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Carbonate-based electrolytes have significantly advanced the practical applications of lithium batteries
(LBs) in various fields. However, commercial carbonate-based electrolytes exhibit sluggish desolvation
behavior, resulting in poor performance of LBs under fast-charging and low-temperature conditions. In
contrast, weakly solvating electrolytes (WSEs) have demonstrated rapid desolvation due to relatively
weak Li*-solvent interactions. This review summarizes the recent progress of molecular design
strategies for WSEs. First, the origins and characteristics of WSEs are analyzed. The dielectric constant
(¢) and donor number (DN) of solvents affect the interactions among Li*, solvents, and anions, which
are critical for the formation of WSEs. Both theoretical calculations and experimental characterizations
are introduced to afford qualitative or quantitative WSE investigation. The solvent molecule design
strategies for WSEs are summarized, including increasing steric hindrance, reducing the number of
donor atoms, and reducing the negative charge on donor atoms. Finally, insightful perspectives are
proposed to advance the development of WSEs in practical LBs.

Keywords: Lithium batteries; Weakly solvating electrolytes; Solvation structures; Molecular simulations; Solid
electrolyte interphase

Introduction

Lithium (Li) ion batteries (LIBs) have been extensively applied in
various practical applications, including electric vehicles, porta-
ble electronic devices, and large-scale smart grids [1-5]. Neverthe-
less, routine LIBs are falling short of meeting the increasing
requirement for an energy density higher than 500 Wh kg™*, pri-
marily due to the limited specific capacity of graphite anodes
(372 mAh g ') [6,7]. This limitation in energy density directly
affects the range of electric vehicles. Consequently, there is an
urgent need to explore emerging battery systems with ultrahigh

* Corresponding authors at: Tsinghua Center for Green Chemical Engineering Electrification
(CCEE), Beijing Key Laboratory of Green Chemical Reaction Engineering and Technology,
Department of Chemical Engineering, Tsinghua University, Beijing 100084, China.

E-mail addresses: Chen, X. (xiangchen@mail.tsinghua.edu.cn), Zhang, Q. (zhang-giang@-
mails.tsinghua.edu.cn).

energy density. Among available anode materials, Li metal stands
out because of its very low electrode potential (—3.04 V vs. the
standard hydrogen electrode) and ultrahigh theoretical specific
capacity (3860 mAh g ') [8-14]. For cathodes, high-voltage
materials such as Li-rich layered oxides and nickel-rich layered
oxides are promising choices for increasing the battery energy
density [15-22]. High-voltage Li metal batteries (LMBs) are antic-
ipated to achieve ultrahigh energy density to address range anx-
iety. However, these systems encounter numerous challenges in
advanced energy materials, emerging energy chemistry, and
related device manufacture.

The reactions between organic electrolytes and Li metal
anodes render the formation of solid electrolyte interphase
(SEI) [23-27]. Chemically unstable and mechanically fragile SEIs
can induce dendrite growth, further resulting in several issues:
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(1) cell short circuits, (2) aggravated adverse reactions, (3) evolu-
tion of dead Li from dendrites, and (4) large volume changes [28—
30]. Similarly, a cathode electrolyte interphase (CEI) forms on a
cathode surface. Loose CEIs can lead to cathode degradation, par-
ticularly under high-voltage conditions, further exacerbating the
undesired reactions between the electrolyte and the cathode.
Therefore, the formation of SEI and CEIs with excellent proper-
ties is important. The physicochemical properties of SEIs and
CElIs, which are strongly determined by the electrolyte decompo-
sition in a working battery, are crucial for the safe and efficient
operation of high-voltage LMBs [31-35].

To address the aforementioned issues, many strategies have
been proposed to design effective electrolytes, including design-
ing novel electrolyte additives and organic solvents and optimiz-
ing the salt concentration [36-41]. In particular, high-
concentration electrolytes (HCEs) (3-5 M) and localized high-
concentration electrolytes (LHCEs) have been distinguished for
their ability to form SEIs and CEIs that are rich in inorganic com-
ponents (LiF, Li,O, and Li3N) by increasing the salt concentra-
tion to incorporate anions into Li* solvation shells [42-45].
Inorganic-rich SEIs have demonstrated high Li plating and strip-
ping Coulombic efficiency (CE) [46]. Inorganic-rich CEIs render
improved compatibility with high-voltage cathodes [46-48].
Despite significant progress, HCE still suffers from high viscosity
and cost. LHCE addresses the challenges of high viscosity and
cost, but current diluents primarily consist of low-boiling-point
fluorinated ethers, which limits its high-temperature applica-
tions [39].

Recently, weakly solvating electrolytes (WSEs) have been pro-
posed to produce a solvation structure similar to that of HCEs
and LHCEs at low salt concentrations. These WSEs have shown
excellent performance in high-voltage LMBs. For instance, Li
et al. [49] demonstrated that selective methylation of 1,2-
dimethoxyethane (DME) o-H atoms can simultaneously increase
the Li plating and stripping CE to over 99.7% and improve the
anodic stability of working electrolyte up to 5.0 V. Methylation
enhances the steric hindrance of the solvent, resulting in
increased contact ion pairs (CIPs) and aggregates (AGGs), which
promotes the formation of LiF-rich SEIs and alleviates the elec-
trolyte decomposition. Unlike HCEs and LHCEs, WSEs reduce
the interactions between Li* and solvent molecules to allow
anions to enter the Li* solvation shells. Meanwhile, this weak-
ened interaction between Li* and solvent molecules can facilitate
the desolvation process of Li* [50]. As a result, WSEs are also uti-
lized in low-temperature and fast-charging batteries. For
instance, Ma et al. [51] reported that using dimethoxymethane
(DMM) as a solvent for low-temperature LMBs allows for uniform
Li deposition morphology and high plating and stripping effi-
ciency (97.87% at —40°C). In addition to the inorganic-rich SEIs
formed by the anion-rich solvation structures, the rapid desolva-
tion process also contributes to uniform and efficient Li deposi-
tion. Since Zhang and co-workers [52] firstly proposed the
concept of WSEs in 2021, these electrolytes have exhibited excel-
lent performance under high-voltage, fast-charging, and low-
temperature conditions [53-57]. Recently, the design principles
of WSEs have been reviewed, focusing on the selection of Li salts
and solvents in the electrolytes [58-61]. However, the design
mechanisms of solvent molecules for WSEs still require further

discussion. While the number of Li salts is limited, there is a vast
array of solvent molecules available.

This review aims to afford insights into the molecular design
of WSEs. First, the characteristics of WSEs are analyzed, including
the weak solvating power of solvents and anion-rich solvation
structures. Next, characterization methods for WSEs are intro-
duced, encompassing Fourier transform infrared spectroscopy
(FTIR), Raman spectroscopy, nuclear magnetic resonance
(NMR), density functional theory (DFT), and molecular dynam-
ics (MD) simulations. Subsequently, solvent molecule design
strategies for WSEs are summarized, focusing on ethers, epoxides,
fluorinated ethers, fluorinated esters, and siloxanes. Finally,
insightful perspectives on electrolyte design are presented to pro-
mote the practical applications of WSEs in rechargeable batteries.

Characteristics of WSEs

WSEs refer to a situation where Li*—solvent and Li*-anion inter-
actions are regulated to induce anion-dominated Li* solvation
shells [34,60]. This anion-rich solvation structure can be
achieved by weakening the Li*—solvent interactions or enhanc-
ing the Li*—anion interactions [62]. These interactions can be reg-
ulated by selecting appropriate Li salts and solvents.
Consequently, WSE design strategies can be categorized into sol-
vent engineering and salt engineering, with a primary focus on
the former due to the limited variety of Li salts and the broader
design space of solvents (Section 4) [63]. In solvent engineering,
WSE typically employ solvents with weak solvating power while
still ensuring the dissolution of Li salts. The key parameters for
evaluating the solvating power of solvents include dielectric con-
stant, donor number (DN), and electrostatic potential (ESP). A
brief introduction to each parameter is provided as follows.

(1) Dielectric constant: The dielectric constant of a solvent is
defined as the ratio of the capacitance of a capacitor using
the solvent as the dielectric to the capacitance of the same
capacitor in a vacuum. This value reflects the ability of sol-
vents to weaken the Coulombic interactions between Li*
and anions in Li salts. Solvents with a high dielectric con-
stant can largely weaken interactions between Li* and
anions in the electrolyte, generally leading to a strong sol-
vating power [64-67]. For instance, ethylene carbonate
(EC), with a dielectric constant of 89.6, possesses strong
solvating power, whereas benzene exhibits weak solvating
power with a dielectric constant of 2.3 [68].

(2) DN: The donor number of a solvent is defined as the stan-
dard molar reaction enthalpy of the solvent with antimony
pentachloride in the 1,2-dichloroethane solvent. This
value reflects the strength of interactions between donor
atoms on solvent molecules and acceptor atoms. Solvents
with a higher donor number usually deliver a stronger
interactions with Li* and therefore exhibit a stronger sol-
vating power [69-73]. For instance, DME and benzene,
with a donor number of 20 and 0.1 kcal mol !, have strong
and weak solvating power, respectively [74].

(3) ESP: Benzene has a low dielectric constant and donor num-
ber, leading to weak solvating power. However, for solvents
like EC and DME, the relative solvating power cannot be
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accurately determined by the dielectric constant or donor
number alone. To address this, new parameters such as
ESP [68], p value [75], and relative solvating power [76]
have been proposed to describe solvating power. For
instance, He et al. [68] proposed using ESP as a solvating
power descriptor and employed ESPpi, — ESPpax plots to
identify strong solvating solvents, weak solvating solvents,
and anti-solvents.

Descriptors such as dielectric constant, DN, ESP, f value, and
relative binding energy play a significant role in the quantitative
description of solvating power. To accurately describe solvating
power, new descriptors, including the geometric properties of
solvents and anions, as well as solvent-anion and solvent-sol-
vent interactions, can be further considered. The consideration
of geometric properties is important because the space around
Li* is limited. Solvent-anion and solvent-solvent interactions
offer a complete understanding of the fundamental interactions
within electrolytes. Solvating power is a complex phenomenon
influenced by multiple interactions, requiring assessment with
various descriptors. Symbolic learning, a powerful machine
learning approach, can analyze this multidimensional data and
identify key feature combinations for predicting solvating power.

Solvents with weak solvating power are beneficial for con-
structing an anion-rich solvation structure and forming WSEs.
The relationships between descriptors, interactions, solvating
power, and solvation structures remain unclear, and even the
definition of solvating power varies. It is essential to clarify these
relationships in detail (Fig. 1). Solvents (or anions) with a higher
donor number indicate stronger Li*—solvent and Li*-anion inter-
actions [77]. In contrast, the dielectric constant reflects the
extent to which solvents weaken Li*-solvent and Li*-anion
interactions [78]. Additionally, steric hindrance greatly affects
Li*—solvent and Li*-anion interactions, as large steric hindrance
prevents solvents from effectively binding with Li* [79]. There-
fore, donor number, dielectric constant, and steric hindrance col-
lectively determine Li*-solvent and Li*—anion interactions. The
definition of solvating power remains ambiguous. Currently,
Chen et al. [80] suggest that solvating power depends solely on
the strength of Li*-solvent (ion-dipole) interactions. The solva-
tion structure results from the competitive coordination between
solvents and anions with Li*. WSEs exhibit both anion-rich sol-
vation structures and weak solvating power, making them widely

applicable in fast-charging, low-temperature, and high-voltage
LBs.

Theoretical and experimental characterization

methods for WSEs

The electrolyte is a crucial component of a working battery, influ-
encing its safety, lifespan, fast-charging, and low-temperature
performances. The bulk properties (solvation structure, Li salt
solubility, and ionic conductivity, etc.) and interfacial properties
(Li* desolvation, electrochemical window, etc.) depend on the
fundamental cation-solvent, cation-anion, and anion-solvent
interactions in electrolytes [81,82]. Interactions between Li"
and solvents or anions affect the redox stability of the solvents
and anions, further regulating the reaction behaviors of these
components [83,84]. For instance, the compatibility of WSEs
with Li metal renders the anion-rich solvation structure, which
promotes the formation of inorganic-rich SEIs. Therefore, under-
standing fundamental interactions and solvation structures is
essential to rational selection and design of working electrolyte.
Theoretical calculations, such as DFT and MD, along with exper-
imental techniques like NMR, FTIR, and Raman spectroscopy,
can reveal the microstructure of electrolytes (Fig. 2). This section
introduces various characterization methods and discusses their
roles in addressing key scientific issues in WSE investigation.

(1) DFT: DFT obtains the charge density distribution of a sys-
tem by solving the Schrodinger equation, thereby deter-
mining the ground state properties of the system. DFT
has extensive applications in studying the static chemical
properties of electrolytes. The difference in binding energy
between Li*-solvent and Li*-anion affects the solvation
structures and the solubility of Li salts [85]. ESP can be
employed to identify the binding sites of solvents toward
a Li* and predict the reactive sites within solvation struc-
tures [86]. The lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital
(HOMO) energy levels are related to the redox stability of
electrolyte components [87]. For instance, Chen et al.
[78] elucidated the role of solvation effects in regulating
Li salt solubility at an atomic level through DFT calcula-
tions. The solvation effects can weaken Li*-solvent and
Li*—anion interactions, with the dielectric constant playing
a crucial role. A larger binding energy between Li* and

Li*—solvent < Li*—anion \4 Q/
) [~ ) Li*
/ . Anion

Solvent1

Low dielectric constant
; Low donor number
Routine electrolytes

Weakly solvating electrolytes \
Solvent-rich solvation structures

Anion-rich solvation structures Solvent2

FIG. 1

The characteristics and key factors of WSEs. The donor number and dielectric constant are present as an example. Solvent1 and solvent2 represent strong
solvating solvent and weak solvating solvent, respectively.
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FIG. 2

Combining theoretical calculations and experimental techniques in WSE
development.

anion can make Li salts more difficult to dissolve to some
extent. Specifically, the dissolution behavior of lithium
nitrate (LiNO3) was predicted and further verified by exper-
imental characterizations.

(2) MD: MD simulations obtain atomic trajectories by numer-
ically solving motion equations for molecular systems
based on classical mechanics. Statistical analysis of these
trajectories affords insights into the dynamic properties
of electrolytes [88-90]. Various physicochemical proper-
ties, such as dielectric constant, ionic conductivity, and
diffusion coefficient, are typically determined experimen-
tally, which is expensive and unfavorable for high-
throughput screening of electrolytes. Yao et al. [91] calcu-
lated the dielectric constant of electrolytes via MD simula-
tions and constructed a corresponding database to
facilitate efficient electrolyte screening. Visualization of
atomic trajectories offers fresh insights into the solvation
structures [92-94]. While techniques such as NMR, FTIR,
and Raman spectroscopy afford related information, they
often lack comprehensive atomic-level understanding.
Ravikumar et al. [95] employed MD simulations to investi-
gate the impact of different concentrations (0.06-4.0 M) of
EC-lithium hexafluorophosphate (LiPFs) electrolytes on
their transport and structural properties. Their findings
indicate that increasing concentration shifts the predomi-
nant solvation structure from solvent separated ion pairs
(SSIPs, Li* is surrounded by solvents) in dilute states to
AGGs, significantly affecting the transport properties of
the electrolytes.

(3) NMR: NMR uses the resonance of atomic nuclei with radio
frequency electromagnetic waves in a strong electrostatic
magnetic field to produce radio frequency electromagnetic
spectra that reflect the internal structure of the sample.
NMR can detect changes in the microstructure of elec-
trolytes at an atomic scale and is widely employed in elec-
trolyte studies [96,97]. For instance, Bogle et al. [98] used
70 NMR to analyze Li*-EC and Li*-dimethyl carbonate
(DMC) interactions in a series of 1.0 M LiPF, binary solvent
mixtures of EC and DMC. It was observed that the most
obvious changes in '”O chemical shift occurred at the car-
bonyl oxygen of EC, indicating that Li* strongly prefers EC
over DMC, primarily coordinating with carbonyl rather
than ethereal oxygens. Unlike one-dimensional NMR,
two-dimensional NMR can detect weak long-range interac-

tions, such as anion-solvent and solvent-solvent interac-
tions. Wahyudi et al. [99] have made a detailed review of
the applications of two-dimensional NMR in electrolytes.
(4) FTIR and Raman spectroscopy: Both FTIR and Raman spec-
troscopy are categorized under molecular vibration spec-
troscopy. FTIR corresponds to the asymmetric vibration
of polar groups, while Raman spectroscopy reflects the
symmetric vibration of nonpolar groups. The two methods
are effective in analyzing electrolyte microstructures, such
as the changes in Li* solvation shells and anion coordina-
tion structures [100-102]. For instance, Efaw et al. [103]
employed Raman spectroscopy to reveal unique micellar
structures presented in LHCEs, where solvents function
as surfactants between insoluble salts in the diluent. When
LiFSI is dissolved in DME, the C-O stretching vibration
(820-850 cm™!) of pure DME reduces, and blue shifts to
873-877 cm ™!, corresponding to the interactions between
Li* and ether oxygen atoms. DME and tris(2,2,2-trifluoroe
thyl)orthoformate (TEFO) are miscible, while LiFSI exhibits
minimal solubility in TEFO. Raman spectroscopy confirms
the observation by demonstrating that peaks in the 820-
870 cm ™! range are retained in both TFEO and LHCE.

Although DFT, MD simulations, NMR, FTIR, and Raman spec-
troscopy all have unique advantages in probing the solvation
structures of WSEs, each method has its own limitations. In order
to have a comprehensive understanding of the solvation struc-
tures and the interactions, it is important to combine the afore-
mentioned methods. The following section focuses on the
design strategies of solvent molecules for WSEs, offering a
detailed analysis of how these technologies work together to
enhance our understanding of the solvation structures of WSEs.

Design strategies of solvent molecules for WSEs

Solvent molecule design for WSEs requires a comprehensive
understanding of both molecular characteristics and solvent
properties. From a mechanistic perspective, the key to designing
solvent molecules for WSEs lies in weakening the Li*-solvent
interactions. At the molecular level, factors including steric hin-
drance of solvent molecules and the type, number, and negative
charge of the coordinating atoms can be considered. Molecules
with large steric hindrance hinder the coordination of Li* with
solvent molecules. The coordination ability of different atoms
varies, with O atoms generally having stronger coordination abil-
ities with Li* compared to F atoms. Furthermore, molecules with
more than two coordinating atoms can form chelation interac-
tions between Li* and solvent molecules. The interactions
between Li" and solvent molecules are primarily electrostatic,
and the charge of the coordinating atoms plays a crucial role in
determining the coordination strength. At the solvent level,
important parameters such as DN and dielectric constant can
be considered. DN is a thermodynamic parameter that reflects
the steric hindrance of the solvent molecules as well as the type,
number, and negative charge of the coordinating atoms. The
dielectric constant indicates the extent to which the Li*—solvent
and Li*-anion interactions are weakened. In the following sec-
tion, we summarize five design strategies for specific solvent
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molecules in WSEs, taking into account these molecular and
solvent-level factors.

Linear ether solvent molecules

Regulating the chelation of solvent molecules and increasing the
steric hindrance of solvent molecules are two key strategies for
designing ether-based WSEs. Chelation refers to the process
where two or more coordinating atoms (such as O) within the
same ligand coordinate with a single metal ion (such as Li"),
forming a cyclic complex known as a chelate. Chelation can
enhance the interactions between Li* and solvents. Therefore,
weakening or eliminating the chelation effect is a crucial
approach in the rational design of solvent molecules for ether-
based WSEs. Ether solvent molecules with only one O atom do
not form chelates when interacting with Li*, generally resulting
in weak solvating power [104-108]. For instance, Ma et al.
[109] reported a WSE based on the butyl methyl ether (BME) sol-
vent, which demonstrated compatibility with both sulfurized
polyacrylonitrile (SPAN) cathode and Li metal anode. Compared
to DME, the interactions between BME and Li* are weaker, due to
its characteristic of possessing only one O atom. Specifically, the
binding energy of Li'~-DME (—2.84 eV) is much larger than that
of Li'-BME (—1.74 eV) according to DFT calculations (Fig. 3a).
Additionally, NMR fitting indicates that the DN of BME
(16.6 kcal mol™') is lower than that of DME (20.0 kcal mol ™).
The DFT and NMR results collectively suggest that the interac-
tions between Li* and BME is weaker than that between Li*
and DME. Raman spectroscopy was further employed to investi-
gate the differences in the solvation structures of the two elec-
trolytes. Specifically, the spectral region between 700 and
780 cm ™!, corresponding to the S-N-S stretching vibration,
was analyzed. Compared to the 1.0 M LiFSI BME electrolyte,
the 1.0 M LiFSI DME exhibited a red shift of the S-N-S stretching
vibration peak, which can be attributed to the presence of more
free FSI". MD simulations further explored the solvation struc-
ture of the electrolytes, revealing that the FSI™ coordination
number in 1.0 M LiFSI DME and 1.0 M LiFSI BME electrolytes
is 0.2 and 1.8, respectively. Ethers containing a single O atom
are typical weakly solvating solvents widely used in low-
temperature and fast-charging applications [105,107,108].

In addition to preventing the formation of chelates, weaken-
ing the chelation effect can also aid in designing solvents with
weak solvating power. The strength of the interactions between
Li* and solvents is related to the size of the chelate ring. It is gen-
erally agreed that five-membered and six-membered rings are rel-
atively stable. Therefore, for ethers containing two O atoms, the
solvating power can be adjusted by changing the number of C
atoms between the two O atoms for ethers containing two O
atoms [111-113]. Ma et al. [111] reported a DMM-based elec-
trolyte with a weak solvating power, which exhibits a low desol-
vation energy. DMM has a low dielectric constant of 2.7, making
it a potential weakly solvating solvent. The binding energy of
Li'-DMM (-2.57 eV) is lower than that of Li*-DME
(—2.84 eV), which can be explained by the stability of the com-
plex formed by solvent and Li* (Fig. 3c). Specifically, Li'-DMM
forms a four-membered ring structure, which is less stable com-
pared to the five-membered ring structure formed by Li*~-DME.
Subsequently, LiFSI was dissolved in both solvents to form

1.0 M electrolytes. The ’O peak of 1.0 M LiFSI DMM shifts
upfield compared to that of 1.0 M LiFSI DME, indicating stronger
Li*-anion interactions in the DMM electrolyte (Fig. 3d). Accord-
ing to MD simulations, the solvation structures of DMM and
DME are Li*(DMM); »(FSI7);7 and Li*(DME); 5(FSI7);.4, respec-
tively. Compared to the DME electrolyte, the DMM electrolyte
with solvation shells containing fewer and weaker coordinating
solvents renders faster desolvation Kinetics. Electrochemical
impedance spectroscopy (EIS) was employed to determine the
activation energy of the desolvation process for the DMM and
DME systems, which were 54.37 and 53.18 kJ mol~}, respectively
(Fig. 3e). Due to the anion-rich solvation structure and rapid des-
olvation process, Li||LTO full cells using 1.0 M LiFSI DMM exhi-
bit excellent low-temperature performance. The capacity
retention of the full cell with DMM electrolyte is 75.9% after
100 cycles at —20°C. In contrast, DMM is only 26.1% after 60
cycles (Fig. 3f). Furthermore, increasing the number of C atoms
between the two O atoms of DME can also adjust the solvating
power. For instance, Li*~1,3-dimethoxypropane (DMP) forms a
six-membered ring structure, which has a solvating power similar
to that of DME [111,112]. However, if the number of C atoms is
further increased to four (1,3-dimethoxybutane (DMB)), a seven-
membered ring structure with Li* is produced, resulting in rela-
tively weak solvating power [112].

Ethers containing a single O atom do not form chelates with
Li*, resulting in weak solvating power. Ethers with two O atoms
can form five-membered rings or six-membered rings with Li",
which are relatively stable. By increasing or decreasing the num-
ber of C atoms between the two O atoms in ethers, solvents with
weak solvating power can be modulated. When considering
ethers with more than two O atoms, the solvating power of
diethylene glycol dimethyl ether (G2) and triethylene glycol
dimethyl ether (G3) increases, which is caused by the formation
of multiple rings by Li*-G2 and Li*-G3 [114-118]. However, tet-
raethylene glycol dimethyl ether (G4) exhibits weak solvating
power, which is attributed to the steric effects [119].

In a coordination compound, the introduction of a large func-
tional group into a ligand (such as a solvent) generates steric hin-
drance, which affects the formation of a coordination compound
with the central atom (such as Li*). Methylation, ethylation, or
propylation of ether solvent molecules can reduce their solvating
power [110,120-127]. On one hand, methyl, ethyl, and propyl
are weakly electron-donating groups and have little impact on
the O atomic charge in the solvent molecules. On the other
hand, these groups exhibit a large steric hindrance, which weak-
ens the Li*—solvent interactions. Eunseok et al. [110] reported the
design of a large-steric and low-dielectric constant (5.5) ether sol-
vent, 1,2-dimethoxypropane (DMP1), which is capable of reli-
ably operating LMBs with high-voltage (4.3 V) cathode.
Compared to DME, DMP1 renders a smaller dipole moment
(1.22 < 1.49) and dielectric constant (5.5 < 6.9), indicating that
DMP1 has a weaker solvating power. Although the additional
weakly electron-donating methyl group increases the overall
electron density of the system, its steric effect limits the interac-
tions between DMP1 and Li* (Fig. 3b). To verify whether the elec-
trostatic interactions between DMP1 and Li* were indeed
weakened compared to that of DME, DFT calculations were per-
formed. ESP;, of DMP1 was calculated to be —166 k] mol™},
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2023, Wiley-VCH GmbH.). (b) Steric hindrance (Reprinted with permission from Ref. [110]. Copyright 2022, American Chemical Society.). (c) Chelation ring
(Reprinted with permission from Ref. [111]. Copyright 2022, Wiley-VCH GmbH.). (d) 70 NMR spectra of different electrolytes (Reprinted with permission from
Ref. [111]. Copyright 2022, Wiley-VCH GmbH.). (e) Li* desolvation energy (Reprinted with permission from Ref. [111]. Copyright 2022, Wiley-VCH GmbH.). (f)
Cycle performance of Li||lithium titanate (LTO) full cells (Reprinted with permission from Ref. [111]. Copyright 2022, Wiley-VCH GmbH.).

which is smaller than that of DME (—176 k] mol™}), indicating a
weakened solvating power compared to DME. Subsequently, the
solvation structure properties of 2.0 M LiFSI DME and 2.0 M LiFSI
DMP1 electrolytes were investigated. The “Li peak of 2.0 M LiFSI
DMP1 was shifted upfield compared to that of 2.0 M LiFSI DME.
The upfield “Li chemical shift indicates a larger number of anions
surround the Li* in DMP1-based electrolytes than in their DME
analogs, owing to the increased electron density surrounding
the “Li nuclei.

Epoxide solvent molecules

Compared to linear ethers, cyclic ether solvent molecules exhibit
different characteristics. Cyclic ether solvent molecules contain-
ing two O atoms within the ring structure do not produce che-
lates with Li*, a consequence of the inherent rigidity of the
ring structure. Therefore, the intrinsic characteristics of cyclic
ether solvent molecules result in weak solvating power [128-—
133]. Yao et al. [129] reported a WSE composed of a purely
non-polar solvent, 1,4-dioxane (1,4-DX), which leads to a unique
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solvation structure where ion pairs and aggregates predominate,
even at a low salt concentration of 1.0 M. Despite moderate &,
DME exhibits the largest solvating power among the three sol-
vents, due to its large DN (20 kcal mol~!) and chelating effect.
In contrast, 1,3-DX displays low solvating power due to the steric
hindrance imposed by its cyclic structure. 1,4-DX exhibits extre-
mely weak solvating power, which is attributed to its ultra-low &
of 2.2 (Fig. 4a). To further explore the solvation structure, Raman
spectra were obtained for three ether electrolytes. The S-N-S
binding signal in FSI™ anion can be classified into the free anion
(FA, 719 cm™ 1Y), CIP (731 cm™Y), and AGG (742 cm ™ !) (Fig. 4b).
Among the three electrolytes, 1,4-DX has the highest proportion
of the sum of CIP (35.4 %) and AGG (49.0 %), which aligns with
the observed in relative binding energy (Es — E,, Es: the binding
energy of Li*-anion, and E,: the binding energy of Li*-solvent).
The descriptor of Es — E, is proposed as a predictive tool for deter-
mining the actual solvation structure in different electrolytes. A
larger Es — E, value indicates that the CIP and AGG are preferen-
tially formed over Li*—solvent complexes, meaning that anions
dominate the coordination competition over solvents. As a
result, WSE + 2% EC enables ultra-stable cycling of the graphite
electrode, with a 92% capacity retention after 500 cycles (Fig. 4c).

Fluorinated ether solvent molecules

Fluorination refers to the replacement of H atoms in solvent
molecules with F atoms. The properties of F and H atoms are dif-
ferent [134,135]. Firstly, the electronegativity of a F atom (3.98) is
much larger than that of a H atom (2.18), leading to a change in
the surface charge distribution of solvent molecules after fluori-

e o
U
1,4-DX
' >

Decreasing solvating power
Increasing ion pairing

(b) Free FSI' CIP AGG

nation. Secondly, the radius of a F atom (64 pm) is larger than
that of a H atom (37 pm), resulting in a change in the geometric
shape of the solvent molecules. Consequently, fluorinated sol-
vent molecules exhibit different physicochemical properties,
such as solvating power and redox stability [136-140]. Li* typi-
cally interacts with O atoms (-O- in ethers and =O in esters)
in solvent molecules. For fluorinated solvent molecules, the high
electronegativity of F reduces the charge on the O atoms and
thus weakens the Li*-O interactions. Additionally, interactions
between Li* and F atoms can occur, depending on the degree
of fluorination (e.g., -CHj3, -CH,F, —CHF,, and —-CF3) [141,142].
The strength of the interactions between Li* and fluorinated sol-
vent molecules is significantly affected by the number and posi-
tion of F atoms, which, in turn, influences the solvating power of
the solvent.

There is no doubt that the Li*-O interactions are weakened
after fluorination. However, the existence of interactions
between Li* and F atoms remains uncertain. Currently, it is gen-
erally believed that Li" interacts with the F atoms on —CH,F and -
CHF,, but not with the F atoms on —CF; [143] (Fig. 5a). Yu et al.
[144] synthesized fluorinated 1,4-dimethoxylbutane (FDMB),
which demonstrated a unique Li*-F interactions and led to high
anion content in the Li" solvation sheath. When LiFSI is dis-
solved in DME (or DMB), only a colorless solution is obtained.
However, the solution with FDMB showed a brown color, sug-
gesting the presence of unique Li*—solvent interactions in FDMB
electrolytes. To verify this coordination, a signal crystal of
lithium triflate (LiTf) co-crystallized with FDMB was obtained.
The crystal structure demonstrates that the Li-Frpyp (2.94 A) dis-
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The design principles, properties, and performances of epoxide electrolytes. (a) The ranking of the solvating power of solvents from high to low (Reprinted
with permission from Ref. [129]. Copyright 2020, Wiley-VCH GmbH.). (b) Raman spectra of 1.0 M LiFSI dissolved in various solvents (Reprinted with permission
from Ref. [129]. Copyright 2020, Wiley-VCH GmbH.). (c) Long-term cycling performance (Reprinted with permission from Ref. [129]. Copyright 2020, Wiley-VCH

GmbH.).

310


move_f0020
move_f0025

Materials Today ® Volume 85 ® June 2025

RESEARCH

(a) (b)
Strong coordination  Weak coordination  No coordination  High (LiTh,(FDME) TH
o F l 53 single crystal
~F-«-Li ! + > )
~CHy-F-e-Li" Bl H G-F Li 5 r / ¢
F 5 Li~0, ,: 2023 A
g F ‘§ Li-F, 0 2.935 A
@ v F | i
F Low ¥
c
() “"’300 (FSi)., (FS), (FSi,
Y s
° 2o L
e 20 09 S
o, ¢ ¢ w8 o
’ -
>
F3DEE DEE >
D.280}
> ? g
,{d § [ N ° o.__‘ 3 >
9 % %% 3 i)
F5DEE F4DEE o
-260
DEE F3DEE F4ADEE F5DEE F6DEE
? L -~
—— LP304+2%VC+10%FEC
1 M LiFSI/FDMB Overpotential Improvement
15 - 1.2 M LiFSI/DEE 2
B 1.2 M LiFSI/F3DEE ZNN
g —— 1.2 M LiFSI/F6DEE
< 10 1.2 M LiFSI/F4DEE '
= 1 —— 1.2 M LiFSI/F5DEE e 5 N
-E Oxidative stability > lon conduction
3 7
8 s / /
0 %

3.0 32 34 36 38 40 42 44 46 48
Voltage versus Li*/Li (V)

CE activation Average CE

The design principles, properties, and performances of fluorinated ether electrolytes. (a) Coordination chemistry of monofluoride, difluoro-, and trifluoro-
groups (Reprinted with permission from Ref. [143]. Copyright 2023, Springer Nature.). (b) Single crystal of LiTf/FDMB showing Li-F interactions. For clarity,
only one LiTf and one FDMB are shown (Reprinted with permission from Ref. [144]. Copyright 2020, Springer Nature.). (c) Coordination structures of Li*-—
solvent complexes. Color scheme of atoms: Li-purple, C-gray, H-white, O-red, F-light blue (Reprinted with permission from Ref. [145]. Copyright 2022,
Springer Nature.). (d) Binding energy of Li*-solvent complexes and the proportion of solvation configurations with different amounts of FSI™ anions in Li*-
centric structures (Reprinted with permission from Ref. [145]. Copyright 2022, Springer Nature.). (e) Linear sweep voltammetry of Li||Al half cells to show
anodic stability and tolerance to Al corrosion (Reprinted with permission from Ref. [145]. Copyright 2022, Springer Nature.). (f) Radar plot evaluating the
developed electrolytes (Reprinted with permission from Ref. [145]. Copyright 2022, Springer Nature.).

tance in FDMB is similar to the Li—Ogpyp (2.02 A) distance in
FDMB, indicating a weak yet existing interaction between Li*
and F atoms on FDMB (Fig. 5b). ESP calculations further reveal
that the negative charge distribution is solely concentrated on
O atoms in DME and DMB. However, the negative charge is dis-
tributed on both O and F atoms of FDMB, facilitating coordina-
tion with Li*. MD simulations were employed to explore the

solvation structure. Unlike in DME and DMB, a five-membered
ring was observed in the LiFSI/FDMB system, where Li* is simul-
taneously coordinated with both Ogppyp and Frpyp atoms. Addi-
tionally, the FSI7/solvent ratio in the Li* solvation shells is the
highest in 1.0 M LiFSI FDMB at 3.29:1 (compared to 2.31:1 in
1.0 M LiFSI DME and 2.29:1 in 1.0 M LiFSI DMB), indicating that
FDMB has weak solvating power. The weak solvating power of
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FDMB was also verified by the dominance of the uncoordinated
ether band (free solvent) in the FTIR of 1.0 M LiFSI FDMB
electrolytes.

A comprehensive understanding of the Li*-F interactions
affords a microscopic insight into the design of solvents for WSEs
through fluorination strategy. To design fluorinated ether-based
WSEs rationally, the position and degree of fluorination are fur-
ther considered, as these factors are closely related to the sol-
vent’s solvating power and the electrolyte’s solvation structure.
Fluorination can be categorized according to the position of
the F atoms, such as o-fluorination, B-fluorination, and vy-
fluorination. For ethers, o-fluorination dramatically reduces
molecular polarity and solvating power, resulting in almost no
solubility for Li salts [47,146-148]. Consequently, such fluori-
nated ethers are typically used as diluents and are unsuitable as
solvents for WSEs. In contrast, y-fluorination has a smaller effect
due to its relatively long distance from the -O- group. Therefore,
only B-fluorination can maintain the balance of the solvating
power in fluorinated ether solvents, making it a more viable
option for WSE applications.

In addition to the fluorinated position, the degree of fluorination
also determines the solvating power of fluorinated ether solvents.
Highly fluorinated ethers exhibit poor solubility with Li salts and
are generally used as diluents in HCE and LHCE systems [149].
Therefore, achieving an optimal degree of fluorination is crucial
for designing effective fluorinated ether. Yu et al. [145] reported a
series of WSEs with different fluorination degrees based on fluori-
nated 1,2-diethoxyethane (DEE), specifically 2-(2-ethoxyethoxy)-1,
1,1-trifluoroethane (F3DEE), 2-[2-(2,2-difluoroethoxy)ethoxy]-1,1-di
fluoroethane (F4DEE), 2-[2-(2,2-difluoroethoxy)ethoxy]-1,1,1-tri
fluoroethane (FSDEE), and 1,1,1-trifluoro-2-[2-(2,2,2-trifluoroe
thoxy)ethoxylethane (F6DEE). The fluorination positions were all
at the B-position, consistent with the previous analysis. DFT calcula-
tions were performed to determine optimized binding configura-
tions between Li* and each type of solvent molecule. The Li*
showed a stronger interaction (i.e. shorter Li-F distance) with —
CHF, than with —CF; (Fig. 5c). As the number of F atoms increases,
the binding energy of the Li*-solvent complex initially increases
and then reduces (Fig. 5d). The volcano trend ascribed to that
F4DEE has two —CHF, groups, which result in strong Li-F interac-
tions. MD simulations were further conducted to investigate the
Li* solvation structure. The distribution of Li* solvates, including
the percentages of solvent surrounded Li* (SSL), Li*-anion single
pair (LASP), and Li*-anion cluster (LAC), was analyzed. Each of these
solvates features a distinct number of Li*-coordinating anions of O,
1, and >2 in the primary solvation sheath, respectively. As the num-
ber of F atoms increases, the proportion of LAC gradually increases,
indicating a reduction in the degree of ion dissociation (Fig. 5d). Fur-
thermore, all fluorinated DEE electrolytes demonstrated greater sta-
bility against oxidation compared with DEE electrolytes, a
property related to anion-rich solvation structures (Fig. Se). It is
worth noting that all the fluorinated DEE should be classified as
weakly solvating solvents. However, the fine-tuning of fluorination
allows for a balance among various properties (Fig. 5f).

Fluorinated ester solvent molecules
Similar to fluorinated ethers, the fluorination of esters reduces
the polarity of ester solvents, resulting in a reduction in the sol-

vating power [151-162]. The strength of the Li*—fluorinated ester
interactions is determined by both Li*-O and Li*-F interactions
in fluorinated esters. A higher degree of fluorination, along with
the proximity of the F atom to the -C=O group induces a less
negative charge on the O atom (-C=0) and weakens the Li*-O
interactions. Yoo et al. [163] reported a series of fluorinated ethyl
acetates (EAs), including trifluoroethyl acetate (EA-f), ethyl triflu-
oroacetate (f-EA), and trifluoroethyl trifluoroacetate (f-EA-f).
From EA, EA-f (a-fluorinated), and f-EA (y-fluorinated) to f-EA-f,
the negative charge on the O atoms were —0.600, —0.583,
—0.547, and —0.530, respectively, indicating gradual weakening
of the Li*—solvent interactions. The fully fluorinated -CF; group
is symmetric and lacks a local dipole, whereas -CH,F and -CHF,
groups are locally polar, which is beneficial for the dissolution of
Li salts and the transport of Li* in the electrolytes [164]. Mo et al.
[150] reported a family of EAs, including ethyl fluoroacetate
(EFA), ethyl difluoroacetate (EDFA), and ethyl difluoroacetate
(ETFA), where the moderately fluorinated EDFA enables fast-
charging and low-temperature LIBs. °F NMR was conducted to
investigate whether Li" interacts with F atoms in fluorinated-
EAs. The '°F peak shows an upfield shift when LiFSI is introduced
into EFA (or EDFA), but almost no shift when LiFSI is introduced
into ETFA, indicating that there is no Li*-F interaction in ETFA
electrolytes (Fig. 6¢). As demonstrated in Fig. 6a, the Li-F bond
length increases with the degree of fluorination. The Li*-F and
Li*-O interactions together determine the binding energy of
Li*-solvent, which firstly increases and then reduces from EA,
EFA, and EDFA to ETFA (Fig. 6b). The solvation structure was
studied using Raman spectroscopy, analyzing the different forms
of anions based on their Raman peaks. In the four different elec-
trolytes, both CIPs and AGGs gradually appeared as the number
of F atoms increased (Fig. 6d). MD simulations were also con-
ducted to quantitatively analyze Li*-centric cluster structures,
and the results were consistent with the Raman spectroscopy
findings (Fig. 6b). These results indicate that the solvating power
and solvation structure can be modulated by adjusting the num-
ber of F atoms, which further affects the electrolyte properties
and battery performances. The 1.2 Ah NCM811||Gr pouch cells
with EDFA-fluoroethylene carbonate (FEC) electrolytes exhibit
excellent rate capability, maintaining 83% capacity at 0.2 C.
Besides, 75 and 60% capacity at —30°C and —40°C, respectively.
The excellent performances at both room and low temperatures
are attributed to the weak solvating power and anion-rich solva-
tion structure (Fig. 6e, f).

Siloxane solvent molecules

Siloxane is an emerging WSE, of which the weak solvating power
characteristic is attributed to the silicon (Si) atoms. Unlike a C
atom, a Si atom is typically bonded to -C,Hzp,1 and —-OCHzp1
instead of H atoms. This configuration results in solvent mole-
cules with large steric hindrance and small dielectric constant
such as tetraethyl orthosilicate (TEOS), methyltriethoxysilane
(MTES), dimethyldiethoxysilane (DMES), and
dimethyldimethoxysilane (DMMS) [165-176]. Huang et al.
[167] designed a DMMS electrolyte via a robust bond strategy
for high-voltage LMB. The Si-O bond in DMMS contributes to
a broader electrochemical window and enhanced chemical sta-
bility compared with routine solvents like DME and EC
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The design principles, properties, and performances of fluorinated ester electrolytes. (a) Coordination structures of Li*-solvent complexes. Color scheme of
atoms: Li-purple, C-gray, H-white, O-red, F-light blue (Reprinted with permission from Ref. [150]. Copyright 2023, Wiley-VCH GmbH.). (b) Binding energy of
Li*-solvent complexes and the proportion of solvation configurations with different amounts of FSI™ anions in the Li*-centric structures (Reprinted with
permission from Ref. [150]. Copyright 2023, Wiley-VCH GmbH.). (c) 9F NMR with CF3;COOH/D,0 as internal standard (Reprinted with permission from Ref.
[150]. Copyright Wiley-VCH GmbH.). (d) Raman spectra of EA-based solvents and 0.5 M LiFSI in EA solvents (Reprinted with permission from Ref. [150].
Copyright Wiley-VCH GmbH.). (e) Rate performance (Reprinted with permission from Ref. [150]. Copyright Wiley-VCH GmbH.). (f) Wide-temperature
performance (Reprinted with permission from Ref. [150]. Copyright Wiley-VCH GmbH.).

(Fig. 7a). In practical electrolytes, the redox behavior of solvent is
regulated by interactions with both Li* and anions [177-181]. To
evaluate the redox behavior of various electrolytes, it is essential
to analyze Li*-centric and solvent-centric cluster structures. In
the Li*-centric cluster structures of different electrolytes, 1.5 M
LiFSI DMMS exhibits the highest average anion coordination
number of 2.81 (Fig. 7b). This anion-rich solvation structure is
conducive to the formation of F- and O-rich SEI, effectively pre-

venting solvent decomposition. As demonstrated in Fig. 7b, the
CE of Li anodes increases with the rise of the average anion coor-
dination number. Within the solvent-centric cluster structures of
various electrolytes, DMMS demonstrates a higher oxidation
potential, strategically eliminating the most vulnerable Sol-A
cluster against oxidation (Fig. 7c-e). Due to the unique solvation
structures, the 1.5 M LiFSI DMMS electrolyte, without any addi-
tive, enabled Li|[NCM811 coin cells to retain 80% initial dis-
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The design principles, properties, and performances of siloxane electrolytes. (a) DMMS design principles (Reprinted with permission from Ref. [167]. Copyright
2022, The Royal Society of Chemistry.). (b) Average solvation structure and Li anode CE of the DMMS-based electrolyte compared with the conventional
carbonate electrolyte and ether electrolyte (Reprinted with permission from Ref. [167]. Copyright 2022, The Royal Society of Chemistry.). The proportion and
oxidation potentials of the five solvent clusters in (c) 1.5 M LiFSI DMMS, (d) 1.5 M LiFSI DME, and (e) 1.5 M LiFSI 1,4-DX. The minimum of the oxidation
potentials of existent clusters in the electrolyte is framed by a red dashed line (Reprinted with permission from Ref. [167]. Copyright 2022, The Royal Society
of Chemistry.). (f) Li anode full-cell performances (Reprinted with permission from Ref. [167]. Copyright 2022, The Royal Society of Chemistry.).

charge capacity after 350 cycles, with an average CE exceeding
99.9% (Fig. 7).

Siloxane electrolytes exhibit high intrinsic electrochemical
stability and an anion-rich solvation structure, contributing to
their excellent performance in high-voltage LMBs. They also

have characteristics of self-purifying, flame-retardant, and low
density. However, the limited or absent solubility of certain
siloxanes for lithium salts impedes their broader application.
Ma et al. [182] proposed an electrolyte design strategy that over-
comes the limitations associated with Li salt dissociation in silox-
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ane solvents, namely 1,3-bis(trimethylsilyloxy)propane(BTP)
and 1,2-bis(trimethylsilyloxy)ethane(BTE) (denoted as recessive
solvents). BTP and BTE dissolve Li salts when blended with speci-
fic fluorinated benzene and halide alkane compounds (denoted
as inducer solvents), due to the hydrogen bonding between
recessive and inducer solvents. These intermolecular interactions
induce the configurational change of recessive solvents and
lower their ESP, thereby enabling a dynamic solvation-
desolvation process that promotes Li* transfer kinetics. Addition-
ally, the dynamic solvation-desolvation process reduces average
Li* desolvation energy (-15.01 kcal mol ') and leads to the for-
mation of anion-rich SEI due to Li*-anion pairs. By adjusting
intermolecular interactions, non-solvating solvents can be con-
verted into weakly solvating solvents, providing novel ideas for
designing emerging WSEs.

Summary and outlook

WSE:s are crucial for advancing the practical application of high-
voltage, fast-charging, and low-temperature LBs. WSEs feature an
anion-rich solvation structure, which promotes the formation of
inorganic-rich interphase compatible with Li metal and high-
voltage cathodes. Together, theoretical simulations and spectro-
scopic analyses can elucidate the interactions between Li*, sol-
vents, and anions, as well as their derived solvation structure,
thereby providing researchers with comprehensive formation
mechanisms and characteristics of WSEs. Insights into the
nanostructure mechanism are essential for designing solvent
molecules. The extensive chemical space of solvent molecules
offers opportunities for innovative design. Furthermore, tremen-
dous efforts have been devoted to designing solvents for WSEs,
such as linear ether, epoxide, fluorinated ether, fluorinated ester,
and siloxane. However, a substantial gap remains between the
composition, structure, and function, which hinders the rational
design of WSE molecules. The following aspects still require fur-
ther exploration.

(1) Formation mechanism of the anion-rich solvation structure.
There are abundant anion-rich solvation structures in WSEs,
with growing evidence linking it to electrolyte composition.
However, a quantitative description of the relationship between
composition and solvation structure is very lacking now. Cur-
rently, empirical parameters such as dielectric constant and DN
can serve as solvation structure descriptors, though they remain
qualitative. The solvation structure arises from the competition
between solvent and anion for coordination with Li*, yet the cor-
relation between the relative strengths of Li*-solvent and Li*-an-
ion interactions and the resulting solvation structure remains
unclear. To establish a robust relationship between composition
and structure, it is essential to both quantitatively describe the
solvation structure and identify simple but effective descriptors.

(2) The relationship between characteristics of WSEs and battery
performance.  'WSEs generally exhibit high-voltage, low-
temperature, and fast-charging performance, which is related to
the anion-rich solvation structure and weak solvating power.
However, the effect of these characteristics on battery perfor-
mance is complicated. Both SEIs and CEIs can be regulated by
the solvation structure and significantly affect battery perfor-
mance. However, the precise relationship between SEIs and CEIs

and battery performance remains unclear. Simultaneously a pre-
cise regulation of solvation structure to obtain SEIs and CEIs with
specific compositions and structures is still very challenging. Fur-
thermore, the Li* desolvation process, which impacts both high-
voltage and fast-charging performance, is closely related to the
solvation structure and Li*-solvent interactions, particularly at
the interface. To establish the relationship between microstruc-
ture and performance, it is necessary to first determine how SEIs
and CEIs composition and structure affect electrode perfor-
mance. Next, the relationship between solvation structure and
SEIs and CEIs composition and structure must be elucidated.
Finally, developing a more accurate double-layer model is essen-
tial for describing solvation behavior at the interface.

(3) Advanced characterization techniques. The interactions
between electrolyte components influence the solvation struc-
ture, ultimately impacting battery performance. The study of
these interactions has primarily focused on strong interactions
such as Li*—solvent and Li*—anion, while there are fewer studies
on weak interactions such as anion-solvent and solvent-solvent.
The study of weak interactions helps to achieve a complete
description of the interactions between components. NMR, par-
ticularly two-dimensional NMR, can afford valuable insights into
atomic-scale microscopic changes, especially useful for unveiling
weak interactions. Additionally, research on solvation structures
has mainly concentrated on the bulk phase, with limited studies
on interfacial solvation structures. Observing the solvation struc-
ture at interfaces is crucial for understanding the solvation and
desolvation processes. The development of new in situ character-
ization techniques is expected to address these challenges.

(4) Comprehensive evaluation of the Ah-level battery performance
of WSEs. Safe and reliable performances are the prerequisites
for the practical applications of full batteries. Currently, WSEs
has been validated experimentally under fast-charging, high-
voltage, and high energy density conditions. However, there
has not been a systematic evaluation of the A- and B-level perfor-
mances in the industry. Research on the safety evaluation, aging
behavior, and self-discharge behavior of WSE battery systems
remains lacking. Under fast-charging conditions, the battery
temperature often rises, and the changes in internal resistance
due to battery grouping have not yet been optimized for the
design of battery packs and battery modules. A detailed evalua-
tion is recommended to advance the development of practical
WSE battery systems.

(5) Li bond-inspired electrolyte chemistry discovery. In the design
of WSEs, current research mainly focuses on the Li ionic bond
between Li* and solvent, as well as between Li* and anion. How-
ever, the possible presence of a Li bond between Li* and solvent,
as well as between Li* and anion has received comparatively less
attention. Recent studies [183] indicate that the Li bond plays a
significant role in electrolytes, and its influence on the formation
of solvation structure should not be overlooked. The Li bond is
characterized as a dipole—dipole interaction that depends on elec-
tron localization effects, whereas the Li ionic bond is determined
by an electrostatic interaction. A coordination number of 4 is
crucial for distinguishing between the Li bond and the Li ionic
bond. There are significant differences between the Li bond
and Li ionic bond in terms of bond properties, coordination
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number, bond energy, and bond length. Research on Li bond
remains in its early stages. A comprehensive understanding of
the Li bond will help to accurately control the solvation struc-
ture, thereby providing new possibilities for the practical applica-
tions of WSEs in rechargeable batteries.

(6) Al-assisted rational design of WSEs. Currently, WSEs are
mainly designed through a costly and time-consuming trial-
and-error approach. Artificial intelligence (Al) can quickly and
accurately process large-scale data and make decisions based it.
Al-assisted rational design of WSEs has the potential to accelerate
their practical application in LBs. Graph theory algorithms can
generate a huge molecule database, while high-throughput
quantum-chemical calculations can effectively evaluate the
properties of these molecules. Descriptors such as binding energy
and redox stability can help narrow the molecular range based
on the specific requirements of WSEs. However, some
quantum-chemical calculations, such as dielectric constant and
ionic conductivity, are both expensive and time-consuming. Al
provides the possibility to establish structure-property relation-
ships. Experiments are necessary to verify the properties of can-
didate solvents. To improve experimental efficiency and ensure
repeatability of experimental results, Al-driven robotic experi-
ments are very important. Through active learning, the robot
can iteratively improve based on experimental data. Al-driven
approaches enhance the efficiency of solvent molecular design,
particularly in exploring unknown chemical spaces to discover
molecules with desired properties. Al has significant advantages
in processing massive data, and its integration with electrolyte
theory and experimental research methods will strongly promote
the development of the next generation of high energy, fast-
charging, and wide temperature range batteries.

(7) Generalization of the WSE concept. The concept of WSEs was
firstly proposed for lithium battery electrolytes, but it is supposed
to be applied to other battery systems, such as sodium and
multivalent-ion batteries. Currently, WSEs have made significant
progress in sodium batteries, advancing the development of low-
temperature and fast-charging sodium batteries [184-187]. WSEs
can reduce the interaction between cations and solvent mole-
cules, thereby facilitating the desolvation process of cations at
the electrode interface. This characteristic is particularly impor-
tant for multivalent-ion batteries, as the high charge density of
multivalent-ion ions often results in a slow desolvation process
at the electrode interface [188,189]. Although WSEs hold great
potential for multivalent-ion batteries, they also face several
challenges, such as the compatibility between electrolytes and
anodes. By continually optimizing the performance of WSEs, it
is expected that the commercial application of multivalent-
metal batteries will be achieved in the future.

Vigorously developing renewable energy is the key to promot-
ing sustainable development. Battery technology, as a represen-
tative of energy storage technology, has developed rapidly.
Rational optimization of electrolytes is an important break-
through in electrochemical energy storage. Solid-state elec-
trolytes are currently highly valued worldwide and are
considered an important technology for the future. Liquid elec-
trolytes seem poised for replacement. However, since battery
research in previous years was often based on processes and

applications, the understanding of electrolyte structure and func-
tion was very superficial, resulting in electrolyte research often
being like an art. WSEs can be seen as a new artistic genre, a sys-
tem that has not been seriously considered or explored before.
The molecules of the material world offer a vast array of options
and bring about endless possibilities. We call for more research-
ers to enter this field, employing machine learning, experimental
validation, rational design, and engineering intuition to acceler-
ate innovation in electrolytes, making batteries safer, more pow-
erful, more stable, and better serving humanity's pursuit of a
better life.
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