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Powering the extreme: rising world of batteries
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Rechargeable lithium-ion batteries and sodium-ion batteries significantly underperform at ultra-low
temperatures, limiting their applicability in critical fields such as aerospace, polar exploration, and cold-
climate electric vehicles. This review summarizes recent progress in overcoming these challenges by
advancing key battery components: electrolyte, electrode, and separator. Improvements in electrolyte
formulations focus on solvation dynamics to enhance ionic conductivity and operational stability under
sub-zero conditions. Electrode designs are employed by developing multicomponent materials,
structure and interface engineering, and morphology control to effectively alleviate kinetic limitations
and suppress detrimental side reactions. Separator modifications introduce functional surface coatings
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to broaden the operational temperature range while improving safety characteristics. Finally, this review
provides a comprehensive overview and future research directions to enable the practical deployment
of robust battery technologies for extreme-temperature applications.
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1. Introduction

Rechargeable batteries are critical for modern energy storage
applications, including electric vehicles (EVs), portable
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electronics, and grid-scale energy storage. Among them,
lithium-ion batteries (LIBs) are one of the most widely studied
and implemented technologies due to their high energy density,
long cycle life, and efficient charge/discharge characteristics.
However, such battery systems face significant performance
degradation in low-temperature environments, which limits their
applications in extreme climate conditions, such as aerospace,
polar regions, and winter-intensive climates. However, to mitigate
the cost and resource constraints of lithium-based systems,
sodium-ion batteries (SIBs) have emerged as a promising alter-
native, especially for large-scale energy storage. Nonetheless, SIBs
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also experience substantial performance degradation in extreme
conditions.

At sub-zero temperatures, both LIBs and SIBs exhibit limita-
tions in electrolyte systems and electrode materials, especially
in terms of battery kinetics, stability, and safety, which neces-
sitate compensation for degraded performance and expand the
operational temperature window." Electrolyte freezing, sluggish
ion diffusion, increased charge-transfer resistance (R.), and
unstable solid electrolyte interphase (SEI) formation contribute
to capacity fading, voltage hysteresis, and safety concerns,
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including lithium or sodium metal plating. The commonly used
carbonate-based electrolytes suffer from poor ionic conductivity
at low temperatures, while electrode materials exhibit deterio-
rated charge storage and transport properties, further limiting
overall battery efficiency. Addressing these challenges requires
sophisticated anode, cathode, electrolyte selection, and struc-
ture design to improve charge kinetics and interfacial stability.

Recent research has focused on several strategies to enhance
low-temperature performance in both LIBs and SIBs.>® Elec-
trolyte engineering has led to advancements such as the design
of solvation structure and chemistry, advanced electrolyte
systems, interphase optimization, and the introduction of
polymer or quasi-solid-state species, which provide improved
ionic conductivity and interfacial stability. Electrode material
has explored strategies such as multicomponent materials,
novel structural and interfacial engineering, and morphological
modifications to optimize structural and electronic properties
to mitigate freezing issues and improve thermal stability.
Finally, separator modifications and system-level thermal man-
agement strategies further contribute to enhancing battery
performance in extreme environments.

This review presents a comprehensive discussion of LIBs
and SIBs for low-temperature applications by comparing recent
advancements in electrolyte formulations, electrode material
modifications, and innovative electrochemical strategies with
the research work of our team. We highlighted key innovations
in electrolyte formulation, including approaches that enhance
ion transport and interfacial stability, which are critical for
maintaining battery function in cold environments. Addition-
ally, advancements in electrode design including the use of
composite materials and structural optimization are discussed
for their role in supporting stable and efficient electrochemical
reactions at low temperatures. The scope further extends to
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system-level strategies, such as separator modification, to
enhance ionic transport and maintain mechanical robustness
under thermal stress. By benchmarking these developments
against our previous research, this review not only identifies
persistent limitations but also articulates a practical roadmap
for the rational design of next-generation rechargeable batteries
engineered for reliable performance in ultra-low temperature
environments.

2. Electrolyte engineering

Conventional electrolytes, typically based on carbonate solvents
such as ethylene carbonate (EC), exhibit several limitations at sub-
zero temperatures.”® These solvents have high freezing points
(36 °C for EC) that facilitate electrolyte freezing and poor ionic
conductivity, severely impairing ion transport and increasing
internal resistance. Additionally, at low temperatures, sluggish
ion desolvation kinetics and inefficient SEI formation result in
high R, poor rate capability, and lithium plating, which compro-
mises battery safety and cycle life. Therefore, delicate electrolyte
design is essential to minimize such adverse effects while main-
taining high ionic conductivity and innocuous interfacial reac-
tions. Recent studies have focused on strategies including solvent
design, solvation structure optimization, electrode-electrolyte
interphase modulation, and novel electrolyte compositions.*'°

2.1. Solvent engineering and solvation structure design

Solvent engineering aims to optimize molecular interactions,
interfacial behavior, and transport kinetics to ensure reliable
electrolyte functionalities. Under low temperatures, retarded
kinetics and aggregation of ions and solvent molecules induce
several side effects, such as salt precipitation, decreased ionic
conductivity, and limited liquid-state of electrolytes. Therefore,
effective electrolyte design relies on precise control between
fundamental solvent properties, including freezing point, visc-
osity, dielectric constant, and solvation strength. A well-
established electrolyte should demonstrate sufficient fluidity
at low temperatures while retaining efficient Li"/Na* transport
and stable electrode interfaces. More specifically, the choice of
solvents must account for their ability to facilitate Li* dissocia-
tion while preventing excessive solvation that could hinder ion
mobility. The formation of solvation structures is affected by a
balance between ion-ion, ion-solvent (ion-dipole), and sol-
vent-solvent (dipole-dipole) interactions. Solvation structure
engineering thus focuses on optimizing the bulk properties of
electrolytes through strategies such as ion-coordination con-
trol. Furthermore, beneficial solvent-electrode interactions
play a crucial role in the formation of a stable SEI on anodes
and a protective cathode electrolyte interphase (CEI) that
suppresses side reactions. By tuning molecular structure and
composition, studies aimed to enhance the physical and elec-
trochemical stability of the electrolyte without compromising
its conductivity or compatibility with electrode materials.
Notably, cyclopentyl methyl ether (CPME)"" has been identi-
fied as one of the promising electrolyte solvents, primarily due
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to its ultra-low freezing point (—140 °C) and unique solvation
characteristics. The weak solvating ability of CPME promotes
the coordination of Li* with anions, leading to the formation of
high-concentration coordination clusters. This distinctive solva-
tion structure facilitates the development of a stable, lithium
fluoride (LiF)-rich SEI, which enhances Li* transport and charge
transfer kinetics at low temperatures. As a result, recent studies
have demonstrated that CPME-based electrolytes enable LIBs to
retain initial capacity and facilitate stable cycling. Ramasamy
et al. validated that CPME enables stable lithium intercalation
without freezing at —40 °C, leveraging its low freezing point and
weak solvating nature to optimize Li* transport."* CPME forms a
contact ion pair (CIP) and aggregate (AGG) dominated solvation
structure, which improves Li" mobility and desolvation kinetics.
Raman spectroscopy revealed that in CIP structures, Li" coordi-
nates directly with FSI" anions, reducing solvent-shell thickness
and lowering desolvation energy (69.6 k] mol~") (Fig. 1a and b).
Moreover, AGG structures incorporate multiple anions per Li’,
promoting intra-aggregate ion exchange, further accelerating
charge transfer kinetics and minimizing interfacial polarization.
Electrochemical impedance spectroscopy (EIS) further confirmed
that CIP/AGG solvation significantly reduced R, enabling stable
Li" intercalation without plating (Fig. 1c and d). Furthermore, a
unique solvation structure of lithium bis(fluorosulfonyl)imide
(LiFSI) in CPME facilitates the formation of a thin, LiF-rich SEI,
enhancing ion transport and reducing R.. As a result, Li| graphite
half-cells with 1 M LiFSI in CPME retained 100% capacity at
—20 °C and delivered 274 mA h g~ " at —40 °C, far excelling
conventional electrolytes. In another study, Jamison et al. intro-
duced a customized extreme low-temperature system (ELTS) to
test Li||Li;TisO1, (LTO) cells with 1 M LiFSI in CPME electrolyte
across various temperatures.'””> Combined with the CPME-based
electrolyte, LTO anode maintained exceptional operational stabi-
lity due to its zero-strain Li" insertion/extraction, which suppressed
volume expansion and phase transitions to ensure efficient charge
transfer at ultra-low temperatures. The cells delivered discharge
capacities of 159 mA h g¢™' at room temperature, 119 mA h g~ ' at
—20°C,101 mAh g 'at —40 °C,and 33 mA h g ' at —60 °C, with
7.12 mA h g~ " at —100 °C, marking the first-ever demonstration of
LIB operation at such extreme temperature conditions (Fig. 1e-h).
By employing ELTS, in the following study, Kim et al. suggested a
niobium tungsten oxide (NbWO) electrode coupled with tailored
CPME electrolytes to enable cycling at —100 °C and beyond."® The
pseudocapacitive NbWO material exhibited a homogeneous Nb
and W distribution, preventing Li ordering and facilitating fast Li"
diffusion within the electrode lattice. The NbWO anode demon-
strated exceptional low-temperature performance, retaining
75 mA g ' at —100 °C and remaining operable at —120 °C.
The multielectron redox reactions (Nb>*/Nb** and W°* /W>")
further improved capacity retention and stability. CPME elec-
trolytes maintained low viscosity and facile Li* desolvation,
preventing freezing and ensuring stable ion transport. Another
work applied solvation structure design to minimize the poly-
sulfide shuttle effect within Li-S batteries. Das et al. utilized the
role of lithium nitrate (LiNO3) as a high-donor number nitrate
salt to interact with lithium polysulfides and alter the solvation

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Raman spectra of electrolyte solutions composed of 1 M LiFSI in DME, 1 M LiFSI in CPME, and 5 M LiFSI in CPME. (b) Deconvoluted spectra of (a)
for the spectrum range corresponding to FSI~ (700-780 cm™?). EIS spectra measured for commercial electrolyte and 1 M LiFSI in CPME at (c) room
temperature (25 °C) and (d) low temperature (—20 °C). Reproduced from ref. 11 with permission from the Royal Society of Chemistry. (e)-(h) Voltage
profiles of Li||[LTO cells using 1 M LiFSI in CPME electrolyte solution was tested in both battery tester from Arbin Instruments and ELTS (e) at room
temperature (C/5) and —20 °C (C/20), (f) —40 °C (C/40), and (g) —60 °C (C/50). (h) Voltage profiles of the cells having the same configuration, cycled using
ELTS at —100 °C. Reproduced from ref. 12 with license under Creative Commons CC-BY 4.0. Scanning electron microscopy (SEM) images of anode and
cathode morphology of Li—S pouch cells after the cycling test. Images of (i) Li metal anode and (j) S cathode of the 1.45 A h cell with low-sulfur loading,
contrary to those of (k) Li metal anode and (l) S cathode of the 1 A h cell with high-sulfur loading. Reproduced from ref. 14 with license under Creative
Commons CC-BY 4.0. XPS spectra of (m) S 2p and (n) O 1s for the cathodes using either low-polarity electrolyte (LPE, 1 M LiFSI in EMC/FEC/tetrafluoro-
1-(2,2,2-trifluoroethoxy) ethane, 1.5:1.5:7 vol%) or decoordination electrolyte (DCE, 1 M LiFSI in EMC/FEC/DTF, 1.5:1.5: 7 vol%) after cycling test. (0) The
atomic ratio calculated from the XPS depth profiling for the cathodes in (m) and (n). High resolution-TEM images of CEls using either (p) LPE or (q) DCE.
Reproduced with permission from ref. 15. Copyright 2024 American Chemical Society.

structure of the Li-S battery.'* This interaction reduced the using molecular electrostatic potential screening to enhance
solubility and mobility of polysulfides in the electrolyte, thereby  lithium metal battery (LMB) performance under high-voltage and
mitigating their diffusion into the anode and ultimately leading low-temperature conditions.'® This approach led to the identifi-
to effective sulfur utilization and extended cycle life. It also cation of 2,2-difluoroethyl trifluoromethanesulfonate (DTF) as a
lowered the Li* desolvation energy and enhanced ion transport  cosolvent to control Li* solvation/desolvation kinetics. The sulfo-
at the electrode-electrolyte interface. Additionally, NO;~ miti- nyl moiety in DTF extracts Li" from solvent coordination, while
gated electrolyte decomposition at the lithium metal anode, the difluoromethyl group disrupts hydrogen bonding, thereby
formed a more stable SEI, and prevented excessive growth of accelerating Li* transport. Furthermore, X-ray photoelectron
lithium dendrite and dead lithium formation, which are major spectroscopy (XPS) analyses revealed higher S 2p and O 1s signals
issues in low-temperature operation (Fig. 1i-1). As a result, of inorganicrich CEIs (Fig. 1m-o), which prevents degradation
1.45 A h pouch cell achieved an initial discharge capacity of and enhances electrochemical stability, as verified through high-
584 mA h g, which became 598 mA h g~ ! after the 50th cycle, resolution transmission electron microscope (TEM) measure-
showing a Coulombic efficiency (CE) of 98.81% under —25 °C. ments (Fig. 1p and q). Under —40 °C, Li||LiNiggC0y1Mng,0,

Moreover, other novel solvents showing distinct solvation (NMC811) cells retained 93% of their capacity after 100 cycles and
dynamics were explored by a wide variety of studies in litera- delivered 153 mA h g~ ". Zheng et al. developed a novel fluori-
ture. Cui et al. applied a push-pull electrolyte design strategy nated solvent system and incorporated Na' as hetero-cation

This journal is © The Royal Society of Chemistry 2025 Chem. Commun., 2025, 61,10716-10730 | 10719
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additives to achieve stable LIB operation at —40 °C.'® The
introduction of multiple fluorine (-F) groups creates a strong
electron-withdrawing effect, reducing their binding affinity with
the charge carrier. The electrolyte formulation consisted of
1 M LiFSI in trans-4,5-di-fluoroethylene carbonate/methyl (2,2,2-
trifluoroethyl) carbonate/hexafluoroisopropyl methyl ether (1:2:
2 vol%) lowered Li* desolvation energy to 30.76 kJ mol ',
promoting favorable charge transfer kinetics. Structural analysis
revealed that Na® coordination modifies solvation structures,
forming a Li-Na hybrid SEI enriched with LiF and NaF nanocrys-
tals, which reduces interfacial resistance and prevents lithium
plating. Cryo-TEM confirmed a compact, inorganic-rich SEI
layer that improved lithium-ion transport and led to stable
low-temperature cycling. Finally, graphite/LiNi,5Coy,Mng 30,
(NCMS523) full cells generated 125 mA h g~' at —20 °C, while
270 Wh kg ™' pouch cells retained 108.7 mA h g~ * at —40 °C for
over 60 cycles. Through another work, Luo et al. developed a weak-
solvation and low-viscosity electrolyte using isobutyronitrile (iBN)
as a cosolvent to enable ultra-low temperature LIB operation down
to —70 °C." The electrolyte demonstrated high ionic conductivity
(1.152 mS em ' at —70 °C) due to the reduced Li'-solvent
interaction, facilitating efficient desolvation and charge transfer
kinetics. EIS and MD simulations confirmed that the weakened Li"
solvation structure enabled faster Li* transport and reduced inter-
facial resistance. XPS and TEM analyses indicated that the electro-
lyte formed a thin and stable SEI, minimizing risk of Li plating at
sub-zero temperatures. Galvanostatic cell cycling revealed that
graphite | LiCoO, full cells retained 75.8% of their room tempera-
ture capacity at —40 °C and 68.7% at —70 °C, significantly
outperforming conventional carbonate-based electrolytes. Pouch
cell testing validated stable cycling from —70 °C to 60 °C,
supporting its practical applicability for large-area extreme-
temperature batteries.

Similar to LIBs, extensive research was conducted on the
solvation structures for SIBs to enhance their performance across
a wide range of temperatures. Wang et al. demonstrated a novel
temperature-responsive electrolyte design by adjusting solvent—
solvent interactions, shifting the focus from conventional ion-
solvent interactions."® The electrolyte was composed of sodium
hexafluorophosphate (NaPFs) dissolved in a solvent mixture of 2-
methyltetrahydrofuran (MeTHF), tetrahydrofuran (THF), and ani-
sole. Temperature-dependent interactions between anisole and
the co-solvents played a key role in improving battery perfor-
mance across a broad temperature range (—40 °C to 55 °C). In a
similar study, Yang et al. combined strongly solvating diethylene
glycol dimethyl ether (DIG) and weakly solvating THF with NaPFs,
enabling spontaneous solvation structure transformation at low
temperatures to prevent salt precipitation.'® This electrolyte
design demonstrated remarkable performance in a hard carbon
(HC)||Nay/3Niy 4Cuy 1,Mn,30, full cell, achieving 90.6% capacity
retention over 400 cycles at —40 °C.

2.2. Advanced electrolyte systems

2.2.1. Localized high-concentration electrolytes. Extended
from the concept of solvation structure design, localized high-
concentration electrolytes (LHCEs) have emerged as another

10720 | Chem. Commun., 2025, 61, 10716-10730
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viable solution to the challenges faced by LIBs and lithium-
metal batteries (LMBs) in extremely low-temperature environ-
ments. LHCEs are strategically designed to retain the benefits
of high-concentration electrolytes (HCEs) while minimizing
their limitations. In HCEs, the strong solvation of Li" by anions
leads to the formation of a stable SEI that enhances lithium
metal compatibility. However, their high salt concentration
drastically increases viscosity and lowers overall ionic mobility,
limiting their practical applicability at low temperatures. LHCEs
address these issues by incorporating non-solvating diluents
that compensate high viscosity and promote ion transport
without disrupting the localized solvation structure of Li". This
unique solvation environment allows LHCEs to maintain anion-
rich solvation shells, which facilitate the formation of an
inorganic-rich SEI, known to improve lithium deposition uni-
formity and suppress dendrite growth. Moreover, LHCEs enable
the use of low-freezing-point solvents that further expand the
operational temperature of batteries, maintaining liquid-phase
transport under temperatures as low as —60 °C.

Salt concentration within the electrolyte plays a pivotal role
in the solvation kinetics of LHCEs. As concentration increases,
several key changes occur in the solvation structure, including
the reduction of free solvent molecules, leading to the formation
of high-concentration coordination clusters and an increase in
ion-ion interactions, ultimately resulting in the formation of
CIPs and AGGs. Kim et al. developed an EC-free high salt
concentration electrolyte (HSCE) using LiFSI in THF.* Unlike
conventional carbonate electrolytes, which suffer from high
viscosity, poor ion transport, and freezing at low temperatures,
THF-based HSCE electrolytes enable efficient Li" transport via
intra-aggregate ion exchange mechanisms. MD simulations
articulated that at high salt concentrations, THF molecules
are displaced by FSI" anions, promoting labile anion exchange
and solvent-independent SEI formation (Fig. 2a and b). The
anion-derived LiF-rich SEI formed by HSCE provided boosted
Li* diffusion, lower interfacial resistance, and enhanced inter-
facial stability. Cycling tests showed that graphite|LiNig .
C0p,Mn,,0, (NCM622) full cells retained 80% of their room
temperature capacity at —20 °C and 43% at —40 °C. In the
following work, Kim et al further implemented a THF-based
LHCE to enable LMB operation at extreme low temperatures
(=60 °C).>* Based on the identical combination of LiFSI salt and
THF solvent, the incorporation of 1,1,2,2-tetrafluoroethyl-2,2,3,3-
tetrafluoropropyl ether (TTE) as a diluent made the electrolyte to
maintain a stable liquid phase and ensure high ionic conductivity
at low temperatures. The tailored solvation structure formed a
Li,O/LiF-rich SEI, improving lithium metal stability and prohibit-
ing dendrite formation (Fig. 2c). Li|NCMS811 full cells retained
75% of their room temperature capacity at —20 °C and 64% at
—40 °C, validating successful operation at —60 °C. It was verified
that compared to conventional electrolyte system, new LHCE
system accelerated lithium transport and suppressed interfacial
side reactions, leading to higher CE and extended cycle life.

To further optimize the functionality of LHCE, solvent
polarity engineering was adopted. By tuning the polarity of
coordinating solvents by incorporating non-polar or weak polar

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Histogram of the number of contacts between FSI™-Li* and THF-Li* and (b) corresponding mode solvation structures of Li* in the first
solvation shell depending on LiFSI concentration (0.5, 1.0, 3.0, and 5.0 M), calculated by MD simulation. Reproduced with permission from ref. 20.
Copyright 2022 American Chemical Society. (c) Schematic illustration of Li* solvation and SEI chemistries based on the interactions between the Li metal
anode and THF-based LHCE. Reproduced from ref. 21 with license under Creative Commons CC-BY 4.0. (d) Illustrative abstract of gradient LHCE
employing stepwise polarity distribution. FP denotes freezing point. Reproduced from ref. 22 with license under Creative Commons CC-BY 4.0. (e)
Schematic illustration displaying reduced desolvation energy and improved charge carrier transport attributed to LHCE-P, which denotes LHCE
incorporating LIDFBOP as an additive. Reproduced with permission from ref. 25. Copyright 2023 American Chemical Society. (f) Schematic illustration
demonstrating mechanism of preferential decomposition of BSTFA in the SMB. Reproduced with permission from ref. 30. Copyright 2021 Elsevier. (g)
Schematic illustration of SMBs based on dual-salt electrolyte consisted of NaOTF, NaPF6 in DIG with TTE additives. Reproduced with permission from ref.
35. Copyright 2024 John Wiley and Sons. (h) Schematic illustration comparing the solvent—ion interaction of DIG with D2, inducing strong anion—solvent
interactions. Reproduced with permission from ref. 37. Copyright 2025 John Wiley and Sons.

co-solvents, studies aim to balance ionic mobility, solvation
dynamics, and electrolyte stability. One effective approach was
to introduce gradient polarity electrolytes, where a stepwise
reduction in solvent polarity refined solvent miscibility while
maintaining robust Li" transport. Packard et al introduced
a gradient LHCE into LMBs to enhance low-temperature
performance.”* By inducing polarity slope with fluoroethylene
carbonate (FEC) and nonafluorobutyl methyl ether (NONA), the
electrolyte achieved ultra-low freezing points below —120 °C
while maintaining high ionic conductivity. The following

This journal is © The Royal Society of Chemistry 2025

incorporation of methyl 2,2,2-triflooethyl carbonate (FEMC)
with either diethylene carbonate (DEC), ethyl methyl carbonate,
or dibutyl carbonate as an intermediate solvent further
enhanced Li" mobility and electrolyte stability (Fig. 2d). In
comparison with a three-solvent LHCE with 14% diluent incor-
poration (—85 °C freezing point), the new four-solvent gradient
LHCE allowed 37.5% diluent incorporation, eventually leading to
faster ion transport and stable SEI formation. LMBs using this
electrolyte exhibited superior cycling performance, retaining 68%
of their room temperature capacity at —50 °C (109.2 mA h g~ *

Chem. Commun., 2025, 61,10716-10730 | 10721


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cc02279g

Open Access Article. Published on 25 June 2025. Downloaded on 2/22/2026 6:16:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

initial capacity at room temperature), significantly outperforming
both three-solvent and commercial EC:DEC-based electrolytes. A
similar work by Adams et al. formulated a novel ternary fluorinated
electrolyte by combining lithium salts with two fluorinated polar
carbonate solvents having high dielectric constant (FEC, ¢ = 110)
and lower dielectric constant (FEMC, ¢ = 9.56) to achieve an ultra-
low freezing point while maintaining high ionic conductivity.>* To
maintain the desired solvation structure, this mixture was then
strategically diluted with a weakly polar NONA, which also has an
extremely low freezing point of —135 °C, to formulate the final
electrolyte composition (denoted as F-FFN). Compared to a control
electrolyte condition, which failed at —25 °C, F-FFN retained 61%
at —50 °C compared to its room temperature capacity. EIS analysis
revealed that F-FFN exhibited a lower charge transfer activation
energy (55.71 k] mol "), indicating a higher Li" transport capabil-
ity, attributed to its tailored solvation structure, which has a higher
fraction of lithium salt anions. XPS measurement confirmed the
formation of a LiF-rich CEI, further stabilizing low-temperature
cycling. Furthermore, Li et al explored non-polar ether-based
electrolytes to minimize the solvation strength of Li', thereby
facilitating charge transfer kinetics and enhancing electrolyte
compatibility with high-voltage cathodes.”® By using a dipropyl
ether (DPE)-based electrolyte with LiFSI salt, the study demon-
strated improved electrochemical stability and suppressed side
reactions. The low polarity of electrolytes and weak Li" solvation
generated a robust CEI, preventing electrolyte decomposition at
high voltages. When tested with Li||[NCM811 configuration, the
cells using DPE electrolyte exhibited 74% capacity retention after
150 cycles at 25 °C, also exhibiting wide temperature capability.
Notably, unlike conventional ether-based electrolytes, which suffer
from anodic instability, the selective decomposition mechanism of
LiFSI-derived anions ensured stable cycling up to 4.3 V.

A LiPFs-based LHCE designed by Song et al. offered a
significant breakthrough in improving the low-temperature
performance of LIBs.>® Such novel electrolyte was prepared by
eliminating EC, increasing LiPFs concentration, and incorpor-
ating lithium difluorobis(oxalato)phosphate (LiDFBOP) as an
additive in dimethyl carbonate (DMC). The electrolyte formula-
tion optimizes Li* desolvation kinetics by forming a Li*-solvent-
PFs~ complex, which reduces desolvation energy and improves
charge transfer at sub-zero temperatures (Fig. 2e). EIS analysis
confirmed that LiDFBOP led to the formation of a LiF-rich SEI
layer, which lowers interfacial resistance and enhances cycling
stability. The cycling tests on Li|graphite half-cells revealed
240 mA h g ' at —20 °C for the rate of 0.1C, exceeding the
performance of commercial electrolyte. Pouch cells employing
graphite||[NMC622 electrodes further validated superior rate
performance and stable cycling at —20 °C, demonstrating the
feasibility of LHCE for practical application. Holoubek et al.
investigated the role of ion-pairing in electrolytes to enhance the
low-temperature performance of LMBs.*® By exploiting 1,2-
dimethoxyethane (DME) as the solvating solvent and bis(2,2,2
trifluoroethyl)ether (BTFE) as a diluent, the solvation structure
of Li" was systematically modulated, elucidating that increased
ion-pairing with anions (FSI") reduced R. and improved
lithium plating reversibility. EIS corroborated that higher local
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salt concentration increased Li* coordination with anions,
enhancing interfacial charge transfer while maintaining oxida-
tive stability and enabling stable cycling of 4.4 V full cells at
—40 °C. MD simulations further validated that a moderate DME/
Li' ratio is required for the electrolyte to transition to an anion-
dominated solvation sheath, improving lithium metal reversibil-
ity at sub-zero temperatures. It was found that heavily ion-paired
electrolytes, particularly those having a BTFE : DME ratio of 3:1,
showed a significant leap on CE to become 98.9%, 98.5%, and
96.9% at —20, —40, and —60 °C, respectively, for Li| Cu half-cells.
Chen et al proposed an anion-dominated conventional-
concentration electrolyte (ACCE) to overcome the limitations of
HCEs and LHCEs, such as high viscosity and salt precipitation at
low temperatures.”” By introducing lithium difluorophosphate
(LiPO,F,) into a 1 M LiTFSI DMC/FEC/methyl acetate (MA)
electrolyte, researchers engineered a dual-anion solvation mecha-
nism, reducing Li‘-solvent interactions and lowering desolvation
energy barriers. As a result, the electrolyte maintains high ionic
conductivity (1.3 mS cm ™" at —50 °C), ensuring efficient charge
transfer. It was also revealed that PO,F,  preferentially integrated
into the Li* solvation sheath to form a LiF- and Li,PO,F,rich
interphase, suppress solvent coordination, and stabilize the CEL
As a result, 0.75 A h graphite| NCM811 full cells retained 72% of
their capacity at —40 °C while demonstrating fast-charging cap-
ability at 6C under room temperature. Lin et al. developed a dual-
salt LHCE using sulfolane and ethyl acetate (EA) with LiTFSI and
lithium difluoro(oxalato)borate salts, optimized with 10 wt%
FEC.”® The electrolyte remained as liquid under —80 °C, demon-
strating excellent ionic conductivity and fast charging/dischar-
ging capacity. EIS and MD simulations confirmed that the dual-
salt system reduced Li" desolvation energy and stabilizes the
interphase, developing a LiF- and boron-rich CEI layer, to func-
tion as a protection layer on the cathode. Li|NCM523 full cells
revealed 89% capacity retention after 200 cycles at 4.6 V and 1C
(200 mA g~ ") at 25 °C, while at —40 °C, the battery retained 75%
of its room temperature capacity and maintained stability over
200 cycles.

2.2.2. Ultra-low concentration electrolytes. Low-concentration
electrolytes create a solvent-rich environment with abundant free
solvent molecules, forming solvent-separated ion pairs (SSIPs)
that reduce viscosity and enhance ion mobility. Li et al
proposed an electrolyte with a low concentration of 0.3 M NaPF,
in EC/PC (1:1 vol%) for low-temperature SIBs.>® The diluted
electrolyte offered benefits such as low viscosity and wide
operational temperature, ranging from —30 °C to 55 °C. A
similar study by Jiang et al. introduced an acetamide additive,
N,0-bis(trimethylsilyl)trifluoroacetamide (BSTFA) into ultra-low
concentration electrolytes to enhance the performance of
sodium metal batteries (SMBs) by scavenging H,O and HF while
inhibiting NaPF decomposition (Fig. 2f).>° The preferential
decomposition of BSTFA at both electrodes formed organic-
and NaF-rich interfacial layers, improving the stability and
electrochemical performance of Na|NazV,(PO,); (NVP) cells
under temperature from —18 °C to 55 °C. Another study by
Feng et al. implemented 0.5 M NaPF; in DIG to develop a stable,
amorphous, and monolithic electrolyte-electrode interphase for

This journal is © The Royal Society of Chemistry 2025
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SIBs, enabling superior ion transport in sub-zero environments.>"
Thin, stable, and organic-rich SEI/CEI layers were formed, which
showed higher ionic conductivity and long-term stability, further
impacting rate and cycling performance. This resulted in remark-
able electrochemical performance at —30 °C, in that Na||
Nay ;Lip.03Mg0.03Nig 2;Mng 6Tl 070, (LMNM'T) cells demon-
strated superior discharge capacity, and rate capability, while
Na||HC half-cells provided a capacity of over 310 mA h g~".

2.2.3. Weakly solvating and high-entropy electrolytes.
Despite their benefits in operational stability and safety, HCEs
and LHCE:s face challenges for widespread adoption, including
increased viscosity, reduced ionic conductivity, and higher man-
ufacturing process and cost.’> Weakly solvating electrolytes
(WSESs) present a promising alternative to HCEs and LHCEs,
enabling precise control in anion solvation dynamics and SEI
composition in dilute electrolytes. Fang et al. developed WSE by
incorporating MeTHF into THF, to reduce Na'-dipole interac-
tions and promote anionic coordination in the first solvation
sheath, ultimately leading to the formation of inorganic-rich SEI
on HC anodes.*® This novel electrolyte design enabled excep-
tional low-temperature performance, with HC|NVP full cell
retaining a high capacity of ~100% after 250 cycles at —40 °C.
Zhou et al. showed that incorporating a weak Na" solvating co-
solvent (THF/DME) in the electrolyte enhances desolvation
kinetics and enables high-rate performance in low-temperature
SMBs.** This approach would form a NaF-rich SEI that sup-
presses dendrite growth and ensures stable cycling down to
—60 °C. Similarly, a dual-salt electrolyte with WSEs creates an
anion-rich solvation structure that can further refine solvation
kinetics and form a stable interphase. For instance, a work
reported by Yu et al. developed a dual-salt WSE composed of
0.25 M sodium trifluoromethanesulfonate (NaOTF) and 0.25 M
NaPFs in DIG with TTE additive.*® This method formed a
protective NaF-rich SEI and enhanced the reversibility of sodium
plating/stripping, thereby preventing excessive dendrite growth
(Fig. 2g). It enabled the low-temperature performance of SMBs by
achieving a reversible capacity of 202.8 mA h g~! at —20 °C (1C)
and 230.0 mA h g~ " at —40 °C (0.2C). Thenuwara et al. developed
a dual-salt electrolyte combining sodium triflate and sodium
tetrafluoroborate in DIG to induce sodium metal cycling with
high CE at temperatures as low as —40 °C, maintaining an
impressive ionic conductivity of 0.8 mS cm™'.>® The remarkable
low-temperature performance is attributed to the formation of a
uniform, inorganic-rich SEI, as revealed by cryogenic TEM and
XPS investigations.

Recently, high-entropy electrolytes (HEEs) with high boiling
points and low freezing points have become prospective candi-
dates for wide-temperature and high-voltage rechargeable bat-
teries. HEEs simultaneously promote the formation of stable
SEI/CEI on the anode/cathode, respectively. Li et al. developed
high-voltage anode-free sodium batteries (AFSBs) by designing
an electrolyte based on the concept of sole-solvent HEE, with
the combination of diethylene glycol dibutyl ether (D2) and
NaPFg salt.*” Unlike traditional multi-solvent systems, the
single solvent approach simplifies formulation while leveraging
unique solvent-ion interactions. D2 exhibited weak cation

This journal is © The Royal Society of Chemistry 2025
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solvation but strong anion-solvent interactions, which derived
entropy-enhanced salt dissociation and produced a high
concentration of CIPs (Fig. 2h). MD simulations, Raman
spectroscopy, and nuclear magnetic resonance analysis con-
firmed that these interactions led to the formation of robust,
anion-derived interphases on both SEI and CEI. The developed
AFSB pouch cell demonstrated impressive performance in a
wide temperature range from —20 to 60 °C, achieving a high
cell-level energy density of 209 W h kg™ ' and maintaining
83.1% capacity retention after 100 cycles at 25 °C.

2.3. Interphase modulation

Interphase modulation primarily focuses on modifying the proper-
ties at the electrode-electrolyte interphase by forming a
temperature-dependent layer. This approach mainly involves tailor-
ing/engineering the SEI and CEI, passivation layers that form on
respective electrode surfaces during operation. The most crucial
factors influencing the interphase would be the electrolyte compo-
sition and the electrode material properties. The selection of
solvents and conductive salts can tailor solvation dynamics, thereby
affecting the structural and chemical properties of the interphases.
The intrinsic properties of electrode materials, including their
surface chemistry and morphological features, largely affect the
development and stability of interphase layers. This holistic
approach, considering both components of electrolyte and elec-
trode, is essential for optimizing the performance and durability of
electrochemical systems across diverse operating conditions.

Liu et al. formed a temperature-responsive SEI on sodium
metal anode by combining fluorinated carbonates and antifreeze
fluorobenzene (Fig. 3a).*® This electrolyte design enabled the
formation of a thin, organicrich SEI at low temperatures to
facilitate Na* ion diffusion (Fig. 3b-d). On the other hand, at high
temperatures, it created a thick, inorganic-dominated SEI that
inhibits parasitic reactions (Fig. 3e-g), allowing Na|NVP cells to
operate effectively across a broad temperature range from —20 °C
to 60 °C. Liang et al modulated the SEI/CEI layer by using
phosphorus/silicon intermediates from additives in carbonate-
based electrolytes to make SIB operable at a wide temperature
range from —25 °C to 75 °C.>° The optimized electrolyte consisted
of PC as the main solvent with FEC and tris(trimethylsilyl) phos-
phite (TMSPi) as an additive, abbreviated as NPFT. NPFT-based full
cells using NVPF cathodes and HC anodes demonstrated excellent
stability for both low and high temperatures, retaining 93%
capacity after 1000 cycles at 50 °C and delivering a good reversible
capacity of 107 mA h g " at -25 °C. A similar study by Li et al.
proposed a novel interphase enhancement mechanism using a
sulfur-rich strategy, incorporating diethyl sulfite and dimethyl
sulfite as co-solvents in a carbonate-based electrolyte to create a
modified interface.*’ This strategy improved the SIB performance
across a wide temperature range from —25 to 60 °C, demonstrating
high-capacity retention of 87.7% at -25 °C and 88.2% at 60 °C after
100 cycles with HC||NVP full cells.

2.4. Polymer and quasi-solid-state electrolytes

Polymer and quasi-solid-state electrolytes have emerged as
potential solutions to overcome the critical challenges of liquid
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(a) Schematic illustration of the formation of temperature-responsive SEI at sub-zero and high temperatures. Deposition of small Na deposits

forms a thin, organic SEI at low temperatures, whereas larger Na deposits form a thick, inorganic SEI at high temperatures. SEM images of Na metal anode
after the Na deposition. Images of the top surface morphology using conventional carbonate electrolyte under (b) 25 °C, (c) —20 °C, and (d) 60 °C, and
wide-temperature (WT) electrolyte under (e) 25 °C, (f) —20 °C, and (g) 60 °C. Reproduced with permission from ref. 38. Copyright 2022 Elsevier. (h) Top-

view SEM image of nonwoven coated with PVDF-HFP polymer. Cycling

stability test results of Li|LFP half-cell using nonwoven gel-based polymer

electrolyte (LIQSSE) under (i) —10 °C and —20 °C, and (j) 50 °C at different C-rates. The temperature-dependent testing was conducted on the Li||LFP
half-cell using commercial Celgard separator under (k) —15 °C and —10 °C, and 50 °C at different C-rates. Reproduced with permission from ref. 41.

Copyright 2024 Elsevier.

electrolytes, enabling wide-temperature operation while main-
taining safety and performance. These quasi-solid-state electro-
lytes enhance Li'/Na' jon transport by mitigating dendrite
growth. Nonetheless, these electrolytes suffer from lower con-
ductivity in the bulk and poor electrode-electrolyte interfacial
contacts, which limits their practical implementations, leaving
room for future development.

Das et al. reported LIBs fabricated with a novel, nonflam-
mable, flexible, quasi-solid-state polymer electrolyte operated
under —20 °C to 50 °C.*" This nonwoven fabric-supported electro-
lyte composed of methyl propionate (MP), trimethyl phosphate
(TMP), FEC, and poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP) polymer demonstrated superior thermal stability and
nonflammability (Fig. 3h). The quasi-solid-state polymer matrix
facilitated uniform Li" transport, reduced polarization, and pre-
vented dendrite growth, which are all beneficial features for low-
temperature operation. A low-temperature cycling test at —20 °C
demonstrated that a Li||LFP half-cell exhibited a specific capacity
of 68 mAh g *and 31 mAhg " ata rate C/10 and C/2, respectively
(Fig. 3i-k). Notably, at —10 °C, the cell achieved stable cycling at C/
2, retaining 93% with an initial capacity of 54 mA h g~ * (Fig. 3i).
The full-cell configuration having LFP/graphite exhibited an initial
discharge capacity of 115 mA h g~ " at C/10, with 57% capacity
retention after 100 cycles. Moreover, the electrolyte also exhibited
low heat release (37 J g~ ') compared to commerecial liquid electro-
lytes (1.5 kJ g~ '), improving thermal stability and widening opera-
tion temperature.

He et al. obtained an excellent fast-charging performance in
LMBs by in situ formation of quasi-solid-state polymer electrolyte.*>
The electrolyte was prepared by in situ polymerization of

10724 | Chem. Commun., 2025, 61,10716-10730

polyethylene glycol monomers in low-melting solvent (1,3-
dioxolane), demonstrating exceptional ionic conductivity and
electrochemical performance under the temperature from
—20 °C to 60 °C. A similar study by Li et al. developed a quasi-
solid-state polymer electrolyte through in situ polymerization
using a 1,3,5-trioxane-based precursor.** The electrolyte formed
a dual-layered SEI on the Li metal electrode, enabling a stable
operation of Li|LiNiygC01Mny 10, half-cells at temperatures
as low as —30 °C. Yu et al. reported an in situ polymerized
conductive quasi-solid-state polymer electrolyte for high-voltage
and low-temperature application, with excellent lithium metal
compatibility and long-term stability.** Li|LiFePO, full cell
achieved 89% capacity retention after 2000 cycles at 1C at room
temperature, while Li|NMC811 cell exhibited stable low-
temperature performance, delivering discharge capacities of
77 mAh g " at —20 °C and 64 mA h ¢! at —30 °C and during
cycling tests. Therefore, recent advancements in polymer and
quasi-solid-state polymer electrolytes delivered an excellent
performance and stability across a wide temperature range,
paving a way for more versatile and efficient energy storage
capable of operating in extreme conditions.

3. Electrode engineering

The performance of LIBs and SIBs at low temperatures is
primarily influenced by the cathode and anode. As ion exchange
is occurring, the cathode determines the ion transport proper-
ties, structural stability, electrochemical reversibility, and sto-
rage capacity of the battery. Low temperatures lead to a reduced

This journal is © The Royal Society of Chemistry 2025
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ion diffusion coefficient and increased R.;, which causes sig-
nificant polarization and impairs the (de)lithiation process,
resulting in energy and capacity loss. Similarly, on the anode
side, sub-zero temperatures exacerbate poor electronic and ionic
conductivity, affected by sluggish ion diffusion and restricted
desolvation kinetics. More critically, Li/Na plating and dendrite
formation pose serious safety and stability concerns. Since anode
(de)intercalation kinetics is a dominant factor in battery perfor-
mance, optimizing anode design is also crucial. To address these
challenges, various electrode modifications have been explored,
including the introduction of novel electrode materials, supple-
mentation of structural imperfections, surface and interface
treatments, and modification of morphological properties.
Recent innovations in electrode design emphasize the significant
potential of structurally tailored materials in overcoming limita-
tions under low-temperature conditions and mitigating safety
issues.

3.1. Multicomponent electrode materials

Novel designs of multicomponent electrodes have strategically
employed heterogeneous structure, hybrid composites, and
(metallic) alloy to boost Li* diffusion and enhance Li" desolva-
tion ability to improve overall electrochemical performance.*?
Kim et al. developed an amorphous multiple-anionic transition
metal compound electrode, enabling an ultra-wide operational
window ranging from —100 °C to 45 °C.*® The proposed iron
hydroxyl selenide (Fe(OH)Se) anode, when paired with the
aforementioned CPME-based electrolyte, facilitates efficient Li"
conduction at extreme temperatures. XPS measurement con-
firmed that Fe(OH)Se forms a Fe(OH),/FeSe, heterostructure
during cycling (Fig. 4a—c), which enhances ion diffusion pathways
and conversion reaction kinetics at low temperatures. The CPME
electrolyte, with its low viscosity and suppressed freezing point,
ensured continuous ion conduction at sub-zero temperatures
while stabilizing the LiOH/Li,Se-rich SEI, which suppressed side
reactions and interfacial degradation. The cycling test demon-
strated that Li||Fe(OH)Se cells delivered 285.2 mAh g™ at —80 °C
and showed exceptional operability at —100 °C, while retaining
974.7 mA h g~' at room temperature and 1066.9 mA h g~ ' at
45 °C. Another study by Koppisetti et al. incorporated LiF to
synthesize biphasic cathode material (Nagg;Lip07Mng5C00.5-
0,_,F,)."” This attempt demonstrated superior energy output
and structural stability compared to single-phase sodium oxide
material (Nay ;Mn, 5C0,50,) in conventional SIBs. The integra-
tion of LiF in the synthesis of biphasic cathode materials reduced
structural distortion and enhanced Na" kinetics and Na storage,
resulting in excellent capacity retention of 85% after 100 cycles
(0.2C) at room temperature and 94% at —20 °C after 100 cycles
(0.1C). Chen et al. reported sodium superionic conductor-type
Na,Fe;(PO,),(P,0,)/C nanocomposite as a cathode material of
SIBs for all-climate applications (Fig. 4d).*® As verified through
the density functional theory (DFT) and bond valence sum (BVS)
calculations, Na,Fe;(PO,4),P,0; possesses unprecedented 3D
sodium diffusion pathways due to a mixed crystalline structure
(Fig. 4e), which led to long-term cyclability and low-temperature
performance. The following cell test achieved specific capacities
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of95.0mAh g ' and 84.7mAh g™ " at 0.1C and 0.2C, respectively
at —20 °C. The cells also exhibited outstanding cycling perfor-
mance across a wide temperature range, retaining 92.1% at
—20 °C and 91.4% at 50 °C.

Other studies innovated the anodes by replacing conven-
tional HC into 3D hierarchical hetero-nanostructure compo-
sites. Pure HCs are known to have low working voltage and
form sodium dendrite at high current densities. To resolve these
issues, Zhao et al. selected NaTi,(PO,); (NTP) as an anode and
Na, 4Fe; 5(SO4); cathode.*® Together with ester-based electrolyte,
SIBs exhibited remarkable cycling stability with 70.7% capacity
retention after remarkable 10 000 cycles at a 10C rate, showing
reliable operation across a wide temperature range from -50 °C
to 90 °C. Another study by Li et al. adopted a combination of Bi
anode, carbon-coated Na,Fe;(PO,),P,0, (NFPP@C) cathode,
and DIG-based electrolyte to enable a remarkable temperature
range from —70 to 100 °C.°° The working principles were the
solvent co-intercalation in Bi anode and high Na" diffusion
coefficient of NFPP@C cathode, assisted with a low freezing
point of the electrolyte. A similar work by Wang et al. showcased
a high-performance SIBs using a bulk Bi anode, NVP/carbon
nanotubes composite (NVP-CNTs) cathode, and NaPF4-DIG
electrolyte, achieving power density of 2354.6 W kg™ ' and
energy density of 150 W h kg™, with superior cycling stability
from —15 °C to 45 °C.*' Lastly, Tian et al. employed 3D
hierarchical FeSe,/rGO hetero-nanostructure hybrid anode for
low-temperature operations.>> The rGO membrane formed a
network with FeSe, nanoparticles embedded in nests. This
structure provides fast transport channels for Na', alleviating
volume expansion during charge/discharge cycles and acceler-
ating reaction kinetics. The FeSe,/rGO anode displayed remark-
able temperature adaptability, maintaining superb capacity
retention of 53.1% at —40 °C and 82.1% at 60 °C.

The alloying process involves integration of metallic ele-
ments, such as Sb, Pb, and Bi, into anode materials to improve
electronic conductivity, while mitigating volume expansion. For
instance, Varzi et al. designed 3D porous Cu-Zn alloy anodes to
overcome the limitations of conventional Zn-based anodes
(Fig. 4f and g).”* The alloy fabricated via the dynamic hydrogen
bubble template (DHBT) method exhibiting high electronic con-
ductivity, structural stability, and fast Li* transport pathways,
enabling superior electrochemical performance at sub-zero
environment (Fig. 4h). The porous architecture reduced R.. and
promoted rapid Li* diffusion, offering efficient lithiation/delithia-
tion kinetics under extreme cold. Both in situ and ex situ XRD
results further revealed a reversible Zn displacement mechanism,
preventing electrode degradation. Final cell tests showed that
Cu,¢Zng, retained 200 mA h g~ ' at —20 °C, whereas conventional
graphite anodes suffered a drastic capacity drop to 12 mA h g™,

3.2. Structural design

Structural imperfections such as defects, vacancies, dislocations,
and grain boundaries significantly influence ion diffusion and,
consequently, the intrinsic conductivity of electrode materials.
For instance, disordered carbon materials for sodium storage
and metal deposition can be improved through various
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Fig. 4 XPS spectra of (a) O 1s, (b) Se 3p, and (c) Fe 2p for Fe(OH)Se anode using 1 M LiFSI in CPME as an electrolyte after the first discharge and charge
cycles. The delithiation of Fe(OH)Se produced Fe(OH), and FeSe,, indicating the formation of heterostructure compounds. Reproduced with permission
from ref. 46. Copyright 2024 Elsevier. (d) The crystal structure of NasFes(PO,4),(P,0O;) depending on the types of Na™ sites and (e) the energy barrier
diagrams for the migration between different Na* ion groups. Reproduced from ref. 48 with license under Creative Commons CC-BY 4.0. (f) and (g) Top-
view SEM images of porous Cu,0Zngo. (h) Schematic illustration of the DHBT process, depicting the dynamic templating of bubbles, which displaces the
surrounding solution and alters the morphology of the metallic deposit. Reproduced with permission from ref. 53. Copyright 2017 John Wiley and Sons.
3D X-ray microtomography imaging for the distribution of non-carbonaceous species in electrode (i) without plating, (j) after 10 cycles of plating, and (k)
after 20 cycles of plating. Reproduced with permission from ref. 54. Copyright 2024 Elsevier. Schematic illustration of the SEI layer formed by the
electrolyte with (l) LIFPe—EC-EMC-VC and (m) LiFSI-THF-LNO. Reproduced with permission from ref. 56. Copyright 2024 John Wiley and Sons. (n)
Schematic illustration of the synthesis of SFC and (o) TEM image displaying its accordion-like structure. Reproduced with permission from ref. 57.
Copyright 2022 Elsevier. (p) Schematic illustration describing suppressed polysulfide diffusion within the Li—S cell with graphene-PDA-coated separator,
compared to the cell using PP separator that demonstrates polysulfide shuttling. SEM images of (q) top surface of pristine PP separator and (r) graphene-
PDA-coated separator, and (s) cross-section of graphene-PDA-coated separator. Reproduced with permission from ref. 59. Copyright 2022 Royal
Society of Chemistry.

strategies, including interlayer spacing widening, heteroatom
doping, porous structures, surface functional groups, composite
formation, and modified electrolyte composition.

Yadav et al. adopted an advanced microstructure having
properties such as larger interlayer spacing, partial graphitiza-
tion, high mesoporosity, and N-doping to emphasize their role in
sodium plating/stripping processes for improved sodium
storage.”® Through XPS and X-ray microtomography, it was
confirmed that these features boosted charge transfer, refined
diffusion properties, and stimulated the formation of a stable SEI
(Fig. 4i-k). The study highlighted the use of sodiophilic N-doped
polymer-derived carbon (PDC) as an effective anode material for
both SIBs and SMBs. Combined with NazV,(PO,),F; cathodes,
PDC delivered a capacity of 1773 mAh g " at 1 A g " in half-cells

10726 | Chem. Commun., 2025, 61,10716-10730

and 84 mA h g " at 1C in full cells. Such modification enabled
efficient Na" storage from —20 °C to 50 °C and ensured high
cycling stability with a CE of 99.45% over 1000 cycles. To the best
of our knowledge, this study represents the first successful
demonstration of sustainable carbon-based materials achieving
such an expansive temperature range for sodium storage.
Introducing oxygen vacancies through controlled calcina-
tion in a reducing atmosphere has shown to enhance ionic and
electronic conductivity. Jiang et al. developed a partially
reduced TiNb,,06, (PR-TNO) anode, exploiting its expanded
interlayer spacing (0.3835 nm) and high electronic conductivity
(7.8 x 107° S em™', three orders of magnitude higher than
untreated TNO).>® The ReOs-type layered crystal structure of PR-
TNO enabled fast Li" transport and notable capacitive behavior,

This journal is © The Royal Society of Chemistry 2025
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ensuring stable operation at sub-zero temperatures. EIS and
in situ XRD/TEM analyses confirmed that the low activation
barrier for Li" diffusion and stable structural integrity contrib-
uted to superior performance. XPS and TEM studies revealed a
thin SEI (~1.0 nm at —20 °C) composed of LiF-rich com-
pounds, minimizing interfacial resistance. The cycling test
revealed that PR-TNO retained 83.3% of its room temperature
capacity at —20 °C (313 mA h ¢! at 0.1C) and exhibited a high-
rate capability (58.3% retention at 5C vs. 0.5C). Furthermore,
pouch cell testing validated a stable operation over 1680 cycles
with 99.2% capacity retention, implying its scalability potential.

3.3. Interfacial engineering

Interfacial engineering enhances the functionality of electrodes
in low-temperature LIBs/SIBs by optimizing the electrode-elec-
trolyte interface to facilitate efficient ion transport and reduce
interfacial resistance. This approach involves strategies such as
surface coating, electrode configuration optimization, and inter-
facial chemistry control, thereby advancing charge transfer
kinetics and overall battery efficiency under sub-zero conditions.
A hybrid LMB with optimized interfacial chemistry was
developed by Lyu et al., addressing the trade-off between energy
density and cycle life.”® By integrating a lithiophilic carbon film
(CF) anode, lithium metal consumption was minimized while
maintaining high CE at low N/P ratios. Through testing a series of
Li salts, 1 M LiFSI-THF with 0.5 wt% LiNO; (LiFSI-THF-LNO)
was identified as the most effective, offering a high Li intercala-
tion capacity of 236.5 mA h g ', along with upgraded rate
capability and cycling stability. Structural analysis and MD
simulations revealed that Li;N-enriched SEI formed by LiNOj;
decomposition significantly lowered interfacial resistance, facil-
itating fast charge transfer under low temperatures. It was
elucidated that LiFSI-THF-LNO electrolyte formed an elastic,
inorganic-rich SEI that enhances Li" diffusion, plating/stripping
uniformity, and cycling stability at room and low temperatures,
whereas LiPF,~EC-EMC-VC electrolyte exhibited slow desolva-
tion and uneven SEI that promoted Li dendrite growth, especially
at low temperatures (Fig. 41 and m). As a result, CF|NCMS811 full
cells exhibited 527.3 mA h g ' at 25 °C and 381.5 mA h g~ " at
—20 °C, achieving energy densities of 312.6 and 223.7 W h kg™",
respectively. Moreover, a 100 mA h-level pouch cell exhibited 83%
capacity retention over 500 cycles, verifying long-term stability.

3.4. Morphology control

Morphological control strategies, including the design of nano-
particles, nanowires, nanosheets, and complex nanostructures,
enhance low-temperature performance by shortening Li" diffusion
paths, reducing electrode polarization, and increasing electrode
surface area, thereby improving electrochemical kinetics overall.
Wang et al. developed an accordion-like S/F co-doped carbon
(SFC) anode to obtain superior low-temperature performance of
LMB.?” The SFC electrode, synthesized via etching TizSiC, in an
SFe¢-containing atmosphere (Fig. 4n and o), exhibited higher
lithiophilicity and formed a Li,S-LiF-rich SEI, stabilizing the
interface and suppressing dendrite growth. DFT calculations
confirmed that the strong interaction between Li and S/F-doped

This journal is © The Royal Society of Chemistry 2025
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carbon significantly reduced Li nucleation barriers, facilitating
uniform Li deposition. EIS and XPS analyses validated the role
of the electrolyte in maintaining low interfacial resistance and
stable lithium plating/stripping cycles. Galvanostatic cycling
tests demonstrated exceptional long-term cyclability (1600 h
at 1 mA cm*) with an ultra-low overpotential (12.1 mV). The
symmetrical cell tests at —10 °C, 25 °C, and 50 °C confirmed a
wide temperature window, achieving 160, 350, and 500 h
cycling at 2 mA cm ™2, respectively.

Electrode design with 3D hierarchical porous architecture
has several advantages in reaching higher performance of SIBs.
Rui et al. introduced amorphous carbon skeleton to design SIBs
consisting of 3D porous NVP/C (NVP/C-F) and NaTi,(PO,),/C
(NTP/C-F) foams for low-temperature operation.”® The first-
principles calculations revealed that the NTP/CF||NVP/CF full
cell demonstrates exceptional Na“ diffusivity at —20 °C, with
maximum values of 3.84 x 10> cm”® s~ for NVP and 2.94 x
10~ ecm” s~ for NTP. This exhibited excellent low-temperature
performance, achieving reversible capacities close to theoreti-
cal values and maintaining stability over 1000 cycles at —20 °C,
even at high charge/discharge rates (20C).

4. Separator modification

To enhance battery performances in expansive temperature
conditions, separator engineering has been applied to improve
ionic transport and maintain mechanical integrity. Advanced
separators are designed to suppress detrimental effects such as
polysulfide diffusion and lithium dendrite formation, which
are exacerbated at low temperatures due to sluggish reaction
kinetics and increased electrolyte viscosity. Key strategies
involve surface functionalization, incorporation of conductive
and catalytic materials, and structural optimization to improve
ionic conductivity and charge transfer efficiency.

Parekh et al. developed a graphene-polydopamine (PDA)-
coated separator for the Li-S battery to enable a stable operation
across a wide temperature range from —25 °C to 50 °C.>° The
tailored separator suppresses polysulfide diffusion by adsorbing
soluble species (Fig. 4p), reducing shuttle-induced capacity fade.
Using galvanostatic cycling tests, Li-S cells with the modified
separator retained 170 mA h g~ " at —25 °C and exhibited stable
operation, delivering 350, 580, 360, and 550 mA h g at 0, 25,
40, and 50 °C, respectively. The batteries retained 95% capacity
at C/2 after being cycled at 3C and 4C, demonstrating superior
rate capability. Compared to a pristine polypropylene (PP)
separator, the graphene-PDA treatment enhanced Li" transport,
improving wettability and charge transfer efficiency (Fig. 49-s).
The tailored separator also suppressed lithium dendrite for-
mation, promoting stable cycling over 400 cycles at high tem-
peratures (40-50 °C). Pouch cell tests validated that Li-S cells
maintained stable cycling at —10 °C, confirming the practicality
of the separator modification for large-scale applications.

A similar study by Chen et al. reported a novel multifunc-
tional separator with urchin-like Co-doped FeOOH micro-
spheres and multiwalled carbon nanotubes (MWCNTS) as an
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interlayer for Li-S battery to suppress the polysulfide shuttle
and expand the operating temperature range from —25 °C to
100 °C.%° To date, research on separator modifications specifi-
cally targeting wide-temperature battery applications remains
scarce, posing a significant demand for effective separator
modification strategies.

5. Summary and perspectives

As we move forward into an electrified future, battery research-
ers are facing more critical challenges in designing efficient and
stable power devices that can operate in extreme conditions,
such as cold climate outdoors, arctic, aerospace, and military
applications. However, extreme temperature severely impacts
the performance of both LIBs and SIBs by causing electrolyte
freezing, sluggish ion diffusion, unstable SEI formation, and Li/
Na plating on the electrode. These would ultimately lead to
severe problems, including increased charge-transfer resistance,
voltage hysteresis, capacity and voltage degradation, and safety
concerns. In such a context, this review presents a comprehen-
sive overview of recent advancements in designing LIBs and
SIBs to resolve the issues under low temperature.

(a) Electrolyte innovations are the key to enabling extreme
environmental applications. Recent research has mainly focused
on designing new solvation structures by introducing temperature-
responsive solvents, opting for HCEs, LHCEs, and WSEs instead of
conventional electrolytes. Significant improvements have also been
made in controlling the temperature-adaptive interphase design
and introducing quasi-solid-state polymer electrolytes. Lastly,
HEEs, formulated by combining multiple salts and solvents,
offer a promising strategy for tailoring critical physicochemical
properties—such as optimizing ionic conductivity and viscosity,
improving electrochemical stability, and increasing thermal
resilience—thereby necessitating further exploration to advance
battery performance across diverse operating conditions.

(b) Electrode materials and electrode-electrolyte interphases
are vital components for determining the performance of LIBs
and SIBs under extreme environments. Therefore, electrode
material modifications have been carried out by introducing
multicomponent materials, redesigning device microstructure,
and optimizing interfaces and morphology. Moreover, state-of-
the-art characterization techniques, including cryo-TEM, in situ
XRD, X-ray absorption spectroscopy, and galvanostatic inter-
mittent titration technique, are required to elucidate interspa-
tial characteristics and phenomena.

(c) Recent studies have focused on system-level engineering,
such as separator modifications, to enhance ionic transport,
wettability, and mechanical integrity in batteries. Furthermore,
mechanically robust separators with tailored porosity and
thermal stability help maintain structural integrity and sup-
press dendrite growth during low-temperature cycling, contri-
buting to both enhanced safety and electrochemical stability.

However, designing a battery for all climate conditions
needs a deep knowledge of the target battery chemistry along
with the electrolytes and electrodes to optimize the dynamics of
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ion solvation and interface across wide temperatures. Future
research for wide temperature applications of LIBs and SIBs
should focus on overcoming material limitations, optimizing
electrochemical systems, and particularly emphasizing com-
mercial scalability. This review outlines the prospects for
advancing extreme temperatures batteries as follows:

(a) Electrolyte chemistry and interaction mechanisms: electro-
Iyte design must prioritize molecular-level modeling of ion-ion,
ion-solvent, and solvent-solvent interactions under extreme
temperatures to engineer electrolytes with adaptive solvation
structures. Highly conductive electrolytes often suffer from para-
sitic side reactions or unstable electrode interfaces; hence,
research should focus on balancing conductivity improvement
by addressing ion desolvation kinetics and mitigating degrada-
tion pathways.

(b) Hybrid and high-entropy electrolytes: hybrid-solvent
strategies, where mixture of strongly and weakly solvating
solvents enhances ion transport and electrode compatibility.
Systematically optimizing solvent-salt-additive synergies, such
as pairing ethers (weak solvation) with carbonates (strong
solvation), could mitigate sluggish Na' diffusion and anode
passivation issues of SIBs. Thermodynamically stable high-
entropy electrolytes engineered with multi-component salt/sol-
vent mixtures could leverage entropy-driven stabilization to
maintain uniform solvation structures across extreme tempera-
tures. To validate this design, it requires in situ spectroscopic
techniques to track dynamic solvation changes and multi-
component DFT models that incorporate salts/additives, mov-
ing beyond simple solvent-only simulations. These approaches
aim to create electrolytes that balance ion mobility, interfacial
stability, and temperature resilience, bridging the performance
gap between Na-ion and mature Li-ion technologies.

(c) Thermal safety and real-world applications: to mitigate
thermal risks in wide-temperature batteries, research must focus
on identifying thermal runaway triggers, such as dendrite-
induced internal short circuits, and developing intrinsically
stable electrode/electrolyte systems. This involves integrating
flame-retardant additives, self-healing separators, and thermally
resilient electrodes to suppress exothermic reactions. Moreover,
expanding testing beyond coin cells to application-relevant for-
mats (e.g;, pouch, cylindrical cells) is critical to evaluate thermal
behavior under realistic mechanical and thermal stresses. These
efforts will ensure scalable, safe battery designs that withstand
extreme conditions while maintaining performance.

(d) Computational-experimental synergy: DFT calculations
of the highest occupied molecular orbital and lowest unoccu-
pied molecular orbital levels are widely used for electrolyte
screening. However, these calculations should be performed on
realistic systems that consider the collective effects of all
electrolyte components, including salts and additives. This
would supplement the previous works that focused solely on
the effects of the solvents, which had oversimplified the entire
solvent system and overlooked the interaction between all the
components, such as salts or additives.

(e) Collaborative development and validation: a collaborative
approach involving academics, engineers, and industry partners

This journal is © The Royal Society of Chemistry 2025
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is crucial for the successful development and application of new
low-temperature batteries, particularly in emerging fields like
drone technology. To fully realize the potential of low-
temperature batteries for sustainable solar, wind, and tidal
energy storage, practical proof-of-concept demonstrations show-
casing their effectiveness in real-world energy storage scenarios
are essential.

(f) Application-specific engineering: battery designs must be
tailored by their application to meet diverse operational
demands. Developing batteries operable under low-temperature
is application-specific, as electric cars, drones, airplanes, and
space satellites each require batteries tailored to their unique
operating temperature needs.

Achieving reliable battery performance across extreme tem-
perature ranges demands a paradigm shift toward integrative,
application-driven design rooted in both fundamental under-
standing and practical validation. By aligning molecular-scale
insights with real-world constraints, the next generation
of energy storage systems can be engineered not merely to
survive, but to thrive under the most demanding environmental
conditions.
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