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Lithium metal batteries have attracted significant attention due to their promising high energy density.
However, inherent limitations of lithium metal anodes, such as high reactivity, lithium dendrite growth,
and the formation of “dead Li", restrict their practical application. Electrolyte engineering can significantly
enhance the performance of lithium metal batteries by optimizing the solvation structure, wherein the
solvent molecules play a crucial role in determining the intrinsic physicochemical properties of the elec-
trolytes. Through rational molecular structure optimization, the performance of the electrolyte can be
intrinsically enhanced, and its formulation can be substantially improved. Herein, a comprehensive and in-
depth summarization of recent advances in the design of electrolyte solvents for lithium metal batteries is
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presented, along with a critical evaluation of the strengths and limitations of various solvent molecules,
including esters, ethers, and other solvent molecules containing heteroatoms. Additionally, an overview of
fundamental molecular design principles has been distilled to effectively guide the exploitation of new
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Broader context

The extremely high theoretical specific capacity and low redox potential have spurred the rapid development of the lithium metal anode. Nevertheless, its

high reactivity makes it prone to undergoing side reactions with organic electrolytes, significantly degrading the cycle life of lithium metal batteries.
Moreover, the non-uniform lithium deposition triggers the uncontrollable growth of lithium dendrites and the formation of “dead Li”, both of which intro-
duce serious safety hazards. Electrolyte engineering, particularly solvent design, can tune solvation structures and interfacial properties to address these

issues. Through rational molecular structure design, a variety of solvents with distinctive properties have been developed. This review systematically summar-
izes the distinct structural features of various types of solvents, including esters, ethers, and other solvent molecules containing heteroatoms (N, S, P, Si),
along with their applications in the electrolytes of lithium metal batteries, aiming to provide an overview of molecular design principles and guide the future

exploitation of new solvent molecules.

1. Introduction

Owing to their high energy density, long cycle life, environ-
mental friendliness, and potential for flexible modular design,
lithium-ion batteries (LIBs) have progressively permeated
various aspects of our daily lives and become an indispensable
tool over the past few decades."” In recent years, the LIB
industry has experienced rapid growth alongside the rise of
electric vehicles, striving to fulfill the commercial demands for
fast charging, extended endurance, reduced weight, and wide
temperature adaptability. However, the theoretical specific
capacity of current commercialized anode materials, such as
graphite (372 mAh g™'), remains relatively low.> This greatly
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restricts the energy density of LIBs to satisfy the mileage
requirements of new energy vehicles, presenting a significant
gap compared with the traditional fuel vehicles.® Therefore,
there is a critical need to develop novel anode materials.
Lithium metal anode (LMA) has garnered significant attention
due to its exceptionally high theoretical specific capacity
(3860 mAh g¢™') and low redox potential (—3.04 V vs. standard
hydrogen electrode).”® Theoretically, when paired with appro-
priate lithium-containing transition metal oxide cathodes, the
energy density of lithium metal batteries (LMBs) could achieve
>500 Wh kg™, significantly surpassing that of current LIBs
(100-300 Wh kg™").° In addition, the abundant supply of Li
from LMA enables the full utilization of Li-free cathodes that
rely on multi-electron reactions, such as Li-sulfur batteries and
Li-air batteries, thereby further enhancing the energy
density.'*"

Nonetheless, the development of LMBs is impeded by
several critical scientific challenges. Highly reactive lithium
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metal is susceptible to side reactions with organic electrolyte
solvents like carbonates, leading to reduced plating/stripping
coulombic efficiency (CE), as well as a shortened battery cycle
life.">"® During the cycling process of LMBs, uneven lithium
deposition may result in uncontrolled growth of Li dendrites,
accompanied by significant volume expansion.'**® This will
lead to the pulverization of LMA and the formation of electri-
cally inactivated “dead Li”, which will further accelerate the
side reactions and degrade the CE.'® Additionally, the for-
mation of Li dendrites not only leads to the rupture of the
solid-electrolyte interphase (SEI) and results in poor cycling
stability of LMBs, but can also penetrate the separator, causing
the battery to short circuit. This issue is particularly concern-
ing when flammable ether or ester-based electrolytes are
employed, as it significantly increases the safety risk.'” Thus,
it is imperative to develop effective strategies to inhibit the
growth of lithium dendrites and achieve highly reversible
lithium metal plating/stripping, which are critical for con-
structing high-energy-density LMBs.

As an essential component of LMBs, the electrolyte plays an
indispensable and pivotal role, not only serving as a medium
for ion transport, but also significantly influencing the operat-
ing temperature range, safety performance, and cycling stabi-
lity of LMBs. Numerous research studies have demonstrated
that the solvation structure of Li' in the electrolyte is inti-
mately related to the formation of the SEL'® Hence, through
meticulous electrolyte design, the deposition behavior of
lithium metal and the interfacial chemistry can be precisely
regulated, which is essential for conquering the limitations of
LMBs and enhancing the electrochemical performance.
Currently, a variety of electrolyte modification strategies have
been developed to modulate the solvent structure, especially
the Li" primary solvation shell, or regulate the SEI, including
high/localized  high-concentration  electrolytes  (HCEs/
LHCEs),"® high-entropy electrolytes (HEEs),>° weak-solvating
electrolytes (WSEs),>" liquefied gas electrolytes,** the introduc-
tion of additives,”® and molecular design of novel lithium salts
and solvents.”® Among these approaches, designing new
solvent molecules offers a fundamental improvement in the
physicochemical properties of electrolytes from a chemical
standpoint, transcending the inherent limitations of conven-
tional solvent molecules and achieving essential optimization
for LMBs.>®> Moreover, rational molecular design does not
require the introduction of multiple components to create
complex electrolyte formulas compared with other methods,
which thus emerges as a promising strategy for practical
LMBs. Considering the compatibility with LMA and the pro-
spects for practical applications, the design of solvent mole-
cules typically needs to satisfy the following criteria: (1) having
excellent reductive stability and being resistant to side reac-
tions with lithium metal; (2) possessing adequate solubility to
effectively dissolve lithium salts and enabling a rapid desolva-
tion process to optimize the surface dynamic evolution; (3)
exhibiting favorable oxidative stability to ensure compatibility
with commercial cathodes; (4) endowed with a relatively wide
liquid temperature range to accommodate usage under
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extreme conditions; (5) having a convenient and cost-effective
synthetic preparation process; (6) having a high flash point
and being non-flammable to ensure safety (Fig. 1).
Furthermore, the desolvation process of Li" during the char-
ging and discharging processes critically affects the kinetic be-
havior of batteries, particularly under low-temperature con-
ditions. As temperature decreases, the desolvation process and
the ion movement across the SEI significantly slows down,
leading to increased polarization and a reduction in the
achieved capacity. Therefore, the desolvation process must be
considered in the molecular design of solvents. By implement-
ing rational structural modifications—such as modulating
steric hindrance and fine-tuning coordination ability—the
solvent can maintain a sufficiently high dielectric constant
and donor number (DN) to ensure effective lithium salt dis-
solution, while concurrently reducing coordination strength to
facilitate faster desolvation kinetics. Advanced in situ charac-
terization techniques offer valuable tools for investigating the
desolvation process. Specifically, in situ infrared spectroscopy
can be employed to monitor dynamic changes in the solvation
structure of interfacial electrolytes during desolvation, while
in situ MRI can track variations in interfacial anions through-
out the process. These approaches collectively provide critical
insights that guide the rational selection of solvent
molecules.”®

A thorough and in-depth comprehension of the design
principles governing solvent molecules is crucial for advancing
the field of electrolyte engineering. Despite numerous out-
standing works that have been reported, primarily centering
on the macroscopic and holistic design of the electrolytes, a
detailed review dedicated to research progress in solvent mole-
cule innovation remains absent. Herein, this review focuses on
novel solvent molecule design in recent years, systematically
summarizing the distinct structural characteristics of various
types of solvents, including esters, ethers, and other solvent

y

Fig. 1 lllustration of the design criteria for the solvent molecule in LMB
electrolytes.
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molecules containing heteroatoms (N, S, P, Si), as well as their
applications in the electrolytes of LMBs. In addition, an over-
view of molecular design principles has been summarized,
with the objective of guiding the exploitation of new solvents
for LMBs in the future.

2. Ester solvents

As the predominant electrolyte solvents in commercial LIBs,
ester solvents, particularly the carbonates such as ethylene car-
bonate (EC), dimethyl carbonate (DMC), diethyl carbonate
(DEC), and ethyl methyl carbonate (EMC), exhibit superior oxi-
dative stability and demonstrate exceptional overall perform-
ance in LIBs.”” In addition, esters exhibit a relatively low
melting point and flash point, consequently demonstrating
reduced flammability.”® However, owing to the strong conju-
gated electron-withdrawing effect of the carbonyl oxygen in
esters, the carbonyl carbon exhibits an electropositive charac-
ter, which make esters susceptible to gaining electrons from
the external environment and undergoing reductive reactions,
resulting in poor reductive stability. Therefore, when ester sol-
vents are applied to LMA that exhibit high reductive activity,
continuous side reactions will occur, leading to the formation
of an uneven, unstable, and mechanically fragile SEI domi-
nated by organic components.”® Such SEI will result in an
uneven distribution of Li* flux, which could subsequently lead
to the formation of detrimental Li dendrites and exacerbate
side reactions, thereby establishing a vicious cycle.>**' Hence,
for the modification of ester solvents, it is essential to improve
the reductive stability or construct a stable SEI to prevent side
reactions and dendrite growth by molecular design. On the
one hand, the introduction of electron-donating groups could
reduce the electropositivity of the carbonyl carbon; on the
other hand, substitution of fluorine atoms could promote the
formation of a robust LiF-rich SEI with high ionic conduc-
tivity.>> In this section, a comprehensive summary of the
recent advancements in ester solvents design will be proposed.

2.1. Carbonate solvents

Depending on the structure, carbonates can be classified into
two types: linear carbonates and cyclic carbonates. The former
demonstrates weaker orientational polarization and low viscos-
ities, resulting in a superior desolvation ability and high
lithium-ion transport in the electrolyte, whereas the latter
exhibit a higher dielectric constant and predominantly occupy
the inner layer of the solvation shell, participating in the for-
mation of a stable SEI through ring-opening reactions.*
Therefore, commercial electrolytes for LIBs typically consist of
mixed linear and cyclic carbonates. For LMA, integrating the
structural characteristics of the two types of carbonates into a
single molecule is expected to achieve enhanced reductive
stability compared with physical mixing. Through the transes-
terification reaction between DMC and the ring-opening
product of EC, a novel carbonate solvent dimethyl 2,5-dioxa-
hexanedioate (DMDOHD) can be obtained, which structurally
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incorporates the features of EC and DMC, and also shares
similar structural features with other linear carbonates like
EMC (Fig. 2a).’* The structural similarity endows DMDOHD
with favorable SEI-forming capability, enhanced desolvation
performance, and remarkable oxidative stability. Based on
this, 1 M-LiPFs-DMDOHD electrolyte demonstrates excellent
high-voltage tolerance, maintaining stability at 5.2 V in the
potentiostatic floating test (Fig. 2b). When adopted in Li||
LiNiy sMn, 50, (LNMO) full cells, the electrolyte exhibits excep-
tional cycling stability, maintaining a high capacity retention
of 94% after 200 cycles at C/5. Similarly, another linear carbon-
ate bis(2-methoxyethyl) carbonate (BMC) can also be syn-
thesized via intramolecular hybridization by introducing ether
functional groups onto DMC, making BMC endowed with
combined advantages of both esters and ethers (Fig. 2¢).* As
an electron-donating group, the introduced alkoxy reduces the
electropositivity of the carbonyl carbon and enhances the
reductive stability, thereby ensuring that the BMC-based elec-
trolyte demonstrates impressive Li plating/stripping CE of
99.4%. Simultaneously, BMC still maintains excellent oxi-
dation  stability, enabling the  high-loading  Li||
LiNij §C0o1Mn, 10, (NCM811) battery to retain 92% of its
initial capacity after 150 cycles. These two molecules have
elongated their molecular chains through the incorporation of
functional groups, thereby enhancing steric hindrance and
intermolecular interactions. Consequently, DMDOHD and
BMC exhibit partly reduced solvation tendencies and higher
flash and boiling points compared with traditional carbonates,
which invest the relevant electrolytes with excellent electro-
chemical performance and high safety. Nonetheless, this
molecular design approach typically involves a complex syn-
thesis process and restricts the molecular structure to long-
chain linear carbonates, thereby limiting its applicability to a
narrower range of structural variations.

Compared with the hybridization of different functional
groups, fluorination is a more prevalent strategy in molecular
structure design. In the presence of a reducing agent like Li,
fluorinated molecules undergo defluorination to form corres-
ponding fluorides, facilitating the formation of a LiF-rich SEI
on the surface of LMA.** LiF exhibits high interfacial energy
and mechanical strength, which can induce rapid and
uniform nucleation of Li', inhibit the growth of lithium den-
drites, and ensure the long-term stable cycling of LMA.*® In
addition, the intermolecular interactions in fluorinated sol-
vents are weaker due to the lower polarizability of F, resulting
in alleviated desolvation barrier of Li* and facilitating homo-
geneous deposition of Li.>” Moreover, the exceptionally high
bond energy of the C-F bond typically confers superior chemi-
cal and thermal stability to fluorinated solvents.*® Therefore,
fluorination is anticipated to address the inherent instability
of carbonates with LMA. By introducing fluorine at varying
positions and in different quantities on common carbonate
molecules, a diverse range of fluorinated carbonate solvents
have been designed for LMBs. Among these, fluoroethylene
carbonate (FEC), derived from the fluorination of EC, is the
most representative solvent, which not only facilitates the for-
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Fig. 2

(a) Design rationale of DMDOHD. (b) Potentiostatic floating profiles of Li|[LNMO cells with various carbonate-based electrolytes. Reproduced

with permission.** Copyright 2024, Springer Nature. (c) Schematic illustration of BMC molecule design. Reproduced with permission.>® Copyright

2024, Springer Nature.

mation of a stable SEI, but also enhances the stability of the Li
plating/stripping process under higher current densities and
capacities.’® Hence, FEC has been extensively utilized as an
efficient film-forming additive in various advanced electrolyte
systems, and is commonly employed as a co-solvent to improve
the electrolyte compatibility with LMA.*>*" By further fluorina-
tion of FEC, the resultant difluoroethylene carbonate (DFEC)
exhibits a lower lowest unoccupied molecular orbital (LUMO)
energy level compared with FEC (Fig. 3a), consequently facili-
tating easier defluorination and promoting the formation of a
more stable SEI layer enriched with LiF.** In addition, the
increased degree of fluorine substitution further enhances the
oxidative stability. The Li||LiNigsC0o,Mny,0, (NCM622)
battery utilizing DFEC as SEI enabler in the electrolyte could
demonstrate a capacity retention exceeding 82% after 400

1374 | EES Batteries, 2025,1,1371-1397

cycles and an average CE of 99.95%, surpassing the battery
using FEC.*? Nevertheless, owing to the intrinsic instability of
cyclic carbonates, which are susceptible to ring-opening
decomposition, as well as the defluorination reaction of fluo-
rine atoms, cyclic fluorinated carbonates are typically limited
to use as a minor cosolvent/additive (<30%) in electrolytes and
are unsuitable as the primary solvent.

In contrast, linear fluorinated carbonates exhibit better
stability, making them more suitable as the primary solvent.
By perfluorinating both terminal ethoxy groups of the DEC
molecule, the binding between Li" and the solvent is wea-
kened, which facilitates the desolvation of Li" and signifi-
cantly reduces the electrical resistance during the electro-
chemical process. Simultaneously, full-fluorination further
enhances the oxidative stability. Hence, the obtained bis

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic of LUMO/HOMO energies of EC, DEC, FEC, and DFEC. Reproduced with permission.*?> Copyright 2021, Wiley-VCH. (b)
Structural diagram of BTC and the cycling performance of Li||[NCM811 cells using BTC-based electrolyte (nominated as HV) with a cut-off voltage of
4.8 V. Reproduced with permission.** Copyright 2022, The Royal Society of Chemistry. (c) Overall evaluation of the asymmetric ETFEC-based elec-
trolyte. Reproduced with permission.*> Copyright 2024, Wiley-VCH. (d) Schematic illustration of the roles played by the FEMC-based electrolyte
(nominated as FDF) in stabilizing the high-voltage NCM811 cathode and the SEI formation process. Reproduced with permission.*® Copyright 2024,

Wiley-VCH.
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(2,2,2-trifluoroethyl) carbonate (BTC) solvent exhibits excel-
lent thermal stability over a wide operating temperature
range from —30 to 70 °C and demonstrates stable cycling per-
formance in Li|[NCM811 cells at an ultrahigh cut-off voltage
of 4.8 V for more than 100 cycles (Fig. 3b).** Nevertheless,
despite the significant enhancement in oxidative stability of
the solvents achieved through this symmetrical perfluorina-
tion strategy, its overall LMB performance remains subopti-
mal. Perfluorinated solvents demonstrate a non-polar charac-
ter and low polarizabilities, resulting in weak solvation
ability and low ionic conductivity.>? In contrast, the asymme-
trically fluorinated strategy, which combines a highly inert
fluorinated structure on one side of the molecule with a sol-
vation-promoting non-fluorinated structure on the other,
successfully integrates the high stability of fluorinated car-
bonates and the strong solvation/ion-conduction advantages
of non-fluorinated carbonates while simultaneously addres-
sing their respective limitations.””> Based on this, the ethyl
(2,2,2-trifluoroethyl) carbonate (ETFEC) molecule, which is
obtained by fluorination only at one end of the DEC mole-
cule, exhibits remarkably enhanced lithium salt solubility
and ionic conductivity (5.52 mS cm™"), significantly surpass-
ing those of the perfluorinated BTC molecule (1.67 mS cm ™)
(Fig. 3c). ETFEC can dissolve 5 M lithium bis(fluorosulfonyl)
imide (LiFSI) salt and achieve a high Li plating/stripping CE
of 99.1%.%® The EFTEC-based electrolytes, with the further
addition of FEC or vinylene carbonate (VC) additives, can
enable stable cycling of Li||[NCM811 cells for over 200
cycles.*>?” Similarly, 2,2,2-trifluoroethyl methyl carbonate
(FEMC), which is derived from the fluorination of the ethoxy
terminus of the EMC molecule, also demonstrates excellent
performance. By incorporating minor amounts of FEC and
DFEC additives, the FEMC-based electrolyte can facilitate the
formation of a SEI layer enriched with LiF and Li,O on LMA
through the synergistic decomposition of the fluorinated sol-
vents and PFs~ anions, facilitating smooth lithium metal
deposition. It can also form a stable cathode-electrolyte
interphase (CEI) on the cathode surface, thus enabling a pio-
neering 4.8 V-class lithium metal pouch cell with an energy
density of 462.2 Wh kg™ to cycle stably for 110 cycles under
harsh conditions.*® Further introducing boron-containing
additives, the FEMC-based electrolyte can acquire fire-extin-
guishing properties, while effectively inhibiting the tran-
sition metal dissolution and the gas production on the
cathode side.* In addition, through the synergistic effect of
multiple components, the FEMC-based electrolyte exhibits
extraordinary temperature adaptability from —85 to 70 °C.>°
Although these fluorinated carbonate solvents have demon-
strated some success, their application is limited by
relatively poor reductive stability, making them unsuitable as
standalone solvents, and they need to be wused in
conjunction with co-solvents or additives. Furthermore, the
fluorine substitution strategy primarily emphasizes perfluori-
nation at the termini of the molecular chains. The design
involving partial fluorination at other positions remains
underdeveloped.
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2.2. Carboxylate solvents
Compared with carbonate solvents, carboxylate solvents
possess a lower melting point and viscosity, thereby imparting
the electrolyte with an extended liquid temperature range and
enhanced ionic conductivity.> In the carboxylate molecules,
the unbonded electrons of the carbonyl oxygen are partially
delocalized through conjugation with the adjacent ester
oxygen, thus reducing the electron cloud density around the
carbonyl oxygen. This effect weakens the binding energy
between the carboxylate solvent and Li*, leading to a more
rapid desolvation process. In the carbonate molecules, due to
the presence of an additional ester oxygen that provides an
electron donation effect, the unbonded electrons are less
affected by the conjugation effect and are more localized.
Therefore, carboxylate solvents are better suited for low-temp-
erature applications owing to the improved electrochemical
kinetics.”> Generally, the short-chain carboxylates, such as
methyl acetate (MA) and ethyl acetate (EA), exhibit relatively
low viscosities, thereby minimizing viscous resistance to ionic
transport. However, the SEI films generated from them are
insufficiently robust to inhibit continuous side reactions of the
electrolyte. In contrast, long-chain carboxylates, such as ethyl
propionate (EP) and ethyl butyrate (EB), facilitate the for-
mation of a protective interface.>® Nevertheless, similar to car-
bonates, carboxylates also show poor compatibility with LMA
in general, along with inferior oxidative stability due to the
more localized unbonded electrons.>* Consequently, unmodi-
fied carboxylates are not appropriate as the primary solvents in
LMBs, unless they are utilized as additives or in LHCEs.>>™”
Similarly, in fluorinated carboxylate solvents, the introduc-
tion of F optimizes the interfacial layer on the LMA surface,
improving the compatibility of fluorinated carboxylate-based
electrolytes with LMBs. Meanwhile, the electron-withdrawing
effect of the fluorine atoms further reduces the binding
affinity between the fluorinated carboxylate molecule and Li",
thereby accelerating the desolvation kinetics at low tempera-
ture. Therefore, the fluorinated carboxylate solvents demon-
strate superior adaptability in low-temperature LMBs.
Compared with the alkoxy side, fluorination on the acyl side
exhibits a more pronounced -electron-withdrawing effect,
which is attributed to the oxygen atom on the alkoxy side
having a shielding effect on the -CF,, group. Hence, through
the fluorination on the acyl side, numerous fluorinated carbox-
ylate molecules, such as methyl trifluoroacetate (MTFA),>®
methyl 3,3,3-trifluoropropionate (MTFP),>*®° and ethyl 4,4,4-
trifluorobutyrate (ETFB),°"®> have been designed and applied
in the electrolytes of low-temperature LMBs. Owing to the rela-
tively low LUMO energy levels, these fluorinated carboxylated-
based electrolytes promote the formation of a LiF-rich SEI,
which can maintain high ionic conductivity and structural
stability at low temperatures, thus significantly reducing inter-
facial resistance. Since the diffusion of Li" through SEI at low
temperature is the most critical factor that limits the battery
performance, these electrolytes have substantially improved
the low-temperature performance of LMBs.>® When the electro-
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lyte formulation is further optimized, these carboxylate-based
electrolytes can be adapted for battery operation under more
stringent conditions. By implementing the LHCE strategy, the
ethyl trifluoroacetate (ETFA)-based electrolyte can endure a
high voltage up to 5V, enabling stable cycling of the Li||LNMO
battery for 300 cycles with a cutoff voltage of 4.95 V.®* Assisted
by readily dissociated lithium salts, LiBF, and lithium difluoro
(oxalato) borate (LiDFOB), the ethyl 3,3,3-trifluoropropanoate
(ETFP)-based electrolyte delivers a high energy of 442.5 Wh
kg™" with 80% capacity retention after 100 cycles in industrial
anode-free pouch cells under harsh testing conditions.**
Compared with perfluorinated carboxylates, reducing the
number of fluorine atoms improves both ionic conductivity
and salt dissociation ability due to the enhanced polarity.
Notably, moderately fluorinated carboxylates (-CHF,) strike an
optimal balance between weak affinity and elevated ionic con-
ductivity.>> However, the reduction in fluorination degree
impedes the desolvation process at low temperature and
hinders the formation of stable interfaces, consequently
restricting the performance of less-fluorinated carboxylate-
based electrolytes in LMBs.®>°® Overall, fluorinated carboxy-
lates encounter similar challenges to carbonates. Their
inadequate reductive stability limits their use as standalone
solvents, necessitating the addition of film-forming additives
such as FEC. Hence, the development of novel carboxylate sol-
vents has been relatively limited.

3. Ether solvents

Since ether solvents have no unsaturated groups like carbonyl
and possess alkoxyl groups that exhibit strong electron-donat-
ing effects, they demonstrate exceptionally high reductive
stability. Therefore, ether solvents exhibit superior compatibil-
ity with LMAs compared with ester solvents.®”*® The low vis-
cosity and high ionic conductivity of ether solvents facilitate
rapid Li" transport and efficient interfacial charge transfer,
while their low freezing points ensure superior battery per-
formance at sub-zero temperatures.®® Additionally, ether sol-
vents can effectively dissolve sufficient LiNOjz, which is an
essential additive for stabilizing the Li interface and has been
extensively utilized in the electrolytes of LMBs.”®”! By modu-
lating the number and positions of oxygen atoms, as well as
the lengths of carbon chains in linear ethers, a diverse array of
ether solvent structures has been systematically designed.
Among these, the most successful commercialization achieve-
ments are 1,2-dimethoxyethane (DME) and 1,3-dioxolane
(DOL), which have been widely applied in constructing the
electrolytes for LMBs or lithium-sulfur batteries due to their
extraordinary reductive stability and high lithium salt
solubility.”*”* However, along with the high reductive stability,
ether solvents also exhibit poor oxidative stability. Due to the
presence of unbonded electrons on the ether oxygen atom,
ether solvents exhibit strong Lewis basicity and are susceptible
to electron loss and subsequent oxidation. Consequently, ether
solvents are incompatible with common high-voltage cathodes,
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which restricts their broader development and application.”*
Meanwhile, common linear ethers typically exhibit the struc-
ture of ethylene glycol, in which the two oxygen atoms are
prone to chelate coordination with Li', substantially enhan-
cing the binding energy between the solvent and Li'.
Therefore, ether solvents tend to participate in the solvation
structure and subsequent film-forming process, which is detri-
mental to the formation of anion-derived, inorganic-rich SEI.
Furthermore, the high binding energy of ether solvents
hinders the desolvation process at the interface, limiting their
performance at low temperature.”> Common strategies involve
adjusting the chain length along with the number of oxygen
atoms, designing ether molecules with weak solvation ability,
and fluorination. In this section, the design strategies and
recent research advancements of ether solvents will be
reviewed from the perspectives of cyclic and linear ethers.

3.1. Cyclic ether solvents

Cyclic ethers exhibit limited flexibility in forming chelate
coordination with Li" owing to their rigid structure, endowing
them with relatively weak solvation ability. Besides, due to the
unique reductive mechanism and interface stabilization effect,
various cyclic ether solvents are expected to undergo ring-
opening reactions with Li", leading to the formation of macro-
molecular polymeric compounds with excellent flexibility,
which consequently enhances the mechanical stability of the
interface layer on the LMA.”® Therefore, DOL is frequently uti-
lized as a co-solvent in conjunction with DME to formulate
commercial electrolytes for LMBs. However, due to its strong
electron-donating ability, DOL will undergo uncontrollable
ring-opening polymerization in the presence of a trace amount
of H,O or Lewis acid like Li*, leading to electrolyte gelation.””
By introducing the branched methyl group onto DOL, the reac-
tive sites of the ring-opening reaction can be effectively
blocked, along with enhanced steric hindrance of the cyclic
structure, thereby inhibiting the ring-opening polymerization
of DOL and enabling it to function as a stable single solvent in
LMB electrolytes. Based on this, the designed 4-methyl-1,3-
dioxolane (4-MDOL) exhibits strong steric hindrance, resulting
in reduced solvation capability, which facilitates the accumu-
lation of anions within the inner solvation sheath and pro-
motes the formation of anion-derived interfaces.”® Hence, the
low-concentration (1 M) 4-MDOL-based electrolyte demon-
strates excellent electrochemical performance. By leveraging
the unique molecular spatial configuration, unforeseen and
beneficial effects can also be achieved. 2-Methoxy-1,3-dioxo-
lane (MODOL) can be obtained by introducing a methoxy
group as a bridging element at the 2-C position of DOL.
Although methoxy is an electron-donating group, the non-
bonding hybrid orbitals of the exocyclic oxygen atom partially
overlap with those of the endocyclic oxygen atoms due to the
unique molecular conformation, which can be taken as a
quasi-conjugated effect (Fig. 4a).”® This results in electron
delocalization, leading to the reduction in the electron-donat-
ing ability of the oxygen atoms and endowing MODOL with
limited solvating power. Hence, the electron-donating methoxy
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Wiley-VCH. Molecular structure of (c) TFDOL, (d) cFTOF, and (e) DTDL.

exhibits an effect analogous to that of electron-withdrawing
groups like fluorine atom, endowing the MODOL-based elec-
trolyte with exceptional cycling stability and wide-temperature
performance (—20 to 50 ©°C). In addition, the methoxy
enhances the stability of endocyclic C-O bonds, making
MODOL demonstrate higher resistance to decomposition and
generate fewer organic SEI components.
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Decreasing the number of oxygen atoms, thereby reducing
coordination sites, can also realize the weak solvation ability of
the cyclic ether solvents. The presence of the single oxygen-
contained group of tetrahydrofuran (THF) guarantees it has
benign coordination and de-solvation capability with Li".
Meanwhile, the ultra-low melting point of THF (—108.5 °C)
further ensures its electrochemical performance at low temp-
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eratures.’* By incorporating the branched methyl group,
2-methyl tetrahydrofuran (2-MTHF) demonstrates a higher
LUMO energy level than THF, indicating enhanced reductive
stability.®* As a highly compatible low-polarity solvent,
2-MTHF can rationally regulate strong Li‘*-anion coordination
structures, facilitating remarkably high Li plating/stripping CE
under rather demanding conditions. However, other research
has demonstrated that the interfacial defluorination reaction
in THF-based electrolytes with stronger solvation capability
proceeds more rapidly, leading to the formation of an amor-
phous SEI rich in inorganic compounds, which is more
effective at inhibiting dendritic lithium growth compared with
that formed in 2-MTHF-based electrolyte.®* Further increasing
the number of methyl groups, the resulting 2,5-dimethyl tetra-
hydrofuran (2,5-THF) solvent has a flexible O-CH-CHj; chain,
the endpoint H atom of which can form strong hydrogen
bonds with the F atom of the benzotrifluoride (BTF) diluent.
These hydrogen bonds can expand the maximum bond angle
within the 2,5-THF molecule, thereby increasing its steric hin-
drance and decreasing its polarity. Consequently, this leads to
an increase in the anion content within the solvation struc-
ture, ultimately enhancing the performance of LMBs
(Fig. 4b).** The assembled Li||sulfurized polyacrylonitrile
(SPAN) battery with 2,5-THF-based electrolyte demonstrates
impressive stability over 700 cycles with an average CE of
99.8%.

According to experimental and computational studies, the
enlarged ring structure of cyclic ethers will weaken the solvat-
ing ability.®* Therefore, the hexatomic cyclic ether, such as 1,3-
dioxane (1,3-DX) and 1,4-dioxane (1,4-DX), can facilitate the
entry of more anions into the solvation shell, resulting in a
lower desolvation energy barrier.**®” Compared with DOL,
1,3-DX possesses higher hydrogen-transfer energy, confirming
its better antioxidant capacity.®® Similarly, tetrahydropyran
(THP) with a single coordination site is a prototypical weakly
solvating solvent that has a cyclic symmetric structure, dimin-
ishing the electron density around the O atom in the C-O-C
bond.*® Consequently, THP-based electrolyte exhibits rapid
desolvation kinetics, exhibiting superior performance at extre-
mely low temperatures (=50 °C).*> Moreover, THP can partici-
pate in the construction of a deep eutectic electrolyte and
demonstrates high temperature tolerance with LiMn,0,
cathode.’® In order to further enhance the oxidative stability of
the cyclic ether solvents, a series of fluorinated cyclic ethers,
such as 4-(trifluoromethyl)-1,3-dioxolane (TFDOL),’" 2-ethoxy-
4-(trifluoromethyl)-1,3-dioxolane ~ (cFTOF),””>  and  2,2-
dimethoxy-4-(trifluoromethyl)-1,3-dioxolane ~ (DTDL),”®>  has
been designed by introducing additional alkoxy or -CF;
groups (Fig. 4c-e). The introduced electron-withdrawing —-CF;
group lowers the highest occupied molecular orbital (HOMO)
energy levels of these molecules and weakens their coordi-
nation ability. Among them, cFTOF and DTDL integrate a
cyclic fluorinated ether with a linear ether segment to simul-
taneously achieve high voltage stability and modulate the sol-
vation ability and structure of Li". Hence, these fluorinated
cyclic ethers can function as a single solvent with low salt con-
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centration (<2 M), enabling uniform and compact Li depo-
sition and achieving outstanding stability in Li||[NCM811 cells.
Further increasing the degree of fluorination will substantially
decrease the solubility of the cyclic ethers, rendering them
incapable of dissolving lithium salts and limiting their func-
tionality to that of diluents.”*®” Overall, limited by the
inherent ring strain, it is challenging to design more novel
cyclic ethers with different structures by altering the number
of carbon atoms and modifying substitution site.

3.2. Linear ether solvents

As a typical linear ether, DME is widely utilized in the electro-
lytes of LMBs due to its outstanding reductive stability.”®
However, DME tends to form a stable pentacoordinate
complex structure by coordinating with Li" via the two oxygen
atoms within its molecular framework, which endows DME
with strong solvation ability, making it dominate the Li"
primary solvation shells in conventional concentration electro-
lytes.”® Such a solvation structure will result in an increased
proportion of organic components in the SEI, adversely
affecting the Li plating/stripping CE. In addition, DME exhibits
relatively inadequate oxidative stability (<4.0 V vs. Li'/Li),
which constrains its application in high-voltage LMBs.'°
Therefore, enhancing the performance of DME-based electro-
lytes commonly necessitates the adoption of the LHCE strategy
by increasing the concentration of lithium salt and introdu-
cing hydrofluoroether diluents.'" Attributed to the inherent
flexibility of the chain structure in linear ethers, a diverse
range of novel solvent molecules with enhanced properties can
be systematically designed by modulating the alkyl chain
length, incorporating branched chains, or adjusting the
number of alkoxy units.

Systematic adjustment of the ether backbone exerts a sig-
nificant impact on both the Li‘-chelating behavior and the
electrochemical stability of the electrolytes. By elongating the
length of central carbon chain, 1,3-dimethoxypropane (DMP)
can form a six-membered chelate ring with a stronger Li'-sol-
vation stability compared with DME, which can only form a
five-membered chelate ring, effectively suppressing side reac-
tions of labile free solvent molecules on the cathode.’® Further
increasing the number of -CH,- units in between, the seven-
membered chelate ring in 1,4-dimethoxybutane (DMB) exhi-
bits decreased stability, and the ion coordination model shifts
from bidentate to monodentate, resulting in reduced oxidative
stability (Fig. 5a). In addition, the preferred hydrogen transfer
reaction between DMP and anion significantly promotes the
accumulation of LiF on the cathode surface, making DMP-
based electrolyte demonstrate enhanced performance on Ni-
rich cathodes under a high voltage of 4.7 V. However, although
this six-membered chelate coordination structure enhances
the oxidative stability of the solvent, its strong binding energy
with Li" is not conducive to its performance at the LMA side,
which necessitates increasing the lithium salt concentration to
construct a better SEI. Conversely, shortening the length of the
central carbon chain can weaken the solvating ability of the
ether solvents, leading to an anion-dominant solvation struc-
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ture. By decreasing the number of the central ~-CH,~ units in
DME, the chelate coordination structure is disrupted. The
obtained dimethoxymethane (DMM) molecule preferentially
adopts the [gauche, gauche] conformation due to the hypercon-
jugation effect, resulting in weakened monodentate coordi-
nation with Li* and lower desolvation energy.'®>'%® Further
extending the terminal alkyl chain of the DMM molecule
could increase the steric hindrance, affording a diethoxy-
methane (DEM) solvent with ultra-weak solvation ability,
which could induce a peculiar solvation structure predomi-
nantly composed of contact ion pairs (CIPs) and aggregates
(AGGs) when serving as a single solvent with a regular salt con-
centration (Fig. 5b)."**

Similarly, extending the terminal alkyl chain of the DME
molecule has the same effect of increasing steric hindrance,
thereby reducing the solvation ability, while maintaining the
chelate coordination structure to ensure adequate solubility.'*
Hence, 1,2-diethoxyethane (DEE) has low dielectric constant
and dipole moment, promoting the formation of an inorganic-
rich SEI and CEI, thereby demonstrating exceptional low-temp-
erature performance.'®® By further extending the terminal
groups of DME from methyl to n-butyl, the comprehensive
thermodynamic stability of the ether solvent is improved,
along with increased boiling/flash point from 84/-2 °C to
203.3/85 °C due to the extended chain length, resulting in the
obtained 1,2-dibutoxyethane (DBE) solvent more suitable for
high-temperature application. Simultaneously, attributed to
the diminished solvation ability, the electrode-electrolyte
interactions are suppressed, thereby effectively reducing the
catalytic reactivity of NCM811 cathode towards the electrolyte
at high voltages and alleviating its surface phase transition
and structural degradation (Fig. 5¢).2>'” In addition to modi-
fying the main chain, introducing branched chains to enhance
the steric effects can also reduce the solvation power and opti-
mize the solvation structure.'®® Through selective methylation
of DME o-H atoms, the molecule’s solvation capability, ionic
transport, Li' desolvation rate and electrochemical stability
can be precisely tuned (Fig. 5d)."°® Consequently, the resulting
1,2-diethoxypropane (DEIP)-based electrolyte demonstrates
high stability for 150 cycles in 100 mA h Li||
LiNiy gC0g.15Al5.050, (NCA) pouch cells, maintaining a high
capacity retention of 95%. In addition, the design of an asym-
metric structure can also achieve favorable effects, enhancing
the performance of a series of asymmetric ether solvents, such
as 1-isopropoxy-2-methoxyethane (iPME), 1-butoxy-2-methox-
yethane (BME), and 1-isobutoxy-2-methoxyethane (iBME), sur-
passing that of DME.""°

In addition to adjusting the alkyl chain, modulating the
number of oxygen atoms is another effective approach for ameli-
orating linear ether solvents. By increasing the number of glycol
units and the chain length, a series of glyme ethers with highly
solvating power, including diethylene glycol dimethyl ether (G2),
triethylene glycol dimethyl ether (G3), and tetraethylene glycol
dimethyl ether (G4), demonstrate superior Li"-binding stability,
electro-oxidation resistance, thermal stability, and nonflamm-
ability."™ These glyme ethers can significantly suppress detri-
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mental oxidation side reactions by reducing the lifetime of free
labile ether molecules, due to their stronger Li' solvating
ability."** Research demonstrates that longer glyme ethers lead
to a more homogeneous SEI, particularly pronounced when used
in conjunction with LiNOj;, which can minimize surface rough-
ness during Li stripping, and promote compact Li deposits. The
homogeneous interfacial properties resulting from higher reduc-
tive stability, and slower kinetics due to high desolvation barrier
and viscosity, underline stable Li growth in the long glyme
ethers."® Hence, these glyme ethers possess excellent stability
under high voltage and high temperature, expanding the appli-
cation range of LMBs. By reducing the carbon chain length in
the central glycol unit of G3, bis(2-methoxyethoxy)methane
(BMEM) solvent with multi-oxygen coordination sites can be
obtained, which can coordinate with Li* through a bi/tridentate
coordination mode. When the BMEM molecule is bent, three
oxygen atoms provide a concentrated negative charge to strongly
chelate Li', generating a novel tridentate coordination, which
can effectively maximize the steric hindrance effect due to the
competitive equilibrium of three O atoms bonding with Li",
thereby facilitating the anionic aggregates’ formation within the
solvation structure (Fig. 6a)."'* Furthermore, certain acetal mole-
cules featuring alkoxyl side chains, such as triethyl orthoformate
(TEOF) and trimethyl orthoformate (TMOF), also demonstrate
favorable performance attributable to the steric hindrance
effect.'™®

Aside from increasing the number of glycol units, reducing
the number of oxygen atoms to prevent chelate coordination is
another effective strategy to weaken the solvating ability of the
ether molecules. Therefore, as a typical monoxy ether, diethyl
ether (DE) displays superior weak solvating power, facilitating
a rapid desolvation process under ultra-low temperatures
(=60 °C).''° Extending the terminal groups of DE can further
reduce the solvation ability while enhancing its oxidative stabi-
lity (Fig. 6b). Molecular dynamics simulations reveal a
reduction in the number of ether molecules within the electro-
chemical double layer (EDL) of dipropyl ether (DP), which is
advantageous for mitigating the direct oxidation of ethers on
the cathode surface. Meanwhile, the DP-based electrolyte also
preserves the ion aggregation behavior within the EDL, where
Li" is coordinated by multiple FSI". The preferential decompo-
sition of these FSI™ results in the formation of the anion-
derived CEI layer. Hence, the reconfiguration of the EDL struc-
ture facilitated by the favorable fluidic properties of DP sub-
stantially improves the high-voltage performance of the
monoxy ethers."”” Further extending the terminal groups or
introducing branched chain, dibutyl ether (DB) and diisopro-
pyl ether (DIP) also exhibit excellent wide-temperature
performances.”®'"® Furthermore, owing to the structural sim-
plicity of these monoxy ethers, the incorporation of asym-
metric structures can also bring about unforeseen effects. As
an asymmetric ether, methyl n-butyl ether (MNBE) consists of
a lithiophilic oxygen segment at one end and a lithiophobic
alkyl chain at the other, exhibiting an amphiphilic structure.
In the electrolyte, MNBE will spontaneously form micelle-like
structures with Li*, leading to inert alkyl chains situated in the
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outer layer of the solvation shell, which can significantly passi-
vate the Li/electrolyte interface due to the lithiophobic feature
(Fig. 6c). Introducing MNBE as a co-solvent into 1.5 M
LiFSI-DME electrolyte could form a hybrid-micelle-like sol-
vation structure, enabling a high-capacity (7.3 Ah) lithium
metal pouch cell to stably cycle for 100 cycles with a high
energy density of 503.7 Wh kg™ and a high capacity retention
of 84.1%."%° Similarly, by substituting the straight-chain alkyl
group on one side with a bulky cyclopentyl group, cyclopentyl
methyl ether (CPME) exhibits reduced coordination ability and
an exceptionally low melting point, thereby demonstrating
superior low-temperature performance.'!

Just as in the case of cyclic ether molecules, by leveraging
the electron-withdrawing effect of fluorine atoms, the electro-
negativity of oxygen atoms can be effectively mitigated, thereby
reducing the solvation power of linear ethers and enhancing
their oxidative stability. By selectively fluorinating the ether
molecules, their solvation capabilities can be precisely modu-
lated, enabling the construction of diverse solvation structures.
Therefore, numerous fluorinated linear ether solvents have
been exploited with outstanding performance. It is worth
noting that, owing to the potent electron-withdrawing effect of
fluorine atoms, only when the partial fluorination occurs at
positions sufficiently distant from the O atom ($-C) can the
fluorinated linear ethers preserve the salt-dissolving capability
of the electrolytes while inducing the formation of stable
SEL'?>'>3 The earliest reported fluorinated linear ether,
2,2,3,3-tetrafluoro-1,4-dimethoxylbutane (FDMB), was derived
from DMB by introducing fluorine atoms in the central part of
the main chain to expand the oxidative window and enhance
lithium metal compatibility. Meanwhile, leveraging the stabi-
lity of the longer alkyl chain, FDMB retains its capability to dis-
solve lithium salts and conduct lithium ions effectively
(Fig. 7a).*° The FDMB-based electrolyte can construct a sol-
vation structure enriched with AGGs and form a compact
ultra-thin SEI (~6 nm) on LMA, thus realizing extremely rapid
activation effect in Li||Cu half cells."**'** In addition, FDMB
can experience favorable defluorination in coordination with
both Li* and AI** derived from the oxidizing Al surface, inhibit-
ing cathode corrosion at high voltage.'*® Employing a compar-
able strategy of fluorination on the central carbon chain, 2,2-
difluoro-1,3-dimethoxypropane (FDMP) and 1,1,1-trifluoro-2,3-
dimethoxypropane (TFDMP) also demonstrate exceptional
high-voltage tolerance.'®”"**® However, FDMB-based electro-
lytes may experience a progressively increasing overpotential
during long-term cycling, which is likely attributable to the
limited dissociation degree of Li" and anions resulting from
the unique solvation structure of FDMB and Li' (Fig. 7b).
Although such “weak dissociation” facilitates the formation of
an anion-derived SEI, it significantly compromises ion conduc-
tivity, which is detrimental to practical battery applications.

Compared with fluorination on the central carbon chain, term-
inal group fluorination, based on the DEE molecule, can reduce
the molecular solvation ability while preserving the overall chelate
coordination structure with Li*, thereby not sacrificing the ionic
conductivity. Therefore, the terminal fluorinated-DEE family
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(FnDEE, n = 3-6) achieves an optimal balance between electrode
stability and high ion conductivity, enabling stable overpotential
during cycling and roughly >140 cycles in fast-cycling anode-free
Cu||microparticle-LiFePO,  (LFP) industrial pouch cells
(Fig. 7c)."®® Similarly, the introduction of terminal —CF; groups
into glyme ether molecules can also result in favorable perform-
ance enhancements.”****! However, due to the weakened lithium-
ion solvation, these fluorinated linear ethers encounter issues
such as sluggish redox kinetics and inadequate reversibility
during high-rate cycling. Introducing asymmetry into the ether
solvents can significantly alter the solvation free energy (AGsoy),
leading to a reduced solvation effect and enhanced lithium ion
mobility (Fig. 7d). Hence, the asymmetric fluorinate 1-ethoxy-2-
methoxyethane (FXEME, x = 1-3) solvents demonstrate signifi-
cantly faster charge transfer kinetics and a substantially higher
exchange current density (j,) compared with the symmetric
FnDEE solvents. Theoretical calculations suggest that asymmetric
solvents possess more pronounced directional dipole moments
(), consequently diminishing the solvent shielding effect. This
enables a more favorable orientation of asymmetric FXEME ethers
under electric field, facilitating faster Li" desolvation and reducing
the resistance to charge transfer (Fig. 7e). Consequently, the
F3EME-based electrolyte enables Li||NCM811 full cells to achieve
a long cycle life (>550 cycles) under electric vertical take-off and
landing (eVTOL) protocols, facilitating the application of LMBs in
electric aviation.”*> Adopting a similar asymmetric structural
design strategy, fluorinated 1-methoxy-3-ethoxypropane (FNEMP)
and fluorinated 1-(n,i)-propoxy-2-ethoxyethane (F3PEE) also
exhibit favorable performances.’**'3

Although the fluorinated linear ethers described above
exhibit significant performance improvements in LMBs, the
presence of non-polar trifluoro (-CF;) and difluoro (-CHF,)
substituted groups inevitably leads to a compromise in the
ionic conductivity of the electrolyte. In contrast, monofluoro
group (-CH,F) with strong local polarity can promote more
solvent molecules to participate in the solvation coordination
of Li', thereby significantly enhancing the ionic conductivity
without deteriorating the oxidation stability (Fig. 7f). Through
molecular simulation and machine learning screening, highly
symmetric linear ethers with multiple monofluoro-substituted
groups exhibit relatively optimal performance.’*® Therefore, a
series of monofluorinated linear ether solvents-based electro-
lytes, including 1,2-bis(2-fluoroethoxy) ethane (FDEE),"*° bis(2-
fluoroethoxy) methane (BFEM),"*”'*® and bis(2-fluoroethyl)
ether (BFE),"*® demonstrates enhanced ionic conductivity and
improved fast-charging performance. Apart from fluorination,
theoretical calculations suggest that chlorination can achieve
stronger interactions between Li* and anions.'® Hence, 1,2-
bis(2-chloroethoxy)-ethyl ether (CI-DEE) demonstrates favor-
able electrochemical performance, while possessing flame
retardancy attributed to the readily generated Cl° that can
effectively capture the highly active H" and inhibit the combus-
tion progress (Fig. 7g)."*" It should be noted that the salt-dis-
solving capacity of solvent molecules inevitably diminishes
with increasing fluorination. Consequently, many highly
fluorinated or fully fluorinated hydrofluoroether molecules
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exhibit extremely low dielectric constants, making them unsui-
table as primary solvents for dissolving lithium salts and pre-
venting their participation in the Li" primary solvation shell.
These fluorinated ether molecules are typically employed as
diluents to improve the ionic conductivity of highly concen-
trated electrolytes and extend their electrochemical stability
window."**'*? Given that this review focuses on molecules that

1384 | EES Batteries, 2025, 1,1371-1397

can function directly as solvents, such hydrofluoroether dilu-
ents will not be elaborated upon in this section. Nevertheless,
through the design of asymmetric molecular structures,
certain fluorinated linear ether diluents exhibit a weak coordi-
nation ability with Li*, thereby enabling precise adjustment of
core-shell-like solvation structures due to their amphiphilic
properties.'*4714¢
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4. Other solvents containing
heteroatoms

Apart from esters and ethers, the two predominant types of
solvents, numerous other solvents containing heteroatoms in
their molecular structure also exhibit potential for application
in the electrolytes for LMBs due to the unique effects imparted
by their distinct functional groups. In this section, we will
review the research advancements of representative hetero-
atom-containing solvents, including nitriles, amides, sulfones,
phosphates, and siloxanes.

4.1. Nitrogenous solvents

4.1.1. Nitrile solvents. Owing to the distinctive structure of
the cyano group, nitrile solvents can effectively improve the
high-voltage resistance of the electrolytes. The triple bond in
the cyano group results in high bond energy, confining the
electrons to the low-energy HOMO, which endows nitriles with
exceptional oxidative stability and makes them compatible
with most high-voltage cathode materials.'*” The cyano group
can coordinate with transition metal ions, deactivating the
catalytic activity of metal sites.’*® In addition, nitrile molecules
exhibit superior solvation capabilities attributed to their rela-
tively high dielectric constant. Concurrently, the potent coordi-
nation ability of the cyano group effectively facilitates the
efficient transport of Li*, thereby significantly enhancing the
ionic conductivity of the electrolyte.'*® Therefore, nitrile sol-
vents have extensive applications in fast-charging LIBs.'>>'*!
However, due to the strong unsaturation of the cyano group,
which renders it prone to accepting electrons and undergoing
reductive reactions, nitrile molecules exhibit poor compatibil-
ity with lithium metal and are commonly employed as a minor
additive in LMBs."”>'>® By increasing the concentration of
lithium salt and incorporating functional additives, the
inherent limitations of nitrile solvents can be mitigated to a
certain extent."”*'*® Unfortunately, this strategy fails to over-
come the fundamental drawbacks of the nitrile solvents at the
molecular level. In contrast to the traditional nitrile molecules
using the cyano group as the main functional group, such as
acetonitrile (AN) and succinonitrile (SN), introducing cyano
groups as electron-withdrawing substituents into ether mole-
cules in replacement of the fluorine atoms represents a prom-
ising approach to improve the reductive stability of nitrile sol-
vents."”” Compared with fluorine, the cyano group exhibits a
milder electron-withdrawing effect, which will not significantly
reduce the solvating power of ether solvents. Moreover, the
cyano group and ether oxygen can form a chelating structure
with Li", enhancing the dissociation of lithium salts, and the
reduction of the cyano group can generate N-containing SEI on
LMA, promoting rapid Li" migration and dense lithium depo-
sition. Hence, ethylene glycol bis(propionitrile) ether (AN2-
DME)-based electrolyte containing FEC demonstrates superior
compatibility with LMA. Additionally, AN2-DME-based electro-
lyte can effectively remove the trace H,O and HF in the electro-
lyte, restrain the PFs-catalyzed decomposition of FEC, and
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form a uniform CEI that suppresses the dissolution of Ni**
and HF attack (Fig. 8a).">® Substituting the linear ether chain
with a hexacyclic ether, 4-cyanotetrahydropyran (CNTHP)
achieves a unique non-chelating ligand with Li*, wherein the
nitrogen atom acts as the primary coordination site, facilitat-
ing the formation of a robust SEI and enabling exceptional
performance of LMBs (Fig. 8b).">® In addition, simultaneously
incorporating both the fluorine atom and the cyano group as
substituents into the ether molecule can also achieve accepta-
ble results.'®°

4.1.2. Amide solvents. Compared with other solvents,
amide solvents exhibit a significant advantage in terms of
their non-flammability. At elevated temperatures, amide sol-
vents can generate NCO" radicals, which can effectively termi-
nate the chain propagation reactions and scavenge H" and HO’
radicals, inhibiting the occurrence of combustion.'®" However,
similar to carboxylate esters, amide solvents possess a carbonyl
carbon with partial positive charge, which results in relatively
poor reductive stability. Fortunately, compared with the widely
used ester solvents, amide solvents are anticipated to form
fewer low-ion-conductive inorganic compounds, such as Li,O
and Li,CO;, due to absence of the ester functional groups.
Simultaneously, the presence of nitrogen renders amide mole-
cules susceptible to reduction into Li-N compounds with high
Li" conductivity, which mitigates the increase in interfacial re-
sistance during cycling.>* Therefore, amide solvents can be uti-
lized in LMBs employing the LHCE strategy for their excellent
film-forming ability and safety. As a representative, dimethyl-
acetamide (DMAC) exhibits a high flash point (66 °C), ensur-
ing the compatibility between cycling stability under practical
conditions and nonflammability of electrolytes in LHCE."*"
Similarly, cyclic amide butyrolactam (BL) can promote the
in situ formation of SEI with an abundance of LiF, LizN, and
Li-N-C species, enabling stable cycling of LMBs at 60 °C."®* By
introducing the -CF; group, 2,2,2-trifluoro-N,N-dimethyl-
acetamide (FDMA) exhibits lowered LUMO and HOMO levels,
enhancing its oxidative stability and simultaneously enabling
FDMA to participate in SEI formation at higher potentials.
Attributed to the conjugation between the lone pair electron of
the amino nitrogen and the n electron from the carbonyl
group, the electron density on the nitrogen is reduced, making
it more susceptible to accepting electrons. Therefore, FDMA
will generate small-molecule compounds including LizN
through a three-step decomposition mechanism without
undergoing further reactions (Fig. 8c). Benefiting from the Li-
N species with higher ionic conductivity, denser lithium
deposits and top-down stripping are observed in FDMA-based
electrolyte, which is in stark contrast to the porous deposition
and homogeneous stripping alongside the formation of iso-
lated regions of lithium metal and a larger amount of
decomposition reactions in traditional carbonate electro-
lyte."®® Furthermore, FDMA can be employed in highly fluori-
nated electrolytes as a shielding agent, demonstrating excep-
tional cycling stability and safety performance.'®*'®> In par-
ticular, when a alkyl group on the nitrogen is replaced by a
proton, the resulting amide molecule can form a deep eutectic
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(a) The chelating coordination structure of AN2-DME with Li*, and schematic illustration highlighting the superiorities of AN2-DME-based

electrolyte. Reproduced with permission.*>® Copyright 2024, National Academy of Sciences. (b) Schematics of Li* solvation behavior and SEI evol-

ution in CNTHP-based electrolyte. Reproduced with permission.*>® Copyri
metal surface. Reproduced with permission.'®® Copyright 2020, Springer

ght 2025, Wiley-VCH. (c) Possible chemical reactions of FDMA on lithium
Nature. (d) Schematic representation of the design concept of DFNCA.

Reproduced with permission.*®® Copyright 2023, American Chemical Society.

electrolyte via hydrogen bonding with lithium salts, thereby
further enhancing the safety. By incorporating additives or
modifying lithium salts, potential adverse reactions between
active hydrogen and lithium metal can be effectively mitigated.
Consequently, these amide-based deep eutectic electrolytes
demonstrate favorable performance.'®%*¢”

4.1.3. Carbamate solvents. Similar to the structure of car-
bonates, carbamate molecules simultaneously possess amide
and ester functional groups, leading to poor reductive stability
and inadequate SEI-forming capability, characterized by high re-
sistance and lack of protective properties. Consequently, carba-
mate solvents typically necessitate the incorporation of film-
forming additives like FEC, thus garnering limited attention in
the electrolytes of LMBs. Fortunately, benefiting from the rela-

1386 | EES Batteries, 2025, 1,1371-1397

tively high donor number of ~17.5, carbamates can facilitate the
solvation of some LMA-friendly lithium salts, such as LiNOj,
whose solubility could be increased to 0.5 M in 2,2-difluoroethyl
N,N-diethyl carbamate (DFNCA). Hence, adopting LiNO; as the
main salt, along with lithium difluoro(oxalato)borate (LiDFOB)
and FEC as additives, DFNCA-based electrolyte demonstrates
favorable electrochemical performance (Fig. 8d).'*® Similarly,
cyclic carbamate 3-methyl-2-oxazolidinone (MOX) also demon-
strates enhanced LiNO;-dissolving ability, enabling Li||LFP and
Li| |[NCM622 cells to stably cycle for over 1000 cycles.'**'”°

4.2. Sulfurous solvents

4.2.1. Sulfone solvents. Attributed to their extremely low
HOMO levels, sulfone solvents possess exceptionally high oxi-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dative stability, making them a common choice to be adopted in
high-voltage electrolytes.'””! As a representative, sulfolane (SL)
exhibits a high oxidative decomposition voltage exceeding 5 V (vs.
Li"/Li), along with a high flash point (166 °C), enhancing the
safety profile of the batteries.'”>'”® However, the strong electron-
withdrawing nature of the highly polar sulfonyl group endows
sulfone solvents with high viscosity and insufficient wettability
toward the electrodes and separators.””* Moreover, sulfone sol-
vents exhibit poor compatibility with LMA, leading to the for-
mation of a highly resistive SEI along with the shuttling RSO,™
and RSO;~ species, which consequently causes a significant
increase in charge transfer resistance.’”> Hence, the application of
sulfone solvents in LMBs is restricted. Some research studies have
shown that implementing the LHCE strategy can improve the
compatibility of SL-based electrolytes with LMA, but the Li
plating/stripping CE remains limited to below 99%."7>"7
Nevertheless, the strong electron-withdrawing nature of sulfonyl
group also leads to sufficient dissociation of lithium salts,
enabling SL to readily dissolve LMA-compatible lithium salts,
such as LINO; and LiDFOB, thus enhancing the cycling stability
of LMBs using conventional concentration lithium salts."””'”® In
particular, some sulfone molecules featuring unique unsaturated
structures, such as butadiene sulfone (BDS) and prop-1-ene-1,3-
sultone (PES), can be utilized to construct deep eutectic electro-
lytes, achieving satisfactory outcomes.'”*'® In general, the appli-
cation of sulfone molecules in the electrolytes of LMBs is limited.

4.2.2. Sulfamide solvents. LiFSI and lithium bis(trifluoro-
methanesulfonyl)-imide (LiTFSI) are the two predominant
lithium salts utilized in the electrolytes of LMBs, attributed to
their unique fluoro sulfamide group, which possesses strong
electron-withdrawing effect, enhancing the dispersion of nega-
tive charges and reducing ion pairing to improve the solubility
of the salts. In addition, they exhibit excellent thermostability
along with high ionic conductivity, and have a tendency to
decompose on anodes to form a robust SEI rich in inorganic
lithium salts.’®" Inspired by this, a salt-structure-mimicking
strategy has been proposed and a series of sulfamide solvents
featuring a fluoro sulfamide structure has been developed for
LMBs. N,N-dimethylsulfamoyl fluoride (DMSF) exhibits a struc-
tural similarity to LiFSI, the F atom of which is more conducive
to the formation of LiF on the LMA surface compared with
FEC, enabling uniform and compact lithium deposits
(Fig. 9a)."®> Likewise, N,N-dimethyltrifluoromethane-sulfona-
mide (DMTMSA), which possesses a molecular structure
similar to LiTFSI, can not only effectively suppress side reac-
tions, transition-metal dissolution, stress-corrosion cracking,
and impedance growth on the cathode, but can also facilitate
highly reversible lithium stripping and plating, resulting in a
compact morphology and minimal pulverization (Fig. 9b).
Hence, DMTMSA-based electrolyte can achieve a high cut-off
voltage of 4.7 V in Li||[NCM811 cells."®® Additionally, it can
also inhibit the surface degradation, detrimental gas evol-
ution, and Co dissolution on LiCoO, (LCO) cathode, enabling
over 200 cycles of Li||LCO cells."®* By extending the fluorine
chain, the solvation capability of the sulfamide solvents is
reduced. The bipolar nonafluoro-N,N-dimethylbutane sulfona-
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mide (NFS) features an ion-dissociative polar head and a per-
fluorinated nonpolar tail. The unique structure enables the
formation of capsule-like solvation sheaths through weak
coordination, effectively encapsulating polar molecules within
the primary solvation shell and thereby significantly reducing
the detrimental decomposition of the solvents (Fig. 9c).
Therefore, NFS-based electrolyte can achieve a high energy
density of 440 Wh kg ™" in pouch cells.'®® Other than extending
the fluoro chain, replacing the dimethylamino group with a
cyclic amino group can also modulate the steric and electronic
properties, thereby enabling enhanced contact ion pairs for
the formation of an anion-derived SEI (Fig. 9d). Consequently,

N-azetidine-trifluoromethanesulfonamide (TFSAT),
N-pyrrolidine-trifluoromethanesulfonamide (TFSPY),
N-piperidine-trifluoromethanesulfonamide ~ (TFSPP), and

N-morpholine-trifluoromethanesulfonamide ~ (TFSMP)  all
demonstrate excellent compatibility with both LMA and high-
voltage cathodes.'8¢7'88

4.3. Phosphate solvents

Phosphate molecules are widely employed as highly effective
flame-retardant additives in LIBs/LMBs.'®>'°° They can inhibit
combustion via radical elimination reactions, thereby effec-
tively suppressing the chain reactions that sustain combus-
tion.'! Taking the commonly used trimethyl phosphate (TMP)
and triethyl phosphate (TEP) as examples, liquid TMP/TEP
evaporates into the gaseous phase in the flame environment
and undergoes thermal decomposition to generate phos-
phorus-containing free radicals like PO’, which subsequently
combines with H" and HO" species to effectively suppress the
combustion process. However, due to the incompatibility of
phosphate solvents with LMA, it is challenging to utilize them
as primary solvents in LMBs unless the solvation structure is
precisely  optimized or  functional additives are
introduced.'®*** By introducing specific functional groups, it
is expected that molecular-level optimization of phosphate sol-
vents will be achieved. Inspired by the highly stable DME, an
ether-functionalized phosphate molecule, diethyl (2-methoxy
ethoxy) methyl phosphonate (DMEP), has been proposed
(Fig. 9¢). The incorporation of the DME segment enhances the
dielectric constant of DMEP, thereby increasing the stability of
the AGG-dominated solvation structure and avoiding the salt
precipitation in TEP-based LHCE. Therefore, DMEP-based elec-
trolyte demonstrates an enhanced SEI-forming ability and alle-
viated structural degradation of the NCM811 cathode at 4.7 V,
while simultaneously maintaining excellent safety character-
istics.’®® As mentioned above, the cyano group exhibits strong
complexation with transition metals, effectively inhibiting
their dissolution and thereby ensuring the structural stability
of the cathode. Hence, by incorporating a cyano group into the
phosphate molecule, diethyl (2-cyanethyl) phosphonate
(DCEP) can form a stable seven-membered chelating structure
with Li*, which facilitates the formation of an inorganic-rich
electrode—-electrolyte interphase with high robustness, thus
enabling the outstanding cycling stability of Li||[NCMS811 cells
(>300 cycles) (Fig. 9f)."”” The fluorination strategy demon-
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strates comparable efficacy for phosphate molecules, which
not only optimizes the SEI but also markedly enhances high-
voltage stability. Consequently, 2-(2,2,2-trifluoroethoxy)-1,3,2-
dioxaphospholane 2-oxide (TFEP)- and (2-trifluoroethoxy ethyl)
bis(trifluoroethoxy) phosphate (FEBFP)-based electrolytes can
enable stable cycling of Li||LiMn,s0, (LMO) or Li||LNMO
cells with a high cutoff voltage (>4.9 v)."9%'%°

4.4. Siloxane solvents

Siloxane molecules are distinguished by Si-O bonds, where
the silicon atom possesses 3d empty orbitals that can accept

1388 | EES Batteries, 2025, 1, 1371-1397

the lone pair electron from the adjacent oxygen atom, thereby
forming a d-p conjugation analogous to p-m conjugation in
ester molecules. The energy level of the molecular orbital
formed via Si-O conjugation is substantially lower than that of
the initial oxygen atomic orbital. This results in a greater con-
finement of non-bonding electrons and a significantly reduced
HOMO energy level in siloxanes compared with ethers, signifi-
cantly enhancing their oxidative stability (Fig. 10a).>°° In
addition, owing to their structural similarity to ethers, silox-
anes exhibit excellent compatibility with LMA. The conjugation
effect additionally results in the Si-O bond possessing a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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higher flexible force constant compared with the C-O bond,
which suggests that siloxanes have superior chemical stability.
Therefore, dimethyl dimethoxy silane (DMMS)-based electro-
lytes demonstrate outstanding performance, enabling 1.4 Ah-
level Li|[NCM811 pouch cell to cycle stably for 140 cycles with
a capacity retention of 96%. Additionally, the DMMS-based

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

electrolyte facilitates the formation of an organic SEI enriched
with Si-O species, which has rapid ion transport kinetics and
superior mechanical stability (Fig. 10b). Compared with a tra-
ditional organic SEI containing ROCO,Li and ROLI, such a Si-
rich SEI exhibits less decomposition and reconstruction
during long-term operation, thereby significantly enhancing

EES Batteries, 2025,1,1371-1397 | 1389
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the cycling stability under low-temperature conditions and
enabling the Li||[NCMS811 cell to retain its discharge capacity
even at an extremely low temperature of —114.05 °C.>**

Fluorination further enhances the oxidative stability of
siloxane molecules while modifying the solvation structure.
3,3,3-trifluoropropyl trimethoxy silane (TFTMS)-based electro-
lyte possesses higher ionic conductivity compared with
DMMS-based electrolyte, accelerating the reaction kinetics.***
Meanwhile, the weakly solvating ability of TFTMS facilitates
the stabilization of solvation structures enriched in anions,
effectively suppressing dissolution of lithium polysulfides and
thereby endowing Li/FeS, cells with a long lifespan
(>4000 h).>>* As a semisolvated solvent, 3,3,3-trifluoropropyl
methyl dimethoxy silane (DMOTFS) integrates both solvated
and non-solvated fragments within a single molecule, mini-
mizing the saturation concentration of lithium salts and con-
structing a solvation structure akin to that of LHCEs with a
moderate lithium salt concentration (Fig. 10c).”** Meanwhile,
DMOTFS can enhance the decomposition extent of LiFSI,
enriching SEI with LiF rather than S-F species, and thus facili-
tating the stable cycling of LMBs.?> In addition, in Li||LCO
cells, DMOTFS tends to adsorb onto the surface of the LCO
cathode, triggering the sacrificial release of F atoms and conse-
quently forming a passivation layer that suppresses the cata-
lytic activity of the electrolyte (Fig. 10d). Therefore, the
DMOTFS-based electrolyte can also enable stable long-term
cycling of Li||LCO cells for 250 cycles with a cutoff voltage of
4.6 V.2

Through hypermethylation, some other siloxane molecules
containing two silicon atoms demonstrate reduced solvating
ability and outstanding performances. Tetramethyl-1,3-
dimethoxydisiloxane (TMMS) features a fully methylated struc-
ture, which can effectively increase the dehydrogenation
energy barrier, further mitigating the oxidative decomposition
of the electrolyte.”*” As recessive solvents incapable of dissol-
ving lithium salts, 1,2-bis(trimethylsilyloxy)ethane (BTE) and
1,3-bis(trimethylsilyloxy)propane (BTP) can construct mole-
cular-docking electrolytes with the assistance of inducers,
such as fluorinated benzene and halide alkane compound,
driven by an atypical hydrogen bond effect. Such a hydrogen
bond effect can lead to the conformational change of the
recessive solvents, concurrently lowering their electrostatic
potential and promoting Li" solvation. Therefore, the mole-
cular-docking electrolytes exhibit a dynamic Li‘-solvent sol-
vation/desolvation process driven by the dynamic inducer-
recessive solvent docking/undocking process, which signifi-
cantly enhances the desolvation kinetics (Fig. 10e).
Consequently, the BTP-based electrolyte endows Li||NCM811
cells with ultra-long lifespan (700 cycles with a capacity reten-
tion of 90%).>°%

5. Summary and outlook

The design of solvent molecular structures plays a crucial role
in constructing advanced electrolyte systems for LMBs. The
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integration of functional groups with distinct functionalities at
the molecular level can compensate for the intrinsic
deficiencies of solvent molecules, markedly enhancing their
adaptability, which remains unattainable through the simple
physical blending of different solvents. This review systemati-
cally summarizes recent advances in the design of novel elec-
trolyte solvents for LMBs, critically evaluates the strengths and
limitations of various solvent molecules including esters,
ethers, nitrogenous solvents, sulfones/sulfamides, phosphates,
and siloxanes, and distills fundamental design principles. The
distinct characteristics of various solvent types are summar-
ized in Fig. 11. The primary molecular modification strategies
currently employed encompass fluorination, adjustment of the
main-chain length, modulation of steric hindrance, incorpor-
ation of functional branches, and synergistic integration of
multiple functional groups. It can be detected that novel elec-
trolytes can be intrinsically designed with multi-functionality
and high performance through rational molecular structure
optimization. This can also effectively circumvent cost-related
issues arising from complex electrolyte formulation and the
ambiguity associated with synergistic mechanisms of various
components.

Certainly, the design of new solvent molecules necessitates
comprehensive consideration of different properties to satisfy
compatibility with the LMA and the prospects for practical
applications, including both oxidative and reductive stability,
sufficient salt solubility, a wide liquid temperature range, cost-
effective and straightforward synthesis methods, as well as
adequate safety. Unfortunately, although a variety of novel
solvent molecules have been proposed, most still suffer from
unavoidable intrinsic limitations, such as the insufficient
reductive stability of esters and the inadequate oxidative stabi-
lity of ethers. Therefore, continued efforts are still required to
deepen the comprehensive understanding of the molecular
design principles in order to address these challenges in
future research, and the following design concepts need to be
carefully considered.

(1) As a representative molecular modification strategy,
fluorination can modulate the electron cloud distribution of
molecules through the electron-withdrawing effect of fluorine
atoms. This leads to enhanced oxidative stability and the for-
mation of a fluorine-rich interfacial layer on the anode side,
thereby substantially improving the electrochemical perform-
ance of the solvent. Moreover, fluorine atoms can efficiently
bind to hydrogen radicals, thereby interrupting the combus-
tion chain reaction and reducing the likelihood of thermal
runaway in batteries. However, the associated high cost and
environmental concerns have limited practical commercial
application of fluorination. The research focus should be
placed on low-cost and environmentally friendly non-fluori-
nated molecules, with the attempt to utilize the steric effect or
the synergistic interactions of multiple functional groups, thus
achieving effects comparable to fluorination.

(2) Most solvent molecules are unable to simultaneously
satisfy the dual requirements of reductive stability and oxi-
dative stability. For instance, ester solvents typically require

© 2025 The Author(s). Published by the Royal Society of Chemistry
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film-forming additives such as FEC to facilitate the formation
of a stable SEI layer that suppresses continuous side reactions
at the anodes, and ether solvents frequently necessitate the
implementation of the LHCE strategy to improve the overall
high-voltage tolerance of the electrolyte. Owing to the unique
conjugation effect of the Si-O bond, siloxane molecules are
among the few solvents that exhibit excellent oxidation and
reduction stabilities simultaneously, and are therefore con-
sidered as a promising direction for the development of next-
generation solvents.

(3) Through molecular structural modification, the cycling
stability and wide-temperature performance of the electrolytes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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have been significantly improved, while solvents that can sim-
ultaneously achieve high safety remain scarce. During the early
stage of battery operation, abusive conditions may induce
decomposition of organic solvents, leading to a rapid tempera-
ture increase and potentially triggering thermal runaway.
Upon battery rupture, internally released combustible gases
can readily react with ambient oxygen, resulting in immediate
ignition or even explosion. Therefore, solvent screening should
prioritize critical safety parameters, including boiling/flash
point, thermal stability, and inherent flame-retardant pro-
perties, to ensure overall battery safety. Extending the mole-
cular chains can enhance the intermolecular contact area,
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thereby strengthening the intermolecular forces, which in turn
effectively increases the boiling/flash points. Under high-temp-
erature conditions phosphates and fluorinated solvents are
capable of generating free radicals, such as PO" and F’, which
can effectively react with H" and OH" produced during the
decomposition of organic solvents, thereby interrupting the
chain reaction and preventing combustion. Furthermore, silox-
anes exhibit excellent inherent thermal stability and can be
activated by metallic lithium under high-temperature con-
ditions to undergo condensation reactions, leading to the for-
mation of a thermally stable polysiloxane network.>*
Consequently, these solvents demonstrate favorable safety
characteristics, and when combined with optimized electro-
chemical performance, they hold great potential for enabling
practical and inherently safe LMBs.

(4) Given the vast diversity of solvent molecules, conducting
individual testing and screening for each one is exceedingly
labor-intensive and impractical. By leveraging machine learn-
ing, various molecules can be efficiently processed through
batch theoretical calculations and molecular dynamics simu-
lations, allowing for the systematic acquisition of physical and
chemical properties at the theoretical level, which effectively
supports the molecular design and screening.*'°>'* Deep
learning can transform molecular structures into mathemat-
ical features (vectors) that are interpretable by machine learn-
ing models through graph neural networks or the extraction of
physicochemical descriptors, thereby enabling high-through-
put molecular screening. By analyzing the multidimensional
parameters of each molecule in a virtual database, key indi-
cators of interest to researchers—such as potential solvation
structures, SEI compositions, and electrochemical properties
—can be predicted. This approach allows for a significant and
efficient reduction in the pool of solvent candidates, thereby
streamlining the screening and formulation of solvents and
electrolytes. Nevertheless, machine learning remains heavily
reliant on databases, making the construction of high-quality
and standardized datasets continue to be the primary chal-
lenge. Efforts from data-sharing communities and automated
experimental platforms are currently addressing this issue.
Furthermore, most current machine learning models focus on
predicting final performance based on initial states, but the
modeling of complex dynamic interfacial evolution during
battery cycling remains in its early stages.

(5) Despite achieving excellent electrochemical perform-
ance, liquid electrolytes still have the inherent defect of
flammability. Compared with liquid electrolytes, solid electro-
lytes are non-flammable and exhibit sufficient mechanical
strength to inhibit the penetration of lithium dendrites,
thereby significantly enhancing battery safety. Furthermore,
solid-state batteries can be designed with a compact bipolar
stacking configuration, enabling the integration of more active
materials within a limited volume, which leads to improved
energy density and a simplified battery pack structure.
Consequently, solid electrolytes hold promising potential as
an alternative to liquid electrolytes in future lithium metal bat-
teries. However, apart from a few sulfide-based materials, most
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solid electrolytes suffer from low room-temperature ionic con-
ductivity and various interfacial challenges, which hinder their
electrochemical performance. Additionally, their fabrication
often involves complex processes, such as high-temperature
sintering, resulting in higher production costs and incompat-
ibility with existing battery manufacturing lines. Therefore, sig-
nificant efforts are still required to overcome these barriers
and realize the practical application and industrialization of
solid electrolytes.
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