrodes separated by an ionogel composite electrolyte
(utilizing the same IL). The so-called Bucky gel, a gelatinous
electrode material was prepared by grinding either short single-
wall carbon nanotubes (SWCNT-s) or multi-wall carbon nano-
tubes (MWCNT), or long single-wall carbon nanotubes (SWCNT-
1), acetylene black (AB) 1-ethyl-3-methylimidazolium tetra-
fluoroborate (EMIMBF,), and PVDF-HFP. It has been further
argued that the ionic liquid interacts well with SWCNTs with
interactions like m-m and/or cation-m of imidazolium ion
component of ionic liquid. The fabricated supercapacitor device
showed improved electrochemical properties (49 mF cm™>
capacitance at 0.1 mA cm %), better self-healing property as well
as mechanical robustness. Conducting polymers have drawn
significant interest in the last 2 to 3 decades as electrode
materials in energy storage devices owing to their fast and
reversible electron transfer processes along with appreciably
high conductivity. Easier synthesis of conducting polymers
allowed their preparation in different morphologies and hence
exploited their microstructure-dependent properties. Conduct-
ing polymer films of various morphologies have already
received significant attention for being used as the electrodes of
flexible supercapacitor/battery devices owing to their high flex-
ibility. However, despite high flexibility and pseudocapacitance,
conducting polymer-based electrodes suffer from the problem
of rapid decay in capacitance and poor cyclic stability because of
a high volume change during the electrochemical processes. In
this regard, conducting polymer gels having a 3D network
structure is very much beneficial as interconnected conducting
polymer chains provide pathways for electron transfer, small
ion diffusion pathways, and a high surface area for redox
reactions. Furthermore, the gel structure can better accommo-
date the volume changes during electrochemical reactions.
Recently, conducting polymer gels are being prepared by
following two strategies, either (i) integrating with traditional
gel materials to exploit the best of their mechanical, electro-
chemical, and self-healing properties or (ii) pristine conducting
polymer-based gels prepared using cross-linkers, which are at
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Fig. 19 Schematic representations of (i) a single electrode system (a), capacitor (b) battery and (c) an asymmetric capacitor system with an
aqueous electrolyte according to the charge—potential profile with corresponding equations for energy storage; (ii) hybrid combination of
a hybrid electrode (hybridized battery and capacitor components) and a capacitor electrode according to the charge—potential profile with
corresponding equations for energy storage. Reprinted with permission from ref. 147, with permission from Royal Soc. of Chemistry.

the same time dopants helping to have improved conductivity.
Another approach is the preparation of the conducting polymer-
based hybrid hydrogels where the active electrode materials
remain embedded within the gel. Such hybrid gels can act both
as the electrode and binder replacing nonconductive binder
materials. The active electrode materials remain interconnected
in the 3D conducting polymer gel network structure, further-
more, the conducting polymer chains and ion channels help to
maintain improved contact and electronic/ionic conduction
with the current collector materials. A large number of research
efforts have already been documented in this field, and the
following gives a brief account of some exciting research.

The journey of conducting polymer gel-based electrodes for
supercapacitors began in 1999 when Ghosh and Inganis'®
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reported the synthesis of highly swelled conducting polymer
gels consisting of crosslinked PEDOT-PSS colloidal particles
offering nano-dimensional conductive networks having large
surface area. Indeed, this has been an important milestone in
the context of the development of flexible supercapacitor
devices. This was followed by several reports on the preparation
of CP hydrogels, including PPy, PANI, and PEDOT hydrogels, for
supercapacitors. Preparation of PANI hydrogels'” was carried
out using different multiple hydroxyl groups containing cross-
linker cum dopants as phytic acid or amino trimethylene
phosphonic acid (ATMP)"*”**® (Fig. 21a—c).

In every case, the improved electrochemical properties were
reported for the presence of large surface area, hierarchical 3D
porous structure, and high electrical conductivity. The spray-
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chemical hydrogel (PCH) produced by adding glutaraldehyde (GA), which acts as a crosslinking reagent, to form 3D network connections with
multiple junction zones. (S3) The free-standing PCH film was cast by a mould-casting or blade-coating process. (54) PANI was grown in situ on

the PCH film. (S5) The edge-connections of the PANI layers on a PANI-

from ref. 152 with permission from Wiley.

coated or ink-jet printed phytic acid-doped gel material
exhibited a high conductivity value of 0.11 S em ™. Furthermore,
the supercapacitor electrodes from PANI hydrogel exhibited
a high specific capacitance value of 480 F g '. In another
independent study, a hierarchically 3D nanostructured elastic
PPy hydrogel was also prepared using the same cross-linker and
dopant (phytic acid or ATMP) via the oxidative polymerization of
pyrrole at the interface of water/isopropanol. The prepared PPy
hydrogel showed an appreciably high conductivity of 0.5 S cm™*
in the xerogel state with a high elasticity and mechanical
strength striking for flexible supercapacitors. The flexible
symmetric PPy hydrogel supercapacitors prepared with high
mass loading of 20 mg em ™2 exhibited a high areal capacitance
value of 6.4 F cm > along with a good cycling stability** (lower
than 7% capacitance degradation after 2000 cycles). However,
incorporating non-conducting cross-linkers could diminish the
electrical conductivity of the PANI gel therefore, self-cross-
linked PANI hydrogels were likewise made by a sol-gel
method using the aniline monomer and APS oxidant.*® This led
to the formation of 3D porous PANI hydrogel having a coral-like
morphology of ramous nanofibers. The microstructure of the
PANI hydrogel is very much favorable for the electrochemical
performance enhancement and with no surprise, the PANI
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PCH film were cut to obtain an all-in-one supercapacitor (SC). Adapted

hydrogel electrode showed the highest specific capacitance of
750 F g=" at 1 A g~ current density. Zhou et al. prepared
a hydrogel of PANI nanofibers using V,05-nH,0 as both a hard
template and oxidizing agent by in situ polymerization.*** The
oxidant template-assisted preparation of PANI nanofibers
endorsed the cross-linked 3D assembly of PANI hydrogel with
high conductivity (0.12 S cm™ ') and capacitance values of 636
and 626 F g ! at current densities of 2.0 and 25 A g™, respec-
tively, with remarkably large capacitance retention of 83.3%
after 10000 cycles. This oxidant-templating methodology is
useful for the preparation of PEDOT or PPy hydrogels having
porous conductive tracks. In order to improve the flexibility and
mechanical properties of the pristine conducting polymer
hydrogels, various hybrid CP hydrogels have been developed as
electrode materials for flexible supercapacitors. The most
commonly used flexible substrate in this regard has been the
PVA-based hydrogels'®**** while poly(acrylamide)(PAAM),'**¢¢
graphene oxide/graphene,'*'*® sodium alginate'® and G-Zn-
tPy"’® have also been used for the same purpose. The stretch-
ability, foldability, compressibility, and self-healing properties
are promising for applications in portable/wearable electronics.
In a very much interesting report, a supramolecular strategy was
introduced to crosslink PVA and PANI through dynamic
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Fig.21 (a) Schematic illustrations of the 3D hierarchical microstructure of the gelated PANI hydrogel where phytic acid plays the role as a dopant
and a crosslinker. Three levels of hierarchical porosity from angstrom, nanometer to micron size pores have been highlighted by red arrows. (b) A
photograph of the PANI hydrogel inside a glass vial. Reproduced from ref. 157 with permission from National Academy of Sciences, USA. (c)
Schematicillustration of the formation of the 3D hierarchical nanostructured PANI hydrogel and a photograph of the PANI hydrogel inside a glass

vial. Reproduced from ref. 158 with permission from Springer.

bonding,'** where 3-aminophenylboric acid (ABA), having both
boronic acid and amino groups was copolymerized. The
synthesized PANI containing functional monomer repeating
units were crosslinked with PVA by the condensation reaction of
-OH. The resultant hydrogel exhibited a conductivity
(0.1 S em™"), along with high mechanical properties such as
tensile strength (5.3 MPa), elongation at break (250%), and high
compress stress (30 MPa), analogous to other hydrogels.'”*7¢
The flexible supercapacitors constructed using PANI/PVA
composite hydrogel electrodes exhibited high electrochemical
properties such as capacitance 306 mF cm ™ > (153 F g '), high
energy density 13.6 W h kg ' along with 100% and 90%
capacitance retentions after mechanical folding and charge-
discharge cycles of 1000 times, respectively. The conductive
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hybrid hydrogel containing cross-linked rigid and soft polymer
chains with a mesoporous structure was attributed to the
remarkable observed properties. In a different approach, using
vapor phase polymerization Zang et al. produced PPy/PVA
hybrid hydrogels of PPy in the 3D crosslinked network of
PVA."** The interpenetrating network structure of PPy chains
within the PVA gel framework resulted in high mechanical
strength and good electrochemical performance in flexible
supercapacitors fabricated with this electrode material. Further
improvements in electrical and mechanical properties were re-
ported in PANI/graphene hybrid hydrogels made by hydro-
thermally treating a PANI dispersion.'” An appreciably large
areal capacitance value of 484 mF cm ™2 with an energy density
of 42.96 mW h cm™> was reported in a flexible solid-state
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supercapacitor based on this hybrid hydrogel electrode.'®® It is
highly desirable to develop “all-in-one” flexible high-
performance supercapacitors for wearable electronics main-
taining a crease-free electrode-electrolyte assembly even when
a large number of stretching or bending motions are applied to
them. In this context, Wang et al.*** reported a very interesting
strategy where an integrated supercapacitor device was fabri-
cated by embedding two PANI layers (acting as electrodes) in
a 3D porous PVA-H,SO, hydrogel film acting as the solid-state
electrolyte. In this, ‘all-in-one’ strategy, the surface and sub-
surface of the PVA-H,SO, hydrogel film coated with 40 um
thick PANI film was made by in situ polymerization. Thus, the
entire material served as both the electrolyte and electrode for
flexible supercapacitors, exhibiting a remarkably high areal
capacitance value of 488 mF cm 2, along with outstanding
cyclic stability and flexibility. In another approach, Xu, Dai, and
coworkers suggested a simple and universal strategy for
manufacturing flexible supercapacitors with a three-
dimensional hybrid structure.”” They designed a universal
loader type having a three-dimensional hybrid structure where
acetylene black and active material (as per the demand) were
enriched in the PVA matrix. The basic loader itself is an elec-
trode with good electrochemical as well as mechanical perfor-
mance and offers further possibilities for the development of
more powerful, flexible electrodes in an easy and accurate way
following the same steps. Loading the active polyaniline/carbon
nanotube composite material in this basic electrode delivered
non-negligible surface capacity (e.g. 1.1 F cm > in surface
capacitance) with good response, rate performance, excellent
durability (10000 times of charge-discharge), and good fold-
ability (1000 times of folding).

There are some interesting reports where conductive poly-
mer gel-embedded active nanostructured electrode materials
have been used as scaffolds and binders for the construction of
flexible supercapacitors or batteries. Nandi et al."”® reported the
synthesis of folic acid-PANI 3D network hydrogel (FP) material
having acceptably high mechanical properties as well as a good
electrical conductivity of 0.04 S cm ™. The obtained gel material
exhibited a good specific capacitance of 295 Fg™' (at 1 A g™ 1),
which has been attributed to the relatively high surface area
(238 m* g ) and interconnected 3D porous network of the gel
electrode material. In the next step silver nanoparticles (AgNPs)
were elegantly grown inside the gel matrix, which resulted in
remarkable improvements in electrical conductivity (reached
0.21 S cm™ '), specific capacitance (as high as 646 F g™ ' at
1 A g "), brilliant rate capability (62% capacitance retention at
20 A g7") and high cycling stability. Not being limited to the
improved energy storage performance, Ag NP-embedded 3D FP
hydrogel also resulted in significant improvement in photo-
current (increased from ~2 mA in FP gel to 56 mA in Ag NP-
embedded FP gel). The observed improvements were attrib-
uted to the possible interactions between the plasmons of
AgNPs and the polaronic band of the doped PANI. In another
interesting work, the same group reported MoS, quantum dot
(QD)/PANI (DMP) hydrogel where MoS, QDs were embedded
into a 3D fibrillar network. An all-solid-state symmetric super-
capacitor was fabricated by directly loading the hybrid gel
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electrode material over flexible graphite paper with PVA/H;PO,
gel material resulting in high electrochemical properties as
a specific capacitance of 331 F g~ ' (at 1 A g~ "), energy density
29.4 W h kg ', and a power density 398 W kg ' along with
84.2% capacitance retention after 10000 charge-discharge
cycles (Fig. 22)."”° A similar strategy has been applied in
nanoparticle-based lithium-ion batteries where polypyrrole-
embedded high-capacity Fe;O, nanoparticles were used as the
electrode. These 3D hybrid polymer electrodes exhibited higher
capacity at higher charge/discharge rates than 2D electrodes."”
The high electrical conductivity of the PPy conductive frame-
work, uniform dispersity of nanoparticles, and robustness of
the polymeric scaffold to withstand the mechanical stress
during cycling have been attributed to the observed improve-
ment. Furthermore, there are several other reports and reviews
where the application of the 3D conductive polymer framework
as scaffolds for anode or cathode has resulted in significant
improvement in  the deliverables of lithium-ion
batteries‘109,124,1807182

4.2 Hybrid polymer gel electrolytes (HPGE) in
supercapacitors

In energy storage devices, liquid electrolytes (LE) play an
essential role by the virtue of their high conductivity (107>~
107> S em™') and fruitful contact with electrodes. However,
safety issues such as leakage or combustion in the case of
organic electrolytes or the inevitable growth of lithium
dendrites in the case of lithium batteries put major concern
over the use of LEs. This has triggered significant research
efforts to develop solid-state or gel electrolytes. Nevertheless,
these electrolytes also suffer from major issues such as poor
ionic conductivity (107 °~107> S cm™") and meager interfaces
with electrodes causing worsened cyclic performance.'®'%
Polymer gel electrolytes (PGEs) have the advantages of both
liquid electrolytes as well as solid electrolytes having improved
mechanical properties. Furthermore, the flexibility and elas-
ticity of PGEs can accommodate the volume change of electrode
materials and dendrites of lithium metal through the electro-
chemical charging processes."”®° This has generated global
attention over PGEs as electrolytes for various electrochemical
energy storage devices such as lithium-ion batteries (LIB),
supercapacitors (SC), lithium-oxygen (Li-O,) batteries, sodium-
ion Dbatteries, zinc-air batteries, and lithium-sulphur
batteries.”*** To meet the necessity of the general devices for
flexibility and deformability, more special PGEs with tough,***
stretchable'® and compressible™® functionalities have also
been developed. The existing types of gel electrolytes may be
categorized as follows: (i) aqueous polymer gel electrolyte, (ii)
non-aqueous polymer gel electrolyte, (iii) ionic liquid polymer
gel electrolyte (iv) redox gel electrolyte (redox additives in gel
electrolyte). The preparation of the polymer gel network may
involve network formation either by physical cross-linking such
as electrostatic interactions, hydrogen bonding, and entangle-
ment of chains, or via chemical cross-linking to form three-
dimensional network gels that are through covalent bond
formation involving different strategies.'”'*

J. Mater. Chem. A, 2023, 1, 12593-12642 | 12627


https://doi.org/10.1039/d2ta09525d

Published on 22 Februari 2023. Downloaded on 16/10/2025 02:05:55.

Journal of Materials Chemistry A

View Article Online

Review

—— Flat state 0°
Bent at 180°

; @4 06 08
Potential (V)

Fig. 22 Flexible supercapacitor assembled with MoS, quantum dot (QD)/PANI hydrogel electrodes and PVA/H,SO,4 gel electrolyte, reproduced
with permission from ref. 179 with permission from the American Chemical Society.

4.2.1 Polymer gel electrolytes. Different organic polymers,
e.g., PVDF, PAN, PMMA, PEO, PVA, etc. based on gel electrolytes
have been used during the construction of PGEs.'” Among
them, PVA-based PGEs have drawn significant attention due to
the improved solubility, biodegradability, and biocompatibility
of this hydrophilic polymer. In addition, with easy processing,
easy film formation, and low price, PVA-based gels have excel-
lent bending properties. Ever since the development of highly
conducting PVA/H;PO, proton conductive polymer electrolyte
by Petty-Weeks et al. in the 1980s,>* researchers have developed
gel electrolytes of different types: (1) acidic gel electrolytes such
as PVA/H;PO,,**" PVA/H,50,4,%2°>2% (2) alkaline gel electrolytes
such as PVA/KOH,***>** PVA/LiOH (ref. 215) and (3) neutral salt
based gel electrolytes such as PVA/Na,SO,4,>**>*® PVA/KNO;,>*
PVA/KCL,**° and PVA/LIiCl (ref. 221-223) for extensive applica-
tion under different conditions. A significant research effort has
been devoted to ensuring the full contact of the gel electrolyte
with the internal pores of the electrode, which is highly desir-
able during the construction of flexible supercapacitors to form
a charge-discharge interface. Shao et al*** obtained a low
charge transfer resistance of 2.31 Q using PVA as a host poly-
mer, PVA/H;PO, as the electrolyte, and 3D graphene film as the
electrode material. The resulting flexible supercapacitors
exhibited a 0.9 mF ecm™? areal capacitance at a scan rate of
1000 mV s~ " while having capacitance retention of 89.4% after
the 1000th cycle bending in the 0°-120° range. The use of a 3D
honeycomb graphene film is beneficial for different gel elec-
trolytes as it offered decreased ion diffusion resistance even
under the prevailing highly viscous medium. The mechanical
properties of the PVA/H;PO, gel electrolyte were further
improved by crosslinking with polyacrylamide (PAM,
16 wt%).>*® The resulting gel electrolyte offered a very high
tensile strain (>17.42 mm mm ') along with an improved ionic
conductivity value of 138 mS cm 2. The flexible supercapacitor
built up with this electrolyte produced a specific capacitance
value of 169.7 F g~ ' for bending 230° with 80.9% capacitance
retention after 5000 cycles. Furthermore, the device obtained
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a remarkable capacitance retention of 80.5% at 100% tensile
strain condition, which is indeed very encouraging from the
perspective of wearable device fabrication. In another report,
Guo et al.®® prepared a self-healing composite hydrogel elec-
trolyte using the physical cross-linking method and placed the
nanocomposite electrode material to the surface of the hydrogel
electrolyte by in situ polymerization and deposition methods to
develop a flexible all-in-one self-healing supercapacitor of high
electrochemical performance. The analysis of mechanical
properties of the physically crosslinked PVA/H,SO, hydrogel
showed tensile stress of 4.7 x 10° Pa after stretching up to
7.6 cm. In addition, compared with any other chemically
crosslinked hydrogel, the physically crosslinked PVA/H,SO,
hydrogel film had the unique advantage of repairing itself
without any stimulus. The self-healing efficiency was well
retained at ~80% after the fifth self-healing cycle. The flexible
supercapacitor device exhibited an areal capacitance of 15.8 mF
cm~ > at 0.044 mA cm > current density. In an interesting report,
Yang et al.**® photopolymerized a PVA/poly(N-hydroxyethyl
acrylamide)/H,SO, (PVA/PHEA/H,S0,) gel electrolyte showing
high toughness, high strength, rapid self-recovery, self-healing,
and fatigue-resistant capabilities. The resulting gel electrolyte
exhibited high stretchability (about 5 times at different test
states), an outstanding ionic conductivity value of 85 mS cm™*
and a broad operating window (0-3 V). The flexible super-
capacitor showed similar CV profiles at various bending angles
(0-180°). In addition, an improved self-healing property of the
fabricated flexible supercapacitor exhibited ~84% capacitance
retention from the initial 98 mF cm ™ after the 7th self-healing
cycle. In a very recent and interesting report, Um and coworkers
exploited the amorphous and intrinsically highly electrostatic
nature of DNA for the fabrication of gel electrolytes for appli-
cation in next-generation green wearable and flexible energy
storage devices. The gel material displayed superior mechanical
properties, and conductivity, and also improved electro-
chemical properties when assembled as a supercapacitor device
using a pair of activated carbon electrodes.**”

This journal is © The Royal Society of Chemistry 2023
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Besides acidic gel electrolytes, the fabrication of flexible
supercapacitors is also gaining increased interest with alkaline
gel electrolytes.”****%* Among various electrolyte salts, KOH
has received maximum attention for conductive OH™ ion in
aqueous gel electrolytes for its better compatibility and low
price.”* In this regard, Zhao et al.*** reported some excellent
works where they used PVA/KOH gel electrolyte for the fabri-
cation of an asymmetric flexible supercapacitor device having
a Ni-Co hydroxyl carbonate monolayer (1.07 nm) as the elec-
trode. The device has shown a working voltage window of 1.6 V,
(Fig. 23a and b) along with excellent reversibility within 5 mV
s ' to 2 Vs~ ! producing a large volumetric capacity of 566 mF
ecm 2 at 100 mA g ! of current density. Furthermore, even at
a high applied current density of 2 A g™, the flexible device
achieved 100% capacity retention even after 19 000 cycles
(Fig. 23c).

They attributed the great electrochemical performance to the
characteristic structure having a short ion diffusion channel
and a large number of bare atoms in the electrochemical reac-
tions, as presented in Fig. 23d. In another work, they fabricated
a symmetric flexible supercapacitor device with two similar
N-P-O co-doped 3D graphene electrodes and PVA/KOH as the
gel electrolytes.”®® The working potential window of the device
could be extended to 1.4 V. Thus, the extension of the working
potential window in both of the above works indicated
outstanding stability of the gel electrolyte. The fabricated
symmetric electrode device exhibited a high capacitance value
of 426 F g' and an appreciable energy density value of
25.3 W h kg™ at a power density of 93.1 W kg™ ' along with
brilliant cycling stability of 96.2% after 10 000 cycles.
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Interestingly the use of graphene oxide (GO) in the PVA-
based electrolyte has become very effective both to increase
the ionic conductivity of the gel as well as to enhance
mechanical properties. Huang et al.>** incorporated GO into
boron cross-linked PVA gel electrolyte (GO-B-PVA/KOH),
significantly increasing the conductivity (till ~20 mS em™* for
20 wt% GO doping) along with good mechanical properties. The
device fabricated with the above gel electrolyte resulted in
a remarkable hike in the capacitance of about 129% compared
to the device using a KOH aqueous electrolyte. In another work,
Hou et al.®* incorporated hyperbranched poly(amine ester)
nano-silica (HBPAESiO,) into PVA/KOH gel electrolyte,
increasing ionic conductivity, also producing an excellent elec-
trode-electrolyte interface. The application of this electrolyte
resulted in a significant increase in conductivity (7.09 mS cm ™)
compared to that in PVA/KOH electrolyte (1.32 mS cm ™), which
was for the hydrolysis of the ester groups by KOH to generate
carboxylate salt moieties. The fabricated device exhibited 88%
capacity retention after 10 000 cycles. In very recent work, Xu
and coworkers fabricated a flexible supercapacitor having
excellent electrochemical performance using an alkaline
PEGMA hydrogel electrolyte sandwiched between Zn foil and
graphite paper.”®® They prepared the ionically conducting
hydrogel by copolymerizing ethylene glycol methyl ether acry-
late (MEA), acrylamide (AM), and poly(ethylene glycol) methyl
ether acrylate (PEGMA), and KOH to produce conductive
hydrogel electrolyte. The assembled supercapacitor (PEGMA-
ZHS) showed superior electrochemical performances, such as
a high energy density value of 356.6 W h kg™ * (at a power density
of 2647.4 W kg™ ") in a wide operating voltage range of 1.8 V
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Fig. 23 The flexible supercapacitor device performance. (a) The preparation progress of the device. (b) CV curves at various scan rates in PVA/
KOH gel electrolyte system. (c) Cycling performance and coulombic efficiency of the all-solid ASC at current density of 2 A g~ (d) schematic
illustration of the energy storage mechanism on monolayer Ni, Co-HC. Reproduced from ref. 232 with permission from the American Chemical

Society.
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along with high cyclic stability of ~100% capacity retention
after 10 000 charging/discharging cycles at a current density of
10Ag "

Agarose-based hydrogels are very much useful as the gel
matrix due to the high mechanical stability of the 3D gel
network and the presence of submicron range pores. In this
regard, Moon et al.>*” have fabricated a flexible supercapacitor
using NaCl-agarose gel electrolyte and obtained excellent
capacity of 286.9 F g~ " and ~80% capacity retention even above
1200 cycles. In another interesting work, an integrated flexible
supercapacitor (FSC) device was fabricated by Lu et al.**® using
PVA/Na,SO, neutral gel electrolyte and nanostructured cobalt
hexacyanoferrate-molybdenum oxide thin films grown on the
flexible carbon fiber cloth as the electrode, which exhibited
a maximal energy density of 67.8 W h kg~ " at a power density of
1003 W kg~ " and 74% capacitance retention after 10 000 cycles.
Sun et al.** integrated a polypyrrole electrode with an electro-
lyte of boron cross-linked PVA/KCI hydrogel showing energy
density of 20 yW h em™ at 600 pW cm > power density and
capacitance retention until 97% after 500 bending cycles. The
outstanding electrochemical properties are due to high ionic
conductivity (38 mS cm ') and improved mechanical properties
of the PVA/KCI hydrogel electrolyte. Similarly, Peng et al.>*®
made a self-healing hydrogel electrolyte by fixing GO into the
PVA network and achieved an ionic conductivity value of 47.5
mS em ™.

Dehydration of hydrogel electrolytes poses a major concern
in the performance of flexible supercapacitors while operating
under a different range of temperatures due to decreased ion
migration. Thus, the increased water retention ability of the
hydrogels at relatively higher temperatures is highly desirable to
have further improvement in the performance of the hydrogel
electrolyte-based energy storage devices.””*** In this respect,
the use of super-concentrated aqueous electrolyte, named the
“water-in-salt” (WIS) strategy is beneficial where water mole-
cules interact more actively with metal ions (reducing the
dehydration extent) as well as broaden the electrochemical
window. Liu et al.?** demonstrated excellent water retention
ability under 100 °C and broadening of working potential up to
1.8 V using 21 m LiTFSI/PVA gel. A robust cation-anion inter-
action improvement in the water retention ability of the
hydrogel electrolyte was demonstrated by these authors using
density functional theory molecular dynamics (DFTMD) and
simulation studies. They also demonstrated the improved
electrochemical performance by a flexible supercapacitor
fabricated using 21 m LiTFSI/PVA gel electrolyte to exhibit an
areal capacitance of 936.4 mF cm > at 4 mA cm™> current
density and a capacitance retention of 80.8% after 500 cycles at
80 °C. A comparison of alkaline/acidic gel electrolytes with
polymer-salt-based gel electrolytes showed a relatively broader
and stable operational voltage window due to much lower H"
and OH™ concentrations in neutral salts, which resulted in the
reduced level of hydrogen/oxygen evolution. Despite the rela-
tively poor voltage window, and the problem of dehydration, the
aqueous gel electrolyte has the benefits of being nontoxicity,
environment-friendly, high conductivity, and cheap, compared
to the organic solvent electrolytes. Therefore, the majority of
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researchers still prefer aqueous gel electrolytes for academic
research. However, this should be further mentioned that the
low voltage window of the aqueous gel electrolyte causes the
power density and energy density of the flexible supercapacitors
to fail to meet the market demands.

4.2.2 Non-aqueous polymer gel electrolyte. The principal
advantage of organic solvents as the medium for gelation in gel-
polymer electrolytes lies in offering a higher operating potential
window of the fabricated devices. Hence, researchers are seri-
ously engaged in developing non-aqueous gel polymer electro-
Iytes (NAGEs)."**24*24t However, lower interfacial conductance,
lower conductivity, poor electrochemical performance, and
desired high purity of the organic solvents raise significant
restrictions during practical applications of non-aqueous poly-
meric gel electrolytes. Among organic solvents, propylene
carbonate (PC) has been the most elegantly used so far, as PC-
based electrolytes have good conductivity, are environment-
friendly, and offer a wide voltage window.>**> There is a good
number of reports where PC-based gel electrolytes have been
used for the fabrication of high-performance flexible super-
capacitors.***** Na et al.>** suggested a PGE (alcohol ethoxylate/
acrylamide/LiClO,4) having improved conductivity 31.1 mS cm ™"
by virtue of a large number of ion-conductive amine and
ethylene oxide functional groups. The fabricated supercapacitor
device exhibited excellent electrochemical performance with
a capacitance value of 130.3 F g~ " at 0.5 A g~' and a maximum
energy density value of 8.99 W h kg™ at 67.84 W kg~ ' power
density along with 90.1% capacitance retention above 5000
cycles. Wang and his coworkers**® have synthesized high-
performance flame retardant non-aqueous PGE by cross-
linking brominated epoxy resins with novel flame retardants.
They utilized poly(ethylene glycol) copolymers along with an
epoxy ring-opening polymerization technique. They used tetra-
bromobisphenol A as a matrix and an organic electrolyte (a
lithium salt in PC) for swelling. The PGE exhibited an appre-
ciably high ionic conductivity of 1.09 mS cm™ ' coming from the
poly(ethylene glycol) portion of the flame-retardant PGE. The
device fabricated has a high capacitance of 166.69 F g~ ' at
0.5 A g7, and superior flexibility under bending conditions in
the context of other flexible supercapacitors containing liquid
organic electrolytes. The device also exhibited excellent energy
density as well as power density.

4.2.3 Ionic liquid-mixture electrolyte. Ionic liquids (ILs) are
safer and improved candidates for the construction of super-
capacitor electrolytes compared to organic electrolytes (as dis-
cussed above) for their inflammability, higher ionic
conductivity, and broadened potential windows. The present
literature shows the existence of various IL cation and anion
combinations, however, imidazolium cation-based-ILs are the
most important for their high conductivity as a result of the
planer cationic core of the imidazolium ring. The advantages of
ILs as EDLC electrolytes include a wide open potential window
(up to 6 V)** and large intrinsic capacitance, which are
extremely desirable for the fabrication of high-energy electro-
chemical devices.>****® In addition, their incombustibility and
lower vapor pressure made them less vulnerable under elevated
temperatures. Nevertheless, as ILs are still liquids in nature,
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they are associated with the typical problems related to liquid
electrolytes (as stated previously). These problems may however
be avoided by immobilizing ILs into solid media such as poly-
mers and silica gels, solid-state ILs, namely ionogels.
PVA-based IL gel electrolytes have received significant
interest so far for their physical and chemical properties such as
high thermal and electrochemical stability, good flexibility,
non-flammability, non-toxicity, and environmentally benign
nature.”**** Jeong et al.>** fabricated a flexible supercapacitor
device with PVA-based IL (BMIMBF,) gel electrolyte, single-wall
carbon nanotubes (SWCNTs and reduced graphene oxide (rGO))
as electrodes. The flexible supercapacitor device presented
rectangular CV curves with a large current owing to the high
ionic conductivity of the PVA/H;PO,/BMIMBF, gel electrolyte.
High stability and flexibility of the supercapacitors composed of
the PVA/H,;PO,/BMIMBF, electrolyte is apparent from 64.6%
capacitance retention after 300 bending with 4000 charge/
discharge cycles. In a later work, Zhang et al.>**> incorporated
Li,SO, and IL BMIMCI into the PVA-based IL gel electrolyte,
which proved beneficial, both, for enhancing ionic conductivity
and relatively higher working potential window of the flexible
supercapacitor device (1.5 V) Fig. 24a). The electrolyte showed
the highest ionic conductivity value of 37 mS em™ " (Fig. 24b)
with no change in ionic conductivity even at the bending angle
of 180°. The high flexibility of the fabricated flexible super-
capacitor device was apparent in Fig. 24c where unchanged
electrochemical properties were noticed in the bending tests
ranging from 0° to 135° with capacitance retention of 82% after
1000 cycles. In another work, Tang et al>** reported PVA/
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electrodes to make a flexible supercapacitor device. In this
work, acidic PVA/BMIMCl/lactic acid/LiBr and neutral PVA/
BMIMCl/sodium acetate/LiBr hydrogel polymer electrolytes
were utilized as catholyte and anolyte, respectively. The CV
curves of the device with two PVA/IL-based gel electrolytes (as
shown in Fig. 24d and e made it apparent that there were no
obvious changes under different bending angles. Furthermore,
the device delivered 93.4% capacitance retention after 10 000
cycles at a current density of 1 A g ' (Fig. 24f). Further
improvement with respect to the stability of the electrolytes was
reported by Wang et al.?** where a Na* conducting PVA-based IL
PGE was fabricated using 1-ethyl-3 methylimidazolium tri-
fluoromethanesulfonate (EMITf) as the plasticizer. The gel
electrolyte exhibited excellent thermal stability (up to 150 °C)
and a wide operating potential window of 4.7 V. An appreciably
high conductivity of up to 3.8 mS cm ™" was reported in the PVA/
NaTf/EMITf gel and the fabricated device showed capacitance
values of 103.7 and 127.8 F g~ " at cut-off voltages of 1.6 and
2.0 V, respectively.

PVDF is another interesting candidate, which has drawn
significant attention in the construction of the gel skeleton of
ion gels. The principal advantages of these polymer systems
include high mechanical and electrochemical stability, good
compatibility with other materials as well as increased dielectric
constant.”>*?*® Literature shows a good number of reports
where methylimidazolium-based ionic liquids with PVDF-based
polymer matrix are used as electrolytes with carbon-based
electrodes for the construction of flexible
supercapacitors.”*>***%* In a very interesting work, Liu et al.>*®
designed a 3.5 V flexible supercapacitor using (EMIMBF4/PVDF-
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Fig. 24 The performance and preparation progress of flexible supercapacitor devices with IL-based gel electrolyte. (a) Schematic illustration of
PVA/BMIMCL/Li,SO4 gel electrolyte. (b) lonic conductivity of PVA/BMIMCI/Li»SO4 gel electrolyte with different counts of LiSO4. (c) The elec-
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HFP) ion-gel electrolyte with hierarchical carbon as the elec-
trode having excellent electrochemical performance with
a specific capacitance value of 201 F g~ " at a current density of
0.5 A ¢! along with 90.1% capacitance retention after 1000
bending cycles (0° to 180°). In another work, Deng et al.>** re-
ported asymmetric flexible supercapacitor devices by using
a similar ion gel electrolyte (EMIMBF4/PVDF-HEP). The CV
analysis demonstrated excellent repeatability under various
bending extents, in addition, the device has shown remarkable
cycle stability of 71% retention after 10 000 cycles. The fabri-
cated device has been demonstrated as a successful energy
supplier for power electronics where a relatively smaller
dimension of the device (2 x 2 cm?) was used for lightening up
a pattern “TJU” (manufactured by 19 red LEDs) for 1 min.
Furthermore, Yang et al.*** exploited the membrane-forming
capability of PVDF to fabricate a highly porous structure via
a chemical cross-linking and immersion approach. They used
tetraethylammonium tetrafluoroborate (Et,NBF,) as the elec-
trolyte in an acetonitrile medium. The gel electrolyte exhibited
excellent properties such as non-flammability, a high ionic
conductivity of 14.4 mS cm ™" and a broad potential window of
2.9 V. The flexible supercapacitor constructed with this elec-
trolyte showed a high energy density of 5.16 mW h cm 2,
a volumetric capacitance value of 5.2 F cm > and about 100%
capacitance retention even at a bending angle of 145°. Zhu,
Gomez-Romero, and coworkers reported a GPE-based super-
capacitor concept with improved pathways for ion transport, by
the creation of a coherent continuous distribution of the elec-
trolyte throughout the electrode.”® In this work, PVDF-HFP was
chosen as the polymer framework for organic electrolytes. A
permeating distribution of the gel polymer electrolyte into the
electrodes played a multifarious role as an integrated electrolyte
and binder, as well as a thin separator. This model is conducive
to ion diffusion and at the same time increases the active
electrode-electrolyte interface, which leads to improvements
both in capacitance and rate capability. The said gel electrolyte
arrangement showed improved capacitive performance with
a novel hybrid nanocomposite material, formed by the tetrae-
thylammonium salt of the 1 nm-sized phosphomolybdate
cluster and activated carbon (AC/TEAPMo12). A significant
improvement in the volumetric capacitance (~40%) along with
three times more energy density at higher power densities and
equivalent cycle stability of a symmetric supercapacitor made
with the hybrid electrodes compared to a cell with parent AC
symmetric capacitors electrodes was attributed to the synergy
between permeating gel polymer electrolyte and the hybrid
electrodes.

Despite the advantages of PVDF-based gelators, crystalliza-
tion of this polymer leads to various difficulties such as poor
flexibility and poor ionic conductivity. In this regard, synthetic
amorphous polymers, which may be either physically or
chemically cross-linked are gaining significant importance.
However, it is not at all surprising that physically cross-linked
gels are more attractive as chemical cross-linking requires
further steps after the introduction of potential cross-linkable
moieties on the polymer chains. Generally, tri-block copoly-
mers used in the construction of such ion gels should have
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selective solubility for a particular block in the ionic liquid used.
In the gel, IL soluble block domains provide pathways for ionic
conduction as well as the flexibility to the gel and IL insoluble,
self-assembled block domains provide strength and stability to
the gel material. However, it should be further remembered
here that judicious selection of the block copolymer types (in
respect of a segmental motion, Ty, or T, of the polymer), as well
as their lengths in the copolymer, would provide optimized
ionic conductivity and strength to the gel material.>** Apart from
these, the molecular design of the block copolymers has been
found to have a profound effect on the conductivity as well as
mechanical strength of the prepared gel material. Triblock
copolymers as polystyrene-b-poly(methyl methacrylate)-b-poly-
styrene (SMS) or polystyrene-b-poly-(ethylene oxide)-b-poly-
styrene (SOS) have been used as gelators with typical ILs as
ethyl-3-methylimidazolium bis-(trifluoromethyl sulfonyl)imide
((EMI|[TFSI]) and  1-butyl-3-methylimidazolium  bis(tri-
fluoromethyl sulfonyl)imide ([BMI]{TFSI])***>* for a long time.
In the recent past, a very interesting comparison between the
SMS triblock copolymer and six arm star shaped block copol-
ymer (poly(methyl methacrylate)-b-polystyrene)s (MS)s) based
gel has been presented. The (MS)s has been suggested as
a gelator equivalent to three SMS chains tied to the core. Thus,
a much greater number of physical cross-linking points with the
insoluble high T, PS blocks are expected to impart increased
mechanical robustness of the gel. A significant increase in the
sol-gel transition temperature for the six-arm star block
copolymer (up to ~180 °C) based gel compared to the linear
triblock (SMS) copolymer-based gel (~83 ©°C) has been
reported.*”

Other molecular architectures, such as graft copolymers
have also been used as gelators. For instance, a gel electrolyte
composed of a mixture of a graft copolymer poly(ethylene
glycol) behenyl ether methacrylate-g-poly((2-acetoacetoxy)ethyl
methacrylate) (PEGBEM-g-PAEMA) and IL EMIMBF, resulted
in appreciably high ionic conductivity of 1.23 mS cm™*, which
was attributed to the faster ionic mobility arising from the
polarity of the polymer matrix. The fabricated flexible super-
capacitor with this gel electrolyte allowed an electrochemical
window of 3 V with high electrochemical performance and
without any leakage problem even when very high loading of IL
was done.””* Despite several advantages, the difference in
polarities between the organic polymers and ionic liquids gives
rise to issues such as non-compatibility leading to reduced
conductivity of the prepared gel. This issue has been well
addressed through the preparation of polymeric ionic liquids
(PILs)*”>”® in cases where a similarity in structure is found
between the polymer and ILs. PILs offer many advantages, e.g.,
easier processability, high mechanical stability, durability, and
of course improved compatibility with the polymer matrix. In
a very interesting work, Yang et al. reported a novel highly
flexible bromide-based polycationic conducting copolymer
poly(vinyl acetate-co-1-ethyl-3-vinylimidazolium bromide) pol-
y(VAC-co-EVImBr) thin film electrolyte, which shows the broad
electrochemical window of 6.0 V and appreciably high
conductivity of 2.04 x 10°® S cm™". They fabricated a 4.2 V
flexible all-solid-state flexible supercapacitor, which showed
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superior charge-discharge capabilities at both 25 °C and 60 °
C.?>”® Nevertheless, it must be admitted that the use of ILs as
additives in gel electrolytes for the fabrication of flexible
supercapacitors is yet to get the desired level of attention, which
may be attributed to their tedious purification, stringent
assembly procedures under moisture-free conditions, their high
viscosity and of course high cost.

4.3 Redox gel electrolyte for flexible supercapacitors

The addition of redox-active materials in the gel electrolytes
provides further room for increasing the capacitance of the
device, where, apart from the capacitance of the electrode,
electrolytes also contributed to pseudocapacitance. Thus, the
total capacitance of the device along with energy density
increases.””*?** The redox additives may be both inorganic/
organic in nature and iodide/iodine-based redox couple has
received maximum attention in this regard*****° possibly due to
lower toxicity, relatively low molecular weight, and high solu-
bility of iodide salts. In a very interesting work, Zhou et al.”**
demonstrated the introductions of Nal and I, into the PEO-
based polymer gel electrolyte (PEO/LiClO,), resulting in signif-
icantly high conductivity (20.2 mS em™ ') and improved elec-
trochemical properties along with 90% capacitance retention
after 3000 charge/discharge cycles. In another work, Kim et al.**®
used KI in an alkaline PVA electrolyte gel (PVA/KOH/KI) and
assembled a supercapacitor with MgCo,0, nanoneedles as the
electrodes. The flexible supercapacitor device exhibited excel-
lent electrochemical performance showing a maximum energy
density of 41.3W h kg™" at a power density of 464.7 W kg .
Similarly, Park et al.**® introduced KI into the acidic PVA/H;PO,
to prepare PVA/H;PO,/KI gel electrolyte. The addition of KI into
the gel electrolyte resulted in significant improvement in the
electrochemical properties. Furthermore, the authors con-
structed a flexible supercapacitor device of 47 cm in length and
obtained a charge storage ability of 75.7 mF.

4.3.1 Redox gel electrolyte with organic compound addi-
tives. Besides inorganic compounds, organic redox additive
molecules are also introduced within the gel electrolytes resulting
in significant performance improvement.>”>***** The redox
activity of p-nitroaniline is presented in Scheme 2, which shows
each nitroaniline molecule reversibly producing a couple of
electrons and protons thus, it can significantly improve the overall
device capacitance by generating additional pseudocapacitance.

Hydroquinone (HQ) additives have been used as redox
additive molecules under neutral, acidic as well as basic
conditions. Jinisha et al. successfully introduced HQ into the
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alkaline PVA/KOH gel. The flexible supercapacitor device
fabricated with PVA/KOH/HQ gel showed a specific capacitance
of 326.53 F g~ " with capacitance retention of ~84.2% after the
1000th cycle.”*® The redox gel electrolytes so prepared have also
been used successfully to fabricate high-performance flexible
supercapacitors.’®”**® Xu et al**® introduced HQ in the acidic
PVA/H,SO, gel and the PVA/H,SO,/HQ gel electrolyte exhibited
a significantly improved conductivity of 23.2 mS ecm™". The
device fabricated using this gel electrolyte with CNT/PPy elec-
trode reportedly produced an aerial capacitance of 1168 mF
cm 2 due to the redox reaction of HQ and benzoquinone.
Besides HQ, sodium salts of 1,3-napthaquinone sulfonic acid or
anthraquinone-2-sulfonic acid are also successfully used as
redox additives in the PVA/H,SO, gel electrolyte. Apart from
quinone derivatives, p-nitroaniline, polydopamine, phlor-
oglucinol etc., other molecules have also been successfully used
for the preparation of redox gel electrolytes which have resulted
in high-performance flexible supercapacitor devices.

4.3.2 Redox gel electrolyte with IL additives. Despite the
disadvantages of IL additives in the gel electrolytes, they can be
of the potential application when used with organic gel polymer
electrolytes in view of their plasticizing effect (when used in
sufficient concentration) by helping the softening of the matrix
polymer and thereby increasing the ionic conductivity. In this
regard, Tu et al.** used iodide or chloride salts of 1-butyl-3-
methylimidazolium ions with PVA/Li,SO, gel electrolyte,
where a significant improvement has been reported in the
tensile property (1200% and tensile strength of about 2.0 MPa)
as well as electrochemical properties (energy density of
29.3 W h kg™") due to the pseudocapacitance contribution from
the ILs in the fabricated flexible supercapacitor device. A
comparison of different PGEs in their capacitance values, cyclic
stability, etc. is presented in Table 1.

In summary, hybrid polymer gels are highly used for
producing electrodes and gel electrolytes with different addi-
tives to fabricate high-performance supercapacitors with high
stability. Here, the most important benefits are high flexibility,
stretchability, foldability, compressibility, and self-healing
properties, maintaining crease-free electrode-electrolyte
assembly, which can find promising applications in portable/
wearable electronics. PGEs have the advantages of both liquid
electrolytes as well as solid electrolytes having improved
mechanical properties. Furthermore, the flexibility and elas-
ticity of PGEs can accommodate the volume change of electrode
materials, generating global attention over PGEs as electrolytes
for various electrochemical energy storage devices. However,

NH, NH, NH
Nitro-reduction g
e+ HY
NO, 1 NHz

NH, NH NH

O—#0)
+e +H

m NH v NH2 v NH

Scheme 2 The schematic process of PNA in the PVA/H,SO4 gel electrolyte system. Reproduced with permission ref. 295 with permission from

Elsevier.
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Table 1 Comparison of different PGEs in the supercapacitor performances from different works

Cyclic stability Flexibility
Entry no. Soft electrolyte/electrode Capacitance/capacity (retention/cycles) (bending angle/radius) Reference
1 PVA/H,PO,* 2662 mF cm?> 95%/5000 5.7 mm 300
2 PVA/H,S0," 267 Fg! 99.5%/6000 — 202
3 PVA/KOH" 1590 F g71 95%/5000 180 210
4 PVA/KOH* 288 mF cm 2 100%/10 000 — 301
5 PVA/Na,S0,* 689 Fg~* 74%/10 000 — 216
6 PVA/KNO;* 4.17 mF cm ™2 78%/2000 219
7 PVA/KCI? 224 mF cm > 92%/2000 180 302
8 PVA/LiTFSI* 541.9 mF cm > 80.8%/500 (80 °C) 180 303
9 PVA/LiCl¢ 152.1 mF cm 2 92%/2000 135 304
10 PC/LiClO,* 111Fg " 80%/11 000 — 244
11 PC/LiClO,/PEG-TBBPA® 166.69 F g71 78%/3000 90 305
12 PVDF-HFP/EMIMBF,* 201 F g71 80.1%/10 000 180 306
13 PVDF-HFP/[EMIM]|[NTf,]* 153 Fg! 97%/10 000 — 307
14 PVA/BMIMCI/Li,SO,* 136 Fg ! 82%/1000 135 252
15 PVA/KOH/K;[Fe(CN)g]* 430.95 F g * 89.3%/1000 — 308
16 PVA/KOH/KI* 185.88C g " 89.3%/5000 — 309
17 PVA/H,S0,/HQ* 644.4Fg* 73%/2000 310
18 PANI hydrogel” 480Fg 'at05A¢g " — Can be inkjet printed 157
19 PANI hydrogel” 480Fg 'at5mvS ! — Bendable 311
20 PANI-oCD hydrogel” 322Fg tat2Ag! — Stretchable and foldable 165
21 PANI/PVA all in one hydrogel’  15.8 mF cm > at 0.044 mAcm > — Stretchable and healable 53
22 PPy/porous cellulose fabric” 4117 mF cm™? at 2 mA cm ™2 — Bendable and twistable 312

“ Soft electrolyte.  Soft electrode.

the use of PGE also has some disadvantages originating from
their typically higher viscosity such as (i) lower ionic conduc-
tivity and large charge transfer resistance for bulky cations and
anions, leading to relatively poor capacitance as well as poor
rate performance compared to that with organic or aqueous
based electrolytes, particularly during low temperature
applications,***'® increased viscosity of PGEs would likely to
decrease the ionic conductivity but the pseudo-capacitive redox
process rather becomes easier and increases the potential
window, which is conducive to attaining high energy density
value despite the relatively lower capacity/capacitance of the
electrode.*"” PGEs exhibit high toughness, high strength, rapid
self-recovery, self-healing and fatigue-resistant capabilities.
Thus, the PGEs usually possess a broad operating window (0-3
V), thus overcoming the low voltage window of the aqueous gel
electrolyte resulting in higher power and energy densities of the
flexible supercapacitors suitable to meet the market demands.
Recently works are dealing with integrated energy conversion
and storage devices by interfacing solar cells with super-
capacitors and batteries, ie., between energy harvesting and
storage and it can simplify the final scaling up of this important
and demanding technological field.*'®

5 Outlook and perspectives

“Green Energy” is the most important requirement to advance
our civilization protecting our beloved world from natural
disasters arising mainly from the burning of fossil fuels. The
world economy and power are still mostly governed by the
storage of fossil fuels, which are not evenly distributed

12634 | J. Mater. Chem. A, 2023, 11, 12593-12642

throughout the world, as a result, outbreaks of war, famine, and
diseases are increasingly questioning the survival of human
beings and civilization. Consequently, research on green energy
generation and its storage for fruitful utilization is enormously
increasing with preliminary successes as it is yet too far to
substitute fossil fuels. The only source of green energy is the sun
and water, (as here no fossil fuel is burnt to generate carbona-
ceous gases) so to generate energy mostly photovoltaics and fuel
cells are of great interest with a minimal contribution from
wind, tidal, hydro, etc. Apart from energy generation, for its
fruitful use, energy storage through batteries and super-
capacitors exploiting chemical processes are so far important
breakthroughs. Energy is required not only for running heavy
vehicles but also is required for computers, mobile phones, and
also most importantly in biology/biotechnology. As such, energy
generation and storage devices should be of different shapes,
sizes, flexibility, self-healing, elasticity, biocompatibility, etc. To
tune the above factors, polymer gels are the most important,
hence in this review, we concentrated our discussion on the use
of polymer gels as energy materials.

Among polymer gels, conducting polymer gels are the most
important in this regard, because energy generation and storage
processes require electronic/ionic conductivity and the conju-
gated backbone of conducting polymers and their m-stacked
self-assembly are conducive to the flow of above charges
through the device and also in the outer circuit. Also, the porous
morphology of the gel can accommodate the volume changes,
which occur during the electrochemical process in the energy
generation and storage in the gels. However, the important
drawback of the use of only conducting polymer gels is their low
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mechanical properties along with their brittleness in the xerogel
state causing difficulty in device fabrication. To overcome these
drawbacks, scientists have adopted the concept of hybrid
polymer gels where the conducting polymer network is mixed
with other polymers, nano-particles, cross-linkers, etc., which
form either the double network, reinforcement by nano-
particles and/or by cross-linking (chemical or supramolec-
ular), to enhance their mechanical strength and also to impart
elasticity requiring to produce flexible but stable devices. This
review has delineated the different aspects of hybrid gels in the
processes of photovoltaics, fuel cells, battery, and super-
capacitor devices considering the most important and recent
works in these fields from the literature.

It is evident from the review that in the energy generation
using DSSCs with thieno-indole-based organic dyes and
porphyrin sensitizer have achieved a high PCE of 11.6% using
the I'/I;~ redox liquid electrolyte (LEs) but the use of
[Co(bpy)s]**** redox LEs with the same dye a PCE has improved
to 14.2% under 1 sun.” The LEs in these highly efficient DSSCs
contain volatile organic liquids causing instability under
outdoor conditions, hence the concept of PGEs came about. The
overall PCE in the PGE-based QSS-DSSCs with [Co(bpy)s]*"*"
redox system was reduced to 9.72% from that of 14.2% in LEs,
however, using SGTPGE-based QSS-DSSC with indoor white
LED light of 1000 1x showed the best PCE of 21.26% with very
long-term device stability.*’ At an optimal concentration of ZnO
nanofillers, the PCE of MPN-based QS-DSSC showed a PCE
value of 20.11% at 200 Ix illumination retaining 98% efficiency
for 1044 h at 35 °C. The MPN-based DSSC containing a 90 nm
PEDOT layer showed a very high PCE of 26.9% under 1000 Ix
illumination.”” A new solar cell architecture with a double-
layered gel electrolyte of the PEO/PVDF blend containing ZnO
nanoparticles outperformed its liquid-state counterpart at
indoor fluorescent-light conditions.*® Also, the TiO, active layer
of the photo-electrode was fruitfully replaced using trihybrid
PANI gel containing GO and a gelator molecule.* As such, new
research by introducing different nanoparticles in the PGEs to
improve PCE and durability of DSSCs is required along with an
intelligent choice of different hybrid polymeric gels as well as
different device architectures. A direct borohydride fuel cell
(DBFC) obtained from a PGE of Sago, a natural polymer,
exhibits a maximum power density of 8.818 mW cm > at
a discharge performance of 230 mA h at a nominal voltage of
0.806 V.** A tetrazole-based PEM fuel cell containing 5-(4-
hydroxyphenyl)-1H-tetrazole inorganic-organic hybrid polymer
membranes made by in situ sol-gel process in the presence of
H;PO, catalyst cum dopant, and the porous e-PTFE film rein-
forcing agent at low humid conditions showed good fuel cell
performance with short-circuit current of 770 mA cm > and
peak power density 120 mW cm™ > at 20 °C increasing to 190
mW cm™? at 120 °C, which is adequate for many microelec-
tronic devices.” The DBC-MoS,-PANI2 hybrid gel exhibited
good HER catalytic activity with a lower overpotential of 196 mV
at 10 mA cm ™2, Tafel slope value of 58 mV per decade close to
that of platinum due to synergistic coupling at the interface of
MoS, QDs and PANI fibers of the aerogels.”” The carbon-
nanofiber skeleton network® derived from bacterial cellulose
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hydrogel, mixed with nanosized MoS, shows HER electro-
catalyst exhibiting a low onset over-potential value of 120 mV,
with a Tafel slope of 44 mV dec™". Thus, hybrid polymer gels are
good for making efficient and stable fuel cell membranes suit-
able for the conductance of ions and are also an efficient cata-
lyst for the electrode processes. Gradual progress in this field is
going on by changing different gel networks and nanoparticles.

In energy storage devices, the development of high-
performance batteries requires optimization of every battery
component, from electrolyte, electrodes, and binder systems,
and in this regard, hybrid polymer gels have a great opportunity.
The Li-battery containing the Li/HPGE/LiCoO, cell with PVDF/
PEO (F/O-5) gel membrane delivered an initial discharge
capacity of 171.8 mA h g™ "' at 0.1C retaining 86% discharge
capacity after 60 cycles, indicating good cyclic stability.” A
double polymer network gel electrolyte (DPNGE) of branched
acrylate on the P(VDF-co-HFP) matrix showed a first discharge
capacity of 153.7 mA h g™, whereas the coulombic efficiency
was 98% and after 500 cycles, the discharge capacity showed
a capacity retention of 92.7%. After a long cyclic period, the
battery retained a high capacity and coulombic efficiency close
to 100%, indicating good compatibility between DPNGE and the
electrodes. The C-LFP/C-PPy hybrid gel electrode showed much
higher capacity than the control sample at each current density
showing a capacity of ~60 mA h g " at a high charge/discharge
rate of 30C, while the control C-LFP sample exhibited a capacity
less than 30 mA h g~ *. The P-PPy/Fe;0,, and C-PPy/Fe;0, hybrid
gel electrodes showed stable capacities of 1260, 1002, and
845 mA h g™, at increasing current rates from 0.1 to 1C, 2C,
respectively. The hybrid gels exhibited much higher capacity
than the control electrode prepared using a traditional binder
system containing Fe;O, NPs, acetylene black, and PVDF with
a weight ratio of 75:15:10. The hybrid gels could maintain
more than 900 mA h g~" of capacity while the control sample
could maintain only 500 mA h g~ at 1C.*” Thus, the hybrid
polymer gels showed better battery performance from that
using the control systems. The most interesting development in
supercapacitors has been the construction of stretchable/
flexible self-healing devices. For example, a self-healing flex-
ible all-in-one self-healing supercapacitor based on PVA/H,SO,
gel offers high electrochemical performance (areal capacitance
of 15.8 mF em™” at a current density of 0.044 mA cm™?).% A
DNA-based gel electrolyte for application in next-generation
green wearable and flexible energy storage devices offers
improved electrochemical properties with a pair of activated
carbon electrodes.”” An ‘all-in-one’ integrated supercapacitor
device made by embedding two PANI layers (serving as elec-
trodes) in a 3D porous PVA-H,SO, PGE exhibited a remarkably
high areal capacitance of 488 mF cm 2, along with excellent
cycling stability and flexibility.*>

As such, it is very much evident from the above discussions
that hybrid conducting polymer gels are very important in
fabricating different energy devices such as solar cells, fuel cells,
batteries, and supercapacitors. Of course, another important
part that is not discussed here is the role of polymer gels in bio-
energy, i.e., the energy related to biological processes and there
is a great scope for future work in this barren area as most of the
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biological molecules such as proteins, nucleotides, and
enzymes remain in the self-assembled states. In the present
context, there is enough scope for molecular designing of
polymer gelators, which includes copolymerization, e.g,
random, alternate, block, star, and graft copolymers to effec-
tively prepare physical/chemical cross-linked gels. No doubt,
the microstructure of the polymer would influence the device's
performance. It is important to note that the use of PGE in the
organic medium of the perovskite solar cell may improve the
stability and also enhance PCE. Apart from electron-conducting
polymer and polyelectrolyte, gels containing ions in conducting
polymer chains are the most important because they can exhibit
mixed ionic and electronic conductivity (MEIC) properties,
which would enhance the device's performance. In the hybrid
polymer gels, the MEIC property can be introduced easily by
mixing them with ionic compounds, surfactants, and ionic
liquids, thus there is enough scope for work in this important
field. The introduction of different carbon, metal, metal oxides,
sulfides, etc., into the polymer gel network, is a growing area of
research to fabricate different electrodes, electrolytes, binders,
etc. showing higher device performances, including their
stability. Redox materials in the hybrid gels are the most
important as they govern the electrochemical device perfor-
mances and the judicious choice of this redox couple is a good
area for future work to improve the device efficiency. To
understand the electrode and electrolyte processes theoretical
calculation would be an important area of work for developing
high-performance devices. Besides the choice of different
stimuli-responsive polymers as a component in the hybrid gels
may impart thermal, pH, and mechano-responsive properties in
the device, in addition to its flexibility and self-healing for
applications in different appliances. The polymeric devices
would be light, flexible, and low cost, and energy generation and
storage could be achieved with high efficiency in the presence or
absence of sunlight. In the near future, we anticipate that the
use of green energy would outperform the use of fossil fuels.
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