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Research and development of non-aqueous electrolyte solutions are essential
for practical advancement towards the production of high-energy lithium
metal batteries (LMBs). Anideal LMB electrolyte solution should enable highly
efficient, uniform and prolonged lithium metal plating and stripping, preserve
the electrodes’ electro(chemo)mechanical properties and ensure compatibility
withall cell components. However, despite extensive research efforts, scientists
have yet toachieve an electrolyte design that meets these requirements
simultaneously. Here, by examining the nanoengineering aspects of various
non-aqueous electrolyte solution designs, we elucidate the understanding of
the nanoscale physicochemical and electrochemical processes taking placein
LMBs, which are mainly governed by the thermodynamic and kinetic properties
ofthe electrolyte system. We also explore emerging research directions and
propose an accelerated, iterative framework that integrates nanoengineering
principles with machine learning, high-throughput computation and
experimentation to facilitate the development of next-generation non-aqueous
electrolyte solutions for practical LMBs.

The growing demand for portable electronic devices and the shift to
electric transportation have driven efforts toimprove state-of-the-art
lithium-ion battery (LIB) technology (where the negative electrode is
generally graphite based), targeting higher energy density and longer
lifespans. Metalliclithiumis the ideal negative electrode material due
toits high theoretical capacity (3.86 Ahg~!and 2.06 Ahcm~3) and
low redox potential (-3.04 V versus standard hydrogen electrode at
25°C)". Despite over a century of research (Fig. 1), the widespread

adoption of rechargeable lithium metal batteries (LMBs), which use
metallic lithium as the negative electrode, is still hindered by safety
concerns and short cycle life*>. To address these challenges, research
effortsare focused on developing non-aqueous electrolyte solutions
that enable highly reversible plating and stripping of Li metal at the
LMB negative electrode in a compact and uniform manner, while
protecting it from degradation and ensuring compatibility with the
other cell components. The formation, composition and structure
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Fig.1| Chronological development of LMBs. Key historical milestones and technological advancements in the development of LMB technology. The superscript

numbers refer to the corresponding references'®* ™',

of the protective layer formed at the negative electrodelelectrolyte
interface—the solid electrolyte interphase (SEI)—are crucial param-
eters in determining an LMB'’s performance and cycle life®”. Unlike
the case in Li* host materials such as graphite, conventional organic
carbonate-based electrolyte solutions fail to effectively protect Li
metal electrodes, because the SElformed is organicrich and promotes
uneven Li deposition and continuous interphase growth. This leads
to a series of detrimental mechanisms, such as accelerated electro-
lyte consumption, Liinventory loss, formation of ‘dead’ Li (i.e., Li
metal regions that are electronically disconnected from the current
collector) and growth of the cell’simpedance*®. High-performing
liquid electrolyte solutions for LMBs ideally form a homogeneous,
inorganic-rich SEI with fast reformation/repair kinetics, capable of
adapting tothe mechanical stress occurring during the cell’s galvano-
static cycling and promoting the formation of compact Li deposits®™°.
The ability of a liquid electrolyte solution to form an effective SEl is
primarily determined by the Li* ion solvation sheath and the bind-
ing strengths between the electrolyte’s components. While cyclic
carbonates such as ethylene carbonate (EC) tend to interact strongly
with the solvated Li*ions, weakly binding solvents and high salt con-
centrations (>3 M)" lead to the formation of contact-ion pairs (CIPs)
and aggregates (AGGs), where the salt-derived anion actively par-
ticipates in the inner Li solvation shell. This molecular arrangement
promotes the reduction of the anionrather than the solvent, resulting
in the formation of a beneficial, inorganic-rich SEI This is why most
high-performing liquid electrolyte solutions for LMBs adopt this
solvation design®*"¢. However, further technological advancements
are needed to develop LMBs that match and ideally outperform the
current state-of-the-art commercial LIBs.

In this Review, we elucidate the thermodynamic and kinetic
properties of non-aqueous liquid electrolyte solutions, focusing on
Li salt concentrations and solvation strength effects on the Li* ion
solvation shell. We also discuss how this class of electrolyte affects
electro(chemo)mechanical properties of the SEland how to promote
the formation of an ideal Li metal surface interphase, evaluating the
mostrecentresearch onthe design of performance-determininginter-
phases. We also explore beyond state-of-the-art electrolyte solution
concepts and design strategies to achieve the ideal electrolyte and
SEl-forming conditions. Finally, we focus on the use of analytical meth-
ods to understand how to optimize the most promising electrolyte
concepts for future LMB development.

Fundamental properties of non-aqueous
Li-containing liquid electrolyte solutions

The complex solvation environment of Li ions affects the electrolyte
solution’s dynamics, including interface kinetics, transport and ther-
modynamic properties. Conventional metrics, such as the dielectric
constant &, and the donor number (DN), are used to evaluate solvent—
ion interactions, providing a macroscopic view of a solvent’s ability to

dissociate salts and solvate ions, and serving as the basis for designing
new electrolyte formulations”. On the one hand, high £, and DN of the
solvents (usually DN > 10 kcal mol’, &, > 5) and low DN of the salt-derived
anion are required to enable sufficient dissociation of the conducting
salt; however, to promote the often desired ion-ion interactions in the
electrolyte’ssolvation structure, lowering of the DN,y en-t0-DN,0n Fatio
isrequired™. The electrochemical stability window (ESW), defined as the
range of applied potentials between the reduction and oxidation limits of
theelectrolyte solution, is alsoa crucial parameter. Toroughly estimate
the ESW,amolecular-orbital-based analysis canbe carried out by examin-
ingtheenergy gap between the highest occupied molecular orbitaland
thelowest unoccupied molecular orbital of the solvent'. However, this
theoretical evaluation is based solely on anisolated single solvent mol-
ecule and may deviate from experimental ESW measurements. Indeed,
ionic interactions in the electrolyte solution can influence the energy
gap between highest occupied molecular orbital and lowest unoccu-
pied molecular orbital®. Despite its limited accuracy, thisapproachistill
provides easy-to-obtain estimations that can approximately indicate
the reduction and oxidation limits of a practical electrolyte solution.
Nevertheless, the ESW theoretical evaluation must always be validated
viaelectrochemical measurements suchas linear or cyclic voltammetry?.

Transport properties

lonic conductivity isakey transport property of electrolyte solutions,
indicating how easilyions move to participate in electrochemical reac-
tions, thereby considerably influencing the cell’s power output and the
Li deposition morphology at high currents.

Since the reactions at the electrodes in LMBs depend on the Li*
transport, it is crucial to quantify the Li* contribution to overall ionic
conductivity. The two critical transport properties here are the trans-
port number (¢) and the transference number (7)*2. Although often
used interchangeably, they are fundamentally different: the transport
number quantifies the relative mobility of each ionic species (e.g., Li*
and[Li,X]%), whereas the transference number measures the net trans-
ference of all Li*-containing species. In most moderate-concentration
liquid electrolyte solutions, withapproximately 1 M salt concentration,
theLi" transference number is more relevant to cell chemistry and usu-
ally hovers around 0.3, indicating that most current is carried by the
anions™?***, This parameter is highly influenced by the solvation struc-
ture; thus, higher fractions of CIPs generically lead to lower transference
numbers, while AGG structure can promote fast charging performance.
An adequate measurement of this parameter remains challenging;
however, combining electrochemical methods with complementary
techniques, such as nuclear magnetic resonance (NMR), provides a
precise and accurate evaluation of the transference number>2,

Thermodynamic properties
Although ¢,and DN are commonly used to assess solvation strength,
they do not fully capture the complex ion-ion and ion-dipole
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interactions in conventional non-aqueous lithium-containing elec-
trolytesolutions. Thesesolutions usually consist of a mixture of free
solvents,solvent-separatedion pairs, CIPs and AGGs. To understand
electrolyte solvation structures, it is crucial to quantify the Gibbs
free energy, entropy and enthalpy changes of ion-pair solvation,
whichreflect the competition and equilibrium among ionic spe-
cies”. These crucial thermodynamic metrics, often determined
through calorimetry and electrochemical measurements, are rarely
reported for battery cell electrolytes, despite their significance
for essential cell parameters such as ionic conductivity and Li*|Li
redox potential. A deeper understanding of these macroscopic
thermodynamic propertiesis essential to link them to the micro-
scopic ion-pairing dynamics, including Li*—anion association and
Li*esolvent dissociation® ™.

Interface phenomena

Interfacial simulations extend beyond the conventional analysis
of bulk electrolyte properties. By combining classical molecular
dynamics, tight-binding simulations and density functional theory
(DFT) calculations, researchers investigate how multicomponent
liquid electrolyte solutions interact within the electrical double
layer (EDL) formed on the electrodesurface and provide predic-
tions of potential reduction pathways at the electrode|electrolyte
interface. The results indicate that for anions to effectively par-
ticipatein SEI formation they must be presentin the EDL and the
lithium-ionsolvationsheath (CIPs or AGGs)*. Additional outcomes
of interfacial simulations are provided by the first-principles-based
analysis of changesinsolvation structures and their effects on (de-)
solvation barriers at interfaces. By analysing cation diffusion, des-
olvation and deposition pathways for various liquid electrolyte
solutions, researchers can gain further insights into the possible
transport and electrodeposition barriers from a given electrolyte
near the electrode surface. These barriers arise from the competi-
tion between solvation forces and solvent electron affinity towards
the electrode surface™.
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dynamic and kinematic viscosity. b, Anticorrelation between the electrolyte’s
electrochemical stability and ionicconductivity based on the solventsolvation
strength.Panel b adapted fromref. 12, SpringerNature Limited.

Impact of solvent chemistry and salt concentration
‘Twomajorsolventgroups can be identified for Li-based electrolyte solu-
tions, each offering an adequate combination of essential physicochem-
ical, electrochemical and thermal properties (Fig. 2a). Cyclic organic
carbonates (e.g., EC), commonly used in commercially available LIBs,
possess comparably high dynamic viscosity, high oxidative stability
(>4.5VversusLilLi* with aninert electrode) and highbinding strengths
toward theLi*ions.Ethers (e.g., tetrahydrofuran, 1,2-dimethoxyethane
(DME)), on the other hand, generally exhibit lower dynamic viscosi-
ties (f,0.c(DME) = 0.42 mPa s versus 1,.c(EC) = 1.92 mPa s) and higher
reductivestability (DME, 0.3 Vversus Li|Li*; EC,1.0 V versus LilLi*) than
their cyclic carbonate counterparts, making them more compatible
withaLimetal electrode®”.

High-concentration electrolyte (HCE) solutions are intensively
investigated, especially for use in LMBs. Increasing salt concentra-
tion from 1M to -4-6 M causes a shift from solvation structures
dominated by solvent-separated ion pairs, typically found in
moderate-concentration electrolytes (MCEs; 1 M < electrolyte con-
centration < 3 M; the exact boundaries may differ on the basis of the
context and the componentsinvolved), to CIPs and AGGs, character-
ized by strong ion-ion and solvent-ion interactions*. This alteration
in the molecular arrangements changes some crucial properties of
theelectrolyte solution. (1) Due to the stronger solvent-ion interac-
tions, the ESW widens, increasing the stability of the solvent against
reduction,which promotesthe formation ofa favourable and effective
anion-derivedinorganicSEI”. (2) The widened ESWincreasesthe oxida-
tivestability ofthe solvent, making even oxidatively fragile ethers such
as DME usable with most 4-V-class positive-electrode chemistries™. (3)
Beyond a certain salt concentration threshold, the transport proper-
ties ofthe ions change fundamentally. Instead ofthe usually observed
ion transport via the ‘vehicle-type’ mechanism based on diffusion,
researchers propose a Li* ion hopping mechanism experimentally
proven in certain HCEs, where the solvating moieties of the solvent
and anionbridge differentLi*. This allows Li to hop between different
Li coordination sites, resembling a diluted form of molten salt®-*°,



Although the increase in dynamic viscosity decreases the bulk ionic
conductivity of the electrolyte solution, the high salt concentration
prevents therapid depletion of Li*ions near the electrodelelectrolyte
interface, enabling homogeneous Li plating even at high currents®.
Another approach to favour the formation of CIPs and AGGs is using
weakly solvating solvents, such as fluorinated 1,2-diethoxyethane
andits derivatives and sterically demanding solvents, which promote
the formation of favourable anion-derived interphases even within
the standard 1-1.2-M concentration range'>*°. Electrolytes contain-
ing weakly coordinating ethers and HCEs exhibit substantial energy
barriers to ion transport near the negative-electrode surface. In such
systems, the anions possess a high electron affinity towards the Li metal
electrode, promoting the rapid deposition of inorganic SEl products
on the surface®. However, the low solvation strength hinders the ion
mobility; therefore, achieving an optimal balance between solvation
propertiesandiontransportisessential to developingelectrolyte solu-
tions capable of enabling sufficient power density during cell opera-
tion, while also promoting the formation of an effective anion-derived
Li metal SEI (Fig. 2b)™.

Solid electrolyte interphase

TheSEI, produced during the cell'sformation cycles, serves as a protec-
tive, passivating layer on the negative electrode, preventing further
irreversible reactions between the electrode and the electrolyte, and
usually consists of fully reduced inorganic species in the proximity of
the Limetal electrode surface and organic speciesinthe outer SEI, often
arranged in amosaic-like structure. Researchers also report the forma-
tion of amorphous and multilayer interphases for specific electrolyte
formulations and galvanostatic cycling conditions®. Nucleation and
growth of the SEl are primarily based onan electron tunnelling model
withaself-limiting thickness of 2-3 nm, which deviates from the experi-
mentally determined values ranging from 6 to >50 nm (refs. 41-44).
The mechanism for further growth beyond the critical tunnelling
thickness*** remains elusive; however, scientists propose several
mechanisms to explain this excessive SEI growth*, including elec-
tron diffusion through point defects such as Li interstitials***%, sol-
vent diffusion***, electron conduction through the SEl layer**° and
transition-metal-enabled electron transfer, whereby the transition
metals originate from the positive electrode and deposit on the nega-
tive electrode’. For zero-excess (also called anode-free or anodeless)
LMBs, the SEl forms on an electronically conductive substrate, typi-
cally a Cuelectrode, during the first cell’s cycle before Li deposition
occurs. However, for LMBs with a Li metal negative electrode, the Li
metal is covered by a native passivation layer that forms during han-
dlinginthe atmospheric environment*>**, The native passivation layer,
mainly composed of Li,CO,, LiOH and Li,0O, influences the formation
and composition of the SEl upon electrolyte contact. Even after sev-
eral cell cycles, the effect of the native passivation layer on the SEI, Li
deposition morphology and cell performance remains®**. Surface
irregularities of the Cuelectrode, including microcracks and oxide layer
formation, can promote heterogeneous Li deposits. Besides these
features, several other parameters can influence the SEl properties,
including the electrolyte formulation (i.e., type of salt anion”, solvent™
and use of additives®’), applied current®, operating cell potential®, type
of counter-electrode used®, pressure applied during galvanostatic
cycling®, type and number of separators used during cell assembly®*
and operating temperature®>*® (Fig. 3a).

49,50

Mechanical properties

During cell operation, the theoretically infinite volume changes of
the hostless Li metal electrode, depending on the reversible Li metal
thickness variations***, can lead to cracks in the SEI. These cracks
expose reactive (i.e., with no passivated surface) Li metal to the elec-
trolyte, highlighting the importance of the SEI's mechanical proper-
tiesin LMBs. The ideal mechanical properties of the SEl are, however,

seemingly contradictory: for two-dimensional plating a high elastic
modulusis desirable, while to mitigate cracking a flexible SElis desir-
able, which canalso be achieved by high mechanical strength and high
ductility>®®, Several research groups have investigated the elastic mod-
ulus of the SEIformed in different electrolyte solutions, ranging from
0.3 GPafor organic carbonate-based formulations up to over 5 GPain
HCEs and ether-based electrolytes**“’. Simulations and experimental
data indicate that elastic moduli of over 3 GPa result in adequate SEI
stability, and elastic moduli exceeding that of Li (4.9-7.8 GPa) par-
tially suppress the formation of needle-like Li electrodepositions
like whiskers®~”!, Recent studies indicate that optimizing the elastic
modulus and elastic strain limit for maximizing elastic deformation
energy is crucial to further improve the stability of the SEl as well as
the cell’s Coulombic efficiency (CE). This suggests a multilayer inter-
phase layer thatincorporates bothrigid inorganic and flexible organic
components as the ideal SEl structure to accommodate volumetric
changes during lithium plating and stripping (Fig. 3a)’>7*. The adhe-
sionstrength of the SEl to the Li metalis another critical parameterin
impactingthe Li deposition morphology, as a highinterface strength
(e.g., at the LiF-Li interface) mitigates the formation of mossy-like
Lielectrodepositions™.

Ionic and electronic transport properties

Understanding the SEl requires knowledge of electronic and ionic
conduction mechanisms. Their investigation is challenging due to
the SEI's nano- to submicrometric thickness, fragile nature and lack
of suitable analytical techniques. The excess of interstitial Li* ionsis
identified as a possible charge carrierin the SEl inorganic layer. Here,
the charges are transported via a knock-off mechanism through the
crystal’s inorganic lattice, and mesoscale modelling reveals that
diffusioninthe SElfollows the structural layered pattern, switching
from knock-offto pore diffusion in the outer layer’®””. The knock-off
mechanism has been further investigated by combining insitu liquid
secondary ion mass spectroscopy (SIMS) with transmission electron
microscopy (TEM) measurements on anisotope-labelled SEI”®. Other
reports have demonstratedion transport through SEl grain bounda-
ries, highlighting the need to understand nanoscale SEl growth and
crystal interface formation”®. Recently, Xu et al.*’ developed an
in situ biasing TEM method for directly measuring the electrical
properties of SEl layers. Contrary to earlier assumptions, the SEI
layers exhibit semiconducting rather than insulating behaviour,
supporting analogous theoretical simulations (Fig. 3b)®**. It is dem-
onstrated that a high proportion of organic components in the SEI
generates a substantial amount of porous structure. Moreover, the
presence of charged molecular fragments, organic radical species
and large numbers of dissolved Li*ions may lead to the formation of
electrochemically inactive dead Li metal®. In this case, dead metal-
lic Li particles remain unstripped in the SEl layered structure and
are electronically isolated from the current collector and Li metal
negative electrode. Similar to ion conduction, grain boundaries
between SEl compounds can enhance electron transport in the SEI*.
Since the SEI's inner layer is a composite of crystalline particles
(including organic and inorganic species) in an amorphous matrix,
electron leakage and ion transport are governed by the continuous
amorphous phase.

Lithium deposition morphology

A major cause of LMBs’ short cycle life and safety risks is associated
with the Lielectrodeposition morphology. Indeed, inhomogeneous Li
depositsincreasethe surfaceareaat the electrode surface and promote
Li-consuming irreversible reactions®. The Li deposition morphology
canbedistinguished in favourable compactlow-surface-areadeposits
and high-surface-area lithium or mossy-like deposition morpholo-
gies, such as Li whiskers and Li dendrites (Fig. 3c). High-surface-area
lithium morphologies are linked to the low cell CE, due to increased
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a, Comparison between an ineffective protective SEI (left) and an effective
protective SEl layer (right), surrounded by the major impact factors during
SEl formation. D,,, lithium diffusion coefficient; g, electrical conductivity.
Theineffective SElis characterized by aninhomogeneous distribution of SEI
components, leading to variationsof Li diffusion across the interphase. In
contrast, an effective SEl layer usually consists of ahomogeneous multilayer
structure with alayer rich in rigid, inorganic components (e.g., LiF, Li,0) close
tothe electrode covered by a flexibleorganic layer. b, Differential electrical
conductance (d//d V-V curve) of two differently derived SEls. The atomic

side reactions, and the formation ofdead Li""*. Typically, dendrites
only form above thelimiting current density after Sand’s time due to
adepletion ofions near the electrode surface, andare thereby limited
by the electrolyte and ion mobility*’. Onthe other hand, mossy Liand
Liwhiskers arise from anineffective SEI formation®*®. The electronic
propertiesare of highimportance asthedeposited Liparticlesexhibita
widesizedistribution, large fractions of dead Li and a high topographi-
cal tortuosity at high rates of differential electronic conductions®.
Equallyimportant is the SELhomogeneity to ensure uniform Liplating,
asminorinhomogeneities and cracks canlead to Liwhiskergrowth due
to local stressand current hotspots®. Several studies have correlated
the charge-transfer and SEI formationkinetics with the Li deposition
morphology, assuming thatfast repair kinetics promote compact Li
deposition morphology'®**”'. Recent mesoscalekineticMonte Carlo
simulations further revealed that clogging of the grain boundaries
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¢, Schematicillustration of mossy-like Li deposition, including its origins. (1)
Inhomogeneities of the SEl cause preferential Li nucleation sites, leading to the
formation of root-grown lithium whiskers. (2) When the Li plating rate outpaces
iondiffusionin the liquid electrolyte, the Li' concentration at the Li metal|liquid
electrolyteinterface drops. At the point of Li* depletion at the negative electrode,
also known as Sand'’s time, fractal-like Li dendrites grow from the tip®’. Panel b
adapted fromref. 81, Springer Nature Limited.

due to extensive SEl growth causes spatial variations and kinetic limi-
tations in Li* ion transport, promoting the growth of Li whiskers and
heterogeneous Li deposits®®*,

Optimizing the SEI layer to attain optimal electronic resistance,
ionic conductivity, mechanical strength and flexibility might seem
contradictory.Inthiscontext, LiF isregarded as the idealinorganic SEI
component due toits high mechanical strength and electronic resist-
ance. For this reason, considerable research efforts have been devoted
to increasing the LiF content in the SEI*****, Given thecomplex nature
and broad range of desired SEl properties, effective Li protection may
require more than increasing the often highly praised LiF content, as
otherinorganic compounds such as Li,O also beneficially affect the
cell’s CE, even withoutusing fluorinated solventsin the electrolyte
solution’. Moreover, the presence of electronegative fluorine- and
oxygen-rich functionalgroupsin theelectrolytecomponentsisknown



to improve the SEI formation kinetics and promote faster and more
uniform SEl repair (Fig. 3a)'.

Advances in analytical techniques and the predictive power of
computational methods could also facilitate meaningful correlations
between key SEl parameters.

Liquid electrolyte solutions for LMBs

Various nanoengineered liquid electrolyte solutions have been pro-
posed in the literature to meet the demanding requirements of the Li
metal negative electrode while simultaneously ensuring good compat-
ibility with state-of-the-art positive-electrode chemistries operating
athigh cell potentials (i.e., >4 V)"*”. In this section, we discuss some of
the mostimportant concepts of electrolyte development.

Localized HCEs

HCEs are considered promising alternatives to conventional MCEs for
the future development of LMBs”**°. However, they show drawbacks
such as high dynamic viscosity, low ionic conductivity, poor wetta-
bility of separators and thick electrodes, as well as high costs. Add-
ing a non-solvating liquid additive, i.e., a diluent, to an HCE produces
so-called localized high-concentration electrolytes (LHCEs), which
have demonstrated substantialimprovementsin the electrochemical
performance of LMBs compared with HCE and organic carbonate-based
MCE solutions'°"%2, LHCEs have substantially lower dynamic viscos-
ity, improved wettability and lower costs compared with their HCE
counterparts’. As the favourable inner solvation sheath of Li* ions,
consisting of CIPs and AGGs, remains largely unchanged, most benefits
of an HCE persist'®'%*, According to the design principle, an effec-
tive LHCE requires a diluent with low dynamic viscosity, low-to-zero
solvating capability of the conducting salt (DN < 10), sufficient mis-
cibility with the solvating solvent and a broad ESW'**'°°, Designing
anideal LHCE depends on the precise combination and amounts of
the conducting salt, solvent and diluent'?”. Since the first report on
LHCEs, researchers have successfully designed various LHCE solu-
tions that considerably enhance the electrochemical performance
of various Li-based cell chemistries'**'°"°¢ ! The peculiar design of
LHCEs promotes the formation of larger, more uniform, and compact
Li electrodeposits in LMBs, leading to higher cell CE compared with
others using HCEs and MCEs'**"?, A typical LHCE reported for LMBs
in the literature comprises lithium bis(fluorosulfonyl)imide (LiFSI)
saltin DME solvent diluted by 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetra-
fluoropropyl ether (TTE) (1:1.2:3 by mol), which enables an average
CE 0f 99.5% (Fig. 4a; all CE values are determined in Lil|Cu cells with
current densities of 20.5 mA cm™ between 20 and 25 °C if not stated
otherwise), yields compact, granular Li deposition and outperforms
several LHCEs containing other solvating solvents and diluents under
the same conditions'°™, Thus, it enables long-term cycling stability
with a LiNi, ,Co,,Mn,,0, electrode under practical conditions, i.e.,
over 600 cycles with 76% capacity retentioninan application-oriented
350 Wh kg LMB, demonstrating good passivating behaviour onboth
the negative and positive electrodes'*. Researchers have investigated
other highly fluorinated ethers as diluents because they satisfy most of
therequirements. Further studies have demonstrated that diluents with
weak solvating capabilities in LHCEs enhance the LMB performance, as
suchdiluents can partially participate inthe solvation structure, reduce
thesolvation strength of the solvent and contribute more to the forma-
tionof thinyet robust interphases'>"°. Examples of such weakly coor-
dinating diluentsinclude bis(2,2,2-trifluorothyoxy)methane (BTFM)"",
1,1,2,2-tetrafluoro-3-methoxypropane', 2,3-difluoroethoxybenzene”
and 1,2-bis(1,1,2,2-tetrafluoroethoxy)ethane*'*°. The coordination
strength is primarily determined by the number of ether groups and
the fluorination of a-carbons. Mono-ether TTE shows minimal ion
coordination, whereas bi-ether BTFM, lacking fluorinated a-carbons,
participates in lithium’s inner solvation shell, further promoting CIP
and AGG formation (Fig. 4b). Various solvent classes are also used in

LHCEs to improve specific properties of Li metal cells. For instance,
LHCEs with triethyl phosphate or ionic liquids provide flame-retardant
properties. Replacing DME with triethyl phosphate slightly lowers the
cell’s CEt099.2%, while ionic-liquid-based LHCEs maintain CEs compa-
rable to those of Li metal cells with ether-based electrolyte systems'*"'?,

Recentadvancesin LHCEs haveled to the development of electro-
lytes with unique properties (e.g., micelle-like solvation sheaths), fur-
therimproving specific performance parameters of LMBs'*3101237126,
Toaddressinadequate Li metal cell cycling performance at high-rate
currents, Kim et al. developed a high-entropy electrolyte with five
solvents and diluents, showing a high ionic conductivity (>3 mS cm7;
ionic conductivities are measured at20-25 °Cif not stated otherwise)
owing to its solvation cluster structures, which enable efficient cell
operation at current densities of >1 mA cm™ (Fig. 4b)'”". Yang et al.
recently proposed asupersaturated electrolyte solution (16 mol I"1)
prepared by dissolving2 MLiFSlina1:7 DME/2,2-dichlorodiethylether
(CIDEE) mixture. The resulting Li*-FSI~ tight ion clusters enhance
reductive stability and promote fast, inorganic-rich SEI formation,
achieving over 99.8% average CE and stable operation of a 510 Wh kg1
LillLiNiysC0q;Mny;0,5.6-Ah pouch cell across 116 cycles at low current
rates with 84% capacity retention (Fig. 4a)".

Weakly solvating electrolytes and molten salts

Besides LHCEs, MCEs with fluorinated derivatives of well-known sol-
vents are also studied for possible LMB applications. The introduction
of electron-withdrawing groups (e.g., fluoro groups) increases the
oxidative stability of the electrolyte solution, ensures compatibility
with high-potential positive electrodes and promotes an anion-derived
inorganic SEl with improved formation kinetics (Fig. 4b)"*%'%,

In particular, targeted ether fluorination represents a promis-
ing approach, aiming to optimize both the degree and positional
placement of fluorine relative to the ethereal oxygen, thereby bal-
ancing redox stability, solvation strength and ionic conductivity™"*°.
In DME and its derivatives, the ether groups in the ethylene oxide
segment solvate Li" ions through a five-member ring configuration,
which offers good solubility and facilitates cation-anion separa-
tion. The targeted introduction of electron-withdrawing functional
groups (-CF;, -F) can modulate the electronic properties while
retaining the favoured five-member-ring solvation structure. For
example, 2-[2-(2,2-difluoroethoxy)ethoxy]-1,1,1-trifluoroethane,
1-(2,2,2-trifluoro)-ethoxy-2-methoxyethane and 1,1,1-trifluoro-2,3-d
imethoxy-propane exhibit the optimum binding strength to the
Li*, favouring a cell CE of up to 99.6% while maintaining a high ionic
conductivity of >4 mS cm™ (20-25 °C)"*'*', Several fluorinated
mono-oxygen ethers have alsobeen proposed as electrolyte solvents,
with the symmetric difluorinated diethyl ether (BFE) enabling highly
efficient lithium plating/stripping with a high average CE of 99.75%
(Fig. 4a)". Recently, a biphasic electrolyte formulation was reported
comprising a TTE-based organic phase paired with a water-in-salt
solution with 12-crown-4 ether and tetraglyme asionophores. In this
electrolyte system, Li* forms CIP- and AGG-rich nanoclusters that
promote fast ion transport across the organiclaqueous interface,
yielding a wide ESW (0.0-4.9 V versus Li|Li*) and sustained capacity
retention over 80 cycles in alithium metal pouch cell**.

A step further is the complete elimination of a solvent, relying
solely on salt mixtures as the liquid electrolyte formulation. In 2023,
Vu et al. reported a solvent-free inorganic molten salt mixture com-
posed of alkali-based bis(fluorosulfonyl)amide salts, combining the
non-volatility and safety features of solids with the interfacial stability
and high ionic conductivity of organic liquids™. Binary (Lig 45K ssFSI)
and ternary (Lig30Ko35CSo.35FSI) salts melt at 68 °C and 45 °C, respec-
tively, with -1 mS cm™! conductivity at 60 °C and very high oxidative
stability up to 6 V versus Li|Li*. These molten salts enable compact Li
deposition, inorganic SElformation, high average CEs (up to 99.8%) and
low overpotentials (50 mV at 5 mA cm™) at 80 °C (Fig. 4)"*%
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Fig. 4 |Historical evolution of electrolyte concepts to enable efficient Li
stripping/plating. a,Evolution of the compositionof theliquid electrolyte
solutions and performance assessment of the cells’ Li stripping/plating
efficiency (i.e., CE). The CE values reported in the graph are calculated from
the galvanostatic cyclingof LillCu coin cells at current densities of at least
0.5mA cm 2. The presented experimental data are determined between
20and 25 °C, while data marked with an asterisk are collected at 80 °C. The
saltconcentration (M) was unified as moles per litre of electrolyte. DEE,
1,2-diethoxyethane; FEC, fluoroethylene carbonate; DOL, 1,3-dioxolane; DMC,
dimethyl carbonate; FDMB, 2,2,3,3-tetrafluoro-1,4-dimethoxylbutane; FSDEE,
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Strongly solvating electrolytes
Although weakly coordinating electrolytes have attracted substan-
tial attention in recent years due to their effective anion-derived SEI
formation,severalstronglysolvatingsolventshave beenidentified to
facilitate efficient Li stripping/plating (Fig. 4b).

In 2020, Xue et al. introduced the concept of full fluorosulfonyl
electrolytes by coupling LiFSI with an FSI-derived solvent, DMTMSA

Smaller cluster sizes °

N

2-[2-(2,2-difluoroethoxy)ethoxy]-1,1,1-trifluoroethane; DEGDME, 2-methoxyethyl
ether; TFMB, trifluoromethoxy-benzene; ETE, ethyl 1,1,2,2-tetrafluoroethyl
ether; PFPN, ethoxy(pentafluoro)cyclotriphosphazene; PC, propylene
carbonate; THF, tetrahydrofuran; 2-Me-THF, 2-methyltetrahydrofuran; EMC,
ethyl methyl carbonate; FEMC, methyl (2,2,2-trifluoroethyl) carbonate;

BTFE, bis(2,2,2-trifluorethyl)ether'?*1°0-2% b Schematic representation of
selected solvation structures of liquid electrolyte solutions for LMBs, including
weakly solvating solvent electrolytes with an increased interaction between

the ions, molten salt electrolytes with no solvent presentand LHCEs. SSIPs,
solvent-separated ion pairs. Panel aadapted from ref. 1, Springer Nature Limited.

(FSO,NC,H¢)"™*"*, This electrolyte formulation promotes the forma-
tion of a highly robust LiF-enriched SEI, achieving an initial cell CE of
91%, which rapidly increases to 99% within ten cycles (Fig. 4a). The
high compatibility of full fluorosulfonyl electrolytes with the lithium
metal electrode can be attributed to the physicochemical properties
of the solvent. DF1 calculations and experimental analyses indicate
that full fluorosulfonylsolvents have a higher binding energy with Li*



thanfluoroethylene carbonate, promoting release of the fluorine group
and formation of a solvent and anion-derived inorganic-rich SEl that
effectively suppresses dendritic growth and enhances the overall stabil-
ity oftheinterphase layer SEI.

Fluoro- and difluoro-methane are used as electrolyte solvents in
pressure-controlled batteries, achieving high average cell CEsof up to
99.6% and showing promising results across a wide temperature range
of -60to 60 °C (Fig. 4a)">"¢,

Multisalt electrolytes and film-forming additives
Several salt combinations and film-forming (i.e., SEI) additives have
been explored to enhance the electrochemical performance of LMBs
(Fig. 4a). Researchers utilize lithium difluoro(oxalate)borate™”"%,
LiNO,"***2 and various sulfonyl imides"******* in multiple blended
salt electrolytes, showing synergistic effects during SEI formation.
However, LiFSI remains the most promising salt for LMB electrolyte
solutions due toits well-rounded properties and effective film-forming
abilities. Among the many additives proposed for LMB electrolyte
solutions, fluorination agents (such as FEC”'** and difluoroethylene
carbonate'*) and LiNO,"°"* proved to be highly effective in promot-
ing abeneficial SElcomposition and compact Li deposition. However,
continuous SEIl reformation/repair in the negative electrode of the
LMB during galvanostatic cycling rapidly consumes film-forming addi-
tives, reducing their effectiveness after a few cycles'*. In contrast,
Ding et al.*° reported Cs-based salts as non-sacrificial additives that
promote homogeneous and compact Li deposition morphologies due
to an electrostatic shield mechanism induced by Cs*ions™*'*",
Insummary, various electrolyte solution designs with nanoengi-
neering aspects show promise at alow technology readiness level (TRL)
towards future commercialization of LMBs"®, In particular, LHCEs and
fluorinated ether electrolytes stand out for their cell performance,
cost-effectiveness and manufacturing compatibility. Molten salt and
liquefied gas electrolytes also provide excellent low-TRL cell cycling
performance due to the formation of a robust inorganic-rich SEI.
However, these two types of electrolyte are limited by more stringent
galvanostatic cycling conditions and higher costs, probably confining
them to niche applications.

Analytical techniques

Various basic and advanced techniques and methods are used to evalu-
ate the key properties of nanoengineered LMB electrolyte solutions
against current state-of-the-art electrolytes. These are summarized
inTablel.

Toassess the performance of LMB electrolyte solutions, it is essen-
tialto design alaboratory-scale experiment that takesintoaccountthe
cell’s parameters and evaluation conditions identified as standard by
the international battery research community. The most important
parameters are reported in Table 2.

Electrochemical techniques
The so-called ‘Aurbach method’, generally carried out in a LillCu
laboratory-scale cell configuration (usually a coin cell), is the stand-
ard electrochemical method for determining CE and Liloss per cycle,
whilelong-term cycling gives valuable information about CE evolution
during the cell’s cycling life'*. Since Li stripping/plating efficiency is
acrucial parameter for LMB performance, understanding of the CE
values, calculated using the Aurbach method, is essential for evaluat-
ing the ability of an electrolyte solution to form an effective lithium
passivation layer (an SEI) and improve the cell’s cycle life.
Information about theinternal cell resistances can be obtained by
analysing the cell’s potential profile evolution and conducting electro-
chemical impedance spectroscopy measurements. Indeed, through
the analysis of raw electrochemicalimpedance spectroscopy data, the
various resistance contributions (e.g., associated with the electrolyte
solution, electrodes’interface or electrodelelectrolyte interphases) can

Table 1| Examples of techniques and methods used to
investigate the physicochemical and electrochemical
properties of non-aqueous electrolyte solutions for LMBs

Property Technique/method  Set-up/tools
Raman Raman spectrometer and sample
spectroscopy””’ carrier for liquids

Solvation X-ray scattering'?’®  Electrolyte sample placed between

structure X-ray beam and detector
Molecular dynamics  Theoretical simulation based on
simulations'” calculated quantum data (i.e., DFT)
Electrochemical Commercially available ionic
impedance conductivity cells/sensors
spectroscopy’°®

lon mobility Pulsed-field Experimental set-ups adjusted to a
gradient NMR?*, specific method
electrophoretic
NMR*2% Hittorf
measurements®>**

ESW Linear sweep Three-electrode laboratory-scale

voltammetry, cyclic  cell configurations (e.g., Swagelok
voltammetry”** or El-cell)

Non-flammable
electrolyte-containing porous
material (e.g., glass fibre separator
membrane) and ignition source

Self-extinguishing
time determination®®

Flammability

Flash point
determination®®

Temperature-controlled electrolyte
container and ignition source

Differential scanning
calorimetry*®®

Differential scanning calorimetry
device, electrolyte sample and

Thermal stability reference

Thermogravimetric
analysis®”’

Thermogravimetric analysis device
and electrolyte sample

be identified via equivalent circuit or physics-based modelling™° "2,
In terms of data analysis, the use of dQ/dV and dV/dQ plots, derived
from potential and capacity data, provides valuable insights into the
degradation processes taking place in LMBs: e.g., loss of Li inventory
andincrease of the cell’simpedance during galvanostatic cycling. This
type of electrochemical measurement also offers valuable insights

for the design of advanced post mortem or in situ measurements™”.

Interface and interphase characterizations

Characterizations of the electrode interface and electrodelelectrolyte
interphases are challenging and require approaches that allow meas-
urements under in situ (i.e., the characterization is carried out while
the electrochemical measurement is paused) or operando (i.e., the
characterization s carried out while the electrochemical measurement
is running) conditions to mimic practical cell operation conditions™*.
Macroscopic electrochemical techniques assess overall performance
at TRLs > 4 (ref. 148), whereas analytical techniques operating at the
micro- and nanoscale at molecular and elemental levels reveal inter-
phase structure and chemistry. Thisintegrated approach could lead to
the design of tailored interphases, bridging laboratory-scale research
and practical applications, thus advancing scientific progress towards
high TRLs (Fig. 5)"5.

Microscopic insights

The nanoscale structure of the SEl requires advanced analytical tech-
niques with high spatial resolution. Scanning electron microscopy
(SEM), a powerful tool for investigating the Li deposition morphol-
ogy, can provide detailed two-/three-dimensional microstruc-
tural information, ranging from micrometre to nanometre scale.
Cryogenic TEM measurements are also effective in revealing the
structural properties of the SEl layer, owing to the very high spatial
resolution (down to the atomicscale) and reduced beam damage*>"°.
Thisapproach assisted in elucidating the SEI nanostructure**'*°, the
effect of the current density on the SEl evolution®®, the relationship



Table 2 | Essential cell parameters and evaluation conditions to assess the performance of LMB electrolyte solutions

Negative electrode Positive electrode

Separator and electrolyte amount

Galvanostatic cycling conditions

State-of-the-art materials
with high loadings
(>3mAhcm™)

Limited Li reservoir
(<50pum)

Requirement

Thin separator (~20 um) with limited
electrolyte quantity (~2-3gAh™)

Application-oriented multilayer cell format (e.g.,
>100mAh), current density (>1.0mAcm™) and cutoff
potential (vs Li|Li*, depending on cell chemistry)

between the SEl and the Li morphology'’, the link between cell per-
formance and operating temperature®and the correlation between
SEl composition and the cell’s CEs**'*°, Moreover, the combination
of two-dimensional space images with two-dimensional diffraction
pattern four-dimensional-scanning TEM measurements enables the
simultaneous identification of the SEI's nanoscale crystallinity and
composition, as well as visualization of the strain and electric fields of
the SElvia differential phase-contrast or centre-of-mass imaging®"*®,
While most EM experiments are conducted ex situ, necessitating
sample preparation, which might alter the interphase properties,
developed in situ set-ups allow microscopic investigations dur-
ing cell operation'. Another technique often applied to study the
morphology and mechanical properties of the SEl and Li deposits
is electrochemical atomic force microscopy (EC-AFM); its in situ
capability makes it a powerful tool for fundamental research™®'’,

Identification, quantification and distribution of chemical
speciesinthe SEI

A wide range of analytical techniques is required to identify and
quantify the inorganic and organic compounds in the SEI (Fig. 5).
However, the difficulty of analysis depends on the compound. Com-
mon identification of most inorganic compounds can be achieved by
analysing the electrodes via ex situ X-ray photoelectron spectroscopy
(XPS)**, X-ray diffraction’®?, time-of-flight SIMS (ToF-SIMS)'**, Fourier
transforminfrared (FTIR)'**, Raman spectroscopy'® or NMR spec-
troscopy'®® measurements. In particular, ToF-SIMS, FTIR, Raman and
NMR provide information onboth inorganic and organic compounds.
’Li NMR is also a powerful technique for analysing morphological
changes in the Li metal electrode and quantifying the formation of
dead Lieveninsitu'.

Astheidentification and quantification of organic SElcompounds
ismore challenging thanthat of inorganic species, researchers reported
the detection of functional groups or repetitive structural motifs, such
as -C0,, C-0, C=0 or C-H by ex or in situ electrode analysis via XPS**
or FTIR™* measurements. These techniques are, however, limited in
identifying or reconstructing entire molecular structures in the SEI,
necessitating mass spectrometry to identify and characterize more
complex organic compounds (e.g., oligomers)'®,

By combining microscopic (e.g., SEM, TEM) and spectroscopic
(e. g., FTIR, Raman) techniques, it becomes possible to simulta-
neously obtain spatial and chemical information about formed
interphases. Energy dispersive spectroscopy (EDS) detectors are
often integrated into SEMs, yielding information about the spatial
elemental distribution'®®. Cryogenic scanning TEM has also been
successfully paired with electron energy loss spectroscopy and EDS
to obtain high-resolution structural and chemical information as
well as to characterize electronic structures and bonding environ-
ments'®’. In addition to electron microscopy techniques, AFM can
be combined with IR spectroscopy to couple the morphological and
mechanical information gained by AFM with chemical information
about the interphase'”°.

Finally, multiscale modelling based on first-principle methods,
such as DFT and ab initio molecular dynamics, can provide a deeper
understanding of interphase formation processes and decomposition
reaction pathways"""72, Less computationally expensive ab initio-based
mesoscale techniques (i.e., kinetic Monte Carlo) can capture the inter-
phase dynamics over larger timescales (up to hours) and enable adirect
correlation with experimental data®'”>. To advance the understanding

of the SEl and its complex nature, the combined use of complemen-
tary experimental and theoretical techniques is necessary to corre-
late structural and chemical information with other interphase layer
properties. Further refinement and development of novel in situ and
operando techniques with short measurement times allows the study
of dynamic electrochemical processes, bridging the gap between
experimental data and simulations.

Conclusion and perspective

Advanced nanoengineering design of electrolyte solutions enables
electrochemical performance improvements of laboratory-scale LMBs
(i.e., with TRLs < 4). However, to develop practical zero-excess LMBs
at TRL >4 with a cycle life comparable to that of current commercial
LIBs, the average CE must be in the 99.95-99.98% range (80% state of
health after 450-1,100 cycles). To achieve this goal, addressing the
challenges of producing an effective Li metal electrode protection
interlayer (i.e., the SEI) that enables minimal losses of active mate-
rial during galvanostatic cycling is crucial. State-of-the-art research
suggests aiming for fast SEI formation kinetics with homogeneously
distributed inorganic-rich decomposition products suchasLi;N, Li,O
and LiF due to their high mechanical strength combined with good
electronic insulating properties to promote a compact Li deposition
morphology. The presence of organic polymeric species in the SEI's
outer layeris also considered beneficial, increasing the flexibility and
adaptability of the interphase layer to the mechanical stress during Li
plating/stripping. Due to the SEI's brittle and air/moisture-sensitive
nature, complementary in situ and operando analysis techniques are
required to investigate relevant formation processes and interphase
properties. Increasing the measurements’ temporal resolutionis also
crucial to capture the short-lived intermediate species and fast SEI
evolution mechanisms, as well as closing the gap with theoretical simu-
lations, usually operating in narrow time frames.

Furthermore, to enable prolonged and effective cell performance,
itis necessary for electrolyte solutions to guarantee a preferential
rapid reductive decomposition of the salt-derived anion by simulta-
neously achieving sufficient oxidative stability as well as a high ionic
conductivity (>3 mS cm™ at -1 M salt concentration at 20-25 °C) to
avoid dendrite formation and ensure compact Li deposition at high
currents. The development of ananoengineering approach to under-
stand the Li" ion solvation sheath, including the size and shape of
the resulting clusters and the binding strength between each pair of
electrolyte components, is crucial for producing electrolyte solu-
tions with tailored electrochemical and physicochemical properties.
Simultaneously, industry-relevant electrolyte features such as costs,
safety, environmentalimpact and operational temperatures should be
considered to determine if an electrolyte formulation can transition
from low to high TRLs".

Researchers have explored various approaches to meet the chal-
lenging requirements for achieving high cell CEs under practical con-
ditions. One of these approaches focuses on the design of electrolyte
components, especially solvents, which can help tune the solvation
sheath to improve the electrolyte properties and favour the forma-
tion of a more effective SEI. Starting from simple mono- and diether
molecules, rational and systematic synthesis of derivatives with
electron-withdrawing or sterically demanding groups has already
beenshowntoyield solvents thatenable very efficient Li plating/strip-
ping. Systematic study of ether backbone structure and functional
group position guides synthesis to optimize Li* ion solvation strength
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and clusters. Adeeper understanding of solvent-diluent interactions
in LHCEs is also needed to link solvation dynamics with interphase
formationandionic conductivity. Tailoreddiluents and high-entropy
designs enable simultaneous optimization of solvation strength and
ion mobility. While liquefied gas and moltensalt electrolytes enhance
Limetal passivation, their galvanostatic cycling constraints and costs
limit widespread use. Establishing structure-property relationships
between Lisaltsand the SEIsupports rational anion design, withsalt-
solvent combinationsin LHCEs fine-tuningsolvation. Adequate func-
tionaladditives may furtherimprove thecell’sperformance but require
detailed knowledge of their interactions, effects and consumption
during galvanostatic cycling.

The vast chemical space and modern synthesis offer substantial
opportunities for designing application-tailored electrolytes; how-
ever, thecomplexityand time required for complete characterization
make preselectionand rapid screeningessential to identifypromising
candidates. Here, three methods are gaining increasingly more atten-
tion: (1) high-throughput experimentation'””, which accelerates the
experimental screening of promising electrolyte compositions, (2)
high-throughput quantummechanical calculations, which calculate
electrolyte properties or substitute for time-intensive experiments,
and (3) machine learning (ML), whichenables predictions of electrolyte
components/compositions based onan extensive database of internal
(generallyconfidential) and public experimental and simulation data.
MLenablesexplorationofvast chemical space by correlatingmolecular
structures withintrinsic electrolyte properties and performancedata,
thereby identifying the key property-based descriptors that most
strongly influence targeted performance metrics'*'”’. Thescreening
scope spans all potential liquid electrolyte solution molecules, esti-
mated to be between 10° and 10'° candidates.

Current ML models typically predict electrolyte properties
fromknown parameters, whereas an attribute-driven inverse design
approach, using target performance metrics to identify candidate
electrolytes, is favoured for rational electrolyte development (Fig. 6)'”.
Identifying improved structural descriptors for target properties is
crucialto efficiently screenthe vast space of possible electrolyte com-
positions. Subsequenthigh-throughput quantum mechanical calcula-
tions can prescreen the components proposed by ML algorithms'”*¢°,
Quantum mechanical data from the most promising candidates fur-
ther support advanced simulations, estimating bulk and dynamic
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properties, and providing insights into SEI formation via ab initio
methods'”. After targeted synthesis and formulation of the most
promising electrolyte candidates, high-throughput experimenta-
tion can be utilized to acquire desired datasets'*'*’. When coupled
with ML analysis, high-throughput experimentation enables opti-
mization of bulk ionic conductivity and identification of the opti-
mum electrolyte compositions'®'®*. Continuous refinement of ML
models,acquireddatasets, standardized experimental protocols and
open-source databases across institutions will further improve elec-
trolyte formulationpredictions,accelerated by advanced simulations
and Al-powered computing.

In summary, the development of non-aqueous electrolytes for
LMBs demands aholisticapproach balancing materials, manufacturing
and safety to achieve high-performance and cost-effective solutions
suitable for practical applications.
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