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Single-ion conducting polymer electrolytes as
a key jigsaw piece for next-generation battery
applications
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Jingyi Gao, (2 +2 Cong Wang, 2 +2 Dong-Wook Han €2 ® and Dong-Myeong Shin

As lithium-ion batteries have been the state-of-the-art electrochemical energy storage technology, the
overwhelming demand for energy storage on a larger scale has triggered the development of next-
generation battery technologies possessing high energy density, longer cycle lives, and enhanced safety.
However, commercial liquid electrolytes have been plagued by safety issues due to their flammability
and instability in contact with electrodes. Efforts have focused on developing such electrolytes by
covalently immobilizing anionic groups onto a polymer backbone, which only allows Li* cations to be
mobile through the polymer matrix. Such ion-selective polymers provide many advantages over binary
jonic conductors in battery operation, such as minimization of cell polarization and dendrite growth. In
this review, the design, synthesis, fabrication, and class are reviewed to give insight into the
physicochemical properties of single-ion conducting polymer electrolytes. The standard characterization
method and remarkable electrochemical properties are further highlighted, and perspectives on current

rsc.li/chemical-science

1. Introduction

In light of the global climate crisis and fossil fuel shortage, the
European Union and the United States have set out a progres-
sive roadmap for the popularisation of electric vehicles (EVs) to
phase out conventional fossil fuel vehicles by 2030 and 2050,
respectively. Fuel shifting to electric power requires an
advanced battery technology beyond the state-of-the-art Li-ion
battery featuring intercalation chemistry (300 W h kg™ (ref. 1
and 2)). Furthermore, the short charging time that is equivalent
to enjoy a couple of songs will promote the uptake of electric
vehicles for everyday use. Endeavors have been made using
aggressive chemistries involving Li metal as the anode together
with a high-voltage cathode such as layered nickel-rich and
lithium- and manganese-rich materials to meet a new capacity
goal of 500 W h kg™ " set by EV applications for a longer driving
range."* Although Li metal is one of the most promising anode
materials due to its high theoretical specific capacity (3860 mA h
g ') and low redox potential (—3.04 V vs. the standard hydrogen
electrode),* there are limited electrolyte materials that can be
used in Li-metal batteries. For example, carbonate liquid elec-
trolytes, which have been widely used in commercial Li-ion
batteries, react with Li metal, eventually leading to irregular Li
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challenges and future directions are also discussed.

plating during recharge and low coulombic efficiency. The
inherent limitations of liquid electrolytes in these batteries,
their flammability and low ion selectivity for conduction,® are
driving research to shift away from liquid electrolytes toward
solid electrolytes that provide acceptable levels of safety and are
compatible with the lithium metal anode. The radar plots in
Fig. 1 visualize the properties of liquid, inorganic solid, binary-
ion conducting polymer, and single-ion conducting polymer
electrolytes.

Among the variety of solid electrolyte technologies, polymer
electrolytes have been attracting the most interest due to their
small volume variation during the charging/discharging
process, high level of safety, and ease-of-manufacturing.®
Commercial polymer electrolytes complexed with lithium salt
are binary-ion conductors, in which both lithium cations and
counter anions are mobile species (Fig. 2a). In general, anions
move at least four times faster than lithium cations, as the
motion of cations is highly coupled with Lewis basic sites in the
polymeric host, and thus lithium cation transfer contributes
only a small fraction (20%) of the overall ionic current.” Besides,
the anions accumulate at the interface between the electrode
and electrolyte as there is no electrode reaction for anions,
resulting in cell polarization and limited cycle life. In the early
1980s, Bannister et al. proposed a conceptual single lithium-ion
conducting polymer electrolyte,® in which the anions are teth-
ered in the polymer matrix and most of the ionic current is
carried by lithium transfer, leading to no concentration gradi-
ents and feasibly fast charging/discharging based on Newman's
simulations.®™ Furthermore, the dendrite growth would be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Performance of different electrolyte materials. Radar plots of the properties of liquid electrolytes, inorganic solid electrolytes, polymer

electrolytes, and single-ion conducting polymer electrolytes.

minimized as predicted by the Chazlviel model,**** as lithium is
plated and stripped evenly during the charging/discharging
process. Indeed, single-ion conducting (SIC) polymer electro-
lytes hold much promise for next-generation batteries pos-
sessing outstanding safety, fast charging capability, and high
energy density.**

Along with their remarkable benefit and potential, the
research field of SIC polymer electrolytes has been shown to
substantially increase in both the number of published articles
and citations, 238 and 7190 in the last decade (as of June 2021),
respectively, indicating that SIC polymer electrolyte research is
in a stage of vigorous development. To date, several reviews
have summarized the progress of SIC polymer electrolytes with
respect to the physico- and electro-chemical properties of
solvent free electrolytes," gel electrolytes,”* and both types,**"”
which provide useful references for researchers in relevant
fields. The motivation of this review is not only a summary of
current achievement, but also to provide a comprehensive
picture for future development in terms of design perspective,

© 2021 The Author(s). Published by the Royal Society of Chemistry

fabrication, electrochemical properties and standard charac-
terization techniques.

2. Building blocks and strategies to
achieve SIC polymers

Efforts have focused on developing SIC polymer electrolytes by
covalently immobilizing anionic groups onto a polymer back-
bone, which only allows Li" cations to be mobile through the
polymer bulk (Fig. 2b). The selection of anionic groups and the
structure of the polymer matrix play important roles in
achieving a better ionic transport performance in SIC polymer
electrolytes. The degree of negative charge delocalization in
anionic groups has been shown to engender the ionic conduc-
tivity of SIC polymer electrolytes by weakening the dissociation
energy of Li' cations.’*' In addition, controlling over the
distance between anionic species in the polymer matrix is
a critical factor in obtaining the ultimately high conductivity.*
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Fig. 2 Binary-ion conductor and single-ion conductor. Schematic illustration of (a) binary-ion conductors and (b) single-ion conductors, and

their typical performance properties.

In this regard, the structural configurations of SIC polymers will
be detailed in the following section, and then synthetic and
fabrication methods will be discussed.

2.1 Anionic groups

2.1.1 Carboxylate (-CO, ) anionic groups. Carboxylate
groups positioned in glycosaminoglycans interact with Lewis
acids, such as metal ions and hydrogen donors, in the course of
carrying out biological functions.***** Inspired by glycosamino-
glycans, carboxylate groups have been anchored into polymer
backbones as part of a side chain. In 1984, Bannister et al. for
the first time demonstrated SIC polymer electrolytes by incor-
porating perfluoroalkyl carboxylate groups (-(CF,);CO, ") into

poly(methyl methacrylate) (PMMA) (Fig. 3a), exhibiting a high
ionic conductivity of ~2.5 x 107°® S em™" at 60 °C.* Tsuchida
et al. prepared an analogous SIC polymer containing carbox-
ylate anions (-CO, ) together with an oligo(oxyethylene)
(-(OCH,CH,)-) side chain (Fig. 3b),>* which is a less electron-
withdrawing group compared to the perfluoroalkyl group. The
ionic conductivity of the analogous polymer reached as high as
107 S em ™' at 60 °C, which was significantly lower by two
orders of magnitude than those of the SIC polymer obtained by
Banister et al.® 1t is likely attributed to the greater tendency of
Li" to dissociate from the carboxylate group in the vicinity of the
perfluoroalkyl group, and hence replacing the hydrocarbon
alkyl group with a perfluoroalkyl group would be an effective
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Fig. 3 Anionic groups for constructing SIC polymers. Chemical structures of (a and b) carboxylate-based SIC polymer electrolytes and (c—f)
sulfonate-based SIC polymer electrolytes. Black: polymer backbone; olive: anion; orange: Li* cation.
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way to improve the ionic conductivity. Although the carboxylate
anionic groups have been grafted into a variety of polymer
matrices, including methyl siloxane terminated polyethylene
oxide-co-polymethyl lithium propionate siloxane,* poly(oligo-
oxyethylene methacrylate-co-alkali metal acrylamidocaproate),*®
polystyrene-b-poly(lithium methacrylate-co-oligoethylene glycol
methacrylate),”” and hyperbranched poly(ethylene oxide)
(PEO),?® for further structural modification to achieve high ionic
conductivity, the ionic transport through the polymer
comprising carboxylate anionic groups has been limited due to
high affinity to Li" cations. Indeed, discrete Fourier transform
calculation revealed that the metal affinities to Lewis bases
increase in the following order: carboxylate > phosphate > N-
sulfate anions > O-sulfate anions.,” implying that carboxylate
groups slow down the ionic transport of Li" cations. Further-
more, the low stability of carboxylate groups in contact with
high potential cathodes (particularly above 4 V) hinders their
implementation in practical applications.**

2.1.2 Sulfonate (-SO;™) anionic groups. In contrast to the
limited work on carboxylate groups for ion transport, the
affinity of sulfonate groups for alkali cations has been used in
developing Nafion membranes for selective ion transport in an
aqueous solution® as sulfonate groups exhibit a higher degree
of dissociation with Li" cations.? A SIC polymer consisting of
alkylsulfonate anions tethered into the PMMA backbone was
proposed by Zhang and coworkers in 1991 (Fig. 3c).** As the
sulfonate anionic groups have a lower affinity to Li" cations

View Article Online
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compared with carboxylate anionic groups, the ionic conduc-
tivity of a SIC polymer electrolyte blended with PEO increased to
1.8 x 1077 S em™ " at room temperature, which was 10 fold
larger than that of its counterpart polymer prepared by Tsu-
chida et al.>* Nevertheless, its ionic conductivity was still too low
for practical applications in battery cells so that many efforts
have been devoted to using various strong electron-withdrawing
groups (e.g. fluorine groups and phenyl) to replace the alkyl
groups in terms of the negative charge delocalization theory
reported by Armand.'®**** With the introduction of tri-
fluorobutane sulfonate (-CHFCF,SO; ), Cowie et al. obtained
a comb-branched copolymer with relatively high ionic conduc-
tivity (~107> S ecm™') at room temperature (Fig. 3d).* In 2017,
Shao et al synthesized a perfluorobenzyl sulfonate anion
appended BAB triblock copolymer electrolyte, where A referred
to PEO or poly(ethylene oxide-co-propylene oxide) and B repre-
sented  poly(lithium  2,3,5,6-tetrafluorostyrene-4-sulfonate)
(Fig. 3e),* yielding a high ionic conductivity of 1.5 x 107> S
ecm™ " at 60 °C. In addition, strong electron-drawing groups can
be located in close proximity to sulfonate groups rather than
being located between sulfonate groups and the polymer
backbone. Ji and coworkers prepared SIC block copolymers,
poly(hexafluorobutyl methacrylate-co-lithium allyl sulfonate),
where the flexible hexafluorobutyl moiety serving as an electron-
withdrawing group facilitates Li* cation dissociation from
sulfonate groups (Fig. 3f).** In the presence of fluorine units in
the side chains, the block copolymer electrolyte reached
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Fig. 4 Sulfonylimide anionic groups. (a—d) Chemical structures of sulfonylimide-based SIC polymer electrolytes. Black
olive: sulfonylimide anion; orange: Li* cation.
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outstanding ionic conductivity up to ~10™* S em ™' at 80 °C.
Overall results indicate that the sulfonate groups in the polymer
matrix provide a decent affinity to Li" cations for ion conduc-
tion, which can be further enhanced by incorporating electron-
withdrawing groups.

2.1.3 Sulfonylimide (-SO,N7)SO,-) anionic groups. The
findings from the aforementioned studies have motivated
researchers to pay attention to anions possessing a low
tendency to coordinate with alkali cations for electrolyte appli-
cations. The class of anions that allow the minimization of ion-
pairing interaction is called weakly coordinating anions
(WCAs). Particularly interesting are sulfonylimide anionic
groups, where the presence of two highly electron-withdrawing
groups on a nitrogen atom elevates the acidity of the hydrogen
on the nitrogen atom,*”*® which first appeared in the literature
in 1984.* Such an anionic group in the polymer matrix lowers
dissociation energy with Li" cations in terms of their high
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delocalization of charge within the anions, promoting ionic
transport,” and hence SIC polymer electrolytes grafting
a variety of sulfonylimide anions have been investigated
(Fig. 4).%-* The negative charge distribution in R-SO,N(7)S0,-X
can be further broadened by introducing different electron-
withdrawing groups, such as -CF;, -Ph and -PhCF;. For
example, Zhang et al. presented a new series of polymeric
fluorinated aryl sulfonimide tagged (polyFAST) anions as side
chains, achieving high ionic conductivities (~10"* S cm ™" at 80
°C) when blended with PEO (Fig. 4a).** Nguyen and coworkers
designed a perfluoroether sulfonylimide based multiblock
copolymer by incorporating more fluorinated groups into
a polymer matrix, displaying ultrahigh ionic conductivity
(~107> S em™" at 30 °C) in the presence of ethylene carbonate
(EC) (Fig. 4b).** Indeed, the successful introduction of sulfony-
limide anions into the polymer matrix dramatically improved
the ion transport properties, contributing to significant
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Fig.5 Weakly coordinating borate anions. (a—d) Chemical structures of borate-based SIC polymer electrolytes. Black: polymer backbone; olive:

borate anion; orange: Li* cation.
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progress in developing high-performance SIC polymer electro-
lytes. In addition to fluorinated groups, bis(benzene sulfonyl)
imide anions have been widely studied due to the highly delo-
calized charge benzene rings at both ends. In 2014, Rohan et al.
synthesized lithium poly(4-styrene sulfonyl (phenylsulfonyl)
imide) (PSSPSILi) by consolidating bis(sulfonyl)imide anions to
polystyrene, and its ionic conductivity reached up to 1.1 x 103
S em™ ' at room temperature in the presence of an organic
solvent (Fig. 4c).* Cao and coworkers copolymerized lithium 4-
styrenesulfonyl(phenylsulfonyl)imide (SSPSILi) monomers with
maleic anhydride (MA) units to form SIC polymers, where the
dissociation of Li* cations can be further enhanced due to the
high dielectric constant and electron-withdrawing feature of
MA units (Fig. 4d).* With some amount of organic solvents,
a SIC polymer electrolyte blended with poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF-HFP) demonstrated a higher
ionic conductivity of 2.67 x 107> S cm " at 25 °C with a high
ionic selectivity of 0.98 in conduction.

2.1.4 Borate (-B"-) anionic groups. Fluorinated borate,
[B(CF3),]~, which is one of the classical WCAs, has been
attracting great attention due to its remarkable chemical,
thermal, and electrochemical stability,**® emerging as a prom-
ising counter anion for Li" cation transfer in organic solvents.*
In order to incorporate the chemically stable fluorinated borate
anions into a polymer matrix, endeavors have been focused on
developing borate derivatives being suitable for polymerization,
and two classes of borate derivatives have been introduced;
bis(oxaloto)borate and tetraphenylborate.*’~** In 2004, Sun et al.
incorporated lithium bis(allylmalonato)borate (LiBAMB) into
a comb-branch polyacrylate polymer via hydrosilylation to form
a network type SIC polymer electrolyte, exhibiting an ionic
conductivity of 3.5 x 1077 S cm ' at room temperature
(Fig. 5a).*” The optimization of the molar ratio of alcohol to
borate groups (-OH/-B) enables a higher ionic conductivity (~6

a b
1
N
0=?= o=s=
rir Li* ﬁ ril'Li‘
O—?=N—ﬁ—CF3 o=?=o
CF3 O CF3
d

O

View Article Online

Chemical Science

x 107° S em™") to be reached as well as an ultrahigh electro-
chemical working window (7 V) in the presence of propylene
(PC),” which was notable to achieve high voltage Li-ion
batteries with high energy density (Fig. 5b). Xu et al. synthesized
a lithium poly(4-vinylphenol) phenolate borate (LiPVPPB) SIC
polymer electrolyte, where phenol rings were connected to
borate atoms for further promoting the charge delocalization
via T conjugation (Fig. 5c).* Blended with PVDF-HFP, the
electrolyte showed a high ionic conductivity of 4.4 x 10°* S
em ! in the presence of EC/PC and the ion selectivity in
conduction could reach 0.91. However, it is noted that the B-O
bond is not stable and sensitive to moisture, which is a chal-
lenge for practical applications.” In comparison, tetraphe-
nylborate is more stable and its distribution of negative charge
can be further broadened due to the four electron-withdrawing
phenyl rings. In 2012, Liang and coworkers grafted different
types of tetraphenylborates onto polysiloxane to investigate the
effect of electron-withdrawing groups (Fig. 5d).*° It has been
shown that the electrolyte comprising borate anions with four
perfluorinated phenyl rings (—Ce¢F4(CsF5)sB) displayed the
highest ionic conductivity (1.3 x 1077 S em ' at 25 °C). In
addition, Van Humbeck et al. proposed a porous aromatic
frame (PAF)-based SIC interpretation network with borate
centers (Fig. 5e).>* The ionic conductivity of the perfluorinated
network (2.7 x 107* S em ™! at 28 °C) was approximately 10
times greater than that of its non-fluorinated analogue,
revealing that the affixation of fluorine groups to aromatic rings
in the vicinity of borate weakens the interaction between Li"
cations and borate groups.

2.2 Polymer matrices

2.2.1 Linear polymer matrices. Linear polymers have been
widely investigated as a framework in which anionic groups are
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Fig. 6 Polymer matrices for constructing SIC polymers. Chemical structures of SIC polymer electrolytes with (a and b) linear polymer matrices
and (c—e) branched polymer matrices. Black: anion and Li* cation; pink: polymer matrices.
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directly conjugated to the linear backbone to form SIC polymer
electrolytes. For example, anionic groups are anchored into the
linear polystyrene structure to produce poly[lithium(4-styr-
enesulfonyl)-(trifluoromethanesulfonyl)imide] (LiPSSTFSI)
(Fig. 6a), exhibiting an ionic conductivity of approximately 1.35
x 107* S em™" at 90 °C.*® The structure of the linear backbone
has a significant impact on not only the ion-conducting prop-
erties but also the mechanical properties of electrolytes. The
electron-donating polar groups on the backbone contribute to
either solvating Li" cations from anionic groups or providing
sites for intra- or inter-chain cation hopping,*=® so that the
flexibility of the linear backbone is a critical factor in engen-
dering ionic transport. Concomitantly, it is well known that the
short- and long-range interactions between neighboring mole-
cules in polymers determine their mechanical properties;*”
therefore, the mechanical strength of electrolytes can be
modified by the replacement of atomic units. Several
approaches, such as an introduction of flexible molecular units
or polar groups (e.g. -O-, C=0, and -N-), are implemented to
foster ionic transport in polymeric matrices, and the integration
of rigid units (e.g. benzene and heterocyclic groups) has been
employed to ensure mechanical strength to endure the expan-
sion/contraction of electrodes during battery operation. Typi-
cally, a siloxane (Si-O-Si) bond exhibits extraordinary dynamic
flexibility due to not only the oxygen skeletal atom unencum-
bered by the side group but also a large bond angle of 143° with
extreme deformability.”® Similarly, the ether (C-O-C) bond
sequence is known to be a little flexible compared to the C-C
covalent bond sequence.****' In 2013, Bouchet et al. took
advantage of such molecular flexibility while designing SIC
polymers. The polyether groups were introduced into an ABA
triblock-copolymer to systematically tune ionic conductivities,
where A corresponds to poly(styrene tri-
fluoromethanesulphonylimide of lithium) and B refers to PEO
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(Fig. 6b).” As a result, the ionic conductivity reached up to 1.3 x
107" S em™ " at 60 °C. With the adoption of MA groups in the
linear backbone of P(SSPSILi-alt-MA) alternating copolymer,
two polar carbonyl units in MA and the alternating structure
together facilitate dissociation as well as uniform distribution
of Li* cations along the chains, and the tensile properties of the
polymer were enhanced by rigid MA groups.**

2.2.2 Branched polymer matrices. The side chains tethered
to the linear backbone are beneficial to decrease the crystalli-
zation of polymer matrices due to increased steric resis-
tance,”** endowing the matrix with higher flexibility and
ultimately high ionic conductivity. Thus, the flexible matrices
form as a branched network consisting of functional side
chains (e.g. flexible or polar molecular units) conjugated to the
main linear backbone, and the immobilization of anionic
groups to the branched matrices made this material a SIC
polymer electrolyte. In 2013, Feng et al. designed a comb-like
copolymer, lithium poly[(4-styrenesulfonyl) (tri-
fluoromethanesulfonyl) imide-co-methoxy-polyethylene glycol
acrylate] (Li[PSTFSI-co-MPEGA]), by utilizing oligomeric
ethylene oxide (EO) segments as the side chains, resulting in the
suppression of the crystallinity and the increase of mobility
(Fig. 6¢).%° The branched matrix raised the ionic conductivity by
three orders of magnitude, and a maximum of 7.6 x 107 % S
cm ' at 25 °C was reached. Likewise, two monomers (2,2,3,4,4-
hexafluorobutyl methacrylate (HFMA) and 2-acrylamido-2-
methylpropanesulfonic acid (AMPS)) were polymerized to a pre-
irradiated polyvinylidene fluoride (PVDF) chain through graft
polymerization (Fig. 6d).°® The grafted HFMA blocks not only
reduce the crystallinity of the PVDF matrix but also facilitate the
dissociation of Li ions along the chains due to their strong
electron withdrawing fluorine groups. The PVDF based graft
polymers showed a comparatively high ionic conductivity of
2.08 x 107> S em™ ! at 30 °C. Finally, the anionic groups can be
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Fig.7 Network polymer matrices. (a—c) Chemical structures of SIC polymer electrolytes with network matrices. Iris: network polymer matrices;

olive: anionic center; orange: Li* cation.
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fixed at the end of the short side chains for further enhance-
ment of the ion mobility.*” Porcarelli et al. reported a poly(-
ethylene glycol) methylether methacrylate-co-poly(lithium1-[3-
(methacryloyloxy)propylsulfonyl]-1-(trifluoromethylsulfonyl)
imide), where anionic groups were introduced as part of the
functionalization at the end of side chains, displaying a high
ionic conductivity of 2.3 x 107° S em ™" at 25 °C (Fig. 6€).%
2.2.3 Network matrices. Network matrices have also been
widely investigated to promote the mechanical properties and
stability of SIC polymer electrolytes, while reducing their crys-
tallinity. Network polymers are composed of anionic group
nodes connected through linear linkers via covalent bonds.**
In 2019, Yu et al. prepared two SIC networks comprising tetra-
hedral X(OR),” (X = Al, B) anions as crosslinking centers and
soft fluorinated linkers (1H,1H,11H,11H-perfluoro-3,6,9-triox-
aundecane-1,11-diol, FTEG) (Fig. 7a), which were coated to
protect Li-metal anodes as an artificial solid-electrolyte inter-
phase.®® After crosslinking with dynamic Al(OR),” centers, the
soft fluorinated segments improved the flexibility of the chains,
further ensuring the flowability of the network. As a result, the
polymer network displayed a liquid-like behavior at a low
frequency, so that the dynamic SIC network (DSN) still remains
in good contact with the anode during cycling. It was shown
that the fluorinated chains were used to coordinate and tran-
siently stabilize Li ions, facilitating the transport of Li ions
along the fluorinated chains. Therefore, the ionic conductivity
of the DSN could reach 3.5 & 2.3 x 107> S em ™" at 25 °C without
the addition of a liquid plasticizer. Moreover, FTGE was less
chemically reactive, so that the stability of the network was
enhanced especially in the presence of a polar carbonate
solvent. It is noted that the distance between anionic groups
plays a significant role in efficient site-to-site Li-ion hopping
transfer. Shin et al. built an anionic porous aromatic framework
electrolyte consisting of weakly coordinating borate anion
nodes and crosslinkable linkers via nucleophilic substitution
(Fig. 7b).” In this network, the cation hopping distance could
be shortened due to its interpenetrated diamondoid network
structure. As a result, the network electrolyte displayed a high
lithium transference number (0.95) and a relatively high ionic
conductivity (1.5 x 10~* S em™') in the presence of minimal
liquid plasticizer (30 wt%). Instead of using covalent bonds to
form a network structure, Gan et al. synthesized a self-healing
SIC triblock polymer by copolymerization of poly(ethylene
glycol) methyl ether methacrylate (PEGMA), 2-(3-(6-methyl-4-
0x0-1,4-dihydropyrimidin-2-yl)ureido)ethyl methacrylate
(UPyMA), and SSPSILi, in which the network structure was

a) b)

O—(CH,CH,0),CHy

1
o"%%o
B b
m(OH,CH,C)—07 Y07 NO—(CH,CH,O0)m -

(I)—(CH2CH20)n'

0%~
B b
m(OH,CH,C)—07 Y07 NO—(CH,CH,0) S

Fig. 8
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established by hydrogen bonding of each branched polymer
(Fig. 7¢).” With the introduction of UPyMA chains, the network
electrolyte can be self-healed without any external stimuli after
getting damaged on account of the quadruple hydrogen
bonding between ureidopyrimidinone (UPy) groups, likely
contributing to addressing safety concerns in practical appli-
cations. Also, the PEGMA chains endowed the network with
comparative flexibility, resulting in a high ionic conductivity of
1.40 x 10 ° S em™ ' at 60 °C.

2.2.4 Others. Some special macromolecules are designed to
trap anions in electrolytes containing binary ions rather than
the fixation of anionic groups into polymer matrices. In contrast
to common SIC polymers, there are no tethered anionic groups
in macromolecules but Lewis acid groups or calixarenes are
employed to coordinate with anions for slowing down their
mobility. Mehta et al. designed a series of Lewis acid-based
anion acceptors by the introduction of boroxine rings (B;O3)
(Fig. 8a).” To obtain SIC electrolytes, a polymer host incorpo-
rating boroxine rings was mixed with lithium salts (e.g. LiCl and
LiCF5503) and such Lewis acid groups impeded the motion of
anions via Lewis acid-base interaction, providing Li-ion trans-
ference numbers in the range of 0.62-0.88 and a relative high
ionic conductivity of 1.6 x 107> S cm ™" at 30 °C. Secondly, calix
[2]-p-benzo[4]pyrrole (CBP) was incorporated into PEO electro-
Iytes as an anion acceptor, in which calixarene groups trap
CF5S0;" anions via hydrogen bonds (Fig. 8b).” The lithium
transference number increased from 0.23 to 0.78 with the
addition of CBP, indicating that CBP forms stable complexes
with CF3;SO;™ to inhibit the mobility of anions. Hybrid SIC
polymer electrolytes have been synthesized by grafting organic
blocks onto inorganic backbones as inorganic backbones (e.g.
polysiloxane,®*”® organic aluminate polymers,” SiO,,”””® and
Al,O; (ref. 79)) to increase the ionic conductivities and
mechanical properties of the composite. Siska et al. grafted
organic blocks containing trifluoromethylsulfonamide and
short oligoethers onto the polysiloxane backbone to yield SIC
polymer electrolytes, showing an ionic conductivity as high as
1.2 x 10°*S em ™" at 25 °C in an optimal anion/oligoether ratio
(Fig. 8c).”

2.3 Strategies for SIC membrane fabrication

In order to integrate SIC polymers into battery cells as a solid-
state electrolyte, it is necessary to be processable into
membranes with acceptable mechanical strength to ensure
proper function. A myriad of fabrication technologies have been
applied to facilitate a focused push towards membrane

¢)

U
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(a—c) Chemical structures of SIC polymer electrolytes with other polymer matrices.
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Fig. 9 Schematic illustration of membrane fabrication methods. (a) Casting method. (b) NIPS phrase separation. (c) In situ polymerization.
Reproduced with permission.®* Copyright 2020, American Chemical Society. (d) Electrospinning technique. Reproduced with permission.®®
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fabrication for full cell integration, and some successful
common methods will be summarized in the following section.

2.3.1 Casting. A casting method refers to the solidification
of a homogeneous solution, consisting of SIC polymer electro-
lytes and a suitable solvent, on an inert substrate (Fig. 9a), and
such methods currently dominate the membrane fabrication
technologies due to their low cost, universality, and operational
simplicity. For instance, Rolland et al. dissolved 10 wt% (PS-b-
P(OEGMA-co-MALI)) in tetrahydrofuran/methanol (50 : 50 vol%)
to generate a homogeneous solution, followed by casting onto
Teflon films.”” Evaporation of the solvent renders them to
freestanding membranes with a thickness ranging from 300 pm
to 1 mm, showing an ionic conductivity of 2 x 107> S em ™" at
room temperature. However, it is worth mentioning that the
evaporation speed usually has a strong effect on obtaining SIC
membranes of high quality and consistency. Therefore, an
optimal evaporation temperature and wind speed are always
needed to be kept. In some cases, the casting method is time-
consuming due to the slow evaporation process.

Sometimes, some additives (e.g. aromatic polybenzimidazole
(PBI),*® PVDF,* and PVDF-HFP***!) are also used to not only
enhance the mechanical strength of the membrane and but also
help the membrane formation.*® A self-standing membrane was
prepared by casting a solution mixture of polymeric lithium
tartaric acid borate (PLTB) and PVDF-HFP in dimethylforma-
mide (DMF) solvent.®” After the removal of trace DMF under
vacuum, there were no obvious cavities on the surface of the
membrane. It was also shown that the dense membrane
possessed a considerable tensile strength of 19 MPa under 53%
strain after the introduction of PVDF-HFP.

2.3.2 Phase separation. Compared with the -casting
method, phase separation has been aimed at the construction
of a porous membrane for better plasticizer uptake via capillary

13256 | Chem. Sci,, 2021, 12, 13248-13272

condensation,® which usually results in a higher ionic
conductivity of SIC membranes.?* In general, phase separation
methods can be categorized into three types: nonsolvent-
induced phase separation (NIPS), vapor induced phase separa-
tion (VIPS), and liquid-extraction induced phase separation
(LIPS).* In the NIPS process, the exchange of solvent basically
induces the phase separation. A homogeneous SIC polymer
solution is firstly cast into a substrate, and then the substrate is
immersed into a nonsolvent bath. The nonsolvent extracts the
solvent from the membrane, leading to the formation of a two-
phase structure in the membrane: polymer-rich phase (solvent
rich) and polymer-poor phase (solvent poor). After the removal
of the solvent, the polymer-rich and polymer-poor regions
become a polymer matrix and a pore, respectively (Fig. 9b).*
Zhang et al. prepared a homogeneous solution comprising
lithium poly(4,4’-dihydroxydiphenyl sulfone borate), PBI and
N,N-dimethylacetamide.®® The solution was cast on a glass slide
and then the sample was immersed in ethyl acetate immedi-
ately, yielding a highly porous membrane with a porosity of 92%
and plasticizer uptake capability up to 275%. In addition, the
tensile strength of the membrane reached 21.1 MPa, which was
higher than that of the commercial Celgard separator due to the
rigid aromatic polybenzimidazole. Secondly, the difference in
solubility gives rise to phase separation in the VIPS process,
contributing to the formation of phase-separated microstruc-
tures in the membrane.*>*****” Chen et al. firstly prepared an
interconnected microporous SIC membrane by the VIPS
process.®® Lithiated polymer ionomers and PVDF-HFP were
introduced into N-methyl-2-pyrrolidone (NMP) to yield
a homogeneous solution. The solution mixture was subse-
quently added dropwise onto a glass plate, and then the solvent
was slowly evaporated at 60 °C. PVDF-HFP was firstly sedi-
mented due to the low solubility in NMP, leading to the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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aggregation of lithiated polymers. After complete removal of
NMP, the aggregated lithiated polymers and PVDF-HFP collec-
tively constructed an interconnected microporous membrane,
facilitating the absorption of 151 wt% EC/DMC and reaching an
ionic conductivity of 5.2 x 10~* S em™" at 25 °C. Finally, the
LIPS process is also an effective way to improve the porosity of
the membrane.® During the LIPS process, some additives (e.g.
poly(ethylene glycol)) are firstly mixed with SIC polymers to
construct membranes and subsequently removed by liquid
extraction with a certain solvent, such as methanol and water,
producing highly porous membranes.*

2.3.3 In situ polymerization. In situ polymerization has
drawn lots of attention to construct a dense SIC polymer elec-
trolyte. Different from the casting method, the homogeneous
solution is composed of lithium salt monomers, photo-initia-
tors or thermal initiators, and some solvent. An ultraviolet (UV)
radiation or thermal process initiates the polymerization of
solution cast on a substrate, leading to a dense SIC polymer
membrane.*®* Especially, gel-type SIC polymer electrolyte
membranes can trap more plasticizers during polymerization
and have better compatibility with plasticizers due to the
molecular level mixing, inducing a higher ionic conductivity.*®
Besides, in situ polymerization can bring about a better inter-
face between electrolytes and electrodes in the process of direct
casting on the electrodes,*>** lowering interfacial resistance and
ultimately improving the ionic conductivity as well as stability
of the electrolytes. Liu et al. prepared a boron-centered fluori-
nated SIC precursor by dissolving lithium bis(fluoroallyl)malo-
nato borate with o,w-dienes, trimethylolpropane tris(3-
mercapto propionate) and 2,2-dimethoxy-2-phenyl-
acetophenone in a solvent mixture of PC, EC and fluoroethylene
carbonate (FEC).** The precursor was cast on a Teflon mold and
exposed to UV light to initiate the thiol-ene click reaction
(Fig. 9c) for 15 min, and the resulting crosslinked SIC polymer
membrane exhibits a Young's modulus of 383 kPa. In the
battery performance test, the SIC precursor was added dropwise
onto both the LFP cathode and Li metal to form SIC layers,
enabling a better interface between the electrodes and electro-
lyte. Subsequently, the cell displayed a remarkable cyclability
without significant degradation of capacity for 200 cycles.

2.3.4 Electrospinning. The electrospinning technique has
been used for generating a 1D porous nanofiber SIC membrane
exhibiting a good ionic conductivity and stable electrochemical
properties by taking advantage of its nanofibrous morphology,
including a high surface-to-volume ratio, porosity and flexi-
bility.®® Rohan et al. mixed PSSPSILi and polyacrylonitrile (PAN)
in DMF to fabricate a SIC nonwoven nanofabric membrane
using electrospinning (Fig. 9d).*® The diameter of the fibers was
in the range of 40-100 nm, which contributed to a large surface
area and porosity. As a result, the solvent uptake reached 700%
in a short time, leading to a high ionic conductivity of 3.9 X
10> S em ' at ambient temperature. It is noted that the
membrane also exhibited excellent electrochemical stability,
a wide working window (5.2 V), steady cycle life, and
outstanding performance at high C-rates, which correspond to
a full discharge of the theoretical cathode capacity C in n h.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

3. Three classes of SIC polymer
electrolytes

Driven by their promising remarkable performance for next-
generation lithium batteries, a wide variety of SIC polymer
electrolytes have been designed and synthesized in order to
possess higher ionic conductivity, better processability and
a longer lifetime. In terms of the state and molecular structure,
SIC polymer electrolytes can be roughly sorted into three cate-
gories as follows.

3.1 Solvent-free SIC polymer electrolytes

Solvent-free SIC polymer electrolytes can be defined as polymer
electrolytes without any organic solvent plasticizers. Li* cation
conduction in solvent-free SIC polymers primarily depends on
their polymeric characteristics, and it has been understood that
Li" cation conduction in solvent-free SIC polymer electrolytes
occurs in a consecutive mechanistic process.* First, Li" cations
coordinate with polar groups (e.g. -O-, -S-, and -N-) in the
polymer chains over the course of polymeric segmental motion,
facilitating the Li" cation dissociation from the anionic sites.
The Li" cations dissociated migrate through anionic site-to-site
hopping within the polymer matrix. Typically, the ionic
conductivities of solvent-free SIC polymer electrolytes are in the
range of 1077 to 10> S cm ' at elevated temperature,*** and
those polymer electrolytes outperform the conventional liquid
and gel electrolytes in terms of safety concerns.®*”

3.2 SIC gel polymer electrolytes

The ionic conductivity of solvent-free SIC polymer electrolytes can
be significantly improved at ambient temperature by introducing
a certain amount of organic solvent, forming SIC gel polymer
electrolytes. Polar organic solvents represent a high dielectric
permittivity and low viscosity, and hence organic solvents have
been found to facilitate ion dissociation in solid electrolytes.®”*®
EC, dimethyl carbonate (DMC), propylene carbonate (PC), and
gamma butyrolactone (GBL) have been used as organic plasti-
cizers in polymer electrolytes. At a low solvent loading (<33 wt%),
the solvated Li* cations transport by hopping coordination sites
in the polymer chain due to the lack of residual organic solvent
molecules in the electrolyte.”*'* With increasing the content of
plasticizers, the ion solvation and transport behaviors become
similar to those of liquid electrolytes.'** With the help of organic
solvents, the ionic conductivity of SIC gel polymer electrolytes
reached as high as 107> S em™" at room temperature, which is
much higher than that of solvent-free SIC polymer electrolytes
(usually less than 10> S cm™').**% However, the design of SIC
gel polymer electrolytes lays on a trade-off between high ionic
conductivity and low mechanical strength/safety concerns with
increasing solvent amount.

3.3 SIC poly(ionic liquid) (PIL) electrolytes

Ionic liquids (ILs) are molten organic salts (e.g. lithium bis(tri-
fluoromethanesulfonyl)imide, LiTFSI), which have been proven
to show a good thermal stability and electrochemical
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performance.**>'* Inspired by their remarkable features, pol-
y(ionic liquid)s (PILs) are designed to take advantage of both IL
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conductivities of SIC PIL electrolytes still cannot meet the
requirements of practical applications.

characteristics and properties of polymers. PILs consist of
polymeric backbones with IL species in the repeating unit, in
particular, and anion species are anchored into the polymer
backbone to foster the SIC PIL electrolytes. Porcarelli and
coworkers synthesized an ionic monomer of lithium 1-3-
(methacryloyloxy)-propylsulfonyl]-1-(trifluoromethanesulfonyl)
imide (LIMTFSI),*® which then reacted with PEGMA to form
a SIC PIL electrolyte by reversible addition-fragmentation
chain-transfer (RAFT) polymerization. The ionic conductivity of
the obtained SIC PILs reached up to 10> S em ™" at elevated
temperature (55 °C). Interestingly, SIC PILs were thermally
stable up to 170 °C even though they exhibited rubber-like and
wax-like behaviors, outperforming conventional liquid electro-

lytes in terms of thermal stability but evincing viable ionic | ludine but not limited to ioni ductivity. i lectivity 1
. . . including but not limited to ionic conductivity, ion selectivity in
conductivity for battery operation. In 2018, Porcarelli et al & vity, vity

further synthesized four novel ionic liquid monomers by conduction, the electrochemical stability window, galvanostatic
introducing a long, flexible and perfluorinated side chain.'** cycling, and practical performance in battery prototypes. The
Through copolymerization with PEGMA, the highest ionic electrochemical properties of the state-of-art SIC polymer elec-

conductivity of the SIC coPILs could reach 1.9 x 10 ®Scm ™" at trolytes are summarized in Table 1.
room temperature. Recently, Zhang and coworkers also tuned
the electronic and steric properties of anionic side chains in SIC
PILs to obtain a high ionic conductivity of ~10™*Scm ™' at 80 °C
when blended with PEO. However, the ionic

4. Electrochemical performance in Li
metal batteries

Ever since the conceptualization of the SIC polymer electrolyte in
1984,° most of the efforts have mainly concentrated on the
modification of anionic groups and polymer matrices to improve
the ionic conductivity. In recent years, a significant enhancement
in the ionic conductivity of SIC polymer electrolytes has shifted
the paradigm to investigate the requisite electrochemical prop-
erties for battery operation. In view of this, the requirement of
SIC polymer electrolytes for battery operation will be discussed in
the following parts according to their electrochemical properties,

4.1 Ionic conductivity

As electrolytes serve as the ionic pathway between electrodes,

lower leading to the determination of electron flow through an

Table 1 lonic conductivity, transference number, thermal stability, and electrochemical working window for the best performing SIC solvent-
free polymers, gel-polymers, and poly(ionic liquid)s reported to date”

Ionic conductivity

Thermal stability Working window

Type System oc(Sem™) T(°C) tuiv (9] (V vs. Li/Li") Ref.
Solvent-free LiPSTFSI + VIPS/PEO 8.4 x 1077 90 0.92 350 4.8 113
PDMS-g-MPA Li;,'/PEGMEMA;, 4.7 x 10°° RT 0.85 300 4.2 91
Crosslinked TFSI 1077 90 0.85 300 — 122
PolyFAST/PEO ~107* 80 ~0.8 — 5.0 M
poly(PEOMATFSI-Li") 1.6 x 107* 90 0.97 — >5.0 131
SICPE/PVAF-HFP 5.2 x 1074 20 0.90 385 4.6 81
PEOg-LiPCSI 1.6 x 107* 85 0.84 300 5.5 142
Gel LiBFSIE 8.4 x 10°* RT 0.93 240 5.2 117
LiBNMB 2.5 x 107° 22 ~1 200 — 123
ANP-5 1.5 x 1074 RT 0.95 290 4.5 70
PSI-PES-FPES-block copolymer >107° 30 ~1 300 5.0 42
LPD@PVDF 1.3 x 10°° 25 0.92 — 6.0 90
PILs PAGELS 1.5 x 107° 25 0.98 — — 106
Poly(PEGM)-b-poly(LiMTFSI) 1.2 x10°° 55 0.83 170 4.5 68
LiPSSTFSI/PEO 1.4 x107* 90 0.91 300 4.5 52
Poly(LiMTESI)/PEO copolymer 1.0 x 1074 70 0.91 315 4.0 168

¢ LiPSTFSI + VIPS/PEO: poly-lithium (4-styrenesulfonyl) (trifluoromethanesulfonyl)imide + poly 3-(1-vinyl-3-imidazolio)propanesulfonate/
poly(ethylene  oxide); PDMS-g-MPA  Li;,'/PEGMEMA;,:  poly(dimethylsiloxane)-g-lithium  1-[3-(methacryloyloxy)  propylsulfonyl]-1-
(trifluoromethanesulfonyl)-imide/poly(ethylene glycol) methyl ether methacrylate; crosslinked TFSI: 3-sulfonyl(trifluoromethane sulfonyl) imide
propyl acrylate ionic monomer based network; polyFAST/PEO: poly[(4-styrenesulfonyl) (trifluoromethanesulfonyl)imide]/poly(ethylene oxide);
poly(PEOMATFSI-Li"): poly(poly(ethylene oxide) methacrylate lithium sulfonyl (trifluoromethylsulfonyl)imide); SICPE/PVAF-HFP: lithium (4-
carboxyl benzene sulphonyl)imide polymer blended with poly(vinylidene fluoride-co-hexafluoropropylene); PEOg-LiPCSI: poly(ethylene oxide)/
lithium poly[(cyano)(4-styrenesulfonyl)imide]; LiBFSIE: (lithium bis(allylmalonato) borate)-pentaerythritol tetrakis(2-mercaptoacetate); LiBNMB:
lithium bis(non-8-enyl-malonato)borate polymer; ANP-5: lithium tetrakis(4-(chloromethyl)-2,3,5,6-tetrafluorophenyl)borate network polymer; PSI-
PES-FPES-block copolymer: lithium perfluorinated sulfonimide and nonpolar block copolymer; LPD@PVDF: lithium bis(allylmalonato) borate
polymer composited with electrospun poly(vinylidienefluoride); PAGELS: poly(allyl glycidyl ether-lithium sulfonate); poly(PEGM)-b-
poly(LIMTFSI):  poly(lithium 1-{3-(methacryloyloxy)propylsulfonyl]-1-(trifluoromethylsulfonyl)imide) and poly(ethylene glycol) methyl ether
methacrylate copolymer; LiPSSTFSI/PEO: poly[(4-styrenesulfonyl) (trifluoromethyl(S-trifluoromethylsulfonylimino)sulfonyl)imide]/poly(ethylene
oxide); poly(LIMTFSI)/PEO copolymer: poly(lithium 1-[3-(methacryloyloxy)propylsulfonyl]-1-(trifluoromethylsulfonyl)imide)/poly(ethylene oxide)
copolymer.
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Fig. 10
equivalent circuit model for ionic conductivity measurement (right).

external circuit, the capability of ion transport in the electrolyte
is one of the main criteria to determine the battery perfor-
mance. The ionic conductivity is a measure of the amount of
charge being moved in a given electric field. Ion mobility has
been characterized using the radiotracer diffusion technique'®
and pulsed-field gradient nuclear magnetic resonance (PFG-
NMR) measurements,'*® but such techniques are problematic in
specific cases where radioactive isotopes are hard to secure and
equipment access is limited due to high cost, respectively.
Therefore, alternating current (AC) impedance spectroscopy has
become a preferred method to determine the ionic conductivity
of electrolytes due to its universality. Once a low AC electric field
perturbates the ions across the electrolytes, ion transport is
reflected in the complex impedance as a function of frequency.
With the help of an equivalent circuit where parallel circuit
consisting of a resistance and constant phase element (CPE) is
connected with another CPE in series, ionic conductivity is

given as the inverse of resistance with geometrical

a Intrachain hopping

View Article Online

Chemical Science

l
0= —
RA
R: Resistance

CPE: Constant phase element
1 : Sample thickness
A : Sample area

-l
ik

lonic conductivity characterization. Representative Nyquist plot of an ionic conductor sandwiched with blocking electrodes (left) and its

consideration in the sandwiched configuration between two
blocking electrodes (Fig. 10).'°” Variable temperature conduc-
tivity is used for determining the activation energy of diffusive
ionic conduction in electrolytes, where hopping-type mecha-
nisms are valid (Fig. 11), and the temperature dependence of
ionic conductivity can be reasonably described by the following
equation:'****°

_Ea
ol = go €Xp (ﬁ) (1)
BT

where o, and E, are a pre-exponential factor and activation
energy, respectively. kgt and 7 indicate the Boltzmann constant
and temperature, respectively. At temperatures above the glass
transition point, the temperature-dependent ionic conductivity
no longer follows the Arrhenius behavior as ionic transport is
dominantly determined by the effective viscosity of the elec-
trolyte rather than a physical hopping barrier. Considering the
polymer viscosity decreasing with temperature, the more

Interchain hopping

Sy gw@;@_gg

Bonding anions

Fig. 11
diffusion, while anions are trapped.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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lon transport in a polymer electrolyte. (a) Intrachain hopping, (b) interchain hopping, (c) anionic site-to-site hopping, and (d) cation
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specific Vogel-Tammann-Fulcher (VTF) relation (eqn (2)) is
widely used to describe ion conductivity
electrolytes." '

in polymer

o= 4 exp( T:BTO) )

where A and B are pre-exponential factors, 7 is the temperature,
and T, is a reference temperature.

It has been known that the requisite ionic conductivity of the
electrolytes is approximately 107> S em™" for battery opera-
tion.™ The cation transfer in the electrolyte containing binary
ions exhibits minor contribution to the overall current, while
the ionic current in the SIC polymer electrolyte is mainly carried
by Li" cation transfer, which leads to lowering the requisite
ionic conductivity of SIC polymer electrolytes down to 10™* S
ecm~ 1. In order to achieve the target, many efforts have been
dedicated to amending solvent-free SIC polymers, SIC gel
polymers and SIC polyionic liquids, and two representative
approaches are summarized in Fig. 12, i.e. control over the Li"
cation affinity of anionic groups as well as the flexibility of
polymer matrices.®

The incorporation of varied anionic groups, such as
carboxylate, sulfonate, sulfonylimide, and borate anions, into
a polymer matrix is an intuitive and straightforward strategy to
modulate the ion dissociation, which plays an important role in
dictating the ionic conductivity. Weakening ion-pairing with
different anionic functional groups and electron-withdrawing
groups has been discussed in Section 2.1, so that we detail other
approaches to soften ion-paring of SIC polymer electrolytes. Lu
et al. employed monomeric zwitterion 3-(1-methyl-3-imidazolio)
propanesulfonate (MIPS) and polymeric zwitterion poly-3-(1-
vinyl-3-imidazolio)propanesulfonate (VIPS) to weaken the ion-
pairing between Li" cations and SIC poly(lithium 4-styrenesul-
fonate)/PEO and LiPSSTFSI/PEO electrolytes,"* as shown in
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Affinity
modulation
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Fig. 13a. In both polymeric systems, the ionic conductivity
increased by at least one order of magnitude with the addition
of zwitterions (Fig. 13b), reaching as high as 8.39 x 10">Scm ™"
at 90 °C. The exceptional ionic conductivity was attributed to the
enhanced dissociation of Li* cations in tandem with the plas-
ticization of polymer matrices by addition of zwitterions. Liquid
plasticizers, such as EC, DMC, FEC, and PC, have been shown to
facilitate not only ion dissociation,”™ but also polymer
segmental motion,">"® helping to rationalize the observed
high ionic conductivity in polymer electrolytes. Zhang et al.
polymerized the monomers of LiPSsTFSI, pentaerythritol tet-
rakis(2-mercaptoacetate) (PETMP) and pentaerythritol tetraa-
crylate to form a crosslinked network structured polymer,*” as
shown in Fig. 13c. The gel network polymer exhibited an
outstanding ionic conductivity of 0.84 mS c¢cm™ ' at room
temperature in the presence of EC/DMC plasticizer (Fig. 13d),
which is far beyond the requite ionic conductivity for battery
operation. Similarly, a Li-containing boron-centered fluorinated
SIC polymer gel electrolyte (LiBFSIE) showed a remarkable ionic
conductivity of 2 x 107* S em™" at 35 °C upon addition of PC/
EC/FEC plasticizer.* The incorporation of plasticizers to form
gel polymer electrolytes has significantly enhanced ion
conductivities,"®'® but large amounts of flammable organic
solvent give rise to safety hazards. Non-flammable ionic liquids
were introduced to take advantage of plasticizers without
sacrificing safety concerns. Wang et al. proposed a novel ion gel
polymer electrolyte consisting of poly(-
diallyldimethylammonium) bis(trifluoromethanesulfonyl)
imide (PDADMA TFSI), trimethyl(isobutyl)phosphonium bis(-
fluorosulfonyl)imide (P;41i4FSI), and lithium bis(fluorosulfonyl)
imide (LiFSI) (Fig. 13e), having a high ionic conductivity of 0.28
mS ecm ™" at 30 °C (Fig. 13f).”*® PFG-NMR measurement sug-
gested that the diffusion of anionic species was suppressed
somehow compared to Li' cation diffusion, resulting in the

Side chains of polymer matrix
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Number of side chains
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S ) )
S b —
BR Y »
Flexibility
modulation

Fig. 12 Approaches to increase conductivity. Navy indicates the modulations in ion-pairing, whereas pink corresponds to polymer flexibility
modifications. Purple describes the combination of affinity and flexibility changes.
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Fig. 13 Weakening ion-pair for enhanced conductivity. (a) Synthetic scheme of LiPSsTFSI/PEO electrolytes. (b) Arrhenius plot of LiPSsTFSI/PEO
electrolytes at differing temperatures in the absence and presence of zwitterions. (a) and (b) are reproduced with permission.** Copyright 2020,
Elsevier. (c) Schematic illustration of LIBFSIE and its chemical structure. (d) Nyquist plots of LiBFSIE at various temperatures. (c) and (d) are
reproduced with permission.*” Copyright 2020, Elsevier. (e) Schematic preparation procedure and pictures of SIC ion gel electrolytes. (f)
Temperature-variable ionic conductivities of SIC ion gel electrolytes with varying compositions, neat P111i4FSI and 3.8 M LiFSI. (e) and (f) are
reproduced with permission.?° Copyright 2017, Royal Society of Chemistry.

formation of a SIC polymer electrolyte even though the anionic
groups were not tethered into the polymer matrix. Indeed, the
polymeric ionomer host impregnating ionic liquids provided an
effective way to yield highly conductive polymer electrolytes
with improved Li* cation transport.

It is widely understood that cation migration occurs through
re-coordination along the polymer matrix,>»** and the
segmental motion of polymer provides either cation hopping
sites or a pathway for cations to be transported.*>*® Hence, the
importance of polymer flexibility has been recognized in the
enhancement of the ionic conductivity of SIC polymers. Zhao
et al. demonstrated a concept of accelerated segmental
dynamics in a polymer using both a flexible polymer backbone
and side chains (Fig. 14a).”* Softening the polymer backbone
improved the ionic conductivity by an order of magnitude while
a significant ionic conductivity enhancement was found by
grafting the flexible side chains, achieving a reasonable ionic
conductivity of 4.7 x 10°® S cm™' at ambient temperature
(Fig. 14b and c). The molecular structure-ionic conductivity
relationship of polymer networks comprising an acrylate poly-
mer backbone and PEO side chains was revealed in terms of the
degree of crosslinking and the side chain length (Fig. 14d).
Shen et al. found that a high degree of crosslinking sacrifices
ionic conductivity up to 60% of magnitude (Fig. 14e), whereas
ionic conductivity substantially increases with the side chain
length (Fig. 14f). Similar results were found in a SIC gel polymer

122

© 2021 The Author(s). Published by the Royal Society of Chemistry

electrolyte synthesized by thiol-ene crosslinking polymeriza-
tion of lithium bis(8-nonenylmalonato) borate and di-/tri-
thiols.”® As shown in Fig. 14g, the ionic transport was strongly
correlated with the network crosslinking density. Namely,
tightly crosslinked gels exhibit lower Li* cation conductivities
(0.82 x 107° S cm™") compared to gels possessing less cross-
linking density (their conductivity is 2.5 x 107° S cm ™) due to
the confined segmental motion of the polymer. Zhang et al.
conducted parametric studies to improve the ionic conductivity
of poly(solvate ionic liquid) (polySIL),** including the electronic
structure of the anionic sites, the inter-anionic group spacing,
and the molecular interaction with the solvation molecules/
segments (Fig. 14h). A systematic variation of the chemical
structure of poly SIL enabled us to disclose that an extension of
the distance between anionic sites provides higher conductivity.

4.2 Ion selectivity in conduction

Ion selectivity in conduction is termed the ion transference
number, and the lithium cation transference number (¢;) is
defined as the ratio of current carried by the Li* cation to the
total current across the electrode cell as shown in eqn (3).

I+
ILiJr + Lothers

(3)

I

where I;+ and Iypers Tepresent the current imparted by Li*
cation and other ion transport, respectively. The transference
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Fig. 14 Softening polymer matrices for conductivity improvement. (a) Schematic illustration of the flexible backbone and side chain concept to
improve the ionic conductivity of SIC polymer electrolytes. (b) lonic conductivity of poly(dimethylsiloxane)-g-lithium 1-[3-(methacryloyloxy)
propylsulfonyl]-1-(trifluoromethanesulfonyl)-imide (PDMS-g-MPA Li*) and poly(MPA Li*) at variable temperatures. (c) Arrhenius plot of PDMS-g-
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Chemical Society. (d) A cartoon and photograph of the gel electrolytes with different crosslinking densities. Temperature dependence of
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2021, American Chemical Society.

number has been determined by multiple structural and elec-
trochemical approaches. PFG-NMR is one of the typical struc-
tural characterization tools to obtain ion diffusion
coefficients,' but it is often challenging to use for solid state
electrolytes due to the extremely short transverse relaxation
time in solid state materials.”* Although electrochemical
characterization, including Hittorf, moving boundary, and

Table 2 Lithium transference number of lithium difluoro mono(-
oxalato)borate in a solvent mixture of ethylene carbonate and diethyl
carbonate determined by different methods. Reproduced with
permission.**® Copyright 2011, Elsevier

Method Concentration (M) it
Galvanostatic polarization 0.10 0.38 £+ 0.048
1.0 0.33 + 0.05
Potentiostatic polarization 0.1 0.38 & 0.006
Electromotive force 1.0 0.35 £+ 0.041
PFG-NMR 0.051 0.441 £ 0.0074
0.50 0.448 + 0.0074
0.70 0.451 £ 0.0074
0.83 0.456 £ 0.0074
0.93 0.458 £ 0.0074

13262 | Chem. Sci, 2021, 12, 13248-13272

electromotive force methods, has been successfully made to
determine the transference number in liquid electrolytes,*****”
they have been difficult to use for solid state ionic conductors.**®
Potentiostatic polarization methods monitor the current
changes upon small polarization across the electrolytes sand-
wiched with non-blocking electrodes (i.e. lithium electrodes for
the lithium ion transference number),"*® and they have become
the standard for solid state electrolytes owing to their capability
to apply to numerous material systems. Zugmann et al.
demonstrated that the transference numbers of liquid electro-
Iytes obtained from different measurement techniques are
comparable, as shown in Table 2."°

In SIC polymer electrolytes, the transference number has
been found to approach unity using structural and electro-
chemical techniques as the mobility of anions is limited by their
unique structural configuration. Buss et al. synthesized a SIC
polyionic liquid electrolyte by replacing small counterions with
poly(allyl glycidyl ether-lithium sulfonate) (PAGELS) anions,'*®
and the self-diffusion of PAGELS anion and Li" cation species
was characterized using 'H, '°F, and “Li PFG-NMR spectros-
copy. The diffusion coefficients of polyionic liquid electrolytes
were determined from the slope of the relationship between the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Diffusion coefficient (m%s)

lonic selectivity in conduction of SIC polymer electrolytes. (a) Integrated intensity of three proton NMR peaks of 0.5 M PAGELS solution,

and their self-diffusion coefficients. (b) Self-diffusion coefficients, measured by using PFG-NMR of the Li* (D,) and anion (D_) and the Li*
transference number. (a) and (b) are reproduced with permission.’*® Copyright 2017, American Chemical Society. (c) Representative DC voltage
step and resulting current response applied to a symmetric Li|electrolyte|Li cell during Li* transference number measurement. (d) Impedance
spectra and current decay curves for ANP-5 and binary ion conducting membranes before and after polarization. Reproduced with permission.”
Copyright 2019, Wiley. (e) Contour plots of electrolytes with different Li* diffusion coefficients. Reproduced with permission.*3! Copyright 2017,

American Chemical Society.

free diffusion echo signal attenuation (I/I) and experimental
parameters, which can be described as eqn (4):

I 262 2 46 3t
+= —v°0 A4+ —+ =
T exp( Y g( +3+2

where v is the gyromagnetic ratio of the observed isotopes , ¢ is
the length of the gradient pulse, 4 is the time between pulses,
and t is the gradient ringdown delay (Fig. 15a). The self-diffu-
sion coefficient of Li species was shown to be an order of
magnitude greater than that of 'H species in the PAGEL anions
(Fig. 15b), resulting in a high transference number in a range of
ti = 0.8-0.98.

The transference numbers acquired by electrochemical
methods have been shown to be extremely close to unity. In
general, the current decay is recorded over time under a small
applied potential (<100 mV) across a symmetric Li|electrolyte|Li
cell (Fig. 15¢). In a real system, the charge transport resistance
at the electrodes is affected by the applied potential, and thus in
order to account for this, the impedance spectrum was taken
before and after applying potential. Considering all the factors
above, the transference number can be calculated by using eqn

(5):

(4)

is AV — IR,

= ——— (5)

E AV — IssRss

where i and i, are the steady state current and the initial
current; R, and R, are the charge transfer resistances before
and after the application of the step voltage (AV).

© 2021 The Author(s). Published by the Royal Society of Chemistry

As non-blocking Li metal electrodes are employed to enable
Li" cation transfer at the interface, two processes are usually
observed in the Nyquist impedance plot (Fig. 15d top). The
higher frequency feature corresponds to the ionic resistance,
and the lower frequency feature represents the charge transfer
resistance of Li" cations crossing the electrolyte|Li(s) interface.
The transference number of the SIC network polymer developed
by Shin et al. was nearly unity (¢;+ = 0.9504) (Fig. 15d bottom),
rationalizing that lithium cations serve as the only mobile
species in a long range. In contrast, the transference number of
binary ionic conducting analogous was substantially lower (¢
= 0.636). Besides, Li et al. prepared a SIC homopolymer elec-
trolyte using click chemistry and photoinduced metal-free
atom-transfer radical polymerization.”** The monomer had
some degree of anionic mobility (¢;+ = 0.82), whereas anions
became highly localized to the immobile PEO domain of the
homopolymer, manifesting a high transference number (¢;+ =
0.95-0.99) (Fig. 15€).

4.3 Electrochemical stability window

Battery cell voltage is determined by the difference in chemical
potential between the anode and the cathode chose. Concur-
rently, unfavorable electrochemical reduction and oxidation of
electrolytes induce an increase in internal resistance at the
interface, leading to capacity loss. Thus, the selection of elec-
trodes is limited by the electrochemical stability of electrolytes;
the chemical potential of the anode should be located below the
lowest unoccupied molecular orbital of the electrolyte, whereas
the chemical potential of the cathode lies above the highest

Chem. Sci., 2021, 12, 13248-13272 | 13263
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occupied molecular orbital (HOMO) of the electrolyte for stable
battery operation.”** The electrochemical stability is an impor-
tant figure of merit for electrolyte study,’** and the electro-
chemical stability window is termed the voltage range in which
no obvious reaction occurs on the electrode. The electro-
chemical stability is determined at low scan rates to avoid
kinetic polarization using cyclic voltammetry with a three-elec-
trode configuration. Lithium plating and stripping allow
a reversible redox process at low potentials, while irreversible
oxidation is observed at a high voltage limit. The stability
window is defined as the distance between this reversible redox
process and any irreversible oxidation.

Binary ion-conducting electrolytes have been often found to
have a relatively narrow electrochemical stability window of 4-
4.3V (vs. Li/Li")***13® a5 the oxidation decomposition at the high
voltage limit is likely attributed to the presence of mobile
anions.”™® In contrast, in SIC polymer -electrolytes, the
stationary anions can only be oxidized at the electrolyte-elec-
trode interface and their strong electron-withdrawing capability
can further lower the HOMO level of the electrolyte,*****
affording improved electrochemical stability. For example,
Borzutzki et al. prepared a homopolymer-typed SIC polymer
electrolyte featuring a tethered anionic polysulfonylamide

a
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segment on the polymer backbone (inset of Fig. 16a),*" which
was utilized as a solid-state electrolyte in LiNi;;3Mn;;3CO4/30,
(NMC111)/Li cells. Polymer films with different weight ratios of
PVDF-HFP to the SIC polymers (1:1, 3:5, and 1:3) were
prepared for electrochemical studies. The SIC polymer films
with a 1 : 3 ratio show superior oxidative stability up to 4.6 V (vs.
Li/Li") (Fig. 16a). Yuan et al. designed a new SIC lithium poly
[(cyano) (4-styrenesulfonyl) imide] (LiPCSI) polymer with the
combination of PEO (inset of Fig. 16b)."*> The tailored PEOg-
LiPCSI exhibited a high oxidation potential (5.53 V (vs. Li/Li")),
due to the highly delocalized anion moiety and the oxidation
resistance of the cyano group (Fig. 16b). Not surprisingly, the
SIC PILs also possess a broad electrochemical stability window.
Porcarelli et al synthesized SIC block copolymer poly-
electrolytes comprising LIMTFSI and PEGMA blocks via RAFT
polymerization (Fig. 16c),*® showing a wide electrochemical
stability window up to 4.5 V (vs. Li/Li") (Fig. 16d). It is worth
noting that the electrochemical stability window characterized
with inert cathodes would not directly reflect the electro-
chemical stability in full battery cells.*** Resultantly, additional
half cell or full cell cycling is required to demonstrate the
electrochemical stability window.

3

0.08F o0=s=0

0.04

Current (mA)

0.00

-0.04 1 1 1 1 1
25 3.0 3.5 4.0 4.5 5.0 5.5

Potential (V versus Li'/Li)

0.04

0.03

T

0.02

T

0.01

0.00

T

-0.01 |

Current (mA cm)

o002l —— Anodic Scan #1
»»»»»» Anodic Scan #2

Cathodic Scan
-0.04 ' , : : ; 5

Potential (V versus Li"/Li)

-0.03 |

Fig. 16 Electrochemical stability window. (a) Electrochemical stability window of the corresponding blend SIC polymer electrolyte membrane
(inset: chemical structure of poly(4-carboxyl benzene sulphonyllimide). Reproduced with permission.®* Copyright 2019, Royal Society of
Chemistry. (b) Linear sweep voltammetry of LIPCSI from 2.5 to 5.8 V (vs. Li/Li*) (inset: synthetic scheme of LiPCSI). Reproduced with permis-
sion.**2 Copyright 2020, American Chemical Society. (c) Chemical structure of poly(PEGMA)-b-poly(LiIMTFSI) copolymers. (d) Electrochemical
stability window obtained by cyclic voltammetry for poly(PEGMA)-b-poly(LiMTFSI) copolymers. (c and d) are reproduced with permission.®®

Copyright 2016, American Chemical Society.
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4.4 Resistance to dendrite growth commences Li dendrite nucleation."***” The concentration

The growth of irregular lithium plating, referred to as dendrites, gradient can be given as follows:

is a major obstacle in the commercialization of Li-metal E _ Ju, ©)
batteries, resulting in catastrophic failures in battery cells. dx  eD(u, + i)

Fundamentally, the mechanism of dendrite growth has
remained uncovered due to the fact that lithium electrodepo-
sition is greatly varied with time and length scales.™*'** In
particular, Chazlviel and Brissot proposed space-charge theory,
in which a strong concentration gradient in a symmetric cell

where C and x refer to the Li salt concentration and distance
from the electrode. J, D, and e correspond to the effective elec-
trode current density, the ambipolar diffusion coefficient, and
the electronic charge, respectively. u,, and u;;+ are the anion and
Li" cation mobility. When dC/dx < 2C,/L, where C, and L
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Fig. 17 Resistance to dendrite growth. (a) Molecular architecture of the SIC multi-block copolymer. (b) Galvanostatic cycling of a symmetric
Lijcopolymer|Li cell at different current densities (left), and its long-term cycling test at 0.5 mA (right). (a and b) are reproduced with permission.*?
Copyright 2018, Royal Society of Chemistry. (c) Schematics of the synthetic process and structure of SIC LIBAMB-PETMP-DODT@PVDF polymer
electrolytes. (d) Galvanostatic lithium plating/stripping cycling of a symmetric cell at a current density of 0.5 mA cm™2. (e) Scanning electron
microscope images of the Li electrode surface from a Celgard cell (left) and LIBAMB-PETMP-DODT@PVDF cell (right) after the Li plating/stripping
cycling test. (c—e) are reproduced with permission.®® Copyright 2018, Wiley.
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indicate the initial Li salt concentration and inter-electrode
distance, respectively, the ionic concentration gradient remains
constant, which results in stable Li deposition. However, if dC/
dx > 2Cy/L, the anion concentration becomes very low in the
vicinity of the anode. As a large electric field is generated from
the excessive cations around the anode, the diverged potential
leads to the formation of dendrites. In SIC polymer electrolytes,
anion mobility is predicted to reach almost zero so that a low
concentration gradient and minimal dendrite growth have been
expected.

The dendrite growth suppression has been examined using
either galvanostatic polarization or the morphological method.
In the electrochemical approach, the symmetric Li|electrolyte|Li
cells are polarized at constant current densities, and then the
voltage response in the symmetric cells is monitored as the
resistance change derived by dendrite growth induces a signifi-
cant voltage drop. Nguyen et al. synthesized a nanostructured
multiblock SIC copolymer, partially fluorinated multiblock
copoly(arylene  ether  sulfone)s with lithium per-
fluorosulfonimide functional groups (Fig. 17a).** As shown in
Fig. 17b (left), the overpotential of the cell involving the SIC
copolymer slightly increased with increasing current and, after
cycling at each current density, the potential returned to the
original value, indicating good compatibility with Li electrodes.
The good compatibility with Li electrodes was further
confirmed by long-term cycling tests (Fig. 17b (right)). Deng
et al. prepared a SIC polymer membrane by facile coupling of
LiBAMB, PETMP, and 3,6-dioxa-1,8-octanedithiol (DODT) in an
electrospun PVDF supporting membrane via a one-step photo-
initiated in situ thiol-ene click reaction (Fig. 17¢).”® The resis-
tance to lithium dendrite growth was shown by the
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galvanostatic Li plating/stripping cycling test and analysis of the
morphology of Li metal electrode surface after cycling test. The
Li|electrolyte|Li symmetric cell maintains an extremely stable
and low overpotential without short-circuiting over a 1050 h
cycle at a density of 0.5 mA cm ™2 (Fig. 17d). Furthermore, the Li
electrode shows a very smooth and dense surface morphology
after the Li plating/stripping cycling test (Fig. 17e). Such an
outstanding resistance to dendrite growth has been universally
found in many SIC polymer studies.*>#%8390:117,148-156

4.5 Battery results

The practical performance of a SIC polymer electrolyte in
a battery prototype has been investigated in terms of battery
cycling and the retention rate of discharge capacity, which are
summarized in Table 3. Exceptional properties, such as long
cyclability and a high retention, rate are attributed in large part
to the high ion selectivity in conduction in tandem with
moderate ionic conductivity of SIC polymer electrolytes, which
minimizes the concentration gradient in the cells. Chen et al.
used poly(ethylene-co-vinyl alcohol) (EVOH) as the backbone
and grafted with lithium 3-chloropropanesulfonyl(tri-
fluoromethanesulfonyl)imide (LiCPSI) to synthesize the SIC
polymer (EVOH-graft-LiCPSI).**” A LiFePO,/Li half-cell inte-
grating a SIC polymer electrolyte was tested at room tempera-
ture. Fig. 18a presents the battery performances at different
discharge rates from 0.2C to 5C. The LiFePO,/Li cell delivers
a decreasing discharge capacity from 123 mA h g~ at 0.2C to 92
mA h g~' at 2C. Even at higher current rates, it still exhibits
a high capacity of 72 mA h g~ at 5C. The coulombic efficiency at
each C rate is close to 100%. Fig. 18b shows the long-term cycle
performance at 1C, after 500 cycles, and the discharge capacity

Table 3 Overview of various SICPEs applied in different types of batteries®

Specific capacity ~ Cycle Retention rate
Battery electrodes (anode|cathode)  Electrolyte Crate  (mAh g-1) life (%) Ref.
Li|LiFePO, LiPSTFSI + VIPS/PEO 0.1C 120.8 >50 >95 113
LiBFSIE 1C 133 >400 83 117
Li-PVFM 0.1C 136 >40 88 169
PDMS-poly(STF-Li"--PEGMA),,-PDMS,;,  0.1C 135 >100 91 170
ANP-5 0.5C 122 >100 99 70
PSMA-g-LiATFSI 1C 130 >1000 92 171
PLiSTFSI-PEGM-PEGDMA 0.2C 153 >100 92 91
Li|NMC532 Al-FTEG 0.5C 150 >160 85 69
Li|NMC111 Fluorinated polysulfonamide based SIC 0.1C 116 >100 84 81
Multiblock copoly(arylene ether sulfone)  0.2C 100 >230 >95 42
LilS Li-Nafion 1C 796.6 >100 89 161
PEMA-graft-LiATFSI 1C 909 >1000 85 162

“ LiPSTFSI + VIPS/PEO: poly-lithium (4-styrenesulfonyl) (trifluoromethanesulfonyl)imide + poly 3 - (1-vinyl-3-imidazolio)propanesulfonate/
poly(ethylene oxide); LiBFSIE: (lithium bis(allylmalonato) borate)-pentaerythritol tetrakis(2-mercaptoacetate); Li-PVFM: lithiated polyvinyl

formal; PDMS-poly(STF-Li'-r-PEGMA)20-PDMS10:  poly(dimethylsiloxane)-poly[lithium(4-styrenesulfonyl) ~ (trifluoromethane-sulfonyl) imide-
poly(ethylene  glycol) methacrylate]; ANP-5: lithium tetrakis(4-(chloromethyl)-2,3,5,6-tetrafluorophenyl)borate  network; = PSMA-g-
LiATFSI:poly(styrene-co-maleic ~ anhydride)-g-lithium  4-aminophenylsulfonyl(trifluoromethylsulfonyl)imide; PLiSTFSI-PEGM-PEGDMA:

polymerized lithium 4-styrenesulfonyl(trifluoromethylsulfonyl)imide-poly(ethylene glycol) methyl ether methacrylate-poly(ethylene glycol)
dimethacrylate; NMC532: Li(Nig sMng 3C04,)O0,; AI-FTEG: aluminium-1H,1H,11H,11H-perfluoro-3,6,9-trioxaundecane-1,11-diol; NMC111: LiNi,,
3Mn; 3C0,/30,; fluorinated polysulfonamide based SIC: polymer with —C(CF;), functional groups blended with poly(vinylidene fluoride-co-
hexafluoropropylene); multiblock copoly(arylene ether sulfone): fluorinated multi-block copoly(arylene ether sulfone)s bearing lithium
perfluorosulfonimide functions; Li-Nafion: Li-Nafion (tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octenesulfonic acid copolymer); PEMA-
graft-LiATFSI: poly(ethylene-alt-maleic anhydride)-graft-lithium 4-aminophenylsulfonyl(trifluoromethylsulfonyl)imide (LiATFSI).
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Fig. 18 Practical performances in battery prototypes. (a) Energy capacity of the LiFePO4EVOH-graft-LiCPSI electrolyte|Li cell at room
temperature over many charge/discharge cycles at various C rates. (b) Long term stability at 1C for 500 cycles. (a and b) are reproduced with
permission.**” Copyright 2018, Royal Society of Chemistry. (c) Rate capability of Li|LiIBAMB-PETMP/GBL|LiIFePO, cells. (d) Cycle performance at
1C. (c and d) are reproduced with permission.**® Copyright 2017, Elsevier.

still remains at 95 mA h g™, suggesting a 95% retention of the
initial discharge capacity. Similarly, Deng et al. synthesized
SICPEs by coupling of LIBAMB and PETMP via an in situ thiol-
ene click reaction in plasticizers.”® The cells showed excellent
rate capability at room temperature (Fig. 18c). At a 0.2C rate, it
delivered an extremely high capacity of 155 mA h g~ . Even at
a high rate of 5C, it maintained a steady capacity of 86 mAh g .
A capacity of 124 mA h g~' was maintained after 500 cycles at
a 1C rate, exhibiting long-term cycle stability with a capacity
retention of 91.2% (Fig. 18d).

Meanwhile, the lithium-sulfur battery is one of the most
promising battery technologies owing to its highest theoretical

energy density of 2600 W h kg™' and the abundance of raw
materials.”® Nevertheless, the practical applications of Li-S
batteries have been severely limited by their fast self-discharge,
short lifespan, and low coulombic efficiency caused by the
dissolution and diffusion of reduction intermediates.®® It is
crucial to suppress the diffusion of polysulfides for high-perfor-
mance Li-S batteries, and SIC polymer electrolytes can potentially
address the issues due to their high selectivity in ion conduction.
Gao et al. employed a lithiated Nafion membrane swollen with PC
(PC-Li-Nafion) as both the solid-state electrolyte and separator in
solid-state Li-S cells.’®* As shown in Fig. 19a, the rate capabilities
for the Li-S cells were optimized by increasing the amount of Li-
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Fig. 19 Performance in Li—S batteries. The rate performance (a) and the cycling behavior (b) of the Li|PC-Li-Nafion membrane|C-S cells. (a and
b) are reproduced with permission.*s* Copyright 2017, Elsevier. (c) Rate performance of Li|PEMA-graft-LIATFSI|S@PAN cells at various C rates and
(d) cycling performances at 1C for 1000 cycles. (c and d) are reproduced with permission.*s2 Copyright 2018, Royal Society of Chemistry.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci, 2021, 12,13248-13272 | 13267


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc04023e

Open Access Article. Published on 31 August 2021. Downloaded on 1/18/2026 5:26:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

Nafion resin to 40% in the cathode, which can be explained by the
balance between the ionic and electronic conductivities in the
cathode. Due to the better interfacial contact, the specific capacity
reached 895.3 mA h g ™" at 1C. As for the cycling performance of
the Li-S cell, a good capacity retention of 89% after 100 cycles at
a 1C rate can be achieved at 70 °C (Fig. 19b). Li et al. used lithium
4-aminophenylsulfonyl(trifluoromethylsulfonyl)imide (LiATFSI)
grafted with poly(ethylene-alt-maleic anhydride) (PEMA) to
fabricate a SIC (PEMA-graft-LiATFSI) polymer electrolyte.'*® The
electrolyte membrane showed an ionic conductivity of 0.216 mS
em ™' and a high lithium transference number of 0.94 at 25 °C.
Therefore, the Li-S battery prototype exhibited excellent rate
capacity (Fig. 19¢). In the cycling test, the discharge capacity can
be maintained at 780.8 mA h g~" at 1C even after 1000 cycles
(Fig. 19d), compared with a capacity of 443.3 mA h g™ for its
counterpart.

5. Conclusion and perspective

As demonstrated by Bolloré, solid-state batteries featuring
polymer electrolytes are poised to dominate the next-generation
battery market for achieving long range, fast charging, and
affordable EVs. The formidable challenges, such as low ion
selectivity in conduction, high cell polarization, and significant
safety hazards caused by dendrite growth, of conventional
polymer electrolytes have induced a conceptual shift away from
binary-ion conducting polymers toward SIC polymers. Ever
since the development of ion-selective polymers in 1984, SIC
polymers have been made of varying building blocks, such as
anionic groups (carboxylate, sulfonate, sulfonylimide, and
borate groups), polymer matrices (linear, branched, and
network polymers), and anion trapping macromolecules.
Several fabrication techniques, including casting, phase-sepa-
ration, in situ polymerization, and electrospinning, have been
employed to form a membrane for the integration of a SIC
polymer electrolyte into battery cells. To date, regardless of SIC
types, SIC polymer electrolytes have demonstrated a decent
ionic conductivity ranging from 107° to 107° S cm ™", excep-
tional selectivity for Li" cation conduction, a wide electro-
chemical window, and dendrite growth resistance. Significantly,
battery prototypes containing a SIC polymer electrolyte are
shown to outperform a conventional battery featuring polymer
electrolytes in terms of rate capability.

Although many efforts have been dedicated to boosting the
performance of SIC polymer electrolytes, the ionic conductivity
at room temperature and below is still unsatisfactory for their
practical applications. Furthermore, the interfacial contact
between the SIC polymer and electrodes during charging/dis-
charging has remained to be addressed for a longer cycle life.
On the basis of our understanding, future research needs to pay
attention to improving these properties as follows:

(1) Weakening the affinity to Li" cations has been found to
significantly facilitate ionic transport in the SIC polymer elec-
trolyte, and indeed the negative charge delocalization by elec-
tron-withdrawing groups promotes ionic transport at ambient
temperature. In addition, SIC polymer electrolytes possessing
weakly coordinating anions, such as sulfonylimide and borate

13268 | Chem. Sci, 2021, 12, 13248-13272

View Article Online

Perspective

groups, have been shown to reach a high ionic conductivity of
107" S em ™. In this sense, the implementation of other weakly
coordinating anions, e.g. aluminate anions (Al(OC(CFs)s), ),
phosphate anions (PFs ), and chlorate anions (ClO, ), with less
binding affinity to Li" cations might be a promising route to
further improve the ionic conductivity. For example, the
aluminate anion, Al(OC(CF;)3); , has been found to isolate
highly reactive cationic species, indicating that it possesses
a weaker binding affinity compared to tetrakis(penta-
fluorophenyl)borate, B(C¢Fs), .**

(2) The short distance between anionic centers has been
predicted to be a critical factor for efficient site-to-site Li* cation
hopping,”>** but there has usually been a trade-off between
sufficient proximity and polymer flexibility. Therefore, the key
and challenging design routes in future are lowering the
distance of Li" cation hopping, while maintaining the
segmental motion of polymer chains for Li" cation solvation/
desolvation. A fractal structure might be very effective for
promoting polymer flexibility without increasing the anionic
center distance. A network polymer matrix may prove to be
a good platform to achieve both proximity and high polymer
flexibility due to its interpenetration structure.’>”°

(3) During lithiation and delithiation, all active electrode
materials undergo volume changes. The intercalation elec-
trodes such as graphite and cathodes exhibit a volumetric strain
of <13% upon full lithiation,'** and the volumetric change can
reach up to 400% (ref. 165) and is infinite* for silicon and Li
metal electrodes, respectively. In particular, Li metal is pre-
dicted to experience a thickness change of tens of micrometers,*
causing severe damage to the interface between the solid elec-
trolyte and electrodes. Given that the adhesion feature has been
found to decrease dramatically when the shear modulus
exceeds a few MPa,'**'*” the softness and elasticity of the SIC
polymer electrolyte must be considered to maintain a direct
contact with electrodes.

We anticipate that all these efforts will speed up the boosting
of the requisite properties of SIC polymer electrolytes for battery
operation, and the integration of SIC polymer electrolytes shows
promise for commercial all-solid-state batteries in the near future.
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