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Revolutionizing lithium-ion batteries: exploiting
liquid crystal electrolytest

Sijie Liu, ©*12® Le Zhou, 2 £© Yun Zheng (0 *9 and Kristiaan Neyts () *©

With the growing global demand for clean energy and sustainable development, the need for advanced
battery technologies with high energy density, improved safety, and extended operational cycle life
becomes increasingly critical. Lithium-ion batteries (LIBs) have become the dominant power source for a
wide range of applications, from portable electronics to electric vehicles, thanks to their superior energy
densities and efficiencies. However, the safety concerns and performance limitations of conventional
liquid electrolytes in LIBs highlight the need to explore innovative alternatives. Liquid crystal electrolytes
(LCEs) have emerged as a promising alternative to traditional electrolytes in LIBs, offering solutions to the
inherent safety vulnerabilities and performance limitations of conventional liquid electrolytes. This review
highlights recent advancements in the field of LCEs, with a focus on their classifications and structural
characteristics to elucidate their ionic transport mechanisms. LCEs are primarily categorized based on
their ion-transport architectures: one-dimensional (1D) linear channels, two-dimensional (2D) layered
frameworks, and three-dimensional (3D) interconnected networks, all formed through molecular self-
assembly processes; secondly, LCEs can be classified as ionic or non-ionic based on their molecular
structures. Additionally, molecular design innovations that simultaneously increase ionic conductivity and
optimize Li* compatibility are crucial for advancing battery performances, particularly in energy density
and cycling stability. This review concludes with an outlook on the future directions of LCE studies,
emphasizing the potential of these materials to revolutionize energy storage solutions and enable the
development of batteries with higher energy density, extended cycle life, and improved safety. By offering
comprehensive analysis, valuable insights are provided, aiming to catalyze further researches and inno-
vations in the applications of liquid crystal (LC) systems in energy storage technologies.

As the demand for sustainable energy solutions continues to grow, lithium-ion batteries (LIBs) have become essential for powering a variety of devices, from

portable electronics to electric vehicles. However, the widespread adoption faces several challenges, including safety concerns and limitations in perform-

ances, primarily due to the conventional liquid electrolytes used. The increasing need for higher energy densities, enhanced safety, and longer cycle lives has

led to the exploration of alternative materials and technologies. Liquid crystal electrolytes (LCEs) present a promising solution by addressing these critical

issues. LCEs offer improved ionic conductivity and enhanced safety features, making them a viable candidate for next-generation energy storage systems.
However, the full potential of LCEs remains to be fully realized, as significant advancements are still needed in their designs and integrations within battery
systems. This review delves into the structural and transport mechanisms of LCEs, aiming to advance their applications in LIBs. By highlighting current inno-

vations and future directions, this paper seeks to provide insights that could drive further researches and accelerate the development of more efficient, safer,

and durable battery technologies.
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1. Introduction

With the expanding global demand for clean energy and sus-
tainable development-particularly in areas such as electric
vehicles, renewable energy storage, and smart grid techno-
logies, the need for batteries offering high energy density,
enhanced safety, and extended operational lifetime has
become increasingly urgent."?® Lithium-ion batteries (LIBs)
have become the leading energy storage technology, famous
for their exceptional energy densities, prolonged cycle life, and
environmentally friendly characteristics, leading to their wide-
spread adoption in portable electronic devices and large-scale
energy storage systems.*”*®

Despite significant advancements in traditional liquid LIBs
over the past several decades, their inherent safety risks and
limitations in energy density have become increasingly
apparent.’®*® These batteries typically rely on volatile and
flammable liquid organic electrolytes, making them highly
susceptible to thermal runaway under extreme conditions such
as elevated temperatures, overcharging, and mechanical
shock.*’™** Such conditions can lead to catastrophic outcomes,
including fires and explosions.**™*” Furthermore, the stability
and ionic conductivity of these electrolytes are crucial factors
that directly impact the overall performance of LIBs.*?

Consequently, the development of electrolytes that combine
high ionic conductivity with non-volatility has become criti-
cally important.*®>" Such electrolytes have the potential to sig-
nificantly enhance the electrochemical performance of LIBs
while also mitigating the safety risks associated with tra-
ditional liquid electrolytes.’®>*® Researchers are striving to
develop materials that can maintain reliable performance
across broad operational conditions through the meticulous
optimization of chemical compositions and structural
designs.>**® This effect is crucial for tackling the dual chal-
lenges of safety and efficiency in modern battery technologies,
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paving the way for more reliable and high-performance energy
storage solutions.”®””

To meet the increasing demands for improved perform-
ances in LIBs, liquid crystal electrolytes (LCEs) have emerged
as a promising class of electrolytes.**®*® This innovative
approach benefits from the unique molecular design of liquid
crystal (LC) systems,®*®* providing exceptional thermo-
dynamic and electrochemical stability across the operational
temperature range of LIBs.®”! These materials respond to
external stimuli,”* including light,”>”* electric fields, heat,”®
and magnetic fields, resulting in changes to molecular align-
ment and the emergence of unique optoelectronic effect.”®*
The molecular interactions within LCs are critical to their
structural and functional properties.*>®** Through precious
molecular engineering, LC materials can achieve a synergistic
balance of high ionic conductivity, excellent thermal stability,
and an expanded electrochemical window.*® To explore the
fundamental principles and involution of LCEs, we also offer a
brief overview of their historical evolution, as illustrated in
Fig. 1. For a comparative perspective on the commercialization
trajectory of LCEs relative to their research milestones, a
detailed chronological summary is presented in Table S2
(ESIt). In 1996, Felix B. Dias et al. reported the first synthesis
of LCE." In 2004, C. T. Imrie, et al. firstly demonstrated that
ionic conduction can take place in essentially solid-like
LCEs.”® In 2009, R. L. Kerr, et al. developed a new type of Li
ion conductor with three-dimensional (3D) interconnected
nanopores via polymerization of a liquid organic electrolyte-
filled lyotropic LC.”° Shortly after that, in 2010, Yazaki and col-
laborators constructed LC nanostructures composed of ion-
conductive and electronic charge transport layers through the
association of m-conjugated molecules with ionic groups.®®
These LCs display nanostructured smectic A phases, in which
high ionic conductivities are observed. In 2012, Xu and col-
leagues investigated interdigitated bilayer smectic A structures
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in ionic LCEs.”® The study demonstrated an inverse correlation
between fluorinated unit count (n) in the molecular architec-
ture and the mesophase’s thermal stability window.
Furthermore, both elevated n values and temperature con-
ditions were found to systematically diminish interlayer
spacing. In the crystalline phase, two structural types with
varying layer spacings are identified. Parallel (¢)) and perpen-
dicular (o)) ionic conductivities of the smectic layers increase
with the n value, while the anisotropy of these conductivities
(oy/oy1) remains constant, as the thickness of the insulating
layer from the dodecyl group is nearly stable. In 2015, Sakuda
et al. have successfully developed thermotropic LCEs for LIBs
for the first time.>® They utilized a rod-shaped LC molecule
containing a cyclic carbonate group to create self-assembled
two-dimensional (2D) pathways that facilitate ion conductivity
with lithium salts. Three years later, Wang and colleagues
developed a novel flexible discotic LC (DLC)-based cross-linked
solid polymer electrolyte by employing a one-pot photo-
polymerization method.*® This process involved oriented reac-
tive discogen, poly(ethylene glycol) diacrylate, and lithium salt
to create adjustable ion-conducting channels. Experimental
findings demonstrated that the macroscopic alignment of self-
assembled columns within such LCE was successfully achieved
through annealing and effectively stabilized via ultraviolet
(UV) photopolymerization. One year later, Yuan et al. devel-
oped a novel thermotropic ionic LC lithium salt that features
highly ordered and fast ion-conductive nano-pathways.*®
Combining the advantages of LCs, excellent compatibility and
high ionic conductivity from the complete dissociation of the
electrolyte salt are provided. The approach that LCEs integrate
the benefits of solid electrolytes, such as preventing leakage of
volatile organic solvents, ensuring good mechanical stability
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and flexibility, and inhibiting lithium dendrite growth, is a
promising strategy. Surprisingly, Wang et al. described mole-
cular ionic composite electrolytes that consist of an aligned LC
combined with ionic liquids and lithium salt in 2021.?® This
solid electrolyte exhibits high strength (200 MPa) and non-
flammability, demonstrating remarkable Li" conductivity of
1 mS em™" at 25 °C and excellent electrochemical stability of
5.6 V against Li|Li". It effectively suppresses dendrite growth
and shows low interfacial resistance (32 Q c¢m?) along with
minimal overpotentials (<120 mV at 1 mA cm™?) during
cycling in lithium symmetric cells. In 2024, Zeng et al. demon-
strated that rapid ion conduction is achieved through the
synergistic effects of oriented LCs and electron-deficient boron
atoms within a multiblock copolymer electrolyte for advanced
solid-state lithium batteries (SSLBs).** It was not until 2025
that Wang et al. first used LC elastomer materials as electro-
lytes of LIBs.** The novel LCE exhibits the ability to intelli-
gently adjust its rigidity and flexibility. Although the study of
LCEs is still in its early stage, there have been numerous
important advancements in recent years. These ongoing inno-
vations provide optimism for more efficient and sustainable
battery technologies, particularly in the context of LIBs.
Consequently, it is crucial for researchers in this area to focus
on fundamental studies.

For example, the strategic incorporation of functional
groups, such as ethylene carbonate, into the structures of LC
molecules markedly improves their solubility characteristics.®”
Additionally, the method can significantly improve their com-
patibilities with Li" and Na*.>>%® These enhancements in ionic
solvation dynamics significantly boost the overall ionic con-
ductivity of the LCE,* > positioning LCEs as a promising
solution for advancing key battery performance parameters,
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Fig. 1 Some key points in the history of the development of LCEs. In 1996, the first synthesis of LCE.'® In 2004, the first demonstration of ionic con-
duction in solid-like LCE.? In 2009, the cross-linked organic bilayer structure of LCE.?° In 2010, nanostructured LCEs combining ionic and elec-

tronic functions.®® In 2012, nematic LCEs with highly ordered ion channels.2® In 2015, the first application of thermotropic LCs as electrolytes.

25 In

2018, self-Assembly of discotic LCEs.*® In 2019, the first application of thermotropic LCs as electrolytes.*® In 2021, flexible LCEs with ordered fast
Li-ion-conductive nano-pathways for solid-state battery.*® In 2021, solid-state rigid-rod LCE with nanocrystalline.?® In 2024, LC molecule-modified

copolymer with rapid ion conduction.?%2 In 2025, the first LC elastomer used in LIBs.

including energy density, charge/discharge rates, and cycling
stability.”* °® Further researches into the properties and beha-
viors of LCEs could lead to advancements in battery techno-
logy, broadening their applications in various energy storage
sectors.®®”71% One notable advantage of LCEs is their
inherent fluidity, which significantly enhances ionic conduc-
tivity compared to solid-state electrolytes (SSEs).'* SSEs offer
several advantages, including enhanced safety and excellent
electrochemical stability.’® Their excellent wettability with
electrodes further aids in mitigating dendrite formation.'*®
Thus, using LCEs in SSEs, the mesophase characteristics of
LCEs effectively address common drawbacks of SSEs.'”” By
carefully tailoring their molecular structures, these electrolytes

1002 | EES Batteries, 2025, 1, 999-1046

61,68-71

can achieve high ionic conductivity, thereby improving the per-
formance of SSLBs.'®® This unique combination of properties
establishes LCEs as a highly promising option for advancing
next-generation energy storage technologies.

It should be highlighted that LCE design fundamentally
relies on creating molecules containing distinct ion-transport-
ing portions (typically polar or ionic groups like cyclic carbon-
ates or PEO segments to facilitate salt dissociation and ion
conduction) and non-jonic portions (mesogenic units and
alkyl chains to control the self-assembled nanostructure). Key
desired characteristics arising from this design and the unique
properties of LCs include achieving high ionic conductivity,
particularly at room temperature (ideally >10™° S cm™),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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through the formation of well-ordered nanochannels (columnar,
smectic, or cubic phases, see details in Table S1t); enhancing
safety via non-flammability and inherent stability compared to
liquid electrolytes; suppressing lithium dendrite growth by lever-
aging the anchoring energy of LC molecules on lithium elec-
trode surfaces or the mechanical integrity provided by rigid LC
structures; ensuring a wide electrochemical window for high-
voltage operation; providing mechanical flexibility suitable for
applications like wearable electronics; and enabling thermal
stability. The overarching goal of LCE design is to integrate these
functionalities to create electrolytes that overcome the limit-
ations of conventional liquid and solid electrolytes, balancing
high ionic conductivity with excellent safety and stability.

In recent years, the application and research of LCEs in the
field of LIBs have attracted significant attention, inspiring a
growing number of researchers to focus on the development and
exploration of advanced LCEs."® """ This growing interest is pri-
marily attributed to the unique physicochemical properties of LC
materials, which exhibit remarkable performance in electro-
chemical characteristics, structural stability, and ease of proces-
sing.""> Among these, double-continuous cubic LCs are con-
sidered one of the most promising candidates for quasi-SSEs, as
they seamlessly integrate the advantages of both LCEs and
SSEs."™ These materials uniquely merge the dynamic fluidity of
LC phases with long-range order, enabling simultaneous achieve-
ment of high ionic conductivity and good electrode-electrolyte
interface stability during repeated charge/discharge cycles."**
These attributes significantly enhance their potential for use as
electrolytes in LIBs.'"® By integrating these advanced materials
into electrochemical systems, researchers aim to achieve ground-
breaking progress in energy storage efficiency and sustainabil-
ity.""® As research continues to evolve, the potential of LCEs to
revolutionize LIB performance remains highly promising, paving
the way for future innovations in energy storage solutions.
However, despite the growing interest, there remains a lack of
comprehensive reviews on the applications of LCEs within this
context, which impedes the utilization of knowledge in this area.

Therefore, this review provides a comprehensive analysis of
LCEs from several key perspectives. Firstly, the fundamental
concepts and classifications of LCEs are explored, along with
their structural characteristics and mechanisms underlying
their ionic conductivities. Secondly, the specific applications
of LCEs in LIBs are analyzed, focusing on their contributions
to improving battery performance, extending cycle life, and
improving safety. Finally, the review explores the future devel-
opment trends of LCEs in LIB technologies, addressing both
potential challenges and emerging opportunities. This com-
prehensive analysis offers valuable insights for further
research on LCEs, thereby advancing the innovation and appli-
cation of novel battery materials.

2. Classifications of LCs

When a substance changes from a crystalline state to a liquid
state under changing external conditions, it first loses its struc-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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tural order, leading to enhanced fluidity.""” However, certain
anisotropic orientation characteristics of the crystalline state
may still be retained,"'® resulting in an intermediate phase
that exhibits properties of both solids and liquids. This inter-
mediate phase is known as a LC®'"® Derived from the Greek
word “mesos” (meaning “intermediate”), this phase exhibits
partial molecular order while retaining fluidity.”***>'*' The
distinctive combination of anisotropic and fluidic properties is
crucial for achieving precise control over molecular arrange-
ments.'** The requisite control over molecular arrangements
is achieved through several established techniques. Surface-
induced alignment leverages specialized coatings that anchor
liquid crystalline molecules near interfaces through physical
surface patterns, enforcing directional order. Alternatively,
photoalignment methods enable precise orientation control in
photosensitive systems by translating optical patterns into
molecular alignment. Further refinement is possible through
localized modification of rubbing directions on alignment
substrates, permitting spatially tuned reorientation of the
liquid crystalline order. At the molecular level, LCs can form
various mesophases, allowing tuning of their physical pro-
perties,"*® as demonstrated in Fig. 2. In the LC phase, mole-
cules retain orientational and/or positional long-range order in
at least one direction, enabling mobility without fixed posi-
tions. This orientational order minimizes excluded volume
and maximizes intermolecular interactions, distinguishing it
from the disordered liquid state. LC materials exhibit aniso-
tropic properties (e.g., refractive index, dielectric permittivity,
conductivity) that are direction-dependent, manifesting dis-
tinct values along the director axis versus orthogonal orien-
tations. Their molecular mobility allows responsiveness to
external stimuli (e.g., electric field). Calamitic mesogens are
rod-like molecules with a rigid central core and terminal
groups, which can include flexible chains (enhancing mole-
cular mobility) or polar groups. These molecules often exhibit
a permanent dipole moment or anisotropic polarization,
crucial for mesophase behavior. The nematic (N) phase which
have no positional order but tend to point in the same direc-
tion, defined by the director n."** This creates one-dimen-
sional (1D) order. In bulk samples, the n fluctuates, forming
microdomains with varying orientations.’*®> High aspect ratio
mesogens favor N phase formation. Introducing chirality leads
to a chiral nematic (cholesteric) phase, where the n rotates
helically along a perpendicular axis, creating a helical super-
structure. Blue phase LCs are characterized by 3D cubic defect
structures, which arise from the interplay between molecular
packing and chiral forces (as shown in Fig. 2)."2°7*?® In blue
phases, the mesogenic molecules adopt a “double-twist” con-
figuration along both the x- and y-axes, forming what is known
as a double-twisted cylinder.'?***° The molecular orientation
in the space between these double-twisted cylinders cannot
continuously align, leading to the formation of energetically
unfavorable disclinations within the cubic lattice.” As a result,
blue phase LCs typically appear in a narrow temperature range
of approximately 0.5-2.0 °C, situated between the isotropic
and cholesteric phases in highly chiral LCs.”*"'** Upon

EES Batteries, 2025, 1,999-1046 | 1003
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Fig. 2 Schematic diagram of LC phases constructed from LC molecules.

cooling process, three distinct blue phases are observed in
sequence: blue phase I, blue phase II, and blue phase
I11."°*"3* Blue phase I and blue phase II exhibit body-centered
cubic (BCC) and simple cubic structures, respectively, while
blue phase III is generally considered to be amorphous."**> %
Smectic phases (S;,) exhibit 1D positional order, with mole-
cules or aggregates forming layered structures. The layer thick-
ness, d, defines the periodicity, though layers may lack sharp
boundaries.*® Smectic phases, however, arise largely from
nano segregation effects, emphasizing the role of molecular
organization beyond rigidity.'*® The smectic A phase is the

1004 | EES Batteries, 2025, 1, 999-1046
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simplest smectic structure, characterized by molecules align-
ing their long axes parallel to the layer normal, though slight
random tilts may occur. In the smectic C phase, molecules tilt
within the layers along a preferred direction, adjacent layers
share the same tilt direction (synclinic correlation).'*!

As shown in Fig. 2, discotic mesogens feature a disk-like
structure, typically comprising a rigid, flat aromatic core sur-
rounded by at least three flexible chains forming a “soft”
periphery.*>'** When the columns are packed together to
form a 2D crystalline array, columnar phases (Col) are formed.
Similar to calamitic mesogens, discotic mesogens can form a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nematic phase (Np) by aligning their short molecular axes
along n, creating orientational order without positional
order.** Alternatively, they can stack into 1D columns, align-
ing parallel to each other but lacking lateral positional corre-
lations, forming a columnar nematic phase (N¢). These
columns may arise from charge-transfer interactions between
electron donors and acceptors or strong electrostatic inter-
actions between cations and anions. The rectangular columnar
phase (Col,..) exhibits a 2D rectangular lattice (p2mm sym-
metry) formed by disk-shaped molecules organized into
columns with anisotropic intermolecular interactions,
enabling direction-dependent charge transport."*>*® In con-
trast, the hexagonal columnar phase (Colpe), common in
radially symmetric discotics like triphenylene derivatives,
adopts a hexagonal close-packed arrangement (p6mm sym-
metry) with isotropic lateral packing and efficient 1D charge-
carrier mobility."**™*>* Lower-symmetry phases include the
oblique columnar phase (Col,p), characterized by a parallelo-
grammic lattice (p2 symmetry) arising from asymmetric mole-
cular packing, which induces tilted columns and
birefringence,'**"*® and the square columnar phase (Colsq),
stabilized by fourfold symmetric cores (e.g., metallophthalocya-
nines), featuring a tetragonal lattice (p4mm symmetry) that
supports isotropic planar charge transport.>”%139:160

3. Classifications of LCEs

3.1. Classifications by ionic transport mechanism

LC, with their unique anisotropic properties, impart LCEs with
distinctive mechanisms for Li* transport.’®® Specifically, the
self-assembly behavior of LCEs results in the formation of
nanostructures such as columnar, smectic, and double-con-
tinuous cubic phases, which provide highly ordered channels
for Li* conduction.'®® This order stems from the highly orga-
nized spatial arrangement of LC molecules, facilitating the for-
mation of nanoporous channels that significantly enhance
both the transport rate and stability of Li*, playing a crucial
role in shaping the electro-chemical performance of
LIBS.163’164

Based on the mechanisms of ionic conduction within
LCEs, these can be further categorized into three distinct
types:'® firstly, the 1D transport channels formed by self-
assembly, which provide linear pathways for the movement of
Li" through their 1D arrangements; secondly, the 2D transport
channels, which allow for more flexible migration of Li* within
a 2D plane; and thirdly, the 3D transport channels, where a
complex network is constructed in 3D space, effectively
improving Li" transport efficiency. These distinct mechanisms
of ionic conduction not only shape the dynamics of ion
migration but also directly influence the overall performance
of LIBs.'®® This understanding serves as both a theoretical
foundation and practical guidance for optimizing the appli-
cations of LCEs in electrochemical energy storage devices.'®’
Consequently, systematically categorizing the ion conduction
mechanisms of LCEs is crucial for understanding their con-
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duction mechanisms and for designing LC molecules with
superior performance characteristics."®®"%

3.1.1. 1D transport channels based on the self-assembly of
LCEs. The self-assembly process in LCEs is a highly complex
phenomenon governed by non-covalent interactions among
amphiphilic molecules. This process leads to the formation of
1D transport channels, which serve as efficient pathways for
ion migration. By fine-tuning molecular design, environmental
conditions, and external stimuli, researchers can optimize 1D
LCEs for enhanced performance in LIBs.

The 1D ionic transport mechanisms of LCEs in LIBs are illus-
trated in Fig. 3a-c.*® Yoshio and colleagues have introduced a
novel class of LCEs that display fluidic self-organizing structures,
as illustrated in Fig. 3a.”® The molecular formulas and structural
schematics of the LC materials are shown in Fig. 3a, experi-
mental results indicated that LCs maintain hexagonal columnar
phases over a wide temperature range, including at room temp-
erature. Remarkably, uniaxially oriented columnar LC materials,
for the first time, demonstrated 1D ion conduction. Through the
self-assembly of LC molecules, disk-like molecules can stack to
form columnar LC phases, thereby creating 1D ion transport
channels. This mechanism underlies the ion conduction in 1D
LCEs."7°'72 As shown in Fig. 3b, Yoshio et al. have developed 1D
ion-conductive LCE films that contain ion nanochannels
oriented perpendicular to the surface of the film.>' The macro-
scopic alignment of the columns occurs along uniaxial direc-
tions, with their orientation axes maintained orthogonally rela-
tive to the functionalized substrates composed of glass and
indium tin oxide (ITO) undergoing surface treatment by using 3-
(aminopropyl)triethoxysilane. The sequence of molecular self-
ordering, macroscopic alignment, and photopolymerization in
columnar imidazolium LCEs produces nanostructured films
with 1D molecular organization. These LCEs demonstrate thick-
ness-oriented ionic mobility, creating ordered charge transport
channels perpendicular to the membrane plane.*' Such process
establishes the fundamental formation mechanism for 1D ionic
transport channels in LCE films. Shimura et al. have fabricated a
fan-shaped molecule containing a propylene carbonate group,
which facilitates the formation of nanosegregated columnar LC
phases through complexation with lithium triflate (Fig. 3c).>* By
applying alternating current (AC) electric field, these columnar
structures can be macroscopically aligned.

There are still lots of LCs that can form 1D ion conductive
channels, as illustrated in Fig. 3d. The complexation of a Col
LC propylenecarbonate derivative and a lithium salt can form
1D Li* conductor, showing the ionic conductivity of 2.2 x 10~®
S em™ at 22 °C and become 4.3 times when applying an AC
electric field (2.5 V um™, 1 kHz) for 90 min.”* The efficient
redox materials based on LC consist of n-conjugated mesogens
and ionic moieties can be designed to induce Smectic A (SmA)
phases, effective ionic transport occurs along the smectic
layers formed by the nanosegregation.'”® The ionic conduc-
tivities of these LCE can be ~10™* S cm™, the combination of
the ionic and electronic functions in the nanostructured LC
phases can be useful in LIBs. Ionic LC based lithium salt com-
bined with polymer (e.g. polyethylene oxide (PEO)) can form
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Fig. 3 Some representative examples of 1D LCE in LIBs: (a) schematic illustration of the chemical structure and self-assembly of 1D LCE in LIBs,
serving as a general example.?* (b) Schematic illustration of 1D ion-conductive polymeric films: self-assembly and subsequent photopolymerization
of columnar LC.** (c) The molecular structures and schematic illustration of the alignment of the columnar LC under electric field depict a 1D trans-

port mechanism.?* (d) Molecular structures used in the cited 1D LCE works.
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1D ion-conductive channel with high ion conductivity of 0.45 x
107 S em ™" at 30 °C.*® Smectic LC polymers with helical poly-
ether backbones (e.g., C;605/C160s bearing long alkyl side
chains) complexed with Li", Na*, or Mg>" salts can form 1D
ion-conductive channels via layered organization, where
lithium salt complexes exhibit the highest ionic conductivity
(approaching ~10™% S cm™ near 100 °C), enhanced by
mechanical shearing to align the conductive pathways.'® By
designing an in situ formed LC interphase, the dual-electrode-
free battery achieves enhanced deposition/stripping reversibil-
ity and extended cycle life (80% capacity retention over 950
cycles).>® The DLC triblock copolymer can be structured as a
main-chain polymeric discotic core flanked by terminal PEO
blocks, forming a hierarchical architecture for directional ion
transport.>® Magnetic field alignment of the LC phase opti-
mizes conducting pathway orientation, achieving a conduc-
tivity of ~107> S em ™" at 60 °C.>* The star-branched amphiphi-
lic LC copolymers, synthesized via atom-transfer radical
polymerization (ATRP), can self-assemble into ordered mor-
phologies that enable efficient ion transport pathways.’® After
LC-state annealing, the optimized structure achieves a
maximum ionic conductivity of 5.39 x 107> S em™" at 25 °C.
LCEs can suppress lithium dendrite formation. For example, a
flexible DLC-based cross-linked solid polymer electrolyte can
be fabricated via one-pot photopolymerization, achieving an
1D ion conductivity of 5.48 x 107> S em ™" at 30 °C.*° These LC
molecules that can form 1D channels play an optimizing role
in enhancing ionic conductivity, electrochemical stability, and
suppressing lithium dendrite formation.

These 1D self-assembled structures not only facilitate
efficient ionic transport but also significantly improve charge
carrier mobility during phase separation processes."® For
instance, the formation of polymeric phase-separated structures
through hydrogen bonding between LC materials and fibers has
resulted in an impressive threefold enhancement in the charge
mobility of phenylene compounds.®® For example, when Li" are
combined with block copolymers such as PEO, LC hexagonal
columnar phases can be achieved. Within this structure, the
PEO chains form ionic conduction channels within the colum-
nar phase, effectively enhancing the solubility and transport of
Li'. Meanwhile, the carbon chains integrated into the molecular
structure serve as ionic insulators, blocking undesired electronic
migration and ensuring effective ionic  transport.”*
Furthermore, the integration of amphiphilic LC materials with
lithium salts can yield stable 1D ionic transport channels, which
enhance ion mobility and overall stability and safety of the elec-
trolyte. The strategic design and optimization of such LCEs hold
significant potential for the development of next-generation
high-performance lithium batteries, particularly by enabling
higher energy densities and prolonged cycling stabilities.>*"”>

As early as the 1990s, researchers have already investigated
1D transport channels based on the self-assembly of
LCEs. F. B. Dias et al. synthesized a 1D LC molecular
material, as depicted in Fig. 4a, to be used as an electrolyte."®
The study revealed that the -C;cH;; side chains in the
material melt at approximately 40 °C, transitioning into a LC

© 2025 The Author(s). Published by the Royal Society of Chemistry
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phase. The LC-to-isotropic transition temperature varies
slightly depending on the polymer and stoichiometry, with a
value of 89 °C for the C;¢05: LiBF, (1:1) complex. The ionic
conductivity as a function of temperature exhibits distinct
transitions corresponding to phase changes, while the
complex impedance behavior also highlights the material’s
multiple states. The ionic conductivity of the 1:1 complex
exceeds that of the 1:0.5 complex and is comparable to that
of PEO:LiBF, in both the crystalline and isotropic phases,
though it is slightly lower within the LC phase temperature
range. Further investigations have validated the mechanism
underlying the 1D conductivity, as shown in the lower part of
Fig. 4a.”” The slightly lower melting temperature of the side
chains for C;40¢ can be partially attributed to the reduced
tendency for coalescence between adjacent side chains,
which are separated by a longer sequence of the oligoether
skeletal segment. In the crystalline state, the C¢Hjz; side
chains arrange into hexagonal lattices, while the polyether
backbones adopt helical conformations.

In recent years, numerous researchers have reported on
semi-crystalline materials based on PEO block copolymers
with LC segments. Gopinadhan et al. investigated 1D copoly-
mers, analyzing the influence of LCs on the crystallization of
PEO.>® They utilized magnetic field to orient the polymers and
discovered a significant enhancement in Li* conductivity
within the ordered flexible segments. Their findings demon-
strated that magnetic field induced alignment can effectively
organize the self-assembled lamellar and hexagonal domains
of PEO in LC block copolymers. This alignment arises from
the paramagnetic anisotropy driven by the layered order of the
LC blocks, rather than from the crystallization of the ethylene
oxide units. The crystallization of PEO blocks is notably sup-
pressed due to the formation of polymer complexes with poly-
acrylic acid (PAA) and the addition of lithium perchlorate, the
latter also interacting with the PEO chains, as illustrated in
Fig. 4b. The incorporation of these dopants enhances the
phase separation between the ethylene oxide (EO) and the
acrylic acid/LCs segments, leading to an improvement in the
long-range order of the microphase-separated structures,
accompanied by an increase in the order-disorder transition
temperature of the system. Importantly, the presence of these
dopants does not adversely affect the capability of the mag-
netic field to align the system. The research team further
demonstrated that rotational annealing could -effectively
disrupt the degeneracy of the alignment of the lamellar micro-
domains, theoretically allowing for the generation of lamellar
arrangements corresponding to any direction of the substrate
by simply controlling the orientations of the substrate relative
to the magnetic field. In this process, custom-synthesized
materials will be employed to independently access the lamel-
lar and cylindrical formation regions in the phase diagram
without the need for blending. The ability to achieve flexible
alignment of self-assembled structures at a large scale is
crucial for the applications of block copolymers in various
emerging fields. Magnetic field-driven alignment is particu-
larly well-suited for controlling ordering in situations where
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Fig. 4 (a) A molecular formula for 1D LCE features R as a long chain alkyl substituent such as —C;¢Hz3.2%?” Energy-minimized molecular models of
C160s at 20 °C, along with schematic diagrams of C;¢Os-lithium salt (1:1) complexes at 20 °C, (+) Li*, (=) (CLO*"). d denotes the spacing between
layers.?’ (b) Schematic depiction of the arrangement of the block copolymer under a vertically applied magnetic field. Free mesogens co-assemble
with the covalently bound mesogens in the LC block, aligning their long axis along the field and parallel to the interface with the PEO domain.
Lithium ions are confined within the PEO domain, which also contains PAA chains (not shown) that are closely associated with the PEO backbone.®®
(c) Molecular structures of LCs 1-3.8¢ (d) Schematic illustration of a possible structure in the SmA phases for LCs 1-3. Green cylinders, red ellipsoids,
and orange spheres represent n-conjugated moieties, triflate anions, and imidazolium cations, respectively. The ionic and n-conjugated moieties are
arranged into segregated layers for enhanced structural organization.2® (e) A one-pot fabrication process for flexible DLC-based cross-linked solid
polymer electrolyte with controlled ion-conductive pathways is achieved through photopolymerization under UV irradiation.*® (f) A schematic
influence of the mechanism of PEO content on the crystallized structure of LCEs.*®

strong flow fields or complex topological constraints cannot be  imidazolium groups (Fig. 4c).*® These compounds exhibit ther-
applied to the samples. The control over PEO alignment is motropic smectic A phases. Nano segregation of the
especially noteworthy, as the ordered PEO microdomains hold =n-conjugated mesogens and ionic imidazolium groups forms
potential applications as ion-conducting media in solid-state layered liquid-crystalline structures. These materials serve as
battery electrolyte films. efficient electrochromic redox systems, showing coupled

Yazaki et al. successfully synthesized three new molecular electrochemical reduction and oxidation in their ordered
materials that combine ionic and electronic functions, utiliz- bulk states. For instance, compound 1, containing a
ing LCs made of terthiophene-based mesogens and terminal terthienylphenylcyanoethylene mesogen and an imidazolium
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triflate group, forms a smectic LC nanostructure and exhibits
reversible electrochromic behavior between 0 and 2.5 V at
160 °C, without the need for additional electrolytes. In con-
trast, compounds 2 (with a tetrafluorophenylterthiophene
group) and 3 (with a phenylterthiophene group) show irrevers-
ible cathodic reduction and reversible anodic oxidation in the
smectic A phase. The use of poly(3,4-ethylenedioxythiophene)-
poly(4-styrene sulfonate) (PEDOT-PSS) as an electron-accepting
layer on the cathode enhances the electrochromic responses
for compounds 2 and 3. These findings demonstrate the
potential of self-organized molecular redox systems based on
nano-segregated n-conjugated LCs containing imidazolium
groups, which can be utilized in batteries, as shown in Fig. 4d.
Wang et al. developed a DLC-based cross-linked solid polymer
electrolyte (DLCCSPE) for LIBs, featuring controlled ion-con-
ducting channels and enhanced safety (Fig. 4e).*” The LCE
structure is formed by aligning DLCs and incorporating flex-
ible poly(ethylene glycol) diacrylate (PEGDA), followed by
photopolymerization to cross-link the DLCs with PEGDA. The
macroscopic alignment of DLC nanostructures within the
polymer films improves overall electrochemical performance,
including increasing ionic conductivity and electrochemical
stability. The resulting 1D solid-state LCE with nanochannels
provides more efficient ion transport compared to unstruc-
tured films. LIBs assembled with these oriented electrolytes
demonstrate excellent cycling performance, with stable dis-
charge capacities of 143, 135, and 149 mAh g™ at rates of 0.5,
1, and 0.2C, respectively. Yuan et al. developed a novel thermo-
tropic ionic LC lithium salt (lithium bis(modified imidazole)
borate (LiBMB)) with highly ordered, fast ion-conductive nano-
pathways.*® The molecular structure and thermotropic LC be-
havior of LiBMB were characterized by various techniques. The
material has a melting point of 31.2 °C and a clearing point of
42.7 °C, suggesting that it can offer more flexible Li-ions in the
electrolyte. Flexible LiBMB/PEO SSEs, with LiBMB content
ranging from 20-75 wt%, were prepared. The effect of LIBMB
content on the crystalline structure of PEO is depicted in
Fig. 4f. The resulting SSEs exhibited optimal ionic conductivity
(0.45 x 107 S cm™"), ion transport number (0.54), DC conduc-
tivity (2.33 x 1077 ecm® s™%), and electrochemical stability (7.2
V) at 30 °C. This performance is attributed to the maintained
ordered ion-conductive nano-pathways, with a quasi-period
value (T,,) under 100 ns. These LiBMB/PEO electrolytes were
used to assemble LiFePO,|electrolyte|Li all-solid-state cells,
with the optimal cell showing an initial discharge capacity of
145.5 mAh g~" at 0.1C and stable performance across multiple
cycles.

3.1.2. 2D transport channels based on the self-assembly of
LCEs. In the self-assembly process, LCE molecules organize
into specific mesophases, such as lamellar, hexagonal, or
cubic phases. The ionic transport efficiencies of LCEs in
various electrolyte applications are significantly influenced by
their transport mechanisms. Traditional 1D LCEs exhibit
limited ionic conductivity, typically around 10% S cm™".*® This
limitation arises primarily from the geometric constraints of
the ionic transport channels, which confine ions to axial move-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ment along rod-like structures. Consequently, this results in a
restricted number of transport pathways and a marked
reduction in overall ionic transport efficiency. To address the
challenges associated with 1D transport channels, researchers
are increasingly exploring LC materials that incorporate 2D
transport pathways.'”®'”” In 2D LC structures, ions can effec-
tively penetrate self-assembled layered architectures, thereby
facilitating more efficient ionic transport through complex geo-
metric arrangements (Fig. 5a)."”®'”® Notably, smectic phases
in 2D-confined systems can form quasi-isotropic monodomain
architectures through precisely controlled self-assembly. These
structures combine long-range lamellar ordering with in-plane
multidirectional transport accessibility, creating intercon-
nected ionic pathways that mimic isotropic conduction charac-
teristics.'®® This unique quasi-isotropic feature, achieved via
rational molecular engineering in 2D configurations, enables
both efficient long-range ion migration and omnidirectional
charge transfer capabilities, thereby significantly enhancing
the electrolyte’s overall performance.'®® As shown in Fig. 5b,
Sakuda et al. designed a rod-like LC molecule containing a
terminal cyclic carbonate group, when mixed with lithium bis
(trifluoromethylsulfonyl)imide (LiTFSI), self-assembled into
layered smectic phases via ion-dipole interaction between Li"
and the carbonate moieties.”> This ordered arrangement
created continuous 2D ion-conductive pathways, enabling
efficient lithium-ion transport within the electrolyte for battery
applications.

When designing and synthesizing LCE materials, it is
crucial to incorporate specific ionic transport moieties, often
derived from polyether or ethylene carbonate groups. These
moieties promote the formation of ordered ionic transport
channels through self-assembly processes and can substan-
tially enhance the ionic conductivity of the material when com-
bined with lithium salts such as LiTFSI. There are many LCEs
can form 2D ion-conductive channels, as shown in Fig. 5c. The
LC 1,4-bis(4-(60-acryloxy-hexyloxy)benzoyloxy)-2-toluene (C6M)
combines with an ionic liquid and a lithium salt, showing the
ionic conductivity of 2.14 x 107> S cm ™" at room temperature.’
The combination of an ionic LC 1-vinyl-3-octadecylimidazo-
lium tetrafluoroborate ([C;5VIm]BF,) with poly(ethylene glycol)
diacrylate (PEGDA), poly(ethylene glycol) dimethyl ether
(PEGDE), and LiBF, produces a solid polymer electrolyte exhi-
biting high ionic conductivity (1.96 x 10™* S em™ at 30 °C)
and a Li* transference number of 0.6.'”° The combination of a
star-shaped LC copolymer, 3-arm-poly(10-[(4-cyano-4'-biphe-
nyl)oxy]decyl —methacrylate)-block-poly[methoxy-poly(ethylene
glycol) methacrylate] (3PMALC-PPEGMA), and a small-mole-
cule mesogen, 4-cyano-4’-([(10-hydroxydecyl)oxy|biphenyl)
(10-BPCN), with PEO and LiClO, forms a composite solid elec-
trolyte.'®  This  ternary blend (70% PEO, 25%
3PMALC-PPEGMA, 5% 10-BPCN) achieves an ionic conduc-
tivity of 1.3 x 107> S em™" at 25 °C after annealing, enhanced
by two orders of magnitude compared to pristine PEO/LiClO,.
The ionic LC 1-dodecyl-3-methylimidazolium fluorohydrogen-
ate salts (C;,MIm(FH),F, n = 1.0-2.3) can form a SmA interdigi-
tated bilayer structure, achieving anisotropic ionic conductivity
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ponding schematic illustration of 2D LCE in LIBs.?® (c) Molecular structures utilized in the referenced 2D LCE works.

with oy ~ 7.37 mS em " at 25 °C (n = 1.0) parallel to the
smectic layers, exceeding perpendicular conductivity over ten
times.?® Star-shaped amphiphilic LC copolymers combining
hydrophobic poly(10-[(4-cyano-4’-biphenyl)oxy]decyl methacry-
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late) (PMALC) with hydrophilic poly(methoxy-poly(ethylene
glycol) methacrylate) (PPEGMA) achieve ordered ion-conduct-
ing pathways via mesogen alignment.’®® The optimized
3PPEGMA-PMALC copolymer, with mesogens positioned exter-
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iorly and annealed in the liquid-crystalline state, exhibits an
ionic conductivity of 1.0 x 10™* S cm™" at 25 °C, surpassing
non-mesogen counterparts. A six-arm star polymer based on a
DLC (triphenylene core) combined with polystyrene (PS) and
poly(ethylene glycol) methyl ether methacrylate (PPEGMA) seg-
ments forms ordered ion-conductive channels through self-
assembly.'®® The optimized electrolyte achieves an ionic con-
ductivity of 1.46 x 107" S cm™" at 30 °C, along with a wide
electrochemical window (5.1 V) and enhanced lithium-ion
transference number (0.37) after annealing, outperforming
linear copolymer counterparts. The ionic LC 1-hexadecyl-3-
methylimidazolium tetrafluoroborate ([C4smin]|BF,) combined
with a poly(ionic liquid) (PMOBIm-BF,) and PEGDA cross-
linker forms lamellar structures via co-assembly, creating
ordered 2D ion-conductive pathways.'®* The optimized
PMPCO.5 electrolyte achieves an ionic conductivity of 7.14 x
107° S em ' at 25 °C and 2.17 x 102 S em™! at 95 °C, with a
wide electrochemical window (4.2 V) and enhanced Li' trans-
ference number (0.24). The construction of these 2D transport
channels not only improves the mobility of ions within the
material but also optimizes the performance of the electrolyte
in LIBs. 2D LCEs demonstrate significant potential in terms of
ionic transport efficiency and overall performance.*8%*8

Xu et al. investigated the thermal, structural, and ion-con-
ductive properties of 1-dodecyl-3-methylimidazolium fluorohy-
drogenate 2D LCEs, C;,MIm(FH),F (n = 1.0-2.3), as shown in
Fig. 6a.° These LCEs exhibit a SmA interdigitated bilayer
structure in their liquid crystalline phase, with the mesophase
temperature range decreasing as the n value increases. The
layer spacing of the bilayer structure reduces with higher temp-
erature or increasing n value. A mixed crystal system was
observed in C;,MIm(FH),F, with two distinct crystal structures:
type I (1.0 < n < 1.9) and type II (1.9 < n < 2.3). The ionic con-
ductivity increases with the n value in both directions-parallel
and perpendicular to the smectic layers-while the anisotropy
remains constant, as the thickness of the insulating dodecyl
alkyl chain layer remains largely unchanged.

Wang et al. developed a novel solid electrolyte by combining
a nematic LC with an ionic liquid (IL),>*'*7'%% as shown in
Fig. 6b.%> The LC, with its ordered layered nanostructure, was
polymerized and stabilized through UV irradiation, while the
IL was incorporated into the structured ion channels to facili-
tate fast ion transport. Notably, this free-standing electrolyte
film maintained stable, ordered 2D channels. The resulting
SSE demonstrated high ionic conductivity (2.14 x 107> S cm ™)
at room temperature, a broad electrochemical window (4.8 V),
and excellent compatibility with lithium metal.

Recent studies have also focused on the development of 2D
transport channels through the self-assembly of LCEs. Zeng
et al. synthesized a novel type of boron-containing LC-based
ABCBA multiblock copolymer electrolytes (BCPEs) for the first
time.*° These BCPEs exhibit significantly improved Li* conduc-
tivity. The highly oriented LCs with mesogenic -C=N form
ion-conductive channels that facilitate rapid Li' transport,
while the -C=N groups enhance the oxidative resistance of
the electrolytes. The introduction of electron-deficient boron
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atoms helps trap TFSI™ derived from dissociated lithium salts,
effectively adsorbing impurities and reducing concentration
polarization, thus maintaining interface stability. The mecha-
nism behind efficient Li" transport in this system is shown in
Fig. 6c. As a result, the multiblock copolymer electrolytes
display excellent performance, including a high ionic conduc-
tivity of 1.13 x 107 S em™" at 30 °C, a broad electrochemical
stability window of 4.85 V, an increasing Li-ion transference
number of 0.311, and improved mechanical properties com-
pared to similar materials. Ruan et al. explored the use of
lamellar lyotropic LCs as SSEs for LIBs, demonstrating high
voltage stability, efficient charge transport, and thermal
safety.*® The lyotropic LCs were prepared through the self-
assembly of 1-hexadecyl-3-methylimidazolium tetrafluoroborate
([C16Mim][BF,]) in LiBF,/PC liquid solutions. The nanosegrega-
tion of [C;sMim][BF,] led to the formation of layered structures,
creating dynamic lamellar ion-conducting pathways (Fig. 6d). As
the liquid content increased, these pathways expanded, enhan-
cing the ionic conductivity of the lyotropic LCEs. The lyotropic
lamellar nanostructures allowed for liquid-like ion conductivity
at room temperature and provided superior stability, enabling
the electrolytes to withstand high voltage and reduce flammabil-
ity compared to LiBF,/PC liquid electrolytes.

3.1.3. 3D transport channels based on the self-assembly of
LCEs. In the context of LCEs, the development of 3D transport
channels, particularly those formed through the self-assembly
of Cub phase structures, represents a significant advancement
in ionic conductivity. The unique architecture of these 3D
channels is characterized by interconnected pathways that
facilitate ionic transport. This interconnect is crucial, as it
allows for continued ion movement even if some individual
channels become blocked, thereby enhancing the reliability
and efficiency of ionic conduction within the material. Such a
structural feature broadens the potential applications of LCEs
in advanced electrochemical devices. The formation of 3D
ionic transport channels using wedge-shaped ammonium salts
and phosphonium salts demonstrates that these systems can
maintain excellent ionic transport performance, even in the
presence of a multiphase LC state. The inherent fluidity of the
liquid crystalline phase promotes ion mobility, allowing ions
to navigate through the complex network of channels effec-
tively. This behavior is particularly beneficial in scenarios
where high ionic conductivity is essential, such as in batteries
and supercapacitors.”® Moreover, the construction of 3D trans-
port channels typically involves high molecular weight com-
pounds, particularly block copolymers derived from poly-
ethers, in conjunction with lithium salts. These materials
exhibit remarkable ionic conductivity levels, potentially reach-
ing 107° S em™" at temperatures below 40 °C.**** The combi-
nation of polymeric structures and ionic components within
the LC matrix creates a conducive environment for ion
migration, significantly surpassing the performance of 1D
transport systems.**

The advantages of 3D transport channels extend beyond
mere conductivity, they also contribute to enhanced mechani-
cal stability and thermal resilience of the electrolytes. This is
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particularly relevant for applications in energy storage techno-
logies, where the durability and performance of electrolytes
under varying operational conditions are critical. The self-
assembly of cubic phase LC structures into 3D ionic transport
channels represents a transformative approach in the design
of ion-conductive materials. Future research should focus on
optimizing the composition and structural parameters of
these LCEs to further enhance their ionic transport efficiency
and broaden their applicability in next-generation electro-
chemical devices. The exploration of novel materials and self-
assembly techniques will be instrumental in unlocking the full
potential of 3D ionic transport channels in LCEs.

R. L. Kerr et al. have developed a novel nanostructured
polymer material filled with LC that combines the advan-
tageous properties of gelled polymers and LC-based electro-
lytes.® This material exhibits stable ion conductivity (10™* to
107 S em™" at room temperature), bicontinuous cubic phase,
resembling liquid-like behavior over a broad temperature
range, a feature not typically seen in either gelled polymers or
LC-based electrolytes (as shown in Fig. 7a). Ongoing investi-
gations are focusing on conductivity and Nuclear Magnetic

1012 | EES Batteries, 2025, 1, 999-1046

Resonance (NMR) Diffusion-Ordered Spectroscopy (NMR
DOSY) analyses an extended temperature range.
Additionally, efforts are being made to enhance the material’s
conductivity by eliminating the surface crust, increasing the
concentration of PC solution and Li salt in the films, and
experimenting with different types of liquid electrolytes. These
findings further support the observation that bicontinuous
cubic phases, which feature 3D interconnected nanochannels,
offer superior ion conductivity compared to other LC phases.
Yao et al. synthesized novel solid polymer electrolytes through
in situ polymerization and the incorporation of a nematic LC
into a  poly(vinylidene fluoride-co-hexafluoropropene)-
hexafluoropropylene (P(VDF-HFP)) matrix, achieved under UV
irradiation in the presence of an ionic liquid (IL) (Fig. 7b).*°
The enhanced migration of Li* ions in the resulting SPEs was
attributed to the formation of a poly(LC) (PLC) network, a
mechanism supported by both FTIR analysis and DFT calcu-
lations. The resulting SPEs demonstrate exceptionally high
ionic conductivity of 1.79 mS em™" at 20 °C, a Li* transference
number of 0.64, and an impressive electrochemical stability
window extending to 5.0 V. As illustrated in Fig. 7c, Zeng et al.

over
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developed a series of semi-interpenetrating network (semi-
IPN) polymer electrolytes by integrating a novel LC C6M with
poly(ethylene glycol) diglycidyl ether (PEGDE) through UV
irradiation for the first time.*® The incorporation of LCs not
only significantly enhances the mechanical properties of the
electrolyte membranes by forming a network structure with
PEGDE, but also facilitates the creation of stable ion conduc-
tion pathways. Consequently, the resulting free-standing, flex-
ible solid polymer electrolyte demonstrates excellent ionic con-
ductivity of 5.93 x 107> S em™" at 30 °C, a wide electrochemical
stability window of 5.5 V, remarkable thermal stability with
decomposition temperatures exceeding 360 °C, and the ability
to suppress the growth of lithium dendrites. Furthermore,
LCEs can effectively address the challenges of weak polymeriz-
ation kinetics and low polymerization degree in fluorinated
solid-state polymer electrolytes (SPEs), which are used to form
stable solid-electrolyte interphase (SEI) on Li metal. Qin, et al.
developed a partially fluorinated SPE reinforced with melt-
blown cloth using LCs, which was synthesized through UV
curing method (Fig. 7d)."®® SEM revealed that the meltblown
cloth was composed of randomly arranged polypropylene (PP)
nanofibers with an average diameter of 5 pm and pores larger
than 20 pm. This porous network facilitated precursor solution
infiltration and provided robust mechanical support for the
SPEs. Following infiltration and UV curing, the resulting par-
tially fluorinated, meltblown cloth-reinforced SPE (PFMC-SPE)
exhibited a smooth and uniform surface, which improved
interfacial properties in battery assemblies. This PFMC-SPE
exhibited significantly enhanced performance, owing to the
improved mechanical properties from the meltblown cloth
and the optimized electrochemical characteristics resulting
from partial fluorination. The PFMC-SPE demonstrated excel-
lent room temperature ionic conductivity (1.0 mS ecm™*) and a
broad electrochemical stability window (up to 5 V). Moreover,
when used in a Li//LiFePO, cell, it maintained stable cycling
for over 750 cycles at a 1.0C rate, with a capacity retention of
84.7%, dropping from 141.2 mAh g~ to 119.6 mAh g ' at
30 °C. These further demonstrate that the use of LCEs can
effectively promote the formation of a stable SEI on the
lithium metal surface, thereby significantly improving the elec-
trode-electrolyte interfacial contact in LIBs. Wang et al. used
in situ polymerization to develop a new class of electrolytes
based on LC elastomers, as shown in the synthesis diagram in
Fig. 7e.** These LC elastomers-based solid polymer electrolytes
exhibit tunable rigidity and flexibility. The study revealed a dis-
tinct correlation between the structure, performance, and electro-
chemical properties of the 2D LCEs. These electrolytes demon-
strated impressive ionic conductivity (3 mS cm™') and a wide
electrochemical stability window (~5 V). Additionally, LiFePO,
batteries using the LCEs showed excellent cycling stability,
retaining over 90% of their capacities after 450 cycles at 1C.
Wang et al. describe molecular ionic composite electrolytes
(MICs) that combine aligned liquid crystalline polymers with
ionic liquids and concentrated lithium salts. These solid-state
rigid-rod polymer composite electrolytes feature nanocrystal-
line Li* pathways and 3D transport channels, which are
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formed through the self-assembly of LCEs.*® The fabrication of
Li-loaded MICs (LiMIC) involves a two-step process: (1)
forming a polymer-ionic liquid network, and (2) ion exchange
to load lithium ions. As shown in Fig. 8, the raw MIC (RMIC)
is prepared by ion-exchanging sulfonated polyamide (Li-form
PBDT) with the ionic liquid 1-ethyl-3-methyl imidazolium
tetrafluoroborate (C,mimBF,). PBDT forms an ordered
nematic LC phase at concentrations above 2 wt%, providing
mechanical stability and nanoscale structure. RMICs are
labeled RMIC-5 and RMIC-15, with PBDT weight percentages
of 5% and 15%, respectively.”® In the second step, RMICs are
immersed in an ionic liquid electrolyte (N-propyl-N-methyl-
pyrrolidinium  bis(fluorosulfonyl)imide, CzmpyrFSI ~ with
50 mol% LiFSI), promoting ion exchange and Li" incorpor-
ation, resulting in LiMICs. The SEM images of the RMICs,
revealing locally aligned PBDT grains and interconnected grain
boundaries. These boundaries form a conductive network that
aids in Li" transport. The LiMICs are macroscopically isotropic
but exhibit local alignment due to the rigid PBDT chains,
which can be observed using polarized optical microscopy.
Fig. 8 further highlight the structure and ion distribution. It
depicts the micrometer-scale organization of the LiMICs,
where PBDT grains are interspersed with a nanocrystalline
ionic phase that enhances ion conduction. Ion exchange at
the grain boundaries increases Li* density and transport
speed, while the morphology of the PBDT grains and their
nanocrystalline boundaries facilitates enhanced ion mobility
across the electrolyte. This 3D LCE, which is both highly
durable (200 MPa) and non-flammable, exhibits excellent per-
formance as a SSE. It demonstrates a high Li" conductivity of
1 mS em™" at 25 °C and remarkable electrochemical stability
with a voltage window of 5.6 V versus Li|Li". Additionally, it
effectively suppresses the growth of lithium dendrites. When
used in lithium symmetrical cells, the electrolyte shows a low
interfacial resistance of 32 Q cm?” and a reduced overpoten-
tial, with a value of less than 120 mV at a current density of

1 mA cm™2.

3.2. Classification by types of molecular structures

The classification of LCEs based on the molecular structure
of their constituent LC components is essential for elucidat-
ing their ionic transport mechanisms and optimizing their
performance in electrochemical applications, particularly in
LIBs. This classification delineates two primary categories:
ionic LCEs and non-ionic LCEs, each exhibiting distinct pro-
perties and behaviors that influence their utilities as electro-
Iytes. The classification of LCEs into ionic and non-ionic
types provides valuable insights into their designs and func-
tionalities as electrolytes. Each category offers unique advan-
tages that can be leveraged to enhance ion transport mecha-
nisms, making them critical materials in the pursuit of more
efficient and high-performing energy storage systems.
Understanding these distinctions not only informs the
development of advanced LC electrolytes but also opens
new avenues for research and innovation in the field of
electrochemistry.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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image shows a sliced transparent RMIC sample. In Step 2, the RMIC is immersed in an ILE consisting of C3mpyrFSI with 50 mol% LiFSI. During this
process, C3mpyr* cations tend to segregate into the PBDT-rich phase, while FSI~ and BF,~ anions preferentially associate with Li*, precipitating into
a nanoscale heterogeneous structure at the grain boundaries. The resulting sliced LiMIC sample appears iridescent. After Step 2, the grain bound-
aries predominantly consist of a condensed salt phase, forming a nanocrystalline structure that supports fast Li* transport. The aligned LC grains

feature PBDT double-helical rods filled mainly with mobile IL cations, with a

3.2.1. Ionic LCEs. Ionic LCEs are characterized by the pres-
ence of ionic LC molecules, which incorporate cationic,
anionic, and zwitterionic functionalities.'*®*°* These ionic
species not only impart conductivity but also facilitate the for-
mation of nanoscale ionic channels through self-assembly pro-
cesses, which are critical for efficient ion transport."®> The
molecular architecture of ionic LCEs is designed to promote
the alignment and interaction of ionic species, which
enhances their ability to conduct lithium ions.

Functional groups, such as imidazolium, ammonium,
and phosphonium, play a pivotal role in the design of ionic
LCEs. These groups are strategically integrated into the LC
framework to create a favorable electrostatic environment for

© 2025 The Author(s). Published by the Royal Society of Chemistry

spacing of approximately 2 nm between the rods.?®

ion transport. The presence of these ionic moieties allows
for the establishment of strong ion-dipole interactions,
leading to the formation of structured ionic pathways within
the liquid crystalline matrix. Such pathways facilitate both
1D and 2D ion transport, which is crucial for improving the
ionic conductivity required for high-performance LIBs. The
unique self-assembly behavior of ionic LCEs enables the for-
mation of ordered mesophases, such as columnar, smectic,
or cubic phases, which are conducive to ionic mobility. The
nanoscale dimensions of the ionic channels created by self-
assembly processes enhance the effective diffusion of
lithium ions, thereby reducing the energy barriers associated
with ion transport. Consequently, ionic LCEs exhibit
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Fig. 9 (a) Schematic illustration of ionic LCE structures and their advantages in electrochemical energy storage devices.?! (b) Summary of ionic

LCEs 62,194-204

superior electrochemical performance, making them attrac-
tive candidates for future electrolyte formulations in advanced
energy storage systems. Fig. 9a highlights the strengths of
ionic liquids (ILs) and ionic LCEs in energy storage and con-
version systems, emphasizing their fundamental properties
and interface behavior.'®® A key feature of ILs is their inherent
low volatility and nonflammability, which can be attributed to
the unique zigzag (Z) bond present in their molecular struc-
ture. This Z-bond is formed through both coulombic inter-

1016 | EES Batteries, 2025, 1, 999-1046

actions and hydrogen bonding between the cations and
anions. The resulting bond is characterized by its strong
energy, long lifespan, and distinct Z motif, which collectively
contribute to the thermal stability, low volatility, and fire resis-
tance of ILs. These characteristics address the increasing
demand for safer, environmentally friendly materials in
energy-related applications.

The foundational materials for ionic LCEs are the concept
first explored in 1938 by G. A. Knight and B. D. Shaw,**> who

© 2025 The Author(s). Published by the Royal Society of Chemistry
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discovered long-chain alkylpyridines and their derivatives as
novel ionic LCEs. Since that time, ionic LCEs have garnered
significant interest due to the growing recognition of ionic
liquids (ILs). A key advantage of ionic LCEs lies in their avail-
ability and the flexibility they offer in terms of design. By
varying the cation species, researchers can achieve a range of
distinct physicochemical properties. Fig. 9b summarizes the
molecular formulas of various ionic LCEs.

Lu et al. synthesized ionic LCEs composed of the conven-
tional ionic liquid [C,,Mim] [BF,] and LiBF,, designed specifi-
cally for solvent-free LIBs. The[C,;,Mim] [BF,] demonstrated
excellent compatibility with LiBF,, facilitating the formation of
a smectic phase.”” In this phase, LiBF, was highly concen-
trated, creating dynamic 2D ion-conducting channels. These
dynamic channels enabled the solvent-free electrolytes to
achieve significant ionic conductivities in the range of ~10~*
to ~107% S em™" when in the smectic state. These ionic LCEs
exhibited robust cycling stability, high charge/discharge
efficiency, and intrinsic thermal safety in LIBs. The batteries
showed a charge/discharge capacity of 154.7 mAh g¢™' at a
current density of 1C and maintained stable performance over
100 charge/discharge cycles across a wide temperature range.
An interesting feature of the electrolytes was their abilities to
thermally control the operation of the battery by transitioning
between different phases. In the crystal phase, the electrolytes
exhibited no charge/discharge behavior; however, once the
electrolytes transitioned into the smectic phase, the batteries
functioned efficiently. This demonstrated for the first time the
concept of a thermal switch in ionic LCEs, offering the ability
to “turn on” or “off” battery performance based on phase tran-
sitions, as shown in Fig. 10a. This work highlights the poten-
tial of ionic LCs to serve as advanced, high-performance elec-
trolytes for solvent-free LIBs, with the added benefit of smart,
phase-controlled operation.

In ionic LCEs, the incorporation of LCs allows for precise
control over the structure of ILs. Additionally, the formation of
well-ordered, porous channels within the membrane plays a
crucial role in enhancing electrolyte uptake and improving
wettability. This is reflected in a reduced contact angle and a
significant improvement in the transport of lithium ions.
These structural features contribute to the overall efficiency
and performance of the electrolyte by facilitating better inter-
action between the ionic liquid and the electrode surfaces.
Sasi, et al. developed a bio-based ionic LC-derived solid
polymer electrolyte membrane composed of a polymer back-
bone, lithium salt, cardanol-derived ionic LCs, and a conven-
tional plasticizer.** The membrane exhibits high porosity and
improved electrolyte absorption, which is attributed to its well-
defined porous network structure. SEM analysis (Fig. 10b)
reveals a highly ordered network with pore sizes averaging
6-7 pm. A side-view SEM image (Fig. 10c) shows the orien-
tation of the porous network, which contributes to the excel-
lent electrolyte uptake. High magnification SEM (Fig. 10d)
further reveals that the micropores are surrounded by smaller
nanopores of approximately 150 nm, contributing to the mem-
brane’s enhanced absorption capacity. AFM imaging (Fig. 10e)
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confirms the hierarchical structure, showing well-defined micro-
pores like the SEM results. At higher magnifications (Fig. 10f
and g), AFM images reveal that each pore is surrounded by
nanostructured walls, formed due to the self-assembly of ionic
liquid crystalline molecules. This self-assembly process,
especially during the film drying phase, results in the formation
of oriented nanoporous walls that improve electrolyte uptake.
The phase profile (Fig. 10h) shows the extensive phase ordering
within the membrane, which is essential for smooth ion trans-
port and improved ionic conductivity. The uniform phase distri-
bution observed in the phase image further indicates efficient
charge transport across the membrane. The final ionic LCE
membrane, produced with varying ratios of 3-(4-(3-pentadecyl-
phenoxy)butyl)-1-methylimidazole-3-ium hexafluorophosphate
(PMIMP) and PVAF-HFP (labeled MIM-1 to MIM-4), exhibits
high conductivity, porosity, and wettability. Its anisotropic chan-
nels facilitate efficient Li* transport, making it suitable for high-
performance battery applications.

Anisotropic ionic LCEs have been explored for their ability to
suppress lithium dendrite growth by effectively modulating the
ion concentration gradient near the dendrite tips.
Gopalakrishnan et al. proposed a novel approach where ionic
LCE:s serve as both the electrolyte and a pseudo-separator, utiliz-
ing their anisotropic properties to regulate Li-ion transport and
mitigate dendrite formation, as illustrated in Fig. 10i.*> The role
of these properties in dendrite suppression was investigated by
examining the ionic transport dynamics at the electrode-elec-
trolyte interface. To assess dendrite growth, galvanostatic
cycling of Li|ILC-LiTFSI|Li symmetric cells was conducted, with
lithium stripping performed at a constant current of 0.032 mA.
These cells, which consisted of Li counter/reference and
working electrodes separated by a Teflon spacer filled with the
ionic LCEs, were cycled at a current density of 0.1 mA cm™> and
a temperature of 60 °C to evaluate their long-term electro-
chemical stability. The Li/ILC-LiTFSI/Li cell demonstrated
stable plating and stripping processes, with a gradual increase
in voltage hysteresis, a reflection of the polarization due to
current density, interfacial resistance, and charge transfer
characteristics. This hysteresis was notably more stable com-
pared to symmetric cells using conventional LiTFSI/propylene
carbonate (PC) electrolytes, which developed internal short cir-
cuits due to dendrite growth after 400 hours (Fig. 10j). In con-
trast, the cell with the LCE maintained stable cycling for over
850 hours, indicating that the anisotropic nature of the LCE
facilitated more uniform Li" transport, leading to compact and
controlled dendrite growth. Further analysis using FE-SEM
(Fig. 10k and 1) revealed distinct differences between the two
cells. The Li metal cycled in the PC/LiTFSI cell showed a rough,
uneven surface with large lithium chunks, indicative of irregular
deposition during plating/stripping. On the other hand, the Li
metal cycled in the ILC/LiTFSI cell had a much smoother
surface with only minor corrugations, suggesting more stable
cycling and reduced lithium loss. The smoother surface corres-
ponds to lower polarization and superior cell performance,
attributable to the more uniform lithium deposition facilitated
by the anisotropic electrolyte.
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MIM-3 displaying nanochannels along the pore walls. (e) Microporous structure under atomic force microscopy (AFM), (f), (g) magnified AFM images
of MIM-3. (h) Phase image of MIM-3 showing well-oriented surface for effective charge transport characteristics. lonic LECs were fabricated by
varying the composition of PMIMP and P(VDF-HFP), and are designated as MIM-1, MIM-2, MIM-3, and MIM-4 individually.>* (b)-(g) Reproduced with
permission.3* Copyright 2017, Wiley-VCH. (i) Schematic representation of the proposed mechanism of anisotropic Li mass transport effect towards
dendrite suppression when compared to the isotropic transport. (j) Electrochemical Li plating/stripping of symmetric Li|ILC/LITFSI|Li and Li|PC/
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lonic liquid crystals denoted as ILCs.*® (i)—(l) Reproduced with permission.*> Copyright 2021, The Royal Society of Chemistry. (m)—(x) POM images
and illustration of the structure of the isotropic, planar, homeotropic, and hybrid samples (first to fourth columns from left to right). Top row: Top
view of iLCEs under cross-polarized light in transmission mode scale bar for all four textures is shown in (m). Middle row: Cross section of iLCEs in
reflection mode (the thickness is bottom to the top of the image). Bottom row: lllustration of the side views of the director structure of the LCE
(brown ellipsoids) and the ionic channels (blue lines) of the corresponding samples.® (m)—(x) Reproduced with permission.> Copyright 2022, AIP
Publishing.
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Rajapaksha et al. demonstrated the potential of ionic LC
elastomers as solid electrolytes for flexible, substrate-free
organic electrochemical transistors.” A key aspect of their
study was the manipulation of the LC elastomer’s director
alignment, which was used to fine-tune both the steady-state
and transient responses of the devices. Fig. 10m-x illustrate
the optical and structural characteristics of LC elastomers
samples with different alignments. The first column of images
(Fig. 10m-p) shows POM images of planar, homeotropic,
hybrid, and isotropic samples, each with a 200 pm thickness.
The top row (Fig. 10m-p) displays the top-view POM images in
transmission. The isotropic sample (Fig. 10m) is entirely dark,
confirming its optical isotropy. In contrast, the samples in
Fig. 10n-p show bright droplets in a dark background, indicat-
ing phase separation due to spinodal decomposition between
the ionic liquid-rich and nematic LCE-rich phases. This separ-
ation was triggered by the isotropic-nematic transition, result-
ing from the incompatibility between ionic liquids and
nematic LCEs. The phase separation was found to depend on
how long the sample remained in the nematic phase before
cross-linking. After cross-linking, phase separation stopped,
and the size of the birefringent and isotropic domains
remained unchanged. To optimize phase separation, cross-
linking was carried out at 50 °C, just below the I-N transition
temperature. This approach contrasts with previous studies on
colloidal LC gels by N. L. Abbott, although the microstructure
differed due to variations in thickness and chemical compo-
sition between the two systems.”*®>'® While the top-view tex-
tures of the nematic samples were similar, significant differ-
ences were observed in the cross-sectional side views
(Fig. 10g-t). The side view of the isotropic sample (Fig. 10q)
displayed a uniform texture, while the planar (Fig. 10r), home-
otropic (Fig. 10s), and hybrid (Fig. 10t) samples exhibited
inhomogeneous textures. Notably, the planar and planar-side
hybrid samples showed brighter reflections compared to the
homeotropic or homeotropic-side hybrid samples, suggesting
that the ionic channels, which influence light reflection, have
larger cross-sections when oriented normal to the LCE direc-
tor. This observation supports the idea that phase-separated
ionic liquid channels align perpendicular to the director to
minimize contact with the hydrophobic terminal chains. The
director and ionic channel orientations, corresponding to this
model, are shown in the bottom row (Fig. 10u—x). The brown
ellipsoids represent the LCE director, while the blue lines indi-
cate the orientation of the ionic channels, consistent with the
assumed perpendicular alignment to the LCE director. This
structural configuration plays a crucial role in the device’s
electrochemical performance. The observed phase separation,
resulting from spinodal decomposition between ionic liquid-
rich and nematic LCE-rich phases, is triggered by the isotro-
pic-nematic transition due to inherent incompatibility
between ionic liquids and nematic LCEs. To control this phase
separation, the concentration ratio of ionic liquid to nematic
LCEs serves as a critical governing parameter. Additionally,
fabrication methodologies for composite films, such as
casting, electro-spinning, hot-pressing, and microfluidics,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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provide practical strategies for modulating phase separation
behavior.

Through the performance reported in these studies, it is
evident that ionic conductivity plays a pivotal role in the effec-
tiveness of electrolytes for energy storage applications. The
ionic conductivity of ILs and ionic LCEs depends on ion
density, charge, and mobility, with ionic LCEs exhibiting
enhanced conductivity due to their ability to self-organize
into structured, nanoscale domains. Under specific con-
ditions of temperature and solvent concentration, these
materials form 1D, 2D, or even 3D ion-conducting pathways.
The self-assembly is driven by multiple intermolecular forces,
such as the Z-bond, van der Waals interactions, and hydro-
phobic forces. This structural organization significantly
increases ion mobility, improving conductivity. Moreover, the
ionic pairs in ionic LCEs can also facilitate salt dissociation
through coulombic interactions, which helps increase the
concentration of free ions, further enhancing ionic conduc-
tivity. Besides, the interfacial properties of ionic LCEs are
crucial for their performance in energy storage systems, par-
ticularly regarding charge transfer efficiency. The liquid
nature of ionic LCEs contributes to their fluidity, reducing
interfacial contact resistance and enabling more efficient
charge movement. Additionally, the wide electrochemical
stability window of these materials minimizes parasitic side
reactions, allowing for the formation of stable and favorable
interfaces that are critical for long-term device stability.
Taken together, these properties make ionic LCEs promising
candidates for use as electrolytes in energy conversion and
storage technologies.

3.2.2. Non-ionic LCE. In contrast, non-ionic LCEs consist
of non-ionic LC molecules with lithium salts, forming ionic
complexes, as shown in Fig. 11. These materials are typically
characterized by a low viscosity, which is advantageous for
their processing and application as electrolytes. The non-ionic
nature of the base LC molecules allows for greater flexibility in
molecular design, enabling the incorporation of various func-
tional groups, such as ether, carbonate, and diol, that enhance
the interaction with lithium salts.

The self-assembly of non-ionic LCEs leads to the formation
of structured ionic channels that facilitate the transport of
lithium ions. The interaction between the non-ionic LC matrix
and the lithium salt results in the establishment of a dynamic
ionic environment that promotes ion migration. The for-
mation of 2D ionic channels within the liquid crystalline
phase is particularly beneficial, as it allows for a more efficient
pathway for Li* diffusion, enhancing the overall ionic conduc-
tivity of the electrolyte. Moreover, the tunable properties of
non-ionic LCEs enable researchers to optimize their electro-
chemical performance for specific applications. By varying the
molecular structures and compositions of the LC components,
it is possible to tailor the thermal and electrochemical stability
of the electrolyte, as well as its ionic conductivity. This adapta-
bility positions non-ionic LCEs as a versatile and promising
option for a wide range of energy storage applications, includ-
ing next-generation LIBs.

EES Batteries, 2025, 1, 999-1046 | 1019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5eb00082c

Open Access Article. Published on 02 July 2025. Downloaded on 10/30/2025 2:46:52 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

View Article Online

EES Batteries

(o]
(o]
OO0y 5
4
k\)@_@,o\/\o/\/o\/\o/\/ou
(o}
S 1 Go\(@oﬁ;ow
/Ir v Wo I

|
X

O(CH_)4yCHy

(o]
o O(CH2);CH3
CHy }..o
f“ow 0 O(CH,);CH;
o~ &3 £
o OW—CN O(CH,);CH,
S
W
F. Fo o (o]
o s VD 2 0 Zz
ONGL P, o ol <
ERRE CHy(CHz)ur O~ (CHy)1CH;
n=8n=10,n=12 é“s(CHz)u
s /
\ / o 2C
Lo I Noﬁpi{/c"’
.&\J\ = a3 ﬁ o C::"z
o O Lo B,
i i 1o ~ CH
\ CH — o] 2
5 h 2, =M
cn,(cuz),.o) PN 2C (o] * o I

o
Fz )]\
C13H37°_CH2 Cc O*(CF2CFZO)2CF2 CHZ 0 0’

(o}
H, JIL
C4gH3;0—CH, C° 0—(CH,CH,0),CH,CH, 0" "0~

PO, Cg

H;C'¢~c':o
HC ()0

L=

Fig. 11 Summary of non-ionic LCEs. 1~#64.90.183.211-214

Shimura et al. synthesized a new type of fan-shaped LC mole-
cule incorporating a high dielectric constant cyclic carbonate as
an ion-conductive functional group.”* This LC was mixed with
lithium trifluoromethanesulfonate (CF;SO;Li) to prepare a LCE.
XRD analysis revealed that the electrolyte adopts a hexagonal
columnar phase, which can form 1D ion conduction channels. As
shown in Fig. 12a, at 22 °C without the application of alternating
current (AC), the LC electrolyte exhibits a multi-domain structure
with an ion conductivity of 2.2 x 107 S em™. After applying AC
for 90 minutes, the columnar LC structure undergoes further
ordering, aligning parallel to the electric field and transitioning
into a single-domain structure. This alignment results in a 4.3-
fold increase in ion conductivity compared to the unmodified
LCE. These findings suggest that the single-domain columnar
phase, aligned with the electric field, significantly enhances the
transport of Li" ions. Sakuda et al. developed the first thermotro-
pic LCEs, which also serve as non-ionic LCEs for LIBs.>® These
electrolytes were created using a rod-like LC molecule with a cyclic
carbonate group, which self-assembles to form 2D ion-conductive

1020 | EES Batteries, 2025, 1, 999-1046

pathways when mixed with lithium salts. Fig. 12b illustrates the
ionic conductivities of mixtures of compound 1 and LiTFSI as the
system is cooled from the isotropic phase. In the SmA phase,
compound 1 exhibits homeotropic alignment, which results in
the formation of 2D ion-conductive pathways parallel to the sub-
strate surface. The ionic conductivities in the SmA phases range
from 107° to 10™* S ecm™*, which are significantly higher than
those observed in carbonate-based columnar LCEs, which show
conductivities around 107® S em™". This improved conductivity is
likely due to the lower viscosity and the larger area of conduction
pathways in the SmA phase. In contrast, the lithium ions in the
columnar structures are confined to 1D nanospaces, where they
can only be transported along the column axes.

Non-ionic LCEs have demonstrated excellent electrochemical
performance when used in battery assembly, showcasing their
potential as effective materials for energy storage applications.
Wang et al. introduced LC elastomer materials as a novel elec-
trolyte for LIBs.** By modifying the ratio of LC monomers and
chain extenders, they developed a series of LCE-SPE(x) mem-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) POM images of the complex of 1 and 2 (the molar ratio 10 : 1) in the columnar state at 22 °C under an electric field (2.5 V pm~, 1 kHz).
The time after the electric field was applied is indicated in the inset.?* (a) Reproduced with permission.?* Copyright 2009, Wiley-VCH. (b) lonic con-
ductivities of the mixtures of LC (molecule structure as 1) and LiTFSI in the 9:1 (black), 8:2 (blue), 7:3 (red), and 6: 4 (green) molar ratios.?® (b)
Reproduced with permission.25 Copyright 2014, Wiley-VCH. (c) Rate performances of LFP/LCE-SPEx/Li at various current densities at room tempera-
ture; (d) specific discharge capacity of LFP/LCE-SPEx/Li during 50 cycles at 0.2C at room temperature; (e) specific discharge capacity of LFP/
LCE-SPEx/Li for 300 cycles at 1C at room temperature; (f) voltage profiles of symmetric Li/LCE-SPEx/Li cells at a current density of 0.1 mA cm™2 and
a cycling capacity of 0.1 mAh cm™2; (g) specific discharge capacity and Coulomb efficiency of LFP/LCE-SPE2/Li for 450 cycles at 1C at room temp-
erature; (h) selected charge/discharge curves of LFP/LCE-SPE2/Li at room temperature during cycling; (i) rate performance of the LFP/LCE-SPE2/Li
cells at different C-rates at room temperature; (j) selected charge/discharge curves of LFP/LCE-SPE2/Li at room temperature during the multiplier
test.** (c)-(j) Reproduced with permission.** Copyright 2025, Elsevier.

branes for battery assembly (Fig. 12c—j).** The LFP/LCE-SPE2/Li
batteries demonstrated excellent cycling stability, retaining over
90% of their capacity after more than 400 cycles at room temp-
erature and a 1C charge/discharge rate (Fig. 12g). Additionally,
LCE-SPE(x) (where x = 0, 1, 2, 3) exhibited long-term stability in
lithium plating/stripping, with Li//Li symmetrical cells achieving
over 1000 hours of reversible cycles at a current density of
0.1 mA cm™ at 25 °C. LiFePO, batteries using LCE-SPE-based
electrolytes also showed outstanding performance, maintaining
over 90% capacity retention after 450 cycles at 1C. The develop-

© 2025 The Author(s). Published by the Royal Society of Chemistry

ment of LCE-SPE is expected to lead to the integration of more
advanced non-ionic LC/polymer composite properties in future
electrolyte technologies. To conclude, Table 1 summarizes rele-
vant information for various LCEs that have been reported.

4. Design rules for LCEs for LIBs

The distinctive molecular architecture and inherent pro-
perties of LC molecules enable them to self-organize into
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well-defined 3D nanostructures, as shown in Fig. 13a.>”®
These organized nanostructures play a crucial role in their
application as electrolytes in LIBs. Based on their structural
arrangement, LCEs can be categorized into three primary
phases: columnar, smectic, and cubic, which correspond to
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the formation of 1D, 2D, and 3D nanoporous ion-transport
channels, respectively. The presence of these nanopores sig-
nificantly enhances the mobility of Li', leading to improved
overall Dbattery performance and increased ionic
conductivity.
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To develop LCEs with optimal self-assembly behavior suit-
able for LIBs, a well-designed molecular framework is essen-
tial.>*® These molecules typically consist of two key com-
ponents: an ion-transporting segment and a nonionic struc-
tural segment. The ion-conducting segment is generally com-
posed of polar or ionic functional groups, such as cyclic car-
bonates and PEO chains, which facilitate salt dissociation
and ion transport. In contrast, the nonionic portion, which
commonly includes mesogenic cores and alkyl chains,
governs the self-assembled nanostructure of the electrolyte,
ultimately influencing ion migration efficiency. A higher
dielectric constant in the polar groups typically results in
more efficient salt dissociation, thereby ensuring the smooth
conduction of lithium ions throughout the electrolyte
matrix.>'® Generally, hydrophilic functional groups are incor-
porated into the ion-transporting domain, while hydrophobic
moieties are utilized in the nonionic segment. The interplay
between these two segments is critical for promoting the for-
mation of well-defined nanochannels that support efficient
ion transport.

The development of LCEs can be further advanced by com-
bining different-dimensional Li" transport mechanisms, such
as 1D and 3D channels, to enhance ionic conductivity. One
effective approach is the design of imidazolium-based zwitter-
ions, which can co-assemble with lithium bis(trifluoromethyl-
sulfonyl)imide (LiTFSI) and propylene carbonate (PC) to form
structured ionic pathways that support lithium transport
(Fig. 13b)."*'®'%* Zwitterionic LCs, with their charge-deloca-
lized anionic structures, can self-organize into defined ionic
channels, but in their unmodified state, they do not contain
transportable ions (Fig. 13b, left). When lithium salts are intro-
duced, interactions between the zwitterionic groups and the
salt facilitate dissociation, enabling lithium ions to migrate
through the established ionic pathways (Fig. 13b, middle). To
further optimize Li" conductivity, PC, a polar additive, can be
incorporated to promote the movement of ions (Fig. 13b,
right). The key to enhancing the ionic conductivity lies in the
precise adjustment of the ratio between the zwitterions,
lithium salt, and PC. This balance is believed to favor the for-
mation of cubic phases, which contribute to the development
of both 1D and 3D ionic channels. As a result, the combi-
nation of these components can significantly improve the ion
transport properties of the LCE, thus advancing its perform-
ance for LIB applications.

Beyond molecular design, supramolecular interactions,
including hydrogen bonding and non-covalent forces, have
emerged as vital mechanisms for directing the formation of
nanoscale electrolyte structures. In recent years, these inter-
actions have gained significant attention as they contribute to
the stabilization and enhancement of nanomaterial assembly,
further optimizing ionic conductivity. Additionally, some LC
molecules feature a third functional component-a polymeriz-
able group-typically located at the molecular terminus. This
polymerizable moiety enables in situ photopolymerization
under UV irradiation, thereby solidifying the electrolyte struc-
ture while preserving ion-transport pathways. This strategy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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holds significant promise for achieving superior ionic conduc-
tivity in solid and semi-solid electrolytes.

LC molecules can be classified into ionic and nonionic
types based on their molecular characteristics, which often
adopt rod-like, fan-like, or discotic shapes. Beyond their
primary function of enhancing ionic conductivity, rationally
designed LCEs can also contribute to improved thermal stabi-
lity, redox reversibility, and the expansion of the electro-
chemical stability window. As a result, the integration of these
advanced LCEs into LIBs is expected to significantly elevate
overall electrochemical performance, making them promising
candidates for next-generation energy storage applications.

The unique anchoring properties of LC molecules make
them highly suitable for applications in electrolytes
(Fig. 14).°”"® LIBs are a promising energy storage technology,
and lithium metal has emerged as an ideal anode material
due to its exceptionally high specific capacity-more than ten
times greater than that of commercial graphite anodes.*'”
However, the widespread adoption of lithium metal anodes is
hindered by severe challenges, particularly the uncontrolled
growth of lithium dendrites and the consequent loss
of coulombic efficiency caused by non-uniform lithium
electrodeposition.”’®**?!  various approaches have been
explored to suppress dendritic growth, including the use of
artificial solid electrolyte interphases, nanostructured surface
modifications, electrolyte additives, and solid-state polymer or
inorganic electrolytes.?*>”>*” A particularly promising strategy
involves leveraging mechanical stresses at the electrolyte/elec-
trode interface, such as employing low-shear-modulus ceramic
electrolytes or high-shear-modulus polymer electrolytes.>*%723!
However, achieving an optimal balance between softness and
mechanical rigidity remains a critical challenge, as conven-
tional polymer-based and ceramic-based electrolytes often fail
to provide sufficient mechanical stability.>3*>3¢

A notable feature of LCEs is their exceptional ability to sup-
press dendrite growth, driven by their unique self-organization
and anchoring effects, which make them particularly suited
for LIB applications.>*”**® Unlike traditional approaches, LCEs
introduce an additional energy contribution derived from the
anchoring and distortion properties of LC molecules.”****
The reorientation and self-alignment tendencies of anisotropic
LC molecules create an ordered electrolyte structure that
resists dendrite formation. Compared to other dendrite inhi-
bition strategies, LCE-based systems simplify material syn-
thesis, facilitate integration into battery architectures, and
function without the need for external mechanical constraints,
such as applied pressure. This makes LCEs a highly attractive
electrolyte candidate for LIBs. Additionally, the anchoring
characteristics of LC molecules-already extensively studied in
optoelectronic applications such as LC displays, molecular
electronics, and lithography: are now being explored for their
potential impact on electrochemical systems. The alignment of
LC molecules on solid surfaces has been well-characterized,
with research focusing on factors such as surface treatment,
molecular orientation control, and the effects of interfacial
interactions.
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Traditional LIBs

Li
dendrite

Li anode

Add LCE

>

Li anode

\e

Li anode

Enlarged view

Fig. 14 Schematic of an interface between Li anode and LCE. n(r) is the director field of the LC. The LC molecules (size exaggerated) orient along

the surface of the electrode due to anchoring energy.®~*

Recent advances have demonstrated that Li-containing
LCEs offer a combination of high ionic conductivity, organized
ion transport pathways (1D, 2D, or 3D), and enhanced electro-
chemical performance. These materials exhibit desirable pro-
perties such as a high lithium transference number, low
flammability, cost-effective manufacturing, and stability over a
broad temperature range. Compared with amorphous electro-
lytes, crystalline LCEs facilitate faster ionic transport due to
their well-defined conduction channels. Computational
studies, including phase-field simulations and density func-
tional theory (DFT) calculations, have provided further insight
into how LCEs influence electrodeposition. Ahmad et al
modeled metal electrodeposition in the presence of LCEs,
incorporating bulk distortion and anchoring energy effects
into their kinetic framework.>*' Their findings indicate that
LCEs with sufficient anchoring strength at the metal anode
interface can promote uniform lithium deposition and signifi-
cantly mitigate dendrite growth. By establishing three quanti-
tative metrics related to interface shape, growth behavior, and
location evolution over time, they proposed fundamental
design principles for LCE architectures capable of suppressing
dendrites. Further, their DFT analysis identified key molecular
descriptors for anchoring energy and interface stability. They
determined that the adsorption strength of LC molecules on
the lithium metal surface serves as a reliable predictor of
anchoring strength, while the highest-occupied molecular
orbital (HOMO) level provides an estimate of oxidative stabi-
lity. These insights contribute to the rational design of next-
generation LCEs tailored for high-performance LIBs.

Thus, LCEs present a promising new avenue for mitigating
lithium dendrite growth. The mechanism by which LCs inhibit

1024 | EES Batteries, 2025, 1, 999-1046

dendrite formation is primarily driven by the inherent twisting
and anchoring properties of the liquid crystal molecules.
These anisotropic molecules have a natural tendency to
rearrange and reorient, which results in the generation of
additional energy within the electrolyte. This energy plays a
key role in impeding the uncontrolled growth of lithium den-
drites. Compared to traditional dendrite suppression tech-
niques, this approach offers several advantages, including sim-
plified material synthesis, easier fabrication, and more seam-
less integration of components within the battery system. One
of the standout features of LC materials is their ability to spon-
taneously suppress dendrite formation without the need for
external forces, such as applied pressure or mechanical con-
straints. This characteristic positions LCs as promising candi-
dates for use as additives in electrolytes, further advancing the
potential for stable and efficient LIBs. Overall, the design rules
for LCEs in LIBs focus on molecular engineering and struc-
tural control to optimize ion transport and stability:

(i) Molecular architecture with dual components: LCE mole-
cules must incorporate two distinct parts:

An ion-transporting portion composed of polar or ionic
groups (e.g., cyclic carbonates like EC/PC, PEO segments) to
facilitate lithium salt dissociation and ion mobility.

A non-ionic portion (e.g., mesogenic units, alkyl chains)
responsible for directing the self-assembly into ordered nano-
structures (columnar, smectic, cubic phases) that define the
ion-conduction pathways. The interaction between these
hydrophilic (ion-transport) and hydrophobic (non-ionic) com-
ponents drives the formation of nanochannels.

(ii) Nanostructure dimensions and order control: the
dimensionality (1D columnar, 2D smectic, 3D cubic) and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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degree of order within the self-assembled nanostructure criti-
cally determine ionic conductivity of Li'. Higher-dimensional
structures (e.g., 3D cubic) generally offer superior conductivity
due to greater channel density and interconnectivity compared
to lower-dimensional ones (e.g., 1D columnar). Achieving a
single-domain, ordered state (over a multidomain, disordered
state) is essential for optimal performance. External stimuli
like electric or magnetic fields can be applied to align the LC
domains and enhance channel order, thereby boosting
conductivity.

(iii) Incorporation of polymerizable groups: introducing
polymerizable groups (e.g., acrylates, dienes) near the mole-
cular termini allows for in situ photopolymerization (e.g., via
UV irradiation). This immobilizes the beneficial self-
assembled nanostructure within a solid or semi-solid matrix,

View Article Online

Review

preserving the ion-conduction pathways while improving
mechanical stability and safety.

(iv) Leveraging anchoring energy: the intrinsic anchoring
energy of LC molecules at the surface of lithium metal electro-
des can be harnessed to promote uniform lithium electrodepo-
sition and suppress detrimental lithium dendrite growth. This
property is particularly valuable for enhancing interfacial stabi-
lity with lithium metal anodes.

(v) Functional group modification: strategic modifications
of molecular fragments can enhance specific properties. For
example, fluorination of aromatic rings or alkyl chains is high-
lighted as a design strategy to potentially improve oxidative
stability, thermal performance, and safety by promoting the
formation of stable LiF-rich SEI layers, although its impact on
ionic conductivity requires careful optimization.

Table 1 Summarizes relevant information for various LCEs that have been reported

Ion Tonic/
transport non-  Ionic Remarks under specific
Number Chemical formula mechanism ionic  conductivity (6) conditions Ref.
1 o 1D Non- 2.2x107%S 4.3 times when applying 242
o O(CHyp);CHs ionic  em™ (22 °C) an 1_\? electric field (25 \
0\4\ J/\O pm™", 1 kHz) for 90 min
o O(CH3);CHs
O(CH;);CH3
2 1D Ionic 4.7x107*S 243
cm™ at 160
3 1D Ionic 1.2%x107*S 243
em™ for 2 at
130 °C
4 1D Ionic 3.9x107*S 243
em™* for 3 at
120 °C
5 1D Ionic  0.45x107°S This case is combined 244
em 'at30°C  with PEO and
245
6 1D Non- ~107°Scm™ 244
ionic  near 100 °C and
245

where R=-C4gH33 or -C42Ha5 and n = 5 or 6 (code
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Ion Tonic/
transport non-  Ionic Remarks under specific
Number Chemical formula mechanism ionic  conductivity (6) conditions Ref.
7 . W b 1D Non- — By designing an in situ 50
: " ; ionic formed LC interphase,
this enhancement
: " : subsequently increases
: " : the performance of whole
: : : battery
1 '
8 1D Non- ~10°Secm™'at 54
ionic 60 °C
O/\orO(\/\o}fHJ
9 1D Non-  5.48x107°S 49
ionic  em™ at 30 °C
10 H,C==C—C00"(CHy);:0 1D Ionic 1.2x107%S 31
HyCH,)yy—0 CO0 CH,—C —N\/\ 4 cm” - at 150 °C
HiC==C—C00-(CH7); 0
11 O(CH,)11CH3 1D Ionic 4.8x107*S 244
em ™! at 130 °C and
O(CH)11CHg 245
BF4 N+
@) O(CHy) CHy
N
|
12 o (6} 2D Non- 107°-107* S 25
@—@—O ( ionic  ecm™" at room
2 i o temperature
13 o 2D Non- 2.14x107%S 32
Yy o(‘)fo@j\o”@ °w(®’°<7e°)v ionic  em™ at room
o s o temperature
14 o @°Y®°W° 2D Non- 3+0.5x107°S 246
X . . -1
NOWOO)% X ‘g/\ ionic cm™'at room
o temperature
15 BF@ 2D Ionic 1.96 x107*S 176
A\ 4 cm~tat 30 °C
8
16 @ 2D Non- 7.37mSem™" 247
i i [e]
N\ ionic  at25°C
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Ion
transport
mechanism

Number Chemical formula

Tonic/
non-
ionic

Ionic
conductivity (o)

Remarks under specific

conditions Ref.

17 CH; CH, C 2D

(o] |
~O-C +CH2—gt{—CH2 —
o}

e
@

“m
o

CHs

002-0

{ O?HO®HO+

- (O-Droomie
w
(9]
a

18 F 2D

7~
\
M
7
=

CHy

19 2D
%OW..
(o]

20 2D

S
o )J\O/\

_ovo
-0f_~o iy

@/OXO °

Q
i
o

o
(=]

0. O
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This material lies in its 248
high ionic conductivity

achieved through the
combination of

polyethylene oxide a star-
shaped liquid-crystalline
copolymer

(3PMALC-PPEGMA)

6.0x107’S
cm™! at 80 °C

Non-
ionic

1 249

at  This material combines
the amphiphilic feature of
imidazolium 1-hexadecyl-
3-methylimidazolium
tetrafluoroborate with
propylene carbonate and
LiBF4, distinguishing it
from other conventional
electrolytes

This material has been
combined with LC or
hydrophobic blocks to
further improve its
properties, setting it apart
from other conventional
polymer electrolytes
These boron-containing
LC polymer electrolytes
are distinguished from
other materials by their
integration of LC

1.4 mScm~
30 °C

Tonic

1.0x107’S 180

em™ at 25 °C

Non-
ionic

1.13x107*S
cm ™! at 30 °C

Non- 250

ionic
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Ion Ionic/
transport non-  Ionic Remarks under specific
Number Chemical formula mechanism ionic  conductivity (6) conditions Ref.
21 2D Non- 1.46x107*S These boron-containing 183
ionic  em™ at 30 °C LC polymer electrolytes
are distinguished from
other materials by their
integration of LC, which
facilitate the construction
of ordered ion channels
for rapid Li-ion transport,
Br 40 and by their ability to
anchor anions and adsorb
23 impurities, thereby
enhancing ion transport
capability and
electrochemical stability
o}
j( 23 1?[
‘9\? 23 S o
o=to Br
§
<
19
22 © 2D Non-  7.14x 107> and 184
o 5_54 PN ionic 2.171>< 107°s
HN cm™ at 25 and
W})ko/\/\ E N o
23 RO o 3D Ionic 10™*t0107°S This material integrates 251
/\/803@ |_i® cm™! at room liquid electrolyte-filled
OR N temperature polymer components,
OR H distinguishing it from
traditional polymer
R=CH,=CHC(0)O(CH,) ;- electrolytes
24 o 3D Non- 1.79 mScem™! This material is combined 30
2 o\"/@fo@‘ow ionic  at20°C with ionic liquids (IL) to
Y O(‘)’O\QAO ¢ form poly(vinylidene
6 o
0 fluoride-
hexafluoropropylene)-poly
(liquid crystal ion liquid),
which exhibits enhanced
electrochemical properties
compared to other
s electrolytes
25 o 3D Non- 5.93x107°S 33
2 om/@foﬁo)]\/ ionic em™at30°C
/\IrO(\),o\@)LO s
o 6 o
26 H;C(H,C);,0 3D Ionic 5x10°Sem™ 194

O

O(CHg)11CH;

H3C(H2C)110

1028 | EES Batteries, 2025, 1, 999-1046
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Table 1 (Contd.)
Ion Tonic/
transport non-  Ionic Remarks under specific
Number Chemical formula mechanism ionic  conductivity (6) conditions Ref.
27 3D Ionic 1mScem™ at 252
o)
RN~
X-
R=-CH,-CH3, -CH,-CH,-CH3
X-=BF,’
28 0 1D Ionic 8.8x107°S 253
\)J\ H em™ (columnar
(0] 11O phase), 3.1 x
10°Sem™
C1oH,50 ( (cubic phase)
+
S Potip N
} BF,4
29 NC 1D Ionic 10*Sem™'at 194
CH3(CH,){,0 N/\N/\/\O‘/eiCN 100°C
CH3(CH2)110 o
CH3(CH,)110
30 (6 + AC electric field) oy CH 1D Non- 1077 Scm™ at 24
0 O(CHz),CH, ionic 22 °C
0
0 O(CH,);CH
o= ]/\ 2)7CH3
o O(CH,);CH;
31 N A (o) 2D Non- 3.02x107°%S 254
I\@\l [ ionic  em™ at 30 °C
Y 0—P—0_
X
H
07
32 o] 2D Non- 10™*Scm™'at 25
0"/< ionic 60 °C
csH11{>—@o—(CHz)H\/°
33 o ° SHs o o 3D Non- 5.93x107°S The semi-interpenetrating 33
JO-(CH:)«O—@VE-OOO-E@O—(CHA(O& ionic  em™*at 30 °C polymer network
electrolyte, incorporating
liquid crystal-induced
ordered ion channels and
a cross-linked framework,
delivers thermal stability,
mechanical strength, and
dendrite suppression for
advanced solid-state
lithium batteries
34 CH3(CHy)4410 ANy~ 1D Ionic 107*Scm™ at 194
NeN S04 100 °C
CH3(CH)1,0
CH3(CH,)14,0
35 GO OCHss GO, OCHhy 2D Non- 107*Scem™'at 33
"’°to<k+"°\ 1>H,\ (H(\\ ot/ ol ionic 93 °C
,;"‘q‘ﬂ_@r_(;j,\ﬁqcn,)‘,o}ﬁ(j»—‘@ ,\,—o/j\
CeHisO '0CH,; CoysO CoHiyo

m=10;n=45
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Ion Tonic/
transport non-  Ionic Remarks under specific
Number Chemical formula mechanism ionic  conductivity (6) conditions Ref.
36 % 2D Non- 1.94x107*S 255
g( ionic m™" at 30 °C
o
ok
@
S R
~ o
6L Y 4 0[
L
Wo_‘o 0:2 e £
B 2 O o’
o
N O‘O
o o °
” ) o
o "0gs ° % Br
A 100
QK g <] L\o%g
005"
o
3
B
37 O(CH,);CH, 1D Non- 2.2x107%S 24
ionic  em™'at 22 °C
0= f O(CH,),CH,
38 C.H || 0 C4H9 2D Ionic 3.0%1>< 107308C 62
aHg [l Y cm™ at 30
N—-CO ,O—g) I N>®
eB_ Li I P
o4 | / 0-C— N BF4®
BF4 @N c—o \
/ Il o) C4Hg
CsHy o]
39 S 1D Non- — 211
Y\ /Z 0 ionic
O
o O~
CHy(CH ™ (CH2)11CHs
|
CH3(CHa)14
40 0 O~ 2D Non- 5.5x107*S 64
\\;)S ionic  em™' at 60 °C

.0 O-cH
H,C 5 >
CH,

CHS(CHZ)HO O(CHz)HCHg

O(CH,)11CH3

/\/\): >§
(0]
Cs 11.0_@0 ©
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Ion Tonic/
transport non-  Ionic Remarks under specific
Number Chemical formula mechanism ionic  conductivity (6) conditions Ref.
M R 2D Non- 5.48x107°S 256
6 ionic em™*at 30 °C
.R
(o}
R\
O
o
=
o/\/\
g
R
— _/\/\
R=} R
42 | 2D Non- 7.14x107°S 257
N ionic cm™*at 25 °C,
N 2.17x107°%8
<\——N em ™ at 95 °C
N Y N N g
F
|
F—(|3'—F
=
43 JOL 2D Non- 10°Scm™, 258
. . —6 -1
C1gH370—CH,—CF; —O{CF,CF,0); CF,—CH,—0” 0~ lonic ;3?»(: Sem " at
44 2D - 2x107* 2
(,0 S I\ s [ o’) 5)(1)1?0 Sm_l a(z 7OS°C *
4 W/ s \ / S 4
45 ) 0 g 2D Ionic  0.45x107°S 257
O ~N_C-0 0-¢ Né\/o\ cm™! at 30 °C
I e o
N~"“c_d 0-C
®, C-0 11
/_/ o 0 0/
—o BFs
46 SO4Li 3D Ionic 2.1x107°S - 28
H 0, em ™' at 25 °C
AC-O-Org
H o"
8037Li+
47 e) 2D Non- 1.96x107*S 260
BF4 ionic  em™*at 30 °C
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48 Li* 2D Non- 5x10°Sem™ 261
SO;° ionic  at 100 °C
0 .
/(N o\/\/\o N
OH
Li*
503'
0 o
N_L_o_~_sisi s
i i i
/( ~N | 'O{ | (I)}n ~ N
49 o O— 2D Non- 1.3x107*S 262
| ionic cm™ at room
NJ{* temperature
j : N
)
50 CHg 2D Non- — 212
/\(“ON!"‘I% ionic
e o e
51 Nsc “cH, 2D Non- 6.2x107°S 213
Hd O ‘o/\/\/\/o‘&cs\":gﬁ”ﬂ ionic  em™ at 25 °C,
R e ®) ’ 56x107'S
- Nsc CsN L em™ at 95 °C
. 0/\/\/\/0’(,:‘\C—CH3
HyC-C g0 > Q
HC Q Csn
52 _\ 5cB 2D Non- 10™°Scem™ at 239
=N (45 wt%) ionic 72 °C
—, 8ocB
NN N O O =N (16 wi%)
—\ 30CB
~"o O O =N (o
—N 50CB
o O O =N 2 ww)
— 5CT
53 RO fo) 3D Ionic 10°Sem™at 195
so@ Li® room tempera-
RO N8 ture, 107 S
H em™ at —35 °C
RO
1
R=CH2=CHC(O)0(CH2)11'
—4 -1
54 CsHuO—@O/_\Q/ \g/_\q/_\ou 2D Non-  107"Sem™ at 25
ionic 60 °C
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Ton Tonic/
transport non-  Ionic Remarks under specific
Number Chemical formula mechanism ionic  conductivity (6) conditions Ref.
55 o_0 2D Non- 1.5x107°S 90
F F o \f ionic  em™* at 45 °C,
Y 2.7x107*8
C,Hzn1—0 (o] em™ at 100 °C
F F
56 )L 8 2D Non- 107*Scem™'at 263
2 O o ionic 40 °C
jop
NONONANOAL O~ X
OC1iHag
X: -00cC- LiF;,CSO0y Li-TEG-B1-0-14
X - :> Li-TEG-Bi-0-14
X: -N=N- o Li-TEG-Bazo-0-14
57 Cation Anion 3D Ionic — 264
;3 0 ( S~
+N BF 4
05 7
9
58 n-C16H33\N®\|—CH3 1D Ionic — 265
\__J PFS
59 T_\@N@_O\ 2D Ionic — 266
~ o
/\/\/\/\/\/\'0/5\\0 Na®
ol
‘Amphiphilic
IN o o
|
»
.
Bent e
60 OCgHy3 2D Ionic — 267
CeH130
e
= N’R
o
©
CeH120 X
OCgH13
3:R=CgHy3
4:R=CH,
61 =\ 2D Ionic — 268
oo
n 'm
o BF,
62 o /b\ 2D Tonic — 268
% o NI
/\/\(\/); < 2 /<0_/— NS
o) BF,
2% BF,
o]
o N\
M,); S —
63 o—(CHz)z—N/ﬁ 2D Ionic — 269
PN (CHy)y—0 =N
o
0
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Ion Ionic/
transport non-  Ionic Remarks under specific
Number Chemical formula mechanism ionic  conductivity (6) conditions Ref.
64 (_ }/':\ 2D Ionic — 269
Ot CHfN N~
NN (CHy)p-0 2 N
(0]
N BFy
(CH2)m
(o] —N
O CHyN
/\/\(CHZ)VOO—\< L \)
o}
65 — R 2D Non- — 270
°§ dTNIN p Ot ionic
Oi
66 Lot 3D Non- — 270
P <:> 4 ionic
o otC ) o N\—/ \
0,
OCH,
o
67 -{-gzji-]-" . o 3D NOI}_ 270
07 otcyo oot N\—/ o %Hz} i‘Hz onic
0)]—< >—O C 1O CH
68 . o~ e 1D Non- 270
%’\;f%/v° O3 W:AS*\}E oy ionic
o N;H\/)N\N‘ o L [N
AR o O
69 +g’—j\u+n ) R 2D NOI'l— — 270
07 o+C )0 ot N\i/ \7/N o (»Hz) L?Z onic
H
o)]—( >*0 C EO Cl
70 W 2D Ionic — 270
[e]
n
Ao
" Q-
(0]
n
71 2D Ionic — 270
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5. Conclusions

5.1. Summary

In this review, we explore the research advancements and
application potential of LCEs in the field of LIBs. LCEs exhibit
outstanding ionic conductivity and high stability due to their
self-assembled, 2D, and 3D ion transport channels, making
them strong candidates for high-performance LIB electro-

1038 | £ES Batteries, 2025, 1, 999-1046

ionic

285 The classification of LCEs is based on their ionic

Iytes.
transport mechanisms and molecular structural types, specifi-
cally including Col, S,,, and Cub phases formed through self-
assembly, as well as the distinct characteristics of ionic and
non-ionic LCEs. In summary, the application of LCEs in LIBs
demonstrates the following advantages:

(1) High ionic conductivity: compared to traditional poly-

meric and inorganic electrolytes, LCEs provide effective path-
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ways for lithium ion (Li") transport through their self-
assembled nanostructured channels.>®*®*%” This structure not
only enhances ion mobility but also improves the energy and
power density of the batteries. Such characteristics are particu-
larly beneficial for high-rate charge and discharge appli-
cations, catering to the demands for rapid charging and high
energy density in modern electric vehicles and portable
devices.

(2) Chemical stability: the high chemical stability of LCEs
significantly mitigates the risk of short circuits caused by
lithium dendrite formation. Dendrite growth is one of the
primary safety concerns in LIBs, and the stability of LCEs can
substantially reduce this risk, thus enhancing the safety and
cycling life of the batteries. Additionally, LCEs exhibit good
compatibility with electrode materials, effectively minimizing
performance degradation due to electrolyte decomposition
and interactions with electrode materials.

(3) Excellent cycling performance: LIBs utilizing LCEs
demonstrate good charge and discharge cycling performance,
indicating their reliability in practical applications. Research
shows that these batteries can maintain a high capacity after
hundreds of charge-discharge cycles, surpassing traditional
electrolyte systems. This characteristic provides a significant
advantage for LCEs in applications requiring long-term usage.

5.2. Challenges faced

Despite the promising advantages of LCEs, several significant
challenges impede their practical implementation in lithium-
ion batteries. Foremost among these is the inadequate ionic
conductivity at room temperature; while ordered nano-
structures facilitate ion transport, most reported LCE systems
(e.g., polymer composites like PEO/ES) exhibit conductivities
well below the commercially required threshold of 1072 S
em™’, particularly under ambient conditions. Additionally, the
high synthesis cost of LC monomers and intermediates (e.g.,
C6M) poses economic barriers to scalability, though large-
scale production could mitigate this. Critically, current
research predominantly targets liquid or quasi-solid-state
systems, leaving the development of LCEs for all-solid-state
batteries underexplored. Further limitations include the
narrow thermal stability windows observed in thermotropic
LCEs, which undergo phase transitions within restricted temp-
erature ranges, and the inherent difficulty in achieving
uniform, long-range alignment of nanochannels—a process
often requiring external fields or complex processing.
Moreover, comprehensive data on long-term electrochemical
performance, interfacial compatibility with electrodes, and
cycling stability in full-cell configurations remain scarce, high-
lighting unresolved practical constraints. To sum up, several
challenges remain:

(1) Enhancing ionic conductivity: currently, the ionic con-
ductivity of LCEs is relatively low (approximately 10™* S
em™1).?% A critical research direction is to optimize molecular
structures, such as compounding polymers with LCs to facili-
tate ion transport and reduce crystallinity. This approach can
improve phase compatibility and enhance ionic mobility.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Enhancing ionic conductivity is vital not only for improving
overall battery performance but also for expanding their appli-
cations in both low and high-temperature environments.

(2) Compatibility and performance evaluation: the compat-
ibility of LCEs with electrode materials and the overall per-
formance evaluation of the batteries require further in-depth
researches. Different electrode materials may exert a signifi-
cant influence on the performance of LCEs, necessitating
more empirical studies to acquire reliable data. Furthermore,
the performance of LCEs in various battery configurations still
needs systematic exploration.

(3) Development of room temperature LCEs: the number of
reported room temperature LCEs is currently limited. A key
focus for future research will be to manipulate the molecular
structure of LCEs to achieve effective LC states at room temp-
erature. Room temperature LCEs will better meet practical
application needs, enhancing battery usability and market
acceptance.

(4) Challenges in commercial productions: despite the
excellent performances of LCEs, their complex preparation
processes and relatively high production costs pose barriers to
commercialization. Developing efficient, cost-effective pro-
duction processes and optimizing LCE formulations will be
crucial factors in promoting the commercialization of LCEs.

5.3. Future prospects

Looking ahead, LCEs represent an emerging class of ionic
transport materials, offering immense developmental poten-
tial due to their distinctive mesophase structures and the
diversity of molecular designs. The prospects for LCEs in the
research and applications of LIBs appears particularly promis-
ing, with several key areas deserving focused attention:

(1) Future research efforts could focus on integrating LCEs
with other functional materials to create multifunctional com-
posites. For instance, combining LCEs with conductive poly-
mers or inorganic nanomaterials could enhance their conduc-
tivities and thermal stabilities. Such multifunctional compo-
site materials are expected to exhibit synergistic effects in
terms of battery performance, energy density, and safety,
thereby meeting higher application demands.

(2) with advancements in solid-state battery technology,
LCEs have the potential to become crucial components in
solid-state batteries.>®® Solid-state batteries promise enhanced
safety and energy density, and the flexibility and tunability of
LCEs make them suitable for such applications.?***°" Future
investigations could explore effective integration of LCEs with
SSEs to further improve their overall performance.**> The inte-
gration of thermotropic LCEs with polymers represents a sig-
nificant strategy for enhancing quasi-solid and solid-state
lithium-ion batteries. Discotic LCs, characterized by their disc-
like molecular structure and central n-conjugated electron
clouds, offer distinct advantages in composite polymer electro-
Iytes. Incorporating LCEs into polymeric matrices improves
electrochemical stability and optical properties while substan-
tially boosting ionic conductivity. This enhancement arises
from the formation of efficient pathways for ionic conduction
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facilitated by the LCE phase. Furthermore, when ionic LCs act
as inducers within poly(ionic liquid) composites, they promote
nanoscale phase separation and establish a lamellar structure
in the liquid ecrystalline state, optimizing ion transport
dynamics. Supporting this approach, solution-cast polyethyl-
ene oxide (PEO)/E8 LC composite films incorporating NalO,
have demonstrated a notable room-temperature ionic conduc-
tivity of 1.05 x 1077 S em™", exemplifying the practical efficacy
of such composites in solid electrolyte design.”*

(3) In the context of increasing global emphasis on sustain-
able development, the synthesis of LCE materials derived from
renewable resources emerges as an important research direc-
tion. Utilizing bio-based materials, such as natural polymers,
to synthesize LCEs could not only lower production costs but
also mitigate environmental impacts. Research into eco-
friendly LCEs will provide novel solutions for the sustainable
advancement of the battery industry.

(4) Leveraging modern computational techniques and
machine learning methodologies can expedite the discovery
and optimization processes of LCEs. Through high-throughput
screening and data-driven design strategies, researchers can
rapidly identify novel LCE materials with outstanding perform-
ance characteristics. This approach is expected to significantly
enhance research efficiency and shorten material development
timelines.

(5) Beyond their applications in LIBs, LCEs can be extended
to other types of batteries and energy storage systems, such as
sodium-ion batteries and lithium-sulfur batteries. By optimiz-
ing the designs and applications of LCEs according to the
specific characteristics of different battery systems, new
market opportunities can be opened within a broader range of
energy storage technologies.

LCEs represent a novel class of electrolyte materials that
exhibit exceptional ionic conductivities and remarkable chemi-
cal stabilities, showcasing significant application potential in
LIBs. The unique mesophase structures and molecular designs
of LCEs confer substantial advantages in ionic transport, effec-
tively enhancing the energy densities and cycle lives of bat-
teries. However, despite these promising attributes, the practi-
cal implementation of LCEs encounters several technical chal-
lenges, including compatibility with electrode materials, stabi-
lity of ionic conductivity at elevated temperatures, and the
complexity of manufacturing processes. Nevertheless, with
ongoing advancements in materials science, chemical engin-
eering, and computational science, the research and appli-
cation of LCEs are poised to experience unprecedented oppor-
tunities. Utilizing state-of-the-art materials synthesis tech-
niques and computational models, researchers can gain
deeper insights into the behavior of LCEs and optimize their
performance. Furthermore, interdisciplinary collaborations
facilitate the development of more efficient synthesis routes
and refined material design strategies, significantly propelling
the application of LCEs in battery technologies. In the future,
sustained research and development are expected to enable
LCE:s to play an increasingly vital role in energy storage techno-
logies. This progress will not only contribute to the realization
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of more efficient battery technologies but also enhance battery
safety, addressing the growing demands in sectors such as
electric vehicles and renewable energy storage. The prospects
for LCEs are promising, and there is an anticipation for their
substantial contributions to the forthcoming energy techno-
logy revolution, thereby supporting the achievement of sustain-
able development goals.
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