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Single-ion solid polymer electrolytes by design:
chemistries, architectures and functional trade-offs
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This review highlights recent advances in single-ion polymer electrolytes (SIPEs), with particular emphasis
on how molecular design, through tailored chemistries, macromolecular architectures, and controlled
morphologies, governs their structure—property relationship. We examine emerging strategies that link
stability to specific molecular and
supramolecular features, providing an overview of the most recent developments in the field. In parallel,

ion transport, mechanical behavior, and electrochemical
a growing shift toward a holistic approach in materials design is noted, where SIPEs are increasingly
evaluated not only as fundamental ion-conducting systems but as multifunctional materials capable of
integration into practical devices. By connecting molecular engineering with processing considerations

and long-term functionality, this review outlines how SIPE research is evolving toward materials-oriented

rsc.li/materials-a

1. Introduction

As global interest in cleaner energy systems continues to grow,
technological innovation has become a central driver in
shaping the future of power generation. Renewable-energy
technologies such as solar, wind, and tidal power are
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solutions that support their translation into robust, high-performance technologies.

advancing rapidly, increasing their accessibility and acceler-
ating their deployment worldwide."* However, the variable
nature of these resources introduces challenges for maintaining
consistent and reliable electricity. Addressing these fluctuations
requires equally rapid progress in energy-storage technologies.
The need is particularly evident in the transportation sector,
where the expanding adoption of electric vehicles demands
lightweight, safe, and high-energy-density rechargeable
batteries.> As more industries transition toward electrification,
developing next-generation battery technologies has become
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essential for supporting a stable and adaptable energy
landscape.

Solid polymer electrolytes (SPEs), formed by dissolving
lithium salts in polar polymer matrices without the use of
volatile organic solvents, represent a promising pathway toward
safer and more versatile batteries. Their resistance to leakage
and flammability, coupled with the ability to tune mechanical,
thermal, and ion-transport properties through polymer design,
has positioned SPEs as strong candidates for future lithium-
based electrochemical systems.*” Within this class, single-ion
polymer electrolytes (SIPEs) have emerged as particularly
compelling.®*® Unlike conventional dual-ion polymer electro-
lytes, in which both cations and anions migrate during opera-
tion, SIPEs incorporate the counter anion directly into the
polymer backbone. This structural tethering immobilizes the
anion, leaving lithium ions as the sole mobile charge carriers,
which provides significant improvements. The ideal lithium-ion
transference number, ¢+, approaches unity in SIPEs, whereas in
dual-ion systems it typically remains near ~0.2. In such dual-
ion systems, preferential solvation of Li" creates a relatively
bulky coordination shell that diffuses more slowly than the free
counter anion."** This imbalance results in substantial anion
mobility and, consequently, pronounced concentration polari-
zation at the electrodes. Such polarization increases cell resis-
tance, shortens cycle life, and accelerates dendritic lithium
growth, one of the primary failure mechanisms in lithium-
metal batteries. By suppressing anion mobility, SIPEs offer
a route to mitigate these limitations and enable more stable,
high-performance operation.**"

Despite significant progress, several key challenges continue
to limit the practical implementation of SIPEs. These include
the intrinsic trade-off between ionic conductivity and mechan-
ical robustness, limited interfacial stability with lithium metal
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and high-voltage cathodes, and difficulties in achieving proc-
essability and scalability without compromising performance.
In addition, the strong coupling between ion transport and
polymer segmental dynamics, as well as the complex interplay
between anion chemistry, polymer polarity, and morphology,
complicates the rational design of high-performance systems.
In this context, a comprehensive framework that connects
molecular design to macroscopic properties is needed.

To address these challenges, growing interest in SIPEs has
driven rapid development of molecular, structural, and
materials-based design strategies aimed at optimizing perfor-
mance. In this review, we organize recent advances by molec-
ular architecture, distinguishing between linear and non-linear
polymer systems (Fig. 1). For linear SIPEs, we focus on how
chemical structure governs key material properties, including
ion-pair dissociation, counter anion identity and stability,
polymer polarity and miscibility, segmental mobility, and
crystallization behavior. In contrast, non-linear architectures,
such as grafts, stars, nanoparticles, and networks, are often
designed to manipulate morphology, mechanical robustness,
processability, or the decoupling of ion transport from
segmental dynamics. These more complex systems are there-
fore categorized according to their design rationale and the
functional objectives they aim to address.

2. Linear polymer systems: structure—
property relationship in SIPEs

The following section classifies linear single-ion polymer elec-
trolytes according to their underlying chemical frameworks,
reflecting how backbone composition and functional group
chemistry dictate ion transport and mechanical behavior. In
these systems, Li" transport generally proceeds through
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Fig. 1 Schematic representation of recent developments in single-ion polymer electrolytes (SIPEs), organized by molecular architecture into

linear and non-linear polymer systems.

coordination with polar sites on the polymer chains and
migration assisted by local segmental motion, making ion
mobility closely coupled to polymer dynamics and the flexibility
of the amorphous phase.*'*'>'® By examining distinct polymer
families, the discussion highlights how variations in molecular
structure, such as backbone rigidity, polarity, and the nature of
the tethered anion, govern key structure-property relationships.
This chemistry-based organization provides a foundation for
understanding how targeted molecular design can balance
conductivity, stability, and mechanical performance in linear
SIPE systems.

2.1 Polystyrene-based SIPEs

A widely used strategy to enhance lithium transport in single-
ion polymer electrolytes is to replace semicrystalline poly(-
ethylene oxide) (PEO) with fully amorphous analogs, thereby
improving segmental mobility. Ghorbanzade et al' imple-
mented this approach by substituting PEO with poly(propylene
oxide) (PPO), which remains amorphous due to its pendant
methyl groups. When blended with PPO segments and
combined with a plasticizer and low levels of lithium salt
dopant, without forming a conventional salt-in-polymer system
(Fig. 2a), the polystyrene-based single-ion polymer electrolyte

This journal is © The Royal Society of Chemistry 2026

(PSTFSILi) demonstrated nearly twice the ionic conductivity
compared to the pristine material. However, at higher salt
loadings, mechanical instability and phase separation emerged,
highlighting the delicate balance between conductivity
enhancement and morphological stability. Building on this
theme of facilitating ion motion, Kondou et al.*® investigated
solvent-assisted transport using lithium poly(-
styrenesulfonyl(trifluoromethanesulfonyl)amide) (PSTFSLi) in
ethylene carbonate/dimethyl carbonate (EC/DMC) mixtures
(Fig. 2b), to facilitate ion motion. In low-polarity blends,
conductivities exceeding 1 mS cm ™" (at 30 °C) were observed at
high salt concentrations, with low activation energy indicating
efficient ion hopping. Notably, full-cell tests with LiFePO,
cathodes demonstrated stable cycling and excellent rate capa-
bility, attributed to reduced interfacial resistance within the
optimized solvent environment.

While solvent-based approaches can enhance ion mobility,
more durable improvements have arisen from tailoring polymer
structure. Zhao et al.*® systematically investigated copolymers of
STFSILi with comonomers ranging from flexible, nonpolar units
to polar, high-dielectric groups (Fig. 2c). Precise compositional
control was achieved through RAFT polymerization, revealing
that nonpolar segments led to poor miscibility and low
conductivity, whereas strongly polar groups increased the glass
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Fig. 2 Overview of the chemical structures of polystyrene-based single-ion polymer electrolytes discussed in Section 2.1. The highlighted
regions indicate the pendant ion-bearing groups, emphasizing the structural variations in the ionic moieties attached to the polymer framework.

transition temperature and restricted chain motion. The study
concluded that effective SIPEs require not only appropriate
polarity but also charge delocalization and strong miscibility
between conducting and plasticizing domains to maintain a low
T, and promote efficient ion transport. Another strategy was
demonstrated by Shao et al.,** who developed styrene-based
BAB-type triblock copolymers incorporating PEO segments
within the backbone (Fig. 2d). Using PEO as a macroinitiator
followed by ATRP of lithium (N-tetrafluorophenyl)tri-
fluoromethanesulfonamide (TfnPFS), precise control was ach-
ieved over the ionic content. Notably, excessive ionic loading
([EO]:[Li] = 88) diminished conductivity due to aggregation,
whereas an intermediate composition ([EO]:[Li] = 40) exhibi-
ted enhanced conductivity, particularly at elevated tempera-
tures where PEO became fully amorphous (5.7 x 10" ° and 9.7 x
107°S ecm™" at 70 and 90 °C, respectively).

Attention has also turned to anion design, aiming to reduce
fluorine content while enhancing electrochemical stability.
Yuan et al.”* introduced a cyano-substituted, charge-delocalized
anion (PCSILi) that improved stability and mitigated environ-
mental concerns associated with fluorinated sulfonyl groups
(Fig. 2e). When blended with PEO, the resulting electrolyte
exhibited mechanical flexibility, high thermal stability (>300 °
C), and a low glass transition temperature, achieving a lithium-
ion transference number of 0.84 and an extended electro-
chemical window up to 5.5 V. Long-term cycling was

J. Mater. Chem. A

maintained for hundreds of hours without short-circuiting, and
full cells demonstrated stable capacity retention. Advancing
charge delocalization further, Martinez-Ibafiez et al.** developed
a fluorine-free, dicyano-substituted polyanion, lithium poly(4-
styrenesulfonyl)(dicyano)methide (PSDMLi) (Fig. 2f). This
polyelectrolyte, synthesized via free-radical polymerization,
achieved a lithium transference number as high as 0.95 while
retaining good thermal stability. Computational analysis
corroborated the experimental findings by showing that all
fluorine-free systems exhibit lower Li" dissociation energies
compared to conventional fluorinated analogues. While this
confirms that charge delocalization contributes to ion mobility,
the results also highlight that anion flexibility and polymer
segmental motion are decisive factors governing the overall
ionic conductivity.

Overall, polystyrene-based SIPEs show that conductivity can
be improved through multiple, partially complementary levers:
suppressing crystallinity, increasing segmental mobility,
promoting charge delocalization, and optimizing miscibility
between conducting and plasticizing domains. Across these
studies, the most effective systems are not simply the most
polar or the most highly functionalized, but those in which
anion chemistry and local chain dynamics are tuned together.
Fluorine-free charge-delocalized anions emerge as particularly
promising because they can preserve high t;;- and electro-
chemical stability while reducing environmental concerns,

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Overview of the chemical structures of methacrylate-based single-ion polymer electrolytes discussed in Section 2.2. The highlighted
regions denote the pendant ion-bearing groups, illustrating the structural diversity of the ionic moieties linked to the polymer framework.
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although conductivity still remains strongly dependent on
backbone flexibility. Thus, for this family, the key structure-
property lesson is that ion dissociation alone is insufficient
unless accompanied by adequate segmental motion and
morphological stability.

2.2 Polymethacrylate-based SIPEs

Liu and Schaefer et al.*® investigated the impact of tethering TFSI
anions to various polymer backbones through a 10-methylene
spacer to intentionally promote ion aggregation (Fig. 3a). Poly-
styrene copolymers self-assembled into lamellar ionic domains
via phase separation, whereas their acrylate and methacrylate
counterparts formed only disordered clusters. Consequently,
methacrylate-based SIPEs, despite their chemical versatility,
exhibited the lowest conductivity due to strong lithium-backbone
interactions. Dielectric analysis revealed that ion transport was
governed more by the organization and relaxation of ionic groups
than by the overall backbone mobility, underscoring the crucial
influence of local polarity and rigidity.

To highlight the critical role of anion chemistry, Mei et al.**
compared sulfonylimide and sulfonate lithium methacrylate
comonomers in PEG methacrylate copolymers synthesized via
RAFT polymerization (Fig. 3b). Sulfonylimide copolymers
exhibited significantly higher conductivity and diffusivity,
despite their higher glass transition temperatures, owing to
charge delocalization that mitigated ion aggregation. In
contrast, sulfonate analogues benefited from lower T, but
suffered from stronger ion pairing. These trade-offs demon-
strate that segmental mobility alone is insufficient without
careful anion design to balance conductivity and thermal
properties. The interplay between ionic content and
morphology was further elucidated by Kadulkar et al.,” who
synthesized solvent-free SIPEs through copolymerization of
poly(ethylene glycol) methyl ether acrylate (PEGMEA) with
various lithiated anions (Fig. 3c). Adjusting the ratio of ionic
groups to PEG side chains generated distinct transport regimes:
at low ionic concentrations, lithium ions migrated via vehicular
co-diffusion with the polyanion, whereas higher loadings facil-
itated ion hopping through interconnected aggregates.
Morphology remained a key determinant; acrylic acetate (AA)
copolymers exhibited phase-separated domains, while meth-
acrylate-propyl(trifluoromethanesulfonyl)imide (MPTFSI) and
2-acrylamido2-methylpropanesulfonate (AMPS) systems main-
tained more uniform dispersion. Nonetheless, ion transport
remained strongly coupled to polymer segmental dynamics.

In an effort to decouple ion transport from polymer
dynamics, Yang and Epps et al.*® blended rigid PMTFSILi with
flexible poly(oligo-oxyethylene)methyl ether methacrylate
(POEM) to engineer a system that balances structural rigidity
and chain mobility (Fig. 3d). This approach traded morpho-
logical simplicity for enhanced performance: the rigid compo-
nent introduced packing frustration, creating additional free
volume for ion hopping, while the flexible POEM preserved
segmental motion. The resulting materials exhibited high ionic
conductivity (~107> S em™" at 150 °C), a lithium-ion trans-
ference number of ~0.9, and broad electrochemical stability.
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However, the effectiveness of this strategy depended on careful
compositional tuning: excessive rigidity reduced processability,
whereas excessive flexibility diminished free volume. The blend
approach thus provided a controlled means of decoupling ion
transport from segmental dynamics.

Building on the principles of controlled self-assembly,
Chouirfa et al* employed polymerization-induced self-
assembly (PISA) to synthesize nanostructured block copoly-
mers comprising PEGMA and MASTFSILi segments, followed by
a polystyrene block (Fig. 3e). The resulting spherical aggregates
were tunable via the length of the polystyrene block, and AFM
characterization revealed short-range nanodomains (of
approximately 44 nm) within the hydrophilic regions. However,
these disordered nanostructures alone did not support efficient
ion transport; well-defined nanochannels formed only when the
materials were blended with preassembled triblock copolymers.
This work demonstrated that precise self-assembly can create
ion-conducting pathways unattainable in random copolymers,
emphasizing morphology as a design opportunity. Lozinskaya
et al.”® highlighted the interconnected roles of morphology and
mechanical integrity using triblock copolymers composed of
conductive lithiated methacrylate, polar (ethylene glycol)methyl
ether methacrylate (PEGM), and rigid 2-phenylethyl methacry-
late (PhEtM) segments (Fig. 3f). With increasing molecular
weight, the morphology transitioned from cylindrical to
lamellar structures, the latter providing simultaneous
improvements in ionic conductivity and mechanical robust-
ness. The best-performance material achieved a conductivity of
3.8 x 1077 S em™* at 25 °C and a lithium-ion transference
number of ~0.96 at 70 °C, while maintaining a high storage
modulus. In contrast to random copolymer systems, synthe-
sized in the same study, these ordered lamellar domains sup-
ported stable cycling in Li-metal cells, although the overall
conductivity remained moderate, relative to more flexible
systems. Zhang et al.*® investigated symmetric diblock copoly-
mers composed of poly(OEGMA) and poly(OEG-propyl sodium
sulfonate methacrylate) (Fig. 3g), systematically varying the
ionic content to examine its effect on morphology. Small-angle
X-ray scattering (SAXS) revealed a sequence of structural tran-
sitions, from spherical to cylindrical to lamellar domains, as
ionic content increased, each transition enhancing the
connectivity of ion-conducting channels. Thus, it was demon-
strated that increasing charge density and precisely tuning
block ratios can promote the formation of continuous transport
pathways, underscoring the critical influence of molecular
architecture on ion conduction. Further advancing block
copolymer design, Lozinskaya et al* synthesized diblock
systems comprising a rigid 2-phenylethyl methacrylate (PEM)
segment and an ionic block of lithium methacrylate-sulfoni-
mide (LiM/MASTFSILi) statistically copolymerized with
(ethylene glycol)methacrylate (PEGM) (Fig. 3h). Incorporating as
little as ~7 mol% MASTFSILi induced lamellar self-assembly
with an interlayer spacing of approximately 28 nm. Although
the ionic conductivity was modest (~10~7 S cm™' at room
temperature), it was tunable over four orders of magnitude
through variation of the block ratio and MASTFSILi content
reaching 4.2 1077 S em ™" at 25 °C.

This journal is © The Royal Society of Chemistry 2026
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Complementary strategies have also emerged through
blending and additive optimization. Wen et al** combined
lithiated methacrylate sulfonylimide with vinyl ethylene
carbonate (VEC), incorporating poly(vinylidene fluoride) (PVDF)
to enhance mechanical strength and succinonitrile as a plasti-
cizer. This formulation achieved a balanced performance, with
conductivity of around 10" S em ' at room temperature,
electrochemical stability exceeding 4.5 V, and a high lithium-
ion transference number of 0.93. Functional groups such as
carbonyl and cyano-moieties coordinated lithium ions, sup-
porting stable cycling in LiFePO, cells and suppressing dendrite
formation. This multi-component strategy effectively reconciled
the trade-off between mechanical reinforcement and ionic
transport, extending beyond structural design alone.

Introducing a distinct approach, Guzman-Gonzalez et al.*
developed methacrylic backbones bearing pendant borate
groups (Fig. 3i). The choice of substituent critically influenced
performance; ethylene glycol-substituted borates provided the
optimal balance, reaching a conductivity of 1.65 x 10™* S em™"
at 60 °C, a transference number of 0.93, and stability up to 4.2 V.
A crosslinked gel derivative further enhanced conductivity and
enabled stable lithium cycling. In contrast, less solvating
substituents restricted ion motion, underscoring the direct
impact of pendant group chemistry on electrolyte performance.

Finally, Liang et al.*®* advanced polysiloxane-based SIPEs by
grafting MASTFSILI units onto polymethylsiloxane via thiol-ene

A=

b. PS-6-(PEO-co-PTFSAEGELI)
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a. Substituted polyether
Hatokeyama-Sato et al.34
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chemistry (Fig. 3j). Blending with poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) and incorporating carbonate
plasticizers yielded free-standing membranes exhibiting
conductivities of ~0.4 mS cm™" at 20 °C and ~0.8 mS cm ™" at 40
°C, together with a wide electrochemical window (>4.8 V). Both
symmetric Li|Li and full LiiNMC cells demonstrated stable
cycling and high-rate capability, in some cases outperforming
liquid electrolyte counterparts at elevated currents. This work
highlighted the promise of polysiloxane backbones as flexible
yet mechanically robust hosts for high-performance solid
polymer electrolytes.

In methacrylate-based SIPEs, ion transport is governed by
a delicate interplay among anion identity, local polarity, and
mesoscale morphology. The studies discussed here collectively
show that sulfonylimide-type anions generally outperform more
localized sulfonate motifs, while ordered morphologies such as
lamellae or continuous ionic nanochannels can improve both
transport continuity and mechanical integrity. At the same time,
excessive rigidity, overloading of ionic groups, or poorly
controlled self-assembly can suppress mobility and reduce
processability. Therefore, the main design lesson for methacry-
late systems is that chemical versatility alone does not guarantee
performance; rather, the most successful materials combine
charge-delocalized anions with controlled phase organization
and sufficient local free volume to support lithium motion.

c. TEG/TFSI grafted polyether \\\

Lee et al.36 X

\O \

D

o

1L

o

'\Po

o

§
:

o S
H >
o /8
J
|
o Li" °N
| 1 !
O=S=0 /
1
CFs /
’/

Fig.4 Overview of the chemical structures of polyether-based single-ion polymer electrolytes discussed in Section 2.3. The highlighted regions
mark the pendant ion-bearing groups, highlighting variations in the ionic groups.
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2.3 Polyether-based SIPEs

Polyether backbones offer exceptional segmental flexibility, low
glass transition temperatures, and strong lithium-ion coordi-
nation, making them foundational to the design of single-ion
polymer electrolytes (SIPEs). Among them, poly(ethylene
oxide) (PEO) is most commonly employed as a neutral, Li'-
coordinating domain, whereas anionic functionalities are typi-
cally immobilized on more rigid polymer backbones or
mechanically reinforcing segments, rather than on the poly-
ether chain itself. However, the high crystallinity of PEO
severely limits ionic conductivity under ambient conditions,
and its poor mechanical integrity at elevated temperatures
poses additional challenges. These limitations have driven the
development of alternative polyether architectures that
suppress crystallization and improve mechanical robustness, as
well as design strategies in which PEO itself is functionalized to
serve as the anion-bearing backbone, enabling tighter control
over anion localization, ion-polymer interactions, and overall
single-ion transport efficiency.

Hatakeyama-Sato et al.** grafted TFSILi or imidazolium
groups onto a poly(allyl glycidyl ether) backbone via thiol-ene
chemistry, achieving low glass transition temperatures (<0 °C)
and room-temperature ionic conductivities up to 107° S em™"
without the use of plasticizers. Uniform tethering of ionic
groups, coupled with the inherent flexibility of the backbone,
facilitated efficient single-ion conduction, underscoring the role
of backbone mobility in ion transport (Fig. 4a).

Taking a distinct approach, Dreier et al.** covalently attached
trifluoromethanesulfonimide anions directly to the PEO
segment of a polystyrene—polyethylene oxide block copolymer
(PS-b-PEO), shifting the design focus from grafted polyethers to
single-ion architectures integrated within mechanically robust
frameworks (Fig. 4b). The rigid polystyrene block imparted
structural integrity and oxidative stability, while the function-
alized PEO segment maintained segmental flexibility and high
Li" mobility. By localizing anions within the PEO domains, this
study achieved a balance between mechanical strength and ion
transport, demonstrating how deliberate control over backbone
composition and anion placement can jointly govern SIPE
performance.

Further advances employed orthogonal post-polymerization
modifications to develop highly tunable polyether-based
single-ion conductors. By introducing allyl and hydroxyl func-
tionalities along the backbone and subsequently grafting TFSILi
groups together with triethylene glycol pendants (Fig. 4c),
researchers produced SIPEs featuring weakly coordinating,
charge-delocalized anions and flexible Li'-solvating side
chains.*® The incorporation of triethylene glycol pendant groups
lowered the glass transition temperature, enhanced segmental
and ion-rearrangement mobility, and increased the density of
ion-conducting sites, resulting in an approximately 250-fold
enhancement in ionic conductivity at 60 °C relative to the
unmodified backbone (1.7 x 107® S em ™' and 6.7 x
10~° S cm™ ', respectively).

Polyether-based SIPEs confirm the central importance of
segmental flexibility and Li" coordination, but also highlight

J. Mater. Chem. A

View Article Online

Review

the persistent limitations imposed by crystallization and weak
mechanical strength. Across these examples, the highest-
performing designs are those that either suppress crystallinity
through chemical modification or embed polyether segments
within more robust architectures that preserve mobility without
sacrificing dimensional stability. Functionalization of polyether
chains with charge-delocalized anions and solvating side
groups further demonstrates that polyethers can serve not only
as passive transport media but also as active structural
components in single-ion conduction. Taken together, this
family shows that the value of polyether chemistry lies in its
transport efficiency, provided that crystallinity and mechanical
fragility are structurally controlled.

2.4 Aromatic backbone chemistry: ketone and sulfone-based
SIPEs

Aromatic backbones such as aryl ether ketones, poly(ether
sulfones), and diphenyl sulfones provide exceptional thermal
and mechanical stability but often suffer from limited
segmental mobility due to their rigidity. These polymers, typi-
cally synthesized via polycondensation or nucleophilic substi-
tution, enable precise incorporation of ion-conducting
moieties, making them strong candidates for durable, high-
performance lithium battery electrolytes.

Jing et al.*” addressed the mobility limitation by developing
PSBILi (Fig. 5a), a single-ion polymer electrolyte with an
aromatic polyamide backbone and a high density of tethered
lithium ions. Blending PSBILi with PVDF-HFP yielded porous
membranes with enhanced solvent uptake and mechanical
strength, resulting in improved ionic conductivity
(~107*Sem ™" at 25 °C) and a Li* transference number near 0.9.
The interconnected porosity promoted rapid Li* transport while
maintaining sufficient mechanical strength to suppress
dendrite formation.

To simplify fabrication while maintaining uniform ion
distribution, Hu et al.*® synthesized poly(2,2'-(ethylenedioxy)bis-
(ethylamine), (4,4’-dicarbonyl benzene sulfonyl)bisimide),
PEBILI, a bis(sulphonyl)imide-based polymer rich in ethylene-
dioxy groups (Fig. 5b) and employed it as a functional filler
within a PEO matrix. The resulting composite membranes
exhibited reduced crystallinity, enhanced ionic conductivity of
417 x 10°* S em™" at 60 °C, and a lithium-ion transference
number of 0.45. Despite the lower t;+, the composite electro-
Iytes enabled scalable processing, homogeneous lithium
distribution, and stable lithium plating/stripping, supporting
both high-rate cycling and long-term capacity retention in
Li||LiFePO, cells.

Jagadesan et al.*® pursued chemical modification to enhance
ion dissociation by designing a copolymer which incorporated
perfluorinated lithium-salt monomers covalently linked to
polyethylene glycol units (AB-type, Fig. 5c). The electron-
withdrawing fluorine substituents increased anion delocaliza-
tion, yielding a conductivity of approximately 10™* S cm ™" at
room temperature and a lithium-ion transference number of
0.92. The flexible PEG segments preserved mechanical integrity
and when used in symmetric Li cells, facilitated uniform

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ta01035k

Open Access Article. Published on 07 May 2026. Downloaded on 6/19/2026 4:19:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

View Article Online

Journal of Materials Chemistry A

é\ a. PSBLi s
Jlng et al.% =
() N
= Li* \
5 "o o~ o o) \
|‘ ll II ”n n
<4 o o o o " \
\
l’ 1
; b. PEBILi 1
\ Hu et al.38 :
I
I
! o" o o 0 ,
e O OO PO |
I N n i
I 4" g 0o o o o :
|
1
: d. 6FPSF-Li 1
- Dong et ol4° 1
. 9 |
: c. PEG,0-BFBILI +< >“©‘ H + |
1 Jogodeson et al.3? :
|
|
! F
' oo ﬁ .CZ oLi o( :0 :
b I o i
1 b' 'd °=?=o o:?:o :
i F _ &
1 N Li+ it N I
O0=¢'s -'s=0 !
: $%0 O—EF 1
| e. PTFSILi-10/5 £ A )
: Shi et al4! i
1 F FF F F FF F :
| g g [
o O OSSO OO
: g “J1 § I o
F FF F F FF F FEC CF !
1 2 \ 7 2. 1
) CF. LG p
! o ‘o i
1 N 4 1
i CF, FoC !
| o:?:o o:?zo ;
I
= . |
: 0= ,f Li* Li* E‘S:O i
| 10 o= 1
1 CF3 CF; 1
|
. 1
1
I
‘\ f. PAEK-STFSILi 1
Li et al.42 !

Fig. 5 Overview of the chemical structures that employ aromatic-, ketone- and sulfone-based single-ion polymer electrolytes discussed in
Section 2.4. The highlighted regions identify the pendant ion-bearing groups, underscoring the variation in ionic group chemistry among the

groups attached to the parent polymer backbone.

lithium deposition, mitigating concentration polarization and
dendrite formation.

Further improvements in ionic density and backbone fluo-
rination were explored by Dong et al.,*” who designed a series of
polysulfone-based single-ion polymer electrolyte (SIPE)
membranes with systematically varied trifluoromethyl (-CF;)
substitution and Li' concentration (Fig. 5d). The optimized
composition, hexafluoropolysulfone-Li (6FPSF-Li), which
featured the highest CF; and Li" content, exhibited an ionic
conductivity of ~2.5 x 107" S em ™" at 40 °C, an anodic stability
exceeding 4.8 V, and stable cycling in Li||[NCM811 cells with

This journal is © The Royal Society of Chemistry 2026

high-mass-loading electrodes. These findings underscore that
balancing the fluorination degree and ionic content can maxi-
mize conductivity and electrochemical stability while
preserving membrane processability.

Addressing high-voltage and low-temperature performance,
Shi et al.** designed aromatic poly(ether sulfone) multiblock
copolymers incorporating flexible segments to enhance Li"
mobility (Fig. 5e). Plasticization improved lithium plating
currents, suppressed dendrite formation, and maintained high
anodic stability, demonstrating that integrating flexible
domains can enhance low-temperature and rate capabilities
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without compromising mechanical strength. Finally, Li et al.*
prioritized safety and lithium-ion selectivity by grafting STFSI
groups onto a rigid poly(aryl ether ketone) (PAEK) backbone
(Fig. 5f). This design effectively decoupled Li" transport from
anion motion, achieving high transference numbers, conduc-
tivity around 10" S em™"' at 30 °C that improved as the
temperature increased, and robust mechanical and thermal
stability. Compared with the flexible and composite analogues
examined in the same study, the rigid backbone offered supe-
rior structural and electrochemical resilience, albeit with
limited segmental mobility at lower temperatures.

Aromatic ketone- and sulfone-based SIPEs illustrate the
opposite design philosophy to flexible polyether-rich systems:
here, the backbone primarily contributes thermal, oxidative,
and mechanical resilience, while ion transport must be recov-
ered through porosity, flexible comonomers, plasticization, or
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highly delocalized anions. The reviewed studies show that these
rigid frameworks are particularly attractive for high-voltage and
mechanically demanding applications, but their conductivity is
often limited unless mobility is reintroduced at the local or
mesoscale level. Thus, the central structure-property relation-
ship in this family is that backbone rigidity enhances stability
and dendrite resistance, but requires compensatory design
elements to avoid transport penalties. In practice, the most
promising aromatic SIPEs are those that strategically combine
rigid scaffolds with soft ion-solvating domains or morphology-
engineered transport pathways.

2.5 Diverse backbone strategies

2.5.1 Zwitterions. The following studies highlight that
zwitterionic architectures, achieved through grafting, doping,
or hybrid crosslinked networks, can simultaneously promote
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Fig. 6 Overview of the chemical structures of zwitterionic single-ion polymer electrolytes discussed in Section 2.5.1. The highlighted regions
denote the pendant ion-bearing groups, illustrating the structural diversity of the ionic functionalities.
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ionic conductivity, lithium-ion selectivity, and mechanical
durability, positioning them as highly promising candidates for
next-generation solid-state lithium metal batteries.

Jones et al.*® pioneered semicrystalline polymeric zwitter-
ionic electrolytes (PZILs), in which covalently tethered zwitter-
ions form ordered crystalline domains that act as ion-
conducting channels (Fig. 6a). This architecture decouples
lithium-ion transport from polymer segmental motion, yielding
conductivity of 1.6 mS ecm ' and lithium-ion transference
numbers of 0.6-0.8 at room temperature, together with a broad
electrochemical stability window (~4.5 V vs. Li/Li") and
dendrite-free cycling.

Xu et al.** further advanced the concept by designing a poly-
biphenyl piperidinium (PBP) backbone dually grafted with
PSILi groups (Fig. 6b), forming zwitterionic dipoles that
increased dielectric permittivity, reduced ion aggregation, and
achieved ionic conductivity of 2.4 x 10™* S em ™' at 25 °C,
maintaining dendrite-free operation for over 2000 hours when
employed in a symmetric Li cell. Similarly, Du et al.** synthe-
sized a dually grafted polybenzimidazole (PBI-g-PSILi, Fig. 6¢)
membrane featuring a rigid aromatic backbone with high
tensile strength (~60 MPa), conductivity of ~0.15 mS cm™ " at
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room temperature, and near-unity lithium-ion transference
numbers, enabling stable lithium plating/stripping for over
1000 hours under galvanostatic cycling. Building upon this
framework, Xu et al.*® incorporated zwitterionic dopants into
a dually grafted polybenzimidazole system (Fig. 6c), further
enhancing room temperature conductivity to 0.68 mS cm ™,
achieving transference numbers up to 0.95, and sustaining
long-term stability exceeding 2100 hours in symmetric Li|Li
cells and 500 cycles in full cells.

Zwitterionic SIPEs stand out because they offer a route to
simultaneously high conductivity, high lithium selectivity, and
robust cycling stability without relying solely on conventional
segmental transport mechanisms. The examples discussed
suggest that zwitterionic dipoles increase dielectric screening,
reduce ion aggregation, and in some cases promote partially
decoupled ion transport, especially when combined with rigid
aromatic backbones. Their main advantage lies in enabling
high ¢+ together with strong interfacial stability, while the
main challenge remains balancing synthetic complexity with
scalable processing. Overall, this subsection shows that zwit-
terionic design is a powerful molecular strategy for improving
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Fig. 7 Overview of the chemical structures of polyethylene-based single single-ion polymer electrolytes discussed in Section 2.5.2. The
highlighted regions indicate the pendant ion-bearing groups, emphasizing differences in the ionic moieties attached to the polymer backbone.
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ion dissociation and long-term electrochemical stability in
a single framework.

2.5.2 Polyethylene-based SIPEs. Polyethylene backbones
provide a robust and adaptable framework for incorporating
diverse ionic functionalities, making them highly effective
scaffolds for designing high-performance single-ion conducting
polymer electrolytes in lithium battery systems.

Zhang et al* introduced a flexible platform through the
development of a family of polyanions synthesized via nucleo-
philic aromatic substitution and ring-opening metathesis
polymerization (Fig. 7a). This design enabled precise tuning of
electronic properties and sidechain spacing, allowing system-
atic control over ion dissociation and polymer-ion interactions.
The resulting materials exhibited high ionic conductivity
(107" S em™" at 80 °C), strong cation selectivity (fi' wwmr) =
0.79), and high oxidative stability, demonstrating how rational
side-chain engineering can simultaneously optimize transport
and stability.

Building on polymer blending strategies, Nguyen et al.*®
functionalized a polyethylene backbone with spatially isolated
TFSI groups to investigate miscibility with PEO, forming
amorphous phases that achieved near-unity lithium-ion trans-
ference numbers. Similarly, Paren et al* expanded on this
approach by blending similar polyanions with low-molecular-
weight PEO (Fig. 7b), observing partial decoupling lithium-ion
motion from polymer segmental relaxation. Together, these
studies underscore how tailored backbone functionalization
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and controlled blending can harmonize conductivity and
structural compatibility.

A morphology-driven strategy was pursued by Park et al.,*
who designed segmented multiblock copolymers with alter-
nating ionic and crystalline domains (Fig. 7c). Selective solva-
tion of the ionic layers using DMSO increased the concentration
of free Li', enhancing conductivity by four orders of magnitude
(~107°S ecm™ " at ~70 °C of the solvated sample compared to the
dry state) while preserving lamellar ordering. This work high-
lighted the pivotal role of nanoscale structural organization in
facilitating efficient ion transport.

Finally, Fraile-Insagurbe et al* focused on mechanical
reinforcement by grafting lithium bearing functional groups
onto a polyethylene-alt-maleimide backbone (Fig. 7d) and
blending the resulting polymer with PEO/PEGDME. The
composite membranes exhibited exceptional toughness,
dendrite resistance, and stable lithium plating/stripping in Li|Li
cells, while full-cell LiFePO, performance was limited by rela-
tively low ionic conductivity and progressive impedance growth.
Although interfacial degradation limited long-term capacity
retention, this approach demonstrated that mechanical
robustness and ionic conductivity can be effectively co-
optimized within a unified material platform, although
further improvements in room-temperature transport and
interfacial stability remain necessary.

Polyethylene-based SIPEs demonstrate that relatively simple
hydrocarbon backbones can become highly effective single-ion
platforms when side-chain chemistry and blend compatibility
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are carefully engineered. Across these studies, ionic dissocia-
tion, miscibility with PEO-like transport phases, and nanoscale
organization emerge as the main determinants of performance,
while mechanical reinforcement can be introduced without
completely sacrificing ion mobility. However, the battery-level
results also show that stronger membranes do not automati-
cally translate into durable full-cell operation if interfacial
impedance remains poorly controlled. The key lesson from this
family is that polyethylene scaffolds are highly adaptable, but
their success depends on converting a mechanically robust
framework into one that also supports continuous and suffi-
ciently solvated lithium transport.

2.5.3 Polyurethane-based  SIPEs.  Polyurethane-based
single-ion polymer electrolytes (SIPEs) have been explored
through a range of synthetic strategies, each seeking to balance
ionic conductivity with mechanical robustness. In a recent
study, Wang et al.”*> designed polyurethane-urea systems with
immiscible rigid aromatic urethane and flexible poly(ethylene
oxide) segments (Fig. 8a), forming microphase-separated
architectures in which increasing the hard segment content
enhanced mechanical strength (up to 11 MPa) but restricted
segmental mobility, leading to reduced ionic conductivity (~2.4
x 107% S em ™! at 80 °C under high ionic loading). In a subse-
quent study on polyurethane-ester (PUE) systems (Fig. 8b), the
authors optimized phase separation by tuning the PEG chain
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length and hard-phase composition, achieving ionic conduc-
tivity of around 10™* S ecm ™" at 80 °C with the use of carbon-
based plasticizers, high tensile strength (13.6 MPa), and
stable cycling performance in lithium-metal batteries. However,
this system required precise control to prevent phase instability
and ion aggregation. A complementary approach® employed
sulfonamide-functionalized polyurethanes, in which bulky
anions were introduced into the hard phase to generate ion-
conductive nanochannels (Fig. 8c). The optimized plasticized
membrane achieved 1.1 x 10~* S em™" at 30 °C with a near-
unity lithium-ion transference number. At higher ion concen-
trations, incorporation of bulky sulfonamide groups disrupted
hard-domain ordering, necessitating composition optimization
to preserve mechanical integrity.

Collectively, these studies illustrate that enhancing ionic
conductivity typically requires increasing soft-segment content
and promoting ionic dissociation, often at the cost of
mechanical stability. Conversely, reinforcing mechanical prop-
erties through greater hard-domain regularity can impede ion
transport. These findings underscore the importance of ratio-
nally engineered multiphase architectures that balance
electrochemical performance with mechanical durability in
next-generation lithium battery electrolytes.

Overall structure-property-performance trade-offs in linear
SIPEs. In linear SIPEs, the dominant structure-property-
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performance relationship is set by backbone chemistry and the
local ionic environment. Flexible, polar, and weakly coordi-
nating structures generally promote ion-pair dissociation,
segmental motion, and thus higher ionic conductivity, whereas
rigid aromatic frameworks and mechanically reinforcing motifs
improve dimensional integrity, oxidative stability, and resis-
tance to lithium dendrite penetration, often at the cost of
reduced chain mobility and lower conductivity. Across the
linear systems discussed here, high performance therefore does
not arise from maximizing a single property, but from
balancing several competing requirements: sufficient local
mobility for Li* transport (Fig. 9), adequate charge delocaliza-
tion of the tethered anion, morphological stability under oper-
ation, and compatibility with practical processing and battery
interfaces. In this context, the most promising linear SIPEs are
those that use chemistry not only to enhance conductivity, but
also to moderate the usual penalties in mechanical robustness
and electrochemical stability, thereby defining a more balanced
route toward battery-relevant performance.

3. Non-linear polymer systems:
architecture-driven properties

Linear systems are primarily governed by polymer chain
segmental motion and the local chemical environment,
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freedom, such as spatial constraints, nanoscale phase separa-
tion, and interfacial effects, which enable alternative strategies
for tuning ion transport and mechanical properties. In contrast
to the chemistry-driven classification of linear SIPEs, the
following section organizes non-linear systems according to
their macromolecular architecture and material design strate-
gies. These approaches, spanning miktoarm stars,
nanoparticle-based systems, brushes and network-forming
electrolytes, illustrate how architectural complexity can be
harnessed to simultaneously improve ion transport, mechan-
ical rigidity or flexibility, and processing practicality. By
focusing on complex macromolecular architecture rather than
specific chemical moieties, this framework reflects the inte-
grated design philosophy required for realistic solid-state elec-
trolyte development, where a single material must satisfy
multiple, often competing, performance criteria.

3.1 Prioritizing ion transport and electrochemical stability:
electrochemical performance as the core target

In the development of high-performance solid polymer elec-
trolytes (SPEs), enhancing ionic conductivity and lithium-ion
selectivity remains a central design objective. Among non-
linear macromolecular systems, architectures that introduce
topological confinement, dynamic heterogeneity, or ion-
tethering mechanisms have proven especially effective. The
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polymers, single-ion polymer nanoparticles, crosslinked poly-
mer networks, and UV-cured materials employ architectural
design to optimize ion transport and improve electrochemical
stability (Fig. 10 and Table 1).

Bocharova et al.* introduced single-ion conducting hairy
nanoparticles (NPs), consisting of a SiO, core grafted with
poly(MTFSILi) chains (Fig. 10a), as additives for PEO-TFSILi
electrolytes. Both hairy NPs and their linear analogue (PolyIL)
are intrinsically poor conductors due to their high T, values (201
and 190 °C, respectively), but when incorporated into the dual-
ion conductive PEO-TFSILi matrix (Li/EO = 0.051) at loadings
up to 9.1 wt%, they produced markedly different effects. PolyIL
strongly disrupted PEO crystallinity, whereas hairy NPs inter-
calated primarily into amorphous regions, largely preserving
semi-crystallinity. At higher NP contents, segmental mobility
decreased, lowering conductivity (0.26 mS cm " at 60 °C for
Hairy_10, with 9.1 wt% particle loading, vs. 4.1 x 10°* S em™*
for neat PEO-TFSILi) and reducing t;:. However, this reduced
mobility also translated into enhanced mechanical strength
(0.46 MPa at 60 °C for Hairy_10), supporting bulk and interfa-
cial stability. As a result, hairy NPs significantly enhanced the
cycling stability of Li|Li symmetric cells, with Hairy 5 (4.8 wt%
particle loading) and Hairy_10 (9.1 wt% particle loading)
remaining stable for ~340 h at 0.2 mA cm > and
0.20 mA h cm 2, and under extended cycling at 1.0 mA h cm 2,
Hairy_10 maintained performance for an additional ~150 h
while Hairy_5 failed rapidly. These results demonstrate that
hairy NP additives, by improving homogeneity and interfacial
stability, can substantially extend the cycle life of dual-ion PEO-
based electrolytes.

Moving from nanoparticle additives to star-shaped copoly-
mers, researchers have also explored architectures where con-
ducting and ion-bearing phases are confined together within
the same molecular framework. Pantazidis et al.>® reported the
synthesis of miktoarm star copolymers composed of PEO and
poly(STFSILi) (PSTFSILi) arms from a PDVB core using an “arm-
first, in-out” approach (Fig. 10b). The resulting stars had ~22
arms of each type, and the Li/EO ratio was systematically tuned
(r: 0.046-0.204) by varying PSTFSILi chain length. Unlike linear
block copolymers, which tend to microphase-separate and trap
ions, the miktoarm configuration ensured molecular-level
miscibility, suppressing crystallization and maintaining amor-
phous character even at low salt content (r = 0.046). This
architecture promoted efficient ion dissociation, reflected in
a strong increase of T, with higher ionic content (—20 to ~60 ©
C). Conductivity decreased monotonically with increasing
PSTFSILi chain length (higher r), as the volume fraction of the
PEO phase diminished. The best-performing sample, PEO(105)
_PSTFSILi(4.8) (averaging 105 units of PEO and 4.8 units of
TFSILi per arm, r = 0.046), reached conductivities on the order
of 107> S em™" at 90 °C, representing a gain of about seven
orders of magnitude compared to earlier PEO/PSTFSILi mik-
toarm stars with POSS cores.”” This work exemplifies how
careful topological control can couple amorphicity, miscibility,
and ion dissociation to yield single-ion conductors with
significantly enhanced transport performance.

J. Mater. Chem. A

View Article Online

Review

From well-defined star systems and nanoparticles, attention
has also turned to crosslinked networks where connectivity and
rigidity can be tuned to balance conductivity and ion selectivity.
Chen et al.®® reported the synthesis of slightly cross-linked
single-ion conducting networks based on alternating copoly-
mers containing grafted ethylene glycol oligomers and pendant
4-styrenesulfonyl(4-(trifluoromethoxy)benzenesulfonyl)imide
(SSTFMBSI ) anionic groups (Fig. 10c). By incorporating flexible
mPEG side chains and cross-linking via diamino-PEG linkers,
the resulting materials exhibited tunable Li/EO ratios (0.073-
0.089) and formed robust, self-standing films. The alternating
distribution of solvating ethylene glycol units and immobilized
anions strongly suppressed PEO crystallinity (4.4-7.8%),
compared to >50% crystallinity in simple PEO blends, yielding
largely amorphous electrolytes. This morphology enabled effi-
cient Li" transport, with room-temperature ionic conductivities
of 107 to 107> S em ! and high transference numbers (¢ =
0.87-0.91). The degree of cross-linking was found to be critical;
looser networks allowed some mobility of anionic chains under
strong electric fields, reducing selectivity, whereas optimized
cross-linking (C-ASPE-5/8, a cross-linked alternating single-ion
polymer electrolyte where 5 out of every 8 maleic anhydride
sites are reacted with a diamino-PEG cross-linker) balanced
conductivity and t;;~. Electrochemical testing demonstrated
excellent cycling stability: Li|Li symmetric cells at 40 °C (just
above Ty,) showed low polarization (~0.18 V) for 350 h without
dendrite formation, while full LiFePO,|Li cells retained 89% of
their initial 137.7 mA h g~ capacity after 100 cycles at 0.1C. The
results highlight how alternating anion/solvation segment
design coupled with controlled cross-linking yields single-ion
polymer electrolytes with both high Li" selectivity and stable
long-term cycling.

Extending this strategy, UV-cured systems have been devel-
oped as a facile route to free-standing membranes, combining
structural integrity with tailored conductivity and interfacial
stability. Liang et al.>* developed photo-cross-linked single-ion
polymer electrolytes (PSIPEs) using UV-initiated radical poly-
merization of lithium (3-
methacryloyloxypropylsulfonyl)(trifluoromethoxy-sulfonyl)
imide (MTFSILi) with pentaerythritol tetraacrylate (PETA) as
a cross-linker, followed by hot pressing to yield smooth, self-
standing membranes (Fig. 10d). A MTFSILi : PETA ratio of 2:1
was identified as optimal, providing high conductivity while
maintaining mechanical integrity, whereas a 3:1 ratio
produced brittle membranes and a 1:1 ratio gave significantly
lower conductivity. Although the network exhibited a low T,
(—29 °C), further enhancement of Li-ion mobility was achieved
by incorporating 80 wt% propylene carbonate (PC) as a plasti-
cizer. The swollen membranes displayed Vogel-Tammann-
Fulcher behavior, indicating Li" transport coupled to segmental
dynamics and supported by PC coordination, with ionic
conductivities of 2.1 x 107* S em ' at 20 °C and 4 x
10"* S cm ™" at 40 °C. Importantly, Li|Li symmetric cells cycled
for 1000 h with no increase in overpotential, demonstrating
excellent stability against lithium metal. These results under-
score the promise of PSIPEs as EO-free, single-ion conductors
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that combine high conductivity with remarkable interfacial
stability.

He et al® demonstrated that anion-tethered single-ion
conductors (SICs) can simultaneously achieve practical
conductivity and morphological stabilization of Li metal, over-
coming a common limitation of SIC systems. Using a single-
step, solvent-free UV polymerization approach, they synthe-
sized networks (Fig. 10e) from trifluoromethanesulfonimide
lithium methacrylate (LIMTFSILi), ethylene acrylate (EA), and
ethylene glycol dimethyl acrylate (EDA), with PEG,;5, as a plas-
ticizing matrix (15.4-61.5 wt%). PEG,5, usage greatly enhanced
chain segmental mobility, lowering T, from 8.3 °C to —77.2 °C
and reducing the activation energy for ion conduction
(7.72 k] mol™"). The optimized SIC (SIC-3) reached ionic
conductivities of 7.4 x 107> S em™' at 30 °C and 1.9 x
107> S em ! at 60 °C. Crucially, covalently tethered anions
afforded a high transference number (¢.;+ = 0.85), compared to
0.39 for the analogous dual-ion conductor (DIC-1), despite its
higher conductivity. This selective ion transport translated into
superior electrochemical stability where SIC-3 sustained
a three-fold higher critical current density (2.4 vs. 0.8 mA cm >
for DIC-1) and enabled smooth, whisker-free Li deposition. Li|Li
symmetric cells cycled stably for 1000 h with constant over-
potential (~100 mV), underscoring the role of anion immobi-
lization in mitigating concentration polarization and
suppressing dendrite growth.

From homogeneous cross-linked networks, efforts have also
expanded toward interpenetrating hybrid electrolytes, where
inorganic components such as POSS further tailor stability and
ion transport. In a recent study,* a series of POSS-containing 3D
crosslinked semi-interpenetrating single-ion hybrid polymer
electrolytes (SINHEs, Fig. 10f) was developed by UV-initiated
polymerization of MATFSILi with methylacryl-POSS in the
presence of PVDF-HFP, followed by swelling in EC/DEC (1:1 v/
v). The base system, a single-ion polymer electrolyte (SIPE),
ensures that only Li" is mobile, while anions are covalently
tethered to the polymer backbone. Introducing the 3D cross-
linked network (SINPE) already reduced crystallinity and
enhanced segmental motion (T, = —12.6 °C vs. —9.9 °C for the
SIPE). Incorporation of POSS further disrupted polymer
ordering, lowering T, to = —26 °C, while also boosting flexi-
bility (tensile strength ~3.4 MPa, elongation ~97%). The best-
performing SINHEs achieved ¢ = 9.09 x 10> S cm ™" at room
temperature with ¢;;+ = 0.85, surpassing both SIPE and SINPE.
This was attributed to faster polymer dynamics and the ability
of Si-O cage structures in POSS to coordinate Li*, weaken Li-
anion interactions, and open efficient ion transport channels,
though excessive POSS content blocked conduction pathways
and reduced conductivity. Electrochemical testing in Li||Li
symmetric cells revealed improved cycling performance: tradi-
tional dual-ion polymer electrolyte (DINPE) cells short-circuited
after ~140 h due to dendrite growth, while linear SIPE cells
showed interfacial degradation and rising polarization after
~600 h. In contrast, the POSS-containing SINHEs cycled for over
2000 h at 0.1 mA cm™ with stable polarization and effective
dendrite suppression, highlighting the role of POSS-containing
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SINHEs in interfacial
suppression.

Finally, moving beyond predominantly PEO-based frame-
works, carbonate-based systems provide an alternative solva-
tion chemistry that maximizes dissociation and selectivity while
maintaining conductivity. Engler et al.®* developed carbonate-
based single-ion conducting polymer electrolytes (SICPEs) as
an alternative to PEO-based hosts (Fig. 10g), exploiting the
electron-delocalized nature of cyclic carbonates to enhance Li*
dissociation and provide intrinsic crosslinking sites. Among the
copolymers screened, a dicarbonate acrylate-MTFSILi copol-
ymer (MDCA67) exhibited the highest conductivity (1.7 x
107 S em ! at 75 °C) but insufficient mechanical robustness.
To address this, the polymer was crosslinked with PEGDMA and
plasticized with vinylene carbonate (VC), yielding flexible gel
electrolytes with drastically improved performance. The most
optimized formulation (VC70, containing 70 wt% VC) achieved
ionic conductivity of 0.16 mS ecm ™" at room temperature and an
exceptional lithium transference number of 0.92, significantly
outperforming the EC/DEC-plasticized analogue (¢.;+ = 0.66,
0.26 mS cm ). This translated into superior electrochemical
stability; VC70 sustained 1000 h of stable Li|Li cycling at 0.3 mA
cm 2 with suppressed overpotential hysteresis, while ECDEC70
suffered dendritic failure within ~100 h. While the very high
plasticizer content may compromise mechanical robustness
and raise concerns for practical application, this study
demonstrates that polycarbonate-based SICPEs, when
combined with strong VC plasticization, can overcome the low
conductivity of conventional SICs while ensuring highly selec-
tive ion transport and stable Li deposition.

improving stability and dendrite

3.2 Focusing on mechanical integrity

While previously mentioned examples focused on single-ion
non-linear polymer designs have prioritized electrochemical
stability to extend cycle life, long-term performance of lithium
metal batteries also requires materials capable of mechanically
suppressing dendrite growth. Beyond optimizing interfacial
transport and ion selectivity, introducing polymers with
intrinsically high stiffness or incorporating reinforcing addi-
tives into otherwise conductive matrices provides an effective
route toward robust, dendrite-resistant electrolytes. By moving
away from systems that rely solely on electrochemical stabili-
zation, these approaches demonstrate that mechanical integrity
can be leveraged alongside conductivity, offering pathways to
electrolytes that deliver both stable transport and strong resis-
tance against morphological degradation of lithium anodes.
The following examples illustrate this strategy (Table 2).
Porcarelli et al.®® reported the synthesis of single-ion con-
ducting polymer nanoparticles (LiPNPs) via a scalable semi-
batch emulsion polymerization, where the MTFSILi
comonomer was incorporated into cross-linked PMMA particles
(Fig. 10e), yielding sizes of 95-200 nm with ~5 sulfonamide
groups per nm? on the surface. These LiPNPs were explored in
two composite electrolyte systems, namely a dual-ion PEO-
based composite and a single-ion PC-based gel. In the first,
they were incorporated as nanofillers into high-molecular-
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weight PEO (900k, 25 wt% TFSILi), forming PEO-TFSILi-
LiPNP composites. Loadings from 10-50 wt% (PEO-NP10-50,
the number represents the wt%) progressively stiffened the
membranes (E' exceeding 10° Pa at 80 °C), while conductivity
decreased with increasing filler content. The most conductive
sample, PEO-NP10, reached 1.0 x 10 °S em™* at 20 °C and 6.6
x 10" S em ™! at 80 °C, while higher NP loadings (e.g., PEO-
NP30) reduced conductivity by almost an order of magnitude.
This reduction was attributed to increased tortuosity of the
lithium-ion pathways caused by the presence of the particles,
along with an overall decrease in the concentration of mobile
ions. In the second case, LiPNPs were dispersed directly in
propylene carbonate (20-60 wt%, PC-NP20-60, the number
represents the wt%), producing single-ion conducting gels.
Here, the mechanical properties scaled dramatically with NP
content: G’ rose from ~10 Pa at 20 wt% to ~10° Pa at 60 wt%,
spanning several orders of magnitude. Conversely, ionic
conductivity followed the opposite trend, with the most
conductive sample, PC-NP20, achieving 9.5 x 10> Scm ™" at 25
°C and 2.8 x 107* S ecm™" at 85 °C, while PC-NP60 showed
~107°S em ™" at 25 °C. Importantly, the gels reached a lithium
transference number of ¢;- = 0.8, confirming their near single-
ion nature. Overall, this work highlights single-ion polymer
nanoparticles as a versatile and scalable filler strategy to rein-
force polymer electrolytes. They enable a tunable balance
between conductivity and mechanical integrity, offering prom-
ising design elements for dendrite-resistant electrolytes in
lithium metal batteries.

While the above system emphasized nanoparticles as fillers
to tune the conductivity-mechanical balance, the next work
shifted the focus back to miktoarm star copolymers, probing
how molecular topology governs the interplay of modulus and
ion transport. Following their earlier work on miktoarm
stars,*® Nikolakakou et al.®* extended the study to probe the
relationship between ionic conductivity and mechanical
modulus in single-ion conducting polyanion miktoarm star
copolymers composed of poly(styrene-4-
sulfonyltrifluoromethylsulfonyl)imide lithium (PSTFSILi)
arms that are a complement to longer ion-conducting poly(-
ethylene oxide) (PEO) arms, (PSTFSILi),(PEO),, where n = 22,
attached to a poly(divinylbenzene) (PDVB) cross-linked core
(Fig. 10b). These macromolecules behave as core-shell nano-
particles, with PSTFSILi/PEO-rich cores and long PEO arms
forming the conductive shell. By varying the PSTFSILi arm
length, the Li*/EO ratio (r = 0.046-0.171) was systematically
tuned, revealing a clear trade-off: conductivity decreased with
increasing PSTFSILI fraction (e.g., 0 = 3 x 10" *Scem " at 30 °
C for r = 0.046 vs. =1 x 10"’ S ecm™ ' for linear PSTFSILi-b-
PEO), but mechanical robustness increased dramatically.
Rheological tests at 30 °C showed solid-like, glassy behavior
(G' > G") for all compositions, with shear modulus rising to
~1 GPa at Ppgrpsii = 0.42, several orders of magnitude higher
than those of linear block copolymer analogues. Thus, while
conductivity is slightly lower than in PSTFSILi-b-PEO systems,
as the authors compare, the miktoarm architecture delivers
exceptionally robust, glass-like electrolytes, highlighting how
molecular topology can be leveraged to design single-ion
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conductors with mechanical integrity sufficient for dendrite
suppression.

3.3 Toward adaptive functionality: flexible and processable
systems

While progress has been made in improving the electro-
chemical stability, interfacial compatibility, and mechanical
strength of polymer electrolytes, their practical use also
depends on processability. Flexibility, thermal shaping, and
compatibility with advanced manufacturing methods such as
3D printing are key for real-world integration. The following
examples illustrate systems where adaptive functionality and
processing ease are central to the design (Fig. 11 and Table 3).

Cao et al.*® presented a versatile molecular-level design of
intrinsically stretchable single-ion conducting polymer electro-
lytes (SICPEs), targeting applications in stretchable devices. The
networks were synthesized by grafting poly(styrene sulfonyl
trifluoromethanesulfonylimide  lithium)  (STF-Li’)  or
methacrylate-based sulfonylimide monomers (MPA-Li‘/Na")
together with PEGMA side chains onto a PDMS backbone, fol-
lowed by crosslinking with PDMS segments (Fig. 11a). This
approach suppressed PEG crystallization, avoided phase sepa-
ration, and yielded free-standing elastic membranes with
tunable crosslinking densities. The membranes exhibited low
glass transition temperatures (—19 to —32 °C with PEGMA
incorporation, vs. 68.5 °C without), tensile strength between
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0.09 and 0.73 MPa, and elongation at break from 80% up to
252%. Interestingly, while modulus and toughness increased
with crosslink density, extensibility showed no clear correlation,
attributed to the dual effect of PDMS crosslinking: restricting
chain mobility but simultaneously lowering 7, and shortening
relaxation times. Ionic conductivities reached 107% to
1077 S em ' at room temperature, with faster ionic than
segmental dynamics (decoupling behavior). A high lithium
transference number (¢;;+ = 0.79) was measured and assembled
Li|SICPE|LFP cells showed stable cycling with 81.5% capacity
retention after 100 cycles.

Beyond stretchability, other approaches emphasized quasi-
solid designs that combine flexibility with high conductivity
for wearable energy storage. Cai et al.®® designed a series of
quasi-solid single-ion polymer electrolytes (PU-TFMSI) with
intrinsic flexibility and high ionic conductivity, targeting
applications in flexible and wearable Li-metal batteries. The
crosslinked networks integrate three complementary segments:
(i) Li-rich sulfonimide pendants to provide high ionic conduc-
tivity, (ii) soft polyether blocks (PPG-PEG-PPG) to enable chain
mobility and stretchability, and (iii) hard polyurethane
segments to ensure mechanical stability. 2-Hydroxyethyl-p-
cyclodextrin (HE-B-CD) was additionally used to serve as
a hyperbranched and crosslinked center (Fig. 11b). This
molecular design afforded tunable mechanics, with fracture
strain ranging from 10% to 1870% and fracture stress from 6.20
to 0.54 MPa, while the optimal composition (PU-TFMSI-2)

d. Self-healing H-bond ~ \
network
Gan et al. ¢8

c. Thermally
re-processable networks
Lee et al. ¢

Ajgﬁ' Oi 0=s=0 /g H%

0=sz0 0z8=0 0, o Lt O
L
N L| NLit o o:s’gol X 4

o= S 0 O:S:O
CF; CF: w N @ E’;]j/
(o]

f. Functionalized
Nanoparticles
Berzosa et al. 7°

33
%

0=s=0 ° O:S‘:O 0 o= S {o] °
\ NLi NLi* N Li* |
\ 0=5=0 o= s o o= S {o] J
% cFs CF;3 CF, /

Fig.11 Chemical structures and the associated macromolecular architectures for SIPE systems prioritizing flexibility and/or reprocessability. The
representative architecture of each system is shown above its corresponding chemical structure, while the red-highlighted moieties identify the
ion-bearing groups and the green-highlighted segments indicate the rest of the polymer structure.
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combined high stretchability (1350%) with toughness of 13.6
MJ m . Importantly, the networks remained amorphous (no
detectable T,) and thermally stable up to 300 °C. Upon swelling
with GBL/FEC, ionic conductivity was significantly enhanced,
reaching 2.65 x 10~* Sem™" at 25 °C and up to 10° S em ™" at
75 °C, while Li" transference numbers remained high (¢ =
0.87-0.92). Electrochemical stability extended to 5.0 V vs. Li/Li",
and the optimized PU-TFMSI-2 electrolyte enabled stable Li
plating/stripping and uniform SEI formation. In full cells, LFP/
PU-TFMSI-2/Li exhibited excellent cycling stability with 99.6%
coulombic efficiency and reliable rate capability, while soft
pouch cells maintained performance under bending, demon-
strating practical flexibility for wearable applications.

While these systems prioritized stretchability and flexibility,
later studies introduced adaptive, self-healing functions to
extend membrane lifetime and recyclability. Lee et al.®” intro-
duced thermally reprocessable and self-healing single-ion
polymer electrolytes based on sulfonylimide anionic mono-
mers and thermo-reversible Diels-Alder crosslinking. Linear
copolymers of lithium 4-styrenesulfonyl(trifluoromethyl-
sulfonyl)imide (STFSILi) with furfuryl methacrylate (FMA) or
furan-terminated poly(ethylene glycol)methacrylate (PEGFMA)
were synthesized and subsequently crosslinked with bi-
smaleimide to afford dynamic covalent networks (xLs: STFSILi-
FMA; xLPs: STFSILi-PEGFMA, Fig. 11c). The thermomechanical
properties depended strongly on the electrolyte ratio and
comonomer type: higher STFSILi content raised T, and reduced
mobility, whereas PEGFMA incorporation lowered T, and acti-
vation energies for relaxation, enabling faster reversible DA
exchange. Storage moduli reached 10°~10° Pa in the —20 to 60 ©
C window, ensuring sufficient rigidity to suppress dendrite
growth under battery operating conditions. Interestingly, unlike
conventional cross-linked polymers that maintain a constant
modulus in the rubbery plateau, these materials showed
a modulus drop above ~100 °C, attributed to the retro-Diels-
Alder dissociation of dynamic crosslinks. This dynamic
behavior also meant that increasing the number of crosslinking
moieties made the networks more elastic, balancing toughness
with reprocessability. Electrochemical characterization showed
ionic conductivities of ~107° to 10 * S cm ™' between 40 and 80
°C, with XLP3 achieving 7.1 x 107> S cm ™" at 80 °C. All samples
exhibited high lithium transference numbers (f;;+ > 0.75) and
wide electrochemical stability windows (4.6-5.6 V). Importantly,
the materials demonstrated full self-healing at 140 °C and
retained mechanical and ionic properties over 30 reprocessing
cycles, highlighting their promise as recyclable, safe solid
polymer electrolytes.

Apart from thermo-reversible self-healing mechanisms,
supramolecular strategies offered an alternative route to enable
reprocessability and adaptive recovery of properties. Gan et al.®®
designed self-healing single-ion polymer electrolytes (SIPEs) by
copolymerizing poly(ethylene glycol)methacrylate (PEGMA),
styrene  sulfonyl(trifluoromethanesulfonyl)imide  lithium
(SSPSILi), and ureidopyrimidinone methacrylate (UPyMA)
through RAFT polymerization, followed by solvent casting into
free-standing membranes (Fig. 11d). Each component played
a distinct role: PEGMA side chains promoted ion mobility and

This journal is © The Royal Society of Chemistry 2026
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flexibility, SSPSILi units immobilized anions and provided
mechanical reinforcement, while UPy groups introduced
dynamic supramolecular hydrogen bonding that enabled
reprocessability and self-healing. The copolymers were amor-
phous, with low glass transition temperatures (—49 to —16 °C)
and good thermal stability up to 250 °C. Mechanical testing
showed tensile stresses of 0.045-0.739 MPa and elongations of
99-427%, with SIPE-5 achieving ~0.51 MPa and 288% strain.
Tonic conductivity ranged from 1.9 x 10 ®t0 1.9 x 10 > Scm ™"
at 60 °C, while the lithium transference number remained high
(ti- = 0.89). In Li|Li symmetric cells, the incorporation of
SSPSILi was critical for interfacial stability, as SIPE-5 operated
stably for 2800 h of Li stripping/plating without short-circuit or
dendrite formation, in contrast to systems lacking SSPSILIi.
Notably, damaged membranes could be fully restored by
thermal annealing, recovering both mechanical integrity and
conductivity, underscoring the potential of supramolecular
hydrogen bonding as a robust strategy for safe, recyclable SPEs.

Building on these advances in adaptive membranes, the next
systems leveraged nanoparticle design and tailored plasticiza-
tion to achieve not only flexibility but also direct printability.
Gallastegui et al.®® reported methacrylate-based single-ion
polymer nanoparticles (LiPNPs) synthesized via emulsion
copolymerization of methyl methacrylate and LiMTFSI meth-
acrylate (Fig. 11e), yielding small particles (22-30 nm) with high
surface density of sulfonamide lithium groups. These LiPNPs
were incorporated into gel polymer electrolytes with carbonate
or sulfolane plasticizers, producing conductivities between 2.9
x 10" and 2.3 x 107° S em ™! at 85 °C, with the best perfor-
mance achieved for smaller NPs of higher Li content. Compared
to their earlier system employing ~100 nm particles,* the finer
dispersion provided ~3x higher conductivity under equal
conditions, attributed to the increased surface exposure of
tethered anions to the mobile phase. In general, ionic conduc-
tivity was enhanced by the addition of Li ions (over the 25-85 °C
range), thus favoring the gel electrolytes containing NPs with
higher Li content. This tendency is also reflected in the storage
modulus, where the authors hypothesize that higher lithium
concentration generates a solvation shell through interaction
with the plasticizer, thereby increasing the softness of the gel.
Notably, sulfolane-based gels formed malleable, extrusion-
printable inks, enabling layer-by-layer fabrication of polymer
electrolytes by direct ink writing (DIW). These printed
membranes exhibited room-temperature conductivities up to
1.7 x 107> S cm™ %, a lithium transference number of 0.67, and
stable cycling in Li|Li symmetric cells. This study underscores
how nanoscale design and tailored plasticization can enable
polymer electrolytes that combine high ionic conductivity with
extrusion printability and processing versatility.

More recently, additional comonomer engineering expanded
this nanoparticle-based approach, revealing how subtle struc-
tural changes alter the balance of conductivity, mechanics, and
stability. Herranz Berzosa et al”® expanded the single-ion
nanoparticle approach by introducing additional comonomers
into MTFSILi-MMA nanoparticles, synthesizing three families:
poly(MTFSILi-co-MMA) NPs, poly(MTFSILi-co-MMA-co-Sty) NPs,
and poly(MTFSILi-co-MMA-co-PEGMA) NPs (Fig. 11f). The

This journal is © The Royal Society of Chemistry 2026
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pristine nanoparticles (20-30 nm) showed distinct glass tran-
sition temperatures depending on composition: 110 °C (MMA),
127 °C (Sty-containing), and 101 °C (PEGMA-containing). When
blended with sulfolane (50 wt%) to form quasi-solid SIPEs, the
mixtures displayed dramatically reduced glass transition
temperatures of —61 °C (MMA) and —54 °C (PEGMA), while no
T, was observed within —75 to 100 °C for the Sty-based sample,
reflecting stronger polymer-plasticizer interactions. Electro-
chemically, styrene incorporation imparted stiffer membranes
but reduced conductivity (1 x 107> S ecm ™" at 95 °C). Conversely,
PEGMA lowered the T, and increased chain dynamics, yet
conductivity did not improve as expected when compared to the
MMA-only system, which reached 3 x 10™* S cm ™" at 95 °C. This
softening also compromised long-term stability: the PEGMA-
based SIPE short-circuited after ~200 h in Li|Li cells, whereas
the styrene system maintained longer stability (albeit with
a slightly higher overpotential). The MMA-only reference, by
contrast, showed higher conductivity but poor interfacial
compatibility, rapidly polarizing in symmetric cells. Trans-
ference numbers mirrored these trends, with the styrene-based
SIPE yielding the highest value (0.69) versus 0.57 for MMA and
PEGMA systems. Altogether, this comparative study under-
scores how modest comonomer changes reshape T, ion
transport, and stability, highlighting the molecular trade-offs
between rigidity, mobility, and interfacial robustness in quasi-
solid SIPEs.

3.4 Multifunctional systems bridging performance domains

The development of solid polymer electrolytes is often driven by
the optimization of a single property, such as conductivity,
toughness, or processability. Yet these characteristics are rarely
independent, and improvements in one domain frequently
compromise another. In response, recent research has explored
multifunctional polymer designs that aim to balance, or even
decouple, these antagonistic effects. Through careful molecular
and network design, these systems demonstrate how mechan-
ical integrity, electrochemical performance, and adaptive
features can coexist within a single material platform. The
following studies exemplify such unified approaches, where
multifunctionality emerges as a guiding principle rather than
an afterthought (Fig. 12 and Table 4).

Building directly on their previous work on miktoarm star
SPEs,***> Nikolakakou et al.”"”> designed nanostructured single-
ion polymer blend electrolytes by blending core-shell poly-
anionic particles, composed of asymmetric miktoarm stars with
poly(styrene-4-sulfonyltrifluoromethylsulfonyl)imide  lithium
(PSTFSILi) arms complementing longer poly(ethylene oxide)
(PEO) arms (Fig. 10b), into low molecular weight PEO (PEG-0.5
K). The PEG matrix acts simultaneously as a plasticizer and ion-
conducting phase, promoting miscibility and interconnected
transport channels, while the star copolymers supply immobi-
lized anions and mechanical reinforcement. Remarkably, for
loadings =55 wt%, the blends form nanostructured electrolytes
with continuous PEG-rich channels, where Li* conductivity
decreases only slightly across compositions (from 5.0 x 10° to
3.1 x 107% S em™! at 30 °C for 30-55 wt% blends), while the
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shear modulus increases by more than three orders of magni-
tude with increasing particle loading. This demonstrates
a strong decoupling between ionic conductivity and mechanical
performance. By contrast, at higher loadings (>55 wt%), over-
lapping of the star particles disrupts PEG connectivity, shifting
ion transport from diffusion-dominated to hopping-dominated
pathways and causing conductivity deterioration. Still, when
compared to the liquid PEG-0.5 K/LiTFSI electrolyte, the 55 wt%
blend exhibits a shear modulus more than five orders of
magnitude higher, while the Li" conductivity is less than one
order of magnitude lower, highlighting the exceptional balance
achieved in this system.
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Extending this “all-polymer” concept, Olmedo-Martinez
et al.” reported salt-free polymer nanocomposites composed of
lithium sulfonamide-functionalized PMMA nanoparticles
(LiNPs, ~25 nm, Fig. 11e) uniformly dispersed within a PEO
matrix. The small size and high surface functionality of the
LiNPs reduced the crystallinity of PEO (completely suppressed
at 70 wt% LiNPs), thereby enhancing the amorphous content
available for ion transport. Ionic conductivity was evaluated
across several compositions (15-70 wt%) and temperatures (40-
90 °C), showing high values at elevated temperatures (10~ ° to
107> Sem™ ! at 90 °C), but steep crystallization-induced drops at
low particle contents (15-30 wt%) and rigidity-limited
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Fig. 12 Chemical structures and the associated macromolecular architectures, for SIPE systems prioritizing diverse functionalities. The
representative architecture of each system is shown above its corresponding chemical structure; the red-highlighted moieties indicate the ion-

bearing groups, whereas the green-highlighted segments correspond
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to the remaining polymer structure.
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performance at very high contents (70 wt%). As a result, the
50 wt% LiNP composite was identified as the optimal balance,
maintaining conductivity over a broad temperature range while
avoiding crystallization effects. This sample delivered a lithium
transference number of 0.68, a storage modulus of ~10° Pa
above PEO's melting transition, and stable Li||Li cycling for over
1000 h without dendritic failure. Furthermore, a full Li|PEO-
LiNPs|LFP cell achieved ~150 mA h g~ " at C/10 (0.05 mA cm ™,
3.8-2.8 V). This work demonstrates a compelling multifunc-
tional balance, where ionic conductivity, lithium-ion selectivity,
and mechanical reinforcement are simultaneously achieved in
a salt-free solid-state system.

Transitioning from particle-matrix blends to fiber-
supported membranes, Zhang et al” synthesized a cross-
linked single-ion polymer electrolyte (SIGPE) using a UV-
initiated thiol-ene click reaction of lithium(4-styrenesulfo-
nyl)(trifluoromethanesulfonyl)imide (STFSILi), pentaerythritol
tetrakis(2-mercaptoacetate) (PTMP), and pentaerythritol tetra-
acrylate (PETA) within a polypropylene (PP) nonwoven fabric
(Fig. 12a). After swelling with EC/DMC solvent, the resulting gel
exhibited high ionic conduectivity (0.84 mS em™" at 25 °C, 1.76
mS cm ™' at 80 °C), a Li" transference number of 0.93, and
a wide electrochemical window of 5.2 V vs. Li'/Li. While
mechanical strength decreased upon swelling (tensile strength
from 3.8 to 2.8 MPa), the membrane remained robust enough to
function as both an electrolyte and separator. In LiFePO,||Li
cells, the electrolyte delivered long-term stability with 83%
capacity retention after 400 cycles at 1C and nearly 100%
coulombic efficiency. This work illustrates how thiol-ene click
chemistry enables multifunctional balance by combining ionic
conductivity, selectivity, stability, and sufficient mechanics in
a practical, processable design.

Cheng et al.”® developed polyacrylonitrile (PAN) nanofiber-
reinforced SIPE membranes via UV-initiated polymerization of
STFSILi and PEGDA in the presence of propylene carbonate (PC)
as a plasticizer (0.5-2.5 weight ratio to dry SIPE, Fig. 12b). While
the plasticized network (SIPE-2.5) reached high ionic conduc-
tivity (1.18 x 107> S em ™" at 25 °C) and a lithium transference
number of 0.93, its weak mechanical performance (0.76 MPa
modulus, 0.03 MPa tensile strength, 2.6% elongation) limited
applicability. Reinforcement with electrospun PAN nanofibers
(SIPE-2.5-PAN) preserved high conductivity (8.09 X
10~* S em™ "), while dramatically boosting mechanics (5.91 MPa
modulus, 4.45 MPa tensile strength, 152% elongation) and
extending the electrochemical window to 4.9 V. In terms of
thermal stability, SIPE-2.5-PAN remained stable up to ~100 °C
but exhibited PC volatilization above this range, whereas the dry
SIPE and PAN nanofibers were independently stable above 300-
350 °C. A low activation energy of 0.19 eV confirmed facile ion
transport, while electrochemical testing showed long-term Li||Li
stability (>1000 h without dendritic failure) and excellent Li|LFP
cycling. This system stands out as a clear example of multi-
functional balance achieved through plasticization-reinforce-
ment synergy.

Using a different approach to achieve mechanical robust-
ness, Zhou et al’® demonstrated how hierarchical brush
topologies can deliver both stiffness and transport. They
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designed ultrathin bottlebrush electrolytes by grafting poly(-
lithium  4-styrenesulfonyl(trifluoromethylsulfonyl)imide)-b-
poly(diethylene glycol monomethyl ether methacrylate)
(PSTFSILi-b-PEGM) diblocks from bacterial cellulose (BC)
nanofibrils (Fig. 12c¢). The resulting porous nanonetworks
combined a rigid BC backbone with mobile side chains,
yielding free-standing membranes with high mechanical
strength (2.2 GPa) and ionic conductivity of 4.9 x 107 ®Scm ™"
at room temperature. Incorporation of a 25 wt% plasticizer
(BC-g-PSTFSILi-b-PEGM/P) further enhanced conductivity to
3.1 x 10~ * S cm ™! while maintaining high modulus (1.9 GPa).
Importantly, the BC-g-PSTFSILi-b-PEGM/P system also exhibi-
ted a high lithium transference number (¢;;+ = 0.85). The
molecular design proved critical for interfacial stability: while
simpler systems (BC alone, BC-b-PEGM, or BC-g-PSTFSILi
without the PEGM block) showed rapid failure with high
overpotentials (=73-150 mV) and short circuits within 100-
150 h, the full BC-g-PSTFSILi-b-PEGM/P brush system main-
tained stable cycling for over 3300 h in Li||Li cells with an
overpotential of 5 mV. The dual block architecture reduced
interfacial resistance, ensured good adhesion to Li metal, and
effectively suppressed dendrite growth. This work highlights
how careful integration of hard, soft, and ion-conducting
segments in a hierarchical brush topology enables a unique
balance of mechanical robustness, ionic selectivity, and long-
term electrochemical stability.

Finally, to generalize design approaches for crosslinked
systems, Shen et al.”” reported a model system of single-ion
conducting networks with an acrylate backbone, ethylene
oxide (EO) side chains, tethered fluorinated anions, and
mobile Li" cations, designed to map out structure-property
relationships (Fig. 12d). By systematically varying four
parameters: crosslinker content, crosslinker length, Li:EO
ratio, and EO side-chain length, the authors disentangled how
each molecular feature impacts conductivity, Ty, and modulus.
At low crosslinking density (<8 mol%), the modulus could be
increased by a factor of 8 (up to 2.4 MPa) without loss of
conductivity, providing a design principle for dendrite-
suppressing electrolytes. Maximum conductivity was
observed at room temperature at a Li:EO ratio of 1:40,
reflecting the balance between ion concentration and
segmental mobility, while at elevated temperatures conduc-
tivity increased monotonically with Li content. Extending side-
chain length from 3 to 6 EO units substantially enhanced
conductivity, even after normalizing for T, emphasizing that
subtle chemical modifications strongly affect solvation and
ion transport. Overall, conductivity varied by two orders of
magnitude at 90 °C and three at room temperature, depending
on molecular details. The best-performing networks reached
~107% S em ' at high temperature, and incorporation of
10 wt% propylene carbonate (PC) further boosted this value to
10~* S em™ " while retaining single-ion character (t;; = 0.85).
This work provides fundamental insight into how molecular
design governs decoupling of ionic and mechanical properties
in network polymer electrolytes.
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4. Conclusions, future outlook and
sustainability considerations

In recent years, single-ion polymer electrolytes (SIPEs) have
progressed beyond their early, academically centered develop-
ment and are now entering a stage of accelerated innovation
aimed at practical deployment. Advances in molecular design,
control over morphology, and integration into diverse archi-
tectures, such as host matrices, nanocomposites, and hybrid
systems, are enabling SIPEs with improved ionic efficiency,
robust electrochemical performance, and tunable mechanical
properties. As highlighted throughout this review, both chem-
ical design and macromolecular architecture play a central role
in governing structure-property relationships, providing
complementary strategies to balance ion transport, mechanical
integrity, and electrochemical stability.

Despite these advances, several key scientific challenges
remain. Interfacial stability with lithium metal and high-voltage
cathodes continues to limit long-term performance, particularly
under high current densities and extended cycling conditions.
While SIPEs inherently suppress concentration polarization
through high lithium transference numbers, the fundamental
mechanisms governing lithium dendrite suppression remain
incompletely understood and depend on a complex interplay
between mechanical modulus, ion flux homogeneity, and
interfacial chemistry. In addition, achieving high ionic
conductivity at ambient temperature while maintaining suffi-
cient mechanical robustness and processability remains
a central trade-off across both linear and non-linear SIPE
systems.

Looking ahead, future research is expected to increasingly
adopt a more holistic design philosophy that bridges molecular-
level control with manufacturing and device requirements. In
parallel, sustainability considerations are likely to become
a defining priority in SIPE development. Emerging strategies
such as fluorine-free anion chemistries, including cyano-
substituted and dicyano-based systems,*?**> have already
demonstrated promising ionic conductivity and improved
environmental compatibility compared to conventional fluori-
nated sulfonylimides. Similarly, the development of bio-based
and renewable polymer backbones, such as cellulose-derived
architectures,’ offers a pathway toward more sustainable elec-
trolyte systems while maintaining mechanical robustness. In
addition, greener and scalable synthesis approaches, including
UV-curing and solvent-free or low-solvent processing routes,**
are gaining increasing attention as viable strategies for reducing
environmental impact and facilitating industrial translation.

Beyond materials chemistry, emerging research paradigms
are expected to play an increasingly important role in acceler-
ating SIPE development. Machine learning-assisted materials
design and high-throughput screening approaches have
recently demonstrated strong potential to capture complex
structure-property relationships and guide the discovery of
advanced electrolyte materials more efficiently than traditional
trial-and-error methods.” These approaches are particularly
well-suited to SIPE systems, where ion transport depends on

This journal is © The Royal Society of Chemistry 2026
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a multidimensional parameter space involving polymer chem-
istry, architecture, and morphology. Coupled with advanced
experimental and computational characterization techniques,
such data-driven strategies are expected to play a key role in
enabling predictive design of next-generation SIPEs.
Ultimately, the continued advancement of SIPEs will depend
on the ability to integrate electrochemical performance,
mechanical robustness, processability, and sustainability
within a unified design framework. By combining rational
molecular engineering with scalable fabrication strategies and
environmentally responsible materials selection, SIPEs are well-
positioned to evolve from model systems into practical
components of next-generation energy storage technologies.
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