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With the booming development of flexible and wearable electronics, their
safety issues and operation stabilities have attracted worldwide attentions.
Compared with traditional liquid electrolytes, gel polymer electrolytes (GPEs)
are preferred due to their higher safety and adaptability to the design of flex-
ible energy storage devices. This review summarizes the recent progress of
GPEs with enhanced physicochemical properties and specified functionalities
for the application in electrochemical energy storage. Functional GPEs that
are capable to achieve unity lithium-ion transference number and offer addi-

storage devices with adjustable shapes and
high flexibility, which is promising for the
burgeoning portable and wearable elec-
tronics.”%) Furthermore, the flexibility and
elasticity of GPEs are also prone to tolerate
the volume change of electrode materials
and the dendrites of lithium metal during
charge and discharge processes.1%13] As
a consequence, GPEs have become one
of the most desirable alternatives among

tional pseudocapacitance to the overall capacitance are carefully discussed.
The smart GPEs with self-protection, thermotolerant, and self-healing abilities
are particularly highlighted. To close, the future directions and remaining
challenges of the GPEs for application in electrochemical energy storages are
summarized to provide clues for the following development.

1. Introduction

Liquid electrolytes have played essential roles in electrochem-
ical energy storage for several decades due to their high ionic
conductivities (101072 S cm™) and good contacts with elec-
trodes. However, the use of liquid electrolytes has brought
risks of leakage and even combustion of organic electrolytes.
Another drawback of liquid electrolytes applied in lithium bat-
teries is the inevitable lithium dendrite growth in liquid solu-
tion, which is caused by uneven currents when charged in
the case of porous separators, especially for the use of lithium
metal electrode. In this case, solid polymer electrolytes, without
liquid solvents, provide promising opportunity to tackle the
safety issue and prohibit the growth of lithium dendrite. How-
ever, the reported solid polymer electrolytes mostly deliver low
ionic conductivities (1078~10> S cm™) and poor interfaces with
electrodes, resulting in deteriorated cycle performance.!™
The inferior mechanical property has also limited their devel-
opments. To this end, combined the advantages of both the
liquid and solid electrolytes, gel polymer electrolytes (GPEs)
have attracted increasing attentions as they can function as
not only electrolytes but also separators.>° Besides, due to
the workability of polymers, the GPEs can render the energy
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various electrolytes for the electrochemical
energy storage devices, and significant
progress has been made in lithium-ion
batteries (LIBs), supercapacitors (SCs),
lithium-oxygen (Li-O,) batteries as well as
the other kinds of electrochemical energy
storage devices, such as sodium-ion bat-
teries, lithium—-sulfur batteries, fuel cells,
and zinc-air batteries.'*1% In order to meet the requirements
of wearable devices for flexibility and deformability, more spe-
cial GPEs with tough,[”] stretchable,'¥ and compressible!!’]
functionalities have been also developed.

Typically, a polymeric framework is adopted in GPEs as host
material, providing high mechanical integrity. Several criteria
for a good polymer host lie in:?*?2 (i) fast segmental motion
of polymer chain; (ii) special groups promoting the dissolu-
tion of salts; (iii) low glass transition temperature (T); (iv) high
molecular weight; (v) wide electrochemical window; (vi) high
degradation temperature. Within the framework, the salts in
the GPEs serve as the sources of the charge carriers, which
are generally required to have large anions and low dissocia-
tion energy for easier dissociating-induced free/mobile ions.
According to the types of electrolytes, there are four categories
of GPEs based on proton,?*l alkaline,?¥ conducting salts, and
ionic liquids (ILs).*”! The criteria for an appropriate electrolyte
include:?-28l (i) good dissociation without forming ion pairs
or ion aggregation; (ii) high thermal, chemical, and electro-
chemical stability; (iii) high ionic conductivity. In order to dis-
solve both the polymer hosts and electrolytic salts, the organic/
aqueous solvents are introduced to provide the medium for
ionic conduction. A good solvent should simultaneously have
high dielectric constant (¢ > 15), donor number for more dis-
sociation of ion and chemical and electrochemical stability.
Organic solvents normally include ethylene carbonate (EC),
propylene carbonate (PC), diethyl carbonate (DEC), dimethyl
carbonate (DMC), dimethyl formamide (DMF), dimethyl sulph-
oxide, ethyl methyl carbonate, and tetrahydrofuran.

To prepare a high-performance GPE, it is essential to select
the species of host polymer, solvent, and electrolytic salt, and
then blend them by solution or melt processes, such as casting

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
ENERGY
MATERIALS

method,2°3% in situ polymerization,[32! extraction-activation
method,*¥] and phase inversion method.?**% For practical
applications, these requirements should be met at the same
time: (i) high ionic conductivity; (ii) high lithium-ion trans-
ference number (LTN); (iii) good interfacial contacts with
two electrodes; (iv) chemical stability as well as wide electro-
chemical and thermal windows; (v) mechanical stability and
flexibility.

There exist some review papers that discussed the previous
advances and major challenges related to GPEs for electro-
chemical devices and mainly focused on preparation processes,
materials or mechanisms. Recently, a series of new and gen-
eral approaches has been developed on improving the electro-
chemical performance of GPEs, which is of great significance
but rarely included. In addition, the rapid advances of smart
GPEs are produced by the necessity of intelligent energy
storage devices, especially for the booming wearable and port-
able devices, and they have not been deeply analyzed either. To
obtain an overall comprehension of the recent studies and high-
light the representative achievements, it is necessary to make
a summary to provide important clues for the future study on
GPEs aiming at high electrochemical energy storage proper-
ties. This review covers the recent studies on various strategies
to polish up the physicochemical properties of GPEs in terms
of ionic conductivity and mechanical strength by introducing
inorganic/organic fillers, large LTN by immobilizing anions to
achieve single lithium-ion conduction in GPEs, and even the
overall capacitances of supercapacitors by adding redox-active
mediators into the supporting GPEs. As a result, the progresses
of various functional GPEs with enriched smart capabilities
such as self-protection, thermotolerance, and self-healing in
response to external stimuli, are particularly and carefully dis-
cussed. Eventually, the remaining challenges and the future
directions toward further applications in electrochemical
energy storage are presented.

2. The Performance Improvement of the GPEs

Conventional GPEs, often belonging to dual-ion conduc-
tors, suffer from low ionic conductivity at low room tem-
perature (typically 20-30 °C), poor mechanical property, and
poor thermal stability.*!] As a result, a variety of inorganic/
organic fillers or plasticizers had been added to enhance their
properties. Some inorganic fillers can work as Lewis acids to
compete with Li* ions to react with the polymer, avoiding
the ion coupling,*?! promote the dissociation of the salt, and
increase the number of the free carriers. On the other hand,
the mechanical properties and thermal stability can also be
improved by adding inorganic additives due to the well dis-
persed stress and the excellent thermal compatibility of nano-
sized fillers. Overall, the criteria of ideal inorganic fillers
include: large specific surface area, high ionic conductivity,
good mechanical property, and good thermal stability. The com-
monly used fillers include Li;N, LiAlO,, Al,O3, SiO,, TiO,, and
BaTiO3,# the performance of which strongly depend on
their morphology,*®! size,*] crystallinity,P% and surface modifi-
cation.'* In addition, the performance of the GPEs can also
be increased by introducing functional or assistant polymers
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with higher ionic conductivities, better mechanical proper-
ties, and higher thermal stability. The combination of assistant
polymer with the polymer matrix can be realized through alter-
nating, blocking or grafting copolymerization. For example, by
introducing polyethylene or polystyrene blocks into polyeth-
ylene oxide (PEO) matrix, three-dimensional (3D) connected
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frameworks were formed, achieving high mechanical proper-
ties. Furthermore, these two blocks could form unique patterns
with special pathways to increase ionic conductivities.l® With
these improvements, the ionic conductivity of dual-ion GPEs
had reached over 103 S cm™1,5%58 with the tensile strength
over 10 MPal>% and the thermal stability over 400 °C.[°1]

Recently, some other effective strategies have been further
reported by immobilizing anions to realize single lithium-ion
conducting GPEs or directly introducing redox-active mediators
into GPEs. One of the unique advantages of single lithium-ion
conducting GPEs is their unity LTN close to 1, comparing with
the conventional dual-ion conducting GPEs. For redox-type
GPEs, they can not only provide additional pseudocapacitances
to the overall capacitance of the supercapacitors but also reduce
the overcharge potential and improve the cycling stabilities of
the Li-O, batteries.

2.1. Single Lithium-lon Conducting GPEs

Traditional dual-ion conductor GPEs, are formed by dissolving
electrolytic salts in gel polymers. These GPEs suffer from con-
centration polarization caused by the salt concentration change
across the membrane and within the electrodes during the
cycles of discharge, because there is no electrode reaction for
the anions.[®?l The generation of salt concentration gradients
leads to poor performances including high internal impedances,
voltage losses, and undesirable reactions in the electrolyte state
such as phase transition or salt precipitation. In addition, the
LTN of dual-ion conducting GPEs is generally lower than 0.5
because the motion of Li* is strongly related to the segmental
motion of the polymer host. To avoid concentration polarization
and increase LTN, the free movement of anions needs to be
limited or totally eliminated. To achieve single lithium-ion con-
ducting GPEs, several strategies for immobilizing the anions,
including covalently bonding the anions to the polymeric/inor-
ganic backbones or adding trapping agents for anions to the
conventional GPEs have been developed.[®®!

The commonly developed single lithium-ion conducting
GPEs with organic polymers as the backbones are synthe-
sized by direct polymerization of lithium salt monomers or
incorporating anionic groups of lithium salt into the existing
polymer backbones. These lithium-polymer salts are typically
Li-ion source instead of Li-ion conductors. The common way
to increase the ionic conductivity is to blend them with a poly-
mer matrix containing soft segments like PEO, in which the
polymer matrix functionalizes as a transporter of Li* ions.[646¢]
Plasticized single lithium-ion GPEs are typically prepared
by swelling the resulting electrolyte membranes in PC or the
mixed solvents of EC/DMC.*] The developments of single
lithium-ion conducting GPEs have demonstrated several advan-
tages over the dual-ion GPEs with large LTNs close to unity, the
absence of the detrimental effect of anion polarization, and the
low rate of lithium dendrite growth.[®] For example, the lithium
tartaric acid borate (PLTB)-based single lithium-ion conducting
GPEs were demonstrated to improve the cyclic performances
of LiMn,0,/Li cell and obviously alleviate the generation of
lithium dendrites on Li anodes, compared with LiPF-based
electrolyte at elevated temperature of 55 °C.[]
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Similarly, the ionic conductivity is also critical for the prac-
tical application of single lithium-ion conducting GPEs, which
are governed by the ionic mobility in polymer hosts. To this
end, a promising approach to increase the Li* ion mobility in
gel polymer is to enhance the segmental motion of the polymer
backbone by lowering their T, or introducing polymer back-
bones with low T, than that of the room temperature. For
PEO-based single lithium-ion conducting GPEs or single lith-
ium-ions solid-state electrolytes, the high ionic conductivities
and large LTNs are normally observed at elevated temperatures
around 60 °C, which is close to its melting point (65 °C).l%
Near the melting temperature, PEO becomes increasingly
soft, being beneficial for Li* transfer. For example, a single
lithium-ion conducting GPE was prepared by a copolymeriza-
tion of lithium poly[(4-styrenesulfonyl) (trifluoromethanesul-
fonyl)imide and methoxy-polyethylene glycol acrylate. When
blended with PEO (molecular weight, M,, = 5 x 10°), there
existed a high ionic conductivity of 10* S cm™ at 60 °C but
only 7.6 x 10° S cm™ at 25 °C.’% LIBs equipped with this
single lithium-ion conducting GPEs are meaningful towards
related applications operated at relatively high temperatures.
However, the strong dependence of the performance on high
temperature also severely limited their applications in port-
able and wearable electronics and electric vehicles which com-
monly work at near ambient temperatures. By incorporating
inorganic filler (e.g., mesoporous SiO, nanoparticles) into the
PEO matrix (M,, = 1 X 10°),"Y the resulting single lithium-ion
electrolyte membranes exhibited high ionic conductivity of
1073 S cm™ at 25 °C, a storage modulus of 10* Pa at 30 °C with
a high LTN of 0.9. It exhibited two orders of magnitude higher
ionic conductivity than the conventional nonporous SiO, nano-
particles-incorporated PEO matrix, suggesting that the facile
transportation of lithium ions was achieved through the con-
tinuously intrinsic mesoporous structure. Another effective
strategy is to choose polymers without crystallinity or with low
T,, high thermal and electrochemical stability as backbones for
designing single lithium-ion conducting GPEs. Compared with
most of the commonly used polymers for GPEs, polysiloxanes
are inherently amorphous at nature and possess low T, below
room temperature with high mechanical strength and thermal
stability, which may serve as potential backbone polymers for
designing single-ion conducting GPEs. The T, of the resulting
polysiloxane-based single-ion conducting GPEs was found to be
10 °C, and the composite membrane prepared by blending it
with poly(vinylidene fluoride-co-hexa-fluoropropylene) (PVDE-
HFP) (M,, = 4 x 10°, T, = =35 °C) showed a low T, of 17 °C.
The low crystallinity of the composite membrane coupled with
low T, ensured its high flexibility and decent performance at
room temperature. For example, the composite membrane
exhibited a high ionic conductivity of 7.2 x 10* S cm™, a LTN
of 0.89, good thermal stability up to 410 °C, and good electro-
chemical stability up to 4.1 V.’2

Several another effective strategies have also been employed
to improve the performances of single lithium-ion conducting
GPEs near the ambient temperature.”>7# It was widely
accepted that the presence of intrinsic porous structure in
polymer backbones and/or polymer matrixes could not only
facilitate Li* ion transport in the polymers but also store a suf-
ficient amount of organic solvents to provide the medium for
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Figure 1. a) Scanning electron microscope (SEM) images of the single lithium-ion conducting GPEs porous membrane based on aromatic poly(arylene
ether)s with pendant lithium perfluoroethyl sulfonates from corner view (left) and surface view (right), scale bars, 2 um. b) Photographs of the resulting
microporous membrane saturated with organic carbonates of DEC + EC + PC (1:1:1 by volume, 92 wt%). Metal bar on the membrane: weight, 25 g;
length, 1.6 in. c) Arrhenius plot of the ionic conductivity of the single lithium-ion porous membrane saturated by DEC + EC + PC (1:1:1 by volume,
92 wt%) and the conventional Celgard 2500 separator saturated by 1 m LiPFg in DEC + EC + PC (1:1:1 by volume). d) Impedance response of the single
lithium-ion conducting GPEs porous membrane by sandwiching it between two blocking stainless steel electrodes. The inset shows time dependence
of the ionic conductivity of the electrolyte membrane at 25 °C. Reproduced with permission.’®l Copyright 2016, American Chemical Society.

ionic conduction. By designing a 3D porous melamine-tere-
phthalaldehyde-lithium complex (MT-Li) as single lithium-ion
conducting electrolytes and then blending with PVDF-HFP,
the resulting single lithium-ion conducting GPEs displayed
a high ionic conductivity of 6.3 x 10™* S cm™ at room tem-
perature with ITN of 0.86.7%) The high ionic conductivity of
the membrane is also attributed to the aromatic triazine ring
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in the MT-Li complex, which allows the anionic charge to be
readily delocalized, and thus promoting the cationic mobility.
Similarly, a highly porous single lithium-ion conducting GPEs
membrane (47 wt% on the basis of the membrane density)
was prepared (Figure 1a) by mixing the preformed aromatic
poly(arylene ether)-based lithium single-ion electrolyte with
poly(ethylene glycol) dimethyl ether (30 wt%) in DMF and then
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extracting polyethylene glycol (PEG) from the membranes by
water.”®l The resulting porous membrane can absorb organic
carbonates more than 120% of its own weight while keeping
the high mechanical integrity (Figure 1b) (i.e., tensile strength
of 11.7 MPa and Young's modulus of 310 MPa). It exhibited a
nearly unity ITN of 0.98 and high ion conductivities (e.g., >1073
S cm™! at room temperature) over a wide range of temperatures
from 60 to —20 °C (Figure 1c). Moreover, the negligible changes
of membrane impedance and ion conductivity with time indi-
cate the great stability of the resulting single-ion conductor for
practical applications (Figure 1d).

A highly effective single-ion conducting GPE should
require a high degree of charge separation, which can be
achieved by placing electron-withdrawing functional groups
in the vicinities of the anions onto the polymer backbones
to reduce the electrostatic interaction of cations/anions, and
thus gives rise to high lithium ion mobility and high conduc-
tivity. For example, the incorporation of an sp® boron-based
polymeric backbone as a counter ion of Li* ions was demon-
strated to widen the operation temperatures of the PVDF-HFP
blended single lithium-ion conducting GPE from 100 to 20 °C
with an ionic conductivity of 2.4 x 107* S cm™, high ITN of
0.87, and good mechanical strength of 33 MPa at room tem-
perature.’”’] In the lithium poly(1,2,3,4-butanetetracarboxylic
acid borate) electrolyte, boron atoms covalently bonded with
electron-withdrawing groups result in charge delocalization
in the polymer chains. The boron incorporation in this single
lithium-ion GPE naturally leads to weak electrostatic inter-
action of lithium ions with the anions covalently bonded to
the polymers, making the Li* more mobile in the polymeric
backbones and thus producing high conductivity at low tem-
perature. This type of sp® boron in electrolytes as a counter
ion of lithium ions includes polymeric lithium tartaric acid
borate (PLTB),%) lithium bis(oxalato) borate,”® lithium oxalate
polyacrylic acid borate,”?! and lithium polyvinyl alcohol oxalate
borate. (8%

In summary, single lithium-ion conducting GPEs are consid-
ered as promising candidates for LIBs and lithium metal bat-
teries to replace the traditional dual-ion conducting GPEs. The
benefits of single lithium-ion conducting GPEs over the con-
ventional GPEs include large LTNs close to unity, extremely low
growth rate of Li dendrite, and absence of detrimental effect
of anion polarization. Among various types of single lithium-
ion conducting GPEs, the commonly developed ones are based
on organic polymers as the backbones, which can be directly
synthesized by polymerization of lithium salt monomers or
incorporating anionic groups of lithium salt into the existing
polymer backbones. Generally, the resulting single lithium-ion
conducting GPEs are needed to blend with polymer hosts like
PEO, PVDF, PVDF-HEP to improve the ionic conductivity and
mechanical strength. The major limitation for their practical
applications in large-scale batteries is the low ionic conductivity
at medium temperature and the inferior interfacial properties
with electrodes. Several possible strategies are exploited to ame-
liorate these aspects by designing single lithium-ion conducting
GPEs with porous structure, introducing polymeric backbones
with low T, adding inorganic/organic fillers, and making struc-
tural modification of anions to further improve the negative
charge delocalization.
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2.2. Redox-Active GPEs

Recently, an advanced and effective approach to dramatically
increase the specific capacitance of supercapacitors has been
developed by introducing a small amount of redox-active addi-
tives into the liquid electrolytes and GPEs. Additional Faradaic
oxidation/reduction reactions of the redox couple contribute
pseudocapacitance to the overall capacitance of supercapaci-
tors (Figure 2a).!l In this case, the capacitances are not only
contributed by electrode materials but also contributed from
the electrolytes. To date, various redox-active mediators contain
organic molecules like hydroquinone (HQ),®2%3 methylene
blue (MB), indigo carmine,® p-phenylenediamine (PPD),5¢
m-phenylenediamine,®”! lignosulfonates,®® and ionic redox
active species like K1, vOSO,,°! Na,M0O,,"?l and CuCl,/**!
have been extensively studied. The GPEs containing redox-
active mediators have been extensively explored in carbon-
based supercapacitors, pseudocapacitors, and Li-O, battery.

2.2.1. Redox-Active GPEs for Supercapacitors

Carbonaceous electric double-layer capacitors (EDLCs) are
well known for high power densities and high cycling perfor-
mances but low energy densities. Typically, the energy densities
of EDLCs could be enhanced by incorporating various pseudo-
capacitive materials, i.e., transition metal oxides/hydroxides,
metal chalcogenides, and conducting polymers or surface func-
tionalization of carbon electrodes by introducing nitrogen or
oxygen groups. It was recently reported that iodide ions played
dual roles of electrolytic solution with a high ionic conductivity
and a source of pseudocapacitive effects. The carbon electrode
in 1.0 M KI solution gave an extremely high specific capaci-
tance of 1840 F g! and the two-electrode cell also supplied a
high specific capacitance of 125 F g at 50 A g 1. Directly
adding HQ into the H,SO, solution to make a redox-reactive
electrolyte, the Faradaic reactions of the hydroquinone/quinone
system in H,SO, were found to give rise to a great enhance-
ment in the capacitance for four different types of carbon-based
supercapacitors (Figure 2b).[8

The redox active GPEs for supercapacitors can be simply
prepared by mixing these redox-active species with supporting
GPEs. The polymer hosts for the supporting GPEs were mainly
focused on the PVA, PEO, and Nafion, and the working princi-
ples of the reactive mediators in GPEs are generally similar to
those in the aqueous and organic electrolytes. For example, a
redox-contained GPE was prepared by introducing 2-mercapto-
pyridine into the supporting polyvinyl alcohol (PVA)/H,SO,
GPE. A fiber-shaped supercapacitor had been then fabricated
by twisting two aligned carbon nanotube (CNT)/mesoporous
carbon hybrid fiber electrodes and incorporating the resulting
redox-active GPE as electrolyte and separator. It exhibited
obvious oxidation/reduction peaks with increased enclosed areas
and delivered a high specific area capacitance of 0.5 F cm™2,
which was about nine times higher than that of the fiber-shaped
supercapacitor without the 2-mercaptopyridine.[®! By simulta-
neously introducing two redox additives with polypyrrole (PPy)
onto the CNT-based fiber electrodes and HQ in the supporting
PVA/H,SO, GPE, the resulting fiber-shaped pseudocapacitor
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Figure 2. a) Schematic showing the Faradaic oxidation/reduction reactions of the redox couple during the charge/discharge processes. The redox
couple used at the positive electrode (which is oxidized on charging and reduced on discharging) is labeled as O, /R, (catholyte), and the couple used at
the negative electrode (which is reduced on charging and oxidized on discharging) as O,/R, (anolyte). Reproduced with permission.®! Copyright 2015,
Nature Publishing Group. b) Schematic illustration to the EDLC based on redox reaction of HQ/H,SO,. Reproduced with permission.[2 Copyright
2011, Wiley. c) Schematic representation of EDLC with introducing KI/VOSO, redox additives into a PVA-H,SO, GPE. Reproduced with permission.[%2
Copyright 2014, Royal Society of Chemistry. d) Schemes of reversible Faradaic reactions related to HQ and MB in the corresponding PVA-H,SO4 GPEs.

Reproduced with permission.'% Copyright 2015, Elsevier.

delivered a high specific areal capacitance of 1.168 F cm™,
which was about twice and 11 times higher than those of the
CNT/PPy-based fiber-shaped supercapacitor and bare CNT-
based fiber-shaped supercapacitor measured in the PVA/H,SO,
GPE without HQ, respectively.”® The additions of reactive
mediators to the pseudocapacitors or asymmetric supercapaci-
tors are promising for higher-energy-density supercapacitors
because of the synergistic effects between the pseudocapacitive
electrode materials and redox additives. These commonly used
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redox-active additives for pseudocapacitive or asymmetric super-
capacitors are K3Fe(CN)g,”) KI,°8 PPD,*l and HQ.[1%]

Single redox-active additive may produce high pseudoca-
pacitive at either positive or negative electrodes. For example,
an iodine-based system offered high pseudocapacitance
on the positive electrode while VOSO, can greatly improve
the performance of negative electrode.l'!l Therefore, by
simultaneously introducing KI/VOSO, redox additives to PVA/
H,S0, gel electrolyte (Figure 2¢),'%2 the activated carbon
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(AC)-based supercapacitors delivered a high specific capacitance
of 1232.8 F g'! with an energy density of 25.4 W h kg™!, which
were nearly eight times higher than that of the one without KI/
VOSO,. Thanks to the GPEs as electrolyte membrane, glassy
paper separator, and Nafion 117 membrane could be left out
for cost reduction in a comparison to Frackowiak’s work.[13]
Another effective approach is to separately incorporate the
anodic and cationic redox additives into the supporting GPEs on
the positive and negative electrodes, respectively. For instance, a
quasi-solid-state supercapacitor was assembled by using a pair of
AC electrodes with two PVA/H,SO, GPEs separately containing
redox additives of HQ and MB (Figure 2d),!'°! which were sepa-
rated by a Nafion 117 membrane with a sandwich-type configu-
ration. It delivered a high specific capacitance of 563.7 F g~! and
an energy density of 18.7 W h kg™}, increased by about fourfold
in comparison with the SC without HQ-MB redox couple.

2.2.2. Redox-Active GPEs for Li-O, Battery

Rechargeable Li-O, batteries have been considered as reliable
alternatives to conventional LIBs because of their high theoret-
ical specific energies and the unlimited resource of oxygen as
cathode material.['%>1% Significant research efforts have been
made to ameliorate the cycling life and the Coulombic effi-
ciency of the Li-O, battery and lower its over-charge-potential,
which are mainly derived from the formation of solid-type and
nonconductive Li,O, discharge products. The developments of
GPEs provide a feasible solution to safety issues of the Li-O,
battery.l'97:198] Apart from the safety concerns, the Li-O, battery
equipped with GPEs was demonstrated to exhibit enhanced
cycling performance for at least 50 cycles while the one tested
in liquid electrolytes faded at the 29th cycle, which was benefi-
cial from the construction of effective protective layer that pre-
vented the crossover of trace oxygen from the cathode to the
anode and H,0 crossover toward the Li anode by the GPEs.[1%’]
However, in contrast to a lithium-ion battery (LIB) equipped
with GPEs, the GPEs-based Li-O, battery would encounter a lot
of more complicated factors retarding their future applications.
These challenges are mainly focused on the chemical/electro-
chemical stability of GPEs, the interface chemistry between the
GPE and electrode, and the ionic conductivity of the GPEs.['1%]
As one of the key factors, the chemical stability of GPEs against
the oxidization of the charge/discharge products of the Li-O,
battery (e.g., Li,O,, LiO,) plays a critical role in its cycling life.
These commonly used polymers like PVDF, PVDF-HFP, PVP,
PVC, and PAN are unstable and reactive in presence of Li,0,,
and thus it is essential to select appropriate host polymers to
design the GPEs for Li-O, battery.

Another major limiting factor for the developments of Li-O,
battery is the large interfacial resistance occurring between
the GPE and electrode due to the generation of low conduc-
tivity of discharge products (e.g., Li,O,, LiO,) that kinetically
limited the Li* transfer within the GPEs and through the two-
phase interface, which would lead to high over-charge-potential,
unfavorable cycling stability, and low round-trip efficiency. The
incorporation of redox-active mediators into the supporting
GPEs provides an effective approach to decrease the interfa-
cial resistance between the GPE and Li,0,. The charging redox
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mediators are initially oxidized on the electrode to form oxi-
dized species, which then chemically react with Li,O, to pro-
duce O, and Li* with a reverse reaction into the initial state.
The charge voltage is thus tuned to be close to the redox
potential of the mediator. These commonly used soluble redox
mediators for Li-O, batteries include Lil,''! lithium bromide
(LiBr),""? tetrathiafulvalene,'®l iron phthalocyanine (FePc),!
10-methylphenothiazine, '™ 2,2,6,6-tetramethylpiperidinyloxyl, ']
and tris[4-(diethylamino)phenyljamine.''® By adding redox
reactive P-benzoquinone into the poly(vinylidene fluoride)
(PVDF)-based GPE for the Li-O, battery, it resulted in the
charge potential decreasing from around 4.2 to 3.3 V with
an improved cycling capability from 2 to over 30 cycles.''” A
long-life Li-air battery in ambient air was developed with GPE
containing a redox mediator.''¥! The GPE efficiently alleviated
the Li passivation induced by attacking air, and the reversible
conversion of I7/I, in GPE acted as a redox mediator that facili-
tated the decomposition of discharge products. As a result,
the Li-air battery equipped with Lil-contained GPE exhibited
higher Coulombic efficiency nearly 100% and lower charge
potential than those with GPEs free of Lil and in liquid elec-
trolyte (Figure 3a). This Li-air battery can be stably operated
for 400 cycles in ambient air with a relative humidity of 15%
(Figure 3b), offering a great chance to develop the Li-air bat-
tery for operation in ambient air. X-ray diffraction (XRD) results
demonstrated that crystalline Li,O, and LiOH were formed in
discharge products onto the reduced graphene oxide (rGO)-
based air electrode after discharge, and then they were decom-
posed during the full recharge process (Figure 3c).

In summary, an effective approach has been developed by
introducing redox-active mediators into the supporting GPEs to
provide additional pseudocapacitances to the supercapacitors.
On the other hand, the redox-contained GPEs would also com-
promise the cycling stability and rate capability of the super-
capacitors because of their intrinsic inferior electrochemical
stability. The matching between the redox-contained GPEs and
electrode materials is necessary to improve the overall perfor-
mance of the supercapacitors by designing stable redox couples
to simultaneously improve the capacitances of both electrodes.
For Li-O, batteries, the combination of redox mediators with
the GPEs provides a new strategy to lower the over-charge-
potential and ameliorate the cycling life and the Coulombic
efficiency. This is because their oxidized species can chemi-
cally oxidize the discharge product (Li,O,) to produce Li* and
O, gas with a reverse reaction into the initial state. The spe-
cial discharge/charge products make the GPEs usage in Li-O,
more complicated in contrast to the LIBs and supercapacitors,
mainly focusing on the stability, interfacial chemistry, and ionic
conductivity. Therefore, significant research efforts are required
to address these fundamental issues with GPEs for the further
development of the Li-O, batteries.

3. Functional GPEs for Intelligent Devices

Besides the traditional, single lithium-ion and redox-active
GPEs discussed above, different kinds of functional GPEs have
also been developed in recent years, including thermotolerant,
temperature-sensitive and self-healing GPEs. The specific

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
ENERGY
MATERIALS

a 5 -l L) T T i
S
o ]
=)
g -
¢>> 2L NN i
Liquid Electrolyte|
T ——— GPE 1
——0.05 M Lil-GPE
0 L 1 L 'l
(] 1000 2000 3000 4000
Specific capacity (mAh ngo'1)
b 5 L} L) L) L)
L ® 0.5M Lil-GPE i
b ® GPE
[ v Liquid Electrolyte
O 3} 4
S
b~
o
Z2F 4
FRE
£
€ 1} i
=
()
- ;
ol 4
1 1 il 1
0 100 200 300 400
Cycle number
Cc
¢ LioH
e Li,0,
/\ After Recharged
-
=] bo o4 After Discharged o
&
2> Before Discharged
7
=
2 __A A M A A . L|2C03
£ n ’\  LioH
A A L A A~ Li,0, e
20 30 40 50 60

2Theta (degree)

Figure 3. a) Full discharge/charge curves of the Li-air battery measured
in different electrolyte systems of liquid electrolyte, GPE, 0.05 m Lil-GPE
at an applied current of 1.0 A g™' (refer to the weight of rGO). b) Com-
parative cycle performances of the Li-air battery measured in different
electrolyte systems. c) Ex situ XRD patterns the rGO-based air cathodes in
the pristine state, after discharge and recharge states, respectively. Repro-
duced with permission.l'"8 Copyright 2017, Wiley.

properties and functionalities of these GPEs will largely extend
their applied ranges in various fields. For example, the thermo-
tolerant polymer-electrolyte can enable the battery to work at
high temperatures, avoiding failure or explosion. Self-healing
energy storage devices can be developed from self-healing
polymer electrolytes, largely improving the adaptability and life-
time of the energy storage devices.

3.1. GPEs with Thermally Responsive Ability

Although the energy density, power density, and cycling life of
LIBs and supercapacitors have been largely improved in the
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past two decades, 19121 the safety issue still remains urgent to
be solved, especially in large-scale applications of high-energy-
density LIBs.22-124 LIBs are normally operated within a limi-
ted range of temperatures, current densities, and voltages to
maintain good electrochemical performances.['?’! Nevertheless,
once a short circuit forms, overcharging or other abuse con-
ditions occurs, and a series of exothermic reactions will take
place to largely increase the internal temperature and pressure
of the LIBs, which will lead to fire or explosion.26-12% In this
case, smart electronics with real-time safety monitoring and
self-protection capabilities have been successfully fabricated by
introducing thermally responsive GPEs, which possess phase
separation or sol-gel transition properties at elevated tempera-
tures to realize the inherently safe operations.

One way to realize the thermally responsive electrolyte is
developing GPEs with the functionality of reversible phase
separation. This kind of GPEs usually comprises of polymers
with thermally responsive property and conductive ions. When
the temperature rises, the polymer phase separates and the
ions are therefore removed from solution to eliminate
the conductive pathway between the electrodes. Furthermore,
the electrolyte properties will be recovered when the polymer
redissolves in solution below the thermal transition tempera-
ture. For instance, a thermally responsive polymer electrolytel!3’!
was designed to control the electrochemical performance of
polyaniline electrode according to the temperature (Figure 4a).
The copolymer was prepared using N-isopropylacrylamide
(NIPAM) and acrylic acid. In this case, NIPAM provided
the electrolyte with the thermally responsive property while the
acrylic acid offered the electrolyte ions (Figure 4b). When the
temperature was elevated, the polymer underwent a thermally
activated phase transition and the local environment around
the acid groups was accordingly changed with decreasing ion
concentrations and conductivities. As shown in Figure 4c, the
overall capacity of the polyaniline electrodes decreased by ~85%
with the increasing temperature from 20 to 50 °C, and the feasi-
bility of this strategy was successfully demonstrated. To further
realize inherently safe high-energy-density LIBs, a Li,TisOq,/
LiFePO, rechargeable LIB (Figure 4d) adopting the thermally
responsive poly(benzyl methacrylate) (PBMA) in an ionic liquid
was developed.l'*! The responsive electrolyte was composed of
PBMA in 1-ethyl-3-methylimidazolium bis(trifluoromethane-
sulfonyl)imide [EMIM][TFSI], which would inhibit the opera-
tion of LIB at elevated temperatures. The mechanism of this
electrolyte was based on the change in conductivity of the elec-
trolyte due to the electronic insulator property of the PBMA.
Once above the phase transition temperature, there existed
a higher frequent occurrence of the phase separation for the
polymer and the internal resistances at the electrode/electrolyte
interface (Figure 4e). As shown in Figure 4f, the performance
of the LIB was largely reduced at a high temperature of 150 °C,
which could effectively prevent the entire LIB from heating
beyond the unsafe temperature.

Another strategy to realize the thermally responsive elec-
trolyte is to use the sol-gel transition of electrolytes. Different
from the GPEs based on reversible phase separation, this kind
of GPEs generally contains polymers with reversible sol-gel
transition property and conductive ions. When the temperature
was increased, these GPEs transform from solution to gel state
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Figure 4. Different kinds of temperature-sensitive GPEs. a) Schematic of a temperature-sensitive polymer electrolyte. b) pH and ionic conductivity
response to temperature of the polymer electrolyte. c) Charge—discharge curves of PANI electrodes in the polymer electrolyte under heating from 22 to
50 °C. Reproduced with permission.l3% Copyright 2012, Wiley. d) Schematic of the LIB setup and the thermal-response mechanism of the electrolyte
at high temperatures at the electrode surface. e) Effect of increasing temperatures on the Nyquist plot for 0.5 m lithium bis (trifluoromethanesulfonyl)
imide (LiTFSI) in a 5 wt% PBMA-IL. f) Discharge curves of the responsive electrolytes at 60 and 150 °C. Reproduced with permission.['*l Copyright
2015, Royal Society of Chemistry. g) Illustration of sol-gel transition of electrolyte which slows the migration of conductive ions between the elec-
trodes. h) The specific capacitances of the supercapacitors generally decrease at increasing temperatures. i) Demonstration of thermal self-protection
of supercapacitor using the temperature-sensitive electrolyte. Reproduced with permission.l'33 Copyright 2015, Wiley. j) Schematic of the thermally
responsive gel system used as an electrolyte in energy storage device. k) The charge/discharge cycle of the supercapacitor tested at room temperature
and 70 °C. l) The variation of the sol-gel transition temperatures of Pluronic solutions with different numbers of average molecular weights (MWs)
(the concentration for all solutions is 30 wt%). Reproduced with permission.'*}l Copyright 2016, Wiley.

and inhibit the movement of ions to cut off the electrochem-  (Figure 4h). To practically demonstrate the self-protection func-
ical devices. A sol-gel electrolyte!3?] using a thermally respon-  tionality of the thermally responsive supercapacitor, an appli-
sive poly(N-isopropylacrylamide-co-acrylamide) (PNIPAM/AM)  cation example was shown in Figure 4i. With the temperature
was thus investigated for a self-protection supercapacitor increased to 60 °C, the intensity of the LED light decreased
(Figure 4g). With the increasing temperature, the thermal from 1.39 to 0.41 mW, which indicated the thermal self-pro-
copolymers would form hydrogels through hydrophobic asso-  tection of the supercapacitor. Furthermore, a thermally respon-
ciation and the migration of conductive ions between the elec-  sive sol-gel smart polymer electrolyte with tunable transition
trodes was inhibited. With the decreasing temperature, the  temperaturel!3’l was proposed using a thermoplastic elastomer
above transition was reversed and the electrochemical perfor-  to realize a reversible sol-gel transition (Figure 4j). The smart
mance of the supercapacitor was restored. Owing to the inhi-  electrolyte was composed of a Pluronic [poly(ethylene oxide)-
bition of the migration of conductive ions with the increasing  block-poly(propylene oxide)-block-poly(ethylene oxide)] aqueous
temperature, the sol-gel transition of PNIPAM/AM decreased  solution dissolved with ions such as H* or Li*. At low tem-
the specific capacitance and power delivery of supercapacitors  peratures, the smart electrolyte was at a solution state and the
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ions could migrate freely between electrodes. When the tem-
perature increased, the smart electrolyte transformed to a gel
state and inhibited the movement of ions to finally cut off the
electrochemical devices (Figure 4k). Surprisingly, the sol-gel
transition temperature of the smart electrolyte could be easily
adjusted toward different applications since the transition tem-
perature of the Pluronic solution is tunable over a wide temper-
ature range from room temperature to above 90 °C by changing
the average molecular weight of the polymer (Figure 41).

In conclusion, the safety issue of LIBs such as fire or explo-
sion can be inherently solved by using the thermally responsive
GPEs, which can transfer ions at desired temperatures while
reversibly cut off the LIB at higher temperatures. The mecha-
nisms of these GPEs are usually based on the reversible change
in conductivity of the electrolyte due to the phase separation or
sol—gel transition of the GPEs at high temperatures. Although
great efforts have been made to develop thermally responsive
GPEs, most of them were used in self-protection supercapaci-
tors rather than LIBs. The safety concerns of high-energy power
sources such as LIBs and lithium—sulfur battery under high
temperatures are still urgent to be solved. Therefore, it remains
challenging to develop thermally responsive GPEs which can
effectively replace the traditional GPEs.

3.2. GPEs with High Thermal Stability

Due to the relatively low melting points of the traditional poly-
mer backbones (such as 65 °C for PEO), the resulting GPEs
generally demonstrate poor thermal stability. Therefore, the
corresponding energy storage devices are not able to be oper-
ated at high temperatures, which has largely limited their appli-
cations. Energy storage devices with high thermal stability are
highly desired in many fields including heat-resisting robots
and electric automobiles that are commonly used at high tem-
peratures. Herein, it is of great importance to develop GPEs
with higher thermal stability and higher safety. The general
method to improve the thermal stability of the GPEs is intro-
ducing different kinds of inorganic/organic fillers with high
thermal stability and compatibility or directly developing ionic
liquid-based GPEs.

The introduction of heat-resistant additives can tremendously
improve the thermal stability of GPEs. Therefore, various poly-
mers and inorganic particles of high heat resistance are intro-
duced to the GPEs, including PEG-borate ester, polyvinylidene
fluoride-graft-polyacrylonitrile (PVDF-g-PAN) and TiO, nano-
particles. Due to the high thermal stability of these additives,
the thermostability of the GPE can be thus largely enhanced.
To this end, a new type of solid polymer electrolyte with high
thermal stability was produced with PEG-borate ester as plas-
ticizer.3l The relationship between the ethylene oxide (EO)
chain length of PEG-borate esters and the ionic conductivity,
thermal stability, and electrochemical stability of the GPEs were
carefully investigated. When the EO chain of the PEG-borate
ester (CH30(CH,CH,0),H) had a repeating unit number of
n = 3, the resulting polymer electrolyte showed the highest
ionic conductivity with high thermal and electrochemical sta-
bility. The GPEs were thermally stable up to 300 °C and elec-
trochemically stable up to 4.2 V versus Li*/Li at 60°C. Besides
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the PEG-borate ester, PVDF demonstrates good mechanical
strength and chemical stability, which is another candidate to
improve the thermal stability of polymer electrolyte. A hybrid
of PVDF-graft-PAN copolymer with PEO (referred as m-PVDF)
was prepared!!®® and showed high thermal stability up to
400 °C and good dimensional stability at 150 °C (Figure 5a),
where PAN was used for improving the compatibility between
PVDF and PEO polymers. The hybrid membrane was then
applied as a conductive gel polymer electrolyte for LIBs, which
showed good electrochemical stability up to 5 V (vs Li*/Li)
(Figure 5b) and high capacity retention with a capacity decay
of only 9.1% after 300 cycles. The introduction of PVDF-g-
PAN largely improved the chemical and thermal stability, wet-
tability as well as electrochemical performance of the polymer
electrolyte.

Inorganics generally show better thermal stability compared
with organics. Thus, introducing inorganic particles such as
TiO,136-1381 and Al,05P1*1 nanoparticles is another strategy
to improve the thermal stability of GPEs. PVDF-HFP and poly-
methylmethacrylate (PMMA) polymer matrixes have attracted
much attention owing to their great mechanical, chemical sta-
bility and decent wettability. However, their drawbacks such as
low thermal and electrochemical stability, poor cyclic and rate
performances have limited their further applications. A new
kind of PVDF-HFP/PMMA-based gel polymer electrolyte com-
prising 0-7 wt% TiO, nanoparticles was developed to overcome
the above problems.'*) The thermal stability of the resulting
polymer electrolyte was remarkably improved with the intro-
duction of TiO, nanoparticles (Figure 5c). When the working
temperature reached 90 °C, the weight loss of GPE with 7%
TiO, was only 12.8% of that without TiO,. The polymer com-
posite electrolyte also exhibited much higher ionic conductivity
(249 x 10 S cm™) and better electrochemical stability (5.0 V)
(Figure 5d).

Last but not least, ionic liquids are competitive candidates in
terms of improving the thermal stability and compatibility of
the GPEs. Different kinds of ionic liquids have been developed
and carefully investigated since the first air-stable ionic liquid
was reported in 1992. Ionic liquids generally show high ionic
conductivity and desirable thermal stability. Some ionic liquids
were reported to be capable of enduring high temperatures
above 400 °C. The polymerization of ionic liquids was there-
fore used to investigate the thermally stable GPEs. Neverthe-
less, the ionic conductivity of the ionic liquid would decrease
with the polymerization of ionic liquid monomers, owing to the
decrease of the number of mobile ions. Based on ionic liquids,
a kind of GPEs with high thermally stability and high ionic con-
ductivity had been prepared.'!l A good thermal stability above
400 °C (Figure 5e) can be achieved by the homopolymerization
of ionic liquid-based cross-linking monomers, which was key
to obtain polymer network with high thermal stability. Fur-
thermore, the ionic conductivities of the GPEs were improved
(Figure 5f) by the copolymerization process of cross-linkers and
ethylimidazolium-type ionic liquid monomers. The obtained
polymer electrolyte films exhibited high ionic conductivity and
high thermal stability.

To summarize, the thermotolerant GPEs have been devel-
oped in recent years to expand their application fields and
improve the safety of the devices at high temperatures. The
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enhancement of thermal stability of the electrolyte may be
realized by introducing different kinds of polymers or inor-
ganic particles with high thermal stability and compatibility
or developing ionic liquid-based polymer electrolytes. The
developed thermotolerant GPEs show a high thermal stability
up to 400 °C, which is very meaningful for future LIBs with
both higher thermal stability and safety. Great efforts are still
needed to further improve the chemical and thermal stability,
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wettability, and electrochemical performance of the thermally

stable GPEs.

3.3. GPEs with Self-healing Ability

In recent years, the rapid development of flexible and wear-
able electronic devices strongly needs the corresponding
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atmosphere. Reproduced with permission.['>l Copyright 2015, Wiley.

power systems.[197:142-144 These devices are generally fabri-
cated with rather low thicknesses, aiming to guarantee a high
flexibility. However, these compact structures may also result
in complete breaking under complex deformations, which
makes them fail to work, even cause some serious safety prob-
lems.'"! Self-healing materials,[*¢1%7] which can repair their
internal or external damages, have attracted great interests in
both academy and industry due to their potential applications
ranged from self-healing electronics, artificial electronic skin
to soft robotics. Recently, several self-healing energy storage
devices such as self-healing supercapacitors"*¥151 and aqueous
LIBs!"2 have been fabricated with better adaptability and
longer lifetime, which can be easily healed after the incidental
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damages. To realize the self-healing functionality of the energy
storage device, the GPEs used in according devices are required
to possess similar function. Therefore, it is urgent to develop
a new family of self-healing GPEs for such energy storage
devices.

A self-healing hybrid gel (Figure 6a—c) was synthesized from
supramolecular gel and nanostructured polypyrrole.l'*3! The
synergy between the metal-ligand supramolecule with dynamic
assembly/disassembly nature and conductive polypyrrole
hydrogel endowed the hybrid gel with high electrical conduc-
tivity (0.12 S cm™), good mechanical and electrical self-healing
property (Figure 6d), and also enhanced their mechanical
strength as well as flexibility. The “guest-to-host” strategy here
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took advantage of chemical and physical features of each com-
ponent, presenting an effective way to design and synthesize
functional hybrid gel electrolytes. The self-healing property of
the hybrid gel was further demonstrated by a flexible and self-
healing electrical circuit, which are promising in electronic
devices, artificial skins, soft robotics, biomimetic prostheses,
and energy storage devices.

To simultaneously realize the self-healability and high stretch-
ability, a polymer electrolyte comprising of polyacrylic acid dual
crosslinked by hydrogen bonding and vinyl hybrid silica nano-
particles> was developed (Figure 6f). The polymer electrolyte
demonstrated tunable ionic conductivity, self-healability, and
high stretchability (over 3700% strain). Once cutting, it can be
simply healed by combing the broken interfaces under ambient
conditions (Figure 6g) and the properties could be recovered
after breaking/healing processes. The supercapacitors based
on this kind of polymer electrolytes showed intrinsic self-heala-
bility, and the specific capacitance was well maintained during
20 breaking/healing cycles, which exceeded those with conven-
tional PVA-based acidic electrolytes. Furthermore, the polymer
electrolyte exhibited an equivalent electrode capacitance com-
pared with the commonly used PVA/H;PO, electrolyte due to
the movable protons in the polymer electrolyte. As an emerging
greener alternative to conventional organic solvents, ILs are
another candidate to develop self-healing polymer-electrolyte.
A self-healing ionogel from a protic-aprotic mixed-IL system
(1-butyl-3-methyl-imidazolium chloride and N-(2-hydroxyethyl)
ammonium formate) was successfully prepared.'>!) As shown
in Figure 6e, the ionogel demonstrated superior self-healing
property. The carbanilated agarose ionogels proved suitable as a
flexible solid electrolyte for activated-carbon-based supercapaci-
tors. The resulting supercapacitors showed high electrochem-
ical performances in terms of specific capacity and long-term
durability, which proved a high potential of the ionogel for com-
mercial applications.

Beside self-healing supercapacitors, self-healing aqueous
LIBs have also been successfully fabricated by incorporating
self-healing electrodes with a new aqueous lithium sulfate/
sodium carboxymethylcellulose (Li,SO,/CMC) as both GPE and
separator.l’>? The 1i,SO,/CMC GPE was composed of a physi-
cally cross-linked CMC gel and Li,SO, aqueous solution, which
showed a decent ionic conductivity of 0.12 S cm™! at room tem-
perature. Different from the combustible and toxic organic elec-
trolytes, the aqueous Li,SO,/CMC GPE was nontoxic and stable
in air. The Li,SO,/CMC GPE displayed a good contact with the
electrode. The synergy between self-healing electrode with high
electrical and healing properties and aqueous Li,SO,/CMC
GPE was vital to realize highly mechanically and electrochemi-
cally self-healing performance of the LIB. In particular, the elec-
trochemical storage capability of this aqueous LIB can be well
maintained during several cutting and self-healing cycles.

To summarize, self-healing GPEs that can be healed by
simply combining the broken interfaces have also been
explored, which offers a new and efficient strategy in the devel-
opment of high-performance energy storage devices. The self-
healing energy storage devices may be particularly useful for
portable and wearable electronic facilities that may easily break
during use. Several self-healing GPEs have been developed and
successfully applied in self-healing supercapacitors, which can
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be easily healed after the incidental damages and show better
adaptability and longer lifetime. Although a lot of efforts have
been made to develop this kind of electrolytes, most of them
are merely used in self-healing supercapacitors. It remains
challenging to develop self-healing GPEs with better mechan-
ical and electrochemical performance and further apply them
in batteries.

4, Conclusion and Outlook

To resolve the safety issue of toxic liquid leakage and growth
of lithium dendrite derived from liquid electrolyte, it is neces-
sary to develop a family of GPEs with higher safety and better
flexibility and elasticity, which can function as both electrolyte
and separator for energy storage devices. Moreover, due to their
unique advantages, these GPEs are also promising for flex-
ible and wearable electronic devices. Many attempts have been
made to develop new GPEs and improve their performances
with higher ionic conductivity, higher ion transfer number,
better interfacial contacts between GPE and electrodes, wider
electrochemical and thermal windows, and better stability and
flexibility. Representative GPEs including single lithium-ion
and redox-active GPEs with enhanced performances are care-
fully analyzed. Functional GPEs including thermotolerant,
temperature-sensitive, and self-healing properties have been
further highlighted on how to largely extend their applications.

The major limitations for the practical applications of single-
ion conducting GPEs are low ionic conductivity and inferior
interfacial properties with electrodes at low temperatures, espe-
cially at ambient temperatures. The addition of redox-active
mediators into the supporting GPEs benefits the performance
enhancement of supercapacitors and Li—O, batteries, while
it would also lead to poor cycling stabilities because of their
intrinsic inferior electrochemical stability. Great efforts have
been made to develop functional GPEs for energy storage,
while it is mainly limited to supercapacitors. The safety con-
cerns of various batteries such as LIBs and lithium-sulfur bat-
teries at high temperatures are still urgent to be solved. Besides,
above functional GPEs are still limited to the lab level and are
far away from real applications. It becomes urgent to study
these promising properties for energy storage devices from a
viewpoint of large-scale applications at preparation, structure
control, and property enhancement. To this end, more efforts
should be made to find appropriate GPEs for a variety of bat-
teries that have been more used at industry and daily life.

It is also necessary to achieve the other smart functionalities
such as color change to further expand the application range of
GPEs for energy storage and beyond. With the rapid advance in
implanted biomedical devices, it is highly desired to assemble
energy storage devices in our body, and the use of GPEs is the
key as the safety problem of implanted power system becomes
much more important under this case. Similarly, flexible and
stretchable electronic devices represent another emerging and
promising direction in the future, and it is well recognized to
replace liquid electrolytes with GPEs in energy storage devices
that may easily break under deformation. To summarize, the
development of GPEs represents a general and effective direc-
tion in making high-performance energy storage devices, and

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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it will continue as a mainstream direction in material, energy,
biomedicine, and engineering.
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