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Abstract:

The concept of employing highly concentrated electrolytes has been widely incorporated
into electrolyte design, due to their enhanced Li-metal passivation and oxidative stability compared
to their diluted counterparts. However, issues such as high viscosity and sub-optimal wettability,
compromise their suitability for commercialization. In this study, we present a highly concentrated
dimethyl ether-based electrolyte that appears as a liquid phase at ambient conditions via Li" -
solvents ion-dipole interactions (Coulombic condensation). Unlike conventional high salt
concentration ether-based electrolytes, it demonstrates enhanced transport properties and fluidity.
The anion-rich solvation structure also contributes to the formation of a LiF-rich salt-derived solid
electrolyte interphase, facilitating stable Li metal cycling for over 1000 cycles at 0.5 mA cm?, 1
mAh cm? condition. When combined with a sulfurized polyacrylonitrile (SPAN) electrode, the
electrolyte effectively reduces the polysulfide shuttling effect and ensures stable performance
across a range of charging currents, up to 6 mA c¢m™. This research underscores a promising
strategy for developing an anion-rich, high concentration ether electrolyte with decreased viscosity,
which supports a Li metal anode with exceptional temperature durability and rapid charging

capabilities.
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Introduction

As the transportation sector rapidly electrifies, the demand for high performance energy
storage systems working over a wide temperature range is significantly stimulated. However, as
the conventional Li-ion chemistry is reaching its performance limit, new chemistries must be
implemented for continuous progress. Li metal, with its superior specific capacity (3860 mAh g
1, low reduction potential (—=3.04 V vs. standard hydrogen electrode), and minimal solid density
(0.534 g cm™), stands as the prime candidate for advanced high-energy density batteries!!!. Yet,
practical application is hindered by the poor cyclability and safety concerns, stemming from the
formation of dendritic and “dead” lithium by continuous parasitic reactions with electrolytes over

cycling!?),

In conjunction with the Li metal anode, sulfurized polyacrylonitrile (SPAN) is identified
as a promising cathode material. SPAN features short-chain sulfur covalently bonded to a
conductive pyridine polymer matrix®H4), This structure allows for the reversible cleavage and
reformation of S-S chains during lithiation and de-lithiation processes!®.. Compared to alternative
cathode materials, such as elemental sulfur and transition metal cathodes, SPAN cathodes offer (1)
cost-effectiveness due to their metal-free composition; (2) improved kinetics, facilitated by the
conductive polymer matrix to which the sulfur is bonded; and (3) superior cycling stability,
attributed to a ‘shuttle-free’ short chain sulfur reaction mechanism. Presently, Li-SPAN batteries
achieve high specific capacities of over 700 mAh g'! and demonstrate cycling stability exceeding

1000 cycles!SHTHB1,

Although Li metal and SPAN show promise as an excellent anode-cathode pair, there exists

a mismatch in electrolyte compatibility between these two materials. Conventional carbonate
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electrolytes, while compatible with SPAN cathodes, fail to adequately stabilize Li metal anodes.
This inadequacy manifests as diminished Coulombic efficiency (CE) and dendritic lithium growth,
both of which significantly curtail the battery's cycle life. Conversely, ether-based electrolytes
improve the CE of Li metal anodes, but facilitate polysulfide dissolution from the SPAN polymer
matrix, adversely affecting the stability of the cathodePM!%l, With the adoption of low
concentration weakly coordinated diethyl ether (DEE) and dibutyl ether (DBE) electrolytes!!!-121,
polysulfide dissolution issues can be mitigated in SPAN, but the fast-charging evaluation for

Li/SPAN has not yet been explored.

Another option for rendering the electrolyte mismatch between Li metal anode and SPAN
cathode, is to apply highly concentrated electrolyte (HCE). Benefitting from the significant
decrease of free solvent, the HCE can reduce polysulfide dissolution by generating the salt-derived
cathode/electrolyte interface (CEI) on SPAN sidel'*l. As for the Li metal side, high bulk ion
concentration in the HCE reduces the concentration gradient at the solid/electrolyte interface (SEI)
and maximizing Sand’s time!'#. Therefore, the Li dendrite growth is limited. However, HCE
suffers from the reduced ionic conductivity owing to high viscosity, along with low ionicity from
ion-pairing, raising issues for fast charging and low-temperature operation. The increased viscosity
of the HCE might also impact the wettability of separators and electrodes, further complicating
the cell formation process!®. Using non-coordinating diluents and ethers, localized highly
concentrated electrolytes (LHCE) can reduce lithium salt concentration and viscosity, maintaining
a Li* solvation structure similar to that in HCE!. However, LHCE struggles with achieving
optimal ionic conductivity due to strong ion-pairing, affecting fast-charging(!®. Additionally, the
selection of fluorinated diluent molecules in LHCE is crucial for interfacial chemistry, affecting

Li" diffusion and cell impedance growth over time!”l. HCEs and LHCEs frequently fail to meet

This article is protected by copyright. All rights reserved.

3SUS0 | SUOWILOD dAITERID) a|qedl|dde ayy Aq pausenob are sapiie YO ‘8sn Jo SojnJ Joy AriqiT auluQ A3[1M UO (SUONIPUOD-pUR-SLLLIBY/WOD AB|IM Areiq iUl |u0//:SdNY) SUORIPUOD pue SWe 18Ul 88S “[7202/2T/2T] uo AiqiTauliuo /11 ‘Ariqit obeaiyd 10 AseAIuN AQ TTH0ZH202 91Ue/200T OT/I0p/wod /B 1M ARiqpul|uo//sdny woiy papeojumod ‘el '€/ /€TZST



Angewandte Chemie International Edition 10.1002/anie.202420411

the stringent requirements for battery performance in non-constant temperature environments,
particularly under extreme weather conditions. The precipitation of salts from HCE and LHCE at
subzero temperatures, coupled with the volatilization of ether-based electrolytes at elevated

temperatures, presents significant safety concerns and leads to early battery failurel!819-201,

In this work, we introduce a strategy for HCE systems in batteries that are compatible with
both Li and SPAN, in the meantime, ensuring a broad operational temperature window. The
electrolyte with improved ion conductivity deploys an ultra-low viscosity solvent dimethyl ether
(Mez0) that is typically under gas phase with 593 kPa vapor pressure at 25 °C. Given that Me>O
has strong Li* solvating ability, it is hypothesized that the presence of lithium salts can significantly
elevate the boiling point of Me>O. This elevation is attributed to the stabilizing influence of ion-
dipole interactions between the Li* ions and the Me>O molecules. These interactions lead to a
reduction in the volatility of the solvent, thereby increasing its boiling point. We refer to this
phenomenon as 'Coulombic condensation'. Subsequently, we prove Me>O can be condensed with
lithium bis(fluorosulfonyl)imide (LiFSI) salt at ambient pressure experimentally. This LiFSI-
Me>O combination can form an ambient-pressure stable liquefied gas electrolyte. The saturated
LiFSI concentration in Me,O (Sat. LiFSI-Me;0) remains stable from —60 to 60 °C and shows
improved thermal stability compared with 4 M LiFSI in DME (4 M LiFSI-DME) which has a
similar LiFSI: ether molar ratio of 1:2.4. Such electrolyte also offers comparative viscosity and
ionic conductivity (> 5.5 mS cm!') at 20 °C, but much reduced viscosity and improved ionic
conductivities at subzero temperatures compared with 4 M LiFSI-DME. In addition, benefiting
from the good reductive stability of ethers and the formation of a salt-derived SEI, stable cycling
of Li metal with 99.2% average CE over 1000 cycles can be achieved. When paired with SPAN

electrode, the excess Li/SPAN cells demonstrate > 92% capacity retention over 200 cycles mostly
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due to the reduced polysulfide dissolution and the formation of salt-derived SEI/CEIs. The cell
using Sat. LiFSI-Me;O electrolyte also withstands high charge current densities up to 6 mA cm
under a limited Li reservoir. This study shows that coulombic condensation in liquefied gas
electrolytes enables a stable, high-conductivity ether-based solution, boosting lithium metal

battery performance.

Results and Discussion

For designing the Coulombic Condensed electrolyte, Me>O, which exists at gaseous state
at standard temperature and pressure (STP) conditions (boiling point: —28 °C at STP) is selected
as the solvent. The material has been demonstrated to act as a promising liquefied gas solvent for
enabling next-generation lithium-ion batteries due to its chemical and electrochemical Li metal
compatibility!?!-22!, Distinct from hydrofluorocarbons, Me>O exhibits improved solubility of LiFSI
salt in liquefied gas solvents due to the more polar ether functional group. Although Me,O exhibits
a boiling point far beneath room temperature, we hypothesize that this value could be substantially
elevated in the presence of salt with sufficient ion-dipole interactions upon dissolution. We select
LiFSI as a salt to demonstrate this concept due to its excellent Li-metal compatibility and high
solubility in ethers!?*-2%), Although the 35 — 40 °C boiling point elevation required to yield a stable
room-temperature solution is significant, the empirically linear dependence of boiling point
elevation on salt concentration suggests that high-concentration solutions of LiFSI and Me>O may
be stable. To test this hypothesis, LiFSI salt is first loaded into a high-pressure window cell, then
filled with Me2O gas, producing a transparent solution with a low concentration (around 1M) (Fig.
1a). The LiFSI salt concentration of the solution increases as the pressure of the system is

decreased by slowly releasing Me>O gas from the cell within 10 minutes. Once the gas is
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completely released, we observe a stable liquid at atmospheric pressure with a measured salt: ether
molar ratio of 1: 2.36 (Supplementary Fig. 1 and 2). This confirms that, at sufficiently high salt
concentrations, the favorable solvation energy between LiFSI and Me>O is sufficient to elevate the
boiling point of the solution above room temperature. The proposed solvation structure contains
significantly fewer free Me2O molecules, instead featuring a considerable number of Li*-FSI*-

Me>O aggregates, as illustrated in Fig. 1b.
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Figure 1. Design of the Condensed Electrolytes. (a) The workflow of obtaining
thermodynamically Sat. LiFSI-Me>O electrolytes at ambient pressure condition. (b) Proposed
solvation structures for the low concentration LiFSI in Me2O under its vapor pressure condition
and the Sat. LiFSI-Me»O at 1 atmosphere. Colors: Li*, purple; C, dark grey; O, red; S, yellow; N,
naval blue; F, cyan; H, white.

To testify the physical properties and electrochemical stability of the condensed electrolyte, a
series of characterizations are performed for the pure DME solvent, 4 M LiFSI-DME, 11 M LiFSI

in DME (~Sat. LiFSI-DME) and Sat. LiFSI-Me;O. As shown in Fig. 2a and Supplementary Fig.
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3, the differential scanning calorimetry (DSC) and the thermogravimetric analysis (TGA) reveal
that pure DME is volatile, boiling at temperatures above 75°C. As LiFSI salt concentration
increases, the boiling point is delayed to higher temperatures, exceeding 125°C for a 4 M salt
concentration and surpassing 185°C at saturation. Whereas Sat. LiFSI-Me>O does not show an
obvious endothermic peak and the mass loss rate remains similar compared with 4 M LiFSI-DME
before 172 °C. When the temperature reaches > 210 °C, LiFSI will decompose and generate a
significant exothermic peak!?®l. Based on Fig. 2a, we can observe that the exothermic peak of
LiFSI decomposition is delayed for the Sat. LiFSI-Me>O system, indicating its improved thermal
stability. To understand the fluidity of different electrolytes at room temperature, the viscosity is
measured and shown in Fig. 2¢ and Supplementary Table 1. The viscosity of pure DME,
measured at approximately 0.42 mPa-s, aligns with literature reports!?’l. As LiFSI concentration
increases, viscosity significantly rises from 0.92 mPa-s at 1 M LiFSI-DME to 21.65 mPa-s and
140.29 mPa-s for 4 M LiFSI-DME and saturated LiFSI-DME, respectively, as expected. Notably,
the viscosity of saturated LiFSI-Me;O, at around 27.74 mPa-s, is slightly higher than that of 4 M
LiFSI-DME, likely due to stronger Coulombic interactions at higher salt concentrations. The ionic
conductivities of the 1 M LiPFs in EC:EMC (3:7 wt%), 1 M LiFSI-Me;0, 4 M LiFSI-DME, Sat.
LiFSI-Me>O and Sat. LiFSI-DME electrolytes are shown in Fig 2b and Supplementary Table 2.
It can be observed 1 M LiFSI-Me>O retains a high ionic conductivity across the wide temperature

21-22] The ionic conductivities of

range without noticeable drop, consistent with previous reportsl
Sat. LiFSI-Me,O decline with the reduction of temperature although Sat. LiFSI-Me>O electrolyte
demonstrates a more modest decrease in conductivity with respect to reduced temperatures,

maintaining comparable values compared to 1 M LiPFs in EC:EMC (3:7 wt%) at ultra-low

temperatures. Regarding ionic conductivities of Sat. LIFSI-DME and 4 M LiFSI-DME, an obvious
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turning point is observed around 0 °C, indicating a phase change, substantiated by nonlinear

Arrhenius behavior.

To further analyze the relationship between the solvation structure of LiFSI in Me2O or
DME electrolytes and study the LiFSI concentration impact on the solvation structure, Raman
spectroscopy was utilized. The spectra, shown in Fig. 2d, 2e, and 2f, compare the effects of
varying LiFSI concentrations in Me>O and DME electrolytes against the baseline spectra of pure
LiFSI salt and Me>O solvent. In Fig. 2d, the characteristic S-N-S bending peak of the FSI" at 774
cm! can be observed from the pure LiFSI which undergoes a significant red shift to 720 cm™ in 1
M LiFSI-DME electrolyte. Furthermore, an upshift is observed for higher concentrations of LiFSI
as seen in the 4 M and Sat. LiFSI-DME Raman spectra compare to 1 M LiFSI-DME, indicating
an increase in the Li*/FSI interactions, which is a characteristic of contact-ion pair (CIP) and

11,28

aggregate (AGG) structures typically formed in high concentration electrolytes!'-?*], Similarly, the
characteristic FSI" peak in LiFSI-Me;O electrolyte shifts with varying LiFSI concentrations,
showing a minor adjustment from 774 cm! to 725 ¢cm™ for 1 M LiFSI-Me>O, compared to the
shift from 774 cm! to 718 cm! for 1 M LiFSI-DME. This indicates Me>O's weaker Li* solvation
capacity, resulting in intensified cation-anion interactions within the LiFSI-Me>O system at
equivalent salt concentrations. At saturated states, the S-N-S bending peak at 775 cm’! is shifted
to 750 cm™! in both the LiFSI-Me>O and LiFSI-DME electrolytes which signifies comparable
degrees of (Li"), CIP and AGG formation. The Raman spectrum for the C-O-C stretching from
Me;O is shown in Fig. 2e. The characteristic peak of pure Me,O, centered at 917.3 cm’!, shifts
slightly to 915.6 cm™ in the Sat. LiFSI-Me>O electrolyte. Simultaneously, peak broadening is

observed, indicating enhanced interactions within the Li*(Me2O)«(FST')y clusters as the LiFSI salt

concentration increases. This redshift is a distinctive feature of weakly solvating monodentate
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ethers, where increasing Li*-Me;O-FSI" coordination leads to a shift toward lower wavenumbers.
This observation is further corroborated by the molecular dynamics (MD) results discussed in a
later section. As shown in Fig. 2f, the behavior of bidentate DME contrasts with that of
monodentate Me>O. DME exhibits strong chelation with Li*, as evidenced by the disappearance
of free DME peaks at higher salt concentrations, transitioning from 1 M to more concentrated
solutions. This phenomenon aligns with findings from existing literature!?®l. To further compare
the solvation power of DME and Me;O, we conducted 'Li NMR spectroscopy on different
electrolytes (Fig. 2g). The results reveal that Sat. LiFSI-Me,O exhibits a broader peak with a
downfield (more positive) shift compared to Sat. LiFSI-DME, indicating Me>O’s lower solvation
power and the presence of multiple solvation states. These findings also align with the Raman
spectrum results (Fig. 2d and 2e). In contrast, the NMR spectra for LiFSI in DME are more defined,
with shifts that accurately mirror the alterations in Li" solvation structure across different LiFSI
concentrations. This consistency further highlights DME's strong Li*-solvent interactions due to

its chelating nature, as reported in other studies!*"l.

10
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Figure 2. Physical and electrochemical properties of different electrolytes. (a) DSC results (b)
Ionic conductivity results; (¢) Viscosity measurement; Raman spectra of (d) S-N-S stretching from
FSI, (e) C-O-C stretching from Me2O, and (f) C-O-C asymmetric stretching from DME; and (g)
NMR spectra.

To elucidate the formation mechanisms of LiFSI-Me;O complexes, we utilize MD
simulations to analyze the DME and Me;O electrolytes across a range of molecular ratios (Fig.
3a). First, we predict the condensation behavior of various Me>O:LiFSI systems at molar ratios
ranging from 20:1 — 2:1, corresponding to a range from dilute salt concentrations to a relatively
high salt concentration. These systems are constructed where LiFSI agglomerates are placed in
contact with gaseous Me>O and then investigated at 1 bar of applied pressure as managed by an
isothermal-isobaric Noose-Hoover barostat (see computational methods). As shown in Fig. 3b and
Supplementary Fig. 4, we observe a sharp increase in system density to ~ 1.02 g mL™! within 2

ns for system molar ratios at Me>O:LiFSI < 2.3:1, whereas every other system maintains total

densities of << 0.1 g mL"!. When examining the trajectories (Fig. 3a), this indicates a favorable
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condensation for Me,O:LiFSI 2.3:1 into the liquid phase driven by salt dissolution. The
Me,O:LiFSI 2.3:1 molar ratio aligns well with experimental measurements (Supplementary Fig.
1 and Supplementary Table 3), suggesting that the Coulombic condensation phenomena can be
accurately predicted in future systems through computational methods. To further investigate the
local environment of Li* in the Sat. LiFSI-Me-O relative to the conventional DME-based systems,
we conduct radial distribution function (RDF) analysis on the systems of interest over 10 ns (see
computational methods). As shown in Supplementary Fig. 5a and 5b, the probability of Li"/Me>O
coordination is significantly reduced compared to Li"/DME coordination. In contrast, the
probability of Li*/FSI" coordination in saturated LiFSI-Me,O is comparable to that in saturated
LiFSI-DME. Furthermore, in the case of 1 M LiFSI-Me2O, the Li*/FSI” coordination probability
aligns closely with that of 4 M LiFSI-DME. Based on the relative number density of coordinating
species, we predict average solvation structures of Li"(DME)so, Li"'(DME),7; (FSI)i, and
Li*(DME)ogs (FSI)3.1 for 1 M, 4 M and Sat. LiFSI-DME, respectively (note that 1 DME contains
2 oxygen atoms) (Supplementary Fig. 5S¢ and 5d). In Me>O-based systems, the predicted
solvation structures are Li"(Me20)32(FSI)10 for 1 M LiFSI-Me;O and Li*(Me20)o.9 (FSI)3.7 for
Sat. LiFSI-Me>O (Supplementary Fig. S5c, Sd and Se). Such highly aggregated solvation
structures are commonly associated with salt-derived SEI chemistries when applied in Li-metal
batteries, but are also typically associated with poor transport and elevated solution viscosity as
previously discussed®!). In Sat. LiFSI-Me,O, however, these negative externalities are

substantially mitigated while maintaining such beneficial solvation properties.
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Figure 3. Solvation structure and MD simulation results of the formulated electrolytes. (a)
Snapshots of the MD simulation cell containing the representative Li* solvates. Colors: Li*, pink;
C, dark grey; O, red; S, yellow; N, naval blue; F, cyan; H, white. (b) Calculated densities for
different Me,O:LiFSI molar ratios.

Leveraging our insights into the properties and molecular dynamics of the LiFSI-Me,O
electrolyte, our next step involves evaluating its compatibility with a Li-metal anode across various
temperatures. The stability of Li-metal cycling was investigated by Li/Cu plating and stripping
tests. Cells with 4 M LiFSI-DME, Sat. LiFSI-Me,O, and Sat. LiFSI-DME were tested in Li||Cu
configuration at a current density of 0.5 mA ¢cm™. As depicted in Fig. 4a, both 4 M LiFSI-DME
and Sat. LiFSI-Me,O systems show consistent Li-metal anode cycling over 1000 cycles at room
temperature. However, Sat. LiFSI-DME system exhibits more significant cycling fluctuations
mainly due to its high viscosity with the 4 M LiFSI-DME showing a higher average plating voltage
compared to Sat. LiFSI-Me>O (Supplementary Fig. 6). To assess the wide-temperature
operability of these electrolytes, Li-half cells utilizing 4 M LiFSI-DME and Sat. LiFSI-Me>O were
cycled at —20°C, —40 °C, and 50°C. The Sat. LiFSI-Me>O system maintains CE values of 98.4%,

98.4%, and 99.0% respectively at these temperatures (Fig. 4b). In contrast, the 4 M LiFSI-DME
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system proved ineffective at lower temperatures, only achieving comparable Li-metal performance
to the Sat. LiFSI-Me,O system at 50 °C, with a CE of 99% (Fig. 4b). The reduction in overpotential
of Li/Cu cells in the 4 M LiFSI-DME system at higher temperatures can be attributed to enhanced
electrolyte transport, but it's worth noting that the electrolyte's ionic conductivity decreases
significantly, leading to soft shorting at lower temperatures®2+33], Furthermore, we systematically
investigated charge toughness by varying the current density from 0.5 mA cm™ to 12 mA cm™. As
depicted in Supplementary Fig. 7, cells utilizing Sat. LiFSI-Me>O demonstrate stable cycling
even at a critical current density of 12 mA cm™. Conversely, cells using Sat. LiFSI-DME
experienced shorting at 3 mA c¢cm, and the CE for cells utilizing 4 M LiFSI-DME decrease to
95.5% as the applied current reached 3 mA cm™. This further underscore the resilience of the Sat.

LiFSI-MexO electrolyte, which can withstand high-current Li-metal cycling.

The deposited Li morphology was characterized from 4 M LiFSI-DME and Sat. LiFSI-
Me>O systems to further understand the Li cycling behaviors. After depositing 3 mAh cm™ at 3
mA cm in both electrolytes at room temperature, the cross-section and surface morphology (Fig.
4c,d,e,f) of the plated Li at first cycle were analyzed. While both systems exhibit a locally dense
surface structure with large lithium chunks, the 4 M LiFSI-DME system shows a greater thickness
growth and larger porosity in the deposited Li (Fig. 4¢). On the contrary, the plated Li in the Sat.
LiFSI-MexO system (Fig. 4e) exhibits fewer voids and an exceptionally dense morphology with a
thickness closely matching the theoretical plated capacity (theoretical = 14.85 pm). This explains

the deposited Li morphology as a pivotal point to achieve high CE cycling.

14

This article is protected by copyright. All rights reserved.

3SUS0 | SUOWILOD dAITERID) a|qedl|dde ayy Aq pausenob are sapiie YO ‘8sn Jo SojnJ Joy AriqiT auluQ A3[1M UO (SUONIPUOD-pUR-SLLLIBY/WOD AB|IM Areiq iUl |u0//:SdNY) SUORIPUOD pue SWe 18Ul 88S “[7202/2T/2T] uo AiqiTauliuo /11 ‘Ariqit obeaiyd 10 AseAIuN AQ TTH0ZH202 91Ue/200T OT/I0p/wod /B 1M ARiqpul|uo//sdny woiy papeojumod ‘el '€/ /€TZST



Angewandte Chemie International Edition 10.1002/anie.202420411
~—— 4 M LiFSI-DME
—— Sat. LIFSI-Me,0
S -
g 2
0 )
c s
P =
;E’ 94 O 4 MLiFSI-DME =
b O Sat. LiFSI-Me,0
92 Sat. LiFSI-DME
0.5 mA*cm 1 mAh"cm +23°C)
90 1 T T
0 200 400 600 800 1000
Cycle (#)
—— 4 M LiFSI-DME
c ik —— Sat. LIFSI-Me,0
0.6-
A
*’ 0.4+
s
~ 5 S 02797.4%
o
g 004
| 2 02
|
y‘?: 0.4
L -0.6
D o
A 0.8+ o
o 1.0 . . . . . .
e 0 10 20 30 40 50 60 70
0.10
> SIS PRI, DI, TN —— Sat. LiFSI-Me,O
' —— 4 M LiFSI-DME
1 15.08 pm
] 0.05 4
1
! s 96.4%
s 3
! S 0.00-
d s
! >
: 94.5% 97.9%
: -0.05
+50 °C
-0.10

0 10 20 30 40 5 60 70
Time (Hr)

Figure 4. Electrochemical cycling evaluations of Li/Cu cells. (a,b) Electrochemical performance
of Li/Cu plating and stripping at different temperatures. (c,d,e,f) Visualization of deposited Li
surface and cross-section morphology in different electrolytes at first cycle electrochemically
deposition (c, d: 4 M LiFSI-DME; e, f: Sat. LiFSI-Me;0).

To evaluate the full-cell performance of the Sat. LiFSI-Me>O, a SPAN cathode was

selected owing to its low-cost, high cycling stability, and good kinetics. Furthermore, with modest

voltage window, SPAN should accommodate the limited oxidative stability of typical ether
electrolytes®¥. As depicted in Fig. 5a, the cell utilizing 4 M LiFSI-DME shows less than 50 cycles

when reaching to 80% capacity retention, while the cell with Sat. LiFSI-Me>O maintains over 85%
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capacity retention even after 200 cycles. This improved performance is attributed to the lower
voltage polarization observed between the average charge and discharge voltages in the Sat. LiFSI-
Me;O cell (Supplementary Fig. 8). In contrast, the Sat. LiFSI-DME system exhibits minimal
initial capacity during C/10 cycling due to the high viscosity of the electrolyte (Supplementary
Fig. 9). To further investigate the temperature resilience of the electrolytes, cells were cycled at -
20 °C and +50 °C. At -20 °C, the Sat. LiFSI-Me:O electrolyte enabled Li/SPAN cells to retain 280
mAh g! after 60 cycles, while the cell using 4 M LiFSI-DME exhibited almost no discharge
capacity (Fig. 5b), likely due to high cell impedance from sluggish electrolyte transport, consistent
with observations from Li/Cu cycling. At -40 °C, the Sat. LiFSI-Me>O electrolyte can still maintain
50% of the room temperature discharge capacity when charging and discharging (Supplementary
Fig. 10). At 50 °C, cells with Sat. LiFSI-Me;O and 4 M LiFSI-DME retained 97% and 46%
capacity after 50 cycles, respectively (Fig. 5¢). This stark contrast is attributed to the significant
increase in cell impedance in the 4 M LiFSI-DME system at elevated temperatures
(Supplementary Fig. 11). Moreover, the fast-charging evaluation of the Li|[SPAN full-cell is
conducted with a limited 50 um Li-metal anode. As for the cell cycled in 4 M LiFSI-DME, it
demonstrates severe capacity fade after 30 cycles, while the Sat. LiFSI-Me>O system manages to
deliver consistent cycling performance across 100 cycles (Fig. 5d). To investigate the underlying
cause of impedance growth at both room and elevated temperatures, we hypothesize that the
lithium polysulfide shuttle effect may play a key role. To qualitatively assess this, 0.25 M Li2Se¢
was soaked in both electrolytes for one day to visually observe color changes. As shown in Fig.
Se, the Sat. LiFSI-Me:O electrolyte displayed minimal polysulfide dissolution compared to 4 M
LiFSI-DME, likely due to the weaker coordination between Li" and Me;O, which reduces the

dissociation of the Li-S ionic bond. In contrast, DME is known for its strong cleaving effect on
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Li", leading to higher LixSy solubility in 4 M LiFSI-DME>], These results indicate that Sat. LiFSI-

Me2O outperforms 4 M LiFSI-DME in Li/SPAN systems across multiple performance metrics

.
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Figure 5. Electrochemical cycling evaluations of Li/SPAN cells with different electrolytes and 3.2
mAh cm? SPAN areal loading. (a) Long-term electrochemical cycling of 250 um Li-metal in
Li/SPAN cells at room temperature (b) Electrochemical cycling of Li/SPAN cells at -20 °C. (c)
Electrochemical cycling of Li/SPAN cells at 50 °C. (d) Fast charging evaluations of 50 pm Li-
metal in Li/SPAN cells, the applied current is C/10 for every 5 cycles followed by 2C for every 20
cycles. (e) The optical images of polysulfide Li.S, soaked in different electrolytes after one day at
room temperature. (f) Radar chart of performance metrics of studied electrolytes.

The chemical compositions of the CEI and SEI on cycled Li metal and SPAN electrodes

within Li/SPAN cells were characterized through X-Ray Photoelectron Spectroscopy (XPS) to
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elucidate the impact of the electrolyte on interfacial chemistry. As shown in Fig. 6a and 6b, a
higher concentration of Li>S is observed in the S 2p spectra on the Li-metal cycled in the 4 M
LiFSI-DME system, while a lower amount is found in the Sat. LiFSI-Me;O system. Similarly,
from the de-lithiated SPAN samples (Fig. 6¢ and 6d), we observe a similar trend, with SPAN
cycled in the 4 M LiFSI-DME system generating a higher Li>S compositional ratio compared to
its counterpart in the Sat. LiFSI-Me;O system. This disparity can be attributed to the dissolved
polysulfides shuttling from SPAN to the Li-metal, facilitated by the higher solubility in the 4 M
LiFSI-DME system. However, little difference is observed in the O 1s, F 1s spectra, and the overall
Li atomic ratio, indicating their similarity in terms of the LiF-dominated SEI chemistry coupled
with carbonyl compounds, LixSOy, and LiO (Supplementary Fig. 12 and 13). To isolate the
sulfur signal on the cycled Li as a result of polysulfide shuttling from the SPAN electrode, we
conducted a parallel experiment involving XPS analysis on deposited Li in Li/Cu (Supplementary
Fig. 14 and 15). As depicted in Supplementary Fig. 115, a higher amount of Li2S is observed on
the cycled Li when using the Sat. LiFSI-MexO electrolyte, indicating a greater degree of salt
decomposition compared to cycled Li using the 4 M LiFSI-DME electrolyte. This finding provides
additional evidence that the improved performance of the Li/SPAN system is attributed to reduced
polysulfide dissolution and the presence of a salt-derived SEI containing LiF, Li>O, Li;S and

Li,SO,.
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Figure 6. Interface analysis of the cycled Li and SPAN from the fully charged Li/SPAN cells at 60™ cycle.
(a-d) Local XPS S 2p spectra of cycled Li and delithiated SPAN in the 4 M LiFSI-DME electrolyte (a,c)
and the Sat. LiFSI-Me,O electrolyte (b,d).

Conclusion

Me;O gas was demonstrated to be condensed into liquid phase at ambient conditions by
employing a high LiFSI salt concentration to facilitate Coulombic condensation (Li*-MeO ion-
dipole interaction). Such electrolyte exhibits anion-pair solvation structures and moderate ionic
conductivities over a wide-temperature range. By formulating a saturated LiFSI-Me>O electrolyte,
we achieved excellent cyclability of lithium metal over 1000 cycles and the ability to withstand

critical current densities up to 12 mA cm2. When combined with a SPAN electrode, the saturated
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This article is protected by copyright. All rights reserved.

85UR0 | SUOWIWIOD BAIER1D) 3(qeo!|dde au Aq pausenob a8 S9pIe WO '8N J0 S9N oy ATIq1T BUIIUO /8|1 U0 (SUOIPUO-PUR-SLLBI L0 A 1M AReIq1jeu|uo//Sdny) SUORPUOD PUe SWB | 84} 38S *[7202/2T/2T] U0 ARIqITauljuo A8|im ‘Ariqi 0Bealyd JO ASRAIIN AQ TT¥0ZyZ02 31Ue/Z00T OT/I0p/L0D" AB| 1M ARelq |puljuo//Sdny wo papeojumoq ‘el ‘€2.ET2ST



Angewandte Chemie International Edition 10.1002/anie.202420411

LiFSI-MexO electrolyte demonstrated superior performance compared to a 4 M LiFSI-DME
electrolyte. This improvement can be attributed to the formation of a salt-derived solid electrolyte
interphase at the lithium metal anode and reduced dissolution of polysulfides, as verified by XPS
and polysulfide soak tests. Despite these advantages, further optimization of Sat. LiFSI-Me,O is
needed to address challenges under conditions closer to practical applications, such as lean
electrolyte configurations and limited lithium reservoirs. These refinements are essential for
achieving long-term stability and ensuring the electrolyte’s applicability in commercial battery
systems. The study provides a new design strategy for high concentration electrolytes with low
viscosity and low polysulfide solubilities for Li/sulfur systems. It also offers a potential strategy

to design recyclable electrolytes and battery systems by manipulating solvent-salt interactions.
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Thermodynamically Coulombic
Dimethyl ether  equilibrate at 1 atm , condensation

I

Graphical abstract:

Dimethyl ether (Me2O) gas can be condensed through ion-dipole interactions with lithium
bis(fluorosulfonyl)imide at sufficiently high concentrations, which elevates the boiling of point
Me;O, imparting enhanced physical and electrochemical properties for battery applications. The
approach of Coulombic condensation by facilitating ion-dipole interactions with weakly

coordinating solvents offers a promising strategy for next-generation electrolyte design.
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