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Batteries are essential energy storage devices for renewable energy sources such as solar, wind, and hydropower. The
DOI: 10.1039/x0xx00000 developemt of high-performance batteries with enhanced energy density, safety and stability often involves the
development and optimization of polymeric components, including polymer electrolytes, electrode binders and coatings.
Mechanically interlocked polymers (MIPs), which exhibit unique dynamics and adaptabilities due to their embedded
mechanical bond motifs, have emerged as promising polymer materials. Their application in batteries has gained significant
attraction in the past decade, albeit constrained by the synthetic challenges associated with these unconventional bonds.
Nevertheless, integrating novel MIPs into batteries—whether as electrolytes, binders or coatings—has demonstrated
considerable potential for improving battery performance. While the exploration of novel MIPs holds inherent scientific
interest, their application in batteries highlights the exciting intersection between polymer design and battery technology.
In this review, we summarize the progress made toward leveraging MIP materials for enhanced battery performance, aiming
to inspire innovative, scalable MIP designs and underscore the significant opportunities at the interface of MIP chemistry

and battery research.

and polymer binders are employed to dramatically improve
electrode cycling stability by supporting mechanical integrity and
enhancing capacity retention during repeated charge/discharge
cycles.811

1. Introduction

Innovation in clean and renewable energy technologies is essential
to address the global impact of climate change and the impending
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depletion of fossil fuel resources. Batteries play a critical role in these
technologies due to their importance in energy storage and release.
Primarily composed of anode and cathode materials separated by
electronically insulating yet ionically conductive electrolytes,
batteries operate by transporting metal cations between electrodes
through the electrolyte medium, driven by differences in redox
potential. Concurrently, electrons flow through an external circuit,
enabling energy storage during charging and controlled energy
release during discharging.! By developing specialized high-tech
components that often include novel polymeric materials,?3
batteries can be optimized for specific performance metrics such as
high-energy density, long cycling life and high battery safety—all
particularly relevant for electric vehicle and portable devices. Such
polymeric components, including polymer electrolytes, electrode
binders and coatings (Figure 1a), are emerging as crucial elements of

Polymer materials containing mechanical bonds,*2 also known as
mechanically interlocked polymers (MIPs),!3 represent an emerging
category of polymer materials. Their key components—mechanical
bonds—feature both high spatial freedom (i.e., rotation and
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Figure 1 a) Typical “sandwitch” structure of batteries, with potential polymeric
components indicated. b) Schematic of conventional covalent bonds, non-covalent bonds
and mechanical bonds (such as catenanes and rotaxanes) in polymer materials.
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Figure 2 Representative scheme of preparation of mechanically interlocked polymer electrolytes using PEO and CDs. The materials generated in each step—pseudo-polyrotaxane

(pseudo-PR), polyrotaxane (PR), slide-ring material (SRM) and slide-ring gel (SRG)—can be adapted to polymer electrolytes by introducing various salts.

shuttling) and mechanical strength comparable to covalent bonds
(Figure 1b),*4-26 endowing MIPs with combined mechanical
robustness and adaptability.1? Existing MIP designs include slide-ring
materials developed by Ito et al.,*8 networks via in situ threading and
crosslinking by Harada and Takashima et al.,? rotaxane crosslinked
networks by Takata et al.,2® and mechanical interlocked networks
with dense mechanical bonds by Yan et al.,'? and threaded
polycatenanes and polycatenane networks by Rowan and
coworkers,2! to name a few. Many of these MIPs have recently
demonstrated efficacy in enhancing battery performance, broadly
attributed to their unique adaptability and mechanical resilience
derived from the mechanical bonds. However, the detailed
molecular mechanisms that lead to the enhanced device-level
performance have yet to be fully understood.

While the development of novel MIPs remains an area of great
interest, their potential applications—including use as
electrolytes,?2-24 electrode coatings,?%26 binder materials,?’ and in
stretchable electronics,222°—have only recently begun to be
explored. A foundational challenge to advancing these technologies
is the particularly arduous synthesis of MIPs, which stems from the
complex design of sophisticated mechanical bond motifs. This
complexity is particularly problematic when scaling production for
device fabrication. For example, cyclic molecules used as hosts for
mechanical bond construction often require multi-step synthesis and
are typically obtained in low yields.2%:39 Nevertheless, recent efforts
have demonstrated unprecedented potential for MIPs in battery
applications. To this end, this minireview presents recent progress in
leveraging MIPs as battery materials, aiming to inspire innovative
and scalable MIP designs and highlight significant opportunities at
the MIP-battery research interface.

In this review, the use of MIPs in batteries is categorized as
polymer electrolytes, electrode binders, and electrode coatings.
While most studies focus on polymer electrolytes, fewer studies
address electrode binders and coatings. Section 2 reviews MIP
applications as both solid-state and gel polymer electrolytes, with
Section 2.1 highlighting how polymer structural designs influence
ion-transport behaviour. Integration of these electrolytes into full
batteries is discussed separately in Section 2.2 and 2.3. Section 3
covers MIP binders specifically for silicon (Si) anodes, with no

2 | J. Mater. Chem. A., 2025, 00, 1-3

reported applications for other electrode materials to date. Section
4 introduces recent examples of MIPs as protective coatings, or
artificial solid electrolyte interphases (SEls), for high-energy-density
Li-metal anodes. Finally, Section 5 discusses challenges and
opportunities in leveraging MIPs as battery materials.

2. MIPs as Polymer Electrolytes

In contrast to conventional liquid electrolytes, which are infiltrated
into polyolefin-based porous membranes to serve as ion-conducting
media, polymer electrolytes function as both electrode insulators
and ion conductors. Consequently, they must possess sufficient
ion conductivity. While tuning and
enhancing polymer mechanical strength is well established in

mechanical strength and

polymer science, achieving sufficient high ionic conductivity—
especially in the solid state (> 10 S-cm'1)—has remained a persistent
challenge since their inception.3! Nevertheless, polymer electrolytes
(both solid-state and gel types) offer potential solutions to safety
concerns associated with liquid electrolyte systems, such as leakage
and flammability. MIPs exhibit superior mechanical strength,
resilience, and unique polymer dynamic behavior owing to the
molecular freedom and dynamics related to mechanical bonds.
Crucially, their polymer dynamics (e.g.,, segmental motion and
diffusion) may be strongly linked to ion conduction, which pose
compelling scientific questions for further exploration.

2.1 MIP polymer electrolytes

2.1.1 MIP solid-state electrolytes. lon conduction in solvent-free
solid-state polymer electrolytes can be largely dictated by the salt
solvation condition and polymer segmental motion.3132 Generally,
polymers with high segmental motion (or a low glass transition
temperature, Tg) are beneficial for ion conduction.33-37 Conversely,
salt with high dissociation ability and bulky anions typically enhance
ion conduction by increasing the concentration of solvated ions.
Moreover, an optimal content of salt is necessary to maximize the
charge carriers while avoiding excessive complexation with polymer

This journal is © The Royal Society of Chemistry 2025
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chains, which can restrict chain segmental motion and hinder ion
conductivity.38-40 To date, poly(ethylene oxide) (PEO)-based solid-
state electrolytes remain the most ion-conductive among polymer
electrolytes when formulated with an optimal salt content that
effectively suppresses matrix crystallinity without excessive physical
crosslinking due to dative interactions.#43 Similarly, enhanced
segmental mobility has been found critical for improving ion
conduction in solid-state PEO electrolytes. Recent computational
studies indicate that abundant solvation sites and continuous ion-
conducting paths within solid-state PEO electrolytes are responsible
for their relatively high ionic conductivity.3

Cyclodextrin (CD)-PEO-based polyrotaxanes (PRs) have been the
most studied MIPs for solid-state electrolytes (Figure 2). The use of
O-rich PEO chains as the axles and hydroxyl group-abundant CDs as
the wheels makes these MIPs desirable as solid media for salt
dissolution. Building on earlier studies of PRs, Chen and Yao et al.4>
first reported a crystalline pseudo-PR electrolyte consisting of a-CD
threaded PEO (a-CD-PEO) and LiAsFs salt (electrolyte denoted as
polymer/ion, a-CD-PEQ/Li*) in 2014 (Figure 3a). A short PEO chain
(M, = 2700 Da) was mixed with LiAsFg salt at a controlled ethyl oxide
(EO) repeating unit to Li*ion ratio (EO:Li*), then added to a saturated
aqueous o-CD solution to spontaneously generate crystalline
pseudo-PR electrolytes. Although the specific average number of a-
CD threaded onto each PEO chain was not characterized, the
obtained crystalline electrolyte was found to form ordered
nanochannels as revealed by 13C cross-polarization/magic angle
spinning (CP/MAS) NMR spectroscopy (Figure 3a). When the EO:Li*
equals 2, these nanochannels provide a directional pathway and
result in an ionic conductivity of ~5.6x10° S-cm™ at 29 °C—1.5 orders
of magnitude higher than a control electrolyte comprising PEO (M,
= 2000 Da) and LiSbFg salt. Temperature-dependent conductivity
analysis indicated a lower activation energy of E, = 75.1 kl-mol*!
compared to the control electrolyte (E; = 160.4 kJ-mol1) (Figure 3d).

This journal is © The Royal Society of Chemistry 2025

Figure 3 a) Pseudo-PR electrolytes consisting of nanochannels that enhance ion trnasport. b) Solid-state ’Li NMR revealing five types of Li* species within the pseudo-PR electrolytes.
¢) 3C CP/MAS spectra comparison of a.-CD, a-CD-PEO and a-CD-PEO/Li", indicating the formation of nanochannels within the pseudo-PR electrolyte. d) Temperature-dependent
ionic conductivity of pseudo-PR electrolyte and conventional PEO/Li electrolyte, demonstrating enhanced ion transport and distinct transportation mechanisms. e) Effect of host size
and ioin speciecs on the ionic conductivity of pseudo-PR electrolytes containng nanochannels, where large host size enhances chain segmental motion and presumably lower charge
density in ion specieces facilitates the ion transport within the nanochannels. b), ¢) and d) are reproduced from reference [45] with persmission from Wiley, copyright 2014; e) is are

Detailed solid-state 7Li spectra revealed five types of Li* species in the
crystalline electrolyte, with types 1, 2 and 4 Li* located within the
nanochannels while excluding the larger AsFs- anion. Notably, type 2
Li* acts as a transmitter, exchanging with type 1 and 4 Li* ions and
facilitating ion transfer within the nanochannels (Figure 3a and 3b).
This Li* exchange, which is coupled to PEO chain motion within the
nanochannels, enabled efficient ion conduction with an activation
energy of £, =42.1 kJ-mol. The observed relatively low macroscopic
ionic conductivity (~2.6x107 S-cm™ at 29 °C) was further attributed
to grain boundary resistance.

To improve the PEO chain segmental motion within the
nanochannels and thereby enhance ion conductivity, Chen and Yao
et al.%¢ applied B-CD as the host molecule to leverage its larger cavity
size compared to a-CD (6.0 A vs. 4.7 A). The resulting B-CD-PEO/Li*
electrolyte (B-CD:EO:Li* = 1.2:6:1) formed similar nanochannels and
showed slightly higher ionic conductivity than the o-CD-PEO/Li*
electrolyte (Figure 3e). However, the activation energy for ion
conduction in B-CD-PEOQ/Li* was found to be higher than that of a-
CD-PEO/Li*(123.2 ki-moltvs. 75.1 kl-mol?). They further prepared a
B-CD-PEO/Nat electrolyte to demonstrate the applicability of these
nanochannel structures. Using 2H NMR with deuterated PEO as the
axle, both B-CD-PEQO/Li* and B-CD-PEO/Na* showed improved PEO
chain segmental mobility compared to a-CD-PEO/Li*. Notably, the
higher ionic conductivity observed in B-CD-PEO/Na* relative to B-CD-
PEO/Li* could be attributed to the lower charge density of Na*
compared to Li*, which reduces binding strength to O atoms and
facilitates ion transport. In a subsequent study,*” they examined the
effect of chain mobility on ionic conductivity using poly(propylene
oxide) (PPO, M,, = 2000 Da) polymer and PPO-PEO-PPO

J. Name., 2025, 00, 1-3 | 3
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Figure 4 a) Compositions of SRM electrolytes in reported literature, with various crosslinkers, salts and modified CDs. b) Tunable PRs with variedaxle lengths (10, 35 or 100 kDa)
and wheel density (20 or 35 CDs per chian) for the fabrication of SRM electrolytes. ¢) Temperature-dependent ionic conductivity of SRM electrolyte with various salt contents and
crosslinking densities. LxCy: x =5, 10, 15 wt% Li(NTf), salt; y = 05 or 1 for 5 and 10 mol% hexamethylene diisocyanate crosslinker, respectively. d) Evolution of ionic conductivity
over Li"/EO (or [Li]/[O]) ratio in the SRM electrolytes. €) WAX and SAXS studies of crystallinity in SRM electrolyte under different strains. f) Impact of PEO chain length and CD
density in PR on the ionic conductivity of fabricated SRM electrolytes. g) Effects of the chain length of macrolinker and crosslinkng density on the ionic conductivity of SRM
electrolytes. For the legends, HyPR6000/10000 refers to the use of hydroxypropyl modified CDs and 6/10 kDa macrolinker, and the following ratio indicates the PR and
macrocrosslinker weight ratios. c) is reproduced from reference [23] with permission form Elsevier, copyright 2018; d) and e) are reproduced from reference [49] with permission form
Science Advanced, copyright 2024; f) reproduced from reference [50] with permission form American Chemical Society, copyright 2024; and g) reproduced from reference [51] with
permission form American Chemical Society, copyright 2024.

blockcopolymer (CoP, EO:PO = 1.38:1, M,, = 2000 Da) as the axels.
Both produced crystalline electrolytes with nanochannel structures.
Strikingly, the ionic conductivity of B-CD-CoP/Li* (B-CD:[PO+EOQ]:Li* =
1:2.3:1.23) was four orders of magnitude higher than that of B-CD-
PPO/Li* (B-CD:PO:Li* = 1:2.4:1.53) at 25 °C (3.2x10% S-cmtvs. 9.5x10
9S-cm). Solid-state *H MAS NMR confirmed that B-CD-CoP/Li* has a
higher segmental mobility than B-CD-PPO/Li*. It should be noted that
the MIP electrolytes investigated by Chen and Yao et al. are, in fact,
linear pseudo-PRs, as no chain-end capping step was performed and
the threading of CDs onto the short axle polymers was relatively
uncontrolled.

The mechanically trapped CDs on o-CD-PEO PRs can be
crosslinked to produce crosslinked PRs, also known as slide-ring
materials (SRMs) (Figure 2), a concept first demonstrated and
extensively explored by Ito and coworkers since 2001.48 In 2017,
Yokoyama and Ito et al.2® fabricated a series of solid-state SRM

4 | J. Mater. Chem. A., 2025, 00, 1-3

electrolytes based on a-CD-PEO PRs. In the study, an a-CD-PEO PR
consisting of a M,, = 35000 PEO and ~100 threaded a-CDs was mixed
with varying LiCIO; contents and further crosslinked using
hexamethylene diisocyanate (HDI) (Figure 4a). Although the exact
number of crosslinking sites per chain was not provided, doubling the
crosslinking sites was insufficient to suppress crystallinity. Instead,
increasing the LiClO; content from 5wt% to 15wt% successfully
eliminated crystalline domains (Figure 4c). However, the achieved
ionic conductivity remained relatively low (10°-107S-cm1) at ~80 °C.
Notably, the temperature-dependent ionic conductivity exhibited a
segmental motion-dictated trend at high temperatures, while
showing Arrhenius-type behaviour at low temperatures—a
phenomenon attributed to hydrogen-bonded CDs that limit
segmental mobility. To address this limitation, they further reduced
the hydrogen bonding level by reacting the hydroxyl groups on CDs
using propyl isocyanate. Consequently, increasing the degree of
hydroxyl substitution on CD to 22% improved the ionic conductivity

This journal is © The Royal Society of Chemistry 2025
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Figure 5 Schematic compositions of SRG electrolytes in reported literature, including various crosslinkers, salts, modified CDs and plasticizers.

(although still relatively low at ~107 S-cm?) and enhanced
mechanical ductility. Further increasing the substitution to 49%
adversely reduced the ionic conductivity and ductility owing to
hydrophobic aggregation of modified CDs. Later, Ito, Mayumi and
Hashimoto et al.?? sought to improve the Young’s modulus of SRM
electrolytes through fine-tuning PEO crystallinity and CD
aggregation. An a-CD-PEO PR, composed of PEO (M,, = 35000 Da)
and 9 a-CDs per PEO chain, was blended with varying Li(NTf,) salt
contents (EO:Li* = 5-33) and then crosslinked using HDI. Increasing
the EO:Li* ratio (i.e., decreasing Li(NTf,) salt content) led to higher
PEO crystallinity and Young’s modulus without compromising
maximum strain (Figure 4d). All prepared SRM electrolytes were
stretchable and exhibited strain-induced crystallization, which
further enhances the electrolytes’” mechanical strength (Figure 4e).
Importantly, the ionic conductivity first increased and then
decreased, with a maximum value of ~105S-cm! achieved at EO:Li*
= 10. This work demonstrated a breakthrough in overcoming the
commonly known trade-offs among electrolyte modulus, ductility,
and ionic conductivity.

In 2024, Seo and coworkers comprehensively investigated a
series of SRM electrolytes composed of a-CD-PEO PRs with
systematically varied lengths of PEO chains (M,, = 10,000, 35,000,
and 100,000 Da) and different numbers of threaded a.-CDs per chain
(35 or ~20) (Figure 4b).59 Overall, a higher number of a-CDs per chain
led to increased formation of crystalline a-CD structures, thereby
reducing o-CD mobility along the chain. These PRs were blended
with LiNOs3 salt and further crosslinked to produce four SRM
electrolytes. Comparing PRs with ~20 threaded a-CDs but different
PEO chain lengths (10PRE, 35PRE and 100PRE in Figure 4b and 4f),
longer PEO chains provided greater a-CD sliding mobility, correlating
with higher ionic conductivity. In this system, Li* ionic conduction
appears coupled to a-CD sliding mobility. However, for the shortest
PEO chain (My = 10,000 Da), increasing the number of threaded a-
CDs from ~20 to 35 (10PRE vs. 10DPRE) increased the ionic
conductivity despite decreased «-CD sliding mobility. 7Li NMR
studies attributed this effect to enhanced LiNOs dissociation related
to higher a-CD content. As such, Li* conduction in PRs with high a-
CD content was postulated to occur through hopping along the
threaded and aligned o-CDs. The SRM electrolytes design
demonstrated significant advantages over controls comprising PEO
and physically blended a-CDs, with ionic conductivity enhanced by a
factor of ~330. Notably, an impressive ionic conductivity of 3.4 x 10-3
S-cmat 25 °C was reported using the PEO with M,, = 100,000 Da and
~20 threaded o-CDs.

Yin and You et al.5* also reported SRM electrolytes employing a.-
CD-PEO PRs combined with PEO macromolecular crosslinkers instead

This journal is © The Royal Society of Chemistry 2025

of small-molecule crosslinkers. A PEO with M,, = 35,000 Da was used
to prepare a PR containing ~100 threaded a-CDs, with the a-CDs
were further functionalized with hydroxypropyl groups before
crosslinking with modified PEO macrolinkers (M,, = 6,000 or 10,000
Da). At 15 wt% LIiTFSI content, the as-prepared SRM electrolytes
showed substantially reduced «-CD crystallinity and slightly
increased PEO crystallinity with increasing amounts of PEO
macrolinkers, offering improved electrolyte ductility. Similarly,
longer PEO macrolinkers (10,000 vs. 6,000 Da) led to reduced a-CD
crystallinity but slightly increased PEO crystallinity. Overall, increased
macrolinker content or longer macrolinker length resulted in SRM
electrolytes with higher polymer segmental mobility and
corresponding enhanced ionic conductivity (Figure 4g). All prepared
electrolytes showed good thermal stability > 150 °C. The a-CD
crystalline domains, which govern chain segmental mobility and ionic
conductivity, could be eliminated by heat treatment. As a result, all
SRM electrolytes exhibited improved ionic conductivities, with a
maximum conductivity of 2.7 x 10~5 S-cm at 30 °C. Pursuing further
improvements, a longer PEO macrolinker with M,, = 35,000 was
applied to fabricate SRM electrolyte.2 Despite an increase in PEO
crystallinity, the a-CD crystallinity responsible for chain segmental
mobility was successfully suppressed as the macrolinker length
increased from M,, = 6000 Da to M,, = 35,000 Da. Overall, the SRM
electrolyte with a PEO macrolinker of M,, = 10,000 Da provided the
optimal ionic conductivity of 7.05 x 10-> S:cm at 30 °C.

2.1.2 MIP gel electrolytes. The addition of plasticizers to a polymer
electrolyte enhances chain segmental mobility and modifies ion
conduction mechanisms, resulting in substantial improvements in
ionic conductivity (Figure 5). Plasticizers act as “molecular
lubricants”, disrupting interchain interactions such as hydrogen
bonding and van der Waals forces, while simultaneously increasing
the free volume within the polymer matrix. This combination
remarkably enhances chain segmental mobility, facilitating ion
transport. Meanwhile, plasticizers solvate the salt and enable ions to
transport more readily along the liquid path within the polymer
matrix, effectively lowering activation energy for ion transport.53-55
However, these benefits come with trade-offs including reduced
mechanical strength and potential safety risks due to the
flammability of added plasticizer. To worth mentioning, the polymer
osmotic pressure allows the plasticizer to be retained within the
polymer matrix, mitigating the leakage of liquid plasticizer.

J. Name., 2025, 00, 1-3 | 5
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Figure 6 a) Pseudo-PR electrolytes consisting of different CDs and LiTSI salt show nanochannel structuctures, and their corresponsing temperature-dependent ionic conductivity

properties are shown in b). ¢) The use of a pseudo-PR electrolyte comprising of methylated y-CD and PEO presents improved cycling stability compared with a conventional
PEO/LIiTFSI electrolyte. d) Schematic PR electrolytes containing PCL-grafted CD wheels. e) The length effect of grafted PCL (12 or 192 kDa) and CD species (a- or y-CD) on the
PR electrolyte ionic conductivities. f) Ionic conductivity of a “polymer-in-salt” electrolyte containing PCL-grafted-CD/PEO PR (38 wt%) and LiFSI salt (62 wt%). g) SRM electrolyte
with macrolinker and its performance in an LFP||Li full battery (CPR500 refers to SRM electrolyte crosslinked using a 500 Da PEO macrolinker). b) and c) are reproduced from

reference [59] with permission form American Chemical Society, copyright 2018, e) is reproduced from reference [24] with permission from Elsevier, copyright 2019, f) is reproduced

from reference [62] with permission form American Chemical Society, copyright 2019, and h) is reproduced from reference [62] with permission from Elsevier, copyright 2024.

Slide-ring gels (SRGs) developed by Okumura and Ito*8 exhibited
excellent mechanical ductility owing to the adaptive shuttling of a-
CDs under external mechanical load. Consequently, SRGs offer a
promising approach for the fabrication of gel electrolytes that
address the trade-off between ionic conductivity and mechanical
strength. Building on previous studies on SRGs, Shimomura and Ito
et al.56 investigated the conductivity and mechanical strength of a-
CDs-PEO-based SRG electrolytes swollen with propylene carbonate
and LiTFSI salt. A PR composed of a PEO with M,, = 35,000 Da and
~100 threaded o.-CDs was crosslinked with various amounts of divinyl
sulfone crosslinker. Due to poor affinity of propylene carbonate
toward a-CDs, the SRM could not be swollen to form SRG electrolyte.
However, after 28% or 74% methylation of a-CDs’ hydroxyl groups,
SRMs could be successfully swollen (swelling ratios of 107-108%) to
give SRG electrolytes exhibiting high ionic conductivity of 2.2-3.9 x
1073 S:cmat 25 °C. Slightly reducing crosslinking density moderately
improved ionic conductivity while slightly reducing modulus.
Notably, the activation energy for ion conduction was comparable to

6 | J. Mater. Chem. A., 2025, 00, 1-3

that of a pure electrolyte solution, suggesting a similar ion
conduction mechanism to liquid electrolyte. Alternatively,
Shimomura and Ito et al.57 utilized a series of imidazolium-based
ionic liquids to prepare the SRG electrolyte. a-CDs with and without
50% hydroxypropyl substitution were applied to fabricate the SRG
electrolytes, which swelled slowly in the ionic liquids over a week.
Obtained SRG electrolytes showed Young’s moduli of 15-30 kPa and
high ionic conductivities of 1.66-3.18 x 10-3 S-cm'1 at 20 °C, with 1-
ethyl-3-methylimidazolium ethyl sulfate providing the highest ionic
conductivity. Further addition of LiTFSI salt to the ionic liquid
improved the ionic conductivity (2.66—4.31 x 1073 S-cm™ at 30 °C) and
mechanical properties (8.4-60.5 kPa Young’s modulus), rendering
the SRG electrolytes suitable for Li-ion batteries.??

Shimomura and Ito et al.58 further expanded this SRG system to
gel electrolytes containing Mg2* ion, using 0.5 mol-L't Mg(TFSI); in
diethylene glycol dimethyl ether (diglyme; G2), triethylene glycol
dimethyl ether (triglyme; G3), or tetraethylene glycol dimethyl ether

This journal is © The Royal Society of Chemistry 2025
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(tetraglyme; G4) as swelling liquid electrolytes. Interestingly,
swelling behaviour was highly dependent on the glyme solvent: G4
showed no swelling, while G2 and G3 reached swelling equilibrium
in one and three weeks, respectively. It was postulated that
exclusive coordination of Mg?* with G4 prevents its interaction with
a-CD and PEO chains, inhibiting the network swelling preperty. G3
provided the highest swelling ratio and the greatest electrolyte
uptake and was therefore systematically evaluated by varying
crosslinking density. Increasing crosslinking density improved
modulus but reduced ductility and ionic conductivity. The ion
conduction was found to follow a segmental motion-coupled ion
transportation mechanism, with an optimized ionic conductivity of
1.73 x 103 S:cm at 25 °C.

2.2 MIP solid-state electrolytes for batteries

Like other solid-state polymer electrolytes, the relatively low ionic
conductivity in MIP solid-state electrolytes remains a long-standing
challenge for their application in full batteries. Initial attempts have
successfully demonstrated their application potential at elevated
temperatures. In 2018, Brunklaus, Winter and colleagues prepared a
series of pseudo-PR electrolytes using a short chain PEO (M,, = 2000)
and both pristine and methylated a-, B-, y-CDs (Figure 6a).5® The
prepared electrolytes had a CD:EO ratio of 1:2.8 and exhibited
nanochannel structures similar to those reported by Chen and Yao et
al.45-%7 after being blended with LiTFSI salt at an EO:Li ratio of 5:1.
Interestingly, all methylated CDs exhibited higher ionic conductivity
than the pristine counterparts, attributed to their less rigid structures
due to the absence of hydrogen bonds between CDs. Notably, the
ionic conductivity followed the trend a-CDs < B-CDs < y-CD,
correlating with cavity size-dependent PEO chain segmental mobility
(Figure 6b). Consequently, the methylated y-CD electrolyte showed
an ionic conductivity of ~10* S-cm™ at 100 °C, with a transport
number of t. ~ 0.34. This electrolyte was further demonstrated to
outperform a control PEO/LITFSI electrolyte in full battery tests
(Figure 6¢). Brunklaus and Winter et al.24 further investigated CD-PEO
based PR electrolytes containing polycaprolactone (PCL)grafted CDs
(Figure 6d), following a preparation method previously reported by
Kato et al.%% A similar low molecular weight PEO (M,, = 3000) was
used to prepare chain-end capped PR. Although the CD coverage
ratio was unspecified, the number of grafted caprolactone units per
CD was varied from 48 to 103. The use of y-CD grafted long PCL chains
and at a LiTFSI salt content of [ester]:[Li*] =5:1 provided optimal ionic
conductivity, with impressive values >10%* S-cm? at room
temperature and 1073 S:cm™ at 60 °C (Figure 6e). A Li||Li symmetric
cell employing this PR electrolyte exhibited stable cycling for > 600
cycles under a current of 0.1 mA-cm2 at both 40 and 60 °C.

The concept of polymer-in-salt,6? in which salt is the major
component (> 50 wt%), has been shown to yield relatively high ionic
conductivity in solid-state electrolytes. A similar PCL-grafted y-CD-
PEO PR (38wt%) and LiFSI (62wt%) were mixed and infiltrated into a
porous polyimide film to prepare the PR-in-salt electrolyte.2 The
obtained electrolyte exhibited a high ionic conductivity of 4.89 x 104
S-cm! at 30 °C (Figure 6f) and demonstrated superior cycling in Li|Li
symmetric cells and NCM811||Li full cells compared to a PEO/LIFSI
counterpart. The improved battery performance was further
revealed by transmission electron microscope (TEM) and X-ray
photoelectron spectroscopy (XPS) studies of the NMC811 cathode

This journal is © The Royal Society of Chemistry 2025
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Figure 7 a) Schematic of a chain-end crosslinked PR network electrolyte (CPE)
containing interlocked crown ethers, and b) its use in a LFP||Li full battery showing a stable
and improved cycling at 25 °C, compared with a non-interlocked counter part CE.
Reproduced from reference [64] with permission form American Chemical Society,
copyright 2023.

after cycling, which showed that a smooth uniform, continuous, and
dense CEl layer resulting from the PR-in-salt electrolyte prevented
transition metal dissolution and additional side reactions.

In another study, Gohy and Jia et al®® prepared several SRM
electrolytes composed of a-CD-PEO PR (PEO M, =35000 Da with
~100 threaded a-CDs), PEO crosslinker, and LiClO4 salt (Figure 6g). By
tuning the PEO crosslinker length (M, = 500 or 2000 Da) and LiClO,
salt content (EO:Li = 8:1-20:1), an optimal ionic conductivity of 7.25
x 10~ S:cm1 at 60 °C was achieved using a PEO crosslinker with M\,
= 500 and EO:Li* = 10:1. Consequently, this optimized SRM
electrolyte was demonstrated in both Li||Li symmetric cells and LFP||Li
full cells to provide stable cycling at 60 °C (Figure 6h). Notably, the
LFP cathode was fabricated using 40wt% SRM electrolyte as the
binder or catholyte.

Beyond CD-PEO based PR electrolytes, Yu, Guo, and Tang et al.54
designed a chain-end crosslinked PR electrolyte containing threaded
18-crown-6-ether rings on the PEO network strands (Figure 7a). This
novel MIP electrolyte was prepared through in-situ threading and
crosslinking of PEO chains in the presence of 18-crown-6-ether rings.
Although the number of threaded crown ether rings was not
specified, the obtained electrolyte exhibited an impressive ionic
conductivity of 3.48 x 10 S-cm™ at room temperature. This
electrolyte was further used to demonstrate stable cycling of a Lil|Li
symmetric cell and an LFP||Li full cell at 25 °C (Figure 7b).

2.3 MIP gel electrolytes for batteries

The enhanced ionic conductivity in MIP gel electrolytes enables their
practical application in batteries, albeit at the cost of compromised
mechanical strength and thermal stability. Introducing external
particles into the gel electrolyte to form a polymer composite gel
electrolyte, enhances mechanical strength and thermal stability of
gel electrolytes. Notably, the electronic states and physicochemical
properties—including redox stability, dielectric constant, polymer
crystallinity and relaxation dynamics, ionic conductivity, and surface
energy—are indeed simultaneously modified when forming polymer
composites. This collective alteration substantially influences the
overall electrochemical performance.®566 A similar strategy has also
been explored in the context of MIP gel electrolytes. Tong et al.®7
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performed a one-pot preparation of a pseudo-PR composite
consisting of PEO (My = 20,000), a-CD (~32 a-CDs per PEO chain),
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), and
liquid PEO (M, = 400) (Figure 8a). This composite was subsequently
immersed in an electrolyte solution containing 1 mol-L! LiPFs and an
equal volume mixture of ethylene carbonate (EC), ethyl methyl
carbonate (EMC), and dimethyl carbonate (DEC) (volume ratio of
1:1:1). Although the precise plasticizer fraction not
characterized, the composite gel electrolyte with a PEO:PVDF-HFP
weight ratio of 1:2 provided an ionic conductivity of 1.73 x 104 S-cm~
1 at room temperature. This composite exhibited high thermal
stability with < 20% shrinkage at 200 °C, significantly outperforming
a commercial Celgard 2400 membrane (Figure 8b). Cycling in a Li||Li
symmetric cell and an LFP|Li full cell demonstrated showed
promising stability (Figure 8c). Zhu and Tong et al.68 further
incorporated nano-Al,03 particles to the gel electrolyte to reinforce
both ionic conductivity and mechanical strength. The modified
composite electrolyte exhibited an improved ionic conductivity of
8.30 x 10 S:cm?, a Li* transfer number of 0.51, and a tensile
strength of 17.12 MPa. This enhancement is attributed to multiple
molecular interactions including PEO-Li*, Al,Os-Li* and F-Li* were
attributed to the enhancement. The new composite gel electrolyte
exhibited improved cycling performance in an LFP||Li (LFP loading
unspecified) full cell compared with the counterpart lacking nano-
A|203.

was

The pseudo-PR gel electrolyte was also applied in flexible Zinc-
ion batteries, which possess high energy density, low cost, and
intrinsic safety. Sun, Zhang and Miao et al.%° prepared an a-CD-PEO
pseudo-PR and subjected it to the in-situ polymerization of
polyacrylamide (PAM) in the presence of Zn(OTf); salt, yielding a a-
CD-PEO/PAM pseudo-PR hydrogel electrolyte containing both free a-

CDs and threaded a-CDs (Figure 8a). This hydroggl,electrelyte
exhibited higher mechanical toughness andP4dhEsisE YOMparedto
the PAM hydrogel electrolyte (Figure 8d). Impressively, a high room-
temperature ionic conductivity of 22.4x 103 S:cml with an
outstanding Li* transfer number of 0.923 was achieved at 60 wt%
water content, substantially outperforming the PAM electrolyte
(9.4x 1073 S:cml) with the same water content. The use of this
pseudo-PR hydrogel electrolyte in a La-V20s||lZn (~1.0 mg-cm?? La-
V,0s loading) coin cell demonstrated 90.2% capacity retention after
3500 cycles at 5A-g® current density (Figure 8e). Additionally, the
mechanical tough hydrogel electrolyte enabled flexible zinc-ion
batteries resilient to various mechanical load such as bending,
cutting, and puncturing.

Compared with (pseudo-)PR gel electrolytes, SRG electrolytes
possess improved dimensional stability. Aiming to simultaneously
improve the ionic conductivity and mechanical strength of gel
electrolytes, Kim and Seo et al.”® fabricated an SRG electrolyte based
on a-CD-PEO PR (with PEO M,, = 10,000 Da) and a HDI crosslinker
(Figure 9a). The glucose unit of a-CD was found to provide stronger
solvation of LiNOs than LiTFSI and LiClOs4, owing to strong binding
between hydroxyl groups and NOs anion (Figure 9b). Accordingly, a
highly elastic SRG electrolyte containing LiNO; salt and 37 wt% DMSO
exhibited a high ionic conductivity of 5.93 x 10-3 S-cm™! at 25 °C, with
a Li* transfer number of 0.71 and mechanical toughness of 14.3
MJ-m-3. The high ionic conductivity was attributed to the high free
motion of threaded o-CDs, including sliding and rotation. The
utilization of the SRG electrolyte was further demonstrated in an
LFP|ILi full cell at 25 °C (Figure 9c). To enable the use of SRG
electrolyte in Li-oxygen (O) batteries, Kim and Seo et al.”! later
modified the threaded a-CD with acrylates and copolymerized the
modified PR with butyl acrylate and PEO diacrylate to provide a
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Figure 8 a) Composite gel electrolyte consisting of pseudo-PR and PVDF-HFP or PAM. b) Pseudo-PR composite gel electrolyte exhibits higher thermal stability than commercial
Celgard 2400 membrane, and c) its use in a NMC532||Li full battery enables 86% capacity retention after 300 cycles at 0.5C. A CD-PEO/PAM composite electrolyte showed higher
d) mechanical toughness and e) cycling capacity in a La-V20Os||Zn battery than the PAM gel electrolyte. b) and c¢) are reproduced from reference [68] with permission from Springer,

copyright 2022. d) and e) are reproduced from reference [69] with permission from Wiley, copyright 2023.
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hydrophobic SRG electrolyte containing LiTFSI salt and 24% DMSO
solvent (Figure 9d). The hydrophobic SRG electrolyte, exhibiting a
high ionic conductivity of 2.8 x 10-3 S-cm! and a Li* transfer number
of 0.61 at 25 °C, offers high O, permeability while effectively repelling
water molecules, as indicated by a reduced weight increase when
exposed to humid air (Figure 9e). Both Li||Li symmetric cells and Li||O;
full cells exhibited excellent cycling stability (Figure 9f).

Gao and Ding et al.”? also reported an SRG electrolyte based on
an a-CD-PEO PR (PEO with M, = 4000 Da and 35 threaded a-CDs)
crosslinked by PEO (M, = 2000 Da) macrolinker. By optimizing the PR
and PEO crosslinker composition, an SRG electrolyte containing 1
mol-L1 LiTFSI in a 1:1 (volume ratio) mixture of 1,2-dimethoxyethane
(DME) and 1,3-dioxolane (DOL), with 1% LiNOs, achieved an ionic
conductivity of 1.73 x 10-3 and a Li* transfer number of 0.71 at 30 °C.
Consequently, an assembled LFP||Li coin cell showed long and stable
cycling at 0.5-16C rate. Additionally, the excellent mechanical
properties of SRG electrolyte—1.15 MPa breaking stress and 971%
breaking strain—enabled the fabrication of flexible LFP||Li pouch cells
that underwent stable cycling for 220 cycles at 0.5 C while exhibiting
resilience to bending and cutting.

More recently, Gohy and Jia et al.”® developed a dynamic SRG
electrolyte containing an a-CD-PEO PR (PEO with M,, = 35,000 Da and

Journal of-Materials/Chemistry A

100 threaded a-CDs), a tetra-arm boronated singleszign, dynamic
crosslinker, and 1-ethyP3-Héthylirtita2eltin
bis(trifluoromethylsulfonyl)imide (EMIMTFSI)/LITFSI liquid
(Figure 9g). By fine-tuning the molar ratio of ionic liquid to dynamic
crosslinker, they reported an optimized ionic conductivity of
2.21x1073 S-cm™ with a Li* transfer number of 0.45 at 20 °C. This SRG
electrolyte showed thermally stability up to 300 °C and supported
stable cycling of a Li||Li symmetrical cells and an NMC622||Li full cell
at 20 °C (Figure 9h).

ionic

3. MIPs as Electrode Binders

Electrode binder, which typically constitutes 2-30 wt% of the
electrode materials depending on the electrode type, provides
adhesion between active electrode particles, conductive additives,
and the current collector, and also plays crucial roles in the
electrochemical redox processes.”®77 However, the use of MIPs as
electrode binders has been less explored compared to their use as
electrolytes.

The pioneering work on MIP binders was reported by Choi and
Coskun et al. in 2017.27 They aimed to leverage the excellent
mechanical adaptability of SRMs to tackle the pulverization
c)
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Figure 9 a) SRG electrolytes containing different salts. b) Interaction of o-CD unit with Li" cation and salt anions in the SRG electrolytes. ¢) Performance of a full LFP||Li battery

using a SRG electrolyte. d) SRG electrolyte comprising of copolymerized poly(n-butyl acrylate) and PEO diacrylate macrolinker through acrylate-functionalized a-CD (mPR-SPE).
d) the weight change of a bare Li metal, and ones coated with PTFE, SRG electrolyte containing unmodified CD (pPR-SPE) or mPR-SPE. f) Comparison of a Lil|O> full battery
performance using pPR-SPE and mPR-SPE. g) SRG electrolyte crosslinked using a single-ion tetra-arm linker, and h) its performance in an NMC622||Li full battery. b) and c) are

are reproduced from reference [70] with permission from Wiley, copyright 2021, e) and f) are reproduced from reference [71], and f) is reproduced from reference [73] with

permission from Wiley, copyright 2021.
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challenges of high-energy density silicon (Si) anodes, which undergo
large volume change (300-400%) during the charging/discharging
cycles (Figure 10a). An a-CD-PEO PR (PEO with M,, = ~20,000 Da and
hydroxypropyl a-CDs) was used to crosslink poly(acrylic acid) (PAA,
M,, = 450,000 Da), yielding a partially crosslinked SRM that was
soluble and amendable to wet electrode processing. The SRM
showed a twofold improvement in mechanical ductility (390% vs 37%
rupture strain) compared with the pure PPA polymer. Subsequent
electrode fabrication employing Si microparticle, SRM, and super P
in a mass ratio of 8:1:1 yielded a Si anode with an areal loading of ~1
mg-cm-2. A fabricated half-cell (2.67 mAh-cm-2) with Li as the counter
electrode achieved 91% capacity retention after 150 cycles at 0.64
mA-cm2 (0.2C). By contrast, a PAA binder afforded only 48% capacity
retention after 50 cycles. Further testing of a full battery paring a
lithium nickel cobalt aluminium oxides (NCA) cathode (2.88 mA-cm-
2) at a negative-to-positive electrode capacity ratio (N/P) of 1.15
demonstrated 98% capacity retention after 50 cycles at 0.62 mA-cm-
2 (0.2C), with an average CE of 99.92%. Post-cycling analysis of Si
anode revealed less pulverization and a thinner residual SEI layer
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Lithiation
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Journal Name

than the PAA counterpart (Figure 10b). Choi and Coskun, together
with Char et al.’® later adapted this SRMDéledfréded/BindEiote-a
commercial carbon-coated silicon monoxide (c-SOy, x~1) electrodes,
which typically present poor interaction with conventional polar
polymer binders. Through strong m—m stacking, c-SOx was blended
with a hydroxylated pyrene, whose hydrogen bonding interaction
with PAA facilitated dispersion and fabrication of this commercial c-
SOy electrode material (2.3-2.5 mg-cm-2). Full cells in pairing with
NCA cathodes (N/P =1.1) retained 82.5% capacity after 150 cycles at
0.5 C(19.4 mg/cm2NCA), and 77.7% capacity after 60 cycles at 0.5 C
(27.8 mg-cm2 NCA).

In a similar attempt to address the pulverization challenges of Si
anodes, Liang, Yan and Yue et al.” reported a MIP binder that
combines a PAA and an [an]daisy chain-based MIP. The MIP was
prepared by preforming the [an]daisy chain followed by attachment
of a supramolecular crosslinking unit containing quadruple hydrogen
bonding. Blended with PAA at 5 wt%, this MIP binder, combined with
super P and Si particle, was used to fabricate the electrodes (mass

PAA-PR binder PAA binder

d) 20
)LO/WVWO
Q\’E-‘,,e 160
Hermaphroditic monomer 1 %‘
2120 4
* Seassembly Mﬂﬂlﬂwwm §120 P 7
8
fi"i _ Dimarization fIve 80 m 70
ST i i 7 CMIN@PAA 0.5C
UPy-SH 2 5 T T T T 1
o 0 20 40 60 80 100
Cycle number
e
) g L 1100 5
Lo s
§ 180 g
-E- 1 — p... 60 g
= ; 82.9% =
‘S 3 [
§ i 140 o
© 3 2
120 E
(&) 5 o
0 0 o
C LFP @ Super P 0 50 100 150 200 250 O

& B-CD__—PVDF _~ PEO

Cycle number

Figure 10 a) Mitigation of pulverization in the Si micro-particle (SiMP) anode during the battery cycling through the use of mechanically adaptive PR-PAA binder. b) Cross-sectional
SEM images of SiMP anode after cycling usign PR-PAA and PAA binders (after the 10™ delithiation. Si loading, 0.70 mg-cm; 0.2 C rate. ¢) Schematic of Si anode material
fabricated using a novel MIP binder consisting of supramoleculr crosslinked [an]daisy chains, and d) the cycling performane of a fabricated 100 mAh pouch ce. e) Illustrated full
battery containing hybrid PVDF-PR electrode binder, and f) corresponding cyclng performance of a fabricated puch cell. The hybride binder was indicated to facilitate the Li*

transport at the electrode-electrolyte interface. a) and b) are reproduced from reference [27], ¢) and d) are reproduced from refrence [79] with permission from American Chemcial

Society, copyright 2024, and ¢) and f) are reproduced from reference [80] with permission from Wiley, copyright 2025.
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Figure 11 a) MIP coating enabled uniform Li deposition and stable cycling of Li metal anode. b) Partially crosslinked PR-PAA coating polymer. ¢c) PR-PAA coated Li metal anode

exhibits more uniform Li deposition and lower overpotential in a Li|Li symmetric cell. d) A Li metal anode coated with PR-PAA polymer showed improved cycling stability compared

with a bare one. e) Two novel MIPs consisting of [2]rotaxane or [an]daisy chain crosslinked PDMS networks have been applied as Li metal anode coatings. and both exhibited
improved capacity retention in f) a Li||[LFP and g) a Li[NCMS8S8 full battery, respectively. a) is reproduced from reference [25] with permission from Wiley, copyright 2022, ¢) and
d) are reproduced from reference [82] with permission from Wiley, copyright 2023, e) is reproduced from references [25] and [26] with permission from Wiley, copyrights 2022 and
2024, respectively. f) and g) are reproduced from references [25] and [26] with permission from Wiley, copyrights 2022 and 2024, respectively.

ratio of 1:2:7) (Figure 10c). Compared to PAA along or a non-
interlocked [an]daisy chain, the MIP binder improved electrode
adhesion and mechanical resilience. Its use in a Si half-cell (1.1
mg-cm-2 Si loading) demonstrated 72% capability retention after 300
cycles at 0.5C, with remaining capacity exceeding 1543 mAh-g1,
substantially outperforming controls. Full cells pairing an NCM88
cathode (20 mg-cm?2) and a prelithiated Si anode (N/P =1.1) showed
79.2% capacity retention after 100 cycles at 0.2C; and 87% capacity
retention after 200 cycles when a prelithiated Si@Gr anode material
was used. In a practical demonstration, a 100 mAh NMC811||Si pouch

This journal is © The Royal Society of Chemistry 2025

cell with this MIP binder achieved 80.4% capacity retention after 100
cycles at 0.5C (Figure 10d).

MIPs were also explored as binders for LFP electrode materials.
To address the low ionic conductivity in conventional PVDF binder,
Wang and Wang et al.8 designed a composite PR binder containing
B-CD-PEO (PEO M,, = 600,000 Da) PR, PVDF (M,, = 100,000 Da), and
LiTFSI salt (Figure 10e). Blending this MPI binder with super P and LFP
in @ mass ratio of 1:1:8 provided LFP electrode with an areal loading
of 1.6-10.6 mg-cm2. When paired with Li anode, the obtained LFP
electrode exhibited an initial capacity of 142 mAh-g* and preserved

J. Name., 2025, 00, 1-3 | 11
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87.3% capacity after 400 cycles at 1 C. Additionally, a 7.46 mAh pouch
cell assembled using this LFP electrode demonstrated 82.9% capacity
retention after 250 cycles at 0.2 C (Figure 10f).

4. MIPs as Electrode Coatings

The presence of a stable and robust SEl is crucial for long and stable
battery cycling.8! Formation of such interphase typically occurs in situ
during battery operation through electrochemical and/or chemical
decomposition of electrolytes. Alternatively, applying an artificial SEI
(or electrode coating) in advance can facilitate improved battery
performance. Various type of polymers, including commercial and
synthesized ones, have been applied as electrode coatings. Detailed
and associated electrode have been
MIP-based

polymers systems

comprehensively reviewed elsewhere.%5 However,

electrode coatings have been less documented.

In the last decade, Li-metal anode has been regarded as the holy
grail of next generation high-energy density electrode materials, with
a theoretical specific capacity of 3860 mAh-g1. However, unevenly
deposition of Li and the consequent generation of dead Li
significantly compromise cycling stability. Applying coatings on the
Li-metal anode has demonstrated great potential for performance
improvement (Figure 11a). Inspired by this strategy, Guo, Cao and Ye
et al.82 first applied an SRM coating composed of a PAA chain (M, =
450,000 Da) crosslinked by an a-CD-PEO PR (PEO with M, = ~20,000
Da and hydroxypropyl a-CDs), a soluble SRM previously used as
binder for Si anode (Figure 11b). A Li-metal anode with a 10 um-thick
SRM coating exhibited reduced cycling overpotential and dense,
even deposition of Li in a Li||lLi symmetric cell, contrasting with an
uncoated counterpart (Figure 11c). Consequently, full cells
assembled with the SRM-coated Li anode exhibited improved
performance compared to non-coated cells. For instance, a full cell
pairing an LFP cathode (3 mAh-g!) and a coated Li-metal anode
showed an initial capacity of 146m Ah-g1 and retained 83% capacity
after 500 cycles at 1C. Increasing the LFP areal loading to >3 mAh-cm-
2 resulted in 94.8% capacity retention after 100 cycles at 0.5 C.
Similarly, an NMC622 cathode showed an initial capacity of 157
mAh-g! and preserved 80% capacity after 100 cycles at 0.5 C (Figure
11d).

Liang and Yan et al.?> designed a novel MIP coating utilizing a
PDMS backbone and a crown ether-ammonium-based rotaxane
crosslinker. The crosslinked network coating was generated through
a post-photocuring method that enables the use of spin coating for
precursor application (Figure 11e, left). A 100 nm-thick MIP coating
enabled dense and even deposition of Li and facilitated stable cycling
of a Li||Li symmetric cell for up to 1500h at 1 mAh-g (1 C). A full cell
employing an LFP cathode and a coated Li anode showed an initial
capacity of 153 mAh-g™ and preserved 88% capacity after 500 cycles
at 1 C rate (Figure 11f), outperforming both bare Li anode and a
counterpart with covalent network coatings. Later, Liang and Yan,
together with Yue et al,26 designed a novel [an]daisy chain crosslinker
for coating formation (Figure 11e, right). Similarly, this new MIP
coating reduced the overpotential in the Li||lLi symmetric cells and
improved the cycling stability of LFP||Li full cells (Figure 11g).

12 | J. Mater. Chem. A., 2025, 00, 1-3

5. Discussion and Outlook

View Article Online
DOI: 10.1039/D5TA06755C
The application of emerging MIPs in batteries has demonstrated

significant potential and opened new opportunities for
enhancing battery performance. Beyond the specific examples
reviewed above, MIPs can be employed across a diverse set of
electrochemical systems, including but not limited to high-
voltage cathodes,83 sodium- and zinc-based electrodes,®* and Li-
sulfur batteries.8> Nevertheless, several challenges must be
acknowledged and addressed.

Primarily, this relatively unexplored field—compared to the
application of conventional polymer materials—is limited by the
synthetic challenges associated with MIPs. Advances in the
design and scalable synthesis are essential for their applications
in batteries, especially as polymer electrolytes and electrode
binders. For electrode coatings, the required thickness of
polymer coating is typically ranges from 10 nm to 10 um,86:87
thus requiring much less materials in these applications.

Second, the integration of MIPs into batteries depends
strongly on their topology. Linear or partially crosslinked MIPs
with good solubility in solvents can be processed using
conventional solution-based fabrication methods, enabling
precise control over composition and coating or binder
thickness and results in well-defined interface contact. By
contrast, processing crosslinked MIPs presents challenges once
the networks forms. In particular, an in situ or post-fabrication
network curing process is necessary to ensure successful
integration of crosslinked MIPs as binders or coatings. In situ
network curing methods—where a liquid polymer precursor is
within the electrode—can
substantially improve the interface properties between the

polymerized directly on or

electrode and electrolyte. This process enables the polymer
network to penetrate pores and conform intimately to the
electrode surface and active particles, which results in several
key benefits including enhanced interfacial contact, low
interfacial resistance and stable and uniform SEI formation.888%
Direct use of crosslinked MIPs as polymer electrolytes, (or as
membranes to insulate anode and cathode) seems to be more
straightforward. However, when using crosslinked MIPs as
solid-state electrolytes, achieving effective contact between the
electrolyte and electrode remains challenging. Strategies such
as in situ curing and employing MIPs as catholytes and anolytes
can help mitigate this challenge.

Improving the ionic conductivity of solid-state polymer
electrolytes stands as a long-term challenge, as is the case for
MIP  solid-state electrolytes. Previous results have
demonstrated the potential of achieving relatively high ionic
conductivity (> 10 S-cm™) at near room temperature using
MIPs,50:63,64  comparable to the ionic conductivity of typical
liquid electrolytes when infiltrated into membranes. However,
a deep understanding of how the mechanical bond motif and
associated polymer segmental motion affects ion transport is
still lacking. On the other hand, in MIP gel electrolytes, the ionic
conductivity can be enhanced by increasing the fraction of
plasticizer, albeit at the cost of compromised modulus and
mechanical strength. Balanced mechanical strength and ionic
conductivity is critical for optimal battery performance, yet the

This journal is © The Royal Society of Chemistry 2025
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detailed mechanisms underpinning their combined effects
remain to be fully elucidated. Finally, the electrochemical
compatibility of MIP electrolytes with both anode and cathode
needs to be considered, and compositions of polymer backbone
and mechanical bond should be pre-evaluated when
incorporated into the batteries.

When used as electrode binders, MIPs must provide
adhesion both between active material particles and to
substrate/current collector. Minimizing binder content while
maintaining these adhesion functions is ideal to maximize the
loading of active materials and the resulting energy density.
Similar to MIP electrolytes, the electrochemical compatibility of
MIP binders with electrode materials depends on the choice of
polymer backbones and mechanical bond motifs and thus
requires thorough evaluation. Additionally, binder materials
should ideally swell but not dissolve in liquid electrolytes,
especially for the linear or partially crosslinked MIP binders.

MIP  coatings for electrodes should also exhibit
electrochemically compatibility and remain insoluble in liquid
electrolytes. Some studies have indicate that coatings can be
ion-philic but solvent-phobic,®° thereby facilitating ion transfer
while mitigating parasitic solvent decomposition at the
electrode interface. While MIP coatings have primarily been
applied to Li-metal anodes as artificial SEls, their application as
cathode-electrolyte interphases (CEls)®? shares some
similarities.

To conclude, despite challenges in their designing and
synthesis, MIPs have demonstrated great potential for
enhancing battery performance through their roles as polymer
electrolytes, electrode binders, and coatings.
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Table 1 Summary of MIP polymer electrolytes with corresponding electrochemical and mechanical properties. 2 Indicated with host molecule
and guest polymer chain. HyPr-o-CD refers to hydroxypropyl modified -a-CD; Me-a-CD denotes methylated o-CDs; HDI represent
hexamethylene diisocyanate, and MDI means methylene diphenyl diisocyanate. P PC indicates propylene carbonate; EMIES means 1-ethyl-3-
methylimidazolium ethyl sulfate, and EMITFSI is 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; G3 is triethylene glycol
dimethyl ether. ¢ omax refers to maximum tensile stress, emax indicate maximum tensile strain, and £ means Young’s modulus. ¢ Compression
strain.

. -
Electrolyte . Salt (and i i Mechanical
aPolymer Design .. o (S-cm) E. (k)-mol?) ¢ Property Ref
Type bplasticizer)
(Omax, Emaxand E)
SR oc-peo LiAsF >6x10° 75.1 NA Eﬁ 45
(Pseudo-PR) 6 (30°C) :
NA
NA
B-CD-PEO . 8.3x10°
(Pseudo-PR) LiAsFg (25 °C) 123.2 NA NA 46
NA
NA
B-CD-PEO 5.5x107
(Pseudo-PR) NaAsFg (25 °C) 58.2 NA NA 46
NA
B-CD-PEO-co-PPO LiASE 3.2x10° NA NA :2 47
(Pseudo-PR) 6 (25 °C)
NA
NA
B-CD-PPO . 9.5x10°°
(Pseudo-PR) LiAsFe (25 °C) NA NA NA 47
NA
16.6 MPa
-0-CD- ~107
(T;:\;)a CD-PEO + HDI LiCIO, ( slc? ) 232 NA 200% 47
570MPa
15.6 MPa
-CD- ~10-5
g;a)PEo +HDI Li(NTF) (3180@ 9.4 NA 1600% 49
~10 MPa
NA
a-CD-PEO + MDI and HDI . 3.4x1073
(SRM) LiNO3 (25 °C) 133 0.63 NA 50
NA
HyPr-a-CD-PEO + 2 7%10°5 4.9 MPa
PEO macrolinker LiTFSI (?;O °C) NA NA 552% 51
(SRM) ~12.5 MPa
Gel N B NA
Me-a.-CD-PEO + Divinyl sulfone LITESI4PC 2.9x°10 6.8 NA 051 5% 56
(SRG) (25 °C)
14.8 kPa
HyPr-a-CDs-PEO + Diglycidyl | 3 NA
ether EMIES 2270 03(::.)2><10 NA NA NA 57
(SRG) 15-30 kPa
HyPr-a.-CDs-PEO + Divinyl LITFSI 2.66— NA
sulfone +EMITES! 4.31x1073 2.8-3.0 NA NA 22
(SRG) (30°C) 8.4-60.5 kPa
a-CDs-PEO + Divinyl sulfone Mg(TFSI),+G  1.73 x 1073 0.05 MPa
o 1.35 NA 300% 58
(SRG) 3 (25°C) 20 kPa
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Table 2 Application of MIP electrolyte in various of full batteries. 2 PCL-g-a-CD means PCL grafted a-CD, 18C6 refers to 18- ow V;igl-eeéhltlenré
and HDI denotes hexamethylene diisocyanate. ® EC, EMC, and DEC refer to ethylene carbonate, ethyl methyl sarbonate; apdadietyl
carbonate, respectively; DDN electrolyte: LiTFSI dissolved in a 1:1 (v:v) mixture of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME), with
a 1 wt% addition of LINO3; EMIMTFSI refers to 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide. ¢ Paired cathode with indicated
areal loading and cut-off voltage for battery cycling.

Electrolyte

bsalt (and

LSV onset

(SRG)

(20 °C)

Type apolymer Design Plasticizer) o (S:ecm?) t vs. Li/Li* Full Battery Cycling Stability Ref
Solid-state LilLFP 95% retention after
y-CD-PEO . ~10 0.34 — 200 cycles at 1C,
(Pseudo-PR) LITFSI (100 °C) (70°c) A g.g_r;gg\c/r)n ) average CE=99.4% >9
i (60 °C)
80% retention after
5 . 100 cycles and 68%
. £ PCL-g-(x-CD-P_EO . 4.89x10* 0.64 4.7v i LiINCM811 § retention after 150
= § (PR polymer-in LiFsI (10 mV-s? (3-4 mg-cm?) 62
; 5 salt)p v (30°C) (30°C) 30°0) ! (3.0-4 g v) cycles at 0.2C, average
o E ’ ’ CE=99%
© g (30 °C)
g -} 0-CD-PEO + 725x104  0.54 >4.8V Li||LFP 56% retention after 90
8 3 PEO linker LiClO4 ) . (1 mV-s?, (1.0 mg-cm2)  cyclesat0.1C 63
I (60 °C) (60 °C)
§: g (SRM) 60 °C) (3.0-3.8V) (60 °C)
. Li|[LFP .59 i
s 2 18C6-PEO + HDI ' 348x 104 041 >4.8V . ill B} 96.5% retention after
B g (Crosslinked PR) LiTFSI (25 C) (25 °C) (1 mV-s?t, (2-3 mg-cm2) 250 cycles at 0.5C 64
B 25 °C) (2.5-4.0V) (25 °C)
= Gel -CD- i
g e a-CD-PEO + Li||LFP .
§ £ PVDF-HFP LiPFe+ 173x104 o069 22V L (1517 No obvious decay
1 O N (1 mV-s?t, 5 after 40 cycles at 1C 67
g e (pseudo-PR EC/EMC/DEC (25°C) (25 °C) R mg-cm-2) R ! R
g % composite) 25 °C) (2.5-4.0V) (25°C55°Cor 80 °C)
g5 86% retention aft
86 . 6 retention after
5 ; hlgzmcs;i) 300 cycles at 0.5Crate 67
s 8 g (25 °C)
=)
8 a-CD-PEO + . 99.02% after 100
. Li||L
& B PVDF-HFP - 8.3x 10 0.51 >4V 1 l FI.D cycles and 78.8% after
3 § LiTFSI + DDN o . (1 mV-s?, (loading NA) 68
2= (pseudo-PR (25°C) (25 °C) 25 °C) (2.5-3.8V) 500 cycles at 1C
= composite) (25 °C)
o _CD- R 9 ;
E = 0a-CD-PEO +PAM Zn(0Tf, + 224%103 092 Zn||La-V,0s , 90.2% retention after
S v (pseudo-PR H,0 (25 °C) (25 °C) NA (1.0 mg:cm2) 3500 cycles at 5A/g 69
s O B °
zF composite) (0.4-1.6 V) (25 °C)
@ . 91.2% retention after
3 a-CD-PEO+HDI LINO3 + 5.93 x 1073 0.71 47V LillLFP 100 cycles at 0.1C,
< (10 mv-s? (2.1 mg-:cm?) 70
5 (SRG) DMSO (25 °C) (25°C) . 0 ’ (2.5-4.0V) 98.6% CE
0 (25 °C)
a-CD-PEO + . >300 cycles at 0.2C
& PnBA + PEO LINOs + 2.8x1073 0.61 48V Lillo 3 rate and 200 cycles at
(10 mv-s? (500 mAh-gt 71
macrolinker DMSO (25°C) (25 °C) 25 °C) ! limit) 1Crate
(SRG) (25 °C)
LilLFP 89.6% retention after
a-CD-PEO +. . 173 x 10-3 071 4.7V (2.4-2.6 1000 cycles a.t 1C,
PEO macrolinker  LiTFSI + DDN . (1 mv-s?, 96.4% retention after 71
(30°C) (30°C) R mg-cm-2)
(SRG) 25 °C) (2.8-4.0V) 250 cycles at 5C
T (25 °C)
-CD- o -
etroarminker  UTFSIH 221103 045 o ujnwce - SEIRRENEE
EMIMTFSI (20 °C) (20°c) (1.1 mg-cm?) 4 :
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