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Molecular tailoring of electrolyte solvents
for high-performance lithium—metal batteries
beyond temperature and voltage boundaries
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Electrolyte optimization is recognized as a critical strategy for enhancing both the long-term cycling
stability and safety performance of lithium-ion batteries. Modified electrolytes must possess the
following critical properties, including suppressed decomposition reactions, reduced viscosity at low
temperatures, and enhanced ionic transport capabilities, while ensuring compatibility with high-voltage
cathodes and optimizing the formation of both solid electrolyte interphases (SEl) and cathode
electrolyte interphases (CEl). With the inherent limitations of traditional carbonate-based systems,
emerging solvents including fluorinated, ether, sulfone and siloxane-based solvents demonstrate
significant potential due to their intrinsic safety and wide temperature adaptability. Fluorinated solvents
reduce the formation of lithium dendrites to improve safety, and ether-based solvents have low viscosity
and excellent low-temperature performance for extreme environments, while sulfone and siloxane-
based solvents exhibit excellent thermal stability and interfacial compatibility to extend cell longevity,
respectively. Through synergistic molecular design and experimental optimization, such advanced
electrolyte systems not only underpin the development of high-energy-density lithium-ion batteries but
also establish the basis for breakthroughs in energy storage technology, especially in electric vehicles,
renewable energy systems and operation under extreme conditions. Future research should prioritize
innovations in high-performance electrolytes that will accelerate the progress of the global energy
transition and contribute to carbon neutrality objectives.

This review summarizes key advances in molecular-design strategies for next-generation electrolyte solvents including fluorinated compounds, siloxanes,
sulfones, ethers, and ionic liquids that are breaking the temperature and voltage barriers of lithium-metal batteries. These innovations enable stable operation

from —60 °C to over 150 °C and enhance compatibility with high-voltage cathodes, directly addressing critical limitations in energy density, safety, and environmental
adaptability. The field attracts broad interest due to its transformative potential across electric vehicles, grid storage, and extreme-environment applications.
By resolving persistent challenges such as thermal runaway, seasonal performance decay, and short cycle life, these electrolytes accelerate electrification and
renewable integration while meeting urgent demands for safer, more sustainable energy storage. Looking forward, electrolyte design will evolve toward
multifunctional systems integrating Al-guided discovery and sustainable chemistry. The insights summarized here establish structure-property relationships that
guide the development of non-flammable, wide-temperature, and high-voltage electrolytes. These principles not only advance battery science but also inspire cross-

disciplinary material innovation paving the way for robust, smart, and eco-friendly energy storage technologies essential for a carbon-neutral future.
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Introduction

Lithium-ion battery electrolyte solvents are extensively applied
in fields such as consumer electronics, electric vehicles, energy
storage systems,” industrial equipment,® and aerospace.” The
primary function of the electrolyte is to facilitate the efficient
lithium-ion and charge transport, which decisively affects the
energy density,”” cycle life and safety performance of the battery.
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Fig. 1 Schematic illustration of the effect of the electrolyte on the electrochemical performance of lithium-ion batteries: (a) ionic conductivity; (b)

electrochemical stability; and (c) safety.

Typically, electrolyte performance requirements vary depending
on the application scenario.® For instance, consumer electronics
focus on high energy density and compactness,” while electric
vehicles and energy storage systems prioritize extended cycle
life and improved safety.'® In contrast, industrial equipment
and aerospace require stability and reliability under extreme
conditions."" Notably, high-quality lithium-ion battery electrolyte
solvents are required to meet the following critical criteria: high
ionic conductivity for rapid lithium-ion transport,""* a broad
electrochemical stability window for compatibility with high-
voltage cathodes'"'* (Fig. 1a), excellent chemical and electro-
chemical stability to inhibit side-reactions (Fig. 1b),"* robust safety
to mitigate thermal runaway risks,"® and the capacity to form low-
impedance interfacial layers for optimized electrode-electrolyte
interactions (Fig. 1c)."” Furthermore, excellent wettability and
permeability are essential to ensure uniform distribution of the
electrolyte in the electrode material, thereby improving battery
performance."® Conventional carbonate-based electrolyte solvents
(e.g, vinyl carbonate and dimethyl carbonate) are currently widely
used in lithium-ion batteries due to their high ionic conduc-
tivity,'>*° wide electrochemical stability window, and cost-
effectiveness. Nevertheless, their inherent limitations are gradu-
ally restricting their application in next-generation high-energy-
density battery systems.>"*>

Carbonate-based electrolyte solvents suffer from poor low-
temperature performance and tend to crystallize under such
conditions, which hinders ion transport and severely degrades
battery performance.”>** As summarized in Table 1, the rela-
tively high melting points of common carbonate solvents, such
as ethylene carbonate (EC, 35-38 °C) and dimethyl carbonate
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(DMC, 2-4 °C), contribute to their tendency to crystallize at low
temperatures, thereby limiting ion mobility. Besides, their high
flammability and volatility pose serious safety concerns, especially
in high-energy-density battery systems or extreme operating
environments,” where thermal runaway is more likely to
occur.”® Furthermore, their poor interfacial compatibility with
lithium metal anodes remains a serious challenge.”’*® Severe side
reactions between the carbonate electrolyte and lithium metal
result in the formation of an unstable solid electrolyte interphase
(SEI),”® which reduces the Coulombic efficiency of batteries and
accelerates the growth of lithium dendrites (Fig. 2a), exacerbating
the safety risk and further shortening the battery life.***"

The introduction of high-energy-density materials, such as
lithium metal and silicon-based anodes, has further highlighted
the limitations of traditional carbonate-based electrolyte solvents,
particularly in interfacial stability,> lithium-ion transport
efficiency,*** and high-voltage compatibility.*> The rational
design of electrolyte solvents for lithium-metal batteries
requires a paradigm shift: moving beyond the simplistic corre-
lation of a solvent’s HOMO/LUMO energy levels with its electro-
chemical stability window. Instead, a robust design framework
must be built upon experimentally measured redox potentials and
a fundamental understanding of the underlying thermodynamics,
where decomposition is governed by the relative alignment of
the solution’s electron Fermi level and the electrode potential.
Consequently, solvent selection should integrate experimental
data with computational modeling of realistic interfacial reactions,
while accounting for the synergistic interplay between solvents,
salts, and additives. The primary goal is not absolute bulk
electrolyte stability, but rather the targeted formation of a

This journal is © The Royal Society of Chemistry 2026
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Table 1 Physical properties of traditional carbonate-based solvents
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Carbonate electrolyte solvents Structural formula
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dense, stable interphase through molecular engineering for
instance, using strongly coordinating solvents to tailor the solva-
tion structure. This approach kinetically stabilizes both high-
voltage cathodes and lithium-metal anodes. This evolution in
focus, from isolated molecular properties to collective interfacial
thermodynamics, provides a critical foundation for developing
next-generation battery electrolyte solvents.*® Consequently, the
need for high-performance electrolyte solvents has become
increasingly urgent.*>*” Such electrolyte solvents must maintain
high ionic conductivity and a broad electrochemical stability
window while providing improved low-temperature performance,
enhanced safety,”® and more stable interfacial properties.***°
Furthermore, they must fulfill the specific chemical and electro-
chemical demands of emerging electrode materials.*>**

Future research should prioritize the development of advanced
lithium-ion battery electrolyte solvents through molecular func-
tionalization and optimization of experimental protocols.***?
Such methods can operate under harsh temperature and voltage
conditions, thus accelerating the popularization of high energy
density batteries in next-generation applications.**

Results and discussion
1. Fluorinated solvents

Fluorinated solvents are garnering significant attention in the
realm of lithium metal battery electrolyte research because of
their potential to significantly improve battery performance.

This journal is © The Royal Society of Chemistry 2026

35-38 248 89.6
—55 240 64.9
2-4 90 3.12
—43 125.8 2.82

83 302 2.6
—53 110 2.958

A key property of these solvents is their ability to promote the
formation of stable solid electrolyte interphase (SEI) films
enriched with lithium fluoride (LiF) on the surface of electro-
des, particularly lithium metal anodes.*®> For instance, fluoro-
ethylene carbonate (FEC) is a representative fluorinated solvent
with a unique dual reaction mechanism that helps build SEI
protective layers (Fig. 2b). The primary role of the SEI is to
function as an electron-insulating layer, preventing direct elec-
tron tunneling from the electrode to the electrolyte and thereby
avoiding continuous reductive decomposition of the electrolyte.
The thickness of the SEI directly determines the width of
this electron tunneling barrier. The advantage of fluorinated
solvents in constructing the SEI lies in their ability to form an
LiF-rich interphase. However, as LiF possesses a wide band gap
and is an excellent electron insulator, an LiF-rich SEI layer can
achieve the same electron-blocking effect even at a reduced
thickness.*® In contrast to a homogeneous single phase, the
solid-electrolyte interphase (SEI) is more accurately described
as a stratified structure with a distinct compositional gradient.
An ideal SEI features an inorganic-rich inner layer (adjacent to
the electrode), composed primarily of LiF, Li,O, and Li,COs3,
and an organic-rich outer layer (facing the electrolyte) contain-
ing species such as polycarbonates and alkyl carbonates.*” This
architectured gradation is functionally critical: the inorganic
inner layer, especially LiF, exhibits a high Young’s modulus and
exceptional electronic insulation, which collectively passivate
the electrode surface, block electron tunneling, and suppress
lithium dendrite penetration. The inorganic constituents

Mater. Horiz., 2026, 13,1203-1226 | 1205
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Fig. 2 (a) Solvation structure, SEI composition, lithium deposition morphology, and HF-induced degradation in carbonate-based electrolyte solvents.

(Reproduced from ref. 55 with permission from John Wiley and Sons, copyright 2022.)%° (b) Schematic diagrams of traditional carbonate-based
electrolyte in a wide operating temperature. (Reproduced from ref. 56 with permission from John Wiley and Sons, copyright 2025.)°¢ (c) Schematic
illustration of the electrolyte design strategy towards ultra-high voltage and ultra-wide temperature LCO batteries. (Reproduced from ref. 19 with
permission from John Wiley and Sons, copyright 2025.)*° (d) Possible decomposition pathways of fluorinated solvents (e.g., FEC) in lithium-ion batteries.
Proposed strategies to balance the bulk and interfacial transport of fluorinated solvents.®” (e) Schematic illustration of the electron-withdrawing effect of

fluorine at different positions on the "X group.®
permission from Springer Nature, copyright 2022.)%°

(f) Spatial configuration and dipole orientation of —CFz and —CF, groups. (Reproduced from ref. 59 with
(g) Comparison of SEI film formation using ethyl methyl carbonate (EMC) and fluoroethylene

carbonate (FEC) based electrolyte solvents. (Reproduced from ref. 60 with permission from John Wiley and Sons, copyright 2023.)°

(e.g., LizN) within the SEI provide high ionic conductivity,
which is essential for facile lithium-ion transport.*® Comple-
menting this, the organic outer layer contributes mechanical
robustness, flexibility, and elasticity, allowing the SEI to
accommodate volume changes in the electrode during cycling
without fracturing or pulverization. Consequently, employing
fluorinated solvents to engineer an LiF-rich SEI constitutes a

1206 | Mater. Horiz., 2026, 13, 1203-1226

pivotal strategy for developing a passivation layer that is both
thin and highly effective.*® The LiF-rich SEI layer stabilizes both
the physical and chemical interfaces between the electrode
material and the electrolyte, while also significantly mitigating
unwanted side reactions. This stability is critical to extending
the cycle life of lithium-ion batteries, especially those utilizing
lithium metal (Fig. 2c).

This journal is © The Royal Society of Chemistry 2026
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The LiF in SEI films prevents continued decomposition at
the interface, which improves the overall stability of the elec-
trolyte and thus maintains battery performance over a longer
operating time.’®”' Specifically, this LiF-based interfacial
stabilization mechanism can effectively inhibit the growth of
lithium dendrites and improve the oxidative stability of cathode
materials under high voltage conditions, with enhanced com-
patibility between the electrolyte and electrode interfaces.
Collectively, these factors contribute to improved cycling stabi-
lity and safety of lithium metal batteries (Fig. 2d).

Extensive studies have shown that the molecular structure of
fluorinated solvents as well as commonly used fluorinated
lithium salts such as LiPF, LiTFSI, and LiFSI play a critical
role in defining the microscopic solvation structure of the
electrolyte as well as the reaction kinetics at the electrode/
electrolyte interface. Notably, the number and positional
arrangement of fluorine atoms within the molecule can have
a profound effect on the chemical composition and micro-
structure of the resulting SEI film. Furthermore, the spatial
configuration and proximity of fluorine atoms relative to other
functional groups (e.g., ester or ether groups) have important
effects on the physical and chemical properties of the solvent
(e.g., polarity and reduction potentials) as well as on the overall
behavior of the electrolyte system.

For example, in linear fluorinated solvent molecules, if a
strongly electron-withdrawing trifluoromethyl (-CF;) group
occupies the o position (Fig. 2e), it significantly diminishes
the overall polarity of the molecule. This decline in polarity
directly reduces the solvent’s ability to dissolve lithium salts
and dissolve lithium ions, thereby reducing the ionic conduc-
tivity of the electrolyte. Interestingly, the a-fluorinated mole-
cules demonstrate higher reactivity on the lithium metal anode
surface and are more likely to preferentially decompose to form
LiF. However, this does not inherently equate to superior
interface stability on the lithium anode. Conversely, when the
—-CF; group resides at the y position, it produces a relatively
weak electron-withdrawing effect throughout the molecule.
Therefore, taking into account the solvation capacity, inter-
facial reactivity and ultimate stability of the interfaces formed,
B-fluorinated molecules may strike a more favorable balance in
optimizing the properties of fluorinated solvents.

The strategic design of partially fluorinated molecular struc-
tures inhibits excessive aggregation of lithium ions and anions
in the electrolyte, and improves lithium-ion mobility in the
bulk electrolyte and at the interface, while maintaining high
interfacial stability. Thus, these advances synergistically opti-
mize the electrochemical performance of the battery (Fig. 2f).

Fluorinated solvents are recognized as exemplary candi-
dates for advanced electrolyte design due to several inherent

Table 2 Fluorinated solvent classes and the battery performance
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advantages, including a high dielectric constant, a wide window
of electrochemical oxidative stability (typically 4.3-5.0 volts vs.
Li/Li", which exceeds that of conventional carbonate solvents)
(Table 2), and relatively low flammability. Nevertheless, a crucial
consideration involves the strong electron-withdrawing charac-
teristic of fluorine atoms, which may adversely affect the
reduction stability of electrolyte at the negative electrode (low
potential), potentially leading to premature decomposition of
the lithium metal anode.

Nonetheless, substantial experience has demonstrated the
irreplaceable role of fluorinated solvents in facilitating the
development of highly efficient and stable SEI and cathode
electrolyte interphase layers (CEI). They can successfully inhibit
the generation of side-reaction gases (e.g., H,, CO, CO,, etc.)
during the cycling process and significantly improve the long-
term cycling stability and safety of batteries. These wide-
ranging properties make fluorinated solvents highly desirable
and are expected to drive the design of next-generation high-
performance electrolyte solvents and improve the overall effi-
cacy of lithium metal batteries.

Additionally, meticulous molecular engineering enables
fluorinated electrolyte solvents to utilize their unique function
of C-F bonds to provide considerable resilience under extreme
operating conditions such as wide temperature ranges and
high voltages. The pronounced electron adsorption of the C-F
bond gives excellent antioxidant properties at high potentials
and reduces certain harmful decomposition pathways (Fig. 2g).
At low temperatures, the intrinsic steric hindrance provided by
fluorine-containing molecular units promotes disordered align-
ment, which significantly improves electrolyte mobility and
facilitates ion transport. Critically, these electrolyte solvents
effectively promote the formation of high-energy interphases
(SEI and CEI) enriched with LiF. This high interfacial energy
layer possesses dual protective capabilities: physically hinder-
ing the uncontrolled proliferation of lithium dendrites and
slowing down the degradation process of the cathode materials
under high voltage scenarios. Moreover, the inherent non-
flammability of fluorinated electrolyte solvents is mainly due
to the ability of the C-F bond to effectively quench the highly
reactive free radicals during combustion and to destroy the
combustion chain reaction, which provides important protec-
tion for the safe operation of batteries under extreme electro-
chemical conditions and ensures structural integrity and
functional reliability.

Future SEI design strategies are guided by a clear set of
target parameters. With regard to thickness, an ultrathin layer
is critical for minimizing ionic transport resistance. Although
the optimum is system-specific, it generally lies within the
nanoscale regime of 10-50 nm. Such control can be achieved

Solvents Cell configuration Protocol Discharge capacity Ref.
FEC Li||NCM811 —30 to 60 °C, >4.5 V (vs. Li*/Li) 200 cycles, >80% 52
FEMC Li|NCA —85 to 70 °C, >5.0 V (vs. Li'/Li) 400 cycles, >90% 53
DFEC Li|NCMS811 —20 to 80 °C, >5.0 V (vs. Li'/Li) 200 cycles, >80% 52
This journal is © The Royal Society of Chemistry 2026 Mater. Horiz., 2026, 13,1203-1226 | 1207
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through tailored electrolyte formulations that suppress exces-
sive SEI growth.*® In terms of composition, an LiF-rich SEI
remains a leading strategy with emphasis placed not only on
increasing total LiF content, but more importantly, on ensuring
its homogeneous distribution to avoid a heterogeneous,
mosaic-like morphology. The ultimate aim is a multilayered
SEI with an ideal compositional gradient: a dense, uniform
inorganic inner layer and a soft, porous organic outer layer.
Through advanced molecular and electrolyte design, such hier-
archically structured interfaces are progressing from concept to
reality, paving the way for high-energy-density batteries.>

1.1. Fluorinated carbonate. Carbonate molecules exhibit
considerable reactivity at the lithium metal anode interface,
typically forming loose and porous solid electrolyte interface
(SED) film. This poses challenges for lithium-ion batteries such
as reduced coulombic efficiency and reduced cycling stability.
It is shown that the introduction of fluorine substitutes
into carbonate solvent molecules significantly improves the
cycling stability of the electrode interface while expanding the
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temperature and voltage windows of the electrolyte. This pro-
vides an important avenue for optimizing the performance
of lithium-ion batteries.®® Currently, fluorinated carbonate
solvents such as fluorinated ethylene carbonate (FEC)®' and
fluorinated ethyl methyl carbonate (FEMC) are widely recog-
nized as promising alternatives (Fig. 3a). Carbonate molecules
exhibit considerable reactivity at the lithium metal anode inter-
face, typically forming loose and porous solid electrolyte inter-
face (SEI) film.®* This leads to challenges such as diminished
coulombic efficiency and reduced cycling stability in lithium-
ion batteries. It has been shown that the introduction of
fluorine substitution into carbonate solvent molecules can
significantly improve the cycling stability of the electrode inter-
face while expanding the voltage window of the electrolyte. This
provides an important avenue for optimizing the performance
of lithium-ion batteries.

The effects of various electrolyte compositions on the forma-
tion of SEI and long-term cycling stability of lithium-ion batteries
were systematically compared. SEIs formed in EC/DMC using
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Fig. 3 (a) Relationship of solvation structure and physical properties of electrolyte.®® (b) Schematic of different chemical energy storage systems, their
SEI formation processes, and long-term cycle performance of lithium—-metal batteries using 0.2 M LiPFg in FEC/EMC. (Reproduced from ref. 66 with
permission from John Wiley and Sons, copyright 2022.)¢ Schematics of the solvation structure in (c) 1 M LiPFg-EC/DEC, (d) 1 M LiPFs-FEC/DEC, and
(e) 1 M LiPF¢-DFEC/DEC electrolytes. (Reproduced from ref. 67 with permission from John Wiley and Sons, copyright 2021.)%”
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3 which can lead to dendrite

1 M LiPFs do not contain LiF,°
growth and subsequent corrosion over time. Similar results are
also observed with 0.2 M LiPFg in EC/DMC, where dendrites are
formed continuously during the cycling process. However, when
0.2 M LiPF¢ is used in the FEC/EMC electrolyte, a fluorine-
rich solvent-derived SEI is formed, which is not only stable
and robust but also effective in preventing the formation of
dendrites, thus providing excellent cycling stability and a non-
corrosive environment (Fig. 3b).®* This highlights the critical role
of electrolyte composition in improving SEI quality and hence
battery performance.

During the decomposition process, FEC produces a sub-
stantial amount of LiF, which forms a dense and stable SEI
film. This film can effectively protect the lithium metal anode,
thus improving the cycling performance of the battery. Simulta-
neously, FEMC improves the oxidation stability of the electro-
lyte, allowing the battery to operate safely at higher voltages.®®
Concurrently, fluorinated carbonate solvents demonstrate super-
ior electrochemical properties across a wide range of thermal
spectra, creating the conditions for batteries to be used over a
wide range of temperatures. Cheng et al. devised a controlled
fluorination strategy for carbonate solvents to accelerate the Li
desolvation kinetics, thereby significantly improving the perfor-
mance of lithium-ion batteries at sub-zero temperatures. Using
fluoroethylene carbonate (FEC) and difluoroethylene carbonate
(DFEC) as model systems (Fig. 3c-e), they demonstrated that
increasing fluorination progressively weakens the Li-solvent
ion-dipole interactions. Compared to conventional ethylene
carbonate (EC), DFEC-based electrolytes show a six-fold increase
in the rate of desolvation at —20 °C. Remarkably, LiNi, gCog -
Mn, ;0, (NCM811)|/Li cells using the DFEC electrolyte retained
91% capacity after 300 cycles at 25 °C, and 51% of their room
temperature capacity at —30 °C. This work establishes fluorina-
tion engineering as a critical paradigm for designing advanced
cryogenic electrolytes, enabling high-energy-density battery
operation under extreme thermal constraints.®”

2. Siloxane solvent

Siloxane-based solvents are expected to be electrolyte composi-
tions for lithium-based batteries operating under extreme
conditions, including wide temperature ranges (—40 °C to
>60 °C)**7° and extended voltage windows (> 4.5 V vs. Li"/Li)
(Fig. 4a) (Table 3).”" This potential stems from their intrin-
sic molecular properties: the robust Si-O bonding (energy of
~ 452 kJ mol ') confers excellent thermal stability,”* effectively
mitigating high-temperature decomposition and thermal
runaway, while the low highest occupied molecular orbital

Table 3 Siloxane solvent classes and the battery performance
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(HOMO) energy level confers excellent anodic stability (Fig. 4b),
suppressing oxidative decomposition at the cathode-electrolyte
interface under high-voltage charging.”® Furthermore, their char-
acteristically low viscosity,”* low melting point,”® and weak
solvation capability ensure efficient ion transport and rapid
interfacial kinetics even at ultra-low temperatures, resulting in
significantly improved rate capabilities.”® Crucially, siloxane sol-
vents facilitate the formation of an inorganic-rich solid electrolyte
interphase (SEI) on high-energy-density anodes, such as lithium
metal (Fig. 4c). With enhanced thermal and chemical stability,
this SEI effectively inhibits detrimental side reactions and den-
drite growth under harsh operating stresses, including severe
thermal cycling, high current densities, and large voltage differ-
entials, resulting in significant improvements in cycle life,
Coulombic efficiency,”” and safety under extreme conditions.”®
These combined properties make siloxane-based electrolyte sol-
vents a key enabler for the development of next-generation
lithium (metal) batteries that offer high safety, extended opera-
tional temperature and voltage ranges, and high energy density.”®

At the molecular level, siloxane molecules form lithium-
centered, anion-rich clusters via Si-O elimination reactions,
resulting in fluorine (F) and oxygen (O)-rich interphases. This
process enhances the stability of electrolyte interfaces with
lithium metal anodes and high-voltage cathodes. This property
is ascribed to the high bond energy of Si-O bonds (452 k] mol ),
which is significantly higher than that of C-O bonds (352 kJ mol %),
thereby rendering siloxane solvents more stable in chemical and
electrochemical reactions.

Fan et al. developed a siloxane-based electrolyte utilizing
the Si-O bond strategy with 1,2-dimethoxyethane (DME) and
ethylene carbonate (EC) as representative ether and ester solvents,
respectively. DME forms a bidentate coordination with Li* due to
its distinctive structure, which leads to a high desolvation energy
(Fig. 4d). Additionally, the desolvation energy can be reduced by
adjusting the length of the alkyl chain between the ether groups.
The high desolvation energy of EC is attributed to the high polarity
of its rigid cyclic structure. In contrast, linear carbonates (e.g.,
DMC) have lower desolvation energy because their open structure
leads to molecular dipole cancellation, which enhances the
dynamic behavior of the electrode-electrolyte interface. Molecular
orbital theory simulations further suggested substituting the
central alkyl chain of DME with silicon, leading to the design of
a novel siloxane solvent (Fig. 4e). With a wider electrochemical
window and better chemical stability, this new solvent can signifi-
cantly improve the overall performance of the electrolyte. In thin
Li|NCMS811, thin Li|LCO batteries, and 1.4 A h pouch cells, the
siloxane-based electrolyte performed well, demonstrating its wide

Solvents Cell configuration Protocol Discharge capacity Ref.
TMMS Li|NCM811 ~60 °C, >4.4 V (vs. Li'/Li) 200 cycles, 93% 80
DMMS Li|NCM811 ~60 °C, >4.4 V (vs. Li'/Li) 350 cycles, 80% 72
TFTMS Li|NCM811 ~60 °C, >4.2 V (vs. Li*/Li) 200 cycles, 62.8% 71
MTOS Graphite| NCM811 —40 to 25 °C, >4.4 V (vs. Li*/Li) 100 cycles, 88.8% 81
DMSP Li|NCM811 ~60 °C, >4.5 V (vs. Li'/Li) 200 cycles, 77% 82
This journal is © The Royal Society of Chemistry 2026 Mater. Horiz., 2026, 13,1203-1226 | 1209
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Fig. 4 (a) Schematic illustration of the delicate design of TDSTCN. (Reproduced from ref. 76 with permission from John Wiley and Sons, copyright
202376 (b) HOMO and LUMO energy levels of different molecules and clusters. (Reproduced from ref. 71 with permission from American Chemical
Society, copyright 2024.)* (c) Schematic illustration of the solvation structure from the E-DME/FEC and E-TFTMS electrolyte. (Reproduced from ref. 71
with permission from American Chemical Society, copyright 2024.)”* (d) 1,2-Dimethoxyethane (DME) and ethylene carbonate (EC) are respectively typical
representatives of ether and ester solvents.”? (e) Schematic illustration of the approximated molecular orbitals of ether, siloxane and ester. Among them,
siloxane and ester have conjugated effects.”? (f) The structures and properties of typical carbonate and ether solvents, and the bonding structures and
properties of siloxane solvents. (Reproduced from ref. 81 with permission from John Wiley and Sons, copyright 2025.)%*

applicability by showing ultra-long cycle life and high energy high ion mobility allow them to maintain good conductivity

density.”?

and interfacial compatibility under low-temperature conditions.

Siloxane electrolyte solvents also exhibit remarkable low- Wang’s team designed a novel low-temperature electrolyte based
temperature performance advantages. Their low viscosity and on siloxane, which reduces the interaction between Li" and
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solvent through Si-O conjugation, optimizes the dissolution
structure and desolvation kinetics, and forms a stable inter-
phase layer enriched with LiF and Si-O. This electrolyte
enabled the NCM811||Gr pouch cells to achieve excellent per-
formance at extreme low temperatures: retaining 75.1% of their
room temperature capacity at —50 °C, achieving 67.6% rever-
sible charge-discharge at —40 °C, and maintaining 88.85%
capacity retention after 100 cycles at —20 °C (Fig. 4f).** Further-
more, siloxane electrolyte solvents demonstrate excellent high-
voltage stability, cost-effectiveness, and environmental sustain-
ability, offering a promising solution for enhancing lithium-ion
battery performance under extreme conditions.

3. Sulfone solvents

Sulfone-based solvents are promising for high-voltage and
high-safety lithium-based batteries, due to their distinctive
molecular architecture. The pronounced electron-withdrawing
nature of sulfonyl group (-SO,-) inhibits the highest occupied
molecular orbital (HOMO) energy level, enabling exceptional
oxidative stability (>5.5 V vs. Li"/Li).**”" This effectively mitigates
interfacial degradation and parasitic reactions at high-voltage
cathodes (>4.5 V) (Fig. 5a). Concurrently, the inherently high
bond dissociation energy of the C-S bond (~272 kJ mol ')
underpins superior thermal resilience,”* which substantially
reduces the risks of electrolyte decomposition and thermal run-
away at elevated temperatures (>60 °C) (Table 4).** These intrin-
sic properties establish sulfone solvents as compelling candidates
for next-generation batteries with aggressive high-voltage cath-
odes and lithium metal anodes. Nevertheless, practical deploy-
ment confronts inherent challenges rooted in sulfone molecular
characteristics: pronounced viscosity arising from strong dipole-
dipole interactions, compromised electrode wettability,”® and
limited electrochemical compatibility at the anode interface
(e.g., formation of unstable solid electrolyte interphase (SEI) on
graphite or lithium metal).”®® These limitations hinder ion
transport, cycling stability (especially under extreme operating
conditions), and rate capability.*® Concerted molecular engineer-
ing strategies are actively addressing these limitations. The
combination of rational molecular design (e.g., asymmetric alkyla-
tion, fluorination) and strategic co-solvents (e.g., low-viscosity
ethers, fluorinated compounds) (Fig. 5b) has shown efficacy in
systematically optimizing critical performance metrics. These
approaches target enhanced ionic conductivity, improved inter-
facial compatibility, and extended operational stability across
demanding voltage and temperature windows.”®

Sulfone solvents have low melting points and inherent
flame-retardant properties, which contribute to the safety of
batteries. Xing et al. investigated the performance of ethyl
vinyl sulfone (EVS) as a single solvent in graphite|LiFePO,
batteries. It was shown that the decomposition products of
EVS on the cathode exhibit excellent ionic diffusion properties,
thereby significantly enhancing the rate capability and low-
temperature discharge performance. However, the high
reductive activity of EVS at the graphite anode interface results
in interfacial instability, ultimately degrading the cycling
performance.®

This journal is © The Royal Society of Chemistry 2026
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To address this challenge, the researchers enhanced the
compatibility of EVS with graphite anodes by adding additives
such as vinyl carbonate (VC). Although the decomposition of
EVS cannot be completely inhibited during the initial cycle, the
decomposition products of VC can modulate the EVS decom-
position layer, inhibit subsequent decomposition, and improve
interfacial stability. This study offers novel insights into the
application of high-safety solvents in anode systems.

To overcome the challenges of poor wettability and limited
compatibility of sulfone solvents with lithium-metal anodes,
researchers have proposed strategies such as incorporating
co-solvents, group substitution, and the use of film-forming
agents. Tetrahydrothiophene-1,1-dioxide (TMS) is a sulfone
solvent characterized by a high dielectric constant and has
been used in combination with high-dielectric co-solvents,
such as fluoroethylene carbonate (FEC). This combination not
only lowers the viscosity of the sulfone-based electrolyte, but
also facilitates the formation of a dense and LiF-rich SEI layer
on the anode surface and a cathode electrolyte interphase (CEI)
layer with high adsorption energy on the cathode. These layers
effectively inhibit the dissolution of transition metals.

In an NMCS811||Li (4.4 V) battery utilizing a TMS-based
electrolyte, capacity retention of 86.1% after 500 cycles and a
Coulombic efficiency of 99.3% demonstrate excellent dual-
electrode interface performance.

Furthermore, the development of localized high-concen-
tration electrolyte (LHCE) systems has broadened the potential
application of sulfone solvents. Zhang et al. proposed a sulfone
solvent-based LHCE system, which was achieved by combining
thiolane-2-one (SL) with a fluorinated ether diluent (TTE), and
further optimized the battery performance by introducing LiFSI
and LiTFSI. In this system, the incorporation of the diluent TTE
facilitates the enrichment of anions in the dissolution structure
and reduces the presence of free solvent molecules, thereby
promoting the formation of stable CEI and SEI interphase
layers (Fig. 5c and d).*°

As a sacrificial additive, LiFSI will preferentially decompose
on the cathode surface and synergize with TTE to form a dense,
inorganic-rich interphase layer, thus effectively inhibiting the
continuous decomposition of lithium salts. Furthermore, cer-
tain decomposition products migrate to the anode surface,
forming a robust composite interphase layer.

Experimental results demonstrate that this electrolyte system
exhibits excellent cycling performance and safety in NCM811 | Li
batteries, achieving 300 stable cycles at a high voltage of 4.5 V
with a capacity retention of 71.7%. Under high-loading and
low-electrolyte conditions, the system achieved 91.5% capacity
retention after 50 cycles. Despite the advantages of sulfone
solvents in lithium-ion batteries, there are some limitations that
should not be overlooked. For instance, the high production costs
and complexity of synthesizing sulfone solvents significantly
hinder their scalability for industrial applications. Furthermore,
their fluidity and ionic transport properties at low temperatures
require further refinement and optimization.

Future research directions may include: improving the
solvation capability of solvents through molecular structure

Mater. Horiz., 2026, 13,1203-1226 | 1211
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Fig. 5 (a) Schematic demonstration of the Li compatibility with LTB-3.0 or typical N-containing Lewis bases-based DEEs. (Reproduced from ref. 91 with
permission from John Wiley and Sons, copyright 2024.)° (b) Sulfones with fluorinated groups in different positions88 (c) Achievement of a high
Coulombic efficiency of nearly 99% through the incorporation of a non-solvating co-solvent in a sulfone-based localized high-concentration
electrolyte.°® (Reproduced from ref. 90 with permission from Elsevier, copyright 2018.) (d) Scanning electron microscopy (SEM) images depicting the
lithium deposition morphologies in various sulfone-based electrolytes. (Reproduced from ref. 90 with permission from Elsevier, copyright 2018.)°°

Table 4 Sulfone solvent classes and the battery performance

Solvents Cell configuration Protocol Discharge capacity Ref.
FPMS Graphite | NCM532 ~80 °C, >6.0 V (vs. Li'/Li) 500 cycles, 84% 87
FMES Graphite | NCM532 ~80 °C, >6.0 V (vs. Li'/Li) 500 cycles, 80% 88
EMS Graphite | NCM622 ~60 °C, >6.0 V (vs. Li'/Li) 400 cycles, 50% 88
TFPMS Graphite|| NCM622 ~60 °C, >6.0 V (vs. Li*/Li) 400 cycles, 85% 88

1212 | Mater. Horiz., 2026, 13, 1203-1226 This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mh01598g

Open Access Article. Published on 18 November 2025. Downloaded on 6/18/2026 6:43:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Horizons

design and optimizing the formation of interphase membranes;
incorporating high-performance additives to regulate interfacial
chemical reactions; developing cost-effective and efficient syn-
thesis techniques; and investigating blended systems of sulfone
solvents with other solvents to further enhance their overall
performance.”*

In conclusion, sulfone solvents have high oxidative decom-
position voltage, significant thermal stability and inherent
flame-retardant properties, showing great potential for applica-
tion in high-voltage and high-energy-density lithium-ion bat-
teries. Through molecular design, co-solvent incorporation,
and advances in interfacial engineering, sulfone solvents are
anticipated to play a pivotal role in the development of high-
safety and high-performance lithium-ion batteries.”> Additionally,
they provide essential technical support to meet the demands of
electric vehicles, energy storage systems and other applications
in advanced fields.”””® Future research is expected to further
facilitate the practical application of sulfone solvents, making a
significant contribution to the realization of more efficient and
safer lithium-ion battery systems.”®

4.1 Ether solvents. Ether-based solvents (e.g., DME,
THF)**"** are uniquely advantageous in wide temperature range

a
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lithium-ion batteries by utilizing the inherent conformational
flexibility and weak intermolecular forces of their C-O-C
backbone.”>?® The exceptionally low rotational energy barrier
(<5 kJ mol ') of ether linkages imparts pronounced conforma-
tional freedom to molecular chains, enabling ultra-low viscosity
to be maintained under extreme cryogenic conditions
(Fig. 6a).”” Concurrently, their moderate donor number (DN:
16-20) facilitates the formation of stable solvation sheaths,”®
promoting uniform lithium-ion deposition. However, deploy-
ment in high-voltage applications is constrained by a narrow
electrochemical stability window (<4.0 V vs. Li*/Li). This lim-
itation stems from the fact that ether a-hydrogen is susceptible
to dehydrogenation and oxidation at potentials greater than
4.0 v,”91% thereby initiating a radical-mediated chain decom-
position reaction at the cathode interface (Table 5).

REN et al. explored the molecular structure optimization
of ether solvents (DME, DMP, DMB) and found that the six-
membered ring coordination structures, exemplified by 1,2-
dimethoxypropane (DMP), exhibits stronger lithium-ion coor-
dination abilities and can effectively inhibit the decomposition
of free solvents. At the high-voltage cathode surface (4.7 V),***
DMP preferentially undergoes hydrogen transfer reactions,
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Fig. 6

(a) Step-by-step molecular design to tune solvation properties of solvents. (Reproduced from ref. 105 with permission from John Wiley and Sons,

copyright 2023)*%% (b) Characterization of solvation structures for DME, DMP, and DMB electrolytes, including their molecular structures and
electrostatic potential maps. (Reproduced from ref. 106 with permission from John Wiley and Sons, copyright 2023.)1°¢ (c) Performance of NCM811|Li
batteries under harsh conditions within the voltage window of 2.6-4.6 V.*°7 (d) Long-term cycling performance and cycling profiles of a 300 mA h
double-sided pouch cell utilizing a DPE-based electrolyte 1°2

This journal is © The Royal Society of Chemistry 2026 Mater. Horiz., 2026, 13,1203-1226 | 1213


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mh01598g

Open Access Article. Published on 18 November 2025. Downloaded on 6/18/2026 6:43:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

Table 5 Ether solvent classes and the battery performance
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Solvents Cell configuration Protocol Discharge capacity Ref.
DME Li|NCM811 —58 to 85 °C, ~4.2 V (vs. Li'/Li) 94 cycles, 80% 119
DEE Li|NCM811 —117 to 35 °C, ~4.4 V (vs. Li'/Li) 182 cycles, 80% 119
CPME LFP|Gr —140 to 106 °C, ~4.4 V (vs. Li'/Li) 1000 cycles, 80% 120
DMP Li||NCM811 —117 to 83 °C, ~4.3 V (vs. Li'/Li) 180 cycles, 86% 121
EGDBE Li|NCM811 —74 to 121 °C, ~4.5 V (vs. Li'/Li) 130 cycles, 80% 122
FDMB Li||NCM532 >60 °C, >6.0 V (vs. Li'/Li) 420 cycles, 90% 123
FXDEE Li|NCM811 —40 to 50 °C, >5.0 V (vs. Li*/Li) 200 cycles, 80% 59

leading to the formation of a stable LiF-rich cathode electrolyte
interphase (CEI), which significantly improves the cycling
stability of the battery (Fig. 6b).>

Experimental results demonstrate that DMP-based electro-
lytes maintain stable operation over a wide temperature range
(—20 °C to 50 °C) and achieve a capacity retention of 91.4% after
100 cycles under high-voltage conditions, offering a novel
design direction for the development of high-energy-density
lithium-metal batteries. Zhang et al. extended the alkyl chains
of ether molecules using molecular engineering principles to
optimize their structure, lower the energy barrier for the hydrogen
transfer reaction, and adjust the covalency of Ni-O bonds. They
developed a hybrid electrolyte system that includes 1,3-dioxane
(DX) and dibutyl ethylene glycol ether (EGDBE) (Fig. 6c).”

The results indicated that this system effectively suppressed
the oxidative decomposition of the electrolyte, the formation of
rock-salt NiO phases, and gas evolution. Furthermore, it facili-
tated the formation of a thin and stable solid electrolyte
interphase (SEI) on the lithium-metal anode surface. Com-
pared to conventional carbonate and ether electrolyte solvents,
this novel system extended battery lifespans by 100% to 500%,
with 80% capacity retention and 99.85% Coulombic efficiency
at a high voltage of 4.6 V. These findings underscore the pivotal
role of molecular engineering in optimizing the performance of
ether solvents.

To mitigate the oxidative decomposition at the cathode
interface in ether electrolyte solvents, Li et al. introduced a
non-polar ether electrolyte system consisting of dipropyl ether
(DPE) and highly concentrated lithium salt (LiFSI). By regulat-
ing the solvation structure and controlling the decomposition
sequence, they achieved the long-term stable operation of
lithium-metal batteries at a high voltage of 4.3 V. This system
reduced the coordination strength between solvent molecules
and lithium ions, thereby enhancing anion aggregation effects.
This system facilitated the formation of an inorganic-rich CEI
film that preferentially decomposed on the cathode surface,
effectively suppressing free solvent decomposition and genera-
ting a solvent-depleted layer in the interfacial region, which
significantly improved the stability of the battery interface.

Experimental results showed that the DPE-based electrolyte
enabled Li||[NCMS811 coin cells to retain 82% of their capacity
after 220 cycles at a current density of 1 mA cm 2. Furthermore,
a 300 mA h pouch cell exhibited a capacity retention of 74.1%
after 150 cycles (Fig. 6d).'> This study offers an effective
strategy for the practical application of ether solvents in high-
voltage lithium-metal batteries.

1214 | Mater. Horiz., 2026, 13, 1203-1226

Despite the significant potential of ether solvents in lithium-
ion batteries, challenges such as their narrow electrochemical
window and susceptibility to high-voltage decomposition
remain to be resolved.'®® Future research should prioritize
the optimization of ether solvent performance through mole-
cular structure design, incorporation of multifunctional addi-
tives, and development of mixed electrolyte systems."®*
By tailoring molecular structures, refining interfacial film com-
positions, and regulating solvation capacity and interfacial
chemical reactions, ether solvents are anticipated to play a
pivotal role in high-energy-density lithium-metal batteries and
batteries designed for extreme conditions. These advancements
could provide essential support for technological break-
throughs in electric vehicles and energy storage systems.'®>

4.2 Fluorinated ether. The superior performance of fluoro-
ether-based electrolytes stems fundamentally from the strategic
incorporation of the fluorine (F) atoms. Of all the elements, the
fluorine atom has the highest electronegativity and there-
fore provides a strong electron-withdrawal effect in solvent
molecules (Fig. 7a and b). This greatly improves the oxidative
stability of the solvent due to the elevated energy level of the
highest occupied molecular orbital (HOMO), which creates a
higher energy barrier for electron removal and subsequent
oxidative decomposition. This effect directly expands the upper
limit of the electrochemical stability window (ESW), enabling
compatibility with high-voltage cathode materials (e.g:, lithium-
rich manganese-based, high-nickel layered oxides).

Meanwhile, during electrochemical reduction at the anode
(e.g, graphite, silicon-based, or lithium-metal), the fluorinated
ether molecules preferentially cleave the C-F or C-O bonds to
produce fluorinated reduction products, such as lithium fluor-
ide (LiF) and lithium alkoxides (ROLi). This property leads to
the formation of a LiF-rich solid electrolyte phase (SEI) on the
anode surface. LiF is known for its low electronic conductivity,
high ionic conductivity (facilitating facile Li" transport with a
low activation barrier),"'*""" and exceptional chemical/electro-
chemical stability (Fig. 7c), which results in a SEI layer with
superior ionic conductivity and remarkable mechanical/
chemical robustness.'™” This stabilized SEI effectively broadens
the lower limit of ESW, and improves compatibility with highly
active anode materials (e.g., silicon, lithium metal) that operate
at low potentials, kinetically suppressing deleterious side reac-
tions and dendrite growth. Furthermore, the unique molecular
structure of fluorinated ethers, characterized by flexible ether
bonds (-C-O-C-) and sterically demanding fluorine atoms/
fluorinated groups, gives the electrolyte low viscosity and a

This journal is © The Royal Society of Chemistry 2026
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of anion chemistry and solvent chemistry in tailoring electrochemical interphases for high-voltage and fast-charging LMBs.

low freezing point.®® This maintains high ionic mobility, which
ensures excellent low-temperature performance.'”® Due to
the low polarizability of fluorine, intermolecular interactions
(e.g., van der Waals forces) are weakened, while inherent
molecular flexibility is maintained, collectively lowering visc-
osity and inhibiting crystallization at subambient tempera-
tures. Critically, the carbon-fluorine (C-F) bond exhibits
exceptionally high bond dissociation energy (approximately
485 kJ mol™', which greatly exceeds that of the C-H bonds
(~414 k] mol™") and C-C bonds (~347 k] mol™")). As a result,
the thermal decomposition of fluorinated ether molecules
requires a higher energy input, which greatly improves the
thermal stability of the electrolyte at elevated temperatures.
Concomitantly, fluorine acts as an effective radical scavenger,
which interrupts the radical chain reactions fundamental
to combustion processes, thereby endowing the electrolyte
with intrinsic flame-retardant properties and substantially
improving the safety profile of the battery system. In summary,
fluoroether-based electrolytes leverage fluorine’s unique physico-
chemical properties of high electronegativity, large atomic radius,
and high bond strength to synergistically optimize oxidative
stability,"** SEI composition and properties, rheological beha-
vior, and thermal/chemical resilience.’*®> These combined pro-
perties enable lithium-ion batteries to operate reliably and
safely over a wider temperature range (from cryogenic to
elevated temperatures) and over a broader voltage window,
making fluoroethers a critical material in the development of
next-generation high-performance batteries.

This journal is © The Royal Society of Chemistry 2026
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Ali Coskun and colleagues have designed a novel fluorinated
ether solvent, 2,2-dimethoxy-4-(trifluoromethyl)-1,3-dioxolane
(DTDL), that integrates cyclic fluorinated ether groups
with linear ether segments. This molecular design enhances
high-voltage stability and tunable Li* solvation capability™**
(Fig. 8a and b).

In high-voltage lithium metal batteries (LMBs), especially
with high nickel content LiNijgCoy,Mn,;0, (NCM811)
cathodes and ultrathin Li-metal anodes (20 pm), 1 M lithium
bis(fluorosulfonyl)imide (LiFSI) in the DTDL electrolyte demon-
strates exceptional oxidative stability up to 5.5 V (vs. Li'/Li)
(Fig. 8c) and achieves a Li" transference number (t'Li) of 0.75
(Fig. 8e). This value greatly exceeds the conventional 1 M LiFSI
in 1,2-dimethoxyethane (DME) electrolyte. Crucially, the DTDL-
based electrolyte facilitates the formation of solid electrolyte
interphase (SEI) enriched with LiF and sulfur-fluorine (S-F)
moieties on the Li-metal anode. This robust SEI effectively
suppresses the growth of Li dendrites, resulting in improved
Coulombic efficiency (CE) and cycling stability. Remarkably,
full cells consisting of an NCM811 cathode and a 20-um
Li-metal anode using a 2 M LiFSI-DTDL electrolyte retain
84% of their initial capacity after 200 cycles at 0.5C, demon-
strating outstanding long-term cyclability and high energy
density. Concurrently, fluorinated ethers exhibit superior low-
temperature functionality, manifesting enhanced ionic conduc-
tivity and accelerated interfacial kinetics at subzero conditions,
which is primarily attributed to their weakened solvation
strength and reduced electrolyte viscosity (Fig. 8d)."**
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centrally fluorinated ethers (FDMB, FTriEG, and FTEG families).**®

Amanchukwu’s team has achieved three critical break-
throughs in lithium-metal battery systems through the inno-
vative structural tuning of fluoroether molecules with an ether
chain core and fluorinated terminal groups, accompanied by
the precise tuning of ionic solvation effects. First, they realized
high ionic conductivity (1.3 mS cm™" at 30 °C) with exceptional
low-temperature performance, retaining functionality even at
—60 °C. Second, contrary to conventional wisdom, reducing
fluorine content (e.g., from E6F1 to E3F1) significantly
improved the oxidative stability of the electrolyte to 5.2 V
(vs. Li/Li") (Fig. 8f). Raman spectroscopy revealed that higher
fluorine content weakens solvation capability, increasing the
population of free solvent molecules that are susceptible to
oxidation. Finally, they achieved unprecedented long-term
cycling stability, with lithium metal deposition overpotentials
remaining below 20 mV and average Coulombic efficiencies of
98.9%. The Li/LiFePO, (LFP) full cells can sustain more than

1216 | Mater. Horiz., 2026, 13, 1203-1226

250 cycles, while the LisTisO;, (LTO)/LiNig335Mng33C00.330,
(NMC111) cells significantly outperforms those using conven-
tional ether-based electrolytes. This work establishes a new
molecular design strategy for high-energy-density battery elec-
trolytes that synergistically optimizes molecular connectivity,
solvation structure, and electrochemical properties.**®

5. Ionic liquid

The molecular design of ionic liquid electrolyte solvents is
guided by three fundamental principles: weak coordination,
large steric bulk, and targeted functionalization. These materials
offer a structurally rigid yet synthetically tunable backbone,
allowing the incorporation of polar side chains such as ether,
cyano, or carbonate groups to reduce viscosity while maintaining
thermal integrity. Their broad liquidus range prevents decompo-
sition at elevated temperatures, facilitates lithium salt dissocia-
tion, and promotes the formation of stable electrode-electrolyte

This journal is © The Royal Society of Chemistry 2026
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interphases, thus supporting operation over an extensive tem-
perature window. Through rational selection of cation-anion
pairs, electrochemical stability windows exceeding 5 V can be
achieved. Molecular simulation-guided optimization further
enables the development of ionic liquids combining low
viscosity, high ionic conductivity, and excellent interfacial
film-forming abilities. Such tailored electrolyte solvents exhi-
bit enhanced compatibility with high-performance electrode

Robust cathode-electrolyte
interphase (CEI)
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materials, positioning them as promising candidates for next-
generation high-energy-density and safe energy storage systems.
Imidazolium-based ionic liquids (ILs), for instance, demonstrate
considerable promise as electrolyte solvents for high-voltage
lithium-ion batteries (Fig. 9a).'>* Structural asymmetry intro-
duced at the N1/N3 positions—such as through ethyl-methyl
substitution—disrupts cationic symmetry and reduces packing
efficiency, markedly depressing both the melting point (Ty,)
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Fig. 9

(a) Schematic illustration of the battery configuration and electrolyte composition of the EM-5Li-Na IL electrolyte. (Reproduced from ref. 124 with

permission from John Wiley and Sons, copyright 2020.)*24 (b) Electrochemical stability window of the pure synthesized PILs at 60 °C. (Reproduced from
ref. 125 with permission from John Wiley and Sons, copyright 2018.)*?° (c) Schematic illustration for the interactions between PPhEtMA polymer and
[CnmimI[TFSI] ionic liquids and the variation of these interactions with electrolyte composition. (Reproduced from ref. 126 with permission from Elsevier,
copyright 2025.)'2° (d) Comparison experiment with pyridine. (Reproduced from ref. 127 with permission from American Chemical Society, copyright

2021.)%7
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and glass transition temperature (T,) to maintain a liquid state
below —40 °C. Concurrently, the combination of short or
branched alkyl chains with compact C2 substituents (e.g:,
methyl) weakens intermolecular interactions, leading to
reduced viscosity and improved low-temperature ionic conduc-
tivity. A key challenge with imidazolium-based ionic liquids lies
in the inherent acidity of the C2-position hydrogen (pK, =~ 23),
which limits their oxidative stability. Strategic substitution at
this site with electron-withdrawing groups (-CN, —CF;) or alkyl
moieties (-CHj3) stabilizes the m-conjugated cationic structure
and raises the highest occupied molecular orbital (HOMO)
energy level, resulting in significantly enhanced oxidation
resistance exceeding 5.0 V versus Li'/Li. This molecular-level
tailoring enables full compatibility with high-voltage cathodes
such as LiCoO,, NMC811, and LNMO (Fig. 9b and c).'*>*?¢
Pyridinium-based ionic liquids exhibit exceptional promise as
electrolyte solvents for lithium batteries capable of operating
under demanding conditions, spanning wide temperature
ranges (—40 to 150 °C) and high-voltage windows (>5.0 V).
A key molecular engineering strategy involves N1-position
asymmetric alkylation such as a combination of a long-chain
CgH;; group and a branched isopropyl substituent which
disrupts molecular packing to significantly depress melting
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and glass transition temperatures. Furthermore, incorporating
ether-functionalized side chains (-OCH,CH,-) enhances
conformational flexibility, enabling high ionic conductivity at
subzero temperatures. The inherent structural robustness of
the pyridinium ring lacking an acidic proton at the C2 position
confers a high intrinsic oxidation potential (~5.2 V vs. Li'/Li).
This stability can be further extended by introducing electron-
donating groups (e.g., -OCHj;) at the C4 position, raising the
anodic stability limit to 5.5 V (Fig. 9d)."*” Such targeted
molecular modifications underscore the versatility of pyridi-
nium ionic liquids in meeting the stringent requirements of
next-generation high-voltage lithium batteries.
Pyrrolidinium-based ionic liquids (Pyr-ILs), constructed from a
saturated five-membered nitrogenous heterocycle, represent a
promising class of electrolyte solvents for high-voltage lithium-
ion batteries due to their combination of wide electrochemical
windows, high ionic conductivity, and exceptional thermal/
interface stability (Fig. 10a)."®® Their ability to withstand
extreme potentials exceeding 5.8 V stems from deliberate
molecular engineering. For instance, in the Cympyr' cation,
asymmetric N-alkyl substitution enhances conformational flex-
ibility and substantially lowers the glass transition temperature
(Tg). Concurrent saturation fluorination at the C3 position
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Fig. 10 (a) Schematic representation of the utilized IL constituents. (Reproduced from ref. 128 with permission from John Wiley and Sons, copyright
2017.)*8 (b) Linear sweep voltammograms of PYR;,0;1-based ionic liquids measured with the scan rate of 1 mVs~ at 20 °C (working and counter
electrodes were platinum, and the reference was lithium metal). (Reproduced from ref. 129 with permission from Elsevier, copyright 2013.)*%° (c) The
[PFe~1-based room-temperature ionic liquid design strategy for micro-sized alloying anodes. (Reproduced from ref. 130 with permission from Springer
Nature, copyright 2024.)*° (d) Cycling stability and CEs of uSi electrodes at C/8 (447 mA g~%) in NMEP51 (violet), LP30 (orange) and GenF (1.2 M LiPFg-EC/
EMC (3/7 w/w) + 10 wt% FEC) (pink) electrolytes. The uSi electrodes were activated at a rate of C/20 (179 mA g~) for one cycle and then cycled at C/8
(447 mA g™Y). (Reproduced from ref. 130 with permission from Springer Nature, copyright 2024.)**°
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(e.g., with -CF3) reinforces C-H bond strength, raising the
oxidation potential to 6.0 V compared to non-fluorinated
analogues and thus providing superior voltage endurance
(Fig. 10b)."*° Further demonstrating the structural modularity
of this platform, Wang and colleagues developed NMEP51, a
pyrrolidinium-based cation incorporating an integrated
dimethoxyethane (DME) motif within its molecular framework.
This design generates an asymmetric coordination environment
that circumvents the inherent incompatibility between LiPFs and
conventional ether solvents while retaining the beneficial low
reduction potential of ether groups. The resulting electrolyte
enables highly reversible Li* deposition/stripping on micron-scale
alloy anodes, as evidenced by a ~325 mesh silicon-based anode
maintaining >87% capacity retention and >99.9% Coulombic
efficiency over 400 cycles at C/8 (447 mA g~ ') (Fig. 10c and d)."*°

6. Hybrid solvents

The pursuit of lithium-ion batteries with higher energy densities
and broader operational windows has exposed the limitations of
single-solvent electrolyte systems, which are often inadequate in
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meeting the multifaceted and stringent performance require-
ments. A fundamental challenge lies in the intrinsic trade-off
between essential physicochemical properties: solvents possessing
high dielectric constants, which promote lithium salt dissociation,
are typically plagued by high viscosity, impairing low-temperature
performance. Conversely, low-viscosity solvents that enable high
ionic conductivity generally suffer from narrow electrochemical
stability windows, rendering them unsuitable for high-voltage
applications. To circumvent these constraints, research efforts
have shifted towards molecularly engineered hybrid solvent stra-
tegies. This paradigm transcends mere physical blending by
harnessing synergistic inter-component interactions to achieve a
“1 +1 > 2” enhancement in overall performance, thereby estab-
lishing itself as a cornerstone approach for developing electrolytes
capable of operating under wide temperature and high voltage
conditions.*

Guided by the principle of synergistic dual-solvent regula-
tion of lithium-ion solvation structures, Cui et al. developed an
advanced electrolyte composed of fluorinated 1,6-dimethoxy-
hexane (FDMH) a solvent with an extended fluorinated
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(a) Molecular structures of FDMB and its analog molecules FDMP, FDMH, and FDMO. (Reproduced from ref. 131 with permission from John Wiley

and Sons, copyright 2021.)**! (b) A 20 pm Li| NMC811 coin cells achieve 250 cycles before reaching 76% of initial discharging capacity. (Reproduced from
ref. 131 with permission from John Wiley and Sons, copyright 2021.)*! (c) LSV curves of 1 M LiFSI in 12-C-4 and HDE (W12-C-4/WHDE = 20: 80 and
nLiFSI/n12-C-4/nHDE = 1:1:5), 1 M LiFSI/HDE, and 0.4 M LiFSI/12-C-4 (nLiFSI/n12-C-4 = 1:15.45). (Reproduced from ref. 132 with permission from
American Chemical Society, copyright 2025.)%2 (d) Cycling performances of the Li//NCM85 cells with different electrolytes. The charge-discharge
processes were conducted at 0.1C in the initial three cycles and then 0.3C in the following cycles (cycling temperature: 45 °C for 0.4 M LiFSl in 12-C-4 +
FEC, 25 °C for all the other cells). (Reproduced from ref. 132 with permission from American Chemical Society, copyright 2025.)*%2
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backbone and superior stability and highly ion-conductive DME
in a 6:1 volume ratio, coupled with 1 M LiFSI salt (Fig. 11a). This
hybrid design achieves complementary functionality: FDMH
ensures robust interfacial stability against both lithium metal
anodes and high-voltage cathodes, whereas DME markedly
lowers bulk ion transport resistance and interfacial impedance.
Through their cooperative interaction, the formulation facil-
itates the formation of a stable inorganic-rich solid electrolyte
interphase (SEI), predominantly comprising LiF, which yields
a Coulombic efficiency of 99.5%, oxidation stability up to 6 V,
and substantially prolonged cycling performance evidenced by
84% capacity retention after 250 cycles in lithium-metal full
cells and 75% retention after 120 cycles in anode-free pouch
cells (Fig. 11b)."**

In a conceptually related advance, Xie and colleagues
devised a hybrid electrolyte system that addresses the intrinsic
challenges of ether-based electrolytes in high-voltage lithium
metal batteries. Their strategy combines the strongly coordinat-
ing macrocyclic solvent 12-crown-4 (12-C-4) with the weakly
coordinating, ion-conductive diluent hexanediol dimethyl ether
(HDE), further optimized with LiFSI salt and fluoroethylene
carbonate (FEC) additive. Central to this design is the precise
engineering of the Li" solvation environment and interfacial
dynamics: 12-C-4 enhances anodic stability by forming stable
Li*(12-C-4) complexes, raising the oxidation threshold beyond
4.5 V (Fig. 11c), while HDE serves a dual role reducing bulk
viscosity to improve ion transport and acting as a molecular
“desolvation bridge” at the lithium anode to lower the energy
barrier for ion deposition and promote uniform plating. This
cooperative interplay yields a high-conductivity electrolyte that
fosters the development of robust, inorganic-rich interphases
(SEI/CEI), ultimately enabling Li[|NCM85 full cells to achieve
74.2% capacity retention after 400 cycles and remarkable low-
temperature performance at —25 °C (Fig. 11d).**

The hybrid solvent strategy offers a distinct advantage by
enabling the integration of complementary physicochemical
properties from different components, yielding a balanced
performance profile unattainable in single-solvent systems.
Beyond enhancing high-voltage resilience, wide-temperature
operability, and interfacial stability as exemplified in the cases
above—this approach shows considerable potential for sup-
pressing lithium dendrite growth, improving thermal safety,
and fine-tuning reaction kinetics at electrode-electrolyte
interfaces."*® Through rational optimization of component
ratios and coordination environments, hybrid electrolyte systems
can be tailored to a broad range of electrode chemistries and
operational demands, establishing a versatile and promising
pathway toward next-generation high-performance lithium-ion
batteries.

Conclusion

The emergence of lithium metal and silicon-based anodes has
highlighted the inherent limitations of conventional carbonate-
based electrolytes, particularly concerning interfacial instability,
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sluggish lithium-ion transport, and incompatibility with high-
voltage cathodes. In response, a variety of innovative solvent
chemistries including fluorinated compounds, ethers, sulfones,
and siloxanes have been explored to engineer more robust
electrolyte systems. These efforts are increasingly driven by
application-specific requirements, revealing distinct design
principles. For low-temperature operation (down to —40 °C),
fluorinated ethers and carboxylates stand out as optimal can-
didates, due to their ultra-low melting points (<—60 °C) and
retained moderate ionic conductivity (~0.1-1.0 mS cm ).
Under high-temperature or safety-critical conditions, ionic
liquids and sulfone-based solvents excel, given their non-
flammability and exceptional thermal stability, with decompo-
sition temperatures often exceeding 400 °C. In the pursuit of
higher energy density, localized high-concentration electrolytes
(LHCES) offer a particularly promising pathway. By tailoring
the solvation structure, LHCEs simultaneously achieve high
anodic stability (>4.8 V) and favorable ion-transport kinetics
(conductivity of 1-5 mS ¢cm™ '), making them well-suited for
high-voltage cathodes and lithium-metal anodes.
Nevertheless, the development of advanced electrolytes is
constrained by fundamental trade-offs among material proper-
ties. A central dilemma lies in the contrast between ethers,
which deliver high ionic conductivity (>10 mS cm ') but suffer
from poor oxidation stability (<4.0 V), and sulfones, which
exhibit a wide electrochemical window (> 5.0 V) yet are ham-
pered by high viscosity and inferior rate capability. Such
intrinsic conflicts underscore the limitations of single-solvent
formulations and point toward the necessity of rationally
designed multi-component systems. Moving forward, emphasis
should be placed on the strategic integration of functional
molecules such as crown ethers for solvation structure control,
fluorinated solvents for interface engineering, and ionic liquids
for flame resistance each playing a defined role in a synergistic
formulation. A fundamental understanding of the relationships
among solvation structure, interfacial properties, and battery
performance, aided by computational modeling and high-
throughput experimentation, will be essential to realizing
viable electrolyte systems for next-generation lithium batteries.
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