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Abstract

Electrolyte engineering is crucial for improving battery performance, particularly for lithium metal
batteries. Recent advances in electrolytes have greatly improved cyclability by enhancing
electrochemical stability at the 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 (HEEs). We find that in weakly solvating electrolytes, the entropy effect reduces ion
clustering while preserving the characteristic anion-rich solvation structures, which is characterized by
synchrotron-based X-ray scattering and molecular dynamics simulations. Electrolytes with smaller-
sized clusters exhibit a 2-fold improvement in ionic conductivity compared to conventional weakly-
solvating electrolytes, enabling stable cycling at high current densities up to 2C (6.2 mA cm™) in anode-
free LiNigsMng2Coo2 (NMC622) || Cu pouch cells. The efficacy of the design strategy is verified by
performance improvements in three disparate weakly solvating electrolyte systems.

Introduction

Following the discovery of the Li || TiS, battery chemistry by Whittingham in the 1970’s', the Li metal
anode has been sought-after for its high theoretical capacity and low redox potential>*. However, its
problems in safety and cycle life 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 including localized high concentration electrolytes (LHCESs) and single-salt-single-solvent
electrolytes (4SEs) 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 electrochemical stability at the high-
voltage cathode and Li metal anode interfaces, prolonging the battery cycle life*'"'*!7. However, most
weakly solvating electrolytes show compromised ionic conductivities compared to conventional
carbonate and ether electrolytes®'*!”?” (Supplementary Fig. 1, Supplementary Table 1), limiting the
battery’s high-rate cycling capabilities (Supplementary Fig. 2, Supplementary Table 2)%'*!3#33 An
interesting finding is that weakly solvating electrolytes with comparable salt concentrations show
similar viscosities 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 structures including
Li" clusters; increased clustering of ions due 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-off in tuning solvation strength (Fig. 1a).

While many strategies have relied on tuning the enthalpic interactions between Li* and its surrounding
species®! 1215172 “entropy 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 to improved ion dissociation and smaller ion clusters. Entropy has been
leveraged 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™®. In these systems, the
presence of a large number of components significantly increases 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, thermoelectrics, corrosion-
resistant materials and battery materials*®>*, such as novel battery cathodes®’*® and solid electrolytes*’
with superior electrochemical properties.

In this work, we apply the high entropy concept to weakly solvating liquid electrolytes to improve ion
transport capabilities without compromising stability with high voltage cathodes and Li metal anodes
(Fig. 1b, Supplementary Fig. 5). We design high entropy electrolytes (HEEs) with increased solvation
entropy by increasing molecular diversity (Fig. 1¢). High entropy electrolytes are shown to have a two-
fold increase in ionic conductivity and can stably cycle up to 2C (~6.2 mA cm™) charging and
discharging in high voltage anode-free Li metal batteries. Through a host of advanced characterization
techniques, we find that ion cluster sizes decrease with an increasing number of solvents. (Fig. 1d). This
is attributed to higher solvation entropies driving the thermodynamic equilibrium to favour Li-solvent
interactions and suppress ion clustering. HEEs with smaller ion clusters have improved diffusivity
compared to low entropy electrolytes (LEEs), which mitigates concentration gradients during high-rate
cycling and allows for denser and more uniform deposition morphologies (Fig. le). Lastly, we
demonstrate the generality of the HEE concept by applying it to fluorinated ether electrolytes and
carbonate-based LHCEs. We propose that increasing molecular diversity to modulate the solvation
entropy and tune the mesoscopic solvation structure can be a design strategy to improve ionic
conductivity of advanced weakly solvating electrolytes.
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Fig. 1 | Design framework for HEEs. a, Schematic illustrating the apparent trade-off between ionic
conductivity and electrochemical stability in tuning the solvation strength. b, Design concept of
increasing solvation entropy to improve ion solvation and enhance ionic conductivity. ¢, Molecular
diversity of HEE increases the solvation entropy, which shifts the thermodynamic equilibrium to
promote ion dissociation and suppress clustering. d, HEE has smaller ion clusters than LEE. e, HEE
with smaller ion clusters exhibits higher diffusivity and conductivity that leads to a smaller Li*
concentration gradient and a denser Li deposition morphology during high-rate cycling. The particles
in ¢ represent individual molecules or ions, whereas only ions are highlighted in a, d and e.

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 molecular diversity, analogous to increasing the number
of elements in high-entropy materials**>*. To minimize differences in enthalpic interaction, however,
we select structurally similar solvent compounds with comparable interactions with Li" and design three
electrolytes with different number of solvents. EL2 (I M LiFSI in DME-TTE), which consists of
dimethoxyethane (DME) as the solvent and 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether
(TTE) as the co-solvent (Fig. 2a-b, Supplementary Table 3), is an LHCE inspired from the works of
Zhang and coworkers’”®, In LHCES, 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
(HCEs)*!'”. DME and TTE, together with lithium bis(fluorosulfonyl)imide (LiFSI) salt, was reported as
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 3
solvents and a co-solvent; diethoxyethane (DEE) and diethylene glycol dimethyl ether (DEGDME) and
DME are used as solvents, with TTE as the co-solvent. DEE and DEGDME are both glymes 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, Supplementary Table 3). EL5 (1 M LiFSI
DME-DEE-DEGDME-TTE-BTFE), compared to 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), a ratio
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 that the nature of intermolecular
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.

Fig. 2c and Supplementary Fig. 4 show the ionic conductivities of the three electrolytes: EL5 exhibits
a remarkable 2-fold increase in conductivity compared to EL2. This result is particularly interesting as
the viscosities of the electrolytes do not differ appreciably (Supplementary Fig. 5). Fig. 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 significant part in the overall impedance in all samples, and the
bulk resistance decreases in the order of EL2-EL4-ELS5, further validating the ionic conductivity results
(Supplementary Fig. 6). Fig. 2e shows the Li || Cu Coulombic efficiency measurement results
(Supplementary Fig. 7, Supplementary Table 4). At 0.5 mA cm™, all three electrolytes show excellent
CEs around 99.5%, and differences in CE across the three electrolytes are negligible. However, at higher
current density of 1 mA cm™, the CE of EL2 with lower ionic conductivity significantly drops below
98%, whereas EL5 retains 99.4%.

The differences in ionic conductivity and Li || Cu CE translate into battery cycling performances. Figure



2f-h show NMC532 || Cu anode-free pouch cells with 3.1 mAh cm™ area capacities cycled from 3.0 V
to 4.4 V at various c-rates (Supplementary Table 5, Supplementary Fig. 8). At 0.2C charging and 0.5C
discharging rates, which are in the range of regularly reported conditions, cyclability increases in the
order of EL2-EL4-ELS5, 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 ELS5
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 decay, 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. This coupling between cycling stability and polarization will be explored in depth later in
this work (Fig. 4).

To verify the effects of each solvent, we conducted cycling and ionic conductivity characterization for
all possible LHCE from combining 3 solvents and 2 co-solvents, where the results are shown in
Supplementary Fig. 9. We see that while different solvents have, to a certain degree, different effects, it
is evident that EL5 exhibits performances that cannot be achieved by using any of the single-solvent-
single-co-solvent mixtures (Supplementary Fig. 9). It is important to note, however, that the ionic
conductivity improvement 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), which leads to reduced cracking of the cathode particles during cycling for
the high entropy electrolyte (Supplementary Fig. 12). Improved stability at the cathode may also be a
contributing factor to the improved cyclability of the high entropy electrolyte. In addition, our
electrolytes possess favourable safety performance, with much reduced flammability compared to
conventional electrolytes (Supplementary Fig. 13, Supplementary Videos 1-4). Overall, we discover
that EL5 with increased molecular diversity has an improved ionic conductivity which 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 (Fig. 5).
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Fig. 2 | Electrochemical Performance of HEEs. a-b, Chemical structures of the solvents and co-
solvents. ¢, lonic conductivities increase with increasing number of solvents. d, Impedance spectra of
Li || Cu coin cells after 1 mAh cm™ of Li deposition 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 EL2 at 1 mA ¢cm™. f-h, Anode-free NMC532-Cu pouch cell cycling at
3.0-4.4V for different current densities, showing lower polarization and more stable cycling with
increased molecular diversity. i-k, Voltage profiles of the 1% cycle during pouch cell cycling showing
lower overpotential with increased molecular diversity.

Microscopic and Mesoscopic Solvation Structure

We observed greatly improved ionic conductivity for EL5 compared to EL2. To gain molecular-level
insights behind the differences in conductivity, we investigate the microscopic (A length scales) and
mesoscopic solvation structures (nm length scales) through large-scale MD simulations (Supplementary



Fig. 14). First, we analyse the microscopic Li coordination environment, where Fig. 3a-c show the
cumulative distribution functions around the Li" for the three electrolytes. It is evident that all three
electrolytes have anion-rich solvation structures, containing approximately 3 anions and 1 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 spectroscopy
(Supplementary Fig. 16) and relative solvation enthalpies estimated using potentiometric measurements
(Fig. 3d)*"*2. Raman spectroscopy confirms that the local solvation structures are similarly anion-rich
for all three electrolytes, while solvation enthalpies, when compared to a reference electrolyte of 1 M
LiFSI in DME, have relatively small differences across the three electrolytes. It can be summarized that
the enthalpic interactions between the Li" and the species in the first solvation shell are similar across
all electrolytes, and their first solvation structures are all anion-rich. As the species in the solvation
structure are preferentially decomposed at the anode interface*!, this leads to the anion-derived SEIs
found in all samples, which will be discussed further in the next section (Fig. 4d).

Although the microscopic solvation structures are not significantly different across the three electrolytes,
clear differences in mesoscopic structures around 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 has been lacking. We performed statistical analyses on the Li* and anion
clusters where a large-scale MD simulation was critical to ensuring accurate and statistically significant
results. Fig. 3e shows the average Li" cluster sizes of the three electrolyte systems at 300K and 350K,
where cluster size is the number of Li" in a discrete cluster (see methods for the detailed definition).
The average 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,
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*’. Wide-angle X-ray scattering (WAXS) results show
that for Q values of 0.4 to 1.0—corresponding to 1.56 nm and 0.62 nm, respectively—we see that
scattering decreases from EL2 to EL5 (Supplementary Fig. 18). This result shows that there is a higher
population of larger clusters around 1 nm in diameter in EL2 compared to ELS. This result is further
corroborated by other reports on scattering 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 a significant factor to the ionic conductivity. Stokes-Einstein relation (eq. 1),

(1

__ kpT
~ 6mnR

where k3 is the Boltzmann constant, 7' is the temperature, # is viscosity and R is hydrodynamic radius,
can serve as a model to aid our understanding of the impact of clustering. Diffusion coefficient is
inversely proportional to hydrodynamic radius, which is directly related to cluster size; increase in
cluster size leads to a larger hydrodynamic radius and decreased diffusivity of ions.***’

This relationship is verified by diffusion-ordered spectroscopy nuclear magnetic resonance (DOSY-
NMR), which can experimentally estimate the diffusion coefficient of Li" (Supplementary Fig. 19-20,
Supplementary Table 6). We see in Fig. 3f that Li" diffusion coefficients increase in the order of EL2-
EL4-ELS. Because the viscosities of the three electrolytes do not show significant differences
(Supplementary Fig. 5), the viscosity effect can be ruled out and thus uncovers the clustering effects; it
is possible to reason that the hydrodynamic radii decrease in the order of EL2-EL4-ELS, which is
consistent with the MD simulation and X-ray scattering results. The Nernst-Einstein relation (eq. 2),
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where /A is molar conductivity, F is the Faraday constant, R is the gas constant, T is temperature, v is
the number of cations or anions, z is charge, and D is diffusion coefficient, can serve as a model to help
understand the relationship between diffusivity and conductivity. Although the equation should be taken
with caution as some of the assumptions may deviate at practical concentrations of 1 M, it captures the
proportionality between conductivity and diffusion coefficient, which is in agreement with our results
(Fig. 2c, Fig. 31).

The differences in clustering behaviours that lead to disparate diffusivities and conductivities are
attributed to entropic contributions. Solvation entropies, estimated through temperature coefficients of
non-isothermal cells*, show that EL5 has the highest solvation entropy (Fig. 3h). In addition, Fig. 3i
shows the makeup of the 1% solvation shell of the three electrolytes, where it is evident that EL5 with
the highest number of solvents has the largest number of possible solvation configurations. We believe
that the high entropy of EL5 drives the reduction in clustering and the improvement in ionic conductivity.
Electrolyte solvation can be modelled as a product of the thermodynamic equilibrium between
dissociating and clustering, balanced by entropic and enthalpic driving forces, as can be stated in the
relationship AG = AH - TAS*™. In most liquid electrolytes, enthalpic forces favour clustering while
entropy favours dissociation, and the equilibrium will shift depending on the relative magnitudes (Fig.
la). This is evidenced by salt solubility increasing with temperature*’; 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 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 350K relative to 300K (Fig. 3e). It can be reasoned that high entropy
electrolytes with large solvation entropies will lead to a better dissociated electrolyte with smaller ion
clusters with higher mobilities (Fig. 1).
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Fig. 3 | Microscopic and mesoscopic solvation structures. a-c, Cumulative distribution functions of
the three electrolytes, showing anion-rich primary solvation structures. d, Solvation enthalpy
characterized through potentiometric methods shows similar values across the electrolytes. e, Average
Li" cluster sizes obtained with MD simulations decrease with an increasing number of solvents at both
300 K and 350 K. f, Diffusion coefficients measured with DOSY-NMR shows the inverse trend of the
cluster sizes. g, Wide-angle X-ray scattering (WAXS) shows decreased clustering with increased
molecular diversity. h, Temperature coefficients show that EL5 has the highest solvation entropy. i,
Distribution of first solvation structures obtained by MD simulations shows that EL5 has access to the
largest number of configurations.



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 solid-
electrolyte interphase (SEI) formation®?. Scanning electron microscopy (SEM) from the top-view shows
that all of the electrolytes have large particles of smooth low surface area Li deposits (Supplementary
Fig. 21-23). The cross-section view, however, reveals that the Li deposition thicknesses are different
(Fig. 4a, Supplementary Fig. 24-26, Supplementary Table 7) and can be correlated with the cycling
stability (Fig. 2). At a low current density of 0.5 mA cm™, the differences in thicknesses are minimal.
However, as the current density increases to 1 and 3 mA cm™?, EL2 with a lower ionic conductivity
shows an increase in deposition thickness whereas EL5 retains a dense morphology with a low surface
area, which can lead to reduced SEI formation and superior cyclability.

Multiphysics modelling was conducted to investigate the root cause of the discrepancies in Li deposition
morphologies at high current 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, Supplementary Fig. 27-28). Fig. 4b shows
that EL2 forms sharp concentration gradients and Li" depletion at the interface at a plating current
density of 3 mA cm?, whereas EL5 has a much milder gradient, a phenomenon directly linked to the
ionic conductivities and transport properties of the electrolytes. Concentration gradients promote highly
heterogeneous current density distributions (Fig. 4c), where current hot-spots at the tip can lead to
filamentary and porous deposition morphologies™. The relationship between concentration gradient and
local current density is illustrated in the extended Butler-Volmer equation (j signifies the current density,
Jjo 1s the exchange current density, c;; is the local Li concentration at the electrode-electrolyte interface,
cii is the reference Li concentration in electrolytes, a. and a, are the cathodic and anodic charge-transfer
coefficients, z is the number of electrons, F is the Faraday constant, # is the overpotential, R is the gas
constant, and 7 is the temperature).
= o ep 281 x5

Although significant concentration gradients are formed, we believe that none of the electrolytes at 3
mA cm 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 simulations show that there remains a finite concentration for all
electrolytes (Fig. 4c). Nonetheless, concentration gradients are significant factors in shaping the Li
deposition morphologies and the cycling stability at high rates.

In addition to the electrolyte transport properties, another factor critical to the battery performance is
the solid-electrolyte interphase (SEI); for example, anion-derived inorganic-rich SEIs have been
correlated with superior cycling stability®*+>>. We performed X-ray photoelectron spectroscopy (XPS)
on the SEIs of the three electrolytes, along with a well-studied reference electrolyte of 1 M LiFSI
DME®*!'2%4! to investigate the chemical composition of the interphases (Fig. 4d). Compared to 1 M
LiFSI DME, all LHCEs show significant content of LiFSI salt decomposition products in the SEI,
particularly evident in the F 1s, N 1s and S 2p spectra®®. However, across the three electrolytes, the
differences are not pronounced and clear trends that correlate with the morphologies or electrochemical
performance are not present. Particularly, differences in elemental compositions of the SEIs of the three
electrolytes are statistically insignificant (Supplementary Fig. 29). In fact, similarity in the SEIs of the
three electrolytes is not surprising, considering the similar primary solvation structures of the



electrolytes (Fig. 3a-c). Li" solvation structure is believed to dictate the decomposition products, as
components within the solvation structure are more prone to reduction at the Li interface*'-*’.
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Extension to Broader Electrolyte Systems

Molecular diversity as a means to modulate the mesoscopic solvation structure and electrochemical
properties can be a powerful and versatile design strategy for high-performance electrolytes. To support
its generality, we extended the idea to fluorinated ether electrolytes 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 F3-6DEE, mixed with 1 M of LiFSI salt. We compare the
electrolyte with FSDEE 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 electrolytes
containing F3-6DEE would be inferior to that using FSDEE. Reassuringly, the high entropy FDEE
electrolyte (F3-6DEE) displays superior ionic conductivity and high-rate cycling stability (Fig. Sc-g).
The ionic conductivity is improved by ~50% by diversifying the solvents (Fig. 5S¢, Supplementary Fig.
30). It is surprising in that F3DEE, the solvent with the highest conductivity among the FDEEs, only
has a ~20% higher conductivity than FSDEE'’. The remarkable improvement is clearly correlated with
molecular diversity. The CEs of Li || Cu cells are also slightly improved, with F3-6DEE having a CE of
99.6% (Fig. 5d, Supplementary Fig. 31). Anode-free pouch cell cycling of F3-6DEE shows significant
improvement at higher rates of 1C-1.5C and 2C-2C compared to its single-solvent counterpart. As
FDEEs are weakly solvating solvents owing to the electron withdrawing effects of fluorination, large
fraction of Liions exist as clusters'’. We expect the increased solvation entropy in 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 high entropy electrolytes, we developed high-entropy carbonate LHCEs.
Dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), and diethyl carbonate (DEC) were used as
solvents (Fig. 5b), which were mixed with TTE and BTFE cosolvents. 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 to those of DEC and DMC™. Fig.
5h-i and Supplementary Fig. 32-33 illustrate that EL5c has the highest ionic conductivity and Li || Cu
CE at higher current densities, consistent with the trend for ether-based LHCEs. In addition, NMC532
|| Cu anode-free pouch cell cyclability increases in the order of EL2¢c-EL4c-EL5c, confirming the trend
that increasing the solvent diversity can lead to improved cycle life (Fig. 5j, Supplementary Fig. 34).
Although judiciously designed HEEs have demonstrated improved performance, it is important to note
that individual components must be chosen carefully, as using components with unfavourable properties
can be detrimental to the performance of the HEE.
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Fig. 5 | Electrochemical performances of broader HEE systems. a-b, Chemical structures of solvents
used in high entropy FDEEs and high entropy carbonate LHCEs. ¢, lonic conductivity of F3-6DEE
shows ~50% increase from F5DEE. d, Li || Cu Coulombic efficiencies are slightly improved for F3-
6DEEs. e-g, Anode-free NMC532-Cu pouch cell cycling at 3.0-4.4V for different current densities,
showing lower polarization and more stable cycling for F3-6DEE. h, lonic conductivities increase with
increasing number of solvents. i, Li || Cu Coulombic efficiencies are similar for EL2-5¢ at 0.5 mA cm™
but show decreased efficiencies for EL2c at 1 mA cm™. j, Anode-free NMC532-Cu pouch cell cycling
at 3.0-4.4V for different current densities, showing lower polarization and more stable cycling with
increased number of solvents.



Conclusions

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

Methods

Electrolyte Preparation

All electrolytes were prepared and handled in an argon filled glovebox with O, concentration < (.2 ppm
and H>O concentration < 0.01 ppm. All electrolyte materials were used as received after molecular
sieving to remove 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 lab through methods described by Yu et al.'” 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 a 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 V - 4.4 V. All pouch cells were pressurized using c-clamps
and polyacrylic plates. 2032-type coin cells were assembled in the glovebox using Celgard 2325
separators and NMC532 electrodes purchased from MTI. Coin cells were used for impedance, cycling,
linear sweep voltammetry (LSV), Coulombic efficiency, and electrode characterizations. Coin cell
cycling was conducted using Land Instruments cyclers. The EIS measurements were taken over a
frequency range of 1 MHz to 100 mHz. LSV tests were over a voltage range of 3 V to 6 Vin Li || Al
cells. For Li || Cu half-cell CE tests, initially 5 mA h cm™ of Li metal was deposited on Cu and stripped
(formation cycle). Then 5 mA h cm™ of Li metal was deposited again, to act as a Li reservoir. Then Li
was repeatedly stripped and plated 1 mA h cm™ for 9 cycles. The remaining Li on Cu was then stripped,
and the average CE was calculated by dividing the total stripping capacity by the total plating capacity
after the formation cycle. 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 V-4.4 V.
For ionic conductivity measurements a Swagelok cell was used with no separators and electrochemical
impedance spectroscopy was used to measure the bulk resistance, which was then converted into
conductivity using the length and area of the cell.

Molecular Dynamics Simulations



MD simulations were carried out using the LAMMPS package. The OPLS-AA force field” with fitted
parameters for LiFSI® and the solvent molecules DME, DEGDME, DEE, BTFE** was used in this w
ork. The OPLS-AA parameters for TTE were fitted specifically for this work, and is included in the S
upplementary Table 10. Parameter fitting was performed using the density functional theory (DFT) pa
ckage Orca®', with 6-31++G(d,p) basis set and LC-BLYP functional. The atomic charges for all specie
s in this work are re-calculated using RESP analysis implemented in the Multiwfn package.®* The EL2
system contains 384 DME molecules, 2376 TTE molecules, and 400 LiFSI molecules; the EL4 syste
m contains 128 DME molecules, 96 DEE molecules, 92 DEGDME molecules, 2376 TTE molecules, a
nd 400 LiFSI molecules; the ELS5 system contains 128 DME molecules, 96 DEE molecules, 92 DEG
DME molecules, 1388 TTE molecules, 1188 BTFE molecules, and 400 LiFSI molecules. The systems
were initialized randomly using the Packmol package. The systems were then subjected to a simulate
d annealing equilibration protocol as follows: (1) energy minimization at temperature T=0 K; (2) equil
ibration at T=300K for 2 ns in NPT ensemble; (3) heating up the system to 450K over 1 ns in NPT ens
emble; (3) relaxation at T=450 K over 1 ns in NPT ensemble; (4) cooling down to T=300 K over 1 ns
in NPT ensemble; (5) equilibration at T=300 K for 5 ns in NPT ensemble. The production run was sub
sequently performed at T=300 K over 20 ns in NVT ensemble. A second round of simulations with th
e equilibrium temperature T=350K were performed to study the entropic effects on cluster distributio
n. All the simulations in this work used a timestep of 1 fs, and a pressure of 1 atm. The temperature an
d pressure were regulated with a Nose-Hoover thermostat and barostat, with a damping parameter of 0.
2 ps and 1 ps respectively.

The subsequent data analysis was carried out using the last 10 ns of the production-run trajectories.
The cumulative distribution functions (CDF) and the first solvation shell coordination numbers were
calculated with the python code MDAnalysis®. The time averaging used snapshots 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 search
for its neighboring O atoms; the FSI™ anions to which each O atom belongs 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 neighboring 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 process is repeated for the whole
system to determine the statistics of clusters present in the system. The criterion for neighboring
atoms is such that their interatomic distance is less than 2.5 A.

COMSOL Multiphysics Simulations

All the Multiphysics simulations on lithium electrodeposition are performed using COMSOL
Multiphysics software. The electric current in the electrolyte is governed by the diffusion and migration
of Li ions, and can be described using the Nernst—Planck equation:
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where K; is the ionic conductivity of the electrolyte, ¢; is the electrolyte potential, C;; is the
concentration of Li" in the electrolyte, R is the gas constant, T is the temperature, F is the Faraday’s
constant, t, is the transference number of Li", and f is the mean molar activity coefficient of the
electrolyte. The Butler-Volmer equation was used to describe the relationship between the

electrodeposition rate and the electrodeposition overpotential,

= o[22 - exp -2 5



where j signifies the current density, jy is the exchange current density, and ¢;;" is the reference Li
concentration in electrolytes. o. and a, are the cathodic and anodic charge-transfer coefficients, z is the
number of electrons. overpotential for lithium electrodeposition is defined as n = ¢5 — ¢; where ¢, is
the electrode potential.

The mass transport of Li+ in the electrolyte is defined as

ac
LAV T =0 (6)

ijt
J, = =DVC, +-* (7)

where J; represents Li" flux in the electrolyte, and D; stands for the Li* diffusivity in electrolytes.

The physical parameters of electrolytes (EL2, EL4 and ELS5) and electrodes (NMC and Li metal) in the
numerical model are set to be consistent with the experiments (Table 1 and Supplementary Table 11).
The anode-free cell configuration is used in the numerical model, in which the thicknesses of NMC
cathode and separator are set to be 70 and 25 pum.

Electrode and Interphase Characterization

The SEM images were taken using an FEI Magellan 400 XHR. 2032-type Li || Cu coin cells were
assembled using a Celgard 2325 separator with respective electrolytes. I mAh cm™ of Li was plated
onto a Cu current collector using various current densities. Then the coin cell was disassembled 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, where the raw data is presented in
Supplementary Fig. 7. The error bars shown in Fig. 4a represent standard deviations. X-ray
photoelectron spectroscopy (XPS) signals were collected on a PHI VersaProbe 1 scanning XPS
microprobe with an Al Ka source. 1 mAh cm™ of Li was deposited onto Cu current collectors at 0.5
mA cm™ current densities and SEI was characterized without sputtering. For cathode
characterizations, NMC532-Cu coin cells were cycled for 50 cycles at 1 mA 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
progressively developed and the voltage response was recorded. The slope of voltage vs. 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 a H-cell with Li
metal as electrodes and asymmetric electrolytes. An open 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 (SAXS) was conducted in capillary transmission mode at bea
mline 1-5 at the Stanford Synchrotron Radiation Lightsource (SSRL) of SLAC National Accelerator L



aboratory, with 15 keV beam energy. The detector is Dectris Pilatus 1M, with a sample to detector dist
ance of 835.685mm. All measurements were done in ambient air condition. Three spots along each sa
mple capillary holder were collected, with an exposure time of 60 s for each spot, and ten repeats for e
ach spot. 2D scattering data were exported into IgorPro, processed with the Irena and Nika packages a
nd calibrated with the LaB6 standard. The 1D data is normalized with the beamstop value and backgro
und subtraction was done with data collected for the empty quartz capillaries (OD = 2 mm, Charles Su

pper).

Synchrotron wide-angle X-ray scattering (WAXS) was conducted in capillary transmission mode at be
amline 11-3 at the Stanford Synchrotron Radiation Lightsource (SSRL) of SLAC National Accelerator
Laboratory, with 12.7 keV beam energy. The detector is Raxyonics 225, 73.242 micron?, with a sampl
e to detector distance of 150 mm. All measurements were done in ambient air condition. Seven spots a
long each sample capillary holder were collected, with an exposure time of 25 s for each spot. 2D scatt
ering data were exported and processed with the beamline customized software xdart and calibrated w
ith the LaB6 standard. All 1D data were normalized with the intensity value of high Q (5 A™).

DOSY-NMR Characterization

In an argon glovebox, electrolyte was injected into a thin-walled NMR tube. Ten percent toluene was
added as an internal 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 moisture 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. Array of gradient strength was set to 2.908 to 12.504
G/cm with 12 linear steps. Recycling delay (d1) was 1 s. High power 90° pulse (pw90) was 9 ps.
Acquisition time was 4 s. Diffusion delay (A) was 0.5 s for EL2 and 0.46 s for EL4 and ELS. Gradient
pulse duration (8) was 9 ms. Apparent diffusion coefficients were calculated by fitting peak integrals to
the Stejskal-Tanner equation.

Data Availability

All data is available in the main text or the supplementary information.
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