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Weakly-Solvated and Co-Intercalation-Free Ether-Based Electrolytes
Enhance the Low- Temperature and Fast-Charging Performance of
LiFePO4||Graphite Batteries

Ziwei Wang, Xuewei Gu, Jiacheng Zhu, Cong Zhong, Shiwei Xu, Suting Weng, Bowen Liu,
Zhaoxiang Wang, Yejing Li,* Tao Cheng,* and Xuefeng Wang*

Abstract: Lithium-ion batteries (LIBs) employing lithium iron phosphate (LiFePO4, LFP) cathodes and graphite (Gr)
anodes are extensively utilized for energy storage applications because of their exceptional cycle life and inherent safety
characteristics. However, sluggish desolvation kinetics and interfacial Li+ transport hinder their fast-charging capability
and low-temperature performance, limiting broader applications. In this work, we propose a weakly solvating ether (WSE)
electrolyte based on 2-methyl-tetrahydrofuran (2MT) as the main solvent. This electrolyte results in considerable steric
hindrance, effectively preventing co-intercalation with Gr, while also providing a weak solvation capability for Li+ ions
and facilitating rapid interfacial Li+ transport. WSE, formulated with 2MT and fluoroethylene carbonate (FEC) as a co-
solvent, combines fast desolvation kinetics with an extremely low freezing point of −117.67 °C. This electrolyte induces
the formation of a LiF-, Li3N-, Li2CO3-, and Li2O-rich solid electrolyte interphase (SEI) on the Gr anode, thereby
enhancing low-temperature interfacial transport. Consequently, the Gr||Li half-cell and the LFP||Gr full cell with this WSE
demonstrates excellent rate performance, stable cycling stability, and a high specific capacity at −30 °C while also delivering
reliable power even at −60 °C. These results underscore the electrolyte’s efficient desolvation process, stable SEI layer, and
excellent compatibility with graphite, rendering it ideal for extreme-temperature applications.

Introduction

Lithium-ion batteries (LIBs) constitute a cornerstone of
energy storage technology because of their high energy den-
sity, long lifespan, and environmental friendliness.[1–3] Among
these, lithium iron phosphate (LiFePO4, LFP)||graphite (Gr)
LIBs not only dominate the energy storage sector but also
occupy a larger share of the power battery market than
layered oxide/Gr systems do.[4,5] However, their performance
deteriorates significantly at low temperatures (< −10 °C)[5–9]
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and high charge–discharge rates (>3C),[10–12] leading to
severe capacity fade, large polarization, and lithium dendrite
growth.[13–17] These limitations hinder their application in
high-latitude regions, military equipment, and deep-space
exploration.[13,16,17] The dramatic performance degradation of
LFP||Gr LIBs at low temperatures and high rates is attributed
primarily to slow reaction kinetics associated with desolvation
processes and interfacial Li+ transport. This results in capacity
loss and potential growth of lithium dendrites.[18–20] Address-
ing these challenges necessitates more stringent requirements
for electrolyte design and optimization.

Conventional carbonate-based electrolytes, such as those
containing ethylene carbonate (EC), are widely used in
commercial LIBs because of their high dielectric constant,
which facilitates lithium salt dissociation and enables the
formation of a dense solid electrolyte interphase (SEI) on
Gr anodes.[13,21,22] However, EC has a high melting point
(36.4 °C), causing commercial electrolytes to solidify at
temperatures below −20 °C. This significantly reduces the
electrolyte conductivity and ionic transport efficiency.[23–25]

Although linear carbonates such as ethyl methyl carbonate
(EMC) exhibit low melting points (−50 °C) and viscosities
(0.65 mPa·s), their strong coordination with Li+ results
in high desolvation energy barriers (−245.9 kJ mol−1).[26]

Additionally, organic intermediates formed in the SEI further
impede ionic transport at low temperatures.[26]

To address these challenges, researchers have explored
weakly solvating electrolytes (WSEs), which exhibit low
binding energies between Li+ and solvent molecules. This
facilitates faster desolvation kinetics and interfacial Li+
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Figure 1. Schematic diagram of the desolvation process and interfacial Li+ transport on the Gr anode with 1.5 M LiFSI /2MT:FEC (LMFE, left) and 1 M
LiPF6/EC:DMC (Base Electrolytes, BE, right).

transport under low-temperature conditions.[18,25,27] However,
the practical application of WSEs faces significant challenges,
particularly in terms of compatibility with Gr anodes. Ether
solvents, which are commonly used in WSEs, often suffer
from co-intercalation into the Gr layers, leading to struc-
tural damage and rapid capacity decay, as observed with
tetrahydrofuran (THF).[28–31] This underscores the necessity
of developing electrolytes that exhibit both low-temperature
stability and compatibility with Gr, thereby ensuring robust
lithium-ion battery performance under extreme conditions.

In this work, we propose a co-intercalation-free
weakly-solvating electrolyte (LMFE) based on 2-methyl-
tetrahydrofuran (2MT), which has an extremely low freezing
point of − 117.67 °C. The LMFE formulation (1.5 M lithium
bis(fluorosulfonyl)imide, LiFSI, in a 9:1 volumetric mixture
of 2MT and FEC) ensures that the electrolyte remains
liquid at temperatures below −60 °C, whereas conventional
carbonate-based electrolytes solidify at −20 °C. A LiF-,
Li3N-, Li2CO3-, and Li2O-rich SEI is formed on the Gr
anode, thereby enhancing interfacial Li+ transport (Figure 1).
Consequently, the Gr||Li half-cell with this electrolyte
delivers a high reversible capacity of 244 mAh g−1 and a
Coulombic efficiency of 98.31% at −30 °C. At a 5C charge
rate, it provides a capacity of 288 mAh g−1. Furthermore, the
LFP||Gr full cell maintains capacity retentions of 90.36% and
99.67% Coulombic efficiency after 300 cycles at −30 °C while
also providing reliable power even at −60 °C. These results
highlight the critical role of electrolyte solvent selection in
enabling low desolvation barriers and high ionic conductivity,
thereby improving the reaction kinetics and cycling stability
under low-temperature and fast-charging conditions.

Results and Discussion

Choice of Solvent Weakly Binding with Li+

To identify suitable solvents for weakly-solvating electrolytes
(WSEs), the binding energies (EB) between Li+ and various
solvents were calculated using density functional theory
(DFT). Among the various ether/carbonate solvents and

diluent-type solvents, THF and 2MT exhibited notably weak
EB (Figure 2a) in the Li+-(solvent)1 complexes compared
to the other solvents investigated (Table S1), which indicate
that THF and 2MT are promising candidates for preparing
weakly-solvating electrolytes. However, THF tends to co-
intercalate into the Gr anode during cycling, showing a
distinct voltage plateau at ∼1.0 V and a low initial Coulombic
efficiency (ICE) of 73.4% (Figure 2b), whereas 2MT avoids
this issue, with a higher ICE of 96.3% at 0.1C. Additionally,
the freezing point of 2MT is lower (−136 °C, Table S2)
than that of THF (−108 °C, Table S2), which makes it more
suitable for low-temperature applications. It is also more
stable against Lewis acids than THF, enhancing the chemical
stability of the electrolyte.[32] Furthermore, an additional
advantage of 2MT is its renewable origin, as its synthetic
precursor, 2-furaldehyde, is derived from agricultural waste
such as corncobs and bagasse, making 2MT both cost-
effective and widely available. Therefore, 2MT was ultimately
selected as the main solvent for low-temperature LIBs.[33]

To validate the weak solvation capability of 2MT, we formu-
lated electrolytes using dimethoxyethane (DME)—a strongly
solvating solvent—as a comparative benchmark. Compre-
hensive analyses, including density functional theory (DFT),
radial distribution function (RDF), molecular dynamics
(MD) simulations, Raman spectroscopy, and electrochemical
characterization were conducted (Figures S1–S4).

With respect to the choice of salt, lithium
bis(fluorosulfonyl)imide (LiFSI) was selected because of
its superior solubility, dissociation properties, and film-
forming capabilities.[1] Its concentration was determined
by comparing the cycling performance of Li||Li symmetric
cells (plating and stripping for 1 mAh cm−2) at −50 °C with
different salt concentrations. As shown in Figure 2c, the
electrolyte with 1.5 M LiFSI has the longest cycling life, which
lasts for 330 h (Figure S5), whereas those with 1 M and 2 M
LiFSI last for 298 h and 120 h, respectively. To compensate for
the film-forming capability of 2MT, 10 vol% fluoroethylene
carbonate (FEC) was added as a co-solvent, contributing to
a stable interface against the lithium metal anode (Figure
S6). This dual functionality ensures robust SEI formation
while preserving the ultralow freezing point (−136 °C)

Angew. Chem. Int. Ed. 2025, e21171 (2 of 10) © 2025 Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202521171 by Institute O

f Physics C
hinese A

cadem
y O

f Sciences, W
iley O

nline L
ibrary on [16/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Research Article

Figure 2. a) Binding energy (EB) of Li+ with various solvents obtained through DFT calculations. b) Initial charge–discharge curves of the Gr||Li
half-cells with the THF- and 2MT-based electrolytes at 0.1 C. c) Cycling performance of Li||Li symmetric cells (1 mAh cm−2) with various lithium salt
concentrations at −50 °C. d) Differential scanning calorimetry (DSC) curves of the LMFE and BE electrolytes. e) Radial distribution function (RDF)
curves from molecular dynamics (MD) simulations of the BE electrolytes. f) Radial distribution function (RDF) curves from MD simulations of the
LMFE electrolytes. g) Raman spectra of solvents and electrolytes, showing the solvation structure of Li+. h) Desolvation activation energies (Ea) of
Li+ in the LMFE and BE electrolytes. i) Cycling performance of Li||Li symmetric cells with LMFE and BE at various temperatures.

and cryogenic performance of the 2MT-based electrolyte.
Notably, control experiments with a FEC-free electrolyte
(1.5 M LiFSI/2MT, LME) confirm that the weak solvation of
2MT is the primary driver for forming the protective LiF-rich
SEI (primarily from LiFSI decomposition), while FEC serves
a secondary role in further enhancing interfacial stability
and fast-charging kinetics (Figures S7 and S8). Therefore,
on the basis of the above design principles, a new WSE was
proposed for low-temperature LIBs, with a composition
of 1.5 M LiFSI /2MT:FEC (9:1 v/v) (LMFE), whereas the
conventional carbonate electrolyte of 1 M LiPF6/EC:DMC
(1:1 v/v) was used as the baseline electrolyte (BE) for
comparison.

The liquid range of these electrolytes was evaluated via
differential scanning calorimetry (DSC) (Figure 2d). BE
exhibited an endothermic peak at −21.52 °C, indicating a
phase transition to a solid. In contrast, the LMFE demon-
strated a significantly lower freezing point of −117.67 °C,
reflecting its superior low-temperature fluidity. When stored
at −60 °C for 2 h, the BE froze completely (Figure S9),
whereas the LMFE remained liquid, highlighting its low-

temperature stability. Systematic rheological and conductivity
analyses reveal LMFE’s exceptional cryogenic fluidity, main-
taining ultralow viscosity (17.8 mPa·s at −20 °C vs. 494.9
mPa·s for BE, Figure S10a,b) and measurable ionic conduc-
tivity down to −70 °C (1.42 mS cm−1, Figure S10c). The
28-fold viscosity disparity at −20 °C and BE’s solidification
below −40 °C (aligned with DSC in Figure 2d) quantitatively
explain LMFE’s superior Li+ transport. This synergy of weak
solvation and depressed freezing point (−117.67 °C) enables
unimpeded ion mobility across extreme temperatures, fulfill-
ing critical electrolyte design criteria for LT operation.The
radial distribution function (RDF) curves illustrate distinct
differences in the solvation structures of the electrolytes. BE
shows high Li+-EC/DMC coordination numbers, indicating
strong interactions between Li+ and the carbonate molecules
(Figures 2e and S11b). In contrast, the LMFE electrolyte
shows a lower Li+-2MT coordination number and a higher
Li+-FSI− coordination number, suggesting that FSI− anions
predominantly occupy the Li+ solvation shell and conse-
quently decrease the involvement of solvent molecules in
solvation (Figures 2f and S11a).
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Raman spectroscopy confirmed such solvation structure
(Figure 2g). The C─O─C ring-breathing mode of 2MT shifts
from 920.4 to 922.5 cm−1 upon the addition of 1.5 M
LiFSI without any new peak formation, indicating weak
coordination between the Li+ and 2MT molecules. The
characteristic vibrational peak of LiFSI at 728.4 cm−1 remains
dominant, highlighting the contribution of FSI− anions to Li+

solvation. In the BE, the characteristic EC peaks at 714.1and
891.9 cm−1 (associated with free EC molecules) diminish
significantly, while new peaks emerge at 729.5 and 905.3 cm−1.
These new peaks correspond to Li+-coordinated EC species
in contact ion pairs (CIPs) or aggregates (AGGs), confirming
strong cation-solvent interactions. Additionally, a secondary
peak at 933.7 cm−1 corresponds to Li+-DMC coordination,
suggesting moderate interaction with DMC molecules. These
findings align with DFT calculations, which show that EC
has a higher EB with Li+ (−197.61 kJ mol−1) than 2MT
does.

The desolvation activation energy (Ea) of Li+ in LMFE
is 54.5 kJ mol−1, which is significantly lower than the 66.0 kJ
mol−1 in BE (Figures 2h and S12). This indicates that LMFEs
require less energy for Li+ desolvation, facilitating faster
ion transport at low temperatures. Additionally, the Li||Li
symmetric cell with LMFE maintains stable cycling from 20 °C
to −60 °C due to its synergistic combination of low freezing
point, maintained ion transport, reduced desolvation barriers,
and stable interfacial chemistry. In contrast, the BE-based
cell fails at −30 °C primarily due to electrolyte solidification.
At −20 °C, the Li||Li symmetric cell with LMFE exhibited
a polarization of 351 mV, which was significantly lower
than the polarization of 505 mV observed in the BE-based
cell, confirming the limitations of commercial carbonate-
based electrolytes in subzero environments (Figures 2i and
S13).

Low-Temperature Performance of LFP||Li Half Cells

The low-temperature behavior of LFP||Li half-cells
was systematically investigated with LMFE, BE,
1.5 M LiFSI/EC:DMC (1:1 v/v, LED), and 1.5 M
LiFSI/EC:DMC:FEC (4.5:4.5:1 v/v, LEDF) electrolytes.
As illustrated in Figure 3a, the LMFE-based cell exhibits
exceptional rate capability at −10 °C, demonstrating stable
cycling performance from 0.1 C to 2 C with a retained
capacity of 116.9 mAh g−1, corresponding to 78% of its room-
temperature (RT) capacity. However, the low-temperature
capacity of LED and LEDF reaches only 60% of LMFE’s
capacity. Even with the same LiFSI concentrations (1.5 M),
their inferior performance confirms that the superiority
arises from 2MT’s weakly-solvated structure. Therefore,
subsequent comparisons will focus on the differences between
LMFE and BE electrolytes. The charge-discharge profiles in
Figure 3b reveal that the LMFE-based cell has significantly
lower polarization (141.8 mV) than the BE-based cell does
(272.5 mV), indicating enhanced ionic transport and a
reduction in interfacial resistance at subzero temperatures.
Furthermore, as shown in Figure 3c, the LMFE-based
cell maintains 96.4% capacity retention after 150 cycles

at −10 °C and 0.2C, accompanied by a high Coulombic
efficiency of 99.97%. In stark contrast, the BE-based cell
only achieves a capacity retention of 60.5%, underscoring the
inherent limitations of carbonate-based electrolytes under
low-temperature conditions.

Electrochemical impedance spectroscopy (EIS) demon-
strated that the LFP||Li half-cells exhibited significantly
reduced impedance after three-cycle formation at RT, which
was attributed to the formation of a stable solid-electrolyte
interphase (SEI) layer and enhanced Li+ ion transport
(Figures 3d and S14). At −10 °C, the charge-transfer
resistance (Rct) of the BE-based cell increases substantially
to 883.2 � (after 10 cycles) as the electrolyte approaches
its freezing point, whereas the LMFE-based cell maintains
superior ionic mobility with a much lower Rct of 129.1
� (Figure 3e). Notably, the interfacial resistance (RSEI) of
the LMFE-based cell increases only marginally during the
temperature transition, from 18.23 to 28.15 �, indicating
the formation of a robust and conductive interfacial layer.
The Nyquist plots confirm that Rct represents the dominant
impedance component in LFP||Li cells, with significantly
higher Rct values being the primary limitation for BE-
based cells under low-temperature conditions. Specifically,
at − 10 °C, the Rct of the BE is 6.32 times greater than its
RSEI, highlighting its inability to overcome the ionic transport
challenges posed by subzero environments.

The low-temperature cycling stability of Li||Li symmet-
ric cells further demonstrates the advantages of LMFE
(Figure 3f). The LMFE-based cell exhibited exceptional
stability over a 1000 h test period at − 10 °C under a current
density of 1 mA cm−2 and an areal capacity of 2 mAh
cm−2, whereas the BE-based cell failed prematurely after
360 h due to short-circuiting. Additionally, the LMFE-based
cell displays superior reversibility and lower polarization,
further underscoring its suitability for subzero-temperature
applications.

Composition and Nanostructure of the Interphase

The enhanced reaction kinetic of LFP||Gr full cells under
both RT and low temperature (LT) conditions prompted an
investigation into the interfacial evolution on Gr anodes.
To directly correlate SEI properties with full-cell behavior,
Gr electrodes were systematically characterized under three
operational scenarios: after formation cycling at RT, after
20 cycles at −10 °C, and at high rate of 5C (RT). XPS
analysis revealed that after formation cycles, the SEI on
graphite in LMFE exhibits a higher LiF content of 25.4% (F1s
peak at 685.1 eV) compared to 20.5% in BE (Figure 4d,g).
Concurrently, organic components (e.g., ROCO2Li, C 1s
peak at 289.5 eV) are slightly reduced in LMFE (15.8% vs.
19.3% in BE), indicating suppressed solvent decomposition
(Figure 4a,g). While the initial SEI differences are modest,
they establish a foundation for divergent interfacial evolution
under harsh conditions. The organic SEI component primarily
arises from the electrochemical reduction of EC.[34] After
20 cycles at −10 °C, the SEI disparity amplifies significantly.
In LMFE, LiF content remains high at 20.0%, whereas
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Figure 3. a) Rate capability of LFP||Li half-cells with LMFE and BE at −10 °C. b) Charge–discharge curves of LFP||Li half-cells with LMFE and BE
at −10 °C. c) Cycling performance of LFP||Li half-cells at −10 °C and 0.2 C in LMFE and BE electrolytes. d) EIS of LFP||Li half-cells after RT formation.
e) Fitted RSEI and Rct values for LMFE- and BE-based cells. f) Cycling performance of Li||Li symmetric cells at −10 °C at a current density of
1 mA cm−2 and an areal capacity of 2 mAh cm−2.

BE’s LiF drops to 14.1% (Figure 4b,g). The excellent
electronic insulation of LiF effectively suppresses electron
tunneling, contributing to high electrochemical stability and
a wide electrochemical window. Moreover, LiF can induce
Li lateral dispersion and thus inhibit the growth of vertical
dendrites due to high interfacial energy.[35–37] Organic species
(ROCO2Li) in LMFE are reduced to 7.0%, threefold lower
than BE’s 20.5% (Figure 4e,g). This inorganics-dominated
SEI in LMFE, with its high ionic conductivity, minimizes inter-
facial resistance and sustains Li+ transport at LT. Under 5C
charging, LMFE’s SEI becomes overwhelmingly inorganic,
with LiF content reaching 49.1% (Figure 4f,g), far exceeding
BE’s 14.5%. Organic components (ROCO2Li) in LMFE are
suppressed to 6.5% (vs. 22.3% in BE) (Figure 4c,g). The LiF-
rich SEI reduces charge-transfer resistance enabling rapid Li+

intercalation/deintercalation.[38]

The cryo-TEM and Fast Fourier Transform (FFT) analyses
reveal substantially different SEI nanostructures: In LMFE,
the SEI is thinner (13 nm vs. 26 nm in BE) and exhibits more
uniform thickness (Figure 5a–c, Figures S15–S17), consisting
primarily of inorganic species including LiF, Li2O,Li2CO3,
and Li3N nanocrystals embedded in a minimal organic
matrix.[39–44] Inorganic species such as LiF/Li2O/Li3N are
mainly derived from FSI− decomposition.[45] This observa-
tion aligns perfectly with XPS results showing inorganics-
dominated SEI composition. The thinner SEI in the LMFE
facilitates Li+ transport by reducing the ionic migration
distance, whereas the abundant grain boundaries formed by
Li2O/LiF/Li3N/Li2CO3 within the SEI significantly increase
its ionic conductivity.[38,46] In contrast, BE forms a thicker,
highly heterogeneous SEI (Figure 5d–f) dominated by amor-

phous components with only sporadic LiF and Li2CO3

nanograins, consistent with incomplete electrolyte decom-
position at low temperatures.[47,48] This interphase impedes
Li+ transport, contributing to the poor low-temperature
performance of BE cells. The comparative EELS analysis of
the C K-edge and O K-edge spectra definitively confirmed
the predominantly organic character of the BE-derived
SEI, in stark contrast to the inorganic-rich LMFE SEI
(Figure S18). The agreement between the measured and
theoretical interplanar spacings of the identified inorganic
phases (discrepancies < 0.5%), as statistically summarized in
Table S3, provides robust crystallographic evidence for our
phase assignments. Calendar aging tests at −10 °C reveal
drastically divergent stability: BE suffers linear capacity
fade (2.0 mAh g−1 per 48 h), while LMFE retains 99.92%
capacity over 192 h (Figure S19). This resilience directly
stems from LMFE’s inorganics-rich SEI (Figure 5a–c), which
effectively suppresses electrolyte decomposition and lithium
depletion under cryogenic conditions—validating its dual
functionality for both cycling and long-term storage in
extreme environments.

Similar inorganics-rich interphases were formed on the
Li metal anode (Figures S20 and S21), which is beneficial for
achieving dense Li deposits. Cross-sectional SEM reveals that
BE induces heterogeneous lithium deposits with dendritic
protrusions and porous structures (avg. thickness: 35.0 µm,
Figure S22a–d), exacerbated by sluggish kinetics. Conversely,
LMFE achieves uniform, dense Li deposition with a thickness
of 6.4 µm—5.5 times thinner than BE (Figure S22e,f). At
RT, LMFEs achieve uniform lithium deposition (Figure
S23a), whereas at −10 °C, smaller lithium particles with slight
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Figure 4. a) C 1s spectra of the SEI on the Gr anodes after formation (three cycles at RT and 0.2C). b) C 1s spectra of the SEI on the Gr anodes after 20
cycles at − 10 °C and 0.1 C. c) C 1s spectra of the SEI on the Gr anodes after 20 cycles at RT and 5C. d) F 1s spectra of the SEI on the Gr anodes after
formation (three cycles at RT and 0.2C). e) F 1s spectra of the SEI on the Gr anodes after 20 cycles at − 10 °C and 0.1 C. f) F 1s spectra of the SEI on
the Gr anodes after 20 cycles at RT and 5C. g) Quantitative comparison of the SEI composition formed in different electrolytes by XPS analysis.
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Figure 5. a) and d) Cryo-TEM images, b) and e) Corresponding FFT patterns, and c) and f) Electron energy loss spectroscopy (EELS) mapping of the
SEI of Gr anodes cycled in LMFE and BE at 0.2C and −10 °C for 20 cycles.

whisker-like structures are observed (Figure S23b). In con-
trast, the BE exhibited abundant whisker-like lithium struc-
tures at RT (Figure S23c), which further deteriorated into
needle-like dendrites as the temperature decreased (Figure
S23d). This unfavorable deposition accelerates electrolyte
consumption, promotes the formation of “dead lithium”, and
correlates with the poor electrochemical performance of BE
at −10 °C. Moreover, needle-like dendrites pose a significant
risk of separator piercing, increasing the likelihood of short
circuits.

Fast-Charging Capability and Low-Temperature Performance

The low temperature and fast-charging performance of
LFMEs was systematically evaluated, with a particular focus
on their long-term cycling stability at −30 °C and high-rate
charging capability—both critical metrics for power battery
applications. As illustrated in Figure 6a, LFP||Li half-cells
employing LMFE retain 93.83% of their initial capacity after
150 cycles at −30 °C and 0.1 C, accompanied by a Coulombic
efficiency of 99.97%. This demonstrates exceptional capacity
retention and Coulombic efficiency at ultralow temperatures.
The fast-charging capability of LMFEs is further emphasized
in Figure 6b, where LFP||Li cells utilizing LMFEs retained
five times the capacity of BE cells at a 5 C charge rate. At
RT, LMFEs achieve 82.4% capacity retention after 350 cycles
at 1 C, significantly surpassing the BE performance of 30.3%
(Figure S24a).

The electrochemical performance of the Li||Gr half-cells
was also assessed at both RT and −30 °C. At 1 C, the LMFE
delivers a high capacity of 366 mAh g−1, closely approaching
the theoretical capacity of Gr (372 mAh g−1) (Figure S24b).
Even at an elevated rate of 5C, LMFE achieves a reversible
capacity of 288.4 mAh g−1, corresponding to a retention rate
of 77%. When subjected to a 7 C charge rate, the capacity
remains at 162.8 mAh g−1, significantly exceeding the BE
capacity of 86.90 mAh g−1 at 5C (Figure 6d). Furthermore,
LMFEs facilitate excellent cycling stability for Gr anodes,
achieving a Coulombic efficiency close to 100% and retaining
95.74% of their initial capacity after 500 cycles at 1C (Figure
S24b). These results underscore the outstanding fast-charging
capability and long-term cycling stability of LMFEs, rendering
them highly suitable for high-rate applications with Gr
anodes.

Gr anodes face significant challenges at low temperatures
because of the high overpotential associated with sluggish
desolvation kinetics and poor ion transport through the
SEI, often resulting in severe capacity loss or inability to
intercalate Li+ during charging. However, the optimized
design of LMFEs successfully addresses these limitations,
enabling a reversible capacity of 244 mAh g−1 at −30 °C,
equivalent to 67% of its RT capacity—a notable achievement
for Gr anodes. Even after 180 cycles at −30 °C, the Gr||Li half-
cells with LMFEs retain an impressive capacity of 96.33%,
accompanied by a Coulombic efficiency of 98.31% (Figures 6c
and S25). This remarkable performance highlights the effi-
cient desolvation process and robust SEI structure of LMFEs,
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Figure 6. a) Cycling performance of LFP||Li half-cells in LMFE at −30 °C and 0.1 C. b) Rate capability of LFP||Li half-cells in LMFE and BE at RT. c)
Cycling performance of the Gr||Li half-cells in LMFE at −30 °C and 0.1 C. d) Rate performances of the Gr||Li half-cells in the LMFE and BE at RT. e)
Cycling performance of LFP||Gr cells in LMFE at −30 °C and 0.1 C. f) Comparative cycling performance of LFP||Gr full cells in LMFE and BE at RT and
3 C.

which collectively support their superior low-temperature
functionality.

Finally, the long-term cycling stability and temperature
adaptability of LFP||Gr full cells further validate the potential
of LMFEs for extreme conditions (Figure 6e). At −30 °C, the
LMFE retains 90.36% of its capacity after 300 cycles, with
a Coulombic efficiency of 99.67%. To further substantiate
the fast-charging capability under extreme conditions, the
LFP||Gr full cell was subjected to long-term cycling at a high
rate of 3C. Remarkably, the cell retains 99.3% of its capacity
after 75 cycles (Figure 6f), significantly outperforming the
baseline electrolyte (85.1%). At an even higher rate of
5C, the LMFE-based full cell delivers a specific capacity
that is 21.7% greater than that of the BE-based cell,
further demonstrating its superior fast-charging capability
7(Figure S26). A performance comparison with recently
reported state-of-the-art electrolytes (Table S4) confirms
the competitiveness of our LMFE formulation, particularly

in balancing low-temperature operation and fast-charging
capability. To explore the temperature limitations of LMFEs,
Li||Li symmetric cells were tested. As shown in Figure S27,
LMFE enables stable cycling for more than 1600 h at −30 °C
and maintains consistent performance at −50 °C for more
than 300 h. Even at −60 °C, LMFE exhibited remarkable
cycling stability (Figure 2i). These results demonstrate the
superiority of LMFEs over conventional carbonate-based
electrolytes, offering a reliable solution for low-temperature
battery applications.

Conclusion

In this study, we introduced a weakly solvating electrolyte
(LMFE) based on 2-methyl-tetrahydrofuran (2MT) and fluo-
roethylene carbonate (FEC), which is specifically designed to
overcome the limitations of traditional electrolytes in terms of

Angew. Chem. Int. Ed. 2025, e21171 (8 of 10) © 2025 Wiley-VCH GmbH
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low-temperature performance and fast-charging applications
for lithium-ion batteries (LIBs). The optimized composition
of LMFE exhibited remarkable low-temperature stability,
maintaining liquidity at temperatures as low as −117 °C while
ensuring high ionic conductivity and enhanced interfacial
lithium-ion transport. The experimental results highlight the
superior performance of LMFEs compared with that of
conventional carbonate-based electrolytes. In the Gr||Li half-
cells, the LMFE achieves a reversible capacity of 366 mAh g−1

at −30 °C with a Coulombic efficiency of 96.3% and retains
67% of its RT capacity at −30 °C. This underscores the excep-
tional fast-charging capability and robust low-temperature
functionality of LMFEs. Furthermore, the LMFE enables sta-
ble cycling in Li||Li symmetric cells for over 1600 h at − 30 °C
and more than 300 h at −50 °C, demonstrating its adaptability
across a wide temperature range. The advanced SEI structure
formed by LMFEs, which are rich in inorganic components
such as LiF, Li3N, Li2CO3 and Li2O, contributes to their stable
cycling performance by reducing the desolvation energy and
improving the ionic conductivity. In LFP||Gr full cells, the
LMFE retains 90.36% of its initial capacity after 300 cycles
at −30 °C, with a Coulombic efficiency of 99.67%, further
demonstrating its capacity retention and long-term stability at
ultralow temperatures. In conclusion, LMFEs offer a trans-
formative solution for next-generation LIBs by addressing
the critical challenges of fast-charging and low-temperature
operation without compromising cycling stability. Its ability
to perform efficiently across extreme temperature ranges
makes LMFE a promising candidate for future energy storage
technologies, particularly in applications demanding high
reliability in harsh environments, such as electric vehicles,
aerospace, and military equipment.
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