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Electrolyte engineering is crucial forimproving battery performance,
particularly for lithium metal batteries. Recent advances in electrolytes
have greatly improved cyclability by enhancing electrochemical stability
atthe electrode interfaces, but concurrently achieving high ionic
conductivity has remained challenging. Here we report an electrolyte
design strategy for enhanced lithium metal batteries by increasing the
molecular diversity in electrolytes, which essentially leads to high-entropy
electrolytes. We find that, in weakly solvating electrolytes, the entropy
effectreducesion clustering while preserving the characteristic anion-rich
solvation structures, whichis characterized by synchrotron-based

X-ray scattering and molecular dynamics simulations. Electrolytes with
smaller-sized clusters exhibit a twofold improvementinionic conductivity
compared with conventional weakly solvating electrolytes, enabling stable
cycling at high current densities up to 2C (6.2 mA cm™) inanode-free
LiNig¢Mny,Co,, (NMC622)||Cu pouch cells. The efficacy of the design
strategy is verified by performance improvements in three disparate weakly
solvating electrolyte systems.

Following the discovery of the Li||TiS, battery chemistry by Whitting-
haminthe1970s', the Li metal anode has been sought after for its high
theoretical capacity and low redox potential®*. However, its problems
insafety and cyclelife led to the development of carbonaceous anodes
that are now the commercially dominant anode technology*. Three
decades after the first commercialization of lithium ion batteries,
lithium metal batteries have been revitalized as a viable technology”
with the aid of nanoengineering®?, solid electrolytes®” and particularly
liquid electrolyte engineering® ™. Novel liquid electrolytes includ-
inglocalized-high-concentration electrolytes (LHCEs) and single-salt
single-solvent electrolytes have dramatically improved stability with
Li metal anodes and high-voltage cathodes®.

Solvation has proven to be central to the stabilization of liquid
electrolytes for Li metal batteries. Through molecular design and the
use of highly fluorinated co-solvents, weakly solvating electrolytes with
anion-rich Li*solvation structures have achieved superior electrochem-
ical stability at the high-voltage cathode and Li metal anode interfaces,
prolonging the battery cyclelife’ ", However, most weakly solvating
electrolytes show compromised ionic conductivities compared with
conventional carbonate and ether electrolytes®'®"* (Supplementary
Fig. 1and Supplementary Table 1), limiting the battery’s high-rate
cycling capabilities (Supplementary Fig. 2 and Supplementary
Table 2)*01>2128-32 Aninteresting finding is that weakly solvating elec-
trolytes with comparable salt concentrations show similar viscosities
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to conventional electrolytes, implying that viscosity is unlikely to
be the driver of the discrepancies in conductivity (Supplementary
Fig.1). As will be discussed extensively in this study, we hypothesize
that conductivities are intricately related with mesoscopic solvation
structuresincludingLi* clusters. Increased clustering ofions owing to
poor ion dissociation in weakly solvating electrolytes®** is expected
to increase the hydrodynamic radius and hinder transport®. These
weakly solvating electrolytes that form ion clusters often possess
improved electrochemical stability but at the cost of ion conductivity,
while strongly solvating electrolytes tend to have high conductivity but
poor stability,implying a trade-offin tuning solvation strength (Fig. 1a).

While many strategies have relied on tuning the enthalpicinterac-
tions between Li* and its surrounding species®'%>>1”2! entropy (S) as
a design knob has largely gone unnoticed for liquid electrolytes. We
conjecture that we can modulate the solvation behaviour of weakly
solvating electrolytes by tuning solvation entropy (Fig. 1b), defined as
the change in entropy upon solvation of Li* from vacuum to solution.
Increasing solvation entropy can decrease the free energy of solvation
without changing solvation enthalpy, leading toimproved ion dissocia-
tionand smallerion clusters. Entropy hasbeenleveraged in many other
systems to improve materials properties. In high-entropy alloys and
ceramics, entropic driving forces are exploited to modulate structure
and phase behaviour®. Inthese systems, the presence of alarge number
of componentsincreases the configurational entropic contribution to
the free energy, thereby suppressing ordering in favour of mixing?®.
By utilizing this design principle, unexpected properties that surpass
the averaged properties of the components can be attained”. The
high-entropy design concept has been applied to catalysts, thermo-
electrics, corrosion-resistant materials and battery materials®?, such
as novel battery cathodes®**® and solid electrolytes® with superior
electrochemical properties.

Inthis Article, we apply the high-entropy concept to weakly solvat-
ing liquid electrolytes to improve ion transport capabilities with-
out compromising stability with high-voltage cathodes and Li metal
anodes (Fig. 1b and Supplementary Fig. 5). We design high-entropy
electrolytes (HEEs) with increased solvation entropy by increasing
molecular diversity (Fig. 1c). HEEs are shown to have atwofold increase
inionic conductivity and can stably cycle up to 2C (-6.2 mA cm™),
charging and discharging in high-voltage anode-free Li metal batter-
ies. Through a host of advanced characterization techniques, we find
thation cluster sizes decrease with anincreasing number of solvents
(Fig. 1d). This is attributed to higher solvation entropies driving the
thermodynamic equilibrium to favour Li-solvent interactions and
suppression clustering. HEEs with smaller ion clusters haveimproved
diffusivity compared with low entropy electrolytes (LEEs), which miti-
gates concentration gradients during high-rate cycling and allows for
denser and more uniform deposition morphologies (Fig. 1e). Lastly,
we demonstrate the generality of the HEE concept by applying it to
fluorinated ether electrolytes and carbonate-based LHCEs. We pro-
pose that increasing molecular diversity to modulate the solvation
entropy and tune the mesoscopic solvation structure can be adesign
strategy toimprove theionic conductivity of advanced weakly solvat-
ing electrolytes.

Electrolyte design and electrochemical
performance

To investigate the effect of entropy on solvation structure, ionic
conductivity and battery performance, we systematically change
solvation entropy while maintaining similar enthalpic interactions.
A route to increasing solvation entropy is increasing the molecu-
lar diversity, analogous to increasing the number of elements in
high-entropy materials* ¥, To minimize differencesin enthalpicinter-
action, however, we select structurally similar solvent compounds
with comparable interactions with Li* and design three electrolytes
with different number of solvents. EL2 (1 M LiFSIin DME-TTE), which

consists of dimethoxyethane (DME) as the solvent and 1,1,2,2-tetra
fluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE) as the co-solvent
(Fig.2a,band Supplementary Table 3),isan LHCE inspired by refs. 9,28.
InLHCEs, the solvent solvates and dissociates ions, whereas the diluent
is essentially non-solvating, playing a role to reduce the viscosity and
improve the transport properties of the electrolyte while retaining the
anion-rich solvation structures of high concentration electrolytes®".
DME and TTE, together with lithium bis(fluorosulfonyl)imide (LiFSI)
salt, was reported to be one of the best solvent mixtures through
systematic studies'®*, and showcases one of the best performances
for lithium metal batteries®*®. EL4 (1 M LiFSI DME-DEE-DEGDME-TTE)
uses three solvents and a co-solvent; diethoxyethane (DEE), diethyl-
ene glycol dimethyl ether (DEGDME) and DME are used as solvents,
with TTEasthe co-solvent. DEEand DEGDME are both glymes that are
structurally similar to DME, with DEE containing two ethyl groups in
place of methyl groups and DEGDME containing an additional glyme
functional group (Fig. 2a and Supplementary Table 3). EL5 (1 M LiFSI
DME-DEE-DEGDME-TTE-BTFE), compared with EL4, has an additional
fluorinated ether co-solvent, bis(2,2,2-trifluoroethyl) ether (BTFE),
which mimics TTE in diluting the electrolyte (Fig. 2b). All electrolytes
contain 10% v/v of solvent and 90% v/v of co-solvent (Supplementary
Table 3), aratio designed to be close to salt saturation to eliminate
free solvents. By deploying chemically similar compounds without
changing the solvent to co-solvent ratio, we expect the nature of inter-
molecular interactions between solvents, Li* and anions to be similar
across all electrolytes—which we experimentally confirm later in the
discussion—while modulating the solvation entropy.

Figure 2c and Supplementary Fig. 4 show the ionic conductivities
ofthethreeelectrolytes. EL5 exhibits aremarkable, twofold increasein
conductivity compared with EL2. This resultis particularly interesting
as the viscosities of the electrolytes do not differ appreciably (Sup-
plementary Fig. 5). Figure 2d shows the impedance spectra of Li||Cu
cells after Li deposition of 1 mAh cm™ onto the Cu electrodes. This
result suggests that the bulk resistance plays a substantial partin the
overallimpedanceinall samples, and the bulk resistance decreasesin
the order EL2 to EL4 to ELS, further validating the ionic conductivity
results (Supplementary Fig. 6). Figure 2e shows the Li||Cu Coulombic
efficiency (CE) measurement results (Supplementary Fig. 7 and Supple-
mentary Table 4). At 0.5 mA cm 2, all three electrolytes show excellent
CEs around 99.5% and differences in CE across the three electrolytes
are negligible. However, at a higher current density of 1mA cm™, the
CE of EL2withlower ionic conductivity drops below 98%, whereas EL5
retains 99.4%.

The differences inionic conductivity and Li||Cu CE translate into
the battery cycling performance. Figure 2f-h shows NMC532||Cu
anode-free pouch cells with 3.1 mAh cm™area capacities cycled from
3.0to4.4 Vatvarious C-rates (Supplementary Table 5and Supplemen-
tary Fig. 8). At 0.2C charging and 0.5C discharging rates, which are in
therange of regularly reported conditions, cyclability increasesin the
order of EL2 to EL4 to EL5, where EL5 shows anode-free cycling of 110
cycles at 70% capacity retention (Fig. 2f). This effect is magnified at
increased rates of 1C charging and 1.5C discharging, where EL5 shows
the highest initial capacity and cycling stability (Fig. 2g). At the fast
rates of 2C charging and 2C discharging, EL2 and EL4 have limited initial
capacity that quickly decays, while EL5 can cycle for almost 80 cycles
at 70% capacity retention (Fig. 2h). Overpotential seems to be coupled
with capacity retention, as EL5 shows the lowest cycling polarization
(Fig. 2f-h) and overpotentials (Fig. 2i-k) at all three C-rates. Cycling
polarizationis defined in this Article as the difference in average volt-
ages of charging and discharging. This coupling between cycling sta-
bility and polarization will be explored in depth laterin ‘Electroplating
morphology and the interphase’.

To verify the effects of each solvent, we conducted cycling and
ionic conductivity characterization for all possible LHCEs from com-
bining three solvents and two co-solvents. The results are shown in
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Fig.1|Design framework for HEEs. a, Schematicillustrating the apparent
trade-off betweenionic conductivity and electrochemical stability in tuning
the solvation strength. Grey circles, individual clusters. b, Design concept
ofincreasing solvation entropy to improve ion solvation and enhance ionic
conductivity. G, Hy,, and S, represent solvation free energy, enthalpy and
entropy, respectively. ¢, Molecular diversity of HEE increases the solvation
entropy, which shifts the thermodynamic equilibrium to promote ion
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dissociation and suppress clustering. Large squares represent the electrolyte
system.d, HEE has smaller ion clusters than LEE. Large circles represent the
electrolyte system. e, HEE with smaller ion clusters exhibits higher diffusivity
and conductivity that leads to asmaller Li* concentration gradient and a denser
Li deposition morphology during high-rate cycling. The coloured dotsinc
represent individual molecules or ions, whereas only ions are highlighted in a,
dande. Left: LEE depiction; right: HEE depiction (c-e).

Supplementary Fig. 9. We see that, while different solvents have, to a
certain degree, different effects, it is evident that EL5 exhibits perfor-
mance exceeding that of any single-solvent single-co-solvent mixture
(Supplementary Fig.9).Itisimportant to note, however, that theionic
conductivityimprovement from EL2 to EL5, in addition to the entropy
effect, has contributions from the BTFE diluent, as it is shown to have
better transport properties than TTE. In addition, we also observe

improved oxidative stability for electrolytes with increased number
of solvents (Supplementary Fig. 10). We conjecture that this may be
due to the fluorine-rich passivating interphase layer (Supplementary
Fig.11), whichleads toreduced cracking of the cathode particles during
cycling for the HEE (Supplementary Fig.12). Improved stability at the
cathode may also be a contributing factor to theimproved cyclability
of the HEE. In addition, our electrolytes possess favourable safety
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Fig. 2| Electrochemical performance of HEEs. a,b, Chemical structures of the
solvents (a) and co-solvents (b). ¢, lonic conductivities increase with increasing
number of solvents. d, Impedance (2) spectra of Li||Cu coin cells after l mAh cm™
of Lideposition shows decreased bulk impedance with increasing number

of solvents. e, Li||Cu Coulombic efficiencies are similar for all electrolytes at

0.5 mA cm™but show decreased efficiencies for EL2at1mA cm™. Incand e, the
points signify individual data points and the bar signifies the mean. f-h, Anode-

free NMC532-Cu pouch cell cycling at 3.0-4.4 V for different current densities,
showing lower polarization and more stable cycling with increased molecular
diversity. Charging and discharging C-rates: 0.2C, 0.5C (f); 1C, 1.5C (g); 2C, 2C (h).
i-k, Voltage profiles of the first cycle during pouch cell cycling, showing lower
overpotential with increased molecular diversity. Charging and discharging
C-rates: 0.2C, 0.5C(i);1C,1.5C (j); 2C, 2C (k).

performance, with much reduced flammability compared with con-
ventional electrolytes (Supplementary Fig. 13 and Supplementary
Videos 1-4). Overall, we discover that ELS with increased molecu-
lar diversity has an improved ionic conductivity that correlates with

superior full cell cycling and Li-Cu CE, particularly at higher current
densities, and this improvement is unattainable with low molecular
diversity. We further validate that these findings hold true to other
electrolyte systems in the final section of this study.
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Microscopic and mesoscopic solvation structure
We observed greatly improved ionic conductivity for EL5 compared
with EL2. To gain molecular-level insights into the differencesin con-
ductivity, we investigate the microscopic (dngstrom length scales)
and mesoscopic solvation structures (nanometre length scales)
through large-scale molecular dynamics (MD) simulations (Sup-
plementary Fig.14). First, we analyse the microscopic Li coordination
environment, where Fig. 3a-c shows the cumulative distribution
functions around the Li* for the three electrolytes. It is evident that
all three electrolytes have anion-rich solvation structures, contain-
ing approximately three anions and one solvent molecules in the
first solvation shell. It can be noticed that the co-solvents (TTE and
BTFE) do not populate the first solvation shell and lie beyond 4 A from
Li*, which is in agreement with previous reports (Supplementary
Fig.15)”'%**. These results are further corroborated by Raman spec-
troscopy (Supplementary Fig. 16) and relative solvation enthalpies
estimated using potentiometric measurements (Fig. 3d)***. Raman
spectroscopy confirms that the local solvation structures are simi-
larly anionrich forall three electrolytes, while solvation enthalpies,
when compared withareference electrolyte of 1 M LiFSIin DME, have
relatively small differences across the three electrolytes. It can be
summarized that the enthalpicinteractions between the Li* and the
speciesinthefirst solvation shell are similar across all electrolytes,
and their first solvation structures are all anion rich. As the speciesin
the solvationstructure are preferentially decomposed at the anode
interface*’, this leads to the anion-derived solid-electrolyte inter-
phases (SEls) found in all samples, which will be discussed further
in the next section.

Although the microscopic solvation structures are not appre-
ciably different across the three electrolytes, clear differences in
mesoscopic structures at the nanometre scale can be observed.
Clustering of Li* and anions has been previously reported'®**** but
quantitative analyses of the extent of clustering and the impact on
ion transport have been lacking. We performed statistical analyses
ontheLi"and anion clusters where alarge-scale MD simulation was
critical to ensuring accurate and statistically significant results.
Figure 3e shows the average Li* cluster sizes of the three electrolyte
systems at300 and 350 K, where cluster size is the number of Li*ina
discrete cluster (see Methods for the detailed definition). The aver-
age cluster size decreases with increased solvent diversity for both
temperatures. The simulated results are further confirmed through
synchrotron-based X-ray scattering characterization (Fig. 3g and
Supplementary Fig. 17). X-ray scattering probes the structures of
amorphous materials, analogous to X-ray diffraction for crystalline
counterparts, and provides unique insights into the mesoscopic
solvation structure such as clusters and networks*2. Wide-angle X-ray
scattering (WAXS) results show that, for scattering vector (Q) values
0f 0.4-1.0 (corresponding to 1.56 and 0.62 nm, respectively), we see
that scattering decreases from EL2 to ELS5 (Supplementary Fig. 18).
Thisresult shows that thereis a higher population of larger clusters
around 1 nm in diameter in EL2 compared with ELS. This result is
further corroborated by other reports onscattering experiments for
ion clusters in high-concentration aqueous electrolyte and diluted
solvate ionic liquids, where similar Q ranges are attributed to the
formation of clusters***,

Clustering can be an important factor to ionic conductivity. The
Stokes-Einstein relation

Do kT

6mnR
where kg is the Boltzmann constant, Tis temperature, nis viscosity and
Rishydrodynamicradius, canserve asamodeltoaid our understand-
ing of theimpact of clustering. The diffusion coefficient (D) is inversely
proportional to the hydrodynamic radius, which s directly related to
cluster size; increase in cluster size leads to a larger hydrodynamic
radius and decreased the diffusivity of ions**¢,

This relationship is verified by diffusion-ordered spectroscopy
nuclear magnetic resonance (DOSY-NMR), which can experimen-
tally estimate the diffusion coefficient of Li* (Supplementary Figs. 19
and 20 and Supplementary Table 6). We see in Fig. 3f that Li* diffu-
sion coefficients increase in the order EL2 to EL4 to EL5. Because the
viscosities of the three electrolytes do not show appreciable differ-
ences (SupplementaryFig. 5), the viscosity effect canbe ruled out and
thus uncovers the clustering effects. It is possible to reason that the
hydrodynamic radii decrease in the order of EL2 to EL4 to ELS5, which
is consistent with the MD simulation and X-ray scattering results. The
Nernst-Einstein relation

@

2
A=Y ,%_(vzzD) )

where A is molar conductivity, Fis the Faraday constant, R is the gas
constant, Tis temperature, vis the number of cations or anions and
zis charge, can serve as a model to help understand the relationship
between diffusivity and conductivity. Although the equation should
betakenwith caution as some of the assumptions may deviate at prac-
tical concentrations of 1M, it captures the proportionality between
conductivity and diffusion coefficient, whichisin agreement with our
results (Figs. 2c and 3f). Inaddition to the diffusivity effect on conduc-
tivity, larger cluster size will lead to smaller number of clusters, further
decreasing the conductivity.

The differences in clustering behaviour that lead to disparate
diffusivities and conductivities are attributed to entropic contribu-
tions. Solvation entropies, estimated through temperature coeffi-
cients of non-isothermal cells*, show that EL5 has the highest solvation
entropy (Fig. 3h). In addition, Fig. 3i shows the make-up of the first
solvation shell of the three electrolytes, where it is evident that EL5
with the highest number of solvents has the largest number of pos-
sible solvation configurations. We believe that the high entropy of
ELS5 drives the reduction in clustering and the improvement in ionic
conductivity. Electrolyte solvation can be modelled as a product of
the thermodynamicequilibrium between dissociating and clustering,
balanced by entropic and enthalpic driving forces, as can be stated in
the relationship AG = AH - TAS (ref. 47). In most liquid electrolytes,
enthalpicforces favour clustering while entropy favours dissociation,
and the equilibrium will shift depending on the relative magnitudes
(Fig. 1a). This is evidenced by salt solubility increasing with tempera-
ture*®. Because the effect of entropy is magnified at high temperature
relative to the enthalpic effect, it is evident that entropic forces drive
ion dissolution. Conversely, clustering is entropically unfavourable

Fig.3|Microscopic and mesoscopic solvation structures. a-c, Cumulative
distribution functions (CDFs) of the electrolytes, EL2 (a), EL4 (b) and EL5 (c),
showing anion-rich primary solvation structures. Number of FSI" ions in the
first solvation shell are indicated in the top-left corner. d, Solvation enthalpy
characterized through potentiometric methods shows similar values across
theelectrolytes. e, The average Li* cluster size obtained with MD simulations
decreases with anincreasing number of solvents at both 300 K and 350 K.

f, Diffusion coefficients measured with DOSY-NMR show the inverse trend of

the cluster sizes. g, WAXS shows decreased clustering with increased molecular
diversity. h, Temperature coefficients, signified by the slopes of the lines, show
that ELS has the highest solvation entropy. Points represent the individual
measurements, and the slope of the line of best fit correlates to the entropy

of solvation, where E is cell voltage. i, Distribution of first solvation structures
obtained by MD simulations shows that EL5 has access to the largest number of
configurations.
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and is driven by enthalpy, as evidenced by increased clustering at
low temperatures.***° This general trend applies to our electrolytes,
where we observe reduced clustering at 350 relative to 300 K (Fig. 3e).
Itcanbereasoned that HEEs with large solvation entropies will lead to
a better dissociated electrolyte with smaller ion clusters with higher
mobilities (Fig. 1).

Electroplating morphology and the interphase

We observed that smaller Li cluster formation driven by entropy
could improve diffusivity and ionic conductivity. To investigate the
relationship between the improved ionic conductivity and high-rate
cycling performance, we explore the Li deposition morphology. It
is an important determinant of cycling stability as larger deposits
reduce the surface area and the Li inventory loss due to SEI forma-
tion®’. Scanning electron microscopy (SEM) from the top view shows
that all of the electrolytes have large particles of smooth low surface
area Lideposits (Supplementary Figs. 21-23). The cross-section view,
however, reveals that the Li deposition thicknesses are different
(Fig.4a, Supplementary Fig.24-26 and Supplementary Table 7) and can
be correlated with the cycling stability (Fig. 2). Atalow current density
of 0.5 mA cm™, the differences in thickness are minimal. However, as
the current density increases toland 3 mA cm™, EL2 withalower ionic
conductivity shows an increase in deposition thickness whereas EL5
retains a dense morphology with alow surface area, which canlead to
reduced SEl formation and superior cyclability.

Multiphysics modelling was conducted to investigate the root
cause of the discrepancies in Li deposition morphologies at high cur-
rent densities. Using the electrolytes’ physical parameters such as ionic
conductivity and the cell parameters such as cathode loading, we
simulated the voltage and concentration profiles at different current
densities (Fig. 4b and Supplementary Figs. 27 and 28). Figure 4b shows
that EL2 forms sharp concentration gradientsand Li* depletion at the
interface at a plating current density of 3 mA cm™, whereas EL5 has a
much milder gradient, aphenomenondirectly linked to theionic con-
ductivities and transport properties of the electrolytes. Concentration
gradients promote highly heterogeneous current density distributions
(Fig.4c), where current hot-spots at the tip canlead to filamentary and
porous deposition morphologies®. The relationship between concen-
trationgradientandlocal currentdensity isillustrated in the extended
Butler-Volmer equation (wherejsignifies the current density,j,is the
exchange current density, C;; is the local Li concentration at the elec-
trode-electrolyte interface, C}; is the reference Li concentration in
electrolytes, a. and a, are the cathodic and anodic charge-transfer
coefficients, zis the number of electrons and 7 is the overpotential).

e o a,zFn a.zFn
J—/o<a> {exp T —exp[— T ]} €)

Li

Although large concentration gradients are formed at 3 mA cm2,
we believe that none of the electrolytes reach the Sand’s time limit,
where the Li* is completely depleted at the Li-electrolyte interface.
We do not observe dendritic or mossy lithium (Supplementary Fig. 23),
characteristic of such growth modes®, and our Multiphysics simula-
tions show that there remains a finite concentration for all electro-
lytes (Fig. 4c). Nonetheless, concentration gradients are key factors
in shaping the Li deposition morphologies and the cycling stability
at highrates.

In addition to the electrolyte transport properties, another
factor critical to the battery performance is the SEI. For example,
anion-derived inorganic-rich SEls have been correlated with superior
cycling stability®****, We performed X-ray photoelectron spectroscopy
(XPS) on the SElIs of the three electrolytes, along with a well-studied
reference electrolyte (1 M LiFSI DME®*2?*%) to investigate the chemi-
cal composition of the interphases (Fig. 4d). Compared with 1 M LiFSI

DME, all LHCEs show substantial content of LiFSI salt decomposition
productsinthe SEI, particularly evidentinthe F1s, N1sand S 2p spec-
tra®. However, across the three electrolytes, the differences are not
pronounced, and clear trends that correlate with the morphologies or
electrochemical performance are not present. In particular, differences
inthe elemental compositions of the SEls of the three electrolytes are
statistically insignificant (Supplementary Fig. 29). In fact, similarity
inthe SEIs of the three electrolytes is not surprising, considering the
similar primary solvation structures of the electrolytes (Fig. 3a-c).
The Li* solvation structure is believed to dictate the decomposition
products, ascomponents within the solvation structure are more prone
toreduction at the Liinterface*®*.

Extension to broader electrolyte systems

Molecular diversity as a means to modulate the mesoscopic solva-
tion structure and electrochemical properties can be a powerful and
versatile design strategy for high-performance electrolytes. To sup-
portits generality, we extended the idea to fluorinated ether electro-
lytes and carbonate-based LHCEs (Fig. 5a,b). A series of fluorinated
diethoxyethane (FDEE) solvents have been developed recently by
our group, which were deployed in electrolytes with state-of-the-art
electrochemical performance for lithium metal batteries'®. We
applied the high-entropy concept to FDEEs to further improve the
electrochemical performance, especially their transport properties.
Our high-entropy FDEE electrolyte is an equivolume mixture of the
four solvents F3ADEE-F6DEE (F3-6DEE), mixed with 1 M of LiFSI salt.
We compare the electrolyte with F5DEE solvent mixed with the same
salt, as the solvent displayed the most stable cycling among the four
solvents', and consequently the averaged performance of the elec-
trolytes containing F3-6DEE would be inferior to that using FSDEE.
Reassuringly, the high-entropy FDEE electrolyte (F3-6DEE) displays
superiorionic conductivity and high-rate cycling stability (Fig. 5¢c-g).
Theionic conductivity isimproved by ~50% by diversifying the solvents
(Fig. 5c and Supplementary Fig. 30). This is surprising in that F3DEE,
the solvent with the highest conductivity amongthe FDEEs, hasonlya
~20% higher conductivity than FSDEE™. The remarkable improvement
is correlated with molecular diversity. The CEs of Li||Cu cells are also
slightly improved, with F3-6DEE having a CE 0of 99.6% (Fig. 5d and Sup-
plementary Fig. 31). Anode-free pouch cell cycling of F3-6DEE shows
notableimprovement at higher rates of 1C-1.5C and 2C-2C compared
withits single-solvent counterpart. As FDEEs are weakly solvating sol-
vents owingto the electron-withdrawing effects of fluorination, alarge
fraction of Liions exist as clusters'®, We expect the increased solvation
entropyin F3-6DEE electrolyte to mitigate clustering and improve the
diffusivity and conductivity of Li*, improving the ionic conductivity
and cyclability at high rates.

As another example of HEEs, we developed high-entropy car-
bonate LHCEs. Dimethyl carbonate (DMC), ethyl methyl carbonate
(EMC) and diethyl carbonate (DEC) were used as solvents (Fig. 5b),
being mixed with TTE and BTFE co-solvents. The solvents are linear
carbonates that differ by the length of the hydrocarbon chain and
exhibit close physicochemical properties”. EMC-TTE was selected as
EL2,as EMC has properties that are intermediate between those of DEC
and DMCY. Figure 5h,i and Supplementary Figs. 32 and 33 illustrate
that ELSc has the highest ionic conductivity and Li||Cu CE at higher
current densities, consistent with the trend for ether-based LHCEs. In
addition, the NMC532||Cu anode-free pouch cell cyclability increases
inthe order of EL2c to EL4cto EL5c, confirming the trend thatincreas-
ing the solvent diversity can lead to improved cycle life (Fig. 5j and
Supplementary Fig. 34). We demonstrate that judiciously designed
HEEs have demonstrated improved performance, but it isimportant
to note that individual components must be chosen carefully; using
components with unfavourable properties can be detrimental to the
performance of the HEE.
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Conclusions

Here, we show that molecular diversity as a design strategy can be
applied widely to many electrolyte systems and provides a vast unex-
plored designspace of HEEs. In particular, the strategy can be utilized
to modulate the mesoscopic solvation structures in weakly solvating
electrolytes where extensive amounts of ion clustering are present,
which has been demonstrated through X-ray scattering and simula-
tions in this work. Electrolytes with smaller-sized clusters are shown
toimprove transport properties and fast-charging capabilities, which
we confirmed through DOSY-NMR and electrochemical characteriza-
tions. We envision that this work can spur efforts to develop HEEs that
can push lithium metal batteries closer to practical applications and
to broadly develop high-entropy solutions with superior properties
for various applications.

Methods

Electrolyte preparation

Allelectrolytes were prepared and handled inan argon-filled glovebox
with O, concentration <0.2 ppm and H,0 concentration <0.01 ppm.
All electrolyte materials were used as received after molecular siev-
ing toremove trace amounts of water. LiFSI (Fluolyte) was used as the
salt. DME (Sigma-Aldrich), DEGDME (Sigma-Aldrich), DEE (Acros),
DMC (Sigma-Aldrich), EMC (Sigma-Aldrich), DEC (Sigma-Aldrich), TTE
(SynQuest) and BTFE (SynQuest) were used as solvents. The fluorinated
DEE (FDEE) solvents were synthesized in the laboratory using methods
described ref.10 The electrolytes were filtered before use to eliminate
any potentially remaining solid particles.

Electrochemical performance testing

All pouch cells were commercial single-crystal NMC532||Cu dry pouch
cells purchased from Li-Fun Technology, with ~3.1 mAh cm™ of cathode
loading and cell capacity of ~200 mAh, then electrolytes were pipetted
into the cells in an argon-filled glovebox. Pouch cells were cycled using
Biologic VMP3, first cycled with two formation cycles at C/10. Subsequent
cycles were constant-current cycles at different c-rates with voltage
ranges of 3.0-4.4 V. All pouch cells were pressurized using c-clamps and
polyacrylic plates. The 2032-type coin cells were assembled in the glove-
box using Celgard 2325 separators and NMC532 electrodes purchased
from MTI. Coin cells were used for impedance, cycling, linear sweep
voltammetry, Coulombic efficiency and electrode characterizations.
Coin cell cycling was conducted using Land Instruments cyclers. Elec-
trochemical impedance spectroscopy measurements were taken over
the frequency range from1MHzto100 mHz. Linear sweep voltammetry
tests were carried out over a voltage range of 3-6 VinLLi||Al cells. For Li||Cu
half-cell CE tests, initially 5 mAh cm ™ of Limetal was deposited on Cuand
stripped (formation cycle). Then, 5 mAh cm™ of Li metal was deposited
again,toactasalLireservoir. Then, Liwas repeatedly stripped and plated
1mAh cm?for nine cycles. The remaining Li on Cu was then stripped,
and the average CE was calculated by dividing the total stripping capac-
ity by the total plating capacity after the formation cycle. LiNiMnCoO,
(NMC)||Cu full cells were first cycled with two formation cycles at C/10.
Subsequent cycles were constant-current cycles at different C-rates
with voltage ranges of 3.0-4.4 V. For ionic conductivity measurements,
aSwagelok cell was used withno separators and electrochemicalimped-
ance spectroscopy was used to measure the bulk resistance, which was
then converted into conductivity using the length and area of the cell.

MD simulations

MD simulations were carried out using the LAMMPS package. The
optimized potentials for liquid simulations all-atom force field*® with
fitted parameters for LiFSI*” and the solvent molecules DME, DEGDME,
DEE and BTFE® was used in this work, where the parameters for TTE
were fitted specifically for this work (Supplementary Table 10). Param-
eter fitting was performed using the density functional theory pack-
age Orca®®, with the 6-31++G(d,p) basis set and long-range corrected

Becke-Lee-Yang-Parr functional. The atomic charges for all species
inthis work are re-calculated using RESP analysis implemented in the
Multiwfn package®. The EL2 system contains 384 DME molecules,
2,376 TTEmoleculesand 400 LiFSImolecules. The EL4 system contains
128 DME molecules, 96 DEE molecules, 92 DEGDME molecules, 2,376
TTE molecules and 400 LiFSI molecules. The EL5 system contains 128
DME molecules, 96 DEE molecules, 92 DEGDME molecules, 1,388 TTE
molecules, 1,188 BTFE molecules and 400 LiFSImolecules. The systems
wereinitialized randomly using the Packmol package. The systems were
then subjected to asimulated annealing equilibration protocol as fol-
lows: (1) energy minimization at temperature T= 0 K, (2) equilibration
at T=300 K for2 nsinanumber-pressure-temperature (NPT) ensem-
ble, (3) heating up the system to 450 K over 1 ns in an NPT ensemble,
(3) relaxation at T=450 K over 1 ns in an NPT ensemble, (4) cooling
down to T=300K over 1ns in an NPT ensemble and (5) equilibration
at T=300K for 5 nsinan NPT ensemble. The production run was sub-
sequently performed at 7=300 K over 20 ns in a number-volume-
temperature (NVT) ensemble. A second round of simulations with
the equilibrium temperature 7= 350 K were performed to study the
entropic effects on cluster distribution. All the simulations in this work
used a timestep of 1fs and a pressure of 1 atm. The temperature and
pressure were regulated witha Nosé-Hoover thermostat and barostat,
with adamping parameter of 0.2 psand 1 ps, respectively.

Thesubsequent data analysis was carried out using the last 10 ns of
the production runtrajectories. The cumulative distribution functions
andthefirstsolvationshell coordination numbers were calculated by
using the python code MDAnalysis®. The time averaging used snap-
shots taken every 250 ps to minimize temporal correlation effects.
Structural analysis of salt ion clusters was carried out with custom
code based on the breadth-first search algorithm. Specifically, the
program starts with one random unvisited Li* atom as the starting
atom (henceforth marked as visited) of a cluster and searches for its
neighbouring O atoms. The FSI” anions to which each O atombelongs
are henceforth marked as visited and part of the cluster. This primary
step is followed by a secondary step, where for every O atom of the
marked FSI™ions in the primary step, its unvisited neighbouring Li*
ions are henceforth marked as visited as part of the cluster. These two
steps are performed recursively to determine all the Li* and FSI” ions
belonging to one common cluster. This search processis repeated for
the whole system to determine the statistics of clusters presentin the
system. The criterion for neighbouring atomsis that their interatomic
distancebelessthan2.5A.

COMSOL Multiphysics simulations

All the multiphysics simulations on lithium electrodeposition were
performed using COMSOL Multiphysics software. The electric current
(i) in the electrolyte is governed by the diffusion and migration of Li
ions and can be described using the Nernst-Planck equation:

alnf
alnC]_i

i = (-K\Vey) +

2KRT
L (1 N

) (1—t,.)VInGy; 4)

whereKjistheionicconductivity of the electrolyte, ¢, is the electrolyte
potential, C;; is the concentration of Li* in the electrolyte, R is the gas
constant, Tis temperature, Fis the Faraday constant, ¢, is the transfer-
ence number of Li* and fiis the mean molar activity coefficient of the
electrolyte. The Butler-Volmer equation was used to describe the
relationship between the electrodeposition rate and the electrodeposi-
tion overpotential:

L (au\” aazfn] [ a.zfn
J—Jo(qi> {exp[ RT —exXp|— RT } %)

wherejsignifies the current density, j, is the exchange current density
and C;, is the reference Li concentration in electrolytes. a. and a, are
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the cathodicand anodic charge-transfer coefficients and zis the num-
ber of electrons. The overpotential for lithium electrodeposition is
defined as = ¢, — ¢, where ¢, is the electrode potential.
The mass transport of Li+in the electrolyte is defined as
ac

E"’V'j]:()’ (6)

Ji=-DivG + %)
where/; represents Li* flux in the electrolyte, ¢ is time and D, stands
for the Li* diffusivity in electrolytes.

The physical parameters of electrolytes (EL2, EL4 and EL5) and
electrodes (NMC and Li metal) in the numerical model are set to be
consistent with the experiments (Table1and Supplementary Table11).
The anode-free cell configuration is used in the numerical model, in
which the thicknesses of the NMC cathode and separator are set to be
70 and 25 um.

Electrode and interphase characterization

SEMimages were taken using an FEl Magellan 400 XHR. The 2032-type
Li||Cu coin cells were assembled using a Celgard 2325 separator with
respective electrolytes. Li was plated 1 mAh cm™ onto a Cu current
collector using various current densities. Then, the coin cell was disas-
sembled in a glovebox and the electrode was extracted then washed
in DME to remove any excess Li salt. For cross-section imaging, the
electrodes were torn and mounted onto the SEM holder for imaging.
The images were used to measure the cross-section thicknesses (see
Supplementary Fig. 7 for raw data). The error bars shownin Fig. 4arep-
resent standard deviations. XPS signals were collected on a PHI VersaP-
robelscanning XPS microprobe with an AIK, source. Liwas deposited
1mAh cm™onto Cu current collectors at 0.5 mA cm™ current density,
and SElwas characterized without sputtering. For cathode characteri-
zations, NMC532-Cu coin cells were cycled for 50 cycles at 1mA cm™
current density then rinsed with DME before characterization.

Electrolyte characterization

Solvation entropy measurements were done using a potentiometric
method developed previously in our group*’, using a non-isothermal
cell with Li metal as electrodes. A temperature gradient was progres-
sively developed, and the voltage response was recorded. The slope of
voltage versus temperature gradient, determined with the line of best
fit to minimize residuals, was used to estimate the solvation entropy.
Solvation energy measurements were done by using a similar method,
using aH-cell with Limetal as electrodes and asymmetricelectrolytes.
Anopen circuit potential was measured to probe the relative solvation
energy. The steady-state viscosity was measured at ambient condition
with a TA Instrument ARES-G2 rheometer in parallel plate geometry.

X-ray scattering characterization
Synchrotron small-angle x-ray scattering was conducted in capillary
transmission mode at beamline 1-5 at the Stanford Synchrotron Radia-
tion Lightsource of SLAC National Accelerator Laboratory, with 15 keV
beam energy. The detector is Dectris Pilatus 1M, with asample to detec-
tor distance of 835.685 mm. All measurements were done in ambient
air condition. Three spots along each sample capillary holder were
collected, with an exposure time of 60 s for each spot and ten repeats
for each spot. Two-dimensional scattering data were exported into
IgorPro, processed with the Irena and Nika packages and calibrated
with the LaB6 standard. The one-dimensional data are normalized
with the beamstop value, and background subtraction was done with
datacollected for the empty quartz capillaries (outer diameter 2 mm,
Charles Supper).

Synchrotron wide-angle X-ray scattering was conducted in capil-
lary transmission mode at beamline 11-3 at the Stanford Synchrotron

Radiation Lightsource of SLAC National Accelerator Laboratory,
with 12.7 keV beam energy. The detector is Raxyonics 225, 73.242 pm
(ref.2), withasampleto detector distance of 150 mm. Allmeasurements
were done in ambient air condition. Seven spots along each sample
capillary holder were collected, withan exposure time of 25 s for each
spot. Two-dimensional scattering data were exported and processed
with the beamline customized software xdart and calibrated with the
LaB6 standard. All one-dimensional data were normalized with the
intensity value of highQ (5 A™).

DOSY-NMR characterization

Inanargon glovebox, electrolyte was injected into a thin-walled NMR
tube. Ten percent toluene was added as aninternal reference. A co-axial
tube containing DMSO-d6 was inserted into the NMR tube. The caps
of the outer and inner tubes were sealed by parafilm to avoid mois-
ture during DOSY-NMR experiment. All DOSY-NMR experiments were
performed on a Varian 400 MHz spectrometer at 25 °C. "Li-pulsed
field gradient (PFG) measurements were performed to determine the
diffusion coefficients using the standard dstebpgp3s pulse sequence.
The array of gradient strength was set t0 2.908-12.504 G cm™ with 12
linear steps. Therecycling delay (d1) was 1s. The high power 90° pulse
(pw90) was 9 ps. The acquisition time was 4 s. The diffusion delay (4)
was 0.5sforEL2and 0.46 sfor EL4 and EL5. The gradient pulse duration
(6) was 9 ms. Apparent diffusion coefficients were calculated by fitting
peakintegrals to the Stejskal-Tanner equation.

Data availability
Alldataareavailable inthe maintext or the Supplementary Information.
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