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Broader context

Electrolyte engineering for thermally stable Li—S
batteries operating from -20 °C to 100 °Cy

Dong Guo, {22° Simil Thomas,? Jehad K. El-Demellawi, (2 ¢ Zixiong Shi,®
Zhiming Zhao,®® Christian G. Canlas, ¢ Yongjiu Lei,?® Jian Yin,®° Yaping Zhang,®
Mohamed Nejib Hedhili, © ¢ Muhammad Arsalan,® Yunpei Zhu,®®
Osman M. Bakr, ©22° Omar F. Mohammed €2 ° and Husam N. Alshareef () *2°
Lithium—sulfur (Li-S) batteries are deemed one of the most promising high-energy density battery
technologies. However, their operation under thermal extremes, e.g., subzero and above 60 °C, remains
largely underexplored. Especially, high temperatures (HT) accelerate sulfur dissolution and undesired
side reactions, presenting significant challenges for electrolyte design. In this work, contrary to
traditional understanding, we discovered that even (localized) high-concentration electrolytes (HCEs),
which have shown promise within moderate temperature ranges (0—-60 °C), fail at temperatures above
80 °C. Detailed investigations revealed that Li-anion aggregates in HCE trigger uncontrolled reductive
decomposition at the Li anode side once the temperature exceeds a threshold of 80 °C. The resultant
parasitic byproducts caused serious crosstalk and cathode oxidation in HT Li—S batteries. To counter this
issue, we developed a localized medium-concentration electrolyte that features a well-mediated
solvation structure and energy level, demonstrating excellent thermodynamic stability at high
temperatures with superb kinetics at low temperatures. Consequently, high-performance and safely
operating Li—S pouch cells are achieved over an unprecedented range of —20 to 100 °C. These findings
link electrolyte microstructure, temperature, SEI structure, and degradation mechanism, offering a design
protocol for the reliable function of batteries in extreme environments.

The demand for high-energy batteries that can function in extreme thermal conditions is rising in fields such as subsurface exploration, aerospace, and

medical devices. These conditions often involve temperatures below 0 °C or exceeding 100 °C, posing significant challenges to existing lithium-ion batteries due

to the limitations of electrolyte thermodynamics. Li-S batteries are poised to play a critical role in these harsh environments due to the moderate voltage
plateau, which can secure a higher cathode safety and more feasible options for electrolyte design. Meanwhile, the extremely high specific capacity makes high-

energy density possible. Nevertheless, the study of Li-S batteries under extreme temperatures remains largely unexplored. In this study, we illustrate the
fundamental interplay between electrolytes and electrodes, which typically governs thermodynamics and kinetics. We found that Li-S batteries fail with most of
the state-of-art electrolytes when temperature exceeded the threshold of 80 °C. The failure mechanism is well disclosed. Furthermore, we designed a new
electrolyte to promote temperature tolerance. Such an electrolyte chemistry enables Li-S cells to operate safely from —20 °C to 100 °C. This work unlocks the

potential of Li-S batteries and presents a design protocol for developing harsh-environment batteries.
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Introduction

Batteries in markets are generally considered to have a rela-
tively fixed operation temperature range (0-60 °C). However,
the ever-growing demands for high-energy batteries in specia-
lized sectors, such as subsurface exploration, aerospace mis-
sions, and medical devices, call for battery functionality under
extreme thermal conditions.'™ Unfortunately, such environ-
ments, which can often dip below 0 °C or exceed above 100 °C,
impose significant challenges for existing lithium-ion battery
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systems, especially regarding electrolyte design.>” In this con-
text, exploring new electrolytes with wide-temperature and high
redox tolerance is of great significance.

For low-temperature (LT) battery designs, strategies focus on
electrolytes with low viscosity and freezing points to enhance
bulk ionic migration, alongside the construction of solid elec-
trolyte interfaces (SEI) to facilitate interfacial desolvation.®™*?
Yet, designing batteries for high-temperature operation poses
greater challenges, especially for lithium metal batteries, which
offer higher energy density but exhibit higher activity. Prior
studies on “moderate temperature” (MT) batteries have typi-
cally capped their upper temperature limit at around 60 °C.
Within this range, quality lithium deposition favored by in-
organic SEI formation has been observed.”*™**> However, the SEI
properties above 80 °C are less investigated, and their failure
mechanism is even barely reported. Importantly, anion-domi-
nated solvation structures, achieved through weakly solvating
electrolytes (WSE) or high concentration electrolytes (HCEs),
have shown success in regulating durable SEI from low to
moderate temperatures (Fig. 1)."®2° However, their effective-
ness at extremely high temperatures (EHT), i.e., above 80 °C,
remains unexplored.

Additionally, high temperature causes positive shift of
equilibrium potential according to the Nernst equation.
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Thermodynamically, this accelerates electrolyte degradation
at high voltage, leading to catastrophic heat/gas formation.
In this context, sulfur-based cathodes with moderate voltage
(<3 V vs. Li'/Li) and high specific capacity present a more
practical option for EHT operation. Nevertheless, lithium-
sulfur (Li-S) batteries capable of functioning under thermal
extremes have been barely reported due to several key chal-
lenges, including: (1) aggravated lithium polysulfide (LiPS)
dissolution and shuttle effect at EHT; (2) increased parasite
reactions on lithium metal anode at EHT; and (3) signifi-
cantly reduced electrode kinetics for both cathode and anode
at LT (Fig. 1b-d).""*°

For these reasons, we introduce an electrolyte design proto-
col for extreme-temperature Li-S batteries utilizing sulfurized
polyacrylonitrile (SPAN) as the cathode (Fig. S1, ESIt). Although
state-of-the-art (localized) HCEs showed significant success in
improving the stability of both sulfur cathodes and lithium (Li)
anodes from LT to MT, we observed their cycling failure at EHT.
The primary cause of this failure is the crosstalk phenomenon,
which has been gaining attention particularly in high-voltage
lithium-ion batteries.”* Byproducts formed at the cathode gener-
ally pass through the separator and reach the anode, leading to
anode degradation. In this work, we found that at high tempera-
tures exceeding a threshold of 80 °C, (L)HCE electrolytes undergo
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(a) A schematic illustration of the status of rechargeable batteries operating at various temperatures (top). The size of the circles represents the
and (c) The conventional wisdom of electrolyte design for temperatures below 80 °C. HCE, LHCE, or WSE

possess their advantages in regulating lithium metal anode from low to moderate temperature (<80 °C). However, these design strategies face
challenges to Li-S cells operating at EHT (>80 °C) due to sulfur dissolution at the cathode and electrolyte failure at the anode (d). Therefore, their design
protocol needs to be reconsidered.
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continuous reductive decomposition on the anode side. The
byproducts then diffuse to the cathode, causing endless
oxidation on the cathode side and, ultimately, cell failure at
EHT (Fig. 1d). To address this issue, we meticulously designed
a localized medium concentration electrolyte (LMCE), which
is illustrated in Fig. S2 (ESIf). In this system, the well-
mediated solvation sheaths exhibit greater thermodynamic
stability at EHT. Meanwhile, controlled anion reduction pre-
dominates at LT, creating a kinetically favorable interphase.
This approach effectively balances the stability of the cathode
and anode across a temperature range of —20 to 100 °C.
Consequently, the electrolyte composed of 0.7 M lithium
bis(trifluoromethane)sulfonimide (LiTFSI) achieves 85% capa-
city retention following 150 cycles at 100 °C and 83% retention
at —20 °C. Notably, it ensures a safe high-temperature storage
shelf-life, evidenced by 90% of capacity retention after 60 days
at 100 °C.

View Article Online
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Results and discussions
Wide-temperature electrolyte design and screening

When operating a Li-S battery at 100 °C, the first concern
is identifying suitable solvents since traditional ether-based
electrolytes with low boiling points cannot safely operate.*?
Tris(2,2,2-trifluoroethyl) phosphate (TFEP), with a high boiling
point (186 °C), excellent thermal stability, and non-flamm-
ability (Fig. S3, ESIT), was screened as a promising solvent for
high-safety battery at EHT. Moreover, the fluorinated moiety
with its electron-withdrawing effect lessens ion-dipole (Li*-O)
coordination, promoting the formation of a weak solvating
environment, which is crucial for suppressing lithium polysul-
fide (LiPS) dissolution. In comparison, tetraethylene glycol
dimethyl ether (TEGDME) and triethyl phosphate (TEP) with
high boiling points were also tested. As shown in Fig. 2a and b,
for the first time we demonstrated that an electrolyte of 1 M
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Fig. 2 (a) Cycling performance of Li-SPAN cell at 0.5C at 100 °C with 1 M LiTFSI in different solvents, and (b) the corresponding voltage profiles at the

30" cycle. (c) Voltage profile of a cell with 1 M LITFSI/TFEP electrolyte at 20 °C, 60 °C, and 100 °C, and (d) the corresponding cycling performance at 0.5C.
(e) Voltage profile of a Li-SPAN cell with 3 M LiTFSI/TFEP electrolyte continuously cycled at different temperatures. (f) Voltage profile of the Li-SPAN cell
at 100 °C. 3 M electrolyte-based cell was opened after 10 cycles and re-assembled with the 1 M electrolyte. Insert: Photos of the separator cycled in
3 M electrolyte at 100 °C. (g) Oxidation stability test. LSV curves for a Lilcarbon coated Al cell at 100 °C. (h) Reduction stability test. LSV curves for Li|Cu
cells at 100 °C.
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lithium LiTFSI in TFEP (1 M LiTFSI/TFEP) can enable Li-SPAN
operate at 100 °C, with a remarkable capacity of 650 mAh g ' in
the initial cycles and 80% retention after 100 cycles at 0.5C.
In contrast, 1 M LiTFSI/TEGDME and 1 M LiTFSI/TEP exhibited
short lifetimes, retaining less than 30% and 10% capacity after
merely 30 cycles, respectively (Fig. 2a). Their failure mechan-
isms are discussed in Fig. S4-S6 (ESIT).

The stable cycling of 1 M LiTFSI/TFEP suggests the cathode
dissolution is largely mitigated, and anode stability is main-
tained at 100 °C. Unfortunately, at lower temperatures (e.g.,
20 °C and 60 °C), this electrolyte showed poor performance
(Fig. 2c and d). For instance, the cell maintains only 40%
capacity retention after 100 cycles at 20 °C. In principle, a lower
temperature renders less sulfur dissolution, contributing to
higher cathode stability, and ionic conductivity of 1 M electro-
lyte is not the limiting factor to the low stability (Fig. S7, ESIT).
Therefore, the inferior performance at LT could only stem from
its instability against the anode, which was also validated by the
gradually increased overpotential in Li-Li symmetric cells at
20 °C (Fig. S4, ESIt), the boosted interfacial resistance (Fig. S8,
ESIT), and the thick passivating layer on Li anode (Fig. S9,
ESIT). By contrast, the 1 M electrolyte exhibited a stable over-
potential at 100 °C (Fig. 2a).

To enhance the Li anode stability at LT, constructing anion-
derived inorganic SEI has proven to be a popular strategy,
which is achievable by increasing salt concentration to form
anion-aggregated solvation sheaths, leading to a decreased
lowest unoccupied molecular orbital (LUMO) for preferentially
anion reduction. To this end, a 3 M LiTFSI/TFEP electrolyte was
prepared, at its nearly saturated state. As expected, the 3 M
electrolyte exhibited an improved Li stripping/deposition sta-
bility (Fig. 3b) and a higher Li-SPAN stability than the 1 M based
cells at moderate temperatures of 60 °C and 80 °C (Fig. S10,
ESIT). However, the 3 M electrolyte started to fail at 100 °C.
It shows an abnormal and extremely high charge capacity
(Fig. 2e and Fig. S11, ESIf), indicating uncontrolled side
decomposition at 100 °C. Moreover, the decomposition is
highly temperature-dependent with 80 °C the temperature
threshold, as the voltage curve was back to normal once the
temperature decreased to 60 °C or 80 °C (Fig. 2e). Overall, the
1 M electrolyte performed well at 100 °C but failed at 20 °C.
By contrast, 3 M concentrated electrolyte can enhance battery
stability below 80 °C, but failed at 100 °C. Interestingly, this
failure behavior at EHT was found to be universal when salt
concentration reaches a threshold. Taking the ether-based
electrolyte as an example, 6 M LiTFSI/TEGDME works normally
at 100 °C, but 7 M LiTFSI/TEGDME electrolyte showed the same
failed charge process (Fig. S12, ESIt).

Failure mechanism of concentrated electrolytes at EHT

Disclosing the failure mechanism of concentrated electrolytes
at EHT is critical. Since 3 M electrolyte has lower LiPS solubility
and higher oxidative stability than the 1 M electrolyte at 100 °C
(Fig. 2g and Fig. S13 and S14, ESIY), the failure of 3 M electro-
lyte at 100 °C is rooted in Li metal anode side instead
of cathode degradation. Moreover, we reassembled the dyed
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Li-SPAN cell with the same cathode and anode, but refilled it
with 1 M electrolyte, and found that the discharge capacity
remained unchanged (Fig. 2f and Fig. S15, ESIt). That further
confirmed the stability of cathode materials at EHT. To verify
the observed failure on the Li metal anode side, we conducted a
linear sweep voltammetry (LSV) test on Li-Cu cells at 100 °C
with a negative scan to 0 V. Clearly, the 3 M electrolyte exhibited
a much higher onset reduction potential (1.2 V) than the 1 M
electrolyte (0.91 V), along with a significantly higher reduction
current (Fig. 2h). This reveals aggressive reductive decomposi-
tions of the 3 M electrolyte. To elucidate this impact of
potential-dependent electrolyte reduction on cell failure, a full
cell composed of lithium titanium oxide (LTO) anode and
lithium iron phosphate (LFP) cathode was tested. Since the
Li" insertion plateau of LTO anode (1.5 V, vs. Li'/Li) is higher
than the reductive potential (1.2 V) of the 3 M electrolyte,
electrolyte decomposition on LTO anode can be largely avoided
at 100 °C. Consequently, the LTO-LFP cell achieved a normal
discharge-charge process (Fig. S16a, ESIt) at 100 °C. But again,
the 3 M electrolyte failed in Li-LTO cell (Fig. S16b, ESIY)
because of the use of a Li metal anode. These results collectively
reveal that when the concentrations reach high enough, dis-
aster decompositions take place on those anodes having low
reduction potentials under EHT conditions (Fig. S17, ESIt).

It should be noted here that until now we only disclosed
the failure of the 3 M electrolyte originating from the side
reductions at the Li anode side. Cycling failure, specifically the
abnormal charge capacity, appears more related to an oxidative
decomposition process. The CV curves of Li-SPAN at 100 °C
also confirmed this point (Fig. S18, ESIt). Given that cathode
material and 3 M electrolyte are thermodynamically stable at
cathode side as discussed above, this oxidation can only be
induced by parasite products from anode, a crosstalk phenom-
enon observed in Li-ion batteries.*’ This crosstalk can explain
the fact that the abnormal charge process takes place after a
couple of discharge-charge cycles rather than during the initial
charge state (Fig. 2e). This is because only after the anode
reduction species diffuse to cathode in the initial cycles, their
oxidative decomposition could start.*" The abundant oxidative
species including S-O, and N-O, at cathode were well detected
by X-ray photoelectron spectroscopy (XPS) in Fig. S19 (ESIf).
This crosstalk phenomenon at 100 °C was further visualized by
the evolution of separators in the cycled Li-SPAN cell, which is
detailed in Fig. S20 (ESIt). In summary, the 3 M electrolyte
experienced uncontrolled reduction at lithium metal under
EHT of 100 °C, and the crosstalk further leads to oxidation at
cathode and cell failure.

Temperature-dependent electrolyte and interphase chemistry

To elucidate reductive decomposition, SEIs were resolved by
depth-profiling XPS and time-of-flight secondary ion mass
spectrometry (TOF-SIMS). The Li-Li symmetric cells were ana-
lyzed after 30 cycles (Fig. 3). For the 1 M electrolyte (Fig. 3d),
the contour mappings of C1s XPS spectra showed that organic-
rich SEI layer dominated at 20 °C, while an organic-less SEI
layer formed at 100 °C. This difference corresponds to stable

This journal is © The Royal Society of Chemistry 2024
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retentions of TFSI™ anions, determined by °F NMR analyses. (i) H NMR of the electrolytes cycling at different cycling conditions after 30 cycles. The three
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polarization curves at 100 °C and increased polarization at was observed at 20 °C (Fig. 3b), but vigorous decomposition
20 °C (Fig. 3b). However, for 3 M electrolyte, stable polarization occurred at 100 °C, evidenced by the substantial black side
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products accumulated on the anode (Fig. S21, ESIT) and the
separator (Fig. 3c). More specifically, the SEI in 3 M electrolyte
holds around 3 times of P atomic content (solvent decomposi-
tion), and 5-8 times of S atomic content (anion decomposition)
than that in 1 M electrolyte at 100 °C (Fig. 3e and f). The above
results are further visualized by TOF-SIMS. As illustrated in
Fig. 3g, the 3D-rendering space of SEI exhibits thicker occupa-
tion of S~ and PO, fragments than 1 M electrolyte at 100 °C.
This clearly reveals that Li metal anodes are highly corroded by
the 3 M electrolyte at 100 °C.

To further quantify the electrolyte decomposition, "H
and '°F nuclear magnetic resonance (NMR) spectra analyses
were performed on electrolytes in the cycled Li-SPAN cells.
As summarized in Fig. 3h and Fig. S22 (ESIY), the 3 M electro-
lyte demonstrated a much lower retention of TFSI™ anion at
(62.1%) at 100 °C than the 1 M electrolyte (76.8%), implying the
faster degradation of anions. This severe anion decomposition
is also accompanied by the fast consumption of solvent.
As revealed in Fig. 3i, the peak at 4.8 ppm is assigned to the
resonance of methylene from TFEP. Clearly, the 3 M electrolyte
showed a much weaker signal of -O-CH,-CF; at 100 °C,
corresponding to a low solvent retention of 67.1%. The specific
decomposition species are also explored by theoretical simula-
tions and discussed later. Combined with the above electro-
chemical behavior, SEI analyses, and quantitative NMR results,
we can conclude the decomposition of concentrated electro-
lytes, especially the anion-induced decomposition, is aggressive
and catastrophic at 100 °C. Contrary to the widespread notion,
the anion-derived SEI in (L)HCEs can protect electrolytes from
further decomposition was only valid up to relatively moderate
temperatures (<80 °C), yet this protection failed at EHTs of
100 °C. These investigations revisit and address the critical
knowledge gap in understanding the electrolyte-SEI behavior
across the temperature spectrum from moderate ranges to
challenging EHT conditions.

Mediated solvation structures and temperature-tolerant
electrolyte design

Given that electrolyte reduction is a process driven by Li-ion
solvation, we deduced that increasing temperatures in concen-
trated electrolytes significantly impact solvation structures,
leading to the failure of 3 M electrolyte at 100 °C. This
temperature-dependent solvation is deciphered by NMR tech-
niques. As shown in Fig. 4a, increasing salt concentration from
1 M to 3 M leads to a noticeable *°F downfield shift for TFSI~
anion (deshielding effect) and an upshift shift for TFEP solvent
at 20 °C, which suggests the strengthened Li'"- - -anion pairing
and less Li*- - -solvent coordination, respectively. This is typical
for solvation behavior in HCEs.>* Notably, heating to 100 °C
causes further deshielding of the TFSI™ anion (Fig. 4b and
Fig. S24, ESIY), revealing increased Li'---TFSI~ binding with
increasing temperatures.

The Li-anion-solvent correlation at high temperatures was
further quantified by hetero-nuclear Overhauser effect spectro-
scopy (HOESY), a powerful tool to detect spatial coupling
in liquids.>* As shown in the 2D HOESY in Fig. 4c, the 3 M
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electrolyte presented two pronounced 'Li-"°F cross peaks at
both 20 and 100 °C, representing the spatial coupling of Li"
with TFSI™ and TFEP, respectively. By integrating the 2D
intensity (I) of Li-Frpg; and Li-Frpgp peaks, we found a ratio
of I(TFSI)/I(TFEP) of 0.63 at 20 °C. This ratio distinctly increased
to 1.21 at 100 °C, indicating a much shorter Li*- - TFSI~ distance at
higher temperatures compared to Li'- - -TFEP. This behavior is also
confirmed by 1 D 'F spectra as a function of temperature in
Fig. 4b. The "°F NMR signal of the anion showed a distinctive
upfield shift (0.8 ppm) compared to the slight shift (0.3 ppm) of
the solvent signal upon heating to 100 °C, demonstrating that
anions are more temperature sensitive to be involved in Li-ion
solvation at HT. In summary, we disclose that high concentration
promotes Li*- - TFSI ™ coordination, and high temperature further
strengthened this Li-anion pairing structure, as illustrated in
Fig. 4d and e. Therefore, these closely bonded Li-anion species
are more likely to be recruited into the Li/electrolyte interphase,
which induces the decomposition and failure of concentrated
electrolyte at the EHT of 100 °C.

From these investigations, we note that Li'---TFSI pairs
should be regulated at relatively low levels to avoid the electro-
Iyte failure under EHT. Although this can be achieved by
lowering electrolyte concentration (such as 1 M), it compro-
mises battery performance at room temperature due to either
higher sulfur solubility or lower anode stability (Fig. 2d).
To tackle this dilemma, we introduced a new fluorine-ether
solvent, 1,3-bis(1,1,2,2-tetrafluoroethoxy) propane (BTFP), as a
diluent. BTFP featuring a high boiling point (162 °C) and high
safety are highly desirable for high-temperature Li-S opera-
tions. Importantly, a localized medium concentration electro-
lyte (LMCE) can be formulated with a 0.7 M LiTFSI in TFEP/
BTFP (1:1, v/v, 0.7 M LiTFSI/TB), which shows negligible LiPS
solubility (Fig. S25, ESIT). The tuned Li-anion spatial distance,
as illustrated in Fig. 4e, effectively addressed the aforemen-
tioned issues across a wide temperature range.

The advantages of the solvation properties of LMCE are
deciphered by NMR spectroscopy (Fig. 4f and g and Fig. S26
and S27, ESIt). The "H-'°F 2D HOESY spectrum of the 0.7 M
LiTFSI/TB electrolyte was collected at 100 °C. As shown in
Fig. 4g, the 'H peak at 4.1 ppm, associated with TFEP solvent,
exhibited a prominent off-diagonal peak with '°F of TFSI at
—81 ppm (d-4), and another cross peak with the '°F signal of
BTFP at —138 ppm (d-1). By integrating the peak intensity,
the normalized ratio of I(TFEP/TFSI): I(TFEP/BTFP) is 1:0.75,
suggesting the closer distance between TFEP solvent and TFSI
anion (<5 A). Meanwhile, the '°F of TFSI at —81 ppm showed a
cross peak with "H of TFEP but no signals with protons of BTFP
diluent. These results reveal that the solvation structure
of LMCE is well maintained at 100 °C, with anions in inner
sheath and relatively isolated from the outer diluent. More
importantly, the 0.7 M LiTFSI/TB electrolyte shows a dispersity
of TFSI anion around Li-ion in LMCE, unlike the over-
strengthened ionic pairing in 3 M electrolyte that leads to
drastic decomposition. This is also verified by the significantly
upfield shift of ’Li peak compared to 3 M electrolyte at
100 °C in Fig. 4f. Moreover, as presented in 2D "Li-'°F NOESY

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Characterization of electrolytes. (a) 1°F NMR spectra of the 1 M and 3 M electrolyte. (b) Temperature-dependent *°F NMR chemical shift of 1 M
electrolyte from 20 °C to 100 °C. (c) "Li—'°F HOESY spectra of 3 M electrolyte at 20 °C and 100 °C. (d) Schematic illustration of compact Li-anion spatial

correlation leads to anode reduction and the resultant crosstalk to cathod
concentration, along with the proposed relatively dilute concentration for

e. (e) Illustration of Li-anion spatial correlation impacted by temperature and
high-temperature batteries. (f) Li NMR spectra of the electrolytes at 100 °C.

(9) *H-"°F HOESY spectrum of 0.7 M LiTFSI/TB electrolyte at 100 °C. (h) SAXS profiles for the electrolytes.

(Fig. S28 and 29, ESIt) collected at 20 °C, the peak intensity
ratio of I(Li-Frgs;) : [(Li-Frrep) is calculated to be 0.55:1 for the
LMCE, which is higher than that of 1 M electrolyte (0.41:1)
(Fig. S27, ESI{). This indicates that the average Li'---TFSI~
distance in LMCE is shorter than in 1 M electrolyte at 20 °C,
a favorable solvation structure to construct anion-derived SEI at
low temperatures.”® Meanwhile, small-angle X-ray scattering
(SAXS) results show that 0.7 M LiTFSI/TB electrolyte has an
appreciably weaker scattering intensity, indicating the suppres-
sion of large cluster formation, which favors higher ion diffu-
sivity according to the Stokes-Einstein equation.** This is
further verified by ’Li diffusion-ordered spectroscopy NMR
(DOSY-NMR) (Fig. S30, ESIt), highlighting the significance of
high ionic diffusivity at lower temperatures.

To gain further insight into the thermodynamic properties
of the electrolytes, we performed density functional theory
(DFT) and ab initial molecular dynamic (AIMD) simulations

This journal is © The Royal Society of Chemistry 2024

(Fig. S31, S32 and Table S1, ESIt). We examined the projected
density of states (PDOS) of TFSI™ at 100 °C and focused on
conduction bands (i.e., unoccupied orbitals), which dominate
the reduction reactions. As shown in Fig. 5a, the energy level of
TFSI” in 0.7 M per TB electrolyte (2.95 eV) is distinctly higher
than that in 3 M electrolyte (2.69 eV) at the lowest end of
conduction bands, indicating the higher reductive stability of TFSI™
in the diluted 0.7 M per TB electrolyte at 100 °C. In contrast, the
lower energy level of TFSI™ in 3 M electrolyte most likely leads to
decomposition via the cleavage of S-C bond according to its lowest
bond order of 0.71 (Fig. S33, ESIf). After defluorination, the
associated byproducts of CF;SO,NSO, and N(SO,), have HOMO of
—7.72 eV and —7.07 eV, respectively, while TFSI" and TFEP solvent
shows higher HOMO of —10.78 eV and —11.35 €V, respectively
(Fig. 5b). Therefore, the byproducts would undergo further oxidative
decomposition preferentially over the anions and solvent at the
cathode side, causing the observed cell failure at high temperatures.

Energy Environ. Sci., 2024, 17, 8151-8161 | 8157
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In view of kinetics, radial distribution functions (RDF) of
Li-Ntpg; suggest that the 0.7 M LiTFSI/TB electrolyte has a
slightly lower Li-Ntgg; coordination number in the first solva-
tion shell and significantly decreased occupation in the second
solvation shell compared to the 3 M electrolyte at 100 °C
(Fig. 5d). This is beneficial to avoid severe side reactions at
high temperatures. Meanwhile, RDF of Li-Orggp illustrated that
TFEP molecules in 0.7 M LiTFSI/TB electrolyte are less coordi-
nated than in the 1 M electrolyte (Fig. 5e), contributing to a
lower possibility of solvent decomposition at 100 °C. Opposite
to the EHT scenario, the interfacial side reaction at low tem-
peratures is thermodynamically limited. As a result, the 0.7 M
LiTFSI/TB electrolyte, with its higher TFSI occupation in the
first Li* solvation sheath compared to the 1 M electrolyte
(Fig. S34, ESIT), has formed a high-quality SEI at low tempera-
tures (Fig. S35, ESIt).

Electrochemical performance of Li-SPAN from —20 °C to 100 °C

We further evaluated Li-SPAN full cells with the 0.7 M LiTFSI/
TB electrolyte across an extremely wide temperature range from
—20 °C to 100 °C. At 100 °C, the cells retained 85.3% of capacity
(580 mA h g ') after 150 cycles at 0.5C. At a 5C rate, they
retained 75.2% capacity after 150 cycles (Fig. 6a). Even at a 10C
rate, the cells delivered a decent capacity of 460 mA h g~ with
70% retention after 100 cycles (Fig. S36, ESIT), the highest
record for SPAN-based cells.??*?3%44718 The rate performance is
summarized in Fig. 6d and Fig. S37 (ESIt). This high-rate
stability demonstrates the reliability of the LMCE electrolyte
under such harsh conditions. In contrast, an LHCE composed

8158 | Energy Environ. Sci., 2024, 17, 8151-8161

of the same salt and solvents exhibited a similar failure
behavior to the concentrated 3 M electrolyte (Fig. S38, ESIY),
further validating the unique capability of the LMCE electrolyte
for EHT operation. Notably, the LMCE also performed well
at lower temperatures, (Fig. S39, ESIt). Especially, at —20 °C,
the Li-SPAN still maintained an 83% capacity retention
(340 mA h g™') over 110 cycles, outperforming the cells 1 M
electrolyte (Fig. 6b) and traditional electrolytes.**° (Table S2,
ESI¥)

Another critical parameter for high-temperature batteries
is calendar storage performance, as thermal-induced self-
discharge is a huge challenge in practical applications. In this
case, the Li-SPAN cell was first cycled at 0.5C at 100 °C, then
rested at different states of charge/discharge for a specific time
T. After each aging period T, cells were cycled at 0.5C for three
cycles to track recoverable capacity. As recorded in Fig. 6c, after
the first 30 days of storage at the discharge state of 2.1 V, no
obvious voltage drop was observed, along with negligible
capacity decay with 0.7 M LiTFSI/TB electrolyte (Fig. S40, ESIf).
After another 30 days at a full-charge state, the cell retained
94% capacity retention with a CE of 99.8%, and cell voltage was
maintained at the OCV state (~2.3 V). Moreover, the storage
performance at 100 °C shows negligible difference from that at
20 °C (Fig. S41, ESIt). Additionally, the cell maintained 75%
capacity after 300 cycles at a shallow depth of discharge
(Fig. S42, ESIt). These results clearly demonstrate that side
reactions are well inhibited during EHT storage, and self-
charge issues are mitigated by the LMCE electrolyte. Furthermore,
the developed LMCE electrolyte was proven effective under lean

This journal is © The Royal Society of Chemistry 2024
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electrolyte conditions. For instance, under a low electrolyte/SPAN
(E/S) ratio of 8 ul mg ™", the Li-S batteries was able to maintain
a capacity of 390 mA h g~ " at 20 °C, and an increased capacity of
550 mA h g~ " at 100 °C after 60 cycles (Fig. S43, ESIT). These results
underline the significant potential of our developed approach for
high-energy-density batteries operating under extreme thermal
conditions.

Li-SPAN pouch cells were fabricated to evaluate feasibility
under more practical conditions. The pouch cell with a total
capacity of 0.5 A h was designed, as presented in Fig. 6e, and an
average capacity of 0.4 A h was delivered. The 60-cycle lifespan
of Li-SPAN pouch cell at 100 °C is reported for the first time,
illustrating the extraordinary effectiveness of the electrolyte
design in advancing extreme-temperature batteries. Given that
commercially available polypropylene separators are not suita-
ble to function at temperature above 100 °C, the next priority

This journal is © The Royal Society of Chemistry 2024

should be on developing lightweight separators that have high
thermal and electrochemical stability, while also demonstrat-
ing techno-economic viability for large-scale implementation in
other cell types, such as cylindrical cells.

Conclusions

In this work, we achieved a mechanistic understanding of
Li-SPAN cell degradation at 100 °C in various electrolyte systems,
including dilute and concentrated electrolytes. Contrary to widely
followed protocols at room and moderate temperature, we
discovered that increasing salt concentration does not enhance
stability at 100 °C. Instead, coupling high temperature with
high concentrations leads to catastrophic electrolyte reduc-
tion and crosstalk behavior that further causes cell failure.

Energy Environ. Sci., 2024, 17, 8151-8161 | 8159
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To address this, we introduced a new fluorine ether, BTFP, as
an effective diluent to craft a localized medium-concentration
electrolyte. This electrolyte reorganizes the solvation sheath
with an appropriate anion population, Li-anion spatial
distance, and electron energy level. Thermodynamically and
kinetically, this reconfiguration balances durable interfacial
stability across a wide temperature from —20 to 100 °C, thereby
unlocking the potential of Li-SPAN cells. Our methodology of
evaluating cell degradation and electrolyte design is applicable
to many other metal-ion batteries operating in extreme tem-
peratures. By tuning molecular structures and compositions of
anions, electrolyte reduction can be modulated to extend high-
temperature longevity, which is an urgent need for reliable
batteries operating in harsh environments.
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