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Abstract: Achieving increased energy density under
extreme operating conditions remains a major challenge
in rechargeable batteries. Herein, we demonstrate an
all-fluorinated ester-based electrolyte comprising parti-
ally fluorinated carboxylate and carbonate esters. This
electrolyte exhibits temperature-resilient physicochemi-
cal properties and moderate ion-paired solvation, lead-
ing to a half solvent-separated and half contact-ion pair
in a sole electrolyte. As a result, facile desolvation and
preferential reduction of anions/fluorinated co-solvents
for LiF-dominated interphases are achieved without
compromising ionic conductivity (>1 mScm� 1 even at
� 40 °C). These advantageous features were found to
apply to both lithium metal and sulfur-based electrodes
even under extreme operating conditions, allowing
stable cycling of Li j j sulfurized polyacrylonitrile
(SPAN) full cells with high SPAN loading
(>3.5 mAhcm� 2) and thin Li anode (50 μm) at � 40, 23
and 50 °C. This work offers a promising path for design-
ing temperature-resilient electrolytes to support high
energy density Li metal batteries operating in extreme
conditions.

Introduction

Lithium-sulfur (Li-S) batteries have garnered significant
attention in energy storage, attributed to their impressive
theoretical energy density of 2600 Whkg� 1 and the abundant
availability of low-cost sulfur.[1] However, the insulating
nature of sulfur and solid discharged products of Li2S2/Li2S
makes them electrochemically inert, thereby posing substan-
tial challenges in realizing the full potential of Li-S battery
technology. The shuttle effect caused by soluble polysulfide
intermediates further complicates the electrochemical per-
formance of these batteries.[2] The aforementioned issues
would be further aggravated under extreme operating
conditions. To address these issues, researchers have turned
their attention to sulfur composites, with a specific focus on
sulfurized polyacrylonitrile (SPAN).[2c,3] By leveraging the
covalent bond between polyacrylonitrile and short-chain
sulfur within the conductive SPAN host, a solid-to-solid
conversion mechanism is enabled during the charging and
discharging processes of the SPAN without the need for
soluble polysulfides. The exceptional conductivity and
absence of polysulfide formation of this composite material
offer promising prospects for overcoming the limitations
associated with sulfur electrodes in Li-S batteries.

In addition to the cathode materials, the electrolyte
chemistry also plays a crucial role in the Li-S battery
performances, especially in extreme conditions. The widely
used ether-based electrolytes in Li-S batteries, including
dimethoxyethane (DME), 1,3-dioxolane (DOL), and other
large-sized multi-glyme solvents, are generally stable against
the Li metal anode and polysulfide intermediates but not
adaptable for the SPAN.[4] The high solubility of glyme-
based solvents induces the polysulfide dissolution from the
SPAN, leading to capacity fading. Although increasing salt
concentration can alleviate the shuttling effects, the in-
creased viscosity renders sluggish kinetics and significant
capacity decay, especially at subzero temperature
conditions.[5] Recent works showed that typical ether-based
electrolytes (e.g., DOL/DME system) encountered dendritic
Li metal growth at subzero temperatures, probably due to
the increased charge-transfer resistance at subzero
temperatures.[6] Our previous work showed that monoden-
tate ether (e.g., diethyl ether) can partially address this
limitation by providing facile desolvation kinetics.[7]

Although it has been shown as an effective solvent for
ultralow temperatures, it is not stable at elevated
temperatures.[8] Its high volatility raises safety concerns due
to its high flammability. The local high-concentration
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electrolytes (LHCEs) by using a highly fluorinated diluent
as a nonflammable antisolvent in the high concentration of
monodentate ether-based electrolytes could simultaneously
provide the Li metal anode with improved reversibility at a
wide-temperature condition and also reduce the flammabil-
ity of the whole electrolytes.[6b] Despite the high Li metal
Coulombic efficiency (CEs), recent works indicated that
practical cells (SPAN loading >3 mAhcm� 2) with ether-
based LHCEs typically fail to achieve stable long-term
cycling due to soft-shorting events related to poor ion
transport.[9] The reduced ionic conductivity has been found
to be a character for heavily ion-paired electrolytes, e.g.,
LHCEs, and electrolytes with weak solvating solvents
including highly fluorinated solvents and monodentate
ethers.[9b,10]

To ensure the stability of redox-active sulfur species
covalently bonded in the conductive SPAN host, ester-based
electrolytes are generally employed, due to the low solubility
toward polysulfides.[2c,3] The high melting point of carbonate
electrolytes limits the application of Li j jSPAN batteries at
low temperatures.[11] Carboxylate esters with low melting
points and viscosity are commonly employed to improve
low-temperance performance.[12] Nevertheless, these mole-
cules display high reactivity with the Li metal, resulting in
reduced cycling performance and even hazardous dendrite
growth, especially at extreme temperatures. To enhance the
compatibility of Li metal with carboxylate ester-containing
electrolytes, prior studies explored fluorinated additives to
promote the formation of LiF-rich solid electrolyte inter-
phase (SEI) on the anode aiming to improve cycling
performance at ambient conditions. Unfortunately, these
merits fail to sustain at ultralow temperatures
(< � 30 °C).[5a,12a,13] Achieving stable cycling of high areal
loading of Li-S batteries under both extreme temperatures
poses a significant challenge because the electrolytes
employed in such batteries need to meet multiple criteria
simultaneously, including decent ionic conductivity, low
flammability, and excellent compatibility with both lithium
metal anodes and sulfur-based cathodes across a wide range
of operating temperatures.

Both soft and strong solvents have been used to
construct different solvation electrolytes. The soft solvents
with weak Li+ binding have proven to be essential for
achieving favorable temperature-dependent Li metal
reversibility.[7–8] This is attributed to their ability to facilitate
desolvation and form an ion-pairing solvation. The electro-
lyte featuring contact-ion pair (CIP) structure ensures a
preferential reduction of anions, forming a ceramic-domi-
nated SEI. This SEI fosters a high interfacial energy that
effectively suppresses the growth of Li dendrites and
maintains a low charge transfer impedance.[14] However,
such weakly solvating electrolytes commonly lead to the
formation of aggerated ion clusters, causing sluggish ion
migration.[9b,10] Consequently, prior studies have primarily
been adaptable to low energy density cells, despite achieving
apparent performance improvement at subzero
temperatures.[12] Conversely, solvents with strong solvating
capabilities allow for fully solvent-separated ion pair (SSIP)
structure, facilitating ion migration. However, they tend to

induce a sluggish desolvation and organic-rich SEI derived
from the preferential reduction of solvents. This results in
high charge transfer impedance and a strong interaction
with Li, promoting the growth of Li dendrites.[6] In this
work, we leveraged our understanding of the advantageous
solvation structures inherent to a fluorinated ester to design
a partially ion-paired electrolyte for wide-temperature Li
batteries with high energy density, which integrates the
advantages of both aforementioned electrolyte systems,
overcoming their respective design limitations.

To balance the salt dissociation ability and the desolva-
tion ability, a series of carboxylate esters with different
lengths of alkyl chains, and varying degrees of fluorination
are selected as the primary solvent. Reduced alkyl chain
length in the carboxylate electrolyte weakens its binding
with Li+ ions, facilitating desolvation and improving Li
metal CEs as observed (97.4 versus 96.9% for methyl
acetate (MA) and methyl propionate (MP) electrolyte
systems, respectively). Methyl 3,3,3-trifluoropionate
(MTFP) with partially fluorinated alkyl chains exhibits
weaker Li+ ion solvation ability and superior Li metal
compatibility (CEs: 99.3%). The same trends were found at
elevated temperatures (CEs: 99.0, 96.9, and 96.6% for
MTFP, MA, and MP electrolyte systems, respectively).
However, only the MTFP electrolyte system with partially
fluorinated carboxylate and carbonate esters could maintain
high Li metal compatibility at subzero temperatures, which
allows Li j jSPAN fully cell with high SPAN loading
(>3.5 mAhcm� 2) and thin Li anode (50 μm) to cycle stably
at � 40, 23, and 50 °C. We attribute this to the temperature-
resilient physiochemical property of partially fluorinated
carboxylates as the primary solvent and the strong bonding
of Li+/anion and Li+/fluorinated co-solvent in a moderate
ion-pairing solvation structure, which allows a facile desolva-
tion and LiF-dominated interphases without noticeably
scarifying the ionic conductivity (>1 mScm� 1 even at
� 40 °C).

Results and Discussion

To provide a viable operation of Li metal batteries (LMBs)
at a wide-temperature environment, MP solvents with both
low melting (� 88 °C) and high boiling (80 °C) points were
selected as the primary basis of this investigation. Lithium
bis(fluorosulfonyl)imide (LiFSI) and fluoroethylene
carbonate (FEC) are employed as the Li salt (1 M) and co-
solvent additive (10% by volume), respectively, both of
which are known to stabilize the SEI with abundant LiF
species. This system has been well established to provide
reversible SPAN performance at ambient conditions.[2c,3c,12a]

While the underlying mechanism of poor behavior toward
the Li metal side under extreme conditions is still unclear, it
is likely attributed to the significantly increased charge-
transfer resistance at low temperatures, due to its inherently
strong Li+-solvent binding.[12a]

To examine the solvation effects, a series of derivatives
based on the MP solvent was designed by modifying its alkyl
chains (Figure 1a). Carboxylate solvents with short alkyl
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chains exhibit lower melting points which are highly
desirable for low-temperature systems. In addition, short
alkyl chain solvents will have lower polarizability which
could be the underlying reason for weak Li+-solvent binding
and consequent facile desolvation, especially at lower
temperatures. Nevertheless, reduced-sized carboxylate sol-
vent encounters high volatility and low boiling point, even
close to the ambient condition (i.e., methyl formate (MF),
b.p.: 32 °C), which is an undesired physical property of the
solvent for high-temperature conditions. To balance the
melting and boiling points for wide-temperature operations,
solvation fluorination can be a wise alternative to adjust the
Li+-solvent binding without noticeably sacrificing the high-
temperature property. MTFP with a partially fluorinated
alkyl chain sustains the ability to dissolve the LiFSI salt very

well while a slightly lower ionic conductivity compared with
the MP electrolyte systems. The methyl pentafluoropropio-
nate (MPFE) with a fully fluorinated alkyl chain renders a
poor salt disassociation ability and thus dissolves negligible
lithium salts (Figure 1a).

To preliminarily evaluate the electrolyte behavior at
extreme conditions, physical characterization of the selected
electrolytes was first conducted. As shown in Figure S1, it
was confirmed that all systems of interest remained in a
liquid state down to � 40 °C, representative of the low
melting point of these carboxylate solvents. In addition, the
ionic conductivities of each electrolyte were measured from
� 60 to 50 °C to provide insight into the effect of temperature
on ionic transport (Figure 1b). All systems retain ionic
conductivities >1 mS cm-1 at � 40 °C, which is far superior

Figure 1. Electrolyte design. (a) Schematic showing the molecular structure modulation of carboxylate derivatives and the boiling point versus
solvation ability of various carboxylate derivatives. (b) Ionic conductivity of selected electrolyte systems at different temperatures. (c–e) Snapshots
of the simulated cells and (f–h) Li+ radial distribution functions of selected electrolytes: (c, f) 1 M LiFSI MP/FEC, (d,g) 1 M LiFSI MA/FEC, and
(e,h) 1 M LiFSI MTFP/FEC.
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compared with most reported systems of ether-based
LHCEs for Li-S batteries.[6b,10c]

The solvation structures of each electrolyte were simu-
lated via classical molecular dynamics (MD). As presented
in Figures 1c–h and S2, the radial distribution functions of
Li+ in 1 M LiFSI MP/FEC and 1 M LiFSI MA/FEC
indicated that the first solvation shell of Li+ ions are
primarily coordinated by solvent molecules (4 MP and 4 MA
oxygens per Li+ ion, respectively), a typical feature of SSIP
structures. On the contrary, MTFP with identical LiFSI
concentrations was predicted to produce a half SSIP and
half CIP structure with a coordination number of 3 MTFP,
1 FEC, and 0.5 FSI oxygens per Li+ ion.

After dissolving LiFSI salts into selected solvents, the
Li+/FSI� coordination was characterized via Raman spectro-
scopy (Figure 2a). The Raman shift of the FSI� anion (LiFSI
salts: 774 cm� 1) corresponding to S� N� S bending/vibration
downshift to around 728 cm� 1 upon dissolving in MA and
MP solvents. Such noticeable deviation (46 cm� 1) can be
attributed to the strong solvation ability of MA and MP

solvents, which dissociate the Li+/FSI� pair and induce a
SSIP structure. After dissolving LiFSI salts in the MTFP
solvents, the Raman shift of S� N� S bending/vibration is
deconvolved in two peaks, where the first one (739 cm� 1)
presents a smaller downshift while the second one appeared
at the same position as those of MA and MP electrolyte
systems. This indicates two different chemical conditions
(CIP and SSIP) for the Li+/FSI� coordination in the MTFP
electrolyte systems, which is consistent with the aforemen-
tioned MD simulation (Figures 1c–h and S2).

The chemical condition of Li+ in different electrolyte
systems was evaluated by the 7Li NMR (Figure 2b). Because
of the same solvation structures, the downfield shift of 1 M
LiFSI MA/FEC compared with 1 M LiFSI MP/FEC indi-
cates a weaker solvation ability of MA than MP. The
noticeable upfield shift of the MTFP electrolyte system
compared to those with MA and MP can be attributed to
the change in solvation structures (CIP versus SSIP), leading
to more shielded Li+ nuclei, might mainly attributed to the

Figure 2. Experimental analysis of formulated electrolytes. (a) Raman, (b) 7Li nuclear magnetic resonance (NMR), and (c) 17O NMR spectra of
selected electrolyte systems.
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strong interaction of Li+ ions toward anion and co-solvent
as indicated by the MD simulation (Figures 1e,h, and S2).

To decouple the solvent and anion contribution in the
solvation sheath, the chemical condition of oxygen in differ-
ent electrolyte systems was investigated by the 17O NMR
(Figure 2c and S3). The upfield shift of ketonic oxygen in
the primary solvent of MA, MP, and MTFP molecules can
be attributed to the electron-withdrawing effect of cation.
The MP solvent in the 1 M LiFSI MP/FEC presents a larger
upfield shift than those of MA and MTFP systems (� 24.77
versus � 11.12 and � 13.46 ppm), indicating a stronger Li+/
carboxylic solvent coordination in the former. On the
contrary, the FEC solvent, as a co-solvent in the 1 M LiFSI
MTFP/FEC electrolyte system, presents a upfield shift while
a downfield shift for those in 1 M LiFSI MP/FEC and 1 M
LiFSI MA/FEC electrolyte systems (� 8.77 versus 1.43 and
2.26 ppm). Such visible differences indicate the presence of
Li+/FEC coordination in the MTFP system while FEC exists
in a free state in the MP and MA electrolyte systems. That is
to say, the 1 M LiFSI MTFP/FEC electrolyte presents a low
Li+/main solvent (MTFP) bonding while a strong Li+/co-
solvent (FEC) bonding compared with other two counter-
parts. Taking the computational simulation and experiment
results into account, the weak solvation of partially fluori-
nated MTFP solvents allows strong coordination of Li+/

anion and Li+/fluorinated co-solvents, which can be ex-
pected to induce the preferential reduction of fluoride-rich
species to form LiF-rich SEI as well as facile desolvation
kinetics.

To investigate the compatibility of the electrolytes of
interest with the Li metal anode, Li j jCu half cells with the
aforementioned electrolytes were assembled. The accurate
method proposed by Adams et al. was employed to
determine the Li plating/stripping CE.[15] Although 1 M
LiFSI dissolved in the MA, MP, and MTFP exhibit poor Li
metal compatibility (Figure S4), after adding 10% in vol. of
FEC co-solvent, they all present superior Li metal CEs
(Figures 3a–c), where the MTFP electrolyte system exhibits
a slightly increased CE compared with those of MA and MP
electrolyte systems at room temperatures (99.3 versus 97.4
and 96.9%). They all exhibit good compatibility with Li
metal at elevated temperatures (99.0 versus 96.9 and 96.6%)
while only the MTFP system maintains this trend at subzero
temperature conditions (97.6 versus 87.9 and 56.7%).

To emphasize the synergistic effect of the preferential
reduction of anions/fluorinated co-solvents for LiF-domi-
nated interphases, the co-solvents in 1 M LiFSI MTFP/FEC
electrolyte system are replaced with non-fluorinated coun-
terparts (Figure S5). Upon replacing the FEC with
propylene carbonate (PC) and ethylene carbonate (EC),

Figure 3. Li metal plating/stripping behaviors. CE-determined curves for the selected electrolytes at (a) 23, (b) 50, (c) � 40 °C. Scanning electron
microscopy (SEM) images of deposited Li metal in the electrolyte systems of (d) 1 M LiFSI MP/FEC, (e) 1 M LiFSI MA/FEC, and (f) 1 M LiFSI
MTFP/FEC. Insets in d-f are the photographs of deposited Li on Cu foil. (g) Element content of O, C, F, and Li of SEI evaluated by the X-ray
photoelectron spectroscopy (XPS) testing of plated Li in the selected electrolyte systems. (h) Cyclic voltammetry (CV) curves of Li j jCu cells and
(i) Electrochemical impedance spectroscopy (EIS) plots of Li//Li symmetric cells with selected electrolytes at � 40 °C.
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decreased Li metal CEs of 92.4% (EC) and 70.6% (PC) at
� 40 °C indicates that the selection of fluorinated carbonate
co-solvents plays a crucial role in determining the perform-
ance of Li metal at low temperatures. To evaluate the salt
effect on the LMBs, Li j jCu cells with 1 M LiPF6 MTFP/
FEC and 1 M LiBF4 MTFP/FEC were also tested at � 40 °C
(Figure S6). The worse Li metal CEs of LiPF6 and LiBF4-
containing electrolyte systems than those of LiFSI-based
electrolyte systems (92.4, 47.4 versus 97.6%) highlight the
advantage of LiFSI as the salts for increased working ability
at a wide-temperature condition.

To gain detailed information about the Li metal plating
behavior, the Li j jCu cells after plating 4 mAhcm� 2 Li metal
with a current density of 0.5 mAcm� 2 at 23 and � 40 °C were
disassembled and their microscopic features of the deposited
Li metal on copper foil was examined via SEM. Photographs
taken of the Cu electrodes after deposition at 23 °C reveal
metallic Li deposits with a silver appearance, which is
typically indicative of micron-scale Li deposits (Figure S7).
However, a temperature-dependent Li morphology is pre-
sented at � 40 °C, in which porous and fibrous Li is deposited
in MP systems at subzero temperatures while the MA
system exhibits a slightly bigger size of Li nanorods
(Figures 3d,e). On the contrary, the Li deposited in the
MTFP system presents a chunk morphology regardless of
the temperature, although it is accompanied by decreased
chunk sizes with the drop in temperature (Figure 3f). All the
above results highlight the advantageous features of partially
ion-paired structures of our all-fluorinated ester-based
electrolyte toward Li metal that could sustain under both
extreme temperature conditions.

By employing XPS analysis, it was determined that there
exist variances in the interfacial chemistry of lithium metal
deposited in the MP, MA, and MTFP electrolyte systems
(Figures 3g, and S8–S10). Lithium metal cycled in all three
electrolyte systems exhibits a comparably high fluorine
content (18.1, 25.8, and 17.6% for MTFP, MA and MP
electrolyte systems, respectively). This phenomenon can be
ascribed to the preferential reduction of the FEC co-
solvents, driven by their high reduction potential. It results
in the formation of a LiF-rich SEI. This finding aligns with
the nearly identical CEs observed at room temperature
(Figure 3a). The significantly higher Li content compared to
C, O, and F content within the interphase layer of electrodes
cycled with the MTFP electrolytes implies a lower degree of
solvent decomposition. This observation reinforces the
slightly higher CEs observed in the MTFP electrolyte
system. When exposed to subzero temperatures, the MTFP
electrolyte systems exhibit a significantly higher fluorine
content compared to the MA and MP electrolyte systems
(33.3 versus 26.2 and 27.7%). This divergence substantiates
the noticeably high CEs of the MTFP electrolyte system
relative to other two counterparts at low temperatures. This
can be attributed to the presence of a half cation/anion pair
in the 1 M LiFSI MTFP/FEC system. The weak solvation of
the partially fluorinated MTFP promotes strong coordina-
tion of Li+/FSI and Li+/FEC, leading to the formation of
LiF-rich SEI derived from both inorganic anions and
fluorinated additives. Such a ceramic-rich SEI with high

interfacial energy serves to suppress dendrite growth while
promoting a planar growth of Li metal especially at reduced
temperatures. It is worth noting that all electrolyte systems
remain in a liquid state at � 40 °C, where the MTFP
electrolyte system presents a slightly lower conductivity
(Figures 1b and S1). Therefore, the salient deviation of Li
metal performance at low temperatures cannot be attributed
to the reduction of bulk ion transfer in the electrolytes at
reduced temperatures.

To investigate their kinetic behavior at reduced temper-
atures, we conducted the CV testing of Li j jCu cells at
� 40 °C (Figure 3h). The onset potential for the MTFP
electrolyte system achieved through negative scanning is
significantly lower than those of the MP and MA electrolyte
systems. This observation suggests a lower overpotential for
the nucleation of Li in the MTFP electrolyte system. In
addition, the high response current with the increase of
testing potential for the MTFP electrolyte system indicates a
facile kinetic for Li deposition at subzero temperatures.
During the subsequent positive scan of CV (Li stripping
stage), a much faster current response and large peak area
(higher capacity) in MTFP electrolyte systems than those in
MP and MA electrolyte systems signify the fast reaction
kinetics and superior Li stripping performances.[16]

To distinguish the underlying drives for the deviation on
the Li plating process at reduced temperatures, the diffusion
of solvated Li+ in the bulk electrolyte, Li+ desolvation at
SEI/electrolyte interface, and Li+ diffusion through SEI is
evaluated via temperature-dependent EIS. The EIS of
symmetric Li j jLi cells was applied in addition to the EIS of
SPAN j jSPAN symmetric cells to deconvolute the respec-
tive impedance contributions (Figures 3i and S11). A notice-
ably larger impedance of the MP-based electrolyte system
than those with MA and MTFP was found, which could be
attributed to the strong Li+/solvent binding as indicated by
the results of 7Li and 17O NMR tests (Figure 2). All the
above results indicate that MTFP electrolyte system with a
partially ion-paired structure allows facile charge transfer
and desolvation processes under wide-temperature ranges,
which dominate the low-temperature performances. The
advantageous features are beneficial for promoting uniform
Li deposition and suppressing the Li dendrites even at
extreme temperature conditions.

To further examine the potential of the electrolyte
system toward practical LMBs at a wide-temperature range,
Li j jSPAN full cells with a high mass loading of
�3.5 mAhcm� 2 SPAN and low negative-to-positive capacity
(N/P) ratio of �1.7 were assembled and tested at variable
temperatures from � 40 to 50 °C (Figure 4). The full cells
employing 1 M LiFSI MTFP/FEC delivered high energy
density of �850 Wh/KgSPAN (stack energy density:
�200 Wh/kg, Table S1) and cycling stability over 180 cycles
at room temperature (Figure 4a). At elevated temperatures,
the Li j jSPAN cells with 1 M LiFSI MTFP/FEC produced
increased energy density of �1110 Wh/KgSPAN and were
cycled well around 80 cycles while less than 30 cycles for
those with MA and MP electrolyte systems (Figure 4b).
Although the Li j jSPAN half cells with a low SPAN loading
(<1 mAhcm� 2) and thick Li metal (300 μm) could be cycled
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well at � 40 °C in our previous work,[12a] the poor Li metal
compatibly renders mediocre cycling stability of Li j jSPAN
full cells with a low N/P ratio and high SPAN loading as
shown in Figure 4c. The full cell with MA presents a slightly
improved cycling performance, due to slightly higher Li CEs
and facile desolvation kinetics (Figure 3). The cells with
MTFP electrolyte system present both superior low-temper-
ature cycling stability and energy density compared with
those of MA and MP electrolyte systems (�620 vs 325,
220 Wh/KgSPAN), attributed to the facile desolvation as well
as the strong Li+/FEC and Li+/FSI- bonding in the half
cation/anion pair structures to maintain an anion and
fluorinated co-solvent-derived LiF-rich SEI at a wide-
temperature condition. The above results further suggest the
promise of electrolytes with both fluorinated co-solvent and
anion involving a half SSIP and a half CIP structure for
wide-temperature Li j jSPAN batteries with a high areal
loading cathode (Figure 4d).

Conclusion

In summary, an all-fluorinated ester-based electrolyte com-
prising partially fluorinated carboxylate and carbonate esters
was developed for high areal loading Li-S full cells operated
at extreme temperatures. Both experiments and computa-
tional simulations show a strong Li+/anion and Li+/fluori-
nated co-solvent binding in the partially fluorinated carbox-
ylate and carbonate solvent system, compared with those of
non-fluorinated counterparts. This all-fluorinated electrolyte
with a half cation/anion pair endows a facile desolvation and
LiF-dominated interphases without compromising ionic
conductivity even at a wide-temperature range. This work
establishes new design principles for optimizing future
electrochemical devices with tunable salt dissociation and
solvent desolvation properties under a wide-temperature
range. It also provides a promising path for designing
temperature-resilient electrolytes to support high energy-
density rechargeable batteries operating in extreme con-
ditions.

Figure 4. Full cell testing at extreme conditions. (a–c) Cycling performance of Li j jSPAN full cells in selected electrolytes at (a) 23, (b) 50, and
(c) � 40 °C. (d) Schematic showing the Li-S batteries with different solvation electrolytes under extreme operating conditions.
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