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ABSTRACT: Electrolyte solvation chemistry is central to the
advancement of next-generation lithium metal batteries. The Li*
solvation structure is closely related to ion transport, interphase
chemistry, and cell performance. However, most efforts still
examine solvation structures at microscopic length scales without
accounting for the interfacial electric field that develops during cell
operation. Here, we reorganize the reported solvation strategies
into a framework integrating two perspectives: the length scale of
the solvation structure and the presence of the interfacial electric
field, spanning from static (field-free) microscopic solvation to
dynamic (field-driven) solvation networks. Within this framework,
we benchmark the electrochemical performance of representative
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strategies, connect the characterization methods and governing physics that operate at each length scale, and identify the failure
modes that limit each electrolyte component. We discuss design directions for dynamic solvation networks and provide insights into

aligning laboratory advances with industrial requirements.

1. INTRODUCTION

Decarbonization and transport electrification have raised the
demand for batteries beyond conventional lithium-ion batteries
(LIBs)." The Li metal anode, with a specific capacity of 3,860
mAh ¢! and a reduction potential of —3.04 V versus the
standard hydrogen electrode, affords theoretical cell-level
energy densities of ~750 Wh kg™ and ~2,000 Wh L™.*°
Nevertheless, the cycling stability of metallic Li in liquid
electrolytes remains limited by its high reactivity and unstable
interfacial chemistry. The Li metal anode continuously reduces
electrolyte components, while repeated plating and stripping
fracture and regenerate the SEI, amplify volume fluctuations,
and promote porous Li deposits and electrically isolated dead
Li* These coupled chemical and morphological losses
consume active Li and electrolyte, lower CE, and shorten
cycle life. For practical cells with limited Li inventory,
sustaining CE above 99.95% over 1,000 cycles remains a key
requirement for practical operation.”

To address these challenges, recent studies have focused on
liquid electrolytes, which serve both as ion-conducting media
and as key determinants of interfacial stability and electro-
chemical reversibility.”” The electrolyte solvation structure
governs salt dissociation, ion coordination, charge-carrier
transport, and electrochemical stability (Figure la). In the
bulk electrolyte, the coordination of Li* by solvent molecules
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and anions regulates charge-carrier transport and field-driven
migration.” As solvated Li* approaches the electrode, changes
in solvent coordination and anion participation control
desolvation and decoordination, setting energy barriers for
interfacial Li* transfer.”'° Owing to its low reduction potential,
Li metal drives the preferential reduction of solvation sheath
species, leading to solid-electrolyte interphase (SEI) formation
'L12 These interfacial and interphasial proper-
ties influence nucleation overpotential, Li* flux distribution,
and Li morphology during plating and stripping, thereby
affecting Li metal anode reversibility.'”'* Therefore, the
solvation structure provides a molecular-level bridge between
bulk ion transport and interfacial evolution, influencing
multiple stages of Li metal battery operation.

Practical liquid electrolytes for Li—metal batteries (LMBs)
must provide both sufficient ionic conductivity and electro-
chemical stability against the Li metal anode and high-voltage

at the interface.
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Figure 1. Solvation chemistry of Li metal battery electrolytes. (a) Schematic of Li* transport from the bulk electrolyte to the Li metal surface, where
the solvation shell undergoes desolvation, decoordination, and decomposition, forming the solid—electrolyte interphase (SEI) that Li* migrates
through before Li plating. (b) Trade-off between ionic conductivity and electrochemical stability across electrolyte classes. Gray, navy, and red
denote conventional carbonate and ether electrolytes, strategies regulating the Li* first solvation sheath of Li, and the target of simultaneously high
conductivity and stability, respectively. (c) Electrolyte solvation-design strategies mapped by length scale (x-axis) and the presence of an interfacial
electric field (y-axis) from the static (field-free) to the dynamic (field-driven) state, with dynamic solvation networks as the frontier. The frontier
region denotes dynamic solvation networks as an emerging design space where mesoscale electrolyte organization evolves under interfacial electric
fields and couples with species redistribution and reactions that form interphases under operating conditions.

cathodes (Figure 1b). Ethers were widely adopted in early
LMB research,">'® given the incompatibility of carbonates with
Li metal.'” As high-voltage cathodes such as lithium nickel
manganese cobalt oxide (NMC) were adopted, the limited
oxidative stability of ethers emerged as a challenge.'*™*° Over
the past two decades, high-concentration electrolytes
(HCEs),”' ™** localized high-concentration electrolytes
(LHCEs),””™° and weakly solvating electrolytes
(WSEs)>"~* have been extensively investigated to increase
anion participation in the first solvation sheath around Li* and
thereby enhance the contribution of anion-derived species to
electrode—electrolyte interphase formation.*> The resulting
interphase has improved Li plating/stripping reversibility, but
increasing ionic conductivity toward practical targets remains
challenging.

To overcome this trade-off, recent studies have begun to
explore solvation structures from two emerging perspectives.
One direction extends solvation design toward mesoscopic
solvation organization beyond the primary Li* coordination
shell, including high-entropy electrolytes,** ™" micelle-like
electrolytes,”” >’ and the regulation of aggregate struc-
ture.”* "> The other direction examines field-responsive

solvation near electrified interfaces, where the local ionic
environment deviates from the bulk electrolyte.® Research in
both directions remains at an early stage and has progressed in
separate efforts, leaving a broad design space for connecting
solvation across different length scales to interfacial responses
under electric fields.

Here, we construct a solvation-centered framework that
connects representative electrolyte formulations with evolving
solvation networks, practical performance, remaining limita-
tions, and future directions. We first organize solvation
strategies using two descriptors: solvation length scale and
the influence of interfacial electric fields on solvation
structures. This framework places diverse solvation strategies
within a continuum extending from microscopic solvation
structures in bulk electrolytes to dynamic solvation networks
near the electrified interfaces. We benchmark representative
electrolyte systems against practical performance criteria for
LMBs. For each solvation regime, we summarize the relevant
material chemistry, governing physics, characterization meth-
ods, and failure modes. We then discuss the frontiers for
translating laboratory advances to meet industrial require-
ments. This work provides a broader basis for electrolyte
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design by connecting solvation chemistry to interfacial
evolution and the development of practical LMBs.

2. SOLVATION CHEMISTRY ACROSS STATIC AND
DYNAMIC REGIMES

The electrolyte design for LMBs has largely been organized by
electrolyte class and material composition. Salt concentration,
solvent coordinating ability, and diluent chemistry have served
as primary variables for improving Li" transport, interphase
formation, and performance. This materials-centered organ-
ization has enabled substantial progress, but a complementary
solvation-architecture perspective is needed to connect
formulation variables with electrolyte organization. Conven-
tional analyses often describe solvation as a field-free bulk
property centered on the Li* first solvation sheath. Yet first-
sheath coordination alone does not fully describe mesoscale
ion organization or field-driven reorganization of solvation
architectures near electrified interfaces, leaving their con-
nection to electrochemical behavior less systematically
resolved. From this perspective, we reorganize reported
solvation design strategies along two descriptors: solvation
length scale and interfacial electric field conditions (Figure 1c).
This framework places electrolyte formulations within a
solvation-centered continuum spanning field-free microscopic
coordination, mesoscale solvation organization, and field-
driven interfacial solvation. It highlights the need to consider
solvation length scale and interfacial electric field conditions as
coupled descriptors, rather than as separate design categories.

2.1. Microscopic Solvation Regulation

Microscopic solvation design represents the starting point for
Li-metal electrolyte engineering. In this regime, electrolyte
behavior is primarily interpreted through the Li" first solvation
sheath, where the relative participation of solvents and anions
governs ion transfer kinetics, interfacial reactivity, and
interphase chemistry.” The transition from solvent-rich to
anion-rich Li* coordination redirects interfacial chemistry
toward salt-derived, inorganic-rich interphases and improves
Li plating/stripping reversibility."'

HCEs establish salt concentration as a variable for regulating
first sheath composition.”* HCEs reduce uncoordinated
solvent populations and increase anion participation through
contact ion pairs (CIPs) and aggregates (AGGs), promoting
anion-derived SEI chemistry. However, high salt concen-
trations increase viscosity, reduce wettability, and raise salt
usage.”” LHCEs were developed to retain these local solvation
features while reducing bulk formulation constraints.”” Non-
coordinating diluents lower nominal salt concentration and
viscosity while remaining largely excluded from the Li* first
sheath. This design preserves HCE-like coordination and
anion-derived interphases, but its effectiveness depends on
balancing dilution, phase stability, transport, and preservation
of the intended solvation structure.’’

In WSEs, weakly solvating solvents reduce Li‘—solvent
binding, increase anion participation, and facilitate Li"
desolvation at electrode interfaces with moderate salt
concentrations.>”®® However, maintaining salt dissociation
and redox stability under weak Li*—solvent coordination has
motivated diverse solvent molecular designs.66 Donor number,
steric accessibility, and dielectric response have become ke
molecular descriptors for weakly solvating electrolyte design.’
Solvent-anchoring strategies further expand WSE design by
regulating solvent activity beyond intrinsic donor strength.

Molecular docking electrolytes activate recessive siloxane
solvents using fluorinated or halogenated inducers, enablin
weak Li* coordination while preserving ion transport.’
Molecular anchoring of free solvents uses hydrogen bonding
between diluents and ether solvents to weaken Li*—solvent
coordination and suppress free-solvent reactivity.®’

Although anions are often described as free or solvent-
separated species with respect to Li* in solution, recent studies
show that anions are not only precursors for inorganic-rich
electrode—electrolyte interphase (EEI) but can also affect the
Li* coordination environment.”” For anion participation in the
first solvation sheath, the donor number and anion donicity
quantify anion electron-donating ability and relate anion
coordination to Li* binding and ion transport.”'~"* Strongly
coordinating anions can alter interfacial reaction pathways and
promote preferential anion reduction to SEI layers, improving
Li metal reversibility.”* The molecular structure of anions also
regulates Li*-anion association.”” Ether-like asymmetric anions
can promote intramolecular Li* coordination, increase
apparent donor ability, and enhance Li* transference.”®
Asymmetric sulfonimide anions can suppress Al corrosion
while forming favorable interphases on Li metal.”” To
compensate for formulation constraints associated with
designed anion salts, multisalt formulations can improve salt
dissociation and ionic conductivity without compromising the
advantages of designed anion chemistry.”*””

Anion receptors provide another strategy for regulating the
local coordination environment of anions.” Electron-deficient
receptors bind anions through electrophilic sites, weakening
Li*-anion association and assisting salt dissociation.”’ Boron-
based and supramolecular receptors have been used to enhance
ionic conductivity and Li* transference by regulating ion
pairing and anion mobility.”> Key variables are binding
strength and anion selectivity, which determine anion mobility,
ion-pair dissociation, and interfacial anion availability.

Overall, microscopic solvation design remains an effective
foundation for Li metal electrolyte chemistry, linking Li* first-
sheath coordination to ion transfer kinetics, interphase
chemistry, and Li plating/stripping reversibility.

2.2. Mesoscopic Electrolyte Organization

Although microscopic Li" solvation provides a molecular-level
basis for electrolyte design, it does not fully capture how
neighboring solvation units interact and organize beyond local
coordination. In concentrated and multicomponent electro-
lytes, ion pairs, aggregates, solvent-rich regions, and diluent-
rich domains can form mesoscale structures. Mesoscopic
solvation organization therefore describes how local coordina-
tion units are spatially arranged, packed, and connected over
nanometer length scales, influencing ion transport, interfacial
species availability, and interphase formation.

High-entropy electrolyte (HEE) design uses component
diversity as a thermodynamic variable to increase configura-
tional, mixing, or solvation entropy in liquid electrolytes.***’
Increased molecular diversity raises solvation entropy, reduces
ion clustering, and improves ionic conductivity while
preserving anion-rich Li* solvation structures.”’ Multianion
HEEs diversify anionic groups around Li*, weaken average
Li*—solvent/anion interactions, improve Li" diffusivity, and
promote inorganic-rich interphases.””**>' Recent salt-selection
studies further show that amphiphilic or multidentate anions
can generate anion-dominated solvation configurations and
high solvation configurational entropy.*’
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Micelle-like solvation structures in LHCEs connect first-
sheath preservation with nanoscale domain formation. Locally
concentrated Li‘—anion-solvent clusters are separated by
diluent-rich regions, producing nanoscale heterogeneity that
affects Li* transport and interfacial species availability.”*>*>
Microemulsion electrolytes extend this concept to phase-
organized solvation structures. Fluorinated immiscible-phase/
amphiphilic-component droplets accumulate at both electrodes
through liquid—liquid interfacial tension, decoupling inter-
phase formation from Li* solvation migration.56 Organic
microemulsion electrolytes similarly disperse high-molar-ratio
domains in nonpolar diluents, lowering viscosity while
preserving ion-solvate-coordinated structures.”

Mesoscopic solvation can also be regulated by aggregate size,
compactness, and connectivity beyond the Li* first solvation
sheath.””®° Compact ion-pair aggregate electrolytes feature
densely packed ion pairs that form 3—4 nm aggregates with
short Li*—Li* distances, enabling collective anion reduction
and thin inorganic-rich SEI formation.®” In contrast, small-
cluster strategies reduce excessive aggregation to promote Li"
transport and desolvation. Diluent -electrostatic-potential
design can shift large aggregates toward smaller CIP/AGG
populations, improving Li* transport through the SEI during
fast charging.”® Symmetric organic salts similarly generate
miniature anion—Li* solvation by suppressing excessive anion
clustering, improving ionic conductivity, desolvation kinetics,
and interfacial uniformity.61 Together, these studies define
aggregate dimensions and packing as mesoscopic descriptors
that couple ion transport with interfacial reactivity.

From a mesoscopic perspective, electrolyte design should
consider not only the identity of Li* coordination motifs but
also their spatial organization. Nanoscale domain structure,
aggregate size, packing density, solvation state distribution, and
pathway connectivity provide complementary descriptors that
connect local coordination chemistry with collective electrolyte
organization.

2.3. Field-Driven Evolution of Interfacial Solvation
Structures

Battery electrolytes operate under electric fields, potential
gradients, and continuous charge transfer. Solvation analyses
often use field-free measurements or simulations to character-
ize equilibrium electrolyte configurations and transport-related
properties. These descriptions are useful for identifying bulk
solvation motifs, but they provide limited access to the
interfacial solvation structures emerging near electrified
electrode surfaces. Interfacial electric fields, preferential
adsorption, ion migration, desolvation, and charge-transfer
reactions can generate solvation environments that differ from
field-free bulk structures.”” These effects are especially
important near the inner Helmholtz plane, where the local
availability of solvated Li*, anions, solvents, and additives
shapes EEI-forming reaction pathways.

During charging, the Li metal anode becomes negatively
polarized, making field-induced anion repulsion important at
the Li metal surface.*” Interfacial anion repulsion then leaves
Li" associated with fewer and weaker solvent ligands, lowering
the desolvation barrier. This field-assisted desolvation supports
homogeneous Li deposition under ultralow-temperature
conditions, where Li" desolvation dominates charge-transfer
impedance. Cathode interfaces show a different field response.
In situ attenuated total reflection-Fourier transform infrared
spectroscopy (ATR-FTIR) revealed an anti-synergy effect

between Li" solvation and the interfacial electric field.** During
early charging, Li* release and solvation build a concentrated
Li*—solvent/anion-rich interface, favoring anion-derived CEI
formation. At higher voltages, the strengthened interfacial field
drives solvated Li" clusters away from the cathode surface,
producing a diluted solvent-rich interface and shifting CEI
chemistry toward solvent-derived components.

Dielectric-mediated transfer dynamics describe how solvent
permittivity regulates interfacial Li* solvation at electrified
interfaces.”> Near charged interfaces, Li* and anions form a
periodic spatial distribution. This periodic arrangement is
described as oscillatory solvation chemistry. Solvents with
higher permittivity generate stronger intramolecular counter-
fields that attenuate the effective interfacial electric field. This
attenuated field preserves Li'-anion coordination near the
electrode, leading to a larger oscillation amplitude and stronger
coordinated anion retention. The retained anions then
participate in interfacial reduction, promoting the compact
fluorine-rich SEI formation.

Electro-osmotic drag links Li* migration with solvent motion
during fast charging, particularly within porous cathodes.*®
During cathode delithiation, Li* leaving the porous cathode
drags solvating solvent molecules, causing solvent withdrawal
from thick cathode pores and electro-osmotic-drag polar-
ization. Electrolytes with weak cation solvation and strong
anion solvation reduce coupled Li*—solvent motion. This
solvation design suppresses solvent withdrawal, lowers drag-
induced polarization, and improves fast-charge transport.

Together, these studies indicate that interfacial solvation
reflects a dynamic configuration continuously reshaped by
field-driven species redistribution, dielectric-mediated solvate
transfer, partial desolvation, and coupled ion—solvent trans-
port. Such redistribution can alter EEI chemistry by changing
the local availability, residence, and reaction probability of
solvents, anions, and additives within the reactive interfacial
region, thereby linking dynamic solvation environments to
interphase formation.

2.4, Toward Dynamic Solvation Networks

Solvation research in battery electrolytes continues to expand
from local coordination chemistry toward multiscale descrip-
tions of electrolyte behavior under operating conditions. This
expansion requires descriptors that connect Li" coordination,
the electrolyte microstructure, and interfacial solvation during
cell operation. In Figure Ilc, the frontier region specifically
corresponds to the upper-right design space, where mesoscopic
electrolyte organization evolves under interfacial electric fields.
Dynamic solvation networks are proposed here as an
organizing concept for this frontier region, linking nanoscale
domains, ion-pair aggregates, and network connectivity with
field-driven species redistribution, dielectric response, ion-
solvent transport, and interphase-forming chemistry under
operating conditions.

In this framework, solvation design shifts the target from
optimizing static solvation structures to controlling how
multiscale solvation networks evolve under operating fields.
Mesoscopic domains, ionic aggregates, and network con-
nectivity are therefore treated as field-responsive components
of electrolyte organization that regulate local species
availability and interphase-forming reactions at the electrode/
electrolyte interfaces. Future descriptors should quantify how
the aggregate size, domain morphology, pathway connectivity,
and dynamic exchange among solvation states evolve under
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Figure 2. Electrolyte performance in anode-free Li metal full cells. Average full-cell CE (y-axis) versus areal capacity (x-axis), with electrolytes
grouped by chemistry (color) and current density (marker size). Dashed contours denote constant capacity loss per cycle, defined as areal capacity
X (1—CE), at 10, 40, and 100 Ah cm™ cycle_l. The shaded red box marks the target (CE > 99.95%, C/A > 4 mAh cm™2, and current density > 8
mA cm™?). Inset, anode-free cell stacks in the charged state at low and high C/A.

interfacial electric fields and concentration gradients. Quantify-
ing these relationships connects solvation chemistry to
interphase-forming reactions and electrochemical reversibility,
guiding electrolyte architectures that sustain favorable
solvation environments during practical cycling.

3. PRACTICAL PERFORMANCE GAPS AND MATERIAL
CHEMISTRY
50,65,66,87—104

To place current solvation-design strategies ina
practical full-cell context, Figure 2 summarizes reported anode-
free Li-metal full-cell performance using three coupled metrics:
average full-cell CE, plated-Li areal capacity (corresponding to
the cathode areal capacity (C/A)), and Li plating current
density. Individual systems are categorized by the electrolyte-
design strategy. There were three key observations.

First, the CE remains the most direct metric of electrolyte
reversibility. Per-cycle capacity retention scales as CEM, such
that an improvement from 99% to 99.9% extends the projected
cycle life to 80% retention by approximately 10-fold.” The
threshold for sustained anode-free operation exceeds 99.95%,
with values approaching 99.99% required to reach the 1000-
cycle target.” However, the reported CE values of anode-free
full cells fall predominantly below 99.2%, leaving a substantial
gap from this threshold. Bridging this gap remains the principal
objective of ongoing solvation design efforts.

Second, the evaluation of CE depends on the Li plating
capacity. Recent battery architectures adopt thick-electrode
systems requiring areal capacities of > 4 mAh cm™ and
correspondingly thick-plated Li to reduce the contribution of
passive components, such as current collectors and separators,
and increase cell-level energy density.””'*> Under these
configurations, Li deposition transitions from nucleation on

Cu to subsequent Li growth on the preformed Li nuclei, which
proceeds through fundamentally different interfacial dynam-
ics. 106 Therefore, achieving high CE under thick-plating/
stripping has become a central challenge for practical LMBs.
However, most of the reported CE values correspond to a low
areal capacity of plated Li, typically below 2 mAh cm™ The
constant per-cycle Li-loss contours show that a given CE
deficit translates into a larger absolute Li loss per cycle as
plated Li areal capacity increases. Evaluation of CE, therefore,
requires explicit consideration of the Li plating capacity.

Third, practical operation imposes constraints on the Li
plating/stripping current density. At a fixed C-rate, the Li
plating current density scales linearly with plated Li areal
capacity, indicating that higher-loading electrodes impose
proportionally higher plating current densities. Fast-charging
capability has emerged as a key requirement for high-energy
LMBs, with current densities exceeding 8 mA cm™? are needed
to meet the automotive target of 80% state of charge within 15
min.””""” However, most reported CE values have been
evaluated below 2 mA cm™>, conditions incompatible with
both high-areal-capacity configurations and fast-charging
operation.

Taken together, these three metrics establish a practical
evaluation window for next-generation electrolytes: CE >
99.95% at a plated Li areal capacity of >4 mAh cm™ and a Li
plating current density of >8 mA cm™> The gap between
reported performance and this window indicates that solvation
strategies should be evaluated beyond CE alone, with explicit
consideration of plated Li areal capacity and current density
under realistic cell operation. Most electrolyte studies have
focused on molecular-level solvation and its correlation with
electrochemical performance. Recent studies on mesoscopic
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Table 1. Material Chemistry for Li-Metal Battery Electrolytes

Materials Issues Underlying causes

Anion Poor salt dissociation (transport) Strong Li*—anion

Anion-mediated Al
dissolution

Al corrosion (interfacial)

Moisture-induced
hydrolysis

Hydrolytic instability (chemical)

Low dissociation and

mobility

Solvent  Low ionic conductivity
(transport)

Sluggish Li* desolvation

(interfacial) binding
Oxidation instability and poor HOMO-—cathode
CEI (interfacial) mismatch

Reductive instability and poor SEI LUMO-Li mismatch
(interfacial)

Flammability (practical) Volatile organic

backbone

Diluent  Insufficient dilution and wetting

Cluster aggregation
(formulation)

Phase separation (formulation) Solvent-diluent

Charge localization; molecular geometry; anion
pairing basicity

Anion oxidation potential; free-ion fraction; Al-

anion complex solubility

Hydrolytic stability of bonds

Dielectric constant; viscosity

Excessive Li*—solvent ~ Donor number; chelating sites

HOMO level; fluorine content

LUMO level; bond dissociation energy

Vapor pressure; flash point

Viscosity; surface tension

Polarity; EN; ESP,.,

Material properties Proposed solutions

(1) Charge-delocalized, low-
basicity anions
(2) Sterically constrained anions

(1) Anion design for intrinsic Al
passivation

(2) Current collector surface
coating

(1) Hydrolytically stable anion
design

(2) Moisture or HF scavenger
additives

(1) Balanced-polarity solvent
systems

(2) Low-viscosity solvent matrix
(1) Low-DN solvents

(2) Sterically shielded donor sites
(1) Oxidation-resistant solvents

(2) Robust inorganic CEI-forming
chemistry

(1) Solvent-lean electric double
layer

(2) Inorganic-rich SEI-forming
chemistry

(1) Flame-retardant
functionalization

(2) Nonflammable backbone

(1) Low-viscosity noncoordinating
diluents

(2) Solvent-to-diluent ratio tuning

(1) Miscibility-guided diluent

immiscibility selection’
(2) Co-diluent or hybrid-diluent
design
Solvation-structure disruption Coordination/ Donor number; Kamlet—Taft f; ESP,,., (1) Low DN, low S, and ESP,
(solvation) overantisolvation guided diluents

Interfacial and practical Fluorinated diluent

constraints (practical)

Redox potential; bond dissociation energy; F-
dependence content

(2) Fluorination, size, and polarity
control

(1) Thermally stable, low F
backbones

(2) Hybrid diluent design

electrolyte organization, concentration polarization, and field-
driven interfacial solvation suggest that structures beyond the
first solvation sheath can provide additional pathways for
performance improvement. Resolving these dynamic solvation
networks and correlating their evolution with electrochemical
performance will be critical for clarifying their practical
relevance and the realistic scope of solvation engineering in
LMB:s.

The practical performance limitations identified above arise
from coupled material constraints in electrolyte formulations.
Although evaluated at the cell level, electrolyte failure often
reflects molecular interactions and formulation properties of
anions, solvents, and diluents. Table 1 links these components
to practical challenges, origins, material properties, and design
strategies.

Anion chemistry influences both bulk ion association and
interfacial stability.'”® Poor salt dissociation often arises from
localized charge, high anion basicity, and molecular geometry,
leading to reduced ionic conductivity.'””"'® These relation-
ships guide anion design toward charge delocalization, lower
basicity, and steric constraints to improve salt dissociation and
ion transport.’ At electrode interfaces, anions influence Al
corrosion and interphase chemistry through oxidative stability,
complexation behavior, and decomposition pathways.'"

Therefore, anion selection requires balancing salt dissociation,
Al—anion complex solubility, and passivating decomposition
pathways. Moisture-sensitive anions introduce an additional
degradation route, as hydrolysis can %enerate acidic species
that accelerate interfacial degradation.'’” Hydrolytically stable
anions and moisture/HF scavenging strategies support electro-
lyte stability during storage and cycling.

Solvents couple bulk ion transport with interfacial Li
transfer and interphase chemistry. In the bulk electrolyte,
insufficient salt dissociation and high solvent viscosity limit
ionic conductivity. Dielectric constant and viscosity provide
paired descriptors for designing balanced polarity and low
viscosity solvent systems.''” Strong Li*—solvent coordination
increases the desolvation barrier at the Li metal interface. DN
and steric accessibility around donor atoms describe Li*—
solvent coordination strength, guiding solvent designs that
moderate Li* coordination while retaining sufficient salt
solvation capability.''* Solvents also determine which reactive
species participate in interphase chemistry. At high-voltage
cathodes, solvent oxidation and insufficient CEI passivation are
linked to solvent HOMO levels relative to cathode potentials.
Oxidation-resistant solvents and robust inorganic CEI
chemistry can suppress continuous electrolyte oxidation.'"
At Li metal, solvent reduction and unstable SEI formation are
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Figure 3. Electrolyte solvation across length scales and the corresponding characterization techniques. (a) Schematic of the electrolyte at three
length scales: microscopic (first and second solvation shells around Li*), mesoscopic (aggregate clusters with polar and apolar microphases), and
bulk (long-range ion transport). Green, blue, yellow, and purple symbols represent Li*, anion, solvent, and diluent, respectively. The descriptors to
be characterized at each scale are listed below. (b) Characterization techniques positioned by the length scale resolved (x-axis) and by equilibrium
versus operating-bias conditions (y-axis), color-grouped by technique category. The length ranges indicate approximate solvation-feature regimes
commonly accessed by each method in electrolyte studies, rather than strict instrumental resolution limits.

associated with solvent LUMO levels and bond dissociation
pathways during decomposition.''® A solvent-lean electric
double layer and inorganic-rich SEI chemistry can limit
solvent-driven parasitic reactions.” Beyond electrochemical
stability, solvent flammability remains a practical constraint.
Flame-retardant functional groups and nonflammable solvent
backbones can improve electrolyte safety.''®

Diluents regulate formulation properties while preserving
favorable local solvation structures in localized electrolyte
formulations.""” Their primary role is to reduce viscosity and
improve wetting by diluting aggregated salt—solvent clusters.
However, inappropriate diluents can introduce formulation
and solvation instabilities. Phase separation arises from
solvent—diluent immiscibility.”” The normalized Reichardt

polarity parameter (Ef ) describes empirical solvent polarity,'*’
while maximum electrostatic potential (ESP,.) reflects
electrostatic interaction tendency.'”’ These descriptors help
evaluate solvent—diluent miscibility. Solvation disruption
occurs when diluents coordinate Li* or show excessive
antisolvating behavior. DN describes Lewis basicity toward
Li*,'” the Kamlet—Taft basicity parameter () describes
hydrogen-bond-accepting basicity,”>'*" and ESP,,, provides
an electrostatic descriptor for diluent interactions.'”' These
descriptors help evaluate whether a diluent remains non-

coordinating while maintaining electrolyte homogeneity.
Dependence on fluorinated diluents can also introduce
interfacial and practical constraints associated with redox
stability, bond dissociation, fluorine content, density, and
cost.”* Low-viscosity noncoordinating diluents and miscibility-
guided selection are important directions for practical
localized-electrolyte design."'” Low-F diluent backbones
further address solvation compatibility and practical fluorine-
related constraints.'*?

Component-level material chemistry provides a basis for
screening electrolyte formulations against practical constraints
beyond solvation-structure control. Electrolyte behavior
depends on how these components are combined in a
formulation. The same anion, solvent, or diluent can form
distinct solvation structures depending on the salt concen-
tration, solvent-to-diluent ratio, additive content, and electro-
lyte loading. Practical electrolyte formulation, therefore,
requires material selection and solvation-structure control to
be considered together.

4. MULTISCALE CHARACTERIZATION AND
SOLVATION PHYSICS

Multiscale solvation under an applied electric field provides a
framework for electrolyte design, underpinning interphase
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formation and ion transport that govern cell performance. The
solvation structure spans multiple length scales, from the
coordination shell of a single Li" to the bulk transport medium,
and the relevant descriptors vary across scales (Figure 3a). The
microscopic regime focuses on the Li* environment, including
intermolecular interactions, first-shell coordination, and ion-
pair speciation. Beyond the local coordination shell, solvated
units organize into mesoscale structures, where aggregate size,
polar—apolar microphase separation, and domain morphology
become relevant. Macroscopic descriptions shift toward
transport properties, including ionic conductivity, Li* trans-
ference number, and local ion flux.

We summarize multiscale solvation characterization by
linking solvation descriptors across length scales, with
complementary computational, spectroscopic, scattering, mi-
croscopic, and electrochemical methods (Figure 3b). Density
functional theory (DFT) computes electronic structure from
electron density, providing molecular-level information on
bonding, charge distribution, and orbital energetics. In
electrolyte design, DFT evaluates Li*—solvent and Li*-anion
interaction energies, coordination preferences, solvation
energies, and redox-related descriptors. >* Molecular dynamics
(MD) samples atomic trajectories over time and converts
liquid electrolyte configurations into statistical structural
descriptors. MD provides radial distribution functions,
coordination environments, ion-pair populations, aggregate
formation, and diffusion-related solvation statistics.

Raman spectroscopy monitors vibrational modes whose
peak positions and band shapes change with ion—solvent
coordination and ion—ion association. Anion-sensitive bands
can be deconvoluted into solvent-separated ion pairs (SSIPs),
CIPs, and AGGs, providing ion-pair speciation and relative
interaction strengths.'””'*” Fourier transform infrared (FTIR)
spectroscopy detects vibrational shifts and intensity changes
arising from local coordination and hydrogen bonding. FTIR
identifies solvent or anion modes associated with Li*
coordination, ligand-anion interactions, and operando changes
in local ion concentration.'”*'*” Nuclear magnetic resonance
(NMR) spectroscopy probes local electronic environments
through chemical shifts, relaxation, and intermolecular spin
interactions. It identifies Li* coordination, solvent—solute
association, and short-range interaction patterns."*”'*" Dif-
fusion-ordered spectroscopy (DOSY) extends NMR by
measuring species-resolved diffusion of ions, solvents, and
additives. It provides self-diffusion coeflicients, coordination
ratios, and transport-related information linked to electrolyte
structure.'*>"'??

Small-angle X-ray scattering (SAXS) measures the nanoscale
electron-density contrast produced by compositionally hetero-
geneous electrolyte domains. SAXS analysis provides aggregate
size, characteristic spacing, and microphase-separation length
scales."”"*> Wide-angle X-ray scattering (WAXS) comple-
ments SAXS by probing short-range ordering and ion-pair or
aggregate correlations in liquid electrolytes.””®” Dynamic light
scattering (DLS) tracks time-dependent fluctuations in
scattered light from diffusing electrolyte heterogeneities. DLS
yields apparent hydrodynamic size distributions for solvated
clusters, aggregates, and mesoscale electrolyte domains.'*7 3¢

Atomic force microscopy (AFM) force—distance measure-
ments probe electrode—electrolyte interfacial structure through
distance-dependent tip—surface responses. These measure-
ments reveal near-surface electrolyte layering and spatial
organization of electrolyte species."”” Charge-profiling three-

dimensional AFM (CP-3D-AFM) combines electrochemical
3D force maps, peak deconvolution, and electrostatic analysis
to obtain real-space charge-density profiles of electric double
layers with angstrom depth resolution.'*’

Transmission electron microscopy (TEM)-based methods
provide spatially resolved images and maps of mesoscale
electrolyte heterogeneity and domain morphology. Cryogenic
TEM (cryo-TEM) resolves liquid—liquid droplet domains in
microemulsion electrolytes.”® Liquid-phase four-dimensional
scanning TEM (4D-STEM) maps short-range structural order
in high-salt-concentration domains.'*' TEM further reveals
self-assembled mesoscopic structures formed by amphiphilic
molecules.'** Future cryo-TEM and liquid-phase TEM/STEM
methods could further extend electrolyte characterization
toward subnanometer ordering and field-driven interfacial
structures.

Surface-enhanced Raman spectroscopy (SERS) uses plas-
mon-enhanced Raman scattering from metallic nanostructures
to probe electrolyte species near solid—liquid interfaces.
Nanogap SERS probes Li* solvation environments near the
solid electrode—liquid interface and estimates Li* solvation
numbers in the confined nanogap region.'*’ Sum-frequency
generation (SFG) spectroscopy provides interface-specific
vibrational information on solvent adsorption, static electric-
double-layer structure, SEI formation and evolution, and
interfacial Li* desolvation dynamics.'**

At the bulk scale, electrochemical impedance spectroscopy
(EIS) measures frequency-dependent impedance responses
from the bulk electrolyte and interfacial processes. High-
frequency bulk resistance gives ionic conductivity, while
transport-model fitting of diffusion impedance provides the
Li* transference number and thermodynamic factor informa-
tion.'* Scanning electrochemical microscopy (SECM) posi-
tions a scanning microelectrode probe near an electrode or
separator to measure localized redox mediator responses.
Redox mediator SECM maps spatial heterogeneity in ion
transport, concentration gradients, ion transfer kinetics, and
interphase activity.'**~"**

Together, these characterization methods relate electrolyte
solvation to transport across molecular, interfacial, mesoscale,
and bulk regimes. A key opportunity is to translate this
relationship to operating cells, where the applied bias,
concentration gradients, and interfacial reactions alter local
solvation environments. Characterizing a dynamic solvation
network requires interfacial chemical speciation and mesoscale
structural order to be tracked together under an applied bias.
In situ ATR-FTIR resolves bias-dependent changes in
interfacial solvent and anion speciation. SAXS, WAXS, and
liquid-phase 4D-STEM resolve aggregate size and short-range
structural order on the mesoscale. To date, mesoscale
characterization has mainly probed equilibrium or near-
equilibrium states. Extending mesoscale characterization to
operando conditions is needed to determine whether
mesoscale solvation structures reorganize under applied bias,
as the dynamic solvation network framework proposes.
Spatially resolved, nondestructive operando measurements
will be needed to quantify mesoscale organization and bulk
transport under realistic conditions and relate local solvation to
cell-level electrochemical responses for practical electrolyte
design.

Physics-based descriptors provide a quantitative basis for
relating electrolyte solvation structures to transport and
interfacial behavior. In LMB electrolytes, solvation cannot be
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Table 2. Representative Descriptors and Relations for Electrolyte Solvation and Transport”

Regime Descriptor Equations
B lvati AG NAz,?'e2 1
orn solvation ene; =—- -
vatl gy Born 871'801‘1
o
Bjerrum length g = ———
Local solvation and ion Aot kT
pairing Ton association — %ion pair
Bh . assoc
equilibrium (ag+ X ay-)
(ksT) AGL,
Desolvation kinetics kyes = 2B exp| — s
h RT
. I= l Z c iz?
Ionic strength 2 4 i
1/2
£,6RT
. Debye length Ip == oR
Mesoscale screening and 2R
organization
Activity coefficient log 7 = —AZ T2
2
Domain spacing d= ?
Nernst—Einstei F’ 2
ernst—Einstein Cun = —— 2.p.
conductivity NETRT Z z e
1
zl i
Nernst—Planck flux J;=-DVg Vo
Macroscopic transport
Li* transference f = D,
number * D +D_

Walden relation A, = constant

Interpretation and applicability

- —] Describes ion stabilization within a solvent dielectric environment

Defines the distance scale for Coulomb-driven ion pairing

Describes the balance among free ions, ion pairs, and associated species

] Relates solvation strength to Li* transfer across the electrode interface’

Represents the concentration of charged species governing electrostatic
interactions

Describes the characteristic distance for electrostatic screening"'

Quantifies deviations from ideal solution behavior due to electrostatic
ion interactions’

Characteristic spacing of mesoscale electrolyte domains or ion-
aggregate correlations

Provides an ideal diffusion-based reference for ionic conductivity’

Describes ion transport under concentration gradients and electric

fields

Estimates the Li* current fraction under ideal diffusion-based transport’

Relates molar conductivity and viscosity to compare transport efficiency
across formulations’

“Symbols are defined as follows: z, ¢, D, and g, are the charge number, concentration, diffusion coefficient, and activity of species i, respectively; I
is the ionic strength; €, and g, are the relative and vacuum permittivities; 7; is the ionic radius; ; is the activity coefficient; A is the Debye—Hiickel
constant; g* is the peak scattering vector; oy are the Nernst—Einstein conductivities; a is ionicity; A, is the molar conductivity; # is the dynamic
viscosity; ¢ is the electric potential; N, is Avogadro’s constant; e is the elementary charge; kg is the Boltzmann constant; 4 is Planck’s constant; R is
the gas constant; F is the Faraday constant; and T is the temperature. Rows marked with * indicate descriptors whose links to dynamic solvation
under operation rely on indirect evidence, with limited operando observations.

described by a single molecular interaction or a single bulk
property. Instead, ion stabilization, ion association, collective
screening, structural organization, and macroscopic ion
transport are coupled across multiple descriptor regimes.
Table 2 summarizes representative equations that are
commonly used to interpret these regimes. These equations
provide reference descriptors for comparing electrolyte
formulations and for identifying how deviations from ideal
behavior emerge across different length scales.

At the local level, solvation and ion pairing are governed by
electrostatic stabilization, dielectric response, and thermal
energy. The Born solvation energy describes the stabilization
of an ion within a dielectric medium and provides a reference
for evaluating how ion size and solvent permittivity influence
salt dissociation.'*” The Bjerrum length defines the distance at
which the Coulombic interaction becomes comparable to
thermal energy, thereby providing a length scale for ion-pair
formation."*”">" These descriptors are useful because they
connect solvent polarity and ion charge to the tendency for ion
dissociation or association. However, they are based on
continuum electrostatics and do not explicitly account for
specific coordination geometry, steric effects, or local dielectric
heterogeneity. Ion association equilibrium extends this local
description by representing the balance among free ions, ion
pairs, and associated species.152 This equilibrium is sensitive to

salt concentration, solvent dielectric response, and specific
ion—solvent or ion—ion interactions. Desolvation kinetics
further links local solvation strength to interfacial Li*
1337155 A strongly solvated Li* may improve salt
dissociation in the bulk electrolyte, but it can also increase the
energetic penalty for Li* transfer across the electrode interface.
Therefore, local descriptors should be considered together,
because favorable bulk dissociation and facile interfacial
desolvation are not always achieved by the same molecular
design.

At the mesoscale, electrolyte behavior is influenced by
collective screening, thermodynamic nonideality, and structural
organization. Ionic strength represents the concentration of
charged species, which governs electrostatic interactions, and
provides the basis for estimating the Debye length.'*® The
Debye length describes the characteristic distance over which
the electrostatic potential is screened.'”” These quantities are
most rigorous in dilute or moderately concentrated electro-
lytes. At higher salt concentrations, ion correlations, aggregate
formation, and spatially heterogeneous dielectric environments
can cause screening behavior to deviate from dilute-solution
expectations. The activity coeflicient provides a thermody-
namic measure of deviation from ideal solution behav-
or.""7"5% In classical treatments, Debye—Hiickel relations
connect activity coeflicients to ionic strength through electro-

transfer.
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Figure 4. Research frontiers and industrial requirements for Li metal battery electrolytes. (a) Four research frontiers driving next-generation
electrolyte development. Forward arrows indicate the research workflow from molecular design to mechanistic analysis. (b) Industrial requirements
organized along the four electrolyte development stages spanning materials, formulation, injection and aging, and cell performance.

static interactions. Mesoscale organization can also be
represented by domain spacing, which estimates the character-
istic spacing of aggre§ate—rich or heterogeneous domains from
a scattering vector."”" This descriptor is especially useful when
local solvation environments are embedded within larger-scale
compositional or structural heterogeneity.

Macroscopic transport descriptors connect ion motion to
measurable electrolyte performance. The Nernst—Einstein
conductivity estimates an ideal diffusion-based conductivity
under the assumption of independent ion motion."”’
Comparing this reference with measured conductivity can
reveal the influence of ion association or correlated transport.
The Nernst—Planck flux describes ion transport under
concentration gradients and electric fields, providing a
continuum framework for polarization during battery oper-
ation.'® The Li* transference number estimates the Li*
current fraction under ideal diffusion-based transport, which
is relevant to concentration polarization near Li metal.'®"'%*
The Walden relation further relates molar conductivity and
viscosity, allowing transport efficiency to be compared across
formulations with different fluidity.'®

Taken together, these equations provide a quantitative
framework for interpreting electrolyte solvation and transport
across different descriptor regimes. They clarify how local ion
stabilization, mesoscale electrostatic organization, and macro-
scopic ion motion can be connected using common physical
parameters. However, many classical descriptors were derived
under dilute-solution, continuum, independent-ion, or near-
equilibrium assumptions. These assumptions are not fully
satisfied in LMB electrolytes, where salt concentrations often
exceed 1 mol L' and ion pairing, correlated transport, and
interfacial polarization become significant. Therefore, future
electrolyte analysis should integrate correlation-aware transport
models, activity-based thermodynamic descriptions, and multi-
scale characterization that links local solvation, mesoscale
organization, and macroscopic transport under operating
conditions.

5. RESEARCH FRONTIERS AND INDUSTRIAL
REQUIREMENTS

Translating liquid-electrolyte design for LMBs from laboratory
concepts to practical cells requires alignment between
academic discovery and industrial validation.'®* Academic
research establishes the scientific principles and design
strategies for emerging electrolyte chemistries, while industrial

development defines the performance, manufacturability, and
safety requirements for practical LMBs.'®°

Artificial intelligence (AI), particularly machine learning
(ML), is emerging as a route to address the high
dimensionality, data scarcity, and multiobjective optimization
of electrolyte design spaces.'®~'® Predictive workflows based
on molecular descriptors, formulation representations, and
interpretable structure—performance models can connect
electrolyte composition with transport, interphase chemistry,
CE, and cycling stability.'”™"”" Inverse design workflows,
including generative models, active learning, knowledge
transfer, and closed-loop optimization, enable property-
targeted discovery of solvents and formulations for practical
battery conditions.'”*~"">

Battery electrolyte development is a high-dimensional
formulation problem that remains time-consuming and labor-
intensive under manual trial-and-error experimentation.'”®
Automated electrolyte preparation provides the experimental
infrastructure needed to connect Al-guided discovery with

: 177,178 . NSRS
machine-executable workflows, including liquid formu-
179

. . 180 -

lation, " coin cell assembly, *" and electrochemical evalua-
. 181 . . . ..
tion. © Coupling these platforms with Bayesian optimiza-
. 182,183 ; 184
tion, autonomous electrochemical measurements, = and

. - . 185 on i
adaptive mechanistic analysis ~~ converts automation into

closed-loop discovery, where each measured outcome updates
the next experiment and accelerates convergence toward
electrolyte performance targets.

High-throughput screening provides an early-stage evalua-
tion layer that links broad electrolyte and electrode design
spaces with measurable electrochemical responses on exper-
imentally accessible time scales."**”"*® These workflows
establish short-time scale filters for formulation compatibility,
interfacial reactivity, ion-transport limitations, and electrode
process variability.'"®” When coupled with early-cycle pre-
diction and rapid electrochemical diagnostics, high-throughput
data sets can prioritize candidates and reveal degradation-
relevant signatures before extended cycling.'””'”!

Deeper insights into solvation structure and interphase
evolution under realistic operating conditions can be obtained
through operando probes'”” and multiscale characterization,
including electrochemical liquid-cell TEM for real-time
visualization of electrochemical processes'”> and operando
heating/cooling electrochemical 4D-STEM for nanoscale
structural analysis under controlled electrochemical and
thermal conditions.'”* Together, these characterization out-
puts can support closed-loop workflows in which measured
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interfacial and transport responses guide successive iterations
of molecular and formulation design.'”

Practical electrolyte candidates must satisfy a coupled set of
requirements, from material selection to cell validation (Figure
4b). At the material level, battery-grade purity exceeding
99.99% provides a raw-material quality criterion for scalable
electrolyte production.'”* Water content below $ ppm reduces
moisture-driven salt/solvent decomposition and uncontrolled
interphase-forming reactions.'”® Low material cost serves as a
key criterion for economically viable scale-up.'”” In the
formulated electrolyte, ionic conductivity above 1 mS cm™*
provides a minimum screening threshold for ion transport.'”®
Oxidative stability beyond 4.5 V enables operation with high-
voltage cathodes and Al current collectors.®”'*” Flash points
above 100 °C serve as a thermal-safety margin for electrolyte
handling and abuse tolerance.”””*°" An electrolyte viscosity
below 5 mPa-s supports infiltration and wetting in dense
electrode stacks.””” Li corrosion rate below 1 gAh h™! indicates
suppressed corrosion-induced active-Li loss during electrolyte
soaking, resting, and aging.””® Electrolyte-to-capacity (E/C)
ratios below 2 g Ah™" limit excess electrolyte while preserving
cell-level energy density.'”””** CE exceeding 99.95%, more
than 1000 cycles to 80% capacity retention, and cell-level
energy densities above S00 Wh kg™ define the final cell-level
validation targets for practical LMBs.>*"*

Research frontiers and industrial requirements should
therefore be considered jointly in the electrolyte design for
practical LMBs. Requirement-based metrics can guide
discovery and validation workflows, while multiscale descrip-
tors quantify the electrolyte behavior during operation.

6. CONCLUSION

Electrolyte design remains central to the development of future
LMBs, as the electrolyte governs Li* transport, interphase
formation, and electrochemical reversibility while being in
contact with reductive and oxidative electrodes. Solvation
control has established the Li" solvation environment as a
molecular handle for modulating interphase chemistry.
However, the gap between reported performance and practical
anode-free cell requirements shows that equilibrium first-
sheath regulation provides an incomplete basis for durable
operation under practical anode-free conditions. This
limitation motivates the evaluation of solvation structures
across length scales and under operating fields, as local
coordination, mesoscopic organization, and interfacial solva-
tion evolve during operation and modulate interphase
chemistry.

Dynamic solvation networks provide an organizing concept
for this expanded design space by connecting coordination
motifs, aggregate structures, solvent/anion distributions,
dielectric response, and coupled ion—solvent transport to the
local availability of reactive species at electrode/electrolyte
interfaces. This framework emphasizes controlled evolution of
solvation environments under operating electric fields and
concentration gradients, extending electrolyte design beyond
equilibrium bulk configurations.

Looking forward, electrolyte research should move from
formulation-level optimization toward predictive, automated,
and requirement-aware designs of solvation architectures. Al/
ML-guided screening, closed-loop experimentation, multi-
modal characterization, and multiscale modeling can quantify
how solvation networks evolve during cycling and how this
evolution affects interphase chemistry, transport, and degrada-

tion. Curated quantitative data sets and practical, requirement-
based protocols should connect molecular descriptors, electro-
lyte structures, interfacial reactions, and cell-level outcomes.
Research frontiers and industrial requirements should, there-
fore, be considered jointly in electrolyte design. Designing
dynamic solvation networks that maintain favorable electrolyte
environments under realistic cell operation constraints is
central to translating liquid electrolyte concepts into practical
LMB:s.
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